WO 2011/ 154927PCT/ 1B2011/ 052549 1 Direct cloning The standard procedure for
cloning of DNA fragnents from DNA m xtures, such as genom c DNA or cDNA
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20 amounts of genome sequence data, which can be complete in the case of prokaryotic
genomes, is known for many species without the accompanying genomic library
resources. However functional studies require the acquisition and manipulation of
cloned DNA encoding the gene(s) to be studied. Hence there is a need for a new
technology to directly clone specific DNA regions from genomic DNA pools into a

25 vector, which is referred to herein as ‘direct cloning’.

Furthermore there is a growing demand for assembly of linear DNA pieces in synthetic
biology. These linear DNAs could be ssDNA, preferably oligonucleotides, or dsDNA.
Synthetic biology assembly of DNA pieces has been used to create genes, operons,
chromosomes and recently, an entire genome (see reference 42). The assembly
30 methods, which often involve more than 10 different DNA molecules, have employed
conventional DNA ligation or homologous recombination mediated by the Red operon or
the endogenous machinery in the yeast Saccharomyces cerevisiae. Thus there is a

growing need to explore new ways to assemble DNA pieces in a defined order.



2 Direct cloning and sub-cl oning by honol ogous reconbi nation, also terned
‘cloning by gap repair' or 'linear to linear' has been described before
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3 which is referred to herein as “LCHR”, due to the expression of the rac phage proteins,
RecE and RecT (5-7). Because RecE and RecT are homologous to the equivalent
25 lambda phage proteins, Red alpha and Red beta, Red alpha and Red beta were also
shown to mediate very useful and efficient homologous recombination. Linear to linear
homologous recombination, which is referred to herein as “LLHR”, is also greatly

increased by expression of either RecE/RecT or Redalpha/Redbeta.

Homologous recombination mediated by RecE/RecT currently uses a truncated version
30 of RecE. The original RecE discovered by AJ Clark is a 279 amino acids long 5’ to 3’
exonuclease (RecE588) (see reference 5). A shorter version by 14 amino acids at the 5’
end (RecE602) also conveys LCHR and LLHR activities. This version has been
crystallized (Structure. 2009 May 13;17(5):690-702. Crystal structure of E. coli RecE
protein reveals a toroidal tetramer for processing double-stranded DNA breaks.), and is

25  eniiivalent tn the similarlv sized 5’ to 3’ exonuclease. Red alnha. These forms of RecE



are truncated versions of the original rac phage gene, which is 866 am no
acids long. The shorter form of RecE (RecE602) corresponds to the | ast
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recombination is performed in the absence of the at |east one single

st randed Difummhanymfithd invgritide. In a third aspect, there is provided a nethod

for perform ng honol ogous reconbi nation .
In a first aspect, the invention provides a method for performing homologous

recombination between at least a first nucleic acid molecule and a second nucleic acid
25 molecule which share at least one region of sequence homology, wherein the method
comprises bringing the first nucleic acid molecule into contact with the second nucleic

acid molecule in the presence of a 5" to 3’ exonuclease and an annealing protein;

wherein the 5’ to 3' exonuclease comprises a region having 5’ to 3’ exonuclease

activity and at least:
30 i) amino acids 564-587 of SEQ ID NO:1; or

i) a 24 amino acid sequence having at least 70% identity to amino acids
564-587 of SEQ ID NO:1 over the entire length of the 24 amino acid sequence.
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between at |east a first nucleic acid nol ecule and a second nucleic acid
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20 nol ecul e which share at | east one regi on of sequence honol ogy, wherein
the nmethod conprises bringing the first nucleic acid nolecule into contact
wi th the wecondismeel ei c acid nolecule in the presence ofPCa/1B2011/052349
exonucl ease and an anneal i ng protein; wherein the 5 to 3
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| east: 25i)am no acids 564-587 of SEQID NO 1; or ii)a 24 amno acid
sequence havGmNaWESAGBMEWWMPIHTWL(CECQP[mHPIE@&NVINWJ&TW}(@%K%AYQO%

ength of t ndoTR ARG Ay EAGERUAP R AT S BRI RIFIMEERATNG T

met hod of t h@dHEYHSRNERPESDCIONTDEYFAKESlIRRWAKEYANDeS 30 a region having 5
to 3' exonucl ease activity. Preferably, this region having 5° to 3
exonucl eas EEmhg\Hohwdg@udeédow&ﬂheftlboneékmolﬁgbmedlated; oyRee BT nmestly tdes

ot her 5 o1 & Brais e e E RN B e SR B G G b Ba AR

enbodi ment $88r8e8MBfEEQ e NG @). dhehBeiohg tEJnciated?JersaaomoﬁEé@E‘asmsaxting of Byirios

Comr | ses. G Rgn el SRS NS TR dune Bbes LR BREREL 1134, 190

t her eof . Prigf esaelﬁdy%)tdsehas\@gRea:E potping Tongjstbig d)foarﬂl'no ecaisusd5e386c0fa8EQVIDL v

consi sts of IDNOl t he
varant comiicat B 3heEth i NoyTired BiEENTa gl REE ErRR VB o

| east 8000 IﬁcEl @asrtefea’é%toaaterdureasttr@&%eda‘kedl@aﬂhe@ﬂ%ncatedlI%exﬂpr@a%solna\@t

| east 999% .to am no .aci ds 588-866 of S S an no
nci ds 585, SN aToRR S iSRS 5 AT S chenPEREn e (R iee ) 3
exonucl easel4activity may in sone errbodl ments conprise truncations from or
additions to the Gtermnal and/or 10 N-term nal end. For exanple, the

regi on conpiesisegf funtaie@Reek @ wske asexigingihohtojogolis Reaokhingfion deghnblogy B, 2,
3, 4, 5, less n 0L | 8SS
than' 50’ am oY ebar B P e of B8 Tt a8t By 1RO R i, B
and/ or N5t erseiofad Rend. coAsuytmgeb'étheoswuencadeh outonsanzine apide fa8BA6I0y 585-866.e
C-term nal S I

N-t er m nal ,6%%8§66s°30%r¢ ”9 ng% %bde% '? ﬁgﬂfsgxacﬁuea%éﬁfloﬁﬁa%e%%kﬁ%iteﬁehfgrs’(

Ci rcurrstan@ssectlaﬂthel'lavemsa of addi tions, in sone enbodi nents the additional
sequences are not fromSEQ ID NO 1. Internal deletions or additions may

al so be uséfhtus, imadestt aspectithe umentiot @govides hasetbed forf prrfadmingaboolrgdusgous
reconbi nat i g rﬁaxatPog BEALE SleBY ArkPAfLE A rjpg'le@lﬂg'aﬁﬂ%r%etcgn& REciBk BKlaous! Y
used reglon ex onuc Sase Act Vi y, also rirses

| east tBe Znolamlmth| sharé ahiedstors segion efr seiquancet bormeipgy, r\ldg:r@n the nr@th@m no
aci ds 564- S%p ,Q%SSE%JP ws{ﬁ .8]@% oIFI:LIBS nﬂg%'oHagpﬁlth HRALERNG duekld ed
in options i 18 I'rst aspect he Tnvention is

i mredi at el yackd melenuladn thecpres’fmce@ga@nto@wwo&ase andanaxoerlbeadteinact i vity.
25 Preferably, the 5 to 3' exonuclease is a RecE. In some enbodi ments, the
RecE conprises ovhaseindhiesb'dod exeriusipase campEss-BBGIaN hagrQ 3’ p Riexongelease
variant th h ng or consisting of a sequence 303 am no acids in
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85% 90% 95% 9p% Ore]n%ﬁoféac.bes%@gblafﬁ%oww bhe entire length of the 303

am no acid sequehce. In some enbodi ments, the 30 RecE additionally
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i medi ately N-term nal he region conprising 5 to 3' exonucl ease
activity, WHRI®itd3 exonuclease used in a method of the first aspect of the invention comprises

30 a region having 5 to 3 exonuclease activity. Preferably, this region having 5’ to 3’
exonuclease activity is derived from RecE but in some embodiments, the region having

5’ to 3’ exonuclease is derived from Redalpha or from any other 5’ to 3’ exonuclease.
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t he vari antin bamodimentamtwhie¥ireegyendavindenta 8yexooudeazel 42tiNQ & devieed frbm
sone enbodi

entire |l engt h_of, the. sequence,, | nts, the vari i

S0 1 onal HEEOMtR RGO BRRTE & tocS SHDe S0 SCNRY sPmphl JEG4 R RIFbIE®S 2"
ISD eq]cheanl. b@idﬁrw?-alm&ff SrBCeLIENDeﬁoeﬂbmﬁnmweoft Refdrabll, the régibh corepriging RecE.
referably, the fu ength, RecE conprises o i St 1 AC i 1- 866
of TSRO 1D 1R Sxiiiclegng SRty onamrec hES e FERENG beake NN 35ty
Con_si st @]1: egfgoﬂﬁnD@rﬁNéso,dmelvﬁ%t @lbrrﬁbrivesr iaaséquehcSEQVING &l0Iehst WO%r ientitly hior
variant o . s at 01 ence | i (| t
75% 80% %@Ggp%‘(ﬁ%'eaﬁéﬁ%é%a?"%@az? O%E@g' EiC’E%St%%% a%@rgp?%/é of it tefd”
Ibengt h of tdger)3eghemcatids’688:868 6frREQ I ND: patoes tregengtegliamde dcisrisBtsss

et ween two ] equence ans that, .whe |} h t

of A no. a0l SEChRBLE RENERRCE SR Ator, SiheriiES 4B RERpbrE b ' 20
enbodi ment sn sbine dreigddirhents cBepEsasrudesions lrech abadditionsud thdiCeterrsioafpandies 20
truncat IlBPﬁ\EIrom r _dgitions to,t he d.. For

he N-termnal and/qgr C-t inal ..
exanpl e, SHOLET §RY- EQnBFIERe theoregion ﬁ?m%r,'s'rfgegsgot ﬁaﬁx%rb{%fe%é;%cpﬁgnofzo,
I ggs t han 3cEl raap compiised, 113, UeSsleshtnan5i0, st tieare20, dessetha BONssothan 40
additions at .the N-term.nal .and/or C-ter.n na -
addi t1 ons, &IPS aneh BUnEr Selreraadntrena: B3t A e SRBrRe g 1 o
NO 1. | nt emivdrmihal ehd.ofsy deletiatdi ¢ri adutitioms aralpsefedablyuastehea |C-tenmipat ead. SRS
circunstancgs.. I n sone.enbodi nents,, the .5 . 1o 3 onu i . Red_ al pha
or any ot hﬁf%'oﬁ oorsé%étﬂggﬁu%rleeﬁrseier?glvagﬁtcﬁt éh[e ﬁétggﬁ'ﬂglm%ﬁga%gp d@e@gﬂﬁfgég? of
SEQ | D N©: kdditions \aee icanibaddie mecdridiacaclresianast arc lted cagehef additions3'in some
exonucl ease rks in, conjunction with an ld ret.ei .ate. 30
honol ogous § @g%?%%{Qeo%ddﬂ|oHaL%%e éﬁ)so%fe rrr@ﬂﬁg'% %%tgl[gr%g'l Iﬁtﬁéﬁaér@g@g%s Used
i n the net kxaditiohs tag aldortst usefip éctertzin tifbenistarens.i on i s a phage anneal i ng

protein. Preferably, the annealing protein is RecT (fromthe rac prophage).
Mor e pr ef entatidsybeanhfeuad tred homglogoos edcomibinaien Magrizk kdiaiEd hyoa Recktioatuivl ease

is ReckE (preferably full |engt o The. i dent i fi.catl 4 e aene
was ori ai naﬁdldﬁop efﬁomeeﬁreﬁ'ip =) psgf(@"?’.‘ '%?f fnngcitéerél o%olnggggg%tagﬁ”t&’ G50
20 comprises at least the 24 amino acids immediately N-terminal to this region, i.e. amino
acids 564-587 of SEQ ID NO:1.

Preferably, the additional sequence recited in options i) and ii) of a method of the first
aspect of the invention is immediately N-terminal to the region having 5 to 3

exonuclease activity.

25 Preferably, the 5 to 3' exonuclease is a RecE. In some embodiments, the RecE
comprises or consists of amino acids 564-866 of SEQ ID NO:1 or a variant thereof
comprising or consisting of a sequence 303 amino acids in length that has at least 70%
sequence identity (e.g. at least 75%, 80%, 85%, 90%, 95%, 98% or 99%) to SEQ ID
NO:1 over the entire length of the 303 amino acid sequence. In some embodiments, the

30 RecE additionally comprises an N-terminal methionine residue.

More preferably, the RecE comprises further endogenous N-terminal sequence of
RecE. For example, the RecE comprises at least 50, 100, 150, 200, 250, 300, 350, 400,
450, 500, 550, 560, 570, 580, 581, 582, 583, 584, 585, 586 or 587 amino acids

immediately N-terminal to the region comprising 5 to 3' exonuclease activity, wherein

~ - . oarar 2 . L ] [ R R e | U R S et e . 3 L



(1993), 277-287). However, any other suitable annealing protein may be used
provided that this cooperates with the 5 to 3' exonuclease that is used.
Exanpl es wO 20t1esu923ui t abl e phage anneal i ng protei ns ar epPpraBudecs2ssy WO

02/ 062988 (CGene Bridges, GrbH). It has surprisingly been found that LLHR
can occur in the absence of RecT 5 expregsion in certain host cells such as
E. coil strain GB2005, presumably because sone endogenous RecT-I|1i ke

?ct i VihHF/e i N &7 ¢dim ?H@Vi@mlﬁif,s_ﬁdilmNd:iclimba@mg%étﬂéasﬂzbﬁ m@%a%eﬂ%bm?/ f(elgl at

engt ecE is_sjignificant incre e .0 cT. It ha

sur pri si ngl'§eshéerk: 809 850 0% K5 OB o %%i’/ff’) (oS A 15N pver iecsntieeRae
fromthe engdo@geReusenseEQ | D NO 1 sequence increase the efficiency of LLHR
conpared to 10 when a truncated RecE consisting only of am no acids 602-866
of SEQ I D WNsdmbk enitahentdUse REBE catpligasdr cohsists chadegesmadeididdiomn aei d

nol ecul es used in the thod of, the fir spect . of e in re
pref er abg y rYRcansistieg 8 %“Qeiaﬁ‘dﬁﬂri% I1éi'%6$’n‘g§é%§6 ?rtéﬁﬂéaéﬁﬁ E%[Su@'ﬁéf or
preferred tyovaiest 61 sedueRgd fromasik dréupa wietdi theOfaribhehds dt$¢asagPRaeqoéndehe

invention to nedi H 15 wever, it,.is.also envisaged that in some
bbod mont derRortEQ IO N1 Ever D6 et ieagtn & the Seinte AR e dtiodiie §e
mol ecul e ankk Vhears @tolids irch@iitiorat NadteffihaicmbidnthedinthddiatigrN-farmirail ¢o el d

nol ecul e. Likewise, it is also envisaged that in sone enbodi nents, the
first nucl PEEISPHYSRA®ecul e is a circul ar nucleic acid nol ecul e and the

second nucleic acid_nolecule . is | i pear. nuc| ei Ci |lecule. Jn sq
embod miit 4% a0ue pleretr e R en e Rae 5 HbleBely EXaEs PRl i wLePeR
Exarrplhez O;Reﬁ:E} cambasad oni dstgufsiswto@rmfnor atige 1-866 hef B&Q ODSNGTBOdi entes of
a nmethod o irst e of .1 iLhvention are a. p15A oriqi ect or
(see refer dg@ﬁqts,g‘%gg&@é@%p :%CF %%@%r&?e\sle?ft%qnstsgé’z W’?%%@ﬁgeégﬁi,oyg puUC
olri gin bas&drimcbﬂc)lSEQSGB N(gﬂerve!meinélth)a,ve?iapt @Srﬁl:'ﬁm 1® Nostrirds at leasthdd%

cl oning vector and a-BA cterial ol T oGl a .

