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An important part ofthe control of gene expression in eukaryotic cells occurs at the 
post-transcriptional leve!. Translation regulation allows the cell to quickly respond to 
environmental changes. Post-transcriptional regulation of gene expression appears to play a 
majar and often underestimated role in the efficient production of specific proteins by the 
eukaryotic cells. 

The mechanisms of mRNA translation ha ve been a tapie of research for many years. 
The realization that protein synthesis is regulated by biological signals or programs has 
emerged much more recently. These mechanisms are now beginning to be understood. 

This Workshop on "Regulation of Protein Synthesis in Eukaryotes" brought together 
experts and leaders in this emerging field . The presentations focussed on the responsible 
translation factors, regulatory RNA sequences, regulatory proteins and a broad scope of 
biological systems including those from developmental biology, growth control, cell 
differentiation and viruses. Many new discoveries were presented and discussed for the first 
time in public. Not only invited papers but also the communications presented as posters in 
this Workshop were important contributions to grasp the current state and the scenario for 
future developments on the field . 

True to the typical character of the Juan March Workshops, the discussions were 
intensive, thorough and stimulating. On behalf of ourselves and of al! participants we 
would like to thank the Juan March Foundation for making possible and very pleasant this 
Workshop. 

New ideas and a sense of excitement were what many participants took home in 
addition to much new information. 

Matthias Hentze, Nahum Sonenberg and César de Haro 

Instituto Juan March (Madrid)
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CONTROL OF PROTEIN SYNTHESIS BY PKR ANO RIBOREGULATORS 

Michael B.Mathews 

Department of Biochemistry and Molecular Biology New Jersey Medica! School, 
UMDNJ, 185 South Orange Avenue, Newark, NJ 07103, USA 

The double-stranded {ds) RNA-activated kinase, PKR, is a well-studied regulator of 
cellular function. In addition to its established roles in translational control and the 
interferon-induced antiviral response, it has been implicated in diverse processes 
including apoptosis, differentiation, transformation and tumorigenesis ( see refs. 1-3 for 
reviews). Activation of the kinase is accompanied by its autophosphorylation and 
leads to the phosphorylation of initiation factor eiF2 on its alpha subunit. This results 
in translational inhibition mediated via the GTP exchange factor, eiF28. Although less 
well documented, other cellular and viral proteins can also serve as substrates for 
PKR. Conventionally, PKR activation is thought to occur under the influence of 
dsRNAs, such as viral replicative intermediates, whereas other highly-structured RNAs 
such as adenovirus VA RNA1 prevent activation. lt is increasingly recognized, 
however, that this picture of PKR regulation is incomplete in that RNAs lacking 
canonical duplex structure can also actívate PKR, and that PKR interacts with cellular 
proteins that can modulate its function. Data relating to both of these points will be 
presented. 

Work with model RNAs led to the conclusion that PKR activation requires a mínima! 
length of -30 bp of perfect duplex. We have examined muscle RNAs that do not meet 
this criterion yet actívate PKR. The first of these RNAs consists of ·repeats of the 
sequence CUG, found in the 3' untranslated regían (UTR) of the myotonin protein 
kinase gene (DMPK). Myotonic dystrophy (DM) is a neuromuscular disorder caused 
by the expansion of these repeats. In normal cells, the repeat length is 5-35 copies, 
whereas in DM patients, the CUG repeat expands to 50 to >3000 copies. The 
m.C!I~~ular mechanism by which expanded repeats give rise to the disorder is not clear, 
but it is associated with reduced muscle protein synthesis. We therefore examined the 
properties of CUG repeat RNAs (from 5-150 repeats), and of repeat RNAs unrelated to 
DM (CUC and CAG), generated by in vitro transcription with T7 RNA polymerase. Gel 
retardation assays indicate that these RNAs can bind p20, the dsRNA-binding domain 
of PKR expressed in E. coli. The longer the CUG repeat, the higher its affinity for p20. 
The threshold for binding is 15 repeats. For (CUG),so. the binding affinity is higher 
than that of HIV-1 TAR RNA but lower than that of VA RNA¡. In contrast to the latter, 
however, long CUG repeat RNAs elicited PKR activation. Thus, (CUG)69 and (CUG),s 
actívate PKR, as measured by autophosphorylation and eiF2 phosphorylation, while 
CUG repeat RNAs with lengths in the normal range (5-35 repeats) do not. This result 
correlates with the dinical observation that myotonic dystrophy is caused by long CUG 
repeats but not by short ones. Biophysical and biochemical studies show that long 
CUG repeat RNAs, but not short ones, adopt extensive hairpin-like structures although 
they are not formally double-stranded · 
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Activation of PKR and p20 binding is also observed with segments of other muscle 
RNAs that are not predicted to form extended duplex structures. These sequences 
indude segments of the 3'UTR of alpha-tropomyosin mRNA (4) and of the troponin 
and alpha-cardiac actin mRNAs which have been linked to the control of muscle cell 
differentiation (5). The conclusion that PKR can be activated by naturally-occurring 
RNAs that are incapable of regular base-pairing has profound implications for the 
regulation of gene expression. 

Studies of a second abundant adenovirus RNA species, VA RNA11 , which is highly 
conserved but does not appear to subserve the same function as VA RN~. led to the 
identification of two cellular proteins that interact with PKR (6). These are RNA 
helicase A (RHA) and nuclear factor 90 (NF90). RHA is a DNA and RNA helicase 
which interacts with RNA polymerase 11 and the CREB-binding protein CBP, and 
functions as a transcriptional co-activator. NF90 (also known as M-phase 
phosphoprotein 4, MPP4) is found as a heterodimer, NF90/NF45, and in complexes 
with the DNA-dependent protein kinase (DNA-PK) and eiF2. The NF90/NF45 complex 
is reported to function as a sequence-specific ONA binding protein and transcriptional 
activator. Like PKR, both RHA and NF90 contain copies of the double-stranded RNA 
binding motif (dsRBM) and bind to dsRNA as well as VA RNA. RHA and NF90 co­
purify from human 293 cell extracts, and they co-immunoprecipitate with PKR from 
Hela and 293 cell extracts, implying that these proteins are associated with one 
another in vivo. lnteractions between these proteins and with eiF2-alpha also occur in 
yeast and with proteins synthesized in l?itro in a wheat-germ translation system. The 
observations that they bind related RNA ligands and form complexes with one another 
and with eiF2, suggests that RHA and NF90 may act in concert with PKR to participate 
in a pivota! mechanism of cellular regulation. • 

References 

1. Clemens MJ (1996), Translational Control (eds. JWB Hershey, MB Mathews, and 
N Sonenberg), Cold Spring Harbar Laboratory Press, pp.139-172. 

2. Mathews MB (1996), ibid .. , pp.505-548. 
3. Williams BR (1997), Biochem. Soc. Trans. 25, 509-513. 
4. Davis S and Watson JC (1996), Proc. Natl. Acad. Sci. USA 93, 508-513. 
5. Rastinejad F and Blau HM (1993), Ce//72, 903-917. 
6. Liao H-J, Kobayashi R, and Mathews MB (1995), Proc. Natl. Acad. Sci. USA 95, 

8414-8519. 
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COUPLING OF (iCN4 TRANSLATION TO AMINO AC[[) AVAILABILITY BY 
FACTORS CONTROLLING INITIATOR tRNA., ... fHNI>ING TO RIBOSOMES. A. 
Hinnebusch'. J. Andcrson'. K. Asano'. M. Garcia-Barrio'. H. Qiu'. G. Pavitt'. and L. Pha-;;-: 
National lnstitutc of Child Hcalth and Human Developmcnl. Bcthcsda, MD 20R92. 

Transcription of amino acid biosynthetic genes in yeast cells is stimulated in 
response to ami no acid starvation by derepression of the transcriptional activator GCN4. 
Translation of GCN4 mRNA is induced in starved cells by phosphorylation of 
translation initiation factor 2 (elF2) by protein kinase GCN2. GCN2 is activated by 
uncharged tRNA, presumably through its binding toa histidyl-tRN.A synthetase (HisRS)­
related domain in GCN2. The regulation of GCN2 activity appears to involve 
dimerization in the kinase domain, HisRS region and C-terminal ribosome-binding 
segments, as well as physical interactions between these domains of GCN2. 
Autophosphorylation in the kinase activation loop is also a prerequisite for GCN2 
activation. TI1e GCN 1 and GCN20 proteins, which are related in sequence to translation 
elongation factor EF3, reside in a ribosome-associated complex that mediales the 
activation of GCN2 by uncharged tRNA in vivo. 

Phosphorylation of elF2 by GCN2 converts eiF2 from a substrate to a 
competitive inhibitor of its 5-subunit guanine nucleotide exchange factor, eiF2B. The 
a, 13 and 8 subunits of elF2B (GCN3, GCD7, and GCD2) comprise a regulatory 
subcomplex that can bind elF2-GDP in the absence of the other two subunits, and shows 
greater affinity for phosphorylated (elF2[aP)) versus unphosphorylated eiF2. The y and 
1:: e1F2B subunits (GCDI and GCD6) forrn a second subcomplex that is capable of 
catalyzing nucleotide exchange on phosphorylated or unphosphorylated eiF2, in the 
absence of the other eiF2B subunits. We propase that interaction of e!F2-GDP with the 
regulatory subunits in eiF2B leads toa nonproductive mode of binding in which e!F2-
GDP is not properly juxtaposed with the catalytic subunits of e!F2B. Phosphorylation 
of e!F2-GDP would trap eiF2-GDP in this nonproductive state. preventing isomerization 
of the complex to the conformation required for nucleotide exchangc. Point mutations 
were isolated in each of the elF2B regulatory subunits (a. l3 and 8) which reverse the 
effects of e!F2 phosphorylation on translation in vivo and allow phosphorylated e!F2-
GDP to be accepted as a substrate by elF2B in vitro. According to our model, these 
mutations allow eiF2B to interact productively with both e!F2-GDP and efF2( aP]-GDP. 

The principal catalytic subunit of eiF2B (GCD6, €) and the GTPase activating 
factor for efF2 known as eiF5, contain hornologous bipartite motifs at their C-termini that 
inediate stable binding, both in vitro and in vivo, to the N-tem1inal half of the (3 subunit 
of their common substrate elF2. elF5 and eiFI (SUI 1) are physically associated with the 
5-subunit eiF3 complex of yeast through interactions with the Nf? /-encoded subunit of 
e!F3. As e!F3 is a componen! of native 40S subunits, we suggest that e!F5 and elFI are 
recruited to the 40S initiation complex through their interactions with eiF3-NIP l. Both 
e!F5 and e!Fl are in volved in selection of the AUG codon during scanning, and eiF3 al so 
interacts with the mRNA cap-associated factorelF4G. TIJUs. e!F3 may play an importan! 
role in positioning elFI, e!F5, and the mRNA on the 40S ribosome in a manner required 
for recognition of the AUG codon by the eiF2/GTP/Mct-tRNAiMcl tcmary complex. 
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Marton et aL (1997) Mol. Cell. BioL 17:4474-4489. 
Qiu et aL (1998) MoL Cell. BioL 18:2697-2711. 
Pavitt et aL (1998) Genes Dev. 12:514-526. 
Phan et aL (1998) Mol. Cell. BioL 18:4935-4946. 
Asano et aL (1998) J. Biol. Chem. 273:18573-18585. 
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TRANSLATIONAL CONTROL BY eiF2a KINASES. 

César de Haro, Juan José Berlanga, Javier Santoyo, Saturnino 
Herrero, Natalia Pomar and José Alcalde. 

Centro de Biología Molecular "Severo Ochoa", CSIC-UAM, Canto Blanco, 
28049, Madrid, Spain. 

Phosphorylation of the a-subunit of eukaryotic translation initiation 
factor 2 (eiF2a) is one of the best characterized mechanisms for down­
regulating protein synthesis in mammalian cells in response to a variety of 
different cellular stresses, including nutrient starvation, iron deficiency, 
heat shock, and viral infection. 

Until recently, three distinct eiF2a kinases were known as 
translational regulators in eukaryotic cells by phosphorylating eiF2a at 
Serine-51. These kinases are activated by distinct stimuli as follows: the 
heme-regulated inhibitor (HRI) in rabbit reticulocytes by heme deficiency; 
the double-stranded RNA-dependent kinase (PKR) in human, mouse and 
rat cells by the occurrence of double-stranded RNAs after virus infection; 
and GCN2 in Saccharomyces cerevisiae by amino acid deprivation. In 
contrast to PKR and HRI, which inhibit global protein synthesis in response 
to stress signals, the activation of GCN2 in yeast leads to increased 
translation of one mRNA species, GCN4 mRNA. A fourth eiF2a k.inase, 
termed PE K, has been recently characterized from rat pancreatic islet cells. 

We have been studying new members of this family of kinases in 
order to provide evidence that the eiF2a kinases are present in all 
eukaryotes from yeast to mammals, trying to determine their role in 
general translational control as well as in translation of mRNAs that encocle 
key growth regulating proteins in eukaryotic cells. 

We have reported the molecular cloning and characterization of 
DGCN2, a Drosophila eiF2a kinase related to yeast GCN2 protein kinase. 
Affinity-purified antibodies, raised against a synthetic peptide based on the 
predicted DGCN2 sequence, specifically immunoprecipitated an eiF2a 
kinase activity and recognized a 175 kDa phosphoprotein in Westem blots 
of Drosophila embryo extracts. Expression of DGCN2 is developmentally 
regulated and at la ter stages becomes restricted to a few cells of the central 
nervous system. The physiologícal role of DGCN2 in Drosophila is currently 
unclear. Furthermore, it is not certain whether DGCN2 mediates total 
protein synthesis or controls gene-specific translation. Recently, a GCN2 
kinase homologue has been reported from Neurospora crassa (CPC3). 

We have purified a heme-sensitive eiF2a kinase activity from both 
mouse liver and NIH 3T3 cell extracts. Furthermore, we have cloned and 
characterized this mouse liver eiF2a kinase (mHRI), which shows 83 and 
94% identities to rabbit and rat HRis, respectively. Both the purified 
enzyme and recombinant mHRI exhibited an autokinase and an eiF2a 
kinase activity, and both activities were inhibited in vitro by hemin. In 
addition, wild-type mHRI, but not the inactive mHRI-Kl96R mutant was 
autophosphorylated in vivo when they were expressed in 293 cells. The 
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mHRI mRNA is expressed in all mouse tissues examined being most 
abundant in the liver, kidney and testis, suggesting that mHRI is a 
ubiquitous eiF2o: kinase ofmammalian cells and that it could play a role in 
translational control ofnonerythroid tissues. 

