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The nucleotide sequence of the Asd R and M genes, together with that for AsdS comprises an
8400 base segment spanning the entire hsd region of Escherichia coli K-12. The three hsd
genes are transcribed in the same direction, but from two promoters. hsdR and hsd M are
separated by 492 base-pairs, whereas the termination codon of ksd M overlaps the initiation
codon of ksdS. p,., precedes hsdR, and our data indicate a transcription termination signal
in the interval between hsdR and p,.q4, as expected if transcription of hsdM and S is
dependent on p,,,q. Transcription from p,., is not influenced by the products of the hsd M
and S genes, and the mechanism whereby restriction is prevented when the hsd region is
transferred to a modification-deficient cell remains to be elucidated.

A segment of the predicted amino acid sequence of the M polypeptide shares homology
with a variety of adenine methylases and may identify part of the active site for
methylation of specific adenine residues. The R polypeptide shows homology with a variety
of ATPases, and pronounced regions of a-helical structure are predicted, one of which is

amphipathic.

1. Introduction

Type I restriction and modification enzymes are
complex, multifunctional systems (for a review, see
Bickle, 1982). They require ATP, S-adenosyl
methionine and Mg?™ as co-factors and, in addition
to their endonucleolytic and methylase activities,
are potent DNA-dependent ATPases. Type 1
enzymes contain three different subunits, R, M and
S; the products of the hsdR, M and S genes. The S
polypeptide dictates DNA sequences specificity,
and together with M is sufficient for modification,
while the products of all three genes are essential
for both nuclease and ATPase activities (Boyer &
Roulland-Dussoix, 1969; Glover & Colson, 1969;
Hubacek & Glover, 1970). The type I systems of
Escherichia coli K-12 and B are allelic and the
subunits of EcoK and EcoB are interchangeable
(Boyer & Roulland-Dussoix, 1969; Hubacek &
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Glover, 1970). The approximate molecular weights
of the subunits are: R, 135,000; M, 62,000; and S,
50,000 (Eskin & Linn, 1972; Sain & Murray, 1980).

The three closely linked ksd genes are transcribed
in the same direction from two promoters; the first
upstream from hsdR, the second between hsd R and
hsdM (Sain & Murray, 1980). The separate
promoters could permit differential control of the
levels of endonuclease and methylase.

The steps in the restriction pathway have been
analysed in detail in vitro for EcoK (for a review,
see  Yuan, 1981). Activation by S-adenosyl
methione to give EcoK* allows specific binding at
recognition sequences (sg). If the site is fully
methylated, the complex dissociates; if hemimethy-
lated, it modifies the second strand; and only if the
site is unmodified does restriction occur. In the
latter case, EcoK* undergoes an ATP-dependent
conformational change to KcoK*, but remains
bound to the target site while DNA is translocated
past the enzyme by an ATP-dependent process
prior to DNA cleavage.

The sequences of the hsdS genes of EcoK and the
related EcoB and EcoD have been determined
(Gough & Murray, 1983). We report here the DNA
sequences of the hsdM and R genes of EcoK, and
discuss the organization of the hsd genes and
features of the polypeptides.
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2. Materials and Methods
(a) Bacteria, phages and plasmids

The bacterial and phage strains are listed in Table 1.
The hsd genotypes of some bacterial strains were changed
by transferring mutations, or an alternative hsdS gene,
from a Ahsd phage to the E. coli chromosome (Gough &
Murray, 1983). Plasmid pUC13 (Messing, 1983) was used
as a general cloning vector and as a source of multiple
cloning sites in the construction of some A vectors.
Plasmid pBg3 (Sain & Murray, 1980) was used as a source
of hsd DNA (see Fig. 1).

(b) Media and microbial methods

Media were made and used as described by Murray et
al. (1977). B-Galactosidase was assayed as described by
Miller (1972).

(¢) Enzymes and chemicals

DNA polymerase (Klenow fragment) was purchased
from Boehringer-Mannheim; DNA polymerase I from
NBL Enzymes Ltd., Cramlington, U.K.; restriction
enzymes from either NBL or from New England Biolabs
Inc. Beverly, MA. Phage T4 DNA ligase was made by
Sandra Bruce. M13 17-mer primer and hybridization
probe primer were from New England Biolabs Ine.,
deoxynucleoside triphosphates (dNTPs) and dideoxy-
nucleoside triphosphates (ddNTPs) from PL Bio-
chemicals Inc. Milwaukee WI, and deoxyinosine triphos-
phate from Sigma Ltd., Poole, U.K.

nmol) and deoxyadenosine 5'-[a->*S]thiotriphosphate
(15 TBg/nmol) were from Amersham International.

(d) DNA preparation, analysis and
ligation reactions

Phage A and plasmid DNA were prepared as described
by Sain & Murray (1980); M13 replicative form DNA was
prepared by the method of Messing (1983). DNA was
digested with restriction enzymes using the buffers
recommended by the suppliers. Fragments were
separated in agarose gels (047 to 1-0%, w/v) in TBE
buffer, pH 82 (Biggin et al., 1983) and, where necessary,
isolated by electroelution in dialysis tubing (Maniatis ef
al., 1982). Sonicated fragments were generated from
circular plasmid DNA (Deininger, 1983), those in the size
range of 300 to 600 bpt were incubated with Klenow
polymerase and ANTPs to repair ends and were ligated to
M13 vector cut at the Smal site. DNA fragments with
specific ends were ligated to appropriately cut MI13
vectors.

(e) Recovery of recombinants

Phage were recovered by transfection (Mandel & Higa,
1970), but the efficiency of recovery of M13 derivatives

+ Abbreviations used: bp, base-pair(s); kb, 103 bases
or base-pairs; AdoMet, S-adenosyl methionine; r~ and
m ™, restriction and modification deficient phenotypes,
respectively; rg ¥ and mg* identifies the specificity of
the r and m system as that of . colt K-12; orf, open

Deoxycytidine 5'-[a-32P]triphosphate (110 TBq/ reading frame; u.v., ultraviolet light.
Table 1
Bacterial and phage strains
A. Bacteria
Strain Relevant features Source or reference
600 et mgt Appleyard (1954)
EDS8654 g mg?t Murray ef al. (1977)
WA960 gt my* Wood (1966)
C3000 hsdR rg” mg* Zabeau et al. (1980)
NM522 hsdA|F’ Gough & Murray (1983)
psul lacZ trpR Korn & Yanofsky (1976)
psud Rho™ psul Korn & Yanofsky (1976)
NM609 (hsdRM)A psu0 This laboratory
NM610 (hsd M S)A psul This laboratory
NM629 hsdSy psul This laboratory
ED8799 lacZAM15 hsdS Murray et al. (1977)
ED8514 trp(OE)A Murray & Brammar (1973)
B. Bacteriophages
A NM1048 hsd R* M 8 Sain & Murray (1980)
A NM1050 hsd RM S Sain & Murray (1980)
A NM642 hsd R* M 8 Sain & Murray (1980)
A NM1106 hsd R* (M S)A Sain & Murray (1980)
A NM1119 hsd R*A M S Sain & Murray (1980)
A WL263 hsd M S att* Loenen & Murray (1986)
A TL25 lacZ imm?! Linn & Ralling (1985)
A NM459 srl (1-2)A3°4°5%c1857nin5 This laboratory
AJW19 lacZ[trp W205 fusion Windass & Brammar (1979)
A NM732 trpE imm?! Hopkins ef al. (1976)
M13 mpl0 Vector for sequencing Messing (1983)
M13 mpll Vector for sequencing Messing (1983)

All the bacteria are derivatives of E. coli K-12.

