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ABSTRACT The hsd genes of Salmonella typhimurium and
Salmonella potsdam encode related type I restriction and
modification systems designated SB and SP, respectively; the
polypeptide encoded by the hsdS gene dictates the DNA
sequence recognized. The AsdS genes of the SB and SP systems
have a conserved sequence of around 100 base pairs flanked by
two nonhomologous (variable) regions of around 500 base
pairs. Recombination between the 4sdS genes of SB and SP
generated a system (SQ) with a different recognition specificity.
We have localized the position of the crossover in the central
conserved region by analysis of nucleotide sequences. Concom-
itant with the generation of a new combination of flanking
variable regions is the recombination of minor differences in
the central conserved region. A polypeptide domain encoded on
the 5' side of the crossover dictates recognition of the
trinucleotide component of the target sequence, and a second
domain, encoded on the 3' side of the crossover, similarly
governs recognition of the tetra- or penta-nucleotide compo-
nent. Our analysis implicates at least parts of the variable
regions in the determination of the specificity of interaction
between protein and DNA. Furthermore, the trinucleotide
components of the recognition sequences of S. typhimurium and
Escherichia coli K-12 are identical, and the 5’ segments of their
hsdS genes are strikingly homologous rather than variable.

Some strains of Escherichia coli and Saimonella spp have
type I restriction systems that are related to that of E. coli
K-12 (K system). The concept of a family of enzymes,
members of which carry out essentially the same reactions
following the recognition of different DNA sequences, poses
questions concerning both the specific interaction of the
enzyme with its target sequence and the evolution of different
specificities of interaction. Type I restriction endonucleases
are encoded by three chromosomal genes: AsdR, hsdM, and
hsdS. Genetic experiments show that the corresponding
polypeptides (R, M, and S) can be interchanged between
related systems and identify the S subunit as the determinant
of the specificity of recognition (1-3). The various S poly-
peptides interact with related polypeptides to produce mod-
ification enzymes and with M and R subunits in the formation
of restriction endonucleases. Related S subunits must retain
a basic similarity for their interactions with other M and R
polypeptides but have diverged to enable recognition of
different nucleotide sequences.

The hsdS genes of related E. coli systems (K, B, and D)
have only localized DNA sequence homology (4). The genes
vary in length from 1335 to 1425 base pairs (bp), and the
regions of homology are =100 bp in the middle and 250 bp at
the 3’ end. Although these two regions are highly conserved,
the remainder of each AsdS gene shares little or no homology
with either of the other two.
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The K family includes the SB system found in Salmonella
typhimurium and the SP system of Salmonella potsdam.
When the SP hsd genes were. transferred by phage Pl
transduction to an SB recipient, one transductant was found
to have a new specificity, designated SQ (5). Heteroduplex
analyses of the hsd genes of the SB, SP, and SQ systems (6)
showed that their organization parallels that of E. coli K-12
and B (4), with two nonhomologous (variable) regions of
about 500 bp flanking a conserved core of around 100 bp.
Furthermore, the hsdS gene of SQ contains one variable
region from SP and the other from SB, confirming that the SQ
specificity was generated by recombination between the two
parental specificity genes (6).

The DNA sequences recognized by type I restriction
enzymes comprise specific trinucleotide and tetranucleotide
(or pentanucleotide) segments separated by a spacer of
defined length but of nonspecific sequence (7-9). One inter-
pretation of the heteroduplex analyses correlates the two
variable regions of the hsdS gene, and hence of the S
polypeptide, with the two specific segments of the DNA
target sequence (4). Alternatively, reassortment of minor
differences within the conserved regions might suffice to
generate a new specificity (4). Models in which recombina-
tion results in the reassortment of two domains of the S
polypeptide predict the recognition of a recombinant target
sequence. The recognition sequence of SQ does indeed
comprise the trinucleotide element of SP and the pentanu-
cleotide component of SB (10).

In this paper we define the site of the crossover that
segregated the parts of the gene encoding the polypeptide
domains recognizing the trinucleotide and tetranucleotide
components of the target sequences and, thereby, generated
the SQ specificity. We report the nucleotide sequence of the
specificity gene of the SP system, of particular interest
because one of the two target sequences of SP is identical to
that of K (9). The K, SP, and SQ specificity systems all
recognize S’ AAC; hence, an amino acid sequence common
to their S polypeptides should identify the relevant recogni-
tion domain.

