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f Spisula oocytes are accompanied by
Escherichia coli strains K12 and B, and a new strain designated D, each encode a

erminus, 219 characteristic restriction and modification enzyme. These enzymes (EcoK, EcoB

e glycoproteins 117 and 118, 537 and presumably EcoD) comprise three subunits of which one, that encoded by the
ile-associated proteins, 119 so-called specificity gene (hsdS). is responsible for recognition of the DNA

sequence specific to that system. The other two subunits, encoded by hsdR and
3, 159 o hsdM, are interchangeable between systems, and the available molecular evidence
uitrastructural localization of M-band suggests that the ksdR and hsd M genes are highly conserved. The DNA sequence

of a segment of the Asd region that includes the hsdS gene has been determined for
each of the three strains. The hsdS gene varies in length from 1335 to 1425 base-
pairs and the only regions showing obvious homology, one of about 100 base-pairs
and a second of about 250 base-pairs, are highly conserved. The remainder of each
ksdS gene shares little, or no, homology with either of the other related specificity
, genes. Thus, the specificity subunits, though components of a family of closely
cei, activation of the genes, 537 related enzymes with very similar functions, have remarkably dissimilar primary
structure.

reast muscle as revealed by combined

on, comparison with human interferon §

1. Introduction

duced conformational bransition of ' The I:estriction enzymes of Escherichia coli K12 (EcoK) and B (EcoB) are complex,

multifunctional enzymes (for reviews, see Modrich, 1979; Yuan, 1981; Endlich &
 Linn, 1981). Genetic analyses have shown that each enzyme is encoded by three
i chromosomally located genes. The relatedness of EcoK and EcoB is inferred from
. complementation tests, which indicate the exchange of subunits between the K
t and B enzymes. Such studies also led to the hypothesis that the product of the
E specificity gene, hsdS (hsd for host specificity DNA) is responsible for recognition
of the DNA sequence specific to that system, that of a second gene, hsdM,
together with hsdS, is required for modification, while the product of the third

osphate regulon in Escherichia coli K12,
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2 . J. A. GOUGH AND N. E. MURRAY

Glover, 1970).
The EcoK and EcoB restriction enzymes contain three non-identical subunits,

recognition target.

first obtained from hybridization experiments in which a DNA fragment from
within the hsd genes of E. coli K12 was used as a probe for homologous sequences
in chromosomal DNAs. Biological tests have confirmed that the ksdSD gene
confers a novel specificity (J. A. Gough & N. E. Murray, unpublished results).
Both genetic (van Pel & Colson, 1974; Bullas & Colson, 1975) and molecular

evidence (Murray et al., 1982) have shown that the K and B systems of E. coli are!

also related to the SB and SP systems of Salmonella.

structure of the hsdM and hsdR polypeptides in the EcoK and EcoB systems
(Murray et al., 1982). Furthermore, the hybridization of a DNA fragment from
within the ksdS gene of E. coli K12 with chromosomal DNAs from E. coli K12, B
and D, or even Salmonella typhimurium and Salmonella potsdam, shows that some
sequence within the specificity genes is conserved (Murray ef al., 1982).

These related restriction enzymes constitute a family of structurally similar
proteins that bind to different, but specific DNA sequences. The present diverse
family is presumed to have a common ancestor, hence comparative nucleotide

TaBLE 1
Bacterial strains used in this work

Strain Relevant genotype Reference

600 hsdK* Appleyard (1954)

NM477 hsdV5 derivative of C600 This work (see Fig. 1)

C(P2) P2 lysogen of E. coli C Bertani & Weigle (1953)

HBI101 recA " hsdS~ Boyer & Roulland-Dussoix (1969)
71-18 (lac-pro)V FlacZM15 lacl® Messing et al. (1977)

NM522 hsd¥3 derivative of 71-18

WA960 hsdB* Wood (1966)

6291

E166+

T These strains were isolated by K. Cartwright in the Western Infirmary, Edinburgh: their DNA
was a generous gift from K. Kaiser. 629 is shown to have the same specificity as E. coli B, while Ei66
has a novel specificity system.

B
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gene, hsdR, together with the other two, is essential for restriction (Arber & Linn, ! sequence analysis of representatiy
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SEQUENCE DIVERSITY AMONG RELATED GENES 3
sequence analysis of representative specificity genes could identify the changes
that dictate the different specificities. Fortuitously for subsequent physical
analyses, the specificity gene is the smallest of the ksd genes (Sain & Murray,
1980) and, since the specificity polypeptide of each system must interact with the
hsdM polypeptide, and possibly also the hsdR polypeptide, of heterologous
systems, regions involved in protein—protein interactions must be conserved,
whereas those involved in DNA target recognition should differ.

We have therefore determined and compared the DNA sequences of the hsdS
genes isolated from E. coli K12 (Bertani & Weigle, 1953), D (Murray et al., 1982),
B (Arber & Dussoix, 1962) and a second, very recent, natural isolate of E. coli
having the B specificity.

2. Materials and Methods

(a) Phages, plasmids and bacterial strains

AhsdK phages and plasmids pBg3, pBg6 and pRH3, derivatives of pBR322 carrying

fragments of the hsd genes of E. coli K12, (see Fig. 1) were described by Sain & Murray
1980).
( The hsd genes of strains E166 and 629 (see Table 1) were cloned using phage A vectors.
The vector used to clone EcoRI fragments (NM1039) is a lacZ replacement vector in which
the recombinants can be monitored as lacZ~ derivatives, that used to clone BamHI
fragments (EMBL4) is a replacement vector (Frischauf et al., unpublished results) in which
the Spi~ phenotype of the recombinants allows their selection on E. coli lysogenic for phage
P2 (strain C(P2) in Table 1).

Plasmid vectors were either pBR322 (Bolivar et al., 1977) or, more recently, pUC9
(Messing & Vieira, 1982).

The M13 vector used for DNA sequencing was initially mp7, but more generally the
vectors were mp8 and mp9 (Messing & Vieira, 1982).

All Mhsd phages, other than AksdK, were grown in either an E. coli C strain or in NM477,
an E. coli K derivative in which a deletion extending from within hsdR to beyond hsd M
and hsdS (V5) was transferred from a Ahsd-V5 phage to the bacterial chromosome (see
Fig.1). Plasmids were propagated either in the rec4 host HB101 or in NM522, an hsd-V5
derivative of the lacZ strain 71-18 (see Table 1). Similarly, M13 clones were recovered, and
recombinants recognized, in either 71-18 or its ksd-V5 derivative. Hosts lacking hsd genes

 (E. coli K-V5 or E. coli C) were used to eliminate the possibility of recombination between

cloned hsd genes and homologous chromosomal sequences. All bacterial strains used are
documented in Table 1.

(b) Enzymes and chemicals

Restriction endonucleases were purchased from either New England Biolabs or Bethesda
Research Laboratories, or prepared by H. Cambier; phage T4 DNA ligase was a gift from
E.Remaut; DNA polymerase I (Klenow fragment) and nucleoside triphosphates were from
Boehringer Mannheim GmbH and dideoxynucleoside triphosphates from P-L Biochemicals
ggxc.; the M13 sequencing primer was from Bethesda Research Laboratories and [a-

PJANTPs (400 Ci/mmol) from the Radiochemical Centre, Amersham.

(c) Purification and isolation of DNA
The DNA of phage A was prepared as described by Wilson ef al. (1977). Plasmid DNA

. Was purified from cleared bacterial -lysates by centrifugation to equilibrium in
E CsCl/ethidium bromide (Clewell & Helinski, 1969), although mini-scale preparations (Gough i




 ng e Rk e BERC

ST

J—

J. A. GOUGH AND N. E. MURRAY : SEQUENCE DIVERSIT
(d) Restriction |

These reactions were as described by Mu

(e) DNA sequ
The sequences of some purified DNA
digestion with an appropriate restrictio
¥ rocedures of Maxam & Gilbert (1980). The
appropriate [x-32P}JdNTP and the Klenow
2 More generally, DNA fragments subclone

) riphosphates (Sanger et al., 1977). The seq
# air universal primer derived from pSP14

Ansorge, 1981).
“Compression”’ of bands, particularly i

newly synthesized strand, which lead
polyacrylamide gel. dITP in place of dG
pairing is weaker than G-C, so that secor
Kramer, 1979). Figure 1 illustrates the use

(f) Detection of overlupping

Matrices of spots of M13 phage supern:
ifilters (Schleicher and Schiill, 0-45 pm). The
115 M-NaCl, 0-5 M-NaOH: 2 changes of 3
0-15 M-Na(l, 0-015 m-sodium citrate), blotte

Radioactively labelled probes were mac
DXNA as template and the primer fragmen
Prior to hybridization, the nitrocellulc

Fi6. 1. Sequencing gels iltustrating the resolution of strand-specific discrepancies. Experiments 1 an
2 use a clone of complementary sequence to that used in experiments 3 and 4. Two discrepancies, i
close proximity, are detected. The ddNTP used in each reaction is indicated at the top of the ge
Experiments 2 and 4 differ from 1 and 3 in the use of dI'TP in place of dGTP. The brackets labelled ;
and 11 identify the corresponding regions of the complementary strands. and arrows draw attentiont sodium dodecyl sulphate. 0-2% (w/v) T
the relevant changes in the G track. The sequence for region 1 read from the gel of experiment 1 is 536 polyvinylpyrrollidone. 0-29, (w/v) bovine s
G-C-G-G-C-C. whereas that deduced for this same region in experiment 3. where the opposite st a» DNA/ml at 65°C for several hours. The
was used as template. is 5 G-G-C-G-G-G-C-C (G-G-C-C-C-G-C-C when reading this gel). Similarly. § incubation overnight at 65°C (4 x 105 to 8
mgifm IT: in experiment 1. the sequence rvead is 5 A-C-C-G-C-C-(", whereas the opposite stranv After hybridization, filters were washed e
(region II,‘m exp_en_mef}t 3) in fact gave the sequence 5 A~(‘-(l»(‘-(“»(' (G-G-G-C-G-1T \\'ht"l‘l read fmf sulphate at 65°C. Autoradiography was
this gel). The “missing” G residues (indicated by arrows) were readily apparent when dITP was ust {0 oo Jing seroens -
in place of dGTP (experiments 2 and 4). The regions sequenced in this experiment are identified i ymng screens.