An asterisk indicates that the major part of hsdR is present but fused in phase to the red4 gene of 1
(T and A denote point or deletion mutations, respectively, within hsd R*).
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Figure 1. Map of the hsd region of E. coli K-12. Shaded areas identify the 3 genes. The extent of the region carried in
plasmid pBg3 and Aksd phages is indicated.



Sstll 10 30 70 80 110
CCGCGGCAGCCTCATGAACATCACGCGCGGCTGCACCTTCCGGTTTTGTTGCCAGATAACGCAGAACAGGTTCAATAAATTTGTCATAGGTAGGAACCGTCATAGTACATCCTTGCAGAA
Ecok - -10

130 170 10 230
TCAGGTAGATGTTTTTCGGCTACTATAGCACTACAAAAATAGACGAACACGTTAGAAATGAGTCAGTTGCTGTGACCGTGGTCATTGCCCGGAAAGGTACAGAAAGCTAAGATGAGATGT
Metl

270 90 310 EcoR) 330 350
TATGGGCCTTAAATATTTGGACAGGCCCGCACAGCAATGGATTAATAACAATGATGAATAAATCC&&TTYTG&ATTCCTGAAGGGCGTCAACGACTTCACTTATGCCATCGCCTGTGCGG
euTrpAlnLauAsnI\eTrpThrGlyPraHisSsrAsnGlyLeuIleThrMetMetAsnLysserAsnpheGIuPheLeuLysG\yva\AsnAsgDheThrTyrAlaIIeAlaCysAlaA

390 410 430 450 470
CGGAAAATAACTACCCGGATGAYCCCAACACGACGCTGATTAAAATGCGTATGTTTGGCGAAGCCACAGCG!AACATCYTGGTCTGTTACTCAACATCCCCCCTTGTGAGAATCAACACG
laGluAsnAsnTyrbroAspAspProAsnThrThrLsuIIeLysMatArgMetPhaG\yGIuA!aThrAIaLysHisLeuGlyLeuLeuLeuAsnIleDroProCysGluAsnGlnﬂ1sA

490 510 530 [¢] 570 590
ATCTCCTGCGTGAACTCGGCAAAATCGCCTTTGTTGATGACAACATCCTCTCTGTATTTCACAAATTACGCCGCATTGGTAACCAGGCGGTGCACGAATATCATAACGATCTCAACGATG
spLeuLsuArgGluLeuGlyLysl\eAlaPheanAspAspAsnl1eLeuSerVaIPheHisLysLeuArgArglIeGIyAsnGlnAlavaIHisGIuryrHisAsnAspLeuAsnAspA

610 630 650 670 690 710
CCCAGATGTGCCTGCGACTCGGGTTCCGCCTGGCTGTCTGGTACTACCGTCTGGTCACTAAAGATTATGACTTCCCGGTGCCGGTGTTTGTGTTGCCGGAACGTGGTGAAAACCTCYATC
1aGInMetCysLeuArgLeuG\yPheArgLeuA1aVa|TrpTeryrArgLeuValThrLysAspTyrAspPheProValProvalPhevalLeuProGIuArgGlyGluAsnLeuTyrH

730 750 770 790 B0 830
ACCAGGAAGTGCTGACGCTAAAACAACAGCTTGAACAGCAGGTGCGAGAAAAAGCGCAGACTCAGGCAGAAGTCGAAGCGCAACAGCAGAAGCTGGTTGCCCTGAACGGCTATATCGCCA
isGlnG\uValLeuThrLeuLysGlnGInLeuGluGlnGInvalArgGluLysAIaGInThrGlnAIaGIuvaIGluAlaGInGInG\nLysLeuvalAlaLeuAsnGlyTyrI)aA\aI

870 890 910 930 950
TTCTGGAAGGCAAACAGCAGGAAACCGAAGCGCAAACCCAGGCTCGCCTTGCGGCACTGGAAGCACAGCTCGCCGAGAAGAACGCGGAACTGGCAAAACAGACCGAACAGGAACGTAAGG
leLeuGluGlyLysGInGlnGIuThrGluA|aGlnThrGlnAlaArgLeuAlaAIaLeuGluAlaG!nLeuAlaGluLysAsnAlaGluLauA]aLysGlnanGluGlnGluArgLysA

870 990 1010 1030 1050 1070
CTTACCACAAAGAAATTACCGATCAGGCCATCAAGCGCACACTCAACCTTAGCGAAGAAGAGAGTCGCTTCCTGATTGATGCGCAACTGCGTAAAGCAGGCTGGCAGGCCGACAGCAAAA
laTyrHisLysGluIleThrAspGlnllallaLysArgThrLeuAsnLeuSerGluGluGluSerArgPheLeuIleAépAlaGlnLeuArgLysAIaGlyTrpGlnAlaAspSerLysT

1090 1110 1130 1150 1170 1190
CCCTGCGCTTCTCCAAAGGCGCACGTCCGGAACCCGGCGTCAATAAAGCCATTGCCGAATGGCCGACCGGAAAAGATGAAACGGGTAATCAGGGCTTTGCGGATTATGTGCTGTTTGTCG
hrLeuAraneSerLysGlyAlaArgProGluProGlyValAsnLysAlalleAIaG!uTerroThrG!yLysAspGluThrGlyAsnG\nGYyPheAIaAspTyrva)LeuPhevalG

1210 1230 1250 1270 1290 1310
GCCTCAAACCCATCGCGGTGGTAGAGGCGAAACGTAACAATATCGACGTTCCCGCCAGGCTCAATGAGTCGTATCGCTACAGTAAATGTTTCGATAATGGCTTCCTGCGGGAAACCTTGE
IyLeuLysPruIleAanaIVaIGIuAlaLysArgAsnAsnI1eAspValProAlaArgLeuAsnGluSerTyrArgTyrSerLysCysPheAspAsnG1yPneLeuArgGluThrLeuL

1330 1350 1370 1390 1410 1430
TTGAGCACTACTCACCGGATGAAGTGCATGAAGCAGTGCCAGAGTATGAAACCAGCTGGCAGGACACCAGCGGCAAACAACGGTTTAAAATCCCCTTCTGCTACTCGACCAACGGGCGCG
euGluHisTyrSerProAspGluvalHisGluAIaVaIProGIuTyrG\uThrSerTrpGlnAspThrSerGlyLysGlnArgPheLysIleProPheCysTyrSerThrAsnG!yArgG

1450 1470 1490 1510 1530 1550
AATACCGCGCAACAATGAAGACCAAAAGCGGCATCTGGTATCGCGACGTGCGTGATACCCGCAATATGTCGAAAGCCTTACCCGAGTGGCACCGCCCGGAAGAGCTGOTGGAAATGCTCG
luTyrArgA\aThrMetLysThrLysSerGlyl|eTrpTyrArgAspValArgAspThrArgAsnMetSerLysAlaLeuProGluTrpHisArgProGluGluLeuLeuGluMetLeuG

1570 1590 1610 1630 1650 1670
GCAGCGAACCGCAAAAACAGAATCAGTGGTTTGCCGATAACCCTGGCATGAGCGAGCTGGGCCTGCGTTATTATCAGGAAGATGCCGTCCGCGCGGTTGAAAAGGCAATCGTCAAGGGGC
|ySerG|uProGInLysGlnAsnGlnTerheAlaAspAsnProGlyMetSerGluLeuGlyLeuArgTeryrGlnGluAspAlaValArgAlavalGIuLysAlaIIeValLysGlyG

