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Introduction

J. C. Alonso, J. Casadesuis,
S. Kowalczykowski and S. C. West



Cells are constantly facing the challenge of repairing alterations in their genetic
material. DNA damage occurs under normal physiological conditions and can be exacerbated
by environmental factors. Cells have evolved several distinct mechanisms of DNA repair and
DNA-damage tolerance, which help to maintain the structural and informational fidelity of
their genome. A large body of evidence supports the idea that, when those mechanisms fail,
accumulated genetic changes lead to a number of diseases, including the development of

neoplasia.

The process of genetic recombination continues to shape and reshape the genomes of
all organisms, thereby enhancing the variation generated by mutations and increasing the
polymorphism of natural populations. Recombination is also used widely as a tool, for both
genetic analysis of biological processes and engineering of new gene constructs and
transgenic organisms. A knowledge of recombination is therefore crucial to many areas of
basic biology, biotechnology and medicine. The analysis of molecular reactions involved in
recombination has witnessed significant developments in the last decade. A large number of
recombination genes and proteins have been identified; in a number of cases, their activities

have been associated with specific reactions.

At the cellular level, failure to repair damaged DNA is associated with sensitivity to
radiation, increased mutation rates, DNA and chromosomal aberrations, defects in cell
division, and reduced viability. At the clinical level, human diseases with known or suspected
defects in repair show a range of symptoms, including a high incidence of malignancy,
photosensitivity, immunodeficiency, neurological disorders, growth retardation, premature
aging, and death. The contributions presented in the workshop highlighted the major role of
homologous recombination in the maintenance of the structural and informational fidelity of
DNA.

The participants at the workshop represented an international group of prominent
investigators with diverse interests, backgrounds, research strategies and viewpoints. This
diversity, together with the precise focus of the meeting,.pennitted a critical evaluation of
recent progress in the field. On the other hand, the breadth and depth of the topics presented,
the small size of the meeting, the presence of young motivated participants, and the intimate
and stimulating atmosphere of the Juan March Institute combined to produce a highly
informative workshop with lively and inspiring discussions.

J. C. Alonso, J. Casadesus, S. Kowalczykowski and S. C. West
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Early Steps of Genetic Recombination in Prokaryotes, Archaca, and Eukaryotes.
Stephen Kowalczykowski

Both genetic recombination and the recombination-dependent repair of broken chromosomes are
initiated at either double-strand DNA (dsDNA) breaks or dsDNA with ssDNA gaps. In all
organisms, the first steps of recombination are the processing of this dSDNA interruption into a
substrate suitable for the action of a DNA pairing protein, and the subsequent homologous
pairing. Processing is mediated by the combined action of a helicase and nuclease. Though the
ssDNA produced by this processing event is in principle a substrate for the DNA strand
exchange protein, competitive binding by a single-stranded DNA binding (SSB) protein may -
preclude assembly of the DNA strand exchange protein on this ssDNA. Thus, common to all
recombination systems is a mechanism to ensure assembly of the DNA strand exchange protein
in the face of competition from the SSB protein. The functional similarities of this important step
in different systems will be discussed.

In E. coli, processing is mediated by one of two DNA helicases: either the multifunctional
RecBCD helicase/nuclease or the RecQ helicase. The RecBCD enzyme binds to a dsSDNA break.
It then degrades the strand 3’-terminal at the entry until a site is encountered, whereupon its
degradation ceases, the polarity of strand degradation switches, and a weaker degradation of the
5’-terminal strand commences. Importantly, the translocating -activated RecBCD enzyme then
directs the loading of RecA protein onto the —containing ssSDNA to the exclusion of SSB protein,
ensuring the success of this strand in the subsequent invasion of a supercoiled homologue.

A second pathway of homologous recombination in E. coli is the RecF-pathway. Initiation is
mediated by the RecQ helicase, in concert with the RecJ nuclease. Though the RecQ helicase can
effectively process dsDNA into a substrate for RecA protein, it does not load RecA protein onto
ssDNA. Instead, the RecOR proteins provide the functional equivalent of RecA protein-loading
by facilitating the displacement of SSB protein.

In the eukaryote, S. cerevisiae, the recombinational repair of broken dsDNA requires
coordination of the proteins defined by the RAD52-epistasis group, as well as others such as the
replication protein-A (RPA). The DNA strand exchange protein is the Rad51 protein. However,
much like in the prokaryotic system, DNA strand exchange by RadS1 protein is blocked by prior
binding of RPA to ssDNA. This inhibitory effect of RPA is alleviated by an analog of the RecOR
proteins, the Rad52 protein. Rad52 protein associates with the RPA-ssDNA complex and recruits
Rad51 protein to this complex, resulting in the subsequent rapid assembly of a presynaptic
complex. _fi'hus, efficient homologous pairing is ensured.

In the archaeon, Sulfolobus solfataricus, the DNA strand exchange protein is RadA protein and
the ssDNA binding protein is related to RPA. In several ways, the behavior of the archaeal
proteins parallels that of the their eukaryotic counterparts.

Further parallels and distinctions between prokaryotic, archaeal, phage, and eukaryotic systems
will be developed.
References
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Allostery and the control of the activity of recombination proteins. Oleg
Voloshin, Vlad Malkov, Ning Ma, Igor Panyutin*, Victor Zhurkin®, Peter Romanicnko
and R. Daniel Camerini-Otero, Genetics and Biochemistry Branch, NIDDK, *Clinical
Center and “Laboratory of Experimental and Computational Biology, NCI, National

Institutes of Health, Bethesda, MD 20892-1810.

A fundamental problem in homologous recombination is how the scarch for
homology between the two DNAs is carried out. In all current models a homologous
recombination protein, such as the prototypical E. coli RecA protein, loads onto a single-
strand DNA generated from one duplex DNA and scans another duplex to form a
synaptic (pairing) complex. Eventually, DNA strands are exchanged and a new
heteroduplex is formed. A novel technique developed by us in collaboration with Igor
Panyutin of the Clinical Center, radioprobing of nucleoprotein structures with iodine-125,
has allowed us to trace the spatial arrangement of the three DNA strands in the RecA
protein mediated synaptic complex. The synaptic complex represents a poststrand
exchange late intermediate in which the heteroduplex is located in the center and the
outgoing strand forms a relatively wide and mobile helix intertwined with the
heteroduplex. The structure implies that homology is recognized in the major groove of
the duplex by the two extended DNAs. Efforts are underway to trap and characterize
carlier intermediates in the pairing reaction.

In order to understand the mechanism and structures involved in greater detail we have
endeavored to miniaturize the reaction. In the past, we have shown that short
oligonucleotides can be used as the substrates (Ferrin, and Camerini-Otero (1991),
Science 254, 1494; Hsieh et al. (1992), PNAS USA 89, 6492). Recently, we have
determined thar a 20 amino acid peptide that includes loop L2 of RecA can promote the
key reaction of the whole RecA protein: pairing (targeting) of a single stranded DNA to
its homologous site on a duplex DNA (Voloshin er al. (1996), Science 272, 868). In the
course of the reaction the peptide binds to both substrate DNAs, unstacks the single-
stranded DNA, assumes a beta structure and self-assembles into a filamentous structure
like RecA (Wang, L. ef al. (1998), J. Mol. Biol. 277, 1). ltis possible that two DNAs
align and pair on an extended beta-sheet of L2s in the whole RecA. In order to
understand the function of L2 we have generated by site-directed mutagenesis all possible
point mutants of residues 193-212 in the whole RecA protein (380 mutants). The in vivo
phenotype of these mutants with respect to recombination and UV and mitomycin
resistance was determined (Hértnagel et al. (1999), J. Mol. Biol. 286, 1097). An analysis
of thése results suggested that L2 may be involved in most aspects of RecA function. For
cxample, as RecA is an ATP-dependent DNA binding protein and a DNA-dependent
ATPase, we asked whether the loop might be directly involved in these allosteric
interactions. We have been able to show that ATP, but not ADP, interacts with the
- arginine (Argl96) within L2 peptides and that this interaction induces the active beta-
structure conformation of the peptides. Experiments with mutant RecA proteins indicate
that Arg196 binds to both DNA and the gamma-phosphate of ATP and is essential for the
_ cooperativity between DNA and ATP binding. We suggest a mechanism for ATP

hydrolysis by RecA that is similar to those proposed for heterotrimeric G proteins. The
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role of DNA in the stimulation of the ATPase activity of RecA is similar to the role of the
receatly described RGS (Regulators of G protein Signaling) proteios in activating the
GTPase of heterotrimeric G proteins and consists in stabilizing the highly mobile region
involved in hydrolysis. Thus, other biopolymers in addition to proteins, such as DNA,
can act to stimulate nucleotide hydrolysis by similar stercochemical regulatory
mechanisms. Finally, we are investigating whether others domains of RecA are
interacting with L2 and are responsible for regulating (posifively or negatively) the
efficiency of some of the biochemical activities of this loop.

While homologous pairing and strand exchange are the earliest contacts between
two parental DNAs mediated by RecA and its eukaryotic homologues, RadS1 and Dmcl,
homologous recombination is initiated by DNA double-strand breaks (DSBs). The
protein that catalyzes DSB formation in meiosis in the budding yeast, Saccharomyces
cerevisae, is the product of the SPOI11 gene. Disruption of this gene results in meiotic
arrest, spore lethality and a lack of meiotic recombination. Spoll homologues have been
identified in other eukaryotes and archacbacteria resulting in the identification of a new
family of proteins related to DNA topoisomerase Ils. We have identified and cloned
Spol1 homologues in D. melanogaster, mouse and man. In order to study structure
—function relationships, we constructed chimeras of yeast and fly spoll to see whether
they could rescue the Aspoll spore-lethal meiotic defect seen in S. cerevisiae. In
addition, in collaboration with Brian Oliver (LCDB in NIDDK) we have generated a
number of transgenic flies to study the role of DmSpol1l may play in the recombination-
less meiosis seen in male flies.
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Recombinational DNA repair: Coordinated action of the RecA, RecF, RecO, and
RecR proteins. Michael M. Cox, Qun Shan, Kerry MacFarland, Julie Bork, Tanya
Arenson, and Ross B. Inman, Department of Biochemistry, University of Wisconsin,
433 Babcock Drive, Madison, Wisconsin 53706 USA

The major function of homologous genetic recombinatioh in E. coli is the repair
of stalled replication forks. When replication forks stall at a DNA lesion, the repair that
ensues requires the deposition of a RecA protein filament in the resulting DNA gap.

The mechanism of RecA protein-promoted DNA strand exchange involves at
least three phases. First, a RecA filament is assembled on ssDNA or a gapped duplex.
Second, there is a DNA pairing phase in which a single strand is aligned with a
homologous duplex within the RecA filament groove. ATP hydrolysis is not required for
this phase, which can routinely yield hybrid duplexes of 1 kbp or more (2-5, 8). These
nascent hybrid DNA regions can be extended in a third phase that relies on ATP
hydrolysis. In the second phase, RecA protein exhibits properties consistent with a
motor function that is coupled to unidirectional extension of the hybrid duplex. Many
different strands of investigation lead to this picture, including an examination of
filament state at various reaction stages, characterization of the strand exchange
reaction observed in the absence of ATP hydrolysis, and the direct testing of
predictions derived from molecular models.

We have been characterizing the filament assembly and disassembly processes.
Following nucleation, RecA filaments assemble in the 5’ to 3’ direction, growing at one
end. These filaments also disassemble in the 5’ to 3’ directions, with RecA dissociating
from the end opposite to that at which assembly occurs (6). End-dependent
disassembly requires ATP hydrolysis, but does not occur when dATP is substituted for
ATP. End-dependent disassembly occurs at a maximum rate of 60-70 monomers per
filament end per minute (1).

RecA filaments on ssDNA hydrolyze ATP with a k.4 of about 30 min"'. ATP is

hydrolyzed on all RecA monomers uniformly through these filaments. Although DNA
binding is cooperative, the ATP hydrolytic cycles of adjacent monomers are largely
uncoupled. Some exchange of RecA monomers into and out of such filaments is
observed, although this is suppressed entirely if dATP replaces ATP (7). In contrast,

RecA filaments on dsDNA hydrolyze ATP with a ke of about 20 min"', and the ATP

hydrolytic cycles of adjacent monomers are tightly coupled so that ATP hydrolysis
proceeds unidirectionally through the filament in coordinated waves. The rate of RecA
monomer exchange into and out of the filaments is increased (7).

RecA filament assembly and disassembly is modulated by the RecF, RecO, and
RecR proteins. The RecO and RecR proteins act as a complex to facilitate the
nucleation of RecA filaments on SSB-bound ssDNA (8). The RecOR complex also
prevents end-dependent disassembly of RecA filaments from ssDNA (6). The RecR
protein (and probably the RecO protein as well) remains associated with the RecA
filament. The RecOR complexes do not simply facilitate repeated nucleation of
filaments, but remain stably bound and prevent disassembly. The RecF and RecR
proteins form an alternative complex that binds randomly to dsDNA (10). The extension
of RecA filaments is attenuated when it encounters one of these complexes (11). The
RecO and RecF proteins demonstrably compete for RecR protein binding. Together,
the RecF,0, and R proteins act to constrain RecA filaments to DNA gaps.
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Mechanisms of genetic recombination in Bacillus subtilis 168: The RecN protein
shows an endo-exonuclease activity

Juan C. Alonso!, Rosario Sabariegos!, Silvia Ayora!, and Rudi Lurz2.
Departamento de Biotecnologia Microbiana, Centro Nacional de Biotecnologia, CSIC, Campus
Universidad Auténoma de Madrid, Cantoblanco, 28049 Madrid, Spain, and 2Max-Planck-Institut fur
molekulare Genetik, Ihnestrasse 73, D-14195 Berlin,fGennany

On the basis of their phenotype and on shared indirect suppressors, the Rec™ strains, other than recA,
were classified within five different epistatic groups (o, B, v, € and  groups). A mutation in the recN
gene, when present in an otherwise Rect B. subtilis strain, renders cells sensitive to the DNA
damaging agent 4NQO, but it does not affect genetic exchange. The recN (o)) mutation increases the
sensitivity of addAS addB72 (B) and recH () cells to DNA damaging agents, but does affect the
DNA repair capacity of recU (g) cells. The recN mutation blocks genetic recombination of recH
cells and affects recombination in addAS addB72 and recU cells. The recN mutation neither affects
the DNA repair nor the recombinational capacity of recF (a) cells (1, 2). These data indicate that the
recN gene product is required for DNA repair and homologous DNA recombination and that the
recF, addAB, recH and recU genes provide overlapping activities that compensate for the effect of
single mutations proficiency.

