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The interface betweeo traoscriptioo aod DNA repair, 

recombioatioo aod chromatio remodelliog 

Transcription of DNA is a central process in the cell and obviously ~sentía! for all 

living systems. It is a key regulatory mechanism in development and differentiation and the 

most important focal point of signa! transduction and other regulatory networks controlling the 

response to exogenous and endogenous signals. The transcription process allows fine-tuning of 

gene expression and is the crucial stage where the "on!off'' decision is made. Many disease 

states, including cancer, involve dysregulation of gene expression. 

Due to its fundamental importance, elucidation of the molecular mechanism of the 

process of transcription and its regulation is one of the most intensively studied fields of 

research in today's biology. As a result of the massive, world-wide investrnent of research 

activities impressive progress has been made conceming the insight into the basal mechanism of 

transcription initiation and the interplay between the basal transcription machinery and the 

regulatory circuit. The basic transcription reaction has been dissected and reconstituted in vitro 

from purified components. Different factors with multiple specialized functions accomplish the 

complex series of events from transcription initiation to elongation and termination. Numerous 

interactions with regulatory proteins have been identified. 

Recently, converging developments have triggered the notion that transcription has 

multiple links with other cellular processes that involve DNA homeostasis, notably DNA 

damage and repair, recombination and chromatin dynanúcs. Severa! examples illustrate the 

molecular intricacies and biological impact ofthese interphases. 

l. An important connection between transcription and DNA repair was revealed by the 

discovery of a distinct DNA repair pathway focussing on removal of DNA lesions that obstruct 

ongoing transcription. This transcription-coupled repair process is intimately connected with the 

nucleotide excision repair system, that eliminates a wide range of lesions from the genome, 

including damage induced by ultraviolet light and by numerous chemical agents. 

2. Another example of a connection between transcription and DNA repair is the dual 

functional factor 1FDH, that is involved in transcription initiation as well as in nucleotide 
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excision repair. lmportantly, mutations in this multi-subunit factor can give rise to thfee distinct 

conditions all associated with photosensitivity: the skin cancer-prone syndrome xeroderma 

pigmentosum with or without the hallmarks of Cockayne syndrome and the severe neuro

developmental disorder thrichothiodystrophy characterized by brittle hair and nails. The latter 

two diseases reveal a novel concept in human genetics: the existence of inbom defects in basal 

transcription. 

3. Another intriguing link between transcription and DNA homeostasis is the observation 

of increased mutation rates associated with transcription. This phenomenon has a good example 

in the poorly understood mechanism of hypermutation in active immunoglobulin genes, that 

enhances antibody diversity. Interestingly, an increase of mutation rates has also been observed 

associated with transcriptional activation of genes in yeast. 

4. Recombination rates are increased by transcriptional activation, in prokaryotes and 

eukaryotes from yeast to mammals. Intriguingly, several reports suggest that transcriptional 

elongation defects can also be linked to an increase in recombination. 

5. Finally, both DNA repair and recombination have been shown to be modulated by 

different states of chromatin structure whereas transcription is also intimately linked with 

chromatin fluidity. 

The above examples likely represent the tip of an iceberg. Probably, numerous 

ramifications of transcription, repair, recombination and chromatin conformation with each 

other as well as with other cellular events have yet to be discovered. This workshop has 

provided a forum where recent discoveries have been reported and discussed in an effort to 

integrate the knowledge of the individual areas with each other and to improve our 

understanding ofthe molecular basis and biological impact ofthese fascinating connections. 

A. Aguilera 

J.HJ. Hoeijmakers 
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Dissecting Transcriptional Circnitry and Mechanisms in Y east 

Richard A. Young 

Whitehead Institute!M.I. T 
9 Cambridge Center 

Cambridge, MA 02142 
http:/ /web. wi.mit.edulyoung/ 

Genetic and biochemical studies have identified much of the transcriptional machinery of 
eukaryotic cells and provided mechanistic insights into the functions of various components 
at specific promoters. However, knowledge of the contributions of regulators and the 
transcriptional machinery to the complete transcriptional circuitry is lacking. Genome-wide 
expression analysis is being used to obtain clues to the roles played by transcriptional 
regulators, components of the transcription initiation apparatus, histones and chromatin 
modifying enzymes in gene regulation. Our data describes how expression of the genome 
depends on over 50 components critica! to transcriptional regulation in yeast cells. This 
inforrnation is providing the foundation for understanding the molecular mechanisms 
involved in genome-wide expression, and new insights into transcriptional regulation will 
be described. 

References: 
Holstege, F.C.P., Jennings, E.G., Wyrick, JJ., Lee, T.l, Hengartner, CJ., Green, M.R., 
Golub, T.S., Lander, E.R. and Young, R.A. Dissecting the regulatory circuitry of a 
eukaryotic genome. Cell 95: 717-728 (1998). http://www.wi.rnit.edu/young!expression.htrnl 

Koh, S.S., Ansari, A., Ptashne, M and Young, R.A. An activator target in the RNA 
polymerase II holoenzyme. Mol. Cell 1: 895-904 (1998). 

Lee, T.I. and Young, R.A. Regulation of gene expression by 1BP-a5sociated proteins. 
Genes & Dev. 12: 1398-1408 (1998). 

Myer, V. and Young, R.A. RNA po1ymerase 11 holoenzymes and subcomplexes. J. Biol. 
Chem. 273: 27757-27760 (1998). 

Holstege, F.C.P. and Young, R.A. Transcriptional regulation: contending with complexity. 
Proc. Natl. Acad. Sci. USA 96:2-4 (1999). 

Jennings, E.G. and Young, R.A. Genome expression on the World Wide Web. Trends 
Genet. 15: 202-204 (1999). 

Wyrick, JJ., Holstege, F.C.P., Jeonings, E.G., Causton, C., Shore, D., Grunstein, M., 
Lander, E.S., and Young, R.A. Quomosomallandscape ofnucleosome-dependent gene 
expression and silencing in yeast. Nature, in press (1999). 
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TFUH in transcription and rcpair : J-M . Egly Institut de Génétique d de Biologie 
Moléculaire et Cellulaire, CNRS!INSERM/ULP, 1 rue Laurent Fries, BP 163, 
67404 ILLKIRCH Cédex. C. U. de Strasbourg, Prance. 

Our objective ís to undcrstand the relationship between transcription and 
DNA repair by analysís of the dual function of the transcription factor TFIIH in 
both mechanisms knowing that sorne rnutations in either XPB or XPD helicases 
uf TFIIH, give ris(: to thrcc, rare, autosornal recessive disorders previously 
known as DNA repair disorders xeroderrna pigrnentosum (XP), Cockayne 
Syndrorne (CS) and trichothiodys-trophy (TTD). 

Once initiation was occurred after the forrnation and assembly of the 
general transcription factors which position the RNA polymerase II (RNA poi 
II) on the prometer, RNA po!II will traverse the gene, with the help of sorne 
additional factors the role of which being to prevent or overcome pausing sites, 
rcsulting from eithcr the DNA sequence itself, the nucleosomes or DNA 
damage. lndeed, DNA darnage induced by carcinogens, antitumor drugs as well 
as oxidative reactions may structurally modify DNA and in consequence stop 
the transcription until DNA is repaired. 
TFHH is involved in transcription, DNA repair and likely in transcription 
coupled repaired as suggested by the observation of the dinical features of the 
XP, CS and TTD patients as well as from biochemical studies. 
Having designed a baculovirus expression system which allows the expression 
of eithcr wild type or « mutated , recornbinant TFIIH and an immuno
purification protocol to obtain TFIIH from derived patients cell lines, we are 
now in position to understand the function and the role of most of the TFIIH 
subunits not only in transcription but also in NER. 

In transcription : 
- XPB helicase is essential for prometer openíng and the first phosphodiester 
bond formation. 
- XPD helicase, although not absolutely required in the prometer opening, plays 
a role in prometer escape and elongation. 
- p44 nucleates the formation of the « core TFIIH ,. and thus regulates XPD 
helicase activity. 
- cdk7 stimulates transcription of certain promoters. 
- MATl enhances the phosphorylation process but allows CAK to be anchored 
not only within the CAK but also in the transcription complex.. 

In DNA repair: 
- TIFF is involved in both global genome repair as well as transcription coupled 
repair. 
- XPB and XPD mutations can completely prevent opening and dual incision of 
damaged strand. 
- CAK does not seem to be absolutely required for the NER reactíon. 
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R=t papcrs dealing with TFUH functiOC\ 

Noc.,ntini S., Coin F., ~ijo M .. r .. n.th Y. 11nd Egly J.M. Df\'A damage reco~nition by XPA protein promot~ 
efficient r<=Uilmenl of TFIIH. J. Biol Chem. (1997), 2n. 22Y91-22992. 

EV11n9 E., Mo~s f.G. Hwang J.R., Egly J.M. and W0<>d R.O. M~ani9rn of_<p= complex formation and dual 
incision f,,rmahon by human nucl.,otlde e1<cision repair {;actors. EMBO (1997). 21. 6559-6573. 

C•,in P., Marin<•ni J.C., Rodolfo C., Pribourg S .• Ped~ M.A. 11nd Egly ].M. Mute. ti un~ in XPD hdicaoe preven! 
irs intenctiun and regula!iun by p-44 .mother ~ubunat ufTFillL resulting in XP and TTD ph<'ll<1typ~. Nature 
gen. (1998) 20. 184-1H9. 

Robert P., Douziech M., Fo:17et D. Egly J.-M., Gr~nbl.ttt J., Burton Z.P. and Coulombe B. Wrappi.ng o( prometer 
armmd RNA pnlymaase lltnitiati(){\ cumpleJ' induc~ by TFIIP. mol. Cell, 2 341-351. (1996) . 

Tirode P., Bu"o F.. Lnin F. and Egly J.M. l<e<.'Orulfltuclon of the trafU>.:rlptlon factor TFI!H: A3:iÍt;nment of 
functions fnr the three enzymatic subunlts XPB, XPD and cdk7. Molecular Cell (1999), 3, 1-9. 

Coin P., Ber~ E., Tr.,maud-Bravard A. and Egly J.M .• Xeroderma Pigmentoswn patients allow lo ddine the 
role of both XP!I and XPD helicase5 ofTAIH in transcription. (1999), EMBO, 18, 1357-1366. 

Mordan~ R. J.. Tirode F., Yan Q., CoN!way J.W., Eg~ J:M. and Conaway R A Role for the TPIIH XPB DNA 
Hel1c.1SC m Promoter Escape by RNA Polymera~ JI. J. 61ol. Chl!m. (Im), 274,22387-22..19. 
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The elongator complex: coupling chromatin modification to 

transcriptional elongation 

Jesper Q. Svejstrup 

Imperial Cancer Research Fund Ciare Hall Laboratories, 
South Mimms, UK 

The elongator complex is the major component of the RNA polymerase II (RNAPil) 
holoenzyme responsible for transcriptional elongation in yeast (Otero et al., 1999). Elp3, 
the 60 kilodalton subunit of elongator/RNAPII holoenzyme, is a highly conserved histone 
acetyltransferase (HA T) capable of acetylating core histones in vitro (Wittschieben et al., 
1999). Here we report that mutations which impair the in vitro HAT activity of Elp3 also 
confer typical elp phenotypes in vivo. Mutation ofhistone H3 and/or H4 N-terminal tails in 
elp3 O mutants confers sickness or lethality. Like Elp3 in elongator, SAGA-associated 
GenS protein is a HA T that functions in RNA polymerase II (RNAPII) transcription. 
genS O elp3 O double mutants display a number of severe phenotypes. These phenotypes 
are also observed for cells maintaining the structural integrity of elongator and SAGA but 
lacking the complexes' enzymatic activity due to single point mutations in the respective 
HA T catalytic domains. Our data demonstrate functional redundancy between elongator 
and SAGA HAT activities, revealing a much more general requirement for histone 
acetylation during transcriptional activation than indicated by studies ofGcnS alone. 

Rcfcrcnccs: 

Otero, G., Fellows, J., Li, Y., de Bizemont., T ., Dime, A.MG., Gustafsson, 
C.M. Erdjument-Bromage, H., Tempsl., P., and Svejstrup, J.Q. (1999). 
Molecular Cell3, 109-118. 

Wittschieben, B. 0., Otero, G., de Bizemonl., T., Fellows, J., Erdjument
Bromage, H., Ohba, R, Li, Y., Allis, C. D., Tempst., P., and Svejstrup, J. 
Q. (1999). Molecular Cell4, 123-128. 
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Mechanisms of Transcriptional Pausing and its Suppression by 
Elongation Factors. 

Robert Landick and Murali Palangat 

Dept. ofBacteriology, University ofWisconsin, 
Madison, Wl 53706. 

RNA chain elongation and consequently gene expression by human RNAPII are regulated by 
elongation factors like TFIIF, Elongin, and ELL that suppress transcriptional pausing and 
increase the efficiency of pre-mRNA synthesis. Pausing occurs in at least two steps: 
isomerization into a paused conformation and slow escape from the pause site. Elongation 
factors could act at either step or both . To elucidate the mechanism of pausing and how 
elongation factors affect it, we have developed a rapid quench-flow kinetic assay of pausing at 
the HIV -1 +62 pause si te that allows millisecond time resolution and involves only three 
nucleotide addition steps: C61 to human RNAPII transcription complexes halted at HIV-1 A60, 
U62 to arrive at the pause site, and G63 to escape the pause site. Because addition of C61 and 
U62 occur rapidly and because [GTP] can be varied without affecting these steps, we can 
measure the rates of paused complex formation and escape as a function of [GTP] or time of 
elongation factor addition. Our results establish that (r) formation of HIV -l paused complexes is 
governed by the relative stabilities of RNA:DNA hybrids in the paused and elongation
competent complexes; (ii) NH4+ ion (which mimics elongation factors) and probably TFIIF and 
Elongin stimulate pause escape without affecting paused complex formation; and (iit) pausing 
requires steps in addition to rapid equilibration between backtracked and active transcription 
complexes. Possible structural models of pausing based on the recently determined atomic 
resolution structure ofRNAP and the results ofour kinetic analyses will be presented. 
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HIERARCHIES OF FUNCTION FOR CHROMA TIN 
REMODELING MACHINES Al\T"O HISTONE MODIFICATION. 

Alan P.Wolffe, Esteban Ballastar, Trevor N.Collingwood, 
Dmitry Guschin , Axel Imhof, Peter LJones , Qiao Li, 
Fyodor Urnov, Gert J. Veenstra and Paul A Wade. 

Lab of Molecular Embryology, NIH, Bethesda MD 20892 
Email ( awlme@helix.nih.gov) 

Wc have exarrúned the links between chromatin remodeling and 
histone acetylation and deacetylation connectcd with gene activation 
and repression. 

We fmd that DNA methylation nas a causal role in regulating transcription 
within chromatin by the targeting of chromatin remodeling and histone 
deacetylation.We have charaderised two cornplexe."i that link these 
processe.s. The Mi-2 cornplex contains the nucleosomal ATPase Mi-2, 
together with Mta 1-like and MBD3 proteins which selectively recognise 
methylated DNA, the histone binding protein RbAp48 and hístone 
deacetylase itself ( 1.2). The Mi-2 complex is targeted by severa! gene 
specific repressors indicative of DNA methylation having a role in 
promoter specific transcriptional control. A second complex contai.ns 
the DNA methylation specifc transcriptional repressor MeCP2 togcther 
with SW3 and components of the replication rnachin~ry ( 3). 

These results fumly connect DNA mcthylation to gene silencing through 
the targeted modification of chromatin structure and histonc deacetylation 
( 4). DNA methylation has significant roles in both the etiology of human 
disease and atternpts at therapeutic intervention (5)-

The similarities between fue two complexes : chromatin remodeling 
engines, the RbAp48 -hiStone deacetylase and methylCpG binding 
proteins also indicares that disruption of canonical nucleosomes will be 
important fot transcriptional silencing- We have suggested that such 
disruption or partial assembly such as occul"li at the celication fork 
is important for the RbAp48 - histone deacetylase cornplex. to operate 
effectively ( 6). 
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We ha ve made use of nuclear receptors to examine lhe connections between 
chromatin remodeling and histone acetylation. The thyroid hocrnone 
receptor t.argets both gene activation and repression. The chromatin 
remodeling machines involved in both of these events are being 
defmed. We find that chromatin remodeling as defmed by changes in 
topology and in nucleosome organisation is an essential prerequisite for 
transcriptional activation by p300 and PCAF (7)_ 

Our results for both gene repression and activation demonstrate that 
chromatin rcmodeling is an integral component of the pathways of 
corepressor and coactivator function through deacetylase and 
acetyltransferase dependent pathways. 

1) Wade et al (1998) Current Biology 8:843 -846 ( Mi~2 complex) 
2) Wade et al (1999) Nature genetics 23: 62-66 ( Mi-2 and methylation) 
3) Iones et al (1998) Nature genetics 19: 187-191 

( DNA methylation and deacetylasc) 
4) Bird & Wolffe (1999) Cell ( November) in press 
5) Wolffe & Matzke (1999) Science ( November) in press 
6) Verrnaak et al (1999) Mol Cell Biol19: 5487-5860 

( RbAp48 - histone deacetylase- histone H4 connection) 
7) Li et al (1999) EMBO J (November) in press 

( p300 and chromatin disruption) 
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HISTONE ACETYLTRANSFERASE COMPLEXES FROM YEAST. 