Surpr i 91 norsateTtariadntele 7 Aulkat o X ket Thaon by eSd: B85t o) o SRR,

mol ecul ag N essethe ehtifeSiength oflfrecsmgaeres. duri ng an exami nation of the
properties of the RecE used in the present invention. It has been found
that full lrfengefenBedl d pembotate areguenadeideofity nedwedruteo momio atilli sHoenbcest
mediating LLHR than LCHR. It h al so,been found that full_length RecT
is nore ef fr?eéﬂnéﬁpgtaf’vlﬁﬁﬂﬁﬂg?%ﬁﬁ%&?r%ﬁn&%/ e%mﬂgtaﬁ',ds%rﬁ% e?%mgﬁr??t‘uorgggrﬁ] nor e
efficient afteiwcHiedubatesfull |ength RecE/ RecT. Full length RecE is

significantly better at LLHR than the previously published truncated RecE.
I n pref err ¢d semecahbairhsntsf thiel Réadnigt & RBekE BsRiEssTribesi albovieebstt whiCh commpsses

better, ,for_ex I t ' ter, ' trer,
prefer a%{)y tgpc?{@gﬁroﬁér %&oﬁ,tz%nsﬁgtﬂﬁéeﬁ?t? h@ﬁ&taﬁ{@ﬁ%ﬁ'}a&éﬁﬁgﬁ:@ﬁ eidfgggmﬁ@dfhgti ng
LLHR (t he eRdcEcnencympfise t,uh)Gatdel, IRex thaodifsiessitimn 20, less then 36, lass ithap 40
R119-RR nf spn._in N1 e in Lst.thP i 1 gous
r econbi nat i% esr?etg'?aibgdarﬁ;% %t CZCE §? %gér;rp‘clt ?h%@% 'éer% %@&% %#egﬁgj:éhgaﬁlggg htlgﬂﬁh&

exi sting hemdl bgthescase ob rAdditians, om sbmeherobatynests thedadditengl segldnceearg hotRecE

I's worse atfrolmgg%d th N@? %&&KLPH&%&UB! iaﬁafﬁgn§ h'r%)} grsof B¢ r’[]sgful lﬁ?céértain

25 circumstances.

In some embodiments, the 5 to 3’ exonuclease is a Red alpha or any other 5’ to 3
exonuclease to which at least amino acids 564-587 of SEQ ID NO:1 or a variant thereof

have been attached.

The 5 to 3’ exonuclease works in conjunction with an annealing protein to mediate
30 homologous recombination. In some embodiments, the annealing protein used in the
method of the first aspect of the invention is a phage annealing protein. Preferably, the
annealing protein is RecT (from the rac prophage). More preferably, the annealing
protein is RecT and the 5’ to 3’ exonuclease is RecE (preferably full length RecE). The

identification of the recT aene was oriainallv reported bv Hall ef al.. (J. Bacteriol. 175



Until now, it has been assuned that both LCHR and LLHR are nedi ated by
simlar 5 proteins. The unexpected differences between LLHR and LCHR and
t he i dentwbizertisen27of the advantages of Red al pha/ Red beCaiBzmi1/L2HR and
RecE/ RecT for LLHR define a way to inprove DNA cl oning and engi neering
met hods using the right conbinations of ghe two systens. Thus, in sone
enbodi nents, the at least first and second nucleic acid nolecules are 10

l'inear and w@s)mmw)f HoiWBedr, amtrhes@@.tab@ Mebhfg pfrowiwmaycﬁe ddRe prditiRd

reaction betmeen the first and second nucleic acid [es in a second

step of LcHRel this reersraise W Hie RelfaPpRXPrusieare dbitis ‘&edl rxemelesr s@hte of

truncated ReghblanshdgeCdnndaing PrbtepRba@ Hmtd@d ihheyapropeerbe®f(Gehe Mddasl s
| i near and t he second step involves brin the |inear geoduct Irélrﬁ%ﬂ
t he

contact wi t®MaHLlk bas éPrpﬁ'é'@BB{l keencforndrdh c,ldrl \ C@M, O8eEn i

product 8f dxbreshioRRnidrtain RedtadelgRdcH Re s el it GBZOOSObﬁé%mBlBI}/ rt@ba@set he
circular product into contact with a linear nucleic acid mplecu

preferred SPPtsdieheedenous HiReqTi-fker aghiyely slieceiraeHudiveveacthe Hosierw 8& L&H@

l'inear and rﬁécﬁat@ﬂ%ﬁ%ﬂeh%ﬁ@é‘&% aighifishritly ifdtbasciayahd pReehcasiRdacT to
medi ate LLHR and the nethod conprises a second step of performng LCHR in

the presenqengd sirgaah@i deamtbuRedhst ibe wtérra&apé&iuwr@hbyruReﬁgarH&E floin gRe

enbodi nent s, LLHR bcejé%@ EN&/ first and secong ear Fg aci d

e eaul on dadGTaLB oG, I N1 {4eptends feipes be semiiey 1l kR cRPemd,tag

step of 1bCHR1eInSa qRUnEated RAUE tonsidting ¢rﬂy af hpfro aahé 60@@@5 ofl SEQAMENO:1 is

enbodi nent s, nmet hod | nV(%J ves bri ng the |inear first nuclei fd
g Beddngtho

mol ecul e i rHSSd sadte Qi Ipastiigd "’]rﬁdns@QP Ji(s aﬁl‘i’cmglieﬁu'ﬁ% M)
vitro, prefigs aBt ¥spatt bhge m@ﬁﬁmgreqéreielr@lﬁhnda@ nacle@&cmﬁauah@asme@adnt is

I { f | hen t f
he. pr oducPoBieuiai TERReRcRCFDR RGeS {7 CoPPGACEICHR s Bheiet oL PR |

Vi vo i n t henwhesercedbtea LIHR.t her nucl ei ¢ aci d m)l ecul e, preferably in the
presence of
15 However, it is also envisaged that in some embodiments, the first nucleic acid molecule

is a linear nucleic acid molecule and the second nucleic acid molecule is a circular
nucleic acid molecule. Likewise, it is also envisaged that in some embodiments, the first
nucleic acid molecule is a circular nucleic acid molecule and the second nucleic acid
molecule is a linear nucleic acid molecule. In some embodiments, the circular nucleic
20 acid molecule is a cloning vector. Examples of suitable cloning vectors for use in the
various embodiments of a method of a first aspect of the invention are a p15A origin
based vector (see reference 39), a pBR322 origin based vector (see reference 40), a
pUC origin based vector (see reference 41), a plasmid, a fosmid, a lambda cloning

vector and a BAC (bacterial artificial chromosome).

25 Surprisingly, it has been found that LLHR and LCHR are quite distinct molecular
processes. This was discovered during an examination of the properties of the RecE
used in the present invention. It has been found that full length RecE is about one order
of magnitude more efficient at mediating LLHR than LCHR. It has also been found that
full length RecE/RecT is more efficient at LLHR than Red alpha/Red beta, which in turn

30 is more efficient at LCHR than full length RecE/RecT. Full length RecE is significantly
better at LLHR than the previously published truncated RecE. In preferred
embodiments, full length RecE/RecT is at least 10 times better, for example, at least 20
times better, at least 50 times better, preferably at least 100 times better than truncated

RecE/RecT at mediating LLHR (the efficiency of truncated RecE consisting of amino
25  aride AN2-RAR nf SFN IN NO'1 as 11sed herein i’ renresantative of the efficiency of



Redal pha and Redbeta and preferably al so Redganma. The in vitro step does
not require the presence of Red gamma, but in sone enbodi nents, Red gamma

i s preserwo 280/15m9230me enbodi ments, the met hod i nvol ves PomimByiings2s4ve | i near
first nucleic acid nolecule into contact with the |inear second nucleic
acid nolecule in vitro, preferably in the presence of the 5 to 3

exonucl ease and annealing protein (nore preferably RecE and RecT), and then

transf or m nenidieydu siebbmbidatidiC htddtatéd iy that sther ho.sctataelmecanptomrsr Méatyirout
honol ogous recontsg]l nation in vivo jn accordance with a gﬁ 'Cbi of _t.he resent

15 i nventi riXist 90U fresRst R IoNHEFRNRQaies) pidowsyar U Refb s INGERS

reconbi nat i N CHAGKAA I BradiRadiPelbikBe8 a6 R 26MIoflRedsy | ncreasing the
i keli hood that the first and second nucleic acid nolecules will cone into

contact in yhe nlawstit 68 been Eyspjn(feﬁ that botre LaHRI &abLLARr &t raédiatéﬁcmﬂdrrﬂuml eic
acid nDI cul es ri se or

the at asPcrOtﬂrIss %IH'&?’@FC‘?é g’%ﬁ?&%%&&% 'FF{)'I'%%EI Fﬁ%f‘gﬁg’dca

ﬁne f)r mr&h@@dﬁmt@@emwke@ummed bﬁﬂagf&r ]lcneelm adiRdcERic Tt foe LEFIRI dbﬂee(ay of
onol ogous reconbi nat i u a method of t irst ect of th

vent Son: 1% RomeiseORy it fnd Shelpcette mefatutihe TR aiaSmEiors b
gamma (see theted eyxeans.26 and 30). Red gamma inhibits the RecBCD exonucl ease

in E. co/i. It is advantageous to inhibit RecBCD when perform ng 10
honol ogous TeeOmMbsamé ieaibodideingd, éle lay Idast firsRand s@&orﬂemwlqad:lacﬂndolaad@sabm

b bi t f the R I : tects .t I I
Thuo. + 10prBRer PB8 BRuOaIRE-Eanot RATRONE! S5BL P cBOHRT nt n L aRCRAFIGH out
in ]'Ehe p& emssmn@rﬁfhel?ed @mmol thﬂcﬁ{)oeMmleﬂul@ed agsauoad isteppalr L CldR limtHey

r rr n t d |
o e BRI SRR Bl Db L B gt L
presence V\Efsojﬁi&;:émbs@meh&f éiee paoeiu2/ pf thieeld AR 3s énesar regidethet seanole: dielpi indolvap

tei E. | 1 t. to R /
Fr anst or natTORNadPR4m e, HERU ekt St SR 4 2RO ROPALS B orBe of
RecA bedaummﬁemtmhe‘pamuthe‘ tBeIILILHRa‘s cmchIa‘rrczBm toe bésondfstayy involves bringing
o ect 90O Tht et il B Lo o ol T Bt U B 2
found that dnasodirkiRts, thbefirstt ard seftg;ndlmmlehcaacudmdlmumesaanedmeaf aodilaes bmudlat to
'n empod mifteeopRef R o stay P AR oL W PRI AEL bR ahf e RuBegR g
OLI gi n and d_e&tfindt step natgeoidrimmgp@fRriakthy presenice tbf dRetdailphat amd [Redbetacandof
t Fir ,prot f 33), + N
cont r 2620 5r el EREAREm TR, iy SR PRERARL aroreertishoreBufdl 30 sebid ceu”
todbe r epl ilimati ngclei€harsd nholectere ise ndoidd nentis vitro. whi wraferied embd:dmjen$ theed to
t LLHR t h I t f in,

or exanpl €oopif S Lohy® @lfivd %2 Y o R5s BORaPER, Brrelrerihgria e ”
ef fect ed, ithewathed owolves pamding the lneho ftst catlkic aSii malbb@e?prﬁtormstactwltm the

i ncl ude CelIljngalpgecongynu%%lccégg méIQ&JIé“i” Dlgopsge?e%t&??n tHf Séégé#c%t @fsth'él%dto 3
25 exonuclease and annealing protein (more preferably RecE and RecT), and then
transforming the product of the LLHR reaction into a host cell and carrying out LCHR in

vivo in the presence of a further nucleic acid molecule, preferably in the presence of

Redalpha and Redbeta and preferably also Redgamma. The in vitro step does not

require the presence of Red gamma, but in some embodiments, Red gamma is present.

30 In some embodiments, the method involves bringing the linear first nucleic acid
molecule into contact with the linear second nucleic acid molecule in vitro, preferably in
the presence of the 5’ to 3’ exonuclease and annealing protein (more preferably RecE
and RecT), and then transforming the resulting nucleic acid into a host cell and carrying
out homologous recombination in vivo in accordance with a method of the present

35 inventinon This two sten method increases the efficiencv of homoloaous recombination



eukaryot es, although bacteria, such as gram negative bacteria are a
preferred host. Mre preferably, the host cell is an enterobacterial cell,
such as aw6Gabnwried2la, Kl ebsiella, Bacillus, Neisseria, PootiBzhabita® or
Escherichia coli cell (the nethod of the invention works effectively in all
strains of E. coli that have been tested)y A preferred 11 host cell is E
coli Kl12. It should be noted, however, that the method of the present

invention igy ua&reasuﬁgutﬁ@m{eahéw {H48 €hel TrsELHABYEINIMERI Sci0Tmas@AR wilkonBuch
as fungi, plant or anlgﬁ?gcel | s. The system has been denpbnstrated to

function |ﬁ” tRsaatacHs th ¢ghd there is no reason to suppose that it will
not al so be funﬁl onal t her eukaryotic. ce t he ho

o1 2 20 an rvplonl, B s e Tiaf Bng Reond PLtBic Ao, Biplstu B eBRpr i e BBFIFGO!

al so envi saueal. HohWever, it eorde @xmémasmeaawe@ét mbemavaeaébm@ plickieiagidmay
be expr\igsed from heterol ogous DNA i thiet host for exanple, froma

|,
vect or wPt HNQIRE ‘F]'”tchkgeﬁ Yne ‘?H‘%OFB erda[}'@PBﬁ One exanpl e of a
suitable v 1 see 10 refer 3 t her
S abl e VLRS! ok | BaTHRa e Sy et RS g e b
EecA, Rleflaltﬁénarsaa@wm gﬂehébmteamams bntaereemr IBys S&reling ounthe irestraldoig thes plabnden t he
ost cell, as_requir Any suita rom) e use ri
expr essi on °gf R?‘ﬁ&f’é‘”%?o@&?n? er%@ﬁﬁ\/gp g g q(js €6f 93??”1%&?[&? 5 @epf%ﬁﬁf’@r
such a;s an e&bﬁdﬁdlmem I‘EJUCdJIg| 3 :Er aawinedgeoas Oto it EAEBCB' sek npaviorming
" pBAD' r a rhamose 1 ucl t r r
oort ol B Irprisiotis Feesmtinate st Sk BRoRResT o ReEARBARRLREbFA RERPL ¢ he
met hod of tldi‘rﬂbn:dswehﬂwlemfedBEmekdrmmI&de iprotédie the lmeencrmlezinlelaetﬂhmnmpreﬁnbd he
5 to 3' exonuclea s Rec ref rred to gxDr es RecE under.
cont rol of STRAITEROLE. MitvIResHee EPBREREP e BT A aslpe at et
conpri ses mmwlo‘g%wpne%mmyf Réd tgaennfialid paréagady preddrregienieer? theahemolbgousec T
gene inits ? n%a)t hese et Rr segt PN a rac prophage that has integrated
into the hd§ ré)]t@ﬂ H’é"s%rw@ apt! @jb(?‘s &l on of full Iength RecE does not
occur natural | hi s, integrate ne b |I
Thus, iﬁger{%ﬁﬂhﬁa Eé‘ﬁ'wem&r}r? ﬁﬁg‘ ofgtgleénvegﬁgﬁ Fé éo%g '%%hﬁr g%ﬁ rom
het er ol ogoRedBN&eet Feferanten @d).NnBygchds caismged stharidednbihbieg atreteirc evhidh is the
endogenous RecE actiyvity. 25 The LS S [ O\ C
been transfegspr%%lq%st chﬁggptg(pcargﬁq %e?ﬁg?g%#%g%'gg%gan forrﬁ%ttl%n ﬁgrkgrPu@%ease as
descri bed ah@pa@aeﬁhseecﬁfe?eﬂﬂ tjnan t'htee&bse*meaﬂf F@cemecém%ea/—‘s.mweess@du*hwem t he
nucl ei ¢ aC| and enti.on t resses
DS S 5 DBRCeS e ekt aR B RS BB G, iR e Flrog dhe BRE e
i nventi a6. ikreatien mthy praseacdoSRed gammexgmddd=ds ful | | ength RecE. The 5 to
3" exonucl ease 30 is preferably under the control of an inducible pronoter,
such as t hét hdsasorpdsingintieen filuad phairfot ECHRS the sterting EieqularhraSleRr g mofectilee

Knoun i -t B0 {0 bFsRREEMS In S RrtRrihiqtyl lom SRR BAPhEEE, AL, HE1
exonucl easenfdodimentaiwhthe, m&bo&whiah wsehaplasmal basedam the tRéKogagmaorigiiaend n
Some enbOd'L% St‘he%gﬁob (5 %@fre?asbﬂfgaljrlgg r‘But\{pt@eOHés%ﬁéeg %? Pg/P?ngrgljeH 93%549
25 reference 33), for example, in a pir+ host cell. In contrast, for LLHR, the starting linear
nucleic acid molecules do not need to be replicating. Thus, in some embodiments in

which the method is used to mediate LLHR, the method is carried out in the absence of

the Pir protein, for example, in a pir- host cell.