The RecN protein (predicted molecular mass 64.4 kDa) was purified toward homogeneity. The
RecN protein, which has a molecular mass of ~ 500 kDa, co-purified with short sSDNA segments.
The RecN protein possesses a weak DNA-dependent ATPase and an endonuclease activity. RecN is
an ATP-independent sugar-nonspecific nicking enzyme that produces 3'-hydroxyl and 5*-
monophosphate termini. RecN nicks supercoiled DNA to yield at first relaxed circles and then linear
DNA. The linear DNA is subsequently hydrolysed with a weak sequence specificity (5'-
G/yCigCG~Cr1GryCIRCITAIT) to yield DNA fragments that differ from each other by ~ 20-nt, and
5'-phosphotetranucleotides, in dsDNA, and 5'-phosphodinucleotides, in ssDNA, as end-products.
Linear DNA smaller in size of ~ 500-bp are poor RecN substrates. RecN degrades ssDNA
distributively and nicks dsDNA processively. The ssDNA nicks generated by RecN may be relevant
to reactions that occur during SOS induction. We propose that the RecN nicking activity processes a
duplex circul,;ar DNA to circular or linear ssDNA that could be utilised in DNA strand exchange.

L3
1. Genetic recombination in Bacillus subtilis 168: effect of recN, recF, recH and addAB mutations on
DNA repair and recombination.
Alonso, J.C., Stiege, A.C. and Luder, G.
Mol Gen. Genet. 239, 129-136 (1993).
2. Genetic recombination in Bacillus subtilis 168, Effect of reclU and recS mutations on DNA
repair and homologous recombination
Fermandez, S., Sorokin, A. and Alonso, J. C.
J. Bacteriol. 180, 3405-3409 (1998).
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The helicity of DNA in the region of homologous pairing.
Konstantin Kiianitsa and Andrzej Stasiak

Labaratoire d'Analyse Ultrastructurale, Université de Lausanne, CH-]J0]5

Lausannc-Dorigny. Switzerland
The RecA protein of E.coli and its structural and functional homologues

in eucaryotic organisms are known to initiate the process of homologous
recombination by forming helical filaments on single stranded DNA.
These filaments then progressively bind homologous doublc-stranded
DNA molecules so that homologous regions of single- and double-
stranded DNA molccules become aligned in register whilc presumably
winding around common axis. Earlier structural studies of RecA-dsDNA
complexes revealed the double-stranded DNA in such complexes is
unwound from 10 to about 18 base pairs per turn (7,2). Electron
microscopy studies of RecA-ssDNA complexes showed that single
stranded DNA in these complexes seems to adopt a conformation with ca.
18 nucleotides per turn (3). However the question remained - what is the
helicity of double stranded DNA when it interacts with homofogous
ssDNA within RecA synaptic filaments?

To answer this question we devised a topological assay permitting
measurement of dsDNA unwinding upon pairing with RecA covered
single-stranded oligonucleotides of different size. Obtained results
demonstrate that unwinding of duplex DNA is homology dependent and is
consistent with a previous model. postulating that all three DNA strands
aligned within one RecA filament have the same helicity of ca 18-19
base pairs (4). Additional implications of our finding for the molecular
mechanism of homologous recombination will be discussed as presented
in our recent publication(5).

References:

1. Stasiak, A. and E. Di Capua. The helicity of DNA in complexes with
RecA protein. Nature 299, 185-186 (1982).
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Mechanism of DNA Replication and Recombination. Alan R. Liss, Inc., New
York. 723-729 (1983).
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New insights into the link between recombination and DNA replication from
mutations affecting RNA polymerase activity.

Robert G. Lloyd, Institute of Genetics, University of Nottingham, Queen's Medical Centre,
Nottingham NG7 2UH (e-mail: bob.lloyd@nottingham.ac.uk)

The genome of an organism has to be duplicated once per cell cycle and accurately so as to
preserve genetic integrity. Errors are made, and these fuel evolution, but they are kept in check by
repair systems that detect and eliminate damage. Recombination is a vital component of the céll's
armoury against damage, as is evident from the reduced viability, increased genetic instability and
cancer predisposition of mutants defective in this process. It is becoming increasingly clear that
recombination proteins are instrumental in maintaining DNA replication in times of stress by
acting to preserve the structure of a replication fork stalled at a lesion in the template DNA, or to
re-establish a fork following its collapse. Our understanding of the links between recombination
and DNA replication, and of the lesions that block replication fork progression, stems mainly
from studies of the Escherichia coli RuvABC proteins, which coordinate branch migration and
resolution of Holliday intermediates, RecG, which drives branch migration of Holliday junctions
and other branched DNA molecules, and PriA, which acts to load the replicative helicase DnaB at
branched DNA structures (1 - 6).

Studies of genetic recombination and genome stability in bacteria in general, and in E. coli in
particular, have focused on systems that operate during exponential growth under laboratory
conditions. In nature, bacteria live a life of feast or famine and show a remarkable ability to adapt
to changing circumstances by eliciting regulated responses that switch some genes on and others
off. This adaptability depends on critical interactions between RNA polymerase and the signalling
molecule, (p)ppGpp, the mediator of the stringent response to starvation synthesised by the RelA
and SpoT proteins (7). I have found that increasing the cellular level of (p)ppGpp enables E. coli
cells to promote recombination and DNA repair in the absence of the RuvABC proteins normally
required to process Holliday intermediates formed by RecA. Thus, introducing the spoT/
mutation,h.which reduces the (p)ppGpp 3' pyrophospho-hydrolase activity of the SpoT protein,
into a AruvAC strain dramatically increases resistance to UV light. It also makes recombination
substantially more efficient. In contrast, the ruv phenotype is enhanced by reducing (p)ppGpp
levels through inactivation of the RelA protein, and becomes very severe when (p)ppGpp is
reduced to zero by eliminating both RelA and SpoT. (p)ppGpp modulates the promoter affinity of
RNA polymerase and in its absence certain aminoacid biosynthetic operons and other genes
cannot be expressed. Gene expression, and prototrophy, can be restored by mutations in RNA
polymerase subunits that circumvent the need for (p)ppGpp. Certain specific mutations (rpo*)
mimic the effect of spo77/ in that they also suppress the UV-sensitivity of ruv mutants.

The suppression of ruv by spoT/ and rpo* raises the possibility that one manifestation of the
stringent response to starvation is the induction of DNA repair activities that circumvent the need
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for Holliday junction processing by the RuvABC proteins. We are investigating this possibility.
An alternative explanation is that a transcribing RNA polymerase molecule stalls at a lesion in the
template DNA and prevents progression of the DNA replication fork. If the stalled fork collapses,
recombination proteins, and Holliday junction processing, then become necessary to re-establish a
fork. Replication resumes when RNA polymerase and the offending lesion have been cleared from
the template. In this case, suppression of ruv is explained if RNA-prolymerase interactions with
the (damaged) template DNA are destabilised by increasing the level of (p)ppGpp (spoTl) or, in
the absence of (p)ppGpp, by compensating mutations (rpo*) that effect RNA polymerase directly.
Either would reduce the number of roadblocks to replication fork progression and the risk of fork
collapse, thus obviating the need for RuvABC. Evidence supporting this model will be presented.
Suppression of ruv by spoT/ and rpo* mutations depends critically on RecG, a structure-specific
DNA helicase that acts on recombination intermediates and R-loops, and which helps to link
recombination to DNA replication by countering a potentially detrimental effect of PriA helicase
activity (4, S, 8). It is significant that RecG is encoded in the same operon as SpoT and other
proteins associated with RNA metabolism. A possible model for RecG in maintaining the integrity
of replication forks that encounter stalled RNA polymerase molecules on the DNA template is
currently under investigation.
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Recognition and manipulation of DNA structure by junction-resolving enzymes

David M.J.Lilley CRC Nucleic Acid Structure Research Group, Department of Biochemistry, University
of Dundee, Dundee DD1 4HN, United Kingdom. dmjlilley@bad.dundee.ac.uk

Structure-selective DNA-protein interactions lie at the heart of the enZymology of DNA repair and
recombination. In homologous genetic recombination, the penultimate step requires resolution of a
branched four-way junction (Holliday) intermediate, and the manner of this determines the genetic
outcome of the process. Enzymes that recognise and resolve four-way DNA junctions have been
isolated from eubacteria and their phages, yeasts, and mammalian cells and their viruses, and are
probably ubiquitous proteins.

Junction-resolving enzymes cleave DNA junctions with great structural selectivity. They are basic
proteins that bind to four-way junctions with Ky in the 1-50 nM range, but their affinity for
duplex DNA is typically 1000-fold lower. However, they display a range of sequence preferences
at the level of DNA cleavage. While T4 endonuclease VII and T7 endonuclease I exhibit relatively
low sequence selectivity, RuvC of E. coli, CCEl of S. cerevisiae and YDC2 of S. pombe all have
well-defined sequence preferences. All the enzymes studied have a number of critical acidic amino
acid required for cleavage activity. This suggests that these residues coordinate a metal ion (s) that
provides the hydrolytic water molecule required for phosphodiester bond cleavage. In the case of
T4 endonuclease VII a number of the critical amino acids are displayed on a loop that is part of a
39 amino acid zinc-binding motif.

All the junction-resolving enzymes bind to DNA junctions in dimeric form, consistent with the
paired cleavages required to produce a well-ordered resolution event. In the cases of T4
endonuclease VII and T7 endonuclease 1 the enzymes generate bilateral cleavage within the
lifetime of the enzyme-junction complex. However, bilateral cleavage is not essential, because an
active/inactive heterodimer of endonuclease VII induces unilateral cleavage in a four-way junction.
The junction-resolving enzymes exist in dimeric form in free solution, but with variable rates of
subunit exchange from < 1 min for T4 endonuclease VII 1o > 16 hr for T7 endonuclease 1.

While the junction-resolving enzymes recognise the structure of branched DNA species, they also
manipuléte that structure. All the enzymes studied alter the global conformation of the junction,
but in each case a different structure is generated. The most extreme example is that of yeast
CCEl, which opens the structure into the unstacked square geometry normally adopted by four-
way junctions in the absence of added metal ions, with opening of the central basepairs. The
simultaneous recognition and manipulation of DNA structure provides an interesting challenge to
understand both the mechanism and underlying significance within the overall context of the
mechanism of the recombination process.

MF White, M -J E Giraud-Panis, J R G Pohler and D M J Lilley (1997) Recognition and manipulation of
branched DNA structure by junction-resolving enzymes J Molec Biol 269, 647-664.
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Undoing the damage of homologous recombination by Xer site-specific
recombination.  David Sherratt, Lidia Arciszewska, Bernard Hallet, Gavin Recchia,
Mira Aroyo, Francois Cornet, Garry Blakely and Sean Colloms Division of Molecular
Genetics, Dept of Biochemistry, University of Oxford, South Parks Rd., Oxford OX1
30U, UK

Homologous recombination events between circular chromosomes can generate dimeric
chromosomes that will be unable to segregate to each of the daughter cells at cell
division. Xer site-specific recombination functions in the stable inheritance of circular
bacterial chromosomes and plasmids by converting such dimers to monomers. In the
Escherichia coli chromosome, a recombination site, dif, located in the replication
termination region, is acted on by two related recombinases, EcoXerC and EcoXerD.
Recombination in vivo at dif is limited to cells that contain chromosome dimers and
which can initiate cell division and localise a functional FtsK protein to the cell division
septum. The C-terminal domain of FtsK is required for recombination at dif, irrespective
of whether dif is chromosomally or plasmid located. It appears that a dimer-dependent
and cell division-dependent checkpoint leads to activation of the Xer recombination
process either by generating an appropriate DNA substrate or by activation of the
recombination proteins. We propose that XerC strand exchange generates Holliday
junction-containing recombination intermediates that are acted on directly by FtsK in
order that they adopt a configuration suitable for XerD strand exchange. In vitro,
supercoiled dif is not a substrate for EcoXerC and EcoXerD, though modification of the
recombination proteins or the recombination site can lead to recombination proficiency.
Under conditions that support Xer recombination at supercoiled dif or plasmid psi, XerC
strand exchange leads to the formation of a Holliday junction containing intermediate,
which XerD converts to product. Structure determinations along with genetic studies with
recombinase mutants that either enhance or impair the catalytic activity of their partner
recombinase provide a molecular basis for understanding how each recombinase
reciprocally controls the activity of its partner recombinase. These studies highlight the
central role of subtle changes in conformation of the Holliday junction intermediate in
controlling recombination outcome during recombination at chromosomal dif and psi.

Key references

Cox, M.M. (1998). A broadening view of recombinational repair in bacteria. Genes to
Cells 3, 65-78 g e
Sherratt, D.J. and Wigley, D. (1998). Conserved themes but novel activities in
r¢combinases and topoisomerases. Cell 93, 149-152

Colloms, S.D., Bath, J and Sherratt, D.J. (1997). Topological selectivity in Xer site-
specific recombination. Cell 88, 855-864

Arciszewska, LK., Grainge, 1. and Sherratt, D.J. (1997). Action of site-specific
recombinases XerC and XerD on tethered Holliday junctions. EMBO J 16, 3731-3743



27

V(D)] RECOMBINATION: LINKS TO TRANSPOSITION AND DOUBLE-STRAND BREAK
REPAIR

Martin Gellert, Meni Melek, Tanya T. Paull, Mauro Modesti, Joanne E. Hesse, Dale A.
Ramsden, and Kevin Hiom. Laboratory of Molecular Biology, NIDDK, National Institutes of
Health, Bethesda, Maryland 20892-0540, U.S.A.

V(D)] recombination is initiated by the RAG1 and RAG2 proteins, which make double-strand
breaks between the recombination signal sequences (RSS) and the neighboring coding DNA. In
normal recombination these broken ends are then joined to make coding joints and signal
joints. We have recently demonstrated that the purified RAG proteins are also capable of
transposing RSS-ended fragments into new DNA sites (Hiom, K., Melek, M., and Gellert, M.
(1998), Cell 94, 463-470). This transpositional recombination is very similar to the reactions of
better-known transposons or retroviruses. The RSS ends are inserted with a 5-bp stagger into
essentially random sites in the target DNA. The existence of RAG-mediated transposition
strongly supports earlier proposals that the V(D)J recombination system evolved from an
ancient mobile DNA element, and suggests that repeated transposition may have promoted
the expansion of the antigen receptor loci. In present-day lymphoid cells, the occasional
diversion of V(D)J rearrangement into a transpositional pathway may cause some of the DNA
translocations associated with lymphatic tumors.

The joining steps of V(D)] recombination require several factors that are also used in repair of
radiation-damaged DNA (for example DNA-PKcs, Ku protein, Xrcc4 and DNA ligase IV). We
have found novel activities of some of these proteins.

1) In addition to its known function as a cofactor of DNA-PKcs, Ku protein can greatly
stimulate ligation of blunt or near-blunt DNA ends by mammalian DNA ligases (Ramsden, D.
A., and Gellert, M. (1998), EMBO ]. 17, 609-614). This may correlate with biological results
showing that Ku-deficient cells have a different phenotype from those lacking DNA-PKcs.

2) The Xrcc4 protein is known to bind to DNA ligase IV and to stimulate its activity. The
radiation-sensitivity of Xrcc4-deficient cells, and their failure to join broken ends in V(D)]
recombination, have been attributed to this defect. We find that Xrcc4 protein also binds to
DNA, and that its biological activity correlates better with DNA binding than with its effect on
ligase IV.

