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ABSTRACT

Variant lox sites having an altered spacer region
(heterospecific lox sites) are not proficient for Cre-
mediated recombination with the canonical 34 bp loxP
site, but can recombine with each other. By placing
different heterospecific  lox sites at different genomic
locations, Cre can catalyze independent DNA recom-
bination events at multiple loci in the same cell without
concern that unwanted inter-locus recombination
events will be generated. Such heterospecific lox sites
also allow Cre to specifically target efficient integration

of exogenous DNA to endogenous  lox-like sequences
that naturally occur in the genome. Specific targeting
occurs only with a DNA vector carrying a heterospe-
cific lox site in which the spacer region has been
redesigned to match the ‘spacer’ region of the targeted
chromosomal element. Moreover, in cells expressing a
catalytically active Cre recombinase, naturally
occurring lox-like sequences can exhibit almost 20%
mitotic recombination. Thus, in the same cell, heter-
ospecific lox sites can be used independently at
multiple loci for integration, for deletion and for
enhanced mitotic recombination, thereby increasing
the repertoire of genomic manipulations catalyzed by
the Cre recombinase.

INTRODUCTION

Cre-mediated integration of laxP-containing plasmid to that
chromosomal site, facilitating construction of isogenic cell lines
and mice {0,11). Precise genome manipulation is possible not
only because Cre is an efficient recombinase in eukaryotic cells,
but also because thaxP size is sufficiently large (34 bp) that it

is unlikely to occur naturally in any eukaryotic genome. Rare
recombination events have been detected, however, with doyptic
sites in both th&scherichia coland the yeast genomd(13).

TheloxP site consists of two 13 bp inverted repeats to which
Cre binds {4,15) and an intervening 8 bp core. Only pairs of sites
having identity in the central 6 bp of the core region are proficient
for recombination; sites having non-identical core sequences
(heterospecifidox sites) do not efficiently recombine with each
other (L6). Thus, the core region of thex site determines the
specificity of recombination with #&ox partner. For example, a
variant heterospecifitox site foxY would not be able to
recombine with the canoniclaxP site, but would be proficient
for loxY x loxY recombination.

The existence of multiple heterospediix sequences suggests
several novel recombinational strategies for genome manipulation.
First, selective Cre-mediated targeting of different chromosomal
lox sites may be achievable by placing heterospdaiiites into
the genome at different loci and then specifying the core sequence
on the lox targeting plasmid to direct integration to the
corresponding locus. Second, use of different pairs of heterospecific
sites would allow Cre-mediated gene excision at different chromo-
somal locations without generating complicating chromosome
inversions, translocations or large scale deletions. Third, because

Site-specific DNA recombinases have become important toofs'® requires as few as 8-10 bp of each 13 bp binding domain

for in vivo manipulation of eukaryotic genome$—§). Cre

(17,18), eukaryotic genomes may naturally contain one or more

recombinase and its DNA recognition &P have been used functionallox-like sequences, but which differ frdoxP in the

both for activation and for elimination of genes in a variety ofOre region. The feasibility of these strategies is demonstrated
transgenic and gene-modified micé-g). In these genome here using the genome $&ccharomyces cerevisiae

manipulation strategidsxP sites are introduced into the genome

using either traditional zygote injection techniques or by homoldVATERIALS AND METHODS

gous recombination in pluripotent embryonic stem cells such thﬁ'iasmids

they flank the segment of DNA that is to be deleted from the

genome. Upon expression of the Cre protein, efficient site-specifiche yeast integrating vector pRB19 containd &2 gene for
conservative recombination occurs atlthé sites to excise the selection in yeast, but rox site (L0,19). Removal of a single
intervening segment of DNA from the genome. BecauslxP site from thdox2 LEU2construct pBS302(0) generated the
recombination occurs only in cells expressing Cre, tissue-specifiaxP LEUZintegrating vector pBS222. Thaeock loxFASYector
deletion or activation of a gene can be made to occur lPBS214 was constructed by inserting the annealed oligos,
controlling the expression of ttere gene. Prior placement of 5-AGC TTC GTATATACCTTT CTATACGAAGTT GTG-3
Cre’s DNA recognition sitdoxP into the genome also permits and 3-GAT CCA CAA CTT CGT ATA GAA AGG TAT ATA
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CGA-3, between thadindlll and BanHI sites of pRB19. The and diluted (final concentration:x11(P cells/ml) into S medium
GALl-cre yeast expressioilCEN plasmids pBS492(0) and supplemented with adenine, leucine, uracil and either galactose or
pBS126 21) respectively carry the selectable mark#iRA3and  dextrose. Cells were grown for the indicated time and samples
ILV2-4-10(sulfometuron methyl resistance) for selection in yeastlated for individual colonies on YEPD plates atG0Phenotypes

