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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Abstract

Background：Alteration　in　epigenetic　methylation、　can　affect　gene　expression　and　other

processes』ユProkaryota，　DNA　methyltransferase　genes　frequ．ently　move　between　genomes

and　present　a　potential　threat．　A　methyl－specific　deoxyribonuclease，　McrBC，　of、Escher匡ehia

co∬匡cuts　invading　methylated　DNAs．　Here　we　examined　whether　McrBC　competes　with

genome　methylation　systems　through　host　killing　by　chromosome　cleavage．

Results：McrBC　inhibited　the　establislment　of　a　plasmid　carrying　a　Pvull　methyltransferase

gene　but　lacking　its　recognition　sites，　Iikely　through　the　lethal　cleavage　of　chromosomes　that

became　methylated．　Indeed，　its　phage－mediated　transfer　caused　McrBC－dependent

chr・m・s・me　clravage」ts　inducti・n　led　t・cell　dea也acc・mpanied　by　ch「・m・s・me

methylation，　cleavage　and　degradation．　RecAIRecB　CD　fUnctions　affect　chromosome

processing　and，　together　with　the　SOS　response，　reduce　lethality．　Ou．r　evolutionary／genomic

analyses　of　McrBC　homologs　revealed：awide　distribution　in　Prokaryota；frequent　distant

horizontal　transfer　and　linkage　with　mobility－related　genes；and　diversification　in　the　DNA

binding　domain．　In　these　featUres，　McrBCs　resemble　type　II　restriction－modification　systems，

which　behave　as　selfish　mobile　elements，　maintaining　their　frequency　by　host　killing．

McrBCs　are　frequently　found　linked　with　a　methyltransferase　homolog，　which　suggests　a

fUnctional　association．
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Conclusions：My　experiments　indicate　McrBC　can　respond　to　genome　methylation　systems

by　host　killing．　Combined　with　our　evolutionary／genomic　analyses，　they　support　my

hypothesis　that　McrBCs　have　evolved　as　mobile　elements　competing　with　specific　genome

methylation　systems　through　host　killing．　To　my　knowledge，　this　represents　the　first　report　of

a　defense　system　against　epigenetic　systems　through　cell　death．

＊This　work　was　published　at：Eri　Fukuda，　Katarzyna　H　Kaminska，　Janusz　M　Bujnicki　and

Ichizo　Kobayashi．　Cell　death　upon　epigenetic　genome　methylation：a　novel　fUnction　of

methyl－specific　deoxyribonucleases．　Genome　Biology，9：Rl63（2008）
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Background

Recent　studies　have　revealed　that　epigenetic　genorne　methylation　is　associated　with　many

aspects　of　li　fe　processes　through　effects　on　gene　expression　and　other　steps［1－3］．　Especially，

epigenetic　methylation　is　involved　in　silencing　of　selfish　genetic　elements　and　other　aspects

of　intragenomic　conflicts．　Experimental　alteration　of　epigenetic　DNA　methylation　systems

can　cause　a　wide　variety　of　changes　［4－8］；fbr　example，　in　Prekaryota，　DNA

methyltransferase　action　can　change　the　transcriptome［7］．　Horizontal　gene　transfer

c皿tributes　considerably　to　the　building　up　of　prokaryotic　genomes［9，10］．　In　particular，　the

DNA　methyltransferase　genes　frequently　move　between　genomes［11－15］and　could，

theref6re，　present　potential　threats　to　prokaryotic　genomes，　although　they　can　also　be

beneficial　to　bacteria　in　many　ways，　including　in　cell　cycle　regulation　and　cell　differentiation

［3，8］．

Prokaryotic　DNA　methyltransferases　often　form　a　restriction－modification（RM）system

together　with　a　restriction　enzyme［16，17］．　Some　RM　systems　behave　as　mobile　elements，　as

suggeSted　by　their　amplification，　mobility，　and　involvement　in　genome　rearrangements，　as

well　as　their　mutUal　competition　and　regulation　of　gene　expression［13－15，18－21］．　Some　type

II　RM　systems　cleave　chromosomes　of　their　host　cells　when　their　genes　are　eliminated　by　a

competitor　genetic　element［20，22，23］，　as　illustrated　in　Figure　I　a．　Such　host　kilhng，　caUed

‘post－segregationaI　killing’or　‘genetic　addiction’，　has　been　recognized　亡o　be　involved　▲n

stable　maintenance　in　many　plasmids［24］．　The　RM　systems　have　evolved　regulatory　systems

to　suppress　their　potential　to　kill　the　host．　When　they　enter　a　new　host，　they　prevent　host　cell

killing　by　expressing　their　methyltransferase　first　and　delaying　expression　of　their　restriction

enzyme［19，25－27］．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　5



a b
　　t　　じトゆn・

鷺：㌶

＝㎝普i輻

Melhyトspec川c

：：＝

＝s°

Figure　l

Host　ki11ing　by　RM　systems　and　by　methy】－speci丘c　DNases（McrBC）in　competition．（a）

When　a　resident　RM　gene　complex　is　replaced　by　a　competitor　genetic　element，　a　decrease　in

the　modification　enzyme　level　results　in　exposure　of　newly　replicated　chrornosomal

restr｛ction　sites　to　lethal　cleavage　by　the　remaining　restriction　enzyme　molecules．　The　intact

genome　copies　will　survive　in　uninfected　neighboring　clonal　cells．（b）When　a　DNA

methylation　system　enters　a　cell　and　begins　to　methylate　chromosomal　recognition　sites，

McrBC　senses　the　change　and　triggers　ce11　death　by　chromosomal　cleavage．　The　intact

genome　copies　will　survive　in　uninfected　neighboring　c】onal　cells．
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Host　chromosome　cleavage　by　RM　systems　is　not　trivial．　In　general，　cleavage　of

chromosomes　by　cellular　DNases　is　prevented　in　various　ways：inhibitor　binding，

compartmentalization，　proteolysis，　DNA　modificati　onL　and　DNA　struct肛re　specificity．　Indeed，

host　killing　by　RM　systems　after　loss　of　their　genes　is　not　always　obvi皿s　because　hosts　have

apparent正y　adapted　to　counteract　it　in　various　ways．　Recombination　repair　of　chromosomal

breakage　can　reduce　the　lethal　effects　of　chromosome　cleavage［28］．　Host　killing　by　an　RM

gene　complex　is　suppressed　by　a　solitary　methyltransferase　recognizing　the　same　sequence

［29，30］．Proteolytic　digestion　of　restriction　enzymes　suppresses　chromosome　cleavage　by

EcoKI，　a　type　I　RM　system，　even　in　the　absence　of　the　cognate　methyltransferase［31］．　These

host　defense　systems　against　RM　systems　cannot，　however，　avoid　host　genome　methylation

and　its　potentially　deleterious　effects．

In　the　present　work，　I　provide　evidence　fbr　the　existence　of　a　group　of　genetic　elemellts　that

compete　with　epigenetic　DNA　methylation　systems　（fbr　exalnple，　with　DNA

methyltransferases　from　RM　systems）through　host　cell　Idlling．　These　anti－methylation

elements　are　methyl－specific　endodeoxyribonuclease　McrBC　of　Esehei・ichia　coli［32］and　its

hornologs．　McrBC　cleaves　DNA　betWeen　tWo　separate　RMC（R＝Aor　G，　mC＝m4C　or　m5C）

sites加v匡tro［33］，　which　are　modified　by　many　DNA　methyltransferases　from　different　RM

systems［16，17］．　This　activity　was　first　recognized　fbr　restriction　of　incoming　bacteriophage

genomes　carrying　hydroxymethylcytosine　instead　of　cytosine［34，35］．　McrBC　may　also

protect　cells　against　infection　by　methylated　DNA　elements，　such　as　viral　genomes　and

plasmids，　through　such　direct　cleavage．　However，　such　methylated　DNAs　are　not　usually

strongly　restricted　by　McrBC［36，37］；therefbre，　I　hypothesized　that　McrBC　may　mediate

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　7



suicidal　defense　in　response　to　epigenetic　genome　methylation　systems，　such　as　RM　systems，

as　illustrated　in　Figure　lb．　When　such　a　system　enters　the　cell　and　begins　to　methylate　the

host　genome，　McrBC　would　sense　these　epigenetic　changes　and　trigger　cell　death　through

chromosomal　cleavage．　Intact（unmethylated）genomes　with　mcrBC　genes　would　survive　in

the　neighboring　clonal　cells．

Defense　against　invasion　of　genetic　elements　tl　nrough　cell　death，　as　illustrated　in　Figure　l　a，b，

has　been　reported　for　multicellular　euka騨ic　cells，　such　as　virus－infected　mammalian　cells

and　plant　cells［38］．　Similar　phenomena　against　virus　infection　have　been　known　for　bacteria

under　the　name　of‘phage　exclusion’or‘phage　abortion’［39］．　Bacteriophage　reproduction　is

aborted　by　the　action　of　a　cell　death　gene．　As　a　result；this　gene　would　survive　within　the

clonal　ce11s　that　would，　otherwise，　all　die　by　secondary　infection．　For　example，　the　piγ　gene

in　some五Scherた乃彪co1匡strains　senses　bacteriophage　T4　inf已tion　and　triggers　cell　death　by

cleaving　host　tRNALys［40］．

Ifirst　asked　whether　McrBC－mediated　cell　death　through　cleavage　of　methylated

chromosomes　takes　place　upon　entry／induction　of　a　methyltransferase　gene　and　aborts　its

establishment／activation．　After　obtaining　positive　experimental　results，　I　asked　how

important　this　role　has　been　in　the　spread　and　maintenance　of　McrBC　genes．　Our　analyses　of

their　rnolecular　evolution　and　genomic　contexts　support　the　hypothesis　that，　during　evolution，

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　8



they　have　behaved　as　mobile　elements．　Taken　together，　these　results　support　my　hypothesis

that　McrBCs　have　evol∨ed　as　mobile　elements　that　cornpete　with　specific　genome

methylation　systems　through　host　killing．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Results

In　the　first　half　of　the　Results　section，　I　address　the　first　questi皿of　whether　McrBC－

mediated　cell　death　through　cleavage　of　methylated　chromosomes　takes　place　upon

entry／induction　of　an　epigenetic　methyltransferase　gene　and　causes　this　gene’s

establishm　Lentiactivation　to　be　aborted．

McrBC－mediated　inhibition　of　establishment　of　a　DNA　methyltransferase　gene

Ifirst　asked　about　the　biological　consequences　of　McrBC，　that　is，　whether　or　not

establishrnent　of　a　transferred　methyltransferase　gene　is　aborted　through　the　action　of　McrBC．

As　the　methyltransferase，1　chose　Pvull　methyltransferase（MPvull）ofthe　PvulI　RM　system．

It　recognizes　CAG　CTG　and　generates　CAGM4CTG［37，41］，　a　target　sequence　of　McrB　C　133］．

10



Several　reports　have　indicated　that　phages　or　plasmids　carrying　a　DNA　methyltransferase

gene　could　not　be　propagated　in　an　mcrBC＋strai皿of　E．　co　li［42］．　Whether　the　block　to

propagatioll　is　due　to　repeated　methylation　of　the　introduced　DNA　and　subsequent　cleavage

［42］　or　due　to　host　genome　methylation　and　cleavage，　as工have　hypothesized　in　this　wor瓦has

not　been　addressed．
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1　introduced　a　plaSmid　Carrying　the　Pvull　methyltransferase（M．　Pvun，　CAGm4CTG）gene　but

Iacking　Pvun　recognition　sites（pEF43　in　Table　1）in　a　quantitative　transformation　assay

（Figure　2a）．　The　transformation　efficiency　decreased　by　four　orders　of　magnitude　in　an

mぴBC－dependent　manner（Figure　2b）．　The　decrease　did　not　occur　in　the　case　of　genes　for

three　other　cytosine　methyltransferases，　M．EcoRII（Cm5CWGG），　M．SsolI（Cm5CNGG），　and

MBamHI（GGATm4CC），　COnsistent　with　the　sequence　specificity　Of　MCrBC［33］．　I　found　that

aplasm三d　carrying　a　PvulI　metbyltransferase　gene　and　two　Pvull　recognition　sites　was　also

inhibited　in　its　establishment　by　the　same　order　of　magnitude（date　not　shown）．　My　results

indicate　that　metbylated　sites　on　the　transferred　DNA　were　not　required　for　the　McrBC－

dependent　inhibition　of　its　establishment　and　propagation．　These　results　demonstrate　that

McrBC　can　abort　establishment　of　the　transferred　element　with　the　methyltransferase　gene

｛md，　furthermore，　suggest　that　this　is　through　McrBC－mediated　cleavage　of　methylated

chromosomal　DNA，　as　opposed　to　that　on　the　transferred　DNA．

The　PvuH　RM　gene　complex　was　found　on　pPvul，aIow－copy　plasmid　from　Protetts　vulgaris

［37］that　can　also　replicaLte　in　E．　coli［43］．　Proteus　uulgaris　and　E．　co∬匡both　belong　to　the

Enterobacteriaceae　family　and　also　share　an　ecological　niche，　the　intestine　of　humans　and

related　animals．　Therefbre，　these　experiments　are　intended　to　reproduce　events　that　are　likely

12



to　take　place　in　the　natural　environment，　although　they　involved　the　use　of　multicopy（ColEl－

derived）plasmids．　Transformation　of　a　pPvul　derivative　plas血d　carrying　M．Pvull　and　a

drug－resistance　gene　as　a　selective　marker　and　Iacking　Pvuil　sites（pEF65　in　Ta『ble　1）was

blocked　by　McrBC　as　strongly　as　the　above　multi－copy　plasmid（Figure　2b）．　This　suggests

that　the　strong　inhibition　is　biologica11y　relevant．
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Figure　2

