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The functional and structural analysis ofthe chromosomal elements responsible for the 
stability of the eukaryotic chromosome is essential for the understanding of the mechanisms 
involved in normal chromosome inheritance. During the last few years, significant progress has 
been made in this field. The purpose ofthis workshop was to bring together recent results on the 
structure and function of two essential chromosomal structures: telomeres and centromeres, 
compiling data from a large variety of organisms, ranging from lower eukaryotes to mammals. 
Telomeres are the specialised protein-DNA complexes present at the ends of eukaryotic 
chromosomes. In most organisms, telomeric DNA consists of short sequen ce motifs that typically 
contain tracts of three or four guanines. The G-rich strand oftelomeric DNA has the ability to 
fold into four-stranded DNA structures. In this workshop, the atomic structure oftetra-stranded 
DNA was presented, as obtained by NMR and X-ray crystallography. The effects of adenine 
substitution on tbe folding ofthe G-rich strand into tetra-stranded DNA was discussed. Finally, 
tbe ability ofthe complementary C-rich strand to forro an intercalated tetra-stranded complex was 
also reported and details ofthis structure as well as ofthe factors influencing its stability were 
presented. 

lt is well known tbat proper telomere function requires the recruitment of 
sequence-specific DNA-binding proteins. An invaluable too! to investigate the interactions of 
telomeric sequences and proteins is the yeast Saccharomyces cerevisiae. At the meeting the 
atomic structure ofthe complex formed by telomeric DNAwith the DNA binding domain of 
RAPI, tbe major telomere binding protein ofthe yeast S. cerevisiae, was presented. These studies 
provide important insights into how proteins recognize telomeric DNA sequen ces. The telomeres 
of S. cerevisiae are the best characterized in terms ofbotb structure and function. Much Iess is 
known about the structural proteins that interact with telomeric DNA in Schi::.osaccharomyces 
pombe. However, its chromosome structure and dynamics is more closely related to higher 
eukaryotes. Work on S. pombe telomeres, mainly describing the interactions of specific proteins 
with telomeric DNA, was presented. Sorne ofthe features oftelomeric binding proteins (myb 
domain) appear to be highly conserved from yeast to humans. 

Telomeres have a special chromatin structw-e which results in gene silencing. It was shown 
that, in the yeast S cerevisiae, the proteins associated with telomeric heterochromatin (RAPI , 
SIRJ, SIR4) show an heterogeneous nuclear distribution. 

The question of how te! o meres are replicated was al so addressed at the meeting. Data 
presented indicated that, in addition to elongation ofthe G-strand by telomerase, the telomere 
replication also involves a specific degradation oftbe C-strand. Recently, tbe relationship between 
telomerase activity and age has been the subject of active research. The results presented using 
a S. cerevisiae model system, suggest that telomeres may influence tbe length of the yeast life 
span but may not be involved in the aging process per se. 

As previously mentioned., results presented focused on severa! organisms including ciliated 
protozoa and Drosophila. Most eukaryotic telomeres are made by G-rich repeats which are 
generated by telomerase. A contrast is represented by Drosophila, where telomeres do not have 
those simple repeats; instead telomere-specific transposable elements are found. Data on 
telomerase-independent mechanisms for telomere maintenance in Drosophila were presented. 

lnterest was ' shown not only on the very end of chromosomes, but also on severa! 
structural and functional aspects of tbe subtelomeric regions. Results presented at tbe meeting 
indicate that DNA near end ofhuman chromosomes has large blocks of duplicated material and 
is highly polymorphic. Fwthermore, the large-scale polymorphic duplications can contain genes, 
such as members ofthe olfactory receptor gene family. 
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Unlike telomeres, where functional sequences are well conserved, the repeated sequences 

found at many centromeres vary widely between species. The identity ofthe functional sequence 

has been well characterized only in yeast. 
There has been debate about whether the small centromere of S. cerevisiae provides 

a model for the larger centromeres of most other organisms: are cerevisiae-like "magic 
sequences" embedded in the centromeric repeats of other organisms?. In his summary of the 

meeting, John Carbon identified the demise of the "magic sequence" hypothesis as one of its 

major conclusions. New evidence presented at the workshop suggested that repeated sequences 

alone are su.fficient to form the centromeres of multicellular eukaryotes. 
Schizasaccharomyces pombe can be seen as providing a model for the centromeric DNA 

of higher eukaryotes, and the identification of the S. pombe centro mere binding protein Abp l 

with extensive homology to the mammalian centromere protein CENP-B allows the model to be 

extended to include proteins as well. The centromeric DNA of a Drosophi/a minichromosome 

has now been characterised: only satellite DNAs and transposons were found. None ofthese 

sequences were detected at all other Drosophila centromeres and each sequence had 
non-centromeric locations. These findings, together with the observation that deleted 

minichromosomes lacking the centromeric DNA can show surprising stability, led to the 

thought-provoking suggestion that there may be nothing at all special about the centromeric 

DNA: perhaps, after suitable epigenetic activation, any sequence whatsoever can show 
centromeric activity. 

The relevance of sorne structural features of Drosophi/a centromeric satellites and 

the functions of specific proteins that interact with mammalian centromeres were also discussed. 

Workers on mammalian chromosomeshave been trying for years to emulate the success ofthose 

working with yeast, and create mammalian artificial chromosomes starting from DNA elements. 
The first reports of success from this approach provided so me of the highlights of the meeting. 

Evidence is mounting that a1phoid satellite DNA introduced into a cell may be su.fficient to form 

a human centromere. Although more work is still required, the techniques are now at hand to 

create functioning human minichromosomes. Chromosome based vectors will allow the cis-acting 

DNA requirements for mammalian chromosome function to be rigorously defined. Furthermore, 

synthetic chromosomes could be extremely useful tools in the field of gene therapy. 
In conclusion, findings reported at the workshop provided new insights into this dynamic 

field, giving a stimulating overview on the structure and function oftwo essential chromosomal 
structures. Undoubtedly, detailed function and structure may vary considerably from system to 

system; however, the workshop provided a wonderful opportunity to leam and to retlect about 

the possible links of chromosome behaviour among species, from yeast to human. 
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TELON!ERE MA.INTENANCE TN SACCHAROMYCES CEREVISlAE 
(Y .A. Zakian, Department ofMolecular Biology, Princeton University, Princeton NJ 
08544) 

Saccharomyces chromosomes end \n -300 bps of Ct-3A!TG1_3 DNA. After telomeres are 
replicated by conventional semi-conservative replication, wlúch occurs at the end of S 
phase, terminal restriction fragments from yeast chromosomes or linear plasmids acquire 
single-strand TG 1•3 tails, estimated to be -50-100 bases in length. These TG1•3-tails are 
generated on ends repl.icated by both leading and lagging strand synthesis by a telomerase­
indcpendent mechanism. The TG1.3-tails are probably generated by degradation ofthe C 1_ 

3A strand of yeast telomeric DNA (Wellinger et al., 1996 Cell 85:423). Cells carrying 
mutations in the essential gene CDC 13 arrest in G2 phase when grown at restrictive 
temperatures. In cdcl3-J arrested cells. the strand running 5' to 3' from the tela mere 
towards the centromere is degraded (Garvik et al., 1995 Mol. Cell. Biol 15:6128) These 
data suggest that Cdc13p limits the cell cycle regulated C1-1A-strand degradation that 
occurs at the end of S phase. To determine if Cdc13p prevents degradation by binding to 
telomeric DNA, Cdc13p was produced in E. coli or over-produced in yeast and tested for 
its ability to bind to telomeric DNA, using a gel shift mobility assay. Both E coli and 
yeast generated Cdcl3p bind specifically to single strand TG 1. 3 DNA. This binding is not 
competed by duplex telomeric DNA, single strand C, .,A DNA, or RNA. Over-expression 
of Cdcl3 p causes telomere shortening. Genes near yeast telomeres are transcriptionally 
repressed., a phenomenon called telomere position effect, TPE Cells expressing the 
temperature sensitive version ofCdcl3p encoded by cdc:l3- l cells have reduced TPE 
when grown at semi-permissive temperatures Together with previous data, the results 
suggest that Cdc13p binds to telomeric DNA 111 vivu where it regulates the accessibility of 
telomeric DNA to replication. degradation , and transcription 

Workshop on chromosome behavior. Madrid , 1996 
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The sequestering of Sir3 and Sir4 at telomere clusters and the role of 

concentration gradients in regulating SIR-mediated gene repression in yeast 

Monica Gotta, Thierry Laroche, Laurent Maillet1, Cécile Boscheron1, Moira Coc kell, 

Eric Gilson1 and Susan M . Gasser 

Swiss Institute for Experimental Cancer Research (ISREC), CH-1 066 

Epalinges!Lausanne, Switzerland, and § Ecole Norrnale Supérieure de Lyon, F-69362 Lyon, 

France 

A novel technique for combined immunofluorescence 1 in situ hybridization on fixed budding 

yeast cells is shown to maintain the three dimensional structure of the nucleus as monitored by 

focal sections of cells Iabeled with flu orescent probes and by staining with a nuclear pore 

antibody. Within the resolution of these immunodetection techniques, we show that proteins 

encoded by the SIR3, S!R4 and RAPI genes colocal ize in a statistically significant manner with 

Y' telomere associated DNA sequences, in fewer than ten foci per diploid nucleus. This suggests 

that telomeres are clustered in vegetatively growing cells, and that proteins essential for telomeric 

silencing are concentrated at their si tes of ac tion, i.e . at telomeres and subtelomeric regions. 

Transcriptional repression at the silent mating type loci in yeast requires the targetin g of Sir 

proteins through specific interactions forrned at cis-ac ting si lencer elements. We show here that a 

reponer gene flanked by two functional silencers is not repressed when integrated at more than 

200kb from a telomere. Repression is restored by creation of a new telomere 13kb from the 

integrated reponer, or by elevated express ion of SIR ! , S!R3 amllor S!R4. Coupled expression 

represses in an additive manner. When overexpressed, Sir3 and Sir4 are di spersed throughout the 

nucleoplasm, in contrast to wild type cells where they are clustered in a limited number of foci . 

Efficien t silencer function at interna! loci thus seems to require either proximity to a pool -of 

concentrated Sir proteins, i.e. proximity to telomeres, or de localizat ion of the si lencing factors. 

The localization of Sir proteins to telomeres appears to require interactions among Sir3, Sir4 and 

the C-terrninal domain of Rapl. In the absence of Sir3, Sir4 is found dispersed throughout the 

nucleus, while in the absence of Si r4, Sir3 is localized mainly to the nucleolus. Evidence that the 

pool of Sir4 at telomeres is in equilibrium with a nontelomeric pool is suggested from the 

characterization of proteins that interact with the N-terminal domain of S ir4 . Two factors , Sif2 

and Sif3, bind tightly to the Sir4 N-terminal domain as monitored by two-hybrid analyses. When 

overexpressed, Sif2 weakens telomeric si lencing, whi le its disruption improves repression at both 

telomeric and silent mating type loci. Sif2 is not locali zed to telomeres and geneti c analyses 

suggest that it keeps the non-telomeric concentration of Sir4 in check. 
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THE ORGANIZA TION OF INfERNAL TELOMERIC REPEA TS IN THE DEVELOPING 

MACRONUCLEUS OF HYPOTRICHOUS CILlA TES 

Hans J. Lipps, lnstitut für Zellbiologie, Universitat Witten/Herdecke. Stockumer 

Str. 10, D-58448 Witten, FRG. Tel. (49)2302 669144, FAX (49)2302 669220 

The macronucleus of hypotrichous ciliates contains millions of individual short 

DNA-molecules each carrying an expression cassette and sequences required for 

the replication as a linear DNA-molecule . These molecules are created after sexual 

reproduction in a series of morphologically well defined events. After fusion of two 

haploid micronuclei the diploid zygote nucleus divides mitotically and one nucleus 

becomes a micronucleus, the other differentiates into the macronucleus. Macro­

nuclear development includes the formation of polytene chromosomes. degrada­

tion of these chromosomes , elimination of DNA and fragmentation into short gene­

sized DNA-molecules. In the micronuclear genome macronuclear specific sequen­

ces occur in clusters , very otten their coding regían is interrupted by short non­

coding sequences, (lES, interna! eliminated sequences) or transposon-like elements 

which are excised during polytene chromosome formation and macronuclear 

precursor sequences are never associated w ith sequences homologous to the 

telameric repeat. Thus, in arder to ere ate a tunctional macro nuclear DNA-molecule 

at least the tollowing processes have to occur : Excision of lES and transposon-like 

elements . specific fragmentation of the genome and de novo addition of telomeric 

repeats (for review : Lipps and Eder. 1 996) . 

We have analyzed interna! sequences homologous to the macronuclear telomeric 

repeats in the micronucleus and the developing macronucleus of Stylonychia . 

There ex ist about 1500 interna! telomeric repeats which are all contained in a very 

conserved element. This element is bordered by two 2 kb direct repeats . lm­

mediately adjacent to one of these repeats an 1 8mer C4 A4 C4 A 4 C2 telomeric se­

quence is localized. Sequences homologous to a macronuclear DNA-molecule 

follow 180 bp downstream of the telomeric bloc . The macronuclear homologous 

sequence is flank.ed by the second direct repeat (Stoll et al. , 1993). Unlike the TBE 

(telomere bearing element) described in Oxytricha fallax the element found in 

Stylonychia is not excised early during polytene chromosome formation and no 

ORF showing homology to transposases can be detected (Doak et al., 19931. The 

high sequence conservation of the Stylonychia element suggests that it hes sorne 

important function for DNA processing during macronuclear development. In fact. 

part of this element is transcribed during the polytene chromosome stage of 

macronuclear development yielding an RNA which contains the 18mer telomeric 
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(C4 A4 ),C2 sequence and a sequence homologous to a conserved sequence found 

in the subtelomeric regían of all macronuclear DNA-molecules (Maercker and Lipps, 

1 993). This Jed us to speculate that this transcript could be involved in the de 

novo addition of telomeric sequences by acting as a template for the synthesis of 

G.T.-repeats to the 3'-end. 

In order to experimentally test this hypothesis we established a transfection 

system by microinjection for Stylonychia . A vector was constructed which con­

tains the micronuclear version of two macronuclear DNA-molecules, ene of which 

was modified by the insertion of a polylinker sequence . When this vector was 

injected into the developing macronucleus it was correctly fragmented and tela­

meres were added de novo (Wen et al., 1995) . Since this system allows the 

analysis of DNA-processing within single cells it may preve usefull for the iden­

tification of sequences required for correct de novo addition of telomeres . 
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Telomere Length is Inversely Correlated to Lifespan in Saccharomyces cerevisiae 

Nicanor R. Austriaco, Jr., and Leonard P. Guarente 

Dept. of Biology, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

U .S.A. 

The mortality kinetics of a popula tion of yeast cells can be described by the 

Gompertz equation, the clussical definition Íor aging populations. In this report we 

demonstrate an inverse correlation between telomere length and lifespan in 

Saccharomyces cerevisiae. Mutations which lengthen telomeres including rn.uh 

and tJ.rifl lead to a shortening of lifespan. Furthermore, the significant shortening 

of lifespan in the tJ.rif1 strain was partiaUy suppressed by alkles of SIR4 which are 

thought to enhance silencing at AGE, a hypothetical aging gene in yenst In 

contrast, overexpression of truncated TLCl, the gene encoding the yeast telomerase 

RNA, leads to a shortening of telomeres and ;:~ dcby in senescence. Strikingl y, this 

extension in lifespan reyuires SIR3 which encocles an essenti;:~l component ot the 

silencing machinery. Th;:se íinding ::; suggest that telomeres may set thc 

reproduchve capacity of yeast by regulating the levels of genomic silencing within 

the ce!!. In contrast to the prevailing telomere hypothesis which proposes that short 

telomeres lead to cellular senescence, we specula te that the telomere shortening in 

mammalian cells may not cause senescencl' but may actually be a cellular response 

to an age-dependent loss of genomic silencing: telomeres shorten so that cells can 

continue proliferating. 
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Telomeric length, chromatin structure and silencing are modulated 

by SIRJ dosage and the amino terminus of histone H4 i n 

Sacharomyces cerevisiae. 

