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G PROTEINS: STRUCTURAL FEATURES AND THEIR 

INVOLVEMENT IN THE REGULATION OF CELL GROWTH 

G-proleins are defined from lheir abilily lo bind guanine 

nucleolides, guanosine diphospale (GDP) and guanosine lriphosphale (GTP). 

When bound lo eilher GDP or GTP, lhey acquire dislincl lerliary 

conformalions thal can enable the complex lo inleracl specifically wilh key 

enzymes involved in the regulation of essenlial melabolic processes . These 

proleins perform a wide variely of biological funclions being involved wilh 

prolein biosynthesis, cell growlh, cell differenlialion and apoplosis, s igna! 

lransduclion, membrane lraffic and secrelion and cell skeletal organisation 

and movement. 

There are at least three distinct super families of G proleins. Each 

super family has mulliple mcmbers grouped in gene families that have a 

greal degree of conservation along evolution. Proleins involved in lhe 

regulation of protein synthesis, which best represenlalive is EF-Tu, belongs 

to lhe first group of classical G-proleins. A second group includcs lhe 

heterolrimeric G proteins. which are made of lhree differenl subunits (a~y) . 

Only lhe a subunil has the ability to bind and hydrolyse GTP, and exert their 

function when associated to GTP. On lhe other hand, lhe ~y subunits play 

regulatory functions for the a subunits, but can also regulate sorne effector

mediatcd functions thcmsclves. Classical examples of this class of G proteins 

are those involvcd in thc rcgulation of lhc adenylatc cyclasc. lransducin or 

Pl-spccifi c phos ph olipase C ~ (1'1-PLC ~). The third group is composed of 

monomeric G proteins, which are characterised for the existence of only one 

subunit, but they are also regulated in a similar way as the heterotrimeric 

prote in s by other components. The most relevan! members of lhis 

superfamily are lhe Ras oncoproteins . Tubulin, a protein thal has the abilily 

lo bind and hydrolysc GTP, makes a fourth calegory of G-proleins wilh a 

function in microlubules organisation distinct from lhe other lhree groups. 

In the last few years, it has been a dramatic progress in the 

understanding on lhe funclion of G proleins. This is due to the deciphering 

of lhe tcrliary slructure of sorne of the members of each family. Comparison 

of these struclures has bcen useful to locale lhe specific regions of each 
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rnolecule involved in the interaction with the effectors and regulatory 

proteins. 

Progress in recent years in the understanding of the rnechanisrns of 

regulation of enzyrnatic activities where G proteins are involved, has rnade 

clear the relevance of these rnolecules in the regulation of rnany cellular 

processes. Arnong these, regulation of protein synthesis, signa! transduction 

in cell growth, differentiation, and apoptosis, rnernbrane traffic and 

secretion, and cell skeletal organisation and rnovemcnt, are some of thc most 

important, due to their implications in biomedical rcsearch. 

A better understanding of the mechanisms of regulation of the G 

proteins involved in theses biological processes, may help in the design of 

strategies to fight human diseases. On this regard, it is important to note the 

discovery of the presence of mutated genes for G proteins, either monorneric 

or heterotrirneric, in nurnerous types of human tumours, while alterations 

of the regulatory cornponents of sorne GTPases have been related to human 

disorders which prone to rnalignancy (neurofibrornatosis, tuberous sclerosis 

cornplex, rnyotonic dystrophy, Wiscott-Aldrich syndrornc, etc.) . Direct 

involvement of GTPases is also known in normal essential functions such as 

sense transduction systerns (vision, taste, srnell) , and discascs other than 

cancer such as diabetes . Thus, the study of the structure/function 

relationship of G proteins is onc of the rnost exciting ficlds of research 

nowadays, and has a direct application to human health. 

SUMMARY OF THE MEETING 

The airn of the workshop was to rcview state-of-the-art inforrnation 

available on G-protein thrce-dirncnsional structures and to try to see how 

they explain biological phenornena caused by G-protcins. Cornrnon to the 

functioning of G-proteins is activation of the G-protein which occurs by 

binding GTP whereas deactivation is achieved by hydrolysis to GDP and 

inorganic phosphate. The substitution of GTP for GDP of the G-protein is 

usually catalysed by a guanine nucleotide exchange factor (GEF). Stirnulation 

of the GTPase activity is controlled by a GTPase activator protein (GAP) . Three 

or four consensus sequence elernents have been detected in all G-proteins 

except in those concerned with rnovernent. 
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J¡ was reponed at the workshop that tubulins which bind GTP do not 

contain the common sequen ce motifs of other G-proteins and the spatial 

structure i S sti 11 unknown. Three-dimensional G-protein structures are 

available and were discussed for the GDP and GTP forms of the protein 

translation factor , elongation factor Tu (the first G-protein structure to be 

solved), ras p21 protein , Ran protein, transducin Gta· the inhibitory G

protein subunit, Gia 1. and the G-protein ADP ribosylation factor (ARF) 

involved in secrction. The rccently publishcd complex of a Ras-type protein 

rap 1 A-GTP analogue complex with a piece of its cffector molecular C-Raf 1 

was also di scussed to shed light on detail s of thc p21 Ras involvcmcnt in 

signa! transduction and the oncogencsis pathway. 

Exc iting unpubli shed structural information was reponed for other 

compl cxes of G-proteins at the workshop. The ternary complex of aminoacyl

tRNA, elongation factor Tu and a GTP analoguc has provided further 

information on how a coeffector binds to a G-protein for transmitting 

informati on. Surprisingly thi s structurc is very similar to a recently 

reponed structurc of translation elongation factor EF-G suggesting a 

common ribosomal binding sitc. The tRNA part and three EF-G-domains are so 

similar that the concept of macromolecular mimicry has arisen . This idea 

proposcs that structural and functional mimicry of proteins and RNA should 

occur in othcr arcas of biological activity. In addition dctai l s o f a complcx of 

EF-Tu:GTI' and an analoguc of aminoacyl adcnine wcrc reponed confirming 

thc structure of thc binding pockct of thc amino-acid cnd of aminoacyl - tRNA 

on thc 1-J'-Tu . 

Furthcr fascinating ncw structural information was givcn at thc 

workshop ahout thc spatial structurc of a complete heteromer G-protei n not 

just the a -subunit as previously reponed. Sincc the ~y-subunit complcx has 

functional activity of its own the Ga~y-structurc will shcd light on the 

molecular details of this importan! stcp in signa! transduction . 

lntcrcsting biochemical and protein cng inccring analys i s to relate 

structurc and function were discusscd in relati on to the heat-stable 

clongation factor EF-Tu and a protein. a-gustducin involved in interaction 

with biuer taste rcceptors . Ncw data were also presented on interaction of 

retina! cyclic GMP phosphorodiesterase inhibitor with transducin and on an 

adaptor moleculc concerned with activation of the Ras pathway . 
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The more structurally oriented part of the workshop was rounded 
off with a stimulating review of the mechanism of GTP-hydrolysis, which is 
still not solved in a general fashion by the known structures. The possible 
mechanism via a metaphosphate intermediate was a novel suggestion in this 
respect. 

Regarding the function of G-proteins, there were reports on 
further details on the signalling routes affected by different members of the 
Ras superfamily. These pathways are now more complex that expected and 
both small and heterotrimeric G-proteins use same intracellular kinases 
cascades to trigger di stinct cell responses. Thus , mitogenic activity of 
thrombin is blocked by neutralising antibodies to the heterotrimeric Ga !2• 

while the M 1 muscarinic acetylcholine receptors use the ~y subunits to 
actívate the Ras/Raf/MAPK pathway. The participation of the RAF/MAPK 
pathway along with the SAPK/JNK pathway to selectively turn on specific 
signals was demo nstrated for thrombin and anysomicine (stress) treatment 
by means of elegant recombination experiments where quimeric constructs 
between p44M APK and p38J N K with altered specificity were obtained. 

Of interest were several reports relating human diseases with sorne 
of the components of the regulatory mechanisms of G-proteins. Among these, 
tuberin , the product of the TSC2 gene involved in Tuberous sclerosis, 
functions as a GAP for Rap 1; ROCK , a new effector for RhoA , has homology to 
the MD-PK (Myotonic dystrophy); Wasp, the product of the gene involved in 
the Wiskou-Aldrich syndrome specifically binds to CDC42; and Rad, a ras
related protein associated to diabetes, interacts with ~-tropo m y os in. 
Generation of mice deficient for PI20-Ras-GAP or NFI (the neurofibromatosis 
gene product), two GTPase activating molecules for the Ras proteins, 
indicated that while NFI seems to be related to the basal regulation of the 
amount of Ras-GTP, GAP is responsible for the inactivation of Ras after 
transient induction by growth factors. Neither one of these two molecules 
were essential for MAPK activation and DNA synthesis induced by PDGF. 

Of great relevance were also the reports of the increasing evidence 
demonstrating the implication of Rho proteins (including CDC42 and Rae) in 
signa! transduction pathways. Thus, it was reported that these proteins 
regulate cell growth (Rho and Rae are oncogenes when activated by single 
amino acid substitutions), response to stress (CDC42 and Racl actívate 
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SAPK/JNK) transcriptional activation by SRF (RhoA, CDC42 and Racl), and 

apoptosis (Rho proteins induce apoptosis after serum deprivation) . In yeast, 

Rho has been related to PKC that activates the MAPK cascade for the 

maintenance of the cell wall integrity, and with other unknown effectors for 

bud form ation. Furthermore, it was reponed th at Rho proteins can regulate 

cell growth and apoptosis depending upon the specific activation of 

endogenous enzymes such as PC-PLD and sphi ngomyelinase. Also a novel 

signalling pathway was demon strated for Rho proteins (RhoA, RhoB, CDC42 

and Racl) sin ce they all ac tívate the NF KB transcription factor. Finally, 

evidence was provided that Rho proteins (both human Rho A and B and Rae 

1) coopera te with Ras for full transformation and that they are required for 

the transforming activity of Ras proteins. 

Profuse usage of the yeast two-hybrid system demonstrated the 

existence of new effector molecules for Rho proteins as well as Rap proteins. 

Among the former, at Ieast PKC and other related kinases such as PKN, 

Rhophilin, Rock, Rhotekin and Citron were shown to directly interact with 

GTP-bound Rho proteins. Furthermore, there seems to exist different 

effectors for each of the very close members of the Rho family which may 

indicate differen t functions for each protein . 
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ELONGATION FACfOR AS A MODEL FOR OTHER G-PROTEINS 

B Fe elark P. Nissen M Kjeldgaard e R Knudsen. S S ThiruJ) & J Nyborg 

Dept. of Biostructural ehemistry, Aarhus University, Denmark 

The general airn of our research programme is to study how alterations in a protein's structure 

can modify its biological function. The protein selected for study is the elongation factor EF

Tu. The long term goal of our research programme is to study this factor with special reference 

to modification of its substrate specificity, its interactions with EF-Ts and aa-tRNA, its 

sensitivity towards antibiotics and its thermal stability [ 1,2]. 

We believe that GTP and GDP act as allosteric effectors on their target proteins, thus altering 

the conformation. To understand what is happening at the molecular leve!, we need to know the 

three-dirnensional structures of the particular protein-cofactor complexes. This necessitates X

ray crystallographic analyses which demand large amounts of protein produced by genetic 

engineering methods. 

The 3-D structures of EF-Tu:GDP and EF-Tu:GTP have been determined by X-ray crystallo

graphy. A high resolution well refined electron density map of EF-Tu has enabled us and others 

to locate functionally importan! residues in the three-dimensional structure (3,4,5]. 

The structure is conveniently described in terms of three domains I, II and III which differ in 

contents of arnounts and types of secondary struciur~ . Domains I, ll and III contain rcsidues l-

199, 209-295 and 301-393, respectively. The structure of the GDP form is notewonhy for 

containing a hole in it. 

The GDP/GTP molecule binds to the surface of doma in 1, also called the G-domain, which has 

a typical a!P type structure. 

To date, we and our collaborators ha ve succeeded in introducing mutations around the 

nucleotide binding si te and in areas which are likely to be in volved in interaction with tRNA, 

EF-Ts and the ribosome. We have also isolated the nucleotide binding domain, by introducing a 

large deletion in the gene, and shown that this new protein can still bind GDP. 

Extensive comparison of translational factor sequences has shown that cenain common 

elements of these sequences are retained. These fall into two classes: régions of general 

homology, stretching over one hundred amino acids or more, and panicular groupings of 

arnino-acid residues. 

The loops in volved in the 3-D structure defining the GDP binding si te correspond to regions in 

primary sequences which show a high degree <if homology when compared with other 

prokaryotic and eukaryotic elongation factors and initiation factor. The purine nucleotides play a 
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crucial role as regulators of molecular functions and as sources of energy in protein 

biosynthesis. Guanosine di- and triphosphates are importan! as cofactors for elongation factors 

EF-Tu and EF-G and initiation factor IF2. Because of the high sequence conservation it has 

been possible to btúld convincing models based on the EF-Tu structure for other prokaryotic 

EF-Tu's such as E. graci/is EF-Tu, the eukaryotic EF-Tu (EF-la) and prokaryotic IF-2. 

During the transition from the GDP (inactive) to the GTP (active) form, domain 1 of EF-Tu, 

containing the GTP-binding site undergoes interna! conformational change of the molecular 

switch similar to those observed in ras p21. In addition, a dramatic rearrangement of domains is 

observed, corresponding to a rotation of 90.8° of domain 1 relative to domains 2 and 3. 

Residues that are affected in the binding of arninoacyl-tRNA are found in or near the cleft 

formed by the domain interface. The recent determination of the structure of an intact form of E. 

coli EF-Tu GDP confmns that the conformational change is not affected by the nicked form of 

the protein. 

After successful crystallization of the temary complex [7] an X-ray crystallographic analysis [8] 

has shown that it has an extended shape of approximately liSA in the longest dimension. The 

EF-Tu: GDPNP componen! binds exclusively to the acceptor arm of the Phe-tRNA, involving 

al! three domains of the protein. The 3'-CCA end of the Phe-tRNA binds in a cleft formed by 

domains 1 and 2. In the GDP conformation of EF-Tu, a large conformational change takes 

place, destroying ·the bináing site, aná the facwr is no longer capable of binding tR.J~A . 