Fig. 5.

3. Results
& Murray, 1982) were made for analytical purposes. Fragments of DNA up to 14 kbt i . . . .
length were eluted from polyacrylamide gels (Maxam & Gilbert. 1977) and larger fragment (a) Cloning and identificatio
from agarose gels (Dretzen et al.. 1981). The entire hsd region of E. coli K1:

DNA from single placues of M13 was prepared by a modification of the method of Sa: g¢ Fig. 2) and as the two non-overlappir
et al. (1977). A single plaque was added to 1 to 2ml of an early exponential culture ¢ Fig, 9. Qain &, U 20} " 3
bacteria (either 71-18 or NM522), and the infected cells incubated at 37°C' with aeration fo fm.g S(Z)msea:; il.'Mtl'" ik ,1980)‘ Fhe‘ Pf);
4 to 5h. The lysate was clarified by spinning for 3 min in an Eppendorf centrifuge. Th tt Striction enzymes were 1(
DNA was either extracted immediately or the phage were stored at 4°C' for as long & e e.ndonucleases HindIIR and Bgll
several months. If stored, the supernatant was reclarified before proceeding. Phage wer each include part of the hsd S gene. Tl
precipitated with polyethylene glycol P6000 (~49, (w/v) final concentration) and .\’a(t‘x the hsd genes from other strains of £
(~05 M), recovered by centrifugation and, after careful removal of the supernatant The DN . a1
resuspended in TE buffer (10 mm-Tris-HCl (pH 8-0). 1 mM-EDTA). The DNA wé 44 well as\;s;fl'itvgo l:i(\’,enlt; natllgdl "
extracted with an equal volume of phenol saturated with buffer. recovered by Jw” K1 : » have been shown
precipitations with 1 M-sodium perchlorate, 30% (v/v) isopropanol, and washed with —‘OO’(D . 2 (Murray et al., 1982), and tl
(v/v) ethanol before suspension in 30 to 50 ul of TE buffer. jA from strain E166 was digested

With BamHI, the resulting fragments

t Abbreviations used: kb, 10® bases: bp. base-pairs.
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(d) Restriction and ligation of DNA
These reactions were as described by Murray et al. (1982).

e ki E )

(e) DNA sequence determination

{} The sequences of some purified DNA fragments, and some plasmids linearized by
Hdigestion with an appropriate restriction enzyme, were determined by the chemical

4 procedures of Maxam & Gilbert (1980). The fragments were 3'-terminally labelled using the
+Mappropriate [a-*?P]ANTP and the Klenow fragment of DNA polymerase I.

31 More generally, DNA fragments subcloned in M13 vectors (Sanger ef al., 1980; Messing et
1., 1981) were sequenced by the chain-termination method using dideoxynucleoside
Striphosphates (Sanger et al., 1977). The sequencing reactions were primed with the 26 base-
air universal primer derived from pSP14 (Anderson ef al., 1980). and were resolved on

nsorge. 1981).
“Compression’” of bands, particularly in G+ C-rich regions, can lead to strand-specific
Hambiguities. Such compressions have been attributed to secondary structure within the
) ] ewly synthesized strand, which leads to its anomalous migration through a
Hpolyacrylamide gel. dITP in place of dGTP can resolve such discrepancies: 1-C' base-
airing is weaker than G-C', so that secondary structure formation is less likely (Mills &
Kramer, 1979). Figure 1 illustrates the use of this method.

(f) Detection of overlupping cloned sequences by hybridization
ik Matrices of spots of M13 phage supernatants (3 to 5 pul) were applied to nitrocellulose
fifilters (Schileicher and Schiill, 0-45 um). The filters were treated successively in 0-5 M-NaOH ;
13 M-NaC'l, 05 M-NaOH; 2 changes of 3 M-NaCl, 1 M-Tris- HCl (pH 7-53); 2 x88C (SSC is
Y-specific diserepancies. Experiments | an 015 M-NaC'l, 0015 m-sodium citrate). blotted dry and baked‘fg)r ~2hat 80°C! llfld(.‘l‘ vacuum.
<heriments 3 and 4. Two discrenancies. i padioactively labelled probes were made from appropriate M13 clones using the phage
Xperiments SCTe} €S, + o . - ‘

saction is indicated at the top of the gel D)A as templat? z'lnd .the primer fragment derived from pHM235 .(Hll & Messing, 1982).
"in place of dGTP. The brackets labelled] Prior to hybridization, the nitrocellulose filters were soaked in 2xSSC, 0-1% (w/v)
tary strands, and arrows draw attention tf sodium dodeeyl sulphate, 029, (w/v) Ficoll (Sigma Chemical Company), 0-29, (w/v)
I read from the gel of experiment 1 is 5 Gf polyvinylpyrrollidone, 0-2%, (w/v) bovine serum albumin, 50 pg of denatured salmon sperm
1 experiment 3, where the opposite stranf DNA/m! at 65°C for several hours. The filters were hybridized in the same buffer by
-C-(* when reading this gel). Similarly. ff incubation overnight at 65°C (4 x 10° to 8 x 10® cts/min total; 10° to 2 x 10® cts/min per ml).
(-“'G‘(:‘("(“* whereas the opposite stranf After hybridization, filters were washed extensively in 2 x SSC, 0-19, (w/v) sodium dodecyl
C-G-C-C-C (G-G-G-C-G-T when read fro sulphate at 65°C. Autoradiography was generally for 2 to 3h at —70°C between 2
-§intensifying screens.

ere readily apparent when dITP was use
enced in this experiment are identified i

3. Results and Discussion
(é?réxigllx?ei;lts] ;if7?;\nﬁ li[:g‘;? ;I::gl;?zn‘é (a) Cloning and identification of the hsd genes of E. coli strains

The entire hsd region of E. coli K12 has been cloned in a A phage (Aksd RM S in
modification of the method of Sangelf Fig. 2) and as the two non-overlapping segments in plasmids pBg3 and pBg6 (see
1l of an early exponential culture dfFig 2. Sain & Murray, 1980). The positions of the hsd genes relative to the targets
Is incubated at 37°C with aeration for bfor some restricti :dentified. The hsdS includes t ts f
nin in an Eppendorf centrifuge. Thef " le restriction enzymes were identified. The hsdS gene includes targets for
se were stored at 4°C for as long asf "€ epdonucleases HindIII and BglIl, and plasmids pBg3 and pBg6 (Fig. 2(a))
rified before proceeding. Phage weref®ach include part of the hsdS gene. These plasmids were used as probes to identify
(w/v) final concentration) and NaCfthe hsd genes from other strains of £. coli. '

areful removal of the supernatantf The DN , i . f E. coli, E1 d 62 Table 1
30), 1 mw.EDTA). Tho DXJ wesh NAs of two recent natural isolates of E. coli, E166 and 629 (see Table 1),

rated with buffer, recovered by ! 8s well as E. coli B, have been shown to share homology with the hsd genes of E.

) isopropanol, and washed with 709 ‘wli K12 (Murray et al., 1982), and the hsd genes from these strains were cloned.

wuffer.

Y

: D}\TA from strain E166 was digested*with EcoRI, that from 629 with EcoRI, or
: \“’lth BamH]I, the resulting fragments of DNA were cloned using ph‘c}ge A vectors and
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@
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“F1G. 2. The had regions of E. coli K12, E166 (D) and 629 (B). (a) The positions of the hsd K genes € <«

M and S are indicated relative to the sites for some restriction enzymes. Below this map, fragments¥
the ksd region within plasmdid and phage derivatives are identified. Ahsd M S B was made from Misd)?
T5. by rexcue of the B region from WA960 (see Table 1). The genetic exchanges could have occn
anywhere within the dotted region. and the broken line identifies DN A that must be derived from t-
hsdB region of WADG0. (b) The restriction targets within the ksdD region and the fragment:

chromosomal DNA in the Msd E166 phage. (¢) The restriction targets within the hsd region of str 2 l > ! >'
629 and the fragments of chromosomal DN A within the derivative Ahsd 629 phages. n—2>
PA— i, <
<«
<

Msd phages were detected by plaque hybridization (Benton & Davis, 1977) wiOObp
pBg3 and pBgt (Fig. 2(a)) as probes. The Arsd phages derived from E166 contes ' o of
a single 9kb EcoRI fragment that . i . o . i F16. 3. Sequencing strategy for the hxd region o
(Fig. 2(b)). Genetic t(’\'ti\ (lLA G shares homo]og) with bot'h pBg3 and ]V)B&\p identifies the AsdS gene. The plasmids used as a
8= ’ PR ough & N. E. Murray, unpublished results) habap. Below the map. each arrow indicates a segme
shown that the hsdS gene within this fragment confers a novel specificity, whi¥y the chemical method (Maxam & Gilbert, 1980).
was designated D. Strain 629 see i . o ", method of Sanger et al. (1977) with fragments ¢
modification imposed by this sty 'ms hke-ly to Confe% the B_ specxﬁm.ty,. sice :qllenced is identified by the direction of the a
. . pos ¥ this stram provides protection against restriction by ﬂe(:]llenced, when more than one. is indicated abov
classical B syvstem (J. A, (vough & N.E. Murray_ unpublished results). Two ty '}:‘ﬂ and FanutHI. and fragment b by Hpall. H}
of Ahsd clones were made from EcoRI di i (6 e " fubstrates for the Maxam & Gilbert methad. Fragr
first, AMisd 629-1 (containing an 85 kb frge:S O{ Stl}alrf ()2}9 DN]A (see .[(llg&)Q(f)) Btéps .a"d.mDQ. and qu‘uen('e was determined from tl
Beti. while tl - gment), shares homology with both pbgrmination method. Iragment ¢. the 1-4 kb Byll1-1
and pBgt. while the other. Ahsd 629-2 (containing a 55 kb fragment), Sha_xl_fgestmn with cach of the following endonucleases

ctensive homology wi : . . ind Haelll. The contiguity of fragments a and b, ¢
extensive homology with pBg3. An ov erlapping BamHI fragment was also C'““ﬁfoveﬂ;p,,in;hﬁ;;,',lf(fﬁzt" of fragments a and b, a
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Vhsd 629-3 in IFig. 2(c)), and sequence analysis of this fragment confirmed that the