MATERIALS AND METHODS

Strains, Vectors, and Media. The A hsd phages (Fig. 1) were
propagated in the hsd-deletion strain NM477 (4). The respec- :
tive hAsd regions were subcioned in pBR322, propagated in the i
recA hsdS host HB101 (1), and used as probes and as sources 3
of small fragments of DNA for cloning in M13. Vectors Mpl0,
Mpll, Mpl8, and Mpl9 (11) were used, and recombinants
were grown in the Asd-deletion host NMS522 (4). ;

Enzymes and Chemicals. DNA polymerase (Klenow frag- i
ment) was purchased from Boehringer Mannheim; DNA :

Abbreviation: bp, base pair(s).
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polymerase I was from Northumbria Biologicals Limited
Enzymes (Cramlington, United Kingdom); T4 DNA ligase,
restriction enzymes, phage M13 17-mer primer, and hybrid-
jzation probe primer were from the New England Biolabs;
deoxynucleoside triphosphates (INTPs) and dideoxynucle-
:oside triphosphates (ddNTPs) were from P-L Biochemicals;
and deoxycytidine 5’-[a->?Pltriphosphate (110 TBq/mmol)
and deoxyadenosine 5'-[a-(**S)thio]triphosphate (15.2 TBq/
mmol) were from Amersham.

DNA Preparation, Analysis, and Cloning. Fragments of
DNA separated in 0.7% agarose gels in TBE buffer, pH 8.2
(12), were isolated by electroelution into a well lined with
dialysis tubing. Small DNA fragments generated by digestion
with Alu 1 or Sau3a or by sonication (13) were cloned in phage
M13 vectors for sequencing. DNA from plaques was trans-
ferred to nitrocellulose for hybridization (14); single-stranded
phage M13 DNA was added from cleared lysates (15).

DNA Sequencing. Template DNA was sequenced by the
dideoxy chain-termination method (16) with deoxyadenosine
5'-[a-(*S)thio]ltriphosphate and was analyzed on buffer-
gradient gels (12). The sequences of DNA fragments were
compiled with computer programs (17, 18). Sections of
sequence, initially obtained on only one strand, were selected
1 *- from libraries of recombinants by using strand-specific

& probes (15). A few areas were completed by using synthetic
- oligonucleotide primers.

g

£

RESULTS AND DISCUSSION

> The Crossover That Generated the SQ Specificity. The hsdS
¢ gene of the SQ system derives one variable region from SP

. .and the other from the SB gene (6). Hybridization of DNA

¥ -from A hsd SB, SP, and SQ phages with a probe covering the

B central conserved region of the hsdS gene of E. coli K-12
" showed that, in these hsd phages, the central conserved
g+ region is to the right of the EcoRI and Hindlll targets
. identified by an asterisk in Fig. 1 (6). Hybridization to an
g hsdM-specific probe from E. coli K-12 (data not shown)
i located the AsdM gene to the left of these same targets. This

g establishes the orientation of 4sdS with respect to hsdM, and,
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¥ Fic. 1.. The \ hsd SB, SP, and SQ specificity phages. The EcoRI
§U=c0), HindIll (Hin), and BamHI (Bam) targets within and flanking

] 11-kilobase insert of each A hsd phage are indicated. A probe for
% hsdM gene hybridizes to DNA to the left of the targets marked
piLdan asterisk, while a 400-bp probe spanning the central conserved
B0z of the hsdS gene of E. coli K-12 hybridizes to DNA to the right
"¢ same targets. The deduced orientation of hsdM and S, the
reorse of that suggested previously (6), is confirmed by the nu-

'ptsiequence (Fig. 4). The arrow identifies the direction of
Cription.
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since transcription is initiated upstream of hsdM (19), the
hsdS gene of SQ specificity derives its proximal variable
region from SP and its distal variable region from SB.

The nucleotide sequences of the central conserved regions
of the three hsdS genes show that the crossover between the
SP and SB specificity genes occurred within the longest
section of perfectly conserved sequence (Fig. 2). The distal
conserved regions of the hsdS genes of SB and SQ systems
have identical sequences but differ from SP (data not shown,
but for amino acid sequences, see Fig. 3C). This is consistent
with the origin of SQ by a single crossover.