M. A. Vega-Palas, S. Yend iui and E. Di Mauro 

(Dipartimento di Genetica e Biología Molecolare, Universita di Roma <<La Sapienza>>, Piazzale 

Aldo Moro 5, 00185 Rome, ltaly) 

Telomeres have a special DNA and chromatin structure and play a n 

essential role in cell biology stabilizing chromosomes and facilitating complete 

replication of chromosomal termm1. Telom eri c DNA usually contains tandem 

repetitions of a shon motif flanked by s ubtel omeric, middle repetitive sequences. 

In yeast, telomeres are composed of about 350 bp containing the Cl-3A repeat a n d 

are usually flanked by two subtelomeric elements: the X element, present in most 

yeast tel omeres, and the Y' element, prese nt only in a subset. A significan! 

numbcr of reports have described that transcriptional activity is negativel y 

affec ted by the proxim ity to yeast telomc res. However. to our knowledgc, a 

biological ro le for thi s telomeric si lcncing rcmains to be established. 

We ha ve fo cused our effons on the s tudy of yeast tclomeric a n d 

sub tc lomeric chromatin s tru c turc and it s influcn ce on telomeres length a nd 

transcriptional si lencing. The average chromatin st ructure of X elements was 

ana lyzed in wild type and mutant strains. some of which were known 10 be 

affected in telom eric si lencing . These mutant s lacked SIR3 protein o r 

ovcrexpressed it, bore a deletion of 28 aa in the ami no terminus of histone H4 o r 

had substitution s of the 4 acetylatable rcsidues in th e amino tail of hi s tone H4 . 

S tandard nucleosome arrangements were not detected in the X elcments of wild 

type st rains . Instead , regions lacking detec tabl e nucleosomes were found . 1 n 

addition. sorne modifi ca tions to thc wild-type s tru c ture werc identified in 

s ilcncing mutants. Thcsc mutants al so cx hi bitcd alte rcd lcn gth of thc lcft tclom erc 

of chromosome 111. 
To study transcriptional si lcncing in a natural co ntcxt, thc levcl s of 

cxprcssion of the ycas t rctrotranspo son TyS -1 werc ana lyzed in al! the s train s 

mcntioncd above. These stra in s con tain only onc copy of Ty5 ncar 10 the left 

telomcrc of chromosomc 111 . Littlc exprcssion was found in wild typc st ra ins. 1 n 

thc sir3 overexprcs ing mutant and tn th c mut ant affcctcd in hi stone H4 

acety la ti on. By contras t. clcar dcreprcssion was obscrvcd in thc sir3 dclctcd 

mutant and in the mutant lack in g the amino tail of hi stonc H4 . Thereforc, thc 

cxpression of Ty5-l was s ilcn ccd und cr na tural co nd it ion s and was affected by 

prcviou s ly described modifie rs of tcl omcri c s ilen ci ng . Preliminary expcriments 

havc shown exprcssion of Ty5-l along th c cell-cy clc in a wild typc strain . 

betwecn Gl and S phase. Since Ty5 elcmen ts havc bccn found preferentially in 

thc vicinity of s ilenced arcas like te lomeres or HM loci, our result s suggest a 

poss ible biological rol e for tran scrip tional telomeric si lcncing : TyS clement s 

could survivc in si lenced a re as keeping it s tran sposition at low level s, th u s 

avoiding undesi rabl e mutagenic stress of the hos t cc ll s. We a re currently testing 

this hypothesis. 
Thc chromatin structure of the putative TyS-1 promoter region wa s 

anal yzcd in a wild type s train and in the sir3 dcleted mutant. Specific changes of 

c hrom at in structurc were dctected. 

We would like , to thank Michael Grunstein , Caro! Ncwlon and Bik Tye for t he ir 

generosity in supplying us with many strains and plasmids used in this study. 
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FOUR-STRANDED HELICES FORMED BY OLIGOGUANINE SEQUENCES 
Alli Murchie, F Aboul-ela, G Laughlan§, B Luisi§ and DMJ Lilley 

CRC Nucleic Acid Structure Research Group, Biochemistry Dept. Univcrsity ofDundee, Dundee DDI 4HN. UK. 

and § MRC Virology Unit, Universi ty of Glasgow, Glasgow G 11 5JR, UK. 

Oligoguanine sequences exhibit a propensity to adopt four-stranded helical structures in the 
presence of sodium or potassium ions. These are based u pon the formation of hydrogen-bonded 
guanine tetrads (below). When tetraplexes are assembled from four separate strands , they have 
a strong tendency todo so in a parallel manner, but tetraplexes formed from two or more 
guanine blocks in the same continuous strand do so in an antiparallel manner. 

We ha ve studicd the formation of parallel-stranded tetraplexes by short oligoguanine-<:ontaining 
oligonucleotides in the presence of sodium ions by biochernical and biophysical methods. In 
particular, we ha ve studied thc structure formed by the seq uence dTG4 T by high resolution 
NMR in solution, and by crystallography. 
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NMR studies showed that it adopts a parallel-stranded tetraplex in which the glycosyl bonds are 
al! in the anJi conformation, and the deoxyribose rings are el ose to C2 '-endo. We obtained 
crystals of dTG4 T that diffract to extreme! y high resolution. The structure has been sol ved to 

1.2Á (see detail oftetrad, above), and more recently extended to 0.95 Á resolution. The 
molecular geometry is the expected tetraplex based on guanine tetrads. Seven coordinated 
sodium atoms were seen on the axis (note electron density at centre of tetrad, above), 

coordinated by guanine 06 atoms, and the four equivalen! grooves are highly hydrated. 

Using functional group substitution, we ha ve studied the folding of intramolecular tetraplexes 
formed by sequences of the kind d(T 2 or 4 XXXX)4 , where X represents guanine, adenine ora 
base variant. Using a gel electrophoretic assay of folding, we find that only sequences based on 
G4 or AG3 are able to undergo tetraplex folding in the presence of monovalent ions. However, 
linúted substitution ofbases by 7CG or KA suggests that the latter folds by the formation of 
three all-guanine tetrads, with the adenines formally forming part of the loops where they would 
be expected to interact with thynúne bases. No evidence for altemative tetrads based on the 
participation of adenine was found. 

Retinob1astoma susceptibility genes contain 5" sequen ces with a high propensity to form guanine-tetrad 
structures. A 1 H Murchie & D M J Lilley Nuc/eic Acids Res. 20. 49-53 ( 1992). 

NMR study of paralle1-stranded DNA tetrap1ex formation by dTG4 T. F Abo u1 -e1a, A 1 H Murchie & D M J 
Lilley Nature 360,280-282 ( 1992). 

The high-reso1 ution crysta1 structure of a paraUe1-stranded guani ne tetrap1ex . G Laugh1an, A 1 H Murch ic, D 
G Norman , M H Moore, P C E Moody, D M J Li11cy & 8 Lui si Science 265, 520-524. 

So1ution structure of a para11e1-stranded tctraplex fom1ed by d(TG4 T) in the prcsence of sod ium ions by 
nuclear magnetic resonance spectroscopy. F Abou l-ela. A 1 H Murchic, D G Norman & D M J Lillcy 
J. Malee. Bio/. 243, 458-47 1 (1994) . 

Tetrap1ex folding o f telomere sequences, and the inclusion of adeninc bases. A 1 H Murchic & D M J 
Lillcy EMBO J. 13 , 993- 1001 (1994) 
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STRUCTURE OF THE YEAST TELOMERIC PROTEIN RAP1 IN 
COMPLEX WITH DNA: HOW TELOMERIC DNA SEQUENCES ARE 
RECOGNISED. 

R. Giralda, P. Kónig, L. Chapman and D Rhodes 
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 20H. 
UK. 

Telomeric DNA typically consists of short, tandemly arranged saquence 
repeats. In the budding yeast Saccharomyces Cerevisiae the telomeric 
DNA is packaged by the non-histone protein RAP11 . The binding of RAP1 
to telomeric DNA is involved in both telomere length regulation and 
transcriptional silencing2. The recently determinad crystal structura of the 
RAP1 ONA-binding domain (RAP1 DBD) with an 18bp talomeric DNA 
fragment previdas the first insight into the recognition of the telomeric DNA 
sequences by a protein3 . RAP1 DBD contains two similar domains that 
bind DNA in a tandem orientation, recognizing two TGTGG tandem repeats 
in the RAP1 binding sita. The two domains are structurally relatad to the 
homeodomains and Myb motifs. The cloning of the human telomere repeat 
binding factor TRF has revealed that this protein also contains a Myb 
motif4, suggesting that the recognition of the conserved telomeric sequence 
repeats may take place via a conservad DNA binding motif. 

1) Rhodes, D. and Giralda, R. {1995) . Telomere structure and tunctlon. Curr. Opln. 
Struct . Bici. 5: 311-322 

2) Shore, D. (1994) . RAP1 : a protean regulator in yeast. Trends Genet. 10: <408·412 

3) Kónig , P., Giraldo, R., Chapman, L. and Rhodes, D. (1996) . The crystal structure ol 
the DNA-blndlng domain o! yeast RAP1 in c:omplex with tolomeric ONA. Cell85: 125-136 

4) Chong, L., van S1eensel, B, Broc.coll, D., Erdjument-Bromage , H., Hanish, J .. Temps1, 
P. and de Lange. T. {1996) . A human telomeric protein. Science 270: 1663·1667 
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Folding of Cytosine-Rich Nucleic Acids 

Jean-Louis Mergnyl, Laurent Lacroixl, Jean-Louis Leroy2, 
& Claude Hélenel 

1 Laboratoire de Biophysique, Muséum National d'Histoire Naturelle INSERM U201, 
CNRS UA481 , 43, rue Cuvier 75005 Paris. 

2 Groupe de Biophysique, Ecole Polytechnique, URA D1254 CNRS 91128 Palaiseau. 

The human genome contains many repeated sequences. Sorne of the repeated 
motifs located at centromeric and telomeric sites are cytosine-rich, and may adopt an 
unusual DNA conformation. called the "i-motif'. The stability of this structure relies 
on the formation of hemiprotonated C.C+ base pairs 1. 

A DNA single-stranded short oligonucleotide, which sequence mimicks the 
cytosine-rich strand of human telomeres (CCCT AA)n may adopt the i-motif 

conformation in vitro 2.3, whereas a RNA molecule of corresponding sequence does 
not4 Repeated centromeric motifs, such as (CCT AA)n m ay al so form the i-motif in 
vitro, although this structure is unstable. 

Antisense and "anti-gene" strategies are based upon the specific recognition of 
cellular nucleic acids components (RNA or d s DNA) by single-stranded 
oligonucleotides . What happens if the alitisense agent adopt a folded conforma! ion 
such as the i-motif? In a large set of experimental conditions. such a cytosine-rich 
oligonucleotide is blocked in a inactive conformation4 , and thus unable to assoc iatc 
with its target. Other routinely used nucleic acid modifications (phosphorothioates. 
2'0me) are now investigated. 

Optimal i-motif stability occurs at acidic pH. but the formation of this structure 
is still possible in physiological conditions. This prompted us to search for for nuclear 
proteins that may recognize this motif. Human cells indeed contain severa! nuclear 
proteins that bind specifically to cytosine-rich nucleic acids. These factors are 
CUITently unde~ characterization. 

Références: 

1) Gchring, Lcroy & Guéron (1993) N<Uure ID: 56 1-565 . 

2) Lcroy, Guéron, Mergny & Hélénc (1994} N~tcleic Acids Re.<. Zl: 1600-1606. 

3} Mergny. Lacroix, Han, Lcroy & Hélene, (1995} } . Am. Chcm. Soc. Ul: RRR7R . 

4} Lacroi x, Mcrgny , Lcroy, & Hélénc ( 1996} Biochemislry in prcss . 
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Identification of a telomere binding protein in S.pombe and its function in 

controlling telomere length. 

Julia Promisel Cooper and Thomas R. Cech, Howard Hughes Medica! Institute, 

Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 

80309-0215, USA 

In a rder to s tud y te lomere func tion in the eukaryotic model organism, 

Schizosaccharomyces pombe, we have performed a one-hybrid screen for S.pombc 

protei ns that bind specifically to the telomere sequence. This screen identifi ed a 

single protein, FTP. FTP is a novel protein containing at its C-terminus a region of 

homo logy with the Myb DNA binding domain, a domain also found in the human 

telomere repeat facto r (Chong et al., 1995 Scicncc 270) . Disruption of FTP leads to a 

d ramatic increase in telomere length , fro m a te rminal res triction fragment s ize of 

-300bp to nearly 5000 bp. This telom ere length increase is accompanied by 

derep ress ion of transcription of genes loca ted adjacent to S.pombc telomeres 

(reduced position effec t; Nimmo ct al. , 1994 EMBO J. 13). Finally, our chro mati n 

n:apping experiments indicate an unusual structure at the te lomeres invo lv ing 

stab ly bound nonhistone proteins; th is ch romatin s tructure is altered in the FTP­

dis rupted strain. Thus, FTP may contro l telomerase ac tivity either by interac ting 

with te lomerase subunits or, perha ps more likely, by controlling the access ibility of 

telom e ri c DN A. 
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THE TELOBOX, A MYB-RELATED TELOMERIC DNA BINDING MOTIF FOUND IN 

PROTEINS FROM YEAST, PLANTS AND HUMAN. 

T. BILAUD, C. BRUN, C.E. KüERING, S.M. GA SSE R 1 ANDE. GILSON 

Laboratoire de Biologie Moléculaire et Cellulaire de l'Ecole Normal e 
Supérieure de Lyon, UMR49 CNRS/ENS, 46 alié d'ltalie 69364, Lyon, 
Cedex 07, France 
1 ISREC, chemin des Boveresses 155, CH-1066 Epalinges/Lausanne, 
Switzerland 

The Saccharomyces cerevisiae TI AGGG-Binding Factor 1 (Tbfl) was identified and 

cloned through its ability to interact with venebrate telomeric repeats in vitro. We showed 

that a sequence of 60 amino acids located in its C-terminus is critica! for DNA binding . 

This sequence exhibits homologies with Myb repeats and is panicularly well conserved 

among the following proteins. 

- Five proteins from plants, two of which are known to bind telomeric-related sequenccs 

within promoter regions : the maize Shrwzken initiator -binding protein IBP 1 and thc 

parsley BoxP-binding factor BPFI. 

- Two prote ins from human , which corrcspond to thc prcviously describcd human 

TI AGGG binding fac tor (TRF) and a yct unknown protein called TB. The cONA 

encoding TB was isolated and sequenced. Truncated forms of TRF and TB, mainly 

constitutcd by the Myb-related sequence, are sufficient to bind the human tclomcric 

rcpeats spccifically. We propase to cal! the panicular Myb-related motif found in thcse 

protei ns the « telobox >>. 

In summary, this work reveal s the existence of two human telomere-associated pro tcins, 

TRF and TB , sharing a TIAGGG binding domain (tclobox) at their C-terminus. 

