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Genetic Requirements of Double-Strand Break Induced
Recombination in S. cerevisiae.

Ned Sugawara, Eli Kraus, Grzegorz Iraand James Haber.
Rosengtid Center, Brandeis Universty, Watham, MA 02454-9110 USA.

Our work utilizes the HO endonucleese of S cerevisiae to induce a double strand
breek (DSB) in vivo and we then monitor how the DSB is repaired via homologous
recombination or by ron-homologous end joining.  An oveview will be presnted that
reviews the genetic requirements of severd DSB-induced processes that we can monitor.
Thee indude the generation of the dngle dranded tals gene converson and sngle
drand anneding, the removd of nonthomologous tals from recombinaion intermediates,
mismatch regpar and non-homologous end  joining. Underdanding the genetic
requirements for DSB-induced recombination and non-homologous endjoining  may
prove useful in undedanding the gendic requirements for gene insations by
homologous o non-homologous recombingtion.  To explore this we developed an assay
where DNA trandformed into yeast can use ether homologous recombination or a non-
homologous insartion pathway to integrate into the genome.  This assay is being used to
determine which genes ae important for integration via the non-homologous integration
pathway.



Homeologous recombination, horizontal gene transfer and
bacterial evolution

Ivan Matic and Mirodav Radman

E9916 INSERM, Faculte de Medecine-"Necker - Enfants mdades', Univerdte
Rene Descartes-Paris V, Paris, France

Genomic DNA sequence polymorphism is the dructurd dement of the genetic
barier between different enterobecteriad gpecies and drains in conjugatiiond  and
transductional crosses. The efficiency of the genetic barrier, which is barrier to genetic
recombinaion, is determined by the efficency of recombination (principaly RecA) and
mismatich repar (prindpdly MutS and Mutl) proteins. The induction of the SOS
response during interspecies conjugation is proportiond to the genomic sequence
divergence of the two maing patnes. A quantitaive andyss rdaing recombination
frequencies in conjugationd crosses and genomic sequence divergence leads to the
following condusons (1) There is a loglinear reaionship between recombination and
sequence divergence, (2) Mismaich repar affects the dope of this log-inear rdationship:
overexpresson of the MutS and MutL proteins greatly redricts horizontd gere exchange,
wheress the loss of these functions reestablishes the interspecies gene exchange, (3) SOS
induction, or the overexpresson of the RecA protein, changes the intercept, not the dope,
of the recombinaion-divergence reationship. This powerful cottrol of the horizontd
gene trander suggests that environmenta and physiologica factors affecting mismatch
and SOS repar sysems dso affect the efficency of genetic bariers and, consequently,
the rate of evolution of bacterid gecies



Agrobacterium tumefaciens T-DNA: a natural tool for gene
targeting in plants, yeasts and filamentous fungi.

Paul Bundock, Marcd JA. de Groot*, Amke den Dulk-Ras, Haco van Attikum,
Alice G.M.Bdjersbergen*, Aaon A. Winkler, Yde H. Steensma & Paul JJ Hooykaes
Inditwte of Molecular Pant Sciencess Clusus Laboraiory, Leden Universty,
Wassenaarsewegb4, 2333 AL, Leiden, The Netherlands.

* Unilever Research Laboratory, Oliver van Noortlaan 120, 3133 AT, Vlaardingen,
The Netherlands.

Agrobacterium tumefaciens is a gram negdive ol bacterium and the causdive
agent of crown gdl diseese The bacterium induces the formation of crown gdls or
tumours & plant wound dtes During tumorigeness, A. tumefaciens transfers a part of its
tumour inducing (Ti) plaamid, the T-DNA, to the plant cdl where it then integraies into
the plant genome & a random pogtion. Due to the ease of use, the high transformation
frequencies and the smple integration petterns obtaned when using Agrobacterium it
has remained the most papular method for plant transformetion.

The efficdency of T-DNA integration makes it a good subdrate for gene targeting
experiments. Severd agpproaches have been desgned to dudy gene targeting in
Arabidopsis thaliana and Nicotiana sp. and these will be discussed.

A. tumefaciens is dso aile to trandfer T-DNA to the yeasts Saccharomyces
cerevisae and Kluyveromyces lactis. We have studied the effect of these dternative hosts
on the mechanism of T-DNA integration. When a T-DNA carying sequences
homologaus to the yeast genome was trandferred to S cerevisiae it integrated efficiently
via homologous recombination. This demondraies that the mechanism of T-DNA
integration is determined by the hogt cdl, and not by the T-DNA itsdf and/or the
accompanying Vir proteins. Furthermore, a T-DNA lacking homology with the S
cerevisae genome can integrae via illegitimae recombingtion. Gene targeting is less
efficent in other fungi. In K. lactis, a commercidly important yeest drain, the mgority of
transformants contain the introduced DNA integrated randomly into the K. lactis genome.
We have shown that gene targeting in K. lactis can be dramaticdly improved when T-
DNA rather than double stranded naked DNA is used as arecombination substrate.