gHgI T . . .
%E%E E g wo EcoRI fragments were contiguous in the K. coli chromosome.
UIige o Q The E. coli B specificity genes (hsdB) were also cloned from strain WA960, a A- ¥
I 1 . : . ] ) . g
nsitive strain whose Asd genes derive from the original, A-resistant K. coli B
\Wood, 1966). These hsd genes were cloned by manipulation in vivo of a AksdK }
4 hage (see Fig.2(a)). First, a derivative of MsdK was isolated in which a large |
pBa & eletion removed the hsdS gene together with some flanking sequences (MsdK-V5 E
v
S Fig. 2(a)). A MisdB phage was then made by homology-dependent rescue of the
et sdS gene from the chromosome of WA960. The provenance of the hsdS gene in
S bhe resulting Asd B phage (NM1130) is, therefore, the classical E. coli B strain.
. .t The hsd regions of E. coli K12 (designated K). E166 (D), 629 and B (see Fig. 2)
kit include a 2 kb EcoRI fragment, which for K has been shown to contain the
Ecoli K
&
l: 4
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pRH 3 )
: 3 3 ;
T E g <—— Fragment a —> ¥ =< Fragment b>& <———————— Fragmentc ————————————> ¥
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I phages derived from E166 contaf Fic. 3. S for the had ¢ B coli K12, The h ine within the restricti
: ‘ & 163 equencing strategy for the ksd region of E. coli . The heavy line within the restriction
mology with bOt_h pBg3 and pB ap identifies the hsdS gene. The plasmids used as a source of DNA fragments are indicated above the
. Murray, unpublished results) hag Iap. Below the map, each arrow indicates a segment of DNA whose sequence was determined either
1t confers a novel speciﬁcity, Whi, by the chemical method (Maxam & Gilbert, 1980), identified as M+G, or by the chain termination
: for the B ficit ince I 3 ethod of Sanger et al. (1977) with fragments cloned in M13 vectors as templates. The strand
' con er € R speci 01.y . SINCE LBequenced is identified by the direction of the arrow and the number of times a fragment was
orotection against restriction by tequenced, when more than one, is indicated above the arrow. Fragment a was digested with dccl,
ay, unpublished results). Two ty A&7 infl and Fnu4HI, and fragment b by Hpall, Hhal and Frud4HI to provide puriﬁe.:d fragments as
f strain 629 DNA Fig. 2 . th Substrates for the Maxam & Gilbert method. Fragments a and b were also cloned using M13 vectors
1 strain (see . ig. 2(c)); tigmps and mp9, and sequence was determined from the BamHI, HindIII and BglII targets by the chain
t), shares homology with both pB# *rmination method. Fragment c, the 14 kb BglII-HindIII fragment, was subcloned in mp7 following
,taining a 55kb fragment), shart . lg;stlon with each of the following endonucleases; BstNI, Ddel, Hinfl, Hpall, Alul, Sau3Al, ﬂzq.I

nd Haelll. The contiguity of fragments a and b, and b and ¢ was confirmed by the sequence an:/alysns -

1g BamHI fragment was also clong bf overlapping fragments. , j

%
|

2

E:
Ei
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Fi1G. 4. The sequencing strategy for the hsd region of E166 (D). Ahsd E166 and its derivative plas ‘
pRBI are indicated below the restriction map of the hsdD region. Within the enlarged map, the hgh—===~ > == z__ > (__"'_'_'_
gene is identified by the heavy line. Sequence determination was initiated from fragment a and €= —_<_—___1____4 € ————
proceeded by a series of overlapping fragments. (‘lones containing overlapping sequences were dete €

by hybridization (Hu & Messing, 1982). Subclones using mp8 as vector were generated from 100 bp

BamHI-Prull fragment of pRBI1, after digestion with each of the following enzymes; Rsal, Tby

Haelll, Sau3Al, Ddel, BstNT and Alul. Additional sequence from the PstI, Xbal and Hincll sites®  Fig. 5. The sequencing strategy for the hsd regi

obtained after cloning the PstI-Xbal and Xbal-HinclI fragments. hsd regions of strains 629 and E. coli B. The Ahsd6
below the restriction map. The Msd B phage (see
- plasmids are indicated by broken lines. The Keol

beginning of the ksdR gene, and a 3-1 kb BamHI fragment, which for hsdK sp# the MisdK phage. 1 targets found in 629 not in

! ot & - N 4 Libraries of subclones in mp8 were made from
the 3" end of hsdR and most of hsdM (Sain & Murray, 1980). These consers and from & purified fragment of pBgBI includi

fragments were used to align the hsd R and M genes of the four strains. If the .‘%ef?variety of different endonucleases was used. |
order is the same for each specificity system, the hsdS gene of strains E166. g¥downstream of the 3 end of the hsdS gene anc
and D, like that of K, is expected to lie to the right of hsdR and hsd M ; that is,kiuences. The starting clones were identified by

; - . . . ’ . as a probe. In addition. sequence was deduced
the right of the 3:1 kb BamHI fragment within a region showing divergence in tﬁand mp9. A similar strategy was used for B. t
distribution of HindIII and EcoRI sites (Fig. 2). Fragments of DNA derived fro’f"gRR} and on the BamHI-BglIR fragment o
various Aksd phages, and presumed to include part, or all, of an hsdS gene, wa oridization with a subclone from the 629 regi

. . . dITP in place of dGTP (see Fig. 1).
subcloned in plasmids (see Figs 3, 4 and 5). : M place ol ¢ (see Fig. 1)

(b) Sequence determination (2528 bp) of the three fragments defir

Fig. 3, particularly the legend, for detz

(i) hsdK sequence of the hsdS gene was fir
The hsdS gene includes targets for the endonucleases HindIIT and BgllII, and?xdegrad&tiOII method of Maxam & Gilbe
flanked by BamHI and HindIIT targets (see Fig.2(a)). The entire sequentPUriﬁed DNA fragments as substrates.
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ntaining overlapping sequences were detecid -4 - €——4

ng mp8 as vector were generated from {§100 bp

each of the following enzymes: Rsal, Tog
:nce from the Pstl, Xbal and Hincll sites wi§

ragments. !

i

1HI fragment, which for hsdK spag

& Murray, 1980). These conservi§
genes of the four strains. If the gei :
, the hsdS gene of strains E166, 6§
2 right of hsdR and hsd M ; that is;
n a region showing divergence in tf
2). Fragments of DNA derived frof
e part, or all, of an hsdS gene, wef

minalion

nucleases HindIII and BgiIl, and}§
see Fig. 2(a)). The entire sequeny

Fpurified DNA fragments as substrates. This sequence was confirmed and extended

Fic. 5. The sequencing strategy for the hsd regions of 629 and B. One restriction map is given for the
hsd vegions of strains 629 and E. coli B. The Ahsd629 phages and their derivative plasmids are indicated
below the restriction map. The AksdB phage (see Fig. 1 for the origin of this phage) and its derivative
plasmids are indicated by broken lines. The EcoRI target, similarly marked by a broken line, is from
the MisdK phage. + targets found in 629 not in B. ]

Libraries of subclones in mp8 were made from the purified 4-4 kb EcoRI-HindIII fragment of pRH4
and from a purified fragment of pBgB1 including the 1-3 kb BamHI-BglIl sequence. In each case a
variety of different endonucleases was used. Sequencing was initiated from a fragment located
downstream of the 3’ end of the hsdS gene and proceeded, as for hsdD, by a series of overlapping
sequences. The starting clones were identified by hybridization with a subclone from the ksdK region
as a probe. In addition, sequence was deduced from the BamHI-BglII fragment after cloning in mp8
and mp9. A similar strategy was used for B, but depended on a 4 kb Accl fragment derived from
PRR1 and on the BamHI-BglIl fragment of pBgB2. The starting clones were identified by
hybridization with a subclone from the 629 region. The asterisks indicate fragments sequenced using

dITP in place of dGTP (see Fig. 1).

: (2528 bp) of the three fragments defined by these targets was determined (see
¥ Fig. 3, particularly the legend, for details of the strategy). Most of the nucleotide
i§ Sequence of the hsdS gene was first determined by the partial chemical

degradation method of Maxam & Gilbert (1980), with either linearized plasmid or
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by the chain termination method with fragments of DNA subcloned in M13 pha,
vectors as templates (Sanger et al., 1980; Messing ef al., 1981).
from the right-hand (1-4 kb) BglII-HindIII fragment (fragment c in Fig. 3) wey
sequenced at random (the so-called “‘shot-gun’’ method). Consequently, as show

" in Figure 3, the nucleotide sequence of most of this region was determined severs

times.

(ii) hsdD

endonucleases and the resultant fragments subcloned in MI13 vectors fo3
sequencing (see the legend to Fig. 4 for further details). Initially, the 5'-termina}
BamHI-Pst] fragment (fragment a in Fig. 4) was subcloned in both orientationf}
and its entire sequence determined. This sequence shares extensive homology witl?
a segment of the hsdK region, thereby aligning the DNA sequence of D with tha*
of K. Labelled probes, made from the two BamHI-PstI subclones, were then use(:i
to detect by hybridization other subclones containing overlapping sequences (Hi:
& Messing, 1982). A contiguous sequence covering the entire hsdS gene was thu
assembled from a series of overlapping fragments.

(iii) hsdB

The sequence of the /sd.S genes was determined for DN A fragments derived fron
both strains 629 and WA960. The strategy (see Fig. 5) again depended on librarie
of subclones in M13 phage vectors. Sequence determination was initiated from

defined point sharing homology with hsdK. and extended by the sequentis
detection and analysis of overlapping clones.

(e} DNA sequences. genes and their products

The nucleotide sequences for the K, D and B ksd.S regions are shown in Figure
6, 7 and 8, respectively: that for hsdB is the same whether the ancestry of th
DNA was E. coli 629 or the classical B strain.