McrBC－mediated　blocking　of　establisbment　of　an　epigenetic　genome　methylation　system．（a）

Quantitative　transfbrmation．　varying　amounts　of　puc19（2　P9，20　P9，200　P9，2ng，20　ng，

and　200　ng）were　used　to甘ans拓㎜Eco1∫DH5αby　elec甘oporation．　Experiments　were

conducted　in　triplicate．（b）Transfbmlation　of　plasmids　carrying　the　Pvull　methyltransferase

gene．　Plas面ds（100　ng）．carrying　one　of　several　modification　methyltransferase　genes　were

used　to　transfbmユ　E．　coli　ERl562　（mcrBI）　and　ER1563　（mcrBC＋）．　The　relative

transformation　efficiency　was　calculated　as　the　ratio　of　the　transformation　efficiency　of　the

test　plasmid　to　that　of　the　empty　vector．　MPvulI（ColEl）indicates　pEF43，　while　M．PvulI

（pPvu1）indicates　pEF65（Table　1）．　The　empty　vector　fbr　the　Iatter　is　pEF67，　while　that　fbr

the　former　is　pEF33．　The　vector　fbr　the　remaining　plasmids　is　pBR322．　The　measurements

from　two　separate　experiments　conducted　in　duplicate　are　shown．　A11（20／20）of　the　rare

transfommants　ofmcrBC＋by　pEF43　examined　were　found　to　have　lost　McrB　C　activity．
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McrBC－mediated　chromosome　cleavage　after　phage－mediated　tra皿sfer　of　the　DNA

methy玉transferase　gene

The　above　inhibition　of　establishment　of　the　methyltransferase　gene　is　likely　caused　by　lethal

cleavage　of　chromosomes　that　become　methylated．　Next，　I　asked　whether　McrBC　indeed

cleaves　host　chromosomes　in　order　to　abort　the　propagation　of　a　transfered　epigenetic　genome

methylation　gene、　In　order　to　examine　this　issue，　I　introduced　the　M．Pvull　gene　into　E．　coli　by

aλ　phage　vector．

Ifirst　prepared　theλphage　strain　LIK891　with　15　PvulI　sites（Materials　and　methods）in　a

host　carrying　PvuII　methyltransferase（Materials　and　methods）．　Its　modification　status　was

confirmed　by　its　resistance　to　Pvull　restriction　both加v∫rro　and加匡vo　as　Ibllows．　When也e

phage　genome　DNA　prepared　from　the　puri丘edλpreparation　was　reacted　with　PvuII，　no

change　was　observed　in　its　gel　electrophores｛s　pattem　under　a　condition　where　unmodified

phage　genome　DNA　was　completely　cleaved．　The　Pvull－modified　phage　preparation　did　not

show　detectable　decreases　in　plaque　fbrmati皿efficiency　in　a　host　carr　ying　the　PvulI　RM

system．　rn　an　E．　co1匡1πc沼C斗strain，　the　Pvull－modifiedλphage　preparation　showed　only　a

10－fold　decrease　in　plaque　formation　efficiency（Figure　3　a）．　Consistent　with　previous　repo宜s

［36，37］，this　observation　indicates　that　McrBC　cannot　efficie且tly　restrict　a　methylated　phage

genome・

H・wever，λphage　strain　LEF1，　which　carries　the　Pviill　methyltransferase　gene，　was

restricted　10，000－fbld（Figure　3a）．　This　result　agrees　with　earlier　reports　indicating　that

phages　carrying　a　DNA　methyltransferase　gene　could　not　be　propagated　in　an　inc7’BC＋strain

ofE．　coi’［43］．　As　I　noted　hl　the　previous　section，　whether　the　block　to　propagation　is　due　to

repeated　methylation　of　the　introduced　DNA　and　subsequent　McrBC－mediated　cleavage［43ユ

15



or　due　to　host　genolne　methylation　and　its　McrBC－mediated　lethal　cleavage　has　not　been

addressed．

When　I　examined　chrornosomes　of　the　infected　cells　by　pulsed－field　gel　electrophoresis，　I

observed　accumulation　of　huge　linear　DNA　corresponding　to　broken　chromosomes（indicated

in　Figure　3b　in　the　lanes　at　30　and　45　minutes　after　infection）and　of　smaller　DNAs　of

variable　size（smear　in　Figure　3b　in　the　lane　at　45　minutes　after　infectien），　which　likely　reflect

chromosome　degradation．　Their　appearance　was　mcrBC＋－dependent（mcrBl　lanes　in　Figure

3b）．　This　observation　strongly　suggests　that　M．PvuH－mediated　chromosome　Inethylation

triggered　chromosome　cleavage　by　McrBC，　which　was　fbllowed　by　chromosome　degradation．

This，　in　tum，　indicates　that　the　inhibition　of　their　multiplication（Figure　3a）is　caused　by　host

death．

Parenthetically，　I　noticed　a　band　deriving　f『om　both　the　mcrB’and　mcrBC＋strains　in　the

middle　of　the　same　gel　and　another　species　at　the　lowest　position　from　the　mcrBC＋cells（data

not　shown）．　From　their　mobility，1澁ferred　that　these　bands　represent　the　excised　circular

form　and　the　cleaved　linear　form　of　e　14，　a　defective　lambdoid　phage［44，45］．　Because　e　l　4　has

one　Pvull　site，　its　iinear　form　is　expected　to　appear　after　McrBC－mediated　cleavage［46］．

Because　the　lambdoid　phages　have　similar　gene　organization［47－49］and　regulation［50］，▲t

would　not　be　very　surprising　if　gene　expression　f士om　the　incomingλsomehow　led　to　the

expression　of　the　excision　f已nction　of　e　14．
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Figure　3

McrBC－mediated　inhibition　of　phage　gτowth　and　chromosome　cleavage．（a）Phage　X　titer　on

ERI563（〃lcl・BCi’ jdivided　by　its　titer　on　ERI562（incrB1）is　plotted　for　two　independent

experiments．（1）Aλstrain　with工5PvulI　sites（LIK891；see　Materials　and　methods）；（II）the

sameλ　strain　but　modified　by　Pvull　methyltransferase；（III）the　sameλ．　strain　with　insertion

of　Pvull　methyltransferase　gene（LEF　1）．（b）Chromosome　degradation　in　ER1562（mcrB1）

and　ER1563（mcrBC＋）．5＿108　cells　were　infected　with　LEF　l　at　a　multiplicity　of　infection　of

5．At　the　indicated　time　intervals（in　minutes）after　infection　of　phage　carrying　the　PvulI

methyltransferase　gene（LEF　l），　chromosomal　DNA　was　prepared　and　subjected　to　pulsed－

field　agarose　gel　electrophoresis．　M，λ　DNA　ladder．
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McrBC－mediated　cell　death　and　chromosome　degradation　following　induction　of　the

DNA　methyltransferase

The　above　two　sets　of　experiments　strongly　suggested　that　McrBC　mediates　inhibition　of

propagation　of　the　PvuII　DNA　methyltransferase　gene　through　lethal　cleavage　of　methylated

chromosomes．　I　next　asked　whether　induction　of　the　PvuII　methyltransferase　leads　to

chromosome　methylation　fbllowed　by　its　McrBC－mediated　cleavage　and　cell　death．

Furthermore，　I　asked　whether　I　could　find　a　close　correlation　between　these　three　processesl

methylation，　cleavage　and　death．

First，1　cloned　the　pvi’∬M　gene　downstream　of　the　arabinose－inducible　BAD　promoter［51］．　I

prepared　host　strains　fbr　this　experiment　based　on　the　work　of　Khlebnikov　et　al．［52ユ．　These

authors　succeeded　in　achieving　homogeneous　expression　from　the　BAD　promoter　and

obtained　a　linear　increase　in　the　expression　level　in　response　to　arabinose　concentration　by

deleting　araBAD　and　araFGH　operons　and　substituting　the　araE　promoter　with　a　c　onstimtive

promoter［52］．1　introduced　these　mutations　to　construct　isogenic　mcrBC＋i’　strains（BIK　18260

and　BI］！（18261　in　Table　2）．　At　three　concentrations　of　arabinose（0％，0．0002％，　and　O．002％）I

was　able　to　demonstrate　correlation　between　genome　methylation，　genome　breakage　and　cell

death（Figure　4）as　detailed　below．

Progress　in　genome　methylation　was　measured，　in　the　mcrBC－negative　strain，　by　resistance　to

Pvull　cleavage　in　vitro（Figure　4a）．　The　cleaved　band　pattern　shows　that　the　rate　of　progress

of　chromosomal　DNA　methylation　after　illduction　correlates　with　the　collcentration　of

arabinose（Figure　4a）．　The　Iower（0．0002％）concentration　resulted　in　a　delay　in　methylati皿

of　apProximately　30　minutes　compared　to　the　higher（0．002％）concentration．
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Ialso　fbllowed　methylation　of　a　single　Pvull　site　on　a　mult｛－copy　plasmid（pEF60　in　Table　1）

maintained　in　the　cel1．　Plasmids　were　extracted　from　cells（BIK18260）harbouring　pEF60　and

pEF24（inducible　M．Pvull　gene）and　digested斑びitro　with　Pvull　and　Hindlll，　which　cuts

pEF60　at　a　single　site・Quantification　of　the　bands　showed　that　the　PvuII　site　was　completely

methylated　30　minutes　and　60　minutes　after　illduction　with　O．002％and　O．0002％arabinose，

respectively（Figure　5a）．　The　time　to　achieve　50％methylation　was　about　13　minutes　fbr　the

higher　concentra目on　and　about　38　mi皿tes　fbr　the　lower　concentration．　They　differed　by　25

minutes・Thus・the　methylati・n・bserved　with　the　plasmid　agreed　well　with　that・bserved・with

the　chromosome．

Ialso　observed　a　low　level　of　Pvull　methylation　of　pEF60　under　the　repression　conditions：

4．1％and　4．3％in　one　experiment　and　5．3％and　6、0％in　another；5％corresponds　to　89　sites

out　of　1，778　Pvull　sites　in　the　chromosome　of　MG1655（Figure　5b）．　This　indicates　that　Pvull

methyltransferase　is　expressed　at　a　Iow　Ievel　due　to　slight　Ieakage丘om　the　BAD　promoter．

This　is　consistent　with・earlier　reports　on　this　promoter［51，53］and　the　difficulty　in

maintaining　restdction　enzyme　genes　under　this　promoter　in　the㎜induced　state　in　E．　coli

［54］（MWatanabe，　F　Khan，　Y　Furuta　and　I　Kobayashi，　unpublished　observation）．

The　induction　of　PvuIl　methyltransferase　indeed　caused　immediate　chromosome　breakage　as

detected　by　pulsed－i］eId　gel　electrophoresis　in　the　mcrBC＋strain（Figure　4b）but　not　in　the

mcrBC　strain（data　not　shown）．　With　the　higher　arabinose　concentration，　huge　linear　DNA

molecules（at　the　middle　point　between　the　well　and　the　485　kb　marker）became　prominent　by

l5　minutes　after　the　induction，　and　thell　they　appeared　to　gradually　shift　into　smaller

fragrnents．　With　the　lower　arabinose　c皿centration，　the　huge　linear　DNA　molecules　appeared

30minutes　after　the　induction　and　decayed　in　the　same　way．　The　chromosome　breakage

observed　thus　correlated　well　with　the　progress　of　methylation　in也e　mcrBC　strain．
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Quantification　of　the　DNAs　in　the　well，　which　likely　represent　relatively　intact　chromosomes，

revealed　that　they　decreased　over　time　after　induction（Figure　4c）．　These　decreases　at　the

different　arabinose　concentrations　correlated　well　with　the　progress　of　methylation　in　the

mc乃BC　strain．

The　chromosome　breakage　was　accompanied　by　a　decrease　in　viable　cell　counts（colony

forming　units；Figure　4d）．　The　progress　of　death　was　again　related　to　the　arabinose

c・nce氓狽堰En・The　st「・nger　inducti・n　led　t・cell　death　within　15　minutes・while　the　weaker

inducti皿allowed　maintenance　of　viability　for　30　minutes．　Many　cells　appeared　as　filaments

with　multiple　nuclei　or　no　nucleus（Figure　4e）．　Inhibition　of　cell　growth　as　measured　in　OD

was　also　observed　in　the　mcrBC＋cells　1－2　h　after　inducti皿（Figure　6a，　lower　left），　but　not　in

the　repressed　state（Figure　6a，　upper　left）．

These　results　demonstrate　a　correlation　betWeen　genome　methylation，　ghromosome　breakage，

and　cell　death　upon　induction　of　Pvull　methyltransferase．　They　strongly　suggest　that

chromosomal　sites　methylated　by　Pvull　methyltransferase　are　cleaved　by　McrB　C　and　that　this

cleavage　leads　to　ce11　death．
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Figure　4

Expression　of　PvulI　methyltransferase　causes　chromosome　methylation　and〃icrBC－

dependent　chromosome　breakage　and　cell　death、（a）Confimation　of　chromosome

methylation．　BIKI8260（〃icrB1）cells　caπying　pEF24（pvt〃M　under　the　pBAD　promoter；see

Table　l），　were　grown　in　LB　broth　under　antibiotic　selection　to　the　mid－exponential　phase，

diluted　to　OD600＝0．1，・and　fUrther　grown　in　the　presence　of　O．002％or　O．002％arabinose

（ara）to　induce　expression　of　MPvull。　At　the　indicated　time　intervals（in　minutes），

chromosomal　DNA　was　prepared，　digested　with　PvuII　endonuclease（TaKaRa　Bio），　and

s両ected　to　pulsedイield　agarose　gel　electrophoresis．　M，λDNA　Iadder．（b）Chromosome

DNA　in　BIK18261（’ncrBC＋）canying　pEF24　after　induction　of　Pvull　methyltransferase．（c）