The method of the invention may be effected, in whole or in part, in a host cell. Suitable
30 host cells include cells of many species, including parasites, prokaryotes and
eukaryotes, although bacteria, such as gram negative bacteria are a preferred host.
More preferably, the host cell is an enterobacterial cell, such as a Salmonella,
Klebsiella, Bacillus, Neisseria, Photorhabdus or Escherichia coli cell (the method of the

invention works effectively in all strains of E. coli that have been tested). A preferred



12 a heterol ogous pronoter. For exanple, a heterol ogous pronoter may be

i nserted upstream of the endogenous copy of the recE gene that is present
on t he prwphagelssaech that it is operably |linked to the PeTHBZ@NGS254NY

sui tabl e pronoter may be used. Preferably, the pronoter is an inducible
pronoter, for exanple, an arabinose-indugi ble 5 pronoter such as Para- BAD.
I n sone enbodi nents, a rhamnmose-i nduci ble pronoter is used. In sone

enbodi ment $ostcdly 8- Ar 88k RPABt 6B6RE teendtsd,i MmsveE dhatpiBikrreétv e fof e present
endogenous copy of the recE gene. i

f _ ) Tth, there is al Sﬁ?\‘,??gr oVi deﬂ a hos{ cell
conpri si ng IVeNEEISUsRsyitaBie FRhUe D YKV ALF £8'S Pk FenisMie ETHaS a9k BRE Yene
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It is also envisaged that in some embodiments in which the first and second nucleic acid

molecule are linear, the method of the present invention is effected in whole or in part in
25 vitro. For example, a purified 5 to 3’ exonuclease and annealing protein (preferably
purified RecE and RecT proteins) may be used or the extracts from E. coli cells
expressing the 5’ to 3' exonuclease and annealing protein may be used. When the
method is performed in vitro, it is advantageous to pre-treat the linear first and second

nucleic acid molecules to expose the single-stranded homology ends.

30 Both LCHR and LLHR require regions of shared homologies between the first and
second nucleic acid molecules through which homologous recombination occurs. In the
case of LLHR, the first nucleic acid molecule must share at least one region of
sequence homology with the second nucleic acid molecule. In some embodiments, the

first nucleic acid molecule shares one region of sequence homology with the second
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15 Preferably, the at least one homology arm is at the very end of each linear fragment.
The optimum configuration of these regions of sequence homology or “homology
arm(s)” occurs when one homology arm is at the very end of each linear fragment and a
different homology arm is at the other end, with these homology arms configured so that
recombination creates a circle. LLHR can occur when the homology arms are not

20 terminally located, however the efficiency is reduced. Thus, in preferred embodiments,
the at least one regions of homology are located at the very end of one or both ends of
the at least first and second nucleic acid molecules. In some embodiments, the regions
of homology are located internally on the at least first and/or second nucleic acid
molecules. In some embodiments, the regions of homology are located proximal to one

25 or both ends of the at least first and second nucleic acid molecules, for example, such
that there are less than 100 nucleotides (e.g. less than 75, less than 50, less than 25,
less than 10, less than 5 nucleotides) N-terminal or C-terminal to the homology arms at

the N- and C-terminals of the linear nucleic acid molecules, respectively.

It has been found that there is a difference between LLHR and LCHR concerning the
30 minimum length of homology arms required. Under certain circumstances, RecET
mediated LLHR requires only 6bp homology between the first and second nucleic acid
molecules, whereas lambda Red-mediated LCHR requires at least 20bp homology to
combine the first and second nucleic acid molecules. Thus, in some embodiments in
which the method involves LLHR, the regions of sequence homology are at least 6, at

35 least 10, at least 20 or at least 30 nucleotides in length. For examples, in some
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sequence ofofihorerlagyt with tiee second nucleic acid molecule and shares a different region of
homology with the first nucleic acid molecule. In some embodiments of triple
recombination, the third nucleic acid molecule is linear. In preferred embodiments of

30 triple recombination, the third nucleic acid molecule is circular. In embodiments in

which the third nucleic acid molecule is circular, it is hypothesized that this method

involves a step of LLHR between the first and second nucleic acid molecules to form a

linear product and a step of LCHR between the linear product and the circular third

nucleic acid molecule. Full length RecE together with RecT has been found to mediate

35 triple recombination, although with low efficiency when the third nucleic acid molecule is



15 second and fourth nucleic acid nolecules are short oligonucl eotides and
the third nucleic acid nolecule is a cloning vector, nore preferably a
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advant ageously be nmedi ated by full length RecE In some enbodinents, triple
or quadruple reconbination is nediated Wy full |ength RecE in the absence
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;82;} tl24Sg%'}Eféﬁtﬁ%2%@%?%&5?%@”&'0}?‘0@59 77 20681104984). Thus, in some embodiments,

the first and second nucleic acid molecules are linear and the method further comprises
bringing a third nucleic acid molecule and a fourth nucleic acid molecule into contact
15 with the first and second nucleic acid molecules in the presence of the 5 to 3
exonuclease and the phage annealing protein, wherein the wherein the first nucleic acid
molecule shares a region of homology with the second nucleic acid molecule and
shares a different region of homology with the fourth nucleic acid molecule, wherein the
second nucleic acid molecule shares a region of homology with the first nucleic acid
20 molecule and shares a different region of homology with the third nucleic acid molecule,
wherein the third nucleic acid molecule shares a region of homology with the second
nucleic acid molecule and shares a different region of homology with the fourth nucleic
acid molecule, and wherein the fourth nucleic acid molecule shares a region of
homology with the third nucleic acid molecule and shares a different region of homology
25 with the first nucleic acid molecule. In preferred embodiments of quadruple
recombination, the third and fourth nucleic acid molecules are linear. In some
embodiments, the third nucleic acid molecule is circular and the fourth nucleic acid

molecule is linear.

Quadruple recombination is particularly useful for assembling a complex DNA construct
30 or for cloning a linear sequence of interest into a vector using two oligonucleotides,
thereby avoiding the need to PCR the sequence to be cloned. Advantageously,
quadruple recombination can be used to clone a sequence of interest which is a long
fragment of DNA, such as a fragment of genomic DNA, directly into a cloning vector
such as a BAC. The first nucleic acid molecule preferably comprises the sequence of

35 interest. The seauence of interest can be anv lenath. for example, a short synthetic
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i near nol ecul es together to acir ar nol ecule, for exanple, a
circul ar pl7e§§ﬂfi?(?.'5q(i‘gr4 '39%7@9%5 ”hlﬁf‘%tg may further conprise bringing at
| east one (for exapple, .one, two, 15 three . four, fjVv i.X, seven, ejght,
nine, ten, IBPISTETE TRBCAIPERS L qRePBRARCaTiazton,the BT udes 2R T s nt o
contact wi tah lihdiskir Sbniagdvet®roridr rixgnpeie¢ inahal el eclihesised BAG. P esteerce of
the 5 to 3' exonucl ease and the anneal pr ot ei

inuq n vvherei n. acq of tlhe
nucl ei ¢ aciSPRAGIRLNTF eBe JAid SWcClsic, agd SROIBEUIR 43rd) F'aki U efChaC'ﬁdE? EF¢e- d
mol ecul 0t RamewemboditieRsi dfSqureirgh® aetomisination, ites gedondgared fauthanugeiodaidt and

forming LLHR in 20 d it h hod of i nvention., |
brmbod ment STOEAER A SBRE o G S0 Th A (e Pl PR B eT s

used for i nsekbiides @fless)t OO alcicarided oalcBd G aqeiestiies iontiessa 60 inuckebtidest @r get .

I di t hod i to th i rst t of . th
hventton e, Geabreliiy Sh &5 BY nthuaty aodsietstt ARBG et ol lFo R e
In sonme enbécﬁnﬁmn;dt]@n, aweleﬁrts_htndcla%E agd onalecude tomph%sesf iarseq?@rsqeecft itntn‘restt,h‘ehel

t r oni of. a sequencge froma li.near et,.. I n
some entoisReics and huiih S, S mgleruSE IS P, OB lep b BRR M kel o,
i s used fomuekicgid @picule i4 8 chaimg veotoodhonrenirefecdblyt dnindarised clasipgeectof. t he

invention, the first nucleic acid nolecul e and/ or second nucl eic acid
nol ecul es ariples andg lgeadiupiencdedmbinagen nmaychadiantayebdslybeematioted BY fifolength

le, i nmbodi S i ich the fi . . i i,d
ol coul s JFEE [REAMY, BNEOLB TR e s g fo RETEARATE PR AR,
and/ or secasrdjtmRetEircthacabdeme of Redatpharad Hedgkta. st randed. The singl e

stranded nucleic acid is preferably synthesized as an ol i gonucl eoti de which
i s | ess20hanniRtbauictriplt rebesbimatibe rytduafifuple sscampirafiol 58 drsclilast abes or

| ess, 130 nycle %‘é%ﬁdﬁy%é%é@m&%gulgiécélr%malr gnea§/ a%lK/antX\geously be carried out in a
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host cell that comprises both the RecE/RecT proteins and the Redalpha/Redbeta

proteins. Such a host cell is provided by the present invention. In preferred
embodiments, the RecE gene is under the control of a different promoter from the
25 Redalpha/Redbeta genes such that the different genes can be independently temporally
expressed. For example, in some embodiments, there is provided a host cell comprising
Redalpha, Redbeta and optionally Red gamma under the control of a first inducible
promoter (for example, an arabinose-inducible promoter such as Para-BAD) and ReckE,
preferably a phage annealing (most preferably RecT), and optionally Red gamma under
30 the control of a second inducible promoter (for example, a rhamnose-inducible promoter
such as rhaS-Prha). In some embodiments, RecA is also expressed from one or both
promoters. Advantageously, the host cell may be derived from a GB2005 E. coli host
cell (see reference 25) as this contains Redalpha, Redbeta and Red gamma under the
control of the Para-BAD promoter on the E. coli chromosome. Preferably, the RecE

35 exnressed bv these host cells is full lenath RecE. The use of such a host cell is



18 nucl eotides or |less). Such enbodinments are useful for introducing a
mutati on (for exanple, a point nutation such as a substitution, an

i nserti orwonoa/deieti on) into the sequence of the secon#CmuBiai/es28¢9 d
nol ecul e. The single stranded nucl eic acid nol ecul e preferably conprises
t he sequence of the lagging strand. In ather 5 enbodinents, the single
stranded nucleic acid conprises the sequence of the | eading strand. The
strand is dafarggboas loradehgdorwhiegditings aeccswpiidﬁg_mmtm raepteipcat iL@nHR

orientation int | ecul e (typica the s

ol cul e)  Adkaaoushy SanaRes © breor b dbRsirtr SedBes o Rt Selfes.
ol ecul es agrexdMpll Gpevbrisrodee. prd\ﬂiwﬂm apsuatary mdiRiipsr f or med by a met hod
of the first aspect of the invention may 10 be used to generate a cDNA
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vector for use in generatin i br verse transcrihing the
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of ii) such tha e run o eot i dgs .anneal s .t run of C

nucl eot i dedof éar%%e@ﬁegggggaﬁ%q 8”41% %ﬂﬁ ? 'fneg'ﬁg lc(glg{ﬁ sequence, wherein

the 5 oli onucleot vi,des t e se nce

nucl eot i de fS8P“ee§?’hﬂ@r“<p§HP #ng |"?e§$rggt f; X "%%HF eénlvgi,ve\%\ﬁ(w)zl'pcnﬁn% ar eosg g%aergl on

of honol ogynméddibst h:gethleom figrmv acticulaf emolexsde, i far gmmplat argyctlae plasbidrkor25

and also a 3 vvherelnther i of I t

regi on of ﬁé%g@g |rﬂetﬁf’g %rﬂbeirfcf)@r%g?bﬁ@%@g? ?Qgr%e"ﬁg thgx%'ﬁ%lg &ueggﬁ?’go

and pri b nghreecfond flséramobwyntélglsu sinkr tem, bhendbeé thendeof addi@nskliread nuegicon of
hom)logyto enerate doubl e, stranded i OQY

Feg ons at S6BCRokRtEs 338 reda v i fiel andefheb Mlebeady sty & tne

stranded cpiNAeate iof }he b'stobd anxghticléaseoard ftteaanneaalind ptdieinsebensih ead ei the

nol ecul e (prefera nearised cl oni.n r i hi s

enbod nent PuReE oBeuleS SBRES & Bicd HrTTRY Rt thE cEER RO G et Tk

enbodi nent wiif fodne |1l$ehla|gdbmfr inhtre esdudithgneintulart hmddctubhda [EﬁtoemhigdleﬂNAinof

iv) and he I| eari s ni vect%rlt. )'%re the first and second nucleic acid
mol ecul & Cfo"i‘ G B20Y''052549 19 described in the method of

bresent | ni‘riﬁﬁr%tsne%nba&“ e*t%!aﬁﬁ*e#@&sa%%?’ﬁﬂi?%f‘h%‘e’f%%ans Ao e Bt e
BAC. Pref efabinsertion suditegrationli ofeat ®NA Iseqfiéncet inbucd aiirculacitdrget. In some
embodiments, a method according to the first aspect of the invention is used for
subcloning of a DNA sequence from a circular target. In some embodiments, a method
25 according to the first aspect of the invention is used for cloning of a DNA sequence from
a linear target. In some embodiments, a method according to the first aspect of the

invention is used for oligo repair.

In some embodiments of the first aspect of the invention, the first nucleic acid molecule
and/or second nucleic acid molecules are single stranded linear nucleic acid molecules.
30 For example, in some embodiments in which the first and second nucleic acid
molecules are linear (and so the method is used to mediate LLHR), the first and/or
second nucleic acid molecules are single stranded. The single stranded nucleic acid is
preferably synthesized as an oligonucleotide which is less than 180 nucleotides in

length (for example, 150 nucleotides or less, 130 nucleotides or less, 110 nucleotides or
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nol ecule is a linearised BAC conprising the sequence of interest and the
second 5 nucleic acid nolecule is a linearised cloning vector. The BAC is
pr ef er ablwolzone@nd2sed (for exanple, with a restriction ecTyRB)1/832649 t hat

t he sequence of interest remains intact. The present invention
substantially addresses the very difficulgt problens involved with direct
cloning of DNA from conplex m xtures, and therefore it al so describes a
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second 15 nucleic amcriJ ecul e menber of a cDNA I|brary In sone
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25 75kb, 10-50kb, 15-25kb, 15-75kb, 40-100kb or 40-75kb in Iength).
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nol ecul e. For exanple, the first and/or second nucleic acid nol ecule may
conprise a sequence of interest which cagprises or consists of a gene
cluster such as a gene cluster encoding a secondary netabolite pathway or a
30 fatty aciegcrieatihemi etpad bimg firdtrspodotinaamentiom whi ch the first nucleic
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chloramphenicol resistance, ampicillin resistance and blasticidin resistance.

In some embodiments, a counter-selectable marker may be used. For example, the
ccdB counter-selectable marker may be used to reduce the background recombination

when performing direct cloning according to a method of the invention. In some



22 There is provided a kit for use in a nmethod of the first aspect of the
present invention. In sonme enbodinents, the kit conprises a nucleic acid
encodi ng WOR011116487 exonucl ease, as descri bed herein. | RCToB®1EN$266) ment s,
the kit conprises a 5 to 3" exonucl ease, as described herein. Preferably,
the 5 to 3' exonuclease is RecE and nor)® preferably, the 5 RecE is full

| ength RecE. More preferably, the kit conprises a host cell as described
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In embodiments in which the first nucleic acid molecule is a fragment of genomic DNA,
the method may comprise generating the first nucleic acid molecule by digesting or

35 shearina aenomic DNA to obtain a linear fraament of aenomic DNA comprising a
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35 acid molecule undergoes homologous recombination is a host cell chromosome.
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20 molecules are single stranded. Preferably, one or more or all of the nucleic acid
molecules are oligonucleotides or double stranded DNA. In preferred embodiments,
homologous recombination between the first and second nucleic acids and the one or
more additional nucleic acids results in the production of a gene, an operon, a
chromosome or an entire genome. Synthetic biology assembly of DNA nucleic acids
25 has been used to create genes, operons, chromosomes and recently an entire genome
(see reference 42). The assembly methods currently used have employed conventional
DNA ligation or homologous recombination mediated by the Red operon or the
endogenous machinery in the yeast Saccharomyces cereviseae. The improved
performance defined here based on RecE will become a method of choice for synthetic

30 biology DNA assemblies in commerce and research.

It has also surprisingly been found that the efficiency of LLHR mediated by RecE and
RecT can be increased by spiking the reaction mixture with at least one single stranded
DNA oligonucleotide that has no shared sequence homology with the nucleic acid
sequences undergoing recombination. This single stranded DNA oligonucleotide spike

35 increases the efficiency of LLHR mediated by the truncated RecE used in existing LLHR
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Typically, the at least one single stranded oligonuclectide comprises or consists of DNA
However, in some embodiments, the at least one single stranded oligonucleotide

20 includes RNA or one or more modified nucleotides.

In some embodiments, the at least one single stranded oligonucleotide is 10-100
nucleotides in length. For example, in some embodiments, the at least one single
stranded oligonucleotide is 10-80, 10-70, 20-70, 20-60, 30-60, 30-50, 35-45, 38-42 or
39-41 nucleotides in length. Preferably, the at least one single stranded oligonucleotide

25 is 40 nucleotides in length.

Generally, multiple copies of the at least one single stranded oligonucleotide are
present. In some embodiments, two or more (for example, three, four, five, ten, fifteen,
twenty or more) different single stranded oligonucleotides are used. These two or more

different single stranded oligonucleotides may differ in sequence and/or in length.

