
113 

Instituto Juan March 

de Estudios e Investigaciones 

CENTRO DE REUNIONES 
INTERNACIONALES SOBRE BIOLOGÍA 

C ~ -s yon s ored by 
JE M JB 0 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION 

IJ 
113 

Workshop on 

Regulation of Messenger RNA 
Processing 
Organized by 

W. Keller, J. Ortín and J. Yalcárcel 

G. Akusjarvi J. Ortín 

M. A. Billeter N. Proudfoot 

J. F. Cáceres D. Rio 

J. B. Clements J. Scott 

R. B. Emeson 

W. Keller 
A. Kramer 
A. I. Lamond 

A. J. López 
J. L. Manley 
I. Mattaj 

C. Smith 
K. Stuart 
D. Tollervey 

J. Valcárcel 
J.-D. Yassalli 
E. Wahle 
M. Wickens 



113 

Instituto Juan March 
de Estudios e Investigaciones 

CENTRO DE REUNIONES 
INTERNACIONALES SOBRE BIOLOGÍA 

Co-sponsored by 

lE M JB 0 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION 

Workshop on 

Regulation of Messenger RNA 
Processing 
Organized by 

W. Keller, J. Ortín and J. Valcárcel 

G. Akusjarvi J. Ortín 
M. A. Billeter N. Proudfoot 

J. F. Cáceres D. Rio 

J. B. Clements J. Scott 

R. B. Emeson C. Smith 

W. Keller K. Stuart 

A. Kdimer D. Tollervey 

A. l. Lamond J. Valcárcel 

A. J. López J.-D. Vassalli 

J. L. Manley E. Wahle 

l. Mattaj M. Wickens 

Instituto Juan March (Madrid)



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 2nd through the 4th of October, 2000, 
at the Instituto Juan March. 

Depósito legal: M-44.857/2000 
Impresión: Ediciones Peninsular. Tomelloso, 27 . 28026 Madrid. 

Instituto Juan March (Madrid)



INDEX 

PAGE 

INTRODUCTION: W. Keller, J. Ortín and J. Valcárcel......................................................... 7 

Session 1 
Chair: Nick Proudfoot .................................................................................................................. 11 

Angus l. Lamond: Analysis ofnuclear structure and snRNP organisation 
in vivo using fluorescent protein fusions .......... ........... ..... .. .. .. .. .. . ..... .. ................. ....... ....... .. 13 

Martín A. Billeter: Cotranscriptional editing in paramyxoviruses ... ................................. 14 

Chris Smith: Role ofPTB and CUG-BP isoforrns in smooth muscle alternative 
splicing .. .................................................... .. ........ ........ .. ..... .... .................. ... .... ............... ...... 16 

Marv Wickens: A web ofregulatory interactions among 3'UTR regulators controls 

diverse events in the e elegans gerrnline ········ ·········· ··· ·········· ···· ···· ··········· ······· ·········· ········ 18 

Short talk: 
Daniel Kolakofsky: Negative strand virus RNA polymerase stuttering ................... 20 

Session 2 
Chair: Iain Mattaj ......................................................................................................................... 21 

Walter Keller: 3'-end processing/polyadenylation ofmessenger RNA precursors 
(pre-mRNAs) and editing ofpre-mRNAs and tRNAs .......... ...... ......... .................... ........... 23 

Juan Ortín: Control of gene expression by influenza virus NS 1 protein ............ .............. 25 

Kenneth Stuart: Mechanism ofkinetoplastid RNA editing ........ ..... .. ............................... 26 

A. Javier López: Recursive splicing and genetic analysis of splice si te regulation 
in Ultrabithorax ... ... .. .. .......... ............... ..... ............... ..... .. ............... ......... ........ ........ ..... ...... .. 28 

James L. Manley: mRNA processing and the integration ofnuclear events ........ ............ . 30 

Session 3 
Chair: Angus l. Lamond ............................................................................................................... 31 

la in Mattaj: Roles of Ran in interphase and mitosis .......................................................... 3 3 

James Scott: New C to URNA editing enzymes ............................................................... 34 

Donald Río: Control of Drosophila P element transposition through RNA processing .... 35 

Instituto Juan March (Madrid)



PACE 

Short talks : 

Mariano A. García-Blanco: PTB antagonizes exon defmition in FGF-R2 
transcripts .... ...... ............ ................ .... .... ..... .. ............ ... .... ... .... ...... ........ ... ....... ... ..... .... 3 7 

Bryan R. Cullen: Retroviral nuclear RNA export pathways ...... ............................. . 38 

Session 4 
Chair: Marv Wickens .................................................................................................................... 3 9 

Jean-Dominique Vassalli: Masking and unmasking 3' UTRs in mouse oocytes .............. 41 

Goran Akusjiirvi: Regulation ofRNA splicing during an adenovirus infection ...... ....... .. 43 

J. Barklie Clements: The multifunctional Herpes simplex virus ICP 27 protein .. ............ 45 

Juan Valcárcel: Mechanisms ofaltemative splicing regulation in Drosophila sex 
determination and prograrnmed cell death .. .. .. .... .. .. .. .. .. .. ........ .............. .... .. .. .. .. .... .. ...... ... ... 4 7 

Nick Proudfoot: Interconnections between polyadenylation, splicing and transcription 
in eukaryotic genes .. ... . . . ... .. . . . . ... .. . . . . .. .. .. . . . . .. . .... .. .. . .. . . . . .. .. . . . .. . . . .. . . .. . . .. .. . . . . . .. ... . .. . . . . . . . .. . .. .. .. .. . 4 9 

Session 5 
Chair: Jean-Dominique Vassalli .................................................................................................. 51 

Angela Kriimer: The function and intracellular localization of proteins that function 
early during spliceosome assembly .................................................................... ................. 53 

Elmar Wahle: Synthesis and degradation ofpoly(A) tails .............................. ..... .. ........... 55 

Javier F. Cáceres: The role of SR proteins in the regulation of altemative splicing ...... ... 56 

Ronald B. Emeson: Auto-regulation of ADAR2 alternative splicing by RNA editing ..... 58 

David Tollervey: Nuclear RNA tumover .. .................. .. ..................................................... 59 

POSTERS ....................................................................................................................................... 61 

Eva Bratt!Marie Ohman: RNA editing and splicing of glutamate receptor 
pre-mRNA ....... .. ........ ... ... ........................................... ..... ....... ............... .. ..... .... ... .. ...... .. .. .... . 6 3 

Brian Collier: Control of HPV -16 Ll production caused by an RNA instabil ity 
element .... ..... ... .......... ... ..... ........... .... ...... ..... .. .... ....... .. .. ........ .. ... .. ............ ......... .... ...... ... ....... 64 

Instituto Juan March (Madrid)



PAGE 

Ana Cuadrado: Identification ofthe manunalian homologue ofthe splicing regulator 
suppressor-of-white-apricot as a thyroid hormone regulated gene ... ...... ................ ..... ... .. ... 6 s 

David J. Elliott: A marrunalian germ cell-specific RNA binding protein interacts with 
ubiquitously expressed proteins involved in splice si te selection ........ ........... ..... .. ... .. ....... . 6 6 

Sonia Guil: Alternative splicing of e-H-ras a system to study different aspects of 
the splicing mechanism . .. .. .. ........ .. . .. ..... . .. .. .. ... ..... .. .. . ... ....... .. .. ... .. ... . . . . . . . .. .. .. .. .. . . . . . . .. . . . .. . . . . . . . 6 7 

Peter Kreivi: Herpes simplex virus protein ICP27 inhibits pre-mRNA splicing in vitro ... 68 

Micha el Ladomery: WTI: a transcription factor with a splicing connection? .. ...... ........... 6 9 

Maria José Lallena: A switch in 3' splice site recognition during exon definition and 
catalysis is important for Sex-lethal autoregulation .... ............... ....................... .............. ..... 70 

Evgeny Makarov: The role oftri-snRNP proteins in [U4/U6.U5) tri-snRNP formation 
and integration into the spliceosome .................................................................................... 71 

David Mangus: Analysis ofthe effects of overexpression ofthe yeast poly(A)-
binding protein, Pab 1 p ............................................................................................... ........... 7 2 

Rosa M. Marión: A human sequence homologue of Staufen is an RNA binding 
protein that is associated to polysomes and localizes to the rough endoplasmic 
reticulum .......... .......... .................... ..................................................... .................. ............... 7 3 

Phi! Mitchell: Ski7p: An activatorofthe exosome for mRNA decay? ............ ... ................ 74 

Alexandra Moreira: The assembly offive proteins to the Drosophlla polo pre-mRNA 
requires a pyrimidine rich region upstrearn of its poly(A) signa! ............................. ............ 75 

Ángeles Ortega: Molecular characterization ofthe Drosophila fl(2)d gene, a cofactor 
of alternative pre-mRNA splicing regulation by Sex-lethal ........................... ............. ......... 76 

Martine Simonelig: Functional analysis ofthe Drosophi/a Poly(A) po/ymerase gene....... 77 

LIST OF INVITED SPEAKERS ..............•............................................................................................. 7 8 

LIST OF PARTICIPANTS ····················-······························································································· 80 

Instituto Juan March (Madrid)



Introduction 

W. Keller, J. Ortín and J. Valcárcel 

Instituto Juan March (Madrid)



9 

Gene expression starts with the synthesis of primary transcripts (pre-mRNAs) 

from DNA. Pre-m.R.NAs undergo extensive modifications in the nucleus before they 

cim be transported to the cytoplasm and be translated into proteins. These 

modifications, collectively known as RNA processing, include addition of a 

methylated nucleotide at the 5' end (capping), a polyadenylate tail at the 3' end 

(polyadenylation), removal of interna! sequences (splicing) and changes in the 

nucleotide sequence ( editing). 

Studies on the regulation of gene expression are essential to understand cell 

differentiation and development. The extent to which this regulation occurs at the 

leve! of messenger RNA processing, however, has only recently become fully 

recognized. Tissue-specific splicing, polyadenylation and editing are now 

phenomenologically well established as modes of gene regulation at the basis of key 

processes, from sex determination in Drosophila to maturation of the immune 

response, from fertilization to neural development. They . are also at the origins of 

disease, from the control of blood cholesterol transport to viral pathogenesis to 

metastatic transformation of primary tumors. This wealth of biological implications 

has attracted the interest of many researchers to the molecular and cellular 

mechanisms underlying both the basic processes responsible for RNA modification 

and their key regulatory steps. 

The Workshop sponsored by the Fundación Juan March and EMBO brought 

together leading world experts in the regulation of RNA processing to discuss 

common denominators between the control mechanisms operating in different 

processing steps, different organisms and biological phenomena. Many stimulating 

talks emphasized three main themes. First, the prevalence of mutual influences and 

intimate connections between different p.rocessing events, between these and 

transcription and nucleo-cytoplasmic transport, and between signal transduction 

pathways and processing factors. Second, many contributions illustrated how every 

processing step, even the apparently most simple, is accomplished by complex 

machines composed of multiple subunits. The roles of the different subunits are often 

enigmatic, presumably in volved in regulation of the function of the complex. As an 

illustrative example, none of the multiple protein components of the factors 
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responsible for the endonucleolytic cleavage that occurs at the 3' end of most RNA 

polymerase II transcripts has the sequence features of an endonuclease. Will the 

catalytic activity be contributed by severa! subunits ? Will it be contributed by the 

RNA itself, perhaps conformationally activated by interactions within the complex ? 

The third common thread was the realization that the different members of 

families of proteins, their isoforms and postranslational modifications can provide 

unique properties to regulatory assemblies, and therefore their precise composition 

and distribution of cis-acting elements can generate combinatoria! complexity able to 

account for the design of gene expression in space and time. 

Hopefully the participants left with renewed appreciation for the complexity 

and regulatory potential of RNA processing and stimulated to keep deciphering its 

pervading logic and beauty. There is no doubt that the peaceful and comfortable 

setting that the Fundación Juan March provided, together the helpfulness of its 

personnel, significantly contributed to achieve these goals. 

W. Keller, J. Ortín and J. Valcárcel 

Instituto Juan March (Madrid)
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Analysis of nuclear structure and snRNP organisation in vivo using 
fluorescent protein fusions 

A.l. Lamond 

Division ofGene Regulation & Expression, The Wellcome Trust Biocentre, University of 
Dundee, WTB/MSI Complex, Dow Street, Dundee DDl 5EH Scotland UK 

email: a.i.lamond@dundee.ac.uk. 
Web site: http://lamond.bioch.dundee.ac.uk/ 

We are studying the functionai organisation ofthe nucleus in mammalian cells. As a 
model system we have analysed the subnuclear organisation of the small nuclear 
ribonucleoproteins (snRNPs), which are subunits of spliceosomes. Splicing snRNPs show a 
complex "speckled" localisation pattem and associate with several distinct subnuclear 
structures, including perichromatin fibrils, clusters of interchromatin granules and Cajal 
bodies (also known as coiled bodies). To study the dynamic organisation of snRNPs in vivo, 
we have made fusions of the core snRNP Sm proteins· to either the Green, Yellow or Cyan 
Fluorescent proteins (GFP, YFP & CFP). We have generated stable HeLa and MCF7 cell 
lines that express FP-tagged snRNP proteins. We have also made stable celllines that express 
FP-tagged Cajal body and nucleolar proteins and non-snRNP protein splicing factors. FP­
tagged snRNP proteins assemble into snRNP particles and adopt an identical in vivo 
localisation pattem to endogenous snRNPs. However, we find that newly assembled snRNPs 
concentrate in Cajal bodies prior to interchromatin granule speckles when they are first 
imported into the nucleus. A similar result is obtained by heterokaryon assays or by transient 
expression of FP-tagged snRNP proteins. In contrast, snRNPs reimported into the nucleus 
after mitosis immediately adopt a speckled pattem. The data indicate that snRNP maturation 
likely involves a sequential pathway of snRNP movement in the nucleus between distinct 
subnuclear domains. Our most recent results indicate that the pathway of snRNP movement 
from Cajal bodies to speckles may be obligatory. 

References: 
l . Lamond and Eamshaw, 1998 Science 280, 547-553 
2. Sleeman et. al., 1998 Exp. Cell Res. 243, 290-304 
3. Sleeman and Lamond, 1999 Current Biology 9, 1065-1074 
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Cotranscriptional editing in paramyxoviruses 

Armando Zuniga, Henriette Schneider, Gudrun ehristiansen, Pramod K. Yadava and 
Martin A. Billeter 

Institute ofMolecular Biology, University ofZürich, Switzerland 

The site-specific insertion of preferentially two G residues in a fraction of the 
phosphoprotein (P) gene transcipts of simian virus 5 (SV5) was discovered in the laboratory 
of R.A. Lamb (1); only the modified transcipts allow ribosomes, which on canonical 
transcripts produce a relatively short protein called V, toread further on in a different reading 
frame, thus yielding fulllength P protein. lndependently, in our laboratory nearly half ofthe P 
gene transcripts of meas! es virus (MV) were revealed to carry one additional G residue (2); in 
case of this virus the unmodified P transcripts encode the full length P protein whereas the 
modification leads to formation of a V protein. Similar to the V of SV5 (and predicted V 
proteins of other paramyxoviruses) the MV V contains a relatively short e-terminal domain 
distinguished by a series of cysteine residues conserved in all these viruses. We termed the 
phenomenon of site-specific G insertions as cotranscriptional editing, since it appeared to rely 
on the transcriptase pausing and stuttering at a particular stretch of U and e residues, 
somehow analogous to the reiterative slippage of the polymerase on a short series of U 
residues at the end of each transcription unit of the genomic template, mediating the 
attachment of more than 100 A residues at the 3' termini ofthe transcripts. This notion was 
corroborated primarily by the group of D. Kolakofsky (3). Mo~ representatives of the 
rubulavirus genus follow the pattem of SV5 whereas those of the genera respirovirus (e.g. 
Sendai virus (SeV), parainfluenza viruses (PIVs)), and morbillivirus (e.g. the MV related 
canine distemper virus (CDV) and rinderpest virus (RPV)) edit analogous to MV, although in 
sorne cases the incorporation of Gs is not strongly biased to the insertion of only a single 
residue; e.g. PIV3 fonns P gene transcripts with one to six Gs added at almost equal 
frequency, and in this case protein variants called W arise on transcripts containing two or 
five inserted Gs (4). 

The genomes (and antigenomes) of paramyxoviruses are always associated with 
nucleocapsid (N) molecules to form very tight RNP structures; analysis of SeV RNPs 
suggested that for every six nucleotides one N molecule is required (5), and that molecules of 
the multifunctional P and the large polymerase L are more loosely bound. The strictly 
stoichiometric association of N molecules to genome-type RNA was dramatically confirmed 
by the finding ofealain and Roux (6) that copy-back type defective interfering (DI) RNAs of 
Se V were replicated efficiently only when their total number ofnucleotides was a multiple of 
six; this requirement was termed as "rule of six';, which suggested that nascent geno mi e and 
antigenomic RNAs have to be consecutively covered from the 5' end by N molecules, with no 
"dangling" nucleotides allowed at the 3' termini. Later experiments revealed that also within 
the genomic and the antigenomic promoter distinct nucleotide hexamers must occur in 
specific spacial arrangements (7). 

