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INTRODUCTION
J.C. Alonso and N.D.F. Grindley



Site-specific recombination, sometimes qualified by the term 'conservative site specific
recombination', is a process that involves the reciprocal exchange of defined DNA
segments by precise breakage and rejoining mechanisms with no loss or synthesis of DNA.
A particular feature of such processes is that phosphodiester bond energy is conserved
throughout the reaction. DNA breaks are made not by hydrolysis but rather by phosphoryl
transfer to a side chain (a tyrosine or a serine) of the recombinase, resulting in covalent
linkage of the enzyme to the terminal phosphate of the broken DNA. DNA is resealed, and
the recombinase released, by reversal of the process - attack by the terminal hydroxyl of
the DNA on the protein-DNA phosphodiester.

Biological roles of site-specific recombination (thus defined) include chromosomal
integration and excision of bacteriophage genomes, monomerization of plasmid and
bacterial chromosomes, switching of gene expression between two alternative modes,
resolution of transposition intermediates and the fusion of gene cassettes into a functional
gene. The vast majority of site-specific recombinases fall into two distinct groups: the
Integrase family, named after the prototypical phage A integrase, and the Resolvase family,
named after the cointegrate resolving proteins encoded by the transposons, y8 and Tn3.
Members of the integrase family include A and many other phage integrases, the phage P1
Cre protein and the bacterial XerC and XerD proteins, the FLP protein encoded by the
yeast 2um circle, the integron-associated recombinases (responsible for the acquisition of
antibiotic resistance cassettes) and the transposases of conjugative transposons. The
resolvase family includes most transposon-encoded resolvases, DNA-invertases such as
Hin and Gin, and a few phage integrases. These two families are unrelated in protein
sequence or structure, and employ different recombinational mechanisms. In this
Workshop, about half of the sessions were devoted to presentation and discussion of the
latest results obtained with members of these two families (including the crystal structure
of a synaptic complex).

Recombination using specific sites is, however, not the exclusive domain of the Integrase
and Resolvase family of proteins. Nor are the processes used by these recombinases, such
as the site-specific cleavage of DNA; the pairing of distant DNA segments to form
synaptic complexes; and the formation of covalently linked protein-DNA intermediates.
The other half of the Workshop was focussed on biological processes that exhibit one or
more of the features found in site-specific recombination.

In mammalian cells, the phenomenon closest to the conservative definition of site-specific
recombination is the rearrangement of the immunoglobulin and T-cell receptor genes that
accompanies B-cell and T-cell development. Specific DNA sites are brought together in
synaptic complexes by the Ragl/Rag2 recombinase, cleaved (without protein-DNA
linkage), rearranged and rejoined. Although signal joints are precise, the coding joints are
not and typically show addition or deletion of a few nucleotides. The process of synapsis
was specifically addressed, as was the involvement and role of additional nuclear proteins.
Synapsis also turns cut to be an unexpected feature of the 'restriction' endonuclease, Sfil.

Workshop participants were informed about progress towards understanding three rather
unusual recombination events, very different from conservative site-specific
recombination, but site-directed nevertheless. One of these is the programmed deletion of
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thousands of genomic segments that occurs during macronuclear development in the
ciliate, Tetrahymena thermophila. A new in vitro system was described which gave
results supporting a novel mechanism for this deletion. The other two involve the 'homing'
of DNA encoding group I and group II introns to intron-less genes. Homing occurs by
very different mechanisms; in one case, involving directed gene conversion by double
strand break repair; in the other, involving the direct participation of the intron RNA as
well as the intron-encoded reverse transcriptase and other functions.

Initiation of conjugative DNA transfer and site-specific recombination are topics rarely
found on the same programme at a scientific meeting. However, since both processes
conserve phosphodiester bond energy and ensure precise reversibility by the formation of a
covalently linked protein-DNA intermediate, relaxases from several plasmids were
discussed in detail.

The breadth and depth of the topics presented, the relatively small number of participants,
and the intimate and congenial atmosphere of the Juan March Institute combined to
produce a highly informative meeting with lively and stimulating discussions.



Session 1

Chairman: Erich Lanka
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LAMBDA INTEGRASE: THE DYNAMICS AND CHEMISTRY OF STRAND EXCHANGE

Arthur Landy, Marco Azaro, Peggy Kovach, Simone Nunes-Diiby, Habtemichael Teclebrhan and Radh
Tirumalai

Division of Biology and Medicine, Box G
Brown University
Providence, RI 02912

Hyock Joo Kwon and Tom Ellenberger

Dept. of Biological Chemistry and Molecular Pharmacology
Harvard Medical School
Boston, MA 02115

Approximately 30 site-specific recombination pathways, in both prokaryotes and eukaryotes, belong to the

family, whose common features are: a) a conservative DNA cleavage mechanism that is independent of hig
energy cofactors and proceeds via a covalent 3’ phosphotryrosine linkage between the recombinase and DN
b) staggered DNA cleavages that define a short region of homology between the recombining helices; and ¢
conserved amino acid tetrad that is thought to comprise the cleavage-ligation active site of the recombinase
There are two classes of reactions within the Int family. One is defined by the minimal elements necessary

effect synapsis, strand cleavages, strand exchanges and ligations, e.g., the cre-lox system. The second class
imposed upon the basic reaction an additional level of complexity that confers directionality and regulatory
responsiveness, ¢.g., the A Int system.

Integrative recombination between bacteriophage A (affP) and E. coli (at/B) DNA requires the virally-encoc
Int protein, which is a typel topoisomerase, and the host-encoded [HF protein, which is a DNA bending pro
The products of this reaction, the prophage sites afL and afR, form the junctions between bacterial and vir
DNA and are also the substrates for excisive recorobination. Excisive recombination additionally requires t
virally-encoded protein, Xis, and is stimulated by the host-encoded protein, Fis, both of which are also DN/
bending proteins.

Integrase is a bivalent DNA binding protein. The first 64 residues form a domain that recognizes the five
“arm-type” sites that are located distant from the sites of strand exchange. The carboxy-terminal portion of
(292 amino acids) recognizes the four low affinity “core-type™ sites that define the region of strand exchang
and is fully competent in cleaving and ligating DNA at these sites. This carboxy-terminal portion of Int car
further subdivided into two domains with distinct, but possibly overlapping, functions. The domain consist
of residues 65 to 169 is essential for efficient and specific binding to core-type DNA sites, has been shown 1
interact with these sites by a variety of biochemical techniques and retains its DNA binding specificity whe)
isolated as the product of a cloned sequence encoding this region. The carboxy-terminal domain extends frc
residues 170 to 356, binds DNA very poorly and with no demonstrable specificity for core-type sites but it |
the capacity to form the covalent phosphotyrosine DNA cleavage complexes that are known to be the high
epergy intermediates of recombination. The crystal structure of this catalytic domain (at 1.94 resolution)
reveals a protein fold that appears to be conserved among more than 70 Int family members in organisms
ranging from archaea to yeast. Among the interesting features of the structure is the location of the catalyti-
Arg-His-Arg triad that is thought to activate the scissle phosphate for DNA cleavage and the location of the
catalytic Tyr 342 on an exposed 17 amino acid loop that is flexibly tethered to the rest of the protein and ca
thus be modeled for cleavage of DNA in cis or in trans,

We shall also discuss models for the exchange of DNA strands and for the realignment of DNA helices.
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Structure of a Cre-loxP Site-specific Recombination Reaction Intermediate

Feng Guo, Deshmukh N. Gopaul, and Gregory D, Van Duyne

Johnson Research Foundation and Department of Biochemistry & Biophysics
University of Pennsylvania School of Medicine
Philadelphia, PA 19104 USA

Cre recombinase catalyzes site-specific recombination between 34-base pair loxP sites in 2
process that maintains the stable inheritence of bacteriophage P1 chromosomes (1). Cre is
representative of a simple, or minimal, subset of the lambda integrase family of site-specific
recombinases because it requires no acessory proteins or auxiliary DNA sequences for the reaction
to occur. The simplicity of the Cre-loxP system has led to its growing use in a variety of genetic
engineering applications, particularly the construction of inducible gene knockouts in mice (2).

In the site-specific recombination reaction (3), two Cre molecules bind to the loxP site and
two Cre-bound loxP sites associate to form a recombination synapse. One of the two
recombinases bound to each substrate nicks the loxP site, forming covalent 3'-phosphotyrosine
intermediates. The released 5'-hydroxyl groups in each substrate undergo intermolecular
nucleophilic attack of the phosphotyrosine in the partner substrate to exchange the first pair of
DNA strands. The resulting intermediate is a Cre-bound Holliday junction, which is itself a
substrate for cleavage by the remaining pair of recombinases, on the second pair of substrate
strands.  The 5'-hydroxyl groups released in this cleavage reaction also attack the partner
phosphotyrosine linkages, resulting in exchange of the second pair of DNA strands and formation
of recombinant products.

We have determined the structure at 2.4 A resolution of a covalent intermedate of the Cre-
loxP site-specific recombination reaction, where one of the two Cre molecules bound to a suicide
loxP substrate has cleaved the DNA to form a 3'-phosphotyrosine linkage (4). Two such Cre-loxP
complexes have associated to form a site-specific recombination synapse that is trapped in the
strand exchange step of the reaction. The structure of this 200 kD Cre-DNA complex reveals (i)
the structure of the recombinase, (ii) the nature of the Cre-DNA interface, (iii) the stereochemical
details of two different Cre active sites, one containing a 3'-phosphotyrosine linkage and one
where cleavage has not occurred, (iv) protein-protein interactions involved in formation of a
pseudo-fourfold symmetric synapse, (v) DNA substrates which are sharply bent into a
configuration that resembles a planar Holliday junction, and (vi) possible models for allosteric
control over the stepwise cleavage and strand exchange steps in the reaction.

1.  Abremski, K., Hoess, R. & Sternberg, N. Studies on the properties of P1 site-specific
recombination: evidence for topologically unlinked products following recombination. Ce!l
32, 1301-11 (1983).

2. Kuhn, R, Schwenk, F., Aguet, M. & Rajewsky, K. Inducible gene targeting in mice.
Science 269, 1427-9 (1995).

3. Craig, N.L. The mechanism of conservative site-specific recombination. Annual Review of
Genetics 22, 77-105 (1988).

4. Guo, F., Gopaul, D.M., Van Duyne, G. D. (1997) Structure of Cre recombinase complexed
with DNA in a site-specific recombination synapse. Nature 289, 40-46.
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ASSEMBLY AND ACTION OF A SITE-SPECIFIC RECOMBINATION
MACHINE

Sherratt, D.J., Arciszewska, L.K., Blakely, G.B., Colloms, S.D., Cornet, F., Cao,
Y., Hallet, B., Hayes, F., Spiers, A., Alén, C., Bath, J., Grainge, 1., Subramanya,
H.S., Bird, L.E. and Wigley, D.B. Dept Biochemistry, University of Oxford,
Oxford OX1 3 QU, UK

Xer site-specific recombination functions in the normal segregation of circular
chromosomes and plasmids in bacteria. It uses two related recombinases, XerC
and XerD, each catalysing one specific pair of strand exchanges. The
requirements for and outcomes of recombination differ for recombination sites
present in the bacterial chromosome and in multicopy plasmids. The
presentation will focus on how the structures of the components of the Xer
recombination machine relate to the overall architecture of the nucleoprotein

complex that catalyses recombination, the reaction mechanism, and the
biological functions of Xer recombination.
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Substrate and enzyme contributions to the logic of coordinated
site-specific phosphoryl transfer: the Flp model

Jehee Lee, Yuri Voziyanov and Makkuni Jayaram
Department of Microbiology and Institute of Cell and Molecular Biology,
University of Texas at Austin, Austin, TX 78712. -

The Flp site specific recombination takes place within an enzyme substrate
complex consisting of two DNA substrates and four recombinase monomers.
The reaction is completed in two steps: the first strand exchange reaction yields
a Holliday junction intermediate; the second strand exchange reaction resolves
the junction into reciprocally recombinant products.