30 A method of homologous recombination according to the second aspect of the invention
may take place in a host cell or may take place in vitro. Similar considerations apply to
the choice of host cell as for the method of the first aspect of the invention. An example

of a preferred host cell is E. coli K12, for example, GB2005.
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35 required In or taln a success resul t hi's advantage IS nost
appar ent wabave. Preferably, the kit also comprises one or more nucleic acid molecules encoding

RecE, RecT and optionally Red gamma. In some embodiments, the kit also comprises
25 one or more nucleic acid molecules encoding Redalpha and Redbeta. In some
embodiments, the nucleic acid molecules are in the form of expression vectors suitable
for transformation into a host cell. In other embodiments, the kit comprises a host cell
that comprises these nucleic acid molecules. In some embodiments, the kit comprises a
host cell that expresses RecE, RecT and optionally Red gamma and/or which
30 expresses Redalpha and Redbeta. In some embodiments, the kit is the CloneEZ® PCR
Cloning Kit (http://www.genscript.com/cloneez_PCR_Cloning_kit.html) or the Cold
Fusion Cloning Kit (http://www.systembio.com/cold-fusion-cloning/) which additionally
comprises the at least one single stranded oligonucleotide as described above. In some

embodiments, a kit for performing a method of homologous recombination is a kit for
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25 recombination involving linear fragments.

Thus, in a third aspect, there is provided a method for performing homologous
recombination between at least a first nucleic acid molecule and a second nucleic acid
molecule which share at least one region of sequence homology, comprising, prior to
performing homologous recombination in vivo, the step of linearising at least one
30 circular nucleic acid molecule in vivo using a rare-cutting sequence specific DNA

cleaving enzyme to generate the first and/or the second nucleic acid molecule.

In some embodiments of the third aspect, the step of linearising the at least one circular
nucleic acid molecule in vivo using a rare-cutting sequence specific DNA cleaving

enzyme is used to generate the first nucleic acid molecule but not the second nucleic
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25 generation of the linear nucleic acid molecule in vivo increases the likelihood that any
given host cell in which homologous recombination may occur will contain linearised
cloning vector, when compared to transforming linear vector into the host cell in order to
effect LLHR. Accordingly, the increased probability that linear cloning vector is present
increases the likelihood that homologous recombination will occur (and because

30 recombination is more likely with linear rather than circular nucleic acid molecules) and
which, in turn, increases the likelihood that a host cell will contain a cloned fragment.
The increased frequency of recombination therefore leads to efficiencies in cloning
libraries, and also in the cloning of specific individual DNA fragments, because lower
quantities of reagents (host cells, nucleic acid to be cloned, cloning vector efc.) are

35 required in order to obtain a successful result. This advantage is most apparent when
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30 sequence of more than 10bp, for example more than 12bp, more than 14bp, more than
16bp or more than 18bp) is important because it ensures that when the DNA cleaving
enzyme is expressed, it cleaves only a sequence in the plasmid, and does not cleave
the host cell's chromosome(s) (which would be very detrimental to the host cell and may

destroy the sequence that is being cloned by cleaving within it). Thus, preferably, the



15 length RecE, RecT and Red ganma; E564Tg - the C-term nus of RecE
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RecE st arwongiizts42m no acid 602, RecT and Red gamma. Fi @oraBB)11/(032549D)
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product s, \dmbbldnmr&s ith¢ RsetE alsenﬂlr’l asiettedtdi¢hepthad asiokct of the invention is selected
from a RecE consisting of amino acids 588-866, 595-866, 597-866, 602-866 or 606-866

25 of SEQID NO:1.

In some embodiments, the method of homologous recombination performed in the third
aspect of the invention is a method of homologous recombination as described in the
first aspect of the invention or the second aspect of the invention. All embodiments
described for the first or second aspects of the invention may be applied to the third

30 aspect of the invention. Thus, in some embodiments, the RecE used in the method of
the third aspect of the invention is a RecE as used in a method of the first aspect of the
invention or the second aspect of the invention. The use of a RecE comprising or
consisting of 564-866 of SEQ ID NO:1 is particularly preferred. In some embodiments,
full length RecE is used.



Figure 12. Generation of cDNA libraries by LLHR (A) Schematic of the
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may be expressed under the Para-BAD promoter.

The rare-cutting sequence specific DNA cleaving enzyme may be expressed from an
episome introduced into the host cell in which the in vivo LLHR is to occur. If the rare-
cutting sequence specific DNA cleaving enzyme is expressed from a vector, then the
25 origin and any selection marker on the vector should be chosen such that they are
compatible with any other vectors present in the cell, for example the cloning vector to
be linearised, if one is present. The choice of appropriate origins and selection markers
can be performed by the skilled person using their common general knowledge together
with the teachings herein. For example, in some embodiments, the rare-cutting
30 sequence specific DNA cleaving enzyme is expressed from an R6K origin based
plasmid, which is compatible with BAC, p15A or pBR322 origin based plasmids. In an
alternative, the rare-cutting sequence specific DNA cleaving enzyme may be expressed

from the chromosome of the host cell.

In some embodiments, the linearised cloning vector is a multicopy plasmid, a BAC, a

35 YAC. or the chromosome of the host.



Figure 17. Effect on LCHR and LLHR of PCR products with different ends.
LLHR (A, © and LCHR (B; D) assays with RecETg or Red gba expressed from
pSC101- BARO 20hie15IP2R products have symretri c or asymmet r PCTARUE 1/07R5H
hydroxyl is indicated by 25 (0); 5 phosphate (P); two consecutive 5'
phosphot hi oate bonds at the 5° end with3 5 hydroxyl (S); two consecutive
5' phosphot hi oate bonds at the 5 end with a 5 phosphate (pS); two
consecut i ve kit is[phesduaoiohpeddreningoa eeetimd of hohidgods sedondiinatibe abtording td ths) .
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ABBREVIATIONS

LLHR - linear to linear homologous recombination
LCHR - linear to circular homologous recombination
gba in constructs = Red gamma,-Red beta,-Red alpha operon
25 gbaA in constructs = Red gamma-Red beta-Red alpha operon plus recA from E. coli
K12
Red-gba = Red gamma, Red beta and Red alpha
ETg in constructs = RecE-RecT operon plus Red gamma (full length RecE)
ETgA in construct = RecE-RecT operon plus Red gamma plus RecA
30 nt - nucleotide
bp — base pair
kbp — kilo base pairs
ng — nanogram
Reference to RecE in the examples refers to full length RecE unless an amino acid

35 residue number is provided in conjunction with the RecE.



Exanple 1 - RecET is nore efficient at nediating LLHR than Red beta and Red
al pha The ability of different proteins to nediate LCHR and LLHR was
assayed. WOHRI1ar3e9230 LLHR were perfornmed as descri bed seb@mroiced2byy i n
Figure 1A and Figure 1B respectively. For LCHR, the kan PCR product
(kananyci n resi stance gene anplified by 38CR) has 50bp honol ogy arns at
either end to the pl5A-cm plasm d which carries chl oranphenicol (Cm

resi stance. Co-el ectoporation of the plasm d and the PCR 38 product into
reconbi neering proficient E. coli cells (here GB2005) and successful LCHR
resul ts i n BRIEFIDESERIPTIONTOR THEFGURESPheni col (Cm plus kananycin (Kan)
resistant plasmd pl5A-cmkan. Simlarly, in the LLHR assay, the kan PCR
product has two 50bp honology arnms to the |inear pl 5A-cm PCR product.
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prevent theotegsadati on of |inear DNA rml ecul es by RecBCD, Red gama
protein was tenporarily expressed in GB2005 to inactivate RecBCD in E. coil
(26). Two hundred nanograns of 15 each DNA nol ecul e were transfornmed by
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LCHR is me I Ci en stem and expre
of Red al ph\ae,stdneibbzttmgcbf@mmne pr\)t@tmt(hram as shown in Figure 1D, the RecET
systemis far better than the | anbda Red systemin nediating LLHR

pr oduci ng FE@LOXI mately 60 tinmes nore col onies. It is also inmportant to
note tha neudrifaull lsngtio ResEcvupt belgxeepssedin iqReypiege faicenhancedd-ldiR.or der
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In both systens tional expression of ganma | nproved ficiency.
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truncated FgecE i ncreases LCHR effi Ci enc¥ (S /2
t runcat ed Regwarison of LLHR with expression of p C101-BAD E(1 601)Tg |n HSQQG—BAD—
20 E602T (right hand column) to expression of the Red gamma expression vector,
pSC101-BAD-gam-tet (left hand column). (C) Efficiency of LLHR in E. coli strain
GB2005 without RecT expression using the plasmid pSC101-BAD-Eg-tet to express full
length RecE and Red-gamma but without RecT (Eg) compared to efficiency of LLHR

with expression of Red gamma only from pSC101-BAD-gam-tet (gam).

25 Figure 4. Minimum size of homology sequence required for recombineering. (A)
LCHR mediated by Red-gba expressed from pSC101-BAD-gba-tet. (B) LLHR mediated
by RecETg expressed from pSC101-BAD-ETg-tet. The length of the homology arms

used vary as indicated on the x-axis.

Figure 5. LLHR success is increased by co-expression of RecA because the

30 transformation efficiency is increased. (A) The recombination efficiency of LLHR in
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30 and full length RecE to nediate LLHR was assayed. The LCHR (Fi gure 2A)
and LLHR (Figure 2B) assays were the sane as described in Exanple 1. 39
was used woOadokizarsaazyci n resi stant col oni es were count ed. PChABanb®s® i n t he
RecE constructs indicate the residue at which the truncated RecE starts (E=
full length ReckE, E141= truncated RecE sidarting at residue 141 and
containing an N-termnal nethionine, etc.). Full length RecE is better at
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these daPa AW¥BHPISXe that the inmprovement in LLHR efficiency achieved
with full length RecE is not caused by variations in expression and neither

d h d ' il ' 120
aving | derippitcs ¢hae) HFRR AR Seflng BouRbRbRsRu st TR
ﬁ- term nal dffeaofehé addition visinglaséahderhDNA aligetimdeotiies en ianigrolRecliE HR dg)nment s
i Vit whet : i nal C.term f .

et vi ty wndls e Ssli=igeriiey S el B hlu i i N8 SpRATETHS napsRs™
GB2005, a GdnepsiCnal IBAD byrecadircsef indumtion (§ex ERedrnganirsa,ngetanalpie; &cligd— fulk o

' i.d 60 f 101~ W T
o, e Yo T, BB o Moo AL oSty (o e (el REE sftifher Pt
di f f er ence dmeihoveeid 564 IR=cT candaReld gemnian dEGORT @R tiod CrteamipumbERacE SHEring at 3A) .

Corm nal RAEN PP A et RoAeBRE s no LLER activity. To |nvestigate
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oper on | n 1Rt koh) E0alph SEECHRCadLE ARSI lREERIRaGL I ORRER |
of RecE frdmexpress theiphagerateinRdCT The efficieney of LCHR mediated by expression of
20 Red-gba from the arabinose inducible BAD promoter (Para-BAD); the rhamnose
inducible Prha promoter (rhaS-Prha) and the tetracycline inducible tetO promoter (tetR-
tetO). (D) The efficiency of LCHR mediated by expression of RecET from the same
promoters and additionally the temperature inducible pL promoter (clI578-pL). All
promoters were cloned into the pSC101 plasmid.

25 Figure 7. Evaluating LLHR when one substrate is a ssDNA oligonucleotide (A)
Schematic illustration of the LLHR oligonucleotide assay. (B) Schematic illustration of a
LCHR assay using a ssDNA oligonucleotide and a BAC (C) Expression of various
combinations of proteins evaluated with the LLHR assay. The ssDNA oligonucleotide
was either one strand (leading) or its complement (lagging) or an annealed double-

30 stranded DNA from two complementary oligos (control). Recombination was evaluated
by scoring the number of chloramphenicol resistant colonies. (D) As for the experiment

in (C) except using the LCHR assay of (B).



chronosone (24). This strain is HS996-recE602T. The sanme expression plasmd
as for Figure 3(A), pSCl01l-BAD E(1-601)Tg, was used in the HS996- BAD- E602T
strain. DvBRowas4seonpared to the | evel achieved using tireTRBZ1yBIREE
expression vector, 35 pSCl0l1l-BAD-gamtet. No significant effect conveyed by
RecE 1-601 was observed. 40 After inducison this strain expresses RecT and
C-termnal RecE. On top of this, Red Gam (Figure 3B | eft columm) or
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medi ated LLHR (RecETg expressed from pSC101- BAD-ETg-tet , Figure 4B). There
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honol ogy arﬁisuremmuawbdipm eecambiRation maedistesinby Regbor iReebTody) Bxermplery t he
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conbi ne the Eﬁ%gﬁgb%ﬁghw&@aﬁ?ﬁp%ﬁrnﬁb @gaﬁﬁlrenelrsﬁ&ggra g&é{]{r{r}l | ar
and bot h LeHArgatdetioHRy dwhidigenusldotidesr(By éhatsffisresioy of headueple re¢dmigiealiop and
| engt h of yinar - t R a nt
hﬁ) %igg Ab)f l'-@d or ﬁe ‘mepr{{e éred bgpﬁ I?rrﬁirﬁ ré’JistHrd_el cg%nFers Qﬁére
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been re@@rtemttmhanatldmme (ineaBBNfbheny dfigeruidestides ite CB2AAdhaRpuring ther e
ef ficient 3k, eréc?érm ng LLHR than JC9604 (recA recBC sbcA) (see references
5 and 13) d-that 't ransi ent expression of RecA in recA deficient hosts
does not contribute to Red/ ET reconbineering or to LCHR (13, 15, 22) but
that it '”Tifu r%sn'- O@?@lﬁ%ak PN AtoRthihior. (ANSERINRIC RRtafidd & £REKip2 ) -

To test the fect ransi ent
hnear DNA recombination to generate a circular plasmid. Each PCR product has an

overlapping region of sequence identity with its neighbour as indicated by the dotted
20 arrows. (B) Detailed map of pUBC-neo plasmid that was generated from 4 PCR

products, which are illustrated inside the plasmid.

Figure 12. Generation of cDNA libraries by LLHR. (A) Schematic of the synthesis of
cDNA. i) A 3’ oligonucleotide composed of a homology arm (HA; grey line) at its 5’ end
and a stretch of Ts at its 3’ end will anneal to mMRNA polyA tails and prime first strand
25 cDNA synthesis with MMLV-based RT reverse transcriptase. ii) At the mRNA 5’ end, the
RT continues to add non-templated nucleotides, primarily deoxycytidines (dC), to the 3’
end of the newly synthesized first strand cDNA. iii) A second oligonucleotide (known as
a ‘PlugOligo’), composed of a homology arm (grey line) at its 5’ end and a stretch of Gs
at its 3’ end plus a 3’ phosphate anneals to the C track and primes second strand
30 synthesis. The final double-stranded cDNA has homology arms (HAs) for recombination
with the cloning vector. (B) Schematic of the cloning of cDNA with linear plus linear

recombineering. i) Diagram of the cDNA cloning vector. ii) The cloning vector is



expression of RecA on LLHR, the efficiency of LLHR with expression of RecE
and RecT (ET) was conpared to the efficiency of LLHR with expression of
RecE, Recwoand/Ret7gamma (ETg) and to the efficiency of PCCHBROAM/DI2549
expression of RecE, RecT, Red WD 2011/154927PCT/1B2011/052549 41 ganmma and
RecA (ETgA) (Figure 5A), using the LLHR3ssay of Exanple 1. The proteins
were expressed from pSCL01-BAD-ET-tet, pSCl0l1l-BAD ETg-tet, and

pSglol BlADng'eFQv&eueét th@WﬁdtioMQsht&és RRECEXISPItRS $iARNIil) Mpe alovblelditdRded tDNAeNncy
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profi ci ent sabtlefingoafiungstes. nduced expressi on of ETgA. V\hen LLHR was
tested, GB2005-dir showed better LLHR efficiency than YZ2005 (Fi gure 5B).
Since the growh rate and the survival rate after el ectroshock differ
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determ ned t J.vden -
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transformation efficiency was determ ned by the ratio of transformants to

surviving cells. These data indicate that GB2005-dir after induction has a
better tparfigerents.iGenetiustersnisiateddn smodgry( metahadicooathways ddentjfied; ivent
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surpri si ngl y, %gtlse(nmcggg Mﬁ% e epmleq%t.s' ngl e- stranded DNA 25

ol i gonul ceot1 des 1 nprove 't ICI ency of” LLHR This was denonstrated both
Wi t hout expression of addi ti onal reconbi nases, relying on inefficient

background g ?lyl%l 96.0LLHRCAA IR Odtel ﬁlemgﬁce{lﬁ' distiRcPANith F8shett X8 thelrh
expressi on of the Red and RecET sxstems (Fi gure 6B). LLHR occurs in a
§

wild-type melignne opBNArealicatign HA) seherpaticillestrafiop Pf@)reca@bmavm ap$RY30
Figure 3A dnghitif WAW@BIl@dﬁgn% BH0Re P initiSEILCHR YBNIn tAE8trkih B A®S Y, LCHR

illustrated in was used to evaluate the effect of adding single

st r anded Dmeﬁlpiegﬁhn@d@é@d B Red @ panhetaralghaghe). Andgess ﬂfﬁﬁleﬂf&smﬁ@ated
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r econbi nas di'stiatien @fxtb? @gggalethLIﬂlﬁ@stp that shown in (A) created By hneanzmg the
20 R6K plasmid in the pir gene. (D) LLHR occurred in GB2005 and GB2005-pir, regardless

of whether pre-existing Pir protein was present or not.