Finally, we have also cloned a cDNA from mouse that it is 
homologous to GCN2 kinase and it represents the first mammalian GCN2 
homolog (mGCN2). Northem blot analysis demonstrated that mGCN2 
mRNA is expressed in a wide range of different tissues, with the highest 
levels in liver and brain. Specific mGCN2 antibodies immunoprecipitated 
and recognized a 190 kDa phosphoprotein in Westem blots of mouse liver 
extracts. Interestingly, serum deprivation but not poliovirus infection, 
increased eiF2o: phosphorylation in mGCN2 transfected human 293T cells. 

The molecular mechanisms which regula te the function of the eiF2o: 
kinases in normally dividing cells are largely unknown. In this respect, we 
have isolated and partially purified, from both mouse and rat liver post­
mitochondrial supematants, an eiF2o: kinase inhibitor (mKI) that could be 
involved in translational control ofmammalian cells. 

References from our laboratory: 

Review: 

de Haro, C., Méndez, R., and Santoyo, J . (1996). The eiF2o: kinases and the 
control ofprotein synthesis. FASEB J., 10, 1378-1387 

Recent papers : 

Santoyo, J ., Alcalde, J ., Méndez, R., Pulido, D., and de Haro, C. (1997). 
Cloning and characterization of a cDNA encoding a protein synthesis 
initiation factor-2o: (elF2o:) kinase from Drosophila melanogaster. Homology 
to yeast GCN2 protein kinase. J. Biol. Chem. 272, 12544-12550 

Berlanga, J.J., Herrero, S., and de Haro, C. (1998) Characterization of the 
hemin-sensitive eukaryotic initiation factor 2o: kinase from mouse 
nonerythroid cells. J . Biol. Chem. 273, 32340-32346 

Berlanga, J.J., Santoyo, J ., and de Haro, C. (1999) Characterization of the 
mammalian homolog of the GCN2 eukaryotic initiation factor 2o: kinase. J. 
Biol. Chem. (submitted) JO ,q 
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lnduction of apoptosis by the ds-RNA dependent protein kinase (PKR) 

involvcs c1F-2o: and NF-KB 

Jesús Gil and Mariano Esteban 

Department of Molecular and Cellular Biology, Centro Nacional de Biotecnologia, CSIC, 

Campus Universidad Autonoma, 28049 Madrid, Spain 

The double-stranded (ds) RNA-dependent protein kinase (PKR) is a key mediator of 

antiviral effects of interferon (IFN) andan active player in apoptosis induced by different 

stimuli . Two physiological substrates of PKR have been identified, the translation 

initiation factor eiF-2o: and I-KBo: the inhibitor of the transcription factor NF-KB. The 

role of PKR substrates in apoptosis is not well defined. To evaluate the involvement of 

NF-KB and eiF-2o: in the induction of apoptosis by PKR, we have used vaccinia virus 

(W) recombinants that inducibly express PKR concomitantly with domÍnant negative 

mutants of I-KBo: and dF-2o: . We find that while expression of PKR by a W vector 

results in extensive inhibition of protem synthesis and induction of apoptosis, co­

expression of PKR with a dominant negative mutant of eiF-2o: (Ser 51 .Ala) reverses 

both the PKR-mediated translational block and PKR-induced apoptosis . Co-expression of 

PKR with a dominant negative mutant of I-KBo: (Ser 32, 36 Ala) also leads to inhibition 

of apoptosis while translation remains blocked. Treating cells with two different 

proteosome inhibitors which block I-kBo: degradation, prevents PKR-induced apoptosis 

supporting results from co-expression studies. In addition, upregulation of Fas mRNA 

transcription occurred during PKR activation. Our findings provide evidence for the 

involvement of eiF-2o: and NF-KB in the induction of apoptosis by PKR. 
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UNIVERSAL CONSERVATION IN TRANSLATION INITIATION REVEALEO BY 
ARCHAEAL, YEAST, ANO HUMAN HOMOLOGS OF BACTERIAL TRANSLATION 
FACfOR IF2. T.E. Oever, S.K. Choi, J.H. Lee, W.L. Zoll, W.C. Merrick. Laboratory of 
Eukaryotic Gene Regulation, NICHO, National lnstitutes ofHealth, Bethesda, MD 20892-2716. 

A universally conserved step in gene expression is the initiation of protein synthesis atan 
AUG codon using a specific initiator tRNAMct (tRNA¡Mct). The delivery of the Met-tRNA¡Mct to 
the ribosome is catalyzed in prokaryotes by the translation factor IF2, a single polypeptide of -90 
kDa. Whereas, in eukaryotes, the heterotrimeric factor elF2 is thought to catalyze the binding of 
Met-tRNA¡Mct to the ribosome. Recently, bacteriallF2 homologs have been found in archaea and 
yeast genome sequences, suggesting that the mechanism of translation initiation in archaea and 
Iower eukaryotes may combine features from bacteria and higher eukaryotes. Oisruption of the 
FUN12 gene encoding yeast IF2, ylF2, resulted in asevere slow-growth phenotype, and analysis 
of polyribosome profiles by velocity sedimentation of cell extracts in sucrose gradients revealed a 
translation initiation defect in the funl 2..1 strain. Translation assays of whole cell extracts from 
isogenic wild-type andfunJ2L1 strains using a firefly Iuciferase mRNA showed that the wild-type 
extract had around 15-fold greater translational activity compared to the fun12L1 extract. 
Translational activity was restored to the funl2L1 extract by adding back purified recombinant 
GST-yiF2 fusion protein, indicating that yiF2 functions directly in translation initiation. 
Furthermore, both ylF2 and elF2 were found to stimulate the synthesis of methionyl-puromycin in 
a reconstituted mammalian translation system, indicating that yiF2 promotes Met-tRNA¡Met 
binding to ribosomes. The severe slow growth phenotype of a funl 2..1 strain was partially 
suppressed by overexpression of tRNA¡Met; however, the phenotype was exacerbated by 
overexpression of eiF2. On the basis of these findings, we propose that yiF2 is a general 
translation factor that functions with elF2 in essentially all initiation events to promote binding of 
Met-tRNA¡Mct to the 40S ribosomal subunit. 

To further explore the conservation of lF2 proteins in eukaryotes and arcb.aea we isolated a 
cONA from human that encodes an IF2 homolog, and we have performed a genetic and 
biochemical characterization of hiF2, the human lF2 homolog. The hiF2 cONA predicts a protein 
of -139 kDa; however, western analysis suggests a size closer to 175 kDa. The hiF2 mRNA is 
ubiquitously expressed and shows an expression pattern similar to other translation initiation 
factors. The expression of hiF2 complemented the slow-growth phenotype of afunl2L1 yeast 
strain. In addition, purified recombinant hiF2 substituted for yiF2 to stimulate translation in 
extracts from afun12L1 strain. The ability of hiF2 to substitute for yiF2 both in vivo and in vitro 
demonstrates that hiF2 and yiF2 are functionally equivalent Expression of an archaeal IF2 protein 
also partially complemented the slow-growth phenotype of afunl2L1 yeast strain. Thus, IF2 is a 
universal! y conserved factor in gene expression, and the mechanism of binding Met-tRNA¡Mct to 
the ribosome is more highly conserved among prokaryotes and eukaryotes than previously 
anticipated. 

The prokaryotic, archaeal and eukaryotic lF2 proteins all contain a GTP-binding domain. 
We ha ve examined the importance of the . G-domain in hiF2 by introducing point mutations in 
conserved motifs of the G-domain. Mutations that are predicted to impair GTP-binding abolished 
the ability of hlF2 to substitute for ylF2 both in vivo and in vitro. Furthermore, several point 
mutations in the equivalent positions of ylF2, as well as elsewhere in the G-domain, resulted in 
loss-of-function or dominant-negative phenotypes. Truncation and deletion mutations in yiF2 
ha ve revealed that the N-terminus of yiF2, prior to the G-domain, is dispensable for function in 
vivo and in vitro. In addition, severa! portions of the C-terminal region of y lF2 are dispensable for 
activity in vivo. These yiF2 mutants should be useful in further defining the role of the eukaryotic 
lF2 proteins in translation initiation. 
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TRANSLATION INHIBITION DURING HEAT SHOCK BY CHAPERONE 

TRAPPING OF eiF4G AND DISPLACEMENT OF e1F4E KINASE, Mnkl 

Raphael Cuesta, Gaurav Laroia and Robert J. Schneider. Department of Microbiology and 

Biochemistry, New York University Medica! 
School and Kaplan Cancer Center, 550 First Avenue, New York, New York 10016. USA. Phone 

212-263-6006. FAX 212-263-8166 

Mammalian cells respond to heat stress in a highly orchestrated manner. Heat shock 

activates a specific transcriptional response and largely inhibits protein synthesis, establishing 

conditions which favor the exclusive translation of heat shock and stress-related rnRNAs. The 

inhibition of non-heat shock mRNA translation during heat stress prevents the continued 

synthesis of nascent proteins that might misfold dueto elevated tempera tu re and impair the cell. 

mRNAs that are specifically translated in mammalian cells during heat shock generally encode 

molecular chaperones, such as hsps 100, 90, 70, 60 and 27. A primary function of heat shock 

chaperones is to trap and bind unfolding protein intermediates, maintaining them in intermediate 

states of denaturation, thereby facilitating native protein refolding, cell survival and the rate of 

cell recovery. In mammalian cells, small heat shock proteins, such as hsp27, function as ATP­

independent chaperones to physically complex with unfolding protein intermediates, limiting 

their denaturation and aggregation. During recovery from heat shock, A TP-dependent 

chaperones such as hsp70 can refold protein intermediates trapped by hsp27 to a native state. 

There is considerable evidence that only a small subset of proteins enter into chaperone 

complexes. The accumulation of heat shock proteins hsp70 and hsp27 are causally related in 

mammalian cells toa more rapid rescue oftranslation during cell recovery. in fact, increased cell 

survival correlates strongly with an increased rate of translational recovery after heat stress. 

Since the extent of translational protection during heat shock, and the rate of translational 

recovery, are related to the leve! of accumulation of hsp70 and hsp27, they likely participate in 

protecting the protein synthetic apparatus. 

Heat shock mediates dephosphorylation and inactivation of the 24 kDa cap-binding 

protein translation initiation factor eiF4E, in a wide variety of cell types. eiF4E comprises the 

cap binding component of eiF4F, which in eludes the 50 kDa ATP and RNA-dependent helicase 

eiF4A, and the 220 kDa scaffolding protein eiF4G. The eiF4F complex binds to the m7GTP 

(cap) found on most mRNAs, and unwinds 5' secondary structure in the rnRNA. The ability of 

eiF4F to facilitate translation strongly correlates with phosphorylation of eiF4E, which occurs in 

response to stimulation by serum and mitogenic growth factors, whereas inhibition correlates 

with decreased phosphorylation of eiF4E, which occurs during heat shock, serum deprivation, 
mitosis, and infection by certain viruses. 

The shutoff of eiF4E phosphorylation and translation during heat shock in mammalian cell s 

has been attributed to the sequestration of eiF4E 
by a family of small e1F4E binding proteins known as 4EBPI, 2, 3 that are activated by heat 

shock and sequester eiF4E in sorne types of cells. However, severa! studies indicate that 4EBP 

sequestration of eiF4E is not sufficient to account for inhibition bf elF4E phosphorylation and 
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shutoff of protein synthesis during heat shock. First, hypophosphorylated 4EBP can be generated 
by treatment of cells with rapamycin, resulting in activation of 4EBP but only a very modest 
inhibition oftranslation. Second, many cell types appear to express low levels of 4EBPs which 
are insufficient to sequester eiF4E. Third, heat stress does not mediate hypophosphorylation 
and activation of 4EBP in sorne cell types. 

We therefore asked whether the shutoff of cap-dependen! protein synthesis during heat 
shock is mechanistically linked to the induced expression of heat shock chaperones. Studies 
examined the control ofthe eiF4E kinase, a MAP kinase known as Mnkl, in cells at normal and 
heat shock temperature. At normal temperature, Mnkl complexes with eiF4G, which is shown to 
be essential for phosphorylation of eiF4E. However, formation of the Mnk 1 -eiF4G complex and 
the phosphorylation of eiF4E are shown to be inhibited by heat shock, thereby blocking cap 
dependen! protein synthesis. The mechanism for inhibition of translation during heat shock is 
shown to involve heat shock induced hsp70 protein, which specifically binds eiF4G, displaces 
the eiF4E kinase Mnkl, and selectively sequesters unfolding eiF4G in perinuclear complexes 
with hsp27, thereby blocking eiF4E phosphorylation. Experimental induction of hsp70 in the 
absence ofthermal denaturation (using the proteasome inhibitor MGI32) does not induce hsp27, 
and it does not mediate sequestration of eiF4G, displacement of Mnkl, dephosphorylation of 
eiF4E or shutoff of translation. Thus, chaperone trapping of eiF4G actually constitutes a 
fundamental mechanism by which cap-dependen! protein synthesis is inhibited during cell heat 
shock. Since eiF4E-Mnkl kinase activity was found to remain intact during heat shock, these 
results also implicate the release of Mnkl in the propagation of downstream signalling events 
involved in the heat stress response. 

:: 
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A human scqucncc homologue of Staufcn is an RNA-binding pr·otcin 

that is associatcd to polysomcs and localizcs to thc rough cndoplasmic 

r·cticulum 

Rosa María Marión, Puri Fortes, Ana Beloso, Carlos Dott? and Juan Ortín 
2 

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

In the course of a two-hybrid screen with the NS 1 protein of influenza virus, a 

human clone was identified capable of coding for a protein with high homology to the 
Staufen protein from D. melanogaster (dmStaufen). Using these sequences as a probe, 

cDNAs were isolated from a 1 cONA 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 all residues involved in RNA binding. A 
recombinant protein containing all dsRNA binding domains was expressed in E. coli 

as a His-tagged polypeptide. It showed dsRNA binding activity in vitro, with an 

apparent Kd of J0-9 M. Using a specific antibody, a main fonn ofthe hStaufen-Iike 
protein could be detected in human cells, with apparent molecular mass of 60-65 k.Da. 
The intracellular localization of hStaufén-like protein was investigated by 

immunofluorescence, using a series ofmarkers for the cell compartments. Co­
localization was observed with rough endoplasmic reticulum, but notwith endosomes, 
cytoskeleton or Golgi apparatus. Furthennore, sedimentation analyses indicated that 
hStaufen-like protein associates with polysomes. 