Ethidium－bromide　fluorescence　in　the　we11　was　measured　fbr　the　experiments　in（b）．（d）Loss

of　cell　viability．　The　number　of　viable　cells　was　monitored　in　duplicate　in　two　independent

experilnents．　Each　va】ue　was　dlvided　by　the　value　at　time　zero．（e）Cel［shape．　The　cells　were

recovered　60　minutes　after　addition　of　a　higher（0．002％）concentration　of　arabinose．　They

were　stained　with　DAPI　to　visualize　nucleoids　and　were　observed　by　phase－contrast（left）and

fluorescence（right）microscopy．　The　scale　bar　indicates　l　Oμm．
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Figure　5

Methylation　level　of　pEF60．（a）Plasmids　were　extracted　from　cells（BIKI8260）harbouring

pEF60　and　pEF24（inducib】e　M．PvulI　gene）and　digested　in　vit’・o　with　PvulI　and　Hindlll，

which　cuts　pEF60　at　a　single　site．　Ethidium－bromide　fluorescence　in　bands　was　measured．

Squares　are　for　induction　with　O．002％arabinose，　while　triangles　are　fbr　O．0002％arabinose．

（b）Methylation　level　ofpEF60　in　the　uninduced　state　with　O．2％glucose．
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Effect　of　mntations　in　DNA－related　genes

If　the　chromosomal　sites　methylated　by　Pvull　methyltransferase　are　cleaved　by　McrBC　and

this　cleavage　leads　to　cell　death，　mutations　in　enzymes　involved　in　DNA－related　processes

might　affect　these　processes、　I　examined　cell　growth　and　chromosome　changes　in　several

mutants　altered　in　DNA　metabolism　in　a　variety　ofways．

RecBCD　enzyme　is　involved　in　exonucleolytic　degradation　of　DNA　from　a　double－stranded

break　anq　generates　a　rec・mb血・genic　single－st「anded　DNA　end［55］・When　b・㎜d　t・this

single－stranded　DNA　generated　by　RecBCD　or　other　enzymes，　RecA　protein　initiates

homologous　pairing　fbr　recombinati皿repair．　RecA　bound　to　single－stranded　DNA　also

induces　SOS　genes　through　cleavage　of　their　LexA　repressor［56］．　If　RecA　and　RecBCD　are

involved　in　processing　and　repair　of　the　McrBC－mediated　chromosome　breakage，　the廿

removal　might　affect　cell　survival　and　chromosome　processing．

Mutational　removal　of　the　host　RecBCD／RecA　exonuclease／recombinase　machinery　affected

growth　not　only　in　the　induced　state　but　also　in　the　uninduced　state（Figure　6a）．　A　likely

explanation　for　the　uninduced　state　is　chromosome　methylation　by　slight　expression　of　PvulI

methyltansferase（see　above）．　I　analyzed　chromosomes　by　pulsed－field　gel　electrophoresis　in

strain　pairs　with　and　without　the　PBAD－pvullM　plasmid　in　the　mcrB（竺’　background．　My　results

shown　in　Figure　6b　clearly　indicate　plasmid－dependent　degradation（smear）in　the　reeBC

mutant　and　plasmid－dependent　increase　of　huge　linear　DNAs（the　thick　band　in　the　midpoint

between　the　well　and　the　485　kb　marker）in　tbe　r召cA　mutant．　These　results　strongly　suggest

that　partial　chromosome　methylation　led　to　McrBC－mediated　chromosome　breakage　and　that

RecBCD∫RecA　machinery　repairs　this　breakage．　The　defects　in　the　repair　of　the　McrBC－

mediated　chromosome　breakage　are　likely　the　cause　of　the　delayed　growth　of　the　rec』and

recBC　mutants（Figure　6a）．
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When　the　methyltransferase　is　induced，　the　RecBC／RecA　mediated　break　repair　presumably

delays　growth　arrest（Figure　6a）．　The　recA　or　i’ecBC　mutations　slightly　affected　the　Ioss　of

cell　viability　30　minutes　after　the　induction　of　methyltransferase（Table　3）．　However，　the　final

viability　level　on　exposure　of　the　genome　to　methylati皿was　similar　to　that　in　the　rec＋　strain

（data　not　shown）．

The　chr・m・s・mes　in　these　mutants　sh・wed　changes　c・nsistent　with　the　ab・ve・gr・wth　pa枕erns

and　their㎞・wn　pr・pe牡ies（Fi即re　6c）・The　recBC　mutant　sh・wed　a　large　arP・unt・f　huge

broken　chromosomes　in　the　unmduced　state；these　remained　abundant　as　Iong　as　60　minutes

aRer　induction．　In　the　lower　area，　which　corresponds　to　smaller　broken　chromosomes，　rnany

discrete　bands　are　visible　in　the　r召cBC　mutant．　This　is　consistent　with　the　process｛n　which

the　chromosomes　broken　by　McrBC　endonuclease　were　fUrther　degraded　by　RecBCD

exonuclease．　The　reeA　mutant，　unlike　the　rec＋strain，　showed　more　of　the　huge　broken

chromosomes　even　in　the　uninduced　state．　In　the陀c＋strain，　this　species　became　prominent

only　15minutes　after　induction　and　disappeared．　ln　the　recA　mutant，　it　remained　abundant　fbr

30minutes　but　started　decreasing　by　45　minutes　after　induction．　The　amount　of　smaller

broken　chromosomes　in　the　r已c迂strain　was　less　than　that　in　the　r已c＋strain，　presumably　due　to

degradation　by　RecBCD　enzyme．　No　discrete　bands　are　visible　ill　the　recA　mutant，　which　is

consistent　with　rapid　and　extensive　DNA　degradation　by　RecBCD　enzyme．　Discrete　bands

are　seen　in　the　rec＋strain　but　they　are　not　so　many　as　in　the」・ecBC　mutant．
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Figure　6

Effect　of　recA　and　recBC　mutations　on　cell　growth　and　chromosome　changes．（a）Cell　growth．

BIKl8260（〃icrBl），　BIK18261伽α・BC÷），　BIK18290（incrB1ムハ・ecA），　BIK18291（’ncrBC＋

ムハre（rA），　BIKl8292（lllcl・B14recβC）and　BIKl8293　（’ricrBC＋△”ecBC），　carrying　pEF24

（pSCIOl：：1ルtilJM，　see　Table　1），　were　grown　in　LB　broth　with　O．2％glucose　and　se】ective

antibiotics　to　exponendal　phase，　diluted　to　OD600＝0．l　and　fUrther　grown　with　or　without

O．0002％arabinose．　OD600　was　monitored　at　the　indicated　time　intervals　after　addition　of

arabinose．　Each　value　was　divided　by　the　value　at　time　zero．（b）Chromosomes　in　uninduced

cells．　BIKI8261（mcrBC＋），　BIKI8291（mcrBcr．五ノrecA），　and　BIKl8293（mci’Bσt△’－eeBC），

and　their　derivatives　carrying　pEF24（pSCIOI：1フvt’∬ル（）were　grown　in　LB　broth　with　O．2％

glucose　and　selective　antibiotics　to　exponential　phase．　Chromosomal　DNA　was　prepared　and

su切ected　to　pulsed－field　agarose　gel　electrophoresis．　M，λDNA　ladder．（c）Chromosomes

after　induction．　Chromosome　DNA　in　BIKl8261（〃ici・Bピ），　BIKl8291（’ncxBC＋五”ecA），　and

BIKI8293（mcrBC＋ArecBC），　carrying　pEF24（pSClOI：：1フvz，∬IM）after　induction　of　PvuIl

methyltransferase　witll　O．002％or　O．0002％arabinose．　At　the　indicated　time　intervals　after

induction，　chromosomal　DNA　was　prepared　and　subjected　to　pulsed－field　agarose　gel

electrophoresis．　M工，λDNA　ladder；M2，λ　DNA　cut　with　Hindlll．

25



These　electrophoresis　patterns　are　consistent　with　the　steps　of　McrBC－mediated　chrornosomal

breakage，　RecBCD－mediated　exonucleolytic　degradati皿f由m　the　break，　and　RecA－mediated

homologous　pai血g　for　repair．　The　RecBCD／RecA－mediated　repair　was　also　found　for　post－

segregational　killing　by　a　type　II　RM　system［28］．　From　the　results　presented　in　Figure　6　and

Table　3，　we　inferred　that　the　RecBCDIRecA－mediated　recombination　repair　can　counteract

McrBC’s　lethal　action　to　some　extent　at　a　Iow　methylation　Ievel．　However，　chromosome

repair　by　them　appears　unable　to　contribute　to　cell　survival　when　the　genome　methylation　and

the　McrBC－mediated　cleavage　bec・me　extensive・This　is　similar　t・the　chr・m・s・me　cleavage

by　a　mutant　EcoRI　enzyme　［57，58］．

The　RecA／RecBCD　fUnction　is　also　involved　in　the　SOS　response　as　mentioned．　The　ce11

filamentation　was　not　observed　in　a　recA　deletion　strain（data　not　shown）．　This　indicates　that

the　cell　filamentation　we　observed　represents　an　SOS　response．　In　order　to　assess　the　effects

of　the　SOS　response　on　McrBC－mediated　growth　ihhibition　and　cell　death，　we　examined

SOS－related　mutants（Figure　7　and　Table　3）．　Among　these，　the　lexA（正nd－）mutant　is　defective

ilユSOS　induction，　the　lexA（Def）mutant　is　constitutive　fbr　SOS　induction，　and　the　mutS

mutant　shows　less　background　DNA　breaks　under　some　genetic　backgrounds［59］．

These　mutants　showed　McrB　C－dependent　groWth　inhibition　when　M．Pvull　was　induced，　but

not　in　the㎜induced　state（Figure　7）．　McrBC－mediated　inhibition　observed　in　the　lexA（hld－）

mutant　was　stronger　than　that　in　the」・召c＋strain　but　not　so　strong　as　in　the　i’ecA　strain（Figure

6a）．　A　simple　interpretatio皿of　this　result　is　that　the　defect　in　repair　in　the　recA－11egative

mutant　cannot　be　entirely　attributed　to　the　absence　of　the　SOS　response．　In　other　words，　RecA

is　likely　to　play　a　direct　role，　presumably，　in　recombination　repair．　The　lexA（hユdりstrain　also

showed　severe　loss　of　cell　viability　30　minutes　after　induction（Table　3）．　The　resu正ts　with

lexA（Def）are　difficu正t　to　interpret　because　the　iexA（Def）mcrBI　strailユshowed　slow　growth．　It
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ls　known　that　lexA（Deb　mutation　delays　growth　even　in　the　sulA－negative　background［60］．

This　effect　could　be　exaggerated　with　McrBC－mediated　chromosome　breakage　upon　genome

methylation．　The　mutS　mutant　was　indistinguishable　from　the　rec＋ imertS’）strain　in　these

measurernents．　From　these　results，　we　inferred　that　the　SOS　response　and　RecA／RecBCD－

mediated　DNA　recombination／repair　both　affect　cell　death／survival　upon　McrBC　action　on

the　methylated　genome．　The正epair　systems，　however，　cannot　block　cell　death　upon　extensive

chromosome　methylation　and　cleavage．　These　observations　are　consistent　with　our　hypothesis

that　chromosome　methylation　leads　to　its　McrBC－mediated　lethal　cleavage．

　　　　　　　　　　　　　　　　Uninduced

　　　　　　　　　　　　　　　　　　　　　　　　　mt」tS　　　IexA（lnd－）　　lexA（Def）

　　　　　　　　　　　　　　　　　6102em。，B1

　　　　　　　　　　　　　　　　　・嘉　　古mαBC＋

　　　　　　　　　　　　　　　　　呈101

　　　　　　　　　　　　　　　　　8

　　　　　　　　　　　　　　　　　0100

　　　　　　　　　　　　　　　　　　　　　　01　2301　2301　23
　　　　　　　　　　　　　　　　　　　　　　　11me（h）　　　T而e（h）　　　Time（h）

　　　　　　　　　　　　　　　　lnduced
　　　　　　　　　　　　　　　　　　　　　　　　　muts　　　lexA（lnd－）　　IexA（Def）

　　　　　　　　　　　　　　　　　61・2em。rBl

　　　　　　　　　　　　　　　　　・≧・　－A－mcrBC＋

　　　　　　　　　　　　　　　　　呈101

　　　　　　　　　　　　　　　　　言

　　　　　　　　　　　　　　　　　0100

　　　　　　　　　　　　　　　　　　　　　　012301230］23
　　　　　　　　　　　　　　　　　　　　　　　Time（h）　　　Time（h｝　　　Time（h）

Figure　7

Effect　of　SOS－related　mutations　on　cell　growth．　BIK18262　（171cl’別mut5），　BIKl　8264・

（mcrBC＋mut5），　BIK18271（mcrBI　lexAほnd’）），　BrKl8276（mcrBC＋lexA（lnd－）），　BIKI8278

（mcrBl　lexA（Def）），　BIK　18280（incrBC＋『exA（Def）），　canying　pEF24（pSC101：pvul刀励；see

Table　1），　were　grown　in　LB　broth　with　O2％glucose　and　selective　antibiotics　to　exponential

phase，　diluted　to　OD600ニ0．1　and　fUrther　grown　with　or　without　O．0002％arabinose．　OD600

was　monitored　at　the　indicated　time　intervals　after　addition　of　arabinose．　Each　value　was

divided　by　the　value　at　time　zero．
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Generality　and　specificity　of　McrBC　action　against　DNA　methyltransferases