To test whether it also matters how the nucleotides ofinternal cis-acting elements such 
as the editing and polyadenylation sites are contacted by N molecules, we generated mutant 
MY s containing short insertions and deletions in the 3' terminal nontranslated regions of the 
N and H genes, thus shifting the large intervening genome section by -3, -2, -1, +1 and +2 
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nucleotides, respectively relative to the normal phase while preserving the total genome 
length. All the mutants, which propagated slowly in comparison to the standard virus, showed 
altered editing behaviours: the levels of P gene mRNAs with more that one G inserted were 
increased as shown by limited primer extension experiments. Northem blot analyses revealed 
that in sorne of these mutants the readthrough transcription into the next transcription unit is 
considerably increased in two of the four phase-shifted gene boundaries. Our results suggest 
that it is relevan! in which phase N molecules contact editing and gene boundary region 
nucleotides; the RNP structure appears to remain intact at least quite close to the passing 
polymerase, and it is conceivable that sorne contacts between N molecules and the nucleotides 
of the template persist even at the regions active in transcription. Our results al so document 
the high accuracy of RNP formation, and again confirm that the term ,cotranscriptional 
editing" is justified. 

Refereoces: 
ll10mas, S.M., R. A. Lamb, and R.G. Paterson. 1988. CeU 54,891-902. 
Cananeo, R., K Kae1in, K Baczko, and MA. Billeter. 1989. Cell56, 759-764. 
Hausmann, S., D. Garcin, C. Delenda, and D. Kolakofsky: 1999. J. Vtrol. 73, 5568-5576. 
Pele! T., J. Curran, and D. Ko1akofsky 1991. EMBO J. 10, 443-448. 
Egelman, E.H .. S.S. Wu, M Amrein, A. Portoer, and G. Murti. 1989. J. Viro!. 63,2233-2243. 
Calain. P., and L. Roux. 1993. J. Viro!. 67,4822-4830. 
Tappare~ C.. D. Maurice, and L. Roux. 1998. J. Vrrol. 72, 3117-3128. 

Instituto Juan March (Madrid)



16 

Role of PTB and CUG-BP isoforms in smooth muscle alternative splicing 

Chris Smith, Ciare Gooding, Natalia Gromak, Fiona Robinson, Justine Southby & Matthew 
Wollerton 

Department ofBiochemistry, University ofCambridge, CB2 1GA, United Kingdom 

The pre-mRNAs of a.-tropomyosin (TM) and a.-actinin (Act) have pairs of mutually 
exclusive exons that are spliced with smooth muscle (SM) specificity. Both systems appear 
to involve regulation by members of the polypyrimidine tract binding protein (PTB) and 
CUG-binding protein farnilies. However, the roles of the known members of these protein 
families appear to differ between the two systems. 

In the better characterized TM systern, the strong default exon 3 is repressed in SM 
cells. Repression involves cis-acting elements consisting of binding sites for PTB, and also 
CUG repeats. A number of lines of evidence ha ve pointed to PTB as a repressor of TM exon 
31

-4. However, we now find that PTB1 - the isoform used in most experiments -
antagonizes regulated skipping of TM exon 3 when overexpressed in transfected SM cells. 
PTB exists in three common isoforms- 1, 2 and 4- which differ by an additional 19 or 26 
amino acid insert between RRMs 2 and 3 in PTB 2 and 4 respectively. Overexpression ofthe 
PTB 4 isoform had the opposite effect to PTB l; it enhanced TM exon skipping. PTB 2 had an 
intermediate effect. The same hierarchy for inducing exon skipping .;_ PTB 4 > 2> 1 - was 
also found to hold in HeLa nuclear extracts in vitro. Parallel UV cr.oss-linking showed that 
the recombinant proteins bound to the pre-mRNA and displaced the endogenous HeLa PTB 
equally well. Thus, the differential effects ofthe PTB isoforrns appear to result from different 
inherent abilities to inhibit exon 3 splicing once bound to the RNA The PTB isoforms were 
equally effective in inducing skipping of both the Act exons. PTB crosslinking to Act RNAs 
showed a good inverse correlation with the efficiency of splicing of the Act SM exon. 
However, binding of U2AF65 was unaffected. This suggests that the mechanism of action of 
PTB in this case does not involve simple binding competition with U2AF. 

We investigated the expression ofPTB isoforrns in primary rat aorta SM cells. These 
are initially highly differentiated, but rapidly dedifferentiate in culture with an accompanying 
switch in various altemative splicing pattems, including 1M and Act. The ratio of PTB 
isoforms remained constant during this transition, and the overall levels of PTB appeared to 
increase. Thus, neither the PTB expression levels nor isoform composition appear to correlate 
with the TM regulated splicing pattems during dedifferentiation. However, a protein highly 
homologous to PTB was highly expressed in . the differentiated primary cells; its levels 
decreased in parallel with loss of 1M and Act regulated splicing, and with the increase in the 
levels of PTB. The sequence of the central section of this homologue, as revealed by RT­
PCR, reveals that it arises from a novel PTB homologue gene, distinct from the neuronal 
nPTB/brPTB5 and the hematopoietic Rod 16 homologues. The novel homologue contains a 
PTB 4-like insert and an additional predicted flexible peptide linker between RRMs 3 and 4. 
lt is not strictly restricted to SM cells but it is present at high levels in a number of 
differentiated SM tissues. This PTB homologue could be responsible, at least in part, for the 
high levels ofrepression ofTM exon 3 in differentiated SM cells. 

Instituto Juan March (Madrid)
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Both TM and actinin regulated exons are associated with clusters of CUG repeats. In 
collaboration with Tom Cooper (Baylor College ofMedicine) we have tested the activities of 
three CUG-binding proteins7 upon TM and Act splicing. None ofthe tested proteins appeared 
to be involved in regulation of TM exon 3 - their overexpression reduced exon 3 skipping, 
even though the CUG-elements mediate exon skipping. However, we found that both CUG­
BP 1 and Etr3 had opposite and independent effects upon selection of the two mutually 
exclusive Act exons. They prometed inclusion ofthe SM exon, but skipping ofthe NM exon. 
The third CUG-BP, (CELF4), hada different effect, promoting skipping ofboth the NM and 
SM exons. We al so demonstrated the activation of SM exon and inhibition ofNM splicing by 
Etr3 in vilJ·o . Moreover, it appears that the activation of SM exon splicing by Etr3 involves 
displacement ofthe repressive PTB. 

Overall, our data illustrate that control of TM and Actinin splicing is affected 
differentially by various members of the PTB and CUG-BP families. The precise 
combinations of these family members, which are derived by both alternative splicing and 
expression of multigene families, are likely to determine specific alternative splicing 
outcomes. In the future it will be of importance to determine the complement of these proteins 
- potentially including novel family members - that are present in fully differentiated SM 
cells. 

Work in our laboratory is supported by the Wellcome Trust. 

Refercnccs: 
l. Singh. R .. Valcarcel. J.. and Green, M. R., Distinct binding specificities and functions of higher 

eukaryotic polypyrimidine tract-binding proteins. Science, 268, 1173~ (1995). 
2. Lin. C. H .. and Patton. J. G.. Regulation of alternative 3' splice site selection by constitutive splicing 

factors. RN4. l. 234-45 ( 1995). 
3. Gooding. C. G .. Roberts. G. C.. and Smith. C. W. J., Role of an inhibitory pyrimidine-element and 

general pyrimidine-tract binding proteins in regulation of a-tropomyosin alternative splicing, RNA, 4, 85-100 
(1998) 
4. Perez, !., Lin. C.-H .. McAfee. J. G .. and Panon. J. G., Mutation of PTB binding sites causes 

misregulation ofaltemative 3' splice site selection in vivo .. RNA, 3, 764-778 (1997). 
5. Polydorides. A. D .. Okano. H. J.. Yang. Y. Y. L., Stefani, G., and Damell, R. B., A brain-enriched 

polypyrimidine tract-binding protein antagonizes the ability of Nova to regulate neuron-specific altemative 

splicing .. Proc. Natl. Acad. Sci. USA, 97. 6350~355 (2000) . 
6. Yamamoto. H .. Tsukal~ara. K. . Kanaoka, Y., Jinno, S., and Okayama, H., Isolation of a mammalian 
homologue ofa fission yeast differentiation regulator,Ma/ Ce// Bial, 19,3829-41 (1999). 
7. Philips. A. V.. Timchenko. L. T.. and Cooper, T. A., Disruption of splicing regulated by a CUG-binding 

protein in mvotonic dystrophy. Science. 280. 737-41 (1998) . 
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A web of regulatory interactions among 3'UTR regulators controls diverse 
events in the e elegans germline 

Dave Bemstein, Cameron Luitjens, Sarah Crittenden, Andrei Pietcherski, Judith Kimble* and 
Marv Wickens 

Dept. Biochemistry, UW-Madison and *HHMI 

In C. elegans, the germ cell precursors proliferate mitotically at one end of the 
germline tube and enter the meiotic cell cycle as they begin to mature. In hermaphrodites, the 
first cells to undergo gametogenesis adopt a sperm fate, while subsequent cells become 
oocytes. We have found that each of these steps in germline regulation relies on specific 
putative 3 'UTR regulators, and that these proteins physically interact. 

C. elegans FBF and Drosophila Pumilio and prototype members of the Puf family of 
RNA binding proteins (1). The C. elegans genome encodes ten PUF proteins, of largely 
unknown function. The hermaphrodite switch from spermatogenesis to oogenesis requires 
twojbf genes and three Nanos genes, nos-1- nos-3. Moreover, germline survival similarly 
requires both Puf and Nos proteins (3,7). Judged by two-hybrid and GST-pulldown 
experiments, FBF binds NOS-3 (3) and two other PUF proteins, PUF-6 and PUF-7, bind 
specifically to NOS-1 and NOS-2. Therefore, distinct PUF/NOS partner pairs are involved in 
germline fate regulation. 

In addition to its interactions with NOS-3, FBF also binds to CPB-1, a C. elegans 
homolog of the Xenopus 3'UTR regulator called CPEB (2). In many organisms, CPEB 
homologs are expressed in the female germline and control various steps in oogenesis. In 
contrast, we find that CPB-1 is dispensable for oogenesis in C. elegans, but is required for 
spermatogenesis: in its absence, spermatogenesis arrests prematurely - probably at the 
primary spermatocyte stage. CPB-1 protein is present just prior to overt sperm differentiation, 
consistent with its function. We show that although FBF-deficient animals produce mature 
sperm, those sperm generate few viable embryos. We suggest that CPB-1 and FBF 
collaborate to execute a late step in spermatogenesis. The presence of CPEB transcripts in the 
testes of other species suggests that a role in spermatogenesis may be common, albeit largely 
unexplored to date. 

A second CPEB homolog in C. elegans is required for the specification of a germ cell 
as a sperm rather than an oocyte (1). This homolog is calledfog-1 . In animals lackingjog-1 
activity, any cells that would normally differentiate as sperm become fully functional oocytes 
instead. In wild-type animals, thejog-1 gene is regulated to produce different m.RNAs during 
spermatogenesis and oogenesis. The shorterjog-1 mRNAs that are associated with oogenesis 
encode an N-terminally truncated FOG-1 protein. Thus, two CPEB homologs are required for 
spermatogenesis, and are dispensable for oogenesis. 

Finally, both FBF and FOG-1 are required for germ cell mitoses. In deletion mutants 
lacking FBF, the germline is smaller and all cells differentiate as sperm. In mutants lacking 
both FBF andfog-1, the germline precursor cells divide only once or twice. Thus these two 
genes are required in redundant fashion for germline mitoses. 
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In sum, these data suggest that a wide spectrum of events in the C. efegans germline 
rely on 3'UTR-based regulators and their interactions. They suggest that combinatoria! 
interactions among regulators control distinct mRNAs and biological outcomes. 

Rcfcrcoces: 
(1) Beilin Zhang, Maria Gallegos, Alessandro Puoti, Eileen Durkin, Stanley Fields, Judith Kimble, and Marvin 

Wickens. 1997. A conseiVed RNA binding protein that regulates patteming of sexual fates in the C. elegans 
hennaphrodite genn line. Nature 390, 477-484. 

(2) Cameron Luitjens, Maria Gallegos, Brian Kraemer, Judith Kimble and MaiVin Wickens. In press. CPEB 
proteins control two key steps in spennatogenesis in C. elegans. Genes Dev. 

(3) Brian Kraemer, Sarah Crittenden, Maria Gallegos, Gary Moulder. Robert Barstead, Judith Kimble and 
Marvin Wickens .. 1999. NANOS-3 and FBF proteins physically interact to control the spennloocyte switch 
in C. elegans. Curren/ Biology 9, 1009-1018. 
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Translational Control in Developmental Decisions. In Translational Control (Second Edition). Micbael 
Mathews, Nahum Sonenberg and J. Hershey, ed. Cold Spring Harbar Press, New York. 

(7) Kuppuswamy Subrarnaniam and Geraldine Seydoux. 1999. nos-/ and nos-2, two genes related to 
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For additional information and publications from the Wickens lab, see 
www.biochem. wisc. edu/wickens 
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Negative strand virus RNA polymerase stuttering 

Daniel Kolakofsky 

University of Geneva 

Negative strand virus RNA polymerases carry out RNA synthesis in two modes, 
transcription (mRNA synthesis) and replication. The essential difference between these two 
modes of viral RNA synthesis is that during transcription vRNAP responds to template cis­
acting signals which specify vRNAP stuttering (or pseudo-templated synthesis), both to "edit" 
the P gene mRNA by G insertions, and to add a poly(A) tail to each mRNA (and to 
concomitantly terminate each mRNA chain). 

vRNAP stuttering requires a template homopolymer stretch (which can be as short as 
3 nucleotides for mRNA editing and 4 nucleotides for poly(A) tail formation), as well as a 
heteropolymeric controlling sequence which maps just upstream of the homopolymer run. 
The mechanism by which this controlling sequence acts can be investigated by reverse 
genetics. These results will be discussed with reference to the recently elucidated structures of 
cellular RNAPs. 
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3'-end processing/polyadenylation of messenger RNA precursors (pre­
mRNAs) and editing of pre-mRNAs and tRNAs 

Silvia Barabino, Diana Blank, Sabine Dettwiler, Henk de Vries, Bemhard Dichtl, André 
Gerber, Wolfgang Hübner, Isabelle Kaufmann, Georges Martín, Martín Ohnacker, Martín 

Sadowski, Myriam Schaub, Stefan Weiser, Jeannette Wolf and Walter Keller 

Department ofCell Biology, Biozentrum, University ofBasel, CH-4056 Base!, Switzerland 

Sylvie Doublié 

Department ofMicrobiology and Molecular Genetics, University ofVermont, Burlington VT 
05405, USA 

We are studying the 3'-end processing pre-mRNAs in a mammalian system and in 
yeast (S. cerevisiae). The reaction comprises two simple chemical steps, endonucleolytic 
cleavage of the RNA substrate and addition of a poly(A) tail to the upstream cleavage 
product. Nevertheless, the process requires a multicomponent machinery of remarkable 
complexity. Cleavage is preceded by the assembly of five protein factors upstream and 
downstream of the cleavage site. Most of the trans-acting factors consist of multiple 
polypeptides, sorne of which bind to the RNA and others form protein-protein contacts 
between the factors. Most of these factors have been purified and cloned, and their properties 
will be discussed. 

As a first step towards getting a high-resolution picture of the polyadenylation 
machinery, we have determined the crystal structure of mammalian poly(A) polymerase 
complexed to 3'-dATP in the active site. The structure provides insights to the mechanism of 
polyadenylation and to the substrate specificity ofthe enzyme. 

In yeast, we have identified and cloned the complete set of the 3'-end processing 
components, the products of fifteen essential genes. Results of mutant analyses, sequence 
features shared with their mammalian homologues, reconstitution of functional factors from 
recombinant subunits and their interactions within the complex and with the RNA substrate 
will be presented. 

Finally, we will report on a comparative study ofRNA-specific adenosine deaminases 
that catalyze the conversion of adenosine residues to inosine. These enzymes belong to a 
large family of proteins that are related in their catalytic domain, but differ in their substrate 
specificities. ADARs can selectively edit a number of adenosine nucleotides in pre-mRNAs 
coding for synaptic receptors in the central nervous system whereas ADATs modity specific 
single adenosines in different tRNA molecules. The sequence relationships of the different 
enzymes suggest a possible scheme for the evolution ofRNA editing enzymes. 

Rcfcreoces: 
Birse, C.E., L. Minvielle-Sebastia, B.A. Lec, W. Keller, aod N.J. Proudfoot: Coupling termination of 
transcription to messenger RNA maturation in yeast. Scieoce 280,298-301 (1998). 
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Martín, G., P. JenO, and W. Keller: Mapping of ATP binding regions in poly(A) polymerases by photoaffinity 
labeling and by mutational analysis identifies a domain conserved in rnany nucleotidyltransferases. Protein 
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Barabino, S.ML., M Olmacker, and W. Keller: Distinct roles of two Ythlp domains in 3'-end cleavage and 
polyadenylation ofyeast pre-mRNAs. EMBO J. !2. 3778-3787 (2000). 
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analog of ATP. EMBO J. !2. 4193-4203 (2000). 
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Instituto Juan March (Madrid)



25 

Control of gene expression by influenza virus NSI protein 

Rosa M. Marión, Tomás Aragón, Ana M.Falcón, Puri Fortes, Susana de la Luna, Ana Beloso, 

Isabel Novoa
2

, Luis Carrasco
2
,Carlos Dotti

3
, Amelía Nieto and Juan Ortín 

Centro Nacional de Biotecnología (CSIC), Cantoblanco,28049 Madrid, Spain, 
2
Centro de 

Biología Molecular (CSIC-UAM), Cantoblanco, 28049 Madrid, Spain and 
3
European 

Molecular Biology Laboratory, Meyerhofstr. 1, 69012 Heidelberg, Gerrnany. 