The interaction of hStaufen-like protein with influenza NS 1 protein has been 
studied both in vivo and in vitro. In addition to the interaction detected in the two­

hybrid system in yeast, both proteins can co-immunoprecipitate from influenza virus­
infected cells, when co-expressed in cultured cells or when mixed in vitro. 
Furthennore, both hStaufen-like and NS 1 co-fractionate in the polysomes of influenza 
virus-infected cells. 

These results will be discussed in relation to the possible functions of the 
hStaufen-like protein. 
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INFLUENZA VIRUS NSl PROTEIN BINDS TO eiF-4GI. 

T.Aragón, S. de la Luna, I. Novoa*, L. Carrasco*, J. Ortín and A. Nieto 
Centro Nacional de Biotecnología *Centro de Biología Molecular 
Campus de Cantoblanco. 28049 Madrid . Spain. 

The influenza virus NS 1 protein is a multistep post­
transcriptional modulator, which regulates polyadenylation, splicing 
and nucleocytoplasmic transport of cellular mRNAs. In addition, NS 1 
protein is able to enhance the translational rate of viral, but not 
cellular mRNAs. Previous experiments showed that this specific 
enhancement takes place at the mitiation step. In arder to 
understand the mechanism by which NS 1 stimulates viral 
translation, we started several strategies to find cellular targets for 
the influenza virus protein. He(e we show that NS 1 protein interacts 
in vivo with eiF4GI, the 220 kDa subunit of the cap binding 
complex eiF4F.This in vivo interaction occurs both il} influenza 
virus infected cells and in transfected cells individually expressing 
NS 1 from cloned cONA. In vitro binding assays indicate that the 
NS 1-binding domain of eiF4GI is located in the ami no terminal half 
of the protein, between residues 1 and 393, in a region where no 
other component of the translational machinery is known to 
interact. Finally, we demonstrate through an overlay assay that NS 1 
and eiF4GI bind directly, in an RNA-independent manner. 

It has been described that 1) the NS 1-dependent 
enhancement of viral translation requires the 5'-UTR of viral 
mRNAs and 2) influenza virus infection is not compatible with 
poliovirus infection where the eiF4GI is cleaved. Collectively with 
the results reported here, the data suggest a model where NS 1 
recruits eiF4GI to the 5'-UTR of the viral mRNA allowing sp«c,ific 
translational enhancement of the influenza virus messengers . · -
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THE ART OF SELFISH PERSUASION: HOW VIRUSES HIJACK THE 
CELLULAR PROTEIN SYNTHESIZING MACHINERY AND EVADE THE HOST 

DEFENSE. 

Michael G. Katze 

Regional Primate Research Center, University of Washington, Box, 357242, Health 
Sciences Building; Room 1-321, 1705 Pacific Street NE, Seattle, W A 98195-7242. Ph:206-
543-8837. Fx:206-685-0305 

This seminar will focus on virus-host interactions, evasion of the host defense, and the 
control ofprotein synthesis. Two very different RNA viruses, influenza virus and hepatitis 
C virus (HCV), will be discussed . In the first part of the presentation we will describe 
mechanisms by which these viruses evade the host cell interferon defense system. Viruses 
downregulate the interferon induced protein kinase, PKR., to avoid its antiviral properties 
and resultant negative effects on overall protein synthetic rates. Influenza virus activates a 
complex cellular pathway, which includes the co-chaperone P58IPK as well as the 
established molecular chaperones hsp40 and hsp70, to downregulate PKR activity. 
Influenza may also utilize a secondary strartegy to downregulate PKR via the action of the 
NS1 nonstructural protein which we have found binds to and inactivates PKR. 

HCV downregulates PKR through the action ofthe NS5A nonstructural protein. For HCV, 
these anti-PKR strategies may likely ha ve therapeutic consequences. The second portian of 
the presentation will concentrate on the devious mechanisms devised by influenza virus to 
regulate selective mRNA translation. We ha ve found that the influenza virus mRNA 5'UTR 
(untranslated region) is critica! in directing selective viral protein synthesis. Indeed this 
portian of the viral mRNA is both necessary and suffícient to trick the host cell protein 
synthesizing machinery. Using the yeast three-hybrid system we have now identified a 
cellular RRM containing RNA binding protein, GRSF-1, that likely plays a key role in 
directing selective viral mRNA translation. This is the first example of a cellular protein 
binding to an influenza virus RNA of any kind. The GRSF-1 protein binds to specific 
regions of the influenza virus mRNA 5'UTR and most importantly upregulates translation 

' of only mRNAs containing the influenza virus 5' leader. A model will be presented to 
• q~cribe possib1e mechanisms ofGRSF-1 action. 

- ; i ¡ . ~ ­
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Selective regulation of polypeptide chain initiation factor phosphorylation and 
degradation during apoptosis 

Martín Bushell', Linda McKendrick', Reiner U. janicke', Jenny Pain', Simon J. Morley' and 
Michael [. Clemens

3 

'Biochemistry Group, School of Biological Sciences, University of Sussex, Brighton BN1 
9QG,U.K. 
'Institute of Molecular and Cell Biology, The National University of Singapore, 30 Medica! 
Dr., Singapore 117609, Republic of Singapore. 
3
Department of Biochemistry, Cellular and Molecular Sciences Group, St George's 

Hospital Medica! School, Craruner Terrace, London SW17 ORE, U.K. 

Polypeptide chain initiation factors are subject to a range of regulatory processes in 
mammalian cells. These mechanisms result in changes in the activities of severa! initiation 
factors in response to extracellular and intracellular signals. Examples are the 
phosphorylation of the a subunit of e!F2 by the protein kinases PKR, HCR and GCN2 [1], 
the phosphorylation of e!F4E by MAP kinase-regulated pathways [2,3] and the 
phosphorylation of proteins such as 4E-BP1, which binds and sequesters e!F4E, by a PI 3-
kinase and mTOR-regulated pathway [4]. In addition, alterations in the concentrations of 
key (potentially rate-limiting) factors may play an important role in the control of 
translational activity. 

Recently we ha ve been investigating changes in protein synthesis and in the levels 
and activity of initiation factors that occur during the early stages of apoptosis in human 
lymphoid and other tumour cell lines. When the B cell and T cell tum<?ur-derived cell 
lines BJAB and Jurkat, respectively, are subjected to conditions that induce apoptosis, 
protein synthesis is rapidly inhibited. This is accompanied by early degradation of 
initiation factor eiF4G and a slower rate of loss of e!F2. There are no major losses of 
certain other key initiation factors such as e!F4E and e!F4A under the same conditions. 
The disappearance of full length e!F4G is accompanied by the appearance of smaller 
forrns of the protein, including a major product of approximately 76 kDa [S]. Such effects 
are observed when apoptosis is induced by serum deprivation, stimulation of the CD9S 
(AP0-1/Fas) receptor, or treatment of cells with the protein synthesis inhibitor 
cycloheximide or the DNA damaging agent etoposide. Both total cytoplasmic e!F4G and 
e!F4G associated with e!F4E are degraded with a half-life of about 2-4 hours. Exposure of 
cells to the compounds Z-VAD.FMK or Z-DEVD.FMK, which inhibit a number of specific 
proteases (caspases) required for apoptosis, protects e!F4G from degradation and blocks 
the appearance of the ca. 76 kDa product [S]. Such treatment also completely protects 
protein synthesis from inhibition in cells stimulated through the CD9S receptor [6]. 

BJAB cells are very sensitive to the effects of the macrolide immunosuppressant 
rapamycin, which inhibits the mTOR/p70

56 
kinase signalling pathway, blocks the 

phosphorylation of the elF4E binding proteins (4E-BPs) and inhibits the association of 
elF4G with elF4E. I-lowever, in spite of the fact that exposure of BJAB cells to rapamycin 
rapidly inhibits overall protein synthesis, this does not lead to the acute degradation of 
e!F4G [S]. Moreover, rapamycin prevents thc cleavagc of e!F4G in cells dcprivcd of serum 
or stimulated through the CD9S receptor, although thc drug has no effect in cells trcated 
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with cydoheximide or eto¡x)side. 
In another cell linc (MCF-7 breast carcinoma), which is deficient in caspase-3 

activity, clF4G is not clcavcd upon induction of apoptosis with tumour necrosis factor 
and cyclohcximide or with staurosporine. /11 vivo exprcssion of caspase-3 in these cells 
rcstorcs c!F4G cleavagc following either trcatment. /11 vitro, recombinant caspase-3 can 
cleave the e!F4G contained in cell extracts or presented as purified e!F4F to yield 76 kDa 
and other fragments which are apparently idcntical to those seen in vivo in apoptotic cells. 
Cleavage i11 vi/ro is not affected by the addition of the e!F4E binding protein 4E-BPI. 
Thesc rcsults indicate that caspase-3 activity is both necessary and sufficient for e!F4G 
dcgradation and suggest that cleavage is independent of the association of e!F4G with 
e!F4E. 

In parallel with the changes described above, a number of other events occur that 
may contribute to the inhibition of protein synthesis during the early stages of apoptosis. 
These include increased phosphorylation of the u. subunit of eiF2, dephosphorylation of 
eiF4E and increased association of 4E-binding proteins with e!F4E. Thus the progress of 
apoptosis is characterized by a complex programme of changes in severa! initiation 
factors, including the specific fragmentation or complete degradation of sorne and 
alterations in the state of phosphorylation of others. 
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THE nl.R.NA 5 '-CAP BINDl.NG PROTETN COMPLEX. elF4F; STGNALING PA TIIW A YS 
THAT CONTROL ITS ACflVITY. Nahum Sonenberg, Department of Biochcmistry, 
McGill Univen;ity, Montre.1l, Queb~. CANADA H3G IY6 

Cellular mRNAs contain a cap strucmrc (m
7GpppN) at their 5' terruinus, which 

facilitates 4QS ribosome binding to the mRNA. Cap function is mediatcd by the initiation 
factor eiF4F, which consists of three subunits: a. e1F4E, the cap-binding polypeptide. b. 
eiF4A, an RNA hclica.se. c. eiF4G, which fonns a platform for lhe binding of eiF4A, 
eW4E, and orhec initiation factorS. ciF4E plays a key role in regulating trdnslation and in 
control of ccll g¡mvth, and proliferation. In addition, eiF4E can transform NlH 3T3 ceUs 
in culture when overexpresscd. elF4E is phosphorylatcd in response to cell treatment 
with a vast illTay of extracellular stimuli including hormones, growlh factors, and G­
roupled receptor agonists. 

Onc of the signaling pathways, which is responsible for eiF4E phosphorylation is 
the Ras-Raf-Erk p<1tl1way. The direct kinase, which pltosphorylatcs eiP4E in vivo and in 
vilro, is Mnkl, which is a substrate for the MAP kinases, Erk and p38. Mrtkl does not 
bind directly to eiF4E .• but utilizes the eTF4G subunit as a docking site to phosphorylate 
eJF4E. The binding site óf Mnk 1 on· elF4G was mapped to a 150 amino acids fntgment at 
tbe carboxy-tenninus. A mutan e ciF4E, which is defectivc in eiF4G binding, could not be 
phospborylated in vivo. 

We are studying a family of proteins, tem1ed 4E-BPs (elf4E binding proteins), 
which bind to eTF4E, and inhibir sp~ifically cap-dependen! translation initiation. 4E-BPs 
compete with cl:I'4G for binding to eTF4E through a shared binding motif. Thus, 4E-BPs 
prevent thc fotmafion of a functional e1F4F complex. The intccaction bctween 4E-BPs 
·and elF4E is dramatically diminisbed upon their phosphorylation in response to 
cxu-acellular stimuli, concomitant wit.h the rclief of translational repression of cappcd 
mRNAs. A rapamycin-sensitive signa! transduction pathway effects phosphorylation of 
4E-BPs. P13-kin.ase and Akt!PKB are upstream components in this signa! transduction 
pathway. In addition, the PT3-kinase-related, rapamycin-sensitive protein FRAP/mTOR 
serves as .a checl • .-point of this pad1way. fRAP/mTOR phosphorylates two sites on 4E­
BPI in an in vi/ro immunc-kinasc assay, suggesting that thcse are priming sita; for the 
subsequent phosphorylation of the remaining sites. The study of signaling to the 
translation machincry is importan! for the undcrstanding cell growrh and proliferation 
control. 

Pyronnet, S .• lmataka, H., Gingra~. A-C. Fukunaga, R., Huncer T. and Sonenbcrg. N. 
(1999) Human cukaryotic translation initialion factor 4G (eTF4G) recruits Mnkl to 
phosphorylate ciF4E. EMBO J. 1., 270-279. 
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BPI, a repressor of mRNA translation, is phosphorylatcd and inactivated by the 
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CELLULAR RNA-BINDING PROTEINS REQUIRED FOR 

INTERNAL INITIATION OF TRANSLA TION 

Richard J. Jackson, Sarah L. Hunt, Ann Kaminski, and Emma C. Brown. 
Department ofBiochemistry, University ofCambridge, CAMBRIDGE CB2 IGA. UK . 

Interna! initiation of translation was first discovered in the animal picornavirus RNAs and 
was subsequently extended to RNAs of the hepatitis C virus (HCV)/pestivirus family. It 
requires a substantial cis-acting RNA element, -450 nt . long in the case of the 
picornaviruses and -330 nt. for HCV, which is generally known as the IRES (for "interna! 
ribosome entry segment"). 

The function of picornavirus IRESes requires virtually all the canonical translation 
initiation factors needed for the scanning mechanism except for eiF4E, the N-terminal part 
of eiF4G, and possibly eiFlA. Small (40S) ribosomal subunits do not bind to picornavirus 
fRESes in the absence of canonical initiation factors; it seems likely that the critica! factor 
is the central fragment of eiF4G which appears to bind to the IRES at a specific si te and 
delivers the 40S subunit to the correct interna! initiation site, probably vía the intermediary 
action of eiF3 (which can interact with both eiF4G and the 40S subunit) . In addition, at 
least sorne picornavirus IRESes have a specific binding site for eiF4B. 