Figure 17. Effect on LCHR and LLHR of PCR products with different ends. LLHR
(A; C) and LCHR (B; D) assays with RecETg or Red gba expressed from pSC101-BAD.
The PCR products have symmetric or asymmetric ends. A 5" hydroxyl is indicated by
25 (0); 5’ phosphate (P); two consecutive 5 phosphothioate bonds at the 5’ end with a '
hydroxyl (S); two consecutive 5’ phosphothioate bonds at the 5’ end with a 5’ phosphate
(pS); two consecutive 5’ phosphothioate bonds 50 nucleotides from the 5’ end (iS). For
linear plus linear recombination, the status of both linear DNAs is given, whereas for

linear plus circular, only the status of the single linear DNA is given.
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observed here were nedi ated by unknown endogenous nechani sns i n GB2005

(Fi gure owp.2o0as82ansf ormati on of the non- honol ogous DNRCoOIIBHO1/02236X her
with two linear nolecules increases the LLHR efficiency by 10 fold in
GB2005 wi t hout RecET or Red expression (3 gure 6A). The 40nt 5 ssDNA (40
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Red and Red#fhe&f@igestion.t o eval uate the efficiency of reconbination driven by
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rmdelos used '9'Ye Eb:H%ag'h‘ﬂaX_quflR"\/\é’r“@ t'%&egéﬁ%avégezgnge%%mnr?g&yi OEPIaENUS 1.
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| gure .. or T ar nose an 0S 1.Nn | . onoters were
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because the tetR-tetO pronoter 30 is a weaker pronoter in E. coli or
because theFigm@udr Linbanctec|linear i ecombinatian Hn odla. This| graphWehows the
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target (13’circ1;a;r; retc):?piesnlt]Bfélsr%ri]c;snvgergfregom ine %HHEQ%R product by RecET, producing
20 recombinant plasmids encoding a chloraphenicol resistance protein with low efficiency
(758). With I-Scel expression, some of the recipient plasmids were linearised and
recombined with cm PCR product by RecET with high efficiency, producing
approximately 10-fold more chloraphenicol resistant colonies (6890) compared to when

I-Scel was not expressed.
25

EXAMPLES

Example 1 - RecET is more efficient at mediating LLHR than Red beta and Red
alpha

The ability of different proteins to mediate LCHR and LLHR was assayed. LCHR and
30 LLHR were performed as described schematically in Figure 1A and Figure 1B
respectively. For LCHR, the kan PCR product (kanamycin resistance gene amplified by
PCR) has 50bp homology arms at either end to the p15A-cm plasmid which carries
chloramphenicol (Cm) resistance. Co-electoporation of the plasmid and the PCR



froma circular target or cloning of a DNA sequence froma |inear target
(7); and c) oligo 5 repairing (22, 23). The data of Figures 1-6 show there
are si gniwpeanti1se2f7f erences bet ween t he performance of wPrhe/BEaEIz28¥st em and
the Red systemin LLHR and LCHR The difference may also apply in oligo
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Example 9 - Triple reconbination - two linear nolecules into a circular
vector 25 Red/ ET reconbi neering technol ogy has been wi dely used to engi neer
a range ovoDRbiy/ism2ecul es. The main application is to i nPeTuBzM1/H32EEYrate a
cassette with a selection marker (sm gene into the target nolecule. In
many situations, cassettes do not alreadp have a sel ectable marker. The
nost comon way to generate a cassette with an smis to conbi ne non-sm and
sSm const r uGkss dgegeddtekariabyichr resiztnt Icalog s ndre woliateds Thg ndthbRedihEfhe RecE
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vect or
fragments, it was investigated whether N-terminal RecE fragments have any activity or

whether N-terminal and C-terminal fragments have any activity when expressed
together. Using the LLHR assay of Example 1 in GB2005, a C-terminally truncated form
of RecE comprising amino acid 1 to amino acid 601 was expressed from pSC101-BAD
25 along with RecT and Red gamma. Very little recombination was observed and there
was no significant difference between induction and non-induction of the proteins
(Figure 3A). The recombinants are a result of background recombination. Therefore, N-
terminal RecE (from aa1-aa601) alone has no LLHR activity. To investigate whether N-
terminal and C-terminal fragments of RecE can compliment each other, a BAD promoter
30 was inserted in front of recE602 of the recET operon in the chromosome of HS996 to
activate expression of the C-terminus of RecE from amino acid 602 and RecT from the
chromosome (24). This strain is HS996-recE602T. The same expression plasmid as for
Figure 3(A), pSC101-BAD E(1-601)Tg, was used in the HS996-BAD-E602T strain.
LLHR was compared to the level achieved using the Red gamma expression vector,

35 pSC101-BAD-gam-tet. No significant effect conveyed by RecE 1-601 was observed.



The integration of |arge cassettes is problematic due to the |imtations of
PCR, which 25 can not handl e | arge cassettes and which can introduce
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efficency and length of homology arms.

Example 4 - Improvement of LLHR by transient expression of RecA in a recA

25 deficient E. coli strain

It has previously been reported that JC8679 (recBC sbcA) (see references 5 and 13) is
more efficient at performing LLHR than JC9604 (recA recBC sbcA) (see references 5
and 13) and that transient expression of RecA in recA deficient hosts does not
contribute to Red/ET recombineering or to LCHR (13, 15, 22) but that it improves LCHR
30 by increasing the transformation efficiency (27). To test the effect of transient
expression of RecA on LLHR, the efficiency of LLHR with expression of RecE and RecT
(ET) was compared to the efficiency of LLHR with expression of RecE, RecT and Red
gamma (ETg) and to the efficiency of LLHR with expression of RecE, RecT, Red
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expression of additional recombinases, relying on inefficient background levels of
recombination in GB2005 (Figure 6A), and also with expression of the Red and RecET

systems (Figure 6B).

LLHR occurs in a wild-type E. coli K12 strain with low efficiency (1-3), as shown in
30 Figure 3A, left column and Figure 6A, left column. The LLHR assay illustrated in
Example 1 was used to evaluate the effect of adding single stranded DNA
oligonucleotides (100 pmol of a 40nt oligo that has no sequence homology to either
linear DNA substrates; with oligo). This was compared to not adding any ssDNA

oliaonucleotides (no oligo). No additional recombinases were expressed and the very
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procedure and increase the cloning efficiency, a direct cloning strategy
based on LLHR is provided herein as shown in Figure 14B. As shown in
Exanpl e 13Exanipde i Acor Comparisoducifs indugiblel HRosotersesisedulfer i regdmbiiaser s.
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20 promoter — rhamnose inducible, tetR-tetO promoter — tetracycline inducible and cl578-
pL promoter — temperature inducible) are often used in E. coli. These different inducible
promoters were used to drive expression of the Red and RecET systems to evaluate
the efficiency of recombination driven by the promoters. All promoters were cloned onto
the pSC101 plasmid. The models used for LCHR and LLHR were the same as

25 described in Example 1.

As shown in Figure 6C, the BAD promoter driving gba was best suited to LCHR (Figure
8C). For LLHR, the arabinose and rhamnose inducible promoters were best suited
(Figure 6D). The tetR-tetO tetracycline inducible promoter was the least effective for
both LCHR and LLHR (Figure 6C and 6D). This may be because the tetR-tetO promoter
30 is a weaker promoter in E. coli or because the inducer tetracycline is toxic to E. coli

cells.
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gener at ed IdiffetﬂtemdedmmNeé'raGIBeO(lB\and E1S3996 rignindlughibo 82&BpoidtsP Because LLHR may
have been blocked by RecBCD, we also evaluated LLHR in the presence of the
RecBCD inhibitor, Red gamma by introducing pSC101-BAD-gam-tet and inducing Red
gamma expression with arabinose (induction). Again, there was very little difference
15 between the RecET deleted strain, GB2005, and its parent, HS996. This confirms that
the RecE integrated into the E. coli genome is not active and that any background

LLHR observed is not mediated by the RecET pathway.

To activate the RecET operon in HS996, the BAD arabinose-inducible promoter was
inserted as part of a cassette (hyg-araC-Para-BAD, Figure 8B) in front of the recE gene
20 in HS996 to create HS996-BAD-ET. LLHR, as measured using the assay of Example 1,
was increased upon arabinose induction, indicating that the integrated RecE was
mediating RecET LLHR (Figure 8C, left bars). Expression of Red gamma further

improved efficiency (Figure 8D, right columns).

Example 9 - Triple recombination — two linear molecules into a circular vector

25 Red/ET recombineering technology has been widely used to engineer a range of DNA
molecules. The main application is to insert or integrate a cassette with a selection
marker (sm) gene into the target molecule. In many situations, cassettes do not already
have a selectable marker. The most common way to generate a cassette with an sm is
to combine non-sm and sm constructs together to form one large molecule using

30 Red/ET recombineering or by using over-lapping PCR to generate the large molecule of
non-sm plus sm. To simplify this procedure, a strategy called triple recombination is
provided herein (Figure 9A). Triple recombination utilizes the Red/ET system and the

effectiveness of full length RecE to combine three molecules, for example one circular

[ NSO U SNV U UUO U B u i N TR\ SR SR AU SOOI JROT S SN [



3456 7 8 P15A-anp (2ug) BSD BSD ccdB ccdB BSD no ATG BSD no ATG ccdB no
ATG ccdB no ATG Genomic DNA (ug) 5
WO 2011/154927 PCT/IB2011/052549

45

sequences present in the 3 molecules. In the present Example, as described in Figure
9A, two linear DNA molecules have 50bp over-lapping regions and each of them carries
a homology arm to the target vector. Normally one of the linear molecules is a selection
marker gene. After recombineering, the two linear molecules will be integrated into the

5 target vector

In this experiment to compare the ability of the Red operon (Red gamma, beta, alpha;
gba) and full length RecET to mediate triple recombination, the kanamycin resistance
gene was amplified by PCR into two pieces, which overlap in the middle by 50bps of
sequence identity. On the other end of each PCR product 50bp homology arms to a

10 plasmid were introduced. These two PCR products were electroporated into GB2005
already harbouring the target plasmid, Para-BAD24, and a pSC101-BAD plasmid from
which either Red gba or RecET were expressed. The PCR products either had
symmetric dephosphorylated ends (OO) or assymetrical phosphothioated ends (OS or
S0) arranged so that the protected strands will anneal.

15 The data of Figure 9B demonstrate that triple recombination using PCR products with
phosphorothioation is far more efficient than using PCR products without
phosphorothioation. Triple recombination mediated by full length RecE, RecT and Red
gamma (ETg) is of comparable efficiency to that mediated by the Red system of Red
alpha, Red beta and Red gamma. This is notable as it demonstrates that full length

20 ReckE is useful in applications which require a certain amount of LCHR. Optimally, better
results may be obtained by concerted application of both Red and RecET systems.

Example 10 - Quadruple recombination — two oligos plus a large fragment into a

circular vector

The integration of large cassettes is problematic due to the limitations of PCR, which

25 can not handle large cassettes and which can introduce mutations. The method
provided here utilises a double-homology recombineering strategy to first generate a
cassette with flanking homology regions and then to recombine it into the target vector
(31).

To save one step of recombineering, quadruple recombination was developed by using
30 two oligos to bridge the large linear molecule to the target vector (Figure 10A). The
oligos comprise regions of homology to the linear molecule and regions of homology to
the target vector. The 100nt oligonucleotides were synthesized to contain homology

arms to each end of the linear molecule as well as the target regions in the vector.
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an 8kb IRES-lacZ-neo-PGK-BSD cassette), in addition to being free from the problem of

PCR-based mutagenesis.

A large linear molecule carrying a functional cassette can be released from an existing
plasmid, ideally a R6K origin based plasmid which cannot replicate in a normal E. coli
5 strain. After co-transforming these three molecules into Red/ET proficient cells
(GB2005) containing a target vector, the large linear molecule will be recombined into
the vector via the oligo bridges (Figure 10A). Here, a gene trapping cassette for mouse
genome engineering, which is about 8kb, was used to insert into mouse genomic clones
using this technology. Full length RecE (RecETg) is more efficient than Red-gba at

10 quadruple recombination (Figure 10B).

Example 11 - Multi-recombination — two or more linear molecules into a linear

vector

A linear molecule can be recombined with a linear vector with high efficiency by
homologous recombination (LLHR) mediated by the RecET system and full length
15 RecE. The RecET system can be also applied to recombine multiple linear molecules
with a linear vector, for example, in the generation of multi-fusion genes or operons
(multiple genes separated by individual ribosomal binding sites). Figure 11A is a
diagram of this strategy and Figure 11B is an exemplary experiment to generate a
mammalian expression construct. Each PCR product has an overlapping region of
20 sequence identity with its neighbour as indicated by the dotted arrows. The final
recombination product should contain a plasmid origin and a selectable gene. One
linear vector (R6K-cm, 1680bp) plus three functional cassettes with different size
(1358bp, 961bp and 602bp) were generated by PCR and co-transformed into GB2005-
pirtpSC101-BAD-ETgA after L-arabinose induction of RecET. The 4 linear molecules
25 were recombined by RecET through the short homology arms at the ends of each
molecule in vivo. From 3 electroporations, 34 colonies were selected on kanamycin

plates. Thirty two clones were verified by restriction analysis.

Example 12 - cDNA library construction using the RecET system

Usually cDNA library construction relies on the ligation of double-stranded cDNA
30 molecules to a linear vector. Under the RecET system, LLHR has an absolute efficiency
of more than 3x10° colonies per electroporation (Figure 6B). Based on this high
efficiency, a strategy for the construction of cDNA libraries using LLHR is provided
(Figure 12A and 12B). As shown in Figure 12A, i) a 3’ oligonucleotide composed of a
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homology arm (HA; grey line) at its 5’ end and a stretch of Ts at its 3’ end will anneal to
mRNA polyA tails and prime first strand cDNA synthesis with MMLV-based RT reverse
transcriptase; ii) at the mRNA 5 end, the RT continues to add non-templated
nucleotides, primarily deoxycytidines (dC), to the 3’ end of the newly synthesized first
strand cDNA; iii) a second oligonucleotide (known as a ‘PlugOligo’), composed of a
homology arm (grey line) at its 5 end and a stretch of Gs at its 3’ end plus a 3
phosphate anneals to the C track and primes second strand synthesis. The final double-
stranded cDNA has homology arms (HAs) for recombination with the cloning vector.
The final product is a cDNA pool for cDNA library construction. This procedure can be

easily altered to generate gene specific cDNA if specific primers are used in step iv.

The target vector containing the ccdB gene is digested to release the linear vector and
expose the homology sequences at both ends. CcdB is a counterselectable gene and is
used to reduce the background from undigested or re-joined vectors. Here the vector
can be a series of expression vectors or simple cloning vectors. The double-stranded
cDNA and the linearized cloning vector are transformed into RecETgA expressing
GB2005-dir for linear to linear recombination. Screening of the desired clones can be
carried out by conventional techniques or by using Red/ET recombineering technique
as described later in Example 14 and 14. After cDNA pool formation, without library
construction, a specific cDNA clone can be fished out by using a linear vector as shown
in Figure 12B but with the specific homology sequences to the specific cODNA. A cDNA
clone larger than 5kb was successfully cloned by LLHR. It was not possible to clone this

from a conventional cDNA library.

Example 13 - Cloning of a target sequence within a linear fragment

This example provides a method for cloning a target sequence without needing to rely
on conveniently placed restriction sites. The BAC or genomic DNA pool (for example) is
digested at a number of restriction sites which are not necessarily near to the target
region. The target region remains intact. A linear vector is used with homology arms that
define the region to be subcloned. The BAC DNA and vector are co-electroporated into
an E. coli strain which expresses full length RecE and is able to perform LLHR. This
results in recombination and the generation of a circular vector comprising the DNA of

interest and, for example, the selectable markers of the linear vector.