Jn tercst ingly , the sequences of TRF and TB di verge outs ide the telobox , suggesting that 

thcse proteins perforrn separate functions at telomcrcs . 
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LARGE-SCALE POLYMORPHIC DUPLICATIONS OF SUBTELOMERIC DNA 

;Barbara J. Trask1, Cynthia Friedman 1, Carolyn Ak:inbami 1• John Blankenship1• Veronique 
Brand2, Colin Collins3, Dominique Giorgi2• Shawn ladonato1, Fo.rrester Johnson1, Antonia Mar­
tin-Gallardo4, Hillary Massa1, Tammy Morrish5, Susan Naylo~. Lec Rowen1• Sylvie Rouquic?, 
Harold Riethmaé, Hiroaki Shizuya7, TOdd Smith1• David Wong1, Janey Youngblom8, and Ger 
van den Engh1 

lDept of Molecular Biotechnology, Univemty ofWashingtoo, Se&ttle WA:. :lcentre de :Reclr.rcbe' de Biochimie 
MoCIQ~leculaire. CNRS, Mootpeli& Fl'llllce; Jufe ScieiiCC& Diviaion. Lawreaoe Bcrltcley J...abonwry. Bed:.eley 
CA; 4Centro Nacioaal de Biotecnologia, Campus UAM, Madrid, Spain; 5Unlvenity ofTeQI Heallh S~ Center, 
San Antonio TIC; ~J&IM ln¡titute, Philadelphia, PA; 7Dcpt of Biology. Callfomia Imtiwle ofTedmology, Puadena 
CA; 1Dept ofBiology, California Statc Unlvenity - Stanlslaus. Thrlock.:CA. 

The sequence at the ends ofhuman chromosomes does not shift abruptly from th.e (T 2AG3)
0 repeat shared by all chromosomes to unique, chromosome-specific DNA. lnitcad, tbe subtelom­

eric regio os of many cbromosornes contain sequen ces that are duplicated on other chromosomes 
(see references). We have used FISH (fiuorescence in situ hybridization), PCR. Southem blotting, 
and DNA sequencing to analyze the subtelomeric DNA of severa! cbromosomes. 

Our resúlts reveal several surprising features of the subtelorneric regions: (a) th.e blods of 
DNA sequence shared by dilferent chromosomes can be quite large (>50 kbp) and highly similar, 
(b) these large-scale duplications are highly polymorphic, i .e., they may be present or .absent on a 
given chrornosome in normal individuals, (e) dilferent blocks are organiz.ed in a compÍex plll:ch­
wolk that may differ among chromosomes, and (d) the large-scale polymorphic duplicalions can 
contain genes, such as inembers ofthe olfactory receptor gene family. 

Tbe 40-kbp segment cloned in cosmid 7501 from human chromosome 19 illustrates several of 
these properties. This sequence maps by FISH near the ends of 3q, 15q. and 19p in each of 44 
individuals sampled from 5 diverse human populations. A1l but 4 individuak carry 7501-sequence 
on both homologs of.these cbromosomes (7501-sequence was present on only one homolog of 15 
in 3 individuals and of 19 in ene individual). These results suggest that the events lea.ding to the 
duplication onto these 3 chromosornes preceded the 5pread of modero man. 

In addition to these 3 common sites, the 7501-block is also present on other chromosome¡ in 
sorne individuals. The nnmber of copies varíes among normal individuals from 7 to 11 per diploid 
cell. A total of 14 subtelomeric sites (2q, 3q, Sq, 6p. 6q, 7p, 8p, 9q. llp, 15q, 16p, 16q, 19p, 19q) 
were found to contain the cosmid's sequence in ar least one of the 44 individuals. Small portions 
ofthe 7501 sequence were also observed on 4 additional chromosomes in sorne individuals. 7501 
positive alleles weie rare on sorne chromosolDCII and were detected only in a singk individual, bul 
were moderately frequent on other chromosomes (c.g., 64% of 88 chromosomes 11). The fre­
quency of7501-positive alleles of sorne chromosom.es (e.g., 7p) varied among human popula­
tions. The bulle ofthe 7501-block is present on only one chrornosome in chimpanzec and gorilla. 
This chromosome is the orthol()g ofhuman chromosome 4, which does not carry the sequence in 
any of the humans anal y~. These re~ults suggest that the 7 501-block has undergone very recent 
duplications onto and/or deletions from sorne cbromosome ends. 

1bese dilferent cbromosomes share at least 40-lcbp of sequence. Chromosomes 3, 15, and 19 
isolated in so~tic cell hybrids are pasitive, with a few minar exception.s, for PCR assays identi­
fying 17 locations across 7501. The similarity among the paralogs is indicated by the fact that 
probes from several portions of 7501 each identify a single band on Soutbern blots of EcoRI-
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digested human DNA, despite their presence on 3 or more different chromosoroes in each sample. 
Remarkably, we have found so far no differences in 2.3 kbp of sequenced DNA or the restriction 
map encompassing -40 kbp from one allele each of chromosomes 3 and 19. This similarity sug-
gests that the duplications leading to some copies occur:red relatiYely recently ( <1 M ya). · 

This duplicated segment contains three regions with homology to roembers of the olfactocy 
receptor gene family. Il: is not yet known ü the OLFR -sequences are transcribed into functioning 
proteins o¡; if variations in the location or CC?PY number of these sequen ces have a phenotypic con­
sequence. 

It is clear that thc patchwork: of duplicated bloc:ks will frustratc attempts to map the subtelom­
eric regions using techniques that were developed for and honed on single-copy regions of the 
genome. Ourpreliminary efforts to walk: from 7501 have li.nh:d the maps of 19 (41 %) ofthe 46 
chromosome ends and an interstitialsite 111 2q 13-14. The 7 50 1-block is fianked by sequences that 
are duplicated on even la.rger, overlapping subsets of chromosomes (a different set on either side). 
Polymorphism is also observed in the chromosomal distribution of these flanking sequences. 

Our obserYations indicate thlll subtelomeric regions owe their complex organization to a series 
of events that have duplicated, tranSfened, deleted, and reammged large blocks ofDNA: We 
hypothesize that large blocks of telomeric sequen ce transloca.ted periodically from one chromo­
some to another. The number of paralogous copies could have increased ü block -containing alle­
les of both donor and recipient chromosomes were passed on to subsequent generations. 
Deletions, single-base mutations, and additional inter-chromosomal duplications could have 
resulted in the current jumble of blocks shared among different subsets of chromosomes. Our dala 
suggest thlll at least some of these events too le: place recently, i.e., since the split of human from 
other primates and during the evolution of modCm man. 

lt is perhaps nota coincidence that members ofthe OLFR family are found in such unstable 
regions of the genome. The ability to duplicate .and diversify the repertoire of OLFR genes rela­
tively rapidly may be under positive selection. By duplicating and reammging the most distal ends 
of chromosomes, new OLFR genes could be generated without losing the original gene or nega­
tively affecting dosage-sensitive genes located more intemally. Indeed, FISH mapping of other 
OLFR-containing clones reveals a strong bias for subtelomeric locations. · 

Brown WRA, MacKinnoo PJ, Villasante A; Spurr N, ·Buc:kle VJ, Dob~on, MJ (1990) S1r11cture and polymarphialll5 o( 

human telomere-associated DNA. Cell63: 119-132. 
Cross S., Lindsey J, Fantes J. MdCay S, McGill N. Cookc H (1990) The srructure of a subtcrmioal repea!ed sequence· 

preseot on many huinan chromosomes. Nucl. Acids Res. 18:.6649-6657. 
de Lange T, Shiue l.., M~rs, RM, Cax, DR. Naylor, SL, Killery AM, VIIDllw HE (1990) Sttucture and variabiliry of 

human cbromosomc eods. MoL Cell Biol. 10: 518-527. 
ljdo JW, Lindsay EA. Wells RA. Baldini A (1992) Multiple varianu io subtelomaic rcgiClll& of nocmal karyotypes. 

Genomics 14: 1019-1025. 
Manin-Gallardo A., Lunerdio J, Sopapan P, Friedrnan C. Fertitta A. Garcia E, Caznoo A, Negorev D, Macioa RA. 

Tl11Sk BK. Rielhmao HC (1995) Molecular analysil; of a novel rrubtelomeric tq)e&l wilh polym01phic chro~ 
soma! distribotion. Cytogellcl Cell Genet 71: 289-295. 

Weber B, Allen L. Magenls RE, Hayden MR (1991) A 1ow~opy n;peat located in rubtc:lomcdc;: regioos of 14 dilfcr­
eot human c:hromoaomal tcrmini. Cytogenet. Cell Gene( 57: 179-1&3. 

Willcie AO, lúggs DR. Rack KA, Buclde VJ, Spurr NK. Fischel-Ghodsian N, Cecc:berini L Brown WR. Harril: PC 
(1991) Stabie length polymi:lrpbism of up to 26 kb at tbe tip of the short arm of human cbtomosomc 16. Cell 64: 
595-606. 

Youngman S. Ba1e8 GP, WilliB!IIS S, Mc:Clatchey Al. Baxeodale S, Sedlac:ck. Z. Altberr M, Wasmuth 11. Macl>ooald 
ME, Gusdla JF. Shea D, Lehrach H (1992) 'Ibc tdomeric 60 kb of chromosomc anD. 4p u homologoos to telom­
eric region& on 13p, 15p, 21p. and.22p. GePOmiCll 14: JS0--356. 
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TELOMERES ANO A POSSIBLE ORIGIN FOR TRANSPOSABLE ELEMENTS 

Mary Lou Pardue and Oiga N. Danilevskaya 

Department of Biology, Massachusetts lnstitute of Technology 

Cambridge, MA 02139, USA 

Telomeres {chromosome ends) have important roles in chromosome replication, in nuclear 
division, and probably in cell-type-specific organization in interphase nuclei. In most 
eukaryotes, telomeres are generated by an enzyme, telomerase, that reverse transcribes a 
small segment of RNA repeatedly to yield a chain of short DNA repeats on chromosome ends. 
These very simple repeats are not found in Drosophila. lnstead two telomere-specific 
transposable elements, HeT-A and TART, are present in multiple copies on normal 
chromosomes and also capable of "healing" broken chromosome ends. HeT-A and TARTform 

chains of repeats on the ends of Drosophila chromosomes but these repeats are much longer 
and more complex than those generated by telomerase. HeT-A and TARTtranspose only to 
chromosome ends. They appear to be retrotransposons transposing by means of a 
polyadenlyated RNA {non-L TR retrotransposons); however both He T-A and TART have novel 
structural features which may be related to their telomere functions. 

Transposable elements are abundant in the genomes of higher organisms but are usually 
thought to affect cells only incidentally, by transposing in or near a gene and affecting its 
expression. HeT-A and TARTare the first transposable elements with obvious roles in 
chromosome structure. We hypothesize that these elements are evolutionarily related to 
telomerase; in both cases an enzyme extends the end of a chromosome by adding DNA copied 
from an RNA template. lf this hypothesis is correct, studies of the Drosophila telomere 
transposons offer important comparisons to help understand telomere structure and function. 
A second implication of this hypothesis is that other retrotransposable elements and 
retroviruses may also have evolved from telomerase. This evolution need not have occurred 
only in Drosophila, although in other organisms the new products have not replaced the 
endogenous telomerase. {Oncogenes have arisen from cellular genes. Perhaps viruses that 
carry oncogenes have al so arisen from cellular genetic mechanisms-telomerase and other 
cellular mechanisms yet to be discovered.) 

Elements that transpose by means of a poly(A)+ RNA intermediate cannot take an extemal 
prometer toa new site. Sorne non-LTR retroposons, e.g. Jockey and LINE-1, salve this 
problem by an intemal prometer. He T-A has 0.8 kb of 5' non-coding sequences that might 
contain an intemal prometer similar to the other promoters. We have tested the ability of the 
He T-A 5' sequences to promete transcription of a p-galactosidase reporter gene in transiently 
transfected Drosophila cells. The HeT-A 5' sequences did not show any prometer activity in 
this assay. Surprisingly, we have found prometer activity in the 3' end of HeT-A. Since HeT-A 

elements are often found in head-to-tail tandem arrays, adjacent elements could collaborate in 
transcription. Our results suggest that the upstream element directs transcription of its 3' 
neighbor. The 3' end of the upstream element is at least partially analogous, both in structure 
and in function, to the long terminal repeats (L TRs) that serve as promoters for other classes of 
retroelements. The oligo(A) forming the proximal junction between each HeT-A element and 
the chromosome is typical of non-L TR retrotransposons yet the prometer activity of the 
upstream repeat may be a primative L TR, giving a glimpse of how L TRs evolved. Since He T-A 
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elements are found only in heterochromatin, the HeT-A prometer must be active in 
heterochromatin. This is the first heterochromatic prometer to be molecularty characterized. 

The HeT-A retrotransposon is distinguished by its exclusively telomeric location, and by the fact 
that, unlike other retrotransposons, it does not encode its own reverse transcriptase. He T-A 
coding sequences diverge significantly, even between elements within the same genome. 
Such rapid divergence has been noted previously in studies of gag genes from other 
retroelements. Sequence comparisons indica te that the entire He T-A coding region codes for 
gag protein, with regions of similarity to other insect retrotransposon gag proteins found 
throughout the open reading frame. Similarity is most striking in the zinc knuckle region , a 
region characteristic of gag genes of most replication-competent retroelements. We identify a 
subgroup of insect non-LTR retrotransposons with three zinc knuckles of the form: (1) 
CX2CX.HX.C, (2) CX2C~HX.C, (3) CX2C~HXsC. The first and third knuckles are invariant; but 
the second shows sorne differences between members of this subgroup. This subgroup 
includes HeT-A anda second Drosophila telomeric retrotransposon, TART. Unlike other gag 
genes, He T-A requires a -1 frameshift for complete translation. Such frameshifts are common 
between the gag and poi sequences of retroviruses but have not before been seen within a 
gag sequence. Theframeshift allows HeT-A to encode two polypeptides; this mechanism may 
substituta for the post-translational cleavage that creates multiple gag polypeptides in 
retroviruses. D. melanogaster HeT-A coding sequences have a polymorphic region with 
ipsertions/deletions of 1-31 codons and many nucleotide changes. None of these changes 
interrupt the open reading trame, arguing that only elements with translatable ORFs can be 
incorporated into the chromosomes. Perhaps He T-A translation products act in cis to target the 
RNA to chromosome ends. 

REFERENCES TO RECENT REVIEWS 

Pardue, M.L., Danilevskaya, O.N., Lowenhaupt, K., Slot, F., and Traverse, K.L. , Drosophila 
telomeres: new views on chromosome evolution. Trends Genet. 12:48-52 (1996). 

Pardue, M. L. Drosophila telomeres: another way to end it all. In: Telomeres (Greider, C. and 
Blackbum, E., eds) Cold Spring Harbar Laboratory Press, pp.339-370 (1995). 
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Centromere structure and function: fungal model systems. John Carbon, 

Department of Molecular, Cellular & Oevelopmental Biology, University of California, 

Santa Barbara, CA, 93106, USA. 

Centromeres in budding yeasts (S. cerevisiae and K. lactis) are relatively simple 

structures, containing about 125 bp of DNA (the CEN locus) with specific binding sites for 

five known proteins (1). The CEN DNA plus associated proteins binds toa single 

microtubule to bring about chromatid separation during mitosis and meiosis. In contrast, 

centromeres in fission yeast (S. pombe) are more complex, containing severa! kilobases 

of DNA, and bind to three microtubules. Centromeres in the filamentous fungus, 

Neurospora crassa, are still more complex, containing 400-500 kb of DNA (2). Although 

the small budding yeast centromere contains no repetitive DNA sequences, the larger 

centromeres in fission yeast, filamentous fungi and animal cells contain many repetitive 

DNA sequences, sorne of which are essential for proper centromere function. The 

repetitive DNA sequences within the centromere DNA of N. crassa consist, in part, of 

many copies of severa! different classes of retroposons. The functional role of these 

retroposon DNAs in centromere function is still unclear. 

Centromere activity in budding yeast is mediated by a multisubunit protein 

complex (CBF3), which binds to the essential CDEIII region of the CEN DNA locus (3). 