IRESes ofthe HCV/pestivirus gropp are very different, and interna! initiation in this 
case is a much closer analogue of the prokaryotic mechanism of initiation. Small (40S) 
ribosomal subunits bind to the IRES close to the correct initiation site, even in the absence 
of canonical initiation factors or other non-ribosomal proteins. Interna! initiation promoted 
by these IRESes does not require eiF4A, 4B, 4E or 4G, and is probably also independent of 
eiFI and eiFIA. All that appears to be required is the eiF2/Met-tRNAi/GTP temary 
complex, eiF3, which has a specific binding site on the IRES that appears to be clase to, but 
probably not overlapping with the 40S ribosome binding site, and presumably al so eiF5 for 
subunit joining. 

Apart from canonical translation initiation factors, interna! initiation dependent on 
picornavirus IRESes, but probably not HCV/pestivirus IRESes, may require other cellular 
proteins, generally RNA-binding proteins. In this respect there are majar differences 
between the two main groups of picornavirus IRES (neither of which includes hepatitis A 
virus): (i) the cardio-/aphthovirus and (ii) the entero-/rhinovirus IRESes. Enterovirus (e.g. 
poliovirus) and especially rhinovirus IRESes function very inefficiently in rabbit 
reticulocyte lysates unless the system is supplemented with HeLa cell extract. Using this as 
a functional assay to purify the HeLa cell activities required for rhinovirus IRES activity, 
we find that there are two such factors each individually capable of stimulating IRES 
activity, but acting synergistically when tested together. One of these was identified as 
polypyrimidine tract binding protein (PTB), an RNA-binding protein with 4 degenerate 
RRMs which has been previously implicated as a regulator of alternative splicing of pre­
mRNA; and the other as a complex of a novel GH-WD repeat protein (p38) with unr, a 
cytoplasmic protein with five copies of the "cold shock" RNA-binding domain. Site­
directed mutagenesis has shown that all five copies of the cold shock domain are necessary 

Instituto Juan March (Madrid)



36 

for stimulation of rhinovirus IRES act1v1ty. In addition rhinovirus IRES act1v1ty also 
requires poly(C) binding protein 2 (PCBP-2), although this protein, which has 3 KH 
domains, is normally present in reticulocyte lysates in sufficient abundance to be not 
limiting. Surprisingly, the activity of the poliovirus IRES, which is much higher in 
unsupplemented reticulocyte lysate than that of the rhinovirus IRES, is not stimulated by 
unr but does show dependency on both PTB and PCBP-2. 

In contrast, cardio- and aphthovirus IRESes function very efficiently in reticulocyte 
lysates without the need for addition of HeLa cell extract. However, these IRESes bind 
PTB with high affinity, and it was previously suggested that this binding is necessary for 
the function of the IRES. (Reticulocyte lysates do contain sorne PTB, though not enough 
for efficient entero-/rhinovirus IRES activity as these IRESes bind PTB with much lower 
affinity than do the cardio-/aphthovirus IRESes.) Subsequently it was shown that this PTB­
dependence of the cardiovirus IRESes was an artefact caused by (i) the fact that the IRES 
studied in this work had acquired an additional A-residue in an A-rich bulge, and (ii) the 
use of a heterologous reporter cistron. When the true wild-type cardiovirus IRES is linked 
to viral polyprotein coding sequences, interna( initiation does not require PTB, even though 
the high affinity ofthe IRES for this protein is unchanged. On the other hand, the foot-and­
mouth disease virus IRES does show a partial dependence on PTB even when viral coding 
sequences serve as reporter. 

lt is striking that all these non-canonical trans-acting factors required for interna! 
initiation (PTB, PCBP-2 and unr) are RNA-binding proteins with multiple RNA-binding 
domains, all ofwhich, so far, appear to be necessary for their function in interna! initiation. 
This suggests that these proteins may make multi-point contact with the IRES, which could 
help to attain or maintain the appropriate tertiary structure necessary for interna! initiation. 
Thus, rather than acting as direct catalysts of interna! initiation, we suggest that their 
function is related to maintenance ofthe required higher order RNA structure ofthe IRES. 
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eiF4E, eiF4G, PABP and their Roles in Cap-Dependent and Cap-Independent Translation 

Robert E. Rhoads, Department ofBiochemistry and Molecular Biology, Louisiana State 
University Medica( School, Shreveport, Louisiana, USA 

Initiation factors ofthe eiF4 class as well as poly(A}-binding protein (PABP) play key 
roles in the recruitment of mRNA to the small ribosomal subunit and in the discrimination 
between different types ofmRNAs (1}. The choice ofmRNAs translated can be influenced by 
moditying the intracellular levels or activities ofthese initiation factors. The modifications that 
have been documented to date include proteolysis, phosphorylation, sequestration in complexes 
with binding proteins, and binding to other initiation factors. Furthermore, isoforms of initiation 
factors ha ve been described, as has the existence of regulated transcription of their genes. Our 
laboratory has recently been studying the modifications and isoforms ofinitiation factors involved 
in the recruitment of mRNA. 

In the nematode C. elegans, polysomal mRNAs from 70% ofthe genes contain an atypical 
cap structure, m32.2.

7GTP. This cap structure is poorly recognized by mammalian eiF4E, 
suggesting that C. elegans may possess a specialized form of eiF4E that can recognize 
m32.2.

7GTP. An earlier analysis ofthe C. elegans genomic sequence database revealed the 
presence ofthree e1F4E-like genes, which were then named ife-1, ife-2, and ife-3 (2) . Further 
investigation has revealed two additional eiF4E genes, ife-4, and ife-5. All five recombinant 
eiF4E isoforms were retained on m7GTP-SeJ'harose, but IFE-1 and -5 were also retained on 
m,2.2.7GTP-Sepharose. Furthermore, binding ofiFE-1 and IFE-2 to m7GTP-Sepharose was 
inhibited by m32.2.7GTP. These results suggest that IFE-1, -2 and -5 bind both m7GTP- and 
m,2.2.7GTP-containing mRNA cap structures. RNA interference assays indicated that not all five 
isoforms were needed for viability; various combinations of eiF4E isoforms permitted nematodes 
to survive. 

The eiF4 initiation factors act by forming aggregates of increasing complexity during 
assembly ofthe 48S initiation complex. Our previous studies showed that the N-terminal one­
third of eiF4G-l contains the eiF4E-binding site while the C-terminal two-thirds contains the eiF3 
and eiF4A binding sites (3). A more detailed analysis of recombinant eiF4G fragments has now 
indicated that an RNA-binding region is located in aa 487-721, whereas the smallest region of 
eiF4G that can bind eiF3 is aa 819-922. Both titration and competition experiments are 
consisten! with a single si te for eiF3 binding on eiF4G and a 1:1 stoichiometry. One of the two 
eiF4A-binding sites on eiF4G- 1 is located in aa 486-720 and is distinct from the eiF3-binding site. 
The other eiF4A-binding site is located in aa 922-1160. Binding occurs with a 1:1 stoichiometry 
at each individual site, but an eiF4G fragment containing aa 394-1404 binds eiF4A with a 2:1 
stoichiometry, contrary to previous models. The addition ofboth eiF4A and eiF3 simultaneously 
to the central domain of eiF4G produced enhanced binding of each ligand rather than 
competition, suggesting cooperative binding. Rate and equilibrium constants for the various 
interactions were determined by surface plasman resonance. 

One modification ofinitiation factors that has been extensively studied is the cleavage of 
elF4G by the 2A or L proteases of sorne picornaviruses. Although considerable evidence 
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suggests that the shut-off of host mRNA translation is mediated by the cleavage of elF4G-I . 
severa! observations are at variance with this view. Recent evidence indicates that PABP 
participates directly in translation initiation (4, 5). We have now found that PABP is also 
proteolytically cleaved during coxsackieviral infection ofHeLa cells. The cleavage ofPABP was 
better correlated temporally with the host shut-off and onset of viral protein synthesis than the 
cleavage of eiF4G-I . Amino acid sequencing indicated that cleavage occurs uniquely in human 
PABP between aa 490 and 491, separating the four N-terminal RNA-recognition motifs (80%) 
from the C-terminal homodimerization domain (20"/o). The N-terminal cleavage product ofPABP 
was less efficient than fulllength PABP in restoring translation toa PABP-dependent rabbit 
reticulocyte lysate translation system. These results suggest that the cleavage ofPABP may be 
another mechanism by which· picornaviruses alter the rate and spectrum of protein synthesis. 

To study the etfect of2A protease action in vivo, we turned to the Xenopus oocyte 
system. Xenopus oocytes accumulate maternal mRNAs which are then recruited to ribosomes 
during meiotic cell cycle progression in response to progesterone and coincident with poly(A) 

· elongation ofthe atfected mRNAs. Prior to stimulation, most protein synthesis (- 70%) does not 
require intact translation factor eiF4G (6). We have now addressed the requirement of eiF4G in 
the recruitment of mRNAs during meiosis. Cleavage of eiF4G by coxsackievirus pro tease 2A 
(under conditions that did not cleave PABP) inhibited progesterone-induced meiotic progression 
in 88% ofthe oocytes, prevented the recruitment ofmaternal mRNAs encoding cyclin Bl , c-Mos. 
07 and B9, and disrupted the association of eiF4G with poly(A)-binding protein . Poly(A) 
elongation, however, was not inhibited by eiF4G cleavage. B9 and cyclin B 1 mRNAs, once 
recruited, were removed from polyribosomes by subsequent cleavage of eiF4G, indicating that 
eiF4G is required for maintenance of maternal mRNA translation. The expression of a cleavage­
resistant variant ofhuman eiF4G-l (G486E) significantly restored the ability to'translate 
exogenous P-globin mRNA and to recruit c-mos mRNA in response to progesterone, These 
results indicate that intact eiF4G plays an essential role in the poly(A)-dependent recruitment of 
maternal mRNAs during meiotic cell cycle progression but does not participate in the synthesis of 
most proteins. (Supported by Grant GM20818 from the NIGMS.) 

l. Merrick, W. C., and Hershey, J. W. B. {1996) in Translational Control (Hershey, J. W. 
B., Mathews, M.B., and Sonenberg, N., ed), pp. 31-69, Cold Spring Harbar Laboratory 
Press, Cold Spring Harbar, NY 

2. Jankowska-Anyszka, M., Lamphear, B. J., Aamodt, E. J., Harrington, T., Darzynkiewicz, 
E., Stolarski, R., and Rhoads, R. E. {1998) J. BioL Chem. 273(17), 10538-10542 

3. Lamphear, B. J., Kirchweger, R., Skern, T., and Rhoads, R. E. (1995)1. Biol. Chem. 270, 
21975-21983 

4 . Tarun, S. Z., and Sachs, A. B. (1996) E!v!BOJ. 15,7168-7177 

5. Le, H., Tanguay, R. L., Balasta, M. L. , Wei, C. C. , Browning, K., Metz, A.M . Goss, D. 
J., and Gallie, D. R. (1997)1. Biol. Chem. 272, 16247-16255 

. 1 

6. Keiper, B. D., and Rhoads, R. E. ( 1997) Nuc/. A cid\· Res. 25(2), 395-403 
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"The Role of the p70s6k Signa( Transduction Pathway in Cell Growth". 

George Thomas, Friedrich Miescher lnstitute, Base!, Switzerfand, Maulbeerstrasse 66, 

CH-4058, Base!, Switzerland, Email: gthomas@lmi.ch 

Mitogens induce the coordinated activation of a number of anabolic events which 

culminate in cell growth and division. Recen! studies have defined !he dlstinction between 

growth and proliferation, demonstrating the dominance of growth in this process. An 

importan! componen! of !he growth response is the generation of new translational 

machinery, required to accommodate !he increased demand for additional proteins. The 

enhanced expression of protein synthetic components, most notably ribosomal proteins 

and elongation tactors, is largely controlled at the translational leve!. In parallel, it has 

been shown that the immunosupress-ant rapamycin, a bacteria! macrolide, specifically 

blocks the translational upregulation of these mANA transcripts as well as the increased 

phosphorylation of the activation of S6K1 and the phosphorylation ol 40S ribosomal 

protein S6. More striking, the effects of rapamycin on !he translational upregulation ol 

these mANA transcripts and S6 phosphorylation can be reversed by a rapamycin resistan! 

mutan! of S6K1. Thus studies to date strongly imply that S6K1, through S6 

phosphorylation is intimately involved in the regulation of translation and that !he effects o! 

rapamycin on cell growth are elicited through this pathway. However, corroborative 

physiological studies in animals are lacking. Due to its powerful genetics, low genetic 

complexity and high conservation or signaling pathways, Orosophila melanogaster has 

emerged as a model metazoan lor gaining insight into !he physiological role al specilic 

signaling components and uncovering their genetic interactions with potential downstream 

targets . We have recenUy shown that P-element induced mutation of Orosophifa 

( 

h-omologue of S6K1, S6K1 causes a Minute-like phenotype in Drosophifa, whlch can be 

rescued by expression ol the Drosop/lifa or the mammalian S6K1. Only 25% ol the 
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expected number of homozygous flies emerge as adults. with a three delay in 

development and a reduced body size. Northern blot analysis and subcfonlng of a RT­

PCR product from homozygous flies revealed the presence of cryptic transcripts, 

suggesting that that the expression of dS6K was suppressed but not abolished. More 

sever alleles were obtained by generating imprecise P-element excisions that removed all 

or part of the dS6K gene. Seven lines were recovered, five of which were rescued by 

expression of the dS6K or mammalian S6K1 transgene and al! of whlch failed to 

complement one another. Molecular characterization of one of the rescued alleles, dS6K­

' . revealed that the imprecise excision had removed part of the first exon and a large 

portian of !he contiguous intervening sequence. The lew flies which survived emerged 

alter a five day developmental delay, • were significantly smaller in size than the 

dp70s6k
07084 homozygous flies, and lived no longer !han two weeks. Dominan! gene tic 

interactions between dS6K mutants and ribosomal protein S6 mutants, support the 

hypothesis that the effects o! the kinase on cell growth are mediated through S6 

phosphorylation. To test this possibility we planto generale gain of function mutations in 

OS6. In summary, loss o! OS6K function severely affects growth, development and 

viability. 