How does the system achieve the coordinated pair of phosphoryl transfers
required to complete one round of recombination? The factors that contribute to
the complexity as well as the flexibility of the system are (1) the shared active
site of Fip, (2) the double-helical geometry as well as the plasticity of the
substrates, (3) the relative spacing and phasing of the Flp monomers and the
labile phosphates and (4) a mechanism for the special selectivity and temporal
exclusion of active sites.

Our current model for Flp recombination is based upon results from (1) the
interaction and mode of strand cleavage by Flp in linear substrates, (2) the
manipulation of synthetic Holliday junctions by Flp, (3) the bimodal cleavage by
Flp in Holliday substrates, (4) the selective exclusion of Flp active sites in
geometrically constrained substrates and (5) the escape from active site
exclusion under special circumstances.

The general features of the recombination model are consistent with the
architecture of the Cre-lox recombination complex whose structure was recently
obtained in the van Duyne laboratory.
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DNA TOPOLOGY AND SITE-SPECIFIC RECOMBINATION IN VIVO. E. Lynn
Zechiedrich and Nicholas R. Cozzarelli. Department of Molecular and Cell Biology,
Division of Biochemistry and Molecular Biology. University of California, Berkeley, CA
94720-3204. Negatively supercoiled DNA substrate is required for the activities of
many site-specific recombinases. By inhibiting topoisomerases I, II, and IV, selectively,
we can now set the plasmid supercoil density in Escherichia coli to range from
completely relaxed (o = 0) to hyper-negatively supercoiled (¢ = a gaussian distribution
about -0.1). We tested the requirement for DNA supercoiling of lambda integrase and
Tn3 resolvase in vivo. There was a remarkably sharp transition between no
recombination at all and full recombination with supercoiling. No recombination

occurs when the DNA is more relaxed than ¢ = -0.05. At this value, 50% of the plasmids

are recombined and at a ¢ of -0.06, all of the substrate DNA is recombined. The
products of integrase recombination are two intertwined circles (a catenane). The
number of links in the product catenane is dependent upon the number of supercoil
nodes in the substrate. We found that the more negatively supercoiled the substrate
DNA was, the more catenane links resulted in the integrase products. The final step in
integrase and resolvase recombination is the unlinking (decatenation) of the catenanes
by topoisomerases. We found that only topo IV carries out this reaction and we were
able to measure in vivo kinetics for decatenation. The more links present in the
recombination- mediated catenanes, the faster topo IV unlinks. Topo II (gyrase), which
used to be thought to decatenate, acts only to negatively supercoil the DNA.
Supercoiled DNA, in turn, is then a better substrate for topo IV. ELZ is a Special Fellow
of the Leukemia Society of America.
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K. Rajewsky
Institute for Genetics, University of Cologne, FRG

Using Cre-loxP-mediated deletion and inversion for targeted mutagenesis in mice

As the Cre-loxP recombination system had been shown to operate efficiently in mammalian
cells (1), it was straightforward to make use of it in order to advance the classical gene
targeting technology. Flanking the selection marker gene(s) in targeting vectors (whose
introduction into the embryonic stem (ES) cell genome by homologous recombination is the
basis of targeted mutagenesis in mice (2)) allows their subsequent elimination from the ES
cells through transient transfection with a Cre-encoding plasmid. This provides a general
method of targeted mutagenesis (gene replacement) by which any kind of mutation can be
introduced into ES cells (i.e. the mouse germ line) in a clean way (3, 4). Perhaps the most
important application of the Cre-loxP system in gene targeting is in generating conditional
(cell type-specific and/or inducible) systems of mutagenesis (5-7). Here, a mutant mouse
strain is generated in which the gene of interest or an essential part thereof is flanked
("floxed") by loxP sites in innocent positions. Crossing these mice then with cre-transgenic
mice in which Cre is expressed in a cell type-specific and/or inducible manner allows
conditional gene inactivation or mutation. This approach which is now beginning to be
widely applied to study gene function in a variety of biological systems such as the immune
and the central nervous system, allows one for the first time to genetically study the
differentiated state in vivo, leaving its development intact. Inducible systems of targeted
mutagenesis appear of particular importance in this respect (8). A recent addition to Cre-
loxP-mediated gene targeting is based on the ability of the Cre enzyme to invert DNA
sequences flanked by loxP sites in opposite orientations. The usefulness of this approach is
exemplified by recent work of Kong Peng Lam in my laboratory, in which the specificity of
the antigen receptor on antibody forming cells is changed at will in an inducible manner in a
fraction of the population of antibody forming cells, with the aim of studying, in a novel
manner, problems of receptor mediated cellular selection in vivo.

References

1) Sauer, B. and Henderson, N, 1988. Site-specific DNA recombination in mammalian
cells by the Cre recombination of bacteriophage P1. Proc. Natl. Acad. Sci. USA 85, 5166-
5170.

2) Capecchi, M.-R. 1989. Altering the Genome by Homologous Recombination.
Science 244, 1288-1292.

3) Gu, H, Zou, Y. and Rajewsky, K. 1993. Independent control of Ig switch
recombination at individual switch regions evidenced through Cre-loxP mediated gene
targeting. Cell 73, 1155-1164.
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4) Zou, Y., Miller, W., Gu, H. and Rajewsky, K. 1994. Cre-loxP-mediated gene
replacement: A mouse strain producing humanized IgG1 antibodies, Curr. Biol. 4, 1099-
1103.

5) Gu, H., March, J.D., Orban, P.C., Mossmann, H. and Rajewsky, K. 1994. Deletion
of a DNA polymerase B gene segment in T cells using cell type-specific gene targeting.
Science 265, 103-106.

6) Rajewsky, K., Gu, H., Kiihn, R., Betz, U.A K., Miiller, W., Roes, J. and Schwenk,
F. 1996. Conditional gene targeting. J. Clin. Invest. 98, 600-603.

7) Torres, R. M and Kiihn R. Laboratory Protocols for Conditional Gene Targeting.
Oxford University Press, 1997.

8) Lam, K.-P., Kihn R. and Rajewsky, K. 1997. In vivo ablation of surface
immunoglobulin on mature B cells by inducible gene targeting results in rapid cell death.
Cell, in press.
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Relaxases - DNA Strand Transferases in Bacterial Conjugation
Erich Lanka

Max-Planck-Institut fur Molekulare Genetik
lhnestrasse 73, Dahlem, D-14195 Berlin, Germany

Relaxases of transmissible plasmids play a key role in initiation and termination
of the transfer DNA replication during bacterial conjugation. The enzymes
function as DNA strand transferases cleaving an unique phosphodiester bond
at the nic-site of the transfer origin (oriT) [1, 2]. The cleavage reaction consists
in a reversible transesterification reaction resulting in transfer of the &'
phosphoryl at nic to the hydroxyl group of a tyrosyl residue in the active center
of the relaxase. Hence, cleavage results in the intermediate covalent
attachment of the enzyme to the 5' terminus of the plasmid strand destined for
transfer from a donor to a recipient cell. Relaxases cleave double-stranded
DNA at onT site- and strand-specific and also single-stranded DNA containing
the nic site. The reaction requires Mg®* ions. Amino acid sequence alignments
of relaxases of several origins suggested the existence of at least two
subclasses of these enzymes. The relaxase of the broad host range plasmid
RP4 (Tral, IncPa) contains three motifs which are conserved among one
subclass. Mutagenesis of invariant amino acid residues lead to the
identification of domains involved in the catalytic cleavage-joining reaction [3].
The resulting phenotypes allowed us to allocate particular relaxase functions to
distinct relaxase domains, e.g. substrate recognition and binding or activation
of the active site tyrosine. To uncouple substrate binding and cleavage-joining
we applied partially biotinylated relaxase mutant proteins that were immobilized
to magnetic heads. Using this approach we could demonstrate that tight DNA
substrate binding and cleavage-joining are independent processes. Enhanced
toposimerase activity of some relaxase mutants was correlated with low
specific substrate binding in conjunction with high cleavage-joining activity [4].

(1) Lanka, E. & Wilkins, B. M. (1995) DNA processing reactions in bacterial
conjugation. Annu. Rev. Biochem. 64, 146-169.

(2) Pansegrau, W. & Lanka, E. (1996) Enzymology of DNA transfer by
conjugative mechanisms. Prog. Nucleic Acid Res. Mol. Biol. 54, 197-251.

(3) Pansegrau, W., :Schréder, W. & Lanka, E. (1994) Concerted action of
three distinct domains in the DNA cleaving4oining reaction catalyzed by
relaxases (Tral) of conjugative plasmid RP4. J. Biol. Chem. 269, 2782-
2789.

(4) Pansegrau, W. & Lanka, E. (1996) Mechanisms of initiation and
termination reacting in conjugative DNA processing: independence of tight
substrate binding and catalytic activity of relaxase (Tral) of IncPa plasmid
RP4. J. Biol. Chem. 271, 13068-13076.
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DNA RELAXASES ENCODED BY THE STREPTOCOCCAL PLASMID
pMV158

M.Espinosa’, M.Moscoso?, L.Guzmén’, E.Grohmann', G.del Solar’, R.Eritja®, and
E.Zechner

(1) Centro de Investigaciones Biolégicas, CSIC, Velizquez 144, E-28006 Madrid, Spain. (2) Area de
Microbiologfa, Facultad de Medicina, Universidad de Ovicdo, E-33006 Oviedo, Spain. (3) European
Molecular Biology Laboratory. MeyerhofstraBe 1, Postfach 102209, 69012 Heidelberg, Germany. (4) Institut
fiir Mikrobiologie, Karl-Franzens-Universitat Graz. Universitatsplatz 2. A-8010 Graz, Austria

The streptococcal plasmid pMV158 replicates through the mechanism of rolling circle
(1). The plasmid encodes two DNA relaxases, RepB and MobM. RepB is involved in
initiation of vegetative replication, whereas MobM is involved in conjugative
mobilization. Both proteins were overproduced, purified, and shown to specifically cleave
supercoiled pMV158 DNA. The target of RepB is the plasmid double strand origin (dso),
and that of MobM is the origin of transfer, oriT. Through a recently developed assay (2),
we have been able to determine the strand discontinuities introduced in vivo by Rep and
Mob proteins of plasmids replicating by the rolling circle mechanism. Upon DNA
cleavage, the RepB and MobM proteins leave a free 3-OH end (3-5). However, whereas
MobM remained covalently attached to the 5-end of the nick site, covalent RepB-DNA
complexes have not been detected (4, 5). RepB protein has nicking-closing
(topoisomerase I-like) activities on supercoiled DNA (3, 4), but we have found only
nicking activity mediated by protein MobM (S). Plasmid pMV158 offers an attractive
system to study the enzymology of DNA replication initiated by relaxases, since two
plasmid-encoded DNA relaxases, which share some conserved motifs, act on two
different targets within the same plasmid.

Relaxase RepB. RepB cleaves the phosphodiester bond of the dinucleotide 5’-GpA-3’
within the sequence 5-TACTACG/AC-3', and it is able to perform strand transfer
reactions on single stranded oligonucleotides containing the RepB target. Attempts at
capturing covalent RepB-DNA intermediates were unsuccessful (4). However,
employment of single stranded oligonucleotides containing a chiral phosphorothioate in
the target DNA allowed us to follow the process of RepB-mediated strand-transfer
reaction. This reaction occurred through an even number of steps because the chirality
of the phosphorothioate at the reaction site was retained upon RepB-mediated strand
transfer (6). This finding suggests the existence of a covalent intermediate between the
protein and its target DNA during the strand-transfer reaction.