This complex contains four components (Cbf2p/Ndc10p, 110 kD; Cbf3Bp, 64 kD; Ctf13p, 

58 kD; and Skp1p, 23 kD) . The genes specifying these four proteins are all essential in 

yeast (1 ). The CBF3 complex can be reconstituted in functional form from the four 

subunits prepared by over-expression in various systems (E. coli, Pichia pastoris, insect 

cells) (4) . Binding toCEN DNA requires the complete complex, and at least one of the 

subunits (11 O kD) must be phosphorylated for binding to occur. The role of each of the 

subunits in centromere function is still unclear, although the 64 kD subunit contains a Zn­

finger motif typical of DNA binding proteins (5), and the 11 O kD subunit contains 

sequence motifs typical of protein kinases. The 11 O kD subunit, prepared in pure form 

by over-expression in P. pastoris, contains an in vitre autophosphorylation activity and 

will catalyze the phosphorylation of BSA (collaborative experiments with Claire Fouquet, 

UCSB, & Johannes Lechner, Univ. of Regensberg) . In the presence ofthe yeast kinesin 

Kar3p, CBF3 will mediate the attachment of CEN DNA to microtubules in vitro, and , in 

the presence of ATP, will move the DNA in a plus-to-minus direction on the microtubules, 

the same direction that chromatids move during anaphase separation (6,7). Evidence 

indicates that one important role of the centromere protein complex CBF3 is to regulate 

attachment and movement of the CEN DNA on microtubules. 

1. Reviewed recently by Pluta et al., Science 270: 1591-1601 (1995). 
2. M. Centola & J. Carbon, Mol. Cell Biol. 14: 1510-1519 (1994). 
3. J. Lechner &'J. Carbon, Cell64: 717-725 (1991). 
4. O. Stemmann & J. Lechner, EMBO J., in press (1996). 
5. J. Lechner, EMBO J. 13: 5203-5211 (1994). 
6. A. Hyman, K. Middleton , M. Centola, T.J . Mitchison & J. Carbon, Nature 359: 533-536 

(1992). 
7. K. Middleton & J. Carbon, Proc. Natl. Acad. Sci. USA 91 : 7212-7216 (1994). 



Instituto Juan March (Madrid)

36 

THE FISSION YEAST MODEL FOR Tiffi HIGHER EUKARYOTIC CENTROMERE. 
Louise Clarke, Department of Molecular, Cellular, and Developmental Biology, University of 
California, Santa Barbara, California. U.S.A. 93106. 

Centromeric DNA of the fission yeast Schizo;saccharomyces pomhe is considerably more complex 
than that of the budding yeasts and shares sorne properties with higher eukaryotic centromeres. 
The three centromeres in S. pombe consist of 40 to 100 kilobases pairs (kb) of DNA organized, 
d.ifferently on each of the three chromosomes, into distinct classes of centromere-specific repeats, 
which are further arranged into a. large inverted repeat (1, 2). The center of the centromeric 
inverted repeat, or central core, contains 4-7 kb of non-homologous sequences, wbicb, when 
present in S. pombe on a minichromosome carrying K-type centromeric repeat sequences, impart 
considerable mitotic and meiotic centromere function to the minichromosome (3, 4). Thus, the two 
DNA elements, the K-type repeat and the central core, are critica! for centromere function. 
Minichromosomes carrying centromeric DNA with certain deletions within either of these critica! 
elements are the targets of a novel epigenetic mechanism that affects centtomere function in vivo 
(5, V. Ngan & L. Clarke, unpublished). This epigenetic system results in the conversion of the 
centrornere on the minichromosome from an inactive to an active state and probably involves 
specific folding of centro mere cornponents into a higher arder chrornatin structure (5, 6). 

Using both biochemical and genetic strategies, we ha ve begun to identify and examine S. pombe 
proteins that interact specifically with centromeric DNA. DNA affinity chromatography with a 
small fragment from the cen2 centtomeric central core has yielded a nearly pure 60 kDa protein (M. 
Baum & L. Clarke, unpublished). The p60 fraction binds to at least three non-identical fragments 
within cen2 central core DNA and two other regions within the K-type repeat, indicating multiple 
binding sites for this protein in S. pombe centromeric DNA. In an altemate approach to identify 
centromere proteins, we have screened an S. pombe genomic library in a multiple copy vector for 
genes that in high dosage increase the loss rate of a normally stable cenl linear minichromosome 
(D. Halverson, J. Carbon & L. Clarke, unpublished). One gene identified in this assay specifies a 
protein with considerable homology to the human centromere protein CENP-B (7) and is identical 
to the fission yeast gene abpl (8). Affinity purified p60 appears ro be identical to Abplp, because 
specific DNA binding activity is enriched in overexpressing strains and antibody to Abplp (kindly 
provided by J.-K. Lee & J. Hurwitz) causes a supershift of the centromerk DNA fragments bound 
by p60. Interestingly, Abplp and CENP-B contain many regions with significant homo1ogy to 
transposase-1ike proteins and in both Drosophila (9) and Neurospora (E. Cambareri & J. Carbon, 
unpublished) there are transposab1e elements in the pericentric and/or centromeric DNA. The 
identification of a CENP-B-related S. pombe protein that binds specifically in vitro to centromeric 
DNA and affects chromosorne segregation in vivo further confirms the validity of the S. pombe 
rnodel for the higher eukaryotic centromere. 

l. Oarke, L. , Amstulz, H., Fishel, B. & Carbon, J., Proc. Natl. Acad. Sci. USA 83: 8253-
8257 (1986) . 

2. Chilcashige, Y., Kinoshita, N., Nakaseko, Y., Matsumoto, T., Murakami, S., Niwa, 
O. & Yanagida, M. Cell51: 739-751 (1989). 

3. Hahnenberger, K.M., Carbon, J. & Clarke, L. Mol. Cell. Biol. 11 , 2206-2215 (1991). 
4 . Baum, M., Ngan, V. & Clarke, L. Mol. Biol. Cell. 5:747-761 (1994). 
5. Steiner, N. & Clarke, L. Cdl79: 865-874 (1994) . 
6. Marschall, L. & Clarke, L. J. Cell Biol. 128: 445-454 (1995). 
7. Eamshaw, W .C. & Rothfield, N. Chromosoma 91 : 313-321 (1985). 
8. Murakami, Y., Huberrnan, J.A. & Hurwitz, J. Proc. Nacl. Acad. USA 93: 502-507 (1996) . 
9. Le, M.-H .. Duricka, D. & Karpen, G.H. Genetics 141: 283-303 (1995) . 



Instituto Juan March (Madrid)

37 

Molecular-genetics of chromosome inheritance in Drosophila 
Gary Karpen, MBVL, The Salk lnstitute, 10010 North Torrey Pines Road, La Jolla CA 

92037; karpen @salk.edu 
Chromosome replication and transmission are essential for the inheritance of genetic traits, but 

the mechanisms responsible for these processes remain poorly understood in higher organisms. 
Despite recen! advances in this importan! field, majar gaps exist in our understanding of both the cis 
and trans-acting components of inheritance. We ha ve developed Dp 1187 as a model system for 
studying chromosome structure and function in Drosophila. In the last two years, we have 
completed molecular-genetic studies that localized the centromeric DNA and meiotic homologue 
disjunction elements within Dp1187, investigated the fine structure and sequence composition of 
the centromere, and pursued two new directions: analyses of genes and proteins required in trans 
for normal inheritance, and investigations of the importance of chromosomal and nuclear 
organization to gene expression . 

Centromere localization and heterochromatin structure 
The centromere , which appears as a constriction in metaphase chromosomes. is associated with 

the kinetochore and serves as the key attachment site to the spindle during mitosis and meiosis. 
Higher eukaryotic centromeres are embedded in large blocks of heterochromatin . Repeated DNA 
has made molecular-genetic analyses of heterochromatin and centromeres in higher eukaryotes 
extremely difficult. We ha ve u sed the molecular accessibility of Dp 1187 minichromosomes to 
demonstrate that Drosophila contains a surprising amount of substructure in the centric 
heterochromatin. Pulsed-field restriction mapping revealed that Dp1187 heterochromatin contains 
50-200 kb regions that contain single copy andlor middle-repetitive DNA (the "complex islands" 
Tahiti, Moorea, Bora Bora and Maupit1) separated by 100-300 kb blocks of highly-repeated simple 
satellite sequences (Le, Duricka and Karpen . 1995). 

Analyses of the transmission behavior of Op 1187 deletion derivatives localized sequences 
necessary for chromosome inheritance within the centric heterochromatin . The fully-functional 
centromere is contained within a 420 kb region , which includes significan! amounts of c_omplex 
DNA, specifically the islands BoraBora and Maupiti. Surprisingly, the amount of centromeric DNA 
required for normal transmission differs among division types and between the sexes (Murphy and 
Karpen, 1995b). In the past year we have made significan! progress in our understanding of the 
fine structure and sequence composition of the centromere. The only centric heterochromatin in the 
620 kb derivative y1230 corresponds to the 420 kb fully·functional centromere Cloning and 
mapping analyses of pulsed field gel-purified y1230 DNA have revealed the presence of two simple 
repetitive sequences that compase most of the functional centromere (AAGAG and AATAT), 1 O 
transposable elements, anda novel AT-rich sequence , in an unusual organization . The satellite 
DNA and the transposable elements are found at many chromosomal sites that do not form 
centromeres , and sensitive FISH analyses demonstrate that the majar satellite components are not 
present at all Drosophila centromeres . Thus. centromere formation and function may not depend 
solely on primary DNA sequence, and instead may be regulated by secondary structure and 
epigenetic mechanisms (Sun, Wahlstrom and Karpen . in preparation) . 

Studies performed in collaboration with Byron Williams and Mike Goldberg (Cornell) support the 
idea that centromere formation is regulated in Drosophila . We examined the effects of deleting 
portions of the centromeric DNA on the localization of the centromere-associated protein ZW10, 
using indirect immunofluorescence of spermatocytes. Two regions of Op1187 are capable of 
localizing the ZW10 protein: the centric heterochromatin and acentric fragments composed of 
subtelomeric heterochromatin and euchromatin (originally derived from the tip of the X) . The 
binding of the centromere marker protein ZW1 O to acentric Op 1187 derivatives strongly suggests 
that these fragments are weakly transmitted (Murphy and Karpen , 1995b) by a microtubule-based 
mechanism, and have the ability to serve as sites for "neocentromere" formation . Neocentromere 
activity is propagated through multiple cell and fly generations, even in the absence of "normal" 
centromeric DNA. lnterestingly, the same region present in a normal X, and newly-created acentric 
fragments from the X tip, do not display neocentromeric activity or localize ZW10. We propase that a 
regulatory mechanism normálly restricts centromere activity to a single site on the chromosome 
(lateral inhibition) , or that centromere function spreads into adjacent regions (see PEV studies , 
below) and is then propagated by an epigenetic mechanism (Williams. Murphy, Goldberg and 
Karpen, submitted) . 
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Trans-actlng genes and proteins lnvolved In lnheritance 
Elucidating centromere function requires identification of the gene products that promete 

chromosome inheritance in trans, and ultimately determining how they interact with the centromeric 
DNA to perform their essential functions. We have initiated genetic, molecular, and cell biological 
experiments designad to identify genes and gene products that promete normal inheritance by 
interacting with centromeric DNA, and to determine the proteins' properties, tunctions, and 
regulation in the cell cycle. 

lnteractions between a motor protein and extracentromeric DNA are required for transmission 
We have developed a new genetic method tor identitying and studying genes involved in 

chromosome inheritance. Normally, deleting extra-centromeric regions or reducing the dosage ot 
inheritance genes (as in a mutationl+ heterozygote) does not produce detective inheritance 
phenotypes. However, genetic analyses indicate that transmission ot Dp1187 is sensitiva to the 
dosage ot nod, a kinesin-like gene required tor the meiotic transmission ot achiasmate 
chromosomes. Minichromosome deletions displayed increased loss ratas in tamales heterozygous 
tor loss-ot-tunction alleles ot nod (nodl +) . The structures ot nod-sensitive deletions indica te that 
multiple regions ot Dp1187 interact genetically with nod to promete normal chromosome 
transmission. lnterestingly, most nod interactions are observad with regions that are not essential 
tor centromere tunction. lndependent biochemical and cytological studies (Atshar et al. , Cell 81, 
129(1995)) suggest that the genetic/tunctional nod+ interactions mapped in our study involve direct 
binding ot DNA sequences by NOD protein. We propase that normal chromosome transmission 
requires anti-poleward torces generated outside the kinetochore, perhaps to maintain tension on 
kinetochore microtubules and stabilize the attachment ot achiasmate chromosomes to the 
metaphase spindle (Murphy and Karpen , 1995a). 

Sensitized minichromosome assays identify genes that interact with the functional centromere 
The general utility ot the sensitiva minichromosome approach to the identitication and analysis 

ot Drosophila genes involved in centromere tunction was demonstrated with a series ot known 
meiotic and mitotic mutations. Three heterozygous genotypes (in addition lo nod 1+, see above) had 
strong effects on minichromosome transmission. lnterestingly, 2 ot these loci encode kinesin-like 
proteins (ncd, klp3A), and ene (mei-5332) is known to attect sister chromatid cohesion Four other 
loci had moderate effects, and only 3 loci had weak or no dominan! effects on minichromosome 
transmission (Cook, Murphy, Nguyen and Karpen , submitted) . 

The conservad heterochromatic location ot centromeres suggests that intrinsic properties ot 
heterochromatin may play a role in centromere tunction . We used the "sensitized" minichromosome 
assay to determine if known moditiers ot heterochromatin-induced position-effect variegation (PEV, 
see below) include genes that tunction to promete inheritance. Mutations (kindly provided by 
Gunter Reuter) in three Su(var) loci (ot 6 tested) had moderate to strong effects on the transmission 
of a sensitized Dp1187 derivativa, including two independent mutan! alleles ot Su(var) 2-10. There 
are over 100 loci known to modity PEV, which may provide an unexpected, rich source ot 
inheritance genes. 

Genetic interaction studies were performed with a series ot Dp 1187 derivativas in ncd, klp3A, 
mei-5332, and Su(var) 2-10 heterozygous temales. NOD was shown to promete transmission 
through interactions with most ot the chromosome (see above). In contras!, Su(var) 2-10, mei-5332, 
k/p3A and ncdwere found to promete Dp1187transmission in tamales by interacting with the 420 
kb minimal tunctional centromere. Our results demonstrate that transmission tests with the Dp1187 
deletion series is an efficient and effective method for identifying genes that interact genetically with 
the functional Drosophila centromere, and are using this method in de novo genetic screens for 
novel inheritance genes. 

Drosophila homologues of yeast and mammalian centromere proteins 
Common attributes of eukaryotic centromeres suggest that protein components may be more 

highly conservad than the underlying DNA sequences. We are complementing the genetic 
analyses described above by using degenerate PCR to clone Drosophila homologues ot severa! 
kinetochore components ideiltified initially in yeasts or mammals. We have obtained clones of 
Drosophila homologues of severa! genes, including Skp1, a componen! of the S. cerevisiae 
kinetochore. Molecular-genetic analyses will be performed in the next year to determine it DmSkp1 
and other homologues act as bona fide centromere proteins in Drosophila. 
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Centric Heterochromatin and the Efficiency of Meiotic Disjunction 
The pairing and segregation of homologous chromosomes during meiosis 1 is essentialto 

ensure that gametes and progeny contain the proper number and type of chromosomes. We have 
determinad the chromosomal requirements for achiasmate (nonexchange) homologue disjunction 
in Drosophila female meiosis 1, using a series of molecularly-defined minichromosome deletion 
derivativas. Efficient disjunction requires 1000 kb of overlap in the centric heterochromatin, and is 
not affected by homologous euchromatin or overall size differences. Disjunction efficiency 
decreases linearly as heterochromatic homology is reduced from 1000 to 430 kb of overlap. 
Additional observations demonstrate that heterochromatin is not acting solely to promete 
chromosome movement or spindle attachment. Most regions required for disjunction lie outside the 
fully functional centromere, increased dosage of nod+ rescues abnormal minichromosome 
lransmiss ion but not disjuncl ion defects, and minichromosome loss does not accompany aberran! 
disjunction. We conclude that centric heterochromatin contains multiple pairing elements that act 
additively to initiate and/or maintain the proper alignment of achiasmate chromosomes in meiosis l. 
We speculate that meiotic pairing is mediated by intrinsic heterochromatic features/components. 
rather than proteins solely dedicated to this process (Karpen. Le and Le, 1996). 