.! 
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MOLECULAR INTERACTIONS BETWEEN CAP BINDING PROTEINS AND 

ASSOCIA TED FACTORS FROM SACCHAROMYCES CEREVISIAE 

Michael Altmann, Diana Domínguez, Catherine Berset and Hans Trachsel 

lnstitut fur Biochemie und Molekularbiologie, University ofBeme, Switzerland 

To understand the structure and function of the cap-binding complex in S. cerevisiae, 

we are overexpressing eiF4G, eiF4E, eiF4A and p20 - or parts of these proteins - to 

study their molecular interactions and biochemical properties in vitro and in vivo . 

p20 is a small protein (161 amino acids) which acts as an inhibitor of protein synthesis 

by binding to eiF4E and thereby impeding its interaction with eiF4G. The amino­

terminal sequence of p20 (aa l to 10) shows homology toa motif present in the eiF4E­

interaction domain of eiF4G 1 (aa 449 to 458) and is supposed to be required for proper 

eiF4E-binding (Altmann et al., 1997). We have further analysed this domain and show 

now that the ami no-terminal ami no acid motif (1 O aa) on p20 is not sufficient, at least 

the 13 amino-terminal amino acids are required for efficient eiF4E-binding. 

Furthermore, the ami no-terminal eiF4E-interaction domain on p20 is located clase to an 

hydrophilic amino acid stretch (between aa 28 to 90) with RNA-binding activity. A 

similar modular arrangement, eiF4E- RNA binding sites in clase vicinity, is also found 

in eiF4G1 suggesting that binding ofp20 and eiF4G toRNA is required to stabilize the 

interaction with eiF4E at the cap-structure of mRNA. 

eiF4A is assumed to be recruited to the mRNA through its interaction with eiF4G. We 

demonstrate that yeast eiF4G1 , like its mammalian and plant counterparts, interacts 

directly with eiF4A. The interaction is probably transient, since only a small portian of 

these factors were found in a complex in growing cells. The eiF4A-binding site has 

been mapped to amino acids 542 to 883 ofyeast eiF4Gl. This region is homologous to 

the central domain ofthe mammalian factor which has been shown to bind eiF4A. 

Expression in yeast of the eiF4G1 domain that binds eiF4A results in cell growth 

inhibition. In an eiF4A-dependent cell free system the eiF4G domain inhibits 

translation in a dose-dependent manner. Both, inhibition of translation and cell growth 

can be specifically overcome by increasing the eiF4A concentration. These findings 

suggest that the interaction of eiF4G with eiF4A is required for translation and cell 

growth. 

M. Altmann, Nicole Schmitz, Catherine Berset and Hans Trachsel ( 1997) "A novel 

inhibitor of cap-<lcpcndcnt translation initiation in ycast: p20 competes with c!F4G for binding to c!F4 E" 

EMBOJ. 16, lll4-ll2l. 
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RWOSOME RECRUITMENT TO mRNAs ANO lTS 
REGULATION 
Matthias W. Hentzc. Europcan Molecular Biology 
LaboralOry, Heidelberg, Gcm1any 

Thc transl:uiou of ccllular mRNAs is detennined by ú1c 5' 
cap structure, the 3' poly·A tail and spccific rcgulatory 
sequences usually contained within thc 5' or 3 · 
untranslated regíons of the mRNAs. Specific regulatory 
clemenrs have beco idcntified in boú1 ÚJe 5' untranslated 
rcgions (lron ·responsive clcments, scx-lcthal binding si les) 
and in thc 3' untranslated regions (Diffcrentiatiou Contml 
element, DICE) of spccific translationally regulated 
mRNAs. Thcir spccific binding proteins (iron regulatory 
proteins, IRPs; scx lethal. SXL, hnRNP K, hnRNP El) 
have. bccn idcntific.d and cloned, and their mechanism of 
rcgulation stud ied in vivo and in vitro. Rcsults will be 
discus~ed with regard to the regulation of translation 
initi:Hion during ccll differentiation, in mctabolic control 
:md in early development. 

founhe.rmorc, thc role of general rranslation initiation 
ractors involved in the rect1litmem of thc 43$ tnlnslation 
initiation complex will be discussed, al so in the Iight of the 
mechanism by which transl~tional rcgul.arory prO[cins can 
a e t. 

Rcfcrcnccs frolfl our lab: 

Rcvicws: 
Hcntzc, M.W. and LC. Külm. Molecular control of 
ve.n.ebrate ir(>n mct;•bolism: mRNA-based re¡¡ulatory 

. circuits opcratcd by iron, nitric oxide and o.xidative stress. 
Proc. Natl. Acad. Sci. USA 93,8175-8182, 1996 

Hent.ze, M.W. elF4G: a multipurpose ribosome adapter'l 
Science 275. 500-501, 1997. 

Sachs, A.B., P. Sarnow and M.W. Hent7.e. Siarting at the 
bcginning . rniddle and end: trans lation initiation in 
cukaryotes. Cdl 89, 831-838. 1997. 

Rcccnl papus: 
Ostareck, D.H., A . Ostarcck-Lederer, M. Wilm, B.J. 
Thick, M. Mano and M.W. Hcntze. mRNA Sikncing in 
Eryrhroid Differemiation: hnRNP K and hnRNP .F.l 
Regulatc 15-Lipoxygenase Translation from the 3 ' End. 
Cell89. 59H'i06, 1997. 

Geb:uter, F., L. Mc.rendino, M.W. Hcnl7.C, and J. Valcarccl. 
Thc drosophila spl icing rcgulator scx-letha l inhibits 
fr.tnslation of malc-specific-lcthal 2 rnRNA. RNA 4, 142· 
l'íO, 1998. 
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Preiss, T. and M. W. Hentze. Dual funclion of che cap 
structure in poly(A) tail-promoted translation in yeast. 
Naturc392, 516-520, 1998. 

Muckenthaler, M., N.K. Gray and M.W. Hentzc:. IRP-1 
binding to ferritin mRNA prevents the reeruilmenl of the 
small ribosomal subunit by the cap-binding complex 
eiF4f. Molecular Cell 2, 383-388, 1998. 
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CPE-Mediated Masking and Unmasking of mRNA 

Camelia H. de Moor and Joel D. Richter 
Department of Molecular Genetics and Microbiology, University of 
Massachusetts Medica( School, Worcester, MA 01655, USA 

The translational regulation of many maternal mRNAs in Xenopus 
laevis is controlled by cytoplasmic poly(A) elongation. Generally, mRNAs in 
oocytes that are translationally dormant have relatively short poly(A) tails, and 
it is only when these tails are elongated during oocyte maturation, or after 
fertilization, does translation ensue. Two 3' UTR elements are necessary for 
polyadenylation during maturation, the CPE (consensus, UUUUUAU) and the 
polyadenylation hexanucleotide AAUAAA. The CPE is bound by CPE8, a 
protein that is necessary for polyadenylation. 

We suspeded that cyclin 81 mRNA, which undergoes polyadenylation 
and translational activation during oocyte maturation, might be repressed 
initially in oocytes by a trans acting factor. To test this possibility, we injeded 
large amounts of cyclin 81 3' UTR into oocytes. This procedure resulted in 
endogenous cyclin 81 synthesis in the absence of poly(A} elongation. To 
determine the 81 3' UTR sequence that was responsible for mRNA 
unmasking, we performed a mutational analysis. Surprisingly, the CPE was 
the most efficient unmasking sequence. Furthermore, when placed in the 
context of a nonspecific polylinker, the CPE efficiently unmasked cydin 81 
mRNA. However, other U-rich sequences that resemble the CPE in structure, 
but which do not function as CPEs in injected oocytes, did not lead to mRNA 
unmasking. 

We appended the CAT coding sequence with various 3' UTRs 
containing or lacking a CPE and AAUAAA. The cydin 81 3' UTR repressed 
translation of the chimeric mRNA following oocyte injection. Moreover, when 
attached to the 3' end of CA T mRNA, a polylinker sequence containing 
multiple CPEs repressed translation in a CPE dose-dependent manner. When 
such injected oocytes were induced to mature with progesterone, only the 
CAT chimeric mRNA that contained a CPE and AAUAAA hexanucleotide was 
unmasked, as evidenced by high CA T activity. In other words, unmasking of 
mRNA required cytoplasmic polyadenylation. 

8ecause the CPE acts both negatively and positively vis-a-vis 
translation, we thought that a repressor protein, in addition to the activator 
CPE8, might bind this sequence. However, an extensive analysis revealed 
that only CPE8 bound the CPE. Thus, to begin to build a testable model, we 
asked whether an mRNA cap was necessary for the masking process. 
lndeed, efficient masking required cap-dependent translation. 8ased on these 
data. we will propase a hypothesis to explain CPE-mediated masking and 
unmasking of mRNA. 
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Thc 3' Untranslatcd Rcgion of AMV Coat Protein 
mRNA Regula tes Compctitive Translational Efficicncy 

Susan C. Low and Lee Gehrke 
Department of Microbiology and Molecular Genetics. Harvard Medica( School and Division of 
Health Sciences and Technology. Massachusetts lnstitute ofTechnology 

Our research interests include characterizating translational control mechanisms that 
enhance virus replication potential. The focus of our work is the identification of nucleotide 
sequences in non-polyadenylated viral mRNAs that promote efficient and competitive mRN A 
translation, thereby favoring viral gene expression over the host. 

Alfalfa mosaic virus is a single stranded RNA virus of positive polarity. Like cellular 
mRNAs, AMV RNAs are capped; however, they lack a poly(A) tail. AMV RNAs are further 
distinguished by the lack of both 3' pseudoknots and the 3'-terminal transfer RNA-Iike structure 
that is found on a number of plant viral RNAs (1). AMV RNA 4 encodes the viral coat protein, 
and this mRNA was recognized nearly two decades ago asan efficient and competitive mRNA 
(2,3). Although substantial evidence suggests that the poly(A) tail, poly(A) binding protein 
(PABP), and 5'-3' interactions facilitate cellular mRNA translation (4-6), the relationship ofthese 
findings to translating non-adenylated mRNAs is not clear. 

Our results suggest the 3' untranslated region (3' UTR) of AMV coat protein mRNA is 
required for competitive translation (7)". We have used Xenopus /aevis oocytes to study AMV 
coat protein mRNA because they are translationally saturated, and therefore representa naturally 
competitive translational environment (8). When AMV coat protein mRNA.s lacking the 3' UTR 
are microinjected into Xenopus oocytes, the transcripts are stable, but translate poorly. Similar 
results are obtained when the mRNAs are translated under competitive conditions in a wheat 
germ translation extract. The results suggest that 3' untranslated sequences are important for 
determining competitive translational activity ofthe viral mRNA, allowing the viral sequences to 
out-compete cellular mRNAs for limiting translational components. 

The 170-nucleotide 3' UTR of the AMV coat protein mRNA has nine AUG triplet 
nucleotides and, correspondingly, nine potential open reading frames. One hypothesis to explain 
the competitive role ofthe 3' UTR is that the downstream open reading frames permit ribosome 
reinitiation and facilitate 3'-5' end ribosome recycling (7). If the hypothesis were correct, a 
prediction would be that impeding ribosome movement into the 3' UTR would diminish 
translation. We therefore inserted a stable stem loop between the termination codon ofthe AMV 
coat protein mRNA and the 3' UTR. The results of the experiment showed that the mRNA 
containing this stable hairpin structure translated as efficiently as the wild type AMV coat 
protein mRNA, suggesting that ribosome reinitiation and 3'-5' ribosome recycling do not 
determine competitive potential. 

To further explore the role of 3' untranslated nucleotides in AMV coat protein mRNA 
translation, we used electrophoretic mobility bandshift experiments (EMSA) to test protein 
interactions. Biochemical data now suggest that poly(A) binding protein (PABP) binds 
specifically to the 3' UTR of the non-adenylated AMV coat protein mRNA. PABP interactions 
with the AMV CP mRNA 3' UTR were not expected; however, Dreyfuss and colleagues 
proposed sorne years ago that important PABP function may be related to interactions with non-
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poly(A) nucleotide sequences (9) . The RNAs of severa! clinically important human viruses, 
including the flaviruses, i.e. dengue fever virus and yellow fever virus, are non-adenylated . 
Because of the resourceful adaptations shown by viruses, the absence of a poly(A) tail may be 
related to replicative advantage over the host (10). 

l . Hall, T. C. (1979) in lntemational Review ojCytology (Bourne, G . H., and Danielli , J. R, 
eds) Vol. 60, pp. 1-26, Academic Press, New York 
2 . Herson, D., Schmidt, A., Seal, S. N., Marcus, A., and van Vloten-Doting, L. ( 1979) J. 
Biol. Chem. 254, 8245-8249 
3. Kozak, M. (1983)Microbiol. Rev. 47, 1-45 
4. Tarun, S. Z, and Sachs. A. B. (I996)EMBOJ 15(24), 7168-7177 
5. Munroe, D. , and Jacobson, A. (1990) Molecular and Cellular Biology 10(7), 3441-3455 
6. Gallie, D. R. (1991) Gene Develop 5(11), 2108-2116 
7 . Hann, L. E ., Webb, A. C., Cai, J . M., and Gehrke, L. (1997) Molecular and Cellular 
Biology 17, 2005-2013 
8. Richter, J . (1987) in Translational regulation oj gene expression (IIan, J., ed). pp. 111-
139, Plenum Press. New York 
9 . Burd, C. G ., Matunis, E . L.. and Dreyfuss, G. (1991)Mo! Cell Bio/11(7), 3419-24 
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Exploring the yeast eiF4G protein complex through 
biochemical and genetic means 

Panda Hershey, Carric! Neff, Lucy Otent, Sarah McWhirler, John Gross*, 
* Tom Alber, Gerhard Wagner and Alan 13. Sachs, 

Dcpartment of.Molccular and Cell Biology, 401 Barker Hall, University of 
Catifomía at Bcrkeley, Berkelcy, CA 94720, "'Dcpt. ofBiological Chernistry 
and Molecular Pharmacology, Harvard Medica! School, Boston, MA 02115 

1'h.e yca ... .:;t Sacclw.romyct!S cerevi.siae contains twc.t funct.ionally t·elated 
c!F4G proieÜls, ciF4.Gl and e!F4G2. In order to understand in greater 
detail how these adapter proteins int.eract wi.th other components ofthe 
translaiion initiarion machincry, wc ha ve undertaken an exten.Rive 
b.iochemical and gcnetic <:malysis ofthem. First, we have crea.ted a t>eries of' 
poini mutations in the RRM2 region ofycast Pablp, and have analyzed 
lhem for tb.eir ahility Lo prevcnt association of Pablp with eiF4G, to 
prev<mt. Pablp from med.iating poly(A) tail-dep~::ndent translation, und to 
preven(: Pablp from ¡;timu1ating cap-depcndent trantllation . Results from 
lhese e.xpeliment~ indicate that binding to elF4G and stimulation of 
poly{/\.)-dcp<mdent translati.ou by Pablp requircl'i different amino acids then 
do< ~~ ~timulation (tf eap-dcpendent translation by Pablp. Seeond, we have 
cont.irmed to define the residues within ycast eiF4G that are requircd for 
clF4E hjnding. Using a combination ()f diffcrent approaches, we ha ve 
d.ü;covercd that a 70 amino acid fra.gment of eiF4G provides an opt}mal 
binding SLU'face for ciF4E, and that this fragment appears to be un.folded in 
lh.e ab~<~nce of elF4E. Thesc st:udies suggcst that the association of elF4E 
with eiF4G cottld be re¡;ulated via modificatioos that prevent ell<'4G folding . 
. Fina11y, we have di..:;covered through a dosage suppression f>Creen of the 
t.empe.r&ture-fiensitive eiF4G2 mutation tif46.32-V(ilOD, followed hy 
S<Weral differcnt biochemica] analyses, that the yeast eiF4A protein TIFl 
fundionally ::md physically associates with yc¡:¡st eiF4G. These data are in 
accord with reccnt repor!;s documenting the <l66ociation of eiF4A with an 
internal n ~ gion ofmam.malian ciF4G, and thc:y providc the firsl genetic 
+!.vidcuce for the importance ofthis interaction. 