3) In yeast, the Mrell/Rad50/Xrs2 complex is known to be important for non-homologous
DNA end-joining as well as meiotic recombination. Human homologs of Mrell and Rad50
have been cloned, and the human Nbsl protein is thought to be the homolog of Xrs2. We
found that Mrell is a 3’ to 5 exonuclease, more active when associated with Rad50. Mrell also
has an endoniuclease activity on single-stranded DNA (Paull, T. T., and Gellert, M. (1998), Mol.
Cell 1, 969-979). In the triple complex, new activities are revealed. There is now a limited ATP-
dependent DNA unwinding, an ATP-dependent incision to remove 3’-overhanging tails, and
an efficient cutting of perfect hairpins. These activities suggest explanations for several
biological functions of the complex.

ot
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E. Lorbach, N. Christ & P. Droge
Conservative site-specific DNA recombination: From
mechanism to application.

Gene therapy can be defined as the introduction of nucleic
acids into cells for the purpose of altering the course of a
medical condition or disease. A number of difficult technical
hurdles needs to be overcome to achieve this goal, however.
For example, foreign DNA has to be introduced into a
human cell without degradation or modification. Ideally, the
introduced DNA should be safely and stably integrated into a
defined, well characterized locus of the genome of the
recipient human cell. The efficient expression of gene
products encoded by the integrated DNA is often another
problem in potential gene therapy approaches. Here, we
have addressed the problem of site-specific integration of
foreign DNA into the human genome.

The bacteriophage A encodes a site-specific recombinase,
the so-called integrase (Int), that catalyzes the integration of
the phage DNA via its attachment site (attP) into a unique
locus (attB) of the bacterial chromosome. We have identified
a natural target site for the Int system in the human genome,
and present evidence that this site can be targeted by Int in a
human Burkitt Lymphoma cell line (BL 60) in vivo.

E. Lorbach, N. Christ & P. Droge. Institute of Genetics,
University of Cologne, Weyertal 121, D-50931 Cologne,
Germany.
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Initiation of meiotic recombination and minisatellite instability in the yeast
Saccharomyces cerevisiae

F. Baudat, J. Buard*, H. Debrauwere, B. de Massy, C. Mézard, Y. Okada, A.
Pecina, K. Smith, C. Soustelle, P-C. Varoutas, M. Vedel, G. Verénaud* and A.
Nicolas. Institut Curie, Section de Recherche, CNRS UMR144, 26 rue d'Ulm,
75248 Paris, France. * IGM, CNRS URA2225, Bat 400, Université Paris-Sud,
91405 Orsay, France. .

Genetic and physical studies in the yeast S. cerevisiae have shown that meiotic
recombination (reviewed in ref. 1) is initiated by the formation of transient DNA
double-strand breaks (DSB) throughout the genome. The DSB regions, mostly
located in intergenic promoter-containing intervals, are clustered in large (39-105
kb) chromosomal domains (2). The nuclease responsible for these meiotic DSBs is
the Spoll protein (3,4). Current understanding of the control of meiotic DSB
formation and the role of chromatin accessibility (5) will be summarized.
Minisatellites are tandemly repeated DNA sequences found in eukaryote genomes,
particularly in mammalian genomes. In humans, the minisatellites are highly
polymorphic and some, like CEBI, rearrange at a high frequency in the germline.
To investigate possible mechanism(s) of rearrangement in a model system, we
have integrated two CEBI alleles (0.6 and 1.8 kb) into the Saccharomyces
cerevisiae genome and have characterize their behavior (Debrauwere et al.,
submitted). As observed in human cells, we found that CEBI is destabilized in
meiosis resulting in a large variety of gain or loss of repeat units. Genetical and
physical analyses demonstrate that rearrangements of CEBI result from the
formation of nearby Spol1-dependent DSBs indicating that the meiotic instability
of minisatellites in yeast depends on the initiation of homologous recombination.
MVR-PCR analysis of homozygous and heterozygous diploids (0.6 x 1.8 kb)
reveals that intra- and interallelic events leading to the gain or loss of repeat units
take place, as has been observed in human rearrangements. Some events are
complex with simultaneous deletions and duplications. The Msh2 Pms1 mismatch
repair functions play a role in the maturation of recombination intermediates.
Molecular mechanisms of minisatellite rearrangements in yeast meiosis will be

discussed.
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Genetic control of DNA repeat recombination in yeast: effects of
transcription and DNA repair mutations.

F. Malagén, S. Chévez, J.I. Piruat, S. Gonzélez-Barrera and A. Aguilera
Departamento de Genética, Universidad de Sevilla, 41012 SEVILLA,
Spain.

DNA recombination may be directly affected by other aspects of DNA
metabolism such as replication and repair. A relationship particularly
intriguing is that observed between recombination and transcription.
Induction of recombination by transcription has been documented in
prokaryotes and eukaryotes (1,2,3). It is likely that changes in local
supercoiling or in chromatin structure associated with transcription may
facilitate the initiation of a recombination event, although there may be other
explanations. Our aim is to define and to understand the molecular nature of
the effects that transcription, and hence chromatin structure, may have on
mitotic recombination in yeast. i

We have recently provided genetic and molecular evidence that
recombination between direct repeats can be induced by transcriptional
elongation impairment. Null mutations of the HPRI and THO2 genes lead to
an strong increase in the frequency of deletions occurring by recombination
between direct repeats (>2000-fold above wild-type levels) that correlates
with an impairment of transcription elongation observed in such mutants
(4,5,6). The higher the impairment of transcription caused by hprlA and
tho24, the higher the frequency of deletions. The hyper-deletion phenotype
is transcription-dependent and is not observed in DNA repeats that are not
transcribed. We have now evidence that reciprocal recombination is also
stimulated by these mutations. The th024 mutation increases recombination
between inverted repeats above 20-fold the wild-type levels. This result
suggests that transcriptional elongation impairment may induce all types of
recombination, including single-strand annealing or one-ended invasion,
responsible for deletions, and reciprocal recombination.

To explore whether chromatin structure might have an effect on
mitoti¢ recombination that could explain the observed effects of
transcription, we have analyzed recombination of different mutants related to
chromatin structure and transcription. We have observed that mutations in
SPT2, SPT4 and SPT6 confer increases in the frequency of reciprocal
exchange/gene conversion and deletions ranging from 1- to 15-fold above
wild-type levels. Interestingly, SPT4, SPT5 and SPT6 have recently been
involved in transcriptional elongation (7), presumably through their effect on
chromatin structure, opening the possibility that hprl, tho2 and the spt
mutations might increase recombination by a similar mechanism.

We have investigated the genetic and molecular basis of the increase
of reciprocal exchange between inverted repeats caused by spt6-/40. In the
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inverted repeat systems that we used for our recombination assays,
recombination is reduced by 4-10-fold in the rad51, rad54, rad55 and rad57
mutants, leading to a pattern of gene conversion and reciprocal exchange
significantly different from wild type. Interestingly, sptG-140 suppresses the
Rec- phenotype of rad514 and the other rad mutations mentioned above,
and restores the wild-type pattem of gene conversion and reciprocal
exchange. These results suggest that recombination is stimulated at the level
of initiation, regardless of whether it proceeds through a R4DS5/-dependent
or -independent recombination pathway. We are studying whether this
increase in initiation observed in the chromatin-related mutants is dependent
on the transcriptional state of the inverted repeats.

1. Ikeda, H. and T. Matsumoto (1979) Proc. Natl. Acad. Sci. USA 76:4571-4575.
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Meiotic Recombination and Chromosome Structure Nancy Kleckner
Harvard University, Cambridge, MA USA

Meiotic recombination in yeast is initiated primarily or exclusively by programmed double
strand breaks (DSBs), which proceed on to strand exchange intermediates (double Holliday
junctions) and thence to products (crossovers and noncrossovers). These events are subject
to diverse types of regulation which ensure that they occur (a) in temporal coordination
with other events of chromosomal, nuclear and cellular metabolism, (b) in spatial
coordination with the structural axes of the homologs, (c) with a bias towards eveats
between homologous nonsister chromatids (“interhomolog events") relative to intersister
events, and (d) in such a way as to yield a tighly regulated distribution of crossover
products between and along the chromosomes. Prior to and independent of recombination
Initiation, chemically intact homologs engage in recognition and pairing. In yeast, such
pairing is present prior to the onset of meiosis (in vegetatively growing diploid cells), is
disrupted during S-phase, and is then restored in very early prophase. These events are
likely presaged by significant changes in meiotic DNA replication. Our current work in
these areas will be discussed in the context of the general proposition that, throughout the
meiotic process, development and modulation of meiotic interhomolog interactions is
functionally and molecularly related to development and modulation of intersister
1nteracuons.
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DOUBLE-STRAND BREAK REPAIR IN HUMAN CELLS.
Stepben C. West, Peter Baumann, Fiona Benson, Claire Chappell, Adelina
Davies, Eric Van Dyck, Alain van Gool, Jean-Yves Masson, Michael
Mcllwraith and Andrzej Stasiak*. Imperial Cancer Research Fund, Clare
Hall Laboratories, South Mimms, Herts. EN6 3LD, U.K. and *Laboratory
of Ultastructural Analysis, University of Lausanne, 1015 Lausanne,
Switzerland.

Double-strand breaks in DNA (DSBs) are induced by the harmful effects
of ionizing radiation. These chromosomal breaks can be lethal to the cell
unless repaired efficiently, and inefficient or inappropriate repair can lead to
mutation, gene translocation and cancer. In lower cukaryotes, such as yeast,
DSBs are primarily repaired by RadS52-dependent homologous
recombination. In contrast, vertebrates repair most DSBs by Ku-dependent
non-homologous end-joining (NHEJ). Using cell-free extracts prepared
from human lymphoblastoid ccll lines, an ir vitro system for DNA end-
joining has been developed (1). Intermolecular ligation is accurare,
dependent upon DNA ligase TV/Xrced, and requires Ku70, Ku8G and
DNA-PK,, the three subunits of the DNA-activated protein kinase DNA-
PK.

Mammalian cells can also repair DSB's by homologous recombination
(cither by Rad52-dependent single-strand annealing, or by RadS1/Rad52-
dependent strand invasion mechanisms). Human RadS] protein is a
structural and functional homolog of the E. coli RecA protein and promotes
homologous pairing and strand transfer reactions in vitro. Until recendy,
however, litle was known about Rad52. Biochemical studies now show that
Rads2 forms ring structures on DNA and can stimulate RadS1-mediated
pairing resctions (2, 3). RadS2 also promotes specific DNA-DNA
interactions in the absence of hRadSl, consistent with a direct role in
single-strand annealing (SSA) pathways of recombination.

Using electron microscopy, we found that human RadS2 protein, like Ku,
binds direcdy to DSBs, protects them from exonuclease attack and
facilitates end-to-end interactions (4). These observations lead us to
propose a model for DSBR in which either Ku or RadS2 binds the DSB.
Ku directs DSBs into the NHEJ repair pathway, whereas Rad52 initiates
repair by homologous recombination. Ku and Rad52, therefore, direct entry
into alternative pathways for the repair of DNA breaks.

Refs.
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hRADSI enhances gene targeting in human cells

Rafael J. Yéfiez and A. C. G. Porter

Gene Targeting Group, MRC Clinical Sciences Centre, Imperial College School of
Medicine, Hammersmith Hospital, DuCane Road, London W12 ONN, UK.

Gene targeting, the directed modification of chromosomal sequences with
exogenous DNA constructs, has greatly facilitated genetic analysis in eukaryotic
organisms. Gene targeting has also been applied to somatic cell genetics and could be
used to repair DNA mutations causing genetic diseases. However, these latter
applications require increased efficiencies in the targeting reaction to be of
widespread use. The cellular machinery for homologous recombination seems to
mediate gene targeting, and we are using that as a means to further our knowledge
about recombination in human cells and to increase the frequency of targeting.

Genetic analysis in yeast and higher eukaryotes has shown that several
members of the RADS2 epistasis group of genes mediate homologous recombination.
One of these genes, RADS1, is essential for cell proliferation in higher eukaryotes, and
RADS1 protein is a key player in homologous recombination in vitro. Therefore, we
sought to study the role of hRADS! in vivo by overexpression in human cells. Stable
transfection of a hRADS] transgene led to a 3-fold increase in RADS]1 levels with no
obvious deleterious effect. Further studies showed that gene targeting is increased 2
to 3-fold at two different loci in cells overexpressing hRADS51. We have also observed
enhanced survival of hRADSI-overexpressing cells upon gamma irradiation,
presumably reflecting increased repair of double-strand breaks by homologous
recombination.

Our studies show that kRRADS1 is involved in homologous recombination in
human cells in vivo, specifically in gene targeting and survival to irradiation. They
also indicate that the frequency of gene targeting can be improved by overexpression
of a gene involved in homologous recombination. Given that other recombination
genes have recently been characterised, it is possible that further improvements in
gene targeting frequencies could be obtained by using hRAD5! in combination with
additional genes.
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Role of mouse Rad54 in DNA recombination and repair

Raoul Tan, Jeroen Essers, Sigrid M. A. Swagemakers, Jan de Wit,
Jan H. ]. Hoeijmakers, and Roland Kanaar

Cell Biology & Genetics, Erasmus University Rotterdam, The Netherlands

Error-free repair of ionizing radiation (IR)-induced DNA double-
strand breaks by homologous recombination requires the RAD52 group
proteins, including Rad51 and Rad54, in the yeast Saccharomyces cerevisiae.
A key step in recombination, formation of a joint molecule between the
damaged DNA and the homologous repair template, is mediated by RadS1
and stimulated by Rad54. The biological importance of the RAD52 pathway
for genome stability is underscored by its conservation from fungi to
humans.

We have analyzed the phenotype associated with disruption of the
mouse RADS54 (mRAD54) gene. mRADS54 knockout embryonic stem cells
are sensitive to ionizing radiation, mitomycin C and methyl
methanesulfonate, but not to UV light. In addition, gene targeting
experiments demonstrate that the frequency of homologous recombination
in mRADS54 knockout cells is reduced compared to wild-type cells. These
results imply that, besides DNA end-joining mediated by DNA-dcpendent
protein kinase, homologous recombination contributes to repair of DNA
double-strand breaks in mammalian cells.

Immunofluorescence experiments show that the mRad54 protein
forms nuclear foci upon treatment of the cells with ionizing radiation.
Interestingly, upon irradiation mRad54 partly colocalizes with mRad51.
Immunopreciptation experiments indicate that the two proteins form a
stable complex, but only upon induction of DNA lesions that require

mRad54 for their repair.