The action of arninoacyl-tRNA as a cofactor for the ribosome in stimulating GTP hydrolysis by 

EF-Tu can be assigned to the effector region of EF-Tu in good correlation of GTPase 

stimulators acting on effector regions of other GTP binding proteins. Details of such 

macromolecular interactions will be presented. 

The structure of the temary complex has been observed to be very similar to the structure of 

EF-G [9, 10] thus giving the fJ.rst structural evidence supporting molecular mimicry of protein 

and RNA. 
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Structural studies on elongation factor Tu 

Rol{Hilgen(eld, Dept. of Structural Biology & Crysta//ography, lnstitute of Molecular Biotechno
logy, P.O.Box !00813, D-07708 Jena, Germany 

EF-Tu was the first protein found to be regulated by binding of GTP and GDP. In its active state, 
switched on by GTP binding, it fonns a temary complex with aminoacyl-tRNA and transports it to 
the A site ofthe messenger RNA-programmed ribosome, whereas subsequent GTP hydrolysis leads 
to the release ofEF-Tu*GDP from the protein synthesis machinery. In the GDP fonn, the affinity of 
the EF-Tu to aminoacyl-tRNA is greatly reduced and the exchange of GDP for GTP is hindered by 
the slow dissociation rate of GDP from the complex . The guanine nucleotide exchange factor, EF
Ts, accelerates this dissociation and, owing to the high cellular GTP concentration, EF-Tu is 
retransfonned back into its active GTP-bound fonn . Thus, EF-Tu cycles between the active GTP
bound state and the inactive GDP fonn, resembling other guanine nucleotide-binding proteins such 
as the heterotrimeric mammalian G proteins and the members of the ras protein family. The 
confonnational differences between the inactive and the active fonns are importan! for the molecular 
mechanisms ofthese signal-transducing GTPases [1] . 

We have determined the three-dimensional structure of the active GTP fonn of the EF-Tu from 
Thermus thermophilus at very high resolution (better than 1.7 Á), and compared it to the inactive, 
GDP-bound fonn [2]. When GDP is exchanged for GTP, the protein undergoes dramatic 
confonnational rearrangements, with an amplitude of up to 42 A. On the basis of the crystal 
structure, we propase molecular mechanisms for transduction and amplification of the signa! induced 
by GTP binding as well as for the intrinsic and effector-enhanced GTPase activity of EF-Tu . These 
are supported by crystallographic studies of designed EF-Tu mutants [3]. 

The drama tic structural changes connected with nucleotide exchange serve the purpose of forming a 
specific binding cleft for aminoacyl-tRNA in the active GTP fonn but not in the inactive GDP form 
ofEF-Tu [2]. We have determined the crystal structure ofa complex between EF-Tu*GppNHp and 
anthraniloyl adenosine, which can be regarded as a model for the aminoacyl end of the tRNA Thc 
analogue is found in the proposed tRNA binding cleft , with well-defined interactions with thc 
protein . 

When the antibiotic kirromycin binds to EF-Tu, the factor shows significan! affinity to aminoacyl
tRNA not only in the GTP but also in the GDP form Kirromycin is known to inhibit the release of 
EF-Tu*GDP from the ribosome after GTP hydrolysis. This prevents the peptidyl transferase reaction 
and subsequent translocation, and the ribosome is stalled [4]. Four mutations capable of conferring 
kirromycin-resistance toE. co/i EF-Tu have been identified; all ofthem are located in the domain 1-3 
interface of the GTP fonn of EF-Tu [5] . As this interface is completely remodelled upon GTP 
hydrolysis, it is understandble how kirromycin binding can interfere with the confonnational 
rearrangement of the domains, leading to a breakdown of the allosteric control of EF-Tu in its 
interactions with tRNA and the ribosome. 

Pulvomycin is another antibiotic interfering with the nonnal functions of EF-Tu by disrupting its 
allosteric control mechanisms. Again, we could !acate pulvomycin-resistance mutations in an 
interface between EF-Tu domains; however, in this case the location identified is the point in the EF
Tu structure where all three domains meet [6]. 

Kirromycin and pulvomycin therefore represen! drugs which do not act by binding to an active site 
but rather by preventing confonnational rearrangements occuring during the function of their target, 
i. e. they behave like sand in the gear ofthe molecular switch, EF-Tu. Since antibiotic-sensitive EF
Tus are confined to the bacteria! world, this protein with its essential role in bacterial.polypeptide 
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synthesis should be a most attractive target for new antibacterial drugs, be they rationally designed 
on the basis of our crystal structures or discovered by screening or combinatoria! chernistry. 
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Elongation factors from Thermus thermophilus 

~nzl 
orium für Biochemie, Universitat Bayreuth, 95440 Bayreuth, Gennany 

Tel. +49 921/55 2420, Fax +49 921/55 2432 

Elongation factors Tu, Ts, and G from T. thermophilus were 

overproduced in E. coli, isolated and used for biochemical and structural 

studies. The crystal structures of EF-Tu·GppNHp, EF-Tu·GppC2HP and EF-

Tu·GppNHp·anthranyloyl-adenosin have been solved in cooperation with Dr. 

R. H ilgenfeld (Jena). Crystals suitable for X-ray structure analysis were 

obtained from several mutants of EF-Tu, EF-Ts, EF-Tu·EF-Ts, valine-tRNA·EF

Tu·GppNHp complexes. The work on determination of these structures is in 

progress. Site-directed mutagenesis is used to gain information about 

mechanism of EF-Tu function in respect to GTPase, binding of aminoacyl-tRNA 

and interaction with ribosome. Amino acid replacements were performed on 

Glu55, Glu56, Arg59, Thr62, His67, Asp81, Cys82, His85, Gly233, Arg300 and 

Thr394. Deletion mutants were 181-190, 212-405, 313-405, 1-316, and 212-

405. Properties of these EF-Tu variants will be discussed. Aminoacyl-tRNA 

binds to EF-Tu in form of an amino acid orthoester. The formation of this 

structure is necessary for stability of aminoacyl-tRNA·EF-Tu·GTP ternary 

complexes. Analogues of an orthoester form of amino acid are inhibitors of 

protein biosynthesis. A model expla ining the mode of action of 

chloramphenicol will be presented. 
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Structure of the human ADP-ribosylation factor 

Dagmar Ringe, Juan Carlos Amor, Richard H. Kahn (1), David H. Harrison 

Departments of Biochemistry and Chemistry, Brandeis University, Waltham, MA 

(1) Laboratory of Biological Chemistry, National Cancer Institute, 

Bethesda, MD 

ADP-ribosylation factors (ARFs) are essential and ubiquitous in eukaryotes. 

They are involved in vesicular transport, and func.tion as activators of 

phopholipase D and cholera toxin. The activity of ARF proteins in membrane 

traffic and organelle integrity are intimately tied to its reversible 

association with membranes and specific interactions with membrane 

phospholipids. One common feature of these functions is their regulation 

by the binding and hydrolysis of GTP. 

Sequence comparisons show that the ARF molecule is similar to other 

GTP binding proteins, such as ras family members, EF-Tu and the nucleotide 

binding domain of the a-subunit of the G protein transducin. However, 

there are some structural differences that differentiate ARF from these 

proteins, in that it has an N-terminal extension that is essential to 

ARF function and has no counterpart in other GTP-bindíng proteins. The 

N-terminal gJ ycine is myristoylat~d ancl may :;e:·;e a ::; an <:nc-.ho.r '-• ht:n 

the protein interacts with the membr~ne. 

loTe have solved the three-dimensional sr.ructure of human ARFl in the GDP

bound, non-myristoylated form. This is a soluble form of the p¡·otein 

that crystallizes readily. The structure has been used to interpret 

some of the characteristics of ARF, namely, the GTP-dependent modulation 

of membrane affinity, the lack of intrinsic GTPase activíty, and the 

nature of the effector binding surfaces. 
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MUTAGENIC ANALYSIS OF a-GUSTDUCIN DOMAINS INVOLVED IN 

INTERACTION WITH BITTER T ASTE RECEPTORS. 

L.Ruiz-Avila and R.F. Margolskee. Roche Institute ofMolecular Biology. 340 Kingsland 

Street, Nutley, NJ 07110. 

Gustducin is a taste-specific G protein of the transducin family involved in bitter signal 

transduction in taste receptor cells. We have characterized a membrane fraction from 

bovine and mi ce taste tissue that activa tes transducin and gustducin upon stimulation with 

the bitter compound denatonium. In order to further characterize tlús receptor activity, we 

have mutated two residues on a -gustducin located in receptor interaction domains already 

described for other G proteins. Mutations in cys324 (C324_>A324, c324 __ >s324) didn't 

affect the ability of the proteins to be activated by the heterologous receptor rhodopsin, 

nor affected the activation of the gustducin mutants u pon denatonium stimulation of taste 

membranes. These mutations reduced the affinity to GDP and changed the tryptic 

sensitivity ofthe mutants in a way that can be explained by assigning cys324 a major role 

in maintaining the non active, GDP-bound conformation of gustducin in the absence of 

activated receptor. Mutation in gJy351 (G35 ¡__>p351 ), a mutation that should provoke a 

major conformational change in the proposed structure of the C-terminal end of 

gustducin, blocked completely both the rhodopsin activation and the denatonium

mediated taste-membrane activation of the aJ51 __ >p351 mutan t. It is concluded that the 

denatonium activation of gustducin in taste membranes occurs u pon stimulation of a taste 

receptor that interacts with gustducin in a similar way to the rhodopsin-transducin 

interaction. L. R-A is a Fulbright scholar from the Spanish :MEC-Fulbright postdoctoral 

program. 
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BRUNO ANTONNY 
CNRS - Institut de Pharmacologie Moléculaire et Cellulaire 

660 Route des Lucioles, Sophia Antipolis 
F-06560 V ALBONNE (France) 

Interaction of the retina! cyclic GMP phosphodiesterase 
inhibitor with transducin (G.a) and with other G-Proteins 

(G1a, G.a and G,a) 

Vcrtebrate visual excitation is mediated by a hght-tnggered U-protem caseáde. 
In the retina! cyclic GMP-phosphodiesterase (PDE), catalysis by the a~-heterodimer is 
inhibited in the dark by two identical y-subunits and stimulated in the light by the GTP
bearing a-subunit of the heterotrimeric 0-protein transducin (TIYf-TaGDP). Two 
TaGTP molecules, dissociated from T~y. bind to and displace the PDEy subunits from 
their inhibitory site.'i on PDEap. We have studied the interaction of recombinant bovine 
PDEy with purified Ta in solution. The kinetics and affinity of this interaction were 

determined by monitoring changes in the proteins' tryptophan fluorescence. The K.J's 
for the binding of recombinant PDEy to soluble TaGTPyS and TaGDP are ~ 0.1 nM 
and 3 nM, respectively. Site-directed mutagenesis shows that both W207 of Ta and 
W70 of PDEy are crucial for this interaction. 

In addition we observe that while PDEy is not the physiological effector of other 
Go. subtypes, it can still detectably interact with them. This interaction is strong with 
O¡¡ a and G¡3<X (Ko"' 10 nM) and weaker with G0 a and G5a. CKD ... 1 mM). For all 
these Ga. subtypes, similar intrinsic fluorescence changes are observed upon PDEy 

binding. Moreover, similar relative decreases in affi.,ity are obtained when the GDP 
fonns of Gila. G¡3<X or Gta are used in lieu of the GTP forms. This points to a 
conserved GTP-dependent effector-interaction domain which includes probably the 
conserved W (207 in Ta) of the switch II domain. 
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G protejas¡ a conserved structure for multiple fuoctjons. 

Luis Sanchez-Pulido and Alfonso Valencia . 

Protein Design Group . CENTRO NACIONAL DE BIOTECNOLGIA- CSIC. 

Campus de la Universidad Autonoma. Cantoblanco, 28049 Madrid. 

Telephone: +34-1-585 45 70 Fax: +34-1-585 45 06 

Internet: valencia@samba.cnb.uam.es 

Along the last years we have seen a fantastic increase in the number of 

known sequences belonging to thedifferent families of G proteins, i.P.. ras, 

EF-Tu, G protein alpha subunit, arf. Updated versions of the phylogenetic 

trees of each one of the families will be discussed. The analysis will be done 

with a particular emphasis on the influence of the different sequencing 

projects (Heamophilus influenzae, Mycoplasma genitalium, Saccharomyces 

cerevisiae} on OW' understanding of the superfamily. 

Parallel to the efforts in sequencing the structure of different proteins of the 

superfamily has been solved (ras-p21, EF-Tu, EF-G, G protein alpha subunit, 

arf). Comparison of the available structures becomes a powerful tool for the 

deciphering of differences and similarities in the action mechanisms. 

Specially relevant are the different conformational changes promoted by the 

GTP hydrolysis in different systems. 

Finally, the use of the newly available tools in sequence-structW'e analysis 

leads to two pictures: 

- A description of the elements common to all G proteins. These regionc; are 

related with the common GTP binding function and 

-a proposal about the key regions creating the functional differences 

between different families of the G protein superfamily. 
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Tubulin: a GTP binding protein 

J. Avilal, A. Fontalba2, R. Padillal, J .C . Zabala2 

lCentro de Biología Molecular "Severo Ochoa" (UAM-CSIC) Madrid 
2Dpto. Biología Molecular F. Medicina Univ. Cantabria 

In addition to the existence of several small G proteins with a regulatory function 
on cell growth, there is an ubiquitous structural GTP binding protein that plays an 
important role in the regulation of cell division, tubulin . Tubulin is a protein whose 
quaternary structure is a heterodimer formed by two subunits (a and 13) which requires 

of chaperon-like proteins to fold in a proper functional way. Once the heterodimer has 
been assembled, tubulin function, inside the cell, is based in its capacity to polymerize 
(into microtubules) or to depolymerize back into heterodimers, in a dynamic way. In 
that dynamic process, GTP binding to tubulin is required for microtubule assembly and 
GTP hydrolysis for microtubule disassembly. Two GTP binding sites are present in 
tubulin heterodimer. One exchangeable with exogenous GTP, and present in the J3 
subunit, and the other, which is non exchangeable, present in a subunit. 

The exchangeable GTP bound to J3 subunit becames non exchangeable once it is 
incorporated into the microtubule and, in the polymer, it hydrolyzes yielding GDP. This 
hydrolysis is not totally coupled to the assembly. 