Based upon homologies at the dso and rep genes, several plasmid families
have been defined. One of them, represented by pMV158, is constituted by a dozen
replicons from Gram-positive and -negative bacteria. Alignment of the amino acid
residues of their Rep proteins, allowed us to define several conserved regions (1). Two
of these regions, termed R-IV and R-V, contained a conserved Tyr residue. Part of the
region R-IV is conserved among Rep, Mob, and Tra (involved in conjugative DNA
transfer) proteins (7). Region R-V is present only in the Rep proteins of the pMV158
plasmid family (1). In RepB, the two conserved Tyr residues are located at positions 99
and 115 within regions R-IV and R-V, respectively. Replacement of Tyr99 by Phe or Ser
led to protein variants that conserved the ability to bind to the iterons but that had lost
nicking-closing activity.
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The MobM relaxase. The 5’- and 3'-ends of the nick introduced by MobM have been
determined by DNA sequencing and by primer extension analysis (5). The nucleophilic
attack exerted by MobM is at the 5’-GpT-3’ dinucleotide, within the sequence: 5'-
TAGTGTG/TTA-3". The pMV158 oriT does not exhibit homologies with known origins
of transfer of plasmids from Gram-negative bacteria (8-10). However, several plasmids
from Gram-positive hosts have a region identical or very similar to the pMV158 onT.
Comparison of the Mob proteins of fifteen plasmids from Gram-positive bacteria showed
that the highest homologies were observed within two regions, located at the N-terminal
part of the proteins.

In the case of plasmid-encoded proteins that participate in RC mechanisms
(replication or conjugative transfer), all of these Rep, Tra, and Mob proteins share
homologies with the Rep proteins of ssDNA-coliphages and geminiviruses (7, 11). Two
of the more conserved motifs have been ascribed a function, which correspond to: i) the
enzymatic activity domain, and ii) a putative metal-binding domain. For the Mob
proteins of the family 2 of plasmids, represented by pMV158 (11), we have identified
putative domains which could correspond to the two conserved domains. The first region
could be the MobM-enzymatic domain, since it contains the NYDL conserved motif (11).
The second MobM-region may contain the putative MobM-metal binding domain (the
so-called "HUH" motif; 11). This HUH motif is present in the IncPa family 1 of
Tra/Mob proteins (8-11). The HUH motif, which is also found in Rep proteins of RCR
plasmids, has been reported as a copper-binding domain in the crystal structure of the
so-called "blue oxidases" (12).
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Biochemistry of F-Type Plasmid Relaxases
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Relaxases comprise a superfamily of proteins which are involved in essential
initiation and termination steps in the process of plasmid conjugation. They catalyze a
number of biochemical reactions in vitro:

(i) single-stranded cleavage (nicking) at a specific site in a supercoiled plasmid

DNA.

(i)  formation of DNA-relaxase covalent complexes by formation of Tyr-5’P bonds,

(i) Mg'*-dependent site-specific cleavage of oligonucleotides containing the nic
site.

(iv)  DNA strand-transfer reactions between ssDNA molecules.

(v)  sometimes, additional biochemical activities, such as DNA helicase or DNA
primase.

(vi)  interaction with other proteins involved in the in vivo processing of conjugative

DNA.

Relaxases were divided in four protein families, according to their sequence
similarities and those of the sites at which they act. P-type, F-type and Q-type are the
most widespread. Tral, the P-type relaxase of plasmid RP4 has been characterized in
particular detail (3).

We are analyzing the structure-function relationships of TrwC, the relaxase of
plasmid R388 (4,5). This 966 amino acids protein was subjected to domain analysis, to
find that the 300 N-terminal polypeptide constitutes the relaxase domain, while a 650 C-
terminal polypeptide contains a DNA helicase domain. Both activities are essential for
R388 conjugation. The biochemical activities of the TrwC relaxase domain were
analyzed in some detail. The oligonucleotide cleavage reaction seems to be an
equilibrium of the sort TrwC + 18-mer <> TrwC::4-mer + 14-mer, with a Keq =3 x 10”.
Cleavage of supercoiled DNA in vitro is much more efficient, and it seems to attain also
a very rapid equilibrium. The oligonucleotide strand-transfer reaction is slower, and
thus susceptible of kinetic analysis. The mechanism of these reactions is similar to that
of gpA, the replication protein of phage ®X174 (2), with some exciting peculiarities. As
is gpA, two Tyr residues in TrwC are involved in the DNA strand transactions.
However, they are not interchangeable. One Tyr residue is specifically used for the
initial reaction on SC DNA, while the second Tyr is only used for the second strand-
transfer reaction. As a result, relaxase activation results in a single replication event,

since the product of the second strand-transfer reaction cannot be directly used for a
second round of replication (1).
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TrwC displays a unique and differential property of F-type relaxases: it is able to

cleave SC DNA without the need of accessory proteins. This fact does not imply that
other proteins are not involved in oriT processing. The relaxase activity of TrwC is
enhanced in vitro by the accessory protein TrwA. TrwA plays a dual role in
conjugation, since it works also as a repressor of the MOBw operon. Structurally, TrwA
appears to belong to the Arc repressor family. Besides TrwA, protein IHF also binds to
a specific site in R388 oriT. In doing so, it acts as a negative modulating factor: R388
relaxosomes are not constitutively assembled in the presence of IHF, as they do in its
absence (G. Moncalian and F. de la Cruz, unpublished observations). We suggest that
both TrwA and IHF play important regulatory roles in triggering TrwC action in vivo.
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Characterization of the recombination site of the integrase IntI1, from bacterial
integrons.
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Bacterial integrons are genetic elements present in transposons, plasmids and
chromosomes of many bacteria where they play a role in the assembly and reshuffling of
antibiotic resistance genes (ARG). The integrons are characterized by the presence of a
5’ conserved region encoding a recombinase that belongs to the lambda integrase family,
a 3’conserved region containing a gene for resistance to sulfamides and a central variable
region containing several ARG’s. The integrase and the ARG’s are adjacent to each
other and they are expressed from divergent promoters.

Primary sites of recombination for this integrase are known as 59 bp elements and
consist in sequences of around 60 bp length, and with some extent of sequence
symmetry.

We have characterized secondary recombination sites for Intl1 integrase. The
minimal requirement for recombination was a pentanucleotide with only two conserved
residues. Next in complexity was a “double site” that consisted in two pentanucleotides
in opposite orientation separated by a 3-8 bp spacer. Finally, 59 bp elements could be
seen as two “double sites” separated by a palindromic GC rich region. Recombination
frequency increases with site complexity from pentanucleotides to 59 bp elements
(primary sites).

The use of secondary sites could explain how new genes could become
associated into integrons and suggest a role for integrons as a general mechanism for the
genesis of bacterial operons. In addition, they allow the use of the integrase as a
biotechnology tool for the integration of genes into the chromosome.
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THE RAG PROTEINS AND OTHER FACTORS IN V(D)J RECOMBINATION. Martin Gellert,
Dale A. Ramsden, Tanya T. Paull, Kevin Hiom, Meni Melek, and Dik C. van
Gent*. Laboratory of Molecular Biology, NIDDK, National Institutes of
Health, Bethesda, Maryland 20892-0540, U.S.A., and *Dept. of Cell Biology
and Genetics, Erasmus University, P.O. Box 1738, 3000 DR Rotterdam, The
Netherlands.

V(D)J recombination is initiated by the RAGl and RAG2 proteins
acting together to make DNA double-strand breaks at a pair of recombination
signal sequences (RSSs). The break generates a blunt end on each RSS and a
hairpin end on the adjacent DNA (this would be antigen receptor coding
sequence in the natural situation). The purified proteins first bind the
RSS in a "stable cleavage complex" that is highly resistant to competitor
DNA. This complex requires both RAG proteins and both halves (heptamer and
nonamer) of the RSS. Binding and cleavage can be greatly stimulated by
the ubiquitous HMGl or HMG2 proteins, which are known to bind DNA
non-specifically and introduce a sharp bend.

The reactions of the RAG proteins display chemical similarities to
transposition. A stereochemical test showed that hairpins are made by a
one-step transesterification (like the DNA strand transfers of phage Mu
transposase and HIV integrase), without a covalent protein-DNA
intermediate, and more recent results have identified a
“disintegration-like" reaction that extends the analogy.

We have also worked on the later steps of V(D)J recombination that
rejoin the broken ends. This part of the process is known to be relatively
non-specific and to share many factors with DNA double-strand break repair.
We have recently been able to reconstitute complete V(D)J recombination in
a cell-free system. Incubation of a DNA substrate with the RAG proteins,
followed by a second incubation with a HeLa cell fraction, leads to the
formation of both coding joints and signal joints. The continued presence
of the RAG proteins after cleavage is absolutely required to make coding
joints, but inhibits the joining of RSSs. The RAG proteins evidently
influence the ability of other factors to act on coding ends and signal
ends.

Coding joints from the cell-free reaction often contain
self-complementary tracts that arise from the asymmetric opening of
hairpin ends; such "P nucleotide" insertions are commonly found in
junctions from in vivo recombination. The cell-free reaction displays a
strong preference for joining at sites of short DNA homologies, but the
addition of human DNA ligase I leads to a more diverse set of junctions,
similar to those found in vivo. It is possible that different ligases are
used for homology-dependent and independent joining.
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Investigating the role of Ku86 in V(D)J recombination.

D.B. Roth!, M.A. Bogue', J.-O. Han', C. Wang', and C. Zhu',
The Howard Hughes Medical Institute and The Department of Microbiology and Immunology, Baylor
College of Medicine, 1 Baylor Plaza, Houston, TX 77030, USA

The Ku86 protein plays critical but poorly defined roles in V(D)J recombination and
repair of DNA double-strand breaks induced by ionizing radiation. Along with Ku70
Ku86 forms a heterodimeric DNA end binding complex termed Ku that is capable of
recruiting and activating the catalytic subunit of the DNA-dependent protein kinase
(DNA-PK). Cells or mice bearing mutations that inactivate Ku86 are severely defective
for formation of both standard products of V(D)J recombination: signal joints and coding
joints. The rare junctions that have been recovered from these cells exhibit abnormal
deletions, leading to the suggestion that Ku might be responsible for protecting broken
DNA recombination intermediates from degradation. However, we have shown that
V(D)J recombination intermediates are abundant and full length in Ku86-deficient cells,
indicating that Kug6 is not required for protection of coding or signal ends (2,3).
Unexpectedly, we found that formation of nonstandard V(D)J recombination products,
termed hybrid joints, occurs with normal efficiency in Ku86-deficient mice and cell lines
(1,2). Furthermore, most of the junctions result from joining an intact signal end to a full-
length coding end. These data show that Ku is not required for some types of v(D)J
joining events. We propose that hybrid junctions can be formed directly by the RAG
proteins by a mechanism analogous to disintegration reactions performed by retroviral
integrases (2).

s

Nucleotide sequences of 99 junctions from Ku86-deficient mice revealed that over 90%
of the coding joints, but not signal or hybrid joints, exhibit short sequence homologies,
indicating that base pairing interactions may be important for joining coding ends in the
absence of Ku86. Furthermore, the addition of extra nucleotides (N nucleotides)
mediated by terminal transferase (TdT) is absent in Ku86-deficient mice (1). These data
suggest that Ku86 plays an unexpected role in the addition of N nucleotides by TdT.
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Role of the TCR o Enhancer in Regulating Recombination
and Expression of the TCR /8 Locus

Barry P. Sleckman, Christiana G. Bardon, Laurie Davidson and Frederick W. Alt
Center for Blood Research, Children’s Hospital, Harvard Medical School
and Howard Hughes Medical Institute
Boston, MA

The TCR s locus is a complex locus with gene segments that encode for the TCR &
chain contained within the boundaries of those that encode for the TCR a.chain. As a
consequence, V to J rearrangement of the TCR a locus results in excision of the TCR &
locus, a process that has been proposed to be important in T cell lineage determination.
Several cis-acting elements have been defined in the TCR a locus that are involved in
transcriptional regulation of the locus. There is a single transcriptional enhancer just
downstream of the constant region gene. In addition, there are two transcriptional silencer
elements between the constant region gene and the enhancer, and a locus control region
downstream of the enhancer. There is a transcriptional promoter (TEA) upstream of the
most 5’ J segment that drives germline transcription of the J a region and has been
proposed to be important in opening the locus during development. There is a single
defined enhancer within the TCR 8§ locus.