S. John 1
, A. Eberharter1

, A. Hassan 1
, K. Neely 1

, M. Vignali 1
, D. Stemer•, 

A. Wallberg2
, R Utlei, 

K. Ikeda1
"

3
, P. Grant 1

, M. Pray-Grant1
, D. Steger1

, S. Berger4
, A. Wrighe, 

and J. Workman1
•• 

1: Howard Hughes Medieallnstitute and Department of Bioehemistry and 
Molecular Biology, Penn State University, University Park, PA 16802. 

2:Department ofBioseiences, Karolinska Institute, NOVUM, 
S-141 57 Huddinge, Sweden. 

3: Department ofBiology,Jiehi Medica! Sehooi,Japan. 4: The Wistar Institute, 
Philadelphia, P A. 

There are severa! multiprotein histone acetyltransferase complexes in yeast. The 1.8 MOa 
SAGA (Spt-Ada-Gcn5-Acetyltransferase) complex and 0.8 MOa Ada complex eontain the GenS, 
Ada2 and Ada3, proteins which were originally identified in sereens for genes-produets aeting as 
transeription adaptors. GenS is the primary if not only subunit possessing catalytie histone aeetyl
transferase (HA T) activity within SAGA and Ada. The SAGA complex contains additional groups 
of gene produets 1inked to transeriptional regulation. This includes the TBP group of Spt proteins 
(Spt3 , Spt7, Spt8 and Spt20) whieh ha ve been genetically linked to TBP (T AT A-binding protein) 
funetion . The Ada! protein, whieh is phenotypeial1y related to the Spt proteins is also found in the 
SAGA complex. The SAGA complex contains a subset of T AF0 (TBP-assoeiated faetors) 
proteins previously thought to function only in TFHD. These include TAFo -90, -68/62, -60, -2S, 
-20/17. The Ada/GCN5, Spt and T AF0 subunits all play importan! roles in the in vitro activities 
ofthe SAGA complex including nucleosome acetylation, transeription aetivation, and interaetions 
with transeription activators and TBP. The largest subunit of the SAGA complex is the 3, 744 
amino aeid protein Tral. Tral is the yeast homologue of the human TRRAP protein whieh has 
been found to function as an essential cofactor for the c-Mye and E2F oncoproteins. Tral is 
related to the A TM/PI-3 kinase farni1y of proteins and is a potentia1 target for interaetions with 
transcription aetivators. 

the SAGA complex and the NuA4 complex (nucleosome acety1transferase ofH4) actívate 
transeription from nucleosome arrays via direct interaetions with transeription aetivation domains. 
Aeidie aetivation domains of transcription faetors can target the SAGA and NuA4 comp1exes to 
promoters to bring about acetylation of nearby nucleosomes. By contras!, the ADA and NuA3 
(nucleosome aeetyltransferase of H3) HAT complexes are able to stimulate transeription from 
ehromatin templates but are apparently not directly targeted via aeidie activation domains. 

The ADA complex is related to SAGA in that it contains Ada2, Ada3 and GenS but laeks 
the other subunits found in the SAGA complex (e.g. Spt and T AF proteins). The ADA complex 
instead contains unique subunits indicating that it is a distinet HAT complex with distinet 
funetions. One of these novel subunits, Ahel (ADA histone acetyltransferase component 1) is 
required for the integrity of the ADA complex, but when disrupted does not give rise to the 
ADA phenotypes which are observed when SAGA components are disrupted. The NuA3 complex 
is a GCNS-independent histone H3 acetyltransferase complex that instead contains SAS3 as the 
catalytie subunit. NuA3 also contains yTAF30. The NuA3 complex interacts with Spt16/Cde68 
via the SAS3 subunit. Spt16/Cdc68 is a componen! of the abundan! yeast CP complex that has 
been suggested to play a role in both transcription and DNA replication. 
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REGULATION OF CHROMATIN REMODELING. Zhaohui Shao, Gavin 
Schnitzler, Said Sif, Michael Phelan, Florian Raíble, Ramin Mollaaghababa, 
Chao-Ting Wu, Welcome Bender and Robert E. Kingston 

Severa! eukaryotic protein complexes, including the SWIISNF 
complexes of yeast and humans, use the energy of ATP hydrolysis to remodel 
chromatin structure. These alterations in nucleosome structure have been 
shown to increase the efficiency of numerous difterent steps reguired for 
activation of transcription. Genetic studies suggest that the SWI/SNF family 
is involved not only in activation of gene expression, but also in maintaining 
the active state of genes during cell d.ivision. We are studying both the way 
that SWI/SNF activities are regulated and the way that the energy of ATP 
hydrolysis is used to promote changes in chromatin structure. 

The polycomb-group (Pc-G) genes are reguired to maintain 
repression of homebtic genes during development. Mutations in these genes 
are suppressed by mutations in genes of the SWI/SNF family. These genetic 
studies suggested that complexes encoded by Pc-G genes might directly affect 
the activity of SWI/SNF family complexes. 

An epitope-tag strategy was used to purify a complex from Drosophila 
that contained the products of the Pc-G genes polycomb, posterior sex combs, 
polylwmeotic and sex combs on midleg. The complex, termed PRCI 
(Polycomb Repressive Complex 1), also contained severa! other proteins and 
ran at greater than 2 MD on sizing columns. Pre-incubation of PRCI with 
nucleosomal arrays blocked the ability of these arrays to be remodeled by 
SWI/SNF. When SWI/SNF and PRCl were added to arrays at the same time, 
there was no repression of remodeling. Thus, PRCl can block SWI/SNF 
function and SWI/SNF can block PRCl function in tlús purified system. 
PRCl was active on nucleosomal arrays that had trypsinized histone tails, 
which d.ifferentiates this complex mechanistically from repressive complexes 
that function via histone de-acetylation or via direct contact with the N 
termini. 

To study the mechanisms that allow SWI/SNF to remodel chromatin 
structure, we have studied the effects of SWI/SNF on structure of 
mononud.eosomes. When mononucleosomes are used as substrate, 
SWI/SNF will create, in an ATP-d.ependent manner, a nudeosomal structure 
that has an altered DNA path and that contains the DNA and protein 
components of two nucleosomes. This remodeled species is visualized as two 
closely packed nuclesomes by microscopy. Surprisingly, SWI/SNF not only 
catalyzes the formation of this complex, but also catalyzes the formation of a 
standard mononucleosome when the remodeled species is used as the 
starting material. Thus SWI/SNF appears to use the energy of ATP 
hydrolysis to promote a rapid equilibration between a standard and 
remodeled nucleosomal conformation. In addition, as shown by Lorch and 
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Komberg for the related yeast RSC complex, human SWI/SNF is able to 
transfer histones from one piece of DNA to another, implying that this 
complex: can shift nucleosome position. 

We interpret these studies to suggest that the primary purpose of the 
SWI/SNP family of complexes is to increase the rate of equilibration between 
different nucleosome positions and coniormations. We propase that these 
activities are necessary to increase the rate of chromatin rearrangement 
during various regulatory processes so that these processes can occur in a 
biologically relevant time frame. lnhibiting these activities (e.g., by Pc-G 
function) might block nuclear processes by imposing a kinetic barrier to 
processes that require chromatin remodeling. 

Relevant publications from our laboratory: 

Schnitzler, G., Sif, S. and R. E. Kingston (1998). Human SWI/SNF 
interconverts a nucleosome between its base state and a stable remodeled 
state. Cell 94: 17-27. 

Sif, S., Stukenberg, P.T., Kirschner, M.W. and R.E. Kingston (1998). Mitotic 
inactivation of a human SWI/SNF chromatin remodeling complex. Genes 
and Dev. 12: 2842-2851. 

Phelan, M.L., Sif, S., Narlikar, G.J. and R.E. Kingston (1999) Reconstitution of 
a core chromatin remodeling complex from SWI/SNF subunits. Molecular 
Cell ~: 247-253. 

Shao, Z., Raíble, F., Mollaaghababa, R, Guyon, ].R., Wu, C-t.. Bender, W. and 
R.E. Kingston (1999). Stabilization of chromatin structure by PRCl, a 
Polycomb complex. Cell ~ : 37-46. 
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Roles of Cell Division and Gene Transcription in Methylation of CpG 
Islands 

By PeterA. Jones, Christina M. Bender, Carvell T. Nguyen, and Keith D. Robertson 

USC/Norris Comprehensive Cancer Center, University of Southern California School of 
Medicine, Los Angeles, California 90089-9181 

De novo methylation ofCpG islands located in gene promoters is a well established 

mechanism for transcriptional repression. On the other hand, methylation ofCpG islands in 

the transcribed regions of genes does not block transcription elongation in mammalian 

cells. We used a quantitative assay for CpG methylation to measure the kinetics of 

remethylation of the p 16 gene promoter and second-exon CpG islands in bladder cancer 

cells after transient treatment with 5-Aza-CdR to determine the relationship between CpG 

island methylation and gene transcription. Both CpG islands became remethylated in a 

process associated with time but not with the rate of cell division and exon 2 became 

remethylated more quickly than the promoter. The kinetics of remethylation of severa! 

other CpG islands located downstream of transcription iriitiation sites were also examined 

and remethylation occurred most rapidly in genes which were transcribed prior to drug 

treatment. The data suggest that de novo methylation is not restricted to the S phase of the 

cell cycle and show that transcription elongation through CpG islands does not inhibit their 

remethylation. We also examined the expression of the putative de novo DNA 

methyltransferases DNMT 3a and DNMT 3b in the cell cycle and compared this with the 

levels of the more abundant putative maintenance methyltransferase DNMT l. These 

experiments showed that both DNMT l and DNMT 3b were down regulated in the G l 

phase ofthe cell cycle, whereas DNMT 3a was less subject to clown regulation in G l. 
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[nteractions of Yeast and Mammalian SMC Proteins with DNA and Meiotic 

Chromatin 

R. Iessberger. E. Revenkova, C. Heyting", M. Eijpe", A. Akhmedov, C. Frei#, 

S. Gasser# 

Base! [nstitute for Immunology, Grenzacherstr. 487, CH-4005 Base!, 
Switzerland. E-mail: jessberger@bii.ch. "Dept. of Agriculture, Wageningen 
University, The Netherlands. # ISREC, Ch. des Boveresses 155, CH-1066, 
Epalinges/Lausanne, Switzerland. 

SMC (Structural Maintenance of Chromosomes) proteins interact with DNA 

in chromosome condensation and gene dosage compensation (SMC2 & 4), 

and sister chromatid cohesion and DNA recombination (SMC1 & 3, RAD18). 

We present data on the interaction of individual SMC proteins and 

functional SMC domains with DNA and rneiotic chromatin. The C-terminal 

and coiled--coil domains of S. cerevisiae and bovine SMC1, SMC2 and SMC3 

proteins bind DNA in an ATP-independent manner with three levels of 

specificity: (1) a >100-fold preference for double-stranded versus single

stranded DNA; (2) a high affinity for DNA fragments able to form secondary 

structures and for synthetic cruciform DNA molecules; and (3) a strong 

preference for AT-rich DNA fragrnents of particular types. Contrasting other 

cruciform DNA-binding proteins like HMGl, the SMC C-terminal and coiled

coil domains do not bend DNA, but rather prevent bending in ring-dosure 

assays. The bovine recombination protein complex RC-1 and its isolated 

bSMCl/3 heterodimer subunits reanneal cornplementary DNA strands, and 

are active in a 3-strand transfer assay, which entails annealing of a single

strand DNA to a plasrnid DNA substrate, creating recombinogenic DNA 

structures. lmmunofluorescence on rat spermatocyte nuclei spreads localized 

SMCl and 3 proteins in a beaded structure along prophase 1 chromosomes, 

where the proteins appear to associate with the axial cores of synaptonemal 

complexes (SCs). lmmunoblotting revealed SMCl and 3 in rat spermatocytes 

and enriched in se preparations. The synaptonemal complex-specific proteins 

SCP2 and SCP3 co-irnmunoprecipitate and co-irnmunopurify with the 

SMCl/3 heterodimer indicating novel protein interactions and complexes in 

meiotic cells. 
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Cancer, aging and the condition of our genes 

Jan H.J. Hoeijmakers. GTJ van der Horst. G. Weeda. J. de Boer. and D. Bootsma. 

!\1GC, Department ofCell Biology & Genetics. CBG. Erasmus University, PO Box 1738, 
3000 DR Rotterdam. The Netherlands. Tel. +31 10 4087199, Fax. + 31 10 4089468, 

E-mail : hoe[jmakers(t{Jgelljgg.eur.lll. 

AII forms of life ha ve developed sophisticated mechanisms to protect their genes against 
the noxious effects ofubiquitous DNA-damaging agents. which threaten life. cause inborn 
defects and induce cancer. An importan! componen! of the DNA care-taking apparatus is 
an intricate network of DNA repair systems that constantly surveys the genome for 
lesions. One of the most versatile repair pathways is nucleotide excision repair (NER) . 
l.nborn defects in NER are associated with three distinct syndromes characterized by 
marked sun (UV) sensitivity and signs of premature aging. Xeroderma pigmentosum {XP) 
patients show cutaneous abnormalities. including a > 1 OOOx-increased risk of cancer and 
frequently accelerated neurodegeneration caused by defects in one of 7 genes (XI'A to 
XPG) . Cockayne syndrome (CS) displays severe neurological dysfunction and early 
developmental arrest and death due to defects in CSA or CSB, which are specifically 
involved in cleaning active genes from DNA lesions. Trichothiodystrophy (TTD) is 
characterized by brittle hair and nails and ichthyosis in addition to es symptoms. 
Remarkably, mutations in XPB and XPD can give rise to XP, XP combined with CS or 
ITD. These genes were found to encode .. subunits of the dual functional repair
transcription factor TFIIH and are thus implicated in NER as well as basal transcription. 
To investigate the striking clinical heterogeneity associated with defects in these genes we 
have mimicked in the mouse germ linea single amino acid substitution in XPD as found in 
a TTD patient. ITD mice reflect to a remarkable degree the phenotype of the human 
disorder, including brittle hair and various signs of premature aging: reduced life span 
(average age -7 months), early developmental arrest, neurological symptoms, 
osteoporosis, kyphosis, early depigmentation of hair, starvation etc. Also the NER defect 
causes cancer predisposition not noted in the human patients. The aging features appear to 
become dramatically enhanced when the partial NER defect of TTD mice is made 
complete by crossing with XPA mice that are entirely deficient NER but develop normally. 
We propase that DNA damage compromises the transcriptional capacity of the cell in 
aging TTD mice. Tlüs suggests that the symptoms of premature aging are due to 
accumulation of endogenously generated DNA lesions interfering with transcription. 
These findings link aging with the condition of our genes a.nd have important 
consequences for the molecular basis of aging. 
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Role of transcription-coupled DNA repair in genomic stability and human 
genetic disease 

Philip C. Hanawalt 

Excision repair is an important mechanism by which a wide variety of DNA alterations 
can be recognized and repaired, to maintain genomic stability and cellular viability. There are 
two branches of excision repair, global genomic repair (GGR) that deals with lesions throughout 
the genome and transcription-coupled repair (TCR) that specifically targets lesions in the 
transcribed strand of expressed genes ( 1 ). In mammalian cells only those genes transcribed by 
RNA polymerase 11 are subject to TCR and the mechanism is thought to involve the initial arrest 
of the translocating polymerase at the lesion si te. The complex of the polymerase, RNA product, 
and DNA template is very stable but the polymerase may either reverse translocate or be 
removed from the DNA to facilitate access of repair enzymes to the lesion (2). Current models 
for TCR and implicated genes will be reviewed. The efficiency of TCR does not vary over the 
cell cycle for a gene that is continually expressed (3). Efficient GGR ofUV induced cyclobutane 
pyrimidine dimers (CPDs) has been shown to require activation of the p53 tumor suppressor, 
although the efficient repair of the more structure-distorting 6-4 photoproduct is much less 
dependent upon p53 induction {4). There is a remarkable parallelism between the regulation of 
GGR by the inducible SOS response in bacteria and the p53 dependent pathway in human cells 
(5) . Recent studies have shown that, like p53-defective cells, xeroderma pigmentosum group E 
cells are deficient in GGR of CPDs, but proficient in TCR. The expression of the p48 xeroderma 
pigmentosum gene is dependent upon p53 and appears to be the link between p53 and GGR {6). 
The implications of p53-dependent GGR and constitutive TCR will be discussed in terms of 
their implications for cell survival, mutagenesis, and oncogenic transformation. These findings 
may be relevant to the use of rodent models in carcinogenicity testing since the rodent cells are 
deficient in the inducible GGR ofCPDs and perhaps sorne other types ofDNA lesions. 