1690 1710 1730 1750 1770 1790 Satl
AACAAGAGATCCTGCTGGCGATGGCGACCGGTACCGGTAAAACCCGTACGGCAATCGCCATGATGTTCCGCCTGATCCAGTCCCAGCGTTTTAAACGCATTCTCTTCCTTGTCGACCGCC
InGInGlulleLeuleuAlaMetA1aThrGlyThrGlyLysThrArgThrAlalleAlaMetMetPheArglLeulleGinSerGlinArgPheLysArglletLeuPhelLeuvalAspArgA

1810 1830 1850 1870 1890 1910
GTTCTCTTGGCGAACAGGCGCTGGGCGCGTTTGAAGATACGCGTATTAACGGCGACACCTTCAACAGCATTTTCGACATTAAAGGGCTGACGGATAAATTCCCGGAAGACAGCACCAAAA
rgSerLeuGlyGluGlnAIaLeuGlyAlaPheGluAspThrArglleAsnGlyAspThrPheAsnSerllePheAsplleLysGiyLeuannspLysPneProGIuAsoSerThrLysI

1930 1950 1970 1990 2010 2030
TTCACGTTGCCACCGTACAGTCGCTGGTGAAACGCACCCTGCAATCAGATGAACCGATGCCGGTGGCCCGTTACGACTGTATCQTCGTTGACGAAGCGCATCGCGGCTATATTCTCGATA
|aH1svnIAl.ThrVnlGInSerLsuVlILysArgThrLouGlnSerAspG1uProMetPfova!A!aArgTyrAsprsllevaIValAspGluA|aHisArgG|yTyrIleLeuAspL

2110 2130 2150
AAGAGCAGACCGAAGGCGAACTGCAGTTCCGCAGCCAGCTGGATTACGTCTCTGCCTACCGTCGCATTCTCGATCACTTCGAATGCGGTAAAAATCGCTCTCACCGCCACCCCGGCGCTA
ysG!uGInThrGIuGlyGluLauGlnPheArgSerGlnLauAspTer.lSarAlaTyrArgArglIeLeuAspHisPhaGIuCysGlyLysAsnArgSerHﬁsArgHﬁsProGlyAlaT

2170 2190 - Sstll 2230 BamH1 2270
CATACTGTGCAGATTTTCGGCGAGCCGGTTTACCGTTATACCTACCGTACCGCGGTTATCGACGGTTTTCTGATCGACCAGGATCCGCCTATTCAGATCAYCACCCGCAACGCGCAGGAG
hrTerysAlaAspPheArgArgAlaGIyLsuProLeuYerauProYyrlrgGlyTyrArgArgPheSarAspArgProG\ySerAlaTyrSerAspHisHisDroGInArgA\aG1yG

2310 2330 2350 2370 2390
GGGGTTTATCTCTCCAAAGGCGAGCAGGTAGAGCGCATCAGCCCGCAGGAGAAGTGATCAATGACACCCTGGAAGACGATCAGGATTTTGAAGTCGCCGACTTTAACCGTGGCCTGGTGA
1yGlyLeuSarL.uGlnArgArgA|.GIyArgAl.Hi:GInPrnAI-GIyGIuV.IlIaAsnAsthrLeuGluAspAspGinAspPhaGlanlAIaAspPheAsnArgGlyLeuvall

2410 2430 2450 2470 2490 2510
TCCCGGCGTTTAACCGCGCCGTCYGTAACGAACTCACCAATTATCTTGACCCGACCGGATCGCAAAAAACGCTGGTCTTCTGCGTCACCAATGCCCATGCCGATATGGTGGTGGAAGAGC
leProAlaPheAsnArgA|aValCysAsnGluLeuThrAsnTereuAspProanGIySerGlnLysThrLeuVaIPheCysvathrAsnAlaHisAlaAspMetValVa\GluGluL

2530 2550 2570 2590 2610 2630
TGCGTGCCGCGTTCAAGAAAAAGTATCCGCAACTGGAGCACGACGCGATCATCAAGATCACCGGTGATGCCGATAAAGACGCGCGCAAAGTGCAGACCATGATCACCCGCTTCAATAAAG
auArgAlaAlaPhaLysLysLysTerroGlnLeuGluHisAspAlalIelIeLysIleThrG)yAspAIaAspLysAspAlaArgLysValGlnThrMetIIeThrArgPheAsnLysG

2650 Sall 2690 2710 2730 2750
AGCGGCTGCCCAATATCGTGGTAACCGTCGACCTGCTGACGACCGGCGTCGATATTCCGTCGATCTGTAATATCGTGTTCCTGCGTAAAGTACGCAGCCGCATTCTGTACGAACAGATGA
luArgLauProAsnI|eanValThrVa)AspLeuLeuThrThrGlyvalAsplleProSerIIeCysAsnl|eva|PheLeuArgLysVaIArgSerArgI\eLeuTyrGluGlnMetL

2770 2790 2810 2830 2850 Sall 2870
AAGGCCGCGCCACGCGCTTATGCCCGGAGGTGAATAAAACCAGCTTTAAGATTTTTGACTGTGTCGATATCTACAGCACGCTGGAGAGCGTCGACACCATGCGTCCGGTGGTGGTGEGCC
ysGlyArgAlaThrArgLeuCysProGluvalAsnLysThrSerPneLysllePheAsprsvaIAsplIeTyrSerThrLeuGluSerValAspThrMetArgProVa|va\va|ArgP

2890 2910 2930 2850 2970 2990
CGAAGGTGGAACTGCAAACGCTGGTCAATGAAATTACCGATTCAGAAACCTATAAAATCACCGAAGCGGATGGCCGCAGTTTTGCCGAGCACAGCCATGAACAACTGGTGGCGAAGCTCC
roLysValGIuLeuGlnThrLeuVa|AsnGluIleThrAspSerGluThrTerysIleThrGlu!IaAsnGlyArgSerPheAIaG!uHisSerHisGluGlnLeuValA\aLysLeuG

3010 3030 3050 3070 3090 3110
AGCGTATCATCGGTCTGGCCACGTTTAACCGTGACCGCAGCGAAACGATAGATAAACAGGTGCGTCGTCTGGATGAGCTATGCCAGGACGCHGCGGGCGTGAACTTTAACGGCTTCGCCT
lnArglIeI|eG|yLauAlaThrPheAsnArgAspArgSerG\uThrI1eAspLysGanalArglrgLeuAspG)uLeuCysG!nAspAlaAlaGlyVa]AsnPheAsnGlyPheAlaS

3130 3150 3170 3190 3210 3230
CGCGCCTGCGGGAAAAAGGGCCGCACTGGAGCGCCGAAGTCTTTAACAAACTGCCTGGCTTTATCGCCCGTCTGGAAAAGCTGAAAACGGACATCAACAACCTGAATGATGCGCCGATCT
erArgLeuArgGluLysGlyProHisTrpSerAlaGluValPheAsnLysLeuProGlyPneIleAlaargLeuGIuLysLeuLysThrAspIIeAsnAsnLeuAsnAspAlaProlleP

3250 3270 3290 3310 3330 3350
TCCTCGATATCGACGATGAAGTGGTGAGTGTAAAATCGCTGTACGGTGATTACGACACGCCGCAGGATTTCCTCGAAGCCTTTGACTCGCTGGTGCAACGTTCCCCGAACGCGCAACCGG
heLeuAsplleAspAspGluvalvalServallysSerLeuTyrGlyAspTyrAspThrProGinAspPheleuGluAlaPheAspSerLeuvalGinArgSerPraAsnAlaGinProA