We have used gene targeting strategies to target and delete the TCR a enhancer and have
generated mice with the targeted deletion on one or both alleles. We have also used the cre-
lox system to delete the drug resistance gene from the loci to insure that the effects we
observe are due to the lack of the enhancer and not due to the insertion of a drug resistance
gene. Development of a/B T cells proceeds normally in mice with the TCR o enhancer
deleted on a single allele. However, rearrangement of the targeted TCR « allele occurs in
only a small fraction of mature T cells. Furthermore, mice with the TCR o enhancer
deleted on both alleles show a block in T cell development at the CD4/CD8 double positive
thymocyte stage. Neither germline nor mature transcripts from the TCR a locus are
observed in these mice. TCR & rearrangement appears grossly normal in these mice.

These results demonstrate that the TCR a enhancer is critical for mediating accessibility
of the TCR a locus to the V(D)J recombinase and that it functions in a cis-acting manner.
In addition, the TCR a enhancer also appears to be important in regulating germline
transcription of the TCR o locus. Accessibility of the TCR & locus does not appear to
require the integrity of the TCR o enhancer. However, transcriptional regulation of this
locus may depend on the integrity of this element, a possibility that we are currently
investigating.
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Is Sfil a Recombinase?
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Williams, and Mark D. Szczelkun.
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It has long been thought that restriction enzymes may have functions in bacterial cells
outside of their acknowledged roles in the restriction of foreign DNA entering the cell.
Recent experiments on the Sfil endonuclease have shown that this enzyme has more in
common with recombinational enzymes than with other type II restriction enzymes (1-3).
The type II enzymes are generally dimeric proteins that recognize palidromic DNA
sequences, typically 4-6 bp long, and interact with these in symmetrical fashion so that each
active cleaves one strand of DNA (4). Sfil deviates from this pattermn in several respects.
First, its recognition sequence, GGCCnnnndnGGCC (5), is unusually long for a type II
enzyme and instead looks more like the recombination sites for enzymes such as Cre, Xer or
FLP. Second, Sfil exists in solution as a tetramer of identical subunits rather than the
conventional dimer. Third, before any DNA cleavage reactions can occur, Sfil has to bind to
two copies of its recognition site. Both sites are then cleaved in a concerted process in which
four phosphodiester bonds are cleaved in consecutive reactions before the enzyme dissociates
from the DNA.

The two Sfil sites can be located on the same DNA molecule, in which case the
enzyme loops out the intervening DNA, or they can be on different molecules, with the
enzyme bound simultaneously to both. However, looping interactions across sites on the
same DNA molecule are greatly favoured over bridging interactions between separate
molecules. Consequently, the primary reaction of the Sfil endonuclease is the excision of the
DNA between two Sfil sites but, at its physiological temperature, the enzyme remains
attached to the cleaved ends for ~30 min before releasing them.

The relationship between restriction and recombination-like activities of Sfil is
currently being explored by determining the stereochemistry for phosphodiester hydrolysis by
this enzyme. This will reveal whether the reaction proceeds with inversion of configuration
at the phosphoryl centre, as found for both EcoRI and EcoRV, or with the retention of
configuration seen with lambda integrase. Further experiments are being carried out to
determine if the Sfil endonuclease can act in vivo as a restriction enzyme, by examining
whether DNA with unmethylated Sfil sites can be transformed into cells containing the Sfil
restriction-modification system. Finally, the Sfil system is being utilised as a test system for
the analysis of long-range interactions between distant DNA sites.

We thank New England Biolabs for providing the Sfil system, and the BBSRC and the
Wellcome Trust for financial support.
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Nucleosome mediated inhibition of V(D)] recombination
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V(D)] recombination is the site specific recombination reaction which
assembles functional immunoglobulin and T cell receptor genes from a pool
of gene segments during lymphocyte development in vertebrates. The
reaction is initiated by the introduction of a nick on one strand, immeditely
5' of the recombination signal sequence (RSS). This nick is then converted
into a double-strand break (DSB) at the border between a gene segment and
its flanking RSS. Binding and site-specific cleavage at RSS is performed by
the products of the recombination-activating genes, RAG1 and RAG2.
Although identical RSS are found at all rearranging loci, cutting by RAG
proteins is tightly regulated at several levels: cell type, cell stage, locus, and
allelic specificity are all observed. Very little is known about how this
regulation is achieved. The appearance of germline transcripts at
rearranging loci and the stimulation of recombination by enhancer
sequences in transgenic substrates suggest that modification of chromatin
structure is probably an important level of control by regulating accessibility
of the RSS to RAG proteins. To test the accessibility model directly, we
assembled RSS-containing mononucleosomes in vitro and tested their
ability to be cleaved by purified RAG proteins. Compared with cutting on a
free DNA substrate, RAG-mediated cleavage on 2 nucleosome substrate is
severely inhibited. Both the nicking and second strand cleavage steps are
blocked. Competitor titrations suggest that this is due to inefficient binding
of RAGs to the nucleosome substrate. These results suggest a potential
regulatory step of V(D)] recombination at the level of RAG-mediated
cleavage on mononucleosomes.
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Site-specific Recombination by Y5 Resolvase: Holding the Pieces Together

Nigel D.F. Grindley and Laura Lea Murley, Department of Molecular Biophysics and
Biochemistry, Yale University, New Haven CT 06520-8114, USA

The site-specific recombination enzyme, yd resolvase, performs recombination within a
nucleoprotein complex, the synaptosome, consisting of two copies of the 114 bp res site
and at least six resolvase dimers (1). Each res site contains three resolvase dimer binding
sites. Strand exchange occurs within one of these (site I); the other two (sites II and III)
are crucial for res site synapsis and proper organization of the synaptosome.

X-ray crystallographic studies of yd resolvase identified an interaction (called the 2,3'
interaction) between resolvase dimers (2). The amino acid residues responsible for this
interaction are Arg2, Arg32, Lys54 and GluS6. These residues are clustered together,
forming a single compact surface (which we shall call the 2/32/56 surface) on each
resolvase subunit. This surface from one protomer engages the identical surface of a
second protomer through a set of reciprocal and complementary interactions. An
important biological role for this interface is indicated by the behavior of resolvase
mutants (3). Amino acid substitutions at each of the four positions resulted in mutants
that bound to res but failed to exhibit the cooperativity characteristic of the binding of
wildtype resolvase. In addition the mutant proteins were unable to promote synapsis or
recombination. A study with the 2,3'-defective mutant, R2A, found that mixtures of R2A
and E128K (a mutant unable to bind to site III) were recombinationally inactive, whereas
R2A with the catalytically defective mutant, S10L (which lacks the Ser10 nucleophile
essential for DNA breakage and joining) exhibited substantial recombination activity (4).
These and other results led to the proposal that the 2,3' interaction is essential at binding
sites IT and/or III (where it plays a critical role in synapsis) but may not be used by the
resolvase subunits performing strand exchange at site 1.

Which resolvase subunits within the synaptosome make use of the 2,3' interaction? The
2,3' interaction between two resolvase dimers involves just one protomer of each dimer;
the 2/32/56 interface of the second protomer is exposed and, in the synaptosome, could
remain free or could interact with a third resolvase dimer. It seems likely, then, that only a
subset of the 12 resolvase protomers in the complex needs an active 2/32/56 interface.

We have now identified which half sites within res must be occupied by a 2,3'-competent
subunit. Our approach makes use of covalently linked heterodimers of resolvase, with one
subunit containing one of the 2,3'-defective mutations (R2A, R32S or ES6K). These
heterodimers are specifically oriented at appropriate dimer binding sites by a combination
of the altered-specificity mutation, R172L, in the DNA-binding domain of one subunit,
and a G2T base substitution in one half of the binding site. Both recombination and DNA
binding assays have been used for the analysis.

Our results indicate that 2,3'-proficient resolvase subunits are required at the left half of
site I, the right and possibly also the left halves of site III, and the right half of site I. We
propose that the resolvase protomer bound to site II-L interacts with one at site III and
that this interaction is critical for res site synapsis (1, S). The protomer bound to site I-R
is likely to interact with the other protomer at site III; this interaction may be responsible
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for appropriately positioning the two copies of site I for pairing and strand exchange, for
ensuring the correct topology of the complete synaptosome or for activating the site I-
bound resolvase for catalysis.

(1) Grindley, NDF (1994) Nucleic Acids & Mol. Biol. 8, 236-267.
(2) Sanderson, MR et al. (1991) Cell 63, 1323-1329.

(3) Hughes, RE et al. (1991) Cell 63, 1331-1338.

(4) Grindley, NDF (1993) Science 262, 738-740.

(5) Rice, PA and Steitz, TA (1994) EMBO J. 13, 1514-1524.



41

Hybrid site-specific recombination systems

W. Marshall Stark, University of Glasgow, 56 Dumbarton Road, Glasgow G11 6NU, UK.
e-mail M.Stark@bio.gla.ac.uk

The Tn3 recombination site res has three binding sites for dimers of resolvase. Strand exchange takes
place exclusively at the centre of site I. The accessory binding sites, II and III, are required for efficient
resolution. Various experiments have defined roles for sites II and III in synapsis. With their bound
resolvase, they are the main agents in bringing the two recombining res sites together. Also, it is
proposed that requirement for antiparallel pairing and intertwining of the two sets of accessory sites in
the synaptic complex results in the selectivity and specific product topology of recombination (Refs. 1-
4).

In order to analyse further the functions of the accessory sites, we have constructed hybrid
recombination sites with binding sites II and III from res and a ‘crossover site' from a different system.
Previous experiments where the crossover site was Tn2/ res binding site I, or the phage Mu gix site for
Gin recombination, will be described briefly in the talk. More recently, we have made hybrid “Jes’ sites
containing the phage P1 Cre recombination site loxP. First, loxP was placed in the approximate
position of res site I relative to sites II and II1, in either orientation. Recombination test substrates were
made containing two of these hybrid /les sites, with the pair of res sites II/IIl in direct repeat, and the
loxP sites either in direct or inverted repeat. Cre-mediated recombination was inhibited by the presence
of resolvase. When the spacing between loxP and site Il was increased to about 100 bp, Cre
recombination in the presence of resolvase gave three-noded knot inversion products and four-noded
catenane resolution products, whereas in the absence of resolvase the products were mainly unknot and
free circles respectively. When the loxP-site II spacing was increased further, to 190 bp or 300 bp, the
product topology was still constrained, but more knot or catenane nodes were observed. When the les
sites were inverted with respect to each other, no gross change in product topology was observed when
resolvase was present.