Thus, as previously indicated, GTP binding to tubulin is needed for microtubule 
polymerization, being GTP hydrolysis required for microtubule depolymerization, and 
it is possible to pass from a net assembly of tubulin into microtubules (growing state) to 
a fast depolymerization (shrinking state) when the number of tubulin subunits, present 
in the polymer, containing GTP bound to them, decreases below a threshold, and 
mainly the microtubule is composed of GDP-tubulin. 

On the other hand, in the presence of sorne microtubule associated proteins, 
MAPs, microtubules became more stable and less dynamic structures. 

In this communication two aspects will be considered: the possible influence of 
microtubule associated proteins (MAPs) in the GTP binding to tubulin and the folding 
of the GTP binding site. For the first point it was observed that the presence of MAPs 
facilitate GTP binding. For the second point it was observed that the formation of GTP 
binding loop, identified by doing point mutations on beta tubulin molecule, probably 
could be required for the further proper folding of beta tubulin. 
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The Structure and Mechanism of Hcterotrimeric G·proteins 
Paul B. Sitler 

Departrnent of Molecular Bioogy and Biocbemistry, 
Y ale University and The Howard Hughes Medica! Instilute 

295 Congress Ave, New Haven, CT 06510 

Thousands of diffcrent extracellular signals are transmitted to their 
intracellular targets ('effectors') through 7-transmembrane hclical receptors and 
thcir cognate beterotrimeric G-proteins. Because of the availability of adequate 
amounts of the relevant proteins and the extensive body of biochemical and 
biophysical research, we have studied the visual response of the bovine retina. 
The heterotrimeric G-protein is called transducin or Gta~y 

Four crystal structurcs ha ve bcen sol ved to 2.2 Á or better. Gta ·G D P 
when compared to Gtcx·GTPyS reveals the stereochcmical dcterminants of 
"activation" of the a.-subunit Gta·GDP·A1F4 Íli a transition-state mimic for the 
hydrolysis of GTP and, thereby, gives strong insíght into the mcchanism. GtSy 
gives a vivid picture of the structure of the ~y-component that stabilízes the 
in active state of Gcx and in certain systems serves as a signal transducer. Finally, 
the structure of Gtcxpy·GDP when contrasted wíth the above shows the 
mechanism of disengagemcnt of G~y from Ga·GTP upon actívation. What 
remains is to cstablish the stereochemistry that defines the mechanism by which 
the photo-activated rhodopsin catalyzes the replacernent of GDP with GTP and 
the activating intcracúon between Gta·GTP and the y-subunit of its effector, 
cGMP phosphodiesterase. 

Referenccs: 
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Structural and Functional Studies on the Ras-Raf lnteraction 

Nicolas Nassar, Gudrun Hom, Christian Herrnann, Frank Schmitz and .Aifi:ru! 
Wittinghofer 
Max-Pianck-lnstitut für molekulare Physiologie, Rheinlanddamm 201, 44139 
Dortmund, Germany 

The oncogenproduct p21 ras is in volved in the transduction of signals from the 
plasma membrane to the nucleus. lt is a GTP-binding protein with functions as a 
switch between the GTP-bound On-state and the GDP-bound OFF-state. lts 
interaction with the regulatory region of the downstream effector, the protein kinase 
c-Raf-1 has been investigated biochemically and structurally. A method has been 
developed to measure this interaction biochemically which is based on the fact that 
the Ras-Binding Domain of c-Raf-1 acts as a GDI, an inhibitor of nucleotide 
dissociation. The three-dimensional structure of p21 ras and its antagonist p21 rap1 A 
bound to the RAS-Binding-Domain of the Raf have solved by X-ray crystallography 
to high resolution. The details of this interaction will be described. 
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DIDIER CUSSAC 
Centre National de la Recherche Scientifique 

Institut de Pbarmacologie Moleculaire et CeUulaire 
660 routes des Lucioles, Sophia Antipolis 

06560 V ALBONNE (France) 

Specificity of phosphotyrosine peptide binding to the SH2 domain of 

Grb2, an adaptor protein involved in the activation of ras pathway. 

Grb2 is an 'adaptar' protein rnade exclusively of one SH2 dornain flanked by two SH3 

dornains. Grb2 forms a stable cornplex with the ras exchange factor Sos, the SH3 

domains of Grb2 interacting with proline rich rnotifs in the C-terminal of Sos. Binding of 

the Grb2 SH2 dornain on receptors, or other adaptor proteins such as Shc, recruits this 

Grb2/Sos cornplex at the plasma rnernbrane where Sos stirnulates nucleotide exchange on 

ras, then ras activates raf and leads to MAP-kinase activation. 

We have used tryptophan fluorescence changes to study the specificity and affmity of 

phosphotyrosine peptide binding to the SH2 dornain of Grb2. An asparagine residue in 

Y+2 (pYXNX) had been showed to be the consensus sequence recognised by this SH2 

dornain. We have thus tested different phosphotyrosine peptides derived frorn severa! 

receptors and adaptors. The Shc peptide (PSpYVNVQN narned P8N) possesses the 

highest affinity. Substitutions of the asparagine (N) decrease the affmity by at least two 

arder of rnagnitude. Intensity of fluorescence and emission spectra are also changed 

showing that the N in Y +2 interacts with the tryptophan 121 present in the SH2 domain. 

Using phosphotyrosine peptides frorn P8N with sequential changings of amino acids in 

Y -1, Y+ 3, Y +4 and Y +5 allow us al soto determine the contribution of these residues in 

the binding. However sorne peptides with an aspartate (D) in Y +2 also bind Grb2 with 

reasonable affinities (¡.J.M range) suggesting that sorne proteins that can be phosphorylated 

on tyrosine, but do not possess the pYXNX consensus rnotif may interact with the SH2 

dornain of Grb2 and thus Jead to the activation of the ras pathway. 
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G 12 requirement for thrombin-stimulated gene expression and DNA synthesis in 

1321Nl astrocytoma cells Aragay AMt, Collins LR"', Post GR"', Watson AJt, James R. 

Feramisco•·, Brown JH*, Simon Mit. 
*Department of Pharmacology and "Cancer Center, University of California, San Diego, 9500 

Gilman Orive, La Jolla, CA 92093. toivision of Biology, 147-7 5, California Institute of 
Technology, Pasadena, CA 91125. 

Thrombin is a potent mitogen for fibroblasts, astrocytes and other celllioes (Van Obberghen
Schilling et al., 1985; Cavanaugh et al., 1990; Hung et al., 1992 and LaMorte et al., 1993a; 
l993b). Thrombin cleaves and activates a seven-transmembrane spanning receptor to trigger G
protein mediated stimulation of downstream effectors (V u et al., 1991). The actions of thrombin in 
1321 N l human astrocytoma cells ha ve been well characterized. In these cells, thrombin stimulates 
phospholipase e activity leading to mobilization of intracellular calcium, diglyceride generation and 
redistribution of protein kinase C (Iones et al, 1989; Nieto et al ., 1994; Post et al., submitted). 
Thrombin receptor activation also leads toa biphasic increase in c-jun mRNA, an associated 
increase in AP-l DNA binding activity and a marked increase in AP-1-mediated gene expression 
and DNA synthesis (Trejo et al., 1992; LaMorte et al., 1993b). Ras function is required for the 
mitogenic effect of thrombin as well as thrombin induced AP-1 tranSCriptional activity (LaMorte et 
al. , 1993b). 

There is substantial information about the signaling pathways downstream of thrombin receptor 
activation; however, it is not known which of the heterotrimeric G proteins couples thrombin to the 
mitogenic pathway. In fibroblasts, thrombin stimulated DNA synthesis is sensitive to pertussis 
toxin (PTX) (Chambard et al., 1987; van Corven et al ., 1993). Experiments using microinjected 
antibodies against G0 or G¡ suggested that the mitogenic effect of thrombin in CCL39 and in 3T3 
fibroblasts is mediated through these G proteins (LaMorte et al. , 1993a; Baffy et al., 1994). 
However in 1321Nl astrocytoma cells, thrombin stimulated DNA synthesis and thrombin-induced 
gene expression are not inhibited by pertussis toxin treatment (Post et al., submitted) suggesting 
that G proteins of the G¡/G0 family do not mediate these responses. The PTX insensitive G 
proteins Gq and/or G11 have also been reported to function in rnitogenic signaling by thrombin 
and bradykinin in fibroblasts (LaMorte et al ., 1993a; Baffy et al., 1994). However, studies 
comparing muscarinic and Lluombin receptor signaling mechanisms in astrocytes and CCL39 
fibroblasts demonstrate that, although both receptors interact with Gq/G11 to stimulate 
phospholipase C, release calcium and activate PKC, only thrombin can activate Ras and elicit cell 
proliferation (Treja et al., 1992; Seuwen et al, 1990; Post ct al ., submitted). These data suggest 
that activation of Gq and phospholipase C is insufficicnt to account for the f ull mitogenic effects of 
thrombin and that other signaling pathways are in volved. 

The Gal2 and Ga13 subunits constitute a family of G proteins distantly related to the other G 
protein a subunits (Strathmann and Simon, 1991). Both Gal2 and Ga13lack the cysteine residue 
which renders these proteins susceptible to ADP-ribosylation by PTX. The signaling pathways 
regulated by these G proteins ha ve not been identified. Activation of these G proteins has 
nonetheless been linked to cell growth in several cell systems. 
Overexpression of Ga12 in Nlli3T3 cells leads to neoplastic transformation (Chan et al, 1993) and 
expression of a GTPase- deficient mutant form ofGal2 and Gal3 can efficiently transform 
Nlli3T3 cells (Jiang et al, 1993; X u et al, 1993) and Rat-1 fibroblasts (Voyno-Yasenetskaya et al, 
1994a). In addition, EGF- stimulated MAPK activity is enhanced in fibroblasts that express the 
activated mutants of Ga12 and Gal3 (Voyno-Yasenetskaya et al., 1994b). Therefore these G 
proteins appear to be good candidates to be involved in PTX-insensitive signaling pathways 
leading to cell growth. 

In the present study we show that the activated mutant form of Ga12 induces AP-1 mediated 
transcriptional activation when transfected in 1321N1 cells and this effect requires Ras function. 
Furthermore, we show that microinjection of an antibody against Ga12 can specifically block the · 
mitogenic effect of thrombin. Taken together, these results suggest that Ga12 functions as a PTX
insensitive mediator of thrombin induced DNA synthesis in 1321N1 cells. 
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Xu, N., Bradley, L., Arnbdukar, l. and Gutkind. J., S. (1993) Proc. Natl . Acad. Sci. U.S.A. 
90, 6741-6745. 
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THROMBIN RECEPTOR-INDUCED MITOGENIC SIGNALS 

Pouysségur J, Chen Y-H, Rivard, N., Me Kenzie, F., Chambard, J.C. and Van 
Obberghen-Schilling E, Centre de Biochimie-CNRS, Pare Valrose, 06108 
Nice, France 

The serine protease thrombin (THR) elicits a biological response in a wide 
variety of cells, including growth stimulation in vascular smooth muscle 
cells and fibroblasts . Thrombin-responsive CCL39 cells, a line of Chinese 
hamster lung fibroblasts, led us to dissect THR-induced mitogenic signals. In 
these cells, THR, like · agonists for receptor tyrosine kinases, activa tes 
persistently the MAP kinase (p42/p44) cascade, a pathway that is obligatory 
to induce cell cycle entry. THR activates this pathway by cleaving its 7 
transmembrane domain receptor, a step that leads to dissociation of 
multiple heterotrimeric G proteins: Gq, G12 and the Pertussis toxin-sensitive 
Gi/ o. We showed that these G proteins activa te cytoplasmic tyrosine 
kinases, including members of the Src family, Src and Fyn. We believe that 
rapid THR-induced tyrosine phosphorylation events are essential to couple 
the THR receptor toRas. Indeed we found that THR rapidly stimulates Shc 
phosphorylation on tyrosine, an action that promotes recruitment of the 
complex Grb2/Sos. THR-stimulated MAP kinase activity and cell 
proliferation are stimulated by overexpression of Shc, and strongly inhibited 
by the expression of the Shc tyrosine mutant, Y317F, deficient in Grb2 
binding. These results indicate that Shc plays a critica! role in the 
transmission of mitogenic signals whether they emerge from receptor 
tyrosine kinases or from G protein-coupled receptors. 
In addition, we demonstrate that the tyrosine phosphatase PTPlD plays a 

positive role in the THR-induced mitogenic response, like it was shown for 
the PDGF receptor. We therefore conclude that THR receptor activation is 
coupled to the Ras/MAP kinase cascade via at least two independent 
signalling molecules, Shc and PTPlD. 
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MECHANISM OF ACTION OF RAS REGULATORS 

Andrea Parmeggiani, Soria Baouz, Alberto Bemardi", Jean Bemard Créchet, Carmela Giglione, 

Eric Jacquet, Maria Carla Parrini 

Laboratoire de Biophysique, Ecole Polytechnique, F-91128 Palaiseau Cedex, France 

"lnstitute Jacques Monod, Université Paris 7, F-75251 Paris 05, France 

The GDP/GTP cycle of ras gene products is regulated by two kinds of ligands, the GTPase 

activating proteins (GAPs), that by removing the GTP-bound active state of ras negatively 

influence the downstrearn signa!, and the GDP/GTP exchange factors (GEFs) that regenerate the 

active complex. To study their mechanism of action in vitro, we ha ve overproduced the domains 

of GAPs and GEFs from mammals and yeast S. cerevisiae using E. coli as host cell. By means 

of severa! chromatographic methods we ha ve isolated these products in part in highly purified 

form. We ha ve studied the kinetic properties of the action of the catalytic domain of Ira2p, a GAP 

protein from S. cerevisiae, on Ras2p activity and its capacity to interact with tubulin as compared 

to mammalian p120-GAP and neurofibromin. A remarkable andas yet unexplained property is 
the selectivity of the action of Ira proteins. In fact, the ras proteins and their regulators GAP and 

GEF of mammals and S. cerevisiae display structural similarities and are functionally 

interchangeable in vivo and in vitro with the only exception of Iralp and Ira2p that are strictly 

speciftc for S. cerevisiae Ras proteins and cannot stimulate the GTPase of mammalian H-ras 

p21. We have investigated the reason of this specificity by constructing a series ofH-ras/Ras2p 

chimaeras and mutated ras proteins and were able to identify structural determinants of ras 

responsible for the se1ective action of Ira2p. The results help clarify specific aspects of the 

conserved molecular mechanisms of the interaction between ras proteins and their GAPs. 