The SQ and SP systems recognize the same trinucleotide
component of the target sequence (5' AAC). Therefore, the
domain of the S polypeptide conferring recognition of AAC
is encoded by the segment of the hsdS gene located proximal
to the region within which the crossover event occurred. This
includes the proximal variable region and the first 33 nucle-
otides of the central region. The domain of the SB (or SQ)
specificity polypeptide conferring recognition of RTAYG
(where R = unspecified purine nucleoside and Y = unspec-
ified pyrimidine nucleoside) must be encoded by the DNA
distal to the crossover (see Fig. 34). These conclusions refer
to polypeptide domains that discriminate between specific
nucleotides. Adenine residues are common to the recognition
sequences, and other domains could contribute to their
recognition; for example, an active site for methylation
encoded by the AsdM gene may also dictate specificity for
adenine residues as opposed to cytidine residues.

Amino Acid Sequences of the Conserved Regions of the
Salmonella Specificity Polypeptides. There is only one possible
open reading frame in each central conserved region, trans-
lation of which yields amino acid sequences that are con-
served with respect to each other and the S polypeptides of
E. coli (4). These sequences identify minor differences
between each system and show where SQ differs from its
parents (Fig. 3B). The crossover that generated SQ separates
information that specifies recognition of each of the two
components of the target sequence. Assuming that the
organization of the domains of the E. coli polypeptides
parallels that in Salmonella, we conclude that the information
for recognition of the complete target sequence is not entirely
within the central conserved region. While the variability
within the first 11 amino acids of this region could correlate
with differences in the trimeric component of the target
sequence, there is insufficient variability distal to the cross-
over. In particular, for E. coli B and Salmonella SP, whose
recognition sequences are quite different, there is complete
identity after the first five amino acids (Fig. 3B).

In an alternative hypothesis (20), the two components of
the target sequence are recognized by two conserved do-
mains of the S polypeptide. Argos (20) found that the S
polypeptides of E. coli contain repeated domains, and these
repeated domains overlap the central and distal conserved

SP  ATACCAATCCCGTCACTTGCTGAACAAAAAATCATCGCCGAAAAACTCGATACGCTGCTGGCGCAGGTAG
SB  GTTCCTGTCCCACCTCTTGCCGAACAAAAAGTCATCGCCGAAAAACTCGATACGCTGCTGGCGCAGGTAG

SO  ATACCAATCCCGTCACTTGCTGAACAAAAAATCATCGCCGAAAAACTCGATACGCTGCTGECGCAGGTAG

SP  ACAGCACCAAAGCACGTCTTGAGCAAATCCCGCAAATCCTGAAACGTTTTCGTCAGGCGGTCTTA
SB  ACAGCACCAAAGCACGTCTTGAGCAAATCCCACAAATCCTGAAACGTTTTCGCCAATCAGTGATA

SQ  ACAGCACCAAAGCACGTCTTGAGCAAATCCCACAAATCCTGAAACGTTTTCGCCAATCAGTCATA

FiG. 2. Localization of the crossover that generated SQ. The
nucleotide sequences of the central conserved regions of the SP, SB,
and SQ hsdS genes are given. This includes base pairs 469-603 of the
SP specificity gene (base pairs 695-829 in Fig. 4). The 70-bp region
underlined is common to all three sequences and identifies the region
in which the crossover occurred.
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Fic. 3. The specificity polypeptides. (A) A schematic diagram of an AsdS polypeptide. The regions encoded by the conserved nucleotide
sequence (4) are stippled. The nonconserved regions are indicated as open segments. The positions of the repeated domains identified by Argos
(20) are shown. The proximal variabie region is the amino-terminal segment of the polypeptide. (B) Amino acid sequences (in single-letter code)
of the central conserved regions of the E. coli and Salmonella specificity polypeptides. The first two amino acids (numbers 157 and 158 for SP
and K) are within the first Argos repeat but are outside the conserved region identified by nucleotide sequence (4). The uppermost line is a 3
consensus sequence deduced from sequences of the s5dS genes of the five natural systems. Occasional ambiguities are arbitrarily resolved by "4
using the archetypal K-12 sequence. (C) Amino acid sequences (in single-letter code) of the distal conserved regions of the same polypeptides
with a consensus sequence on the uppermost line. This sequence begins at amino acid 377 for the SP specificity polypeptide (see Fig. 5).