RadS54 belongs to the SWI2/SNF2 protein family whose members
modulate protein-DNA interactions in an ATP-driven manner. We have
purified the human Rad54 (hRad54) protein and show that jt has ATPase
acfivity that is absolutely dependent on double-strand DNA. Results of a
topological assay suggest that hRad54 can unwind double-stranded DNA at
the expense of ATP hydrolysis. Unwinding of the homologous repair
template could promote the formation or stabilization of hRad51-mediated
joint molecules. Rad54 appears to be required downstream of other RAD52
group proteins, such as Rad52 that assist Rad51 in interacting with the

broken DNA.
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Genetic control of genome stability in yeast

T. D. Petes1, C. Butler3, R. Craven!, M. Dominska,1 T. Fox3, D.
Gordenin2, P. Greenwelll, S. Henderson® R. Kokoskal, R. M. Liskay, J.
Mallory1, T. Prolla, K. Ritchie!, M. Resnick2, E. Sial, L. Stefanovicl, M.
Strand1, H. Tran2, 1Department of Biology, University of North
Carolina, Chapel Hill, NC 27599-3280; 2NIEHS, Research Triangle Park,
NC 27709; 3Department of Molecular Biology and Genetics, Cornell
Univ., Ithaca, NY 14853-2703

The rate of genome alterations (single base pair changes, additions
and deletions of DNA sequences, and alterations in chromosome
structure or number) is likely to be rate-limiting for a number of
important biological processes including speciation and the
development of a cancer cell from a normal cell. Simple repetitive DNA
sequences (microsatellites) are intrinsically unstable genomic regions,
even in wild-type yeast cells. Below, | describe the genetic regulation
of the stability of three types of microsatellites: poly GT tracts in the
nuclear genome, poly GT and poly AT tracts located within the
mitochondrial genome, and poly TG1-3 sequences located at telomeres.

Poly GT tracts in the nuclear genome

The genomes of most eukaryotes, including yeast, have many tracts
of poly GT exceeding 15 bp in length. Using a frameshift assay, we
showed that such tracts alter at a rate that is much higher than
observed for "normal” DNA sequences (1), about 10-S/cell division for a
tract of 33 bp. Two types of mutations result in further
destabilization of microsatellites: mutations affecting DNA mismatch
repair enzymes (2) and mutations affecting DNA replication (3,4).
Mutations reducing the rate of recombination have no effect on
microsatellite stability (1). These results suggest that most
microsatellite alterations reflect DNA polymerase slippage events. ‘

Tumor cells often have elevated levels of genome instability. One -
type of instability, observed for a sub-set of tumors, is elevated
instability of DNA microsatellites. Most such tumors have mutations
affecting DNA mismatch repair (reviewed in ref. 5).

Microsatellite stability in the mitochondrial genome

In collaboration with Tom Fox, we developed methods of monitofing
microsatellite instability in mitochondrial DNA (mtDNA). We found"
that the types of alterations are different from those observed for-
nuclear microsatellites. Alterations of mitochondrial microsatellites
are’ primarily deletions, whereas alterations of nuclear microsatellites
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are primarily insertions. In addition, poly AT sequences in mtDNA are
much more stable than poly GT sequences; in the nuclear genome, these
two types of microsatellites have similar stabilities. In strains
heterozygous for the MutS homologue msh1, poly GT microsatellites are
destabilized about 35-fold, consistent with previous studies indicating
an elevation in the rate of point mutations in mtDNA in strains
heterozygous for msh1 (6).

Regulation of telomere length

We have also examined the genetic regulation of the length of the
poly G1-3T sequence located at the ends (telomeres) of the yeast
chromosomes. In wild-type strains, the terminal poly TG1-3 tract is
350-500 bp in length. Strains with a mutation of TEL7, a homolog of
the human gene (ATM) mutated in patients with ataxia telangiectasia,
have short, but stable, telomeric repeats (7). Mutations of TLC1
(encoding the RNA subunit of telomerase) result in strains that have
continually shortening telomeres and a gradual loss of cell viability
(8); survivors of senescence arise as a consequence of a Rad52p-
dependent recombination events that amplify telomeric and sub-
telomeric repeats (9). We show that a mutation in MEC1 (a gene related
in sequence to TELT and ATM) reduces telomere length and that te/1
mec1 double mutant strains have a senescent phenotype similar to that
found in tlc1 strains. As observed in tic1 strains, survivors of
senescence in the tel1 mec1 strains occur by a Rad52p-dependent
amplification of telomeric and sub-telomeric repeats. These results
demonstrate that Telip and Meclip share an essential function required
for telomere maintenance. In addition, we find that strains with both
tel1 and tlc1 mutations have a delayed loss of cell viability compared
to strains with the single t/c? mutation. This result argues that the
role of Tellp in telomere maintenance is not solely a direct activation
of telomerase.
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DNA Damage Repair and Recombination in Saccharomyces cerevisiae

Rodney Rothstein, Xiaolan Zhao, Bilyana Georgieva, Frédéric Foucault, Justin Weinstein, Naz Erdeniz,
and Uffe Mortensen. Department of Genetics & Development, Columbia Iniversity, College of Phys. &
Surg., New York, NY 10032-2704, USA

We are studying how the yeast, Saccharomyces cerevisiae, detects andrresponds to DNA damage and the
mechanisms of DNA damage repair. Damage recognition often elicits a cell cycle checkpoint. Mutants
of many of the genes that control these checkpoints are radiation sensitive, including MEC/ and RADS3.
Both are required in all DNA damage and replication cell cycle checkpoint pathways in G1, S and G2
phases to ensure correct transmission of the genetic material. In addition to their involvement in
checkpoint pathways, Mecl and Rad53 are both essential for cell growth.

To understand the molecular basis of the essential functions of Mecl and Rad53, we identified and
characterized a mutation, sm//, which permits cell growth in the absence of these two proteins. SML/
acts downstream of genes whose overexpression can suppress mec/ deletions. In addition, sml/ affects
various cellular processes in a manner similar to the overproduction of the large subunit of ribonucleotide
reductase, RNR/. These include an effect on mitochondrial biogenesis, on the DNA damage response
and on cell growth. An increase in RNR transcription does not account for these effects. /n vivo and in
vitro experiments show that Smll binds to Rnrl. We propose that Smi1 inhibits dNTP synthesis post-
transcriptionally by binding directly to Rnrl and that Mecl and Rad53 are required to relieve this
inhibition at S phase.

The SGS1 gene is a member of the RecQ/Sgs1 DNA helicase family and was first identified as a mutation
that suppressed the slow growth phenotype of fop3 mutants. Subsequently the genes responsible for
Bloom and Werner syndromes in man were found to be homologous to SGS/. A homolog in
Schizosaccharomyces pombe, RQH 1, has also been identified and shown to play a role in cell cycle
checkpoints in S. pombe. We are investigating SGS/ gene function by testing its interactions with Top3,
Topl, the Srs2 helicase as well as its recombination, meiotic and checkpoint phenotype. To examine the
importance of the helicase activity, we used a novel allele-replacement method to create a genomic
mutation known to inactivate the ATPase activity of the helicase (sgs/-K706R). Our genetic analysis of
this mutant indicates that the helicase activity is important for every SGS/ function that we have
examined. For example, loss of helicase activity results in sensitivity to both HU and MMS. To examine
the importance of the Sgs1/Top3 interaction, we have deleted the Top3-interaction domain in SGS/ and
found that this mutation has many of the same properties of a fop3 mutation including slow growth.
Many of the lesions described above require repair with the central recombination and repair protein,
Rad52. Itinteracts with the RecA homolog, RadS1, and may form an even larger complex consisting of
Rad54, Rad55 and Rad57. Furthermore, a genetic interaction has been detected between RADS2 and
RFA1, which encodes a DNA-binding subunit of the single-strand DNA-binding protein complex, RP-A.
Biochemically, RadS2 protein possesses DNA-binding and strand-annealing activities in vitro. This may
explain the RADS52-dependence of the single-strand annealing (SSA) recombination mechanism.
lnter&tinély, this reaction is Rad51, Rad54, Rad55 and Rad57 independent. To understand the nature of
the DNA annealing properties of Rad52, we have initiated a detailed analysis of the protein and have
isolated mutations that separate the x-ray resistance of R4D52 from its effects on recombination.

-
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llegitimate integration of viral DNA into Nicotiana species during
evolution

Yoong Lim, Roman Matyasek§ Lena Murad, Andrew Leitch, & Conrad Lichtenstein®, School of Biological
Sciences, Queen Mary and Westfield College, University of London, London E1 4NS, England UK. Tel: +44

171 775 3049 Fax: +44 181 983 0973 *Email: c.p.lichtenstein@qmw.ac.uk. § present address: Institute of
Biophysiscs, Czech Academy of Sciences, Brno, Moravia, Czech Republic

Geminiviruses are small circular single-stranded (ss) plant DNA viruses which replicate
in the nucleus by rolling circle replication from a circular double-stranded replicative form.
The viral Rep protein, a sequence- and strand-specific endonuclease
/elicase/ATPaselligase generates the ss viral DNA circular monomers from a cis-
essential origin mapping next to the rep gene. The origin and rep gene DNA sequences
are evolutionarily related to those of prokaryotic ssDNA bacteriophage such as @ X174.

We inhibited geminiviral replication in transgenic Nicotiana tabacum (tobacco) plants
expressing an antisense transcript targeted against a geminiviral Rep protein [1,2] and by
serendipity discovered that uninfected wild-type tobacco carries multiple direct repeats of
a geminiviral origin sequence adjacent to a truncated rep gene [3]. We believe they arose
by geminiviral DNA integration; curiously, recombination between viral and genomic DNAs
though not unusual in other systems was hitherto unknown for plants.

To address whether this was a unique event we examined other plants for evidence of
geminivirus related DNA (GRD). We found multiple copies of these elements only in the
genomes of three related Nicotiana species, all in the section Tomentosae: A.
tomentosiformis, N. tomentosa, and N. kawakamii. DNA sequence analysis of 18 GRD
copies reveal 4 distinct, but highly related, sub-families: GRDS, GRD3 and GRDS3 in
tobacco; GRDS in N. fomentosiformis and N. kawakamii; and GRD2 (related to GRDS) in
N. tomentosa [4] .

The GRD sequences are highly methylated even in comparison to other sequences in
tandem array within the tobacco genome. Sequence analysis shows that CG and CNG
nucleotides are under-represented relative to free geminiviruses, suggesting the
possibility of methyl-cytosine to thymine transitions during sequence evolution.

We have performed fluorescent in situ hybridisation (FISH) to map the chromosomal
locations of these elements [5,6]. Tobacco, which is an amphidiploid cross between
progenitors of N. tomentosiformis (the T genome) and N.sylvestris (the S genome)
carries GRD3 on chromosome T4 and like the other GRD-positive species has GRDS on
another T chromosome.

Our data suggest that all GRD elements are descended from a unique geminiviral
integration event, most likely in a common ancestor of these Tomentosae species
several million years ago, presumably via illegitimate recombination with DNA
amplificatign, deletions and rearrangements. We are currently seeking to identify how
these events occurred.
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Hairpin and Duplex DNA Processing by the SbcCD
Recombination Nuclease

John C. Connelly, Erica S. de Leau and David R. F. Leach. Institute of Cell and
Molecular Biology, University of Edinburgh, Edinburgh, UK

The SbcCD protein from Escherichia coli is a member of a family of recombination
nucleases found in bacteriophages, cubactera, archaebacteria, yeast, drosophila,
mouse and man. Members of this family have been implicated in a remarkably wide
panoply of recombination reactions ranging from meiotic recombination, via the
control of replication of palindromes and tri-nucleotide repeats to non-homologous
end-joining and telomere maintenance,

Evidence from electron microscopy of SbcCD has revealed a distinctive structure
consisting of two globular domains linked by a long region of coiled coil, similar to
that predicted for the members of the SMC family. That a nuclease should have
such an unusual structure suggests that its mode of action may be intcresting.

Here we show that the protein degrades duplex DNA in a 3" to 5° direction whether
or not one of the ends in closed as a hairpin structure. This degradation releases
products half the length of the original duplex suggesting simultancous degradation
from the two ends. This may provide a link to the unusual structure of the protein
since our data are consistent with recognition and cleavage of DNA ends (whether
or not they are closed as hairpins) followed by 3’ to 5" nicking by two nucleolytic
centres within a single nuclease molecule that releases a half length limit product.

We also show that cleavage is not simply at the point of a single-strand/double-stand
transition and that despite the dominant 3” to 5’ polarity of degradation, a 5 single-
strand can be cleaved when attached to duplex DNA.

The implications of this mechanism for the action of this family of proteins in their
,divcrsc recombinational roles will be discussed.
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Novel joints formed during illegitimate and homology-directed heterospecific
recombination 1n Streptococcus pneumoniae

Jean-Pierre Claverys and Marc Prudhomme

Laboratoire de Microbiologie ct Génétique Moléculaire CNRS-UPR 9007, Université Paul Sabatier,
118 route de Narbonne, 31062 Toulouse Cedex, France. Tel: (33) 561 33 59 11; Fax: (33) 561 33
58 86; Email: claverys@ibcg.biotoul fr.

Illcgitimate recombination events observed in Streplococcus pneumoniae during
transformation with in vifro engineered bybrid DNA molecules (Claverys er al., 1980) were, called
insertion-deletions because insertion of heterologous DNA. and deletion of chromosomal sequences
were concomitant. This type of event was shown to represent about 0.5% of total recombination
events during transformation with hybrid DNA (Claverys ef al., 1980). The appearance of insertion-
deletions was strictly dependent on the presence in the hybrid donor molecule of a region of
homology with the recipient chromosome. The underlying recombination mechanism can therefore
be referred to as homology-directed illcgitimatc (HDI) recombination. A tentative model for HDI
recombination postulated that pairing between homologous donor and recipient sequences occured
first and favored transient pairing between heterologous flanking donor and recipient sequences,
within short stretches of nucleotide identity. Simultancous incision of both heterologous and
recipient strands within the wansiently paired beterologous region, followed by ligation, was then
postulated to produce the observed integration of heterologous DNA and concomitant deletion of
recipicat soquoncec.

Based on this model, we developped a genetic system to gencrate heterospecific gene
fusions in vivo in S. preumoniae. The heterologous gene pair chosen for this study consisted of the
hexA mismatch repair genc of S. pneumoniae and its Escherichia coli mutS homologue. The two
genes exhibit only 45% identical nucleotides. To favor heterologous recombination, a S
pneumoniae strain harboring a 5'-truncated copy of the erm gene downstream of the hex4 gene was
constructed. This recipient strain was transformed with a2 hybrid DNA molecule carrying an intact
erm genc immediately downstream of the mutS gene of E. coli. Selection for possible hexA-mutS
fusion recombinants was based on the reconstitution of an intact erm gene, which conferred
resistance to Ery. This system which proved efficient for the production of hex-mur chimeras was
called homology-directed heterospecific (HDH) recombination.

The analysis of novel joints formed during HDI and HDH revealed that these joints were
located within or very close to short stretches of sequence identity between heterologous DNA and
the recipient chromosome (M.P. and J.P.C,, in preparation). The larter category suggested that
transient pairing within short blocks of sequence identity between heterologous and recipicnt
strands favored incision of both strands in the immediate vicinity, which resulted in resolution of
the recombination intermediate.

Jt should be pointed out that such a mechanism is not limited to synthetic donor DNA
molecules, Insertion scquences or transposons when present on both donor and recipient DNAs can
themselves provide the homology required for HDI. They can therefore promote the acquisition of
sequences immediately adjacent to them, thercby leading to the acquisition of completely
- hererologous genes. This mechanism is therefore of great potential in terms of genome evolution. It
reinforces the importance of transformation for geaetic plasticity.