Atumefaciens can dso trander T-DNA to the filamentous fungus Aspergillus
awamori, demondreting for the firg time DNA trander between a prokaryote and a
fungus. Gene targeting experiments in Aspergillus have been successful and this opens up
new possibilities for the sudy of gene function in filamentous fungi.



Genotoxic Stress and Homologous Recombination in
Arabidopsis thaliana

Roman Ulm Moez Hanin, Tefaye Mengide, Kaya Revenkova, Zerihun Tadde
and Jurek Paszkowski, Friedrich Miescher Inditute (FMI), Basdl

Gene targeting in plants was fird achieved a low frequency in 1988. To date the
low frequency of precise enginering of the plant genome 4ill holds true (except for
moss). To identify components possbly necessxry for the process of homologous
recombination, a genetic approach was undertaken.

We peaformed a genetic screen of a T-DNA tagged Arabidopsis mutant collection

for hypersenstivity to the DNA damaging agent methyl methanesulfonate (MMS). In this
screen, we identified severd mutants impaired in response to different genotoxic stresses
(MMS UV-C, X-rays). Two of these mutants will be presented in more detall.

The mim mutant (hypersendtive to MMS irradiaion and Mitomycn C) is deficent
in an SMCHike (structurd maintenance of chromosomes) component, with Radl18 of

fisson yeast as its closest reativee mim was shown in an intrachromosomd
recombination assay to have about 4-fold reduced recombingtion properties

Another mutant, mkpl, is impared in a component involved in the reguldion of
genotoxic dress dgndling. Interestingly, the mutant is dso dtered in its regponse to the
plant sress hormone abscisc acid (ABA) indicating that it is affected in a shared
component between the two sgnd transducing pathways.



Meiosis and recombination hotspots in fission yeast

Jirg Kohli, M. Baur, A. Grishchuk, E. Lehmann, M. Molnar, P. Munz, S Paig,
Inditute of Generd Microbiology, University of Bern, juerg.kohli@imb.unibe. ch

In sxudly reproducing eukaryotes specificdly differentiated diploid cdls undergo
meods to produce four haploid cdls ater one round of DNA replicstion and two
divisons Recombination (crossover formation) is required for proper chromosome
segregation in the meotic divisons Specid features of meods in S pombe ae the
concomitant absence of a tripartite syngptonema complex and of crossover interference,
and the maintenance of the bouquet sructure of chromosomes throughout prophase | (2).
Based on dasdcd gendtics caried out in the dxties the M26 hotspot of recombingtion
was dudied. It is cregted by the single base subditution mutation ade6-M26. Changes in
chromatin dructure associated with the M26 hotspot were demondrated (2). Recently the
new hostspot urad-am was andysed.

One proect is dedicaed to the andyss of protens involved in meatic
recombination and other meiotic processes rec8 mutants are defective in recombination
in a regionspecific way, in gser chromatid coheson, in linear dement formation, in
chromosome paring, and in segregetion of the chromosomes in the meotic divisons As
a rexult, spore viability is low. The dudering of tdomeres and centromeres (bouquet
formation) is not affected. Rec8p is phosphorylaed during prophase | and persds
beyond the fird meiotic divison. Genes homologous to rec8 (cohesns) are present in dl
eukaryotic cdls (3, 4). Currently we ae completing the initid characterisation of the
early recombination genes rec7 and recl5. Mutation of these genes leads to reduction of
recombingtion throughout the genome, and to other phenotypes that differ from the rec8
mutation phenotypes. Future work is amed a the identification of interactions of Rec8p
with Rec7p, Recl5p and other meoatic protens, in paticular with respect to initistion of
recombination (see below).

The M26 hotgpot of recombingtion is currently sudied in severd laboratories We
published that the uradam hotgpot (an atificdly introduced marker gene) locaed 15
kb from ade6 interacts with the M26 hotspot: Presence of both hotspots in the same cross
leeds to reduction of recombination frequency a both hotspots (5). We ae now
completing the andyss of the the urad-am hotspot. In the future we plan to use both
hotspots for the sudy of the initiation of meotic recombinaion by dauble-strand bresk
formation (6).

1) Kohli, J. 1994. Curr. Bidl. 4: 724727

2) Mizuno, K-i. Et d. 1997. Genes & Dev. 11: 876-886
3) Malnar, M. et d. 1995. Genetics 141: 61-73

4) Parig, S. e d. 1999. Mal. Cdl. Bial. 19: 3515-3528
5) Zahn-Zabd, M. et d. 1995. 140: 469-478

6) Carvantes M. D. et d. 2000 Mal. Cdl in press



“Homologous recombination and functional genomics in mice”

Joszef Zakany, Depatment of Zoology and Animd Biology, Universty of Geneva
Zakany@zoo.unige.ch

The objective of this presentation is to illustrae how tageted genome
manipulaions indde a gene duder were made possble by homologous and dte specific
recombingtion.