In　order　to　investigate　the　generality　and　speci丘city　of　McrBC－mediated　cell　death　with

regard　to　DNA　methyltransferase　specificity，　I　expressed　McrBC　in　a　cell　carrying　one　of

several　methyltransferases　with　different　specificities．　First，　mcrBC　of　E．　coli　was　placed

under　the　PBAD　promoter（pEF46　in　Table　1）．　As　expected，　McrBC　induction　in　a　cell

harboring　another　plasmid　encoding　M．Pvull（CAGm4CTG）led　to　cell　death　in　the　colony

f（）rr　lation　assay（Figure　8）．　McrBC　induction　also　led　to　cell　death　with　M．Sinl（GGWm5CC）

and　M．MspI（m5ccGG）（Figure　8）but　not　with　M．Ssoll（Cm5CNGG）（data　not　shown）．　These

resu】ts　are　consistent　with　the　R「nC　sequence　specificity　of　McrBC　observed　in　vitro［33］．　Our

interpretation　is　that　McrBC　has　the　potential　to　act　as　a　defense　system　against　rnany　DNA

methyltransferases　of　an　appropriate　specificity．

　　　　　　　　　　　　　　　　　　　　Uninduced　　　　　　　　　　　　　［nduced

Figure　8

McrBC－mediated　cell　death　with　DNA　methyltransferases．　Ce11s（BIKl8308）harboring

pEF46（PBAD一ノηα’BC；see　Materials　and　Methods）and　pEF43（M．PvuII），　pSI4（M．Sinl），

pNWlO6RM2－3（M．Mspl），　or　pBAD30（vector）were　streaked　on　LB　agar　plate　containing　30

μg／ml　chloramphenicol　and　25μg／ml　ampicillin，　and　O．2％glucose　or　O．2％arabinose．　Plates

were　incubated　ovemight　at　37°C．
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Molecular　evolutionary　analyses　of　McrB　and　McrC　reveal　their　fre叩ent　loss　and

horizontal　transfer　between　distantly　related　genomes

The　above　experimental　results　provide　an　answer　to　the　question　1　first　formulated．　It　is　very

likely　that　McrBC　cleaves　host　chromosomes　and　causes　cell　death　upon　genome　methylati皿

and　that　this　cell　death　inhibits　propagation　of　the　methyltransferase　gene（Figure　lb）．　McrB　C

was　also　demonstrated　to　severely　restrict　bacteriophages　carrying　hydroxymethylated　C　in

place　of　C　in　their　genomes［34，35，61，62］．　Which　of　these　actions　of　McrBC　bas　been

providing　selective　advantage　fbr　their　spread　and’maintenance　during　evolution？

In　order　to　address　this　question，　I　fbcused　on　the　similarity　of　McrBC　with　type　II　RM

systems　in　the　action　of　host　killing　by　chromosome　cleavage．　As　illustrated　in　Figure　l　a，

when　a　type　II　RM　gene　complex　is　replaced　by　a　competitor　genetic　element，　its　product

restriction　enzyme　will　cleave　host　chromosomes　in　which　methylation　decreases　and　kill　the

host（Figure　l　a）［22］．　This　leads　to　survival　of　cells　retaining　the　RM　gene　complex　but　not　its

competitor．　The　McrBC　system　may　likewise　contribute　to　exclusion　of　epigenetic

methylati皿systems（Figure　l　b）．　A　contrast　betWeen　them　is　that　McrBC　action　follows　gain

of　methylation，　as　opposed　to　loss　of　methylation、

The　potential　for　host　killing　by　type　II　RM　systems　indicates　their　relative　independence

from　the　host．　They　act　as　a　unit　of　selection　and，　in　this　regard，　they　might　be　similar　to　viral

genomes，　transposons　and　other　selfish　mobile　elements．　Indeed，　there　are　now　many　lines　of

evidence　for　the　mobility　of　type　II　RM　systems［21］．　These　include　molecular　evolutionary

evidence　for　their　extensive　horizontal　transfer　between　distantly　related　prokaryotes，　carriage

by　mobile　elements　such　as　plasmids　and　linkage　with　mobility－related　genes．　Likely　due　to

this　mobility，　in　addition　to　the　ability　to　cut　incoming　DNAs　and　to　fight　against　competing

elements　by　host　killing，　type　II　RM　systems　are　widespread　througbout　Prokaryota．　They　are
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often　lost　from　a　genome　by　various　mutations［21］．　They　are　quite　diversified　in　sequence

recognition　because　of　frequency－dependent　selection　in　defense　against　incoming　DNAs［63］

and／or　because　of　mutUal　competition　for　recognition　sequence　in　host　kiIIing［18］．　I　asked

whether　McrBC　homologs　show　similar　properties．　Ifthey　do　so，　we　might　take　it　as　evidence

supporting　the　hypothesis　that　McrBCs　have　evolved　for　their　ability　to　kill　the　host　cell　in

competition　with　genome　methylation　systems　and　behave　as　selfish　mobile　elements．

In　order　to　address　these　points　and　evaluate　the　above　two　hypotheses　fbr　McrBC，　we

examined　its　evolutionary　history．　Using　the　sequence　of　McrB　and　McrC　from　E．　co1匡as

queries　for　PSI－BLA　ST［64ユsearches，　we　identified　199　homologous　McrBC－like　systems，

typically　comprising　operons　with　an　mcrB－1ike　gene　fbllowed　by　a　mcrC－1ike　gene（see　also

below）．　Tbese　homologs　of　the　McrBC　system　are　widely　distributed　in　Bacteria　and　Archaea

（Table　4），　like，　fbr　example，　type　I　or　type　II　RM　systems［17］．　If　mcrBC　homologs　show　a

very　narrow　distribution　and　this　correlates　with　distribution　ofphages　with　hydroxymethyl　C，

the　phage　defense　hypothesis　might　be　favored．　We　address　these　issues　in也e　Discussion．

Phylogenetic　trees　calculated　f『om　multiple　sequence　alig㎜ents　of　McrB　and　McrC

sequences（Matedals　and　methods）reveal　very　similar　topologies，　suggesting　strong　co．

evolution　of　these　two　proteins（Figure　9）．　Nine　bootstrap－supported　branches　reveal

relationships　between　sequences　fi℃m　different　taxons，　indicating　a　very　high　probability　of

distant　horizontal　gene　transfer　events，　which　is　also　a　featUre　of　evolution　of　type　II　RM

systems［15，65］．　In　the　aforementioned　cases，　McrB　and　McrC　appear　to　have　experienced

joint　horizontal　transfer．

The　mcrBC　gene　complex　in　E．　co1匡K12was　suggested　to　have　been　acquired　recently［61］，

which　is　confi描ed　by　our　phylogenetic　analysis：McrB　and　McrC　fそom　E．　coli　K　12　are　not
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fbund　in　a　branch　specific　to　Prgteobacteria（toP　Part　of　the　tree　in　Figure　9），　but　in　a　brancb

that　also　includes　Acidobact召i・ia　bacte渤用Blin　345（the　closest　homolog　of亙co1匡McrBC），

Firmicutes，　and　Actinobacteda．　In　genera1，　McrBC　subunits丘om　taxons　such　as

Proteobacteria，　Actinobacteria，　or　Firmicutes　form　numerous　intermixed　branches　in　the　tree，

suggesting　multiple　horizontal　gelle　transfers　fbllowed　by　vertical　dissemination　among

diverging　species　and　straills．　One　example　of　a　branch　of　fUnctionally　similar　enzymes　ffom

completely　different　taxons　is　provided　by　the　family　of　unusual　type　II　RM　systems　related

to　McrBC（including　Llal［66］，　BsuMI［67］，　LlaJI［68］and　their　experilnentally

uncharacterized　homologs）that　cleave　unmethylated　DNA　and　are　accompanied　by　a　pair　of

type　IIS　DNA　methyltransferases　to　protect　against　the　cleavage　of　their　self二DNA（labelled

type　II　R－1ike　subfamily　in　Figure　9）．

Another　featUre　revealed　by　the　phylogenetic　trees　is　the　presence　of　two　strongly　diverged

subfamilies　of　McrBC－like　systems，　one　comprising㎞own　McrBC働example，　the　one

from　E．　coli　K　12）and　McrB－like　systems（for　example，　the　aforementioned　type　II　enzymes），

and　the　other　comprising　solely　uncharacterized　McrB　C－like　homologs　of　unlmown　fUnction，

with　the　McrC－like　component　defined　as　uncharacterized　protein　family　DUF524．　It　is

interesting　that　members　of　these　two　sub　families　show　nearly　perfectly　complementary

phylogentic　distribution，　that　is，　despite　their　presence　in　similar　taxons，　they　do　not　co－occur

in　olle　genome（Tab正e　5　and　Table　4），　which　probably　reflects　some　degree　of　their　mutuaI

incompatibility．

The　few　events　of　distant　horizontal　transfbr　indicated　on　the　phylogenetic　trees　correspond

皿ly　to　those　cases　where　an　McrB（and／or　McrC）homolog　fヒom　one　taxon　is　fbulld　to　be

embedded　in　a　branch　comprising　a　dif民rent　taxon（fbr　example，」〔）召加ococα」5　withill

Garnmaproteobacteria）and　where　this　branch　has　bootstrap　support＞50％．　This　is　a　very
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conservative　estimation　of　horizontal　gene　transfer　events．　The　trees　reVeal　many　other　cases

of　branches　witb　mixed　taxons，　but　their　bootstrap　support　is＜50％，　indicating　lack　of

sta目stical　support　fbr　the　local　tree　topology．　When　we　compared　the　McrB　and　McrC　trees

with　the　l6S　rRNA　trees　calculated　fbr　the　same　set　of　species（Figure　IO），　we　fbund

numerous　disagreem、ents　in　deep　branches，　and　agreement　only　in　short　branches　that　connect

closely　related　species．　This　analysis　suggests　that　McrBC　systems　have　been　transmi仕ed

horizontally　numerous　times，　but　of　course　they　have　been　also　inherited　vertically　by　closely

related　groups　of　organisms　radiating　from　their　common　ancestor（for　example，　by　strains　of

the　sal皿e　species，　such　as　Str〈2ptococcus、pneu丹70niae，　Campylobaeter／eiuni，　or　｝’ers加拍

pestis）．　However，　it　is　very　dif五cult　to　quantifシthe　rate　of　distant　horizontal　transfer　by

analyzing　a　tree　with　a　highly　variable　bootstrap　support　fbr　different　nodes；therefbre，　we

resorted　to　an　independent　strategy．
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Figure　g

Phylogenetic　trees　of　McrB　and　McrC．　Minimum　Evolution　trees　of　McrB（left）　and　McrC

（right）calculated　with　MEGA4（see　Materials　and　methods）．　Protein　sequences　are　indicated

by　their　NCBI　Gene　Identification　number，　folIowed　by　the　genus　and　species　name　and　the

strain　number．　Membership　in　higher　order　tax皿s　is　indicated　by　color　dots：green　fbr

Proteobacteria，　yellow　fbr　Firmicutes，　red　fbr　Cyanobacteria，　violet　fbr　Bacteroidetes，　brown

for　Chloroflexi，　orange　for　the　Deinococcus／Themlus　group，　light　blue　for　Euryarchaeota，

dark　blue　for　Crenarchaeota，　gray　for　others．　Numbers　at　the　nodes　indicate，bootstrap　support

in　percent　for　particular　bifttrcations；only　values＞50％are　considered　as　reliable，　while

nodes　without　a　nurnber　should　be　considered　as　unresolved．　The　potentially　transferred

McrB－McrC　pairs　have　been　indicated　by　lines　colored　according　to　the　recipient／d皿or

genomes・
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Figure　10

A　phylogenetic　tree　of　16S　rRNA　genes．　Minimum　Evolution　trees　of　16S　rRNA　genes　from

the　genomes　carrying　mcrBC　homologs　calculated　with　MEGA4（see　Materials　and　methods）．

The　genus　and　species　name　and　the　strain　nurnber　are　indicated．　Membership　in　higher　order

taxons　is　indicated　by　color　dots：green　for　Proteobacteria，　ye】low品r　Fimicutes，　red　for

Cyanobacteria，　violet　for　Bacteroidetes，　brown　fbr　Chloroflexi，　orange　fbr　the

Deinococcus／Thermus　group，　Iight　blue　fbr　Euryarchaeota，　dark　blue　for　Crenarchaeota，　gray

fbr　others．　Numbers　at　the　nodes　indicate　bootstrap　support　in　percent　for　particular

bifUrcations；only　values＞50％are　considered　as　reliable，　while　nodes　without　a　number

should　be　considered　as　unresolved．
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G（）jobori　and　coworkers［69］　have　published　analysis　of　1　16　completely　sequenced

prokaryotic　genomes，　in　which　they　calculated　an　index　ofpotential　distant　horizontal　transfer

for　all　genes，　by　comparing　the　frequency　of‘words’　of　pentanucleotide　length　within　each

gene　with　the　average　word　ffequency　of　the　entire　genome，　We　have　obtained　an　updated

data　set　for　165　genomes　from　Dr　Nakamura　and　Dr　Goj　obori（personal　co㎜㎜ication）．

Among　these　genomes，29　contain　both　McrB　and　McrC　homologs（D．　radiodurans　contains

one　additional　McrB　homolog）．　We　have　analyzed　the　horizontal　transfer　index　of　all　genes

enc・ding　McrB　and　McrC　h・m・1・gs　and　f・und　that　9　McrB－h・m・1・9・us　genes（9／30＝30％）

and　10　McrC－homologous　genes（10／29＝35％）exhjbit　word　frequencies　that　indicate

significant　likelihood　of　distant　horizonta1　gene　transfer．　Thus，　in　the　sample　of　McrBC

systems，　fbr　which　data　are　available，　approximately皿e－third　appears　to　have　been　deri∨ed

by　a　recent　horizontal　gene　transfer　event　f｝om　a　distantly　related　group．　For　the　same　set　of

genomes，　we　also　carried　out　analysis　of　the　horizontal　transfer　index　of　genes　from　tWo

reference　‘house－keeping’　protein　families：RecA　and　RpoB．　We　found　no　members　of　RecA

or　RpoB　genes　in　this　sample　to　be　predicted　as　recently　transferred．

We　found　that　the　McrBC　gene　complex　tends　to　be　lost　quite　frequently，　as　no　higher－order

taxon　is　found　in　which　all　completely　sequenced　genomes　possess　this　system．　Among　567

completely　sequenced　genomes　in　which　we　looked　for　McrB／C　homologs，　we　found　McrB　in