J. P. Claverys, J. C. Lefévre, and A M. Sicard. Transformation of Streptococcus
prneumoniae with Streptococcus pneumoniae-lambda phage hybrid DNA: induction of delctions.
Proc. Natl. Acad. Sci. USA 77:3534-3538, 1980.
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John Roth, Renee Dawson, McKell Carter, Rafael Camacho.

Department of Biology, University of Utah, Salt Lake City, USA

Use of internal (asexual) recombination assays of bacterial recombination

The major activity of the bacterial recombination system is repair of spontaneous nicks
and double strand breaks that occur spontaneously during cell groWwth. We describe three
assays of these "internal” recombination events. The assays detect exchanges initiated by
spontancous DNA damage and thus differ from sexual assays which provide double
strand fragment ends to initiate recombination.

-—-A duplication-segregation assay detects unequal sister-strand exchanges that cause loss -
of a marker (lac*) between the repeated sequences. Using this assay, we have isolated
mutants (hat are defective for duplication segrcgation but proficient at sexual
recombination; many of these affect central metabolism, notably blocking the TCA cycle.
We present evidence that these mutations act by minimizing production of reactive
oxygen species, which can damage DNA.

--Unequal sister strand exchanges between short direct-order repeats at separated
chromosomal sites can generate cither a deletion or a duplication. Each product can be
generated independently by a single half-reciprocal exchange. Both products are
generated together by a reciprocal exchange. When exchanges are scored during growth
-of a colony one can observe products as sectors and correlate formation of recombinant
types (a “tetroid"). Many events appear to cause a simple duplication OR a simple
deletion suggesting that the exchange was not reciprocal. Other events show paired
duplication and deletion sectors, suggesting reciprocality. Duplication-generating
cxchanges betwecn 1kb sequences were reciprocal in 25% of cases; this frequency rose to

75% when 10kb recombining sequences were tested.

-~ Inverse repeats at separated sites in the chromosome can, in principle, recombine to
generate an inversion. Ability to form these inversion recombinants depended on the
chromosomal positions of the recombining sequences. Three sorts of sequence pairs
were identified: 1) those that are permissive for inversion and yield healthy inversion
recombinants, 2) those that are permissive but yield slow-growing inversion
recombinants and 3) those that are non-permissive for inversion. All intervals became
permissive and gave healthy recombinants in strains carrying a Tus mutation (which
climinates a protein needed for termination of DNA replication a Ter sites. We proposc a '
model in which each exchange event initiates two replication forks which must proceed e
around the chromosome to the dif site; for sequences at certain positions, Ter sites block | )
this nceded replication. The inversion assay may allow study of the role of long-range .
replication in genctic recombination. ()

>
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Mechanism and Genetic Control of Interspecies Recombination : Studies with
Enterobacteria

M. Radman*, S. Stambuk, M. Vulic & I. Matic,

Institute Jacques Monod, F-75251 Paris Cedex 05 and

Institut Necker, Faculté de Médecine, Université Paris-5, 156 rue de Vaugirard,
75730 Paris Cedex 15, France.

An extensive genetic (1,2) and physical (3) analysis of interspecies recombination in Escherichia
coli between the linear Hfr DNA from Salmonella enterica and the circular recipient
chromosome reveals some fundamental aspects of recombination between closely related
(homeologous) DNA sequences. Inter-genomic homeologous recombination reflects the degree
of genetic isolation between the closely related species (4). Intra-genomic homeologous
recombination, involving repeated sequences, generates chromosomal rearrangements (5). It is
remarkable that the mismatch repair system (MRS) determines the precision of both DNA
replication and recombination, i.e., controls the genetic stability, and determines the degree of
genetic isolation, i.e., the rate of divergent evolution (2,4). MutS and MutL mismatch binding
proteins prevent homeologous recombination by at least two independent mechanisms (6). One is
MutH-independent, but requires the UvrD helicase and the RecBCD nuclease. The other
mechanism is MutH-dependent and requires newly synthesized DNA strands (GATC sequences)
to act upon. This de novo DNA synthesis requires the primosome assembly PriA functions and is
associated with, and triggered by, genetic recombination.

Only the « wild type » RecBCD recombination pathway is edited by both mechanisms; the RecF
and RecE recombination pathways are edited by the sole MutH-dependent mechanism (7).
Therefore, the extent of genetic isolation between related enterobacterial species is much lower in
the RecE and RecF pathways than in the RecBCD pathway .

Just as the inactivation of MutS and/or MutL functions disrupts genetic barriers between the well
separated species, so can overproduction of these proteins create ad hoc genetic barriers between
the strains of the same species (4,7). The MutL function is the most rate limiting one in the
editing of recombination (7)."A comprehensive molecular model of the mechanism and the
control of homeologous recombination will be discussed.

REFERENCES :

(1) Rayssiguier, C., Thaler,D.S. & Radman,M. (1989) Nature 342 : 396-401.

(2) Matic I.-Rayssiguier,C. & Radman, M. (1995) Cell 80 : 507-515.

(3) Matic,I, Radman,M. & Rayssiguier,C. (1994) Genetics 136 : 17-26.

(4) Vulic, M., Dionisio,F., Taddei,F. & RadmanM. (1997) Proc. Natl. Acad. Sci. USA 94 :
9763-9767.

(5) Petit, M-A., Dimpfl, J., Radman,M. & Echols, H. (1991° Genetics 129 : 327-332.

(6) Stambuk,S. & Radman,M. (1998) Genetics 150 : 533-542.

(7) Stambuk,S. & Radman,M. submitted to Genetics

* speaker



52

Genetic variation in Neisseria.

Thomas F. Meyer and Roland Barten
Max-Planck-Institut far [nfektionsbiologie, Abteilung Molekulare Biologie,

Monbijoustrasse 2, D-10117 Berlin, Germany

Neisseria gonorrhoeae constitutes a well known paradigm of the genetic variability of
a pathogenic microorganism. Numerous surface proteins, and even the
lipopolysaccharide, are subject to phase and anligenic variation. The resulting
variability is tremendous and allows this human pathogen not only to cope with the
host immune response but also to quickly adapt its population to sudden micro-
environmental changes which occur during the course of an infection. For example,
the phase-variable family of opacity-associated (Opa) outer membrane proteins
allows the tissue-specific recognition of distinct receptor molecules on target cells?.

On the molecular level, two principle mechanisms account for genetic variation in
N. gonorrhoeae, i.e. replicative stand slippage and the RecA-dependent homologous
recombination?. The latter, representing the paradigm of pilin variation, occurs via at
least three pathways, one of which involves the natural transformation competence
of these microbes. Several factors essential for transformation have recently been
identified. The second important mechanism underlying pilin variation, i.e. “gene
conversion”, is still enigmatic. We recently observed the RecA-independent
formation of chromosomal repetitions and suggest that these repetitions may be
preceded by circle formation. These circles may include silent (pilS) gene copies for
the recombination with expressed (pilE) pilin genes. Resulting recombinations may
thus show a non-reciprocal phenotype, explaining non-reciprocal gene conversion
- events.

1. Robertson, B.D. and T.F. Meyer: Genetic variation in pathogenic bacteria. Trends
in Genetics 8, 422-427 (1992).

2. Dehio, C., S.D. Gray-Owen and T.F. Meyer: The role of neisserial Opa proteins
in interactions with host cells. Trends in Microbiology 6, 489-495 (1998).
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Role of recombination functions in Salmounella typhimurium virulence:
animal and tissue culture models

Josep Casadesus!, David A. Cano! and Francisco Garcia del Portillo?
! Departamento de Genética, Universidad de Sevilla
2 Centro de Biologia Molccular "Severo Ochoa®. Universidad Autéhoma de Madrid

The first survey of the role of recombination functions in Sa/monella virulence,
performed in F. Heffron's laboratory, indicated that r¢ecA and recBC mutants of S.
typhinurium are avirulent in mice; their loss of virulence was shown to be related to the
inability to repair DNA damage (Buchmeier et al. 1993). We have recently started trials
with recombination mutants derived from S. typhinurium SL1344. The mutations
analyzed so far include recA, recBC, recD, recF and rec/, alone or combined. The model
systems used are (i) the animal model, based upon oral or intraperitoneal administration
of Salmonella to mice; (i) the tissue culture model, using epithelial and macrophage cell
lines.

In the animal model, some recombination mutations cause loss of virulence (recA.
recBC, recF), while others do not (recD) or cause mild symptoms (rec/). Comparisons
between oral and intraperitoneal administration permits the detection of subtle
phenotypes (e. g. rec/ mutants are fully virulent if administrated intraperitoneally but not
if administrated orally). Certain combinations of two mutations show an additive effect
(e. g. recBC recJ mutants are more attenuated than rec4 mutants). The phenotypes of
single and double mutants can be further defined by analyzing persistence in organs such
as liver and spleen. Interestingly, strains with major defects in DNA repair (e. g. r¢cA4 or
recBC recJ) are found in large numbers in the spleen but not in the liver. Additional
phenotypes are provided by the tissue culture model, using HeLa epithelial cells,
macrophages (and, in certain cases, NRK fibroblasts). Certain recombination mutations
cause distinct defects: for instance, recA, recBC and recBC rec/ mutants are unable to
proliferate within macrophages but show modest proliferation defects in epithelial cell
lines. Somehow surprisingly, recF mutants are unable to grow in both epithelial cells and
macrophages. Pulsed-field mapping and 1S200 fingerprint analysis have ruled out that
major genome rearrangements are required to cause disease. Thus the virulence defects
of recombination mutants do not reflect an impairment to rearrange DNA using
homologous sequences.

- A second approach to define the roles of recombination functions in Salmonella
virufence is suppressor analysis. In some cases, suppressor-carrying derivatives can be
directly selected by growth under non-permissive conditions (e. g. isolates carrying
suppressors of recBC are recovered from macrophage tissue cultures). To monitor the
genotypes of the strains used, and to detect the presence of suppressor mutations, we
have developed phage plaquing assays using abc and erf mutants of P22. These assays
permit, for instance, the identification of recBC, recBC sbeB and recBC sbeB sbe(CD
strains by plaquing assays with P22 abc phage (Cano et al., in preparation). The
_.suppressors found include “classical" shc-like mutations, some of them similar to sheh
mutations selected by transductional proficiency (Beason and Roth 1994). However,
novel types of suppressors, unrelated to shcB and sbcCD, are also isolated. The latter
belong to several phenotypic classes and map in three or more different loci. Two classes
include only recessive mutations. Another class appears to include dominant mutations,



54

and may involve a prophage-borne locus. This putative prophage is not Fels.

The third approach involves multicopy suppression using a S. typhimurium
plasmid library (each clone carrying an insert of 7-11 kb). Multicopy suppression and
complementation are distinguished by phage plaquing assays similar to those described
above. To date, multicopy suppressors have been found for recBC and recl” mutations,
but not for recA.

We expect that the combination of the three approaches (search for novel
phenotypes, suppressor analysis and identification of multicopy suppressors) will help to
define the roles of recombination functions in the interaction of Salmonella with its host.
Preliminary evidence suggests that these roles are multiple, and that the pathogen faces
various kinds of challenges in the interaction with its host. If this view is correct,
oxidative damage caused by the oxidative burst in macrophages may simply be one of
several challenges encountered by Salmonella upon host invasion. Invasion, proliferation
in the vacuole of host cells and other stages of infection may involve additional threats to
DNA integrity. One attractive speculation is that the bacterial cell may overcome each
threat by a distinct recombination-related response, and that different recombination
functions may be required in different stages of host colonization.
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Recombination of T-even Phage DNA with Foreign DNA Sequences
is Initiated by Pairing of Short Homologous Segments, and it Generates
Multiple Mutations in the DNA Adjacent to the Acquired Foreign DNA.

Gisela Mosig and Nancy, E. Colowick. Dept. of Mol. Biol.
Vanderbilt University, Nashville, TN 37235, USA

Our recent analyses of the essential dCTPase gene 56 and adjacent nonessential genes (69,
dam and soc) of bacteriophages T2 and T4 suggested that nonessential genes or DNA segments
have been acquired during evolution by illegitimate homologous recombination mechanisms that
do not require transposase but depend on pairing of short (approximately 20 bp) complementary
DNA sequences, branch migration, excision of mismatched bulges in heteroduplex regions and
two modes ("join-copy" and "join-cut-copy") of recombination-dependent DNA replication.
(Gary,TP, Colowick, NE, and Mosig, G. 1998, GENETICS, 148:1461-1473). ;

This model predicts that multiple base substitutions and frameshift mutations are generated
from a single pairing event and that different multiple mutations are generated in different phages,
if different foreign genes had been acquired during evolution. In contrast, random errors during
DNA replication initiated from origins or from intermediates of recombination are less likely to
cause similar patterns of frequent multiple mutations.

These and other predictions of our model are confirmed by sequence analyses of several
different T-even phages and by recombinational analyses after crossing different T2, T4, and
chimeric phages.

Most importantly, in different T-even phages in which the (acquired nonessential) genes
adjacent to the essential dCTPase genes are different, the dCTPase gene base sequences differ by
as much as 28%, including apparent multiple compensating frameshifts. In contrast, phages that
have the same nonessential gene adjacent to the dCTPase gene, or in which a nonessential
adjacent gene has been deleted, differ in dCTPase base sequence by less than 3%, with no
apparent frameshift mutations. The dCTPases of all these phages are functional.

Consistent with findings in many other organisms, extensive sequence divergence of
functioning dCTPase genes between present-day T2 and T4 phages inhibits formation of viable
recombinants, and this inhibition is relieved in crosses with chimeric phages in which sequence
identity is restored, even though neither the host's methyl-directed mismatch repair system nor the
RecBCD system are implicated in T4 DNA repair (Kreuzer, KN, and Drake, J.W. 1994 In:
Bacteriophage T4 ASM Press pp. 89-97).

Our results support the following model as the simplest explanation for the divergence of the
dCTPase genes of different present-day T-even phages, and for the apparent poor recombination
between dCTPase mutations in crosses between these phages:

1) Homologous recombination mechanisms allow illegitimate pairing of foreign genes with T-
even genomes, if the DNA segments share a stretch of about 20 identical base pairs.

2) In the region adjacent to the perfect homology, misaligned heteroduplex DNA segments are
formed by branch migration that enlarges the base-paired region. If the intermediates are resolved
by join-copy, and by join-cut-copy recombination, foreign DNA sequences are spliced into the
DNA of one of the parents.

3) Partial excision of bulges in the misaligned heteroduplex region generates multiple
differences from both parental sequences (as first proposed by Streisinger, G. et al., 1964, Cold
Spring Harbor Symp. Quant. Biol.31:77-84). However, only those sequences that code for a
functional protein (dCTPase in our example) are selected in viable phage particles. Different
functional dCTPase sequences have been selected in different T-even phages.

" 4) Therefore, heteroduplexes formed in crosses between different present -day T-even phages
are predicted to contain many bulges whose excisions are bound to generate defective dCTPase
genes, and, therefore, non-viable phages.

Our model can explain mosaic arrangements of many other genes in genomes of different
phages as well as of other organisms. It puts obvious limitations on interpretations of
" phylogenetic trees and deduced tempos of evolution.
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Characterization of the two Rad51 homologs of Physcomitrella patens

Silvia Ayoral, Enzo Russo?, Bernd Reiss3, and Juan C. Alonso!