In this exemplary experiment a number of target sequences were cloned from different
BACs using the above strategy. As described in Figure 13A, a BAC carrying a region for

subcloning (darker section) was digested with a restriction enzyme so that the region for
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subcloning remained intact. A vector containing the p15A origin and an antibiotic
resistance gene (ampicillin) was PCR amplified using oligonucleotides that were
synthesized to contain two regions of sequence identity to the ends of the region to be
subcloned. The BAC DNA and PCR product were co-electroporated into an E. coli
strain (here GB2005) in which the full length RecE, RecT and Red gamma genes were

expressed (here from pSC101-BAD ETg), followed by selection for ampicillin resistance.

Figure 13B summarises the results of the experiment. Four mammalian genes (mouse
Swap70, Tmem56, Xist and human MeCP2) were subcloned by LLHR. The restriction
enzymes used to cut the BACs carrying these genes is nominated, as is the distance
from the nearest restriction site to the homology arm in the BAC. For example, with
Swap70, BstZ171 was used to cut the BAC DNA and the region to be subcloned started
2778bps from the nearest BstZ171 site at the 5’ end and 2554bps at the 3’ end. Two
independent experiments were performed for each insert. For example, with Swap70,
53 and 95 ampicillin resistant colonies grew on the plates in the two experiments, of
which 18 each were examined by restriction mapping and 12 each were found to be
correct. Restriction analysis confirmed that the majority of the clones were correct with
the exception of the Tmemb56 clone. This may be because it has long heterologous
sequences at both ends. All of the incorrect products were found to be recircularized
vector without any insert. Hence, intframolecular recombination is the major competing

reaction and the main source of background.

Example 14 - Direct cloning of gene or gene clusters from genomic DNA pool

Small genomic fragments can easily be cloned by PCR. But cloning of large fragment
(over 15kb) from genomic DNA is highly challenging and time consuming. A number of
different steps are required including: genomic DNA preparation, digestion, ligation into
a vector, transformation into a host, individual colony picking, library screen and
subcloning. To simplify the procedure and increase the cloning efficiency, a direct
cloning strategy based on LLHR is provided herein as shown in Figure 14B. As shown
in Example 13B, the incorrect products from LLHR are recircularized vectors. About
80% of recircularized vectors are formed by recombination of short repeats (less than
5bp) or non-homology end joining within the 50 nucleotides of the outer sequence of a

linear vector.

To solve this problem, two direct cloning vectors were generated (Figure 14A). One is
based on the suicide toxin gene ccdB. The 15A-amp-ccdB plasmid replicates in a
avrA246 host and is used as a template for the PCR product. ccdB is lethal in normal E.
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coli strains but permissive in strains carrying the gyrA246 mutation or expressing its
partner ccdA. If the ends re-join, ccdB is driven by the amp promoter and the cell cannot
survive in GB2005-dir, which has wild type gyrase. When a gene or gene clusters
cloned from genomic DNA recombine in front of ccdB, there will be no promoter to drive
ccdB expression and the correct clones can survive in GB2005-dir. This vector will
reduce the self-circulation plasmid background by approximately 80%. However, there
may be a risk of cryptic promoter activity from the cloned sequence activating ccdB and
killing successful clones. An alternative solution to the above problem is a vector is
utilising double-selection (p15A-amp-BSD) (lower section of Figure 14 A). The vector
has two antibiotic resistance genes at the very ends of the vector. Most intramolecular
recombination events will delete a part of one of these two genes hence rendering the
intramolecular background sensitive to the corresponding antibiotic. The self-

circularisation background will therefore be reduced.

Another strategy for the identification of the correct products is provided in Figure 14B.
This strategy employs LLHR and LCHR. This strategy is especially useful for the direct
cloning of large fragments (over 40kb) where the recombination efficiency is lower. The
DNA (here illustrated as genomic DNA) is digested or sheared and co-electroporated
with a linear vector with a selectable marker and homology arms that define the region
to be targeted (for example, one of the vectors in Figure 14A) into a LLHR-competent
host containing full length RecE and RecT. After selection for, for example, ampiciliin or
ampicillin plus blasticidin, the resistant colonies are taken as a pool and electroporated
with a linear DNA molecule encoding a selectable gene flanked by homology arms
corresponding to part of the intended cloned region. The correct colonies will grow after

selection for the last selectable gene.

To facilitate this strategy, which is essentially an LLHR step followed by an LCHR step,
a combinatorial host was developed. This host, GB2005-red has the BAD — Red
gbaRecA operon integrated into the chromosome so that arabinose induces the
expression of Red gbaA. The plasmid pSC101-Rha-ETgA-tet, in which the RecE, RecT,
Red-g and RecA are expressed after rhamnose induction, was also introduced. Hence
the first illustrated LLHR step was performed after rhamnose induction and the second,
LCHR step after arabinose induction. This host set-up can also be employed for triple
and quadruple recombination experiments like those illustrated in Examples 9 and 10,

to enhance efficiency.

pl us
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Such a host, capable of LLHR and LCHR by expressing both RecET and Red systems,
will be especially useful for cloning large segments of bacterial genomes, for example

operons for the production of secondary metabolites.

The utility of this strategy has been demonstrated in the direct cloning of a large gene
5 cluster from Photorhabdus luminescens DSM15139. This species is a symbiotic of the
entomopathogenic nematode Heterorhabditis bacteriophora which is an insect parasite
used for the biological control of insects. The genome of Photforhabdus luminescens
DSM15139 has been sequenced and is approximately 5.7mb. More than 30 protein
toxin genes are present in the chromosome which includes 10 silent or unknown
10 PKS/NRPS gene clusters. Such secondary metabolite gene clusters are suitable targets
for direct cloning mediated by ET recombination and full length RecE. Figures 15A and
15B provide 10 gene clusters that were identified in Photorhabdus luminescens
DSM15139. The size of the gene cluster is indicated by the number immediately to the
right of each cluster. The size of the region that was cloned is indicated by the number
15 on the far right.

9 out of 10 of the gene clusters shown in Figures 15A 15B were directly cloned
successfully in one round of ET recombination using ET recombination. Pairs of oligos
were used to generate linear vectors carrying homology arms. Genomic DNA was
linearised with the use of different restriction enzymes. LLHR was performed in YZ2005
20 and 12 colonies from each electroporation were picked into 96-deep-well plates for

verification.

One gene cluster was not successfully cloned using this semi-high-throughput strategy.
This cluster is plu3263 and is one of the largest genes found in bacterial genomes (first
cluster in Figure 15B). It is composed of 15 modules of non-ribosomal peptide
25 synthetase. To directly clone this large region the vectors and strategy described above

and in Figure 14A were used.

Table 1a shows the successful utilisation of the vectors and strategy described above in
the direct cloning of this large prokaryotic DNA cluster, from Photorhabdus luminescens.
The target was 52616bp or 50485bp, as indicated in the first row by the presence or
30 absence of ATG. The first row shows which linear construct was used, as described in
Figure 14A. The second row shows the amount of genomic DNA used for
electroporation and the third row shows the time constant used for electroporation. The
LLHR step of the strategy was carried out 8 times (columns 1-8). The LCHR step of the

strategy was carried out 5 times for 7 of the 8 initial preparations (rows A-E). 15 clones

~ - ' [y . o an~
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Table 1b shows the successful utilisation of the vectors and strategy described above in
the direct cloning of eukaryotic DNA, the mouse gene hprt. The first LLHR stage was
carried out with the vectors described in Figure 14 A, using the ccdB vector in the
bottom half of the table and the BSD vector in the top half of the table. For each
preparation, the LCHR stage of the protocol was carried out 5 times, (rows A-E). The

correct insert was successfully generated in 4 clones

Table 1A — Cloning of plu3263

1 2 3 4 5 6 7 8
P15A-amp BSD BSD ccdB ccdB BSD BSD ccdB ccdB
(2ug) no ATG | no ATG | no ATG | no ATG
Genomic DNA 5 10 5 10 5 10 5 10
(ug)

e s b 4 | 48 ) 44 1 50 Short | 52 | 44
tmeconstane | | F 0 B b el
A 25 2 2 1 8 1 2
B 3 5 0 0 4 4 1
C 3 3 1 6 10 21 8
D 6 2 0 2 30 0
E 1 0 0 5 47 98
Clones with 0/6 0/6 2/6 5/6 4/6 2/6 2/6
insertion
Correct clones 2 5 2 2 1

8 electroporations of linear plus linear + 35 electroporations of linear plus circular
Colonies: 308

Clones with insertion: 15/42

Correct clones: 12/42
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Table 1B — Cloning of hprt

L.+ L. 1 (BSD) 2 (BSD)
L.+ C. cm result cm result
A 124 116
B 26 . 69 o
10/24 with insert 11/24 with insert
C 376 37
2 correct 1 correct
D 81 272
E 14 31
L.+L. 3 (ccdB) 4 (ccdB)
L.+C. cm result cm result
A 276 680
B 24 176
17/24 with insert 21/24 with insert
C 136 192
0 correct 1 correct
D 592 488
E 240 456

Example 15 - LLHR is replication independent but LCHR is replication dependent

A transformed linear molecule in an E. coli cell expressing Red-gba or RecETg will be
digested by exonucleases Red-alpha or RecE from the 5’ end to the 3’ end to expose a
5 3 single-stranded end. Although the donor is a linear molecule in both LCHR and
LLHR, the recipient is a circular replicatable vector in LCHR and is a linear vector in
LLHR. There is a fundamental difference between the two situations. Since the circular
molecule is intact in LCHR, the linear molecule processed by Red-alpha or RecE will
invade into the replication folks where the homology sequence is exposed. In LLHR,
10 both the linear molecules will be processed by Red-alpha and RecE and the single-
stranded homology sequences will be exposed after the reaction. The annealing of both
molecules in vivo is promoted by RecET. This difference between LCHR and LLHR
allowed the inventors to predict that LCHR is replication dependent whilst LLHR is not

replication dependent.

15 To prove this, two experiments were designed using the R6K replication origin. The
protein product of the pir gene is required to initiate replication from R6K (33 ref of pir).
The R6K origin and the pir gene can be separated and any plasmid carrying the R6K

arinin alana ran ha nrananated in a strain exnressina nir aene The GR2005-nir strain
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pir, where replication is occurring, recombination did occur. This demonstrates that for

LCHR to occur, replication of the plasmid must be occurring. As this is LCHR, cells

expressing gba mediated the recombination more efficiently than RecETg.

The equivalent experiment, as described in Figure 16C, was used to investigate
15 whether LLHR requires replication to be occurring. The same linear molecule pir*-amp
was used for LLHR but the recipient was a linear vector R6K-hyg-pir* generated by
PCR using pR6K-pir*-cm-hyg as template (Figure 16C). R6K-hyg-pir*-PCR has only the
5 part of the pir gene and the replication origin R6K. The PCR production of pir*-amp
has the 3’ part of the pir gene. LLHR of the two PCR products results in plasmid pR6k-
20 pir-amp-hyg, which replicates in both pir- strain GB2005 and pir+ strain GB2005-pir
(Figure 16C). When LLHR was used, recombination occurred in both GB2005 and
GB2005-pir with expression of Red-gba and RecETg (Figure 16D). Therefore, LLHR is
replication independent and can occur without pir and without replication (in strain
GB2005).The use of full length RecE in the ETg system was most efficient (Figure 16

25 D), demonstrating that full length RecE is most suited for mediating such recombination.

Example 16 - Recombination is affected by modified ends in linear molecule

Exonucleases Red-a and RecE work on the 5 end of a double strand break. RecE
degrades one strand from the 5’ end to the 3’ end without phosphorylation at the 5’ end
but Red-a needs 5’ end phosphorylation to process the degradation (34 ref — Red-a and
30 RecE). A linear DNA molecule without phosphorylation at the 5 end (for example, a
PCR product produced by using oligos without modification) has to be phosphorylated
first at the 5’ end in vivo before Red-a can process it. Since the modification of the ends
of molecules has an effect on exonuclease activity, the effect of modifications of linear

molecules on LLHR and LCHR was studied. 5 oligos with different 5’ ends were used in
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20 are linear in LLHR, 625 combinations can be generated but only 13 were tested here. In
LCHR with expression of RecETg (Figure 17 B), the PCR product with iSSi gives the
highest efficiency but there is little difference between the other modifications and the
OO product, which has no modifications. In LLHR with expression of RecETg (Figure
17A), the combination of two linear PCR products with iSSi+iSSi gives the highest

25 efficiency. pSSp+pSSp and OS+0S have similar efficiency to OO+00 (no
modifications) but all of the other combinations have a lower efficiency. In both LCHR
and LLHR, phosphorothioation at nucleotide 51 gives the highest efficiency or at least
does not reduce efficiency. This can be explained by the fact that if the linear molecules
are protected by internal phosphorothioation and the homology sequences are exposed

30 at the 3’ ends, this encourages recombination. All of the combinations containing
phosphorothioation at one end, which lead to a single stranded DNA after reck
digestion, have a lower efficiency in LLHR (except OS+08S) (Figure 17A).

With expression of Red-gba in LLHR, the PP+PP combination is the most efficient
(Figure 17C). Combinations containing internal phosphorothioation at the 5 end
35 (iSSi+iSSi and pSSp+pSSp) work better than combinations with no modifications
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described in. 5 Exanpl e uets with s tric ends.Qr

ends were fgff?éei"&i’ egﬁﬁ?f mgieﬁgR? '%gl' i%a}‘)% agﬂﬁgﬁ 'C'ﬁa%ﬁ}?@yolg (F%%TWP t he
PCR prodfictThe dthett bémbinatiats aieubdeals tefiioiee corPESS effintint tiisan bbe-netdified dOO

W t hout 5' f| cation can be digested by RecE directly or Red-a after

phosphoryl é?'lgﬂ'f‘? Wivo: the strand with 5 end phosphorylation can be
di gested by Red-a and RecE directly; the strand with 5 end

W th o mod AP 1 o F B0 e FectiiRp o, WedlRly 7 i huiBficed 1B [0

51nt can beajeterpted édvivey RecE until 50 base to expose exact honology in
another strand; and the strand with phosphorylation at 5 end and an
i nternal phosphibeiit hiScat igene avas Insertednntoe advactart Liydedi gresrakindsg ndueibIRed- a

(B gur o 19 7 R0 RS b BoltROBES AP lasTBAR Mdif) 380 berils] 8AG. it o
product s wepmpatige edith rBAAB2P05A Wt IPBEIER egriginrbased Reldsiyida (Fywjerr €8)17deand
17D) or Reggérq%gﬁ] hgureﬁlt;’?A 2{8‘1 17% I n L-é:HR, R [ ng@,gv\5IJ douggﬁe%éande

nol ecul e has possi bl'e conbi nati ons of two strand erent ends
and 9 of t HEM WECCTASHENTBLAGSETASTATHS he nol ecul es 20 are linear in
LLHR, 625 conbi nati ons can be generated but only 13 were tested here. In
LCHR wi t h &hgrresigieohplesmideloEthg @Fﬁcggbélnmﬁxeyrlmemie'\/mnepﬁl@éw@mm recipigy;

gi ves g, biEReHr el ARG RHbuR RS A LIS bR SaRaRGLHeRRLRe

ot her nodi ficatl ons an whi ch has no no lcations. In LLHR
W th expregeners ftenkpe bETYo (- Spglueeogmtm)w sitepAropiailinraad kbastieiting igeistanheenesPCR

products w N hi ghest 25 efficiency. pSSp+pSSp and
0S+0S have ai?ﬁgs??e eﬁﬂ’é%ﬁ%@“’%’ﬁgomoo (no nodifications) but all of the

other combiygald (RS 1Y ex ﬁegﬁwglagﬁ'\d Qﬁcﬁfh%yreﬁlbféﬂ Eest eaffhstohiBY into a

phosphor ot hi oat1 on at nucl eotide 51 gives t ficiency or at
| east does GRROOPetiucell.eftwe clinage yfragmerys c‘alﬁfebé)r@%@leél a@@r tduchen fdct-Sedlat | f

the |insgr ee&g,leegahqur @rzﬁaﬂﬁ&gee@rhgﬁlrebm)ntﬂenﬁﬂst RASPRIGALI RptdRAteANthet he

honol ogy s ences e exposed ends, this encourages
r ecombi nat |k@namm!m resfistemee @Qﬂﬂ)\i\’lﬂié"ﬂ wasdlaslsed BY Hentyophdeshriesasniipe sttt hgt one

end, whi chsbegh ﬁr%aafr%bmh@reg%és%%e@le%@éﬁee& tﬁ@@gctgr Q%Férﬁéinec!“?dﬂ@wﬁhg' over
eff|C| ency in LLHR (exCept O gure 17A). Wth expression of

in LLHR t ke excigmm @Hhmfrﬂameahen@dtnsé ﬁisgmar@rem tEsisiANCe My ar dhe peyvity of I-
Conbi nat i ORKe PBW:\/‘%’ |Q'Id?/9bé<fétu‘§é AL tRAPFEN P& GBiBMIMInRBs Rbrd Im%aﬁseoe NYowiver,

(1 SSi +i SSi and pSSp+pSSp) work better than conbinations with no
nodi fi cabi dhis exrenment sha szl PEge! tioes ingayise dagrecipient plasmid in vivo.