.. 1 .-_ 
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TRANSLATIONAL REGULATION OF TUMOR NECROSIS FACTOR 
BIOSYNTHESIS 

Vcronique Kruys.- Université Libre de Bruxelles, Faculté des Sciences, 
ruedes Chevaux 67, B- 1640 Bruxelles (Belgium) 

Post-transcriptional mcchanisms are playing a vcry important role in thc cxprcssion of numcrous genes . 
Messengcr RNAs encoding :;rowth factors like cytokines. and oncoprotcins such as c -fos. c-myc. ha ve very shon 
half-lifcs and can be translationally regulated (1 .2). Abnormal expression of such genes can lead to sevcre 
disorders including tumor formation (3). The precise identification ofthc scqucnces which determine the half-life 
of a messenger RNA or lhe lcvel of its translation should lead in the near futurc 10 the discovery of new 
therapeutic tools. 
In our laboratory, we focus on the study of the translational regulation of the Tumor Necrosis factor-a (TNF-a) 
mRNA. TNF-a is mainly produced by activated macrophages. Upon exposure to various stimuli 
(lipopolysaccharides (LPS). viruses. IL-12, ... ). macrophages produce importan! amounts of TNF. In addition to 
lhe 20-fold increase in transcriptional activity. TNF gene expression is uprcgulated (200-fold) at the translational 
level in LPS-stimulated macrophages (4,5). The lranslational regulation of TNF mRNA is mediated by a 
conserved AU-rich elemenc {ARE) located in lhe 3 · untranslated region {UTR). Similar AREs are al so found in 
olher cytokine mRNA 3UTRs (6). In qu iescenc cells . the translation of TNF mRNA is blocked. However. 
translational derepression occurs when lhe macrophage cells are stimulated wilh LPS. This translational 
rcgulation is a crucial mechanism that ensures a scrong but highly inducible control ofTNF biosynthesis. 
Gel retardalion experiments performed in our laboratory show lhat TNF mRNA ARE can form two complexes 
of different eleccrophorelic mobililies wilh proceins present in macrophage cytoplasmic extracts (7). Whereas lhe 
complex of low electrophoretic mobility is formed independently from lhe aclivation scate of che macrophages. 
lhe second complex is formed u pon accivalion of lhe ce lis with LPS or viruses. Funhermore. herbimycin A which 
is a poten! inhibitor of TNF mRNA translacion . abrogates the fonnation of this inducible c.omplex. indicating a 
tighc correlation between lhe fom1ation of lhis inducible complex and TNF mRNA translation. Further studies 
revealed that che two complexes bind differenc sequence elements wichin che ARE. By UV -crosslinking 
ex¡>Cl"imencs. we idencified a 55-kDa polypeplide as a componen! of lhe inducible complex (8). 
In order to identify lhe proteins involved in both complexes. we designed a cloning strategy based on the 
differential screening of a RAW 264.7 macrophage cONA expression library with TNF rnRNA 3'UTR 
riboprobes containing or not the ARE. By lhis method. we isolated lhe cONA encoding the short 40-kDa isoform 
of lhe RNA-binding protein TIAR. We ha ve shown lhat TIAR specifically binds TNF ARE and corrc:sponds to 
lhe protein involved in the constitutive complex. Moreover. analysis of TIAR subcellular localization by 
immunostaining reveals lhat TIAR is mainly found in lhe cytoplasm of macrophages correlating with its ability 10 

forro complex 1 from S lOO cytosolic extract. TIAR belongs to lhe TIA RNA-binding protc:in family with four 
members identified so far (9) . Work is in progress 10 assess lhe functional role of TIAR in the translational 
regulation ofTNF mRNA. 
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Localization-dependent translation of oskar mRNA 

Niki Gunkel, Tarnaki Yano, Stefania Castagnetti, Fatima Gebauer, Matthias 
Hentze and Anne Ephrussi 

European Molecular Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, 
Germany 
Phone: (49) 6221 387 429/283 Fax: (49) 6221 387 166 
E-mail: ephrussi@embl-heidelberg.de 

The establislunent of antero-posterior and dorso-ventral pola1ity of the Drosophila 
embryo relies on the correct localization of matemally provided determinants in 
the oocyte, during oogenesis. One such determinant is oskar, which induces 
formation of the posterior pole plasm, the germ plasm of Drosophila, at the 

posterior pole of the eggl. The pole plasm contains the determinants of both the 
gerrnline and of the abdomen, and is therefore crucial to proper development of the 
embryo . During oogenesis, oskar is l9calized as an RNA to the posterior pole of 
the oocyte. oskar mutants and mutants in which oskar RNA remains unlocalized in 
the oocyte develop into embryos lacking an abdomen and a germline. Conversely, 
deliberate mislocalization of oskar to the anterior pole of the oocyte causes pole 
plasm assembly at the anterior and the resulting embryos deve1op an ectopic 
abdomen and functional germ cells in the place of the head. Hence, oskar is both 
necessary and sufficient to induce pole plasm assemby. Furthermore, correct 
localization of oskar activity to the posterior pole is imperative, to ensure proper 
establislunent of antero-posterior polarity. 

Prior to its localization to the posterior pole vía its 3' untranslated region (3'UTR), 
oskar RNA is translationally repressed by Bruno protein which binds to severa! 

regions within the 3' UTR2 We have found that, when the mRNA reaches the 
posterior pole, its translation is derepressed by an active process that requires a 

specific element in the 5' regían of oskar mRNA3. This novel type of element is a 
translational derepressor element, whose functional interaction with the previously 
identified repressor region in the oskar 3'UTR is required for activation of oskar 
mRNA translation at the posterior pole. The derepressor element only functions at 
the posterior pole, suggesting that a locally restricted interaction between trans­
acting factors and the derepressor element may be the link between mRNA 
localization and translational activation. We also observe the specific interaction 
of two proteins with the oskar mRNA 5' region; one of these al so recognizes the 3' 
repressor element. Ongoing experiments are aimed at understanding the 
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mechanisms by which translational repression and derepression of oskar are 
effected, and at obtaining mutants in the genes encoding the RNA-binding proteins 
that we have identified and testing their involvement in localization-dependent 
translation. 

To begin to understand the molecular mechanisms by which oskar translation is 
regulated - how repression of oskar by Bruno is effected, and ultimately, how this 
repression is alleviated - we are reconstituting oskar translational regulation in 
vitro. Drosophila embryo extracts sustain efficient cap and poly(A)-dependent 
translation of a variety of mRNAs (Gebauer, Corona, Becker and Hentze, 
personnal communication). We are making use of these and ovarían extracts, of 
recombinant Bruno and other RNA-binding proteins suspected to play a role in 
oskar translation, to reproduce and characterize regulation of oskar tra.nslation in 
vitro. 
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l. Epluussi, A., and Leluna.nn, R. (1992). lnduction of genn cell fonnation by 
oskar. Nature 358, 387-392. 
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TRANSLATIONAL REGULATION IN DROSOPHILA GERMCELLS 
Ruth Lehmann. Gustavo Arrizabalaga. Daniel Chagnovich. Zandy Forbes. 
Phil Zamore1

• David BarteJI and Jamie Williamson2 

HHMI, Skirball lnstitute, Dev. Genetics Program, NYUMC, New York NY 
1Whitehead Institute, Cambridge MA; ~cripps Research Institute,· La Jolla CA 

nanas (nos) mRNA is localized to the posterior pole of the Drosophila early 
embryos where Nanas protein is synthesized. Nos encodes an evolutionary 
conserved protein with a novel (CCHC)2 Zn-binding domain. Nos acts 
together with pumilio (pum) to negatively control translation of the 
maternally provided product of the transcription factor lwnchback (hbM). 
Consequently, HbM protein is distributed in a gradient complementary to that 
of Nanos. Absence of HbM protein from the posterior region of the embryos is 
necessary for normal abdomen formation. Pum contains a novel RNA­
binding motif composed of eight sequence repeats that bind specifically to 
sequences in the 3' UTR of hb RNA. A similar RNA-binding motif with 
similar but not identical sequence specificity is present in a "Pum-like" 
protein from humans. We are investigating the mechanisms by which Nos 
and Pum control translation. 

nos and pum affect targets in addition to Hb. Maternally provided Nos 
protein is present in the primoridal germ cells (PGC) when they form and 
persists throughout embryogenesis. · To study the role of nanas in germ cell 
development, we generated eggs that lack Nos and HbM. These eggs, when 
fertilized by wild-type sperm, give rise to normally segmented embryos that 
form PGCs which lack maternal Nos protein. We find that germ cell 
migration is dramatically affected resulting in male and female flies that lack 
germ line. Nos and Pum also play a role in early oogenesis where both gene 
are required for the normal development of the germ line stem cells. 

REFERENCES: 
Gavis E.R., and Lehmann R. (1994): Translational regulation of nanas by 

RNA localization. Nature 369, 315-318. 
Gavis, E.R., Lunsford L, Bergsten S.E., and Lehmann R. (1996): A conserved 

90 nucleotide element mediates translational repression of nanas RNA. 
Development, 122, 2791-2800. 

Curtis, D., Lehmann, R., and Zamore, P.D. (1995): Translational_regulation in 
development. Cell 81, 171-178. 

Curtís 0., Treiber D. K., Tao F., Zamore P., Williamson J. and Lehmann R. 
(1997): A CCHC metal-binding domain in Nanos is essential for 
translational regulation. EMBO Journal 16:834-843. 

Zamore P.D., WilliamsonJ. R., and LehmannR. (1997): The Pumilio protein 
binds RNA through a conserved domain that defines a new class of 
RNA-binding proteins. RNA 3, 1421-1433. 

Forbes A. and Lehmann R. (1998) Nanos and Pumilio have critica! roles in 
the development and function of Drosophila germline stem cells. 
Development 125, 679-690. 
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Homcodomain-dcpcndcnt translational control 
Rolando V. Rivera-Pomar 
Department of Molecular 13io logy, Max Planck lnstitute for Biophysical Chemistry. 
Am Fassberg 11, D 37077-Goettingen, Germany 
rolando@mpc 186.mpibpc .gwdg.de 

The Drosophila body organizer Bicoid (Bcd) is a maternal homeodomain protein that fonns 
a concentration g radient along the longitudinal axi s of the embryo. It acts as an anterior 
determ inan! during Drosophila embryogenesis. Bcd plays two roles in embryogenesis by 
activating tran scription of zygotic genes and by repress ing the trans lation of materna l 
caudal (cad) mRNA . The repression of cad mRNA translation generales a complementary 
gradient of Cad prote in in the embryo. The biological relevance of the repressio n of 
anterior Cad tra ns la tio n is to preven! di sruption of morphogenetic events during head 
formati on. Both regul atory functi ons of Bcd involve the ho meodomain (HD) . The HD is a 
well-establi shed DN A-binding motif cons isting of three a -helices. lt in terac ts with the 3 · 

UTR of cad mRNA to represses tran slation . The target of Bcd is ca lled Bcd -Binding 
Reg ion (BBR) , a RNA seque nce spanning 110 nucleotides. The helix 11 1 of the 
homeodomain is s imilar to the RNA-binding domain of HIV Rev , an arg inine- ri ch motif. 
Most of amino ac id res idues within heli x 111 are in volved in both DNA- and RNA -binding 
activity indicating a shared recognition domain . However, one amino ac id res idue . when 
mutated, impa irs RNA but not DNA-binding. Thi s mutation abo li shes Bcd -med ia ted 
tran slati ona l co ntrol but not tran scription activation in the embryo. BiQc hemica l a nd 
bio phys ica l expe riments revea led that DNA and RNA binding by a HD mi ght occ ur in a 
similar way . Co- tran sfec ti on e xperiments in cultured Drosophila ce lls indicated th at Bcd 
represses tra ns la tio n in a cap-de pendent manner. The cell cultu re sys te m was used to 
determine prote in do rnain s other than the HD involved in transla tional control. lt sho wed 
that Bcd-de pe nden! transl ational repress ion requi res, in addition to the HD, a putative 
PEST do main located nearby the HD The results indicate that di stinct ponions o f Bcd are 
necessary to media te the different regulatory functi o ns. Rescue e xpe riments with Bcd­
deficient e mbryos ex press ing transgene-derived Bcd variants indicated that a mino :acid 
replace ments within the PEST domain prevented translational repressio n of cad m R; NA. 
PEST do ma in s are kno w to be involved in protein deg rada ti o n. Bloc kin g th e 26S 
proteasome pathway in ce ll culture did not pre ven! translational co ntrol by Bcd. This result 
suggest that translati onal control by Bcd is independe nt of prote in degradatio n processes. 
Ho weve r, ub iq uitina ti o n a nd phosphorylati on might be required to repress cad m RNA 
translation. 
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A CELL-FREE SYSTEM TO STUDY TRANSLA TION IN 
DROSOPHILA: INSIGHTS INTO THE TRANSLA TIONAL 
CONTROL OF MALE-SPECIFIC-LETHAL-2 mRNA BY 
SEX-LETHAL 
Fátima Gebauer, Davide Corona, Thomas Preiss, Peter Becker 
and Matthias W. Hentze, EMBL, Gene Expression Programme, 
Meyerhofstrasse l. D-69117 Heidelberg, Germany. 