皿ly　I　I　2　cases（19．8％）and　McrC　in　108　cases（19．0％）；McrB　and　McrC　were　found　together

in　107　cases（18．9％）．　Modified　Thus，　we　coficlude　that　McrBC　systems　are　frequently

transmitted　by　horizontal　gene　transfer（in　addition　to　regular　vertical　transfer），　but　are　also

very　frequently　lost．　This　argues　against　the　hypothesis　that　they　are　conserved　due　only　to

their　utility　fbr　defense　against　phages　or　other　parasites　and　favors　the　hypothesis　they

behave　as　selfish（host．killing）mobile　elements．
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Genomic　neighborhoed　analysis　of　McrBC　systems　suggests　their　mobility　and　linkage

With　genOme　methylatiOn　SyStemS

Type　lI　RM　gene　c・mplexes　ar⇔ften　fou・・d・n　m・bile　elements　such　as　plasmids，　phagesl

integrons　and　genomic　islands［21］．　In　accord，　they　are　often　linked　with　mobility－related

genes　such　as　transposase　homologs　and　integrase　homologs．　We　examined　the

neighbourhoods　ofmcrBC　homologs　expecting　to　find　similar　genes．

Genomic　neighbourhood　analysis（Table　5；see　Table　4　for　the　complete　data　set）revealed

that　McrB　and　McrC　are　tightly　linked　to　each　other，　suggesting　their　s血cture　as　a　single

operon．　They　are　frequently　associated　with　homologs　of　integrases　and　transposases（Table　5

and　Table　4）．　Several　McrBC　homologs　clearly　occur　as　an　insert　in　an　RM　gene　complex

（Figure　11）．　In　addition，　eight　McrBC－1ike　systems　were　fbund　on　a　plasmid（Table　4）．　These

three　li皿es　of　evidence　indicate　potential　mobility　of　the　mei・BC　unit．　The　mcrBC　homologs

were　often　linked　with　RM　systems　or　just　DNA　methyltransferases（Table　5），　as　first　noted

for　E．　coli［70］．　The　implication　of　this　finding　is　discussed　below．
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Figure　ll

mcrBC－like　homologs　apparently　inserted　into　an　RM　gene　complex．　Open　reading　fテame

names　indicate　enzyme　names（REBASE）or　Iocus　tags（GenBank）．
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Some　genomes，　such　as　the　D已加oeoccus　radioduranぷRl　genome，　contain　two　merBC

homologs，　sometimes　one　on　a　plasmid　and　the　other　in　the　chromosome．　Alignment　of　these

pairs　of　McrB　homologs　fbund　in　the　same　genome　revealed　that　their　amino　acid　sequences

often　vary　in　the　amino－terminal　region，　which　is　involved　in　DNA　binding［46］，　suggesting

evolutionary　shifセs　in　DNA　sequellce　specificity（Figure　12）．　This　parallels　the　diversity　in

sequence　recognition　of　type　II　restriction　and　modification　enzymes．
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Figure　12

Dot－plot　comparison　ofintragenomic〃mcrB　paralogs．　Amino　acid　sequences　of　a　pair　of　mcrB

paralogs　within　one　genome　were　plotted　against　each　othen
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To　inves廿gate　the　relationship　between　the　diversity　of　the　McrB　amino－temlinal　region　and

sequence　recogniti皿，　several　McrBC　homologs，　STOMcrBC　（NP＿377078．1）and

STOMcrBC2（NP＿377080．1）fヒom　3碑brobus　tokodai匡3＃，7，　TKOMcrBC（YP＿183208．1）

and　TKOMcrB　C2（YP＿183422．1）from　Thermococcus　kodakaraensis　KOD　1，　and　DraMcrBC

〔NP＿051672．1）f｝om」D．　radiodurans　Rl，　were　amplified　f『om　genome　DNA　and　cloned　into

pBAD30［51］．　These　mcrBC　homologs　did　not　cause　cell　death　in　E．　co1匡at　37°C　in　the

presence　of　arabinose　in　a　cell　harboring　either　of　the　fbur　DNA　methyltransferase　genes，

M．PvuII（cAGm4cTG），　M．sinl（GGwm5cc），　M．MspI（m5ccGG），・r　M．ss・II’ icm5cwGG）

（data　not　shown）．　EcoKMcrBC　f『om　E．　coli　caused　cell　death　sensing　genome　methylation　by

M．Sinl（GGWm5CC）and　M．MspI（m5CCGG）under　the　same　condition（Figure　8）．　Therefbre，

Iwas　unable　to　lhk　these　homologs　with　the　biology　of　the　organisms．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　】［）iSCUSsion

McrBC　of　E．　coli　can　cleave　incoming　bacteriophage　DNAs　with　me出ylated　bases　such　as

hydroxymethylcytosine［34，35］．　This　has　been　tbought　to　be　the　selective　force　that　allowed

their　spread　and　maintenance．　In　the　present　work，　I　propose　and　examine　an　altemative（but

not　necessarily　exclusive）hypothesis：when　an　epigenetic　genome　methylation　system　enters

ahost，　McrBC　aborts　its　establishment　by　cieaving　the　methylated　host　genome．　I　hypothesize

that　such　confHcts　with　genorne　methylation　systems　leading　to　the　sacrificing　of　a　host　cell

has　been　the　force　that　allowed　their　evolution．

In　order　to　examine　th▲s　hypothesis，　I　first　asked　whether　such　host　death　through

chromosome　cleavage　in　order　to　exclude　DNA　methyltransferase　genes　can　take　place　at　all．

Modified．　This　is　not　a　trivial　question　because　the　genome　is　protected　from　cellular　DNases

by　a　variety　of　means（see　Background）．　My　experiments　revealed：McrBC－mediated

inhibition　of　establishment　of　an　epigenetic　methylation　gene（on　a　plasmid　lac㎞g　its

methylation　site；Figure．2）；McrBC－mediated　chromosome　cleavage　and　degradation

f・ll・w㎞g　e晦・f　the　DNA　methyltransferase　gene（・n　a　phage　gen・me；FigUre　3）；acl・se

correlation　between　genome　methylation　by　the　methyltransferase　and　McrBC－mediated

chromosome　cleavage，　degradation　and　cell　death（Figure　4）；a皿d　that　the　effects　of　mutations

in　DNA　repair－related　genes　were　also　consistent　with　the　occurrence　of　McrBC－rnediated

lethal　chromosome　cleavage（Figures　5　and　6十These　results　strongly　argue　that　the　McrBC

system　can　prevent　establishment　of　an　epigenetic　methylation　system　by　cleaving　methylated

chromosomes　to　cause　death　of　the　host　cell（Figure　lb）．　The　methyltransferase　used　in　our

experiments　is　that　of　Pvull　RM，　which　was　fbund　in　a　plasmid　f士om　a　bacterium　closely

related　to　E．　coli　and　dwelling　in　the　same　environment，　thus，　under　conditiolls　that　enable

horizontal　gene　transfer．　A　derivative　of　this　plasmid　was　demons｛エated　to　be　excluded　by

McrBC（Figure　2b）．　These　results　suggest　that　these　experiments　are　biologically　relevant．
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Another　question　is　how　important　has　such　a　capacity　ofhost　killing　been　in　evolution．　Such

acapacity　implies　that　McrBC　is　in　potential　conflict　with　the　host　genome　just　as　in　the　case

of　type　II　RM　systems（Figure　la）．　Several　type　II　RM　systems　kill　the　host　ce1正when　their

genes　are　replaced　by　a　competing　element，　such　as　an　incompatible　plasmid　and　an　alIelic

ge且e　［20，22，23］．　One　featUre　reIated　to　such　independence　from　the　host　genome　is　the

mobility　of　these　RM　systems［14］．　Just　as　fbr　type　II　RM　systems，　McrBC　family　members

have　been　shown　to　be　potentially　mobile．　They　have　frequently　experienced　horizontal

transfer　betWeen　distantly　related　groups，　are　ofモen　linked　with　mobility－related　genes　and　are

widely　distributed　in　Prokaryota．　Some　of　them　were　fbund　on　a　plasmid．　Their丘equent

decay　is　also　similar　to　the　decay　of　type　II　RM　systenls［71，72］．　These　evolutionary　and

genomic　analyses　are　contrary　to　the　hypothesis　that　they　have　been　maintained　solely　as　a

faithfU1　tool　of　defense，　directly　cleaving　i皿coming　DNAs，　and　faver　our　hypothesis　that　they

have　evolved　as　mobile　elements　that　cempete　with　genome　methylation　systems　through　host

killing．

How　strong　is　the　evidence　fbr　the　altemative　hypothesis　of　defense　against　phages　with

㎜usual　bases，　such　as　T－even　phages，　by　d丘ect　cleavage？Phages　related　to　T4　in

morphology　have　been　isolated　from　enterobacterial　species　closely　related　to」E．　co1匡

（瓦『ebぷ匡ella，5！乃匡ge1Jo，　and　Yersiniaり　and，　Iess　f士e　quently，　from　αかo　bacter，」Pr斑已us，

8α『〃ionella，　and　3召rl・at匡a．　Others　propagate　on　Inore　distantly　related　bacteria（Ae加召拍1｝ac旋er，

Aeromonas，　Burkho∫∂ξ」ゴa，　and巧6rjo∫）［73］．　The　genomes　of　the　pseudo　T－even　phage，　a

subgroup　of　T4－like　phages　only　distantly　related　to　T4　that　includes　coliphages　and

Aero〃10ηα8　phage，　can　be　digested　by　restriction　enzymes［74］・This　suggests　that　only

limited　nucleotide　modi自cations　must　be　present　in　their　genomes．
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Reports　of　phage　genomes　with　5mC｛n　place　of　C　are　rarel　one　for　Xantho〃onas［75］and　the

other　fbr　Halobacteiづum，　an　Archaeon［76］．　This　distributi皿is　in　apparent　contrast　to　the

wide　distribution　of　McrBC　holnologs　in　Prokaryota　and　could　be　taken　as　evidence　agamst

the　phage　defense　hypothesis．　This　evidence　is，　however，　not　very　str皿g　because　we　do　not

㎞ow　whether　there　has　been　an　extensive　search　fbr　phages　with　unusual　bases，　mC　and

others［77］，　and　because　we　do　not　know　the　specificity　of　most　of　the　McrBC　homologs（see

belOW）．

Another　type　IV　nuclease，　GmrSD，　fbund　in　an」E．　coli　strain　targets　glucosylated

hydroxymethyl－C　alld　may　have　evolved　to斑t　T4　genome［78］．　The　resistance　of

hydroxylmethy－C－containing　phage　to　restriction　enzymes　but　its　sensitivity　to　McrBC［79］

and　the　resistauce　of　glucosylated　hydroxymethy1－c　to　GmrsD　but　its　inhibition　by　T4－coded

intemal　protein［78］suggest　an　evolutionary　a㎜s　race（evolutionary　s血ggle　between

competipg　sets　of　co－evolving　genes　that　develop　adaptations　and　counter－adaptati皿s　against

each　other）between　the　bacteria　and　the　phage．

The　present　Iines　of　analyses，　combined　with　examination　of　the　relationships　of　McrBC

homologs　with　bacteriophages　with　modified　bases　in　ecological　and　evolutionary　contexts，

will　help　in　evaluating　these　two　hypotheses．　These　two　roles　may　not　be　necessarily　mutUally

exclusive．

McrBC　family　members　appear　to　be　quite　divergent　in　sequence（FigUre　9）．　Such　diversity

might　be　accompanied　by　diversity　in　their　target　recognition．　Indeed，　members　of　one

McrBC　subfamily　have　been　shown　to　be　type　II　like　in　that　they　cleave　a　specific　sequence

when　unmethylated［66］（Figure　9）．　The　presence　of　two　mcrB　paralogs　diverged　in　the　amino

terminus　in　one　genome（Figure　12）is　consistent　with　their　divergence　ill　sequence
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recognition，　although　our　experiments　could　not　demonstrate　this．　Such　divergence　in　target

recognition　cou正d　also　be　a　basis　for　the　apparent　incompatibility　of　the　two　subgroups，

McrBC－like　and　the　DUF524　subfamily．　I　imagine　that　the　family　of　McrBC－1ike　systems

may　have　evolved　a　variety　of　substrate　specificities　to　respond　to　a　variety　of　DNA

methylation　systems．

Unexpectedly，　we　fbund　that燗c沼C　homologs　are　frequently　linked　with　DNA

methylt「anSferase　h・m・1・gs・Many・fthem　are廿・m　a鯉pe　I　RM　system・while　s・me・f血em

are　f『om　a　type　IIG　system（Table　3；Figure　11；Table　4）．　The　linked　methyltransfヒrases　are

expected　to　have　a　speci日city　that　does　not　create　a　target　of　the　McrBC　nuclease．　This

impIies　that　the　McrBC　will　compete　with　other　methyltransferases　of　a　specificity　diffbrent