Concerning the GDP/GTP exchangers, we ha ve characterized severa! aspects of the interaction 

between H-ras and the catalytic domain of the mammalian brain-specific GEF CDC25Mm , 
isolated in pure form. The formation of its stable complex obtained with nucleotide-free H-ras 

was analyzed by electrophoretic and chromatographic techniques. Several kinetic properties of 

the CDC25Mm interaction with H-ras p21 were investigated. In particular, the apparent affmity of 

the nucleotide-free p21•C-CDC25M* complex and whether the nature of the ras-bound and of the 

free nucleotide affect the rate of the C-CDC25M~mediated nucleotide exchange on p21. The 

results were compared with those obtained with other GEFs, from which C-CDC25Mm differs for 

a number of specific properties. A1so the influence of the N-terminal domain on the activity of 

the catalytic domain of CDC25Mm was exarnined under a number of experimental conditions. 

Parrini, M.C., Jacquet, E., Bemardi, A., Jacquet, M. & Parmeggiani, A. 
Properties and Regulation of the Catalytic Domain of Ira2p a Saccharomyces cerevisiae GTPase 
Activating Protein of Ras2p 
Biochemistry (1995), in print 

Jacquet, E., Baouz, S. & Parmeggiani, A. 
Characterization ofMammalian C-CDC25Mm Exchange Factor and Kinetic Properties of the 
Exchange Reaction Intermediate p21•C-CDC25M* 
Biochemistry (1995), in print 
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_Berthe Marie Willumsen: 
THE RAS PROTEIN: SITES OF INTERACTION WITH EFFECTORS ANO 

STIMULA TOAS 

Department of Molecular Cell biology, 

University of Copenhagen, Copenhagen, 1353 Denmark. 

We have investigated the requirement for particular sequences for the H
Ras protein using transformation as biological assay. Our results have led 
to a detailed understanding of the Ras protein and the interactions it must 
provide in order to function. 

The extreme C-terminus is involved anchoring the protein in the membrane. 
The membrane localization is effected by severa! posttranslational modifi
cations including, for those Ras proteins containing additional cysteines 
within 4-8 residues, palmitoylation of these. We have shown that inter
ference with palmitoylation significantly reduces the transforming activity of 
the activated ras gene. We find, however, that the C-terminus and its modi
fications are dispensable for transforming activity, since membrane associa
tion via myristoylation of a premature truncation mutant restores transfor
ming activity. In addition, we find that sequences close to the palmitoylated 
cysteines influence the membrane association of lipid modified Ras protein, 
suggesting a previously unrecognized signal of importance forRas activity. 

We have analyzed the sequence requirements for transforming activity of 
both activated and normal H-ras genes, and this way have mapped regions 
that need to be intact for effector function, for GTPase acceleration by GAP 
and for stimulation by the exchange protein GRF, the protein homologous to 
the ras activator of S. cerevisiae CDC25. We have also investigated the 
Ras exchange proteins Sos1 and Sos2 for biological activity. Membrane 
association via a myristoylation signal changes Sos1 to a transforming 
protein; however, the Sos2 protein seems to have much lower activity. We 
have explored the basis for this defect, and suggest that the Sos2 protein, 
in contrast to Sos1, is subject to ubiquitin mediated degradation. 

Segal, M., Marbach, 1., Willumsen, B. M. and Levitzki, A. (1995) : Two distinct regions of 

Ras participate in functional interaction with GDP-GTP exchangers. Eur. J. Biochem., 228: 

96-101 . 

Willumsen, B. M., Papageorge, A. G., Kung, H.-F., Bekesi, E., Robins, T., Johnsen, M., 

Vass, W. C. and Lowy, D. R. (1986): Mutational analysis o! a ras catalytic domain. Mol. 

Cell. Biol., 6: 2646-2654. 

Willumsen, B. M., Vass, W. C., Velu, T. J., Papageorge, A. G., Schiller, J. and Lowy, D. R. 

(1991): The BPV ES oncogene can cooperate with ras. identification of a p21 amino acid 

segment required for transformation by c-rasH but not v-rasH . Mol. Cell. Biol., 9: 6026-

6033. 
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TWO DIFFERENTIALLY EXPRESSED hSosl ISOFORMS WITH DIFFERENT 
GRB2 BINDING AFFINITY AND BIOLOGICAL ACTIVITY 

José M. Rojas, Juan José R. Coque, Carmen Guerrero, Pilar Aroca, Jaime Font de Mora, 

Xavier de la Cruz\ Matthew V. Lorenzi, Luis M. Esteban and Eugenio Santos. 

Laboratory of Cellular and Molecular Biology and vLaboratory of Molecular Biology, 

National Cancer Institute, National Institutes ofHealth, Bethesda, MD 20892. 

We compared structui'e, expression and functional properties of two hSos l cDNA 

isoforms (lsfl and Isf II) isolated, respectively, from human fetal brain and adult skeletal 

muscle libraries. lsf 1 and Isf II nucleotide sequences differ only by the presence in Isf II 

of an in-frame 45 bp insertion located near the first proline-rich motif required for Grb2 

binding. Sorne human tissues express only one isoform (fetal brain: Isf I; adult skeletal 

muscle: Isf II) while most others express variable proportions of both in fetal and adult 

stages. In vitro binding studies and in vivo assays (yeast two hybrid system and NIH 3T3 

transfection assays) indicated that Isfii exhibits significantly higher Grb2 binding affinity 

and biological activity than Isf I. These results suggest that functionally different hSos 1 

isoforms with differential tissue expression and distribution, may contribute to finely 

regulated mechanisms controling Ras activation at the tissue and developmental stage 

leve!. 
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IDENTIFICATION OF TUBERIN, THE TSC2 TUMOR SUPPRESSOR GENE 
PRODUCT, AS A SPECFIC GAP FOR RAP1 
RalfWienecke, John C. Maize, Jr., and Jetfrey E. DeClue. Laboratory ofCellular 
Oncology, National Cancer Institute, Bethesda MD, 20892 

Tuberous sclerosis (TSC) is a genetic syndrome characterized by the 
development of benign tumors in a variety of tissues, as well as rare 
malignancies. Two different genetic loci have been implicated in TSC and appear 
to function as tumor suppresser genes; one of these loci, the tuberous sclerosis-2 
gene (TSC2), encodes an open reading frame with a putative protein product 
(tuberin) of 1784 amino acids. Tuberin contains a regían of limited homology to the 
catalytic domain of RaplGAP near its C-terminus, suggesting that tuberin may 
function as a negativa regulator of this small, Ras-related GTPase. Furthermore, 
predisposition to renal carcinoma of the Eker rat strain is determinad by a 
heterozygous germ-line insertion within the TSC2 gene, causing a prematura 
stop codon 5' to the region with homology to RaplGAP. 

We have generated severa! antisera against the N-terminal and C-terminal 
portions of tuberin, and these antisera specifically recognize a 180-kDa protein in 
immunoprecipitation and immunoblotting analyses of cell extracta. Subcellular 
fractionation revealed that most tuberin is found in a membrane/particulate 
(100,000 x g) fraction. Immunofluorescence analysis demonstrated that the 
majority of tuberin is localizad to the cislmedial Golgi, and the staining pattern 
was quite similar to that seen for Rapl, consistent with a possible interaction 
between these proteína in vivo. A wide variety of celllines expresa the 180-kDa 
tuberin protein. Western-blot analyses of several celllines derived from renal 
carcinomas of the Eker rat strain revealed a lack of tuberin in these cell lines, 
confirming a 'second hit mutation' at TSC2 during the development of the 
malignancies. Additional evidence for a tumor suppressor role for TSC2 was 
revealed by the loss of tuberin expression in severa! sporadic brain tumors fom 
non-TSC patients. 

Immunoprecipitates of native tuberin from K-562 cells contain an activity 
that specifically stimulates the intrinsic GTPase activity of Rapla, although there 
may be additional sources ofRaplGAP activity in this cellline. RaplGAP activity 
was confirmed in assays with a C-terminal fragment of tuberin, expressed in 
bacteria or SF9 cells. Tuberin did not stimulate the GTPase activity of Rap2, Ha
Ras, Rae, Ran, or Rho. We conclude that tuberin is a specific RaplGAP. These 
resulta provide experimental evidence for a striking parallel between TSC and 
neurofibromatosis type 1 (NF1), in which the loss offunctional tuberin (which 
normally would inactiva te Rap1) may lead to constitutiva activation of Rapl in 
tumors of patients with tuberous sclerosis. Furthermore, in the tuberin-deficient 
Eker celllines, the lack of RaplGAP activity of tuberin might be critica! for their 
proliferation, analogous to the role of the NF 1 product neurofibromin, the crucial 
RasGAP in human Schwann cell tumors. We are currently exploring these 
possibilities. 
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Rho proteins function as dual regulators of cell growth and 

apoptosis 

Juan tarlos Laca! 

Instituto de Investigaciones Biomédicas , CSIC, Madrid, Spain 

Oncogenes appear to influencc apoptosis in two ways. Sorne activate 

cells from a growth-arrested state to onc in which both apoptosis and entry 

to S-phase become possible , thc choice between them being determined by a 

seco nd signa!, such as cytokines or growth factors. Cells in this state are 

often sensitive to apoptosis induced by a widc variety of agents, including 

severa! drugs used in cancer chemotherapy. Other oncogenes prevent 

activation of the apoptosis effector pathway, even in the presence of a death 

stimulus, the affected cells therefore being resistan! to chemotherapeuti c 

agents. In rodent fibroblast s, c-myc or the adcnovirus oncogene EIA effect 

the first type of change, whereas bcl-2, v-abl. EIB or activated ras effect the 

second. 

We have demonstrated that riz o genes, members of the ras 

superfamily, are tumorigenic when ovcrcxprcssed in NIH-3T3 cells {1,2). and 

as other known oncogenes , they also induce apoptosis after scrum 

deprivation (3). Thc apoptotic index in tumors generated by these cell lines 

is similar to those induced by EIA-transformed cells and much higher than 

those found in tumors induced by ras-transformed cclls. Apoptosis induced 

by riJo is blockcd by overexpression of blc-2. and a drastic reduction in the 

apo ptotic index was observcd in tumors gcncratcd in nude mice by cell lincs 

cxpressing both rilo and bc/-2. Thus. riz o genes may play a critica! role in 

thc regulation of apoptosis both in vilro and in vivo. 

We will provide evidencc that ovcrcxpression of Rho proteins in NIH 

3T3 cells induce the gcneration of phosphatidylcholine (PC)-derived sccond 

messengers as a rcsult of activation of a PC-spccific phospholipase D (PC 

PLD) as found for ras-tran sfo rmcd ce ll s. In contras!, rcmoval of serum in thc 

Rho transfectants, but not in normal NIH 3T3 cells or cells transformed by 

the ras oncogene, induced the production of ceramides as a result of 

acti vation of an sphi ngomyelina sc (S Mase) . Furthermore, the r lz o

expressing cells underwent apoptosis in the prcsence of serum when 

exogenous ceramidcs were added, and this process was accelerated if cells 

werc treatcd with exogenous SMase. Thus , Rho proteins act as an initiation 

signa! that is necessary but not sufficient for the induction of apoptosis in 

NIH 3T3 cells . We propose that induction of apoptosis in NIH 3T3 cells 

requires two complementary signals: an initiation signa! gencrated cvcn in 
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the presence of serum which "primes" the cells, making them sensitive to a 
progression signal, triggered by serum removal, which we have identified as 

generation of ceramides. 

Recently, it has been found that the Rho family of small GTPases are 
critical elements involved in the regulation of signal transduction cascadcs 
from extracellular stimuli to the cell nucleus. Both the JNK/SAPKs signaling 
pathway and the c-fos serum response element (SRF) are activated by 

members of the Rho family . We will provide evidence of a novel signaling 

pathway activated by the Rho proteins which may be responsible for sorne of 

their biological activities such as transformation , cytoskeleton organisation, 

apoptosis and metastasis. The human rho A, rho B, CDC42 and rae 1 proleins 

efficiently induce the transcriptional aclivity of nuclear factor JCB (NF-1eB) 

by a mechanism independent of the Ras GTPase and the Raf-1 kinase. Thi s 
activation is reversed by overexprcssion of h e Ba, the NF K B inhibi tor , 
suggesting that Rho regulates NF KB activity by dissociation of the NF KB :lKBa 

complex . 

Therefore, in addition to their transforming activity, expression of 

rh o oncogenes, members of the ras superfamily induce apoptosis in rodent 

fibroblasts . Apoptosis induced by Rho requires two signals, one of thcm is 

ceramidcs production, which may be related to NF KB transcriptional 
activation in a Ras- indcpcndcnt pathway . 

1.- Ballestero, R.P., Esteve, P., Perona, R., Jiménez, B., Lacal, J.C. 
(1991) Bio1ogical function of Aplysia californica rho gene. En The Superfamily of ras 
related Genes, pp. 237-242. NATO Advanced Science Institute Series, vol. A220. 
Plenurn Press. 
2.- Perona R., Esteve P., Jimenez B., Ballestero R.P., and Laca! J.C. 
(1993). Turnorigenic activity of rho genes frorn Aplysia ca1ifomica. Oncogene 8, 1285-
1292. 
3.- Jiménez B., Arends M., Esteve P, Perona R., Sanchez R., Ramón y 
Caja! S, Wyllie A. and Laca! J.C. (1995). Induction of apoptosis in NIH3T3 
cells after serum deprivation by overexpression of rho-p21, a GTPase protein of the ras 
superfamily. Oncogene 10,811-816. 
4.- Esteve P., del Peso L. and Laca! J.C. (1995) lnduction of apoptosis by rh o 
in NIH 3T3 cells requires two cornplementary signals. Ceramides function as a 
progression factor for apoptosis. Oncogene (in press) . 
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J. Silyjo Gutkind. Ph.D. 