370 3390 3410 3430 3450 3470
CATTGCAGGCAGTTATTAATCGCCCGCGCGATCTCACCCGTAAAGGGUTGGTCGAGCTACAGGAGTGGTTTGACCGCCAGCACTTTGAGGAATCTTCCCYGCGCAAAGCATGGAAAGAGA
laLeuGlnAlavailleAsnArgProArgAsplLeuThrArglLysGlyLeuvalGluLeuGinGluTrpPheAspArgGinHisPneGluGluSerSerLeuArglysAlaTrplysGluT

3510 3550 3570 3590
CGCGCATGAAGATATCGCCGCCCGGCTGATTGGTCATATTCGCCGCGCTGCGGTGGGCGATGCGCTGAAACCGTTTGAGGAACGTGTCGATCACGCGCTGACGCGCATTAAGGGCGAAAA
hrArgMetLysIleSerProProGlyEnd

610 3630 3650 3670 3710
CGACTGGAGCAGCGAGCAATTAAGCTGGCTCGAYCGTTTAGCGCAGGCGCTGAAAGAGAAAGTGGYGCTCGACGACGATGTCTTCAAAACCGGCAACTTCCACCQTCGCGGCGGGAAGGC
rd

3750 3770 3790 3810 3830
GATGCTGCAAAGAACCTTTGACGATAATCTCGATACCTGCTGGGCAAATTCAGCGATTATATCTGGGACGAGCTGGCCTGACACGTATACACTTCATCCTTCAGGCTGCCTCTGCGTTGG

—_— ———eeee
Fig. 2.
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Smal 38so 3910 3950
CTGCGCTCGTTCACCCCGGTCACGTACTTCTGTACGCTCCCGGGGATTCACTCACTTGCCGCCTTGATGCAACCTGAATGATTTTGTGTATATTACCCTCGGCAATTTCTTCTTCTGCGG

4010 4030 4050 4070
CTCGATGAATTTGGGCCGCTGCTTAATTTACGGAACTCACAATGAACAATAACGATCTGGTCGCGAAGCTGTGGAAGCTGTGCGACAACCTGCGCGATGGCGGCGTTTCCTATCAAAACT
MetAsnAsnAsnAsplLeuValAlalLyslLeuTrplLysLauCysAspAsnLeuArgAspGlyGlyVvValSerTyrGinAsnT

4090 4110 4130 4150 4170 4190
ACGTCAATGAACTCGCCTCGCTGCTGTTTTTGAAAATGTGTAAAGAGACCGGTCAGGAAGCGGAATACCTGCCGGAAGGTTACCGCTGGGATGACCTGAAATCCCGCATCGGCCAGGAGC
yrvalAsnGluLeuAlaSerLeuleuPhelLeulLysMetCyslLysGiuThrGlyGinGluAlaGluTyriLeuProGluGlyTyrArgTrpAspAspLeulLysSerArglleGlyGInGluG

4210 4230 4250 4270 4290 4310
AGTTGCAGTTCTACCGAAAAATGCTCGTGCATTTAGGCGAAGATGACAAAAAGCTGGTACAGGCAGTTYTTCATAATGTTAGTACCACCATCACCGAGCCGAAACAAATAACCGCACTGG
tnLeuGInPhaTyrArglLysMetliLeuvValHisLeuGlyGluAspAsplyslLysiLeuValiGlinAlavalPheHisAsnvValSerThrThrlleThrGluPraoLysGinlleThrAlaLeuV

4330 4350 4370 4390 4410 4430
TCAGCAATATGGATTCGCTGGACTGGTACAACGGCGCGCACGGTAAGTCGCGCGATGACTTCGGCGATATGTACGAAGGGCTGYTGCAGAAGAACGCGAATGAAACCAAGTCTGGTGCAG
alSerAsnMetAspSerLeuAspTrpTyrAsnGlyAlaHisGlyLysSerArgAspAspPheGlyAspMetTyrGluGlylLeuleuGinLysAsnAlaAsnGluThriysSerGlyAlaG

4450 4470 4490 4510 4530 4550
GCCAGTACTTYCACCCCGCGTCCGCTGATTAAAACCATTATTCATCTGCTGAAACCGCAGCCGCGTGAAGTGGTGCAGGACCCGGCGGCAGGTACGGCGGGCTTTTTGATTGAAGCCGACC
1yGinTyrPheThrProArgProLeulleLysThrlielleHisLeulLeulysProGinProArgGluvValvalGinAspProAiaAlaGlyThrAlaGlyPheleullieGluAlaAspA

4570 4590 4610 4630 4650 4670
GCTATGTTAAGTCGCAAACCAATGATCTGGACGACCTTGATGGCGACACGCAGGATTTCCAGATCCACCGCGCGTTTATCGGCCTCGAACTGGTGCCCGGCACCCGTCGTCTGGCACTGA
rgTyrvalLysSerGinThrAsnAsplLeuAspAspLeuAspGlyAspThrGinAspPheGinlleHisArgAlaPhelleGlytLeuGluteuvValProGlyThrArgArgLeuAlaLeuM

4690 4710 4730 4750 4770 4790
TGAACTGCCTGCTGCACGATATTGAAGGCAACCTCGACCACGGCGGCGCAATCCGTCTGGGCAACACTCTGGGTAGCGACGGTGAAAACCTGCCGAAGGCGCATATTGTCGCCACTAACC
etAsnCyslLeulLeuHisAsplleGluGlyAsnLeuAspHisGlyGlyAlalleArgLeuGlyAsnThrieuGlySerAspGlyGluAsnLeuProlysAlaHisIlevalAlaThrAsnP

4810 4830 4850 4870 4890 4910
CGCCOTTTGGCAGCGCCGCAGGCACCAACATTACCCGCACCTTTGTTCACCCGACCAGCAACAAACAGTTGTGCTTTATGCAGCATATTATCGAAACGCTGCATCCCGGCGGTCGTGCGG
roProPheGlySerAlaAlaGlyThrAsnlleThrArgThrPhevalHisProThrSerAsnLysGinLeuCysPheMetGinHisIlelleGluThrLeuHisProGlyGlyArgAlaa

4930 4950 4970 4990 5010 5030
CGGTGGTGGTGCCGGATAACGTGCTGTTTGAAGGCGGCAAAGGCACCGACATTCGTCGTGACCTGATGGATAAGTGTCATCTGCACACCATTCTGCGTCTGCCGACCGGTATTTTTITACG
lavalValvValProAspAsnValLeuPheGluGlyGlyLysGlyThrAsplleArgArgAspleuMetAsplLysCysHislLeuHisThrlleleuArglLeuProThrGlyllePheTyra

5050 5070 5090 5110 5130 5150
CTCAGGGCGTGAAGACCAACGTGCTGTTCTTTACCAAAGGGACGGTGGCGAACCCGAATCAGGATAAGAACTGTACCGATGATGTGTGGGTGTATGACCTGCGTACCAATATGCCGAGTT
1aGInGlyValLysThrAsnvallLeuPhePheThrLysGlyThrvalAlaAsnProAsnGinAsplysAsnCysThrAspAspValTrpvalTyrAspleuArgThrAsnMetProSerp

$170 5190 5210 5230 5250 5270
TCGGCAAGCGCACACCGTTTACCGACGAGCATTTGCAGCCGTTTGAGCGCGTGTATGGCGAAGACCCGCACGGTTTAAGCCCGCGCACTGAAGGTGAATGGAGTTTTAACGCCGAAGAGA
heGlyLysArgThrProPheThrAspGluHislLeuGInProPheGluArgvalTyrGlyGluAspProHisGlyleuSerProArgThrGluGlyGluTrpSerPheAsnAlaGiuGluT