A single, long, open reading frame within the DNA sequence of the K regiol
identifies the hsdS gene. As required. this reading frame traverses both th
HindIII (Fig. 6, position 680) and the BglII (Fig. 6. position 1086) targets, an

the molecular weight of the polypeptide encoded by this gene is calculated to bt-

51,336, in agreement with the value of 50.000 predicted from the electrophoreti

mobility of the hsdS gene product (Sain & Murray. 1980). The BamHI target
the beginning of the K sequence is known to be within the hsdM gene (Sain &

Murray, 1980). The only open reading frame extending rightwards from this site-
which also extends leftwards (data not shown), terminates within the initiatiot
codon of the hsdS gene. Such an overlap of termination (UGA)

codons (U-G-A-U-G) was first found for the B and A genes of the trp operon o
E.coli (Platt & Yanofsky, 1975) and has been shown to allow translat-iona!r
coupling of gene expression (Oppenheim & Yanofsky. 1980). DNA sequences (e.§

SEQUENCE DIVERSITY

CGCACCGCAAAATCCGATTCGCTGGATATCTCCTGGCTGAAAGATARAGACAG
aeaneele 20 30 40 50

XACAGGCGCN;TCTGAACTGGATGCGCTGATGCGTGAACTGGGGGCGAGCGA1GAGGC
130 1ho 150 1

% sleuProGluGlyTrpVallleAlaProValSerThrValThrinrleulleArgGly

L116CCGEAGGGGTGEGTTATCGCCCCAGTATCTACGGTCACARCTCTAATCCOAGGA
250 280 290 3

2laAsnAsnIleGlnAsnGlyLysPheAspThrThrispleuValPheValProlys
TGCGAACAATATICAGAATGGCAAGTTIGATACTACGCACTITGGTITTITCITCCTAAA
370

,s.rLylSeerlVI)GlyLy:SCrAllHIuGlnl!ilLtuPrthQGluCylS.rPhe

}  GAGCAAATCCGTAGTTGGTAAATCCGCACATCAGCATCTIACCATTITGAATIGIAGTITIC

k90 500 510 520 530 5

elbrlysSerSerLeuTyrirghsnlyslleSerSerLeuSerAlaGlyAladsnlle
CACAAAA1CiTCTCTIIAICGAAACAAAA!11CA1CAC111CIGCTGGIGCAAAT112
610

alyslleileAlaGlulysleuAspThrieuleuilaGinValAspSerThriyahla
AAMAATCATCGCTGAAAAACTCGATACGCTIGCTGGCGCAGGTAGACAGCACCAAAGCA
730

14snGlylysleuThrGluLysTrpirghsnPheGluProGlnHisSerValFPhelys
TAATGOAAAATTGACAGAAAAMATGGCGTAATTTITGAGCCGCAACATICTGTATTITAAG
850 860 870 880 890 9

uSerGlyValGlyHisProlleleuArglileSerSerValirghlaGlyHiaValAap
AAGTGGIGTTGGICATCCAATACTACGCATTAGTTCTGTACGTIGCTGGCCATGTACAT
970 980 990 1000 1010 10

pGlyAspleuleuPheThrArgTyrasnGlySerLeuGluPheValGlyValCysGly
TGGAGATCTTTTATITACTCGCTATARCGGAAGTTTAGAATTIGTIGGTGTTIGTGGS
Bglll 1100 1110 120 130 AR

uIhrLysAspAlaleuProGluTyrlleGlullePhePheSerSerProSerAlaArg
AACCAAAGATGCTITTACCAGAATATATCGAAATATYTITTIITCATCCCCCTICAGCACGA
1210 1220 1230 1240 1250 1

elysSerGlnvalvalleuleuProProvallysGluGlnAlaGlullevValArghrg
CAAMTCCCAASTTIGTTITATTACCTCCAGTARAAGAACAAGCCGARATCGTTCGCCGC

1330 1340 1350 1360 1370 13
gValisnhanLeuTnrGlinSerileleuAlaLysAlaPheArgGlyGluLeuThrala

CGICAACAACCTGACGCAATCCATCCTGGCAAAAGCGTICCGTGGTGAACTTACCECC
1450 1460 1470 1480 1490 15

ulysIleLysAlaGluArgAlaAlaSerGlyGlyLyslysAlaSerirglyslysSer
ARAAATCAAAGCTGAACGCGCAGCTAGCGGGGGTAAAAAAGCCTCACGTAARAAATCC
1570 1580 1590 1600 1610 1

CCACATAAATATATITAAATCATICCAGAAATTGCCCATITTATICTATTITIAGCTC
1690 1700 1710 1120 1730 1
CACACCCGCATCGCTAATCACAATCACTATTICCIGGAGAATAGCAGTTATGACTCAC)
1810 1820 1830 1840 1850 1t

GICGETTATGCOAGTCGCTACCCOGATTACAGCCOTATICCCGCCATCACCCTIGAAAL
1330 1940 1350 1860 1970 1

CCTGTATIGICCTCACCGLCCAACCACCCGCCGCCGAGGAGAGCGAACTGATGCAGT!
2050 2060 2070 2080 2090 2

‘GA'I!GCCGGTAAACAGAAAGTCGCG‘I AACAGCGTITACTCCCGGITAACCACCGGG:
2170 2180 2190 2200 2210 2
A}

g
STAMAAATCTATTGITICAGTACGTTGCGAANGCGATAATAGAGGCTTAGCAATGAG
2290 2300 2310 2320 2330 2

ACIACGITCGCIA'[CCAC‘!IIAGA‘I"IA‘I CCAACGICTTACCGTAACCIGCGAGTAAA
2410 2820 2430 2440 2850 2

GCrAGCTY
Hiaell

Fic. 6. DNA sequence of the hsdK region. The

and initiatior end. The amino acid sequence of the hsdS gene
Vphens have been omitted for clarity.
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s of DNA subcloned in M13 phage

1g el al., 1981). M13 clones derived

. . 53ATCCGCACCGCAAAATCCGAT1CGC1GGATA‘CTCCTGGCTGAAAGATAAAGACAGTATTGA!QCCG&CKGCCTOCCOGAGCCGGATGIlTTlGCGGCAGAAGCGA!OGGCCAAC|GG
gment (fragment ¢ in »Flg‘ 3) were pagkl 10 20 30 %0 50 60 70 80 90 100 110 120
method). Consequently, as shown HetSerAlaciyly

!ACAGGCGCYGTC!G‘lﬁTGGlTGCGCTGA[GCGYGAACTGGGGGCGAGCGATGAGGCCGATIIGCAGCGTCAOTIGC1GCAACAAGCGTTIGGfGGGC!CAAOGAA!GAGYGCGGGGAA
. ! Y o : ‘ ‘ :
this region was determined several 130 140 150 60 170 180 %0 20 210 220 23 250

sLeuProGluGlyTrpValllealaProValSerTnrValThrThrleulleArgClyVallhrTyrlysiyaGluGlnAlalleAsnIyrleulysAspAspTyrleuProleullear
A11GCCGGAGGGGTGGGTTATCGCCCCAGTATCTACGGTCACAACTCTAATCCGAGGAGTAACGTATAAAARAGAGCAGGCAATARATIATCTAAAAGATGATTATTIGCCTCTTATCCE
2%0 260 270 280 290 300 310 320 330 340 350 360

3 lllAAnAsnXllGlnA:nGlyLy:PhlAsanrIhrl;pL.uVllPhaVllProLysA:nLtanlLy:GluS.rGlnLyaIl'SerroGlulugll‘Vllll'AllHltSlrSerl
H 21 1 GAACAATATTCAGAATGGCAAGTTTGATACTACGGACTICGTTTITIIGITCCTAAAAATCTITIGTTAAAGAAAGTCAARAAATATCICCTIGAAGATATIGTTATIGCAATIGTCAICAGS
netic tests to be within the O khf ecomesr?

380 390 400 810 420 430 449 450 460 470 80
by analogy with K, be within a
"ig. 2(b)). This fragment, amplified
1 with a variety of restriction

subcloned in MI13 vectors for

] .. , .

detalls). Inltlally’ tlle 5 -tel I]‘lnal nLanllX1!AllGluLy!lc.;uAspThrL;uL.ulllﬁanalllgSanhrLylAl.Ar‘Ph.GlnGlnl1eProGlnllOLQuLylAr‘PhlAr‘GlnlllVllL.\lGlyGlylllVl
M M M T Ak ACGC C

‘-as sllbcloned ln both 0‘.lent&ltl0ns* IAIAATC.AI;SGC G‘Al_'uo CGAT 15°GCTGCCG7QgGTAGA AggsCCAAAGC:ggTTTIGAG?;;ATCCC‘C::;ICCTG!A;EgTTITCGTg;sacccTAT:ggGGGGCGC:E;

© g v mology wit

ce Shales extensive homo £ h 1asnGlyLysieuTnrGlulysTrpArgAsnPheGluProGintisServalPhelyslysleuAsnPheGluSerIleleuTarGluleuhrghsnGlyLeuSerSertysProAsnGl
h\§ ™~ TAATGGARAATTGACAGARARATGGCGTAARTTITIGACCCGCAACATTICTGTATTTAAGAACTTAAATTITIGAATCTATCTITAACTGAATTACGTAATGGTICTITCATCAAAGCCAAATGA

the DNA sequence of D with that 850 860 8 900 910 920 930 940 950 960

,serLyssorVllVllGlyLYSSOPALIHisG1nHi!L.uProPhlGluCysS.rPh‘GlylllPh.CysGlyValLeuAr"rnGluLylL.ullc?h.s.rﬂlyPh-ll.ll.ﬂtn?h
GAGCAAATCCGTAGTIGGTAAATCCGCACATCAGCATCTIACCATITGAATGTAGTTICGGCGCATTITIGCGGTGTATIACGTICCIGAAMAACTTATATITICTGGTITTATIGCICATIT
ug 500 510 520 530 5%0 550 5680 570 580 590 600

eTnriysSerSerLeuTyrArgAsnlysileSerSerLeuSerilaGlyAlaisnlleisnisnllelysProilaSerPneiapleulleisnlleProlleProProleuilaGluGl
CACAAAATCTTCTCTTITATCGAAACAAARTTICATCACTTITCIGCTIGGTIGCAAATATTAATAATATTARGCCGGCAAGCTTITGATTITCATARATATACCAATCCCACCACTIGCCGAACS
610 620 630 630 650 660 870 #indII1l 690 100 110 720

HI-Pstl subclones, were then used
uSerGlyValGlyHisProllelLeuArglleSerSerValArgAlaClyHisvValaspGlnAsnAsplleArgPheleuGluCysSerGluSerGluleuAsaArgHislysleuGlnas
N N - ol 1 » : AAGTGGTGTITGGTCATCCAATACTACGCATTAGITICIGTACGTIGCTGGCCATGTAGATCAARACGATATICGGTITCTAGAATGTITCAGAAAGTGAACTAAACCGCCACAAATTACAAGA
tallllng 0‘ ella’pp‘ng Seqllell( es (Hu 970 980 990 1000 1010 1020 1030 1030 1050 1060 1070 1080

‘ing the entire ksdS gene was thug
its.