These results, in concert with recent evidence that transcription arrest is an important 
signa! for stabilizing p53 and initiating apoptosis, provide a plausable model to explain the low 
incidence of sunlight-induced skin cancer in Cockayne's syndrome patients (defective in TCR) 
compared to the remarkable cancer prone phenotype in xeroderma pigmentosum patients 
( defective in GGR). The characteristic deficiencies in neurological development and growth in 
Cockayne's syndrome may be the consequence of inappropriate apoptosis initiated by 
endogenous oxidative damage in expressed genes (1). 

References: 

(1) Hanawalt PC "Transcription-<:oupled repair and human disease" "Perspective" Science 
266:1957-1958 (1994) 

(2) Tomaletti S, Reines D, Hanawalt PC, "Structural Characteñzation of RNA Polymerase II 
Complexes arrested by a Cyclobutane Pyrirnidine Dimer in the Template DNA"J Biol 
Chem 274:24124-24130 (1999) 

(3) Lommel L, Carsweii-Crumpton C, Hanawalt PC "Preferential repair ofthe transcribed DNA 
strand in the dihydrofolate reductase gene throughout the cell cycle in UV -irradiated 
human cells" Mutat. Res.: DNA Repair 336:181-192 (1995) 
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(4) Ford JM, Hanawalt PC "Expression of wild type p53 is required for efficient global 
nucleotide excision repair in UV-irradiated human fibroblasts" J Biol Chem 272:28073-
28080 ( 1997) 

(S) Crowley DJ, Hanawalt PC "Induction of the SOS response increases the efficiency of global 
nucleotide excision repair of cyclobutane pyrimidine dimer but not 6-4 photoproducts, in 
UV-irradiated Escherichia coli" J. Bacteriol 180:3345-3352 (I 998) 

(6) Hwang BJ, Ford 1M, Hanawalt PC, Chu G, "Expression ofthe p48 xeroderma pigmentosum 
gene is p53-dependent and involved in global genomic repair" Proc. Natl. Acad. Sci 
USA 96:424-428 (1999) 
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DNA lcsions, transcription blockage and transcription-coupled repair: focus on 
mechanisms and biological consequences 

Leon H. F. Mullenders 

MGC-Department of Radiation Genetics and Chemical Mutagenesis. Leiden University Medica! 
Center. Wassenaarseweg 72, 2333 AL, Leiden, The Netherlands 

DNA damage induced by a broad range of agents threatens cellular integrity largely by afTecting 
vital processes such as replication and transcription. Severa( findings have indicated an intimate link 
between DNA damage, repair and tra¡1scription ( 1,2). U pon infliction of DNA damage, transcription 
is initially inhibited. The restoration of inhibited transcription is thought to be dependent on 
removal of transcription blocking DNA lesions in expressed genes by a specialized repair pathway 
termed transcription coupled repair (TCR) (1). DNA lesions in nontranscribed sequences are 
repaired by a general repair pathway called global genome repair (GGR). Xeroderma pigmentosum 
(XP) and Cockayne syndrome (CS) are human genetic disorders associated with defects in 
nucleotide excision repair (NER) either affecting GGR, TCR or both. We ha ve assessed the roles of 
TCR and GGR in repair of structural different lesions. transcription recovery, mutagenesis and 
(acutellong term) biological etfects in mammalian cells and transgenic mice with defined 
deficiencies in the NER sub-pathways employing ditferent genotoxic agents 
TCR and acute (and long term) effects of DNA damage: Human and mouse XPC fibroblasts are 
defective in ·GGR of UV photolesions, but exhibit a normallevel of TCR. The key role of TCR in 
alleviating the adverse effects of DNA damage is illustrated by a 10-fold higher resistance of XPC 
mice to acute toxic effects (erythema, killing) of UVB irradiation and DMBA treatment when 
compared to XPA (defective in GGR and TCR) or CSB (defective in TCR) mice (3). At least in case 
ofuy B exposure, the differential sensitivity ofthe various genotypes correlates with the apoptotic 
response: TCR efficiently counteracts UVB induced apoptosis in the epidermis. In spite of the 
resistance to acute UVB effects, XPC are as prone as XPA mice to skin cancer induction by UVB 
irradiation whereas skin cancer develops more slowly in CSB mice. This indicates that expression 
ofGGR (and to.lesser extent TCR) is critica! for counteracting UVB induced skin cancer in mice. 
TCR and mutagenesis: The protection of TCR against skin carcinogenesis in rodents most likely 
relates to its antimutagenic action. UV induced mutation frequencies in the HPRT gene in hamster 
cells defective in TCR, are clearly enhanced. The spectrum of mutations is differelft from repair 
proficient cells and resembles that of cells lacking both TCR and GGR. Most of the base 
substitutions in TCR defective cells originate from DNA photolesions in the transcribed strand 
suggesting that defective TCR of photolesions causes the enhanced UV-induced mutagenesis in 
these cells (4). A similar bias in strand distribution is seen in P53 mutations in UVB induced skin 
tumors in mice (5). 
TCR and transcription response: Restoration of inhibited transcription is thought to be mediated by 
transcription coupled repair (TCR) of transcription blocking DNA lesions in expressed genes. 
However, this model has been challenged by experiments with Cockayne syndrome cells exposed to 
NA-AAF, in which these cells failed to recover transcription in spite of an efficient repair of NA
AAF induced lesions in transcriptionally active genes (6). Therefore, we have proposed that failure 
to recover RNA synthesis accounts for the increased sensitivity of CS cells to DNA damaging 
agents and that transcription inhibition might be partly due to a trans mechanism. To resolve the 
molecular mechanisms underlying the inhibition and recovery of transcription upon infliction of 
UV-photolesions, we assay nuclear extracts from human cells exposed to UV for their transcription 
activity using an in .vitro transcription system with undamaged DNA as substrate. We observe an 
inhibition of transcription activity in nuclear extracts prepared from UV-exposed normal human 
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fibroblasts and fibroblasts directly after exposure. The transcription activity is restored in normal 

extracts but not in eockayne syndrome extracts prepared 6 hours after UV-exposure; this is imilarly 

to lhe situation in intacl cells. These findings provide evidence that lhe inilial inhibilion of 

transcription by UV might occur by lrans mechanisms rather than by inhibilion of elongalion of 

lranscription. Western analysis of lhe nuclear extracts reveals that lhe inhibilion of lhe 

1ranscriptional aclivily correlates wilh lhe loss oflhe hypo-phosphorylated RNA polymerase 11 (poi 
lla) in the extracts and an increase in lhe level of lhe hyper-phosphorylated RNA polymerase 11 

(polllo). Following post UV-incubalion, RNA poliia reappears in extracls from normal cells bul nol 

in lhose from CS cells, suggesling lhal lhe defect in es cells lo recover RNA synthesis may be due 

loan inability oflhese cells to recycle or resynlhesize RNA pollla. In addilion, components ofbasal 

transcription factor TFIIH e.g., XPB and XPD are known to be associated wilh a es phenotype and 

il is conceivable lhat modifications ofTFIIH may play a role in transcription resloration after DNA 

darnage. One possibility is thal upon DNA damage induction, transcription factor TFIIH becomes 

in volved in repair and that es gene products are somehow involved in lhe conversion of TFIIH 

back lo transcription initiation. In this view es proteins act as repair-transcription uncoupling 

factors. We have investigated the nuclear distribulion of TFIIH by employmenl of specific 

antibodies and immunofluorescence microscopy. The results of lhis approach clearly suggest 

profound changes in lhe nuclear organizalion ofTFilH upon exposure to UV. 
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The interface between DNA repair and transcription: in l•ivo molecular dynamics 

and mechanisms. 

Jan H.J. Hoeijmakers, D. Hoogstraten, E. Citterio. S Rademakers. 

A Houtsmuller and W. Venneulcn 

MGC, Department ofCeU Biology & Genetics, CBG, Erasmus University, PO Box 1738, 

3000 DR Rotterdam, The Netherlands. Tel. +31 10 4087199. Fax. + 31 JO 4089468, 

E-mail: hoe[jmakers(ij)genjggeur.nl. 

Numerous environmental and endogenous agents damage DNA and thus interfere with its 

primary functions: transcription and replication. In addition, genotoxins induce mutations 

leading to inborn defects and cancer. One of the mechanisms counteracting the deleterious 

etfects of DNA injury is nucleotide excision repair (NER) which eliminates UV -induced 

lesions as well as bulky chemical adducts and intra strand crosslinks in a 'cut and paste' -type 

of reaction. The biological impact of this system is unveiled by several human NER 

syndromes characterized by cutaneous symptoms (including photosensitivity and skin cancer 

susceptibility), as well as accelerated neurodegeneration. Two NER subpathways exist : 

global genome repair covering the entire genome, and transcription-coupled NER for fast 

repair of transcription-blocking lesions to allow rapid resumption of transcription. Gene 

cloning and establishment of an in vitro assay have culminated in a detailed model for the 

core ofthe NER reaction. However little is known about the mode ofaction, dynamics and 

organization of NER in vivo as well as its cross talk with transcription, chromatin 

remodeling and cell cycle control. To understand the functioning of this system in living 

cells we have tagged NER products with green fluorescent protein. The tag did not interfere 

with NER function. Confocal analysis and photobleaching revealed that all tagged proteins 

are mobile and have ditferent diffusion rates and nuclear distribution. This argues against the 

existence of a preassembled NER 'holocomplex'. After induction of DNA damage a fraction 

of NER proteins becomes transiently immobile in a dose- and time-dependent fashion, 

corresponding with one repair event. These findings favour a model involving consecutive 

assembly of NER factors on the site of a lesion. NER proteins involved in NER and basal 

transcription exlúbited dramatic changes in intra nuclear distribution and mobility in 

response to DNA damage. These results provide insight into the nuclear dynarnics of 

inducible processes in living cells. 
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Interactions between chromatin structure, transcription, nucleotide 
excision repair and photoreactivation. 

Fritz Thoma. Abdelilah Aboussekhra, Uwe Schieferstein, Bemhard Suter, Magdalena 
Livingstone-Zatchej, Andreas Meier, Shigeo Tanaka, Ralf-Erik Wellinger 

Institut fur Zellbiologie, ETH-Zürich, Hoenggerberg, CH-8093 Zuerich, Switzerland 

DNA is continuously damaged by intra- and extracellular DNA damaging agents. 
Unless repaired, DNA-Iesions affect gene expression and may lead to mutations, cell 
death and cancer. In recent years, it has become increasingly evident that damage 
forrnation and repair are intimately coupled to structural and dynamic properties of 
chromatin. We use yeast S. cerevisiae, which contains genes with well characterised 
chromatin structures and transcriptional properties, to investigate the formation of DNA
lesions by ultraviolet light (cyclobutane pyrimidine dimers (CPDs) and 6-4 
photoproducts (~ PPs)), and their repair by DNA- photolyase (photoreactivation, PR) 
and nucleotide excision repair (NER). The following results will be discussed: 

(i) TATA binding protein promotes the selective formation of UV-induced 6-4 PPs 
and modulates DNA repair in the TATA boxes of the SNR6- and GALlO - genes, 
transcribed by RNA-polymerase ID and RNA-polymerase II, respectively (8). 

(ü) Folding of DNA in nucleosomes affects DNA structure and the formation of 
CPDs(2). 

(üi) Nucleosome structure and positioning modulate CPD repair by photolyase and 
NER(3-6). 

(iv) PR and NER serve complementary roles in repair of active genes transcribed by 
RNA-polymerase II. DNA-photolyase is inhibited by RNA-polymerases stalled at CPDs 
and preferentially repairs the non transcribed strand, while NER preferentially repairs the 
transcnl>ed strand (transcription coupled repair) (4, 5). No TCR, but a mild inhibition of 
NER and PR, is observed in the transcribed strand of genes transcribed by RNA
polymerase m (7). 

(iv) PR is the predominan! pathway to repair CPDs in open promoters and origins of 
replication. The role ofNER is to remove 6-4PPs and CPDs that are not accessible to 
photolyase (5, 8). 
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dimers in a positioned nucleosome by photo1yase and T4 endonuclease V in vitro . 
EMBOJ, 17, 306-316. 

7. Aboussekhra, A and Thoma, F. (1998) Nucleotide excision repair and photolyase 
preferentially repair the nontranscribed strand of RNA polymerase III-transcribed 
genes in saccharomyces cerevisiae. Genes Dev, 12, 411-421. 

8. Aboussekhra, A. and Thoma, F. (1999) TATA-binding protein promotes the 
selective formation ofUV-induced (6- 4)-photoproducts and modulates DNA repair 
in the TATA box. EMBO J, 18, 433-443 . 
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Chromatin assembly and DNA repair 

Genevieve Almouzni 

UMR 218 CNRS, Institut Curie-Recherche, 26 rue d' Ulm, 
F-75248 Paris cedex 05, France 

Sensing DNA damage is crucial for the maintenance of genomic integrity and cell cycle 
progression. The participation of chromatin in these events is becoming of increasing interest. We 
identified in various systems a connexion between chromatin assembly and NER. We have now 
extended this analysis to a wider range of repair pathways. At the molecular leve!, we found that the 
human Chromatin Assembly Factor-! (CAF-1) could participate in these processes. lnterestingly, 
this factor has been involved in linking chromatin assembly to various aspects of DNA metabolism. 
such as DNA replication and heterochromatin formation . We will present our recent work on the 
topic and discuss the possible importance offactors connecting various aspects ofDNA metabolism. 

Rcfcrcnccs: 
Chromatin assembly couplcd to DNA repair : a new role for chromatin assembly factor-l. P.H. GAILLARD. E. 
MARTINI, P.D. KAUFMAN, B. STILLMAN. E. MOUSTACCID & G. ALMOUZNI. Ce/l. 86.887-896 (1996). 

lnitiation and bidirectional propagation of chromatin assembly from a target site for nuclcotide excision repair. P.H. 
GAILLARD, J.G. MOGGS, D.M. ROCHE, J.P. QUIVY, P.B. BECKER, R. D. WOODt& G. ALMOUZNI. EMBO J .. 
16.6281-6289 (1997). 

Recruitment of phosphorylated chromatin assembly factort 1 to chromatin following UV irradiation of human cells. E. 
MARTINI. D.M. ROCHE, K. MARHElNEKE. A. VERREAULT & G. ALMOUZNI. J. Ce/l. Biol .. 143. 3. 563-575 
(1998). 

Chromatin rearrangements during nuclcotide excision repair. J.G. MOGGS & G. ALMOUZNI. Biochimie. 81 . 45-52 
(1999). 
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Cross-talk bctween thc Nuclcotidc Excfston-Rcpair and 
Base Ex:ciston-Rcpair Pathways 

Tomas Lindahl and Richard D. Wood 

Imperial Cancer Research F\md. 
Ciare Hall Laboratories, 
South Mlmms. 
Herts EN6 3LD. U.K. 

Thc two main pathways for cxcision of damaged restdues from DNA in 

mammalian cclls. BER and NER. ln general appear to be completdy d.istinct 

from each other, rccognizing different DNA substrates and employing separate 

and non-overlapping protein factors. However, several instances of interaction 

or sharing of activities betwccn BER and NER have cometo light rece:ntly. 

A minar altematíve ~long-patch" pathway of BER has been analyzed and 

rcconstituted With purified proteins : It employs factors su eh as PCNA. FEN l . 

Poi Ó/E. and DNA ligase f also used in the latter stages of NER as we:ll as in 

lagging-strand DNA repllcation (1.2). 

Studies in other laboratories have indicated that the NER protetn XPG 

stimulates ccllular repatr of oxidized pyrimidine residues such as thymine 

glycol by BER. and that loss of this XPG function may account for the severe 

form of Cockayne syndrome seen in XPG deletion mutants. We have shown in 

blochemtcal experiments that purified XPG protein acts as a DNA loading factor 

for the human thymine glycol-DNA glycosylase, hNthL Thus. in addition to its 

essential function in NER. XPG has a second different role as an activtty 

promoting BER of oxidativc damage (3). Different regions of XPG are required 

for its functions 1n NER vs. BER 

DNA dam.age tn1lict.ed by reactive oxygen species is gencrally removed by 

BER. but our rccent studies with oligonuclcotides containin.g the 8-s· 

cyclopurines cyclodeoxyadenosine or cyclodeoxyguanosine In both the R and S 

stereoisomeric forros show that these y-ray induced lesions are rcfractory to 

BER and are only detectably ex:cised by NER (4). 

Knockout mice ddective in the 8-oxoguanine-DNA glycosylasc, OGG l. 

havc been constzucted. Thesc mice. accumulate 8-oxoG in thefr genomes but 

show weak backup repa1r activtty, which is not due to anothcr DNA glycosylase 

but appears to be. ~used. by transcription-coupled NER of 8-oxoG residues (5) . 
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The lmplications of these lnteracUons and shared substrate specificities 

between BER and NER will be discussed. 

Sclccted Bibliography: 
l. Klungland. A .. and T. Lindahl (1997) EMBO J. 16, 3341-3348. Second 

pathway for cornpletion of human DNA base cxcision-repair: 
rcconstitution 'I.Vith purifled proteins and rcquiremcnt for DNasc IV 
(FENl). 

2. Araújo, S.J .. F. Tlrodc, F. Co1n. H. Pospeich. J.E. Syváoja. M. Stucki. U. 
Hübscher, J.-M. Egly. and R.O. Wood. submitted for publication. 
Nucleotide exclslon repatr of DNA with recombinant human proteins: 
dcfuútion of the mirúmal set of factors and active fonns ofTFIIH. 