Similar constrained topology of Cre recombination was observed when loxP sites were placed adjacent
to binding site I of full 7es sites.

The product topologies in these hybrid systems are consistent with a resolvase/res synaptic complex in
which intertwining of sites II and Il is sufficient to introduce the three interdomainal supercoils
required to account for the topologies of the standard resolution reaction. les recombination products
are as predicted for antiparallel alignment of loxP sites by Cre followed by strand exchange without
introduction of any further topological nodes. The hybrid system products are strikingly analogous to
those of Xer-mediated recombination at cer and psi sites (Ref. S).
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Site-specific recombination by the B recombinase from the
streptococcal plasmid pSM19035.

Juan C. Alonso, Inés Canosa, Silvia Ayora, Silvia Ferndndez and Fernando Rojo
Centro Nacional de Biotecnologfa, C.S.I.C., Campus de la Universidad
Auténoma de Madrid, Cantoblanco, 28049 Madrid, Spain

The B recombinase encoded by the Gram-positive bacterial plasmid pSM19035
is unable to mediate DNA recombination in vitro unless a chromatin-associated
protein of bacterial (e.g. bacterial Hbsu, HU), algae (HIpA), plant or vertebrate
(HMG1) origin is provided. pSM19035 has extraordinarily long inverted
repeats that comprise about 80% of the molecule. The B coding region, the B
target site (six site) and the minimal replicon are within the inverted repeated
segments. The six site is a 90 bp DNA segment containing two binding sites
(subsites I and II) for B protein dimers. The § recombinase binds sequentially to
both sites, having a different affinity and interaction with each one.

The B recombinase in the presence of simple buffer, 80 mM NaCl, and
highly purified Hbsu protein, is able to catalyze DNA inversion when the two
six sites are in an inverse orientation, and DNA resolution, when the two six
sites are directly oriented. The point of crossing over has been localized to the
centre of subsite I, while subsite II seems to play an architectural role by
aligning the crossing over sites at the synaptic complex. The chromatin-
associated protein facilitates the joining of distant six sites and promotes the
aligment of a properly oriented recombination complex.

A number of site-directed mutants at residues conserved between the B
protein anc other recombinases of the same family have been constructed and
the wild-type and mutant products purified. The analysis of the recombination
and DNA binding ability of each mutant protein showed that the mutations
affect the catalytic activity and, in two cases, the dimerization of the protein.
The results suggest that the § protein probably mediates recombination by a
catalytic mechanism similar to that proposed for the resolvase/invertase
family. Since the B recombinase differs from DNA resolvases and DNA
invertases in its lack of bias towards one of these two activities, the results
presented support the hypothesis that its unique properties might lie in the
architecture or assembly of the recombination complex. In addition, two B
protein mutants that can no longer form dimers in solution have provided new
insights into the way the protein binds to DNA.
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The B recombinase catalyzes both DNA inversion and DNA resolution on
supercoiled DNA substrates with inversely oriented target sites, and only DNA
inversion when the substrate is relaxed or linear

Fernando Rojol, Inés Canosa'?, Rudi Lurz’ and Juan C. Alonso’

!Centro Nacional de Biotecnologfa, C.S.I.C., Campus de la Universidad Auténoma
de Madrid, Cantoblanco, 28049 Madrid, Spain; ?Max-Planck-Institut fiir molekulare
Genetik, Ihnestrasse 73, D-14195 Berlin, Federal Republic of Germany.

The B recombinase belongs to the Tn3/y5 family of recombinases, although it has
several distinctive characteristics. In the presence of a chromatin-associated protein
such as Hbsu, the p recombinase is known to catalyze resolution on supercoiled
substrates containing directly oriented target (six) sites, and inversion on
supercoiled substrates having two inversely oriented six sites. We have studied the
recombination reaction on DNA substrates carrying two inversely oriented six sites.
We have found that, under low ionic strength conditions, both inversion and
resolution occur when the DNA substrate is supercoiled, while only inversion
products are generated when the substrate is relaxed. Interestingly, although
resolution activity was strictly dependent upon DNA supercoiling, inversion
products were efficiently generated even on linear DNA substrates. This unusual
property is not found in the resolvases and invertases of the Tn3/ys family, to
which the B protein belongs, and gives new insights into the recombination
mechanisms of this important family of recombinases. The results support the
notion that the topological filter of the recombination reaction catalyzed by the B
recombinase is less strict than that of other recombinases of the family, and that the
pathway leading to DNA resolution depends more on the supercoiling of the DNA
substrate than on the relative orientation of the recombination sites.
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The role of the pAMB1 resolvase in plasmid replication

S.D. Ehrlich, V. Bidnenko, C. Bruand, L. Janniére, E. Le Chatelier, S. McGovern,
M_.F.Noirot-Gros and M.A. Petit, Laboratoire de Génétique Microbienne, Institut National
de la Recherche Agronomique, Domaine de Vilvert, 78352 Jouy en Josas Cedex, France. E-
mail: ehrlich@biotec.jouy.inra.fr; phone: 33-1-34 65 25 11; fax: 33-1-34 65 25 21.

Two types of replication have been observed for plasmids from Gram-positive bacteria,
one called rolling circle replication (RCR), the other theta replication (TR). They tend to be
used by small and large plasmids, respectively, presumably because RCR is more error-prone
than TR. The most thoroughly studied TR plasmids belong to the pAMB1 family. Replication
region of pAMPI can be divided into three sub-regions, corresponding to copy control,
primary replication functions and secondary replication functions. The copy control
subregion contains two elements, a repressor gene and a counter-transcript driven
transcriptional attenuation system. They independently regulate transcription from a promoter,
which has two functions. One is to provide the message for the synthesis of the essential Rep
protein, and the other is to provide the primer for initiation of plasmid replication. The
subregion that carries primary replication functions (« basic replicon ») comprises the rep
gene and the replication origin. Leading strand synthesis is initiated 27 bp downstream of
the end of the rep gene, within the replication origin. Three different secondary replication
functions are found downstream of the replication origin. The first is a single-strand
initiation site (ssid), located on the lagging strand template, ~150 bp downstream from the
leading strand initiation site. ssi4 priming activity requires proteins involved in primosome
assembly. The second function corresponds to a site-specific resolution system, comprising a
res site and a resolvase of the Tn3 family. The res site is localized ~20 bp downstream of
ssiA. The third function is a type I topoisomerase, which appears to relax specifically
plasmids that replicate in the pAMB1 mode.

Replication of pAMB1 appears to involve the following steps: (i) The transcription
initiated at the rep promoter reaches the replication origin. Its processing, somehow
involving the Rep protein, provides a primer for DNA synthesis. (iii) DNA polymerase 1 (Pol
I) initiates the synthesis. It replicates the template strand while displacing simultaneously the
complementary strand and thus generates a D-loop. (iv) The synthesis is arrested between
ssid and res by the action of topoisomerase, which modulates plasmid superhelicity, or at
res by the resolvase, which forms a road-block for Pol I. (v) A primosome assembles at
ssid, which is on the displaced strand of the D-loop, while DNA polymerase III (Pol III)
loads at the end of the newly synthesised strands. (vi) A helicase displaces the resolvase and
thus allows Pol III to complete the round of replication.

The central feature of this model is a programmed switch between the initiating and
elongating polymerase. It is tempting to speculate that in different systems, where the initiation
and elongation replication machineries differ, a programmed switch may exist, based on
proteins with high affinity for DNA, such as resolvase, to arrest the progression of the
initiating polymerase.
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Site-specific recombination by actinophage gC31 integrase.

H.M. Stracey, S.E Wilson and M. C. M. Smith
Department of Genetics, University of Nottingham, Queens Medical Centre, Nottingham NG7
2UH, UK.

¢C31 is a temperate bacteriophage that infects over half of the known strains of Strepromyces
and has been used widely to develop vectors for the genetic manipulation of this commercially
important genus. gC31 integrates into the host chromosome via a site-specific recombination
reaction. Previous work (1) has shown that the gC31 integrase gene, int, is located between
the early and late genes and immediately downstream of the attP site. This work (1) also
strongly suggested that gC31 integrase is not a member of the A integrase group of
recombinases which catalyse strand exchange via a phospho-tyrosine intermediate. int encodes
a 68 kDa protein which has primary sequence similarity at its N-terminus to the
resolvase/invertase group of recombinases (2) and is therefore reminiscent of a small group of
other phage enzymes, notably the lactococcal phage TP901-1 (3) and actinophage R4 (4). This
group also have similarities to the cellular-encoded resolvases, CisA and XisF involved in B.
subtilis sporulation and heterocyst formation in Anabaena, respectively. We have been
studying the properties of the gC31 integrase with a view to making comparisons with those of
resolvase/invertases and the A integrase type enzymes.

Using compatible plasmids in E. coli we expressed gC31 integrase and analysed recombination
between the cloned attB site from S. ambofaciens and the attP site. The observation that the
reaction occurs in E. coli indicated that no other phage or Streptomyces encoded proteins were
required. The reaction occurred when the att sites were located in trans or in a tandem
orientation in cis (in which case a deletion occurred). A functional a#tB site was 30 bp in
length and the attP site can be less than 80 bp. No recombination was observed between attL
and attR sites in this system. The integrase was purified from E. coli and used in binding
assays; integrase bound to all the att sites with approximately equal affinities. Finally integrase
could catalyse the recombination reaction in vitro between supercoiled substrates. Our findings
demonstrate that gC31 integration shows properties reminiscent of both the resolvase/invertase
and the A integration systems. It is hoped that further studies of this enzyme and those similar
to it will help to gain a deeper understanding of the mechanisms of site-specific recombination.

(1) Kuhstoss, S. and Rao, R.N. (1991) Analysis of the integration function of the Streptomycete bacteriophge
oC31. J Mol. Biol. 222:897-908.

(2) Leschziner, A.E., Boocock, M.R. and Grindley, N.D.F. (1995) The tyrosine-6 hydroxyl of ¥3 resolvase is
not required for the DNA cleavage and rejoining reactions. Molec. Microbiol. 15:865-870.

(3) Christiansen, B., Bronsted, L., Vogensen, F.K. and Hammer, K. (1996) A resolvase-like protein is required
for the site-specific integration of the temperate lactococcal bacteriophage TP901-1. J. Bacteriol 178:5164-5173.
(4) Matsuura, M., Noguchi, T., Yamaguchi, D., Aida, T., Asayama, M., Takahashi, H. and Shirai, M. (1996)
The sre gene (ORF469) encodes a site-specific recombinase reponsible for integration of the R4 phage genome.
J. Bacteriol 178:3374-3376.
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Activation of strand exchange by resolvase
Martin R. Boocock, Sandra V.C.T. Wenwieser and W. Marshall Stark
IBLS, University of Glasgow.

The resolvases from Tn3 and y3, along with the DNA invertases Gin and Hin, are
among the best-studied members of a big family of site-specific recombinases. These
enzymes carry out strand exchange by a mechanism fundamentally different from
recombinases of the phage lambda integrase family. Instead of making a Holliday Junction,
resolvase cuts both DNA strands in each recombination site, making a recombination
intermediate in which four half-sites are covalently attached to four resolvase subunits. At
this stage the four half-site DNA's are no longer covalently joined to each other in any
way. Resolvase nevertheless prevents their escape, ensuring that each half-site is ligated to
its correct recombination partner, ie. a “left" half-site is always joined to a "right" half-site.
The relative motions of the half-sites in the interval between cleavage of the substrate and
religation of the recombinant are tightly constrained, giving a fixed change in the local
DNA linkage (local ALg = +2 for the forward reaction of resolvase, compared to ALg =
0 for lambda integrase etc.).