Influenza virus NS1 protein is an RNA-binding protein whose expression in 
marnrnalian cells alters various cellular post-transcriptional processes. Thus, it inhibits pre­
rnRNA polyadenylation and splicing and rnRNA nucleo-cytoplasrnic transport. In addition, 
NS 1 pro te in stirnulates translation . of viral rnRNAs. To investigate the mechanisms 
responsible for these effects, we have looked for cellular proteins able to interact with NS1 
protein by co-irnrnunoprecipitation experiments and two-hybrid screening in yeast. 

We have found that NS1 protein co-irnrnunoprecipitates with translation initiation 
factor 4GI, the large subunit of e1F4F, in cotransfected cells and in influenza virus-infected 
cells. Purified NS 1 protein could pull-down 4GI protein but not the 4E subunit of eiF4F. 
Mapping studies using 4GI deletion mutants indicated that the NS 1 binding domain is located 
between positions 157. and 550 in 4GI protein, a region where no other component of the 
translation rnachinery is known to interact. On the other hand, the N-terminal 113 amino 
acids of NS 1 protein are sufficient for interaction with 4GI protein. Such a deleted protein 
had been previous1y shown to enhance trans1ation of influenza . virus rnRNAs in vivo. 
Collective1y, these data suggest that NS 1 protein recruits 4GI factor specifically to viral 
rnRNAs and allows for their preferentia1 trans1ation in infected cells. 

As a result of a two-hybrid screen with NS1protein as a bait, a human cDNA clone 
was identified capable of coding for a protein with high homology to the Staufen protein from 
D.melanogaster (drnStaufen). The encoded protein (hStaufen) contained 4 dsRNA binding 
domains with 38% identity to those of drnStaufen, including identity at all residues involved 
in RNA binding. A recombinant protein containing all dsRNA binding domains, expressed in 
E. coli as a His-tagged polypeptide, showed dsRNA binding activity in vitro. Using a specific 
antibody, a main forrn ofthe hStaufen protein could be detected in human cells, with apparent 
molecular mass of 60-65 kDa. The intracellular localization of hStaufen protein was 
investigated by irnrnunofluorescence, using a series of rnarkers for the cell compartrnents. Co­
localization was observed with rough endoplasrnic reticulurn, but not with endosomes, 
cytoskeleton or Golgi apparatus. Furtherrnore, sedirnentation analyses indicated that hStaufen 
protein associates with polysomes. The interaction ofhStaufen with NSI protein was studied 
both invivo and in vitro. Both proteins could be cO-irnrnunoprecipitated from influenza virus­
infected cells, when co-expressed in cultured cells or when rnixed in vitro. Furtherrnore, 
hStaufen and NS 1 proteins co-fractionate in the polysomes of influenza virus-infected cells. 

To gain inforrnation about the role ofhStaufen protein in cultured human cells and the 
possible irnplication of its association to NS 1 in the influenza virus infection, we set out to 
identizy RNAs and proteins that associate to hStaufen in human cells. To that airn we have 
expressed a tagged hStaufen protein by transfection. Such a tagged protein localized 
intracellularly in a rnanner indistinguishable from endogenous wt hStaufen. The purification 
of this recombinant hStaufen and the identification of the attached RNAs and proteins is in 
progress. 
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Mechanism of kinetoplastid RNA editing 

Stuart, K., Panigrahi, A, Salavati, R., lgo, R., Emst, N., Lawson, S., Weston, D., and 
Palazzo, S 

Seattle Biomedical Research Institute and Pathobiology Department, University of 
Washington, Seattle, Washington 

Kinetoplastid protozoa edit many of their mitochondrial mRNAs by the insertion 
and deletion of uridylates (Us) . The editing produces functional mRNAs and the 
regulation of editing controls the altemation between glycolytic and cytochrome 
mediated oxidative phosphorylation modes of energy production during the life cycle of 
these organisms. The editing is accomplished by a series of enzymatic steps that are 
catalyzed by a macromolecular complex. These enzymatic steps include 
endoribonucleolytic cleavage of the pre-edited mRNA (pre-mRNA) and addition or 
remo val of uridylates at the 3' end of the 5' cleavage product followed by its ligation 
with the 3' pre-mRNA fragment. The edited sequence is specified by guide RNAs 
(gRNAs). We explored the contribution of each catalytic step to the specificity of the 
edited sequence using partially purified editing complexes. The endoribonuclease selects 
(cleaves) the editing site and leaves the phosphate at the 5' end of the 3' cleavage 
product. This cleavage usually occurs at the first single-stranded site 5' to the "anchor" 
duplex between the pre-mRNA and gRNA. However, the cleavage doe~ not invariably 
occur at such a site indicating other substrate requirements ·fór this activity. This 
incomplete specificity may explain the character of partially edited pre-mRNAs. The U 
addition activity, or 3' terminal uridylate transferase (3'TUTase) is specific for 
uridylates. It shows a strong preference for UTP, which is greatly enhanced when more 
than one addition is specified by the gRNA. The number ofUs that are added is affected 
by their ability to basepair with corresponding nucleotides in the gRNA and the character 
of the substrates. The U deletion activity is also specific for Us and hence is a 3' 
exouridylylase. The number of Us that are removed is affected by basepairing with 
gRNA suggesting that the 3' exoUase utilizes a single stranded substrate. The presence of 
both activities in the editing complex suggests that they may act together to produce a 3' 
fragment with the number of US specified by the gRNA. The RNA ligase activity is 
dramatically enhanced by a "splinting" gRNA. In addition, 5' and 3' pre-mRNA 
fragments with "gaps" or "overhanging" Us are ligated but fragments lacking gaps or 
overhángs are ligated more efficiently. Hence, each of the activities in the editing 
complex acts in concert to produce precisely edited RNA. 

The editing complex was purified by successive fractionation by two ion 
exchange columns, a size exclusion column and glycerol gradient sedimentation using 
deletion editing activity to monitor purification. lnsertion editing and endoribonuclease, 
TUTase, 3' exoUase, and RNA ligase activities were also monitored during the 
fractionation. The most purified fraction had an apparent mass of 1.6 million KDa, 
contained 20 major proteins as well as all of the editing activities. Mass spectroscopic 
analysis ofthe proteins identified the genes for 15 ofthe proteins; 11 are novel, one is an 
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RNA helicase that was previously identified as a candidate component of the editing 
complex and three are likely contaminants. The identity of two of the genes was 
confirmed by N-terminal sequencing or by recognition of recombinant protein by a 
monoclonal antibody prepared against the native complex. Three of four monoclonal 
antibodies that recognize proteins in the purified complex immunoprecipitate the editing 
activities. In addition, the protein profile of the immunoprecipitated complex is very 
similar to that of the biochemically purified complex. Studies to explore the functions of 
the components of the complex are in progress. 

Rcfcrences: 
Stuart, K., Kable, M.L., Allen, T.E., and Lawson, S. (1998) Investigating the Mechanism and Machinery of 

RNA Editing. Methods 15:3-14. 

Stuart, K.D. , Panigrahi., AK. and Salavati, R. (2000) RNA Editing in Kinetoplastid Mitochondria (book 

chapter, in press) RNA Editing: Frontiers in Molecular Biology, Bass, B.L., editor 
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Recursive splicing and genetic analysis of splice site regulation in 
Ultrabithorax 

A. Javier López 

Department ofBiological Sciences 
Camegie Mellan University 
Pittsburgh, PA 15213 USA 

(A) Recursive Splicing in Large Introns: Very large introns are found in multiple 
genes that play important roles in metazoan development and human disease, but little 
is known about mechanisms that may facilitate their accurate and efficient processing. 
Potential problems with cryptic splice sites and inappropriate inclusion or exclusion of 
interna! exons may be minimized if smaller subfragments of such introns can be 
removed as they are transcribed. In principie, this could be accomplished by "recursive 
splicing" using interna! elements that function initially as 3' splice sites but regenerate 
5' splice sites when joined to an upstream exon. We have shown that two cassette 
exons in the U/trabithorax (Ubx) gene ofDrosophila serve in this way to subdivide a 
77 kb intron even in tissues and stages where they are exeluded from the mRNAs (ref. 
1). The 5' ends of these exons regenerate 5' splice sites, leading to their regulated 
removal after constitutive splicing to the upstream exon. Analysis of sequence 
databases reveals that large introns in Drosophila and mammals contain multiple 
potential ratchetting points (RPs) that are not part ofknown cassette exons but might 
function by the same recursive splicing mechanism. We have analyzed 7 potential RPs 
in three different genes of Drosophila and have demonstrated the existence of the 
predicted ratchetting intermediates, whereas no associated exons are detectable in 
mRNAs. We ha ve focused on .a potential RP in the middle of a 52 kb intron in Ubx 
and ha ve demonstrated that it · regenerates a strong 5'ss after it is joined to the 
upstream exon. Furthermore, splice site competition experiments using wild type and 
mutant transgenes indicate that most or all Ubx transcripts are processed using this 
element as an invisible ratchetting point. RPs raise new questions about the 
mechanisms that define exons, promote accurate recognition of splice sites, regulate 
splicing and contribute to evolution of gene structure. Sequence comparisons suggest 
that a stereotyped arrangement of small downstream pseudo-exons and pseudo-introns 
may contribute to recognition of the RPs and may account for their sequential activity 
as 3' and 5' splice sites. 

(B) Regulation of 5' splice site competltlon in Ultrabithorax. We are using 
U/trabithorax as a model for complex developmental regulation of alternative 
splicing. As described above, three major Ubx isoforms are generated by recursive 
splicing of two cassette exons (mi and mil) using 5' splice si tes regenerated at their 
junctions with the upstream exon (ref. 1). The structures of the isoforms and their 
complex pattems of developmental regulation have been conserved over at least 100 
million years of insect evolution (ref. 2). Our current studies focus on the control of 
exon mi. We have used phylogenetic comparisons, in vivo and in vitro mutagenesis, 
transgenesis and biochemical analysis of RNA-protein interactions to identify cis­
acting elements and trans-acting factors involved in regulation (ref. 1-4,6). These 
studies reveal that the complex developmental pattern of mi inclusion is generated by 
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multiple regulatory inputs. Use of the regenerated 5' splice site is promoted and 
repressed through overlapping elements (R and H) within mi. These elements appear 
to mediate the action of proteins related to mammalian SRp20 (Drosophila Rbp1, 
which binds element R) and hnRNP Al (Drosophila hrp48, which binds element H). 
Use of the competing downstream 5' splice site is favored by a third element (C, 
located near the center of rnl) that resembles a selex-defined binding site for the 
SRp55 homolog B52 but probably does not function in this capacity (ref 1,4). Use of 
the downstream 5' splice site is also favored by a specific interaction with the next 
exon (rnll) across the intervening intron (ref 1,3). 

Parallels with the regulation of Sxl and P element splicing suggest a common . 
mechanism for 5' splice site repression involving recruitment ofU1 snRNP into a non­
productive complex, with variations that probably account for the differences in 
developmental specificity and quantitative features. Like autoregulation of Sxl 
splicing, repression of the regenerated 5' splice site for rnl requires the function of 
SNF (the homolog of both UlA and U2B"), and the novel proteins VIR and FL2D 
(ref. 4,5; Sxl data reviewed in 6). Expanding on proposals by Helen Salz and Paul 
Schedl, we suggest that these proteins form part of a complex that recruits U1 snRNP 
but prevents it from participating in spliceosome assembly. In recent screens we have 
identified two new genes (He/25E and EUb-28) that are also required for splicing 
regulation of both Ubx and Sxl (ref. 5,6). Hel25E encodes a Drosophila homolog of 
mammalian UAP-56, previously proposed to interact with U2AF to aid recruitment of 
U2 snRNP. We are working to elucidate its role in Ubx splicing and to identify the 
product of EUb-28, which we isolated as an enhancer of the rnl-exclusion phenotype 
caused by a gain-of-function mutation in B52/SRp55. SXL protein, which interacts 
with SNF and with cis-acting elements on the Sxl RNA, is not required for Ubx 
splicing regulation; instead, a targetting function similar to that of SXL appears to be 
performed by hrp48. hrp48-binds to element H, which overlaps the regulated 5' splice 
site in an arrangement similar to that of pseudo-S' splice sites F1 and F2 within the 
splicing regulatory signa! in P element RNA (reviewed in ref. 6; in the regulatory 
complex F1 contacts U1 snRNP, whereas F2 contacts hrp48). Reduction of hrp48 
expression increases the frequency of rnl resplicing, whereas overexpression of hrp48 
reduces the frequency of resplicing. Four additional genetic loci required to prevent 
resplicing of rnl have been identified. Analysis of deletions defines two loci required 
for removal of rnl; one of these corresponds to the location of Rbpl, in which 
mutations ha ve not yet been identified. 

References: 
(1) Hatton, AR. Subramaniam, V., Lopez, AJ. (1998). Molecular Ce/12: 787-796. 

(2) Bomze, H.M. and Lopez, AJ. (1994). Genetics 136: %5-977. 
(3) Subrarnaniam, V. Bomze, HM. Lopez, AJ. (1994) Genetics 136: 979-991. 
(4) Bumette, J., Hatton, AR, Lopez, A.J. (1999). Genetics 151: 1517-1529. 
(5) Hatton, AR (1999). Ph.D. Thesis. Camegie Mellon University 
(6) Lopez, AJ (1998) .Annu. Rev. Genet. 32: 279-305. 
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mRNA processing and tbe integration of nuclear events 

James L. Manley 

Dept. Biol. Sci., Columbia University, New York, NY 10027 

Evidence has accumulated in recent years supporting the existence of direct links 
between mRNA transcription and the related RNA processing events, capping splicing and 
polyadenylation. In all three reactions, RNA polymerase II, and specifically the C-terminal 
domain of its largest subunit, plays a key role. I will describe here experiments that extend 
further the link between transcription and mRNA processing, and which provide genetic and 
biochemical evidence for an evolutionarily conserved interaction between the transcriptional 
and polyadenylation machineries. I will also describe data supporting more unexpected 
connections. For example, we have found that polyadenylation may be linked to DNA 
damage, such that treatment of cells with DNA damage-inducing agents strongly but 
transiently inhibits 3' processing in cell extracts. We show that this reflects in inhibition 
interaction between the BRCAl tumor suppressor-associated protein BARDl and CstF. A 
tumor-associated BARDl mutant protein is inactive, suggesting a link between tumor 
suppression and DNA repair-induced inhibition of polyadenylation. Finally, our previous 
work has established a role for control of polyadenylation during the cell cycle, and I will 
describe experiments detailing cell cycle-related regulation ofpoly(A) polymerase. 

References: 
Hirose, Y. and Manley, J.L. (1998). RNA polymerase li is an essential mRNA polyadenylation filctor. 
Nature 395, 93-96. 

Kleiman, F. and Manley, J.L. (1999). Functional interaction of BRCA1-associated BARD1 with 
polyadenylation factor CstF-50. Science 285, 1576-1579. 

Bond, G.L., Prives, C. and Manley, J.L. (2000). Poly(A) polymerase phosphorylation is dependent on 
novel interactions with cyclins. Mol. Cell. Biol. 20, 5310-5320. 

Hirose, Y. and Manley, J. L. (2000). RNA polymerase JI and the integration of nuclear events. Genes 
Dev. 14, 1415-1429. 
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Roles of Ran in interphase and mitosis 

Iain Mattaj 

The RanGTPase plays a critica[ role in many forms of nucleocytoplasmic transport. Ran 
provides the energy required for these forms of transport as well as determining the direction 
in which transport proceeds (1, 2). Among the simple forms of transport that require Ran is 
the nuclear export oftRNA, mediated by the Xpo-t nuclear export receptor (3). A much more 
complex example is export ofthe spliceosomal U snRNAs. Here not only an export receptor 
(Xpo-1) is involved but also two different adaptors, CBC and PHAX ( 4). 

Ran' s function is however not confined to nuclear transport. RanGTP is also required 
during mitosis to induce spindle assembly (5). A second role ofRAN during mitosis is in the 
re-assembly ofthe nuclear envelope at anaphase (6) . 

The various functions ofRan, and their molecular mechanisms, will be compared. 

References: 
l. Mattaj L W. and Englmeier L. 1998. Nucleocytoplasmic transport: The soluble pbase. Annu. Rev. Biochem. 

67, 265-306. 
2. Fomerod, M , Ohno, M, Yoshida, M and Mattaj, I.W. 1997. CRMI is an export receptor for leucine-rich 

nuclearexport signals. Cell90, 1051-1060. 
3. Arts, G.-J., Fomerod, M and Mattaj, I.W. 1998. ldentification of a nuclear e¡¡port receptor for tRNA. Curr. 