Molecular Signaling Unit, Laboratory of Cellular Developfilent and Oncology, National Institute 

of Dental Research, National Institutes of Health, Bethesda, Miuyland 20892, USA. Te! : (301) 
496-6259; Fax: (301) 402-0823; E-mail: gutkind@nih.gov. 

Signaling from the membrane to the nucleus: Ras and Rho~related GTP-binding proteins control 

independent kinase cascad es communicating cell surface receptors to distinct members of the MAPK 

superfamily. 

Abstract: 

We have used the expression of human muscarinic acetylcholine receptors (mAChRs) in N1H 

3T3 cells as a model for studying proliferative signaling through G protein-coupled receptors. In 

this biological system, the m1 class of mAChRs can effectively transduce mitógenic signals, and 

induce malignant transformation if persistently activated (i,2). Consist.ent witb tbis observation 

was our finding that mutated genes for certain classes of G proteins are as transforming as the 

most potent known oncogenes (3,4) . We tben began dissecting biochemical patb.ways utilized by 

transforming G protein-coupled receptors. We found that one such patb.way involves tb.e 

exchange of GDP for GTP in tbe protein product of tb.e ras proto-oncogene. The nuclcotide 

exchange in p21 rnr leads to tb.e activation of tb.e p72nif kina5e, and both events were found to be 

strictly required to induce DNA-synthesis or transformatidn by G protein-coupled rcceptors (5 

and unpublished observations) . U pon activation., p72raf is believed to be one of the initiators of a 

cascade of serine-threonine kinases tb.at converges in the activation of .!;.xtracellular signa! 

regulated kinases (ERKs), also known as p42rt:l!pk and p44"""\ which ultimately regulate the 

expression of genes essential for proliferation. Thus, wc next investigated how G protcins link 

cell surface receptors to tb.c activation ofERKs. 

Whereas a subunits were thought to be thc active components of heterotrimeric G prott:ins, 

py complexes were believed to simply regulate a activity. Hówever, we have found tbat py 
subunits ofG proteins, not Ga, act in a ra~-dependcnt manner to stimulate ER.Ks (6). Furthermore, 

G protein-coupled reccptors were shown to actívate ERK in a py-dependcot manner. These 

findings support a novel mechanism for activation of ras : by f}y complexes, and suggest that 

signals from G protein-coupled receptors converge at the leve! ofp21"" with the pathway utilized 

by receptor-tyrosine kinases. 

To explore nuclear events involved in growth regulation by G protein-coupled receptors expressed 

in N1H 3T3 cells, we compared tb.e effect of PDGF ami the :cholinergic agonist, carbachol, 

on the expression of mRNA for members of the jun and jos fWnil.y ;of nuclear proto-oncogenes. We 

found tb.at activation of ml receptors induces the expression of a distinct set of nuclear transcription 

factors. In particular, the muscarinic agonist carbachol caw¡ed a much greater induction of c-jun 

mRNA and AP-1 activity (7). These responses did not c<irrela(e witb. tb.e activation of ERK.s. 

Recently, it has been shown tb.at a novel family of kinase<; ~turally related to ERK.s, ~tress 
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ªctivated ·urotein k.inases (SAPKs) or jun kinases (JNKs), phosphorylate the N-terminal 
transactivating domain of the c-jun protein thereby increas~g its transcóptional activity. In view 
of our results, we asked whether ml and PDGF can differentially ad,tivate JNKs. We have found that 
ml mAChRs can induce a remarkable increase in JNK activi~ . In ~ ontrast, PDGF failed to activa te 
JNK in these cells, although it stimulated ERKs to an extent eyen g[eater than that for carbachol (7). 
These fmdings demonstrate that stimulation of G protein ~ coupled receptors can lead to JNK 
actívation, thus diverging at this leve! wíth those signalin~ routes utilized by tyrosine kinase 
receptors. 

The observation that in Nlli 3T3 cells JNK can be activated by Gprotein-coupled receptors but not 
upon stimulation of receptors of the tyrosine kinase class led \Is to hypothesize that JNK and ERKs 
míght be differentially regulated, and prompted us to investigate, the bioc.hemícal route controlling 
JNK. Using the expression of an epitope-tagged JNKl (HA-iNK) in COS-7 cells as a model system 
to explore the mechanism of activation of 11\TK, we obsei:ved ~at R8s could weakly actívate 
JNK, however, utilizing a signaling pathway dístinct from that regulating pRKs (8). In contrast, we 
found that expressíon of mutationally activated forms of two merÓ.bers of the Rho-family of small 
GTP-binding proteins, Racl and Cdc42, can initiate an independedt ~ cascade leading to JNK 
activation. Furthermore, we obtained evidence to support that Racl and Cdc42 are an integral 
part of the signaling route linking G protein-coupled recepto es as Well as receptors for inflammatory 
cytokines and epidermal growth factor to JNK. 

Taken together, these findings strongly suggest that although Ras c~mtrols the activity ofERKs, two 
Rho-related GTPases, Racl and Cdc42, regulate the activity of J1'lK. Thus. the emerging picture 
from our studies as well as from recently published reports i.S that distinct small GTP-binding 
proteins link cell surface receptors wíth independent signaling pathways .vhich, in tum, lead to the 
activation of each member of the MAPK superfamily. 

Bibliom:aphy 

l . Gutkind JS, Novotny E, Brann MR. Robbins KC. Prdc Natl Acad¡ Sci USA 88, 4703-4707, 
' 1991. 

2. Stephens EV, Kalinec G, Brann MR. Gutkind JS. Oricogehe 8, 19-26, 1993. 
3. Kalinec G, Nazarali AJ, Hermouet S, Xu N, Gutk.iild JSc Mol Cell Biol 12, 4687-4693 , 

1992. 
4. Xu N, BradleyL, Ambdukarl, Gutkind JS . Proc Natl'Acad Sci USA 90, 6741-6745, 1993. 
5. Crespo P, Xu N , Daníotti JL, Rapp UR, Gutkind JS. J Bió1 Chem 269, 21103-9, 1994. 
6. Crespo P, Xu N, Simonds WF, Gutkind JS. Nature 369, 418-20,' 1994. 
7. Coso O, Chiariello M, Kalinec G, Kyriakis J, Woodkett J; Gutkind JS . J Biol Chem 270, 

5620-5624, 1995. 
8. Coso O, Chiariello M, YuJ.-C, Crespo P, Teramoto, H, X~ N, Mili T, Gutkind JS. Cell81 , 

1137-1146, 1995. 



Instituto Juan March (Madrid)

49 

The Rho Family GTPases RhoA, Racl And CDC42hs Regulate 
Transcriptional Activation By SRF 

Caroline Hill*, Judy Wynne, and Richard Treisman 
Transcription Laboratory, Imperial Cancer Research Fund,44 Lincoln's Inn Fields, 
London WC2A 3PX, U.K. 

*Present Address: Ludwig Institute for Cancer Research, 91 Riding House St, 
London WlP 8BT, U.K. 

Many different growth factors and mitogens cause rapid and transient 

transcriptional activation of cellular "immediate-early" genes such as c-fos. A 

regulatory sequence common to the promoters of many of these genes is the 

Serum Response Element (SRE) . The e-jos SRE blnds a transcription factor 

ternary complex comprising Serum Response Factor (SRF) and one of three Ets 

domain accessory proteins, the Ternary Complex Factors Elk-1, SAP-1 or SAP-2. 

The TCFs are dírect targets for extracellular signals, and activation of the 

Ras/Raf/Erk pathway is sufficient for their activation 1. TCF-binding is required 

for activation C'f e-Jos in response to stimulation by polypeptide growth factors 

that slgnal through receptor tyrosine kinases or In response to activation of 

proteln kinase C by phorbol esters 2,3. However, serum-induced activation of the 

e-jos promoter or SRE-controlled reportE:r genes is not absolutely dependent on 

TCF binding 2,3, TCF-independent activation of the SRE is mediated by SRF, and 

requires SRF to be targeted to DNA via its own DNA-binding domain 2. In 

addition, agents that act through heterotrimeric G protein-coupled receptors, 

such as the serum mitogen LPA (lysophosphatidíc acid), as well as intracellular 

activation of heterotrimeric G proteins by aluminium fluoride ion (A1F4J also 

activate this novel SRF-linked signallíng pathway 3. Evidence will be presented 

which implicates members of the rho family of GTPases in the slgnalling 

pathway from heterotrimeric G proteins to the SRE 4. Activated forms of RhoA, 

Racl and CDC42hs actívate transcription via SRF, and act synergistically at the 

SRE with signals that actlvate TCF. Functional Rho is required for signalling to 

SRF by severa! stlmuli íncluding serum, LPA and AlF4-, but not by activated 

CDC42hs or Rac1. Moreover, RhoA can mediate signalling to the SRE by serum, 

LPA or AlF,-. Activation of the SRF-linked signalling pathway does not correlate 

with actívation of the MAP kinases ERK, SAPK/JNK or MPK2/p38. These 
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results establish SRF as a nuclear target of a novel Rho-mediated signalling 
pathway. 

1. Treisman, R. (1994) Curr. Opin. Genet. Dev. ~ 96-101. 
2. Hill, C. S., Wynne, J. and Treisman, R. (1994).EMBO J. 13, 5421-5432. 
3. Hill, C.S. and Treisman (1995) EMBO J. in press. 
4. Hill, C. S., Wynne, J. and Treisman, R. (1995) CeU 811159-1170. 
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Rho p21 and Ita Putative Target Moleculee 

Shuh Narumiya 

Department of Pharmacology, Kyoto University Faculty of 

Medicine, Yoshida, Sakyo-ku, Kyoto 606, Japan. 

The small GTP-binding protein Rho shuttles between the 

inactive GDP-bound form and the active GTP-bound form and 

works as a molecular switch in such cellular processes as 

the stimulus-evoked cell adhesion, cytokinesis, the regu

lation of transcriptional activation, cell cycle progression 

and cell transformation. The biochemical mechanism of these 

actions, however, remains unknown. This is apparently due 

to the lack of identification of the downstream effectors. 

We have previously demonstrated that severa! Ser/Thr kinases 

were activated in a Rho-dependent manner in Swiss 3T3 cells 

and rat 3Yl fibroblasts . Using a yeast two hybrid system 

and a ligand overlay assay with ¡35s]GT~ - loaded Rho, we 

have identified severa! molecules which specifically bind to 

the GTP-bound form of Rho . Based on the structure of their 

Rho binding domain, these molecules can be grouped into two. 

To one group belong a serine/threonine kinase, PKN and two 

other molecules containing a region homologous to the regu

latory domain of PKN, which we call rhophilin and rhotekin. 

The other group comprizes a novel serine/threonine protien 

kinase, pl6oROCK, and non-kinase molecule, pl83 citron, both 

of which contain a long coiled-coil structure. Both puta-

tive target kinases not only physically associate with GTP

Rho but also are activated by this association both in vitro 

and in vivo. 
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PLA2 in ras and rac-mediated signalling. 

fL Bos, MP Peppelenboschl, AMM de Vries-Smits, BMT 
Burgering, DHJ van Weering, R Wolthuis, JP Medema, F. 
Zwartkruis. Laboratory for Physiological Chemistry, Utrecht 
University, Universiteitsweg 100, 3584 CG Utrecht, The 
Netherlands. 
Growth factor-induced stress fiber formation involves signa! 
transduction through rae and rho proteins, and production of 
leukotrienes from arachidonic acid. In exploring the relationship 
between these pathways we found that rae is essential for EGF
induced arachidonic acid production and subsequent generation 
of leukotrienes, and that rae Vl2, a constitutively activated 
mutant of rae, generates leukotrienes in a growth factor
independent manner. Leukotrienes generated by EGF or rae V12 
are necessary and sufficient for stress fiber formation . 
Furthermore, leukotriene-dependent stress fiber forma tion 
requires rho proteins. We have therefore identified elements of 
a pathway from growth factor receptors that includes rae, 
arachidonic acid production, arachidonic acid metabolism to 
leukotrienes, and leukotriene-dependent rho activation. This 
appears to be the major pathway by which rae influences rho
dependent cytoskeleton rearrangements. 
Inhibition o f rae by the dominant negative mutant racas nl7 
inhibits EGF-induced calcium influx in Hela Cells and rat 1 cells. 
This result is in agreement with previous findings that the 
opening of lOpS calcium channels is mediated by leukotrienes. 
However, leukotrienes or arachidonic acid alone is not sufficient 
to induce channel opening. 
lt has been reported that PI-3K mediates the activation of rae by 
growth factors. We recently found that one of the downstream 
elcment of PI-3K signalling is Akt /PKI3. This serinc/threoninc 
kinase contains a PH-domain and may be invo lved in the 
activa tion of S6 kinase. The mechanism by which Akt/PKB is 
activated is still unknown, but it may include binding of lipids 
(PI-3,4,5-P?) to the PH domain and the induction of autophos
phorylation. The relationship between Akt/PKB and rae is 
currently under investigation. 
Rad is a small GTPase first identified in muscle tissue from 
patients with diabetes type II. In a yeast 2 hybrid screen we found 

that rad associates with P-tropomyosin. Indeed, both rad and P
tropomyosin colocalize in muscle cells as shown by 
immunofluorescence. This suggests that rad may be involved in 
either the formation of sarcomeres or the regulation of 
contraction. 
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Target Mo~ecu~es for Ras and Rho Sma~~ G Proteins 

Yoshimi Takai, Kazuma Tanaka, and Takuya Sasaki 

Department of Molecular Biology and Biochemistry, 
Osaka University Medical School, Suita, Osaka 565, Japan 
Department of Cell Physiology, National Institute for 
Physiological Sciences, Okazaki 444, Japan 

Ras regulates gene expression at least through the MAP ki
nase cascade consisting of MAP kinase, MAP kinase kinase 
(MEK), and MEK kinase (c-Raf-1). Ras is shown to directly in
teract with c-Raf-1 in a ce11-free system and to induce its ac
tivation in intact cel1 systems, but it still remains to be 
demonstrated that Ras activates c-Raf-1 in a cell-free system. 
We purified from bovine brain a MEK kinase which activated MEK 
in a GTPy.5-Ki-Ras-dependent manner in a cell-free system. This 
protein kinase was identified to be B-Raf complexed with 14-3-3 
proteins. GTPy.5-Ha-Ras also activated B-Raf, but GDP-Ki-Ras or 
GDP-Ha-Ras was inactive. Lipid-modified Ki-Ras and Ha-Ras were 
active, but lipid-unmodified form was near1y inactive. By use 
of this system, we are currently investigating whether Rapl ac
tivates B-Raf or antagonizes the Ras-dependent B-Raf activation. 