1Centro Nacional de Biotecnologia, Campus Universidad Auténoma de Médrid,
Cantoblanco, E-28049 Madrid, Spain. 2Max-Planck-Institut fiir molekulare Genetik,
Ihnestr. 73, D-14195 Berlin, Germany, 3Max-Planck-Institut fiir Ziichtungsforschung,
Carl von Linne Weg 10, D-50829 Ké&ln, Germany.

Rad51 protein is the eukaryotic counterpart of the Escherichia coli RecA protein, wich
is the key protein of homologous recombination in bacteria. Two distinct intron-less
Rad51 genes (Rad51A and Rad51B) were isolated from the moss Physcomitrella
patens. The Rad51A protein shares a 98% identity to the Rad51B protein and both
proteins share 67% identical to human Rad51 protein. Recombinant Rad51A and
Rad51B proteins were expressed and purified from E. coli cells. Both Rad51A and
Rad51B proteins bind preferentially to ssDNA in an ATP- and Mg2*-independent
fashion (Kapp = 131 nM for Rad51A and Kapp = 380 nM for rad51B) and showed a
ssDNA-dependent ATPase activity (Km =90 pM, Vmn = 0,1 min-! for Rad51A, and K,
= 54 yM, Vm = 0,03 min-1 for Rad51B). The biochemical properties of both Rad51A

and Rad51B proteins will be presented.
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A TRANSPOSABLE ELEMENT MEDIATED THE GENERATION OF A
DROSOPHILA WIDESPREAD CHROMOSOMAL INVERSION

Mario Caceres,"? José Maria Ranz,' Antonio Barbadilla,' Manyuan Long,2
and Alfredo Ruiz '

' Departament de Genética i de Microbiologia, Universitat Autonoma de )
Barcelona, 08193 Bellaterra (Barcelona), Spain

? Department of Ecology and Evolution, University of Chicago, Illinois 60637,
USA

The origin of chromosomal rearrangements, particularly that of the polymorphic
inversions of the genus Drosophila, is a highly debated and still non-clarified issue.
Here, we report the cloning and sequencing of the breakpoints of the cosmopolitan
polymorphic inversion 2j of Drosophila buzzatii. We have found large insertions at both
breakpoints of the inverted chromosome that are not present in the 2 standard (2st)
arrangement. The presence of the insertions in 21 2/ lines and their absence in four 2st
lines has been confirmed by PCR amplification of the regions spanning the breakpoints.
The insertions correspond to middle repetitive sequences that end in inverted repeats
and are flanked by 7-bp target duplications, and they presumably represent copies of a
new class II transposable element. The homologous sequences inserted in opposite
orientation at both breakpoints and the exchange of the two pairs of target site
duplications between the copies of the transposon indicate that the inversion arose by an
ectopic recombination event. Thus, this is the first direct demonstration of the
involvement of transposable elements in the origin of natural inversions in Drosophila.
However, despite the transposon-mediated origin, the sequence diversity at the
breakpoint regions in three 2s¢ and five 2j chromosomes suggests that the inversion is
monophyletic. Finally, an expression assay has revealed that the breakage and inversion
process did not affect any of the genes close to the breakpoints.
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Role of Recombination Proteins in Processmg DNA Palindromes
Through SbcCD-Dependent Double-Strand ‘Breaks and SbcCD-
Independent Single-Strand Gaps

Gareth A. Cromic and David R. Leach. Institute of Cell and Molecular Biology,
University of Edinburgh, Edinburgh, UK.

Long palindromic, or near palindromic, DNA sequences form hairpin structures
when transiently single stranded during DNA replication. The SbcCD nuclease of
Escherichia coli cleaves these structures leading to the formation of a double strand
break. Repair of this break requires recombination utilising RecA and RecBC and
without these functions palindromes cannot be propagated in the presence of SbcCD.

The role of a range of recombination proteins in the repair of palindrome-induced
double strand breaks was investigated by comparing the lysogenisation frequencies of
a phage A containing a 246 near-palindrome to a palindrome-free isogenic control
phage in a range of rccombination mutant backgrounds. These experiments were
repeated using the same mutant backgrounds carrying an additional mutation in sbcC.

A wide range of recombination proteins were found to be required for palindrome
viability in the presence of SbcCD. These included the components of both the recB
and recF ‘pathways’. The lack of an effect of a priA mutation on palindrome viability
suggested that replication fork breakdown was not occurring, despite the creation of a
replication-dependent double strand break.

In the absence of SbcCD palindrome-specific initiation of recombination was stll
found to occur at a high high frequency. This appeared to take the form of a
RecFOR-dependent process using a substrate containing a single-stranded gap.
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Purification and properties of the RecU protein from Bacillus subtilis 168

Emesto Doncel!, Silvia Ayora!, Silvia Fernandez,! Rudi Lurz2 and Juan C. Alonso.!
Departamento de Biotecnologia Microbiana , Centro Nacional de Biotecnologia, CSIC,
Campus Universidad Autonoma de Madrid, Cantoblanco, 28049 Madrid, Spain, and 2Max-
Planck-Institut fiir molekulare Genetik, Ihnestrasse 73, D-14195 Berlin, Germany

Genetic evidence suggests that the Bacillus subtilis recU gene product is involved in DNA
repair and recombination. The RecU product, which is absent in Gram-negative bacteria, has
been detected in different Gram-positive bacteria with low dG + dC content in their DNA (1).
To assign a biochemical function to the recU gene product, the RecU protein was purified. N-
terminal protein sequence analysis of RecU was consistent with the deduced amino acid
sequence of the recl/ gene. The RecU protein has a molecular mass of 23.9 kDa and an iso-
electric point of 10.0. The ability of RecU protein to act as dsDNA or ssDNA nuclease (exo-
or endonuclease), DNA helicase, ATPase and to bind to single-stranded (ss) or double-
stranded (ds) DNA were assayed. RecU binding to ssDNA and dsDNA were the only activities
observed. The RecU-ssDNA or RecU-dsDNA complex formation proceeds in the absence of
nucleotide cofactors, but the type of complexes observed depend in the presence of divalent
cations. The apparent equilibrium constants of the RecU-DNA complexes in the presence of
Mg2*, is about 8 and 50 nM for ssDNA and dsDNA, respectively. The binding reaction shows
cooperativity. The biochemical properties of the RecU protein in DNA repair and homologous

recombination will be discussed.

1. Genetic recombination in Bacillus subtilis 168, Effect of recl and recS mutations on
DNA repalr and homologous recombination
Femandez S., Sorokin, A. and Alonso, J. C.
J. Bacteriol. 180, 3405-3409 (1998).
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Mapping the most common sites of meiotic recombination initiation by Spo11p in the S.
cerevisiae genome

Gerton, J.L.1, DeRisi, J.2, Brown, P.0.2:3, and Petes, T.D1. 1Department of Biology,
University of North Carolina, Chapel Hill, NC 27599-3280, 2Department of Biochemistry,
3Howard Hughes Medical Institute, Stanford University Medical Center, Stanford, CA 94305-
5428

One of the major advantages of sexual reproduction is meiotic recombination. This
process allows beneficial mutations initially carried by two individuals to be combined into the
same individual. Particular genomic loci have been observed to have above-average meiotic
recombination rates, such as the MHC locus in mice and the region between BIKT and HIS4
in Saccharomyces cerevisiae. Sites at which the level of recombination is higher than
average are referred to as recombination *hotspots.” In yeast, recombination is initiated by a
double-strand break (DSB) created by Spo11p. We are interested in mapping where DSBs
occur during meiosis on a genome-wide scale. Mapping the sites of meiotic recombination in
yeast in a global manner will provide us with a better understanding of the rules governing
meiotic recombination at a molecular level, and possibly help explain why elevating
recombination in certain regions of the genome is evolutionarily advantageous.

We are using DNA microarrays to map meiotic DSBs. DSB DNA that is covalently
attached to Spo11p is purified from total meiotic genomic DNA using glass fiber filters. This
DNA is then labelled in vitro using a fluorescently labelled trinucleotide and mixed with a
second DNA sample (total yeast genomic DNA) that has been labelled with a second
fluorescent tag. This mixture of DNA is used as a hybridization probe to a microarray. The
microarray is a glass slide that contains about 6,200 spots of DNA, each corresponding to a
unique ORF in the yeast genome. The signal from each fiuor is detected for each ORF by a
laser scanner and the ratio of the two fluors determines whether a particular sequence is
overrepresented in the DSB sample. Genomic DNA (restricted with Pstl) enriched 50-fold for
Spo11p-DSB DNA from the strain SK1 was used as a hybridization probe for a microarray.
About 35 regions have hybridization ratios that indicate that they have at least two times the
background level of DSBs. The regions identified are distributed throughout the genome on
12 of the 16 chromosomes. Because the Pstl recognition site is G/C rich, this enzyme
generates large restriction fragments in the A/T-rich genome. To improve the resolution of
our meiotic DSB map (and confirm our first hybridization pattem), we plan to perform a
microarray hybridization with DNA restricted with a more frequently cutting restriction
enzyme. Selected loci that appear to have meiotic DSBs by the microarray hybridization
data have been confirmed as authentic sites for DSBs by Southem blot. In these cases, the
location of the DSBs is mapped to within a few hundred base pairs.
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Homologous recombination between direct repeats induced by the site-
specific Flp recombinase in the absence of RADS2.

F. Prado, S. Gonzilez-Bamrera and A. Aguilera

Departamento de Genética, Facultad de Biologfa, Universidad de Sevilla, 41012
SEVILLA, Spain

The observations that double-strand breaks (DSBs) in plasmids can be
repaired by recombination, that meiotic recombination is initiated by a DSB, and
that mutations in genes such as RADS2, involved in the repair of X-ray-induced
DSBs, reduce recombination in yeast suggest that homologous recombination is
initiated by a DSB. Interestingly, mitotic recombination leading to deletions
between direct repeats can also be initiated by a DSB in the intervening region
located between the repeats in yeast, Xenopus and mammals. This also occurs in
the absence of RADS?2 in the yeast S. cerevisiae.

In order to understand how mitotic recombination is initiated, we have
developed a system to isolale DNA sequences that function as jnitiators of
recombination in S. cerevisiae. We have constructed a DNA library of random
genomic DNA fragments of 200-700 bp inserted betwcen two 600 bp-direct repeats.
We have screened for clones conferring an increase in the frequency of
recombination in rad52 strains. We isolated two clones that increase the
frequency of recombination betwcen the flanking repeats 100 times above the
normal 72d52 levels. Unexpectedly, both clones contained a DNA fragment from
the 2y circle. Further analysis of the clones revealed that both contained the FRT
region, target of the site-specific recombinase FLP. The hyper-recombination
phenotype associated to the FRT sequence was absolutely dependent on the
presence of a 2y circle in the cell, since it was only observed in cir+ strains. The 2u
DNA does not play any role in the induction of recombination by participa ting in
any type of recombination intermediate. The FLP recombinase is the only
requirement for the ability of the FRT sequence to induce a recombination event
between the flanking repeats, as a GAL1 promoter-driven expression of FLP was
able to promote recombination in a cir® background.

These results show that the FLP recombinase is able to initiate
recombination by cutting one single FRT site. This recombination event is non-
conservative and presumably occurs by single-strand annealing and /or one-
ended invasion, as it is observed in both 7ad52 and RADS2 strains, respectively
(1)- We discuss the capacity of FLP recombinase to initiate homologous
recombination and the possible mechanisms that may lecad to a deletion event

between repeats.

)
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MEIOTIC DOUBLE-STRAND BREAKS IN YEAST ARTIFICIAL CHROMOSOMES
CONTAINING HUMAN DNA

Grzegorz IRA 1, 2 and Jan FILIPSKI 2
1) Nicholas Copernicus University, Torun, Poland 2) Institut J. Monéd, CNRS, Universités

Paris 6 et 7, Paris, France

Meiotic recombination has most intensively been studied in fungi. The long reproductive .
cycle of higher Eukaryota, germ cells that can not be propagated in culture and the inability
to recover the products of individual meioses make study of meiotic recombination in these
organisms difficult. However, evidence suggests that mammalian and fungal meiotic
recombination are basically similar. Firstly, in both yeast and mammalian meiotic cells the
homologous chromosomes align, form synaptonemal complexes and undergo at least one
crossover per chromosome. Secondly, many genes of the RADS52 epistasis group, involved
in both recombinational DSB repair and meiotic recombination, are conserved between
yeast and higher vertebrates. Meiotic recombination in Saccharomyces cerevisiae is
initiated at double strand breaks (DSBs). The DSBs occur more frequently at some
chromosomal loci than in others. These loci coincide with the hot-spots of meiotic
recombination. In yeast DSB formation is catalysed by Spoll, the meiosis-specific,
topoisomerase-like protein. As genes coding for homologous proteins were identified in C.
elegans and D. melanogaster it is likely that DSB initiate meiotic recombination in other
eucariotic organisms also. Klein et al (1997) suggested that meiotic DSBs occur in human
DNA cloned in YACs, at the same sites which are recombination hot-spots in human cells.
In order to verify this hypothesis we transferred YAC A85DI10 carrying a human beta
globin gene cluster into the rad50S yeast mutant strain that enables meiotic DSB mapping.
Two hot-spots of recombination have previously been identified in humans in this gene
cluster. The first lies between delta and beta globin gene, and the second was found 30 kb
downstream of the beta globin gene.

We have shown that : a/ the DSB appearing in the studied YAC in the diploid yeast
strain at the onset of meiosis, are localized close to, or are co-localized with, the DNase-
hypersensitive sites, and b/ these DSBs are apparently co-localized with the recombination
hot-spots in humans (Ira at al., 1998). More precise mapping has revealed that these DSBs
lie at, or close to, sequences that are recombination-prone in most organisms : (TG)n,
tandem repeats, and perfect 160-bp palindrome. Deletion breakpoints of several unrelated
cases ofzbeta thalassemia have been described in these regions. Our results suggest that
indeed, the human and yeast recombination machineries recognize the same sequences.
This finding strenghtens the idea that the molecular mechanisms of meiotic recombination
in yeast and vertebrates are fundamentaly similar. The finding, that the DNA sequences
corresponding to the recombination hot spots in humans are also recombination-prone in
yeast, may be used to precisely locate the sites of genetic rearrangements in human
chromosomes. (supported by GREG 520634 and KBN 6 P04A 035 16)
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The association between gene conversion and crossing-over. Inbar, O., Bitan, G. and M.
Kupiec. Department of Molecular Microbiology and Biotechnology, Tel Aviv University,
Ramat Aviv 69978, Israel.

Homologous recombination is a universal process that plays a role in generating
diversity during meiosis, and is an important DNA repair mechanism in vegetative cells.
Recombination results in the transfer of genetic information from one DNA molecule to an
homologous one (gene conversion) and in the reciprocal exchange of DNA fragments between
chromosomes (crossing-over). Gene conversion and crossing-over events show a nonrandom
association which has lead to the assumption that they are mechanistically related. One of the
characteristic features of eukaryotic genomes is the presence of large amounts of repetitive
DNA. Reciprocal recombination between dispersed repeats may result in chromosomal
aberrations, such as deletions, translocations, etc. that can affect the reproductive fitness of an
organism or lead to cancer. Therefore, in order to maintain the genome integrity, crossing-over
must be prevented during recombinational repair of DNA lesions involving dispersed repeats.