GB2005-dir is an E. coli strain carrying an ETgA (recE, recT, red gamma and recA)
operon on its chromosome under the Para-BAD promoter. This strain was transformed
with both the I-Scel homing endonuclease expression vector and the recipient vector.
When L-arabinose was added to the GB2005-dir culture, the recombination proteins
30 (ETgA) and I-Scel were all expressed. I-Scel then linearized the recipient plasmid in
vivo. After 1 hour induction, electrocompetent cells were prepared and transformed by a
cm (chloramphenicol resistance gene) PCR product, using standard techniques. The

cm PCR product comprises the chloramphenicol resistance gene and homology arms at
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55 (00+00) (Figure 17C). Al other conbinations have |ower or simlar
efficiency to the 00+00 conbination (Figure 17C). In LCHR with expression
of Red- gbaip 20he1sue3ult is the opposite to LLHR (Fi gure PTDIB201i/nE2849

nol ecule with pSSp have the | owest efficiency. Linear nolecules with i SSi
have a | ower efficiency than 00 (Figure5s7D). 5 The other conbinations are
equally efficient or less efficient than non-nodified 00 (Figure 17D).
Exanpl e 17 recipiastease dfiguee atphiFotdwing trinsfgeation, byHR Ff thge drh RER proedctvandt or
generated in vivo. A synthetic, |-Scel e inserted into. a.vector under
an ar abi nod® ){rhecﬂﬂ'éfe%lr C"TﬁntpYe&ﬁ%t%CF?'”#gﬂg%\éﬁggri’% ea'?ﬁ?'ag\ﬂ/ﬁgorhrqi%m"tgri gin
based pl asmnd vatmdui I-SveElexpazpiahididsenitM(ad) d&ACHInpd DA ties npidB32af anlorgésnomased
pl asm ds (Figure 18). The recognition site of 1-Scel .ig the 30bp sequence:
5 AGTTACGET RERIERIGCABRRRPRIAGS™ PHIE) g el idirde gt FEroRiBetins ect
cl oni ng &xpeicienentis dasndtioellydinipeeiedc~a0ifalg) bedingarzatiorl bf theSAcipient vectbrased
plasm d shown in Figure 19A. In this plasm d,a kananycin resistant gene is
f1 anked by o 1-Scel recognition sites. Ampicillin and bl asticidin

resi st ant nes ar.e also present in.the backbone. . \Wen the |-Scel ..

xpr o541 on | DESRELT SRS PRE LAl o e BT are vyt el iegiop o
GB2005- di r tleetdcipidniwedtomieadvof r agnent s were produced after induction of

| - Scel 20 expression by L-arabinose (Figure 198). The first linear fragnment
r epr esent edhehiavédivanias meee sdestalverk abevie byhweyn ofieexaipdanloaty bpd tihevilt ywe

| - Scel cogni tion, si : 1.he r.enr. h

backbon 8013%? e Ia\(E/)eedc ﬁ" 3& ?@rﬁhaet-;'hﬁ%aﬁ@cfaﬁgrgs H &M %‘éwnin%d%t epfa%l(I c‘?‘g{ll 'ﬁ?\ﬁ%%&f#? egff trhgg ment
encodi ng t kkirkansngtations @siistoapmrated dyeefefidnee dctheirienirebf. | Scel in vivo is

| ow because | ess than 10% recipient plasm ds were |inearised. However, 25
this experiment shows that |-Scel does linearise the recipient plasmd in
vivo. GB2005-dir is an E. coli strain carrying an ETgA (recE, recT, red
gama and recA) operon on its chronosone under the Para-BAD pronmoter. This
strain was transfornmed with both the I-Scel hom ng endonucl ease expression
vector and the recipient vector. \Wien L-arabi nose was added to the
GB2005-dir culture, the reconbination proteins 30 (ETgA) and |I-Scel were
all expressed. |-Scel then linearized the recipient plasmd in vivo. After
1 hour induction, electroconpetent cells were prepared and transforned by a
cm (chl oranpheni col resistance gene) PCR product, using standard

techni ques. The cm PCR product conprises the chl oranpheni col resistance
gene and honol ogy arns at



56 recipient vector (figure 20). Follow ng transformation, LLHR of the cm
PCR product and the linearised recipient vector occurred. Figure 21 shows

t he recomuOnatividm2rate with and without |-Scel expressi @oTgBzamiR5{%s
determ ned by the nunber of colonies on a chloranphenicol supplenented agar
plate). The data indicate that reconbinat7ion 5 efficiency is dramatically

i mproved (-10 fold) by linearization of the recipient vector in vivo. This

experl nent Tgb|§m|sebfmagm|dmbnﬂ@tram§rovement of direct cloning via

li neari zation_of the reci pient \/pm‘ Qr _in vivo The i nventi.on hac heen

descri bed @ 3

further nod i ns.
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pbRBK-PGK-EM7-neo |PCR template Jthis work
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DH10B** E. coli strain IResearch Genetics
HS996 IDH10B. fhuA::IS2; phage T1-resistant |Research Genetics
GB2005 [HS996, ArecET A ybcC |Ref. 25
GBO05-pir GB2005, pir jthis work
GBO5-dir GB2005, pBAD-ETgA Jthis work
HS996-BAD-ET |HS996, pBAD-ET Jthis work

*YZ2000 genotype: thr-1 leu-6 thi-1 lacY1 galK2 ara- 14 xyl-5 mil-1 proAZ2 his-4
argE3 str-31 tsx-33 supE44 recB21, recC22, sbcA23, rpsL31, tsx-33, supE44,
his-328, mcrA, merBC, mrr, hsdMRS

** DH10B genotype: F- mcrA A (mmr-hsdRMS-mcrBC) @ 80dlacZA M15
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neo Kanamycin 15 kananyci nandneonyci n phosphot ransferasell(npt1l) from Tn5
kan Kanamyci n 15 kananyci n phosphotransferase (aph) from Tn903 hyg

Hygr ony ciwoB0tidisegr omyci n phosphot r ansf er ase (hphB) f r orSrAB@I 0N326€5S

hygr oscopi cus anp Anpicillin 100 TEM lbet a-1 act amase( bl a)

58
Table 3 - Drug selectable markers
Abbreviation [Resistance Concentration |Gene
(ug/ml)

cm |Chloramphenicol |15 chloramphenicol acetyl
ransferase (cat) from Tn9

neo J[Kanamycin 15 kanamycin and  neomycin
phosphotransferase |l (nptll)
rom Tn5

kan [Kanamycin 15 kanamycin phosphotransferase
(aph) from Tn903

hyg [Hygromycin-B 40 hygromycin
phosphotransferase
(hphB) from  Streptomyces
hygroscopicus

amp Ampicillin 100 PEM—1 beta-lactamase (bla)
rom Tn3

tet Tetracycline 3] Iletracycline efflux protein (class
C tetA or tetA(C)) from pSC101

BSD Blasticidin-S 40 k)lasticidin S deaminase (BSD)
rom Asperqillus terreus




fromTn3 tet Tetracycline 5 tetracycline efflux protein (class CtetA or
tetA(C)) from pSCl01 BSD Bl asticidin-S 40 blasticidin S deam nase (BSD)
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Red/ ET-reconbi nati on 30(ALFIRE) - an alternative and enhanced nethod for

| ar ge fr agoenti/rsezonnbi neering”, Nuc. Acids. Res. 2007, BBT(ig)011/e2849 32.
Schmdt WM, Mieller MW 1999. CapSelect: a highly sensitive nethod for
5' CAP-dependent enrichnent of full |engi2h cDNA in PCRnedi ated anal ysis of
MRNAs. Nucleic Acids Res. 27(21): e3l1l. 3533. Penfold, R J. & Penberton,
J.M An i mglovedS:sui ci de vector for construction of chronpsonal insertion

nmut at i ons |n b cte CGene, 118, 46 1992 val! R tth BW
Tor ot dal st HuoRoreingl (o prierBiign fenahess EeiindlionbSvasy Hoebspoias)
1824-7. 35. ndhin@cid mofedille Znd bieetorBhudiid heimoldouysiiaith sharg Gt leaet afe E
coli RecE protein reveal S a %P oroidal tetranmer fo rocessi n ;

doubl 6- st r andelFIISASHPEHIESCe SOMPIGAY, Shersin e pincs cqupisES dRiiiting,the st
WIlis, D K ehudic ,amd%b@cménmﬁﬁb@ndﬂnmrﬁtl@pﬁeﬁﬁad aiucleic add BAdleand i 6@C22

SRR f’”l‘é!zr?r”é%%géé’ffz’vf’qg 3 D R oI, | o0 | M W 1969,
"CapSel ect: A hi sensitjve rret hod for 5' A5CAP- e enri chnment of
oS emet oo we S SonleASE cufirisge 4 RAAE "V RG S n. eRaUoRREE

27(21): e31. 3JBtivityashdiandast: Cot oh, T. and Seki guchi, M, 1977, "Mt ations of
tenperature sensitivity in R pl asmi d pSCi01", J. Bact eri ol . 131, 405-412.

61 39. Chang AC,) CoheamifsNaci@e B64458T bf SEQADAN@Havact eri zati on of anplifiable
mul ti copy DNA cl oning vehicles derived fromthe P15A cryptic mniplasmd. J
Bacteri ol . 1978;i) 13434 drtihd-askl sequdlce iBolingvatiedst 7GR ddergitveto dRhino ridene PJ,

Bet | ach MG Heyneker creaBf SEHI N 5 W R LB SRR ghificden and

characterization of g vehrcles urpose ¢I°61
system GCene. 1977; 2€@)er@s- 113.

2. A method according to claim 1, wherein the 5’ to 3’ exonuclease is RecE.

3. A method according to claim 1 or claim 2, wherein the RecE comprises or consists
of amino acids 564-866 of SEQ ID NO:1 or a variant thereof comprising or
consisting of a sequence 303 amino acids in length that has at least 70%
sequence identity to SEQ ID NO:1 over the entire length of the 303 amino acid

sequence.

4. The method of any one of claims 1 to 3, wherein the RecE comprises or consists
of a sequence selected from the group consisting of amino acids 1-866, 141-866,
423-866 or 564-866 of SEQ ID NO:1 or a variant of a sequence from this group,
wherein the variant has at least 70% sequence identity to SEQ ID NO:1 over the

entire length of the sequence.

5. The method of any one of the preceding claims, wherein the RecE has at least
75%, 80%, 85%, 90%, 95%, 98% or 99% sequence identity to the RecE provided
in SEQ ID NO:1.

6. The method of any one of the preceding claims, wherein the RecE is full-length
RecE.

7. The method of any one of claims 2 to 6, wherein the annealing protein is RecT.

8. The method of any one of the preceding claims wherein the first and second

nucleic acid molecules are linear nucleic acid molecules.



41. Yani sch-Perron C, Vieira J, Messing J. Inproved ML3 phage cl oning
vectors and host strains: nucl eotide sequences of the ML3npl8 and pUC19
vect ors. vone11/i598%; 33(1):103-19. 1042. G bson DG et acCT/isuiients49 2010
May 20 Creation of a Bacterial Cell Controlled by a Chemcally Synthesized
Genone 62 CLAIMS: 1. A nethod for perfa3dm ng honol ogous reconbi nation
between at least a first nucleic acid nolecule and a second nucleic acid
nol ecul e whichThéanethatl beasy ome of efheopreatdiag gelginee whersh gy, hovhelbgous t he
met hod conprises bringin the%{i rst nucleic acid nolecule into contact with
t he second nucfetgf’@bﬁ@gﬂ” %cﬁaéré %“ti"'hagﬂﬁt i'esence of a5 to 3 exonuclease

and an anneagl protein; wherein the 5 ., exonucl ease conprises a
egi on havi 19 e k34 i AT BCuBerklt 1 &) Yok SEREERE T PR KoM
564-587 of SEMétBrdMigolis DNA.ii) a 24 am no acid sequence having at |east 70%
identity to 1no acids 564-587 _of SEQ ID NO 1 over .the entire. | ength of
he 24 2 nd 1aEPATERIAHEEY 03° ohSRETTT MREBP g P& BIOACETSS B 1 he
5 to 3' exonuil egaessesdl ReaEthe3.ReBEMgEh® bfage anidhraged @raphaige) hnarwisérainm 2,
wherein the RecE conprises ar consj st f am no acids 564-866 of SEQ I D
NO 1 or a vari ﬁ’f‘ﬁre?%ﬁecggﬁﬂm’%q %aﬁ;t%é%?%%tqrwaotgf. a sequence 303 anino
aci ds in | engtnhé hatthbdsofatcldirasd of0%tadequenwielette eixptegsibn &EGd B’' NO: 3 over
the entire length of the 303 anino .acid sequence. 4. The nethod of, any one
of clai s 1 ¢ oSgmuikatefs, ks BLAR BiiF SHRRER syttt pd il HPbRS HouRll

sel ected from ploencigrau @ roemaosd indgcible peornoter.aci ds 1- 866, 141- 866, 423- 866

or 564-866 of SEQ ID NO 1 or a variant of a sequence fromthis group,
wher ei n t he 13aThantethuasof ahy loea of the(sYessiingeciaimnsi dberkirt the sec@a@Ucl@idNazid isover

h i I h of th .5, Th hod . .
brecedi ng cl o fanedisshofoR fadBHer s i A8 (RERRE Bact gl ohoE orgin,,
98%h0(rj 9?% S eqbazedevaat@ntai tiryaarie_edl hDBHaéE E)rmim\biaslatﬂ vémtonSEQlih@r!ﬁéh ]fosrlﬁi.dl, Ehet .

t hod of an . r ecedi ) c -l en
Rece. 7. The” nlRORLPUG DB ESS e Tyl Mo et Sk T ng
protein is '?g?%rhe fiet U&%f%’ﬁ&%ﬂg o‘f”yaﬁ@ﬁ 2% QeI e ﬁr%?éjr{d“%c%é‘hﬂ&ei glg®! n
the first and second nuclerc aci nol ecul’'@és are |'i near nucleic aci
nmol ecul es. WWOm2Rtdlesd aaoBwRCaNd BROD&ho8 25tr@r 68mpPriseEHeingmplratiird hucleig acide of

the preceding chal® WASCEMEc! Rfh MRITHIIDMP SLEGRMRLIEE! Rl foiddids' AUt 10

a host cell.
presence of the 5 to 3’ exonuclease and the annealing protein, wherein the first

nucleic acid molecule shares a region of homology with the second nucleic acid
molecule and shares a different region of homology with the third nucleic acid
molecule, wherein the second nucleic acid molecule shares a region of homology
with the first nucleic acid molecule and shares a different region of homology with
the third nucleic acid molecule and wherein the third nucleic acid molecule shares
a region of homology with the second nucleic acid molecule and shares a different

region of homology with the first nucleic acid molecule.