3. Klungland. A .. M . Hóss. D . Gunz. A. Constantinou. S .G. Clarkson, P.W. 
Doetsch. P.H. Bolton. R.O. Wood, and T. Ltndahl (1999) Mol. Cell 3 . 33-
42. Base excision repair of oxida ti ve DNA darnage acttvated by- XPG 
protein. 

4 . Kuraoka, L, C. Bender. A. Romieu. J. Cadet, RO. Wood. and T. Llndahl. 
subrnittcd for publicatton. Repair of the oxidativc DNA lcsions s·R and S'S 
isomers of 8,5' cyclopurines by the human nucleotide excision-repatr 
enzyme complex. 

S. Klungland. A.. l. Rosewcll, S. Hollenbach. E. Larsen. G. Daly, B. Epc:. E. 
Secberg. T. Lindahl and D.E. Bames (1999) Proc. Natl. Acad. Sci. USA. in 
press. Accumulation of prc-mutagenic DNA leslons in mice defective in 
removal of oxidative base damagc:. 
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Bacillus subtilis 168 Mfd protein is involved in transcription-coupled 
DNA repair and DNA recombination. 

Juan C. Alonso and Silvia Ayora 

Centro Nacional de Biotecnología, CSIC, Campus Universidad Autónoma de Madrid, 
Cantoblanco, E-28049 Madrid, Spain. 

Analysis of UV -induced mutations at adjacent pyrimidine showed that mutations in 
Bacillus subtilis wild-type cell arose predominantly from the nontranscribed strand, 
but arose largely from the transcribed strand in the mfd strain. The purified B. subtilis 
Mfd protein has a native molecular mass of 140 kDa ( expected molecular mass 13 3 
kDa). The Mfd protein, which is a monomer in solution, showed to be a sequence
independent DNA binding protein with weak ATPase activity, but lacks DNA helicase 
activity. The Mfd protein was able to displace in vitro B. subtilis or E. coli major 
vegetative RNA polymerase stalled at a lesion. Like E. co{¡ Mfd [Selby & Sanear 
(1 993} Scicnce 260. 53-58: (1995) J. Biol. Chcm. 270, 4882-4889)], B. 57tbtilis Mfd protein 
appears to target the transcribed strand for repair by recognizing a stalled RNA 
polymerase and dissociating it from the DNA. 

Inactivation of B. subtilis mfd in an otherwise Rec+ strain reduced genetic 
exchange and DNA repair. When the mutation was transferred into a set of 
recombinatio~nd repair-deficient strains, the DNA repair and recombination ability 
ofthe double or triple mutant strains was drastically reduced. 

A B. subtilis mutant in mfd partially relieves carbon catabolite repression 
(CRR) of the hut [Zalieckas el al. (1998) Mol. Microbiol. 27, 1031-1038)]. It was 
proposed that the co-operative binding of the CRR repressor at its target site works as 
a transcriptional roadblock stalling RNAP which is then displaced by Mfd. A RNAP 
encountering a pause signa! at a hairpin stabilising region could form a DNA:RNA 
hybrid pause (transcriptional pausing) to allow a Mfd-mediated rearrangement of the 
transcriptional complex. 

This work was partially supported by DGICYT (PB96-0817) to J.C.A. We are very 
grateful to M. Salas for providing us with B. subtilis RNA polymerase, to J. E: Hearst 
and to A. Sanear for the gift of a psoralen-modified oligonucleotide. 
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HYPERMUTATION OF ANTIBODY GENES. 
C. Mílsteín, C. Rada, J . Velamos, J. E. Sale, M. R. Ehrenstein and 
M.S.Neuberger. 
MRC Laboratory of Molecular Bíology, Cambridge, UK 

The somatic integration of V- 0- and J- gene fragments introduces the 
diversily of the primary (naive) repertoire of antíbodies which is restricted to 
the contribution of the germ line genes and to variants at the boundaries 
where segments are joíned. Antígen stimulatíon induces a selected set of 
these naive 8-cells lo muftíply and dífferentíate and as a consequence two 
independent genetíc events take place. One is hypermutation and !he other 
is class switch. Hypermutation ís calculated to occur at an average 
maximum rate whích approximates 1 o-3Jbasa paír/ganeration. Over 95% of 
the mutatíon events are poinl mutations. 

lt has long been suspected that hypermutatíon and gene expressíon were 
somehow connected. The fírst indication carne from the observation that the 
5'-hypermutation boundary was at or near !he promoter. Howe·ver, it is likely 
that hypermutation does no! start very near the promoter.but about 185 bases 
from the initiation of transcription (Rada et al., 1997). However, this does not 
exclude a close connection between hypermutation and transcription. 
lndeed there are other argotlo'lents that poínts towards such an assocíation. 

The efficiency of hypermutatíon is seriously impaired by deletion of the 3' 
and íntron enhancer elements and in particular, by removal of the MAR 
segmentlocated in the J-C intron (Betz et al., 1994; Goyenechea et al., 

1997). The VJ segment when replaced by other sequences (including 
bacteria! gpt, globin (Velamos et al., 1995) or the C regían gene (Peters& 
Storb, 1996) is capable ot hypermutation it it is expressed in the context of 
the normal promoter-enhancers. The prometer can be substituted by other 
promoters e.g. globin (Betz et al., 1994) or even a poli dependen! promoter 
(Fukita et al., 1998), with relatively low eftect on hypermutation. 

Possibly the most direct connection between transcríption and 
hypermutation, comes from comparisons between levels of expression and 
hypermutation. Thus the high expressors of a transgene are the most 
mutated even though the endogenous gene hypermutation is similar in both 
subpopulations (Goyenechea et al., 1997). Furthermore mANA levels 
expressed in endogenous (or genetically alterad) heavy chain genes dríven 
by different promoters correlated with the levels of hypermutation (Fukita et 

al., 1998). 

The possíbility of polarity in the hypermutation mechanism has been 
analysed at the leve( of the pattem of amino acid substitutions. The largest 
body of sequence analysed suggests that while both strands are target for 
hypermutalion, the possibilíty of a certain preference for one of the strands is 
not exduded (Milstein et al., 1998). 

Overall the results suggest that while hypermutation requires the 
transcriplion unit. transcription by itself is insufficienl While other factor{s) 
seem to be required to prime hypermutation (Hypermutation Primíng Factor), 
r~itment of the factor(s) is likely to have a considerable degree ot clonar 
stability (Goyenechea et al., 1997; Neuberger et al., 1998). However this 
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may not be the end of the story. Since the boundary is almos! 200 bases 
downstream of !he prometer (Rada et al., 1997). somelhing else may be 
required (e.g. additional factors in the elongation complex) . 

There are other pieces of evidence thal poinl towards further complications. 
The hypermutation pattem of KO Msh2-¡- disclosas a greately increased 
proportion of mutations affecting G and C than !he wild type counterpart. The 
same is true for constitutively hypermutating call lines. Wa ha ve interpretad 
these results as the consequence of two separate hyparmutation stages 
taking place in normal animals. One, closely connected to transcription, 
targets !he G and C hot spots characterized by the motif GAGCT (and close 
homologues) which incidentally is also the heavy chain class switch motif 
(Dunnick et al., 1980; Ehrenstein& Neuberger, 1999). The second stage 
targets the AT hot spots, possíbly wíth a marginal preference for !he polar 
mutatíon of A This second stage would be detective in Msh2-¡- mice and in 
constítutively hypermutating celllines (Rada et al. , 1998). 

Betz, A G., Milstein, C., Gonzalezfernandez, A., Pannell, R., Larson, 
T.&Neuberger, M. S. (1994).Ce//77,. 239-248. 

Dunnick, W., Rabbitts, T. H.&Milstein, C. (1980).Nature, 286, 669-75. 

Ehrenstein, M. R.&Neuberger, M. S. (1999).EmboJ, 18,3484-90. 

Fukita, Y., Jacobs, H.&Rajewsky, K. (1998).1mmunity, 9, 105-14. 

Goyenechea, 8., Klix, N., Velamos, J., Williams, G. T., Riddell, A., Neuberger, 
M. S.&Milstein, C. (1997).Embo J, 16, 3987-94. 

Milstein, C., Neuberger, M. S.&Staden, R. (1998).Proc Natl Acad Sci U S A, 
95, 8791-4. 

Neuberger, M. S •• Ehrenstein, M. R., Klix, N., Jolly, C. J., Velamos, J., Rada, 
C.&Milstein. C. (1998)./mmuno/ Rev, 162, 107-16. 

Peters, A.&Storb, U. (1996)./mmunity 4,, 57--BS. 

Rada, C., Ehrenstein, M. R., Neuberger, M. S.&Milstein, C. (1998) .1mmunity, 
9, 135-41. 

Rada, C:, Velamos, J., Daan, W.&Milstein, C. (1997).Eur J lmmuno/, 27, 
3115-20. 

Velamos, J., Klix, N., Goyenechea, B., Lozano, F., Chui, Y. L., Femandez, A. 
G., Pannell, R., Nauberger, M. S.&Milstein, C. (1995} .Nature 
376, • 225-229. 
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THE DETECTION, SIGNALLING AND REPAIR OF DNA DOUBLE

STRAND BREAKS. Stephen P. Jackson. Wellcome/CRC lnstitute, 

University of Cambridge, Tennis Court Road, Cambridge, C82 IQR, UK. 

A major focus of my laboratory is to understand the molecular basis by which cukaryotic cells 

detect DNA darnage, mediate its repair and signa! its presence to the transcription, cell cycle and 

apoptotic machineries. Ofparticular interest to usare DNA double-strand breaks (DSBs), 

which are generated upon exposure to ionising radiation or radionúmetic chemicals, and which 

al so occur as intermediates in certain programmed genonúc rearrangements. Previous work has 

established that the fundamental mechanisms of DNA DSB repair and DNA damage signalling 

are highly conserved throughout eukaryotic evolution ( 1 ). In m y presentation, 1 will discuss two 

specific examples of our recent work. 

First, I will address the Saccharomyces cerevisiae SIR2, SIRJ and SIR4 gene-products, which 

are in volved in transcriptional silencing at telomeres and the silent mating loci - probably 

through facilitating the formation of repressive heterochromatin - and wlúch are also required 

for the non-homologous end-joining pathway of DNA DSB repair to occur accurately and 

efficiently. I will show that DNA damage, and DNA DSBs in particular, can trigger the 

reversible loss of telomeric silencing and the intra-nuclear relocation of Sir3p (2). Furthermore, 

1 will show that this response depends on key DNA damage-signalling components. Tlús work 

suggests a model in which signalling of DNA damage releases Sir3p from telomeres and 

pernúts its subsequent association with other nuclear subdomains, possibly in order to regulate 

transcription, participate in DNA repair ancllor enhance genornic stability by other mechanisms. 

Second, 1 will discuss our recent work on the forkhead-associated (FHA) domain, which is 

present on a variety of proteins involved in nuclear signa! transduction pathways, including the 

key S. cerevisiae DNA damage checkpoint-signalling protein Rad53p. Specifically, 1 will show 

how our analyses have revealed the FHA dornain to be a phospho-dependent protein-protein 

interaction motif (3). The implications of tlús mode of interaction for the mechanisrns of DNA 

damage signalling and of other intracellular signa! transduction pathways will be discussed. 

References: 

l. Critchlow, S. E. and Jackson, S. P. (1998). DNA end-joining: from yeast toman. Trends 

Biochem. Sci. 23, 394-398. 

2. McAinsh, A. D., Scott-Drew, S., Murray, J. A. H. and Jackson, S. P. (1999). DNA damage 

triggers loss of telomeric silencing and the Mee 1 p-dependent relocation of Sir3p. Curr. 

BioL in press. 

3. Durocher, D., Henckel, J., Fersht, A. R. and Jackson, S. P. (1999). The FHA domain is a 

phosphopeptide recognition moti f. Mol. Cell in press. 
Instituto Juan March (Madrid)



47 

Molecular mechanisms of replication restart: processing of 

replication forks by enzymes of recombination. 

Peter McGiynn and Robert G. Lloyd, lnstitute of Genetics, University of Nottingham, 

Queen's Medica! Centre, Nottingham NG7 2UH, UK. 

Lesions in DNA frequently lead to stalled replication forks, preventing fork 

progression and, ultimately, the transmission of genetic material. Stalled forks collapse to 

generate DNA ends which must be repaired by recombination with the sister chromatid in 

order for replication to proceed. Plausible enzymatic mechanisms by which such DNA 

ends are repaired to allow fork reassembly have been proposed based on the known in 

vitro properties of recombination enzymes in Escherichia coli. However, illegitimate 

recombination events may have potentially lethal consequences by promoting 

chromosome instability. Such problems could be avoided if damaged forks are rescued 

without the generation of DNA ends. 

Recent work has demonstrated that arrested replication forks can form Holliday 

junctions in E. coli, and that these may be processed by recombination enzymes to allow 

replication restart without chromosome breakage. We have found that replication fork 

structures can be directly targeted by recombination enzymes in vitro. Specifically, RecG 

forms Hclliday jurictions from replication forks which can then be acted upon by RuvAB 

and RuvC. The action of the replisome assembly protein PriA at fork structures also 

indicates that RecG and PriA both target such DNA structures but with different 

consequences. Thus recombination and replication enzymes interact to allow replication 

to proceed in an environment of continua[ fork damage. Evidence from eukaryotic 

systems suggests that such mechanisms are conserved throughout all organisms. 
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DOUBLE-STRAND BREAK REPAIR IN HUMAN CELLS. 

Stephen C. West, Peter Baumann, Fiona Benson, Claire Chappell, Angelos 
Constantinou, Adelina Davies, Eric Van Dyck, Jean-Yves Masson, Michael 

Mciiwraith, Andrzej Stasiak* and Ed Egelman@ 

Imperial Cancer Research Fund, Ciare Hall Laboratories, South Mimms, Herts. 
EN6 3LD, U.K. and *Laboratory ofUitrastructural Analysis, University of 
Lausanne, I O 15 Lausanne, Switzerland. @Department of Biochemistry and 

Molecular Genetics, University ofVirginia, Charlottesville V A22908, USA. 

Double-strand breaks in DNA (DSBs) are induced by the harmful effects of 
ionizing radiation. These chromosomal breaks can be lethal to the cell unless 
repaired efficiently, and inefficient or inappropriate repair can lead to mutation, 
gene translocation and cancer. In lower eukaryotes, such as yeast, DSBs are 
primarily repaired by Rad52-dependent homologous recombination. In contrast, 
vertebrates repair most DSBs by Ku-dependent non-homologous end-joining 
(NHEJ). Using cell-free extracts prepared from human lymphoblastoid cell lines, an 
in vitro system for DNA end-joining has been developed (1). Intermolecular 
ligation is accurate, dependent upon DNA ligase IV/Xrcc4, and requires Ku70, 
Ku86 and DNA-PI<c., the three subunits of the DNA-activated protein kinase 
DNA-PK. 

Mammalian cells can also repair DSB's by homologous recombination ( either by 
Rad52-dependent single-strand annealing, or by Rad51/Rad52-dependent strand 
invasion mechanisms). Human Rad5l protein is a structural and functional 
homolog of the E. coli RecA protein and promotes homologous pairing and strand 
transfer reactions in vitro. Until recently, however, little was known about Rad52. 
Biochemical studies now show that Rad52 forms ring structures on DNA and can 
stimulate Rad5l-mediated pairing reactions (2, 3). Rad52 also promotes specific 
DNA-DNA interactions in the absence of hRad51, consistent with a direct role in 
single-strand annealing (SSA) pathways of recombination. 

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

l. Baumann, P. & West, S. C. (1998) Proc. Nat/. Acod Sci. U.S.A. 95, 14066-14070. 
2. Van Dyck, E., Hajibagheri, N. M A., Stasiak, A. & West, S. C. (1998) J. Mol. Biol. 

284, 1027-1038. 
3. Benson, F. E., Baurnann, P. & West, S. C. (1998) Nature 391,401-404. 
4. Van Dyck, E., Stasiak, A. & West, S. C. (1999) Nature, 398, 728-731. 
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Effect of Chromosome and Chromatin Structure on Recombination in 
Saccha ro m y ces. 

James E. Haber 

The accessibility ofDNA sequences for recombination is apparently governed by the 
secondary structure and the chromatin structure ofDNA sequences as well as by their 
localization within the nucleus. We ha ve been investigating a number of aspects ofthey way 
chromosome and chromatin structure govems the outcome of repair of a double-strand break 
(DSB) induced by HO endonuclease. 

l . Donor preference during MAT switching. After HO cleaves MA 7 ~ it can be repaired by 
recombination with one oftwo normally unexpressed donor sequences, HML and HMR, that 
ha ve a heterochromatic structure. Although HO cannot cleave equivalen! sites in the donors, the 
cut ends ofMA T DNA can- with the help of recombination proteins - invade this "closed" 
environment to initiate recombination . 