31y LeuleuPheThrArgTyrAsnGlySerieuGluPheValGlyValCysGlyLeuleulyslysleuGlnHisGlnAsnleuLleuTyrProAsplysleulleArghlairgle
GGAGAICTTTTATTITACTCGCTATAACGGAACTITAGAATTIGTIGCTIGTITTGIGCCTTATTIGAAAAAATTACAACATCAAAATTTIGCTATATCCTGATAAACTTATICGAGCICGATT
BglIl 1100 110 120, 1130 11%0 1150 1160 170 1180 1190 1200

-

uinrlysAspAlaleuProGluTyrIleGlullePhePheSerSerProSeriladrgAsnilaMetMetasnCysVallysThrTheSerGlyClnlyaGlylleSerGlyLysAspll
AACCAAAGATGCTTTACCAGAATATATCGAAATATITTIITTCATCCCCCTCAGCACGAAATGCAATGATGAACTGCGIGAAAACAACTICTGGTICAAAAAGGTATTICAGGAAAAGATAT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

>d for DNA fragments derived from
Fig. 5) again depended on libraries
letermination was initiated from &
and extended by the sequential

elysSerGlnValvValleuleuProProVallyaGluGlnAlaGlulleValArgArgValGluGlaLeuPheAlaTyralaAspTyrileGlulysGlnValasnAsnAlateuhlair
CAAATCCCAAGTTGTTTTATTACCTICCAGTAARAGAACAAGCCGAAATCGTTCGCCGCGTCGAGCAACTCTITCGCCTACGCCGACACCATAGAAAAACAGGICAACAACGCCTTAGCCCG
1330 1340 1350 1360 1370 1380 13%0 1800 %10 1820 1430 1880

gVslisnisnleuthrGlnSerlleLeuAlalysAlaPheArgGlyGluleuThralaGinTrpArgAlaGluAsnProAspleulleSerGlyGluAsnSerAlarlailateuleuGl
CGTCAACAACCTGACGCAATCCATCCTGGCAAAAGCCTICCGTGGTGAACTTACCGCCCAGTIGGCGGGCCGAAAACCCGGATITGATCAGCGGAGAARACAGCGCCGCCGCGTTGCTCGA
1450 1360 147 1480 1490 1500 1510 1520 1530 1540 1550 1560

ulyslleLysAlaGluArgAlaAlaSerGlyGlylyslysAlaSerArglyslysSer *
AAMARTCAAAGCTGAACGCGCAGCTAGCGGGGGTARARRAGCCTCACGTAARAAATCCIGAACATTATTITTCTGGCGCACCTTITCCOGTGCOCTITTIATIATITCACGCCAATCATAAC
1570 1580 1590 1600 1610 1620 1630 1680 1650 1660 1670 1680

wd their products H |

i hsd S regions are shown in Figures

same whether the ancestry of the
i

CCACATAAATATATITAAATCATTCCAGAAATIGCCCATTITIATTICTATTTITTAGCTGGACTTITCCCCATATTITACTGATGATATATACAGGTATITAGCGCGGTGCGGATGTIGCGCCAR
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

CACACCCGCATCGCTAATCACAATCACTATICCTGCAGAATAGCAGTTATGACTGACACGCATTCTATTGCACAACCGITCOAAGCAGAAGTCTICCCCGGCAAATAACCGTICATGTICACE
181 1820 1830 1840 1850 1860 1870 1880 189 1500 1910 1920

GICGGTIATGCGAGTCGCTACCCGGATTACAGCCGTATICCCGCCATCACCCIGARAGGTCAGTGGCTGGAAGCGCCGGTTITIGCCACTCGCACCGCGGTAGATGTCAAAGTGATGGALG
1930 1940 1950 1980 970 1980 1990 2000 2010 2020 2030 080

he DNA sequence of the K regiosf
reading frame traverses both the
(Fig. 6, position 1086) targets, and
led by this gene is calculated to béf
predicted from the electrophoretic
irray, 1980). The BamHI target a
ke within the hsdM gene (Sain 8;
xtending rightwards from this site,
1), terminates within the initiatiof
termination (UGA) and initiatio
3 and A4 genes of the ¢rp operon o
seen shown to allow translational
nofsky, 1980). DNA sequences (e.

GCTGTATIGTICCTCACCGCCCAACCACCCGCCGCCGAGGAGAGCGAACTGATGCAGTCGCTACGCCAGGTGTGCAAACTGTCGGCGCGTARACAAAAGCAGGTGCAGGCGTTTATIOGAG
2050 2060 2070 2080 2090 2100 2110 212 2130 2140 2150 2160

TGATTGCCGGTARACAGAAAGTCGCGTAACAGCGTTTACTCCCOGTTAACCACCGGGAGCCTICCACTGACTCAATAGAAACTITCCCCCTCAGTAARTATTITACCAGTCTGATTTIGER
2170 2180 2190 2200 2210 2220 2230 22%0 2260 2270 2280

GIAAAAAICTATIGTTTCAGTACGTTGCGAAAGCGATAATAGAGGCTTAGCAATGAGGAAGGCATATCTTATGGAATCTATTCAACCCTGGATTGARAAATITATTARGCAAGCACAGCA
2 2300 2310 2320 2330 23%0 2350 2360 2370 2380 2390 2800

ACAACGTICCCAATCCACTAARGATIATCCAACGTCTTACCGTAACCTGCGAGTAAAATIGAGTTTCGGTTATGGTAATITIACGTCTATICCCTOGITIGCATTTCTTGGAGAAGGTCA
20 2%20 2430 2540 2850 2460 2470 2480 2500 2510 2520

GGuaccry
Bind171

Fic. 6. DNA sequence of the ksdK region. The sequence is numbered consecutively from the 5’ to 3’
‘end. The amino acid sequence of the ~sdS gene and a few key restriction targets are shown. Sequence
hyphens have been omitted for clarity.
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GGATCCGGATGTATTIAGCGGCAGAAGCGATGGGCGAGCTCGTACAGGCGCTGOGCGAACTGGATGCGCTGATOCGTGAACTGGGGGCGAGCGATGAGCCOGATGCGCAGCGTCAGT TGN
BamHl 10 20 30 a0 50 ' 70~ 80 90 100 110 2

MetSerAlaGlylyaleuProValAspTrplysThrvalGluLeuGlyGluleullelysleuSerThrGlyLysLeuhspAlaAsnAlasly

GGAAGIAGCG'IT‘I’GG‘IGGGG'IGAAGGAATGAGTGCGGG'IAAA‘!TACCAG'K'KGATTGGAAGACTGA'KCGAATTGGGGGAG'lTGATAAAAI‘IA!C1AClGGGIAAACI‘IGATGCCAA!GC'[GC‘ -3
130 140 150

180 190 200 210 Patl

A3pAanAspGlyGlnlyrProPhePheThrCysAlaGluSerValSerGlnlleAsnSerTrpAlaPheAspThrSerilavalleuleuAlaGliyAsnGlySerPheSerIlelysly,
GATAATGATGGTCAGTACCCATTTITTCACCTIGTIGCAGAATCAGTITCTCAAATTARCTCTIGGGCCTTITGATACTAGTGCGCGTACTICTGGCAGGCARTGGTITCATTITICTATCAAAN
260 270 310 320 330 3%0 350 364

TyrIhrGiyLysPheAsnAlaTyrGlnArgThriyrVallleGluProlleleulieLysThrGluPheleuTyrTrpleuleuirgGlyianlleLyalyslleThrGluAsnGlyir }3

TACACGGOAAAATTTAACGCTTACCAACGCACCTATGTTATIGAGCCAATATTAATAARAACCGAATTTTTATATIGCITACTICGTIGGARATATAARAARAATCACGGARAATGGCCG
380 390 4o0 410 460 470

GlySerThrlleProlyrlleirglysGlyisplleThriaplleServalalaleuProSerProSerGluGlnThrleulleilaGlulysleudspThrleuleurlaGlnValsly, .

GGCTCGACTATACCTTATATACGTAAGGGGGACATTACAGACATAAGCGTCGCACTTICCTTCCCCATCAGAACAAACITTAATCGCTGARAAACTCGATACGCTGCTGGCGCAGCTAGICH
ol

g0 500 510 520 530 540 550 560 570 580 590

SerThriysAlaArgleuGluGlnlleProGinlleLeuLyaArgPheirgGlnAlaValleuThrPheAlaMetAsnGlyGluleuThriyaGluTrpaArgSerGlnAsnAsnianPry
AGCACCAAAGCACGTCTTGAGCAARTCCCACAAATCCIGAAACGTTITICGTCAGGCGGTGCTTACCTTIGCCAIGAATGCAGAATTAACARARGAATGGCGTTCTCAARATARTAATCCY
T8

AlaPhePheProAlaGluLysAanSerLeulysGlnPheArgAsnLysGluleuProSerIleProAsnisnIrpSerIrpMetirgPheAspGinvaliladspllerlaSerLysten]
GCTITTTTTTCCCGCTGAAARARACAGTTTAAAACARTTICGTAATAAAGAACTACCAAGTATCCCCAATAATIGGTICATGGATGCGGTTTIGATCAAGITGCIGATATIGCGTCARAATT
8y

LysSerProleulspTyrProAsnThrileHisteurlaProAsnHislleGluSerTrpInrGlyLlysAlaSerGlyTyrGinThrileleuGluAspGlyValThrSerAlalysiiy
AAATCACCACTTGATTATCCTAATACAAICCATCTIGCTCCGARTCATATTGAATCATGGACAGGTAAAGCATCTIGGTTATCAAACTATICTIAGAAGATGGCGTAACTAGTGCTAACCATS
5! Xval

GluPheTyrThrGlyGlnIlelleTyrSerLyslleArgProTyrleuCyslysValinrileAlaTnrPheAspGlyMetCysSerdlaspetTyrProlleAsnSerLyallehn’
GAATTTIATACAGGTCAARTAATTTACTCGARAATCCGACCATACTIATGCAMAGTCACAATTIGCARCGTITGATGGTATGTGTAGIGCTGATATGTACCCCATTAATAGTARAATISAL
1000 1010 020 1030 1040 1050 1060 1070