Using an inducible, double-strand-break initiated sytem for recombination, we have
started to dissect the mechanism by which broken chromosomes are repaired. In our system,
no genetic selection is applied in order to monitor recombination, and the whole cell population
undergoes a synchronous recombination event. We have found that crossing-over can be
uncoupled from gene conversion, in a way that depends on the length of homology of the
interacting substrates and is affected by the mismatch repair system. These results provide a
mechanism to explain how chromosomal recombinational repair can take place without altering
the stability of the genome.

We have also studied the mechanism by which sequence homology is searched for
during the recombinational repair, using strains in which the broken chromosome could be
repaired by recombination with one of two different homologous partners. Our results provide
a dynamic view of recombination, and do not support models in which repair is carried out by a
one-handed invasion mechanism.
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Stimulation of homologous recombination in,plants by expression of
the bacterial resolvase RuvC

Gil Shalev, Yaron Sitrit, Naomi Avivi-Ragolski, Conrad Lichtenstein* and
Avraham A. Levy

Department of Plant Sciences, The Weizmann Institute of Science, Rehovot
76100, Israel. * School of Biological Sciences, Queen Mary and Westfield
College, University of London, London E1 4NS, UK

Targeted gene disruption exploits homologous recombination (HR) as a
powerful reverse genetic tool for example, in bacteria, yeast and transgenic
knockout mice, but has not been applied to plants owing to the low
frequency of HR. To increase the frequency of HR in plants, we
constructed transgénic tobacco lines carrying the Escherichia coli RuvC
gene, fused to a plant viral nuclear localization signal. We show that RuvC,
encoding an endonuclease which binds to and resolves recombination
intermediates -Holliday junctions, is properly transcribed in these lines, and
stimulates HR. We observed a 12 fold stimulation of somatic crossover
between genomic sequences, a 11 fold stimulation of intrachromosomal
“recombination, and a 56 fold increase for the frequency of
extrachromosomal recombination between plasmids cotransformed into
young leaves via particle bombardment. We discuss possible mechanisms

leading to this increase as well as the possible applications.
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Site-specific recombination mediated by a conjugative relaxase by
sequential action of its two catalytic tyrosyl residues

Matxalen Llosa, Guadalupe Grandoso, Pilar Avila, Amalia Cay6y, Miguel Angel
Hermando, and Fernando de la Cruz.

Departamento de Biologia Molecular, Universidad de Cantabria, C. Cardenal Herrera
Oria s/n, 39011 Santander, Spain.

Protein TrwC is the relaxase responsible for the initiation and termination
reactions of DNA processing during plasmid R388 conjugation (Llosa et al. 1995,
1996). In addition, it is the only known relaxase capable of catalyzing site-specific
recombination at ori7 (Llosa ct al. 1994) in the absence of conjugation. This activity is
presumably the result of the cut-and-paste activities of the enzyme together with as yet
unidentified additional factors.

We have addressed a detailed analysis of the relaxasc catalytic center. By
homology comparisons a set of four conserved tyrosines in the sequence of the N-
terminal relaxation domain of TrwC were the candidates to act as catalytic residues.
Site-directed mutagenesis was used to change each of the tyrosines to phenylalanine.
Mutation of two of them was required to abolish cleavage and strand-transfer reactions
catalyzed by TrwC on oligonucleotides containing the ric site. Thus both residues could
independently be involved in the formation of oligonucleotide-protein covalent
complexes that constitute known intermediates of these reactions. The hypothesis was
confirmed by the observation of the two specific peptide-oligonucleotide adducts after
protcasc digestion of TrwC and mutant derivatives. Finally only one of the mutations
abolished the nicking reaction on a supercoiled DNA containing R388 oriT. This
mutation had the strongest cffect on the ability to complement a #/wC mutant for
conjugation. Together thesc data suggest a model of DNA processing by sequential
action of both tyrosines: one tyrosyl residue would catalyze the initial cleavage reaction,
while the other would be used for the second strand-transfer reaction.

The reactions described can be easily visualized as part of a recombination
process. Such reactions, however, are necessary but not sufficient to achicve
recombination. We have a system to easily monitor this recombination iz vivo and we
are now analyzing the requircments for this reaction. We don’t obtain recombinant
moleculés by in vitro incubation of TrwC with the plasmid substrate followed by
clectroporation; presumably certain host factors are needed to initiate the reaction. We
arc delimiting the minimal TrwC peptide as well as the minimal oriT sequences
required to obtain efficient site-specific recombination and hope in the future to be able
to use this system as a biotechnological tool for targeted chromosomal integration.
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Genetic stability and DNA rearrangements associated to a 2 x 1.1 kb-
Long Perfect Palindrome in E. coli and S. cerevisiae

Francisco Malagén and Andrés Aguilera

Departamento de Genética, Facultad de Biologia, Universidad de Sevilla, 41012
Sevilla, Spain.

It is well established that DNA sequences containing large regions of
palindromic symmetry cannot be propagated in wild-type E. coli strains. The
palindrome can be partially or completely deleted (instability) or can confer
lethality to the DNA molecule in which it is present (inviability). Recently it has
been shown that inviability of long palindromes is dependent on sbcC and sbcD
(1). Nevertheless, long palindromes are unstable in sbcC- strains (2). Instability
associated with short inverted repeats (IRs) has also been shown in eukaryotes
such as S. cerevisiae and mice (3).

In order to determine the levels of stability of long perfect IRs in yeast and
to design a system for the genetic screening of mutants putatively affected on
endonuclease activities acting on palindrome and/or cruciform DNA structures
we have constructed a perfect IR of 2 x 1.1 kb based on the URA3 sequence of S.
cerevisiae. We report the analysis of stability of this IR construct on both E. coli
and S. cerevisiae.

We show that circular plasmids containing the 2 x 1.1 kb IR can be
propagated in E. coli sbcC- strains. An important fraction of these palindrome-
containing plasmids can be recovered from E. coli strains either as linear
molecules with hairpins at their ends or as head-to-head dimers, both in a RuvC
and RusA independent manner. These results suggest that large palindromes
may form cruciforms in E. coli. Palindrome-associated DNA rearrangements
may occur by a process that does not require a known cruciform-resolvase
activity. Our data support a replication-dependent model for the induction of
DNA rearrangements by perfect palindromes (4).

In wild-type S. cerevisiae strains, however, the 2 x 1.1 kb perfect IR is
relq.twely stable. We discuss possible reasons to explain the differences of stability
of perfect IRs in E. coli and S. cerevisiae.
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Streptomyces belongs to the high G+C branch of Gram positive eubacteria. Its chromosome is a
linear DNA molecule with long inverted repeats at the ends (Lin ef al., 1993). In this genera, genetic
instability is a particularly striking feature (Volff and Altenbuchner, 1998). The chromosomal ends and
adjacent regions frequently undergo large deletions which may be accompanied by amplifications or by
circularization of the chromosome. Genetic mstabihty has been connected with homologous
recombination through recombinational DNA repair, since RecA protein reduces the level of
chromosomal deletions and is required for amplification (Volff and Altenbuchner, 1997).

In Escherichia coli, the RecR, RecO and RecF proteins function, together with RecA, at an early
stage of homologous recombination. Acting in pairs (RecR-RecO and RecR-RecF), they have an
important role in modulating the assembly and disassembly of RecA filaments (Umezu ef al., 1994; Shan
et al., 1997, Webb ef al., 1997). In Streptomyces, apart from the recA gene, that was isolated from
different species (including S. lividans, NuBbaumu- and Wohlleben, 1994), only the recl homolog was
identified by DNA sequence of the dnad-gyrA region of the S. coelicolor chromosome (Calcutt, 1994).
In addition, we have isolated the Streptomyces gene equivalent to recR from S. lividans and S.
coelicolor. The gene encodes a protein of 204 aa, with a predicted molecular weight of 22 kDa. The
deduced amino acid sequence shows significant similarity to the RecR proteins of Escherichia coli and
Bacillus subilis. Like these proteins, Streptomyces RecR contains potential helix-harpin-helix, zinc
finger and ATP-binding motifs. The recR genes of E. coli and B. subtilis are immediately preceded by a
small ORF of unknown function. An equivalent ORF is also present in Streptomyces. The recR region of
§. lividans is 98% identical to that of . coelicolor and strongly hybridizing sequences were detected in
the genome of eight other Strepfomyces strains. By gene disruption experiments, a recR mutant of .
lividans was obtained. The mutant is more sensitive to ultraviolet light and methyl methanesulfonate than
the wild type strain. Effect of the mutation on homologous recombination is now under study.
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Genetic evidence suggests that the Bacillus subtilis recN gene product is
involved in DNA repair and recombination. The RecN protein (predicted molecular
mass 64.4 kDa) was purified toward homogeneity. The RecN protein, wich has a
molecular mass of ~500 kDa, co-purified with short ssDNA segments. The RecN
protein possesses a weak DNA-dependent ATPase and an endonuclease activity.
RecN is an ATP-independent sugar non-specific nicking enzyme that produces 3'
hidroxyl and 5' monophosphate termini. RecN nicks supercoiled DNA to yield at
first relaxed circles and then linear DNA. The linear DNA is subsequently hidrolysed
with a weak sequence specificity (5 G/y C/GCGYC/TG/YC/RC/TA/T) to yield
DNA fragments that differ from each other by - 20-nt, and 5'-
phosphotetranucleotides, in dsDNA, and 5*- phosphodinucleotides, in ssDNA, as
egid products. Linear DNA smaller in size of ~500 pb are poor recN substrates. RecN
degrades ssDNA distributively and nicks dsDNA processively. The ssDNA
generated by RecN may be relevant to reactions that occur during SOS induction. We
propose that the RecN activity processes a duplex circular DNA to circular or linear
ssDNA that could be utilised in DNA strand exchange.
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In eukaryotes, two major pathways have evolved for the repair of DNA double-strand
breaks (DSB), homologous recombination and DNA end-joining. In vivo, the process of DNA
end-joining has been studied at a mechanistic level in several systems, most notably in the yeast
Saccharomyces cerevisiae. However, little is known about the process in human cells. Thus, we
have used a plasmid rejoining assay to examine the ability of human cell lines to Join different DNA
ends in vivo. To dissect finely this process, repair of complementary 5’ and 3’ extensions as well
as several types of non-homologous termini were examined (i.e. blunt, blunt / 5° extension, 5’
extension / 3’ extension, non-complementary 5’ extensions).

Our results indicate that in human cells the repair efficiency of all DSB examined was
approximately the same, although the accuracy of the joining event varied dramatically.
Interestingly, DSB with complementary and blunt termini as well as blunt / 5° extension were
repaired frequently without loss of nucleotides. Thus, in contrast to S. cerevisiae, human cells have
the capability to repair homologous and non-homologous termini with the same fidelity. However,
in human cells, accurate joining of non-homologous ends appears to be limited to blunt ends, as the
fidelity of repair of termini with 5’ extension / 3’ extension or non-complementary S’ extensions
was significantly reduced. Sequence analysis of repair events associated with nucleotide loss also
revealed a difference between the repair of blunt ends and that of other non-homologous termini.
These results indicate that in human cells there are differences in the repair of non-homologous
DSB as a function of the type of termini. The possibility that this is due to the existence of different
end-joining pathways is supported by our recent findings which demonstrate that in cell lines
derived from patients with Fanconi anemia, a gcnétic instability disorder, the accuracy of joining
blunt termini is selectively altered.
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Switching between active and inactive conformations of the RecA
protein is regulated by ATP hydrolysis. We show that GIn194 and Argl96
of RecA are catalytic amino acids taking part in ATP hydrolysis and
functionally resembling the corresponding residues engaged in GITP
hydrolysis by two distinct classes of G proteins. The role of DNA and high
salt concentrations in the stimulation of the ATPase activity of RecA is
similar to the role of the recently described RGSs (Regulators of G protein
Signaling) in activating the GTPase of heterotrimeric G proteins and
consists in stabilizing the highly mobile region involved in hydrolysis.
Thus, recombinases and signaling proteins share common stereochemical
regulatory mechanisms.

We also demonstrate that 30-amino acid peptides derived from the
C-terminus of the MuA protein stimulate the ATPase activity of the MuB
protein. It is unlikely that the peptides provide a catalytic amino acid in
trans for ATP hydrolysis (as recently shown for small G-proteins such as
Ras, by GTPase Activating Proteins (GAPs)), since point substitutions for
arginines and glutamine do not abrogate the stimulation of ATP hydrolysis.
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Genetic analyses in mammalian and yeast cells suggest that the
bacterial MutL protein homolog MIhl is important for meitoic DNA
recombination. However there is no information regarding the biochemical
role(s) of MiIhl during meiosis. Two-hybrid screening and co-
immunoprecipitation techniques have been used to identify ycast genes
encoding proteins that interact with MIhl. The results of this analysis
indicates that MIhl is a master organizer of MutL interactions. The genome
of S. cerevisiae encodes four MutL proteins, Mlh1-3 and Pmsl. MIhl forms
heterodimers with each of the other three yeast MutL homologs; in contrast,
none of the four proteins exhibits self-self interactions or interactions with
members of the family other than Mlhl. Functional analysis of diploid strains
lacking one or more MIlhl family members further suggests distinct, non-
overlapping roles for the three MutL heterodimers during meiosis. The
MIh1/Pms]l heterodimer mediates mismatch correction of hetroduplexes,
while the Mlh1/MIh3 heterodimer is required for full level of crossing-over
irresp':-,ctivc of repair. MIh1/MIh2 heterodimer doesn't appear function in

either mismatch correction or crossover pathways; its exact function is under

investigation.
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Based on the sequence of a cDNA fragment (a kind gift from R. Quatrano) from
Arabidopsis encoding a polypeptide with homology to the C-terminal part of the Rad50
protein of yeast, we have isolated and sequenced full length cDNA and genomic clones of the
Arabidopsis RADS0 gene. The gene consists of 27 exons encoding a putative polypeptide of
1317 amino acids. A single copy of this gene is found in the Arabidopsis genome and it has
been mapped to a unique locus with the Versailles INRA Arabidopsis YAC collection.

Northern analysis shows a single mRNA species of a length consistent with that derived
from the cDNA sequence. This single mRNA species is detected in Arabidopsis RNA
preparations from suspension cells and also from roots, flower buds and mature flowers,
although not in RNA from stems and leaves.

Yeast lacking the native RADS0 gene have been transformed with the Arabidopsis
Rad50 homologue under the control of both constitutive and inducible yeast promoters. No
significant differences in gamma-ray, nor in MMS sensitivity were seen between the
transformed and control yeast strains. Diploid yeast strains designed to test for alteration of
the meiotic phenotypes have been constructed and the results of this work will be presented.