The preferential use of HML by MATa cells and the choice of HMR by MATa cells is a 
fascinating example of control of a very large chromosome region that affects recombination, but 
not transcription (Wu et al., 1 998). The use of HML in MATa depends on the activity of a ci s
acting Recombination Enhancer, a sequence we have now whittled down to less than 200 bp and 
which resides at about kb30 on the left arm of chromosome III . RE controls the ability of a 
donor placed at severa! sites along the entire left arm ofthis chromosome to participate both in 
HO-stimulated recombination and in recombination between leu2 heteroalleles. We think ofthis 
element as yeast 's locus control region., with analogies to the globin locus and immunoglobin 
loci in humans. RE is "on" in MATa cells and tumed off in MATa cells, with a dramatic change 
in chromatin structure in the 2.5 kb surrounding RE (but not along the rest ofthe chromosome 
arm). Recent studies ofthe control ofRE and the way it may work at such long distances will be 
presented. 

2. Accessibility of donor sequences for recombination. Efficiency of recombination is also 
govemed by chromatin structure. For example, if HMR is replaced by similar sequences lacking 
the cis-acting silencer elements, aMA Ta cell uses HMR as often as HML, providing evidence 
that the openness of chromatin structure can overcome the normal donor competition between 
two silent donors. A similar reversa! happens with HML in MATa cells. 

When MA T and HMR are placed on a plasmid, recombination requires Rad52p, Rad51 p 
and severa! other important recombination proteins; but when the closed donor sequence is 
replaced by an "open" donor (with a mutation that prevents HO cutting) recombination can occur 
(although inefficiently) without Rad51p, Rad54p and Rad57p, but absolutely requires Rad52p. 

The idea that there is RadSI-independent recombination was surprising. We also showed 
that RAD5 1 -independent recombination occurs between homologous chromosomes, but with an 
importan! difference. Here, in aRad+ cell, recombination occurs almost always by gene 
conversion; but without Rad51p (or Rad54p or Rad55p and Rad57p), recombination occurs by 
break-induced replication (BIR) (Malkova et al., 1996). We ha ve more recently investigated the 
way strand invasion can occur in this chromosomal system. A surprising connection between 
replication and recombination has emerged. 

3. DNA structure itselfinfluences the efficiency ofrecombination. We have recently shown 
that DNA repair synthesis is substantially less efficient (processive) than normal replication 
(Paques et al., 1998). This is evident from the fact that the efficiency of gap repair induced by a 
DSB fa lis significantly as the size of the gap increases. Moreover, the efficiency of repair is 
influenced by the sequences the DNA repair polymerases must traverse. For example, efficiency 
of copying 300 bp of CAG repeats is only 60"/o of that for copying CAA repeats or random 
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sequences. CAG repeats forro hairpin structures and we believe that the repair polymerases are 
less able to copy these sequences. We also find a dramatic increase in CAG rearrangements in 
recombination compared to replication. This effect is suppressed by overexpression of M re 1 1 p. 
which is believed to ha ve a role in cutting or unwinding hairpin structures. 

The gap-repair system al so will permit us to examine the effect of other DNA structures 
(silenced regions, centromeres, etc.) on recombination, as well as the effects oftranscription . 
Such studies are underway. 

Malkova, A. , lvanov, E. L., and Haber, J. E. (1996). Double-strand break repair in the absence of 
IUD51 in yeast: a possible role for break-induced DNA replication. Proc. Natl. Acad . Sci . USA 
93, 7131-7136. 

Paques, F., Leung, W. Y., and Haber, J. E. (1998). Expansions and contractions in a tandem 
repeat induced by double-strand break repair. Mol. Cell. Biol. 18, 2045-2054 . 

Wu, C. , Weiss, K., Yang, C., Harris, M. A., Tye, B. K., Newlon, C. S., Simpson, R. T .. and 
Haber, J. E. (1998). Mcml regulates donar preference controlled by the recombination enhancer 
in Saccharomyces mating-type switching. Genes Dev. 12, 1726-1737. 
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Transcription clongation-associated recombination. 
M. Gallardo, S. Chávez. F. Malagón, A.G. Rondón, 1.1. Píruat, P. 
Huertas, S. González-Barrera and A. Aguilera 
Departamento de Genética, Uni11ersidad de Sevilla, 41012 SEVILLA, 
Spain. 

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

We have provided genetic and molecular evidence that 
recombination between direct repeats can be induced by transcriptional 
elongation impairment. Null mutations of the HPRJ and TH02 genes lead 
to an strong increase in the frequency of deletions occurring by 
recombination between direct repeats (>2000-fold above wild-type levels) 
that correlates with an impairrnent of transcription elongation observed in 
such mutants ( 4,5,6). The higher the impairrnent of transcription caused 
by hprlfl and tho2Ll, the higher the frequency of deletions. The hyper
deletion phenotype is transcription-dependent and is not observed in DNA 
repeats that are not transcribed. We have now evidence that reciproca! 
recombination is also stimulated by these mutations. The tho2Ll mutation 
increases recombination between inverted repeats above 20-fold the wild
type levels. This result suggests that transcriptional elongation impairrnent 
may induce all types of recombination. 

A new search of mutants with a transcription-dependent hyper
recombination phenotype has led us to identify a new yeast gene, TH03, 
whose null mutation confers identical phenotypes as hprlfl and tho2Ll. We 
will present data on the genetic and molecular analysis of tho3Ll mutants 

. indicating that they are affected in transcription elongation. These results 
suggest that Hprlp, Tho2p and Tho3p functionally interact in the sarne 
molecular process, which has to be related with transcription elongation. 
Whether or not the effect of these three proteins on transcription 
elongation is direct or indirect, they may not be related with other known 
proteins of transcription elongation, such as Spt4p, Spt6p, Sptl6p, Elclp, 
TFIIS, since mutations in their structural genes do not lead to the sarne 
phenotypes of genetic instability. Therefore, our genetic approach is 
defining a new class of eukaryotic genes that connect transcription with 
genetic instability. 

To explore whether chromatin structure might have an effect on 
mitotic recombination that could explain the observed effects of 
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transcnptiOn, we have analy1.ed recombination of different mutants 
rclatcd to chromatin structure and transcription. Mutations in SPn. SPT4 
and SPT6 increases recombination up to 15-fold above the wild-type 
levels. Interestingly, induction of recombination by spt6-/40 is only 
observed under transcription conditions. When the DNA region involved 
in the recombination event is not transcribed, spt6-140 has no significant 
effect on recombination. We propose that chromatin structure is a barrier 
for recombination. The spt6-140 alters chromatin structure facilitating the 
initiation of the recombination process. This effect is enhanccd by 
transcription, which opens chromatin structure and, thus, facilitates 
recombination. Given the recent involvement of SPT4, SPT5 and SPT6 in 
transcription elongation (7), it is possible that hyper-recombination in spt 
and hprl, tho2 and tho3 mutants share similar mechanisms. 

l. Ikeda, H. and T. Matsumoto (1979) Proc. Natl. Acad. Sci. USA 76:4571-4575. 
2. Voelkei-Meiman, K., R.L. Keil and G.S. Roeder (1987) Cell48:1071-1079. 
3. Thomas, P.S. and R. Rothstein (1989) Cell 56:619-630. 
4. Prado, F., J.I. Piruat andA. Aguilera (1997) EMBO J. 16:2826-2835. 
5. Chávez, S. andA. Aguilera (1997) Genes Dev. 11 :3459-3470. 
6. Piruat, J.I. andA. Aguilera (1998) EMBO J. 17:4859-4872. 
7. Hartzog, G.A., T. Wada, H. Handa and F. Winston (1998) Genes Dev. 12:357-369. 
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Mechanistic lntermediates in lmmunoglobulin Class Switch 
Recombination. 

Roben B. Tracy. Chih-Lin Hsieh, and Michael R. Lieber 

Nonis Comprehensive Cancer Ctr., University of Southern California, 
Los Angeles, CA 90033 . (USA). lieber@hsc.usc.edu 

Class switch recombination is the process by which the immunoglobulin heavy 
chain isotype changes from lgm to Igg, Iga or Ige, thereby permitting the production of 
IgG, lgA, or IgE, instead of IgM. This genome rearrangement is specific to B-cells of 
vertebrales, and the manner in which the process is initiated has no relationship to V(D)J 
recombination. In fact, there is no other prokaryotic or eukaryotic DNA recombination 
process like class switch recombination. Among its distinctive features are that it can 
occur anywhere within 2 to 1 O kb class switch regions. These regions consist of 
sequences that C-rich on the template strand and repetitive, with a repeat length of 25 to 
80 bp. Despite the fact that switch regions are positioned within introns, all seven ofthe 
switch regions have accompanying upstream promoters that ha ve no obvious purpose. 
since the G-rich transcripts have been shown by others not to generate a protein. The 
function ofthe G-rich transcript has remained unclear. 

In vitro transcription ofany ofthe switch regions (on supercoiled plasmids) using 
phage polymerases results in the stable association ofthe RNA with the DNA to generate 
an RNA:DNA hybrid. This RNA:DNA hybrid is resistant to E. coli RNase A, high 
temperature, high salt, and phenol extraction. However, the RNA:DNA hybrid is 
extremely sensitive to E. coli RNase H. These studies raised the possibility that such a 
structure might form in vivo. 

Recently, we have been able to demonstrate that an RNA remains stably associated 
with the class switch DNA sequences in the nucleus ofmurine B cells. The RNA:DNA 
hybrid could be demonstrated by Northem blot or by RT-PCR. The RNA:DNA hybrid is 
only formed in B cells stimulated with cytokines that actívate the specific promoters 
upstream ofthe switch regions. The RNA:DNA hybrid is not detected in the same cells 
prior to stimulation. The RNA in the hybrid is the one that arises from the intron 
promoter upstream of each switch region. The RNA is of variable length, consisten! with 
the repetitive nature ofthe switch regions and with structural data indicating RNase A 
sensitive interruptions within the severa! kilobase RNA:DNA hybrid zones. 

In order to detemúne ifthis structural feature is essential for class switch DNA 
recombination, we generated a recombinant mouse that expresses the E. coli RNase H 
gene in all tissues. The mice are grossly normal, ha ve normal numbers of B and T cells, 
normal lymphoid tissue arclútecture histologically, and normal blood levels of IgM, lgG, 
lgA, and lgE. B ceUs from the mice fiül to form the RNA:DNA hybrid at nearly the levels 
ofwild type cells. Direct assessment ofthe B cells for class switch recombination by using 
PCR to detect switch recombination demonstrates that it is significantly reduced. 
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We funher examined the RNase H mice for ability to generate switched isotypes in 
antigen-specific and in hapten-specific secondary immune response time courses. The 
RNase H mi ce produced normal levels of IgM in the primary exposure to antigen. 
Strikingly. in the secondary immune response, the IgG levels were consistently reduced . 

We conclude that the RNA:DNA hybrid suggested by our previous in vitro studies 
actually forms in the mammalian nucleus and serves as an essential target for the 
recombination process. We believe that this target is recognized by a nuclease that cleaves 
both DNA strands during the recombination process. 
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Regulation of Intermolecular V(D)J Recombination 
David B. Roth, Lcslie Er5kine Huye, and Jaag-Ok Han 

Dcp•rtment of Microbiology ~nd lmmuaology and Howard Hugbes Medic:allnstitute, Baylor 
College o( Medicine, HousCon., Texu 77030, USA 

V(D)J rccornbination, normally an intrarnolecular process, assembles imrnunoglobulin 
and T cell receptor genes frorn V, D. and 1 coding segments. Oncogenic chromosome 
translocations can result frorn aberrant rearrangements, such as oecur in intemíolecular 
V(D)J recombination. How thls is normal! y prevented remains unclear; DNA cleavage, 
joining, or both could be impaired when the recombination signa! sequences (RSS) are 
located in trans, on separate DNA molecules. Severa! mechanisms guard against 
inappropnate rearrangcrnents. lbat efficient cleavage requires synapsis of a 1 2/23 RSS 
pair provides one important leve! of controL A second regulatory mechanisrn, not 
directly related to the V(D)J recombination machinery, controls the accessibility of 
antigen receptor loci to the recombination machinery, which is mediated by chromatin 
structure. 

We ha ve recently found that both trans cleavage and joining of signa! ends occur 
efficiently in vivo. Unexpectedly, 1rans joining of coding ends is severely impaired ( 100-
to 1000-fold), indicating that protection against intermolecular V{D)J recombination is 
established at the joining step {1 ). Perllaps the defect in joining coding ends produced by 
lrans cleavage described here serves as a last line of defense-a checkpoint-that 
functions to rernove cells that have initiated potentially dangerous interehrornosomal 
V(O)J recombination events. In this case, the persistence ofunrepaired coding ends, 
detected as free ends by the p53-dependent DNA damage sensing machinery, rnay signa! 
apoptosis of cells bearing potential oncogenic DNA rearrangements. 

The mechanisms responsible for blocking intennolecular coding joint formation are 
currently under investigation. Interestingly, these events may be related to processes that 
regulate recombínation in cis. This possibility was suggested by recent analysis ofTCR~ 
enhancet-deficient mi ce, which revealed that cleavage and signa! joint formation are 
rclatively unaffected, but coding joint formation is severely inhibited (2). Enhancers may 
shorten the "functional" distance between RSS, perhaps by forming locally constrained 
chrornatin domains. Enhañcers and chrornatin factors could also play a more direct role 
in aiding formation of coding joints. This hypothesis is supported by the observation that 
the yeast Sir proteins. which are important in telomeric sileneing, also play aitical roles 
in DNA end joining. Another possibility is that factors rccruited by enhancers could 
stabilize the coding ends in the post-deavage complex, facilitating codingjoint 
fonnation. Thus, our ongoing investigations into the mechanisms responsible for 
blocking coding joint formation in trans may yield important insights into the processes 
by which enhancers and chromatin factors regulate V{D)J recombination. 
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Transcription coupled somatic hypermutation studied on an inducible 

GFP transgene. 

Jürgen Bachl 

Base! lnstitutc for lmmunology, Grenzacherstr. 487, 4005 Basel (Switlzerland) 

Recent observations suggest a critica! role of transcription for the somatic 
hypcrmutation mechanism at the inununoglobulin (lgJ loci . During somatic 
hypermutation, a million fold increased mutation r.llc <lCCurcs in a 1-2 kb 
regían encompassing the rearranged variable regían cxon of thc Ig genes. 
Thc transcription initiation si te determines thc Yboundary of thc 
hypermutated region and lhe transcription lcvel seems to affcct thc mutan! 
frequency. In arder to elucidate the influence of transcription on thc 
hypcrmutation mechanism, we developed a novel mutation detcction assay 
A premature stop codon has been introduced into a grecn fluorescent 
protein (GFP)-reporter gene. GFP becomes expressed in stable transfectant 
clones only upon stop codon reversion. Revertant cells can be easily and 
reliable detected by FACS analysis. In addition, the expression level of the 
GFP can be directly measured for individual revertant cells. Thus, a 
putative connection between reversion rate and expression leve! can be 
studied. We report here that the GFP -reporter gene mutates in the 
hypermutation active cell line 18-81 at a rate of about 10-4 poinl mutation 1 

· bp 1 generation. The mutation rate is directly linked to the transcription leve! 
as studied in a tet operan inducible GFP construcl. Increasing the 
transcription level causes an increased point mutation rate at the stop codon. 

Instituto Juan March (Madrid)



62 

METHYL-CPG CONTAINING PROTEINS STABL Y ASSOCIATE 
WITH NUCLEOSOMAL DNA 
Esteban Ballestar & Alan P. Wolffe. 
Laboratory of Molecular Embryology, National Institute of Child Health 
and Human Development, NIH, Building 18T, Room 106, Bethesda, 
Maryland 20892-5431 

Recently, it has been described a new family of proteins containing 
the methyl-CpG binding domain (MBD), which ms initially identified for 
the first time in MeCP2. These proteins show specificity for methylated 
DNA. In particular, Xenopus MBD3 has been demonstrated to be a 
component of the Mi-2 complex, the most abundant form of deacetylase in 
amphibian eggs and cultured mammalian cells. We report here the 
interaction between MBD3 and other MBD-containing proteins to 
nucleosomal DNA. We find that MBD3 forms discrete complexes with 
nucleosomal DNA associating with methyl-CpGs exposed in the major 
groove vía the MBD. These observations provide a molecular mechanism 
by which MBD3 can gain access to chromatin in order to target the Mi-2 
complex which further modifies chromatin structure. 
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Transcriptional elongation and genome stability in hprl and tlzo2 mutants 
of S. eere1•isiae. 

S. Chávez, A. G. Rondón and A. Aguilera. 
Departamento de Genética, Facultad de Biología, Universidad de Sevilla, 41012 Sevilla, 
Spain. e-mail: schavez@cica.es 

We havc previously shown that impairment of RNA poi 11-dependent 
transcriptional elongation is a source of genetic instability. The hprl and tho2 mutations 
confer a strong increase in plasmid instability and recombination between DNA repeats 
and affect transcription elongation. The inability of the mutants to elongate transcription is 
linked to both the plasmid instability and the hyper-rec phenotypes (1,2). 