Biol. 8, 305-314. 
4.. Ohno, M, Segref, A., Bachi, A., Wilm, M and Mattaj, L W. 2000. PHAX, a mediator of U snRNA nuclear 

export whose activity is regulated by phosphorylation. CelliOI, 187-198. 
5. Carazo-Salas, RE., Guarguaglini, G., Gruss, O.J., Segret; A., Karsenti, E . and Mattaj, l. W. 1999. Generation 

of GTP-bound Ran by RCCI is required for chromatin-induced mitotic spindle formation. Nature 400, 178-
181. 
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New C to U RNA editing enzymes 

James Scott 

Imperial College School ofMedicine. Hammersmith Hospital, Du-cane Road, London Wl2 
ONN 

C to U editing ofapolipoprotein (apo) B mRNA is mediated by tissue specific RNA 
binding cytidine deaminase APOBECI. APOBECI is structurally homologous to 
Escherichia co/i cytidine deaminase (ECCDA) but has evolved specific features required for 
RNA substrate binding and editing. A signature sequence for APOBECI has been used to 
identify other members of this family. One of these genes, designated APOBEC-2 is found 
on chromosome 6. Another gene corresponds to the AID gene, which is located adjacent to 
APOBEC-1 and chromosome 12. Seven of these genes, or pseudogenes (designated 
APOBEC-3A to G) are tandomly arrayed on chromosome 22. Four ofthe genes correspond to 
the amino terminal two thirds of APOBEC-1 and have four exons. The other three genes are 
directly duplicated and have seven or eight exons. This locus is not present in rodents. lt is 
apparently an anthropoid specific expansion of the APOBEC family. The conclusion that 
these new genes are new members of the APOBEC fartúly comes from similarity in amino 
acid sequence with APOBEC1, conserved intron/exon organisation, tissue specific 
expression, homodimerization like APOBEC-1 and zinc and .RNA binding. One of these 
genes is a pseudogene and another is possibly an expressed pseudogene that produces a 
dysfunctional protein. Tissue specific expression of these gen~s includes high leve! 
expression in a variety of tumour cell lines derived from salid cell and haematological 
tumours. The high leve! expression of these genes in tumour cell lines, along with other 
evidence suggesting that APOBEC-1 is an oncogene, suggests a role for these enzymes in 
growth or cell cycle control and a possible role in neoplasia. 
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Control of Drosophila P element transposition tbrougb RNA processing 

Donald Rio, Emmauel Labourier, Melissa Adams, Jennie Warsowe, Asoka Amarasinghe, 
Robin MacDiarmid, and Ottilie Zelenko 

Department ofMolecular and Cell Biology, University ofCalifomia, 
401 Barker Hall, Berkeley, CA 94720 

The P transposable element third intron (IVS3) is spliced only in Drosophi/a germline 
cells to produce mRNA encoding the transposase protein. IVS3 is fully retained in somatic 
cells and the resulting mRNA is exported to the cytoplasm to encode a truncated protein that 
acts to repress transposition. One aspect of the regulation of this tissue-specific alternative 
splicing event involves inhibition of IVS3 splicing in somatic cells and requires a cis-acting 
negative regulatory sequence in the IVS3 5' exon, adjacent to the accurate IVS3 5' splice site. 
Work to date indicates that RNA-binding proteins in Drosophila somatic cell (Kc) nuclear 
extracts interact with this exonic regulatory element and these RNA-protein intereactions 
prevent binding of U! snRNP to the accurate IVS3 5' splice si te resulting in a block to the 
early steps in spliceosome assembly. 

Two components that interact with the IVS3 5' exon negative regulatory element been 
previously been purified from Kc nuclear extracts: the Drosophila hnRNP protein hrp48 and 
the E-element ~ornatic inhibitor protein (PSI). Both of these factors bind to the 5' exon 
negative regulatory sequence and are required for somatic inhibition ofiVS3 splicing in vitro 
and in vivo. Hrp48 is similar to rnarnmalian hnRNPAI, is expressed in both the soma and the 
germline and interacts with a sequence in the 5' exon, called F2, that resernbles a 5' splice 
site. PSI is abundant only in somatic cells suggesting that it acts as a tissue-specific 
altemative splicing factor. Ectopic overexpression of PSI in the female germline reduces 
IVS3 splicing in vivo. Ul snRNP may also be a componen! ofthe somatic inhibitory activity 
as it binds to another 5' splice site-like sequence, called Fl, present in the IVS3 5' exon 
regulatory sequence. Mutations in the upstream U1 binding site (Fi) or in the hrp48 bindng 
site (F2) relieve inhibition and allow IVS3 splicing in vitro and in vivo. 

The PSI protein contains four KH-type RNA binding domains and two C-tenninal 
glutanúne-rich repeats (A and B motifs) that mediate protein-protein interactions with the RS 
domain of Drosophila Ul-70K protein in vitro. This interaction is very specific and is 
completely abolished by point mutation of crucial amino acids in the AIB repeats that are 
conserved between PSI and its rnarnmalian homologues, KSRP and FBP-113. In vivo, we 
used the UAS/Gal4 systern to ectopically express PSI transgenes in the germline and 
demonstrated that the AIB motifs are involved in splicing inhibition of IVS3 reporter 
constructs. Furthermore, while overexpression of PSI early in development leads to 
embryonic lethality, no phenotype was observed for the protein lacking the AIB motifs 
suggesting that these rnotifs rnay be involved in the splicing regulation of other cellular pre­
mRNAs. To test this hypothesis, we took advantage of a line carrying a deletion rnutation in 
the PSI gene that causes a 200-fold reduction in viability and can be rescued by a transgene 
bearing the PSI cONA. However, only 80"/o of the expected flies were observed with a 
transgene deleted ofthe AIB rnotifs and these flies exhibited importan! developmental defects. 
Using the differential display technique (DD-PCR), a comparative study led to the 
identification of several rnRNAs that were altered in the 1'1A/B transgenic Jine. 

Instituto Juan March (Madrid)



36 

In arder to identify the binding si tes for the KH domains ofthe PSI protein, an in vitro 
selection (SELEX) was performed using a random oligonucleotide RNA pool. Alignment of 
selected high affinity PSI binding sequences revealed a specific consensus motif that 
resembles the F2 pseudo-S ' splice site in the IVS3 5' exon regulatory element. Additionally, 
a negative in vitro selection ofPCR mutagenized P-element 5' exon regulatory element RNAs 
identified two U residues as important nucleotides for PSI binding and one ofthese residues is 
a nearly invariant nucleotide in the above consensus motif derived from the positive SELEX 
experiment. We are testing the functional activities ofthese SELEX sequences in the context 
of the P-element pre-mRNA and in heterologous splicing substrates. Preliminary data from 
UV cross-linking, splicing and competition experiments indicate a correlation between the 
binding affinities ofPSI for the SELEX sequences, and their ability to modulate splicing ofP­
element IVS3 in vitro. 

Finally, we have used RNA affinity chromotography to identify other RNA binding 
proteins that interact with the IYS3 5' exon negative regulatory element. UV photochemical 
crosslinking had previously identified a species of -65kD that interacted with the P element 
5' exon. Biochemical fractionation, peptide sequencing and cDNA cloning have identified 
two different polypeptides that bind P element 5' exon RNA. Characterization ofthese two 
proteins is currently underway. 
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PTB antagonizes exon definition in FGF-R2 transcripts 

Mariano A. García-Blanco 

Dept. ofGenetics, Duke University. 

Here 1 will present two studies on the regulation of splicing, one is an example of 
natural regulation of alternative splicing and the other is a method of re-programming gene 
expression with applications in gene therapy and genomics. Alternative splicing is a major 
driving force for proteornic diversity. Alternative splicing of fibroblast growth factor receptor 
2 (FGF-R2) transcripts involves the mutually exclusive usage of exons IIIb and Illc to 
produce two different receptor isoforms with very different function. Appropriate splicing of 
exon IIIb in rat prostate caneer DT3 cells requires a previously described cis-element (ISAR: 
intronic splicing activator and repressor) which represses splicing of exon Illc and activates 
splicing of exon Illb. We ha ve now identified two intronic elements that cause repression of 
exon IIIb splicing. Deletion of either one of these elements abrogates the requirement for 
ISAR in order for exon IIIb to be spliced in DT3 cells. The element are intronic splicing 
silencers (ISS) sequences upstream (ISSU) and downstream (ISSD) of exon Illb. Both these 
elements contain putative binding sites for the polypyriniidine tract binding protein (PTB). In 
vitro crosslinking studies demonstrate that ISSU and ISSD bind PTB. Mutations within ISSU 
that abolish PTB binding in vitro alleviate splicing repression in vivo. Co-transfection of a 
PTB expression vector with a rninigene containing exon IIIb and ISSU demonstrates a dose 
dependent PTB mediated repression of exon IIIb splicing. These d¡ita are .the first results to 
demonstrate direct repression of splicing by PTB in vivo. We offer a model for the global 
repression of exon IIIb and its cell-type specific de-repression to explain the tissue specific 
expression of the IIIb isoform of FGF-R2. The spliceosome, a macromolecular enzyme, 
precisely and efficiently removes these introns in a process known as pre-messenger RNA 
splicing. This enzyme is also capable of recombining two RNAs in trans in a process known 
as spliceosome mediated RNA trans-splicing. We have previously demonstrated that 
spliceosome mediated RNA trans-splicing can target and reprogram pre-messenger RNAs in 
vitro and in vivo. To understand the mechanism of trans-splicing in greater detail and to 
explore its potential to repair mutations associated with genetic defects, an endogenous LacZ 
repair model was developed. We constructed intron-containing LacZ target genes capable of 
normal splicing. These genes contain nonsense stop codons and were defective in producing 
functional B-galactosidase; therefore, they served as a model for loss of function in genetic 
diseases. [Pre]-trans-splicing RNA molecules were designed to bind specifically to the target 
and replace the defective exon through RNA trans-splicing. Trans-splicing between LacZ pre­
mRNA targets and [pre]-trans-splicing RNA molecules was efficient and precise, producing 
_-galactosidase activity -200-fold above the background Ievels in co-transfection assays and 
-14-fold in stable cells expressing an integrated defective LacZ pre-mRNA target. A serni­
quantitative assessment ofRNA trans-splicing showed the leve! to be greater than 10% when 
targeting endogenous pre-mRNA. These results demonstrate the ability of spliceosome 
mediated RNA trans-splicing to repair both exogenous and endogenous pre-mRNA targets 
with the concornitant production of functional protein. These observations strongly suggest 
that this technology may ha ve applications in the repair of mutations underlying many human 
genetic diseases. 
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Retroviral nuclear RNA export pathways 

Bryan R. Cullen 

Howard Hughes Medica! Institute and Department of Genetics, Duke University Medica! 
Center, Durham, NC 27710 

Retroviral replication requires the expression of spliced and unspliced forms of a 
single initial genomic transcript. However, because the eukaryotic cell has mechanisms in 
place to prevent the nuclear export of incompletely spliced pre-mRNAs, retroviruses ha ve had 
to evolve altemate mechanisms to export their incompletely spliced transcripts. At least two 
distinct RNA export pathways utilized by retroviruses ha ve been defined. IDV -1 and other 
complex retroviruses encode a nuclear RNA export factor, ofwhich the prototype is IDV-1 
Rev, that recruits the Crm1 nuclear RNA export factor toa cis-acting RNA target termed the 
RRE. In contrast, sorne simple retroviruses encode a structured RNA target, termed a CTE, 
that in the case of MPMV has been shown to function as a direct target for a distinct cellular 
·RNA export factor termed Tap. I will discuss our recent research into how Tap mediates 
MPMV nuclear RNA export and will al so describe · our progress in understanding the 
mechanism of action of a fully functional Crm l dependent nuclear mRNA export factor that 
is encoded within a family of endogenous proviruses located at >100 copies per human 
geno me. 
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Masking and unmasking 3'UTRs in mouse oocytes 

Jean-Dominique Vassalli 

Department of morphology, Faculty of medicine, University of Geneva, Switzerland 

Modulation of mRNA translation is a mechanism of control of gene expression that 
could play a particularly important role in cell types where a temporal or spatial uncoupling 
between transcription and protein synthesis is required. During gametogenesis, sorne of the 
changes in the pattern of gene expression that occur while the geno me is undergoing meiosis 
rely on the activation of dormant mRNAs: in oocytes, for instance, a subset of mRNAs 
accumulates during the growth phase of the cells and remains, stable and untranslated, until 
meiotic maturation is triggered. Studies in oocytes from a variety of species have elucidated 
aspects ofthe mechanisms that are responsible for the translational control of such "maternal" 
mRNAs. 

We have used the modulation of synthesis of the serine protease tissue-type 
plasrninogen activator (tP A) as a paradigm of translational control in m o use oocytes. TP A 
mRNA is transcribed in growing primary oocytes, where it undergoes a partía! removal of its 
poly(A) tail and accum~lates , untranslated, in the cytoplasm ofthe cells. Following germinal 
vesicle breakdown, which signals resumption of meiosis (meiotic maturation), tPA mRNA 
undergoes extensive readenylation and is translated. The cis-acting deterrninants responsible 
for deadenylation and silencing of tPA mRNA in primary oocytes reside in a UA-rich 
"adenylation control element" (ACE) located in the 3'UTR of the tránscript, upstream of the 
AAUAAA cleavage and polyadenylation signa!. The ACE is masked from hybridisation with 
injected antisense oligonucleotides, presumably through the binding of an approximately 72 
kDa protein. This masking appears critica! for silencing of the mRNA, since injection of a 
competitor transcript containing the ACE triggers translation of tP A mRNA without 
resumption ofmeiosis or readenylation ofthe mRNA. During meiotic maturation, the 72 kDa 
protein is modified and released from the ACE region, which thus becomes partly unmasked. 
The specific readenylation process that occurs at this stage depends on the presence of both 
the ACE and the AAUAAA sequences. Readenylation appears critica! for sustained 
translation of tPA mRNA, at a time when many other previously translated mRNAs are 
undergoing deadenylation and degradation. 

Thus, masking and unmasking of a maternal mRNA appear critica! to control its 
translation in mouse oocytes and, together with regulated polyadenylation, achieve the 
temporal modulation of gene expression that is required for gametogenesis. Such a 
translational control mechanism may operate alsó in cells other than oocytes. To investigate 
this possibility, we have prepared mice carrying an ubiquitous promoter-driven transgene that 
encodes a reporter protein (GFP) and contains the ACE sequence in its 3 'UTR. Analysis of 
oocytes from such transgenic mice confirms the validity of the approach, in that reporter 
expression is regulated just like that of tP A. Ongoing studies are aimed at identifying cell 
types in which a discrepancy between levels ofthe reporter encoded mRNA and expression of 
the reporter protein may occur. 
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Regulation of RNA splicing during an adenovirus infection 

Goran Akusjarvi, Vita Dauksaite, Camilla Estmer-Nilsson, Shaoan Fan, Tien-Sheng Huang 
and Magnus Molin 

Department ofMedical Biochemistry and Microbiology, Uppsala University, B~fC. Box 582, 
751 23 Uppsala, Sweden 

Adenovirus gene expression is to a large extent regulated at the leve( of altemative 
pre-mRNA splicing (reviewed in Imperiale et al., 1995). We are using the major late region 1 
(LJ) as a model substrate to study the virus-induced events regu1ating RNA splice site choice. 
LJ represents an example of an altematively spliced gene where the last inuon is spliced 
using a common 5' splice site and two competing 3' splice sites, generating two predominant 
cytoplasmic LJ mRNAs; the 52,55K (proximal 3' splice site) and the illa (distal 3' splice site) 
mRNAs, respectively. The 52,55K mRNA is produced both early and late after infection, 
whereas the illa mRNA is produced exclusively late. Activation of illa splicing late during 
infection results from an enhanced efficiency ofilla 3' splice site recognition, combined with 
a virus-induced repression of 52,55K splicing (Kreivi & Akusjii.rvi, 1 994). Our recent work 
has demonstrated that illa splicing is tightly regulated .by two cis-acting viral elements: the 
illa repressor element (3RE) (Kanopka et al., 1996), and the illa virus-infection dependent 
splicing enhancer (3VDE) (Mühlemann et al., 2000). The newly discovered 3\'DE appear to 
make the most significant contribution to activated illa splicing late during infection. 
However, very little is known about its mechanism of action. In contrast, we know a great 
deal about the function ofthe 3RE. Thus, the 3RE, which is located immediately upstream of 
the illa branch si te, block illa splicing by binding the SR family of splicing factors (Kanopka 
et al., 96). Late during an adenovirus infection the SR proteins become functionally 
inactivated, as illa splicing repressor proteins, by a virus-induced dephosphory1ation 
(Kanopka et al., 1998). This post-translational modification reduces their capacity to bind to 
the 3RE, and as a consequence alleviates their repressive effect on illa splicing. We have 
further shown that the virus-encoded E4-0RF4 protein can induce SR protein 
dephosphorylation, and has the capacity to actívate illa pre-mRNA splicing, both in vitro and 
in transiently transfected cells (Kanopka, et al., 1998). Importantly E4-0RF4 binds the 
cellular protein phosphatase 2A (PP2A) and has been proposed to induce dephosphorylation 
ofregulatory factors involved in both transcription and RNA splicing (Bondesson et al ., 1996; 
Kanopka et al., 1998). 

Here we show that the 3RE is both necessary and sufficient for E4-0RF4 induced 
activation of splicing. Furthermore, we show that E4-0RF4 interacts with only a subset of 
HeLa SR proteins; ASF/SF2 and SRp30c, respectively. In fact, E4-0RF4 interaction with the 
essential SR protein, ASF/SF2 correlates with E4-0RF4 activation ofilla splicing. Assuming 
that SR protein inactivation is important for virus replication one would predict that 
overexpression of a SR protein during lytic growth should interfere with viral multiplication 
by shifting the balance of functional-non functional SR proteins towards the active form. 
This hypothesis was tested by analyzing the phenotype of a recombinant adenovirus 
expressing ASF/SF2 under the transcriptional control of a regulated promoter (Molin & 
Akusjii.rvi, 2000). The results show that, as predicted, ASF/SF2 blocks the early to late shift in 
viral mRNA expression. Furthermore, ASF/SF2 overexpression blocked viral DNA 
replication, inhibited major late mRNA accumulation, and reduced ne•v virus particle 
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formation. Collectively our results provide additional support for the hypothesis that viral 
.:ontrol of SR protein activity is important for efficient virus growth. 