Regulation of translation plays a majar role in Drosophila 
development. The molecular mechanisms underlying 
translational control in flies, however, are poorly understood, at 
least in part beca use of the lack of in vitro systems that 
accurately recapitulate events of regulated translation. We ha ve 
developed a cell-free translation system from Drosophila 
embryos that yields amounts of protein similar to the rabbit 
reticulocyte lysate. lmportantly, the system reproduces the 
strong synergism observed in vivo between the cap structure 
and the poly(A) tail to actívate mRNA translation, making it the 
first in vitro system from higher eukaryotes able to recapitulate 
this regulatory feature. 

This advance has provided us with a too! to study a key 
regulatory step in dosage coinpensation. Dosage compensation 
in Drosophila is controlled by inhibition of the expression of the 
protein male-specific-Iethal-2 (MSL-2) in females . This is • 
achieved through translational repression of msl-2 mRNA by the 
female-specific RNA binding protein Sex-lethal (SXL) (1-3). 
SXL binding sites in the 5' UTR are necessary for this control 
mechanism, while the role of SXL binding to additional si tes in 
the 3' UTR is Iess clear. We are investigating this subject using 
the homologous in vitro translation system. Insights into the 
mechanism of the inhibition of msl-2 mRNA translation by SXL 
will be presented. 

(1) Kelley, R. L., Wang, J., Bell, L. & Kuroda, M. l. (1997). 
Sex-lethal controls dosage compensation in Drosophila by a 
non-splicing mechanism. Nature 387: 195-199. 
(2) Bashaw, G. J. & Baker, B. S. (1997). The regulation of the 

/J)rosophila msl-2 gene reveals a function for Sex-lethal in 
· · translational control. Cell 89: 789-798. 
' ,. (3)' Gebauer, F., Merendino, L., Hentze, M. W . and Valcárcel, J. (1998). The 

;; ~ _ Drosophila Splicing Regulator Sex-lethal Directly Inhibits Translation of male­
·/fecific-lerhal2 mRNA. RNA. 4: 142-150. 
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TRANS-ACTING ELEMENTS IN THE TRANSLATIONAL 

CONTROL OF 5' TERMINAL OLIGOPYRIMIDINE mRNAs. 

Francesco Amaldi 1, Fabrizio Loreni 1, Claudia Crosio 1,2, Pietro Pilo Boyll 
and Paola Pierandrei-Amaldi2. 
1 Dipartimento di Biología, Universita di Roma "Tor Vergata" 
2 Istituto di Biología Cellulare, CNR, Roma 

The translation of ribosomal protein mRNA, and of other 5' Terminal 
OligoPyrimidine (TOP) mRNAs, is regulated according to the growth 
status of the cell by rapidly changing the fraction of mRNA associated with 
polysomes. Localization changes of these mRNA have been shown in many 
eukaryotic cultured cell systems following growth rate variations, as well as 
in amphibians and mammals during development. Sequence elements 
involved in translational control have been identified in the 5' UTR ofTOP­
mRNAs. In particular the polypyrimidine tract at the 5' end of the 
messengers is necessary although probably not sufficient. in vitro 
experiments have shown that La protein can specifically bind the terminal 
oligopyrimidine tract whereas Cellular Nucleic Acid Binding Protein 
(CNBP) can bind a downstream region in the 5' UTR of TOP-mRNA. Their 
binding features suggest a model in which the 5'UTR structure and the 
interaction with the proteins can modulate the translation of the rp-mRNA. 
To evidence the possible role of La in the translational regulation we have 
used gene constructs of wt and mutant forms of La under control of an 
inducible promoter in stable transfection experiments in the Xenopus cell 
line B 3.2. We have examined in detail three cell clones expressing i) wt 
La, ii) a C-terminus truncated form (Lal-194) and iii) an N-terminus 
truncated form (La93-427 ). The effect of the expression of the various forms 
of La on TOP-mRNA translation has been analyzed both in growing and 
serum-deprived cells. The results indicate that La can act as a positive 
effector in TOP-mRNA translation possibly by counteracting translational 
repression by a negative factor. In fact the percentage of TOP-mRNA on 
polysomes is higher in cells overexpressing wt La compared to controls . 
Moreover the effect is evident expecially in resting cells suggesting that La 
could attenuate the efficacy of a translational repressor, poss ibly CNBP. 
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CLONING ANO CHARACTERIZATION OF HRI ANO GCN2 eiF2a. 
KINASES FROM MOUSE CELLS 
Juan José Berlanga, Javier Santoyo, Saturnino Herrero_and César de Haro. 
Centro de Biología Molecular "Severo Ochoa", CSIC-UAM, Cantoblanco, 28049-
Madrid, Spain. 

Phosphorylation of the alpha subunit of eukaryotic initiation factor 2 
(eiF2a) is one of the best characterized mechanisms for inhibition of protein 
synthesis in response to various stress conditions. Four distinct protein 
kinases are responsible of this inhibition phosphorylating eiF2a at Serine-
51. They are three mammalian eiF2a kinases, the double-stranded RNA­
dependent kinase (PKR), the heme-regulated inhibitor (HRI) and the 
pancreatic eiF2a kinase (PEK); and the GCN2 eiF2a kinase from S. 
cerevisiae, D. melanogaster and N. crassa. 

Recently, we have purified a heme-sensitive eiF2a kinase activity 
from mouse liver and NIH 3T3 cells. We have also cloned from mouse liver 
the cDNA corresponding to this kinase (mHRI), homologue of the rat and 
rabbit HRis (Berlanga et al., 1998). In addition, we have cloned and 
characterized a novel eiF2a kinase from mouse liver which represents the 
first GCN2 homologue in mammals (mGCN2). The mGCN2 cDNA is 5212 
bp in length, containing an open r~ading frame encoding a polypeptide of 
1648 amino acids with a predicted molecular mass of 186 kDa. The in vitro 
translation product encoded by mGCN2 cDNA had an apparent molecular 
mass of 190 kDa. Affinity-purified antibodies, raised against a synthetic 
peptide based on the predicted mGCN2 sequence, specifically 
immunoprecipitated and recognized in Western-blot both the product of in 
vitro translation of mGCN2 cDNA and an 190 kDa phosphoprotein from 
mouse liver extracts. Northern-blot analysis showed that mGCN2 mRNA is 
expressed in a wide range of tissues. In order to investigate the function of 
mGCN2 in mammals, we have expressed the protein in human 293T cells. In 
these mGCN2 transfected cells, serum deprivation increased eiF2a 
phosphorylation, whereas poliovirus infection had no effect Interestingly, 
poliovirus infection resulted in partial proteolysis of mGCN2. These 
findings suggest that GCN2 could play an important role in translational 
control and in cellular response to viral infection in mammals. 

REFERENCE: 
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Characterization of a ribosomal shunt in the 

sendai virus P/C mRNA. 

Joseph A.V. Curran , Dept. of Genetics and Microbiology, University 

of Geneva Medica! School, C.M . U., 1 rue Mic hel-Servet, CH-1211 Geneve 

4, (Switzerland ). Fax : 41 22 702 57 02. 

The Sendai virus (Se V) P/C mRNA expresses 8 primary translation products using a 

combination of ribosomal choice and co-transcriptional mRNA editing. The longest ORF of 

lhe mRNA slarts al AUG104 (lhe 2nd initialion site) and encodes the 568 aa P protein. an 

essential subunit of the viral polymerase. The 1st (ACGB'J. 3rd(I\TG 11<), 4th(ATG'"J) and slh 

(ATG201 ) initiation sitas are used to expresa a C-terminalnested sel of polypeplides in the ... , 

ORF relativa lo P, namely C', C, Y1 and Y2, respedively (collectively named lhe C proteins} 

Lea k y scanning accounls for lranslational initiation at lhe firsl lhree start sites (a non-ATG 

tollowed by ATGs in progressively stronger contexts) . Consisten! wilh lhis, changing 

ACG81/C' lo ATG (GCCATGBIG; ATG811C'J ablales expression from the downstream ATG >O<"' 

and ATGIWC iniliation codons. Howover, expression of lhe Y11Y2 proleins remains normal 

in lhis background. We now have evidence thal iniliation from ATG 1":YY 1 and ATG2°11Y7 

takes place via a ribosomal shunt or discontinuous scanning. Scanning complexas appear lo 

assemble at !he s· cap, and lhen sean ca. 50 nts of !he S'UTR befare being lranslocated lo 

an acceplor site al or clase !o lhe Y initiation codons. No specific donar sile sequences are 

required, and translation of the Y protelns conlinues even when their start codons are 

changed lo ACG, GCG. CA T and AAA. Curiously, ATG codons (in good contexls) in the P 

ORF, placed either 16 nts upslream of Y1, 29 nts downstream of Y2, or between lhe Y1/Y2 

codons, are not expressed even in the ACGY1fACGY2 backgrcund. Tl1is indicates that 

ATG1BJ/Y1 and ATG2011Y2 are privileged start sitas within the acceplor site probably because 

. the shunt delivers the scanning complex directly to these codons. The shunt appears lo be 

·'Pr.Omoted by barriers which would otherwise preven! a scanning complex from arriving at tll t: 

Y start codons (eilher stable stem-toop structures or ATG initiation codons) probably 

beca use lhese barriers pause the scanning compiex and promete its tnmslocation to the 

acceptor site . 

. _· , 
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Hsp90 binds and regulates the ligand-inducible 

eiF-2a kinase Gcn2 

Olivier Donzé 

Dpt. de Biologie Cellulaire, , Université de Geneve 
Sciences III, 30 Quai Ernest-Ansermet 

CH-1211 Geneve 4, (Switzerland). 

The protein kinase Gcn2 stimulates translation of the yeast 

transcription factor Gcn4 u pon ami no a cid starvation. U sing genetic 

and biochemical approaches, we show that Gcn2 is regulated by the 

molecular chaperone Hsp90 in budding yeast: (i) Severa! Hsp90 

mutant strains exhibit constitutive expression of a GCN4-lacZ 

reporter plasmid; (ii) Gcn2 and Hsp90 form a complex in vivo as well 

as in vitro; (iii) the specific inhibitors of Hsp90, geldanamycin and 

macbecin 1, enhance the association of Gcn2 with Hsp90 and inhibit 

its kinase activity in vitro; (iv) in vivo, macbecin 1 strongly reduces 

the levels of Gcn2; (v) the Hsp90 ce-chaperones Cdc37, Stil, and Sbal 

are required for the response to amino acid starvation. Thus, Hsp90 

plays a crucial role for the maturation and regulation of Gcn2. By 

analogy to the steroid receptors, we propose that the inhibitory 

Hsp90 complex is released from Gcn2 upon binding the activating 

ligand, uncharged tRNA. 
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lnvolvement of phosphatidylinositol 3-kinase signaling pathway 

in control of TNFa translation in T cells. 

Maria Buxadé, Matilde Ramírez, Neus Fernández, Pilar Lauzurica, Enrie 
Es pe l. 

The superantigen Toxic Shock Syndrome Toxin - 1 can induce Tumor 
Necrosis Factor (TNF)a. expression in T cells. The expression of TNF a. by 
CD4+ T cells can be inhibited by either, wortmannin or L Y 294002, two 
phosphatidylinositol 3-kinase inhibitors. The inhibitory effect is not 
transcriptional as wortmannin does not change the mRNA steady state of 
TNF a. at any of the concentrations tested, and L Y 294002 when preincubated 
with PBMC at its median inhibitory concentration (ICso 1.4 }-LM), inhibited 
significantly the expression ofTNF a. but not its mRNA. Immunoprecipitation 
of pulse-labeled intracellular TNF a. or Interleukin 2, showed a specific 
decrease in the synthesis of both cytokines on cells treated with 
phosphatidylinositol 3-kinase inhibitors. Growth factor stimulation of T cells 
enhanced specifically the translation of TNF a., this effect being wortmannin­
dependent. 

In Jurkat T cells the expression of TNF a. can be induced by the superantigen 
staphylococcal enterotoxin D presented by B cells. Jurkat T cells were 
transfected with a constitutively active form of phosphatidylinositol 3-kinase 
and activated with superantigen. The expression of TNF a. in supernatant was 
enhanced in transfected cells whereas the mRNA levels for TNF a. did not 
change. Expression of a dominant negative mutant of phosphatidylinositol 3-
kinase inhibited significantly the secretion of TNF a. but not its mRNA. These 
results implicate the phosphatidylinositol 3-kinase signaling pathway in the 
control oftranslation ofTNF a. in T cells. 
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RNA-Protein Interactions at the 5' End of the Poliovirus Genome 
Control Viral Translation Andrea V. Gamarnik and Raul Andino. 
Department of Microbiology and Immunology, University of California, 
San Francisco. USA . 

Initiation of translation of picornavirus RNAs occurs by a mechanism of 

internal entry of ribosomes. This process requires a long and highly 

structured segment of the S'UTR generally known as the internal ribosomal 
entry site (IRES). The mechanism of ribosome-IRES recognition is still 

unknown, but it has been shown that several canonical initiation factors, as 

well as other cellular proteins, participate in this process. 

We have found that an RNA element of 90 nucleotides located upstream of 

the poliovirus IRES controls cap-independent translation and promotes 

viral RNA synthesis. This RNA element, which folds into a cloverleaf-like 

structure, specifically interacts with two proteins: the cellular poly(C) 
binding protein PCBP and the viral precursor of the protease-polymerase 

3CD. We found that the binding of PCBP to this RNA element enhances 

viral translation, while interaction with the viral protein 3CD represses 

translation and promotes negative strand RNA synthesis. Footprinting 
analysis and mobility shift assays revealed that the binding of 3CD induces 

structural changes within the poliovirus S'UTR and increases the binding 
affinity of PCBP for the cloverleaf RNA. These findings indicate that the 

formation of RNP complexes upstream of the ribosome entry segment 
regulate viral cap-independent translation. To understand the mechanism 
of viral translational control, we are currently investigating interactions 
between the RNP complexes formed at the 5' end of the viral genome and 
the ones formed within the IRES and the viral 3'UTR. 
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STRUCTURAL CHARACTERIZATION AND EXPRESSION OF DROSOPHILA GENES 

ENCODING TRANSLATION INITIATION FACTORS INVOLVED IN mRNA BINDING 
TO THE RIBOSOME 

Greco Hernández and José M. Sierra 
Centro de Biología Molecular "Severo Ochoa". Universidad Autónoma de 
Madrid y Consejo Superior de Investigaciones Científicas. Cantoblanco, 28049 
Madrid, Spain. 