5290 5310 $330 5350 BamHI 5370 §390
CGGAAGTTGCCGACAGCGAAGAGAACAAAAACACCGACCAGCATCTTGCTACCAGCCGCTGGCGCAAGTTCAGCCGTGAGTGGATCCGCACCGCAAAATCCGATTCGCTGGATATCTCCT
hrGluValAllAspSerGluGluAsnLysAsnThrAspGlnH1sLeuAl;ThrSerArgTrpArgLysPheSerArgGluTrpI|eArgThrAlaLysSerAspSerLeuAspl)eSerT

5410 5430 5450 5470 5490 5510
GGCTGAAAGATAAAGACAGTATTGATGCCGACAGCCTGCCGGAGCCGGATGTATTAGCGGCAGAAGCGATGGGCGAACTGGTACAGGCGCTGTCTGAACTGGATGCGCTGATGCGTGAAC
rpLeuLysAspLysAspSerlIeAspAlaAspSerLeuProGluProAspvalLeuAlaAlaGlullaMetGlyGluLeuValGlnAiaLeuSerGluLeuAspA)aLeuMetArgGluL

5530 5550 5570 5590

TGGGGGCGAGCGATGAGGCCGATTTGCAGCGTCAGTTGCTGGAAGAAGCGTTTGGTGGGGTGAAGGAATGA
euGlyAlaSerAspGluAlaAspLeuGinArgGinLeuLeuGluGluAlaPheGlyGlyVallLysGluEno

Figure 2. DNA sequence of ksdR and hsdM with predicted amino acid sequence. The —35 and — 10 regions of the
putative promoters are identified (approximate positions 50 and 3910). Other features shown are an EcoK site (position

35); the repeated ““Ala-GIn-Thr-Gln-Ala’ sequence within regions of a-helix (positions 775 and 870); and 2 possible stem-
loop structures between hsdR and hsd M (positions 3700 and 3790).

was increased by the modification described by Hanahan

" or ANM1048; Fig. 1) lacked the beginning of the
(1983).

hsdR gene, but a derivative (ANM1050) was isolated
in which the segment of bacterial DNA was
extended to include the start of the hsdR gene and
the promoter p,., (Sain & Murray, 1980).

The sequence of the hsdS gene has been
determined (Gough & Murray, (1983). Plasmid
pBg3, which includes hsdR and hsdM (see Fig. 1),
was used as a source of DNA to sequence the
remainder of the Asd region (Fig. 2). A contiguous
sequence of 8-4 kb, from the SstII site upstream
from hsdR to the HindIlI site downstream from

(f) Detection and sequencing of M 13 recombinants

A library of plasmid pBg3 sonicated DNA fragments
was made in M13mplO and screened for plaques that
hybridized to an hsd-specific probe (Benton & Dayvis,
1977; Rigby et al., 1977). Single-stranded template DNA,
prepared by the method of Sanger et al. (1980), was
sequenced by the dideoxy chain termination method
using [a-33S]thio-dATP, and analysed on buffer gradient
gels (Biggin et al., 1983). Compressed sequences were
resolved by the use of dITP in place of dGTP. The

sequences of DNA fragments were compiled by computer
programs (Staden, 1982). Sections of sequence, initially
obtained on only 1 strand, were selected from the library
of recombinants using strand-specific probes (Hu &
Messing, 1982). A few gaps were completed using defined
fragments and, in 2 instances, synthetic oligonucleotides
as primers.

3. Results
(a) The nucleotide sequence of the hsd
region of E. coli K-12

The hsd genes of E. coli K-12 have been cloned as
a contiguous segment of DNA in bacteriophage 4. A
single 11-3 kb EcoRI fragment cloned in A(ANM642

hsdS (see Fig. 1) includes the entire region. Two
coding sequences separated by 492 bp correlate
with hsdR and hsdM. Their codon usage is as
expected for E. coli genes that are poorly expressed
(Grantham et al., 1981).

(i) The hsdR gene

The only open reading frame within the 8-4 kb of
DNA long enough to encode the R polypeptide is
mainly within the EcoRI fragment originally cloned
in ANM1048 but extends into the adjacent EcoRI
fragment included in ANM1050. Immediately
upstream from the first methionine codon (Fig. 2) is
a purine-rich region that could serve as a ribosome
binding site (Shine & Dalgarno, 1974). Using the
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first methionine as initiation codon, a polypeptide
with a molecular weight of 124,802 is predicted.
This is in excellent agreement with estimates
deduced from the properties of the hsdR poly-
peptide observed in bacterial extracts (Eskin &
Linn, 1972; Sain & Murray, 1980). One end of the
fragment cloned in ANM1048 would be the EcoRI
site in the hsdR gene (bp 312, Fig. 2). The reading
frame of this coding sequence and its orientation
within the A vector predict a fusion polypeptide
having the major portion of the R polypeptide and
the N terminus of 1 exonuclease. A fusion
polypeptide of appropriate mobility has been
reported (Sain & Murray, 1980). Alternative
upstream GTG initiation codons that maintain the
reading frame are not precluded. '

(ii) The hsdM gene

Ahsd phages carrying only the 7-7kb Smal-
EcoRI fragment (see AWL263, Fig. 1) include hsd M
and hsdS (Loenen & Murray, 1986). A coding
sequence of 1590 bases starts 120 bases downstream
from this Smal site and has a stop codon
overlapping the start codon of the hsdS gene. This
coding sequence is preceded by a potential
ribosome-binding site and encodes a polypeptide
with a molecular weight of 59,289, in good
agreement with the mobility of the M polypeptide
(Sain & Murray, 1980).

(iii) Other orfs

Additional orfs may not be significant since no
other polypeptide encoded by this region was
detected following infection of u.v. irradiated cells
with Ahsd phages (Sain & Murray, 1980). However,
small polypeptides would not readily be detected.
One orf on the antisense strand of the hsdM gene
could encode a polypeptide with a molecular weight
of 35,000, but it lacks obvious signals for either the
initiation of transcription or translation, and its
codon usage and amino acid composition are
uncharacteristic of E. coli.

{(b) The polypeptides

EcoK (Fig. 2; and see Gough & Murray, 1983) is
the only type I restriction enzyme for which the
complete amino acid sequence has been predicted.
Our analyses of these polypeptides, therefore, rely
on comparisons with other proteins that interact
with the same substrates or co-factors. DNA, ATP
and AdoMet all serve as both allosteric co-factors
and substrates for the activities of EcoK (Bickle,
1982; Yuan, 1981).

Many lines of evidence implicate the S poly-
peptide in the determination of sequence specificity
(see Bickle, 1982; Fuller-Pace & Murray, 1986), but
it is not necessarily the only hsd polypeptide to
interact with DNA. A second DNA binding site
becomes available once the activated EcoK has
bound to its recognition sequence. As a consequence
of this second interaction, looped structures are
formed that become supercoiled as the DNA is

translocated in an ATP-dependent process past the
bound EcoK complex (Yuan et al., 1980). ATP
effects the conformational change that is a
prerequisite to the formation of the looped
structures, and its subsequent hydrolysis is essen-
tial for both DNA translocation and nucleolytic
activity (Bickle et al., 1978). Furthermore, while
ATP stimulates methylation of hemimethylated
DNA by the EcoK complex, it does not affect the
methylase activity of the enzyme comprising only
the M and S subunits (Suri et al., 1984). All the
known ATP-dependent activities require the R
subunit and the most likely location of an
ATP-binding site is, therefore, in the R poly-
peptide. In contrast, methylation occurs in the
absence of the R polypeptide and a relevant active
centre must be made by S, or M, or a complex of
both polypeptides. It has been shown, however,
that EcoK binds as many as five molecules of
AdoMet and, since AdoMet serves as both allosteric
effector and substrate, binding sites other than the
active centre are predicted (Hadi et al., 1975). The
characterization of the complex encoded by each of
three hsd mutants supports the correlation of the S
polypeptide with specific interaction with DNA, M
with methylation and R with the binding of ATP
(Hadi & Yuan, 1974).