(22). Plasmid pBS394(GAL1-creY324Cwas constructed by were determined by replica plating to SD plates with the
replacing the wild-typere sequence of pBS126 with that of the appropriate nutritional supplements.

‘creNA2 mutant 3).
) Polymerase chain reaction

Cre reactions . . :
Analysis of theloxFAS1region and preparation dbxFAS1

Cre reactions (1Ql) were performed under standard conditionsfragments for recombinatiom vitro (above) was with the
at 30°C for 1 h and contained 2% polyvinyl alcoh@l5),  following primers: a, 5GGT CCA GAA GCA AGT ATG TCT
20-30 fmol of eactox site and 2 pmol Cre protein or as indicated ATG G-3; b, 3-CGC TGT TGC GTA ATT ATG CTT GGC-5
Reaction products were visualized after gel electrophoresis 8y, 3-ATC AAG ACC AGG AAC AAT ACC-3; 98, 3-GCA
ethidium bromide staining or by autoradiography when usin@CT CGT GTA TCG TGA TGC-3 L2b, 5-GAC GAT TGC
33p-end-labeledoxFAS1 fragments generated by polymeraseTAA CCA CCT ATT GG-3; U, 5-CAG GGT TAT TGT CTC
chain reaction (PCR) amplification and treatment with T4 kinasé&TG AGC GG-3. Amplification was by 30 cycles: 30 s at°@!
Ethidium bromide stained gels were digitally photographed using0 s at 68C, 60 s at 74C, in a Perkin Elmer 9600 thermocycler
a Foto/Eclipse camera system (Fotodyne, Inc.) and quantitateith Tagpolymerase (Perkin Elmer), using0 ng yeast genomic
using NIH Image software. Radiolabeled gels were quantitatddNA in a 50pl reaction volume.

using the Fuji BAS 1500 phosphorimager.

. . . . RESULTS
Yeast strains and genetic manipulation

. o . . » Recombination at candidatdox-like sequences
Strains used in this work are listed in Tahl€ulture conditions

(S medium: minimal defined medium; YEPD: yeast extractA minimum requirement for a functionkx site is two 13 bp
peptone, dextrose) and selection procedures have been describgdrted repeat elements (for Cre binding) separated by 8 nt.
(20). BSY659 is aural::LEU2 insertion/deletion derivative of Although several cryptiox sites in the yeast genome have been
DBY745 made by homologous recombinatiatt)( In the identified previously, none contain two ‘good’ 13 bp repeat
ural:LEUZ2insertion the_.EU2 gene replaces a 328 bp segmentlements 13). Do there exist in eukaryotic genomes-like
between th&cdRV andNcd sites ofURAL(a 986 bp fragment sequences having functional Cre-binding inverted repeats and a
amplified from genomic DNA with the oligo§8AG GTC GAC  correctly sized heterologous spacer? A search of the GenBank
TCT AGA GGA CCAAAC ATG ACA GCC AG-3and 5-GTA  genome database (Release 89.0pfolike DNA sequences with
ACC CGG GAT CCA AGC TTA AAT GCT GTT CAA CTT strong homology to the twioxP 13 bp inverted repeats found no
CC-3). Plasmids pBS126 and pBS394 were introduced into arelikaryotic sequences with identity in the inverted repeat regions
maintained in BSY695 by selection for resistance to sulfometurasf =9 bp and separated by a non-specified 8 nt core region.
methyl (a gift of S. C. Falco, DuPont Co.). DNA transformatiorHowever, a potential recombination site with 9 bp ohiilg
was with the Frozen-EZ Yeast Transformation Kit (Zymoadjacent to thiexP core on one side, and a single mismatch in the
Research). 10 bp adjacent to the core on the other, was fouScerevisiae