We previously suggested that ASF/SF2 binding to the 3RE blocked lila splicing by 
sterically interfering with U2 snRNP recruitment to the ffia branch site (Kanopka et al. , 
1996). However, our more recent studies, using MS2-ASF/SF2 hybrid proteins, show that 
ASF/SF2 encode for a specific repressor domain. Thus, the ASF/SF2 RS domain functions as 
a splicing enhancer domain whereas the ASF/SF2 RBD2 is sufficient for splicing repression. 
lnterestingly, the activity of RBD2 and the RS domain in splicing regulation is position 
dependent, and opposite. Thus, RBD2 inhibit splicing when tethered to the intron, but has no 
etfect when binding to the second exon, whereas the RS domain activates splicing when 
tethered to the second exon but has no etfect at an intronic position. 

History has taught us that viruses typically target the same key regulatory pathways to 
take control ofthe biosynthetic machinery ofthe host cell. We have therefore initiated a study 
to determine whether other viruses also encode for proteins that regulate SR protein activity 
and RNA splicing. Our results show that like adenovirus, vaccinia virus functionally 
inactivates SR proteins as splicing enhancer or repressor proteins by a virus-induced 
dephosphorylation. We further show that the vaccinia virus encoded Hl phosphatase induces 
SR protein dephosphorylation. Also, the polyoma virus small T antigen (py-sT) activates illa 
pre-mRNA splicing both in vitro and in vivo. Py-sT, like E4-0RF4, interacts with PP2A. 
However, much to our surprise, py-sT activates illa pre-mRNA splicing through the 3VDE, in 
a catalytic reaction that appears to make IDa splicing independent ofboth PPI and PP2A. 
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The multifunctional Herpes simplex virus ICP 27 protein 

J Barklie Clements 

Division ofVirology, lnstitute ofBiomedical and Life Sciences, University ofGlasgow, 
Church Street, Glasgow, Gil SJR, Scotland, UK 

Herpes simplex virus (HSV) is a double stranded nuclear replicating virus. Two HSV 
regulatory proteins, expressed during the immediate early phase of replication, are essential 
for viral growth and one ofthese, ICP27 (IE63), is the only HSV immediate early gene with a 
counterpart in all seque.nced herpesviruses of mammalian and avian origin. Studies of ICP27, 
which may perform similar functions throughout the Herpesviridae, are important to key 
questions about herpes biology and the development of effective antivirals. 

ICP27 is a multifunctional protein that regulates gene expression at transcriptional and 
post-transcriptional levels (reviewed in 1). HSV expresses over 80 transcripts during lytic 
infection and only four of them undergo splicing, the remainder being intronless. ICP27 
inhibits host cell splicing, shuttles from nucleus to the cytoplasm and binds intronless viral 
RNAs. However, ICP27 does not bind intron containing HSV transcripts which accumulate in 
nuclear clumps (2), suggesting that IC27 mediates nuclear export of intronless viral RNAs 
(3). 

Nuclear export of ICP27 is blocked by the drug leptomycin B (LMB) indicating a 
requirement of the export receptor CRM-1 for nuclear exit. Intriguingly, treatment with LMB 
blocks the accumulation of certain intronless HSV transcripts in the cytoplasm, but not all of 
them (4), thus sorne intronless RNAs may not require ICP27 for their export and are using an 
altemative pathway. Since the export of many cellular RNAs appears to be directly dependent 
upon splicing, ICP27 provides an interesting too! to investigate altemative mammalian RNA 
export pathways. 

Our recent data show that ICP27 interacts with a constitutive splicing factor, SAPJ4S, 
that splicing is inhibited before the first step in catalysis and ICP27 is detected co-migrating 
with the splicing complexes formed . Also we have shown that ICP27 interacts with the 
ubiquitous casein kinase 2 (CK2), hnRNP K (5) and REF-2, an hnRNP-like protein. Early in 
HSV infection, CK2 activity is upregulated by activating the a'-subunit and CK2 holoenzyme 
redistributes from nucleus to the cytoplasm (probably altering its substrate preference); export 
ofiCP27 is important for both these effects. In turn, activated CK2 phosphorylates ICP27 and 
affects its export as well as phosphorylating hnRNP K which is not ordinarily a CK2 
substrate. HnRNP K contains a novel KNS shuttling sequence that mediates export via a 
CRM-1-independent pathway. 

REF was recently shown to participate in mRNA nuclear export through interaction 
with TAP, probably facilitating the interaction of TAP with cellular mRNAs (5). Although 
TAP does not seem to mediate cellular mRNA export by binding to mRNA, it binds to a 
constitutive transport element (CTE) of the simian type D retroviruses and prometes CTE­
dependent export from the nucleus (6). When RNA from the late Usll HSV gene, which is 
responsive to LMB treatment, was injected into Xenopus oocytes in the presence or absence 
of injected recombinant ICP27 we found that ICP27 dramatically stimulated the export of 
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U sil RNA without affecting export of cellular mRNA, U snRNA or tRNA. T AP protein 
further stimulated the export ofviral RNA, while an excess ofCTE RNA saturated its export. 
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Mechanisms of alternative splicing regulation in Drosophila sex 
determination and programmed cell death 

Patrik Forch, Sabine Guth, María José Lallena, Concepción Martínez, Livia Merendino, 
Angeles Ortega, Luiz O.F. Penalva, Osear Puig, Bertrand Séraphin and Juan Valcárcel. 

Gene Expression Programme, European Molecular Biology Laboratory. Heidelberg, 
Germany. 

We are interested in the molecular mechanisms that regulate alternative pre-rnRNA 
splicing during cell differentiation and development. Our approach has been to apply 
biochemical methods to study genetically well characterized systems of splicing regulation 
that control sex determination and dosage compensation in Drosophila. The protein Sex­
lethal (SXL) binds to U-rich sequences and induces female-specific patterns of alternative 
splicing on at least three target genes: transjormer (tra), ma/e-specific-/etha/-2 (ms/-2), and its 
own gene (Figure 1). 

transformer Sex-letlwl male-spec!fic-letltal 2 Figure 1: pattems 
of altemative pre-

+Sxl +Sxl +Sxl mRNA splicing 

6" ~-
induccd by SXL 

-v in fcmBle Droso-
phi la tlies. Circles 
represen! SXL bin-

-Sxl -Sxl -Sxl ding sites. 

In vitro and in vivo data are consisten! with a model in which SXL binding to long, U­
rich polypyrimidine(Py)-tracts associated with 3' splice si tes (ss) of tra and msl-2 prevents the 
association of the splicing factor U2AF, thereby inhibiting assembly of splicing complexes 
(1-3). U2AF is a heterodimer of 65 and a 35 JeDa subunits. U2AF65 binds to Py-tracts and 
U2AF35 to the AG dinucleotide at the 3' end of the intron ( 4-6). In the case of tra, blockage 
of U2AF65 binding to the Py-tract of a non-sex-specific site is sufficient to divert U2AF to a 
downtream site oflower affinity, thus causing a switch in 3' ss utilization. 

In contras!, retention of an intron in msl-2 pre-rnRNA demands a tighter control by 
SXL. First, an unusually long distance between the Py-tract and the 3' ss AG is required to 
prevent stabilization of U2AF65 binding to the Py-tract afforded by the interaction between 
U2AF35 and the 3' ss (3). Second, inhibition ofUI snRNP binding to the 5' ss by SXL is also 
required for efficient intron retention. To achieve this, SXL binds to a U-rich sequence 
immediately downstream of the 5' ss. Surprisingly, this sequence is also required in the 
absence of SXL for Ul snRNP binding to ms/-2 5' ss. In vitro analyses using HeLa nuclear 
extracts revealed that the RNA binding protein TIA-! binds to this U-rich stretch and 
promotes Ul snRNP recruitment. TIA-1 function is only required for U! snRNP binding to 
weak 5' ss followed by U-rich stretches. 

TIA-! was identified previously as a factor that prometes apoptosis (7). Sequence 
comparisons revealed striking similarity between the 5' ss of msl-2 and a 5' ss present in the 
pre-rnRNA of the Fas receptor, which is alternatively spliced to generate rnRNAs encoding 
either a membrane-bound apoptotic receptor ora soluble form that prevents apoptosis. TIA-! 

Instituto Juan March (Madrid)



48 

influences this altemative splicing event by preventing accumulation of the mRNA encoding 
the apoptosis inhibitor, thus offering an explanation for the activity ofTIA-1 in programmed 
cell death. In contras! to msl-2, where TIA-1 is required for splicing, TIA-1 modulates Fas 
splicing by influencing which 3' ss partner is chosen by the regulated 5' ss. Structural and 
functional similarities between TIA-1 and the Saccharomyces cerevisiae splicing factor Nam8 
(8) suggest striking evolutionary conservation of a regulatory mechanism that can control 
biological processes as diverse as meiosis in yeast, dosage compensation in Drosophila or 
programmed cell death in humans. 

The function of SXL in Ira and msl-2 regulation can be viewed as a steric block to the 
access of splicing factors to particular splice sites. This type of mechanism, however, cannot 
explain how SXL promotes an exon skipping event on its own pre-mRNA, because the 
binding sites for SXL are at considerable distances from the regulated splice sites. An ami no­
terminal glycine- and asparragine-rich (GN) domain is necessary and sufficient for SXL 
autoregulation. Our data suggest that the GN domain interferes with molecular events 
occurring in the transition between initial splice site communication across the exon and 
splice si te pairing leading to intron removal. 

Genetic data ha ve implicated the gene female-/etha/(2)d in Sxl autoregulation (9). 
Cloning and expression analyses indicated that FL(2)D is a nuclear protein (10) that forms a 
complex with SXL and other regulatory factors. Apart from SXL-regulated loci, FL(2)D 
associates with other nascent transcripts, opening the possibility that the protein acts as a 
cofuctor for regulation of a variety ofRNA processing events. 

References: 
l. Valcárceletal. (1993)Nature 362, 171-175. 
2. Granadino et al. (1997) Proc. Nat/. Acad &i. U.SA. 94, 7343-7348. 
3. Merendino et al. (1999) Nature 402, 838-841. 
4. Zamore et al. (1992) Nature 355, 609-614. 
5. Wu et al. (1999) Nature 402, 832-835. 
6. Zorio and Blumenthal (1999) Nature 402, 835-838. 
7. Tian et al. (1991) Ce// 67, 629-639. 
8. Puig et al. (1999) Genes & Development 13, 569-580. 
9. Granadino etal. (1990) EMBOJ 9, 2597-2602. 
10. Penalva et al. (2000) Genelics 155, 129-139. 

Instituto Juan March (Madrid)



49 

Interconnections between polyadenylation, splicing and transcription 
in eukaryotic genes 

Nick Proudfoot, Agustín Aranda, Michael Oye, Masatomo Yonaha and Andre Furger 

Sir William Dunn School ofPathology, South Parks Rd, University ofOxford. UK 

1) Messenger RNA 3' end processing and Poiii transcription (!). 
Our recent results show that transcriptional termination depends on both poly(A) signals, 
their associated RNA processing factors and downstream transcriptional pause sites, as 
judged by experiments performed in both yeast and higher eukaryotes (2-4). 

In S.pombe we have set up a genetic screen to identify termination factors (5). We show that 
the C terminal domain (CID) of the cleavage polyadenylation factor, CstF-64 (RNA15 in 
yeast) has a termination function since its deletion uncouples mRNA 3' end processing 
(which works efficiently without it) from transcription termination. We have gone on to 
identify a second termination factor that interacts with this CTD called Res2. This protein is 
also part of a transcription factor called MBF specifying expression of genes regulated during 
the Gl to S phase of the cell cycle (6). We are currently studying how Res2 performs its 
second function in transcriptional termination. 

In higher eukaryotes we continue to investigate Po!II termination using both in vivo and in 
vitro systems. We have obtained new information on the molecular basis of human 13-globin 
gene termination (4), as well as continuing to exploit our in vitro co-transcriptional 
polyadenylation and termination system (7,8). We hope that a combination ofyeast genetics 
and coupled in vitro processing /transcription systems will enable us to uncover the molecular 
details of this basic gene expression mechanism. 

2) Mechanism of poi y( A) site regulation in retroviruses. 
In the I-UV-1 proviral genome, the poly(A) site in the 5' long terminal repeat (LTR) is 
inactivated by the proximity of U1SnRNP recruited toa strong splice donor site positioned 
200nt downstream (9, 1 0). This same poly(A) signa! is by necessity highly active in the 3' 
LTR. We have investigated poly(A) site regulation in a second retrovirus, Moloney 
leukaemia virus (MoML V). E ven though the same arrangement of poly(A) site and donor 
site exists in MoMLV as in I-UV-1, the MoMLV poly(A) site works efficiently in the 5' LTR 
resulting in a large fraction ofMoMLV transcripts that fail toread through the 5' LTR region. 
We are currently investigating the molecular basis for the difference in 5' LTR poly(A) site 
regulation between I-UV-1 and MoMLV. This inefficient approach to mRNA processing 
adopted by MoML V must severely restrict its leve! of expression, a fact of relevance to the 
use of this virus as a gene therapy vector. 
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The function and intraceUular localiza ti o o of proteins that function early 
during spliceosome assembly 

Rachid Mazroui, Dobrila Nesic* and Angela K.rámer 

Department ofCell Biology, University ofGeneva, Switzerland; *Walter and Eliza Hall 
lnstitute of Medica( Research, Melboume, Australia 

During the first step of spliceosome assembly Ul snRNP recognizes the S' splice site, 
whereas human (Hs) SFI and U2W5 bind to the branch site and the polypyrimidine tract 
upstream ofthe 3' splice site, respectively. SR proteins facilitate the binding ofUl snRNP to 
the pre-mRNA and brid~e the splice sites by simultaneous interactions with the Ul-specific 
70K protein and U2AP . Structural and functional domains in SFI are highly conserved from 
yeast to roan (1 , 2). They include an N-terminal domain that interacts with the third RNA 
recognition motif(RRM3) ofU2W5

, a hnRNP K homology (KH) domain that contacts the 
branch si te, and one or two zinc knuckles that increase the affinity of SF 1 for the branch site. 
These domains are sufficient for function of SFI in spliceosome assembly in vitro, whereas 
the C-terminal Pro-rich halfis dispensable for activity (2). 

Drosophi/a (Dm) and Caenorhabditis (Ce) SFI contain an additional N-terminal region 
enriched in Ser, Arg, Lys and Asp residues (3). This domain .is similar to the RS domains 
present in SR and related proteins, which mediate protein-protein or protein-RNA 
interactions. The RS domains of DmSFI and U2W' contact each other, which interferes 
with the interaction between DmSFI and RRM3 of U2W5

• Thus, the SFI-U2W5 

interaction, which is essential for spliceosome assembly in humans, may be modulated by the 
presence ofthe SFI RS domain in tlies. Moreover, DmSFI and CeSFI interact with the RS 
domain-containing proteins ASF/SF2 and Ul-70K. Phosphorylation of the RS domain of 
DmSFl in a Drosophi/a S 100 extractor by SRPKI enhances binding ofDmSFI to ASF/SF2, 
but reduces the interaction with Ul-70K and has no effect on the DmSFI-DmU2AF50 

interaction. Given that HsSFI does not interact with ASF/SF2 or Ul-701<, these data reveal a 
novel function for SFI in tlies, which may be subject to regulation. These data suggest that 
interactions which occur early during spliceosome assembly in humans.are (at least in part) 
different in Drosophila. 

Complex E is converted into pre-spliceosomal complexA by binding ofthe U2 snRNP 
to the branch site. The active 17S U2 snRNP is associated with two essential splicing factors, 
SF3a and SF3b (4 ,5). Analysis offunctional domains in the three SF3a subunits has revealed 
that SF3a60 and SF3a66 interact with SF3al20 through their N-terminal portions but do not 
contact each other directly (6). Furthermore, aii .SF3a subunits bind individually to the ISS 
U2 snRNP/SF3b complex, albeit with different efficiencies. Zinc fingers present in SF3a60 
and SF3a66 are essential for the integration into the l7S U2 snRNP and proper interactions 
between all subunits are necessary for full reconstitution of the active U2 snRNP. As 
expected, pre-spliceosome formation in vitro requires all SF3a subunits and, in particular, the 
zinc finger regions and the SF3al20 interaction sites ofSF3a60 and SF3a66. 