regions identified when nucleotide sequences were compared
(4). Consequently, when the amino acid sequences of the
polypeptides are aligned, the repeated domains are found to
be conserved (see Fig. 34). Similar repeated domains have

-been identified in the amino acid sequence of the SP speci-

ficity polypeptide (A.F. W. Coulson and J. F. Collins,
personal communication). Secondary structure predictions
indicate that the conserved domains contain a-helical re-
gions. Since a-helical regions within some repressor proteins
recognize specific DNA sequences (see ref. 21), Argos
argued that the S polypeptide acts as a pseudo-dimer in DNA
sequence recognition, with each putative helical region
interacting with ope component of the target sequence.

The first repeated domain within each S polypeptide (20)
may span as many as 64 amino acids and includes the central
conserved region (Fig. 34) but extends 2 amino acids up-
stream and about 20 amino acids downstream. The amino
acid sequences of the corresponding regions of the SB, SP,
and SQ polypeptides (Fig. 3B) show that those differences
between SQ and SB that derive from SP reside in the first 11
of this domain of 64 amino acids. These amino acid changes,
according to the model of Argos, would alter the specificity
for the trinucleotide element of the target sequence. We note,
however, that all but one of these amino acid changes are
outside the helical region of the first repeated domain; for SB,
K, and B, 3 of the first 11 amino acids are prolines. If part of
the first repeated domain were to dictate recognition of AAC,
this nonhelical region of 11 amino acids rich in prolines would
be implicated. However, when SP and K, which recognize
the same trinucleotide sequence, are compared, one of these
prolines is replaced by serine. Most of the other differences
in this region involve three isoleucines that are common to K
and SP but are variously changed to valine or leucine (Fig.
3B). The side chains of these amino acids cannot form
hydrogen bonds and so are unlikely to interact with nucleo-
tides in the major groove.

The second of the domains identified by Argos (Fig. 34)
includes much of the distal conserved region and is impli-

cated in interaction with the longer component of the _.<A
target sequence. When the predicted amino acid sequences of -
the distal conserved regions are compared, none (excluding -
SQ) is identical with another, although for the three E. coli -
polypeptides (B, D, and K), the differences are confined to ’
positions 3, 18, and the carboxyl terminus (see Fig. 3C). In -
fact, B and D differ only at position 18 and the carboxyl
terminus, although the tetranucleotide elements of their
target sequences are very different (7, 8): TGCT for B and
GTCY for D. Gough and Murray (4) concluded that there was
insufficient variability here for the different specificities of
interaction. The inclusion of the sequences for the Saimo-
nella polypeptides increases the diversity, but three of iiie
differences are common to both Salmonella specificities.
Indeed, SP and SB differ in only 1 of the first 50 amino acids,
and in this same region, the two differences common to SB
and SP distinguish SB from E. coli D. The variation within
any substantial segment of the distal conserved region seems
insufficient to account for the five different specificities. It i
unlikely that the first part of the distal conserved region
dictates the specificity of one system while the second part
confers the specificity of another; consequently, it seems
necessary to consider the distal variable regions. This cc_)uld
implicate that part of the distal variable region that overi.ns
the start of the distal repeat identified by Argos (see Fig. 34 ),
a sequence which, like its homologue in the first repeat, 1§
rich in prolines and lacks a-helical content. The consensus
amino acid sequence for the first of these (the junction of the

proximal variable and central conserved regions) is \Illael-Pro"‘ 5
Ile-Pro-Pro-Leu (Fig. 3B), that of the second (the end of the

distal variable region) is Val-{l;?l-Leu-Pro-Pro-Leu (amino
acids 370-375 in Fig. 5). If the repeated domains noted by
Argos (20) include the regions of the polypeptide involved in
recognition of DNA sequences, these nonhelical regi®ns
alone seem unlikely to dictate the recognition sequence.