For determination of the efficiency of Cre-mediated targetinggn chromosome Xljust upsteam of theAS1gene (Fig.1A)
yeast strains{ a resident chromosoniakP target and containing which encodes thgsubunit of fatty acid synthetas&/(28). The
thecregene undeGAL1control) were induced fareexpression  core region of thifoxFAS1site bears almost no homology to the
by pregrowth in S + galactose medium, transformed with thiexP core. To determine the recombinational competence of this
indicated amount of the appropriateU?2 targeting vector, and site, amock loxFASkite was synthesized having two functional
selected for leucine prototrophy. inverted repeats flanking a core region identical to that of the

For analysis of mitotic recombination, overnight cultures of thdoxFAS1 site. The synthetic site was cloned intoLBU2
heterozygote BSY695 (Fig3) carrying the indicatedcre  integrative yeast vector for comparison with a sinhd&P vector
expression construct were grown in SD (S + dextrose), washdéig. 1B).

Table 1.Strain genotypes

Strain Genotype Reference
2132 Mata trpl leu2 cdcl6 mak11l-1 (40)
DBY745 Mata ade1-100 leu2-3, 112 ura3-52 a7
DBY931 Mata his4 leu2-3, 112 ura3 met8-1 can1-101 a7)
BSY3 Mata adel-100 leu2-3, 112 urgpBS49) (18)
BSY103 Mata adel-100 leu2-3, 112 ura3h VIl:loxP (pBS49) (10)
BSY659 Mata adel-100 leu2-3, 112 ura3-52 ural::LEU2 This work
BSY671 Mata adelleu2ura3 + + + (pBS49)

Mata + leu2 ura3 met8 his4 canl BSY3x DBY931
BSY695 Mata leu2ura3ural::LEU2+  +  + adel

Mata leu2 + + trpl cdcl16 mak1l + BSY659x 2132
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Figure 2. Recombinatiorin vitro. (A) Linearlox containing substrates (Fig. 1)

Figure 1. Thelox recombination sites and vectors) @lignment ofloxP with were mixed and treated with Cre as described in Materials and Methods.
the yeastoxFAS1site (accession no. X03977; nucleotides 505-538) and the Reaction products were visualized by ethidium bromide staining. Arrows mark

synthetiomock loxFAS Bite. Positions identical to thosddnP (41) are boxed the position of predicted recombination products in “+ Cre’ lanes. Lanes 1 and
in grey. The 13 bp inverted repeats are indicated by the arrows. Identity in the2: PBS222< ECaRI + pBS222« Sal; lanes 3 and 4: pBS2IECRI + pBS214
core region is emphasized by vertical lind3). Iox integrating vectors. Both xBanHl; lanes 5 and 6: pBS2¥48al + pBS222< EcRI; lanes 7-10: pBS214

carry theLEU2gene for selection in yeast. Thelmocontrol pRB19 is identical x EcaRl + 528 bdoxFASIPCR fragment (primers 97 + 98; Fig. 3). Lanes 8 and
to pBS214 but carries riox site. B,BanH!: H, Hindlll; RI, EcoRI: S,Sal. 9 contain a 3-fold molar excess of fb&FAS1fragment; lane 10 contains a

(C) In vitro recombination assay. Linelox recombination substrates were ~ 3-old molar excess of thm%%I; loxplasmid substrate. M: size markers, a
generated by restriction digest of either pBS2B2R) or pBS214 fiock Hindlll digest of phaga. (B) A **P-end-labeled 440 BpxFASIPCR fragment

IoxFAS?). Production of new longer or shorter DNA fragments is indicative of (Primersa + b; Fig. 3) was tested for recombination as in (A) with either a 2-fold
Cre-mediated recombination, as sketched herdofd? site recombination molar excess (lanes 1 and 2) or equal molar (lane 3) unlabeled BRBAB1

using pBS222. Similar strategies were used to provide distinctlylsif@dnd fragment and with an equal molar amount of tieck loxplasmid pBS214
mock loxFAS Bubstrates. linearized withEcdRI (lane 4).