Targeted mutageness through disuption, or replacement of the coding pat of a
gene occurs in the nudeus by homologous recombination between the genomic DNA and
an appropriately designed targeting vector. Targeting vectors are prepared as plasmids,
through standard molecular biologicad subcloning techniques, and contain a draegicdly
placed sdection cassdte flanked by, typicaly, severd kilobases of homologous genomic
DNA, which ae the targets of "legitimaée' intramolecular recombination events. In
dandard protocols, the targeting vector is transfected into embryonic sem (ES) cdls by
eectroporation, and trandformants ae sdected in vitro on drugs gopropriate for the
section casstte, like neomycin - or hygromycin. Drug resstant clones are further
sreened to find the homologous recombinants involving, eventudly, Southen blots.
Both 5 and 3 redriction enzyme recognition sequences and genomic probes used in this
screen should lie outsde of the extent of the targeting vector. Such dleles of a gene are
cdled knock-out, or null dldes, and were the fird types of targeted dleles. Today
targeted dlde vaiants indude different forms of knockdin aldes. Mogt current designs
dso involve the loxPICre sysem of becteriophage P1. Such dldes dlow sequentid
modifications to the targeted locus Ste specific recombination is induced by the Cre
recombinase between two knockedtin loxP dtes locaed, in cis or in trans. Subtle
mutations, when the sdection cassette is ultimatdy removed from the locus targeted
deletions, inversons, duplications can be amed a thisway.

ES cones that cary the desred dlee are introduced into early preimplantaion
dage embryos, typicdly blastocydts, to form chimeric mice Upon breeding, a fraction of
the chimeras passes the mutant dlde on to the F1 generation, dlowing establishment of
mutant mouse lines. Further refinements in targeting vector design and the recently
exploding number of Cre expressng mouse lines give rise to ever increedng posshilities
of radng oonditiond dldes, to fadlitae the andyss of various aspects of lethd
pletropic mutations. Recent variants of the loxP nucleotide sequence increase further the
sophidtication of dlele design dso fadilitating targeted transgene insertions.

Egablidment of isuing mutant mouse docks proved invduable in functiond
andyss of the HoxD dudger, a multigene complex of developmenta regulaory genes
about 100kbpsin 9ze.

Convertiond gene knock-out dldles of dl the genes of the HoxD cluster were

rased, dating with Hoxd13, providing genetic proof of the role of this gene clugter in
goatid and tempord control of mammadian embryonic devdopment. A new generaion




lacZ knock-in dlde of Hoxdl brought into focus the role of mRNA gability, in addition
to more conventionaly observed modes of transcriptiond control.

Tagaed modificaions of regulaory regions led to modulaion of neighbor genes
expresson. The importance of timing in gene function was established.

Gene trangpogtions reveded indances of globd regulatory interactions. Severd
regulatory regions were found to serve ddaying activaion of late-expressed, poderior
genes.

Overlgpping deletions uncovered redundant roles of nearby genes. Sets of neighbor
genes were found to be subject to digantly located globd enhancers. The importance of

gene dose effects in regulation of patterning by HoxAand HoxD genes was established.

loxP dtes present a various locations in the HoxD gene complex and Cre
recombinase specificdly expressed in gpermatocytes dlowed the production of a large
number of recombinant aldes through targeted meotic recombinaion Trandocations,
deletions and duplications were produced in mice, and ther effects are being andyzed.

Tageted inversons were produced by loxP/Cre mediated recombination, and dart
to yidd indghts into molecular mechanism that lie behind broad regulatory phenomena
characterigtic of the Hox complexes like spatid and tempord colinegrity.




Homologous recombination and functional genomics in the
moss Physcomitrella patens

Didier Schagfer*, S. Vlach*, M. Chakhaparonian*, J.-P. Zryd*, N. Houba-Héin**,
K. Von Schwartzenberg**, C. Pehe** & M. Ldoue*™, (*) Inditut décologie-
phytogénétique cdlulare, Universté de Lausane, (**) Laboratoire de gendlique
cdlulare, INRA Versalles

The tremendous amount of DNA sequence information from dl types of living
organiams obtained in the last decade generates a red revolution in biology. The next
chdlenge is now to undersand the function of dl these genes and is refered as
functiond genomics Globd functiond genomic ggoroaches are conducted usng DNA
microarrays and this dlows the establishment of the expresson profile of many if not al
the genes of an organigm in response to different experimentd conditions. Stochadtic
functiond genomic gpproaches are based on the generdtion of a cdllection of insertiond
mutants by the random integration in the genome of identified tags such as trangposons or
T-DNAs The development and the extensve use of T-DNA tagged libraries in the modd
plant Arabidopsis thaliana is an example of the power of such approach.