A different role for these two well-conserved sequences at A
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the beginning of each repeat could be interaction with the M
polypeptides, for type I restriction enzymes are believed to
include one S and two M subunits (see ref. 7).

The Nucleotide Sequence of the hsdS Gene of SP. A contig-
uvous sequence of 1731 bp has been determined (Fig. 4),
extending from the BamHI site in hsdM (see Fig. 1) through
the HindIII site to an Alu I target =100 bp downstream of the
hsdS gene of SP: An open reading frame beginning at bp 226
and terminating at bp 1617 encodes a polypeptide of 463
amino acids, 1 amino acid smaller than the S polypeptide of
the K system (4). Comparison of this nucleotide sequence
with that for E. coli K-12 shows good conservation in the
regions flanking the hsdS gene, including the 3’ .end of hsdM.
In addition to the homology already discussed (Fig. 3 B and
C), there is strong homology within the proximal regions of
the hsdS genes where 421 of the first 474 nucleotides are
conserved. This contrasts with the complete lack of homol-
ogy between the corresponding regions of the hsdS genes of
the K, B, and D systems. The predicted sequences of the S
polypeptides (Fig. 5) show that 143 of the 158 residues of the
proximal variable regions of SP and K are identical, with 5 of
the 15 changes being conservative. This proportion of
changed amino acids paraliels that found in the distal con-
served regions (6 of 88 amino acids). No homology was
detected when the DNA sequences of the distal conserved
regions were compared, but similarity of amino acid se-
quences has been found (A. F. W. Coulson, personal com-
munication).

The hsdS genes for four natural representatives of the K
family have now been sequenced, but only when SP and K
are compared is there extensive homology. In this case, the
5' segments of the genes, referred to as proximal variable
regions for both the E. coli and Salmonella systems, are well
conserved. The SP and K systems are also distinguished from
the remainder by their very similar target sequences; while K
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recognizes 5' AAC(N)sGTGC, the SP enzyme recognizes the
degenerate version, 5" AAC(N)¢GTRC. The present analysis
of the SB, SP, and SQ systems taken together with their
recognition sequences (10) localizes the coding sequence for
the domain of the SP specificity polypeptide conferring
recognition of 5’ AAC as proximal to the region in which
crossing-over occurred to generate SQ. The domains of the
K specificity polypeptide have not been separated, but the
simplest prediction is one in which the organization parallels
that deduced for SP—namely, that recognition of the 5'
trimeric sequence is dictated by a domain encoded by the
amino-terminal part of the polypeptide and by the longer
component by a domain within the carboxyl-terminal seg-
ment of the polypeptide. The conservation of nucleotide
sequence in the 5’ regions of the 4sdS genes of K and SP then
correlates with the identity of one component (AAC) of their
target sequence.

CONCLUSIONS

Helix-turn-helix motifs, characteristic of many proteins that
bind DNA (see ref. 21), have not been detected in the
specificity polypeptides of type I restriction systems (4, 20).
Recombination between different specificity genes can reas-
sort two domains of the S polypeptide, each of which
specifies recognition of one component of the target nucle-
otide sequence (6, 10). A comparison of the predicted amino
acid sequences places constraints on the localization of these
two domains. Sequences in each of the two conserved
domains could be involved but appear to show too little
diversification for the recognition of different target se-
quences. Argos (20) proposed that the two recognition
domains are within repeated sequences that overlap the
central and distal conserved regions, respectively (see Fig.
3A). This allows further diversity because it includes some of
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tlYCAAGAArATATCCAArchvTCCVGAACATVCCCATVACAcvcher

R N N T IR Y) Voot
NN R A< 2]
ACA‘AAATATAYTTAAATCATTCCAGAAATTGCCCATYTVATYCTA1TY

The nucleotide sequence of the hsdS gene of SP. The sequence (upper line) is aligned with that of E. coli K-12. The hsdS gene of
&t bp 226 and ends at bp 1617; the initiation and termination codons are underlined.
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Biochemistry: Fuller-Pace and Murray