Elongation impairment and instability are more frequent in certain sequences, 
being extreme in the commonly used JaeZ reporter-gene. In order to understand the roles 
of Hprlp and Tho2p in transcription elongation and genome instability we have 
performed an in vivo analysis of this sequence dependence. We have isolated short 
fragments of JaeZ that are able to impair transcription elongation in the mutants and we 
have defined the gene context where this impairment is maximal. 

We ha ve also analyzed the effect of mutations in PPR21DSTJ, encoding TFIIS, in 
SPT4, SPT6 or SPTJ6, involved in chromatin structure and transcription elongation, 
and other genes putatively inV'olved in RNA Poiii elongation. Our results reveal that 
HPRJ and TH02 belongs to a novel class of genes affecting transcription elongation 
different to those encoding known elongation factors. 

To determine a possible physical interaction between Hprlp and Tho2p, two
hybrid analysis has been performed. The conclusions of this assay open the possibility 
for the existence of other elements to explain the epistatic relationships between the hprl 
and tho2. 

Up to now, the hprl and tho2 mutations have been associated with high increases 
of recombination between direct repeats Jeading to deletions and with increases in plasmid 
and chromosome loss. To define the whole range cf phenotypes rel:!ted to genome 
instability caused by these mutations we ha ve determined their effect on a complete set of 
recombination systerns. Our results extend the types of mitotic genome accidents that can 
be stimulated by hprl and tho2 mutations. 

l. Chávez S, Aguilera A (1997) Genes Dev 11: 3459-3470 
2. Piruat TI, Aguilera A (1998) EMBO J 17:4859-4872 
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The EIA Associated p400 Complex Consists or Two Ditferent Proteins: TRRAP 
and p400, a Novel Swi!SNF2 Related Protein 

Miriam Fuchs 1
, Said Sif, William S. Lane3

, James DeCaprio1
, Roben· Kingsron 2 and 

David Livingston 1 

1Dana-Farber Cancer Instirute, lMassachuseas General Hospital and 1
' 

2Harvard Medica! 
School, 'Harvard University, Boston, Massuchsetts 

The adenovirus ElA polypeprides are multifunctional proteins that induce a number of 
celllular effects ranging from transcription activarion and repression to immortalizarion, 
blockade of differentiarion, stimulation of cellular DNA synthesis, and, togetber witb 
actvated ras or EIB, transformation of rodent fibroblasts. Among their nuclear interaction 
partners are the pocket proteins and the p300/CBP rranscriptional coactivators. Previous 
reports described an additional EIA-associated protein of -400 kD, which unlike 
p300/CBP cannot bind tbe EIA mutant l!.26-35. We have purified, microsequenced and 
cloned two 400kD proteins which coprecipitate with El A and migrare in gels as a closely 
spaced doublet. The lower band was identified by microsequencing as a putative 
bomolog of a yeast PI-3-Iike kinase and is identical to a recently publisbed, c-rnyc 
associated protein, TRRAP (McMabon et al, 1998), TRRAP seems to be essential for c
myc+ras and ElA +ras transformarion of primary rodent cells and was, in addition, 
identified as a component of the pCAF bistone actelyase complex (Vassilev et al., 1999). 
Microsequencing of tbe p400 kD top band revealed a polypeptide with striking homology 
to the conserved domain of the Swi2/SNF2 family of DNA-dependent ATPases, whicb 
are involved in chromatin remodelling processes. P400 differs from other Swi21SNF2 
species in that its putative helicase domain is separated into two segments by a 500 aa 
intervening sequence. 
TRRAP and p400 form stable physical complexes in vivo in the absence of E lA. p400-
like TRRAP - associates with c-myc and otber transeription factors. 
We will report current progress jn characterizing the enzymatic properties of p400 and its 
role in transcription and.EIA/c-myc mediated transfonnation. 

:,. .... 
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UvrAB helicase suppresses illegitimate recombination 

independently of nucleotide excision repair 

Katsuhiro Hanada, 1• 
2 & Hideo I.keda2 

'The lnstitute of Medica! Science, The University of Tokyo, Shirokanedai 

4-6-1, Minato-ku, Tokyo 108-8639, Japan and 2Center for Basic Research, 

The Kitasato University, Shirokane 5-9-1, Minato-ku, Tokyo 108-8642, 

Japan 

IIIegitimate recombination is one of major causes of genetic 

instability in prokaryote as well as in eukaryote. This recombination 

usually occurs at a 1ow frequency, but it is greatly enhanced by UV 

irradiation or other environmentalstresses. DNA damages induced by tbese 

environmental stresses are thought to induce DNA double strand breaks, 

leading to illegitimate recombination. Here we show that i11egitimate 

recombination is enhanced by mutations of nucleotide excision repair 

(NER) genes, uvrA oc uvrB, but not by that of uvrC or uvrD. Unexpectedly, 

the recombination was enhanced by the uvrA uvrB double mutation even 

without UV-irradiation, but that uvrB uvrC doub)e mutation have not 

shown this effect, suggesting that illegitimate recombination is suppressed 

by UvrA and UvrB, independently from nucleotide excision repair. 

Moreover, illegitimate recombination was synergisticaily enhanced by the 

recQ uvrA double mutation. These results strongly suggest that UvrAB 

helicase functions as a suppressor of illegitimate recombination 

independently of NER, and their helicase activity plays a crucial role in the 

suppression of recombination, possibly via the same pathway in which 

RecQ helicase functions synergistically. 
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Hole of Chromatin Remodclling in Silencing and Genomic Stability 

in Ascobolus 

Allyson M. Holmes 

lab Epigénétiqu_e et Rccombinaison. lnstitut Jacques Monod, 2 place Jussieu-2 eme 

etage Coul. 43-44, 75251 Paris Cedex 05, (France) . 

In fungi, plants and animals, methylatioo of cytosine residues by methyltransfccasc is a vilally importan! 

DNA modificaúon mcchanism that controls gene cxpression. This process is essential for mammalian 

dcvclopmcnt, as detcnninod in the mouse by mutaúons of mcthyltransferase and of McCP2 (a protein that binds 

metbylatcd CpGs), both cesulting_ in embryonic lelhality (6,10}. ln vitr? n:consú~úon stud.ies in mammalian 

systcms (4,8} ha ve lcd toan a~cl.!vc hypothests forthe mol~!~ mec~~m ~y which DNA methylation stably 

n:presses transcripúon. 1ñe senes of events lcading to transcnpllonallllacllvallon are as foUows: MeCP2 binds 

methylatcd DNA. and its n:pressor domain rccruits a lranscriptional co-n:pressor complcx. consisúng of mSinJ, 

histonc dcacetylases. and possibly othec chromatin n:modcUing proteins (3,5,7}. Thus, histonc dcacctylation and 

methylaúon appear to be coordinatcd processes in mammalian cells. 

My objective is to isolate genes involved in chromatin n:modelling and assay their cffects on methylation

induced silencing and genomic stability in vivo. 1 wiU use the wcll-<:haractcrized model system in thc f!lamentous 

fungus Ascobolus immusus, called methylaúon-induccd pn:rneiotically or MIP. This epigcnetic process causes 

duplicaled sequcnces to becomc transcriptionally inadivated by cxtcnsivc methylation of cytosine residues during 

sexual reproducúon (not only CpGs as in vertebrlltes}, and also inhibits homologous rccombination of lhc 

dupücated regions (2,9}. As in rnammalian systerns, rncthylation by. M1P causes a cbange in chromatin, 

roc.xtensive with the region lhat is rncthylated ( 1 ). However, it is not known whether the samc repn:ssionaJ 

complclt associated with CpG methylation in mammals is also involved in MIP. Therefore, the approach 1 will 

take is first, lo detaminc by chromatin ÍIIIIIllUl<>JRcÍiaÚon analysis (CHIP), whethcr mc:thylatcd sequcnces by 

MIP are associatcd with dcacetylation, and whcthcr the same unmethylated sequences are associated with the 

acetylaled or active fraction. 11 is lmown in Ascobolus, thal trichostatin A, a well-lcnown inhibitor of histone 

deacetylase, is able to cause global hypc:racetylation as dctennined by Wc:&em blot analysis of nuclear cxttacts 

enriched for hístoncs. I willuse antibodies 10 specific lysine residues on hislone H4 (lhe targets of acetylation and 

dcacetylatioo), to delcrminc the pattcm as well as the proportioo of acctylation of the mea and hph reponer 

sequenccs in thc methylated aud unmethylated states. This CHIP analysis is currenlly in progress, and 1 intend to 

present the rcsults at lhis meeting. If I can dcmonstrate that methylatcd sequences are associatcd with 

deacetylation, then I will idcntify genes in Ascobolus, encoding proleins for chromatin remodelling in response to 

CpG liiCihylation, namcly MeCP2, and the co-repressor protcin, mSin3A, and hislone dcacetylases, as pcrformcd 

in mammals. Once the genes are isolated, they will be tested for their ability lo be methylated by MIP. Mutan! 

strains, canying the inactivated gene of inlerest, wiU be assayed for changcs in chromatin structure upon 

mcthylation of a ccporta sequencc, for the cxtcnt of mdhylation and transcript Jevcls and for gcncral genomic 

stability by tcsting homologous mcombinatioo and cross-<Jvcr frequencies at thc spore color locus, b2, a mciotic 

mcombinational hotspot in Ascobolus. 
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Conditional knock out of the transcription factor Sp 1 

Ulrike Jagle 

Dcpt ofCeU _Biology and Genetics. Erasmus Universiteit Rotterdam, Faculty of 

Med1cme, P.O. Box 1738. 3000 DR Rotterdam (The Netherlands) . 

Spl (specific protein 1) was the first eukaryotic transcription factor to be cloned. Spl 

is the founding member of a growing family of transcription factors that contain a 

DNA binding domain consisting ofthree Cys2-His2 zinc fingers . 

Dcspite bcing ubiquitously expressed, Spl expression levels vary between ditTerent 

cell types and ditTerent developmental stages. Elevated Spl levels seem to be 

associated with the differentiation process, but virtually nothing is known about the 

roles ofSpl in vivo. 
Being a transcription factor, Spl contains domains that are essential for transcriptional 

activation and for the interaction with other transcription factors, like e.g. the TATA

box protein accessory factor T AF11 11 O. Binding si tes for the Sp 1 protein were found 

in a large number ofubiquitously as well as tissue-specifically expressed genes. Point 

mutations in Spl binding sites have been implicated in familia! hypercholesterolaemia 

and osteoporosis. · 
Apart from directly influencing the transcriptional regulation of genes, Sp 1 seems to 

play an importan! role in other processes as well. 

Sp 1 binding si tes seem to be crucial for the maintenance of a methylation-free status 

of CpG islands, as was shown directly for the CpG island of the APRT gene. The 

maintenance of appropriate methylation pattems is absolutely essential for normal 

development. 
Spl might be involved in organising chromatin and establishing transcriptional 

competence, since the function of the 5' hypersensitive site 3 (HS3) of the Locus 

Control Region (LCR) in the human ~-globin locus is absolutely dependen! on the 

presence of Spl binding sites. This 5' HS3 is the only LCR element that is able to 

ensure copy-number-dependent and position-independent transcription ofthe j3-globin 

locus in a transgenic mouse assay. 
Sp l núght also be in volved in the regulation of the cell cycle. A direct interaction of 

Sp 1 with the cell-i:ycle regulated transcription factor E2F was shown in vitro. 

To study the role of Spl in vivo our laboratory inactivated the gene by targeted 

deletion ofthe zinc fingers ofSpl. Homozygous Spl knock-out mice die around day 

lO of gestation. They are severely retarded in development and morphologically 

abnormal. Despite an extensive analysis ofputative target genes, the only candidate in 

the early embryo identified so far is the MeCP2 gene. The resemblance of the 

phenotype ofthe Spl knock-out and the MeCP2 knock-out support this finding. 1t was 

suggested that both of these genes are required for the maintenance of ditTerentiated 

cells but dispensable in cell growth and early development. 

Because the early death of the homozygous knock-out embryos prevents the 

investigation of the role of Sp1 in later developmental stages, we generated 

conditionally targeted Sp 1 m ice by making use of the Cre-loxP recombinase system. 

The use ofthis system should enable us to knock-out Sp1 in a tissue-specific as well 

as time-regulated manner. This can be achieved by using núce transgenic for the Cre

recombinase, which is expressed under the control of a tissue-specific promoter. The 

timing of the activity of Cre will be controlled through a steroid-hormone dependen! 

version of the recombinase. lnjection of the exogenous hormone will result in the 

inactivation of the Sp 1 gene product in !hose tissues expressing the Cre recombinase. 

In the induced knock-out, etTects ofthe loss ofSpl will be monitored by histological 

examination and expression analysis of putative target genes. 
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DNA damagc rccognition in eukaryotic nucleotidc excision rcpair 

Lars Jansen, Tinckc de Ruijtcr, Hann de Waard, Mischa Vrouwe, Montsy Brouns. Hans 
den Dulk, Richard Verhagc and Jaap Brouwer. 

MGC departmellf of Molemlar Genetics. Leiden lnstitute of Chemistry, Leiden Uni1•ersity 

Tel. 071-5274755. Fax. 071-5274537, /.jansen@c/zem.leidemmiv.nl 

The nucleotide excision repair (NER) machinery embodies an efficient DNA rcpair 
mode capable of removing a wide range of DNA lesions in virtually all organisms. In 

eukaryotes DNA is nucleosomal and sorne regions can be in a highly condensed state. 
Nevertheless, DNA damage is efficiently removed throughout the genome. 
Recognition of lesions in DNA proceeds via a poorly understood mechanism. In Yeast 
severa! proteins or protein complexes ha ve now been identified which may play a role in 
the damage recognition step of NER. Originally the Radl4 protein was identified as the 

recognition factor in NER. However recently the Rad7/Radl6 complex has shown to 

have affinity for damaged DNA as well. Interestingly the function of this complex can 
be substituted for by the transcription machinery. Damages in transcribed sequences can 
be recognized by the RNA polymerase which blocks at the site of the lesion and targets 

repair factors. The fact that the Rad7/Radl6 complex is dispensible when lesions are 
recognized otherwise suggests it plays a roie:in recognition itself. 
In search for more candidate proteins involved in damage recognition we recently found 
the Rad4Rad2J complex to bind preferentially lo damaged DNA. Our previous gendic 

work showed that Rad4, like Rad7Radl6, is not essential for repair of alllesions in vivo. 
Additionally, XPC, the human homologue of Rad4 also has been shown to complex to 

DNA at the site of damage. These observations suggest a role for Rad4/Rad23 in 
damage recognition. 
By mobility shift analysis we have analyzed the binding characteristics of the 
Rad4Rad23 complex to DNA and found preferential binding of this protein complex to 
structurally distinct lesions. Using irrunobilized DNA substrates we were able to bind 
Rad4Rad23 complexes damage dependently. Elution of bound complexes and 
subsequent westem analysis of the eluates revealed the presence of both Rad4 and 
Rad23 in the DNA bound complexes. 
Studies on human NER showed that Replication protein A, a protein involved in many 
DNA metabolic processes, was shown to have affinity for damaged DNA, which places 
also RPA on the Iist of candidate damage recognition proteins. We have purified yeast 
Rpa and found it to bind preferentially to damaged DNA like its human homologue. 

Severa! members of the yeast NER rnachinery have now been implicated in the 
recognition of the damaged site. The possible involvement of multiple proteins suggests 
a complex mechanism of damage recognition in eukaryotes. This may be partly due to 
the chromatin state of eukaryotic DNA which may influence recognition of damage. 
Possibly the proteins involved bind cooperativily to damaged DNA. Currently we are 
analyzing their combined action at the site of the DNA damage. 
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Genetic analysis of the effects of transcription and chromatin 
structure on RAD51-dependent and -independent mitotic 
recombination 
Francisco Malagón and Andrés Aguilera 
Departamento de Genética, Universidad de Sevilla, 41012 SEVILLA, 
Spain . 

In this work we explore the possibility that changes in 
chromatin structure, whether or not associated with transcription, 
affect recombination. We have analyzed recombination of different 
mutants related to chromatin structure and transcription. Mutations 
in SPT2, SPT4 and SPT6 increase the frequency of crossovers (CO) 
1 gene conversions (GC) and deletions up to 15-fold above wild
type levels.The genetic and molecular analysis of recombination in 
spt6-140 mutants reveals that a significant proportion of the spt6-
induced recombination events are long-conversion tract events, 
suggesting an enhanced capacity of the recombination machinery for 
heteroduplex extension. In the inverted repeat systems that we 
used, recombination is reduced by 4-10-fold in the rad51, rad54, rad55 
and rad57 mutants, leading to a pattern of GC significantly different 
from wild type. spt6-140 suppresses this rec- phenotype and restores 
the wild-type pattern of gene conversion and reciproca! exchange. 

Finally, our analysis reveals that induction of recombination by 
spt6-140 in a Rad51 + genetic background is only observed under 
transcription conditions. When the DNA region involved in the 
recombination event is not transcribed, spt6-140 has no significant 
effect on recombination and there is a stronger dependency on 
RAD51. 