廿om　its　neighbor（linked）methyltransferase．　The　base　specificity　of　type　I　rnodification

enzymes，　that　is，　m6A　methylation［80］，　as　opposed　to　m4C　and　m5C　of　McrBC，　is　consistent

with　this　idea．

Thus，　McrBC　may　be　regarded　to　serve　as　a　player　in　the　competition　between　different

epigenetic　genome　methylation　systems．　The　insertion　of　mcrBC　into　a　preexisting　type　I

gene　cemplex，　as　inferred　from　Figure　11，is　explained　as　acquisition　of　a　helper　by　the　type　I

system．　Such　competition　process6s　may　have　driven　diversification　of　methyltransferases’

sequence　recognition　lust　as　competition　between　type　II　RM　systems　have　likely　driven

diversificati皿of　their　sequence　recognition［正8］．　Their　linkage　may　also　have　led　to

evolution　of　McrBC－like　type　II　RM　systems．

Epigenetic　methylation　often　plays　a　role　in　intragenomic　confiicts　of　genetic　elements，　such

as　silencing　of　selfish　elements［1］・The　present　results　and　the　above　argument　suggest　the

possibility　that　epigenetic　systems　themselves　are　potentially　in　a　mutual　confユict．
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Agene　programming　death　of　its　host　has　advantages　under　several　conditions．　Defense

against　microbial　infection　through　cell　death　has　been㎞own　fbr　anirnals，　plants　and

prokaryote’s［38］．　A　prokaryotic　example　of　phage　exclusion　or　phage　abortion　has　been

known　for　half　a　centUry［39］．　Successf已1　infection　of　a　bacterial　cell　by　a　phage　will　lead　to

production　of　progeny　vinls　particles，　which　would　then　infヒct　the　neighboring，1ikely　clonal

cells．　Then，　all　the　clonal　cells　and　the　genes　within　them　might　djsappear　through　secondary

infecti・n・H・wever・　when　the　first　infected　cell　canies　a　gene　that　p・・9rams　death・f　the

infected　cell　together　with　the　viral　genome，　there　is　no　progeny　vims　production　fbr　the

secondary　infection．　The　neighborillg　sibling　cells　and　their　genomes　would　survive．　Among

these　genomes　is　the　gene　that　programme（l　the　death．

Several　type　II　RM　systems　trigger　cell　death　when　their　genes　are　eliminated　by　a　competitor

genetic　element［20，22，23］（Figure　I　a）．　There　is　experimental　evidence　that　one　resident　type

II　RM　system　aborts　establishment　of　another，　incoming　type　II　RM　system　by　fbrcinLg　it　to

cleave　the　host　genome［19］．

Epigenetic　genome　methylation　is　hlvolved　inL　transpos皿silencing［6，81］．　There　are

examples　of　involvement　of　other　types　of　epigenetic　systems　in　inLtragenomic　conflicts［ll．

The　McrBC　case　is　unique　in　that　it　directly　relates　an　epigenetic　modification　to　cell　death

through　genome　cleavage．　To　my㎞owledge，　this　represents　the　first　report　of　a　defense

system　against　epigerletic　systems　through　cell　death．

Mrr，　another　metbyl－specific　deoxyribonuclease，　induces　cell　death㎜der　high－pressure　s悟ss，

likely　through　chromosome　breakage［82］．　The　Mrr　gene　fbrrns　a　cassette　together　w油

mcrBC　and　the　EcoKI　type　1　RM　gene　complex．
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In　this　article，　I　treated　genes（rather　than　cells，　individual　organisms　or　genornes）as　the　unit

of　selection，　adopting　various　strategies　to　increase　their　f士equency［83］．　A　gene　would

increase　its丘equency　if　its　effects　help　to　do　so．　This　is　the　basic　view　in　genetics　and

evolutionary　studies，　although　it　might　sound　anLthropomorphic．1use　the　te㎜‘se正fish’as

（and　only　as）‘being　a　unit　of　evolutionary　selection’．　For　the　situations　shown　in　Figure　l　a，b

and　in　programrned　death　upon　infection（see　above），　expressions　such　as‘the　a麺stic　cell

death　is　indeed　programmed　by　a　selfish　gene’　are　concise　and　to　the　point．

The　above　genes　programming　death　of　their　host　bacterial　cell　are　expected　to　increase　in

丘equency　because　of　the　advantage．　Modified　However，　this　argument　needs　mathematical

justificati皿in　the　domai：n　of　evolutionary　game　theory．　The　ultimate　players　of　these　games

must　be　the　genes．　For　the　type　of　host　killing　genes　illustrated　in　Figure　la（addiction　or

post－segregati皿al　killing　genes，　including　type　II　RM　systems），　an　earlier　attempt　was　unable

to　demoIlstrate　their　spread．［84］．　This　analysis　used　a　model　lacking　spacial　structure，　such　as

awell－mixed　liquid　culture，　where　every　cell　can　potentially　interact　with　every　other　cell．　We

demonstrated　that　these　genes　can　increase　in　frequency｛f　spacial　structure　is　present（that　is，

if　the　habitat　is　structured）so　that　a　cell　preferentially　interacts　with　its　neighbors［85ユ．　Their

increase　also　depended　on　the　relative　cost　ofthe　host－killing　gene（and　its　competitor）on　the

host　and　on　their　rate　of　horizontal　transfer．

The　mcrBC　action（Figure　l　b）of　host　killing　in　competition　with　the　incoming　methylatlon

system　is　fomially　very　similar　to　this　genetic　addiction（Figure　I　a）．1　expect　that　mcrBC

genes　would　increase：in　the　presence　of　spacial　structure（in　a　structured　habitat）；if　the

methylation　is　costly　relative　to∫meJ・BC　genes；and　ifmcrBC　genes　transfer　at　a　high　rate．　The

second　point　implies　that　a　methylation　system　beneficial　to　the　host　because　of　its　fUllctioll

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　46



（see　Background）would　not　be　eliminated．　The　third　point　is　related　to　the　frequent

h・配・ntal　transfer・f　mcrBC　genes・Mathematical・treatment・and・simulati・且m・re　specialized

to　McrBC　would　help　to　identify　conditions　for　evolution　of　this　form　of　programmed　cell

death　and　to　allow　broader　interpretations　of　the　role　of　these　geエ1es．

In　this　w・rk・the　term　epigenetic　indicates　‘n・t　genetic　but　heritable　thr・ugh　DNA　replicati・n・

and　is　used　to　distinguish　among　three　modes　of　DNA　methylation：genetic　methylati皿，　fbr

example，　in　the　biosynthesis　of　dTMP　from　dUMP，　then　incolporation　into　DNA　by　the

replication　machinery；epigenetic　methylation，　such　as　in　5－methylcytosine（m5C），　N4－

methylcyt・sine（m4C）and　N6－methyladenine（m6A），　which　is　inherited　by　maintenance

methylation　after　DNA　replication；and　non－genetic　and　non－epigenetic　methylation　as，　fbr

example・　in　06－methylguanine・lt　is㎞・wn　that　the　n・n－epigenetic　and　n・n－genetic　DNA

methylation　in　06－methylguanine　triggers　cell　death　［86］．

Ex・gen・us　expressi・n・fm・use　DNA・nethyltransferases　induces　lethali輌Dr・s・）P輪and

Xenopus［87，88］．　The　underlying　mechanisms　and　biological　significance　of　such　deaths　in

these　heterologous　systems　remain　unclear．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Concbsio皿s

The・bs…ti・ns　andc・nsi輌i・nspresentedinthis　s加dyare　c・「isistent　with　my　hyp・血esis

that　McrBC－like　systems　have　evolved　and　are　maintained　because　they　would　compete　with

particular　epigenetic　genome　methylation　systems　by　sac㎡ficing　their　host　cell　through

chromosome　cleavage．　They　can　be　regarded　as　selfish　mobile　elements．　This　represents，　to

our　knowledge，　the　frrst　analysis　of　programmed　death　machinery　protecting　the　genome　fヒom

eplgenetlc　systems．
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　　　　　　　　　　　　　　　　　　　　Materials　and　methods

Ba£teria　and　plasmids

All　the　bacterial　strains　used　were　derivatives　ofE．　co1匡K－12　and　are　listed　in　Table　2．　The

△araBAZ），△r已eA　and△recBC　mutations　were　introduced　into　ER　I　563［89］usmg　a　published

procedure［90］．　The△ara〕B、4D　mutation　is　a　deletion　of　the△araBAD　operon　and　was

generated　using　the　H　1－ara

（GGTTTCGTTTGATTGGCTGTGGTTTTATACAGTCATTACTGCCCGTAATAGTGTAG

GCTGGAGCTGCTTC）and　H2－araBAD

（GGCGTCACACTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGAATTCC

GGGGATCCGTCGACC）primers．　The△recA　mutation　is　a　deletion　of　the　recA　gene　and

was　created　using　the　previously　described　primers［90］．　The△rec8C　mutation　is　a　deledon

丘om　rθc、B　through　recC　and　was　generated　using　the　H　1－rθc、召C

（TTCATTACGCCTCCTCCAGGGTCATACCGGCAAACATCTCATCCATCAGGGTGTA

GGCTGGAGCTGCTTC）and　H2－recBC

（TCAGGAGCCGCTATGTTAAGGGTCTACCATTCCAATCGTCTGGACGTGCTATTCC

GGGGATCCGTCGACC）primers．、E．　coli　DH5α［91］and　DH5αMCR［92］were　used　f（〕r

plasmid　construction．　Other　mutations　were　introduced　by　Pl　transduction［93］．

All　the　plasmids　used　are　Iisted　ill　Table　1．A1，200　bp丘agment　including　the　pvu∬M　gene

without　the　SD　sequence　was　amplified　from　pYNEC302［19］using　the　MPvuII－1（5＿－

GgaattcGAATTCGGGCTGATAAAGGATTT－3⊃and　MPvulI－2（5＿－

GGggtaccGGTACCTTTGCTGAGGCGGTTTT－3⊃primers．　Each　PCR　primer　has　an

introduced　restriction　site，　for　Kpnl　and　EcoRJ，　respectively，　at　the　5＿end（small　letters）．　The

fragment　was　digested　with　Kpnl　and　EcoRJ　and　then　inserted　into　pBAD　18［51］to　generate

pEF　I（pBADrρソ〃丑M；Co1EI；Ap）・plK8004　was　constucted　by　Mikihiko　Kawai　by｛nsel寸lng　a

Notl　linker（GCGGCCGC，　TaKaRa　Bio，　Otsu，　Shiga，　Japan）into　the　DraI　site　ofpBR322
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（Mikihiko　Kawai，　personal　communication）．　pEF23（PBAD－pvullM　ColE　1；Ap）was

constructed　by　ligating　a　Clal－Sall　fragment　ofplK8004　and　a　Clal－Sall丘agment　of　pEF　I．

The　pEF24　plasmid（PBAD二ρy況互ルt；　pSClO1；Ap）was　constructed　by　ligating　the　smaller

Smal－EcoRV　f士agment　ofpSC101　and　a　Notl－Sa11丘agment　of　pEF23．　pEF30　was

constructed　by　j　oining　the　EcoRI－Hindlll　fragment　that　contained　the　BamHI　RM　gene

complex　of　pYNEC404　to　the　larger　EcoRI－Hindlll　fragment　ofpBR322．　pEF33　was

constructed　by　eli皿nating　a　PvuII　site　in　the　r〔）p　gene　of　pBR322　by　mutation　of　Ser5　1

（AGC　to　AGT）．　pEF43　was　constmcted　by　ligating　a　KpnI－EcoRI　fragm、ent　of　pEF　l　with　the

Iarger　I（pnl－EcoRI　fragment　in　pEF33．

A2．4　kb　fragment　including　the　mcJ’B　and　mcrC　gene　was　amplified丘om　E．　co〃ER1563

using　the　EcoKMcrBC－fbr（5＿－GGGggtaccATGGAATCTATTCAACCCTGGATTG－3⊃

and　EcoKMcrBC－rev（5＿－GGGgtcgacTTATTTGAGATATTCATCGAAAATG－3⊃primers．

Each　PCR　primer　has　an　introduced　restriction　site　fbr　Kpnl　or　Sa互I　at　the　5＿end（smaU

letters）．　The　fragment　was　digested　with　Kpnl　and　Sall　and　then　inserted　into　pBAD30［51］to

generate　pEF46．　pEF60　was　constructed　by　deletion　of　the　Dral－Stul　fragment，　including　the

ampicillin－resistance　gene，　thr皿gh　Dral　and　StUI　cleavage　followed　by　self－ligation．

Genomic　DNA　was　obtained　f｝om　lssei　Narumi　forヱ）．　radiodurans　R　l，Toshiaki　FUIaii　for　T．

k・daka・”ae鵬and　Yutaka　Kawarabayashi拓r＆蹴・ぬゴ匡s甘．7．　Other・mcrBC　h・m・1・gs

were　similarly　amplified　from　the　genomic　DNAs　using　DraMcrBC－fbr（5－

GGGggtaccATGAGCGACGCTGCCATTTCGTGTT－3⊃and　DraMcrBC－rev（5＿－

GGGgtcgacTCAGGTCAAGACCGAAGCTGGCCAT－3＿），　TkoMcrBC－fbr（5－

GGGggtaccGTGGGCAGATTTGAGATTTCCGAAA－3⊃and　TkoMcrBC－rev（5＿－

GGGgtcgacTTAAACCTCTCCCGAAGAGCAGAGG－3＿），　TkoMcrBC2－fbr（5＿－

GGGggtaccATGAATCAATCAGTTATAATAGATG－3⊃alld　TkoMcrB　C2－rev（5ご
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GGGgtcgacCTAGTTTATTAGCGAATTTAGATAA－3⊃，　StoMcrBC－for（5＿－

GGGggtaccGTGAACAAAAGAGATATACAACTAC－3⊃and　StoMcrBC－rev（5＿－

GGGgtcgacTTAGATTTTACGATTTTCGCCTTTT－3⊃，　or　StoMcrB　C2－fbr（5＿－

GGGggtaccGTGAGGTTAAGAAAAAGAGATCTAG－3⊃and　StoMcrBC2－rev（5＿－

GGGgtcgacTTAACTAATAATACCTTTTTTCTT－3＿）primers．

ASall－Pstl　fセagment　of　pPvuCat16（pPvul　oh，　pvu」互M）and　pPvuCat170）Pvul　ori）［43］

carrying　the斑≠gene　was　replaced　by　a　PCR－generated　fragment　carrying　the　kon　gene　from

pUC4K　to　generate　pEF65（pPvul　ori，、ρv甜∬iM）and　pEF67（pPvu　l　od），　respectively．　The輪刀