MNRGKLPEGWATAPVSTVTTLIRGVTYKKEQALNYLODDYLPIIRANNIQ
P A LR T FELEE 1T
MSAGKLPEGWVIAPVSTVTTLIRGVTYRKEQAINYLKDDYLPLIRANNIQ

NGKPOTTDLVFVPKNLVKESQKISPEDTVIAMSSGSKSVVGRSAHQRLPF
PEEEEE T C I R PR L CE R e ibn (L
NGKPDTTDLVFVPRNLVKESQKISPEDTVIAMSSGSKSVVGKSAHQHLPF

ECSPGAPCGALRPEKF I SPNY IAHFTKSSFYRNKISSLSAGANINNIKPA
PEEEREEEY 1L FELLVLEE TRV R R
ECSFGAPOGVLRPEKLIFSGFIAHFTKSSLYRNKISSLSAGANINNIKPA

SFDLINIPIPSLAEOKI IAEXLDTLLAQVDSTKARLEQIPOILKRFROAV
PELCLELED COD TR L i en e Ce st
SFDLINIPIPPLAEOKI 1AEKLDTLLAQVDSTKARFEQIPQILKRFRQAV

LAMAVSGTLTTALRN . SHSLIGWHSTNLGALIVDSCNGLAKROGLNGNEI
Pt | I |
LGGAVNGKLTEKWRNFEPQHSVFKKLNFES ] LTELRNGLSSKPNESGVGH

TILRLADFKDAQRIIGNERKIKLDSKEENKYSLENDDILVIRVNGSADLA
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a-helical regions, could alter the presentation of the actug)
DNA binding domains within the relatively conserved re. -
gions. If single-base changes alone are sufficient to dictate 5
different specificity of recognition, then it should be possibje 3
to isolate mutants with novel specificities. Such mutants haye :
not been reported, and we have failed to select mutations thy
relax the specificity of K to that of SP. We suggest that the
variable regions provide diversity of recognition, and naturg]
recombination can add to this diversity by reassortms:=- of
existing domains.

We thank A. Campbell and A. Daniel for the nucleotide sequence
of the SB and SQ specificity genes; E. Kawashima (Biogen, Geneva)
for synthetic oligonucleotides; T. Bickle, J. Collins, A. Coulson, A,
Gann, D. Meek, and K. Murray for constructive criticism of the

I | R
251 PILRISSVRAGHVDQNDIRPLECSESELNRHKLODGDLLFTRYNGSLEFV 300

300 GRFIEYKSNGDIEGFCDHFIRLRLDSNKIMSRFLTYIANEGEGRFYLRNS 349
| | | ]

301 GVCGLLKKLOHONLLYPDKLIRARLTKDALPEYIEIFFSSPSARNAMMNC 350

350 LSTSAGORTINQTSIKGLSFLLPPLKEQAEIVRRVEQLFAYADTIEKQUN 399
U I UL BREELERELER TR R

351 VKTTSGOEGISGKDIKSQVVLLPPVKEGAEIVRRVEQLFAYADTIERQVN 400

PDLISGKNSAAALLERIRAE

NALTRVNSLTOS ILAKAFRGELTAQWRAEN! 1
LDV BRIV R TR LR BRE it
401 NALARVMMLTOSILAKAFRGELTAQWRAENPDLISGENSAAALLEKIKAE 450

400

450 RAVSGGEKKTSRKKA 463

IV L
451 RAASGGKEASRKKS 464

F16.5. The predicted amino acid sequence (in single-letter code)
of the specificity polypeptide of SP. The sequence (upper line) is
aligned with that of E. coli K-12 (lower line). The proximal variable
region, as defined by Gough and Murray (4), ends at amino acid 158;
the central conserved region, at amino acid 201; and the distal
variable region, at amino acid 377 (see Fig. 3A for a diagrammatic
representation). .

the adjacent variable regions. Although these sequences are
not predicted to be helical, they are adjacent to prominent
a-helical domains, and they are within the most conserved
parts of the repeats identified by Argos (20).

No experimental evidence argues against a correlation of
the variable regions with the recognition domains—a concept
that now receives circumstantial support from the near
identity of the amino acid sequences of the amino-terminal
segments of the K and SP polypeptides. It is tempting to
assume that the variable regions contribute to the specificity
most simply by including the recognition domains. Alterna-
tively, they, or more particularly the parts adjacent to the

manuscript; K. Harris and A. Wilson for help in the preparation of
the manuscript; and the Medical Research Council for support.
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