The role of nuclear organization and chromosome structure in gene expression 
Studies of position effect variegation (PEV) demonstrate the importance of long-range influences 

on gene expression in higher eukaryotes. Terminal deletions of Dp 1187 dramatically increase PEV 
of yellow (Tower et al. , Genetics 133. 347-359 (1993)) and we have discovered that this PEV can be 
suppressed by a second minichromosome in trans. Experiments monitoring the trans -suppressive 
abilities of minichromosomes that contain molecularly characterized deletions demonstrate that 
trans-suppression does not require the presence of heterochromatin in the second 
minichromosome, and is not occurring via a form of "transvection known to act at the yel/ow locus. 
Trans-suppression does require the presence of the yellow gene region in the suppressing 
minichromosome, and overall chromosome homology and orientation of the two minichromosomes. 
We propase two mechanisms for trans-suppression, which are not mutually exclusive: chromosome 
position within the nucleus may affect gene expression , and gene expression may be altered by 
proximity to a telomere and telomeric proteins (Donaldson and Karpen , submitted). 

We ha ve al so u sed Dp 1187 derivativas to study the cis effects of specific regions of 
heterochromatin on gene expression . Experiments with deletions and rearrangements indicate that 
proximity to a functional centromere decreases expression more than proximity to other regions of 
heterochromatin. This data suggests that proteins exist that form specific heterochromatic structures 
within the centromere, and that this heterochromatic structure can affect the expression of a nearby 
gene. There are significan! implications of these results to our understanding of centromere 
assembly and function (see above) . Models for both centromere-induced and trans-suppressed 
variegation are currently being tested with cytological localization and molecular-genetic 
methodologies. 

Recent Pubtications 
Le, M.-H ., Duricka, D. and Karpen , G.H. (1995) . lslands of complex DNA are widespread in 
Drosophifa mefanogaster centric heterochromatin. Genetics 141, 283-303. 
Murphy, T. and Karpen , G.H. (1995a) . lnteractions between the nod+ kinesin-like gene and extra­
centromeric sequences are required for transmission of a Drosophila minichromosome. Cell 81, 
139-148. 
Murphy, T. and Karpen, G.H. (1995b). ldentification of the DNA required for centromere function in a 
Drosophila minichromosome. Cell 82, 599-609. 
Karpen, G.H., Le, M-H. and Le, H. (1996). Centric heterochromatin and the efficiency of achiasmate 
disjunction in Drosophila female meiosis. Science 273, 118-122. 
Donaldson, K.M. and Karpen, G.H. Trans-suppression of terminal deficiency-associated position 
effect variegation in a Drosophila minichromosome (submitted). 
Cook, K., Murphy, T.D., Nguyen, T. and Karpen, G.H. ldentification of trans-acting genes that 
interact with the Drosophifa mefanogaster centromere using centromere-defective 
minichromosomes (submitted) . 
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STRUCTURAL STUDIES OF CENTROMERTC HETEROCHROMATIN IN 
DROSOPIDLA 
A. LOSADA, J. P. ABAD, M AGUDO andA. VJLLASANTE. 
CENTRO DE BlOLOGIA MOLECULAR "SEVERO OCHO A" (CSIC-UAM) 

The chromosomcs of Drosophila mela11ogasta offer a good modcl system [or the 
analysis of the centromcric hcterochromatin of higher eukaryotes. Drosophila 
chromosomes have a hemispherical kinctochore with buodles microtubules attached as io 
mammals, and, more importan!, the existing colleclion of mitotic mutants in Dro.wphila 
melannga.~ter opens the possibility of studying the effects of functions in rrans upon 
minichromosome.~ rcintroduced into flies. 

Unlike telomeric scquenccs, centrorneric se¡¡uence.~ evolve rapidly. lt is not gencrally 
cxpectcd that differenl species will sh.are similar satellite DNA scquences. However, it 
would be expccted th11t features of centromcrc . ~trucrure that are imponant for funcúon may 
be conserved through evolution to sorne extenl. In D. melanogaster, the ccntromeric 
dodccasatcllite ((GT ACGGGACCGA) repcat~) has bc:en found by in situ hybridi7.ation 
on\y on th.e r.hi.rd chromosornt: centromeric regían, altbough homologous scquences have 
been detected on both autosomes in D. simulans and on the second, third and X 
chromosomes in D. mauritimta (L 2). lt has also be~:n shown that the dodecasatellite 
crusshybridi:r.es lo human scqucuces thatare likely to corrcspond ro the cenu-omcric 5 bp 
satellite 3 family (1). Dudecasatell ite repeaL~ havc G/C strand asymmctry and cont.ain 
homopurine lracts. A similar distribution is shown by !he human 5bp salellite 3. some 
centromcric satellites from ruminants, hirds and plants, and it is a characteristic of 
telomeric rcpea!s. lntcrcstingly, telomeric-like scquences are present in centromeric 
heterocbrumatin in many vcncbrate spccies, in ArabidnpJis and in m.Uze. The appareot 
con.~crvation of the G/C strand asymmetry of thesc repeated sequenccs ri.ses the possibility 
that sorne centromcric fuuctions could be determined by specifit structural characteristics 
of centromeric sate\lites. Thc structural characteri>Lics of dodecasatellite DNA were 
st11died in collaboration with Dr. Azorin's Lab (3). 

On tbc other hand, the structural analysis of a yeasl artiricial chromosome (YAC) clnnc 
enriched in dodccasatellitt: st:¡¡uences has led u.~ to fmd a novel retrotransposon. Circe, 
associ11tt:d with this s.atellite in thc ccntrorncric regian of the third chrumosome. Morcovcr. 
Circ~< ha~ allowed the isulation of a conlig encnmpassing -200 l:.b from the centromeric 
region of the Y chromosamc, providing an entry point into a rcgion frorn which vcry little 
scqucnce infonnatiun had been obtaincd lO date. The molecular characteri7.ation of thc 
contig has shown the presem:e of fleT-A telomeric retrotransposons close Lo the 
cenlromerc of thc Y chrornosome. The finding of HeT-A sequences al a nontelomeric 
positiun was une~peclcd . Howcver, the telomeric-like arrangemeot uf thesc ckrncms 
sugge.st~ that thc ccntrornc:ric region af the Y chrornosome has been originatcd from a 
telumeric region. Whcther thcsc sequences ha ve any functional significance or a.rc just 
usclcss remnants of chn,mosomc rcarrangements which occurrcd during gcnome cvolu¡jon 
is not known (4). 

1 J.P. Abad, M. Ca!lDena, S. Baars, R. Saunders, D. Glover, P. Ludeña, C. Senlis. C. 
Tyler-Smilh and A. Villa~antc . (1992). "Dodeca-satellitc: a coru;erved GC-rlch satt:Uitc 
from the centromeric heterochrornatin of Drosophi/n melanngaster". Proc. Nat!. Acad. Sci. 
USA 89,4663-4667. 
2 M. Carmcna, J.P. Abad, A. Villasante and C. Gonzá.le7. (1993) . "Thc Drosophila 
melanogaster dodecasatellite sequence is closely linked to the centromere and can forro 
conneclions bctwcen sister chromatids during mitosis". J. Cell Sci. 105. 41-50. 
3 N. Ferrer, F. Azorln, A. Villasante, C. Gutierre:t. and J.P. Abad (1995). "Ccntromcric 
dodeca-satellite DNA scqucnces form fold-back structurc..~" . J. Mol. Biol. 
245, 8-21. 
4 A. Losada. J.P. Ahad and A. Villasanle "Organization of DNA sequcnccs near the 
ccntromere uf the Drosophila me/ancgaster Y chromosome". Suhmirt.ed. 
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THE FORMATION OF FOL.D BACK STRUCTURES AT 
CENTROMERIC SATEL.L.ITES 

A.Cortés1, N.Ferrer1, D.Huertas1, J.P.Abad2, A.Villasante2 and F.Azorín1 

1 Departament de Biología Molecular i Cel.lular, Centre d'lnvestigació 1 

Desenvolupament-CSIC. Barcelona. Spain 
2centro de Biología Molecular "Severo Ochoa· (CSIC-UAM). Madrid, Spain. 

The structural properties of the Drosophila dodeca-satellite have been 
analyzed. This repeated DNA sequence, which is found at the centromeric 
regían of chromosome 3 in D.melanogaster, shows an asymmetric distribution 
of guanina and cytosine residues resulting in one strand being relatively G­
rich. Each dodeca-satellite G-strand repeat contains a GGGA-tract. The 
dodeca-satellite G-strand is capable of forming intramolecular hairpin 
structures which show a high melting temperatura. These fold-back structures 
are stabilized by the formation of Watson-Crick C·G pairs as well as non­
Watson-Crick G·A pairs, occurring at the level of the GGGA-tracts. The 
complementary dodeca-satellite C-strand also forms intramolecular hairpins 
which, in this case, are exclusively stabilized by regular Watson-Crick C·G 
pairs. However, the C-strand hairpins are significantly less stable. melting at a 
much lower temperature, than the corresponding G-strand hairpins. These 
results reveal the important contribution of the non-Watson-Crick G·A 
interactions to the stabilization of the G-strand hairpins. The formation of fold­
back structures has also been detected at other centromeric satellites such as 
the human 5 bp satellite 3 and the Drosophila AAGAG satellite. In these cases, 
the hairpin structures are mainly stabilized through non-Watson-Crick 
interactions, principally G·A pairs. The structural behavior of other centromeric 
satellites will also be discussed. 
A strong binding for the dodeca-satellite C-strand was detected on crude 
nuclear extracts obtained from Schneider SL2 cells. This binding activity was 
found to correspond to a high molecular weight protein (M= 160 Kd) which has 
been purified to near homogeneity. A partial sequence corresponding to an 
interna! peptide obtained by digestion with V-8 protease has been obtained 
and exhibits no significant identity with any other known protein . This protein 
activity does not show significan! affinity for the double-stranded dodeca­
satellite DNA or its G-strand. The relative affinity of this protein tor different 
DNA substrates has been determined. The dodeca-satellite C-strand itself 
competes the binding around 50-fold better than any unspecitic ssDNA testad 
(oligod(CT)2o. M13 or E.colt) and more than 1 000-fold better than dsDNA 
(E.colí or polidl-dC). These results suggest a certain degree of specificity in its 
interaction with the dodeca-satellite C-strand. The possible biological 
relevance of these results will be discussed. 
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CENP-E is a minus-end kinetocbore motor tbat is essential for cbromosome alignmeot 

B. T. Schaarl, E. D. Salmon2, T. J. Yen3 ICell Biology Graduate Group, University of 

Pennsylvania, Philadelpbia, PA, 2Dept. ofBiology, University ofNortb Carolina, Cbapel Hill, N.C. 

27599, Fox Chase Cancer Center, 7701 Burbolme Ave. Philadelpbia, PA 19111. 

CENP-E is a 312 k.D kinetochore associated kinesin-like protein that was identi.fied by a 

monoclonal antibody that was generated against fractionated Hela cbromosome scaffold proteins. 

Unlike the CENP-A, B and C proteins that are associated with centromeric heterocbromatin 

tbroughout the cell cycle, CENP-E is only transiently associated with kinetochores. CENP-E 

accumulates in the cytoplasm of interphase cells and assembles onto kinetochores when cells enter 

mitosis and remains kinetochore-bound until it is degraded at the end of mitosis. The presence of 

CENP-E at kinetochores suggests that it contributes to kinetochore force generation and is 

important for mediating cbromosome motility. 
We have taken two complementary approaches to analyze the in vivo function of CENP-E in 

tissue culture cells. In one approach, we climinated CENP-E from kinetochores to a leve) below 

current detection limits by microinjecting antibodies that inhibited its assembly onto kinetochores. 

In a second approach, overexpression of a truncated fragment ofCENP-E that contains the domain 

that speci.fies kinetochore binding effectively outcompeted the endogenous CENP-E from limiting 
binding sites within the kinetochore. For both strategies, cells that lacked CENP-E at kinetochores 

were found to be blocked for extended periods of time in mitosis with unaligned cbromosomes. 

Since the mitotically arrested cells contain a bipolar spindle, failure to align cbromosomes must 
result from defective kinetocbore function . 

Analysis of the mitotically blocked cells in real-time by video enhanced DIC microscopy revealed 

the presence of numerous monopolar cbromosomes as well as bipolar cbromosomes that failed to 

maintain a steady position at the spindle equator. Normally, at the onset of mitosis, sorne 

chromosomes are positioned between the two spindle poles and they establish rapid bipolar 

connections and begin to congress towards the equator. However, sorne cbromosomes are 

positioned much closer to one pole and establish a monopolar connection that is subsequently 

converted into a bipolar connection when a microtubule emanating from the opposite pole is 

captured by the unoccupied sister kinetocbore. Wben CENP-E is absent from kinetochores, the 

monopolar chromosomes are unable to establish a bipolar connection and remain stranded near the 

pole. Cbromosomes that lie between the two poles appear to establish bipolar connections as they 

oscillate back and fortb along the spindle axis. The critica) difference is that these bipolar 

chromosomes that Jack CENP-E are unable to position themselves at the spindle equator as they 

traverse back and forth across the spindle for many hours. 
To search for a biochemical explanation for these defective cbromosome movements, we 

characterized the motor properties of CENP-E in vitro. Using baculovirus, we expressed the N­

terminal kinesin-like motor domain ofCENP-E. In vitro microtubule gliding assays (in collaboration 
with Dr. Ed Salmon, University ofNortb Carolina) revealed that the velocity ofCENP-E motor was 

-2 um/minute at R. T. This rate is - 50-100 fold slower than conventional kinesins that are isolated 

from squid optic lobe or bovine brain but is consistent with the in vivo rates of cbromosome 

movement. We next examined the directionality of the CENP-E motor and found that it moves 

towards the minus-ends of microtubules, or in a poleward direction within the spindle. 
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We enVISion CENP-E to provide two critical roles for chromosome alignment. CENP-E is 
essential for a monopolar chromosome to establish bipolar connections. We postulate that CENP-E 
serves to establish stable kinetochore connections with microtubules that traverse across the length 
of the spindle by using its minus-ended motor activity to exert tension on the microtubule. Once a 
bipolar connection is established, CENP-E may use its motor activity to pull the chromosome 
towards the appropriate pole until the chromosome is aligned at the equator. In its absence, bipolar 
chromosomes exhibit an unrestrained poleward force that prevents chromosome alignment. This 
suggests that the slow motor activity of CENP-E might be used to restrain other kinetochore 
motors (i.e. dynein) that may be importan! for events prior to bipolar attachment. 
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Heterochromatin and satellite associated proteins binding to the bwo insertion of 
Drosophila 