廿aglnent　was　amplified　using　kan－fbr（5＿－ACGCgtcgacGTTGTGTCTCAAAATCTC－3⊃

and　kan－rev（5＿－TTctgcagAACCAATTCTGATTAGAAAA－3⊃primers．

Phages

λ　phage　strain　LIK891　was　as　described［94］・Th▲s　phage　p・ssesses　a迦gle　site品r恥dIII

located　near　the　int　gene，　a・deletion　between　EcoRI　sites正and　2，　immunity　substitution　from

phage　21（imm21），　and　deletion　between　SalI　sites，　which　inactivates　the　i’ed　and　gam　genes．

λ　phage　strain　LIK891　carries　15　Pvurl　sites．　M．Pvull－modifiedλL－IK891　was　prepared皿

ER1562（pYNEC3　1　3＝pBR322；　pvullRMC）by　the　plate　lysate　method［95］，　whi正e　its

unmodified　version　was　prepared　on　ER　1562．　X　phage　strain　LEF　I　was　constructed　by

inserting　a　Hind　III宜agment　ofpYNEC301　into　the　HindllI　site　of　LIK891．

The　mod翫ation　status　of　the　phage　was　co亜㎜ed　by　resistance　to　PvuII　restriction

elldo皿uclease　both　in　vitro　and　in　vivo．λphage　prepared　by　the　plate　rnethod（see　above）was

purified　by　ultra－centr　ifugation［96］．　The　phage　genome　DNA　was　purified　f『om　theλ

preparation　using　aλ，　DNA　purification　kit（TaKaRa　Bio），　digested　with　PvuII（TaKaRa　Bio），

and　subjected　to　pulsed－field　agarose　gel　electrophoresis．　PvuII　treatment　introduced　llo
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detectable　change　in　electrophoresis　pattem　fbr　PvulI－modifiedλLn丈891　and　LEFl　DNAs

when　it　completely　cleaved　unmodifiedλHK891　DNA（date　not　shown）．　PvuII－modifiedλ，

LIK891　and　LEFl　showed　no　decrease　in　plaque］b㎜ation　efficiency　in　ER1562

（pYNEC313＝pBR322：：pvullR」崎compared　to　that　in　ER1562，　although　the　unmodified　X

LIK891　was　restricted　severely　to　a　relative　plaque　formation　effTiciency　of　4＿10－6．

For　the　phage　plqque　assay，　an　overnight　culture　ofE．　coli　was　diluted　100－fold　and　grown　to

mid－exponential　phase　at　37℃with　aeration　in　x　polypepton　broth（Nihon　seiyaku，　chiyoda一

㎞，T・ky・，　Japan）with　O．2％malt・se’ @and　10　ndN4　MgSO4．　Phage　was　apPr・priately　diluted

and　mixed　with　100μl　of　the　fresh　cultu．re．　After　incubation　at　37°C　fbr　30　minutes，　the

phage－bacteria　complex　was　mixed　with　2　ml　ofλpolypepton　top　agar　and　poured　onλ

polypepton　agar　plate．　After　incubation　at　37°C　fbr　18h，　plaques　were　counted．

Plasmid　preparation　and　quantitative　transformation

Plasmid　DNA　was　purified　us三ng　a　QIAGEN　kit（Qiagen，　Germantown，　MD，　uSA）．　To

confirm　the　accuracy　of　trallsfb皿ation，　varying　amounts　of　pUC19　plasmid　DNA　were

transformed　into　E．　coli　DH5α　by　electroporation　with　a　Gene　Pulser（Bio－Rad，　Hercules，

California，　USA，　as　described［97］、　Various　amounts　of　pACYC　l　84　plasmid　were　added　to

give　a　total　DNA　amount　of　200　ng．

For　comparison　of　plasmids，100　ng　of　plasmid　DNA，　purified　by　cesium　chloride－ethidium

bromide　centrifi　tgation，　was　used．　The　number　of　transfbmlants　was　detemlined　by　spreading

an　aliquot　on　agar　plates　containing　ampicillin（50　pg／ml）．　Relative　transformation　efficiency

to　the　vector　was　calculated　to　normalize　the　transforrnation　efficiency　betWeen　strains．

52



Induction　of　PvuII　methyltransferase

Ovemight　cultures　carrying　pEF24（PBADrρv鉗∬遁pSClOl；Ap）were　diluted　100－fbld　and

grown　at　37°C　in　Luria－Bertani（LB）medium　containing　25　pg／ml　ampicillin　and　O．2％

glucose．　When　the　cultures　reached　the　mid－exponential　phase，　the　cultures　were　adjusted　to

OD600＝0．1　in丘esh　medium　containing　25μg／ml　ampici11in　and　O．0002％or　O．002％

arabinose．　The　cultUres　were　appropriately　diluted　to　maintain　them　at　the　exponential　phase．

To　measure　colony－forming　units，　cells　were　diluted　in　LB　with　O．2％glucose　and　spread　on

LB　agar　with　O．2％glucose．

Preparation　of　chromosoma1　1）NA

Cells　were　lysed　within　an　agarose　gel　by　modification　of　a　published　method［98］as　follows．

The　cells　were　mixed　with　2，4－dinitrophenol　to　block　eエ1ergy　metabolism　at　the　indicated　time

intervals（in　minutes）after　the　induction　of　Pvull　methyltransferase．　After　centrifUgation，　the

pellet　was　washed　tWice　with　suspension　buffer（10mM　Tris－HCI（pH　8．0），20　mM　NaCI　and

50mM　EDTA）．　The　cells　were　mixed　with　an　equal　volume　of　the　same　buffer　containing　2％

Iow－melting　agarose（SeaPlaque　GTG　agarose，　FMC　Bioproducts，　Rockland，　Massachusetts，

USA，　pipetted　into　a　plug　mold（Bio－Rad），　and　allowed　to　coo1．　The　resulting　plugs　were

incubated　at　37°C　fbr　2　h　in　lysozyme　solution（1ysozyme（1　mg／ml），　sodium　deoxycholate

（0．2％），sodium　lauryl　sarcosinate（0．5％），10　mM　Tris－HCI　（pH　8．0），50　mM　NaCl，10　mM

EDTA）．　The　plugs　were　then　washed　tWice　with　sterilized　water，　incubated　at　50°C　fbr　15　h　in

proteinase　K　soluti皿（100　mM　EDTA．（pH　8．0），　sodium　deoxycholate（O．2％），　sodium　lauryl

sarcosinate（1％）and　proteinase　K（l　mg／mI）），　and　washed　with　wash　buffer（20　mM　Tris－

HCI（pH　8．0）and　50　mM　EDTA）．　For　Pvull　restriction　enzyme　digestion，　the　plugs　were

washed　in　2　mM　PMSF（Phenylmethylsulfonyl　fluoride）jn　10　mM　Tris－HCI（pH　8．0）and　l

mM　EDTA　to　inactivate　residual　Proteinase　K　and　incubated　in　500　pl　of　the　1＿Mbuffer

（TaKaRa　Bio）and　50　units　of　PvulI（TaKaRa　Bio）per　plug　at　37°C　fbr　15　h．　After　incubation，
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the　plugs　were　washed　with　the　wash　buffbエ

Pulsed－field　gel　electrophoresis

Samples　were　su切ected　to　pulsed－field　gel　electrophoresis　in　a　CHEF－DR　III　System（Bio－

Rad）under　the　fbllowing　conditions：18　h　or　12　h　r皿t｛me，．5－to　40－s　of　switch　time　ramp，

120°included　angle，6V／cm，05＿Tris－borate－EDTA　buf民r（0．045　M　Tris－borate，0．01　M

EDTA），14°C，1．2％Certified　Megabase　agarose（Bio－Rad）．　For　size　markers，　aλDNA

ladder（Bio－Rad）andλDNA／HindllI　markers　were　used．　After　the　run，　the　gel　was　stained

with　ethidium　bromide　fbr　l　h，　destaihed　in　water，　and　examined　using　a　FLA－5100　image

analyzer（E画㎞，　Minato一㎞，　Tokyo，　Japan）．　The日uorescence　resp皿se　of’each　well　was

determined　using　the　pro丘le　analysis　featUre　of　the　Image　Gauge　soRware（Fujifilm）．

Background　was　subtracted．

Microscopic　observation

Cells　were　mixed　with　an　equal　volume　of　methano1－formaldehyde（2：1）．　After　incubation　on

ice　fbr　l　O　minutes，　the　cells　were　collected　by　centrifUgation，　resuspended　in・10mM　Tris－HCI

（pH　75）and　10　mM　MgSO4　and　stained　with　DAPI（4㌧6－diamidino－2－phenylindole

dihydrochloride）．　The　cells　were　observed　using　a　fluorescence　microscope．

Phylogenetic　a皿alysis

McrB　and　McrC　h・m・1・gs　were　jdentified　by　PSI－BLAST［64］searches・f・the　GenBank

database．　Multiple　sequence　alignments　were　constmcted　by　iterating　automated　alignment

constmction　with　MUSCLE　［99］and　manual　cerrection　until　all　conserved　regions　had　been

satisfactorily　aligned．　Incomplete　protein　sequences　that　lacked　more　than　50％conserved

regions　have　been　omitted　from　fUrther　analyses・MEGA4［100］was　used　to　calculate

Minimum　Evolution　phylogenetic　trees　of　McrB　and　McrC　families　for　conserved　regions
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with＜5％gaps，　using　the　fbnowing　options：JTT　matrix，1，000　bootstrap　replicates，　Close

Neighbor　lnterchange　level＝2，　with　initial　trees　calculated　by　the　neighbor－j　oining　method．

The　alignment　of　481，65016S　rRNA　sequences　was　obtained丘om　the　RDP　database［101］．

Only　one　representative　sequence　per　genom．e（113　sequences　tota1）was　retained　for　further

analysis．　Missing　sequences　were　retrieved　manually　from　the　GenBank　database，　and

subsequently　aligned　to　the　partial　16S　rRNA　alignment　from　the　RDP．　The　multiple　sequence

alignment　was　refined　by　hand　to　remove　truncated　variants．　The　final　alignrnent　comprising

15416S　rRNA　sequences　was　used　to　calculate　the　Minimum　Evolution　tree　with　MEGA　4．0

（Maximum　Composite　Likelihood，1，000　bootstrap　replicates）．　The　dot－plot　analysis　of　amino

acid　sequences　was　performed　by　DNASIS（Hitachi　Software　Engineering，　Shinagawa一㎞，

Tokyo，　Japan）w三th　the　fbllowing　parameters：check　size＝10，　matching　size＝6．

Neighbourhood　analysis

The　mcl’B　neighborhood　has　been　defined　as　10，000　base　pairs　upstream　and　10，000　base

pairs　downstream　of　the　transla目on　start　and　stop　codons　of　the　mcrB－like　gene．　The

corresponding　DNA　sequences　together　with　the　protein　sequences　encoded　within　the辻

boundaries　were　retrieved　from　GenBank［102］．　For　a11　proteins　encoded　in　the　McrB

neighborhood，　the　ultra－sensitive　HHSEARCH　program　fbr　detection　of　homology［103］was

used　to　search　fbr　amino　acid　sequence　simila亘ty　against　the　PFAM　database　of　protein

血milies　and　domains．　A　membership　in　a　top－scoring　protein　family　was　assigned　to　a　given

McrB　neighbor　only　fbr　matches　with　an　e－value≦0．001；in　all　the　remaining　cases，　the

sequences　have　been　considered　unassigned．　Analogous　homology　assignments　have　been

made　fbr　all　protein　sequences　in　three　representative　genomes：E．　co1言K12［104］，　Bac〃us

subtilis［105］，　and・Pyrocoecus　a・byssi［106］．
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Tab］es

Table　1

Plasmids

Plasmids

pBR322

pUC19

pACYCl84

pSClOl

pBADI8

plK8004

pYNEC302
pYNEC313
pYNEC404
pNY43
pNY44
pEFl
pEF23
pEF24
pEF30
pEF33
pEF43
pKD　l　3

pKD46

pCP20

pBAD30

pS14

pNWIO6RM2－3

pEF46
pUC4K

pEF60
pPvuCat　16

pPvuCatl7

pEF65
pEF67

Prototype

pBR322

pUCI9

pACYC184

pSC101

pBR322

pBR322

pUCIg
pBR322
pUCIg
pBR322
pBR322
pBR322
pBR322
pSClOl
pBR322
pBR322
pBR322

pACYC］84

pUC　19

pBR322

pBR322

pBR322
pPvul

pPvuI

pPvu］

pPvu］

Relevant　characteri　stics

PBAD

Notl　linker（GCGGCCGC）in　Dral　site

円w1」丑一MC

pvu〃RMC
bam」H［IR一ルfC

ecoR∬R－M
∬ロ〃R一ルI

PEAD，iハ～‡‘∬ノ1イ

PBAD，、PVt’皿M

PBAD，、pvallM

ba，nHIR一ハ4c

No　Pvull　site

lハnt・llR－・MC，　no　Pvull§ite

O”iRγ

pSCIOI（Ts）ori，　araC－PBAD－i’edαfi

pSC101（Ts）ori，　Pr－FLP

PBAD

sinl児M
nlspll～ルI

PBAD－”ICI’BC

pPvul　ori，、P　vuliM

pPvul　ori

pPvul　ori，pvuliM

pPvul　ori

Drug
reSlstance

Ap，　Tc

Ap

Cm，　Tc

Tc

Ap

Ap

Ap
Ap
Ap
Ap
Ap
Ap
Ap
Ap
Ap
Ap，　Tc

Ap
Ap，　Km

Ap

Ap

Cm

Ap
Ap

Cm
Ap，　Km

Km
Cm

Cm

Km
Km

Source，　refヒrence

Ap，　ampicillin－resistance；Cm，　chloramphenicol－resistance；Km，　kanamycin－resistance；Tc