Rho regulates reorganization of actin filaments and is im
plicated in at least maintenance of cell morphology, cell motil
ity, and cytokinesis in mammalian cells. Several possible tar
get molecules for Rho have been reported, but it remains to be 
clarified how Rho regulates these actin -dependent cell func
tions. We found that Rho is translocated to a membrane ruffling 
area when cells are stimulated by HGF or TPA. Rho was also 
translocated to cell-cell adhesion sites when cell-cell adhesion 
was induced by Ca2+. Rho was also observed at the contractile 
ring during cytokinesis. The ERM family (Ezrin, Radixin, and 
Moesin), which directly interacts with actin filaments through 
.its e-terminal region and with a transmembrane protein CD44 
through its N-terminal region, is located at these areas. It i s 
possible that Rho regulates reorganization of the ERM family-de
pendent association of actin filaments with the plasma membrane. 

Rho also exists in the yeast Saccharomyces cerevisiae and 
we found that Rhol is essential for budding process. Histo
chemical analysis indicates that Rho is translocated to the tip 
of the bud where actin filaments are associated with the plasma 
membrane. We isolated six suppressor genes of temperature sen 
sitive RHOl mutants . Genetic studies indicate that there are 
regulatory and target genes for RHOl in these genes. 

In this symposium, we will discuss the modes of action of 
Ras and Rho. 
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P120RasGAP and S he, two SID·containing proteins that link receptors to Ras 

Peter van der Geer, Sandra Wiley, Gerald D. Gish, Venus Ka·Man Lai, Mark 

Henkemeyer, Tony Pawson 

Signa! transduction by receptor protein-tyrosine kinase is initiated by ligand 

binding and receptor dimerization which is followed by autophosphorylation at a 

number of sites. Autophosphorylation sites provide binding sites for adaptar and 

signalling molecules that are involved in signa! transduction downstream of the 

activated receptor. Most of these proteins contain SH2 domains that recognize 

phosphorylated tyrosine residues in the context of carboxy-terminal residues. A 

large number of adaptar proteins and and enzymes with SH2 domain have bee.n 

identified, and it is now important to define their precise roles in the signa! 

transduction process. 

One of the best characterized signa! transduction pathways downstream of 

growth factor receptors is the Ras-Map kinase cascade. Ras itself is activated by 

exchange of GTP for GDP, a reaction that is mediated by guanine nucleotide 

exchange factors such as mSosl, mSos2 and Ras-GRF. Ras is shut off by hydrolysis of 

GTP, a process that is greatly accelerated by GTPase activating proteins. Severa! SH2-

containing proteins such as pl20RasGAP, Shc and the Grb2-Sos complex have been 

proposed to be ínvolved in regulation of Ras in response to growth factor 

stimulation. 

Three different Ras-GAPs have been identified in mammalian cells: P120-

RasGAP, neurofibromin and GAPlm. Of these pl20RasGAP contains SH2 domains 

and is itself phosphorylated on tyrosine following activation of receptor protein

tyrosine kinases. To study the role of p120-RasGAP in Ras regulation we have 
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generated fibroblast celllines from mouse embryo's that lack either p120-RasGAP or 

neurofibromin at day nine of gestation. In these cells we have analyzed changes in 

Ras-GTP levels in response to PDGF. 0ur data show that in Wt cells Ras-GTP levels 

barely rise in response PDGF. Baseline levels of Ras-GTP are normal in Gap· 1-

cells, but stimulation with PDGF results in an abnormally large increase in Ras-GTP 

levels. In contrast, Nfl·/- cells show an increase in the baseline level of Ras-GTP. 

Our data dearly indicate that in embryonal fibroblasts pl20-RasGAP is activated in 

response to PDGF to moderate the increase in Ras-GTP following growth factor 

stimulation. neurofibromin appears to regulate baseline levels of Ras-GTP. 

Both pl20-RasGAP and neurofibromín have been shown to bind to the 

effector region of Ras, giving rise to much speculation about effector functions for 

these proteins. We have analyzed MAP kinase activation and increase in DNA 

synthesis in response to PDGF in our mutant cells lines and have found that neither 

p120RasGAP nor neurofibromin are essential for these responses. In addition we 

have found that cellular transformation by eíther Ras or Src appears independent of 

120-RasGAP and neurofibromin. 

Shc is an adaptor protein that contains a single SH2 domain at its carboxy

terminus. Shc, is tyrosine phosphorylated in response to a large number of growth 

factors and cytokines. Upon phosphorylation on tyrosine 317, Shc binds to the SH2 

domain of Grb2, and is thereby able to activa te the Ras pathway. Shc is therefore 

irnplicated as an adaptor protein able to couple normal and oncogenic protein

tyrosine kinases to Ras activation. The function of the Shc amino-terminus has 

recently been clarified by work in severallaboratories. In our laboratory severa! Shc

like proteins from vertebrates anct Drosophola were cloned. Sequence comparison 

showed that these proteins have high sequence conservation in the amino-terminal 

20 residues, in addition to the carboxyvterminus where the SH2 domain is localized. 
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To test whether this conserved amino·terminal domain is involved in protein

protein interactions we used GST-fusion proteins and were able to show that the 

Shc amlno-terroinal region binds to a number of tyrosine phosphorylated proteins 

in v-src-transformed cells. The Shc amino-terminus also bound directly to ligand

activated EGF and NGF receptors. A P.Tyr-containing peptide modeled after the 

Shc-binding site in polyoma middle T antigen (Leu·Ser-Leu-Leu-Ser-Asn-Pro-Thr

P.Tyr-Ser-Val-Met-Arg-Ser·Lys) was able to compete efficiently with the activated 

EGF and NGF receptors for binding to the Shc amino-terminus. This conserved 

region in the amino-terminus of Shc is now known as phosphotyrosine·binding 

(PTB) domaín. 

Binding appean; to be specific: for phosphorylated tyrosine residues within the 

sequence Asn-Pro-X·P.Tyr, which is conserved in many Shc binding sites. 

Both the NGF receptor and the insulin receptor contain an Asn-Pro-X-P.Tyr motif in 

their juxtamembrane domain. The NGF receptor copreclpitates with Shc but in 

contrast the insulin receptor does not. To further understand the binding specificity 

of the Shc PTB domaín we have studied the interaction of the Shc PTB domain with 

these receptors in vitl'o. To compare the two bindlng sites we have used 

phosphotyrosine-containing peptides based on the Asn·Pro-X-P.Tyr sites in these 

two proteins in competítion binding experiments. Our data indicate that 

hydrophobic amino acid residues five or six residues amino-terminal to the 

phosphotyrosine (the -5 and -6 positions) are important for high affinity binding. 

Substitution of the -5 Ser in the insulin receptor peptide, based on the Tyr 960 

phosphorylation site, with Ile markedly increased binding of this phosphopeptide to 

the PTB domain. These results suggest that while the Shc PTB domain recognizes a 

core sequence of Asn-Pro-X-P.Tyr its birtding affinity is modulated by more amino

terminal residues in the ligand, which may therefore contl'ibute to the specificity of 
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the PTB-receptor interactions in a fashion analogous to the carboxy-terminal 

residues in the SH2-binding sites. 

In an analysis of residues in the PTB domain required for binding to 

phosphotyrosine sites, a specific and evolutionarily conserved Arg has been 

identified (Arg 175 in humln Shc) that is uniquely important for ligand binding, 

and is potentially involved in phosphotyrosine recognition. Binding of Shc to 

activated receptors through its anúno-ternúnus could leave the carboxy-terminal 

SH2 domain free for other interactions. In this way Shc may function as an adaptor 

protein to bring two tyrosine phosphorylated proteins together. 
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Regulation of the Ras dependent MAP kinase pathway. 

Frank McCormick, David Stokoe, Emilio Porfiri and Marc Symons. 

ONYX Pharmaceuticals, Richmond, CA 94806 

Ras binds and activates the serine / threonine kinase Raf, and initiates 

a MAP kinase cascade that leads to cell proliferation. We have developed 

an in vitro system for Ras-dependent activation of Raf kinase activity . In 

this system, the specific activity of Raf kinase is increased by about two 

orders of magnitude, comparable to the activation seen by Ras in vivo. 

Sites of phosphorylation on Raf activated in vitro are identical to those seen 

in vivo. Activation depends on efficient binding of Ras to Raf, and is 

inhibited by neutralizing anti-Ras antibodies. The precise biochemical 

mechanism by which Ras activates Raf in this system will be discussed . 

Activation of the kinase cascade leads to phosphorylation of Sosl , and 

feedback inhibition of the pathway. Phosphorylation of Sosl by MAP kinase 

in vitro suggests that this kinase is responsible for de-sensitization of the 

signalling pathway: the phosphorylated Sosl protein, bound to Grb2, has a 

greatly reduced affinity for the EGF-Receptor, which is itself phosphorylated 

during signalling. 

The Ras-dependent kinase cascade promotes cell prolife ra tion. 

However, activation of another Ras-driven pathway, the Rae and Rho 

pathway, strongly synergizes with the kinase cascade in promoting 

uncontrolled cell division in Ras-transformed cells. The roles of Rae and 

Rho in this process appears to be distinct from the roles of these proteins in 

promoting morphological changes in cell cytoskeletal structures. Indeed, 

these effects are suppressed during transformation by mechansims we dont 

yet understand. The effects of inhibiting Map k.inase pathways and Rae and 

Rho pathways on tumor cell growth in vitro, and other therapeutic 

strategies for inhibiting Ras-driven pathways in human tumors will be 

presented. 
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pllOy A NOVEL ISOFORM OF Pil-KINASE 
SUBUNI'l' 'l'HA'l' DOES NOT BINO TO pSI5, BINDS 
AND IS AC'l'IVATED IN VITRO BY G PROTEIN 

CA'l'ALYTIC 
'DO G'l'P-RAS 

SUBUNITS 

Bori•lav Btoyanov, I~pac1o Rubio, Micbail Lubcbeukov, Pablo 
Rodriguaz-viei•n••, Julian Pownward•, Reinhard Wet2ke~ 

Ma.x-Planck-Reaearch Group .Growth factor s igPal transduct :iJon • Medical 
Faculty, University of Jena, 07747 Jena, Germany. 
•Imperial Cancer Research Fund, 44 Lincoln ' s I~n Fields, Lo~on WC2A 3PX, 
UI< 

Phosphatidylinositol 3·kinase (PI3·K) is an heterodimeric enzyml'! involved in !he sfgna.l transduction 
of many growth factors and cytokines in different cell types. lt i$ composed of a 85 kDa mgulatory 
subunit p85 which interacts with other signalling pathway compo~l)ts and a 11 O kDa catalytic subunit 
p110. The enzyme phosphorylatss position 3 of the inositol ring ih Ptdlns, Ptdlns ~por Ptdlns (4,5)· 
P2 to create the putative second messengers Pldlns 3-P, Ptdlnt; (3.4)·P2 and Ptdlns (3,4,5)·P3.So 
far three isoforms of p85, a.,~ and 1 and two isoforms of p110, a. and ~. have been tle.Scribed. 
Screening a human bone marrow lambda cDNA·Iibrary we isolate~ a clone with a cONA·ínsert highly 
homologous to the e-terminal part of p1 1 O a. and ~ . Further subéloning and seqt.Jencing indicated. 
that it might be a third isoform of p1 10. 
To investigate the tissue distribution two oligopeptides correspor'ldjng toan uníque~and a conserved 
region of the putative PI3-K were synthesized and rabbit polyclon;tl f era against the'" were produced. 
Using these antibodies the haematopoetic celllines K562, U937, and Jurlcat wem investigated by 
immunoprecipitation and westem blotting . In cell lysates ancl irnr)1unoprecipitates a cross reacting 
protein with a molecular mass of about 105 to 110 kD could be idehtified. The corresponding mANA 
was detectad by Northem Blot analysis in all human tissues tested so far . Using baculovirus vectors 
the new PI3-K was expressed and purified from Sf·9 cells as a ~Sir-tusion protein. The recombinant 
fusion protein can phosphorylate PI, PIP and PIP2 at the C!:·3 position of th., inositol ring as 
deterrnined by TLC and HPLC analysis. Cotransfection studi~ lit Sf·9 cells clearly show, that in 
contras! to p1 1 Oa. the new PI3-K isoform (p11 Oy) does not blnd to pasa. or pa5¡3 . This finding 
prompted us to search for other binding partners and putativa res~ators of the p111(}y . In the course 
of these experiments we found a strong in vitro activation of p1 t Qy by both the ~y-..subunil~ and the 
GTP-"tS activated a.-subunit of the heterotrimeric G-protein transdudin w~h a half ~imal activation al 
approximately 200 nM Gti3'Y and 200 nM Gtcx working with liposl:>r]les containing PI as a substrate. 
Moreover, p1 1 0y activity was considerably more sensitive to Gtti1 'Ko.s ., 0.5 nM). p11 Oy is inhibited 
in vitro by nanomolar concentrations of Wortmannin. 
p1 1 Oy was also shown to bind specifically to GTP·Ioaded H-Ras "!5 opposed to GDP·H·Ras. p1 1 Oy 
did not bind to the GTP-Ioaded effector sita Ras mutan! A38, ptiggesting that t~ binding occurs 
through the effector sita of ras. Using baculovirus expressed del$ón mutants of p1 nOy we were able 
to show that the binding sita forRas lies in the N-terminal h~lf i of p110y, presiJmably between 
residues 150 and 451 of the lipid kinase. We were unable to find ~ny in vitro activlltion ol p11()y by 
GTP-ras under different assay conditions nor could we detect any •ffect ol the p1 1(Tty binding on the 
in vitro GTPase activity of H·Ras. In vivo studies in COS7 cells show, that cotmnsfection of the 
constitutively active Ras mutan! V12 leads to elevatad levels of PI-3,4·P2 and PIP3 in p110a 
·transfectad but not in p11 ()y-transfected ce lis suggesting differe{lt ¡tunctional interaetions. 
p 1 1 O'y is a new PI3-K catalytic subunit isoforrn with similar in tJitro substrate specificity, similar 
sensitivity to Wortmannin and Ras·binding properties as p1 1 o« but displaying no binding to p85, 
which together with the in vitro activation by the G Protein suWnits suggests a possible role for 
p11 Oy in the signaltransduction of G·protein mediatad events. 
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CELL GROWTH INDUCED BY GROWTH FACTORS AND ONCOGENES IN MURINE 

FIBROBLASTS IS ASSOCIATED TO THE ACTIVATION OF PHOSPHOLIPASE D 

THROUGH ALTERNATIVE PATHWAYS. 