Genomic targeting

Intermolecular recombinatiorin vitro with purified Cre Both the efficiency and independence of genomic targeting at the
recombinase (using the strategy shown in Ei). showed that loxFAS1site in vivo were examined using tHexP and mock
the synthetianock loxFASEite was as proficient for Cre-mediated loxFAS 1yeast integration vectors carrying thEU2 marker
site-specific recombination as an authetdiP site (Fig.2A: (Fig. 1B). Such circular DNA vectors integrate at low efficiency
compare lanes 1 and 2 with 3 and 4). Thus, this altered spacer itgsif homologous recombination into the yeast genome at the
does not markedly affect self by self recombination. As expectedhromosomalEU2locus ¢9). However, Cre directs integration
recombination between heterospecific siteeRx mock loxFASL  of theloxP vector into a chromosomlalxP site at high efficiency
was not detectable and Cre did not generate a novel bafiD). The mock loxFASlasmid pBS214 was used to test for
diagnostic oloxP x mock loxFASTecombination (lanes 5 and 6). targeting in both haploid (BSY3 and BSY103) and diploid
The naturaloxFAS1site was also proficient in DNA recombination (BSY671) leu2 auxotrophs carrying &AL1-cre expression
with the syntheticmock loxFASI1site (lanes 7-10); the 3-fold plasmid. Test strains were induced for recombinase expression by
reduced efficiency probably reflects a non-optimal interaction of Crgrowth on galactose and then transformed with eithdoxifror
with the naturaloxFAS1site that results in reduced recombinationathemockox plasmid. Letl transformants were selected on plates
proficiency. Consistent with this idea, a 3-fold molar increase afontaining glucose (to repress expressioncid), thereby
theloxFAS1site enhanced recombination whereas a 3-fold increaspping anyLEU2 plasmids integrated into the genome by
in the mock loxFASIsubstrate had little effect. Intermolecular Cre-mediated recombination (Tal2le As shown previously, in
recombination between substrates carrying the ndax@hS1 strain BSY103 (which has been engineered to hderRasite
sites is barely detectalite vitro (Fig. 2B), and is far less efficient nearPDR1on chromosome VII), Cre-dependent targeting integrates
than loxFAS1 x mock loxFASIrecombination. These results the pBS2220xP plasmid 50-fold more efficiently than a plasmid
suggested that the natu@tFAS1site would be targetabilevivo  having ndox site (pRB19). In contrast, integration occurs at the
using themock loxFASIsite, i.e. Cre may be able to targetsame frequency with both pBS222 and pRB19 in strain BSY3,
integration of an exogenous DNA carrying the syntHekisite  which lacks a chromosomiaixP site. Cre-mediated targeting of
specifically to the endogenous yeast sequence upstreant-aBhe the mock loxFASblasmid pBS214 results in a 25-fold stimulation
gene. of Leut transformants in all three strains compared with thexno
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Figure 3. Analysis of pBS214 integrantsA Map of the wild-type and targetémkFAS1region. PCR primers diagnostic for the undisrupted genomic locus and for
the predicted junction fragments after pBS214 integation #&xRhA&S1site are shown. Thex sites are represented by stubby black arrd8)sPCR analysis. For
each of the three strains targeted with pBS214 in Table 2 genomic DNA was prepared from four indepehttansfarmants and from the Leparent (P) and
then amplified with one of the three sets of primers diagnostic for the endodexfAS1locus, for the left junction or for the right junction, as predicted after
site-specific integration. Analysis of an additional 26L&#ansformants showed identical specificitfarFAS1targeting by pBS214.

control pRB19, regardless of the presence or absence ofof Cre induction. Figure4 shows a test of this prediction
chromosomalloxP site. This result suggests (i) that Cre isschematically usingeu2/leu2diploid cells heterozygous at the
directing integration of thmock loxFAS $ite into an endogenous URAlandCDC16loci. Crossover events centromere proximal to
yeast locus, presumably tlexFAS1site, and (i) that integration the URAL/ural::LEU2heteroalleles predict the production of

does not disrupt an essential yeast gene. Ura and Lew segregants to a maximum of 50% if crossovers
, _ _ occur in every cell. To test Cre’s ability to generate such mitotic
Table 2. Selective targeting of chromosoniak sites by Cre recombinants an appropriately marked diploid carryingrthgene

underGAL1control was grown in either glucose- (non-inducing) or

strain Hg DNA ngztgnsmméggtf A RBLS galactose-containing media and the generation of auxotrophs was