ThrHisPheLeuPheArgTrpMetleuThrasnIhrPheThrAspIrpAlaSerdsnilaGluSerArgThrialleuProlysileranGlnlysispleuSerGlulleProvalProty
ACTCATTITCTTTICCOTIGGATGITGACCARCACTTTCACTGATIGGGCATCAAATGCAGAAAGCCGTACGGTCTTACCTARAATAAATCARAAAGATTIGAGTGARATACCAGTCCCLY
12007

1090 1100 11190 1120 1130 1140 1150 1160 1170 1180 1190

W

eTyrNisAlaleuProGlyTyrLeuSeralalleAsnila

)

SEQUENCE DIVERSIT)

1CCGCACCACGAMATCCGATTCOCTGGATATCTCCTGGCTGAAAGATARAGAT A
o ° 20 30 x0 50

saelil

CGCTGGGCGAACTGGATGCGCTGATACGTOANCTGGCAGCGAGCCATGAG
TacHee 130 140 150 [

,s.rLqu)uLcull-GluGlnAcnI leAsnGlylLeuleuSerIleHisAspSe

o AAAAGAATTAATTGAGCAAAATATCAATGGGTTACTTTCAATCCATGATAC
250

sacarc 270 280 250

+GluPheAsnAsnArglysAspGlyValProLeulleArgiledrghspyailent,
SCAATITAATAATCGTARAGATGGIGTACCATIAATTAGAATICGTGATGTTCTAAY
370 380 390 Ecoll £10

,L-ulhvl1GlyHn.AlpGlyhpPhnA.nuu‘lnrllcirpcy:S.rGIul’rcAl
:HAATCGTGGGAA'IGGA'KGGTGA'K'K'K'l'AA!GCAIC'KA!AIGG'KGC'KCAGAACCAG(
¥90 510 520 $30

suThrSerServalln
HATCICGCC1TACCAGCA'KA‘ITTATCCGCAA1CAATGCA ATACGTCCTICGGTTAL
610 2 0 640 650

oGlnlysllelleAlaGluLysleuAspThrleuleuilaGlaValispSerThrly
GCARMARATCATCGCTGAARAACTCGATACGCTGCTGGCGCAGGTAGACAGCACCA/
730 %0 150 760 Aeel

a¥alibrGlyArgleuThriysGluAspLysAspPhelloThriyslyaValGlul
SGTAACTGGTACGTTGACCAAAGAAGATAAACATITIATAACARAARAAGTTIGAAT!
850 6 890

pibrClnirgProleuCysTyrGlyValvalGlnProGlydspAspllelysAapG,
TACACAAAGACCATTATGITATGGTIGTIGGTIGCAACCTGGAGATGATATAAAAGACGK
9 980 990 1000 1010 ’

s1leSerlysGlulleAspLeuGlnTyrLysArgSerLysvalArglysAsnasp
ALTTTCAAAGGAAATAGATTTACAATATARGCGTICCAAAGTACGANAGAATGACA
1090 1100 1Mo 120 1130

i
o

ThrProProleuProGluGlniisGlullevalArghrgValGluGinLeuPheAlaTyrAlaAspinrileGlulysGinValAsnisnAlaleuAladrgValAsnAsnleuThrGla.?

ACTCCTCCACTCCCCGAACARCACGAAATCGTTCGCCGCGTCGAGCAACTCTTICGCCTACGCCGACACCATAGARAARCAGGTCAACAACGCCTTAGCCCGCGTCAACAACCTGACGCAL!
220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

SorllsLeuA)nLysA)nPheArgclycluLcu!hrll.G)nirpArsA)-GluAunrroAspLeu))eS:rc)ycluAsnSerAlnAla&laLeuLeuGiuLyslloLyeA)AGluArf

TCCATCCTGGCAMAAGCGTT CCGTGGYGAACTCACCGCCCAG‘IGGCGGBCCGAAAACCCGGAT'l'lGATCAGCGGAGAAAACAGCGCCGCCGCGTTGCTGG:\AAAAATCAAAGC‘KGAAEE: t
1340 1 1800 1510 1 .

1360 1370 1380 1390 16420 1230

AlaAlaSerGlyGlyLysLysAlaSerArgLysLysSer *
GCAGCCAGCGGGGGTAAAARAGCCICGCGCAAAAMATCCTIGATCATTATTITICIGGCGCACCTTICTGOTIGCGCTTITITATIATITTIACGCCTATICAT
1460 1870 1480 1490 1500 51 520 1530 15

ATCACTCCAGARATIGCCCATTITATICIATITITAGCIGGACTTICCTCATATITACTGATGATATGTCCAGGIATTTAGCGCGGTGCGGATGTGCGCCAACACACCCGCACCGC AN
10 .+ CGGAGAAAACAGCGCCGCTGCGTTGCTGOAGAARATCAARGCTIGAGCGCGCAGLCA

1570 1580 15%0 1600 1610 1620 1630 1640 1650 1660 16 1680

TCG6E

CACAATCCCTATITCAAAGGAATAGIAATCATCACIGACACGCATTICTATIGCACAACCGTITCGAAGCAGAAGICTCTICCGGCAAATAACCGTICATGTCACCGTCGGTTATGCGAG
1690 1700 1710 1720 730 1740 1750 1760 11170 1780 17%0 1800

TACCCGGATTACAGCCGTATICCCGCCATCACCCTGAAAGGTCAGIGGCTGGARACGCCGGTTTT
1810 1820 1830 1840 1850 1860

Fia. 7. DNA sequence of the ksdD region. The amino acid sequence of the hsdS gene and a few ke
restriction targets are shown. Sequence hyphens have been omitted for clarity.

G-G-T-G) that could serve as ribosome binding sites (Shine & Dalgarno,
the hsdS gene are found within the last few codons of the hsd M gene.
base-pairs downstream of the hsdS gene is a G+C-rich region including @

AACTCACGAAAATATATITITM ¥
a0 1550 560§

inverted repeat sequence of seven base-pairs. This potential stem-loop structur’

slleAlaArghlaValAlaArglleSerProGlulyriysllellevalProMetp
TATCGCTCGTGCCGTITGCCAGAATATCTICCTGAATATAAGATTATIGTITCCTAICT
1210 1220 1230 1280 1250

1AlsArglysihrieuAsnleulysAspleulysAanilaPheValProLeuPros
CGCCAGAAAGACATTAAATITAAAAGATCITAARAATGCATITGTCCCITTACCGT
1340 Bglll 1360 1370

eGlulysGlnValAsnAsnAlaleuAlaArgValAsnAsnlevThrGlnSerIlel
AGAARAACAGGTCAACAACGCCTTAGCCCGCGTCAACAACCIGACGCAATCCATCC
1450 1460 w710 1580 1490

rGlyGluAsnSerAlaAlaAlaleuleuClulysllelysAlaGluArgAladlas

1570 1580 1590 1600 1610

COCTTTITATIATITCTCGCCAATCATAACTCACATAAATATATITAAATCATICC
1690 1700 1710 1720 1730

GGTATITAGCGCGGTIGCGGATGTGCGCCAACACACCCGCACCGCTAATCACAATCE
181 1820 1830 1840 1850

GICTCCCCGGCAMATAACCGTCAATTAACCGTGAGTTATGCGAGTCGCTACCCGGA
13 970

1940 1950 1960 1

GCACGGCOGTAAATGTCAAAGTGATGGAAGGCTGTATIGICCTCACCGCCCAACEE
2950 2060 2010 2080 2090

Fic. 8. DNA sequence of the hsd 629 and B re

few key restriction targets are shown. Sequence

1974) fo’
Thirtee

4

'

The hsd S genes of the B and D regior

immediately precedes an A+T-rich region and is presumed to signal thbut non-identical, lengths both to eac!

termination of transcription.

gene overlaps the initiation codons fo

A small polypeptide, X, of unknown function is encoded by a gene downstreasthe 3 terminus of the hsdM gene of .
of hsdS (Sain & Murray, 1980). The 5’ terminus of this gene should lie within th@nd B. However, a DNA fragment of
region whose sequence has been determined. However, the only open 1‘eadirllwh?n DNA from MsdD was digested
frame starts 700 bp beyond hsdS, and is separated from hsdM and hsdR by {8100 may differ simply by the acqui
potential transcriptional termination

sequence.

2 point mutation.




MURRAY SEQUENCE DIVERSITY AMONG RELATED GENES 13
ATGCGTGAACTGGGGGCCAGCGATGAGGCGGATGCGCAGCGTCAGTTGEY GGATCCOCACCACGAAATCCGATTCGCTGGATATCTCCTGGCTOAMAGATARAGATAGCATTGATGCCGACAACCTGCCGGAGCCGGATGTATTAGCGGCAGAAGCGATGGGCGAGCTGE
8o 90 100 1o 120 paall [ 20 30 %0 50 60 170 8o 90 100 1 120

ouGlyGluLeullelLysLeuSerThrGlylysLeuAspAlahsnilails MetSerPhersnsSe
TGGGGGAGYTGATAAAATTATCTACAGGGAAACTIGATGCCAATGCTGCY yA”AGSZGCTGGGCGAACTGGAIGCGCTGATACGIGAASTGGGAGCGAGCGATGAGGCGGA!GC&CAGCGtCkc!IGCTGGAAGAAGCGT(TGG!GCGGTGlAGGAA1GACTTICAACTC
" 0 180 150 160 170 180 190 200 210 220 230

220 230 Patl 13 240
apThrSerAlavalieuleulaGlyAanGlySerPheSerIlelysiys riprSerLysCluleuIleGluGinAsnIleAsnGlyleuleuSerlieHisAspSerTrpleudrgileseriatispServaliladanIleTnrAsnGlyPhedlaPhelysSerse
ATACTAGTGCGGTACTTCTIGGCAGGCAATGOTICATTTICTATCARAAAL RACATCAAMAGAATTAATTGAGCAAAATATCAATGCGTIACTITCAATCCATGATAGCTGGTTACGTATTITCAATGGATTCCOTAGCARACATCACAAACGGTTTTIGCTTITAAGTCOIC