J. Suso Platero and S. Henikoff, Howard Hughes Medica! Institute, Fred Hutchinson 
Cancer Research Center, 1124 Columbia St., WA 98104 (206) 667-4509 

brown Domirumt (bwo ) is an insertion of > 1 megabase of the repeat AA GAG that 

interrupts the Drosophila melanogaster brown gene coding region and trans­
inactivates its homolog. AAGAG repeats are naturally present in the pericentric 
heterochromatin. bwo might sequester the brown locus to a heterochromatic 
compartment of the nucleus leading to gene inactiva tion. To investigate the process 
involved in trans-inactivation of this locus, we looked for proteins that might bind 
to this region. In wild-type polytene chromosomes, the heterochromatin protein 1 
(HPl) is localized primarily to the chromocenter, where the heterochromatin is 
present. In the bwo insertion the 59El-2 band is split, and an antibody that 
recognizes HP1 is able to bind to this region, whereas in wild-type chromosomes 
there is no staining with the antibod y in the vicinity of 59El-2. Mitotic 
chromosomes from third instar neuroblast were also analyzed for proteins binding 
to the bwo inse rtion. The brown locus is nea r the tip of the right arm of 
chromosome 2. An antibody that specifica lly binds the GAGA protein decorates this 
region in mitotic chromosomes, in contrast to wild-type, in which anti-GAGA 
antibody decora tes only the centromeric rcgions of the chromosomes. lnterestingly, 
mutations in the GAGA protein have no detectable effect in the bwv allele. 
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Chromatin Structure and Expression of Euchromatic Genes in 
Heterochromatic Domains 

Lori L. Wallrath, Matt H. Cuaycong, Lisa E. Rosman, Carolyn A. Craig and Sarah C.R. 
Elgin. Department of Biology, Washington University, SI. Louis, Missouri 63130 

U.S.A. 
We are investigating the effects of difieren! chromosomal environments on chromatin structure 

and gene expression in Drosophila. We are interested in determining the molecular basis for gene 

silencing by heterochromatin. When euchromatic genes are broughl into juxtaposition with 
heterochromatin they exhibit gene inactivation in sorne, but nol all, cells. For cell autonomous markers. 

this gives rise lo a variegated pattem of expression known as position effecl variegation (PEV). To 

investigale this phenomenon, a P-element containing two euchromatic genes was mobilized throughout 

the Drosophilagenome. The P-element contains the hsp70.whitegene as a visible markerfor gene 

silencing, and a tagged version of the hsp26 gene as a well characterized gene suitable for chromatin 
structure analysis thal can be activated in almos! alltissues . Following mobilization, a screen for PEV of 

the whitegene identffied lines with insertions near centromeres, telomeres, and along lhe small, mostly 

heterochromatic, fourth chromosome. 
A second screen was performed to identffy inserts buried "deep· within heterochromatin. Alter 

P-element mobilization, the flies were raised al elevated culture temperaturas lo induce expression of the 

hsp70-wflite transgene. Two lines were recovered that show sorne whileexpression when raised atthe 

elevated temperature, but have completely white eyes al normal culture temperaturas. These P-elements 

lie within pericentric helerochromatin. The DNA flanking these insertion sitas. as well as other 

heterochromatic P-element insertion sites, is currently being characterized. 
A third mobilization screen has identified P-element inserts along the fourth chromosome that 

show full expression of the whiletransgene_ These resutts suggest thalthe fourth chromosome is made 

up of interspersed heterochromatic and euchromatic domains. This is consisten! with the fact that 

antibodies against heterochromatin prolein one (HP1) stain in a banded pattem along the fourth 
chromosome in polytene cells . Oetermining the location of all of the fourth chromosome inserts should 

provide a functional map of these domains and allow a search for boundaries between heterochromatic 

and euchromatic regions . 
Pericentric and fourth chromosome inserts, but not second and third chromosome telomeric 

inserts, respond to known suppressors of PEV, the Su(var)s. These Su(var)s include mutations in the 

gene encoding HP1 _ lnterestingly, certain alleles of Su(z)2, thoughtto be a member of the Polycomb 

Group, proteins that are involved in down regulation of homeotic loci, suppress second and third 
chromosome telomeric inserts, but nol centromeric and fourth chromosome inserts. This suggests that 

there are two mutually exclusive seis of packaging proteins, those that are involved in gene silencing al 
centromeres and the fourth chromosome and those that are involved in gene silencing at the telomeres of 

the second and third chromosomes_ The response to mutations in particular chromosomal proteins may 

reflect the sequences surrounding the insertion sil e. Second and third chromosome inserts are located 

within mini-satellite ONA sequences found at the subtelomeric regions of Orosophi/achromosomes 

[collaboration with H. Biessmann (U.C_ lrvine). M. Pavlova, B. Levis (Fred Hutchinson Cancer Research 
Center)]. 

Three molecular mechanisms have been proposed to explain PEV: (1) DNA elimination, (2) 

atterations in chromatin packaging, and (3) nuclear compartmentalization. The hsp26 transgenes in 
heterochromatin are present in the same copy number as the endogenous hsp26 gene in diploid tissues. 

indicating no DNA loss. Restriction enzyme digestion has shown the heterochromatic hsp26transgenes 

are less aocessible than euchromatic inserts. Micrococcal nuclease digestion shows the pericentric 

inserts to be packaged in a more regular nucleosome array then are euchromatic inserts. Translocations of 
the fourth chromosome telomeric inserts onto the distal regions of the second and third chromosomes 

resutt in a weaker PEV phenotype. This suggests that the local concenlration of chromosomal proteins 

near lhe centromere may have quantitative effects on gene silencing. The transgenes on the translocated 

fourth chromosomes retain sensitivffy to the Su(var)s. This suggesls thatlhe local chromatin structure, 
and not position within the nucleus, or proximity toa linked centromere, dictates the response lo 

suppressors. We infer thal both local chromatin structure and nuclear pos ilion help lo determine the 

degree of silencing observed. 
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STRUCTURAL ANO FUNCTIONAL STUDIES OF THE HUMAN Y CHROMOSOME 
CENTROMERE 

Stephen S. Taylor, Zoia Larin, Lizzie Burns, Pete Corish and Chris 
Tyler-Smith . 
CRC Chromosome Molecular Biology Group, Department of Biochemistry, 
University of Oxford, South Parks Road , Oxford OX1 3QU, UK. 

We have previously determined the structural organisation of the DNA 
sequences at the human Y chromosome centromere and localised the 
region required for mitotic centromere function to an interval of -500 
kb containing the alphoid satellite DNA array and adjacent Yp 
sequences (1) . YAC clones spanning the region have been introduced by 
spheroplast fusion into a mouse L cell line 'Nhich supports autonomous 
replication of the YACs (2) . Autonomous circular molecules between -100 
kb and severa! Mb in size were observed, but all varied in copy number 
between cells and were lost rapidly in the absence of selection (3) , 
suggesting that an active centromere was not formed . We are now 
developing an improved assay for chromosome segregation by 
incorporating the gene for the green fluorescent protein (4) into the 
structures and observing the fluorescence of living cells in vivo. 

(1) Tyler-Smith, C. et al. , (1993) Nature Genet. 5, 368-375. 
(2) Featherstone, T. and Huxley, C. (1993) Genomics 17, 267-278 . 
(3) Taylor, S. S. , Larin, Z. and Tyler-Smith, C. (1996) Chromosoma (in 

press) . 
(4) Chalfie, M. et al. (1994) Science 263, 802-805. 



Instituto Juan March (Madrid)

52 

Func.tional aspects of centromeric repeated sequences. 

Howa.rd Cooke. Peter Warhurton and David Kipling. 

In contrast to tclomeres wherc scquence co!l.<;crvation is widespread and 

ohvious t:he rcpcat.ed seq11ences found at many centromcres vary widdy in 

sequencc helween. spccic.<> and as a result the search for functional 

mammalilm cem:romeric sequcnces hd.':i not ycilded unequivocal results. A 

conservcd binding sitc for the centromcric antigen CENP B has been 

reported previously in human and rodcnt centromeric salellites and our 

efforts to determine the exrent of th~: centiomeric coru;ervation of this 

sequence will he reported. lnrroduction of DNA containing thi~ conservtd 

motii' into mammalian ce! b induces sorne but not necessarily all a<;pecl.S 

of centromcric hehaviour suggesLing that s:uellite sequcncc..<> such as 

mousc minor satcllitc ami human alphoid DNA may require eithcr further 

DNA components to form a centromerc or epigenetic modifícation. 
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Mini-chromosome derivatives of the human Y chromosome. 

A. Chand, R. Heller, and W. R. A. Brown. 
CRC Chromosome Molecular Biology Group, Biochemistry Department, 

Oxford University, OX1 3QU, UK. 

We would like to understand the function of human centromeres and to 
develop chromosome based mammalian vector systems. We have there­
fore used cloned telomeric DNA to break (1) the human Y chromosome 
into a series of mini-chromosomes (2, 3) . In the first round of breakage (2) 
we broke the chromosome within the centromeric array of alphoid DNA to 
generate a pair of acrocentric chromosomes. These segregated accurately 
at cell division and were retained for many months by cells in culture in the 
absence of any applied selection . The only majar sequence held in common 
by these chromosomes was the alphoid DNA suggesting but not proving that 
the alphoid DNA was the majar component of the nfunctional centromeric 
O NA. The long arm acrocentric chromosome occasionally segregated aber­
rantly at anaphase indicating that other sequences located on the short arm 
may be required for full centromere function . In second and third round of 
breakage we have broken the acrocentric chromosomes to produce eight 
mini-chromosomes which range in size between 2.5Mb and approximately 
9Mb (3, 4) . Chromosomes as small as 4Mb were stably inherited for 100 
population doublings suggesting that the lower limit for mammalian chromo­
some stability is less than 4Mb. 

Targeted chromosome manipulation is inefficient in mammalian cells be­
cause of the low frequency of homologous recombination . We have there­
fore transferred one of our mini-chromosomes, L\l!.his1 into the chicken 
bursalline DT40 (5, 6). This led to two lines, one of which contains D.L\his1 
as linear autonomous molecule. lnitial results indicate that L\D.his1 is struc­
turally and mitotically stable in DT40 (see poster by Chand et. al.) and is 
maintained at single copy per cell for 100 population doublings. The stability 
of human mini-chromosomes in a cellline which mediates a high frequency 
of homologous recombination suggests that we will be able to further refine 
our understanding of the sequence requirements for human chromosome 
function and suggests a route to the development of chromosome based 
vectors ( 4). 
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1/ Barnett M. A, Buckle, V. J., Evans, E. P. , Porter, A. C. G., Rout, D., Smith, 
A. G ., and Brown, W. R. A., (1993) , Nucleic Acids Research, 21, 27-36. 

2/ Brown, K. E., Barnett, M. A., Burgtorf, C., Shaw, P. , Buckle, V. J., and 
Brown, W. R. A., (1994), Hum. Mol. Genet., 3, 1227-1237. 

3/ Heller, R., Brown, K. E., Burgtorf, C. and Brown, W. R. A., (1996), Proc. 
Natl. Acad. Sci., 93, 7125-7130 . 

4/ Brown, W., Heller, R., Loupart, M. L., Shen, M. H., Chand, A., (1996) , 
Curr. Opin. Genet. Devel., 6, 281-288. 

5/ Buerstedde, J.M., and Takeda, S., (1991) , Cell , 67, 179-188. 

6/ Dieken , E. S., Epner, E., Fiering, S., Fournier, R. E. K., Groudine, M., 
(1996), Nature Genet ., 12, 174-182. 
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Assaying DNA for Replication and Segregation Ability 

Amanda McGuigan, Kate Simpson and Ciare Huxley 

Department of Biochemistry and Molecular Genetics, Imperial College School 
of Medicine at St. Mary's, London W2 1 PG 

In Saccharomyces cerevisiae and Schizosaccharomyces pombe a 
functional chromosome requires telomeres to cap the ends of the 
chromosomes, origins of replication called ARSs, and a centromere for 
segregation. DNA with the necessary sequences can be transfected into 
these cells and will assemble the correct protein complexes for normal 
function. 

Taking these lower eukaryotes as a model, we are investigating the 
DNA necessary for mammalian chromosome function by adding DNA elements to 
yeast artificial chromosome (YAC) clones which are a convenient scaffold on 
which to build. The DNA is then transferred to mammalian cells to assay 
for chromosome function. We observe that when YAC DNA is transferred into 
mouse LA-9 ce lis by fusion, it often forms extrachromosomal elements in the 
cells rather than integrating into the mammalian chromosomes. Similarly, 
when pure yeast DNA was transferred into mouse cells by fusion it also 
formed extrachromosomal elements, rather than integrating, in sorne cell 
lines. These elements are present at high copy number in the cells, and 
appear as doublets suggesting that they repl icate once per S phase. They 
are however, lost rapidly from the cells if the selection is dropped 
indicating that they do not segregate. Yeast DNA thus appears to replicate 
efficiently in mouse cells suggesting that replication will not presenta 
problem when assaying for centromere function . 

In one of the cell lines containing yeast DNA. a "de novo" 
chromosome was seen. This chromosome consists of hundreds of megabases of 
yeast DNA, has a single centromere, and segregates efficiently. This 
chromosome was found to have incorporated mouse minor satellite DNA, and a 
variable amount of mouse majar satellite at the functional centromere. 
Similar "de novo" chromosome formation has been observed by other 
investigators after introduction of putative centromere DNA and has been 

interpreted as indicating centromere formation by the input DNA. However, 
in this case it is clear that the centromere has been acquired from the 
mouse host cell. 

When YACs carrying putative centromeric DNA, such as 80 kb of 
alphoid DNA,. are fu sed into mouse LA-9 cells, they too make 
extrachromosomal elements with high efficiency. These elements are being 
analysed for their abil ity to segregate and to bind a variety of 
centromeric proteins. 
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In addition to using the mammalian centromere to achieve stable 
maintenance of large clones of DNA in mammalian cells, we have introduced 
the origin of plasmid replication, oriP, from Epstein Barr Virus into 
circular YACs. A 660 kb circular OriPYAC was transferred into human 293 
ce lis expressing the viral protein EBNA-1 by fusion with yeast 
spheroplasts. In one of 3 celllines generated, the 660-kb molecule is 
maintained asan unrearranged episome. Such OriPYACs are found to be quite 
stable and are lost at a rate of about 2% per cell division. Our next step 
is to add mammalian telomere sequences to the ends of linear YACs carrying 
the oriP element and to determine whether these molecules will form stable 
linear molecules in human cells expressing EBNA-1 . 

Ciare Huxley 
Department of Biochemistry and Molecular Genetics 
Imperial College School of Medicine at St. Mary's 
London W2 1 PG 
UK 
Tel: 0171 594 3771 
Fax: 0171 706 3272 
email: c.huxley@ic.ac.uk 
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Formation of Mitotically Stable Micro-Chromosomes by Transfected Alpha 
Satellite. 
HF Willard (1 ), JJ Harrington (1 ,2), RW Mays (1 ,2), K Gustashaw (1 ), and GB 
Van Bokkelen (2). (1) Department of Genetics, Case Western Reserve 
University and (2) Athersys, lnc., Cleveland, Ohio, USA 

While there is mounting evidence from a range of studies that alpha 
satellite DNA is a component of the centromere of normal human chromosomes, 
much of the data are indirect. Transfected alpha satellite DNA integrated 
into recipient chromosomes has been shown to display at least sorne of the 
properties expected for a centromere; however, to date such DNA has not 
been shown to lead to formation of stable, autonomously replicating 
micro-chromosomes consisting of exogenous DNA. 

Beginning with a single higher-order repeat of either chromosome 17 
or Y chromosome alpha satellite, we have synthesized arrays >150 kb in 
length consisting solely of tandemly repeated copies of the monomer. The 
resulting constructs, also containing metabolic markers for selection in 
either bacteria or mammalian cells, are stable when propagated in E. coli . 
Alpha satellite DNA from these constructs was ligated in vitro with 
telomeric DNA and genomic DNA fragments and transfected into human 
fibrosarcoma HT1080 cells. Neomycin-resistant colonies were selected and 
analyzed by cytogenetic and molecular assays. While either integration or 
telomere-truncation events were detected in many colonies by fluorescence 
in situ hybridization, small micro-chromosomes containing transfected DNA 
were observed in -1 in 4 to -1 in 15 colonies in different experiments. 
Each micro-chromosome contained alpha satellite DNA from the synthetic 
arrays in addition to exogenous genomic DNA. Multiple independent 
micro-chromosomes were evaluated for centromere function. All appeared to 
demonstrate a functional centromere/kinetochore, as determined by the 
presence of centromere proteins CENP-C and CENP-E, each of which has 
previously been associated with active, but not inactive centromeres . 
Further, each micro-chromosome was completely stable in the absence of 
selection for periods up to 6 months in culture. 