We propose that chromatin structure is a barrier for 
recombination. The spt6-140 alters chromatin structure facilitating 
initiation and heteroduplex extension. This effect is enhanced by 
transcription, that opens chromatin structure and, thus, facilitates 
recombination. Such recombination events are long conversion 
events associated with crossing over, and do not require the RAD51 

gene product. 
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Discordance between transcription-coupled repair and thc 
recovery of messenger RNA synthesis. Bruce C. McKay, Feng 
Chen and Mats Ljungman, Division of Cancer Biology, Department of 
Radiation Oncology, University of Michigan Comprehensive Canccr 
Center, Ann Arbor, MI 48109-0936. 

Ultraviolet (UV) light induces helix distorting DNA lesions 
which are repaired by the nucleotide excision repair (NER) pathway. 
These DNA adducts are thought lo block elongation by RNA 
polymerase 11. A specialization of NER, termed transcription
coupled repair (TCR), has evolved to deal with the UV lesions within 
the template strand of RNA polymerase II-transcribed genes but not 
genes transcribed by RNA polymerases I or III. To gain insight into 
the relationship between TCR and the recovery of mRNA synthesis, 
we have assessed the recovery of transcription exclusively from RNA 
polymerase . Il-transcribed genes. Using this assay system, we ha ve 
made severa! importan! observations. Firstly, mRNA synthesis 
recovers more efficiently following exposure to 10 Jtm2 than 5 Jtm2 
in normal fibroblasts suggesting that sorne aspect of the recovery of 
mRNA synthesis is UV-inducible. Secondly, the complete recovery of 
transcription appears to prec6de the complete removal of UV
induced dimers from the transcriplion strand of active genes in 
human fibroblasts and Chinese hamster ovary cells. This observation 
suggests that translesion RNA synthesis occurs in vivo. Thirdly, the 
recovery of mRNA synthesis in TCR-proficient Li-Fraumeni syndrome 
fibroblasts and other cells lacking normal p53 . tumor suppressor 
function is less efficient than predicted by their DNA repair 
phenotype. Together, these results suggest that the capacity of cells 
to recover mRNA synthesis is not solely determined by the repair of 
transcription blocking UV lesions and further suggests that not all UV 
Iesions are permanent blocks to RNA polymerase II progression. 
Furthermore, p53 or a p53 regulated protein appears to participate 
in sorne aspect of the recovery of transcription. 

To gain further insight into the role of p53 in the recovery of 
mRNA synthesis, we have used two different conditional expression 
systems. Using stable cell lines expressing a temperature sensitive 
allele of p53, we have found that expression of functional p53 prior 
to UV -irradiation stimulates the recovery of mRNA synthesis 
whereas p53 expressed exclusively during the post-UV incubation 

\/ r_: · period is insufficient to enhance the recovery of transcription. W e 

;> _, t :. ' suggest that p53 regulates the steady state leve! of one or more 
,- · ,._ · , proteins importan! for the recovery of mRNA synthesis and further 
·,- _, ·:: ~· suggest that this function of p53 is independent of its role in 

nucleotide excision repair. Curren! efforts are directed at the 
identification of proteins regulated by p53 which contribute to this 
recovery process. 
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Hal8p/Crz1p/Tcn1p, A TRANSCRIPTIONAL ACTIVATOR OF ENA1 GENE 

l. Mendizabal, A. Pascuai-Ahuir, R. Serrano, I.F. Larrinoa 

Departamento de Química Aplicada, Facultad de Ciendas Químicas, 
po Manuel de Lardizabal3, 20009 San Sebastián, Spain 

Four putative yeast transcription factors (Hai6-Hal9p} have been 
identified which upon overexpression in multicopy plasmids increase sodium 
and lithium tolerance in Saccharomyces cerevisiae. Hal6p and Hal7p are bZIP 
proteins, whereas Ha18p and Hal9p are zinc finger proteins. Deletions of the 
tour genes reveal that only the two zinc finger proteins are relevant to 
halotolerance, since ha/8 and ha/9 mutants are sensitive to high salt and show 
decreased expression of the Na+JU+ extruding ATPase encoded by ENA 1 
gene (Mendizabal et al. 1998). 

The extremely low ENA 1 expression in a ha/8 mutant suggests that 
Hal8p is an ENA 1 transcriptional activator. HAL8 gene disruption mimics 
calcineurin inhibition effect on ENA 1 expression. Therefore, Hal8p should be 
considered a target of the calcium-activated calcineurin signa! transducing 
pathway. 

A GST-Hal8p fusion protein binds specifically to sequences within ENA 1 
promoter which confer calcium-regulated expression to a CYC1-IacZ reporter 
gene. 

l. Mendizabal, G. Ríos, J.M. Mulet, R. Serrano, and I.F. l.arrinoa (1998). Yeast 
putative transcription factors involved in salt tolerance. FEBS Letters 425:323-
328. 
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A CAF-1 1 PCNA mediated chromatin assembly pathway 

triggered by sensing DNA damage 

Jonathan G. Moggs', Paola Grandi', Jean-Pierre Quivy', Zophonías O. Jónsson2
, 

Ulrich Hübscher', Peter B. Becker and GeneviEwe Almouzni'; 

'lnstitut Curie/Section de Recherche UMR 218 du CNRS, 26 rue d'Uim 75231, Paris cedex 05, 

France. 

2 lnstitute of Veterinary Biochemistry, University of Zürich-lrchel, Winterthurerstrasse 190, CH-

8057, Zurich, Switzerland. 

3European Molecular Biology l..aboratory, Meyerhofstrasse 1, 69012, Heidelberg, Germany. 

Abstract 

Sensing DNA damage and signalling an appropriate cellular response is crucial 

for the maintenance of genomic integrity and cell cycle progression. We 

demonstrate that DNA damage in the form of single-strand breaks and gaps triggers 

the propagation of nucleosomal arrays. This nucleosome assembly pathway is 

stimulated by the histone chaperone chromatin assembly factor-1 (CAF-1). The 

largest CAF-1 subunit (p150) interacts directly with the outer "front side" of 

proliferating cell nuclear antigen (PCNA), a repair factor which colocalises with CAF-

1 in chromatin after DNA damage in vivo. The recruitment of both of these factors is 

dependent on the number of lesions and requires ATP. We propose that connecting 

chromatin assembly through PCNA to a variety of DNA damage processing events 

can be important for DNA damage signalling. 
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CREB/ ATF transcription factor-mediated chromatin remodeling ata meiotic 
recombination hot spot ade6M16 in fission yeast 
Kunihiro Ohtai, Ken-ichi MizWlol, Wayne P. WahlsZ, Toshiharu Ubukatal3, 
Noriko Hasemi 1.3, Yoslúnori Watanabe4, Yuichi linos, Masayuki Yamamoto4, 
Mary Fox6, GeraJd Smith6, Jürg Kohli7, and Takehiko Shibatal 
lCell. &. Malee. Biol. Laboratory, The Inst. of Phys. & Chem. Res. (RlKEN), 
Wako, Saitarna 351-0198, Japan; 2Vanderbilt Univ., USA; 3Saitarna Univ.; 
4,5 Univ. of Tokyo; 6 Fred Hutchinson Cancer Research Center, USA; 7 Univ. 
of Bem Switzerland 

The single base substitution ade6M26 creates a meiosis-specific 
recombination hot spot in Schizosaccharomyces pombe , -~The ade6M26 
mutation generates a heptanucleotide sequence, in which any of the 
base substitution abolishes the hot spot activity, at the 5' region of the 
ade6 open reading frame. A hetero-dirneric protein Mtsl-Mts2 binds 
specifically to the heptamer sequenc.-es. Mtsl-Mts2 proteins are tumed 
out to be identical to CREB /A TF transcription factors (Gad7/ Atfl and 
Pcrl, respectively) which are involved in stress response and 
induction of meiosis in pombe. We discovered a chromatin rernodeling 
around the M26 mutation during meiosis. This chromatin rernodeling 
is highly dependent upon the integrity of the heptamer sequence and 
both subunits of Mtsl-Mts2 heterodirner. This chromatin remodeling 
requires severa! genes and factors responsible for meiosis induction, 
such as mei2, mei3, cgsl, wisl, and heterozygousity at mating-type 
Iocus. The results suggest links among recombination activation, 
transcription activation, chromatin remodeling, and signa! 
transduction pathways for meiosis induction. 
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An HMG-f(Y)-like protefn tltat rcguiRtcs carotcnoid synthesfs and frultlng body developmcnt In 

the h11cterlum Myxococcu.r xanthu.r 

S.Padmanabhan, M. Elfu-Arnanz and F •• J. Murlllo. Opto. de Genética y l\flcrohloloRI•I, 

Facult11d de Blologfn, Univenldad de Murclu. 

Thc: high-mobility-group (HMG) prutc:ins con~titute a family ofuhiquitous and abundant non-histonc: 

nuclear protc:in~ in euknryotes. They function llS architectural elements that modify the structure of 

DNA nnd chromutin, d1erc:by modulating various DNA-dependent uctivities (1). TI1e HMG-l(Y) 

subfamily of proteins are charactcrized by the presencc of multiple C(lpics of'the positively charged AT 

hook motif: a motif consisting of the conserved core Arg-Giy-Arg-Pro scquencc: embeddcd in 8 

somewhat less conscrved cluster ofbasic nnd prolinc: residues which bind lolhc: minor groove of AT

rich DNA ( 1 ). This laborntory identified, ck!lled and sequenced thc gene c:arD from the baclerium 

Myxoccocus xanthus, whose product participates in light- and stnrvalion-induced responses 

manifesled, respectively, in carolenoid synthesis nnd fruiting body devclopment in the bacterium (2. 

3). Thc ami no acid sequcnce predictcd fot dtc product of gene carD revenled th<: presence of four 

repeats of fue mammalinn BMG-l(Y) motif ut thc C-terminnl end (3 ). This, to our knowledgc, is the 

first report of such a protein in proknryotcs. As in fue eukaryotic proteins, d1erc is a very acidic region 

and fuis lies immediutely N-tenninal lo the HMO-I(Y) rcgion in protein CarO. 1hc acidic region is 

preceded by a putlltive leucine-zipper molif, which in tum follows fue N-terminal region ofthc protein 

(3). Thus this prokaryotic protcin hllS sevcraluttributes of cukaryotic transcription factors. We have 

cloned and uverexpres.~ed in E. col/ fue M. xanthus gene carD using thc pET systcm, nnd purified the 

protcin using proccdures similar to Lhose cmployed for euknryotic HMO-l(Y) protcins (4). The results 

of our ongoing characterization oflhe protcin will be presented. 

l. Bustin, M. (1999) "Rcgulation of DNA-depcndent activities by fue functional motifs or the high

mobilily-group chromosomal proteins" Mol. Ce/l. Blof. 19, 5237-5246. 

2. Nicolás, F. J., Ruiz-Vázquez, R. M, & Murillo, F. J. (1994) "A genetic link between light response 

and multicellulor development in the bo.clerium Myxococcus xanthus" Gcncs & Dcw!lop. 8, 2375-

2387. 

3. Nicolás, F. J., Cayuel11, M. L., Mnrtínez..Argudo, l. M., Ruiz-Vázquez, R. M, & Murillo, F. J. (1996) 

"High mobility group l(Y)-likc DNA-binding domllins on o. bacteria.! trunscription factor" Proc. Natl. 

Acad Sci (USA) 93.6881-6885. 

4. Reeves. R. & Nissen, M. S. (1999) "Purilication and nssays for high mobility group HMG-l(Y) 

protcin function" Melhods in Enzymol. 304, 155-188. 
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STRUCTURAL ANO FUNCTIONAL HETEROCENEITY OF Rap1p COMPLEXES 
WITH TELOMERIC ANO UASrpg-LIKE DNA SEQUENCES 

Fatima-Zahra IDRISSI, Natalia GARCfA-REYERO, David CARRO, and Benjamín 
PIÑA. 
Centre d'lnvestigació i Desenvolupament. Consejo Superior de Investigaciones 
Científicas. Jordi Girona 18, 08034 Barcelona, SPAIN 
Tel. 343 4006157 
FAX: 343 2045904 
Email: bpcbmc@cid.csic.es 

Raplp binds toa variety of related DNA sequences. We studied complexes of Raplp 
and of its DNA binding domain with two of these sequences, the UASrpg sequence 
(5'-A CA C C CATA CA T T T-3', RPG) and the S. cerevisiae telomeric consensus 
sequence (5'-A CA C C CACA CA C C C-3', TEL). When cloned in front of a 
minimal CYC1 promoter, the two sequences differed in their transcriptional 
potential. Whereas RPG and TEL binding sites activated transcription with 
approximately the same strength, adjacent RPG sequences showed higher synergistic 
activity and orientation-dependerice than TEL sequences. We also found different 
sequence requirements for Rap1p binding in vitro to both sequences, since a single 
base-pair that severely reduced binding of Rap1p to the RPG sequences, had very 
little effect on the TEL sequence. Both KMn04 hypersensitivity assay and the 
hydroxyl radical foot printing analysis showed Rap1p binding domain distorted 
differently DNA molecules encompassing both sequences. We propose that Rap1p 
is able to build structural and functionally different complexes, depending on the 
type of DNA sequence the complex is build on. 

The genetic analysis revealed a second aspect of the functional heterogeneity of the 
different Rap1p binding sites. Two types of mutations affected our constructs: 
histone depletion resulted on a overactivation of both constructs, with much greater 
effects in constructs bearing a single RPG and TEL sequeces, gal11- mutations 
recduced transcription similarly in all cases. Our conclusion is that Rap1p activates 
transcription by a dual mechanism of action: by overcoming histone repression and 
by direct or indirect interaction with components of the RNA polymerase 
holoenzyme. Our results suggest the relative significance of these two ways may 
change from one promoter to another depending on the base sequence of the Rap 1 p 
binding site. The relevance of this functional and structural heterogeneity for the 
multiple functions Rap1p binding sites appear to have in vivo will be discussed. 
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An ISWI complex with similarities to Orosophila CHRAC, isolated from Hela 
nuclear extract. 

Raymond Poot and Patrick Varga-Weisz 

Marie Curie Research lnstitute 
The Chart. Oxted, Surrey RH8 OTL, United Kingdom 

We have purified an ISWI (hSNF2L) complex from Hela nuclear extract with 
similarities in subunit composition and activity, compared to the previously 
identified Drosophila Chromatin Accessibility Complex (CHRAC) (Varga-Weisz et 
al. , 1997). The hSNF2L complex with a molecular weight around 700 kD was 
biochemically purified following immunoreactivity to hSNF2L. The complex 
contains topoisomerase 11 alpha (topo 11 alpha), a minar amount of topo 11 beta, the 
histone-fold protein p17 and several other putative subunits. ISWI, topo 11 and p17 
were also found in Drosophila CHRAC. The interactions between hSNF2L, topo 11 
alpha and p17 were confirmed with immunoprecipitations using antibodies against 
hSNF2L and p17. lnterestingly, our putative human CHRAC complex-contains a 
185 kD subunit: a protein of similar size is also part of the Drosophila complex. 
Transfected GFP-tagged p17 binds transtected-HA-tagged p15, the human 
homologue of another histone-fold protein found in Drosophila CHRAC. Tagged 
p17 and p15 also bind hSNF2L, suggesting that p17 and p15 forma heterodimer 
within CHRAC (On the histone-fold proteins in CHRAC, we are in collaboration with 
D. F. V. Corona and P. B. Becker at EMBL Heidelberg, who supplied us with the 
protein sequences of Drosophila CHRAC p15 and p17.). The human CHRAC 
complex shows chromatin- and DNA-dependent ATPase activity, probably due to 
hSNF2L and topo 11, respectively. Similar to Drosophila CHRAC, the human 
complex stimulates the formation of properly folded and regularly spaced 
nucleosomes. lt also increases the accessibility of nucleosomal DNA to 
Micrococcus nuclease digest. 

Varga-Weisz et al. (1997) Nature 388, 598-602. 
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Prem.ature tr.anscription termination of an lg transgene dissociates hypermutation and 

tr.anscription. 

St~phane Frey, Auriel Oahan, Frédéric Ddbos, Jean -Claude Weill and 

Claude-Agnes Reynaud 

INSERM U373 - Faculté de Médecine Necker-Enfants Malades - Université París V -

156 ruc de Vaugirard- 75730 París Cedex 15 (France) 

The role of RNA transcription in the process of hypermutation of Ig genes was 

assessed by introduction of a transcription termination signal in an Ig light chain 

transgene acting as mutation substrate (SPA-C2). Transgenic lines harboring SPA-C2 

substrates only, control substrates, or both integrated in tandem were analyzed. Three 

out of four single SPA-C2 transgenic lines show background mutation level, but display 

minimal transcription elongation and, surprisingly, initiation of transcription was also 

reduced. The fourth line shows normal mutation rate while transcription elongation is 

reduced ten-fold. In two double transgenic lines, a 50 to 100-fold reduction in 

transcription elongation is observed for the SPA-C2 transgenes while their mutation 

level is only slightly reduced compared to the adjacent control transgene copies, and 

transcription initiation is moderately affected. These results thus dearly dissociate 

transcription elongation and mutation. 

tel: 00 33 1 40 6156 83 

fax: 00 33 1 40 61 55 90 

e-mail: reynaud@infobiogen.fr 
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Title: Higher order chromatin structures are detected in DNA double-strand 
breaks in vivo. 