(i) AT P binding domains

Walker et al. (1982) compared the sequence of the
o and fB-subunits of ATP synthase of K. coli with
those of adenylate kinase, phosphofructokinase and
several other ATP binding proteins, and identified
conserved sequences in two domains. For adenylate
kinase, crystallographic evidence correlates these
conserved domains with a pocket-like structure
identified as the adenine nucleotide binding site
(Pai et al., 1977). One conserved sequence (domain
A) includes a glycine-rich flexible loop followed by a
lysine residue, whilst the second (B) includes a
hydrophobic f-sheet structure, located at the back
of the ATP binding site, and an aspartic acid
residue that could bind magnesium ions.

QOur search of both the R and M polypeptide
sequences for regions sharing homology with those
identified as common to various ATP-binding
proteins (Walker et al., 1982; Finch & Emmerson,
1984) identified one sequence in R resembling that
of domain A of E. coli ATP synthase (Table 2). The
sequence in R, however, lacks the first conserved
glycine residue, or the alternative alanine residue
identified in some proteins. A putative B domain is
not easy to find. Potential hydrophobic B-sheets
followed by an aspartic acid residue are located
around positions 133 and 515 (Table 2) but only the
first has the arginine and glycine residues upstream
(Walker et al., 1982).

(11) Adenine methylase domains

X-ray crystallographic analysis has not been
reported for any modification methylases and
AdoMet binding domains have not been char-
acterized.
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Table 2
Alignment of homologous sequences tn adenine nucleotide-binding proteins
Ist

Protein residue Sequence Reference
Domain A
Adenylate kinase 008 SKIIFVIVGIGPGSIGKGYQCEKI a
E. coli ATPase a 163 GQRELJI|I{GIDRQTIGKTIALAI DA b
E. coli ATPase 144 GGKVG|LIFIGIGAGV|IGKT[VNMME L c
DnaB 223 S DLIIVIAIARPS MIGKTITFAMNL d
UvrD 022 RS NLL|VILIA|JGAGS|GKT/RVLVHR] e
EcoK HsdR 482 QQEI LILIAMIATGTIGKTIRTAI AM
Domain B
Adenylate kinase 106 FERKIGQPT- VD a
E. coli ATPase a 269 YFRDRGEDA-— DD b
E. coli ATPase 131 KFRDEIGRDV— DN c
EcoK HsdR 125 CLIRIL—{GFRLA RLVTKD
EcoK HsdR 503 MFR|ILI QS RFKR VD

In domain A, the boxed sequences are identical; in domain B, the 3rd box contains conserved
hydrophobic residues. References: a, Pai et al. (1977); b, Gay & Walker (1981); ¢, Saraste ef al. (1981);

d, Nakayama et al. (1984); e, Finch & Emmerson (1984).

We have looked for features of amino acid
sequences of M and S that are common to DNA
methylases. A comparison of the M polypeptide
with the EcoRI methylase identified an extensive
region of homology. This region shows some
homology with a number of methylases, including a
dam methylase and both type II and type III
modification enzymes. S. Slatko and colleagues
(personal communication from New England
Biolabs) have identified part of this sequence
(Asp/Asn, Pro, Pro, Tyr/Phe) as characteristic of
enzymes that methylate adenine. The sequence in
Table 4 is not present in the cytosine methylases we
have examined, and so could identify part of the
active site for the specific methylation of adenine.

(ili) DNA binding sites

Proteins interact with DNA in a diversity of roles
and forms. Some DNA-binding proteins share a
helix-turn-helix motif (for a review, see Pabo &
Sauer, 1984) in which one of these two helices
dictates the sequence specificity (Wharton &
Ptashne, 1985), whilst others align recognition
domains within the major groove of the DNA helix
in different ways (Miller et al., 1985; McClarin ef al.,
1986). The S polypeptide imparts sequence specifi-
city to the EcoK complex, yet no DNA recognition
motif has been detected (Gough & Murray, 1983;
and this work), although regions of a-helical content
have been predicted (Argos, 1985).

Table 3
Alignment of homologous sequences in proteins that bind DNA
ist

Protein residue Sequence Reference
ACI 033 QES VIAAIDKMGMGQS G|V|G A[LIF N a
EcoK HsdM 483 DVLAAIEAMGELVQAJUS E[LIDA

DnaA 154 ARQVJAIDNPI|GGGAYNPI|LUFL[Y|GG b
EcoK HsdR 449 NQWFADNPIGMS ELG|ILRY[YIQE

The boxed sequences are the conserved amino acids known to be involved in DNA binding.
References: a, Sauer (1978); b, Hansen et al. (1982).

Table 4
Alignment of homologous sequences in E. coli adenine methylases
Ist

Protein residue Sequence Reference
HsdM 251 GSDGENLPKIAHI VIATNPPFIGS AA

EcoRI 124 SESIDLLKKS DI VIVTINPPFSLFR a
EcoRV 178 EKTI GMVNRDD YCDPPYI GRH b
Dam 230 ADSMARADDAS|VVIYCIDPPYAPLS ¢

The boxed sequences contain conserved amino acid residues. References: a, Greene ef al. (1981),
Newman et al. (1981); b, Bougueleret et al. (1984); ¢, Brooks et al. (1983).

We have also found the sequence KVNMIYIDPPY in the type III enzyme P1 (T.A. Bickle,
personal communication); but as this sequence is incomplete, we have not included it.
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The EcoK complex recognizes the methylated
state of the target sequence, and some domain, or
domains, of the complex encoded by hsdM, or
possibly 8, must distinguish the three possible
states of the recognition sequence (see Burkhardt et
al., 1981; Loenen & Murray, 1986). The R
polypeptide may include a DNA binding domain
involved in the translocation process or associated
with nucleolytic activity. We therefore searched the
amino acid sequences of the M and R polypeptides
for potential DNA binding domains, although we
have no evidence to implicate sequence specificity
in these processes.

The consensus amino acids characteristic of the
helix-turn-helix motif were identified in both the M
and R polypeptides. No evidence indicates whether
these sequences are relevant to interaction with
DNA, and the two identified in Table 3 are included
after consideration of both the secondary structure
predictions and the nature of the amino acids
within the postulated helices; most particularly, the
conservation of hydrophobic residues at positions 4,
8 and 10 (Drummond et al., 1986; but see Table 3)
and homology with predicted helical domains in
other polypeptides. The putative motif in the R
polypeptide has hydrophobic residues at positions 4
and 10 (see Table 3) and a neutral one at position 8,
but this latter residue is part of an identical
sequence within the DnaA polypeptide of E. coli
(Hansen et al., 1982).

(iv) Other features

We have compared the sequences of the R, M and
S polypeptides with themselves and each other
using UWGCG software (Devereux et al., 1984) to
search for repeated sequences, as well as conserved
features. We find no evidence for conservation of
sequences when R and M are compared, although it
has been suggested that there might be some cross-
reactivity to their antisera (Bickle, 1982).

The amino acid sequence Ala-GIn-Thr-Gln-Ala is
repeated in the R polypeptide at positions 180 and
212. Each of these repeats (see Fig. 2) is within, or
more likely close to, extensive regions of predicted
a-helix. These a-helical regions are also prominent
because of the high proportion of glutamine (209,)
and positively charged amino acids in comparison
to the whole of the molecule. In the first, residues
160 to 177 make a reasonable amphipathic helix
with a hydrophobic patch (residues 161, 165, 168,
172 and 176). The basic residues (162, 169, 177) are
mainly on one side of the helix, and there is one
mainly neutral but polar surface. After a predicted
turn (residues 197, 198) and f-sheet, residues 217 to
240 give a mainly hydrophobic region on one side of
the next helix, but otherwise the amino acid
distribution does not indicate well-defined char-
acteristics with respect to the helical organization.