We have previously suggested that strand exchange by resolvase is coupled to a
rotational exchange of the four protomers within an active tetramer. This idea is in accord
with the topological data, but has been ridiculed on structural grounds. There are three
main problems:

1. destruction of the existing dimer interface during recombination would be

energetically costly.
2. no relevant dimer-dimer interface has yet been identified.

3. there is no identifiable means for maintaining the connectivity of the four

protomers and half-sites during rotation.

It has thus been argued that the stuctural integrity of the resolvase dimers is likely to be
maintained throughout the catalytic cycle. We will present experimental data that address
the first and second points, and we will describe a new structure-informed strand exchange
model that deals with the third problem.

Certain mutations affecting the resolvase dimer interface display a curious
"activated" phenotype. The altered proteins (eg E124Q v§ resolvase) have a relaxed
requirement for substrate supercoiling, exhibit reduced topological selectivity, and seem to
stabilize the covalent intermediate. These mutant proteins also participate in unusual
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“cleavage-ligation" reactions in which half-sites are joined to "incorrect" partners, as might
be expected if half-sites are able to escape from the original synaptic intermediate, and
rejoin to new partners. Consistent with this interpretation, we have now demontrated the
catalytic activity of purified "half-site" complexes, in which resolvase is covalently
attached to half of a recombination site. In the cleavage-ligation assay, the half-site
complexes are more recombinogenic than intact linear res sites. These results imply that a
resolvase dimer complexed to an intact crossover site can be broken into two unconnected
half-site-monomer complexes that retain recombination activity. A more highly
choreographed version of the same process is thus a good candidate for the mechanism of
the normal strand exchange reaction.

Relevant literature:

Boocock, M.R., Zhu, X. and Grindley, N.D.F. (1995)
Catalytic residues of y5 resolvase act in cis.
EMBO Journal 14: 5129-5140

Yang, W, & Steitz, T. A. (1995). Crystal-structure of the site-specific recombinase
gamma-delta resolvase complexed with a 34 bp cleavage site.
Cell 82: 193-207.

Rice, P. A, & Steitz, T. A. (1994). Model for a DNA-mediated synaptic complex
suggested by crystal packing of gamma delta resolvase subunits.
EMBO Journal 13: 1514-24.

Mcllwraith, M. J., Boocock, M. R., & Stark, W. M. (1997). Tn3 resolvase catalyses
multiple recombination events without intermediate rejoining of DNA ends.
J Mol Biol 266: 108-21.

Stark, W. M., Sherratt, D. J. and Boocock, M. R. (1989). Site-specific recombination by
Tn3 resolvase - topological changes in the forward and reverse reactions.
Cell 58: 779-790.
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Activation of Hin-catalyzed site-specific DNA inversion by Fis
Reid C. Johnson, Hanna S. Yuan*, Stacy Merickel, Leah Corselli, and Michael Haykinson

Department of Biological Chemistry, UCLA School of Medicine, Los Angeles, CA USA 90095-
1737

*Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan

The alternate expression of flagellin genes in Salmonella is controlled by a site-specific
DNA inversion of a 1 kb segment of the chromosome (1,2). The Hin recombinase, encoded within
the invertible segment, is responsible for cleaving and exchanging DNA strands. Hin binds to the
ends of the invertible segment, hixL and hixR, and is able to assemble these two recombination
sites into a catalytically incompetent structure. Catalytic activation of this complex requires the
incorporation of a recombinational enhancer segment together with two bound Fis protein dimers
into an invertasome structure (3).

Analysis of Fis-chemical nuclease chimeras together with gel electrophoresis experiments
have shown that the degree of DNA bending varies at different Fis-DNA complexes (4). These
experiments have enabled us map the path of DNA within the recombinational enhancer. This
information, combined with a model of Hin based on the structure of resolvase (5) plus the DNA

binding domain of Hin (6) and topological analysis (7,8), has enabled us to generate a molecular
model for the Fis-activated invertasome.

The region on Fis that is responsible for Hin activation had been only partially resolved
by X-ray crystallography (9,10). A new crystal structure of a Fis mutant now reveals the entire
activation region, which includes an N-terminal flexible B-hairpin arm from each subunit that
protrude over 20 A from the protein core (11). Crosslinking assays employing cysteine
substitutions throughout the B-arms are consistent with this structure in solution and directly
demonstrate the mobility of the arms. Mutation and chemical modification studies combined with
the crystal structure have identified the important structural and functional amino acids. Three
amino acids near the tip of the arms are particularly important and probably contact Hin.

Active Fis dimers must be present at both binding sites within the enhancer in order to
promote Hin inversion. In order to test whether both subunits are required within the dimer,
heterodimers containing one active and one inactive subunit were generated in vitro. His-tagging
of the mutant form combined with nickel affinity chromatography ensured that no active
homodimers were present and disulfide linkage within the protein core ensured that subunit mixing
after purification did not occur. Recombination assays using the heterodimers demonstrated that
only one of the Fis dimer arms is required to activate Hin inversion. The activity of the heterodimer
is consistent with efficient activation by Fis mutants in which the N-terminal arms within a dimer
are covalently linked by disulfide bridges. Experiments employing mixes of Fis-independent and
Fis-dependent subunits of Hin are in progress to test whether one or both subunits within a Hin
dimer are required to assemble a catalytically active Hin complex.
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SITE-SPECIFIC RECOMBINATION OF MOBILE INTRONS Mariene Belfort' and Alan
LambowitZ”. ' Molecular Genetics Program Wadsworth Center, New York State Department of
Health, and Schoaol of Public Health, State University of New York at Albany, PO Box 22002,
Albany, New York 12201-2002, ? Depts. of Molecular Genetics and Biochemistry, The Ohio
State University, 484 West 12th Street, Columbus, OH 43210.

Group I and group Il introns are self-splicing at the RNA level and mobile at the DNA
level. However, they differ in RNA structure and splicing pathway, as well as in mobility
mechanism. Group I introns home to cognate intronless sites by a DNA-based double-strand-
break repair (DSBR) mechanism initiated by an intron-encoded endonuclease. In contrast, group
1l introns home by an RNA-based pathway that involves maturase, reverse transcriptase and
endonuclease activities encoded by the intron, in a process termed retrchoming.

Studies on group I homing of the phage T4 /d intron have shown that the process is tightly
coupled to recombination-dependent DNA replication (RDR). In addition to functions known to
be required for RDR (e.g. T4 recombinases UvsX/Y, the T4 replisome, and DNA ligase), S5'-3'
exonucleolytic activities of T4gp46/47 and RNaseH and the 3'-5' activity of T4 DexA have been
implicated in processing the ends of the recipient DNA in group I intron homing. Both classic
DSBR and synthesis dependent strand annealing pathways are implicated as mechanisms in group
I intron homing.

To dissect pathways and functional requirements of group Il intron homing, the
Lactococcus lactis LirA intron has been expressed in E. coli, in a collaboration with the
laboratory of Dr. Gary Dunny (University of Minnesota). We have shown that the LtrA intron
splices in E. coli, expresses maturase, reverse transcriptase and endonuclease activities, and that
while the protein cleaves the one DNA strand of the recipient, the intron RNA cleaves the other,
precisely at the site of intron insertion. Furthermore, genetic experiments demonstrate that
mobility occurs by a retrohoming pathway via an RNA intermediate. The system is now amenable
to mechanistic studies in £. coli.
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Programmed Genomic Deletion InTetrahymena

thermophila In Vitro, Sergei Savelicv and Michael M.
Cox, Department of Biochemistry University of Wisconsin,
Madison, WI 53706

Excision of thousands of specific genomic sequences (Internal
Eliminated Sequences, IES) occurs during macronuclear
development in Tetrahymena thermophila. In earlier studies of
the reaction intermediates appearing in vivo during IES excision
in Tetrahymena, we proposed a transposition-like mechanism
for excision. According to the mechanism, a single cleavage at
one IES boundary initiates the IES excision. The 3' hydroxyl
group on the MAC-retained side of the cleavage then acts as
nucleophile in attacking a phosphodiester bond at the opposite
end of the IES. This one-step phosphoryl transesterification
reaction creates the final chromosomal junction on one strand.

Now we have developed an in vitro assay for the proposed
transesterification step. We have found that this step of IES
excision occurs in nuclear extracts of Telrahymena if one
boundary of the IES is precleaved before the incubation. The
reaction is heat-inactivated and divalent cation-dependent. The
reaction exhibits a strong dependence on the presence of a 3'
terminal adenosine residue, for use as the 3-OH nucleophile in
transesterification. Target sites occur within a 15 bp region at
one end of the IES. The excision activity is found in conjugating
cells undergoing IES excision. However, it is absent in
vegetative cells in which genomic rearrangements are complete
and in starved cells in which programmed DNA rearrangements
have not yet commenced. These properties of IES excision in
vitro generally conform to those expected for transesterification
associated with IES excision in vivo.
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THE B RECOMBINASE FROM THE STREPTOCOCCAL PLASMID pSM19035
CATALYSES SITE-SPECIFIC RECOMBINATION IN EUKARYOTIC

MICROENVIRONMENT
Vicente Diaz!, Fernando Roje?, Carios Martinez-Al, Jusn C. Alonso? and Antonio Bernad! (DDepartamento de
¥ Oocologla and (2) Dep: de Bl gia Mi Ceatro Nacioaal de Biotecnolog
csic, de la Universidad Auté de-Madrid, C 28049 Madrid, Spain.

Site-specific recombination is a well known mechanism used by prokaryotic and
cukaryotic organisms for the dynamic modification of their genome. Basic site-specific
recombination mechanism is simple because mainly it needs first target sequences and
second the recombinase enzyme that will recognize- that sequences and will promote
recombination. Therefore, it turns out that it will be possible to introduce this in higher
organisms to induce targeted changes in their genome.

Different authors have taken till now advantage -of two site-specific
recombination mechanisms: the Cre-loxP and the Flp/FRT systems. Both are quite
similar in their way of action; their target sequences comprise 34 base pairs and both
recombinases (Crc and Flp) arc able to catalyze recombination either in the same
molecule (intramolecular recombination) or in different ones (intermolecular
recombination).The last capability has proven useful for targeted integrations in the
genome of mice and plants. However, this last attribute implies the risk of undesired
rearrangements if the same system is used for two different recombination eveats in the
same animal or plant due to the existence of two recombination sites per modification.

In this context we have focused on a new recombination system already

characterized for the prokaryotic microenvironment. The B recombinase from the

streplococcal  plasmid pSM19035 belongs to a new family of site-specific
recombinascs, and is able to catalyze both deletions and inversions on DNA sequences.

This recombination system needs the existence of two 93 base pair recognition sites/ ©

termed six and a host factor to catalyze the reaction. Nevertheless, although the
recombinziion machinery is more complex, this recombinase catalyzes only
intramolecular recombination, therefore reducing the risk of uncontrolled
recombinztions and allowing the possibility of engineering two or more recombination
events with the only condition of being in different chromosomes or at least far enough
from each other. Furthermore this recombinase could be potentially used in combination
with the already existing systems simplifying the design of multiple targeting
experiments.