P P P . monitored. After 18—24 h of Cre induction (+ galactose) there is

(loxP) (mocklox) (nolox site) L L o e

a remarkable rise in the incidence of mitotic recombination to a level

BSY103 1 65 24 0 of almost 20% with equal numbers of Uend Leu segregants
(loxPtarget) 4 119 47 2 being produced (Tab®). These auxotrophs are not generated by
BSY3 1 3 84 3 a chromosome loss event: such tsegregants would necessar-
(noloxP target) 4 6 324 13 ily be temperature-sensitive since #iRA1chromosome carries
BSY671 . - - - the centromere proximaldc16 marker, yet none of the auxo-
(noloxP target) 4 1 149 -

trophs obtained was temperature-sensitive. The lack of tempera-
Inspection of the Cre-mediated Ietransformants obtained ture-sensitive auxotrophs also indicates that the crossover events
with the mock loxFASIvector showed that integration was MUSt have taken place centromere disttitri§ consistent with

i ; recombination having occurred at tlexFAS1site. Note that
specific to the genomloxFAS 1site. Importantly, the presence Ofealthough BSY695 is %eterozygous at KREL locus, no Ade
mock loxFASplasmid. PCR analysis on four pBS214tgeast auxotrophs were induced by Cre, indicating that Cre does not
transformants from each of the three strains targeted in Zabld€Sult in a general stimulation of mitotic crossing-over. These
confirmed that all had integrated a copy of theckloxFAS1 .res.ults clearly shov_v that Cre provokes a dramatic elevation in the
integration plasmid at tHexFAS1chromosomal target (Fig). incidence of mitotic crossover events on chromosome Xl, as

As expected, diploid strains retained, in addition, one intact copyXPected for site-specific recombination atlthé-AS1site. _
of theloxFAS1locus on the untargeted chromosome homologue. 1 "€ crossover events detected after Cre induction are most likely
catalyzed directly by Cre recombinase although the frequency

observed is surprisingly high given the low frequency of
recombination betweeloxFAS1sitesin vitro. To rule out the

The in vitro results indicated that the natutekFAS1site is  possibility that Cre binding and ensuing synapsis alone are
proficient for a low level of selk self recombination. Such Cre sufficient for increased crossing over, the assay was repeated
catalyzed site-specific recombinationvivo should be manifest using a mutant Cre protein (Y324C) specifically lacking Cre
as a hotspot for mitotic recombination, but only under conditionsatalytic activity due to mutation of the catalytic tyrositi@) (As

Stimulation of mitotic crossover events
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P exchange. The necessity for a central TpA dinucleotidiext
e R B e * suggests that proficient sites require a region within the core that
i B e T o facillitates DNA unwinding. Since the central dinucleotide of the
Wt o) - loxFAS1and the synthetimock loxFASEites is CpT, these sites

o >< = e must bypass an absolute TpA requirement by a compensating

sl s ‘i“:| e feature in these sites’ core region. The trinucleotide TpTpT may
) o e | omA b g cocld play this role in thdoxFAS1site.

A= L) " s One other striking feature of tHexP site is the unusual
e v alternating pattern of purine and pyrimidine bases throughout the

entire spacer region. In contrast, bothrteck loxFASHNd the
naturaloxFAS1sites contain a 4 nt homopyrimidine stretch in the
Figure 4. Generation of auxotrophs by Cre-mediated DNA crossover and . . . L
mitotic segregation. In a diploittu2/leu2strain heterozygous for l2lEU2 Core_ region. Although at times functional significance has been
insertion aURAL(URA1/ural::LEU3, mitotic recombination at the centromere  @scribed to unusual sequence patterns, the work here clearly
proximalloxFAS site followed by mitotic segregation predicts the induction of indicates that the alternating purine—pyrimidine character of the

Ura” and Leu segregants. Cre-mediated recombination albti\S1site is |oxP spacer is not critical for efficient Cre-mediated recombination
shown occurring just after chromosome XI replication but before centromere