A rate-limiting step of protein synthesis initiation in eukaryotes is the 
binding of the mRNA to the 43S preinitiation complex. It is well established 

that the m 7 G cap structure of eukaryotic mRNAs plays a crucial role in this 
binding. The function of this structure is mediated by a protein complex 
termed eiF4F, com¡:iosed of at least two polypeptides: eiF4E, which contains the 
cap-binding site, and eiF4G, which coordinates the action of other initiation 
factors to facilita te the binding of the mRNA and the small ribosomal subunit. 
An additional polypeptide, eiF4A, is frequently found in the eiF4F complex 
isolated from mammals. eiF4A, in conjunction with eiF4B, exhibits a 
bidirectional ATP-dependent RNA helicase, that is enhanced when eiF4A is 
associated with eiF4F. 

In order to understand the binding of mRNA to the ribosome during 
protein synthesis initiation in Drosophila, we have started a systematic study 
of the structure and expression of the genes encoding Drosophila eiF4E, 
eiF4G, eiF4A and eiF4B. Single copy genes containing several introns were 
found for eiF4E, eiF4G and eiF4A in Drosophila. While eiF4G is encoded by a 
single mRNA, the two eiF4E isoforms are synthesized from three mRNAs 
gerierated by an alternative splicing of a precursor transcript. Interestingly, 
the eiF4A gene also gives rise two mRNAs by alternative splicing, but both 
encoding the same eiF4A protein. The interactions between these proteins are 
being analyzed by the two-hybrid system (in collaboration with V. Lalioti). The 
expression of elF4E, elF4A and elF4G is spatially and temporally controlled 
during embryonic development. A preferential accumulation in the pole cells 
was noticed for the eiF4E and eiF4A transcripts. The possible role of these 
genes during embryonic development of Drosophila is being studied by 
phenotype analysis of null alleles and of transgenic flies overexpressing these 
genes (in collaboration with S. Campuzano and R. Rivera-Pomar). 
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Functi~nal analysis of thc gcnc~rcgulatory role of translation ínítiation 
factor 5A 

Zandra Jenkins.- Dept. of Medica! Genetics, Uppsala University, Box 589, 

S-751 23 Uppsala (Sweden). 

Translation initiation factor 5A (e1F5A) is a small abundant protcin of 16-IS kba 

originall y isolated from thc post ribosomal wash of rahbit rcticulocyrc lysatc. Tbe 

am.ino acid sequence is well conservcd in cukaryotes and archaca. ciF5A is thc only 

protcin tbal contruns tbe anúno acid hypusinc dcrivcd from thc posttranslational 

modification of lysine 50. The addcd butylamine group is transfe~ from the 

polyamine spernúdine, and is subsequently hydroxylatcd. 

The role of c!F5A in the ceJJ is poorly undcrstood, but sorne cvidcncc would suggcst its 

involvemcnt in the formation of the first pepride bond bascd on its ability to stirnulate 

cat.alysis of mcthionyl-puromycin in vitro. 11ús reaction only occurs when ciF5A is in 

Ít<; hyPusinated forrn suggesting that hypusine is requircd for functional activity. 

Further, treatment of chinesc lu~lllster ovary cclls with inhibitors of dcoxyhypusinc 

syntha.<;e, the rrrst cnzyme in thc biosynthesis of hypusine, causes arrest of ccll 

proliferation. Studics in Saccharomyces cerevisiae ha ve shown that nltbough cell 

growdJ. was arrcsted when eiF5A was deplcted, ptotein synthcsis still occurrcd at about 

70% of the wild type rate. This suggests that ciF5A is no e in vol ved 1n general pro te in 

translation but racher may be spccifi.c for a small subset of mRN.As. 

Poi y amines such as spc.onidine as wcll as being ilic sub."trate for hypusination, function 

as alifatic cati.ons in many aspects of nucleic &.cid mct.abolism. They are al so rcquired 

for ccllular prol.iferation and thus thece is a need foc an inducible and balanccd 

production of polyamines. 1ñrce poly(Uil.Íne roetllbolic proceins S-adenosylmethionine 

dccarboxylase (SAM-DC), ornithine decarboxylasc (ODC) and ODC-antizyme are 

regulated in response to intracellular concenerat.ions of polyamincs. Tr-dllslation of tl1e 

mRNAs cncoding SAM-OC and ODC is con(rollcd at the level of initiation and ODC­

antizyme mRNA translation is controlled at clongatioo.. SAM-DC and ODC contain 

uORFs in their 5' untranslated regions that confer regulation. Although polyamines 

affect translation of SAM-DC, ODC and ODC-1mtizyme mRNAs in. vitro t:hc 

physiological fCgulator has yéC lo be dctermined. 

Thc goal of our studies are to clarif)' dJ.e role of e1F5A in cellular p.roJiferation and its 

conncction to translatiooal rcgulation of polyaminc mctabolic enzymes. We utilisc in. 

vitro translation assays wjth lucifer-ase reportcr mRNA harbooring the regulat.ory 

scqucnces from SAM-DC, ODC and ODC-antizymc, to tese sevcral aspecrs oftbc trans­

acting rcgulation, be it small or lacge molecules. To con[um dJ.c phys iological relcvance 

of thc in virro findings we will continue wid1 transient cxpre.ssion of the luciferase 

rcporter mRNAs undcr pharmacolo¡;ical alteratioos of the polyarnine lcvds and 

metabolism. 
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The hepatitis e virus interna( ribosomal entry site adopts a specific metal ion 

dependent fold that contains two independent regions and a long-range tertiary 

interaction. 
Jeffrey S. Kieft, Kaihong Zhou, and Jennifer A. Doudna. Howard Hughes Medica! 

Institute, Y ale University, New Haven, Connecticut, 06520-8114, USA 

Interna! ribosome entry site (IRES) action is a poorly understood mechanism of 

translation initiation, present in both cellular and viral mRNA. Hepatitis e virus (HCV) 

initiates translation through a cap-independent mechanism which is driven by an IRES 

located in the 5' untranslated region ofthe genomic mRNA. The !RES RNA provides the 

recognition site for ribosomal binding and subsequent preinitiation complex formation at 

or near the start codon. The secondary structure and mínimum sequence requirements of 

the HCV IRES have been determined, but the presence and characteristics of any higher 

order folding have not been investigated. We have performed chemical and enzymatic 

probing experiments on the HCV IRES which clearly show that the !RES adopts a 

specific higher order fold in the presence of metal ions. Fe(II)-EDT A probing 

experiments show that upon folding, the RNA backbone in certain helixjunctions is 

protected from solvent, and RNase TI probing experiments show that certain conserved 

loop regions become hypersensitive to enzyme cleavage upon folding . We-have used 

these probing techniques to demonstrate that folding of the RNA is a cooperative event 

that involves severa! metal ions and is driven primarily by charge neutralization. To 

examine the effect of mutations that effect the IRES efficiency ( defined as the ability to 

initiate translation in a dicistronic assay) on IRES folding, we have probed a number of 

junction and loop mutations using Fe(II)-EDTA and RNase Tl. These experiments 

clearly show that these mutations affect the ability ofthe IRES to fold, reveal that the 

IRES contains at least two independently folded regions, and identify a previously 

unsuspected long range tertiary interaction. Based on these data, we propose a model for 

the global architecture ofthe HCV IRES asan extended, but specific shaped scaffold, the 

structure of which is a critical determinant of translation control. We are curren ti y testing 

this model using small angle X-ray scattering (SAXS) experiments to determine the size 
and shape ofthe IRES. 
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INVOLVEMENT OF THE APHTHOVIRUS RNA REGION LOCATED 
BETWEEN THE TWO FUNCTIONAL AUGS IN START CODON 
SELECTION. 

Sonia López de Quinto and Encarnación Martínez-Salas. 
Centro de Biología Molecular "Severo Ochoa". CSIC. UAM. Cantoblanco 28049 
Madrid, Spain. 

lnitiation of translation in picornavirus RNAs occurs internally, mediated by an 
element termed tRES. In the aphthovirus RNA, the IRES element directs translation 
initiation at two in-trame AUGs separated by 84 nucleotides. We have found that 
bicistronic constructs which contained the IRES elemenl followed by the fragment 
including the aphthovirus start codons in front of the second gene mimicked the 
translation initiation pattern of viral RNA observed in infected cells. In those 
constructs, the frequency of initiation at the first AUG was increased by a sequence 
context which resembled the favorable consensus for cap-dependent translation, 
although initiation at the second site WaS always preferred. In addition, we have 
found that ínitiatíon at the second start codon was not diminished under conditions 
in which the first ínitiation codon was blocked by antísense oligonucleotide 
interference. lnterestingly, mutations that positioned the second AUG out-of-frame 
with the first AUG, did not interfere with tha fraquency of initiation at the second one. 
On the contrary, IRES-dependent translation initiation in bicistronic constructs 
lacking the sequences present between functional AUGs in the viral RNA, was 
sensitive to the presence of out-of-frame initiator codons and hairpins in the spacer 
regían. This remarkable difference in start codon recognition was due to the 
nudeotide composition of the RNA that separated the IRES from the initiator cod~n . 

Thus, our results indicate that the regían located in the aphthovirus RNA between 
functional AUGs is involved in start codon recognition, strongly favoring selection of 
the second start AUG as the main initiator codon. ' ¡q'· 
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Phosphorylation and Meiosis-Promoting Activity of CPEB 

Raul Mendez and Joel D. Richter 
Department of Molecular Genetics and Microbiology, University of 
Massachusetts Medica! School, Worcester, MA 01655, USA 

Translational recruitment of dormant maternal mRNAs is in part 
controlled by cytoplasmic polyadenylation. During oocyte maturation, 
polyadenylation is mediated by the U-rich CPE, which resides in the 3' UTR of 
responding mRNAs, and its binding protein CPEB. Although the precise 
function of CPEB is undear, it may play two roles in translational control; that 
of an initial mRNA masking factor, as well as a polyadenylation-inducing 
factor. Clase to the onset of polyadenylation, CPEB becomes phosphorylated 
and is partially degraded. Because CPEB phosphorylation does not appear to 
affects its RNA binding affinity, it may regulate CPEB aGtivity by inducing its 
destruction, or by affecting its ability to interact with other proteins. 

The carboxy-terminal portian of CPEB contains two RRMs and a zinc 
finger that are conserved among different species. The amino-terminal region, 
however, is much less conserved with the exception of two short motifs: one 
with loase homology to the cyclin destruction box, and one that resembles 
PEST sequences. Moreover, the amino-terminal regían contains six of seven 
possible sites of phosphorylation by cdc2, which we suspect is one of the 
kinases that phosphorylates CPEB. 

To address the importance of CPEB phosphorylation and the role of its 
amino-terminus in the activity and stability of the protein, we are subjecting 
recombinant protein to in vitro phosphorylation with 32P-A TP using extracts 
prepared from immature and mature oocytes as the source of kinase(s). 
Following re-isolation of the protein from extracts, it was digested with trypsin 
and subjected to 2-dimensional phospho-peptide mapping. These data show 
that there are at least six maturation-specific phosphorylation sites target by 
two kinases, one of which is probably cdc2. 
. . We ha ve substituted alanine residues for severa! of the phospho-
amino acids and well as constructed a number of deletion mutants that affect 

,. th~ cyclin and PEST destruction boxes as well as puta ti ve protein-protein 
':interaction domains. These mutants were then tested for (1) their effect on 
CPEB stability in mRNA-injected oocytes, (ii) their effect on meiotic 
maturation, and (iii) their on the interaction with other proteins. The results of 
these tests will be presented. We will also presenta model for the regulation 
of CPEB activity during oocyte maturation. 
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Translational control by the MAPK-activated protein kinase Mnk1. 

Stéphane Pyronnet and Nahum Sonenberg 

Department of Biochenústry and McGill Cancer Center, McGill University, 
Montréal, Québec, Canada. 

The protein kinase Mnkl phosphorylates the eukaryotic translation 

initiation factor 4E (eiF4E) both in vitro and in vivo. eiF4E binds to the cap 

. structure and interacts with eiF4G that serves as a scaffold protein for eiF4F 

complex assembly. Phosphorylated eiF4E shares enhanced cap- as well as 

eiF4G-binding affinity. It is considered asan important modulator of cell growth 

and proliferation. We have shown recently that the carboxy-terrninal region of 

eiF4G provides a docking site for Mnkl to phosphorylate eiF4E (Pyronnet et 

al.1999, EMBO J, in press). Here we have mapped the eiF4G-binding site in the 

frrst 48 N-ternúnal arnino-acids (48NT) of Mnkl. We also report that, in vivo, 

activated Mnkl is linked to such opposing responses as the induction and the 

inhibition of translation. In response toa strong signa!, Mnkl causes a d~rease 

in the biosynthesis of a reporter protein. In contrast, moderate Mnkl activity 

induces translation of the reporter. The induction of translation appears specific to 

Mnkl activity and requires the first 48 arnino-acids as both kinase-dead Mnkl 

and activated, 48NT-deleted Mnkl still cause a decrease in translation when 

highly expressed, but have no effect when expressed to moderate levels. This 

suggests that, depending on its level of expression, Mnkl can phosphorylate 

disparate substrates that differentially affect translation. 
:;, ¡_ 
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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 
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56 Workshop on Programmed Cell Death 
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Organizers: R. Bravo and P. S. Lazo. 
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The Structure and Function of Tela­
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Organizers: B. J. Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

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

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

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

62 1996 Annual Report 
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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. 

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. 
Organizer: Centre for lnternational 
Meetings on Biology, Madrid. 

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

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

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

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

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

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J. L. 
Mico 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 . Modolell 
and S. Campuzano. 

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

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

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

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

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

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

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Expression 
and Silencing. 
Organizers: T. C. Hall, A. P. Wolffe, R. J. 
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. 
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87 Workshop on Novel Approaches to 
Study Plant Growth Factors. 
Organizers: J . Schell and A. F. Tiburcio. 

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

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

90 1998 Annual Report. 

91 Workshop on Eukaryotic Antibiotic 
Peptides. 
Organizers: J. A. Hoffmann, F. García­
Oimedo and L. Rivas. 
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The Centre for International 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 1998, a 
total of 123 meetings and 1 O 

Juan March Lecture Cycles, all 

dealing with a wide range of 

subjects of biological interest, 

were organized within the 
scope of the Centre. 

Instituto Juan March (Madrid)



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 81

h through the 10111 of March, /999, 
at the Instituto Juan March. 

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

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