We have cloned the f§ recombinase gene in an eukaryotic expression vector and
transfected this vector into the simian COS-1 cell line. The pattern of expression reveals
a nuclear localization of the protein on cells and it can also be detected by Western blot
analysis. To assess whether this expression leads to the production of an active protein
we made wransient cotransfection experiments of the expression plasmid with different
constructions harboring a reporter gene fragment flanked by two six sites. The
recombined species could be monitored by PCR with specific primers. In the
cotransfection experiments the recombined band could be scen only when the
expressior. plasmid and the target construction were cotransfected. This result not only

reveals that the f§ recombinase is active in eukaryotic cells but also shows that the
mammalizn microenvironment provides the host ‘cofactor(s) peeded for the

recombination event. Finally, to know if the B recombinase could be active on target
sequences integrated in the chromosome structure, we developed stable clones of the
reporter construction by transfecting the mouse NIH 3T3 cell line. These stable clones
harbored different copies of the recombination reporter structure. When these clones
were transicntly transfected with the expression plasmid, the PCR of the genomic DNA
revealed the presence of recombined structures. The intensity of the diagnostic band as
shown by Southern Blot seemed to correlate with the number of copies of the target
construction.

Further experiments remain to be done regarding the efficiency of the system as
well as the maintenance of the intramolecular restriction in cukaryotic cells. Anyhow,
this new system could be used in combination with the already existing ones for the
targeted madification of the eukaryotic genome.
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The mechanism of Xer site-specific recombination.

Lidia K. Arciszewska, Hosahalli S. Subramanya, Ian Grange, Dale B.
Wigley, Rachel A. Baker and David ]J. Sherratt, Microbiology Unit
and Laboratory of Molecular Biophysics, Department of
Biochemistry, University of Oxford, Oxford, U.K.

Xer site-specific recombination functions in stable inheritance of
the Escherichia coli chromosome and natural multicopy plasmids,
by converting multimers, that can arise by homologous
recombination, to monomers. Xer recombination requires two
related recombinases, XerC and XerD, each of which mediates
exchanges of one specific pair of DNA strands. In order to
understand the respective roles of XerC and XerD in
recombination, their substrate requirements were analysed using
synthetic Holliday junction-containing substrates 'tethered' so that
they can adopt only one of two possible right-handed antiparallel
stacked conformations. Both recombinases preferentially catalyse
exchange when their substrate strands are 'crossed' consistent
with the ‘strand-swapping' model for A integrase family
recombinases. By using chemical probes of Holliday junction
structure we have determined that recombinase binding induces
unstacking of the bases in the centre of the recombination site
indicating that the junction branch point is located there. The
implications of these results will be discussed.

We have determined the crystal structure of XerD. The
arrangement of active site residues supports a cis cleavage
mechanism. The structure based model of XerD interaction with
DNA of its binding site accomodates extensive bichemical and
genetic data. We have been extending these studies even further
to relate the structure of XerD to its function in binding, catalysis
and interactions with its partner recombinase XerC.
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Characterization of the site-specific recombination system from the
Lactobacillus bulgaricus temperate bacteriophage mv4 : functional flexibility
of the integrase and characteristics of its target sites.

F. Auvraz, M. Coddeville, L. Dupont, and P. Ritzenthaler.
Laboratoire de Microbiologie et de Genetique Moleculaire du CNRS, Toulouse,
France.

Temperate phage mv4 is representative of a widespread genetic group of phages of
Lactobacillus delbrueckii subsp. bulgaricus and lactis. mv4 genome is a double stranded DNA
of 36 kb, circularly permuted. The late genes encoding the main capsid proteins of 34 and 18
kd, as well as the genes involved in cell lysis have been characterized previously. Phage mv4
DNA integrates in the chromosome of Lactobacillus delbrueckii subsp. bulgaricus strain by
recombination between a 17 bp core sequence common to phage (a#tP) and bacterial (aztB)
attachment sites. This mechanism is catalyzed by the phage encoded integrase, following the
Campbell model. Analysis of the attB site revealed that mv4 integrates into a tRNA-serine
gene, a general phenomenon among various bacterial species.

A non replicative vector containing the a#P-int region has been constructed. This
integrative vector (pMC1) has a wide host range. It is able to integrate into the chromosome of
different organisms such as Lactobacillus plantarum (LP80), Lactobacillus casei (TGS1.4 and
A22), Lactococcus lactis (MG1363), Streptococcus pneumoniae (R800) and Enterococcus
faecalis (JH2.2).

Sequence analysis of the pMC1 chromosomal insertion site in the different host bacteria
revealed that the entire sequence of the tRNA gene is not required to get pMC1 integration and
showed the flexibility of the integrase for the bacterial integration site. Furthermore, an attB
consensus sequence has been determined. The a#B and aftP sites have been further
characterized (minimal size and nucleotide requirements) using a recombination test developped
in Escherichia coli since in this bacterium mv4 integrase is able to mediate site-specific
recombination between two plasmids carrying respectively the aftP site and anB site. The
minimal lengths required for functional anB and attP sites are 16 and 201 nucleotides
respectively. As in the case of Lambda recombination system, this difference of size could
illustrate a difference of complexity of the two sites. However, compensation events have been
observed between the two sites: attB sites of a longer size than the minimal one were able to
compensate the absence of DNA fragments on the a#tP site suggesting that the aztB site might
be more complexe than in the Lambda system. Purification of the mv4 integrase has been
undertaken in order to analyse its interaction with its target sites and an in vitro recombination
test has been developed.
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Characterization of the minimal crossing over site, and of the
dimerization and catalytic domains, of the P site-specific
recombinase.

Inés Canosa, Silvia Ayora, Fernando Rojo and Juan C. Alonso
Centro Nacional de Biotecnologfa, C.S.1.C., Campus de la Universidad
Auténoma de Madrid, Cantoblanco, 28049 Madrid, Spain

The B recombinase from the broad-host-range Gram-positive plasmid
pSM19035 shows 28 to 34% identity with DNA resolvases and DNA invertases
of the resolvase/invertase family. It catalyzes intramolecular site-specific
recombination between two directly or inversely oriented six sites in the
presence of a chromatin-associated protein of Bacteria or Eucarya origin. The
region necessary and sufficient for p mediated recombination has been
localized to a 90 bp DNA fragment within the defined six site. It contains two
adjacent binding sites for the B recombinase (sites I and II). The point of
crossing over has been localized to the centre of site I.

We have constructed a number of site-directed mutants at residues
conserved between the B protein and other recombinases of the same family.
The analysis of the recombination and DNA binding ability of each mutant
protein shows that the mutations affect the catalytic activity and, in two cases,
the dimerization of the protein. The results suggest that the B protein probably
mediates recombination by a catalytic mechanism similar to that proposed for
the resolvase/invertase family. Since the B recombinase differs from DNA
resolvases and DNA invertases in its lack of bias towards one of these two
reactions, the results presented support the hypothesis that its unique
properties might lie in the architecture or assembly of the recombination
complex. In addition, two B protein mutants that can no longer form dimers in
solution have provided new insights into the way the protein binds to DNA.

Programmed Gene Rearrangement: Site-Specific Recombination
Instituto Juan March de Estudios e Investigaciones

6 - 8 October, 1997

Madrid, Spain
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YACINE CHERIFI

Centre for Genome Research
Yniversity of Edinburgh
Kings Buildings
EDINBURGH EH9 3JQ (U.K.)

se of si ecific nati circumvent position effect 1 enic ice

Most transgenes are susceptible to chromosomal position effect. In many research
projects this necessitates the evaluation of a number of different transgenic lines
derived with the same DNA construct. This may increase the labour and expense by
as much as 5- to 10- fold. The cost implications are particularly serious in the case
of large animal (sheep, pigs, cows) which have very high unit costs.

In this work we propose to circumveat this problem in ES cell-derived transgenic
mice by using the Cre/LaxP site-specific recombination system.

The idea is that if we establish that a panticular chromosomal site permits high-level
expression, then different transgenes introduced at that site by site-specific
homologous may be expected to show equivalent expression. The use of two
different lox sites will allow us to lock the inserted DNA into the site by excision of
one of the lox sites.

The strategy we are using involves 2 steps of Cre-mediated recombination (dcletion
then insertion). In a first step a transgene has been electroporated into the HPRT
E14TG2a ES cell clone. This fragment carries two different Jox sites (laxP, lox2),
which have been showed not to be able to recombine together, the HPRT and
HSVtk2 selectable markers and the MUP gene (1) whose expression will be
evaluated in vivo. The transfected clones have been selected in presence of HAT
and the integrity of the construct has been checked by Southern blotting. Six
independent clones have been injected into blastocyst and transgenic' mice have
been produced. MUP gene expression in the different mouse lines will be évaluated
very soon.

The next step consists in deleting the MUP and HSVtk2 genes in the selected ES
cell clones and then inserting the WAP gene (2) by site-specific recombination. The
insertion of the WAP gene can occur either via the loxP or the lox2 sitej and this
sould resultina configuration where the WAP gene is locked between two different
lox sites. The latter ES cell clones will be selected for the loss of the HPRT gene.
Transgenic mice will be produced and WAP gene expression will be comipared to
those of the MUP gene in the corresponding mouse line.

References

1. Al Shawi R ez al, 1992, Mol Endocrinol 6: 181-190.
2. Burdon T et al, 1991, J Biol Chem 266: 6309-6914.
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Specific photocrosslinking of PI-Scel-DNA complexes:

Identification of phosphate backbone contacts

Frauke Christ, Vera Pingoud, Wolfgang Wende, Wolfgang Grindel and Alfred Pingoud
Institut fir Biochemie, FB 15, Justus-Liebig-Universitit, Giessen, Germany

e-mail: Frauke.Christ@chemic.bio.uni-giessen.de

The PI-Scel nuclease from S. cerevisiae is a protein-intron encoded highly sequence-specific
endonuclease which requires Mg’ *-ions as a cofactor for DNA cleavage and yields a
staggered break with 3"OH overhangs of four bases. It is a homing endonuclease which can
mediate transfer of its own coding sequence into an allele that lacks it. Hypothetically this
process follows the DSBR pathway of recombination.

Analysis of the minimal sequence which is absolutely necessary for DNA cleavage indicated
a dependence on the structure of the substrate. Efficient cleavage is observed with a DNA
containing 30 bp of the natural recognition sequence using supercoiled plasmids, 40-50 bp
using prelinearized plasmids and >50 bp wusing synthetic double-strand
oligodesoxynucleotides.

In order to identify amino acid residues responsible for binding and catalysis of PI-Scel a
sequence-specific photoaffinity DNA substrate was synthesized. Azidophenacyl bromide was
chemically coupled to uniquely positioned phosphorothioate residues in the DNA phosphate
backbone. The derivatized DNA forms specific complexes with PI-Scel and, following
irradiation with 365 nm certain modified nucleotide residues of the DNA causespecific
crosslinks to amino acid residues of the PI-Scel within a distance of 0.11 nm. Isolation of the
covalent complexes, followed by tryptic digestion and Edman-degradation of the blotted
crosslinked peptides which is in progress should allow to detect amino acids involved in
DNA-binding.

In order to identify all potential crosslink positions of phosphate backbone contacts in one
assay we developped a reverse-footprinting method in which different from conventional
footprint techniques the footprint of the DNA on the protein is measured. This method will be

very useful for characterizing enzymes which cover an extended recognition sequence on
DNA
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CRE RECOMBINASE EXPRESSED IN TOMATO INDUCES A
PHENOTYPE AND EFFICIENT SITE-SPECIFIC RECOMBINATION

Eric R. Coppoolse, M. J. J. van Haaren, J. Stuurman, J. Buijs, M. J. de Vroomen J. J. M. Smit
and H. J. J. Nijkamp

Department of Genetics, Institute for Molecular Biological Sciences, Biocentrum Amsterdam,
Vrije Universiteit, De Boelelaan 1087, 1081 HV Amsterdam, The Netherlands.

To enable the molecular dissection of the tomato genome (0.7 x 10° bp), we started to
introduce and map specific recombination sites (lox; 34bp) into the genome. These
recombination sites can function as landmark positions between which rearrangements can
be induced resulting in chromosomal deletions/duplications, inversions or translocations.