These a-helical regions are prominent features of
the R polypeptide, and an exhaustive search (Lyall
et al., 1986) of the NBRF protein database found
remarkably similar segments in some filamentous
proteins, for example the mouse glial fibrillary acid

protein (Lewis et al., 1984). In these proteins, the
structural relevance of the a-helical regions is the
formation of interpolypeptide coiled coils. Crystallo-
graphic information is necessary before we can tell
whether such an organization is relevant to the
EcoK complex.

(v) The normal amino-terminal sequence of the R
polypeptide is not essential for restriction

A Ahsd phage in which the 11:3kb EcoRI
fragment is in the orientation in which the hsd
genes are transcribed from p; (ANM1048 in
Fig. 1) encodes a fusion polypeptide with the N
terminus of the A1 exonuclease and the major
portion of the R polypeptide (Sain & Murray, 1980).
Complementation tests (Table 5) indicate that this
fusion polypeptide is biologically active. Thus,
infection of an hsdR strain conferring B-modifica-
tion specificity (rg mg*) with the Ahsd phage
described above produces a B-restriction-proficient
cell, and the incoming (K-modified) phage has a
reduced efficiency of plating, because it is sensitive
to B-specific restriction. The efficacy of the R fusion
polypeptide in the active restriction complex is
confirmed by complementation tests using Ahsd
phages carrying mutant hsd genes (see Table 5).
Deletion of the § and M genes of the incoming
phage is without effect, whilst mutations in the
hsdR gene prevent restriction, clearly implicating
the fusion polypeptide. The DNA sequence (see
Fig. 2) indicates that the fusion polypeptide lacks
the first 26 amino acid residues, yet it forms an
active FcoK complex.

(¢) Transcription signals
(i) Promoter signals for hsdR and hsdM

Genetic evidence indicates a promoter, p,, for
hsdR in the hsdRMS phage ANMI1050 (Sain &
Murray, 1980) and one, ppog, for hsdM and S
downstream from the Smal site (Loenen & Murray,

Table 5
An R polypeptide lacking 26 N-terminal amino acid
residues retains activity

Ahsd phages Efficiency of plating on
+

Stock no. Genotype rg~ Mg g m*y
NM1050 R* M* S*-K 107! 1073
NM1048 R*M* S*-K 107! 1073
NM1106 R*(M S)A-K 107! 1073
NM642 R* M* S8* K 1 10°°
NM1119 R*AM* §*-K 1 1073

R* denotes that the beginning of the isdR gene in the Ahsd
phage is replaced by part of the red 4 (exo) gene of the vector and
a fusion polypeptide results (Sain & Murray, 1980). R*~
indicates a point mutation and R*A a deletion within the AsdR
portion of the gene fusion.

The Ahsd phages (see Fig. 1) were derived from £. coli K-12
and were grown on an myg* host (hence ‘K). Their efficiency of
plating (e.0.p.) on r;"mg* and ry*mg* is estimated relative to
that on an rg *my* strain. ANM1050 has a wild-type hsdR gene
and this phage is ral”, the other phages are ral*, but ral”
derivatives behave in the same way. Phages grown on rg"mg*
hosts (Aksd.B) plate on an rg*my™ strain with an e.o.p. of 1.
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Figure 3. The AlacZ fusion phages used to assay promoter and terminator activities (Table 6). ., Pmos and the
smaller p,., fragment, were all transferred to the polylinker region of pUC13. This enabled the use of flanking restriction
sites in the construction of the above phages. AAD1 was constructed by joining the left arm of AJW19 and the right arm
of ANM459, via the polylinker region from pUC13. AAD4 was made in the same way, using the pUC13 plasmid
containing poeq. For AADS, the 2 kb EcoRI fragment was inserted directly into AAD1. AADS8 is a simple insertion of the
2 kb p,., fragment at the unique EcoRI target in ATL25. AAD10 uses the same EcoRI target to bring in the smaller p,.,
fragment previously cloned in pUC13. The junction between both p,., fragments and the right-hand side of the phages is
identical. AAD2 has the left arm of AADI ligated to a partial HindIII digest of the AtrpE phage ANM732. AAD3 was
made in a similar way introducing between p,., and lacZ a Smal-HindIII fragment containing the putative terminator.

1986) in the interval between hsdR and M (see
AWL263 in Fig. 1). Computer analyses identify
potential promoters at positions consistent with
these data, 157 bp upstream from hsdR and 68 bp
upstream from hsdM (see Fig. 2), although both
sequences predict relatively weak binding sites for
RNA polymerase. Preliminary experiments using
appropriate DNA fragments cloned in the expres-
sion vector pK06 (McKenney et al., 1981) provided
support, in vivo and in vitro, for each of these
presumptive promoters (W. Loenen & J. Pratt,
unpublished results).

Our particular concern is whether transcription of
hsdR is dependent on, or affected by, the expression
of hsdM and 8. Such a pattern of transcriptional
control would favour modification of DNA, before
the synthesis of restriction enzyme, following
transfer to a new environment. The putative
promoters were cloned in a AlacZ expression vector
to permit sensitive assays from operon fusions
present as single chromosomal copies. In the
lysogenic state, the synthesis of f-galactosidase
from this lacZ/trpA fusion is dependent on the
inclusion of a promoter between the trpA gene and
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Table 6
B-Galactosidase assays of promoter and terminator activities
Prophage Host
NM609 NM610 NM629
A. Promoters psul (hsdRM)A (hsd M S)A hsdSy
A ADL (vector) 72416 45+19 76+16 n.t.
A ADA (pooa) 115+ 19 126 + 29 128+ 14 n.t.
A TL25 (vector) 123+ 39 182 + 60 120+ 6 159+ 38
A ADS8 (pres) 506+ 79 496 + 50 533+£70 512478
A ADI0 (pye,) 495441 456 + 109 4734115 610491
Host
B. Terminator psuf (Rhot) psud (Rho™)
A AD2 (vector) 31401439 4304 +1019
4 AD3 () 4147 535+124

(999, termination) (889, termination)

The vectors and their derivative fusions are shown in Fig. 3. NM609, NM610 and NM629 were
derived from the ry *myg ™ host psuf. n.t. not tested.

Mean LacZ units (Miller, 1972) are shown with their 959 confidence limits. Between 4 and 14
independent lysogens contributed to each figure. Lysogens that gave significantly higher activities (2,
3 or 4 times the levels shown) were assumed to be multiple lysogens and were discounted. This
conclusion was justified by the demonstration that lysogens re-made using phage recovered from both

presumed mono and multiple lysogens, gave a similar spectrum of values.

the phage attachment site (see Fig. 3).

The 160 bp Smal-Sau3A fragment presumed to
include p,,,q Was cloned in AAD1 and lysogens of the
resulting phage (AAD4) isolated in the lacZ host,
psu0, and two hsd deletion derivatives. The levels
of B-galactosidase support the presence of P4 in
AAD4 and indicate that its transcriptional activity
is unaffected by the K-specific modification enzyme
(Table 6). The 2 kb EcoRI fragment including the
promoter for hsdR, p., was also cloned in AADI1
(AADS5), but the levels of B-galactosidase (data not
shown) elicited by the AAD5 prophage were too low
to be meaningful. Fragments including the p,
sequence were therefore recloned in ATL25, a lacZ
expression vector especially designed to prevent
translational polarity from interfering with the
assay based on the level of f-galactosidase (Linn &
Ralling, 1985). AADS8 includes the 2kb EcoRI
fragment cloned in ATL25 and an analogous
construct (AAD10) differs only by the brevity of the
sequence upstream from the promoter (approx.
300 bp upstream rather than approx. 1800 bp). As
prophage, both elicit effective expression of
p-galactosidase, and neither shows any response to
changes in the hsd genotype of the host (Table 6).