To study the assembly of the active U2 snRNP, we have analyzed the intracellular 
localization of the SF3a subunits by immunotluorescence and in living cells (7). 
lmmunolocalization studies indicate that all subunits, similar to other splicing components, 
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are present in nuclear speckles and also show a diffuse distribution throughout the 
nucleoplasm. In contrast to U2 snRNA, Sm proteins and U2 B", the SF3a subunits are absent 
from Caja! bodies, suggesting that the U2 snRNP present in these structures represents an 
inactive form of the particle. Transiently expressed SF3a subunits fused to the green 
fluorescent protein colocalize with the endogenous counterparts and sometimes also 
accumulate in Caja! bodies. Transient expression oftruncated versions of SF3a60 and SF3a66 
indicated that the N-terminal domains required for interaction with SF3a!20 are essential for 
nuclear targeting, suggesting that the formation of the SF3a complex is a prerequisite for the 
import of the particle into the nucleus. Deletion of the zinc fingers of both SF3a60 and 
SF3a66 results in an accumulation in the Caja! bodies. Together with the result that the zinc 
fingers are essential for the integration of SF3a60 and SF3a66 into the mature U2 snRNP, this 
observation supports a model, where the final steps ofU2 snRNP assembly occur in the Caja! 
body. 
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Synthesis and degradation of poly(A) tails 

Elmar Wahle 

The 3'-ends of almost aii eukaryotic mRNAs are generated in a two-step reaction, 
endonucleolytic cleavage followed by the addition of a poly(A) tail. In mammalian cells, 
addition of a poly(A) tail requires three proteins, poly(A) polymerase, cleavage and 
polyadenylation specificity factor (CPSF) and poly(A) binding protein 11 (PABP 2). CPSF 
binds the polyadenylation signa! AAUAAA, and PABP 2 binds the growing poly(A) tail. 
Together, the two RNA binding proteins tether the poly(A) polymerase to the RNA, leading 
to processive poly(A) synthesis. Processive synthesis stops after about 250 to 300 adenylate 
residues have been added to the pre-mRNA. This corresponds to the length of a newly 
synthesized poly(A) tail in vivo. 

On high molecular weight poly(A), PABP 2 forms regular particles of a defined 
diameter of 21 nm. The length of poi y( A) required for the formation of one full-sized partid e 
corresponds to the length polymerized in the processive reaction, suggesting that particle 
formation may be involved in length control. 

We are carrying out equilibrium studies on the PABP 2 - poly(A) interaction by 
fluorescence techniques to learn more about particle formation .. 

By mutagenesis, we ha ve defined a region in P ABP 2, likelx an amphipathic alpha­
helix, that is necessary but not sufficient for the stimulation of poly(A) polymerase, probably 
by direct interaction. 

Two domains of PABP 2 contribute to RNA binding. One is an RNP domain, the 
second is arginine-rich. The latter contains thirteen asymmetrically dimethylated arginine 
residues, a modification considered a hallmark of RGG domains. However, the methylated 
arginines in.PABP 2 are not in RGG sequences. 

Poly(A) tails of a defined length are important for the cell since the rate of 
deadenylation is the first and often rate-limiting step of mRNA decay. We ha ve described an 
enzyme, the poly(A)-specific ribonuclease, that catalyzes this reaction in Xenopus oocytes 
and possibly in mammalian somatic cells. Surprisingly, this 3'-exonuclease is stimulated by a 
5' cap. 
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The role of SR proteins in the regulation of alternative splicing 

Javier F. Cáceres 

MRC Human Genetics Unit, Edinburgh, Scotland, UK 

The SR proteins constitute a large farnily of nuclear phosphoproteins which are required for 
constitutive splicing and also influence altemative splicing regulation. They are highly 
conserved arnong species, with individual members of this farnily of proteins showing higher 
homology across species than to other proteins within the sarne farnily (1,2). 

It was initially suggested that SR proteins were functionally redundant in constitutive 
splicing. However, differences have been observed in splicing cornmitments assays and in 
altemative splicing regulation, suggesting unique functions for individual SR proteins. The 
notion that SR proteins have unique functions is further supported by findings that SF2/ASF, 
SRp20 and B52, the D. melanogaster homologue of SRp55, are essential genes. We decided to 
use the nematode C. elegans as a model organism to functionally characterize the SR farnily 
ofproteins, and to address the irnportant issue offunctional redundancy. An advantage ofthe 
C. elegans system is the possibility of selectively fuhibiting gene expression by RNA 
interference (RNAi). Homology searches of the C. elegans genome identified seven genes 
encoding putative orthologues ofthe human factors SF2/ASF, SRp20, SC35, SRp40, SRp75, 
and p54, and also several SR-related genes, including the homologues of tra-2j3 and SRP K, an 
SR protein kinase. Transgenic wonns expressing a GFP reporter fused to SR promoters were 
used to analyze CeSR gene expression. RNAi of CeSF2/ASF caused late embryonic lethality, 
suggesting that this gene has an essential function during C. elegans development. In contrast, 
when the expression of every other nematode SR protein was individually suppressed by 
RNAi, no phenotypes were observed (3). This strongly suggests functional redundancy 
arnong the different members of this family of proteins. Sirnultaneous interference of two or 
more SR proteins in certain combinations caused lethality or other developmental defects. In 
summary, we show that CeSF2/ASF has unique properties and is essential for viability, and 
that functional redundancy exists for other nematode SR proteins. 

Individual members ofthe SR and hnRNP AIB families ofproteins have antagonistic roles 
in the regulation of pre-mRNA alternative splicing. The relative abundance of each SR 
protein and the molar ratio of each SR protein to hnRNP Al, orto other antagonists, has been 
proposed as a general mechanism for tissue-specific or developmental regulation of 
alternative splicing ( 4). 

We have discovered an novel mechanism to regulate the levels of antagonistic splicing 
factors in the nucleus. We have found that exposure of different celllines (3T3, COS, 293) to 
stress stimuli (osmotic shock, UVC-irradiation), but not to mitogenic activators such as PDGF 
or EGF, results in a marked cytoplasmic accumulation of hnRNP Al, concomitant with an 
increase in its phosphorylation. hnRNP Bl which shares a high degree of sequence sirnilarity 
with hnRNP Al also relocalizes to the cytoplasm, whereas SR proteins and other hnRNP 
proteins do not significantly alter their cellular distribution upon stress stimuli. The stress­
induced change in the subcellular distribution of hnRNP A 1 is mediated by phosphorylation 
of hnRNP A 1 through the classical stress-response pathway involving MKK316 and p38, and 
correlates with changes in alternative splicing of cotransfected reporters. This represents a 
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novel physiological mechanism, by which a signa! transduction pathway alters the nuclear 
ratios of antagonistic splicing factors and modulates altemative splice site selection in vivo 
(5). 
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Auto-regulation of ADAR2 alternative splicing by RNA editing 

Minati Singh, Renee Dawson, Chris Sansam, Elizabeth Young and Ronald B. Emeson 

Department ofPhannacology, Vanderbilt University, Nashville, TN 37232-6600. 

ADAR2 is a double-stranded RNA-specific adenosine deaminase involved in the editing 
of mammalian mRNAs by the site-specific conversion of adenosine to inosine. RT-PCR 
amplification of rat brain RNA has identified four cDNAs encoding rat ADAR2 (rADAR2) 
isofonns produced as a result oftwo distinct altemative splicing events. One such splicing event 
uses of a more proximal 3'-acceptor site, adding 47 nucleotides (nt) to the mature rADAR2 
mRNA. Nucleotide sequence analyses ofrADAR2 genomic DNA have revealed the presence of 
AA and AG dinucleotides at the proximal and distal altemative 3'-acceptor sites, respectively. 
However, sequence comparisons between genomic DNA and cDNAs generated from rADAR2 
primary RNA transcripts have indicated an A-to-G discrepancy for the more proximal 3'-splice 
site. Use oftlús 3'-acceptor is dependent upon the ability ofrADAR2 to edit its own pre-mRNA, 
converting an intronic AA dinucleotide to an Al wlúch can effectively mimic the conserved AG 
sequence nonnaUy found at 3' -splice sites. 

Splicing to the proximal acceptor alters the reading frame ofthe mRNA and is predicted 
to generate a small inactive peptide rather than the catalyticaUy-active 78 leDa protein produced 
in the absence of such an insertion. We hypothesize that the editing of rADAR2 primary RNA 
transcripts represents a negative autoregulatory mechanism by wlúch editing and altemative 
splicing can decrease rADAR2 protein levels, thereby representing a novel mechanism by wlúch 
tlús deaminase may limit its own expression and prevent excessive editing at sites that nonnally 
are modified by this deaminase or prevent editing of aberrant sites that are not modified in vivo. 

We ha ve taken advantage ofan in vitro editing system using purified, recombinant ADAR2 
protein expressed in Pichia pastoris anda rADAR2 minigene transcript extending from exon 4 
through exon 5 (the region containing the altemative 3'-acceptor sites) to examine whether 
increased levels of ADAR2 will result in aberrant editing at sites not nonnally modified in 
rADAR2 pre-mR..""JAs isolated from rat brain. /n vitro reaction products were amplified by RT­
PCR, subcloned into a standard prokaryotic clorüng vector and individual cDNA isolates were 
subjected to DNA sequence analysis. Results from these studies demonstrated a dose-dependent 
response in wlúch low levels ofrecombinant rADAR2 were capable ofmodif)ring only a subset 
ofthose sites norrnally observed in vivo, whereas increased levels ofrADAR2 resulted in A-to-1 
modifications for novel adenosine moieties witlún the RNA substrate. 

To exarrüne the consequences ofrADAR2 overexpression in an animal model system, we 
have generated transgenic mice that express epitope (FLAG)-tagged rADAR2 under the control 
of human cytomegalovirus prometer. Founder mice were screened for the presence of the 
transgene by Southem blotting analysis. Four oftwenty-eight founder mice carried the transgene 
and demonstrated varying levels of obesity. Initial feeding studies suggested that tlús obesity was 
a result ofhyperphagia, as well as yet unidentified metabolic defect(s) that produced an excessively 
fatty liver during early postnatal development. These studies indicate that the ability of ADAR2 
to limit its O'Wn expression may represent a critical regulatory mechanism that prevents the 
generation of aberrantly modified RNA species that can have deleterious consequences for an 
organism. 

Instituto Juan March (Madrid)



59 

Nuclear RNA turnover 
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We have previously reported the identification of the exosome complex (Allmang et 
al., 1999b; Mitchell et al., 1997). Ten components ofthis complex are predicted or shown to 
have 3'-+5' exonuclease activity, and eight ofthese are homologous to characterized 3'-+5' 
exonucleases from E.coli. Nuclear and cytoplasmic forros of the complex exist, each with 
eleven components, that differ by the presence ofRrp6p in the nuclear complex and Ski7p in 
the cytoplasmic complex. The nuclear exosome functions in the synthesis of ribosomal RNA 
(rRNA), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs), and 
degradation ofpre-rRNA spacer regions (Allmang et al., 1999a; Allmang et al., 2000; Briggs 
et al., 1998; van Hoof et al., 2000), while the cytoplasmic exosome participates in mRNA 
turnover (Anderson and Parker, 1998). 

We have now shown that the nuclear exosome also degrades nuclear pre-mRNAs 
(Bousquet-Antonelli et al. 2000). Inhibition of pre-mRNA degradation resulted in increased 
Ievels of both unspliced pre-mRNAs and spliced mRNAs, indicating that pre-mRNA 
degradation is a normal feature of gene expression. When splicing was inhibited by mutation 
of a splicing factor, inhibition of turnover resulted in 20 to 50 fold accumulation of pre­
mRNAs, accompanied by increased mRNA production. Splicing of a reporter construct with a 
3' splice site mutation was also increased on inhibition of turnover, showing competition 
between degradation and splicing. Nuclear RNA turnover also involves 5'-+3' degradation by 
the exonuclease R.atlp. Like the exosome, Ratlp participates in pre-rRNA and pre-snoRNA 
processing and pre-rRNA spacer degradation (Allmang et al., 1999a; Allmang et al., 2000; 
Henry et al., 1994; Petfalski et al., 1998; Villa et al., 1998). Ratlp is substantially 
homologous to Xrnlp (Kenna et al., 1993), which plays a major role in cytoplasmic mRNA 
turnover. Analysis of pre-mRNAs in which progression of the exonucleases was inhibited by 
the presence of an intron-encoded snoRNA, indicated that 3 '-+ 5' degradation by the exosome 
is normally the major pathway. This is in contrast to cytoplasmic mRNA turnover in which 
5'-+3' degradation predominates, at least in yeast. 

Nuclear 3'-+5' degradation is regulated in response to carbon source. Degradation 
activity was low on carbon sources that are converted to glucose within the cell: galactose, 
maltose or acetate, and was strongly activated on media containing glucose, or sugars that are 
converted to glucose by extracellular enzymes: raffinose or sucrose. This indicates that the 
availability of extracellular glucose up-regulates 3'-+5' nuclear pre-mRNA degradation. 
M.any other metabolic activities are regulated by extracellular glucose in yeast, via two well 
characterized signal transduction pathways. Whether these directly modify exosome 
components remains to be determined. This regulation appears to be specific, since other 
''housekeeping" activities of the exosome, in rRNA, snRNA and snoRNA synthesis, are not 
co-regulated. We propose that nuclear pre-mRNA turnover represents a novel step in the 
regulation of gene expression 
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Hwnan homologues have been identified for most exosome components and four of 
these have been shown to function in yeast. All tested human components are present in a 
large complex that is recognized by PM-Scl autoimmune antibodies (Briggs et al., 1998; 
Allmang et al., 1999). This complex is very likely to be the human exosome. As in yeast, 
nuclear and cytoplasmic forms of the hwnan exosome exist; only the nuclear complex 
contains PM-ScllOO, the homologue ofyeast Rrp6p. 

Previous turnover data indicated that the degradation of nuclear pre-mRNA ( or 
hnRNA) is very active in hwnan cells. Labeling data showed that only around 2% of the 
hnRNA population was converted to cytoplasmic mRNA. Both Ratl p and ex oso me 
components are functionally conserved from yeast to humans, indicating that the nuclear 
RNA turnover pathway is likely to be conserved. Moreover, alterations in the balance 
between pre-mRNA processing and degradation is likely to have greater consequences in 
humans and other metazoans, where regulated and altemative splicing is a common and 
important feature of gene expression. 
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RNA editing and splicing of glutamate receptor pre-mRNA 

Eva Bratt, Annika M. Kallman and Mari e Ohman 

Department ofMolecular Genome Research, University ofStockholm, Sweden 

RNA editing by adenosine deaminase that act on RNA (ADAR) requires RNA that is in 
an extensively double-stranded conformation to perform its action of converting adenosines to 
inosines. There are at least two ADAR enzymes that possess this activity, ADARI and ADAR2. 
Depending on the extent of the double-stranded structure of the substrate, promiscuous or 
selective editing occur. Promiscuous editing occurs on almost completely base paired RNA 
substrates such as RNA viruses, where up to 50% of the adenosines can be edited. Selective 
editing has mainly been found in nuclear-encoded RNA involved in neurotransmission. In these 
substrates double-stranded regions are interrupted by bulges or loops and only a few specific 
sites are edited. We are focusing on the mechanism ofselective editing ofthe glutamate receptor 
subunit B, GluR-B, in rat. The GluR-B pre-mRNA is edited at two sites that give rise to an 
amino acid change, the Q/R and R/G site, referring to the codon alteration. To understand the 
mechanism of selective editing we have chosen to focus on editing ofthe R/G site situated in the 
stem of a 68 nucleotides long stem loop. Our results show that ADAR2 can edit the R/G site 
selectively in vitro while ADARI edits more promiscuously at se:veral other sites. ADAR2 
editing is also consistent with in vitro editing using HeLa nuclear extract and endogenously 
edited RNA. This indicates that ADAR2, opposed to ADARI, can selectively edit a natural 
substrate in vitro without additional factors. Further, we have observed that it is the sequence 
rather than the presence of bulges in the stem that determines the specificity since a mutant 
lacking the bulges still is edited selectively by ADAR2. We are also interested in the relation 
between editing, splicing and the transcription machinery. In order to achieve editing at the R/G 
site an editing complementary sequence located in the downstrearn intron is required. In general 
intron sequences are required for editing to occur on endogeniously encoded RNA and it is · 
therefore necessary that editing happen before splicing. The intron located one nucleotide 
downstream of the R/G site is spliced very poorly in vitro using the natural 3' splice si te. One 
explanation for this is a possible sequestering of the 5' splice site in the stable R/G stem-loop 
structure. The stem-loop is also phylogenetically conserved. However, we have found that 
splicing inhibition can be overcome by exchanging the 3' splice site with a more efficient one. 
We are currently investigating if a more efficiently spliced intron has an effect on editing in 
order to characterize the relationship between ADAR editing and splicing. 
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Control ofHPV-16 Ll production caused by an RNA instability element 

Brian Collier, Daniel Óberg & Stefan Schwartz. 

Department ofMedical Biochemistry and Microbiology, Uppsala Univ., Uppsala, Sweden. 

The HPV life cycle is strictly linked to the differentiation state of the cell. In the case 
ofHPV-16 only small quantities ofvirus is produced in vivo. We have previously shown that 
both Ll and L2 coding regions contain intragenic negative elements which reduce the 
production of capsid protein (1), (2). In this study we show that when L1 is transfected in 
tandem with Equine Infectious Anaemia Virus (EIA V) gag expression plasmid, an mRNA 
which contains no negative elements, EIA V mRNA is expressed in large quantities whereas 
L1 mRNA is undetectable. This effect is seen in both cytoplasmic and total RNA fractions. In 
an attempt to map this e1ement we constructed L1-EIA V hybrids and analysed the mRNA 
stabilisation through northem blots. Results obtained from hybrid transfections and northem 
blot analysis showed that the 5'-end ofthe HPV-16 L1 coding sequence contains an element 
with strong destabilising functionality. In contrast, the 3'-end of the L1 sequence did not 
appear to alter mRNA leve1s. Further work mapped the boundaries of the negative element 
and site specific mutagenesis al1owed fine mapping of its structure. We have also identified 
proteins which interact specifically with the minimal negative element. HPV-16 has most 
likely evolved in s1,1ch a manner as to utilise its negative eleme1,1t to an advantage over the host 
it infects. 