320 330 350 350 360 250 270 280 290 300 310 320 330 ELT 350 360

rOXuPh'l!ﬂAanArlLysAspclyv.)ProL.ul1|Ar‘Il.Arlllle)L.uLylGlyl!nThrSlthrTyr!yrS‘rGlyGlﬂIlcfroCluClyTerrlel!erroGluAs

euTyrirpLeuleuArgGlyAsnlilelyslyslleThrGluAanGlyArg
AGAAITIAATAATCGTAAAGAIGGIGTACCATTAATIADAATICGIkacilCTAAAAGGTAAIACAiCGACITATfAC|CGCCTCAAA!TCCTCACCGA!ATTGGCIATAXCCCGAIGA
370

TATEZTGGTTACTICGTGGAAATATAAAAAARATCACGGAAARTGGCCGA

450 460 470 480 BcoRl Ao ¥20 30 N30 450 860 470 %80
1uGlnthrieulleAlaGlulysLeuAspThrleuleuAlaGinValGly pLeulle¥alGlyNetAspGlyAspPheAsnAlathrlleTrpCysSerGluProAlaleuleudsnGlnArgValCyslystleGluvalGlaGluhapLysTyrAsalysArgPherh
AACAAACTTTIATCG.TGAAAAACTCGATACGCTGCIGGCGCIGGYAGAG cxf‘AXCG!GGGllTGGATGGTOAT!TTAATGCAACTAIAlGGIGCTCAGAACCAGC!C!GT’AAA!CAACGAG!A!CTAAAATIGAAGTTCACCAAGACAAAiACAlTlAAIGGTTTTI

510 580 590 600 %30 500 510 520 530 5%0 550 560 570 580 590 600

laMetAsnGlyGluLeuTnriysGlulrpArgSerGlnAsnAsnAsnPro eTyrHisAlaleuProGlyTyrleuSerilalieAsnAlaisninrSerSerValInrValiyslitsleuSerSerArgitrLeuGladspInrLleulouProLlauProProleuilaGl
CCATGAATGGAGAATTAACAAAAGARTGGCGTTCTCAAAATAATAATCCT CIATCACGCCTTACCAGGATATITATCCGCAATCAATGCARATACCTICCTCGGTTACTGTAAAGCATCITTCITCCAGCACACTTCAAGATACCCTACTICCGTIGCCACCACTTGCCGA
700 710 720 810 620 630 630 650 660 670 680 690 700 710 120

snTrpSerTrpMetArgPheaspGlaVaiAladsplleAlaSerLlyslay uGinlysIielleAlaGluLysleudspihrleuleuAlaGlnValispSerThrlysilairgleuGluGlalleProGlnlleLleulysirgPheArgGloAlaValleudlarlanl

ATIGGTCATGGATGCGGTTTGATCAAGTTGCTGATATIGCGTCAAAATTA GCAARAAATCATCGCTGAAAAACTCGATACGCTGCIGGCGCAGGTAGACAGCACCAAAGCACGCCTIGAGCARATCCCACAAATCCIGAAACGTTTTCGTCAGGCGGTGTTIGGCTGLGEC
| 2 830 84D 730 760 Acel 780 790 800 810 820 830 840
laSerGlyTyrGlnInrlleleuGluAspGlyValThrSerilalysHia aV¥alThrGlyArgleuThriysGluAsplysAspPhellelnrlyslysvValGluleudspAsnTyriysiLeleulleProGluAspTrpSerGlulnrIleLeuisnisnilelleis
JCATCTGGITATCAAACTATICTAGAAGATGGCGTAACTAGIGCTAAGCAT AGTAACTGGTAGGTTIGACCAAAGARGATAMAGATTTTATAACAAARAAAGTTIGAATTAGATAACTACAAAMATCCTTATICCAGAANGACTGGAGTGARMACAATTTIGAATAACATIATCAA
' 920 Xbal 940 950 960 850 8s0 870 880 890 900 910 920 930 9%0 950 960
'‘neAspGlyMetCysSerdlasspMetiyrProlleAsnSerlyslledsp athrGinArgProleuCysTyrGlyvalvalGlnProGlyAspAsplleLlysispGlylleGluLeulleArgValCysAsplleAsnAspGlyGluValispleuAsnHisleuargly
'ITGATGGTATGIGTAGTGCIGATATGTACCCCATTAATAGTAAAATIGAT TACACAAAGACCATTATGTTATGGIGTIGGTGCAACCTGCAGATGATATAAAAGACGGTATAGARTTAATICGTIGTTIGTIGATATTAACGATGGIGAAGTAGATTITAAATCATCTICGTAA

1040 1050 1060 1070 1080 970 380 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
'hr¥alleuProlyslleAsnGinLysAspleuSerGlulleProValPro slleSerLysGlulleAsplLeuCinTyrlysArgSerLysValArglysAsnisplleleuvallnrlleYalGlyAlalleGlyArglleGlyIleValargGluAsplledanvalas
\CGGTCTTACCTARAATAMATCAARAAGATTTIGAGTGANATACCAGTCCCA ARTTTCAAAGGAAATAGATTTACAATATAAGCGTTCCAAAGTACGAAAGAATGACATTICTITGTAACAATICTTIGOGGCTATAGGTAGAATAGGTATIGTTAGAGAAGATATAAATGTTAA
} 1160 Mo 1180 1130 1200 1090 1100 1110 1120 130 1180 1150 1160 1170 1180 1190 1200

3dlaValAlairglleSerProGluTyriysllellevalProMetPholeuliislleTrpleuSerSerProvalMetGinThrirpleuvalGinSerSerLysGluva
31GCCCTTGCCAGAATATCTCCTGAATATAAGATTATIGTICCTATGTITCTCCATATATGGTTAAGTICACCAGTTATGCARACATGGCTAGTICAGTICATCTAAGGAGGT

[leGluLysGlnValAsnAsnAlaLeuAlaArgValAsnAanleuTnrGle
\IAGAAAAACAGGTCAACAACGCCTTAGCCCGCGTCAACAACCTCACGCAR

} 1280 1290 1300 1310 1320 ’ 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
SerGlyGluAsnSerAlaAlanlaleuleuGluLysllelysAlaGluArg 1ilairglysThrieuAsnleulysAspleulysisnilaPheValProleuProSerileGluCluGlndisGlulleValargArgValGluGlnLleuPhoeAlaTyriladspSerll
AGCGGAGAAAACAGCGCCGCCGCGTTIGCTGGAAAARATCARAGCTGAACGE CGCCAGAAAGACATTAAATTTAAARGATCTTAAAAATGCATTTGTCCCTTITACCCTCTATAGAAGAACAACACGAAATCGTTICGCCGCGICCAGCAACTCTTICGCCTACGCCGACTCCAT
] 1410 1420 15830 4% 1330 13%0 Bglll 1360 1370 1380 1390 1400 1810 1820 1430 1440

eGlulysGlnValAanAsnAlalLeuhlaArgValAsnAsnleuThrGinSerIlelouAlalysAlaPheirgGlyGluleuTnralaGlaTrpArgAlaGluAsnProAspleulleSe

IGCGCTTTITATIATTITACCCCTATCATAACTCACGARAATATATITTIAL AGAAMAACAGGTCAACAACGCCTTAGCCCGCGTCAACARCCTIGACGCAATCCATCCTIGGCARAAGCGTTICCGTGGTIGAACTCACCGCCCAGTGGCGGGCCGAAAACCCGGATTTAATCAG
0 1520 1530 1540 1550 1560 i 1450 1860 1470 1480 1830 1500 1510 1520 1530 1580 1550 1560
CCACGTATTIAGCGCGGTGCGGATGTGCGCCAACACACCCGCACCGCTAAT ' rGlyGludsaSerdlaAlaAlaleulsuGlulysllelysAlsGluArgAlaAlaSerGlyGlyLyslysAlaSerArglysLysPhe
J 1650 1660 1670 1680 . CGGAGAARACAGCGCCGCTGCGTTGCTGGAGAAAATCAAAGCTGAGCGCGCAGCCAGCGGGGGTAAAARAGCCTCGCGTAAAAAGTTCTIGATCATTATITITICTGGCGCACCTITICCCGIG
3 1580 1590 1600 1610 1620 1630 16%0 1650 1660 1670 1680
GAAGTCTCICCGGCAAATAACCOTCATGTCACCGICCGTIATGCGAGTCGL
0 1760 1770 1780 1790 1800 CGCTlT?!AiiATT1CTCGCCAA1CA’AACTCACATAAAIATATTTlllTCAITCCGGAAA1IGCCCXIIYXi!TCTAKTTTlAGCTGGAClITCCCTOTl1TIICIGATGlTATATCCA
§90 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

GOIATTTAGCGCGGTGCGGATGTGCGCCAACACACCCGCACCGCTAATCACAATCCCTATTTCTAAGGAATAGTAATCATGACTGACATGCATTCTATIGCACAACCCTICGAAGCAGAR
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

id sequence of the AsdS gene and a few ke
\ omitted for clarity. ¢

GICTCCCCGOCAAATAACCGTCAATIAACCGTGAGTTATGCGAGTCGCTACCCGGATTACAGCCGTATICCCGCCATCACCCTGAAAGGTCAGTGCCIGGAAGCGCCGGTTTIACCACCS
193 1980 1950 1960 1970 1980 199 2000 2010 2020 2030 040

GCACGGCGGTAAATGTCAAAGTGATGGAAGGCTGTATIGICCTCACCGCCCAACCACTCGCCGTCGA
2050 2060 2070 2080 2030 2100

y F16. 8. DNA sequence of the hsd 629 and B regions. The amino acid sequence of the hsdS gene and a
few key restriction targets are shown. Sequence hyphens have been omitted for clarity.

- sites (Shine & Dalgarno, 1974) fof
odons of the hsdM gene. Thirtee! i
a G+C-rich region including aff
This potential stem—loop structur
and is presumed to signal th

K

The hsd S genes of the B and D regions were readily identified. They are of similar,
tbut non-identical, lengths both to each other and to ksdSK. As with K, the hsd M
Bene overlaps the initiation codons for hsdS. Unexpectedly, the BamHI target at
he 3’ terminus of the hsd M gene of D is about 80 bp downstream of that for K
and B. However, a DNA fragment of approximately 80 bp in length was detected
#"hen DNA from MisdD was digested with BamHI (not shown), and thus the ksdD
arated from hsdM and hsdR by g‘f’.n may differ simply by the acquisition of a target for BamHI as the result of
Point mutation.