Emmy P. Rogakou, Chye Boon, Christophe E. Redon, Kevin Johnson, and 
William M. Bonner. 

National Institutes of Health, NCI, DBC, 9000 Rockvile Pike Bldg 37 Room 
5021, Bethesda, MD 20892, USA 

When mammalian cell cultures or mice are exposed to ionizing radiation in 
survivable or lethal amounts, histone H2AX immediately becomes extensively 
phosphorylated on serine 139. Collectively referred to as gamma, these 
phosphorylated H2AX forms appear in vivo after several procedures that 
introduce double-strand breaks into DNA. Gamma components appear to be 
the only major novel components detected by mass or 32P04 incorporation on 
AUT-AUC or SDS-AUC gels after exposure of cells to ionizing radiation. The 
appearance of gamma-H2AX is rapid; half-maximal amounts are reached by 
one minute after exposure of cell cultUres to ionizing radiation. Stoichiometric 
calculations show that H2AX molecules on about 0.03% of the chromatin are 
phosphorylated per DNA double-strand break, a value corresponding to about 
2 X 106 bp DNA per double-stranded break. Thus, large amounts of chromatin 
and thousands of H2AX molecules are involved with each DNA double
stranded break An antibody raised to gamma-H2AX detects specifically this 
phosphorylation and its homologues in Drosophilla, Saccharomyces and other 
species. In mammalian cells, the antibody detects a nwnber of structures 
consistent with the nwnber of predicied DNA double-stranded breaks after 
ionizing radiation, and may be capable of detecting a single DNA double
stranded break within one minute of formation. Furthermore, radiation of 
mitotic cells revealed that the domains of chromatin that contain gamma
H2AX, closely resemble and may correspond to the megabase long metaphase 
chromosome bands. 
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Cbaracterizatioo or Brgl and hBrm based human SWIISNF complexes 
,tllf_il $if and Robcrt E. Kingston. 
Dcpartment of Molecular Biology, Massachusetts General Hospital, Boston, MA 02114, and Department ofGenetics, Harvard Medica! School, Boston, MA 02115, USA. 

R.egulation of transcription in the context of chrollllllin involves many ceUul.ar activities that eithcr 
promote or hinder the process by which DNA is rendered accessible. The recent discovecy and 
characte:rization of chromatin rcmodding complexes, and histone acetylase and deacetylase complexes 
suggest that tbese activities are involved in the regulation of cell growth and differentiation primarily by modifying chromatin st:ructure. Genetic and biochemical studies h(lve shown that complexes, which 
contain SWI2'SNF2 related proteins, can remodel chromatin in an A TP-dependent manner. 
SWI21Sl\'F2, which contains the A TPase domain, is a central componont of the SWJ/SNF complex and is highly conserved among eulcaryor.es. Human cells contain at least two homologues of yeast SWI2/SNF2, designar.ed Brgl and hBnn, which are related but not identical. Both Brgl and hBrm have been shown to 
be involved in transcriptional activation and repression, and appear to be regular.ed differently by 
phosphorylation during mitosis. There is littlc information about the role that cach one of these proteins and thc: complc:xes thc:y associate with play in the regulation of chromatin structure. 

To address the mech.anisms by which the Brgl and hBrm-based human SWI/SNF complexes 
regulare chromatin structure both in vivo and in vitre, I ha ve used a helper-free retrovirus system to 
establish cclllines that express FLAG-tagged copies of oither wild typo Brgl or hBrm. Biochemical characterization of these celllines reveals that Brgl and hBrm are found in cornplex with at least eight 
subunits; p250, hSWI3(pl70), hSWI3(pl55), hSwp73 (p60), pSO, RbAp48, hArp7(p47), Inil (p45). 
Based on the predicr.ed molecular weight of the Brgl and hBrm complexes (-1 MDa), and thoir apparent molecular weight by gcl filtration (-2 MDa), we wanted to detemrine whether Brgl and hBrm can be 
found in the same complex. Westren blot analysis of fractions immunopurified from the tagged lines that exptess either Brgl or hBrm showed that these two A TPases do not interact. Using these ce!llines, I ha ve developed a two step purification schemc to easily purify highly active Brgl and hBrm-based 
hSWI/SNF complexes to homogeneity. Both complexes can alter the topology of plasmid DNA that has beell assembled into chromatin using either Xenopus egg extracts or Drosophila embcyo extracts, although, hBrm complexes appear to be slightly less efficient in their ability to remodel arrays of 
nucleosomes. When Brgl and hBrm complexes were tested for their ability to remodel 
mononucleosomes, the hBrm complex was inactive despir.e the fact that it was able to hydrolyze ATP. These studies suggest that there are functional c:lifferences between these two chromatin remodeling complexes, and raise the possibility that these differences might be reflective ofthe role that each one of these ATPases paly in vivo in arder to regulare cell growth. 

. - • ..r 
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lnduction and persistence of chromosome aberrations involving 
breakpoints in euchromatic (l7cen-p53) and heterochromatic (lq12) 
subchromosomal regions and chromosomes with heterogeneous 
transcriptional activity 

Jordi Surrallés, S. Puerto, M.J. Ramírez, A. Creus and R. Marcos 

Group of Mutagenesis, Department of Genetics and Microbiology, Universitat Autónoma de 
Barcelona, 08193 Bellaterra, Barcelona (Spain) ( e-mail: jordi.surralles@blues.uab.es) 

Two heterogeneous subchromosomal regions were investigated for in vivo and in vitro radiation
induced chromosome aberrations: (i) chromosome 1 heterochromatin, band 1 q 12, by tandem 
tabelling FISH with adjacent probes and (ti) 17cen-p53 euchromatic region by double colour 
FISH with region specific probes. In addition, overall chromosome breakage was monitored by 
multicolour painting and by the rnicronucleus (MN) assay complemented with pancetromeric 
FISH. The in vivo study was performed on buccal cells from thyroid cancer and hyperthyroidism 
patients sampled before and after radiaoctive iodine therapeutic expoSI.Ire. No increase in neither 
centromere negative rnicronuclei nor 1q12 fragility was observed after radioactive iodine 
treatment. However, a highly significant increase in 17cen-p53 fragility leading to p53 monoallelic 
deletions and 17p gains, as well as chromosome translocations involving chromosomes 1, 4 and, 
above all 1 O, were detected in the same samples. The in vitro study was perfomed in an irradiated 
TK6 lyrnphoblatoid cell line, a highly proliferative cell system resembling the continuously 
dividing buccal cells. Cytogenetic damage was measured 1, 3, 7, 14, 28, 42 and 56 days after 
irradiation by rnicronuclei with pancentromeric FISH, tandem labelling 1cen-1q12 FISH and 
multicolour painting with libraries specific for chromosomes with heterogeneous length and gene 
density and transcriptional activity (chromosomes number 1, 4, 18 and 19). A high increase of 
chromosome breakage was detected in all cases with similar frequences ofinduction. However 
both MN and translocations involving the heterochromatic band 1q12 were highly unstable and 
desappeaced 1 week after induction. On the contray, 300/o of translocations involving overall 
chromosomes 1, 4, 18 and 19 were highly stable, irrespective ofthe gene density or length ofthe 
chromosome involved. From our results we conclude that (i) euchromatin is as radiosensitive as 
heterocluomatin, (u) MN and lq 12 translocations are highly unstable upon cell divisions, probably 
leading toan undetectahle increase ofMN and 1q12 breakage in the continuously proliferating 
buccal cells ofthyroid disease patients, and (ili) radiactive iodine induced breakage in 17cen-p53 
region leading toan increase ofthe 17p gains and losses which were apparently stable u pon cell 
divisions and hence detectable in buccal cells from thyroid disease exposed patients. In addition, 
the induction of chromosome aberrations is proportional to the length of the chromosome 
involved, gene density malees no measurable contribution to the induction of aberrations, and 
neither length nor gene density influence the persistence of chromosome aberrations. 
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Cells lacking the recombination-repair gene XRCC2 show an increased leve.l of 
chromosome mis-scgregation 

Caro! S Griffin and John Thacker 
MRC Rad:stion and Genomc Stability Unit,Harwell,Oxon,UK 

We have previously shown that the human gene XRCC2 complements the 
hypcrsensirivity of the V79 hamster mutant cellline irsl to mitomycin e (MMC) and X
rays. 
This gene shows homology to members of the recA/rad51 homologous rccombiDóon
repair gene family. It is probable thereforc that XRCC2 plays a role in homologO'.lS 
n::combinaion repair in humans. Studies of recombination genes in other organisms ha ve 
also sugg::sted a role in maintaining chromosome stability through thc correct segregation 
of chromosomes during mitosis. To assess thc role of XRCC2 in chromosomc 
segregatic~. we ha ve used a cytogcnetic assay with fluo;escently labelled hamster 
chromosOQe specific repeat sequences. The leve! of mis-scgregation was found t0 be 
:;ignifican:ly elevated in irsl compared to V79, together with an iocrease in chro;:nosome 
exchangc frcquency. Sever.al irsl sub-lines transfected with the XRCC2 gene wc..re · 
analysed wd they all showed a rcstored resistance to MMC and X-rays, together with a 
leve! of rrüs-segregation and chromosome e.'Cchange frequency equal to that found in thc 
parental cdlline. 
Losses or gains in whole chromosomes are found in nearly all majar human tuiDJOr 
types, ar..d may be a vital step in the path to canccr by dramatically changing gene dosage. 
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GAGA protein was described fifteen years ago as protein able to bind to gaga regions 
loca te in severa! promoters of different genes( 1,2). This activity was described as basic for 
the correct expression ofthose genes. 
GAGA seems to contain three main domains: a N-terminal domain called POZ, which has 
been described as a homolheteromerization (3) domain; a central DNA binding-domain (only 
contains a urúque Zn-finger), and a (-terminal Glutamin-rich domain (Q). 
The first role atributed to GAGA was of activation, but severa! years after it was proposed 

a role of Antirepressor rather than real Activator (4) . The antirepression was an interesting 
model for GAGA, but it was not able to explain all the aspects of GAGA behaviour. 
One explanation could be the existence of activities which are able to bind to the same 
sequences as GAGA. In fact, endogenous GAGA is a good candidate since the levels of 
GAGA are high during all the stages ofthe fly.Moreover, It has been described recently a 
new protein called Pisqueak which recogrúzes the same gaga sequences as GAGA( Psq) and 
it presents a repressor activity (5). 
We have studied the role ofGAGA in transcription in vitro, using an heterologous system 

like HeLa nuclear extract instead of Drosophila's nuclear extracts in order to avoid the 
problem of the endogenous GAGA . We found that GAGA presents an activator activity 
independent of Antirepression . Furthermore, the responsible for this activity is the e
terminal Glutarrún-rich domain (Q), and the POZ domain seems to modulate this activity. In 
both cases Q is able to show a high activity in GAlA context, and studies of progressive 
deletions ofthe Q domain suggest a modular and redundant structure for Q. 
Although GAGA failed to actívate in vitro in a Drosophila nuclear extract SNF-Iike 

extract, GAIAQ was able to mantain this activation. Our studies have included also in vivo 
transient cotransfection assays in Drosophi/a's SL2 cells, confirrrúng the activation activity 
ofGAIAQ, although it was sensibly lower than GAIAVP16. 

1.- Soeller, W.C. et al1988. Genes & Dev. 2: 68-81 
2.- Biggin, M. D. and Tjian, R. Cell53 : 699-711 
3.- Espinas, M.L. et al 1999. J. Biol. Chem. 274: 16461-69 
4.--Croston, G.E. et al. 1991. Science 251: 643-649 
5.- Lehmann, M. et al 1998 J. Biol. Chem. 273 : 28504-9 
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Abstract. 

Fanconi anemia (FA) is an autosomal recessive chromosomal instability syndrome characterized by 

progressive bone marrow failure, hypapigmentation ofthe skin, development.al abnormalities andan 

increased cancer risk, particular! y acule myeloid leukernia and squamous cell carcinoma. Cells derived 

from FA paticnts have an increased level of spontaneous chromosomal damage and a speeific 

hypersensitivity to cross-linking agents, such as rnitomycin C (MMC) and diepoxybutane. FA is 

genetically heterogeneous, with at least eight complementation groups (A-H). Each ofthese groups 

probably represents a distinct disease gene. The FA genes FA.NCA.. FA.NCC and FANCGIXRCC9 ha ve 

been identified, but their interrelationship and molecular functions are still obscure. Hel'e we report that 

the protein encoded by the FANCG gene localizes to the cytoplasmic and nuclear compartmcnt and 

assembles in a molecular complex with the product ofF ANCA.. Complex formation was demonstrated by 

imrnunoprecipitation from celllysates of transiently transfected cells and by immunoprecipitation of in 

vilro translated products. Endogenous F ANCA/F ANCG complex could readily be detected in non-FA 

eeUs and in cells ftom FA patients of compleme.ntation groups D and E. By contrast, the cornplex was 

neady absent in FA-B and FA-H cells and reduced in FA-C and FA-F cells, wild type levels were restored 

in these cells after correetion of the cellular FA phenotype by transfeetion or cell fusion. These results 

strongly suggest that the FANCAIFANCG cornplex has functional significance in the FA pathway 

guarding chromosomal stability. 
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Organizers: R. W. Aldrich and J. López
Barneo. 

*23 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. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
ANA Viruses. 
Organizers: J . J . Bujarski , S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J . Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

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

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J . A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

• 30 Workshop on Resistance to Viral 
lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers : M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. P. 
Wolffe. 

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

34 Workshop on Computational Approa
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avi lés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

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

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers: M. Heisenberg and A. 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz
Villena. 

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

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers: T. L Blundell , M. Martínez
Ripoll , M. Rico and J. M. Mato. 

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

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

44 Workshop on Selective Gene Activa
tion by Cell Type Specific Transcription 
Factors. 
Organizers : M. Karin , R. Di Lauro, P. 
Santisteban and J. L. Castrillo. 

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

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

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin, M. Beato and J. 
Modolell. 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Lacal. 

49 Workshop on Transcriptional Regula
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj, J. Ortín and J . 
Valcárcel. 

Out of Stock. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

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

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

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

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

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

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of TeJo
meres and Centromeres. 
Organizers: B. J . Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pages. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers: E. K. Weir and J. López
Bameo. 

62 1996 Annual Report 
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63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J . Massagué and C. Bemabéu. 

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

65 Workshop on Signal Transduction in 
Neuronal Development and Recogni
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizar: Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra andA. Velasco. 

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

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J . M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

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

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J. L. 
Mico!. 

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

74 Workshop on Plant Viroids and Viroid
Like Satetlite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J. Cudeiro and A. M. Sillita. 

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

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

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F. García-Arenal, K. J . 
Oparka and P.Palukaitis. 

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

82 Workshop on Wiring the Brain: Mecha
nisms that Control the Generation of 
Neural Specificity. 
Organizers : C. S. Goodman and R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshihama, R. Kolter and M. 
Vicente. 

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

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Expression 
and Silencing. 
Organizers: T. C. Hall, A. P. Wolffe, R. J . 
Fer1 and M. A. Vega-Palas. 

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

Instituto Juan March (Madrid)



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

88 Workshop on Structure and Mecha
nisms of Ion Channels. 
Organizers: J . Lerma, N. Unwin and R. 
MacKinnon. 

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

90 1998 Annual Report. 

91 Workshop on Eukaryotic Antibiotic 
Peptides. 
Organizers: J . A. Hoffmann, F. García
Oimedo and L. Rivas. 

92 Workshop on Regulation of Protein 
Synthesis in Eukaryotes. 
Organizers: M. W. Hentze, N. Sonenberg 
and C. de Haro. 

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

94 Workshop on Mechanisms of Homo
logous Recombination and Genetic 
Rearrangements. 
Organizers: J . C. Alonso, J . Casadesús, 
S. Kowalczykowski and S. C. West. 

95 Workshop on Neutrophil Development 
and Function. 
Organizers: F. Mollinedo and L. A. Boxer. 

96 Workshop on Molecular Clocks. 
Organizers: P. Sassone-Corsi and J . R. 
Naranjo. 

97 Workshop on Molecular Nature of the 
Gastrula Organizing Center: 75 years 
after Spemann and Mangold. 
Organizers: E. M. De Robertis and J . 
Aréchaga. 

98 Workshop on Telomeres and Telome
rase: Cancer, Aging and Genetic 
lnstability. 
Organizer: M. A. Blasco. 

99 Workshop on Specificity in Ras and 
Rho-Mediated Signalling Events. 
Organizer: J . L. Bos, J . C. Lacal and A. 
Hall. 

Out of Stock. 
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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 Fundación Juan March. 

The Centre endeavours to actively and 

sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 

through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 

Symposia and the Juan March Lectures on Biology. 

From 1989 through 1998, a 

total of 123 meetings and 1 O 

Juan March Lecture Cycles, all 

dealing with a wide range of 

subjects of biological interest, 

were organized within the 

scope of the Centre. 
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The lectures summarized in this publication 

were presented by their authors at a workshop 
held on the 181ft through the 201ft of October, /999, 

at the Instituto Juan March. 

Al! published articles are exact 
reproduction of author's text. 

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