Antisense transformants of Arabidopsis suspension cells have been produced and show
increased sensitivity to MMS. Homologous/illegitimate recombination mechanisms are being
examined in these lines and the results of this work will be presented. This work is also being

5
carried out in parallel in Arabidopsis plants.
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Carrasco.

Lecture Course on the Polymerase
Chain Reaction.

Organizers: M. Perucho and E.
Martinez-Salas.

Workshop on Yeast Transport and
Energetics.
Organizers: A. Rodriguez-Navarro and
R. Lagunas.

Workshop on Adhesion Receptors in
the Immune System.

Organizers: T. A. Springer and F.
Sanchez-Madrid.

Workshop on Innovations in Pro-
teases and Their Inhibitors: Funda-
mental and Applied Aspects.
Organizer: F. X. Avilés.



267 Workshop on Role of Glycosyl-

Phosphatidylinositol in Cell Signalling.
Organizers: J. M. Mato and J. Larner.

268 Workshop on Salt Tolerance in

Microorganisms and Plants: Physio-
logical and Molecular Aspects.

269

Organizers: R. Serrano and J. A. Pintor-
Toro.

Workshop on Neural Control of
Movement in Vertebrates.

Organizers: R. Baker and J. M. Delgado-
Garcia.
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Workshop on What do Nociceptors
Tell the Brain?
Organizers: C. Belmonte and F. Cervero.

Workshop on DNA Structure and
Protein Recognition.
Organizers: A. Klug and J. A. Subirana.

Lecture Course on Palaeobiology: Pre-
paring for the Twenty-First Century.
Organizers: F. Alvarez and S. Conway
Morris.

Workshop on the Past and the Future
of Zea Mays.

Organizers: B. Burr, L. Herrera-Estrella
and P. Puigdomeénech.

Workshop on Structure of the Major
Histocompatibility Complex.
Organizers: A. Arnaiz-Villena and P.
Parham.

Workshop on Behavioural Mech-
anisms in Evolutionary Perspective.
Organizers: P. Bateson and M. Gomendio.

Workshop on Transcription Initiation
in Prokaryotes

Organizers: M. Salas and L. B. Rothman-
Denes.

Workshop on the Diversity of the
Immunoglobulin Superfamily.
Organizers: A. N. Barclay and J. Vives.

Workshop on Control of Gene Ex-
pression in Yeast.

Organizers: C. Gancedo and J. M.
Gancedo.

*10

11

12

*13

*14

*15

16

AT

Workshop on Engineering Plants
Against Pests and Pathogens.
Organizers: G. Bruening, F. Garcia-
Olmedo and F. Ponz.

Lecture Course on Conservation and
Use of Genetic Resources.

Organizers: N. Jouve and M. Pérez de la
Vega.

Workshop on Reverse Genetics of
Negative Stranded RNA Viruses.
Organizers: G. W. Wertz and J. A.
Melero.

Workshop on Approaches to Plant
Hormone Action
Organizers: J. Carbonell and R. L. Jones.

Workshop on Frontiers of Alzheimer
Disease. )
Organizers: B. Frangione and J. Avila.

Workshop on Signal Transduction by
Growth Factor Receptors with Tyro-
sine Kinase Activity.

Organizers: J. M. Mato and A. Ullrich.

Workshop on Intra- and Extra-Cellular
Signalling in Hematopoiesis.
Organizers: E. Donnall Thomas and A.
Grafena.

Workshop on Cell Recognition During
Neuronal Development.

Organizers: C. S. Goodman and F.
Jiménez.
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19

*20

21

*22

*23

*24

25

26

*27

28

*29

Workshop on Molecular Mechanisms
of Macrophage Activation.
Organizers: C. Nathan and A. Celada.

Workshop on Viral Evasion of Host
Defense Mechanisms.

Organizers: M. B. Mathews and M.
Esteban.

Workshop on Genomic Fingerprinting.
Organizers: M. McClelland and X. Estivill.

Workshop on DNA-Drug Interactions.
Organizers: K. R. Fox and J. Portugal.

Workshop on Molecular Bases of lon
Channel Function.

Organizers: R. W. Aldrich and J. Lopez-
Barneo.

Workshop on Molecular Biology and
Ecology of Gene Transfer and Propa-
gation Promoted by Plasmids.
Organizers: C. M. Thomas, E. M. H.
Willington, M. Espinosa and R. Diaz
Orejas.

Workshop on Deterioration, Stability
and Regeneration of the Brain During
Normal Aging.

Organizers: P. D. Coleman, F. Mora and
M. Nieto-Sampedro.

Workshop on Genetic Recombination
and Defective Interfering Particles in
RNA Viruses.

Organizers: J. J. Bujarski, S. Schlesinger
and J. Romero.

Workshop on Cellular Interactions in
the Early Development of the Nervous
System of Drosophila.

Organizers: J. Modolell and P. Simpson.

Workshop on Ras, Differentiation and
Development.

Organizers: J. Downward, E. Santos and
D. Martin-Zanca.

Workshop on Human and Experi-
mental Skin Carcinogenesis.
Organizers: A. J. P. Klein-Szanto and M.
Quintanilla.

Workshop on the Biochemistry and
Regulation of Programmed Cell Death.
Organizers: J. A. Cidlowski, R. H. Horvitz,
A. Lépez-Rivas and C. Martinez-A.

+30

31

32

33

34

35

36

37

38

39

40

Workshop on Resistance to Viral
Infection.

Organizers: L. Enjuanes and M. M. C.
Lai.

Workshop on Roles of Growth and
Cell Survival Factors in Vertebrate
Development.

Organizers: M. C. Raff and F. de Pablo.

Workshop on Chromatin Structure
and Gene Expression.

Organizers: F. Azorin, M. Beato and A. P.
Wolffe.

Workshop on Molecular Mechanisms
of Synaptic Function.
Organizers: J. Lerma and P. H. Seeburg.

Workshop on Computational Approa-
ches in the Analysis and Engineering
of Proteins.

Organizers: F. S. Avilés, M. Billeter and
E. Querol.

Workshop on Signal Transduction
Pathways Essential for Yeast Morpho-
genesis and Cell Integrity.

Organizers: M. Snyder and C. Nombela.

Workshop on Flower Development.
Organizers: E. Coen, Zs. Schwarz-
Sommer and J. P. Beltran.

Workshop on Cellular and Molecular
Mechanism in Behaviour.

Organizers: M. Heisenberg and A.
Ferrus.

Workshop on Immunodeficiencies of
Genetic Origin.

Organizers: A. Fischer and A. Arnaiz-
Villena.

Workshop on Molecular Basis for
Biodegradation of Pollutants.
Organizers: K. N. Timmis and J. L.
Ramos.

Workshop on Nuclear Oncogenes and
Transcription Factors in Hemato-
poietic Cells.

Organizers: J. Le6n and R. Eisenman.



41

42

43

44

45

46

47

48

49

50

Workshop on Three-Dimensional
Structure of Biological Macromole-
cules.

Organizers: T. L Blundell, M. Martinez-
Ripoll, M. Rico and J. M. Mato.

Workshop on Structure, Function and
Controls in Microbial Division.
Organizers: M. Vicente, L. Rothfield and J.
A. Ayala.

Workshop on Molecular Biology and
Pathophysiology of Nitric Oxide.
Organizers: S. Lamas and T. Michel.

Workshop on Selective Gene Activa-
tion by Cell Type Specific Transcription
Factors.

Organizers: M. Karin, R. Di Lauro, P.
Santisteban and J. L. Castrillo.

Workshop on NK Cell Receptors and
Recognition of the Major Histo-
compatibility Complex Antigens.
Organizers: J. Strominger, L. Moretta and
M. Lopez-Botet.

Workshop on Molecular Mechanisms
Involved in Epithelial Cell Differentiation.
Organizers: H. Beug, A. Zweibaum and F.
X. Real.

Workshop on Switching Transcription
in Development.

Organizers: B. Lewin, M. Beato and J.
Modolell.

Workshop on G-Proteins: Structural
Features and Their Involvement in the
Regulation of Cell Growth.

Organizers: B. F. C. Clark and J. C. Lacal.

Workshop on Transcriptional Regula-
tion at a Distance.

Organizers: W. Schaffner, V. de Lorenzo
and J. Pérez-Martin.

Workshop on From Transcript to
Protein: mRNA Processing, Transport
and Translation.

Organizers: |. W. Mattaj, J. Ortin and J.
Valcarcel.

*: Out of Stock.

51

52

54

55

56

57

59

61

Workshop on Mechanisms of Ex-
pression and Function of MHC Class Il
Molecules.

Organizers: B. Mach and A. Celada.

Workshop on Enzymology of DNA-
Strand Transfer Mechanisms.
Organizers: E. Lanka and F. de la Cruz.

Workshop on Vascular Endothelium
and Regulation of Leukocyte Traffic.
Organizers: T. A. Springer and M. O. de
Landazuri.

Workshop on Cytokines in Infectious
Diseases.

Organizers: A. Sher, M. Fresno and L.
Rivas.

Workshop on Molecular Biology of
Skin and Skin Diseases.
Organizers: D. R. Roop and J. L. Jorcano.

Workshop on Programmed Cell Death
in the Developing Nervous System.
Organizers: R. W. Oppenheim, E. M.
Johnson and J. X. Comella.

Workshop on NF-xB/IkB Proteins. Their
Role in Cell Growth, Differentiation and
Development.

Organizers: R. Bravo and P. S. Lazo.

Workshop on Chromosome Behaviour:
The Structure and Function of Telo-
meres and Centromeres.

Organizers: B. J. Trask, C. Tyler-Smith, F.
Azorin and A. Villasante.

Workshop on RNA Viral Quasispecies.
Organizers: S. Wain-Hobson, E. Domingo
and C. Lépez Galindez.

Workshop on Abscisic Acid Signal
Transduction in Plants.

Organizers: R. S. Quatrano and M.
Pages.

Workshop on Oxygen Regulation of
lon Channels and Gene Expression.
Organizers: E. K. Weir and J. Lépez-
Bameo.
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64

65

66

67

68

69

70

7

72

73

74

Workshop on TGF-B Signalling in
Development and Cell Cycle Control.
Organizers: J. Massagué and C. Bemabéu.

Workshop on Novel Biocatalysts.
Organizers: S. J. Benkovic and A. Ba-
llesteros.

Workshop on Signal Transduction in
Neuronal Development and Recogni-
tion.

Organizers: M. Barbacid and D. Pulido.

Workshop on 100th Meeting: Biology at
the Edge of the Next Century.
Organizer: Centre for International
Meetings on Biology, Madrid.

Workshop on Membrane Fusion.
Organizers: V. Malhotra and A. Velasco.

Workshop on DNA Repair and Genome
Instability.
Organizers: T. Lindahl and C. Pueyo.

Advanced course on Biochemistry and
Molecular Biology of Non-Conventional
Yeasts.

Organizers: C. Gancedo, J. M. Siverio and
J. M. Cregg.

Workshop on Principles of Neural
Integration.

Organizers: C. D. Gilbert, G. Gasic and C.
Acuna.

Workshop on Programmed Gene
Rearrangement: Site-Specific Recom-
bination.
Organizers: J. C. Alonso and N. D. F.
Grindley.

Workshop on Plant Morphogenesis.
Organizers: M. Van Montagu and J. L.
Micol.

Workshop on Development and Evo-
lution.
Organizers: G. Morata and W. J. Gehring.

Workshop on Plant Viroids and Viroid-
Like Satellite RNAs from Plants,
Animals and Fungi.

Organizers: R. Flores and H. L. Sanger.

75

76

77

78

79

80

81

82

83

84
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Workshop on Initiation of Replication
in Prokaryotic Extrachromosomal
Elements.

Organizers: M. Espinosa, R. Diaz-Orejas,
D. K. Chattoraj and E. G, H. Wagner.

Workshop-on Mechanisms Involved in
Visual Perception.
Organizers: J. Cudeiro and A. M. Sillito.

Workshop on Notch/Lin-12 Signalling.
Organizers: A. Martinez Arias, J. Modolell
and S. Campuzano.

Workshop on Membrane Protein
Insertion, Folding and Dynamics.
Organizers: J. L. R. Arrondo, F. M. Goni,
B. De Kruijff and B. A. Wallace.

Workshop on Plasmodesmata and
Transport of Plant Viruses and Plant
Macromolecules.

Organizers: F. Garcia-Arenal, K. J.
Oparka and P.Palukaitis.

Workshop on Cellular Regulatory
Mechanisms: Choices, Time and Space.
Organizers: P. Nurse and S. Moreno.

Workshop on Wiring the Brain: Mecha-
nisms that Control the Generation of
Neural Specificity.

Organizers: C. S. Goodman and R.
Gallego.

Workshop on Bacterial Transcription
Factors Involved in Global Regulation.
Organizers: A. Ishihama, R. Kolter and M.
Vicente.

Workshop on Nitric Oxide: From Disco-
very to the Clinic.
Organizers: S. Moncada and S. Lamas.

Workshop on Chromatin and DNA
Modification: Plant Gene Expression
and Silencing.

Organizers: T. C. Hall, A. P. Wolffe, R. J.
Ferl and M. A. Vega-Palas.

Workshop on Transcription Factors in
Lymphocyte Development and Function.
Organizers: J. M. Redondo, P. Matthias
and S. Pettersson.
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88

89

90
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92

93

Workshop on Novel Approaches to
Study Plant Growth Factors.
Organizers: J. Schell and A. F. Tiburcio.

Workshop on Structure and Mecha-
nisms of lon Channels.

Organizers: J. Lerma, N. Unwin and R.
MacKinnon.

Workshop on Protein Folding.
Organizers: A. R. Fersht, M. Rico and L.
Serrano.

1998 Annual Report.

Workshop on Eukaryotic Antibiotic
Peptides.

Organizers: J. A. Hoffmann, F. Garcia-
Olmedo and L. Rivas.

Workshop on Regulation of Protein
Synthesis in Eukaryotes.

Organizers: M. W. Hentze, N. Sonenberg
and C. de Haro.

Workshop on Cycle Regulation and
Cytoskeleton in Plants.
Organizers: N.-H. Chua and C. Gutiérrez.

*: Out of Stock.



The Centre for International Meetings on Biology
was created within the
Instituto Juan March de Estudios e Investigaciones,
a private foundation specialized in scientific activities
which complements the cultural work
of the Fundacion Juan March.

The Centre endeavours to actively and
sistematically promote cooperation among Spanish
and foreign scientists working in the field of Biology,
through the organization of Workshops, Lecture
and Experimental Courses, Seminars,
Symposia and the Juan March Lectures on Biology.

From 1989 through 1998, a
total of 123 meetings and 10
Juan March Lecture Cycles, all
dealing with a wide range of
subjects of biological interest,

were organized within the

scope of the Centre.
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Castell6, 77 o 28006 Madrid (Espaiia)

Tel. 34 91 435 42 40 o Fax 34 91 576 34 20
http://www.march.es/biology

The lectures summarized in this publication
were presented by their authors at a workshop
held on the 12" through the 14" of April, 1999,
at the Instituto Juan March.

All published articles are exact
reproduction of author's text.

There is a limited edition of 450 copies
of this volume, available free of charge.