Luis del Peso, Luisa Lucas, Pilar Esteve and Juan Carlos Laca! 

Instituto de Investigaciones Biomédicas, CSIC. Arturo Duperier 4. 28029 Madrid, Spain 

Phospholipase D (PLD) is activated by a variety of stimuli, including 

mitogenic stimulation by growth factors and oncogene transformation. 

Activation of PLD by growth factors requires PKC since depletion of the enzyme 

by down regulation or direct inhibition by specífic drugs, completely abrogates 

this effect. Transformation by the ras and src oncogenes is also associated with 

an increase in basal PLD activity . However, this effect is not dependent upon 

PKC, suggesting that growth factors and oncogenes m ay acti vate PLD by two 

independent mechanisms. Here, we demonstrate that activation of PLD by 

phorbol esters is highly enhanced in ras-transformed cells, suggesting a 

synergistic activation of PLD by ras oncogenes and PKC. Also, ras - transformed 

cells showed a drastic attenuation of PLD activation induced by growth factors, 

while receptor function remains unaffected. This attenuation was a result of the 

specific uncoupling of the PI-PLC pathway, indicating that activation of PLD 

induced by growth fru::tors is mediated by PI-PLC and PKC activation. Neither the 

synergism with PKC activation nor the attenuation of the PLD response to 

growth factors in ras-transformed cells was a general consequence of cell 

transformation, since cells transformed by other oncogenes showed a normal 

response to either treatment. Furthermore. attenuation of PLD a e ti vation by 

PDGF was also observed in severa! oncogene-transformed cells, as a consequence 

of the uncoupling of the PI-PLC pathway. These results suppon the existence of 

at least two alternative signalling routes for the activation of PLD, one mediated 

by the PI-PLC/DAG/PKC pathway and a second one mediated by severa! 

oncogenes including ras , independent of the PKC pathway, which synergises 

with the PI-PLC and PKC-dependent path way . 
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FUNCTIONAL ACTIVITY OF Gs PROTEIN DURING EXOCRINE PANCREATIC 
PROLIFERATION IN THE RAT 

María del Carmen Boyano-Adánez, Itziar Álvaro-Alonso , Rosa María Izquierdo-Claros, 

Lilian Puebla, Gema Muñoz-Acedo, Eulalia Rodríguez-Martín and Eduardo Arilla. 

Departamento de Bioquímica y Biología Molecular, Universidad de Alcalá, E-28871 Alcalá 

de Henares, Madrid, Spain 

Adenylate cyclase activity in pancreatic acinar cell membranes was determined in rats that 

had undergone a treatment with pentagastrin (250 1-'g/kg, intraperitoneal three times daily) 

for 1 week or that had undergone small bowel resection (90%) and were sacrified at 2 weeks , 

1 month and 6 months after intervention. Both treatments are potent stimulators of pancreatic 

acinar cell proliferation. Adenylate cyclase activity was similar under basal conditions and 

after the diterpene forskolin stimulation in pancreatic acinar membranes from al! groups 

studied. The ability of low concentrations of the stable GTP analogue, 5' 

guanylylimidodiphosphate (Gpp[NH]p) to inhibit forskolin - stimulated adenylate cyclase 

activity was decreased in pancreatic acinar membranes from enterectomized rats at 2 weeks 

and 1 month after the operation and returned to control val u es at 6 months after enterectomy. 

Stimulation of adenylate cyclase by high concentration of Gpp[NH]p or by secretin (lo-8 M) 

was higher in both pancreatic hyperplasia conditions as compared with control animals. These 

findings suggest that the coupling efficiency of the G, protein to adenylate cyclase from 

pancreatic acinar membranes is enhanced without any alterations in the catalytic activity of 

the enzyme during pancreatic proliferation. In addition, it is possible that the highly regulated 

pancreatic acinar adenylate cyclase activity may be necessary to regulate pancreatic acinar 

cell proliferation. 
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Ga12 and Ga13 Stimulate Rho-Dependent Stress Fiber Formation 
and Focal Adhesion Assembly 

Anne Mette Buhi1·2, Nancy Lassignai-Johnson2, N. Dhanasekaran3 and Gary L. 
Johnson2.4 

1 Division of Biostructural Chemistry, Department of Chemistry, Aarhus University, DK-
8000 Aarhus C, Denmark, 2Division of Basic Sciences, National Jewish Center for 
lmmunology and Respiratory Medicine, Denver, CO 80206, 3Fels lnstitute for Cancer 
Research and Molecular Biology and Department of Biochemistry, Temple University 
School of Medicine, Philadelphia, PA 19140 and 4Department of Pharmacology, 
University of Colorado Medical School, Denver, CO 80206 

Rho, a member of the Ras superfamily of GTP binding proteins, regulates actin 
polymerization resulting in the formation of stress fibers and the assembly of focal 
adhesions. In Swiss 3T3 cells heterotrimeric G protein-coupled receptors for 
lysophosphatidic acid (LPA) and gastrin releasing peptide (GRP) stimulate Rho
dependent stress fiber and focal adhesion formation. The specific heterotrimeric G 
protein subunits mediating Rho-dependent stress fiber and focal adhesion formation 
have not been previously defined. We have microinjected GTPase-deficient, 
constitutively activated G protein a subunits and mixtures of p and y subunits into 
Swiss 3T3 cells . Measurement of actin polymerization and focal adhesion formation 
indicated that GTPase-deficient a12 and a13. bu! no! !he activated forms of a¡2 or aq 
stimulated stress fiber formation and focal adhesion assembly. Combinations of p and 
y subunits were unable lo stimulate stress fiber or focal adhesion formation. Ga12 and 
a 13-mediated stress fiber and focal adhesion assembly was inhibited by botulinum C3 
exoenzyme, which ADP-ribosylates and inactivates Rho, indicating that a12 and a13 
but not other G protein a subunits or py complexes regulate Rho dependen! 
responses. The results define the integration of G12 and G13 with the regulation of the 
actin cytoskeleton. 
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THE ACTIVITY OF THE JNKISAPK SIGNALING PATHWAY IS 

REGULATED BY THE SMALL GTP-BINDING PROTEINS RAC AND 
CDC42. 

Omar A. Coso, Mario Chiariello, Jin-Chen Yu*, 
Teramoto, Piero Crespo, Ningzhi Xn, Toni Miki* and 
Gutkind 

Hidemi 
J. Silvio 

Molecular Si~naling Unit, Laboratory of Cell Development and Oncology, 
National Insutute for Dental Research, aod *Laboratory of Cellular and 
Molecular Biology, National Cancer Institute, National Institutes of 
Health o Bethesda, MD, 208920 UOSOAO 

Mitogen-activated protein kinases (MAPKs) are protein 

serine/threonine kinases that are rapidly o activiited upon stimulation of 

a variety of cell surface receptors o c-Jun amino-terminal kinases or 

Stress Activated Protein Kinases (JNKs/SAPKs) are a novel class of 

mammalian enzymes closely related to MAPKs, however, they are 

independently regulated o by a variety of environmental stimulio 

Although molecules linking growth factor receptors to MAPKs have 

been recently identified, little is known about the pathways that control 

JNK activationo Here, we show that in COS-7 cells , activated Ras 

effectively stimulates MAPK but induces JNK activity only to a poor 

extent. In contrast, mutationally activated Racl and Cdc42 GTPases 

potently actívate JNK without affecting MAPK, and oncogenic guanine

nucleotidc exchange factors (GEFs) for these Rho-li.ke proteins, lik:e Dbl 

and Ost, selectively stimulate JNK activityo Furthermore, expression of 

inhibitory molecules for Rho-related GTPases and dominant-negative 

mutants of Racl and Cdc42 block JNK activation by oncogenic exchange 

factors, or when induced by signals originated at cell membrane 

receptors, as the ones for inflammatory cytokines, growth factors or G 

protein coupled receptorso Taken together, these findings strongly 

support a critica! role for Racl and Cdc42 in controlling the JNK 

signaling pathwayo The paiticipation of these small GTP binding proteins 

in biochemical routes that connect cell surface receptors to the nucleus 

will be discussedo 
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INDUCTION OF APOPTOSIS BY rho IN NIH 3T3 CELLS REQUIRES TWO 

COMPLEMENTARY SIGNALS. CERAMIDES FUNCTION AS A PROGRESSION 

FACTOR FOR APOPTOSIS. 

Pilar Esteve. Luis del Peso and Juan Carlos Laca! 

Instituto de Investigaciones Biomédicas. CSIC, Madrid. Spain. 

We have previously reported that rho genes. members of the ras superfamily, 

are tumorigenic when overexpressed in NIH·3T3 cells. As other known oncogenes, 

they also induce apoptosis after serum deprivation but not in the presence of growth 

factors. In the present study, we provide evidence that overexpresslon of the Aplysia 

Rho protein In NIH 3T3 cells Induces the generation of phosphatidylcholine (PC)

derivad second messengers as a result of activation of a PC-specific phospholipase 

D (Pe-PLO) as previously reportad for ras-transformad cells. In contrast, removal of 

serum in the Rho transfectants, but not in normal NIH 3T3 cells or cells transformad 

by the ras oncogene, induced the production of ceramides as a result of activation of 

an sphingomyelinase (SMase). Furthermore, the rho-expressing cells underwent 

apoptosis In the presence of serum when exogenous ceramides were added, and 

this process was accelerated if cells were treated wíth exogenous S Mase. Thus, Rho 

protelns act as an lnitiation signal that is necessary but not sufficíent for the induction 

of apoptoSls in NIH 3T3 cells. We propose here that induction of apoptosis in NIH 

3T3 cells requires two complementary signals: an initiation signal generated even in 

the presence of serum which "primes" the cells, making them sensitiva to a 

progression signa!, triggered by serum removal, which we have identified as 

generation of ceramides. 

Jiménez B., Arends M., Esteve P., Perona R., Sanchez R., Ramón y Cajal 
S,., Wyllle A. and Lecal J.C. (1995). lnduction of apoptosís in NIH3T3 cells 
alter serum deprivation by overexpression of rho-p21, a GTPase protein of 
the ras superfamily. Oncogene 1 O, 811-816. 

Perona R, Esteve P., Jimenez B., Ballestero R.P., and lacal J.C. (1993). 
Tumorigenic activity of rho genes from Aplysia californica. Oncogene 8, 1285-
1292. 

Esteve P., del Peso L, and lacal J.C. (1995) . lnduction of apoptosis by rho 
in NIH3T3 cells requires two complementary signals Ceramides function as a 
progression factor of apoptosis. Oncogene. In press. 
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ROLE OF G PROTEINS IN PVG RAT NATURAL KILLER (NK) 
CELL MEDIATED TUMOR OR ALLOGENEIC CELL KILUNG. 
Azzam A. Maghazachi, A. AI-Aoukaty and Bent Rolstad. 
Department of Anatomy, University of Oslo, Oslo, Norway 

G proteins play a majar role in mediating human NK ce// 

cytotoxicity against tumor cells (JBC 269:6796; 1994). Here
6 

we observed that pretreatment ot PVG rat NK cells with 

pertussis toxin or cholera toxin reversed their killing ot al/ 

tumor and al/ogeneic targets6 but has no influence on their 

inability to kili syngeneic target cells. lmmunoblot analysis 

showed that membranes of PVG NK cel/s possess a 39 Kd 

G116 a 39 Kd G06 a 45-47 Kd Gs and a 45 kD Gz proteins. 

However6 these membranes did not express G12 or G
1
:r 

Permeabilization of PVG NK cells with streptolysin O and 

examining them under fluorescence microscope confirmed 

these results. lntroduction ot anti-G protein antibodies (1:10 

dilution) inside permeabilized cells showed that anti-G
0 

and 

anti-Gz antibodies inhibit their ability to kili tumor and 

al/ogeneic target cells (PVG anti-PVG.1 U6 or PVG.1 U anti

PVG). However6 this treatment did not reverse their inability 

to kili syngeneic target cells. 

Conclusion: Certain G proteins play highly important roles in 

transducing signals activating rat NK cell cytotoxicity against 

allogeneic or tumor target cells but apparently play no role in 

inhibition of cytotoxicity against syngeneic target cells~ 

suggesting that NK cell recognition ot non-self molecules 

utilizes different signaling pathway (s) than the putative 

recognition of self-MHC molecules. 
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OVEREXPRESSION OF PKct, OOES NOT INDUCE CEll TRANSFORMATION 
NOR TUMORIGENICITY AND DOF.S NOT ALTER NFkB ACTIVITY. 
Silvia Montaner, Angeles Ramos, Rosario Perona, Pilar Esteve, Amando 
Camero and Juan Carlos Lacal. 
Instituto de Investigadones Biomédicas, CSIC, Madrid, Spain 

Signal transduction is the major mechanism by which cells 
conununicate among themselves through extracellular stimuli. Among 
the different structural components involved in signal transduction, 
protein kinases are one of the key elements in the process. Protein 
kinase e is a multimember family of kinases which has been involved 
in the regulation of diverse cellular functions. Regulation of cell growth 
in fibroblasts has been reported to be one of such functions. In 
particular the PKQ; isoenzyme has been postulated to be transforming 
to Nlli3T3 cells (Berra et al., 1993) and to serve as an effector for Ras 
proteins through the regulation of the NFKB transcription factor 
(Donúnguez et al., 1993) and direct interaction (Díaz-Meco et al., 1994). 
We have investigated the effects of overexpressing the mouse wild
type PKQ; in Nlli3T3 cells. When compared to the parental NIH3T3 
cells, we have found 1) no significant effect on cell morphology; 2) no 
.difference in growth properties in the absence of serum or in the 
presence of individual growth factors such as insulin, phorbol esters or 
PDGF; 3) no growth in soft agar nor tumorigenic activity in nude mice. 
[n addition cells stably overexpressing the PKCS kinase did not 
interfere or amplify the induction of NF"KB activity by tumor necrosis 
factor alfa (TNF-a} nor altered NFKB activity in transient expression of 
cells treated with TNF-o.. Thus, mammalian PKC!; is most likely not 
directly involved in the regulation of cell proliferation in fibroblasts 
nor affects directly or indirectly the activation of NFKB. 