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヰtetracycline－resistance；Ts，　temperature－sensltlve．

Laboratory

cellection［107］

Laboratory

collection［108］

Laboratory

collecti。n［109］

National　Institute

ofGenetics［ユ10］

National　Institute

ofGen巳tics［51］

M．Kawai（our
Iaboratory）

YNakayama［19］

YNakayama［19］
YNakayama［］9］

YNaito［111］
Y　Naito［111］

This　work

This　work

This　work

This　work

This　work

This　work

E「，co’i　Genetic

Stock　Center［90］

E．cθ1∫Genet▲c

Stock　Center［90］

E，coli　Genetic

Stock　Center［112］

National　Institute

ofgenetics［51］

C．・Karreman［113］

New　England
Biolabs［114］

This　work

Laboratery

collection［1】5］

This　work

Robert　Blumenthal
［43］

Robert　Blumenthal
［43］

This　work

Tliis　work
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Table　2

】Bacteria

E．coii　strains　　Geno　e Source　and∫or　reference

ER　1562

ERI563

BIK」8046
BI〕Kl8051

BIKI8116

BIKI8118

BIKI8120

BIK18125

BIK」8142

BW27269

F一λ一en　dA　I　r1了∫－1　StiρE44　hsdR2’ncrBl

mci　’A　i2　72：：Tn　10

F一λ一encta　1〃）i－1亘収E441了sdR2　mCi’A　12　72：：Tnl　O

ER1562　but　Tcs

ERI563　but　Tc5

ERl562△（’方已c8－，’ecC）ll肋’1

ERI563△（”ecB－recC）：：kan

ERI562△recA：：kaii

ER▲563△i・eeA：：kan

ER1562△ai’aBAD：：kan

1σc担」77τβ3△lacZ4　787　ksdRsI4△（araBALリ567

New　England　Biolabs［89］

New　England　Biolabs［89］

Tcs　with　fUsaric　acid

Tcs　with　fUsaric　acid

KnlR　with　pKD46－rnediated

transformation　wi血PCR　product

壬｝em　deletion　allele　primers　and

pKD　l　3　template

KmR　with　pKD46－mediated

tran　sforrnation　wi血PCR　product

丘om　deletion　allele　primers　and

pKD　13　template

KmR　with　pKD46－mediated

transfbrmation　with　PCR　product

丘om　deletion　allele　primers　and

pKD　l　3　template

㎞Rwith　pKD46－mediated

transfbrmation　with　PCR　product

廿om　deletion　allele　primers　and

pKD　13　template

KmR　with　pK］）46－mediated

transforrnation　with　PCR　product

丘om　del¢丘on　allele　primers　and

pKD　13　template

且co「∫Genetic　Stock　Center［52］

BW27535

BI］K18244

BII（18246

BIK18248
BIK18249
BIKI8250

BIKI8252
BIK18254
BIK18255
BIK18256

BIK18258

BIKl8260
BIK18261

BIK18282
BIK18284

BIKI8286
BIKI8288
BIK18290
BIKI8291

BIKI8292
BIKI8293

DH5α

DH5αMCR

△白・『πaBAヱ：リ568△（ara・FG∫刃：：kan903

1aeiq　ri’nB3、A「αcZ4　787　hsdR514　Ar（araBAI〕リ567

△O’haB／4」〔リ568φ（△al「aEp　kan　Pcp　13－a”aE）

BIKI8046△α」・uBAD：：kan

BIK18051△｛コt’a、BAD：：kan

BIK18046△a”a」BAD

BI］1（18051△at・aBA」D

BIK玉8046△al’a」BAD　¢（△a’‘aEρ　kan　P叩13－ara耳）

BIKI8051△ai’aBAD　¢（△at’aEρ　kan　P叩13－al’a、E）

BIKI8046△at’a．B、4Dφ（△araEp　Pepi3－ara、E）

BIKI8051△a’－aBAD　¢〔△ara」EP　Pcp13－aJ・uE）

BIK18046△研’aBAI）φ（△araEp　P叩i　3＿araE）

△（a’廿FG占り：：hail」903

BIK18051△ai’aBAD　¢（△arロ㌦ゆPcp13－ar’a耳）

△（ai’aF（見臼り：：kan903

BIK18046△ai’aBAI）φ（△anロ、EjワPcp13－al’a、E）△（ai’aFGhワ

BIKI8051△ai’aBAD　¢（△ai’aEp　P叩］3－ai’aE）△（a”aFGH）

BIK18260△i’ecA：：ka”

BIKl8261△recA：：kan

BIKI8260△（i・ecB－i・ecC）：：ka・，r

BIKI8261△（rec、B－i・eeC）：：kOll

BIK18260△i’ecA

BIKI8261△i’ecA
BIKI8260△（1・ec、B→・ecC）

BIKI8261△（」・ec、B－－i’eeC）

F一λ一 ﾓ80diacZムルf15△（iacZ｝「A－al・g1っUl　69　deoR

i’ecA　l　endA　I　hsdR　17phαA　supE44　t乃i－i　9t，rA　96　i’elA　I

DH5α△（（刑1’1’－hsdRMS－mc，－B（）

E．coli　Genetic　Steck　Center［52］

PI　f『om　BIKI　81　16　to　ER1562

Pl　from　BIKI　81　16　to　ERI563

BIK18244　Kms　with　pCP20

BIK18246　Kmt　with　pCP20

Pl　from　BW27535　to　BIKI8248

Pl　f由m　BW27535　toBIK18249
BIK　18250　Kms　with　pCP20

BIKI8252Kms　with　pCP20

P1丘o皿BW27269　to　BIKl8254

Pl　from　BW27269　to　B　IKI8255

BI］K18256　K皿f　witll　pCP20

BIKl8258　Kms　with　pCP20

Pl　from　BIKI8120　to　BIKI8260

Pl　from　BIKI8120　te　BIK18261

PI　from　BIK18116　to　BIK18260

PI　f沁m　BIKI8116toBIK玉8260

BIK18282　KmS　with　pCP20

BIKI8284　Kni“L　with　pCP20

BIKI8286　KniS　with　pCP20

BIK18288　Kins　with　pCP20

Laboratory　collection［91］

SOhta［92］
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DHlOB

JWK19442

BIKI8308

BMH71－18
mutS

JC8679

BIK1421

GW2730

BIKIO16
BIKI　185

GC2597

BIK1218
BIK」8262
BIK18264
BIK18270
BIK18271
BIK18275
BIK18276
BIK18266
BIKI8268
BIK18278
BIK18280

F－araDJ39△（aJ・a，1e　u）7697△∫aa￥74　ga「［ノgalK　rpsL

ゴeoRφ80泓αcZ△Ml　5　enct4　1　nblpG　recA　l　mci’A

△（（lntV’－hsdR」lfS－mci’BC）

lac／q　iV’nB3△1αcZ4787乃sdR514△（ai’a・、日1｛エリ567

△（rhaBン1工～▲568△dein：：kan

DHIOB△dCin：：kan

△（iac－pi’oAB戊　sttpE　thi一ノmtttS215：：Tn10／F’［tra」D36　　．

pr廿AB＋1acP　lacZ△M15］

F一λ一St｛p、E44　thr一ノara－14∫euB6△（gpt－p’・oノ鍾）621ac　Yl

ts．x‘－3396F〃（2　hisG4」ゴbDl　Jng1－51　ipsL31　kdgKsi　xヨ，「－5

オη∫1－1a’コgE3　th匡一1　i’ecB211’ec（：～2　sbcA　23

JC8679　mutS215：：TnlO

t17’t－11ei∫－6　his－4　ai’gE－3　ga～』（2∫1’オ131∫1・vts　tびf－1ψン鍾」「1

△1ac　Ul　69　iexu4〃：：Tn5

MC1060（pCHR38）
GW2730　but　iexA　71：：Tn5－Gm

誠二4：：Tn5　pyrD　tinr　leu　h　is　lae　ga「malB　si’1：：Tnl　O

ψCxrr
JC8679∬exA　3（Ind－）」打alF：：Tn　10

BIKI8260”7耐∫215：：Tn10

BIKI8261”ltt’5215：：Tn10

BIK18260’ηα1F：：Tn10

BIK．182601exA3（lnd’），na／Fl：Tn10

BIKl8261，na1F：：Tn10
BIKI8261∬exA3（lndっ，natF；：Tn10

BIKI8260　s～rL4：：Tn5

BIK18261suiA：：Tn5
BI］1臼8260　su互＞4：：Tn51e品471：：Tn5－Gm

BIK18261　s！’iA：：Tn51αメ71：ITn5－Gm

Laboratory　collection［92］

National　Institute　ofGenetics［116］

PI丘om　JW1944－2　to　DHIOB

TaKaRa　Bio

AJ　CIark［117］

P1　from　BMH71－18　mutS　to

JC8679
GC　Walker　［118］

C　Sasakawa［ll9］

Central　part　of　Tn5　in　GW2730　was

replaced　by　Gm

BIKIO16　GW2730
National　lnstitute　ofGenetics［120］

NTakahashi［121］

Pl丘om　BIKI421　to　BIK18260

Pl丘om　BIKI421　to　BIK18261

Pl丘omBIKI218to　BIKI8260
Pl　fromBU（1218to　BIKI8260

Pl丘omBII（1218to　BIKI8261
Pl　f「omBIK1218　to　BIKl8261

Pl　f「om　GC2597　to　B皿（18260

Pl　from　GC2597　to　BIK18261

P1丘omBIK1185　to　BIKl8266

P1丘omBIKll85　to　BIKl8268
Gm，　gentamycin－resistance　gene；　kan，　kanamycin－resistan・ce　gene；Kms，　kanamycin－sensitive；

Tcs，　tetracycline－sensitive．
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Table　3

Viability　loss　in　various　mutants　after　methyltransferase

induction

E．CO∬i　strain 0％arabinose　　　O．0002％arabinose
rec＋

△re　eA

△recB　C

lexA（lndつmalF
malF’

1exA（Def）sulA“

sulA－

mutS

2．5，2．3

1．3，1．7

1．3，1．2

3．1，25

2．1，2．1

2．1，2．0

2．1，2．0

2．0，1．8

　L9，0．92

0．45，0、31

0．43，059

0．21，0．15

・0．85，0．88

0．96，0．99

　1．4，1．2

　1．4，1．2

Viability　of　several　mutant　E．　coli　strains　after　induction　of　Pvull　methyltransferase　was

measured．　The　number　of　viable　cells　was　monitored　30　minutes　after　addition　of　the　lower

concentration（0．0002％）of　arabinose　in　two　independent　experiments．　Each　value　was

divided　by　the　value　at　time　zero．
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TabIe　5

Neighbers　of　mcrB　homologs
頃昆ざ§目加

罫品Q巨きた

ユ 口
匂乃

Total 2770 4031 3686 1700 Fraction Ratio

皿umber （McrB　neighb・Ψs

of genome）
roteins

199 1 1 0 7．18 0．02 0．03 0．00 0．02 289． 264． N／A 338．

McrB ％ ％ ％ ％ ％ 59 81 26

174 1 1 0 6．28 0．02 0．03 0．00 0．02 253． 231． NIA 295．
MerC ％ ％ ％ ％ ％ 21 54 77

21 1 0 1 0．76 0．02 α00 0．06 0．02 305 N／A 12．8 35．7

HSDS ％ ％ ％ ％ ％ 6 9 0

DNA：m5 21 3 4 3 α76 0．07 0．ll 0」8 0」1 10．1 6．99 4．30 7．14

Corm6A ％ ％ ％ ％ ％ 9

methyltra

皿s距rase

59 33 7 1 2．13 0．82 0．19 0．06 0．44 2．60 H．2 362 4．89
inte　rase ％ ％ ％ ％ ％ 2 1

transposa 57 53 9 4 2．06 1．31 024 0．24 0．70 157 8A3 8．75 2．94

se ％ ％ ％ ％ ％

35 26 24 1 1．26 0．65 0．65 0．06 0．54 L96 L94 2L4 2．33

HATPase ．

％ ％ ％ ％ ％ 8

25 13 19 7 090 0．32 0．52 α41 0．41 2．80 1．75 2．19 2．18

HTH　3 ％ ％ ％ ％ ％

acetyltra皿 20 22 24 4 0．72 0．55 0．65 024 0．53 1．32 1．11 3．07 1．36
sferase ％ ％ ％ ％ ％

transport 82 121 120 48 2．96 3．00 3ユ6 2．82 3．07 0．99 0．91 1．05 0．96

er ％ ％ ％ ％ ％

29 36 97 34 1．05 0．89 2．63 2．00 1．77 1．17 0．40 0．52 0．59

hdrolase ％ ％ ％ ％ ％

22 65 64 14 0．79 1．61 L74 0．82 152 α49 0．46 0．96 0．52

MFS　1 ％ ％ ％ ％ ％

The　relative丘equency　ofmembers　of　different　farnilies　is　compared　for　McrB　neighborhood

and　genomes　of　E、　co1’K12，βαc〃況∬び占匡匡1i5，　and　Pyrococcus　aby∬匡（based　on　the

HHSEARCH　assignment，　see　Materials　and　methods）・Homologs　of　McrC，　DNA

methyltransferases，　specificity　subunits　ofrestricti皿enzymes，　integrases，　and　transposases

are　those　of　the　most丘equent　neighbors　of　McrB　homologs，　which　are　most　overrepresented

compared　to　the　refbrence　genomes．
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