15. The method of any one of claims 1 to 12, wherein first and second nucleic acid
molecules are linear and the method further comprises bringing a third nucleic acid
molecule and a fourth nucleic acid molecule into contact with the first and second
nucleic acid molecules in the presence of the 5" to 3’ exonuclease and the phage
annealing protein, wherein the wherein the first nucleic acid molecule shares a
region of homology with the second nucleic acid molecule and shares a different
region of homology with the fourth nucleic acid molecule, wherein the second
nucleic acid molecule shares a region of homology with the first nucleic acid

molecule and shares a different region of homology with the third nucleic acid



10. The method of claim9 wherein the 5 to 3' exonuclease is expressed
from heterol ogous DNA. 11. The nethod of any one of clains 1-9 wherein the
5" to 3" weanuclserse is ReckE and is expressed fromthe ReTHEHBmanes2649 an

i ntegrated prophage, and wherein expression of RecE is driven by a

het er ol ogous pronoter. 12. The net hod ofe4cl ai m 10 or claim 11, wherein
expression of the 5 to 3' exonuclease is driven by an inducible pronoter
such as an ar atrienssgend rmduleictxkﬁd proletleesnddshares badifarsst rieQrduczifbiomowggrmtrer

13. The nethod, of  a of t he cedi n cl ai wher t he

el ei'e aci d i Beor M RS acl BARRGE et Jrerdh dhe 80 Rl S Rigkee

l'i neari sed p15éha1é$ @i reglmsefdhoreelbey with the neied haegic H3RB Adlevuiegam basres a

vector, a Iine%f fosmg@ a |Iﬂ€ﬁl]rh ﬁ $U§ or i |n ba ed vector or a

| i nearised Col e@n oy thVH thg jrst pglel 6808? %ny one of claims 1

to 12, V\,here1| n fb tfand s H nuc ? gm dI es.aLe | i near and

t he net hod f@rir med ﬂ‘%rq s %mb nY"Ri§"™ rﬁw 'S ﬁ@ICeFE’ PSC | CEONEET it o

contact with tb@dehbétofamérwcmdsémtieartd étﬁlrtd nodiec Wcks moleculke preestemice of

the 5" to 3 ex‘onuclle éhﬁ‘&j nnea l|n teln wﬁ)ereln%)heflrst

nucl ei ¢ acid anQ,QEHFgo gu"é‘ﬁ eSﬁ@' £RMH®8€ond nucl eic

acid nol ecul S a dlffer the t.hird

ncleic actd mlecutBed S dpkiane; pePeEHT %efaav% "B Bt B Al

regi on of honohmo@ulel domprises hisegierteof aiterestaif @kivot motd i@ length.shar es a

different region of honology with the third nucleic acid nolecule and

wher ei n t he 18hThel nmtioddkio€ aagciml1ermﬂ theuprecading ekiras,reigerein e fitsnolidey asidt h

t he second nucle e ffe t i on of honol ogy
ogrgargg% g lé g%éa}]%g o? E@érg%he lfS eﬁ% cIJs?&

wththeflrstmr?ﬁg h of"any one of clains 1
to 12, where t he
ot nod furt i Tﬁ%‘n%‘ho%”& rﬁﬁﬁ%ﬁé*gﬂn“’thg ofic, duB} SRR sBohidp et
fourth nucl ei cpatbwdy cmda@ﬂyla:ld mﬁwens(smaafa)/vam th the first and second nucleic
acid nolecules in the presence of the 5 to 3' exonucl ease and the phage
anneal i ng pr2t €her mathed of mny henewbietrei preceding iolaims nwudreincthadiret nurlieie wc
shares a regi 051'0% ulléqgglﬂ%g}?}e\‘\%{%tr@ﬁléﬁﬁﬂnd nucl ei ¢ acid nol ecul e and

0 eiog

shares a diffefent reglon wth the fourth nucleic acid

nol ecul e, clei e f

honol ogy wi t 'tllr]lé; nﬁgllﬁ%f%ﬁ%@ edl?lck;L Jéfgflhg ?rr%{: ec;ﬁﬁ’g%%%gﬁ%?@iﬁg oilgtf g%c?%%%c}degi on
of honol ogy wi tielechle is 14 lirgarierd BAE argd e neethothés easblecsuraloneiacsesgpace of

nol ecul e and Sm@rgﬁ fr%nﬂhfefé?ﬁ((ﬁnﬁ L efiniNy REigronol ogy with the fourth nucleic
acid nol ecul e wherern t Fa0Tt nuc‘ eic acid nol ecul e shares a region

of homol ogy 4 *nh‘e tnhﬁhécﬂ'of %n?%le%f%@%rgcé%geagln% %ﬂ%r?ﬁ%@%t Fe &l i QTS

regi on of honol ogy wit first nuclelc acid nol ecu The net hod of
cl ai m 15, wher ggaengd melciejo agid matgceies aieilinearAnsctie anetbem fUrhes campispg sty of
interest, the ﬁ%‘%ﬁ&ﬂjcﬁl'afithfeqM@glhtor\M%EPH&n@iB%&%k@rﬁHlngﬁor@tre%c diween the
ollgonucleotldes an nucleic acid nolecule 1s a c onln? vector.
17. The net hodafoieaahfﬁsbr@édoﬁfecph‘é nyeleseasidgnelrelles in whescend ster of jlipear to

nucl eic acid I €od N
length. 18, The Sl et ‘sg@%n@b@%‘*”qﬁ? Beesie oF Ferabnd oa RecBlahor
first nuclei c HenagtetoRectuped Beapri ses a sequence of interest which is a
gene cluster. 19. The nethod of claim 18 wherein the gene cluster encodes a

secondary mP8abor methasiefalgip 2% whereip the Iﬁ@aat%mﬂahégmglosawmymbmﬂorrﬁe

net hod of any Qé}ﬁe@Butt :'BEWPé ﬁuctﬁg'p'ﬂ&e%@bmu‘%é}?g{tﬁﬁéct%dméoﬁ{ aR¥Qnen el d

nol ecul e is a fragnent of genom ¢ DNA. . The nethod of any one of the
precedi ng cl ai Mgthogfertieerrcantuises Pgﬂgln%h\%lo@daeﬁ ¢f thelliseqy ta lingarshemelegeyssed
BAC and the metdigghpingtishs fchdtion $ib Coriet @.tﬁ@qu&mamfe.d Béi@mesiéculid AN hBs: BAC
into a cloning vector. 22. The nmethod of any one of the preceding clains,
wherein the atceleand cpiryisg oshdneclonercH(sE INemelogors raearalination i4revq imigr and

the method furblein@URdd@RhatmlHdbEf ﬂd%é@?aﬂﬁal&@ﬁeh?é]ﬁﬁb to linear
honol ogous reconbi nation reaction between the at’ [ east Tirst and second

hucl ei ¢ aci GaMpheGhBiRSd Ioh ahySEROBE tfd PRvus! LIBRAT virRréih iRdllfRdt MRIEN Q@RS
recombi nation in the presence of Redal pha and Redbeta or truncated RecE and

RecT. 23. The melerdlg '%)f'nQﬁr@i”ﬁ]CQQ“P”»ﬁ?Ra?Qh?ﬁﬁhﬁ@tﬂ“P#@&‘rpr%mlal todtsro’ §BABN8gous
reconbi nati on piospRbrotrishtdHtordxim¥i (it 3 Bnd.he presence of full length RecE
and RecT, and wherein the method further conprises bringing the product of
the linear to |inear honol ogous reconbi nation reaction into contact with a
further nucleic acid nolecule in a host cell and carrying out |linear to

ci rcul ar honol ogous reconbination in vivo in the presence of Redal pha and
Redbeta and preferably also Redganma. 24. The nethod of any one of the
preV|ous clalns mhereln t he flrst nuclelc acid nDIecuIe |s | i near and

o T . -, = -, —



26. The nethod of any one of the preceding clains for generating a cDNA
library. 27. A nethod according to any one of clains 1 to 25, wherein the
first andweeonrid49racl ei c acid nol ecul es are |inear and woensimi/ize4dret hod
further conprises bringing the first and second nucleic acid nolecules into
contact with one or nore additional nuclégi c acid nolecules in the presence
of the 5 to 3' exonuclease and the annealing protein to produce a |inear
product. 28.25AThenialodaotdaith 8¢, Woerelnathe seépnavhecleicracichmolecnleas lipeardaret i s
a gene, an operon, .a _chronosone, or.an entir ngne. . A host cell that
expresses a b cogprtscs bR BRntaust iRl da RIS Ty Bleodse T sofe & 6.
30. The host cphdspbbrathiaationdPoximal tolits&ddnd.i onal |y conpri ses genes encodi ng
Redal pha and Redbeta, wherein the 5 to 3" exonuclease is under the control
of a differ et The omtticeroffang mn&etlthephecaalitg) dRadisdbragendiating aeiXNA Glahty.
conprising a reckE gene on an integrated prophage, wherein the recE gene is
under the c@it Aaheihbd aachetsgoioogyusngpodoteinesr 1 t825, Avhlerdin trenfinst shaigeeond
nucleic acid e ing. ' 3. _exonuc . reci i,n n

e ms 1t o 6 Popo s smaiehlen aef SReHoRE SistEny BELehoat 1B $3Rolies ¢
conpri si ng a S5bringingthedicstrancl ssesred ascleie Gctdemiolenulasjntonentett withaomsorlmb@ 6
for use in a I .nat | 34. tho i Vi ng
the effici enc;TE %cﬂ{?%’g%ygé%g%g%?@g%ﬁ@?%Wgn&%égd&eeréé?éﬁ?% %oeqn%{-' o%%%sgp ard
reconbi nati on the annealpnggwetetetogiroditceladetr produsti ngl e st randed

ol i gonucl eoti de that has no sequence honology to the nucleic acid nol ecul es
under goi ng 28mbInazibed acaeding inelaiimo?y, whisegie the linear pfodiictiie aggnefarharenbrogous
reconbi nati on [S..i i when honol ogous reconbination is
performed in t%@Ogﬁéﬁ%gggégbﬁ%g\éﬁo%gast one single stranded

ol i gonucl eotjsdg. fer gl | it .

single st randgég hg%fcge(l)lﬁﬁ%éggﬁ%ggs ggn%rlﬁsegéﬁgzgea‘gg%ﬁise?gﬁ%ﬁ @h&b 8@%& ﬁlﬁ@qs

met hod of cl ai M®3& or 35 wherein the at | east one single stranded

ol i gonucl eotide is 10-100 nucl eotides in |length. WO

2011/ 154927R@TThehost1ged P 5legn @8, ghich Raditinpallyorpniufrises geneSencogingrRedalntiae at

| east one sing e | L eat | | i 4

ongth. 38, The BEPBRECEnel KR (78 pAucRage R Ind? (hEoRRl o B o6,
one singl e st rpiewierdronyBadepedendiBedketased at a concentration of 1-200pnol
for each electroporation. 39. The nmethod of any one of clainms 34 to 38,
wher ei n t he 3ofdlosherlscareriising aseitoaensomeadi ateawtasy PRebEa nderRie the BBE The

met hod of cl ai g3 38 uﬂ@&ftﬁé@oﬁtﬂﬂo@ﬁ@ér&o%%%rtg@%ﬁgr.%c'i 41. The method of

any one of clarnms 34-39, wherein the net onol ogous reconbi nation is

a method aceor fiiGdhpridmy LAGIOE el dhglP528- 3 onddicasBRishedit] inddhy one
of clains 34 to 38, wherein the honol ogous reconbination is nediated by Red

al pha and Red ®& @ claims 14016 for exsnip @ rapthigd &t horaalggousiecanbigpiéonst r anded
ol i gonucl eotide as recited in any one of clains 34 to 37 for use in
per formi ng e IEFOIPrisBechbi Rat iegAnuclease as recited in any one of claims 1 to 6 for

use in a method of homologous recombination

34. A method for improving the efficiency of homologous recombination by performing
homologous recombination in the presence of at least one single stranded
oligonucleotide that has no sequence homology to the nucleic acid molecules
undergoing homologous recombination, wherein the efficiency of homologous
recombination is improved relative to when homologous recombination is

performed in the absence of the at least one single stranded oligonucleotide.

35. The method of claim 34, wherein the at least one single stranded oligonucleotide

comprises or consists of DNA.

36. The method of claim 34 or 35 wherein the at least one single stranded
oligonucleotide is 10-100 nucleotides in length.



44. A kit according to any one of clains 32, 33 or 43, wherein the kit
conprises a host cell which conprises a nucleic acid encoding a Recé. 45. A
kit accorwongiird4erai m 44, wherein the host cell is a ceCli/yipxidexssd bed in
any one of clainms 24-26. 46. A kit according to claim43, wherein the kit
conprises a host cell that expresses Redw pha and Redbeta. 47. A kit
according to claim44 or claim45, wherein the host cell additionally

conpri ses a 37uThemmetragl of ckif BeNwBeremctd ah@astehedingd® sartfediigdorgamettide BeCA,

Redal pha and Redbeta. 48. A kit agcording to any one of clains 32, 33 and
43- 47, wher ei na'?CP‘rgd'ai“f‘dﬁametsi'Biﬁ‘ﬁﬁy conprises one or nore |inearised

cl oning vectqors. 49 thod for perform hono) o S _[econbinatio
betweon at . 13Badbe BepdAel sy one pES AR A Lo e S e Lzshiits AOF o e g
mol ecul e whi cholgfsauedtidel is aséd StnecdreghiPdtionfof IeIPORABEfON@AEH eigtropdedtiohi Si ng,
prior to perform ng honol ogous reconbination in vivo, the step of

l'i neari si ng 38t Thearthoans adl ohe lofitiaimcB4toc3d ihdreid tiechbreologous récorisinatipna
andi or t he SecbAtEdIGY BV FeRE R M dcul o, 67 50 The method of claim 4o,
From a nom A5 EirBaa S5 e P ReCr i ke 38% o [T anacr i pt fon-
a1 VRl o e SR 58° B CLARE o o B 8L R o kAR,
| - Scel , |- Ceul recbmGination is-e0nathpd lac@ading td abynohe oflelétans! 1, tol28Scel | , 1- Scel | |,

1-ScelV, F-Scel, F-Scell, PlI-Aael, PI-Apel, PICeul, PI-Crl, PI-Crl,
Pl -Dral , Pl 4RbEVhe meethokfdE Bny Bhe bfjcdhims$P84 g 38, whereilked horfbleddus| recdPhbiivatidn,

Pl-MuH , PI- P@%é%t?$¥gzﬁe§|%r{%ﬁq@rﬁﬁ @#%_ Pkol, PI-Pspl, PI-Rmal, PI-Scel,

Pl - Sspl, PI-TfUl, ill. PI-Tspl, PI-Tspll, PI-Bspl,

I NEhL | i Sfet plriafi ot as{ i singBidbiia glggnllibuqe ae Fbeq gy
| -Din, |-Hmul,oflclatms|34,to 87 Terwbe,in perferuling horfoiggals, referdoigation( HO) , F- Suvl ,

F-Tevl, and F-Tevll. 52. The nethod of any one of clainms 49 to 51, wherein
t he honol ogddsA kit @eatridingttd @ny ione b daimsedL, B RASEWheriIrRbe Rit cBgpriFesea resthod

of any one of claiiE, ?ﬁg%eg%,n%%géi@egﬁb?iﬁéehgﬁ_of honol ogous

reconbination Is a nme accor claine 1 to 28 or 34 to

42. 54. A hQ%FA?(ﬁlchc&‘aﬁﬁrtgic%tﬂ, %Xre%ﬁfeqosgkﬁi 48, &l adldestHbdd R any one.

conprising a rare-cutting sequence specific cleaving enzyne as'recited
in claimb50 orofdlaiinm29426.55. A kit for use in perfornmng a nethod of

honol ogous reconbi nati on conprising at | east one rare-cutting sequence
speci fi c DNAScA édhaasgriingzipnelains 43, eihareid the kitlagmprises erhast aelhihel exmessea ki t

for use in perkeidpbifay RE4eE of honol ogous reconbination conprising a
host cell according to clalimb54.

47. A kit according to claim 44 or claim 45, wherein the host cell additionally comprises
a nucleic acid sequence encoding one or more of Red gamma, RecA, Redalpha
and Redbeta.

48. A kit according to any one of claims 32, 33 and 43-47, wherein the kit additionally

comprises one or more linearised cloning vectors.

49. A method for performing homologous recombination between at least a first
nucleic acid molecule and a second nucleic acid molecule which share at least one
region of sequence homology, comprising, prior to performing homologous
recombination in vivo, the step of linearising at least one circular nucleic acid
molecule in vivo using a rare-cutting sequence specific DNA cleaving enzyme to

generate the first and/or the second nucleic acid molecule.
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50.

51.

52.

53.

54.

55.

56.

67

The method of claim 49, wherein the rare-cutting sequence specific DNA cleaving
enzyme is selected from a homing endonuclease, a zinc finger nuclease (ZFN) or

transcription activation-like effector nuclease (TALEN).

The method of claim 50, wherein the homing endonuclease is selected from the
group consisting of I-Scel, I-Ceul, I-Crel, I-Chul, I-Csml, 1-Dmol, I-Panl, I-Scell, I-
Scelll, I-ScelV, F-Scel, F-Scell, Pl-Aael, Pl-Apel, PiCeul, PI-Cirl, PI-Ctrl, Pl-Dral,
PI-Mavl, PI-Mfll, PI-Mgol, PI-Mjal, PI-Mkal, PI-Milel, Pl-Mtul, PI-MtuHI, PI-Pablll,
PI-Pful, Pi-Phol, PI-Pkol, PI-Pspl, PI-Rmal, Pl-Scel, PI-Sspl, PI-Tful, PI-Tfull, PI-
TIil, PI-Tlill. PI-Tspl, PI-Tspll, PI-Bspl, PI-Mchl, PI-Mfal, PI-Mgal, PIl-Mgall, Pi-Minl,
Pi-Mmal, Pi-Mshl, PI-Msmil, PI-Mthl, PI-Tagl, PI-Thyll, I-Ncrl, I-Ncrll, I-Panll,
I-Tevl, I-Ppol, I-Dirl, I-Hmul, I-Hmull, I-Tevll, I-Tevlll, F-Scel, F-Scell (HO), F-Suvl,
F-Tevl, and F-Tevll.

The method of any one of claims 49 to 51, wherein the homologous recombination

is mediated by RecE and RecT.

The method of any one of claims 49 to 52, wherein the method of homologous

recombination is a method according to any one of claims 1 to 28 or 34 to 42.

A host cell according to any one of claims 29-31, further comprising a rare-cutting

sequence specific DNA cleaving enzyme as recited in claim 50 or claim 51.

A kit for use in performing a method of homologous recombination comprising at
least one rare-cutting sequence specific DNA cleaving enzyme as recited in claim

50 or claim 51.

A kit for use in performing a method of homologous recombination comprising a

host cell according to claim 54.