References: 
l.Efficient expression of the human papillomavirus type 16 L1 protein in epithelial cells by using Rev and the 
Rev-responsive element of human immunodeficiency virus of the cis-acting transactication element of simian 
retrovirus type l. Tan et al. Joumal ofVirology, Sept 1995, p. 5607-5620. 
2.mRNA instability elements in the human papillomavirus type 16 L2 coding region. Sokolowski et al. Joumal 
ofVirology, Feb. 1998, p. 1504-1515. 
3.Translational inhibition of HPV-16 L2 mRNA mediated through interaction with heterogenous 
ribonucleoprotein K and poly (rC) binding protein 1 and 2. Collier et al. J Biol Chem:273: 22648-22656 (1998). 
4. Cis-Acting negative RNA elements on papillomavirus late mRNAs. Stefim Schwartz. Seminars in Virology, 8, 
291-300 (1998). 
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ldentification ofthe mammalian homologue ofthe splicing regulator 
suppressor-of-white-apricot as a thyroid hormone regulated gene 

Ana Cuadrado and Alberto Muñoz 

Instituto de Investigaciones Biomédicas. Spanish Research Council (CSIC). Madrid, Spain. 

Thyroid hormone (TI) is an important regulator ofmarnmalian brain maturation. Lack 
of adequate levels of TI during the fetal and neonatal periods leads to mental deficiency in 
hwnans and multiple severe abnormalities. In order of understand better these alterations and 
the effects of TI in he brain we have searched for new TI-regulated genes in this organ. For 
this purpose we have used the differential display PCR method in the TI responsive neuronal 
cellline El8 + TR.a. We have identified the rat homolog ofthe Drosophila splicing regulator 
SW AP (Suppressor of white apricot) as a thyroid hormone regulated gene in the developing 
rat brain and in the El8 + TR.a cells. We found that hypothyroidism causes an abnormal high 
leve! of SWAP RNA between postnatal days 5 and 15 throughout the brain except the 
cerebellwn. A subset of T3-regulated genes contains no TI response elements, suggesting a 
role ofthis hormone in post-transcriptional regulation mechanisms. In base of our results with 
SWAP we have studied the effect of thyroid status on the expression of severa! genes 
involved in this kind of processes (mRNA stability and RNA splicing), as well as the 
mechanism by which these genes modulate others that are under thyroid control during the 
brain development. By modulating the expression of SW AP and other mRNA stability and 
splicing regulators thyroid hormone may exert wide regulatory effects on multiple genes. The 
regulation ofSWAP gene defines a novel mechanism ofaction ofthyroid hormone which can 
be important for its effects in the developing brain. 

Refereoces: 
l . Bemal, J. and Guadafio-Ferraz, A, Thyroid hom1ooe and the devdopment of the brain, Curr. Opin. Endocr. 
Diabetes, 5 (1998) 296-304. 2. Denhez, F. and Lafyatis, R., Conservation of regulated altemative splicing and 
identification of functional domains in vertebrate homologs to the Drosophila splicing regulator, Suppresor-of­
white-apricot, J. Biol. Chem., 269 (1994) 16170-16179. 3. Dussault, J.H. and Ruel, J., Thyroid hom1ones and 
brain development Annu. Rev. Physiol., 49 (1987) 321-334. 4. Porterfield, S. and Hendrich, C., The role of 
thyroid hom1ones in prenatal and neonatal neurological development. Current perspectives. Endocrine Rev., 14 
(1993) 94-106. 5. Sarkissian, M, Winne, A. and Lafyatis, R., The mammalian homolog of Supressor-of-white­
apricot regulates altemative mRNA splicing ofCD45 exon 4 and fibronectin IIICS. J. Biol. Chem., 271 (1996) 
31106-31114. 
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· A mammalian germ cell-specific RNA bindlng protein interacts with 
ubiquitously e:s:pressed proteiJ¡s involved in splice site selection 
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• J Stévenin2 and 

H.I. Cooke1 

1MRC Human Genetics Unit, Westem General Hospital, Crewe Road, Edinburgh, EH4 2XU, 
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2Institut De Génétique et de Biologie Moléculaire et Cellulaire,Urúversité Louis Pasteur, 
Dlkirch, CU de Strasbourg, France. 3 Department ofBiochemist.Iy, Urúversity ofLeicester, 
University Road, Leicester LEl 7RH, England. 

At least 22% of human genes are altematively spliced, which makes the genome 
sequence thc tip of thc iceberg in terms of informational complcx:ity. V ery littlc is 
known ebout how thcse splicing pathways are sclccted both within and bctwecn 
different cell types. One good candidate regulatory protein for controlling germ cell­
specific splicing is RBMY. Within human gcrm cells RBMY protein shows a símilar 
nuclear distributi.on to components of thc pre-mRNA splicing maclúncry. We have 
uscd protein-protein interadion assays to test for possible physical interactions 
bctween thcse proteins. Wc find that RBMY protcin directly intcracts with mcmbcrs 
of the SR family of splicing factors, and in addition strongly intcracts with itsclf. We 
have mappcd the protein domains responsible for mediating .these interactions, and 
expressed the mousc RBMY intcraction region as a bacterial fusion protein. This 
fusion protein can pull down scveral functionally active SR protc~ species from ccll 
extractll. Dcpletion and add-back experimcnts indicate that these SR proteins are the 
only splicúig fiu:tors boUDd by RBM which are rcquircd for the splicing of a panel of 
prc-mRNAs. Our results suggcst that RBMY protcin is an cvolutionarily conscrvcd 
mamm.alian splicing regulator which operatcs as a germ-cell spccific ce-factor for 
more ubiquitously expresscd pre-mRNA splicing activators. These studies may 
indicate how 11plicing pathways operate in other cell types. RBMY is closcly related to 
the X chromosome gene encoding heterogeneous ribonucleoprotein (hnRNP) G and a 
new mcmber ofthis gene family, HNRNP G-Twhich we have mapped itas a single 
copy gene on chromosomc 11. As a fam.ily these proteins interact with pre-mRNA 
splicing factors and signa! transduction proteins. Differentially expressed hnRNPG­
like proteins might modulatc diffcrent splicing pathways in different tissues, and in 
response to differcnt signal transduction events. We will also prescnt evidcncc that 
new cell type-specific functional copies of this gene family ha ve been generated as a 
result of retrotransposition events. 
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Alternative splicing of e-H-ras a system to study 
different aspects of the splicing mechánism. 

S. GuiJI, C. Codony 1, M. A. Chesa 1, R. Eritja2, E. Darzynkiewicz3 
and M. Bach-Elias 1• 

1IIBB-CSIC, Barcelona. 2IBMB. 3Dep. Of PBiophysics, 
University Of Warsaw. 

We studied the alternative splicing of the e-H-ras gene that can 
include or not the alternative exon IDX. The inclusion of IDX 
renders a protein with low tumorigenic activity. In vitro splicing 
assays in HeLa nuclear extracts with mini genes showed that the 
ras exon 4 ligates preferentially with ras exon 3 (distal) instead 
of ras IDX (proximal). We mutated exon 3 to a very ·small non­
related exon of 11 nucleotides (nt), which was 5' terminal. 
Surprisingly, exon 4 ligated with both the 11 nt artificial exon 
and the proximal IDX exon. The splicing of the 11 nt t ha t 
rendered 1lnt-exon 4 depended on the Cap Binding Complex 
(CBC), and furthermore it was inhibited with ApppG a n d 
m3GpppG capped pre-mRNAs, while the splicing that includes 
the IDX proximal exon was not. Mutation of the 5' splice site of 
the 11 nt exon (distal) did not increase the rate of inclusion of 
the IDX exon. In conclusion: 1) CBC complex only regulates the 
inclusion of the 11 nt exon but not that of the proximal exon; 2) 
The splicing that includes the IDX exon is repressed in HeLa 
nuclear extracts independently of competing 5' distal exons. 
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Herpes simplex virus protein ICP27 inhibits pre-mRNA splicing in vitro 

Peter Kreivi 

Dept. ofMedical Biochemistry and Microbiology. Uppsala University 

We use Herpes simplex virus (HSV) as a model system to study the mammalian 
pre-mRNA splicing machinery. During a productive HSV infection splicing of host cell 
pre-mRNAs are impaired. Considerable amount of data suggests that the immediate early 
HSV protein ICP27, directly or indirectly, is responsible for the shut down of splicing. We 
have developed an in vitro splicing assay in arder to test whether ICP27 in the absence of 
other HSV proteins is inhibitory for the splicing process and to identify components of the 
splicing machinery that are targets for ICP27. The in vitro splicing assay relies on nuclear 
extracts prepared from HeLa cells in which we have transiently expressed ICP27 from a 
recombinant adenovirus vector. Using this assay we find that splicing activity is lower in 
ICP27 containing nuclear extracts than in control extracts. RNA polymerase II activity, on 
the other hand in, are comparable in ICP27-extracts and control extracts, suggesting a 
specific effect on the splicing process rather than a toxic effect from an over-expressed 
protein. Thus, ICP27 on its own, in the absence of other HSV proteins may cause splicing 
inhibition. Moreover, we find that the observed splicing inhibition in ICP27-extracts is 
reversed by a small addition of control extract, indicating that ·it is a limiting component of 
the splicing apparatus that is targeted by ICP27. We are currently analysing at which stage 
pf the splicing process the ICP27 caused inhibition is frrst marúfested as well as trying to 
identify splicing components that are targeted ICP27. 

Instituto Juan March (Madrid)



69 

WTl: a transcription factor with a splicing connection? 

Michael Ladomerl, Joan Slight•, Sarah Woolner•, John Sommervilleb, and Nicholas Hastíe• 
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Andrews, Bute Medica! Buildings, St Andrews, Fife KY16 9TS, Scotland. 

The tumour suppressor gene W11 has been implicated, by mutational analysis, in 10-
15% ofWilm's tumours, a pediatric malignancy which affects 1 in 10,000 children. W1l has 
a key role in urogenital development, and is expressed in a number of tissues of mesodermal 
origin which undergo a mesenchyme to epithelium transition. The WT1 protein contains four 
C-terminal (Cys2-His2) zinc-fingers ofthe "Krüppel" type, closely related to those present in 
the transcription factor EGRI. In the N-terminal region, WT1 possesses a Q/P-rich trans­
regulatory domain and a putative RRM. Isoforms arise from altemative splicing events: of 
particular interest is exon 9, which encodes only three amino-acids (KTS). Intriguingly, recent 
findings suggest that whereas WT1 (-KTS) acts as a transcription factor, WT1 (+KTS) is 
involved in splicing. WTI is now part ofan increasing list ofmultifunctional proteins which, 
in alllikelibood, connect the different steps of gene expression. 

In order to investigate the role of WTI in tlús context, we have used a variety of 
biochemical fractionation techniques. Oligo(dT) and anion exchange chromatography, 
combined with density gradients, suggest that a substantial proportion of WTI is present in 
RNase-sensitive nuclear poly(At RNP. In addition, the first two zinc fingers of WTI are 
required for both nuclear import and incorporation into pre-mRNP. In the future, by 
combining these fractionation techniques with immunoprecipitation assays, we hope to 
identify target pre-mRNAs in physiologically relevant tissues. Finally, expression of T7-
tagged isoforms in Xenopus oocytes provides supporting evidence for WTI having a role in 
pre-mRNA biogenesis. 
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A switch in 3' splice site recognition during exon definition and catalysis is 
important for Sex-lethal autoregulation 

Maria José Lallena 1, Luiz O. F. Penalva 1, and Juan Valcárcell. Equal contribution. 

Gene Expression Programme. European Molecular Biology Laboratory. Meyerhofstrasse l. 
D-69117 Heidelberg, Gennany 

Maintenance of female sexual identity in Drosophila involves an autoregulatory loop 
in which the protein Sex-lethal (SXL) promotes skipping of exon 3 from its own pre-mRNA. 
Using transient transfection assays in Drosophila Schneider cells we have found that exon 3 
repression requires competition between exon 2 and exon 3 5' splice sites, but is independent 
oftheir relative strength. Two 3' splice site AGs precede exon 3. We report here that while the 
distal site plays a critica! role in defining the exon, the proximal site is preferentially used for 
the actual splicing reaction, arguing for a switch in 3' splice site recognition between exon 
definition and splicing catalysis. Suxprisingly, the presence of the two 3' splice sites is 
important for efficient regulation by SXL, suggesting . that SXL interferes with molecular 
events occurring between initial splice site communication across the exon and splice site 
pairing leading to intron removal. 
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The role oftri-snRNP proteins in [U4/U6.U5] tri-snRNP formation and 
integration into the spliceosome 

Evgeny Makarov, Oiga Makarova, Berthold Kastner and Reinhard Luhrmann 

Max-Planck-Institute ofBiophysical Chemistry, Géittingen, Germany 

We have developed a method to dissociate HeLa 25S [U4/U6.U5] tri-snRNPs into 
stable I3S U4/U6 snRNPs and 20S U5 snRNPs. The purified U4/U6 and US snRNPs can be 
used to reconstitute a tri-snRNP particle in vitro in the absence of additional factors. Very 
little is known about the interactions that mediate the association ofthese two snRNP particles 
in human tri-snRNPs. We have characterised the U5-specific 102 kD protein, an ortholog of 
the S. cerevisae Prp6 protein, and shown that U5-102kD interacts within the tri-snRNPs with 
both the U5 and U4/U6 snRNPs, thus bridging the two particles. We have identified the 
protein composition of the I3S U4/U6 snRNP. The particle contains, in addition to the S m 
proteins, a set of seven Sm-like proteins, and five specific proteins with molecular masses of 
15.5, 20, 60, 61, and 90 kD. The 15.5 kD protein binds directly to the 5' stem-loop of U4 
snRNA and the 20/60/90 kD proteins are snuCyp20, hPrp4p and hPrp3p, respectively. The 
novel 61 kD protein was identified as an ortholog of the yeast Prp3lp. The I3S U4/U6 
snRNPs were examined by electron microscopy, and the images obtained exhibit a bicycle­
like structure, in which the two globular domains are likely to represent the S m core and LSm 
complex. Based on biochemical data and electron microscopy studies; we propose a structural 
model for the I3S U4/U6 particle. Employing our tri-snRNP reconstitution assay we could 
demonstrate that at least three tri-snRNP-associated proteins with molecular masses of 65, 
lOO (human Prp28) and 110 kD are not required for tri-snRNP formation. We have 
characterised the 65 kD and 11 O kD proteins in more detail and shown that both proteins are 
essential for pre-mRNA splicing in vitro and that they promete the stable integration of tri­
snRNPs into the spliceosome. 
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Analysis of the effects of overexpression of the yeast 
poly(A)-binding protein, Pablp 

David Mangus and Allan Jacobson 
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School, Worcester, MA 01655 

In yeast, the add.ition of the mRNA poly(A) tail is a multi-step process with its fmal 
length determined by severa! factors, including Pablp (1), its associated factor Pbplp (2), and 
poly(A)-nuclease Pan2p/Pan3p (3). Expression of Pablp is autoregulated, .with the protein 
binding toan adenylate-rich region in the 5'-UTR of its mRNA. Over-expression of PABl 
produces only a very slight increase in Pablp expression with no effect on cell growth. In 
contrast, expression of a PAB 1 allele lacking its adenylate-rich region from the inducible 
GALlO promoter, results in increased Pablp levels anda slow growth phenotype. However, 
much ofthe overexpressed protein is proteolyzed. Interestingly, the amount ofPbplp in these 
cells decreases, suggesting that proteins associated with Pablp are degraded. Consistent with 
this observation, extracts from cells overexpressing Pablp exhibit decreased polyadenylation 
to an extent comparable to that seen with a pbp 1 * extract. These results suggest that the slow 
growth phenotype is most likely due to a defect in mRNA processing. To more fully 
understand the action of Pab 1 p overexpression, we isolated high-copy suppressors of the slow 
growth phenotype. Six genes were identified which enabled rapid growth of the cells while 
maintaining high levels ofPablp. Ofthese, RRP6 (4) and SPB4 (5;6) affect RNA processing 
and deletion of either gene suppresses a deletion of P AB l . Five of the genes identified also 
suppress the slow growth phenotype of a strain overexpressing PBPI , suggesting that 
overexpression ofPABl and PBPl affect the same cellular pathway(s). 

References: 
(1) Amrani, N., et al. (1997) Mol. Ce11. Biol. 17:3694-3701. (2) Mangus, D.A, et al. (1998) Mol. Cell. Biol. 
18:7383-7396. (3) Brown, C.E., et al. (1996) Mol. Cell. Biol. 16:5744-5753. (4) Burkard, K.T., and J. S. Butler 
(2000) Mol. Cell. Biol. 20:604-616. (5) Sachs, A.B., and R. W. Davis (1990) Science 247:1077-1079. (6) de la 
Cruz, J., et al. (1998) RNA 4:1268-81. 
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A human sequence homologue of Staufen is an RNA binding protein that is 

associated to polysomes and localizes t~ the rough endoplasmic reticulum 

Rosa M. Marión!, Puri Fortesl#, Ana Belosol, Carlos Dotti2 And Juan Ortín1 

Centro Nacional de Biotecnología (CSIC), Cantoblanco, 28049 Madrid, Spainl and European 
Molecular Biology Laboratory, Meyerhofstr. 1, 69012 Heidelberg, Gennany2. 