1 is encoded by a gene downstreall
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Fic. 9. Dot matrix comparisons between the hsdK and B regions. Each dot indicates
conservation of at least 6 bp within a region of 9 bp. The letters K and B indicate the sequence plo
on the corresponding axis. One square corresponds to 100 bp. The start and end of the coding reg!

for hsdS are indicated. Additional sequence upstream of the hsdS gene, not included in the comparikx

of K with B, is highly conserved. Fic. 10. Dot matrix comparisons between t

g,nd e represent the conserved sequen
wvailable sequence for the hsd.M gene is
[0 or 11) as is the non-coding region don
In order to assess variation in regions not essential to the maintenance End 11). No obvious direct repeats are
specificity, the sequence of the hsdB region was determined from two differe;;ng non-diagonal lines.
strains of E. coli. However, despite changes in the pattern of the neighbouri§f Recent sequence analyses suggest tl
restriction targets, the sequence of the hsd S gene of E. coli B was identical to t®quences share structural similarities (
from 629. Our comparisons are therefore confined to sequences representing #ppear to be shared by the hsdS poly;
three specificity systems, K, B and D. ialysed by Sauer and colleagues, pr[)t
The sequences of the three different hsdS genes show a surprising lackMTangements of their subunits intera
homology. Indeed, there are essentially only two short conserved regions, the ﬁl,l;splay rotational symmetry. Th contras
of approximately 100 bp is in the middle of the gene, while the second is t?}e ksdSK and hsd SB polv]‘)eptides are |
terminal 250 bp. These findings are illustrated by dot matrix comparisons (Hie978; Lautenberger et al‘.. 1978: Somn
et-al., 1980) between the sequences of the different hsd regions in which Yonsonant with this, the filnctional enzy
diagonal lines correspond to regions of homology (Figs 9, 10 and 11). For e the specificity subunit. Furthermore,m
pairwise combination, the two gaps in the diagonal line (b and d) indicate #%Tesponsible for target recognition, it is
non-homologous regions of approximately 600 and 700 bp, respectively. Whilstifficient for the binding of DNA.

(d) Conservation and divergence of sequence in the hsdS genes
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K and B regions. Each dot indicates iy
letters K and B indicate the sequence plott;
)0 bp. The start and end of the coding regy
the hsdS gene, not included in the comparisg@

{4 R Fal S

Fic. 10. Dot matrix comparisons between the hsdK and D regions. See Fig. 9 for details.

ifand e represent the conserved sequences within the hsdS coding region. The
vailable sequence for the hsdM gene is also highly conserved (segment a, Fig. 9,
0 or 11) as is the non-coding region downstream of hsdS (segment f in Figs 9, 10
ot essential to the maintenance $nd 11). No obvious direct repeats are observable, as shown by the absence of
was determined from two differcong non-diagonal lines.
_in the pattern of the neighbourif@ Recent sequence analyses suggest that proteins that bind to specific DNA
rene of E. coli B was identical to thaequences share structural similarities (Sauer ef al., 1982). These features do not
nfined to sequences representing t dppear to be shared by the ksdS polypeptides. However, in all of the systems
1 Bnalysed by Sauer and colleagues, proteins comprising rotationally symmetrical
S genes show a surprising lackj@rmangements of their subunits interact with nucleotide sequences that also
two short conserved regions, the ,,‘ isplay rotational symmetry. In contrast, the nucleotide sequences recognized by
f the gene, while the second is thne hsdSK and hsdSB polypeptides are known to be asymmetrical (Ravetch et al.,
d by dot matrix comparisons (Hie} 1978, Lautenberger et al., 1978; Sommer & Schaller, 1979; Kan et al., 1979).
different hsd regions in which { Fonsonant with this, the functional enzyme complex comprises only one n’lolecule
ology (Figs 9, 10 and 11). For ea the specificity subunit. Furthermore, while it is clear that the hsd:S polypeptide
diagonal line (b and d) indicate t# responsible for target recognition,’it is not proven that this polypeptide alone is
)0 and 700 bp, respectively. Whilsiufficient for the binding of DNA. .

-

sequence in the hsdS genes
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Fic. 11. Dot matrix comparisons between the ksdB and D regions. See Fig. 9 for details.

D Leu SerProSer Thrleu Glu

K IleProProLeuAlaGluGlinLysIleIleAlaGluLysLeuvAspThrieuleuAlaGlinValAspSer
B8 Leu

D Leu

K ThrlysAloArgPheGiuGInIleProGInIleieulysArgPheArgGinAlaValleu

B Leu

(al

His
GluGInAloGlulleValArgArgVaiGiuGinLeuPheAlaTyrAlaAspTyrIteGtuLysGinVol
His

@ X0

AsnAsnAtaleuAigArgvaiAsnAsnLeuThrGinSerIleLeuAlatysAlaPleArgGlyGluleu

@X0

X0

ThrAtoGinTrpArgAiaGluAsnProAsplLeul leSerGlyGluAsnSerAioAlaAlaLeuleuGlu

wWXO

LysIleLysAIoGIuArqA!aAIoSerGlyGIyLysLysAIuSerArgLysLysScr’
Phe

(b}

SEQUENCE DIVERSITY

EcoB 5'-T-G-A-N-N-N
A~ C-T=-N=N-N

EcoK 5 N-A-A-C-N-H
N-T-T~G~N-1

Fic. 13. The DNA sequences recognized by E
[ terrupted by any sequence of 8 nucleotides, th

K The regions of the hsdS gene that
[Fig. 12) that a common ancestry is ind
Bf non-homology could imply that di
modules of DNA sequences. An alter
cestry of apparently non-homologo
many changes. We prefer this second i
for ksdK and ksdD, we find occasional

d position have both been conser
gpparent conserved sequences is cha

ariable regions of different AsdS gene
ﬁney are to the DNA sequence of bacte
rsonal communication). If diversifica
f DNA sequence, we might expect to !

me E. coli strains. Experiments so fz
DNAs of various E. coli strains.

The roles of the various domains of
demonstrated. However, it seems reaso
?rboxy terminus has been maintained
ess well-conserved central region cou
F’xpected for the active site, while reta
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Fic. 12. Amino acids sequences of the conserved regions of the hsdS polypeptides. D, K and € centre of the specificity gene. Heter
indicate the specificity of the polypeptide. Only the K sequence and deviations from it are indics "0 Salmonella strains identify a short

The conserved sequence in (a) derives from base-pairs 535-663 for D (Fig. 7), 701-829 for K (Figgwo non-homolo
and 704-832 for B (Fig. 8): those in (b) from base-pairs 1216-1482 for D (Fig. 7), 1355-1621 forﬁroba

(Fig. 6) and 1385-1651 for B (Fig. 9). The asterisk indicates the termination of translation.
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£EcoK 5 N-A-A-C-N-N-N-N-N-N-G-T-G-C-N
N-T-T-G-N-N-N-N-N-N-C~-A-C-G~N-5'

Fic. 13. The DNA sequences recognized by EcoB and EcoK. The recognition sequence for EcoB is
interrupted by any sequence of 8 nucleotides. that for EcoK by any sequence of 6 nucleotides.

The regions of the hsdS gene that share homology are so highly conserved
(Fig. 12) that a common ancestry is indicated, while the two interspersed stretches
of non-homology could imply that diversification results from the insertion of
moduvi~s of DNA sequences. An alternative interpretation is that the common
ancestry of apparently non-homologous regions has simply been obscured by
many changes. We prefer this second interpretation, in part, because particularly
for hsdK and hsdD, we find occasional short stretches (e.g. 10 bp) whose sequence
and position have both been conserved. However, the significance of these
apparent conserved sequences is challenged, since analyses indicate that the
variable regions of different hsdS genes are no more related to each other than
they are to the DNA sequence of bacteriophage ¢ X174 (T. Bickle & J. Shepherd,
personal communication). If diversification had arisen by the insertion of modules
of DX & sequence, we might expect to find evidence for related DNA sequences in
some E. coli strains. Experiments so far have not detected such sequences in the
DXAs of various E. coli strains.
The roles of the various domains of the specificity polypeptides remain to be
demonstrated. However, it seems reasonable to suggest that the highly conserved
carboxy terminus has been maintained for interaction with the hsd M subunit. The
gless well-conserved central region could maintain a common configuration, as
ol expected for the active site, while retaining enough variability to confer different
JAspThrieuLeuAlaGlnVal AspSer target specificities. Divergence in the amino acid sequences flanking these regions
gwould be allowed, providing that the appropriate tertiary configuration is
Afretained. A quite different interpretation would correlate the two variable
{fdomains of the hsdS polypeptides with the two domains of the DNA recognition
Asequences (Fig. 13). This second possibility predicts that ksdS genes in which the
fjvariable regions are derived from different specificity genes could confer novel
ABpecificities. Some support for this notion might be implied from the observation
Athat a new specificity system has been associated with recombination between the
i typhimurium (SB) and 8. potsdam (SP) hsd genes (Bullas et al., 1976).
{§ This unexpected finding is supported by recent molecular studies. A probe
AMade from the hsdS gene of E. coli K has been used to show relatedness of the
#sdS genes of E. coli K with those of 8. typhimurium (SB) and S. potsdam (SP)
HMurray et al., 1982). The DNA fragment from which this probe was made
3 [fragment b in Fig. 5) is now known to include the short conserved sequence from
ons of the hsdS polypeptides. D, K and: he centre of the specificity gene. Heteroduplex analyses of the hsdS genes of these
«quence and deviations from it are indicst®W0 Salmonella strains identify a short (~100 bp) region of homology flanked by
35-663 for D (Fig. 7), 701-820 for K (Figfwo non-homologous regions (unpublished results from this laboratory). It seems

1482 for D (Fig. 7), 1355-1621 for ubli . :
26132:}5‘:befmination(of%rax)lslation. 3 PObable that the same short region 1s conserved in Salmonella species as well as ,

2 2

and D regions. See Fig. 9 for details.

gPheArgGinAlaValleu

aTyrAloAspTyrIleGluLysGinval

eleuAlalysAlaPleArgGlyGluleu

lyGiuAsnSerAtoAligAloLeuLeuGlu

loSerArgLysLysSer *
Phe
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