1. Berra, E., et al. (1993). Cell, 74, 555-563. 
2. Díaz-Meco, M.T., et al., (1994).].Biol.Chem., 269, 31706-31170. 
3. Dominguez, l. et al. (1993). Mol.Cell.Biol., 13, 1290-1295. 
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CYTOSOLIC PHOSPHOLIPASE A, IS COUl'LED TO MUSCARINIC RECEPTORS 

IN THE HUMAN ASTROCYTOMA CELL UNE 1321Nl 

Study of the mcchanisms in volved in this coupling 

Yolanda HA YON , Marit.~ HERNANDEZ. Andrés ALONSO, Lucía NUÑEZ, Javier 

GARCIA-SANCHO , Christina LESLIE§ , Mariano SANCHEZ CRESPO, Maria Luisa 

NIETO 

lhc cholincrgic agonist c.1rbacho l induced the rclease cf arachidonic acid in the 

1321 N 1 a.mocytoma cell line . and tllis was blocked by atropine sugges ting !he involvemcn! 

of muscarinic receptors. To asscs' !he mt!Chanisms of signaling involvcd in thc response 10 

carbachol, a sct of compounds cha r c.ctcriz~d by eliciting responses through different 

mechanisms was tcsted. A comhination of PMA and thaps iga rg in, an inhibilor of 

endomembrane Ca" -ATPast that induces a prolongcd elcvation of cyt.osolic Ca'• 

concemration, induced an optimal response. sugResting at fim glance thar bcth PKC and 

Ca'• -mobiliz.ation were in volved in the res[JOnsc . This was consistcnt with the observation 

that carbachol e!icitcd C." -mobili1.ation, and enhanced phosphoryla!ion of cytosolic 

phospho!ipase A, (cPLA,) a1 measu rcd by a decrease in clectruphorel ic mobility. Howevcr, 

the release of arachidonate induced by c.arbachol was unaltered in media comaining rcduced 

concentrations of Ca" or in tht presencc of nc.om yc in. a pmem inhibitor of phospholipase 

C which blocks phosphoi no,itide Lurnnver and Ca'• -mob iliza1ion. The cff~t of c.artlachol was 

enhanced in cclls trc.ated with AIF,, and GTPrS added 10 !he cell -frce homugenate induced 

both l'H]amchido nate relea:;c and cPLA, translocation lo the ccll membrane fraction in thc 

absence of ca>+; all of thc.se events suggesting lhe existence of an altcrnative mechanism of 

signaling dependent on G-prolcins and indcpend~nt of Ca' ' -mohi lization. From lhe 

combination of experimcnts utilizing pharmacologic.al, biochemical, molecular and 

immunological tools lhe involvemem of cPLA, was ascertained. In summary, lhcse data 

ind icate thc existencc in Lile astrocytoma cell line 1321 N 1 of a pathway involving lhe cPLA, 

which couples thc release of arachidonate to lhc occupancy of receptors for a 

neurotransmiuer . 
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Stimulntion of cloned human 5-HTt o~ receptor sites in stably transfected C6-glial 

cclls promotes cell growth Petrus J. Pauwels, Thierry Wurch, Marie-Claude 

Amoureux, Christiane Palmier and Francis C. Colpaert, Laboratory of Cellular a.nd 

Molecular Neurobiology, Centre de Recherche Pierre Fabre, 81106 Castres Cedex, 

France 

The involvement of 5-HT¡o~ receptor sites was investigated in the growth of rat C6-

glial ce lis permanently transfected with a gene encoding a human serotonin (5-HT) 1 D 

~ receptor. The 5-HT receptor identity of control and transfected C6-glial/5-HT lD¡3 

cells was determined by reverse transcription-polymerase chain reaction (RT -PCR) 

using primers specific for rat 5-HTlB, human 5-HTma.. human 5-HTm¡3 and rat 

5-HTzA receptor genes. Constitutive mRNA for 5-HT2A receptors was present in 

control and transfected C6-glial/5-HTJD~ cells, whereas mRNA for 5-HT ID~ 

receptor si tes was only present in the transfected C6-glial/5-HT lD~ cell line. 5-HT 

inhibited forskolin-stimulated cAMP fotmation and prometed cell growth in contrast to 

the absence of any measurable effect in pcDNA3 plasmid-transfected non-transfected 

C6-glial cells. The 5-HT effects could be mimicked by sumatriptan (ECso: 44 to 76 

nM), and were totally and partially blocked by methiothepin (ICso : 9 nM) and GR 

127,935 (2'-methyl-4'-(5-methyl-[1 ,2,4] oxadiazol-3-yl)-biphenyl-4-carboxylic a cid [ 4-

methoxy-3-(4-methyl-piperazin-l-yl)-phenyl]-amide, ICso : 97 pM), respectively No 

effect on cell growth was measured with the S-HT2 receptor agonist DOI (J-(2,5-

dimethoxy-4-iodophenyl)-2-arninopropane, 1 O 1J.M) suggesting that 5-HT 2A receptors 

are not in volved in the 5-HT -stimulated C6-glial/5-HT lD~ cell growtl1. Dibutyryl-

cAMP (0.3 mM) treated cultures did not show sumatriptan-promoted cell growth 

indicating an inh.ibitory role for cAMP in the cell growth mediated by 5-HT 10¡3 

receptor sites. In conclusion, 5-HT prometes cell proliferation in transfected 

C6-glial/5-HT 1 op cells by stimulation of 5-HT IDP receptor si tes. These receptor sites 

may be a new target to modulate the growth of tumor cells. 
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lsolation and characterisation of CL T1, a Candida alblcans 

gene whlch codes a small GTPase, closely related to 
Saccharomyces cerevlslae TEM1 gene 

C. San José, M. Sánchez, J. Pla y C. Nombela. 
Opto. de Microbiología 1/. Facultad de Farmacia. Universidad Complutense. Plaza de 
Ramón y Caja/ sin. 28040 Madrid. 

The incidence offungal infections is increasing among industrialised countries1
. In 

contrast, the therapeutic arsenal has not increased significantly in the last years, and so, 
there is a general belief in the importance of identification of novel potential targets as a 
major force towards the designing of novel antifungals. Gandida albicans is a dimorphic 
pathogenic fungus which is a normal comensal of human being, normally located at the 
gastrointestinal tract, oral cavity and vagina. Under certain circumstances which are (not 
only but mainly) relatad with the state of immunocompetence of the individual, this 
microorganism is able to gain access to other tissues and establish an infection which, if 
systemic, is often lite threatening. Since genetic manipulation of Gandida albicans is 
hampered by the fact of its diploidy and lack of sexual cycle, we have used 
Saccharomyces cerevisíae as a genetic host for the identification and analysls of potentia 
novel antifungals. 

The cell wall of Gandida a/bicsns is, dueto its characteristics and location in the cell, one 
of the most promising targets for the development of novel antifungals. We have therefon 
used Saccharomyces cerevisiae conditional thermosensitive lytic mutants for the 
screening of a Gandida albicans genomic gene library. Saccharomyces cerevisiae /yt1-1 ¡, 
a thermosensitive mutant2·3, unable to grow at 37•c and sporulate, which has been the 
subject of previous work. in our Department. We have used this mutant as genetic host, 
cloning in this way a region of DNA able to complement the thermosensitiveness but not 
the meiotic defect. The analysis of a 4 kbp region has revealed an ORF of 675 pb 
responsible for this complementation which has been named CL T1 (for Q.andida 1.. YT1 

suppressor). The predicted protein coded by this gene (Cit1 p) has an elevated degree of 
similarity to the members of small eukaryotic GTPases4

, although it has a slightly reduce< 
molecular size Clt1p is 48,2% similar to the product of TEM1 de S. cerevisiae5

, and 20%, 
18% and 5,2% similar to the product of S. cerevisiae SEC4, YPT1 and RH04 genes, 
although it is unable to complement sec4, ypt1 and rho4 mutations. lt has been suggeste 
that Tem1 p would be a representan! of novel branch of small eukaryotic GTPases. This 
gene, a multicopy suppressor of /yt1-1 mutan! seems to be essenlial in Gandida a/bicans 

since we have been unable to delate both alleles of the gene. We are currenlly in the 
process of analysing its ability to complement Saccharomyces cerevisiaa tam1-3 and 
tem1Ll mutants and constructing thermosensitive alleles to analyse its role in cell divisior 

1. Fol<, J.L 1993. Fungal infedlon ratas are lncreaslng. ASM News 69: 515-518. 

2.' cablb, E. y DurAn, A. 1975. Simple and sensitiva procedure for saeening yeast mutants that lyse 

non-pennissive temperatures. J. BacterlO/. 124: 1604-1606. 

3. Molero, G., Yuste Rojas, M., Montea!, A., Vazquez, A., Nombela, C. y 8an~;he¡, M. 1993. A cdc·li 
autolytlc Ssccharomyces cerevis~M mutant altere<! in budding stte selection ls complementad by SPO· 

a sporulation gene. J. Bscterlol. 176: 8562-e570. 

4. Bourne, H.R., Sanders, D.A. y McConnlck, F. 1991 . The GTPase superfamily: conserved structure a 

molecular mechanism. Nature 349: 117·127. 

5. Shirayama, M., Mats~o~i, Y. y Toh, E., A. 1994. The yeast TEM1 gene, wllich encodes a GTP·bincf 
protein, is involved In tennlnaliOn of M phase. Mol. C811. Bio/. 14: 7476-7482. 
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ROBIN SCAIFE 

I.B.S., 41 avenue des Martyrs, 38027 Grenoble, France 
tel. 33.76.88.96.16 - fax 33.76.88.54.94 

SH3 domain interactions and dynamin assembly 

Dynamin is a lOO kD GTPase necessary for endocytosis . The proline rich C-terminus is 

necessary for self-assembly as well as for interaction with SH3 domains. Separate e
terminal proline-motifs represen! distinct binding sites for different SH3 domain 

proteins, and interaction with SH3 domain proteins (such as PLCy-1) may pro vide a 

link between dynamin and activated receptor tyrosine kinases (Scaife et al, EMBO J. 

1994). We have subsequently investigated the role of SH3 domain interactions on 

dynamin assembly . While dynamin binds to the SH3 domain of a range of signa! 

transduction proteins, we found that a subset of SH3 domains greatly promote 

dynamin assembly. Stimulation of dynamin in vitro assembly occurs at very 

substoichiometric levels of SH3 domain. Our results therefore indicate that dynamin 

SH3 interac tion s may represen! a critica! step in the assembly of the endocytic 

m ac hinery. 
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A Small GTP-binding Protein, Rho, Associates with the 

Platelet-Derived Growth Factor Type-B Receptor 

Mercedes Zubiaur 1 ,2, Jaime Sancho2,3 Cox Terhorst3 and 

Douglas V. Faller1 

1cancer Research Center, E-124,8oston University School of Medicine 
80 E. Concord St.,8oston, MA 02118. 
2CSIC Instituto de 8iomedicina y Parasitologia,Granada 18001, Spain . 
3oivision of lmmunology, 8eth Israel Hospital , Harvard Medica! School , 
8oston , MA 02115. 

Ligand binding to the platelet-derived growth factor (PDGF) receptor 

in itiates a complex and diverging cascade of signaling pathways. GTP

binding proteins (G-proteins) frequently link cell surface receptors to 

intracellular signaling pathways, but no close associations of the PDGF 

receptor and any small G-proteins, nor any such associations activated by 

ligand binding to the receptor have been previously reported. We 

demonstrate that a small GTP-binding protein binds specifically to the 

murine and human PDGF type-P receptor. In response to PDGF-88 

stimulation, there is an increase in the amount of labeled small G-protein 

associated with the PDGF type-f3 receptor. The GTP-binding protein did not 

undergo ligand-induced association with a mutan! receptor protein which 

was unable to bind ATP. Proteolytic cleavage analys is together with two

dimensional separation techniques , identified the small G-protein 

specifically associating with the PDGF type-P receptor after ligand binding 

as a member of the Rho family. This was confirmed by demonstration that 

the small G-protein co-immunoprecipitated by the anti-PDGP receptor 

antibody was a substrate for the ADP-ribosyltransferase C3 exoenzyme. 

Thus, the PDGF type-p receptor may form a complex with one o more small 

G-proteins upon binding PDGF-88, and the Rho small G-protein is likely to 

be an importan! componen! of the proteins making up the multimeric 

signaling complex of the PDGF type-p receptor. 
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*246 Workshop on Tolerance: Mechanisms 
and lmplications. 
Organizers: P. Marrack and C. Martínez-A. 

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

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

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

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

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

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

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

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

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

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

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

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

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

261 Workshop on Regulation of 
Translation in Animal Virus-lnfected 
Cells. 
Organizers : N. Sonenberg and L. 
Carrasco. 

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

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

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

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

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

Texts published by the 

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

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

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

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

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

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

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

paring for the Twenty-First Century. Vega. 

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

Morris. 
Negative Stranded ANA Viruses. 

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

of Zea Mays. Melero. 

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

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

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

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

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

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

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

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

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

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

pression in Yeast. Neuronal Development. 
Organizers : C. Gancedo and J. M. Organizers : C. S. Goodman and F. 

Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

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

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

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

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

' 23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa
gation Prometed by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J . León and R. Eisenman. 



Instituto Juan March (Madrid)

41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers : T. L.Biundell , M. Martinez
Ripoll, M. Rico and J . M. Mato. 

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

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

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

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

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

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

Out of Stock. 
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The Centre for International Meetings on Biology 
was created within the 

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

which complements the cultural work 
of the Fundación Juan March. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

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

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

From 1988 through 1995, a 
total of 83 meetings and 7 

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

wcre organized within the 
scope of the Centre. 



The Lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 27th through the 29th of November, 1995, 
at the instituto Juan March. 

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

There is a Limited edition of 400 copies 
of this volume, available free of charge. 