These data indicate that transcription of hsdR is
not affected by either K-specific methylation or the
presence of the K-modification enzyme.

The relatively high background of f-galacto-
sidase elicited by the AlacZ expression vector limits
their sensitivity in detecting the apparently weak
promoters pp.s and p., In vector AADI1, the
activity of p,., was probably obscured by trans-
lational polarity, whilst p,.,4 Was detected in spite
of an out-of-phase fusion. In vector ATL25, we have
failed to detect poq. This may reflect inefficient
translation of the mRNA elicited from this

particular fusion. In two alternative fusions, using
multicopy expression vectors, pp.q is detected
readily (unpublished observations of Ross &
Braymer, and our laboratory).

(ii) Transcription termination signals between hsdR
and hsdM

hsdM and S overlap and consequently translation
of their messenger RNA may be coupled
(Oppenheim & Yanofsky, 1980). In contrast, hsdR
and hsdM are separated by 492 bp, and this
intergenic sequence includes, in addition to P4,
inverted repeat sequences capable of forming stem-
loop structures (see Fig. 2). The 1kb Sall-Smal
fragment that includes the end of Asd R and most of
the intergenic sequence upstream from p..q was
transferred to the Alac/trp vector AAD2. In the
resulting phage (AAD3), transcription of the lacZ
gene is dependent on either p,, or the leftward
promoter of A (p.) and, in either case, must traverse
the intergenic segment of hsd DNA (see Fig. 3). A
functional lacZ gene is indicated in lytic infection
when plaques are assayed on indicator medium
(Miller, 1972). In a lysogen of the trpR host (psu0),
however, when transcription from p, is repressed,
and only p,, is active, little f-galactosidase is
detected (Table 6). This suggests a transcription
termination signal in AAD3 between p,,, and lacZ.
Analysis of the DNA sequences flanking the new
junctions of AAD3 showed no sequence homology,
hence the only stem-loop structures predicted are
within the intergenic DNA. The failure to express
B-galactosidase does not appear to be the result of
translational polarity, since the level remains low
even in psud, a rho derivative of psu0 (Table 6). The
data suggest a termination signal in the DNA
segment separating hsdR and hsdM. This would
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make transcription of hsd M and hsdS dependent on
Pmod-

4. Discussion

The nucleotide sequence of an 84 kb segment of
DNA confirms the gross organization of the three
genes of the hsd region of E. coli K-12, previously
deduced by genetic analyses (Sain & Murray, 1980).
Our data indicate two transcriptional units; the
first includes only ksdR and the second both hsdM
and hsdS. Since the products of the latter two genes
are sufficient for the K-specific methylase, this
organization could allow transcription from p_.4 to
provide methylase and consequent modification of
DNA before the activation of p,, and the
production of the R polypeptide, an essential
component of the restriction enzyme complex.
Furthermore, since there is a target for the
K-methylase in the immediate vicinity of p,., (see
Fig. 2), methylation might influence the efficiency
of this promoter. Qur data provide no evidence for
transcriptional control of hsdR by the K-specific
methylase, nor indeed by either one of its
constituent polypeptides. Translational control
remains a possibility, as does an explanation based
on a difference between the kinetics of association
of the modification and restriction complexes. If the
latter were so, differential strengths of the two
promoters could ensure that on transfer to a new
cellular environment the production of methylase
would precede that of the restriction enzyme. At
present we have no comparative estimate of the
strengths of the two promoters from a prophage
system, although preliminary estimates using the
plasmid pKO06 indicate that p,, may be twice as
effective as p,., (our unpublished data).

We have no direct evidence to implicate any
mechanism of post-transcriptional control. Never-
theless, biological experiments in which the possi-
bility of co-ordinated control of the hsd transcripts
is prevented can result in “‘self-destruction’. This is
true of host DNA when a phage encoding the K-
specific methylase enters an unmodified cell in
which a multicopy plasmid expresses the R
polypeptide (J. E. Kelleher & A. Daniel, unpub-
lished observations). Similarly, when a K-modified
Ahsd phage in which the hsdR gene is transcribed
from p, enters a restriction-deficient cell in which
the host chromosome encodes a B-specific modifica-
tion enzyme, the phage DNA is attacked by the
resulting B-specific endonuclease (Table 5). In these
two encounters the R polypeptide is assumed to be
over-produced either as the result of increased gene
dosage, or increased copy number aggravated by a
strong promoter. Similar results are available for
the E. coli A and E specificity systems, although the
entire hsd region is readily transferred to an hsdR
strain of K. coli by either transformation or
conjugation (Fuller-Pace et al., 1985; Suri & Bickle,
1985).

Close to ksdS is a gene previously referred to as
gene X (Sain & Murray, 1980). The absence of this

gene (strain NM610 in Table 6) has no effect on
transcription from either p.., or pn.e. We conclude
that this gene, which is immediately downstream of
S, is not directly relevant to expression of the hsd
genes. mcrB, a gene whose product is involved in
the restriction of methylated DNA, has been
located very close to ksd (Raleigh & Wilson, 1986),
and gene X seems to be part of the mcr system
(Ross & Braymer, 1987). The deletion in NM610,
and one that begins in AsdS and extends less than
1000 bases downstream, are associated with the loss
of both the hsd and mcrB restriction systems (our
unpublished observations).

The overlap of the hsd M and S genes (see Fig. 2)
is a feature consistent with translational coupling
(Oppenheim & Yanofsky, 1980). The simplest
expectation would be that the M and S poly-
peptides are required in equimolar amounts.
Although it has been claimed that the ratio of M to
S in the EcoK complex is 2:1 (Meselson et al.,
1972), a ratio of 1:1 in the K-methylase has been
deduced by Suri et al. (1984). If the ratio in both
complexes is the same, the results based on the
methylase are preferable, since they depend on the
analysis of a much smaller protein complex. The
equimolar ratio is consistent with the simplest
prediction of translational coupling, involving an
efficient Shine—Dalgarno sequence upstream from
hsdS (Shine & Dalgarno, 1974).

The interval between AsdR and p.4 is longer
than required for a signal to terminate transcrip-
tion. Its length may suggest some further functional
significance. Alternatively, it could be a relic of the
evolutionary origin of a restriction system from a
sequence-specific methylase by the addition of an
extra gene. In this context, we note that for the
type I restriction system, R124, in contrast to the
K and A systems, the hsdR gene is oriented in the
opposite direction from that of Asd M and hsdS (C.
Price & T. A. Bickle, personal communication).

Our analyses of the predicted amino acid
sequences of the EcoK polypeptides identify two
pronounced a-helical regions in R, one of which is
amphipathic and, within R and M, regions that
may be relevant to the binding of ATP and DNA. A
well-conserved amino acid sequence common to
adenine methylases is identified in the M poly-
peptide. Definitive correlations await the analysis
of mutants in combination with structural studies
of the polypeptides.
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College, London, for his analysis of the predicted a-helical
regions in the R polypeptide, Dr John F, Collins, this
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help of our colleagues, in particular, John Collins, Gill
Cowan and Alexander Gann for critical discussion of the
manuscript, Betty McCready for preparing the manu-
script, and Annie Wilson for drawing the Figures. The
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Counecil.
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