However, the mogt powerful tool to andyse gene function is to generate mutations
in the gene by homologous recombination mediated transformation (gene targeting). The
main factor dlowing the redisaion of this type of experiments is the raio of targeted to
random integration events observed upon genetic transformation. This ratio varies a lot in
living cdls, being dose to 100 % in bacteria, ranging from 1-100% in yeast and in some
filamentous fungi and protozoa, and fdling down to 0.1% to 0.001% in higher eukaryotes
such as plants and animds. In 1989, the obsarvation that mouse embryonic gem cdls (ES
cdls) have a ratio of targeted to random integration events ranging from 0.1 to 10% has
enabled the generation of spedific mutations in the mouse genome leading to the
devdopment of the mouse ES cdl modd sysgem tha is broadly used now a days In
1997, we have demondrated that the raio of targeted to random integration events in the
moss Physcomitrella patens is around 90%, opening the way for the fird time in plant to
fine functiona genetic andyses. We shdl present experiments conducted to characterise
gene targeting events and to further develop functional genomic gpproachesin this moss.

A ddaled andyss of gene targeting festures in Physcomitrella was conducted on
the adenine phosphoribosyl tranferase @pt), teking advantage of the fact that loss of apt
function generaes plants resdant to the adenine andogue 2.6-diaminopurine (DAP).
Usng a cDNA based replacement vector, replacement of the apt locus was successfully
achieved by a double homologous recombination event occurring within dretches of
homologous sequences as shot as 52 and 187 bp, dthough a low efficency.
Homologous recombination within such short dretches of homology are a the limit of
feegbility of gene converson in Scerevisae Tageed insation of the transforming
vector mediatled by a sngle homologous recombingtion event associated with an end
joining reection between vector and genomic sequences was dso observed. The presence
of short dretches of heterologous sequences a the extremities of the transforming DNA



was shown to impar conveson events and a detaled andyds of insation events
indicated that homologous recombination was achieved in a DNA synthesis-dependent
process. Using genomic DNA basad replacement vectors, we have been able to show that
2 dretches of homologous sequences around 500 bp were sufficient to saturate the
efficdency of gene tageting in the moss genome. With such gDNA based vectors,
targeted integration in the apt locus was ca 100 fold more frequent than random
integration, and gene conveson by double cossover were observed a  Smilar
frequencies than targeted insertion by gngle crossover. Thus the powerful functiond
genomic gpproaches developed in yeast can be directly applied to sudy gene function in
Physcomitrella patens with the same efficiency.

The gpecificity of gene targeting was addressed on a specific member of the
chlorophyl ab hbinding protein (cab) multigene family. The cab multigene family of
Physcomitrella is composed of a leest 15 members sharing ca 90% sequence homology
a the nuceotide levd. Usng an insertion vector carying 1 kb of the cab gene ZLAB1I,
targeted insartion in that gene was achieved in 30% of trandformed drains, providing
evidence for the high specificity of gene targeting in Physcomitrella.

A further refinement in the use of efficient gene targeting is to combine it with the
use of dte specific recombinase such as the Crellox sysem to induce further specific
mutetions in the genome. Trandent expression of a 35SCre cassette was performed on
protoplasts of a transggenic moss dran carying a sngle copy of a 35Sneo marker
flanked by two lox gStes. Neamycin sendtive clones were recovered a frequencies in the
range of the percentage, and molecular andlysis of these gdrains confirmed that the neo
marker was correctly excised by the Cre recombinase. Thus, the Crellox system can be
used in Physcomitrella like in mouse ES codls to induce specific modificaion in the
genome and recycle sdlectable markers.

Findly, the devdopment of a new modd sysem to dudy the function of plant
genes requires that the knowledge obtained in Physcomitrela is rdevant to higher plant
biology. Unexpectedly, apt- moss drains digdlayed a drong deveopmenta phenotype in
addition to DAP resstance, and we took advantage of this observation to test the above
assumption. To do this apt drans of Physcomitrella patens were trandformed with the
corresponding Ataptl or Atapt2 genes of Arabidopsis cloned under the control of the rice
actin-1 gene promoter. Complementation of the apt- phenotype was observed with each
Arabidopsis gene demondrating that higher plant genes are functiond in moss and that
the functiond information obtained in mossis relevant to higher plant biology.

The moss Physcomitrella patens provides an outsanding and 0 far unique modd
sysem that advantageoudy complements the tools avalable in Arabidopsis thaliana for
plant functiond genomics. It dso provides a sysem to study the genetic regulation of the
ratio of targeted to random integration events which may endble the devdopment of new
drategiesto target genesin higher plant, as well asin other organisms.
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