#Present adress: Universidad de Navarra 

The Influenza virus non-structural protein NSl is an RNA-binding protein that may be 
involved in several regulatory processes during viral infection. These include the modulation 
of pre-rnRNA splicing, the retention of poly A-containing RNA in the nucleus and the 
stimulation of viral mRNA translation. In the course of a two-hybrid screen to detect 
candidate cellular proteins that may pertain to these biochemical effects, a human clone was 
identified capable of coding for a protein with high homology to the Staufen protein from D. 
melanogaster (dmStaufen). Staufen protein is the product of a maternal mRNA of D. 
melanogaster that is involved in the accumulation ofbicoid and oskar mRNAs at the anterior 
pole of the embryo and the posterior pole of the oocyte, respectively. It contains dsRNA 
binding domains that associate with bicoid mRNA through a precise secondary structure in its 
3 UTR. In view ofthis homology, human cDNAs were isolated from a 1 cDNA library. The 
encoded protein (hStaufen-like) contained 4 dsRNA binding domains. with 55% similarity and 
38% identity to those of the dmStaufen, including identity at al! residues involved in RNA 
binding. A recombinant protein containing al! dsRNA binding domains was expressed in E. 
coli as a His-tagged polypeptide. lt showed dsRNA binding activity in vitro, with an apparent 
Kd of 10-9 M. Using a specific antibody, a main fonn of the hStaufen-like protein could be 
detected in human cells, with apparent molecular mass of 60-65 kDa. The intracellular 
localization of hStaufen-like protein was investigated by immunofluorescence, using a series 
of markers for the cell compartments. Co-localization was observed with rough endoplasmic 
reticulum, but not with endosomes, cytoskeleton or Golgi apparatus. Furthermore, 
sedimentation analyses indicated that hStaufen-like protein associates with polysomes. 
Analyses of extracts from HeLa cells indicated that hStaufen-like protein is present in the cell 
in association with polysome complexes. As a whole, these results suggest that the human 
homologue of dmStaufen protein may be related to the localization and/or the translation of 
cellular rnRNA. 
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Ski7p: An activator of the exosome for mRNA decay? 

Phil Mitchell, Elisabeth Petfalski and David Tollervey 

IC.MB, University ofEdinburgh, Edinburgh EH9 3JR, UK 

One general pathway for mRNA turnover in yeast involves loss of the poly(A) tail 
followed by 3 '->5' degradation of the deadenylated mRNA. The 3' decay of the mRNA body 
requires the exosome, a multienzyme complex of3'->5' exoribonucleases, and the Ski2p, Ski3p 
and Ski8p proteins. The mechanism by which the 3' decay pathway is triggered upon removal of 
the poly(A) tail, and how exactly the exosome fimctions together with these factors, is not clear. 
Purified preparations of the ex oso me complex exhibit 3 '->5' exoribonuclease activity in vitro. 
Biochemical fractionation experiments demonstrate that the enzymatic activity of the exosome is 
attributable to a subfraction of the total complex and that this activity is itself heterogeneous. 
These observations suggest that exosome activity available for a particular RNA processing 
pathway is limited by the availability of specific cofactors. We are currently analysing the 
protein composition of the active exosome fractions. Among the exosome-associated proteins 
identified in this work is Ski7p. In contrast, Ski2p, Ski3p and Ski8p were not identified. Notably, 
Ski7p has been proposed to be a limiting factor in Ski protein fimction. Ski7p is homologous to 
the translation elongation factor EF-la (EF-Tu) and the elongation release factor eRF3, and 
contains all consensus sequen ces of GTPase proteins. The current data suggest models where the 
Ski7p GTPase activates the cytoplasmic exosome for the 3'->5' decay pathway. The in vivo 
function of Ski7p, and in particular its GTPase activity, in the 3 '->5' · mRNA decay pathway are 
being addressed. 
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The assembly offive proteins to the Drosophila polo pre-mRNA requires a 
pyrimidine rich regio o upstream of its poly(A) signal 

Pinto, P.A., Castelo-Branco, P. and Moreira, A. 

Unit ofMolecular Genetics ofMitosis, ffiMC, Porto, Portugal 

PTB (polypyrirnidine tract binding protein) was previously shown to actívate cleavage of 
the hwnan C2 complement gene pre-mRNA through binding to an upstream sequence element 
(USE) (Moreira et al., Genes & Dev. (1998) 12: 2522-2534). In order to study the role ofPTB on 
mRNA 3 · end formation in other organisrns, we have cloned Drosophila melanogaster PTB 

. cDNA. In situ hybridisation on po1ythene chromosomes have Iocalised this gene in the 100F 
region of the 3R chromosome and a protein is recognised and immunoprecipitated by the 
polyclonal anti-hPTB 1 antibody from Drosophila protein extracts. The Drosophi1a polo gene 
encodes for a kinase involved in the regulation ofthe cell cycle progression and has two poly (A) 
signals. 125 nt upstream the first poly (A) signa! there is a 27 nt region very rich in pyrimidines 
(24 Py). This region was mutated and U. V. cross-linking assays were performed using wild type 
and mutant precursor RNAs with HeLa and Schneider cells nuclear extracts. The mutation 
disrupts the binding of 5 proteins to the pre-mRNA. The identification and functional 
characterisation of these proteins is being performed at the moment in order to understand its 
role in mRNA 3 · end formation in Drosophi1a. 
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Molecular characterization of the Drosophila fl(2)d gene, a cofactor of 
alternative pre-mRNA splicing regulation by Sex-lethal 
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The Drosophila gene female-lethal(2)d [f1(2)d] interacts genetically with the master 
regulatory gene for sex determination Sex-lethal (Sxl). Both genes are required for the activation 
offemale-specific patterns ofalternative splicing on transformer and Sex-lethal pre-mRNAs. We 
have used P element-mediated mutagenesis to identify the f1(2)d gene. The f1(2)d transcription 
unit generates two alternatively spliced mRNAs that can encode two protein isoforms differing at 
their arnino-terminus. The larger isoform contains a domain rich in histidine and glutarnine, but 
has no significant homology to proteins in databases. Several lines of evidence indicate that this 
protein is responsible for f1(2)d function. FL(2)D protein can be detected in extracts from 
Drosophila cell lines, embryos, larvae and adult animals, without apparent differences between 
sexes. Consistent with a possible function in post-transcriptional regulation, FL(2)D protein has 
nuclear localization and is enriched in nuclear extracts. FL(2)D protein is associated with 
transcriptionally active loci in polytene chromosomes. Biochemical analysis and mass­
spectrometry revealed that FL(2)D forms complexes with Sex-lethal, VIRILIZER and the 
Drosophila homologue of Ran Binding protein 7. The functional implications of these 
associations are currently under investigation. 
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Functional analysis of the Drosopllila Poly(A) po/y merase gene 

Franyois ruGE, Claudia TEMME, Elmar W AHLE and Martine SIMONELIG 
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Translational control ofmatemal mRNAs plays an essential role in early development 
of many species. Maternal mRNAs are stored as dormant mRNAs that are translationally 
silent and are activated during early developmental events where they participate in oogenesis 
and embryogenesis. One mechanism to modulate maternal mRNA translation is cytoplasmic 
elongation of their poly(A) tails; dormant mRNAs have short poly(A) tails and their 
translational activation follows poly(A) tail elongation. Cytoplasmic polyadenylation can be 
reconstituted in vitro with two factors involved in nuclear polyadenylation, CPSF (Cieavage 
and Polyadenylation Specificity Factor) which binds to the poly(A) signa! AAUAAA, and a 
poly(A) polymerase (PAP). This regulation also requires at least a specific protein, CPEB 
(Cytoplasmic Polyadenylation Element Binding Protein) which binds to CPEs in mRNAs 
whose poly(A) tail is to be elongated. Cytoplasmic polyadenylation has been described in 
Drosophila. Production in early embryos of Bicoid and Toll proteins, two major determinants 
of embryonic patterning, depends on cytoplasmic polyadenylation of the corresponding 
mRNAs. 

As a starting point to study cytoplasmic polyadenylation in Drosophila, we have 
cloned and initiated a genetic analysis of Pap, the gene encoding Drosophila PAP. The Pap 
gene produces severa! mRNAs by alternative splicing and altemative poly(A) site utilisation. 
In contrast to what occurs in vertebrates where severa! isoforms ofPAP have been described, 
Drosophila Pap mRN As appear to encode a single protein. Drosophila P AP shares 56% 
overall identity with bovine PAP. Homology resides mostly in the N-terminal three-quarters . 
of the protein. The Drosophila protein has the same activity as its bovine homologue in 
reconstituted polyadenylation assays. Using an antibody raised against Drosophila P AP, we 
show that the protein accumulates mostly in nuclei throughout Drosophila development, and 
is synthesised in large amount at the onset of zygotic transcription. We have generated 
severa! Pap mutants by mobilisation of a P element in the 5'-UTR of the gene. Strong Pap 
mutants are lethal at late embryonic stage. These mutants show a strong genetic interaction 
with a orb mutant; the Drosophila orb gene encodes a homologue of CPEB. Genetic 
interaction between Pap and orb is consistent with a role of both genes in cytoplasmic 
polyadenylation. Overexpression of Pap in the female germline is extremely detrimental to 
early development as this overexpression leads to early embryonic lethality of the progeny 
from such females. These embryos that do not develop, show a higher Bicoid gradient than 
wildtype embryos. We are currently examining to what extend cytoplasmic polyadenylation is 
affected in this context. 
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Molecular Biology of Non-Conventional 
Yeasts. · 
Organizers: C. Gancedo, J . M. Siverio and 
J . M. Cregg. 

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

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

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

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

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

75 1997 Annual Report. 

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

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

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

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

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

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

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

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

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

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

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

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

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

89 Workshop on Protein Folding. 
Organizers: A. R. Fersht. M. Rico and L. 
Serrano. 
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90 1998 Annual Report. 

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

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

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

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

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

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

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

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

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

100 Workshop on the Interface Between 
Transcription and DNA Repair, Recom­
bination and Chromatin Remodelling. 
Organizers: A. Aguilera and J. H. J . Hoeij­
makers. 

101 Workshop on Dynamics of the Plant 
Extracellular Matrix. 
Organizers : K. Roberts and P. Vera. 

Out of Stock. 

102 Workshop on Helicases as Molecular 
Motors in Nucleic Acid Strand Separa­
tion. 
Organizers: E. Lanka and J. M. Carazo. 

1 03 Workshop on the Neural Mechanisms 
of Addiction_ 
Organizers: R. C. Malenka, E. J . Nestler 
and F. Rodríguez de Fonseca. 

1 04 1999 Annual Report. 

105 Workshop on the Molecules of Pain: 
Molecular Approaches to Pain Research. 
Organizers: F. Cervero and S. P. Hunt. 

106 Workshop on Control of Signalling by 
Protein Phosphorylation. 
Organizers: J . Schlessinger, G. Thomas, 

F. de Pablo and J. Mosca!. 

107 Workshop on Biochemistry and Mole­
cular Biology of Gibberellins. 
Organizers: P. Hedden and J . L. García­
Martínez. 

108 Workshop on lntegration of Transcrip­
tional Regulation and Chromatin 
Structure. 
Organizers: J . T. Kadonaga, J . Ausió and 
E. Palacián. 

1 09 Workshop on Tumor Suppressor Net­
works. 
Organizers: J . Massagué and M. Serrano. 

11 O Workshop on Regulated Exocytosis 
and the Vesicle Cycle. 
Organizers: R. D. Burgoyne and G. Álva­
rez de Toledo. 

111 Workshop on Dendrites. 
Organizers: R. Yuste and S. A. Siegel­
baum. 

11 2 Workshop on the Myc Network: Regu­
lation of Cell Proliferation, Differen­
tiation and Death. 
Organizers: R. N. Eisenman and J . León. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan. March de Estudios e ln.vestigacion.es, 

a private foundation specialized in scientific activities 
which complements the cultural work 

of the Fundación Juan March. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops , Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1999, a 
total of 136 meetings and 11 

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

were organized within the 
scope of the Centre. 
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Texts published in the 

SERIE UNIVERSITARIA 

by the 
FUNDA CIÓN JUAN MARCH 

concerning workshops and courses organized within the 

Plan fo r International Meetings on Biology ( 1989-1991) 

* : Out of stock. 

*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. Puigdomenech and T. 
N el son. 

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

253 Workshop on Genome Expression 
and Pathogenesis of Plant ANA 
Viruses. 
Orga nizers: F. Garc ía-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 Polyamines 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 Regulation 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. 

Instituto Juan March (Madrid)



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 Vertebrales. 
Organizers: R. Baker and J. M. Delgado­
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors *10 Workshop on Engineering Plants 
Tell the Brain? Against Pests and Pathogens. 
Organizers: C. Belmonte and F. Cerveró. Organizers : G. Bruening , F. García-

Olmedo and F. Ponz. 
*2 Workshop on DNA Structure and 

Protein Recognition. 11 Lecture Course on Conservation and 
Organizers: A. Klug and J. A. Subirana. Use of Genetic Resources. 

*3 Lecture Course on Palaeobiology: Pre-
Organizers: N. Jouve and M. Pérez de la 

paring for the Twenty-First Century. Vega. 

Organizers: F. Álvarez and S. Conway 
12 Workshop on Reverse Genetics of 

Morris. 
Negative Stranded ANA Viruses. 

*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 

of Zea Mays. Melero. 

Organizers: B. Burr, L. Herrera-Estrella 
and P. Puigdomenech. *13 Workshop on Approaches to Plant 

Hormone Action 
*5 Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers: A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspective. 
*15 Workshop on Signal Transduction by 

Organizers: P. Bateson and M. Gomendio. 
Growth Factor Receptors with Tyro-

*7 Workshop on Transcription lnitiation sine Kinase Activity. 
in Prokaryotes Organizers: J. M. Mato andA. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Den es. 16 Workshop on lntra- and Extra-Cellular 

*8 Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 

pression in Yeast. Neuronal Development. 

Organizers: C. Gancedo and J. M. Organizers : C. S. Goodman and F. 

Gancedo. 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. 
O rgan izers: M . B . Mathews and M. 
Esteban. 

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

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

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

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa­
gation Promoted by Plasmids. 
Organizers: C. M. Thomas , E. M. H. 
Wil l ington, M. Espinosa and R. Díaz 
Orejas. 

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

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

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

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

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

*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 aMI 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Wol'kshop 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. Ouerol. 

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

36 Workshop on Flower Development. 
Organizers : E. Cae n, Zs . Schwa rz­
Sommer and J. P. Beltrán. 

*37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Org ani ze rs: M . He ise nb e rg and A . 
Ferrús. 

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

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organize rs: K . N. Timm is 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. Laca!. 

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

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

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

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

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

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

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

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

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

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

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

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

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

62 1996 Annual Report 

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

64 Workshop on Novel Biocatalysts. 
Organizers: S. J. Benkovic and A. Ba­
llesteros. 
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90 1998 Annual Report. 

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

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

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

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

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

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

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

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

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

100 Workshop on the Interface Between 
Transcription and DNA Repair, Recom­
bination and Chromatin Remodelling. 
Organizers : A. Aguilera and J. H. J. Hoeij­
makers. 

101 Workshop on Dynamics of the Plant 
Extracellular Matrix. 
Organizers: K. Roberts and P. Vera. 

Out of Stock. 

102 Workshop on Helicases as Molecular 
Motors in Nucleic Acid Strand Separa­
tion. 
Organizers: E. Lanka and J . M. Carazo. 

103 Workshop on the Neural Mechanisms 
of Addiction. 
Organizers: R. C. Malenka, E. J. Nestler 
and F. Rodríguez de Fonseca. 

104 1999 Annual Report. 

105 Workshop on the Molecules of Pain : 
Molecular Approaches to Pain Research. 
Organizers: F. Cervero and S. P. Hunt. 

106 Workshop on Control of Signalling by 
Protein Phosphorylation. 
Organizers: J. Schlessinger, G. Thomas, 
F. de Pablo and J . Mosca!. 

107 Workshop on Biochemistry and Mole­
cular Biology of Gibberellins. 
Organizers: P. Hedden and J. L. García­
Martínez. 

108 Workshop on lntegration of Transcrip­
tional Regulation and Chromatin 
Structure. 
Organizers : J. T. Kadonaga, J. Ausió and 
E. Palacián. 

109 Workshop on Tumor Suppressor Net­
works. 
Organizers: J. Massagué and M. Serrano. 

11 O Workshop on Regulated Exocytosis 
and the Vesicle Cycle. 
Organizers: R. D. Burgoyne and G. Álva­
rez de Toledo. 

111 Workshop on Dendrites. 
Organizers: R. Yuste and S. A. Siegel­
baum. 

112 Workshop on the Myc Network: Regu­
lation of Cell Proliferation, Differen­
tiation and Death. 
Organizers: R. N. Eisenman and J. León. 

Instituto Juan March (Madrid)



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

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

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

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

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

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

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

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

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

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

75 1997 Annual Report. 

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

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

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

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

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

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

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

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

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

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

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

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

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

89 Workshop on Protein Folding. 
Organizers: A. R. Fersht, M. Rico and L. 
Serrano. 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a prívate foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March . 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1999, a 
total of 136 meetings and 11 

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

were organized within the 
scope of the Centre. 
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The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 2nd through the 41" of October, 2000, 
at the Instituto Juan March. 

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

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