(CEN) segregation in a diploid heterozygote. After mitotic crossover, 50% ofeltherln vitro orin VIV_O_L . . .
the centromere segregation events result in equal numbersoaheuwra Use of heterospecifitox sites allows multiplexing of Cre-me-

singly auxotrophic segregants (as shown) and half regenerate Uret diated recombination and thus has important practical implications
heterozygous progeny (not shown). This gives the frequency of mitoticfor the use of Cre in genetically manipulating the genomes of all
recombination as twice the incidence of auxotrophy. Inclusion of the reces5|v9eukary0tes Placement of multiple independently adtingites
temperature-sensitivedc16 marker distinguishes mitotic crossover events . h ’ defined | . bv h | binati
from chromosome loss events. into the genome at defined locations by homologous recombination
allows subsequent high efficiency Cre-mediated targeting of a
shown in Table3, expression of the mutante gene did not transgene construct to different chromosomal locations in the

stimulate mitotic recombination. Thus, Cre catalysis is requireg@Me cell by simply specifying the correspondigsite on the

for these crossover events at the endogdomBAS1site. targeting_ vector. Such a strategy will be _of particular_ uti_li_ty in
mammalian systems which show considerable variability of
DISCUSSION transgene expression depending on the site of transgene integration.

Genetic manipulation of endogenous genes in eukaryotes by
| have shown here that a naturally occurring sequence near th@mologous recombination with an incoming exogenous DNA
FAS1 gene of yeast is proficient for Cre-mediated DNA(gene targeting) necessarily involves the use of a selectable
recombination. By respecifying the core region of a synthlwtic marker gene as only a small percentage of cells incorporate DNA
site to match that of the yeast genomic sequence, Cre specificaljer transfection. In some cases, however, it would be highly
targets exogenous DNA bearing the synthetic site to thaesirable to remove that selectable marker. For example there is
chromosomal locus, and does so efficiently: targeting of thenly a small number of selectable markers available for genetic
endogenou§AS1llocus with themock loxvector is only 2-fold  manipulation and often it would be advantageous to re-use the
less efficient thafoxP vector targeting of an authentaxP site  same marker gene in subsequent rounds of gene targeting. An
previously engineered into the yeast genome. additional consideration supporting removal of the selectable

How many heterospecifiox sites are proficient for recombina- marker is that the promoter and enhancer elements used to drive
tion? If the central six positions of the core could accept any basgpression of the marker gene have the potential to interfere with
then there would beP4= 4096 possible sites. However, not all of correct expression of neighboring endogenous géngxl). Cre
these sites are proficient for sefelf recombination. Hoessal =~ recombinase has become a useful tool for the removal of
(16) showed that mutation of the central TpA dinucleotide in théoxP-flanked selectable marker genes and other unwanted DNA
loxP core to TpG abolishes recombination and proposed that ttisth in yeast 20,21) and in higher eukaryote%32-35),
region is required for unwinding of tHex site during strand allowing selectable markers to be recycled for subsequent re-use.

Table 3.Cre-meditated mitotic crossover on chromosonte Xl

Cre h post-shift Carbon source No. colonies Auxotrophs Leu-Urat Leut Ura Leu Ura  ts auxotrophs % Mitotic crossover
WT 0 Dex 298 0 - - - - 0
18 Dex 344 1 0 1 0 0 0.58
24 Dex 419 0 - - - - 0
18 Gal 377 31 14 17 0 0 16
24 Gal 316 27 12 15 0 0 17
Y324C 0 Dex 485 0 - - - - 0
18 Dex 408 0 - - - - 0
24 Dex 409 0 - - - - 0
18 Gal 425 2 2 0 0 0 0.94
24 Gal 815 0 - - - - 0

aStrain BSY695 contained either pBS126 (wild-type Cre) or pBS394 (CreY324C) as indicated.



Multiple rounds of selectable marker removal will, however, 5
leave multipldoxP sites in the genome. Recombination between
these chromosom#dxP sites by Cre recombinase will generate ¢
complicating and unwanted chromosomal translocations, deletions
and/or inversions. A second situation in which this problem can
potentially occur is when Cre is used to make a tissue-specific or
conditional knockout of two or more genes in the same cell.
Certainly in yeast interchromosomal recombination is efficiently g
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