These data support the hypothesis that alpha satellite DNA is an 
integral component of a functional centromere. Further, the ability to 
generate large synthetic arrays of alpha satellite from monomers of known 
sequence should permit further studies to define both the sequence and 
context requirements for centromere function. 
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EFFECTS OF 2-AMINOPURINE ON THE UL TRASTRUCTURE OF 
Hela CELLS IN MITOSIS 
Armas-Portela, R. 1 .z and Paweletz, N.z 
1 Departamento Biología. Facultad de Ciencias.Universidad Autónoma 
de Madrid .28049 Madrid (Spain) 
zResearch Programm IV, Div 0430, Deutsches 
Krebsforchungszentrum (DKFZ). 69120 Heidelberg (Germany) 

As was shown by Andreassen and Margolis ( 1991) ce lis in mitosis 
arrested in metaphase by microtubule poisons can overcome this 
inhibition when they are treated with the protein kinase inhibitor 
2-aminopurine (2-AP). We wanted to know what happens when the 
inhibitor is applied at the transition from interphase to mitosis. 
The following mitosis was arrested. The spindle was deranged and 
coul not interact with normally condensed chromosomes which 
could be found scattered in the cytoplasm frequently surrounded by 
cisternae of the ER. Normally looking trilaminar kinetochores were 
only found when they were in contact with microtubules. All 
kinetochores without microtubules appeared immature. 8oth types 
of kinetochores could be seen in the same cell. These results 
suggest that normal kinetochore development and organization 
somehow requires the interaction with microtubules. During 
chromosome condensation obviously definite proteins must be 
localized to the centromere/kinetochore regían to become involved 
in kinetochore formation. 

Reference: Andreassen,P.R. and Margolis,R.L. (1 991) J.Cell Sci. 1 O O, 299-31 O 
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Terminal long tandem repeats in chromosomes from 

Chironomus pallidivittatus 

Casimiro C~Ló~ and Jan-Erik Edst:rOm 
Depanment ofolecular Genetics, U niversity of Lund. SBlvegatan 29. S-223 62 Lund, 
Sweden 
Telephone: 46-46-2227256 Fax: 46-46-2224023 
B-mail: myggan@biogen.wblab.lu.se 

In Chironomus pallidivittatus the telomeres consist of big blocks (50-200kb) of 340bp 
tandemly repeated ~uences. Such repeats consist of four different well defmed subfamilies: 
Ml, 01, 02, 03. Mlts the so- called master unit from which the others have evolved through 
small mutated regions in each subfamily. Bal31 digestions and two coloured in situ 
hybridisations h.ave shown that subfamily D3 i.s located closest to the chromosome end. 
Here we provide evidence that tbese repeats reach the termini of the chromosome. This is 
demonstratod by PCR amplification of the termini from W1s added to DNA extractcd from 
microdi.ssected polytene chomosome ends. We show that DNA is intact within the blocks and 
that the synthetic tails directly join the 340 bp repeat Futhennore. the DNA amplified only 
repre:;ents the most distal subfam.ily allthough all subfamilics are amplifkd with thw same 
eff¡cience when digested DNA is used as template. Using pl.a.smid controls we could also show 
that we did not amplify rare or nonrepresentative DNA tennini. 
The 340 bp repeats ha ve a G·rich strand, oriented with the 3 '-end towards the lerminus. like in 
short telomeric repeats. A tenninntion li.ke the presem one has previously been found in ciliate 
mitochondria.l ONA but has so far not been described for nuclear chromosomes. 
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DT40 • a potential host system for the dissection of human centromeric 

sequences 

Aarti Chand, Raoul Heller and William R. A. Brown 

Biochernistry Department, Universíty of Oxford, South Parks Road, Oxford, U.K. 

Current knowledge about sequence requirements for complete centromere function in 

mammals has relied upon studies of naturally occurríng chromosomal aberrations, 

cloned putative centromeric regions in Y ACs and upon the use of telomere-<lirected 

breakage of chromosomes in the alphoid array . We airn to extend the technique of 

chromosome fragmentation to dissect candidate centromere sequences in a precise and 

ordered manner. To this aim we ha ve created a series of human Y chromosome derived 

mini-chromosomes using telomere-<lirected breakage. Three rounds of fragmentation 

have generated 8 mini-chromosomes that include deletion derivatives of both the long 

and short arm and range in size from 8 Mb to 2.5 Mb. We have transferred one of 

these chromosomes, ddHisl into DT40, a chicken bursal B cell line that mediates a 

high rate of homologous recombination . Although the technique of microcell fusion is 

very inefficient when DT40 is the recipient cellline, we have obtained 2 clones, one of 

which contaíns MHisl as a linear independant molecule. We are currently assessing 

the structure and stability of the chromosome in DT 40. Initial data suggest that the 

hybrid has retaíned the selectable markers and the Y chromosome STSs and that the 

chromosome is maintained at a single copy per ce!!. Exploiting the higb recombination 

frequency of DT40, we intend to target candidate centromere sequences by using site­

specific recombinases (sucb as cre-recombinase) to create defmed deletions in the 

rninichromosome. In this manner we hope to identify sequences that are necessary, or 

sufficient, for accurate mitotic segregation of the human Y and possibly other 

mammalian chromosomes. 
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Detection, purlflcation and characteriza~on of a 160 Kd p~ein 
that preferentially binds the C-strantl' of the D rof>?'p h í 1 s 
centromeric dodeca-satelllte. 
A.Cortés, D.Huertas, N.Ferrer and F.Azorín. 
Departamento de Biología Molecular y Celular. 
Centro de Investigación y Oesarrollo-CSIC. 
Jordi Girona Salgado 18-26. 08034 Barcelona. Spain. 

The Drosophila" dodeca-satellite, which consists of tandem repeats of an 11-
12 bp unit, shows a distinct asymmetric distrlbution of resldues resulting in 
one of the strands being rich In cytosines (C·strarid) while the complementary 
is enriched in guanines (G-strand). lt has been demonstrated by · In situ 
hybridization that the dodeca-satellite is present at the centromerlc regions of 
chromosome 3 in Drosophila melanogaster and in other chromosomes of 
other species of Drosophila (1 ,2,3). As a consequence of its peculiar primary 
sequence, the dodeca-satelfite exhibits an interesting structural behavlour. In 
vitro, the dodeca-satellite G-strand forms fold-back structures much more 
stable than similar structures formad by the C-strand. The higher stability of 
the fold-backs formed by the G-strand are the consequence of the formation 
of stable non Watson·Crick base pairs, mainly purine·purine (G·A) pairs, which 
cannot be formed in the case ot the C·strand. The type of molecular 
interactlons determining the formation of these fold-back structures was 
determined by chemical modification wlth dlfferent reagents (4). 
A protein activity has been found which preferentially interacts with the 
dodeca-satellite C·strand. When crude nuclear extracts, obtained from SL2 
cells, were incubated with an 145 bp long double-stranded. DNA fragment 
containing 12 repetitions of the dodeca-satellite or with its individual strands, a 
strong binding activity was detected for the C-strand but not for the G-strand or 
the double-stranded fragment. Similar results were obtained when different 
dodeca-satellite fragments were used. The protein responsible for this binding 
has been purified to near homogeneity in three chromatographic steps: a 
pseudo·affinity column (Hi-trap blue Sepharose), an hydrophobic column 
(phenyl-superose) and an anion-exchange column (Resource-or After these 
steps, positiva fractions are highly enriched in a high molecular weight protein 
(160 Kd) which binds to the dodeca-satellite C-strand. The N-terminal part of 
the protein is being sequenced . A peptide obtained by digestion with V-8 
protease has been sequenced and exhibits no homology with any known 
protein. 
\The relativa affinity of the protein for different DNA substrates was determined 
by competition experiments. Unspecific ssDNA (E.coli or M13) competes the 
binding to the C-strand better lhan unspecific dsDNA (E.co/1), but much worse 
than the dodeca-satellite C·strand itself, revealing a certain degree of 
speciiicity in its interaction with the C-strand. The protein binds the dodeca­
satellite C-strand about 50 fold better than any other ssDNA sequence and 
more than 1 000-fold better than dsDNA. 

(1) Abad, J.P., Carmena. M., Baars, S .• Saunders, R.O. C .. Glover, D.M., et al., (1992) . Proc. Natl. 
Acad. Sc:i. USA 89:4663-4667. 
{2) Carmena.M., Abad, J.P., Villasante, A. and González, C .. (1993). J. Cell Science 105: 41-
50. 
(3) Losada, A., Abad. J.P. and Villasante, A., in press. 
(4) Ferrer,N., Azorin, F., Villasante,A .. Gulierrez, C. and Abad, J . P., (1995), J.Moi.Biol. 245:8-
21. 
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Detection of plant telomerase activity 

Jirí Fajkus, AJes Kovarík, Robert Královics 

lnstitute of Biophysics, Academy of Sciences of the Czech Republic, Královopolská 

135, 612 65 Brno, Czech Republic 

Telomerase is a ribonucleoprotein enzyme which elongates the G-rich strand of 

telomeric DNA to compensate for the progressive reduction in its length due to 

incomplete replication of chromosome ends, which in human somatic cells leads to 

cell cycle arrest upon shortening of telomeres to a criticallength. To examine the 

possible involvement of telomerase in metabolism of plant genetic material, we used 

cells of Nicotiana tabacum strain TBY-2, a stable long-term culture which has kept a 

constant pattern of restriction fragments from chromosome termini during its six 

month period of cultivation in our laboratory. In a direct assay for telomerase, a 5' 

end-labeled plant telomeric oligonucleotide s·(TTTAGGG)6
3

. was elongated in a 

TBY-2 cell extract, showing a pausing pattern which is a characteristic feature of 

telomerases from other organisms. The elongation was inhibited by RNase A 

pretreatment of the extract. We conclude that plant cells possess telomerase which 

is used for maintenance of their telomeres. 
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Telomeres at 2.25 Á resolution 
(How the crystal structure of a RAPl (DBD) - dsDNA complex was sol ved) 

R. Giraldol.2, P. Konigl, L. Chapmanl, D. Rhodesl 

1) Structural Studies Division. MRC Laboratory of Molecular Biology. Hills Road, Cambridge CB2 2QH. 

UK. 2) Departamento de Microbiolog(a Molecular. Centro de Investigaciones Biológicas (CSIC). el 

Veltizquez, 144. 28006 Madrid. Spain. 

Telomeres, the natural ends of the eukaryotic chromosomes, constitute nucleoprotein 

complexes essential for chromosome structure and function. RAPl is a multifunctional 

DNA binding protein from the yeast Saccharomyces cerevisiae, where packs the telomeric 

chrornatin. We had biochemically characterized RAPl and its minimal DNA binding 

domain (DBD), showing that both distort the telomeric C¡.JA/T<h-3 repeats and also that 

RAPl promotes the fonnation of DNA quadruplexes by the telomeric terminal TG¡.J tails. 

We have crystallized a complex between RAPl(DBD) (247 aa residues, 28.8 kDa) 

anda telomeric dsDNA oligonucleotide (18 bp, C-overhangs) by the hanging-drop vapour 

difussion method at 20 °C (20-40% MPD as precipitant and 2mM spermine, 20mM KCl, 

pH=6.0). The crystals belong to the Trigonal space group P3¡ (a=b= 90.61 A, e= 80.36 Á; 

a=~ 9()0, "(= 1200) and have two protein-DNA complexes in the asymmetric unit A 

native dataset from a crystal diffracting beyond 2.25 A resolution was collected (CuKa X­

ray source, at 95 °K). MIR-phases were obtained from four derivatives (HgCl2, K3U<hFs, 

Tr'.methyl-lead acetate and Hg-phosphoro-thioated DNA), with a combined figure of merit 

of 0.51. Phases were improved by two-fold averaging and solvent flattening (SOLOMON). 

A model for the telomeric DNA and most of the protein was traced using the molecular 

graphics program " 0". Refinement was perforrned with X-PLOR, by means of several · 

cycles of positional and restrained B-factor refinement, as well as Molecular Dynamics 

runs. 103 solvent molecules were identified in Fo-Fc maps and included in the fmal model. 

The fmal R-factor is 21.9% (free R-factor: 29.4%). According to PROCHECK, the protein 

model shows a rmsd from ideality of 0.009 A (bond lengths) and 1.363° (bond angles), 

whereas the values for the DNA component are more relaxed, reflecting the 

confonnational flexibility of DNA. Only residue (Glu416) is just outside of the allowed 

regions in the Rarnachandran el> 1 \jf plot 

The three-dimensional structure of the RAP1(DBD)-dsDNA complex and the 

features of ~rotein-DNA recognition at yeast telomeres will be discussed in this meeting by 

D. Rhodes in an oral presentation. 

Our crystal structure shows, for the frrst time, the details on how proteins pack and 

recognize the telomeric DNA repeats at the ends of eukaryotic chromosomes. 
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A NEW MONOCLONAL ANTIBODY THAT RECOGNIZES CONSERVED 
SPINDLE COMPONENTS 

M.R. Esteban and C. Goday 

Department of Cell Biology and Development. Centro de Investigaciones 

Biológicas (CS!C). Velázquez 144. 28006 Madrid. Spain. 

Using protein extracts from embryos of Parascnris (Nematoda, Ascaridae) as 

immunogens we have produced a monoclonal antibody (mAb 403) that 

associates to spíndle components . ln different Parascaris cell types, by 
indirect immuno.fl.uorescence and Western blot analysis, mAb 403 decorates 

centrosomes, kinetochore-m.icrotubules and centromeric regions and 
identifies a single protein of 70 kD. mAb 403 recognizes similar antigens in 
dístantly related species as human cells, mouse, Drosopltila melanogaster 

and Cae11orhabditis elegans. A a lambda-ZAP cONA library of Parascaris was 

constructed and immunoscreened using mAb as a probe. We have isolated 
a positive clone (403-1) that contains a 2.5 kb ínscrt. We have established Lhal 

this clone encodes to the aulhentic 403 antigen by producing policlonal 
antibodies against the bacterially expresscd fusion protein. After sequencing 
and perform.ing a structural analysis of the predicled protein, our data 
indicate that the 403 antigen is a coiled-coil myosin-like protein and may 
play an important role duríng cell division. 
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Title: Energetics of primer binding to telomerase from E. aediculatus. 

Authors: Philip W. Hammond, Thomas R. Cech 

Howard Hughes Medical Institute, Department of Chemistry and Biochemistry, 

University of Colorado, Boulder, Colorado 80309-0215, USA. 

Telomerase is a ribonucleoenzyme which adds the G-rich sequence repeats to the end 

of linear chromosomes. The RNA moiety serves to aligo a DNA primer at the active site of the 

enzyme through base-pairing interactions and provides a template for addition of the repeat sequenc• 

In vitro, telomerase functions processively to add multiple repeats to a DNA primer by binding it at 

second anchor site on the enzyme. We have substituted photo-reactive nucleotide analogs into DNP 

oligonucleotide primers and, upon irradiation, obtained cross-links to a protein subunit of the ancho 

site of telomerase from Euplotes aediculatus. Photoreactive nucleotides which form the cross-links 

are 20 and 22 nucleotides upstream of the 3' end of the primer. The 3' end of this primer was shoY 

to be aligned on the RNA template in the active site of the enzyme by the ability of telomerase to 

incorporate [a_32p]dGTP into the cross-linked primer. These cross-links were used to quantitate ti 

binding of primer to telomerase, from which we determined the equilibrium dissociation constarit. 