To efficiently retrieve plants with linked /ox sites, we exploit the characteristics of the Ac/Ds
transposable element system. A T-DNA containing two lox-sites of which one is located within
the Ds-element is introduced into the tomato genome. Subsequent activation of the Ds-
element with Ac-transposase will result in a high percentage transposition events over relative
small distances.

To induce specific rearrangements (inversions/deletions) between the physically linked /ox-
sites in these plants, they were crossed with a Cre recombinase expression tomato plant.
Interestingly, Cre expression driven by the CaMV35S promoter alone already induces a
distinct phenotype in tomato plants. Details on the characteristics of this phenotype will be
discussed.

The presence of an inverted repeat lox substrate locus in the same plant affected the
phenotype in a different way compared to a substrate locus with the /lox-sites in direct repeat.
Generally, the recombination reaction induced by Cre in tomato cells between lox-sites over
distances up to 290 Kbp apart occurs very efficiently, with frequencies up to 100%.

Eric R. Coppoolse
+31 20 4447141
ercop@bio.vu.nl
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The role of a chromatin-associated protein in B-mediated site-
spedific recombination is to facilitate the joining of distant
recombination sifes.

Silvia Femmindezl, Klaus D. Grasser? and Juan.C. Alonso!

Centro Nadional de Biotecnologial, CSIC., Campus Universidad Auténoma
de Madrid, Cantoblanco, 28049 Madrid, Spain, and Institut fiir Biologie 112,
Albert-Ludwigs-Universitat Freiburg, Schaenzlestr. 1, D-79104 Freiburg,
Germany.

The P site-specific recombinase is unable to mediate in zifro DNA

recombination between two directly odented recombination sites unless a
bacterial chromatin-assodiated protein (Bacillus subtilis Hbsu or Escherichia coli
HU) is provided. We have shown that the chromatin assodated proteins from
alga plastid (Chryptomonas ¢ HlpA), plant nudlei (maize HMGa, HMGcl,
HMGC2 and HMGd) and mammalian: (rat HMGL) origin can subtitute fot the
bacterial Hbsu protein in B-mediated recombination. These proteins, however,
differ in their efficiency to enhance the site-spedific recombination reaction. The
HMGI-like proteins share neither sequence nor structural homology with the
bacterial (Hbsu) or the plastid (HlpA) proteins. The plastid HIpA protein
resembles the bacterial protein All these chromatin-associated proteins share
the property of binding to DNA in a relatively non-specific fashion, bending it,
and having a marked preference for altered DNA structures as four-way
junctions. Hbsu, HU, HIpA or HMGI-ike proteins probably could bind
spédﬁca]ly at the synaptic region (crossing-over region), since at limiting
protein-DNA molar ratios they could not be competed by an excess of a DNA
lacking the crossing over site:
By electron microscopy, we show that the role of Hbsu is to help in the joining
of the B-recombination sites to form a stable synaptic complex. All these data
show that the role of the chromatin associated proteins in B-mediated site-
spedific recombination is to modulate the DNA structure (bender). The bender
could act as an-archictectural element that fadlitate the joining of distant
recombination sites to form the nucleoprotein complexes at the crossing over to
help B-recombinase to mediate site-specific recombination, rather than by
serving as a bridge between B—recombinase dimers through a protein-protein
interaction (adaptor).
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THE PENICILLIN GENE CLUSTER IS AMPLIFIED IN TANDEM REPEATS
LINKED BY CONSERVED SEQUENCES

Francisco Fierro*, J.L. Barredo®, B. Diez", S. Gutiérrez*, F.J. Fernandez* and J.F. Martin*.
*Area de Microbiologia, Universidad de Leon, Facultad de Biologia, 24071 Leén, Spain.
"Antibidticos S.A., Avenida de Antibidticos 56, Leon, Spain.

The penicillin biosynthetic genes (pcbAB, pcbC and penDE) of Penicillium
chrysogenum AS-P-78 were located in a 106.5 kb DNA region that is amplified in
tandem repeats (five or six copies) linked by conserved TTTACA sequences. The wild
type strains P. chrysogenum NRRL 1951 and P. notatum ATCC 9478 contain a single
copy of the 106.5 kb region. This region was bordered by the same TTTACA
hexanucleotide found between the repeats in the strain AS-P-78. A penicillin
overproducer strain, P. chrysogenum E1, contains a large number of copies in tandem of
a 57.9 kb DNA fragment that mostly overlaps the right half of the amplified region in the
strain AS-P-78. The tandem repeats in strain E1 are linked by the sequence TGTAAA,
wich is the reverse complementary of that appearing in strains AS-P-78 and NRRL 1951.
The occurrence of one or the other pattern of amplification seems to depend on the
orientation of a 3.4 kb fragment (shift fragment: SF) located at the right border of the
amplified region. The penicillin non-producer mutant npe10 showed a deletion of a 57.9
kb fragment that corresponds exactly to the amplified region in strain E1. The conserved
hexanucleotide sequence was reconstituted at the deletion site in strain npel0. The
amplification has occurred within a single chromosome (chromosome I), no other copies
were located in any of the remaining chromosomes in the strains studied. The tandem
reiteration and deletion appear to arise by mutation-induced site-specific recombination
at the conserved hexanucleotide sequences



67

Actions of site-specific relaxases at oriT (pMV158) and mrs (RP4)

Elisabeth Grohmann', Leda, M. Guzman', Ellen, L. Zechner? and
Manuel Espinosa

' centro de Investigaciones Bioldgicas, CSIC, Calle Velazquez
144, E-28006 Madrid, Spain

2 Institute for Microbiology, Karl-Franzens-University Graz,
Universitaetsplatz 2, A-8010 Graz, Austria

The origin of transfer (oriT) of the rolling circle plasmid
pMV168 is the target for the plasmid-encoded relaxase, the MobM
protein, which is able to nick supercoiled plasmid DNA. Purified
MobM protein was shown to bind to oriT, consisting of two sets
of inverted repeats flanking the pic-region. MobM binding
activities were investigated by gel retardation assays as well
as DNasel footprinting on various oriT fragments, i) the entire
oriT, ii) the right part of oriT including the nic-site and IR2-R
and iii) the left part of the nic-site including all the inverted
repeat structures except for IR2-R. The region protected from
DNaseI digestion comprises the inverted repeat elements, IR1-R,
IR2-L and IR-2-R including the dinucleotide at position 3591/3592
representing the pic-site. The molar ratioc of DNA : protein bound
in the three MobM - oriT complexes detected in the gel
retardation assays was determined.

The MobM protein concentration in S. pneumoniae cells
harbouring pMV158 was determined to approximately 200
molecules/cell by the quantitative ECL immuno detection system
applying anti-MobM-antiserum. Western Blotting with anti-MobM-
antiserum on different cellular fractions of S. pneumoniae cells
harbouring pMV158 gave first indications for membrane association
of MobM.

The application of the recently developed Runoff DNA
Synthesis Assay (Zechner et al., 1997) in detecting recombination
intermediates at the mrs-site of the broad-host-range plasmid RP4
via induction of the site-specific resolvase protein, Pari, in
Gram-negative bacteria, is under investigation.

References:

Guzman, L.M. and Espinosa, M. (1997) The mobilization protein,
MobM, of the streptococcal plasmid pMV1S8 specifically cleaves
supercoiled DNA at the plasmid oriT. J. Mol. Biol. 266: 688-702.

Zechner, E.L., Prueger, H., Grohmann, E., Espinosa, M. and
Hoegenauer, G. (1997) Specific cleavage of chromosomal and
plasmid DNA strands in Gram-positive and Gram-negative bacteria
can be detected with nucleotide resolution. Proc. Natl. Acad.
Sci. USA (in press).
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SITE-SPECIFIC INVEGRATION IN THE M.smegmatis CHROMOSOME MEDIATED BY PSAM2 INTEGRASE

Jesus Navas, Asuncién Seoane y Juan M. Gatcia Lobo
Dplo. de Biologla Molecular. Facultad de Medicina. Universidad de Cantabria. Cardenal Herrera Oria s/n.

39011 Santander. Spain.

An improved integralive cassetle from plasmid pSAM2 has been constructed containing plasmid int and
att P genes bul excluding the xis gene which should result in Increased stabllity by suppression of the
excislon reaction. This cassette was included In both suicide and thermosensitive plasmids and used for
Integration In Mycobacterium smegmatis . Suicide plasmids conlaining this cassetta integrated at a single
site (atfB 1) in the M.smegmatis chromosome. The sequence of the ati8 1 site has been determined and
was idenlifled as & putative IRNA Pro gene. Thermosensilive plasmids containing the cassetle integrated
both at the same af(B 1 site, and al other different sites, often giving rise to simultaneous integration at two

slles. A second integratlon site (atlB2) has been sequenced, which was located in the region coding for

rRNA 16Sof one of the iwo nn  operons of M.smegmalls.
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Workshop on Tolerance: Mechanisms
and Implications.
Organizers: P. Marrack and C. Martinez-A.

Workshop on Pathogenesis-related
Proteins in Plants.

Organizers: V. Conejero and L. C. Van
Loon.

Course on DNA - Protein Interaction.
M. Beato.

Workshop on Molecular Diagnosis of
Cancer.
Organizers: M. Perucho and P. Garcia
Barreno.

Lecture Course on Approaches to
Plant Development.

Organizers: P. Puigdoménech and T.
Nelson.

Curso Experimental de Electroforesis
Bidimensional de Alta Resolucién.
Organizer: Juan F. Santarén.

Workshop on Genome Expression
and Pathogenesis of Plant RNA
Viruses.

Organizers: F. Garcia-Arenal and P.
Palukaitis.

Advanced Course on Biochemistry
and Genetics of Yeast.

Organizers: C. Gancedo, J. M. Gancedo,
M. A. Delgado and |. L. Calderén.

Workshop on the Reference Points in
Evolution.
Organizers: P. Alberch and G. A. Dover.

Workshop on Chromatin Structure
and Gene Expression.

Organizers: F. Azorin, M. Beato and A.
A. Travers.
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Lecture Course on Polyamines as
Modulators of Plant Development.
Organizers: A. W. Galston and A. F.
Tiburcio.

Workshop on Flower Development.
Organizers: H. Saedler, J. P. Beltran and
J. Paz-Ares.

Workshop on Transcription and
Replication of Negative Strand RNA
Viruses.

Organizers: D. Kolakofsky and J. Ortin.

Lecture Course on Molecular Biology
of the Rhizobium-Legume Symbiosis.
Organizer: T. Ruiz-Argueso.

Workshop on Regulation of
Translation in Animal Virus-Infected
Cells.

Organizers: N. Sonenberg and L.
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.
Séanchez-Madrid.

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

268 Workshop on Salt Tolerance in

Microorganisms and Plants: Physio-
logical and Molecular Aspects.
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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
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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. Puigdomenech.

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.
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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.
Granena.

Workshop on Cell Recognition During
Neuronal Development.

Organizers: C. S. Goodman and F.
Jiménez.
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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.
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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.
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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. Lépez-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.
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56

57

58

59

60
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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-
Barneo.
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65

66

67

68

69

70

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

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.

*: 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 Fundaciéon 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 1996, a
total of 96 meetings and 8
Juan March Lecture Cycles, all
dealing with a wide range of
subjects of biological interest,
were organized within the
scope of the Centre.



Castello, 77 + 28006 Madrid (Espaiia)
Tel.34-1-43542 40 + Fax34-1-576 34 20 * http://www.march.es

E Instituto Juan March de Estudios e Investigaciones

The lectures summarized in this publication
were presented by their authors at a workshop
held on the 6th through the 8th of October, 1997,
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.