Various oligonucleotide DNA:RNA duplexes were prepared which model the binding of DNA prirr 

to the RNA template . The results of UV melting experiments with these oligonucleotide models w< 

used to measure the contribution of DNA:RNA contacts to primer binding and to estímate, by 

subtraction, the contribution of protein interactions to the binding of primer to telomerase. 
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CENTROMERIC SA TELLITE DNA IN FISH 

Garrido-Ramos M., Jarnilena M, Lozano R, Ruiz Rejón C. & Ruiz Rejón M. 

Departamento de Genética. Facultad de Ciencias. Universidad de Granada. Spain. 

Departamento de Biologia Aplicada. Escuela Técnica Superior. Universidad de Alrneria . Almeria 

Spain . 

By rncans of cloning, sequencing, and fluorescence in situ hybridization, we havc detcrrnined 

that the EcoRI satellite DNA family is conscrved in the 10 sparid spccics analyzed here. lts 

conscrvation, its chromosornal location at the centromere of cach chromosome. and its structural 

fcaturcs could make this satellite DNA farnily an importan! structural and functional element of thc 

ccntromeres of these spccics. Monomeric units of this satellite DNA have a conscnsus lcngth of 187 

bp. lts sequcncc is characterizcd by a high AT contcnt and the prcsencc of shon runs of consccutivc 

AT base pairs . 

Thcse monomeric EcoRI repeats also contain thrcc to four copies, depcnding on the species. of 

a shon scquence reflecting the repetitive duplication and subscquent divcrgcncc of an ancestral 9-bp 

sequencc in this family . This scquencc motive is conscrvcd in sorne pans of the monomcric units of thc 

differcnt spccics studicd at the same positions, ami, preci scly, surrounding the area in which thc 

curvature of thc monomcric molccule is greatcst. The 9-bp motive is similar to othcr direct repeat 

sequcnces of thc ccntromcric satellite DNAs of other venebrates, including those of amphibians and 

mamrnals. 
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ANALYSIS OF THE CENTROMERE OF CHROMOSOME 
TWO OF THE FISSION YEAST:SCHIZOSACCHAROMYCES 

POMBE. 

Jawi Mason and Jane Mellor 

Microbiology Unit, Dept of Biochemistry, South Parks Road, Oxford 
OX13QU,UK. 

The centromeres of S o p o m be contain large regions of 
repetitive DNA flanking a uniquc central core (ce) regiono The 
centromeres constitute between 3-15 9é of ea eh chromosomeo S o p o m be 
centromeres share sorne of the features of higher cukaryotic 
centromeres, however they are both símpler and smaller in size and 
organization, offering an attractive experimental systemo 

Position Effect Yariegation has be en reported at S o pombe 
centromeres, so we have attempted ro characterize the chromatin of 
the centromere of chromosome twoo A melhod has been developed to 
map thc accessibility of restriction enzyme sites, and thus to assay 
the 'openness' of the chromatin throughout CEN2, this approach has 
also bcen used to analyze the cffecr of three mutations swi6, clr4, 
rikl on chromatin ar CEN2 o 

We are also attempting to isolate and characterize the protein 
components of the S o p o m be kinetochoreo A novel chromatin 
purification strategy is being developed to accomplish this, and the 
results of on-going experiments will be discussed_ 
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TRANSCRIPTIONAL ACTIVATION BY Raplp: GENETIC ANO 
STRUCTURAL STUDIES. Idrissi, F.-Z., Femández-Larrea, J.B., and 
Piña. B. Centre d'lnvestigació i Desenvolupament, CSIC. Jordi Girona 
18, 08034 Barcelona, Spain. E-mail: bpcbmc@cid.csic.es. 

Raplp, the yeast telomer binding protein, acts also as activator of 
many genes encoding ribosomal proteins and glycolytic enzymes, 
among others. We have investigated the acti.vation potential of Raplp 
using artificial enhancer elements based on Raplp binding sites. UASrpg 
(5'-ACACCCATACATTT-3') and telomeric (5'-ACACCCACACACCC-
3') sequences were cloned in different orientati.ons in front of a minimal 
CYCl promoter. Our results show a clear transcriptional activation 
dependent on the presence of Raplp binding sites, showing activation 
patterns consistent with the know properties of Raplp-driven natural 
promoters. In our constructs, UASrpg sequences appear to be more 
efficient on promoting acti.vation than telomere sequences; in both cases, 
a strong activation synergism between adjacent sequences is observed. 

In vitro assays revealed that neither the observed synergism, nor the 
lower activation potential of telomere sequences can be explained by the 
relative affinity of Raplp for the different constructs. Structural studies 
of Raplp/UASrpg and Raplp/telomeric complexes showed a somewhat 
different interaction of Raplp with the two types of binding sites. Our 
results suggest that, whereas the observed activation synergism 
between adjacent Raplp molecules is probably due to cooperative 
interaction with the target(s) for the transcriptional activation signa!, 
differences in the activation potential among the different types of 
Raplp-binding sequences may be related to the intimate structure of the 
Raplp-DNA complex. 
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Two novel alpha satellite DNA blocks near the human chromosome 
7 centromere. A. de la Puente1, E. Velasco2, C. Hemández-Chico2, J 
Cruces!. l. Dep. de Bioquímica, Facultad de Medicina, Universidad 
Autónoma, Madrid, Spain. 2. Hospital Ramón y Cajal, Madrid, Spain. 

Alpha satellite is the major family of tandemly repeated DNA 
found at or near the centromeres of primate chromosomes. Alpha 
satellite is based on a fundamental repeat unit of approximately 
171 pb (called monomer), tandemly arranged in a head to tail 
fashion. These alpha satellite DNA generally display a higher-order 
organization based on multimers of the 171 pb monomer. Adjacent 
sequences at the edges of these repeated blocks of the alpha 
satellite DNA are not fully and their putative contributions to the 
function of the centromere is still know. We have identified a YAC 
from the CEPH Mkl library which contain two novel blocks the 
alpha satellite DNA (which we have named ZS and Z6) separated by 
100 kb of non-alphoid sequence. Between the blocks of alphoid 
sequences there are MER 22 elements, which have been found 
befare only on chromosomes 4 and 19, far from the centromeres, a 
CpG island, anda (CA)n repeat polymorphism. We have located this 
region close to the human chromosome 7 centromere by PCR of 
somatic cell hybrids and linkage analysis.. ZS contains two 
inversions interrupting the usual head to tail arrangement of 
monomers, ending with a tetranuceotide repeat (GAAA)n. The other 
block, Z6, has an inserted Alu element. ZS and Z6 do not show the 
higher-order repeat structure typical of tandemly repeated alpha 
satellite. We are trying to establish a physical map linking our 
sequences to the known chromosome 7 centromere repeats, Z1 and 
Z2. These novel alpha satellite DNA provide new tools to further 
study the genomic organization of chromosome 7 centromere. 
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CHROMATID COHESIVENESS AT THE CENTROMERE DURING THE SECOND 
MEIOTIC DIVISION 

Suja J.A. , Antonio C. and Rufas J.S. 

Unidad de Biología Celular, Departamento de Biología, Edificio de Ciencias Biológicas, 
Universidad Autónoma de Madrid, 28049 Madrid , Spain. 

Sister chromatids of mitotic chromosomes remain closely associated along their entire length 
until their disjunction at the onset of anaphase due toa chromatid cohesiveness acting at the 
centromere and chromosomes arms . During the first meiotic division the chromatid 
cohesiveness at chromosome arms is lost but that present at centromeres persists until the 
chromatid segregation at anaphase-II. In order to investigate this centromere function in detail 
we have first studied the centromere ultrastructure in serial sections of metaphase-11 
chromosomes. For this purpose we have chosen grasshopper chromosomes, a model system 
where we had previously detected by sil ver staining both sister kinetochores and a connecting 
strand joining them at the centromere. After conventional procedures for electron microscopy 
the 'ball and cup ' kinetochores are observed as round masses of low density with associated 
kinetochoric microtubules . Interestingly , sorne low electron dense fibrillar material extending 
between both sister kinetochores is observed . This material, the connecting strand, and both 
kinetochores, are also revealed with different cytochemical procedures for electron 
microscopy. The EDTA regressive staining method and the Os-PPD technique both 
preferential for RNPs , as well as the silver staining technique, clearly indicate that there 
ex ists sorne kind of proteic material connecting both sister kinetochores . Additionally, by 
means of immunofluorescence and using the MPM-2 monoclonal antibody recognizing 
mitotic phosphoproteins we have detected the presence of a patch of phosphoproteins lying 
at the centromere inner region . In base to these findings we are proposing a model 
accounting for the chromatid cohesiveness at the centromere in metaphase-11 chromosomes. 
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Distance-dependence of centromere/klnetocbore assembly in dicentric X 
cltromosomes and correlation with malsegregation in anaphase. BA Sulliyan ond HE 
.willm:d. Case Westem Reserve University, Cleveland. OH. 

Studies in many organisms ha ve indicated that functional dicenlrics are typically WJ.Stable, being 

lost dueto chromosome bridgingllagging. The stability of dicentric human chromosomes has 

generally been attributed to inactivation of one of the two centromeres; such chromosomes, 

therefore, while sbuctural.ly dicentric, are fw1ctionally monocentric. To examine the structure and 

behavior of active and inactive centromen:.s, we studied 8 dicentric X isochromosomes (isoX) 

using indirect immunofluorescence with antibodies against centromere proteins (CENPs) 

previously implicated in centromere function. In 3 of 7 i(Xq)s and 1 idic(Xp) studied, CENP-C 

and -E were deteeted ata single centromere only, consistent with the centromere inactivation 

hypothesis. In contrast, CENP-C and -E were detected al both centromeres in 4 isoXs, suggesting 

that such isoXs are functionally dicen trie. Notably, the functional status of the two centro meres 

correlated with the distance between them. Thus, the 4largest isoXs, with -16-80Mb between the 

centromeres, were functionally monocentric and appeared stable mitotically. Howcver, 4 smaller 

i(Xq)s, with 8-12Mb between the centromeres, were functionally dicentric with two CENP-C and 

-E signals; furt.her, these cases were associated with the greatest degree of mosaicism. 

To determine directly if functional dicentrics show an increased frequency of abnomwl 

segregation, we developed an assay to enrich for anapha.se/telophase cdls after treatment with 

nocodazole and dihydrocytochalasin B to prcvcnt cytokinesis. Thus, thc daughter sets of 

chromosomes can be visualized directly on the mitolic spindle ami segrcgaúon of individual 

chromosomcs scored after in si tu hybridization. Using this assay, segregation of the normal X, lhe 

i(Xq), and a control a u toso me was seo red in > 100 anaphasdtelophasc cclL~ for ea eh cellline. 

While 3 functionally monocentric i(Xq)s (as wcll as control chromosomes) scgrcgated norrnally in 

>99% of cells, a functionally dicentric i(Xq) showcd abnonnal segregation (chromosome lag/loss) 

in -25% of anaphascs scorcd. 

These data (i) dcmonstrate dircctly that chromosomes with two functional centromcrcs cnrounter 

scgregation difficulties in anaphase. (ii) suggcst that mosaicism associated with many functionally 

monocentric i(Xq)s may reflect loss early in dcvclopmcnt rather than constitutivc milolic inslability, 

and (ili) provide evidence for a distance-dependence of diccnu1c chromosome structure and 

centromere/ kinctochore asscmbly and bchavior. 
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*246 Workshop on Tolerance: Mechanisms 
and lmplications. 
Organizers: P. Marrack and C. Martínez-A. 

*247 Workshop on Pathogenesis-related 
Proteins in Plants. 
Organizers: V. Conejero and L. C. Van 
Loon. 

*248 Course on DNA- Protein lnteraction. 
M. Beato. 

*249 Workshop on Molecular Diagnosis of 
Cancer. 
Organizers: M. Perucho and P. García 
Barreno. 

*251 Lecture Course on Approaches to 
Plant Development. 
Organizers: P. Puigdoménech and T. 
N el son. 

*252 Curso Experimental de Electroforesis 
Bidimensional de Alta Resolución. 
Organizer: Juan F. Santarén. 

253 Workshop on Genome Express ion 
and Pathogenesis of Plant ANA 
Viruses. 
Organizers: F. García-Arenal and P. 
Palukaitis. 

254 Advanced Course on Biochemistry 
and Genetics of Yeast. 
Organizers: C. Gancedo, J. M. Gancedo, 
M. A. Delgado and l. L. Calderón. 

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

*256 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín , M. Beato and A. 
A. Travers. 

257 Lecture Course on P.olyamines as 
Modulators of Plant Development. 
Organizers: A. W. Galston and A. F. 
Tiburcio. 

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

*259 Workshop on Transcription and 
Replication of Negative Strand ANA 
Viruses. 
Organizers: D. Kolakofsky and J. Ortín. 

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

261 Workshop on Regu lation of 
Translation in Animal Virus-lnfected 
Ce lis. 
Organizers : N . Sonenberg and L. 
Carrasco. 

*263 Lecture Course on the Polymerase 
Chain Reaction. 
Organizers : M. Perucho and E. 
Martínez-Salas. 

*264 Workshop on Yeast Transport and 
Energetics. 
Organizers: A. Rodríguez-Navarro and 
R. Lagunas. 

265 Workshop on Adhesion Receptors in 
the lmmune System. 
Organizers: T. A. Springer and F. 
Sánchez-Madrid. 

*266 Workshop on lnnovations in Pro­
teases and Their lnhibitors: Funda­
mental and Applied Aspects. 
Organizer: F. X. Avilés. 
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267 Workshop on Role of Glycosyi­
Phosphatidylinositol in Cell Signalling. 
Organizers: J. M. Mato and J. Larner. 

268 Workshop on Salt Tolerance in 
Microorganisms and Plants: Physio­
logical and Molecular Aspects. 

Texts published by the 

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

269 Workshop on Neural Control of 
Movement in Vertebrates. 
Organizers: R. Baker and J. M. Delgado­
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors 
Tell the Brain? 
Organizers: C. Belmonte and F. Cerveró. 

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

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

*4 Workshop on the Past and the Future 
of Zea Mays. 
Organizers : B. Burr, L. Herrera-Estrella 
and P. Puigdomenec:h . 

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

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

*7 Workshop on Tranacription lnitiation 
in Prokaryotes 
Organizers: M. Salas and L. B. Rothman­
Denes. 

*8 Workshop on the Diversity of the 
lmmunoglobulin Superfamily. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex­
pression in Yeast. 
Organizers: C . Gancedo and J. M. 
Gancedo. 

*10 Workshop on Engineering Plants 
Against Pests and Pathogens. 
Organizers: G . Bruening, F. García­
Oimedo and F. Ponz. 

11 Lecture Course on Conservation and 
Use of Genetic Resources. 
Organizers: N. Jouve and M. Pérez de la 
Vega . 

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

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

*14 Workshop on Frontiers of Alzheimer 
Disease. 
Organizers: B. Frangione and J . Ávila. 

*15 Workshop on Signa! Transduction by 
Growth Factor Receptors with Tyro­
sine Kinase Activity. 
Organizers: J. M. Mato andA. Ullrich. 

16 Workshop on lntra- and Extra-Cellular 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 
Grañena. 

*17 Workshop on Cell Recognition During 
Neuronal Development. 
Organizers: C. S. Goodman and F . 
Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers : M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

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

*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J. López­
Bameo. 

*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 
RNA 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. Downwqrd, 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 andA. 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. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Veast 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 ata 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. 

Val cárcel. 

• · 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 
Di sea ses. 
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. Camella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a private foundation specialized in sc ientific activiti es 

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 1988 through 1995 , a 
total of 83 meetings and 7 

Juan March Lecture Cycles, al! 
dealing with a wide range of 
subjects of biological interest, 

were organi zed within the 
scope of the Centre. 



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 23rd through the 25th of September 1996, 
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. 


