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Abstract 

A prcviollsly idenlified rat cDNA (S 1) that shares 78 % nucleotide 

homology and a prcdicled 92 % amino acid sequence homology wÎth human 

EF-) a. was used to cxpress SI in E. coli and to generate a polyclonal antibody 

lo pSI. A rccombinant plasmid pGEX-2T-SI was constructed, containing the 

glutathiol1c S-lransfcrase gcne. The expressed fusion protein was purified and 

digcslcd with lhrombin to produce a recombinant SI protein (rpSI) containing a 

slightly llIodified N-terminlls. Purified rpSI was lIsed to raise a rabbit antiserum 

which rccognizcd rpS 1 on imll1l1noblots. A polyclonal antiserum to EF-Ia failed 

lo rcm:l with rpS 1. Similarly the anti-rpS 1 does not recognize EF-Ia on 

imlllllllohlots. Anti-rpS 1 lherefore is able to distinguish pSI From EF-I a despite 

lhcir extensive amillo acid sequence homology. Anti-rpSI and anti-EF-Ia will be 

lIsed to stlldy the similarities and differences between pSI and EF-Ia. in vivo ami 

;11 vitro. 
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Résumé 

Un ADN complémenllaire nommé SI a été prpréalahkmcnt isolé à partir 

d'une banque d'ADN complélnentaire chez le rat. SI possédc lll1~ forte similarité 

de sequence avec le facteur d'elongation 1 alpha de l'humanin. SI a été SOllS­

cloné dans le vecteur pGEX-2T qui contient le géne recombinant pGEX-2T-S 1. 

Le plasmide recombinant pGEX-2T a été introduit dans la hactérie 101 afin de 

produire la protéine de fusion S l-glutathione S-transférase. La protéine de fusion 

a alors été clivée avec la thrombine pour produire la protéine rpS 1 dont la region 

N-terminale a été injectée dans un lapin pour produire l'anticorps polydonal anti­

rpSI. Cette anticorps reconnait spécifiquement rpSI mais est incélpahlc dc 

reconnaître le factcur d 'élongation 1 alpha. Puisque )' anticorps ant i -rpS 1 est 

capable dc reconnaitre spécifiqucmwnt rpS l, cct anticorps sera utilisé afin de 

disti nguer SI du factcur d'élongation 1 alpha lors de futures expériences. 
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CHAPTER 1 

LITERA TURE REVIEW 

Unicclllliar and, cvcn more so, multicellular organisms have developed 

complcx ml!chanisms to maintain their biological function and to reproduce 

thcmsdves in ordcr to cnsurc a continllous passage of their genetic information 

l'rom gencratiol1 to gl!ncration. This is achieved through the evolution of a genetic 

code and a machinery to read genetic information call~d transcription and 

translation: and throllgh evolutio!1 of a basic mechanism of mitotic ceIl division 

that passc~ the genctic information on to newly formed cclIs. 

H. Molecular basis of cell growth - protein synthesis 

Cdls IHlVC the abilily to maintain themselves in a high degree of order as 

a reslIIt of their gendic information. This information is encoded by nllc\eotide 

sequences of DNA molccllles which can be replicated, repaired and expressed by 

basic genetic processes sllch as RN A and protein synthesis. The templates for 

protcill synthcsis are RNA molccules. Messenger RNA (mRNA) molecules are 

the inl'ormation-carrying intermcdiatcs for the synthesis of proteins, while 

rihosomal RNA (rRNA) and transfer RNA (tRNA) forlll part of the protein 

synthcsizing machinery. Ali forms of cellular RNA are synthesized from DNA 

templatcs by RNA polymerases during the process of transcription. Translation, 
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in contrast, is the process of pro1ein synthesis according 10 1h~ instructions giv~n 

by the mRN A templates. 

a.1. Transcription and transcriptional control of protein synthesis 

Eukaryo1ic cel1s contain three distinct c1ass~s cf RNA pOlylllL'IëlSCS. 

designated as forllls 1, Il, and III, tha1 transcrit)'"· difli:rent sds of g~ncs. RNA 

polymerase 1 resides in the llucleolus and synthesi7cs rihosomal RNA pr~cursors. 

Both RNA polymerases Il and III are prescnt in the nudeoplasm. Wh~r~as RNA 

polyrnerase III synthesizes tRNAs and many of th~ smalt l1uclcar RNAs, RNA 

polyrnerase Il, not only transcribes protein-cncodlllg gen~s. hut abo forms the 

most important part of the reglilatory control at th~ Ievc\ of Illess~ngcr RNA 

transcription (Chambon, 1975). Recently DNA eJemcnls, promotcrs. cnhanccrs 

and silencers were identified to regulate initiation of transcription through spcci fic 

DNA-binding proteins (Maniatis et al., 1987). 

In the early 80's, in vitro transcription systems werc <.lcvcl(lped, and 

general transcription factors were isolated whiclt arc involved in thc cOlllplex 

process of transcription initiation (Henitz and Roeder. 1982). These devclopmcnls 

stimulated a renewed interest in ail forms of RNA polymcrases and how lhcy 

interact with the DNA during transcription. 

RNA polymerase II is a mliitisubunit enzyme with a molecular mass of 50 

kDa, composed of two large polypeptides and a collection of sm aller ones. The 
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small polypeptides, less than lOin number, have sizes ranging from lOto 40 

kDa. The largest subunit of RNA polymerase II has been isolated and shown to 

exist in multiple subforms (Sentenac, 1985), resulting in RNA polymerase II 

heterogencity. These subforms, according to Kedinger et al. (1974), are called 

110, lIa and lIb. RNA polymerase lIa is the unmoditied product of the largest 

suhunit gene ,'Vith a molecular mass of 240 kDa which is highly susceptible to 

protcolysis. III vitro phosphorylation of calf thymus enz.yme (mainly lia and lIb) 

by casein kinase 1 showed that most phosphate groups are illcorporated into the 

C-terminal part of the polypeptide (Dahmus, 1981). This carboxyl terminal 

domain is ri ch in proline. serine, threonine and tyrosine (Corden et a1., 1985) and 

thercfore contains multiple phosphorylation sites. 110 is a phosphorylated form of 

lia, and lib is an unphosphorylated cIeavage product of lIa generated by 

proteolysis that lacks the carboxyl terminal domain, with a reduced size of 180 

kDa. The phosphorylated RNA polymerase 110 was found in yeast, plant and 

animal eclls (Dahmus, 1981; Sentenac, 1985). Phosphatase treatment of the (lIa) 

240 kDa form of calf thymus RNA polymerase II phosphorylated in vitro results 

in a polypeptide of215 kDa. This intermediate-size subunit round in enzyme lIa 

corresponds to the pri mary gene product, and is considered to be in an 

intcrmcdiatc state of phosphorylation (Dahmus, 1981). 

The isolatcd mal1llllalian RNA polymerase 110, lIa and lIb appear to have 

a very similar transcription activity. Once transcription is initiated, chain 
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elongation can be carried out efficiently also by the proteolyzed form of the 

enzyme (RNA polymerase Ilb). A monoclonal antibody specifie to RNA 

polymerase Ila, but not to the proteolyzed form lib as found to completcly inhibit 

specifie transcription in vitro and in injected oocytes (Thompson l~t al.. 1989). 

This suggested that only the native form of the enzyme (lia) participates in 

specifie transcription. 

The phosphorylated C-terminal domain is involved in thc regulation of 

transcription. However, in vitro, in RNA-polymerase-dependent transcription 

extracts. RNA polymerase lib which lacks the C-terminal domain. retains the 

ability to initiate transcription accurately suggesting that not ail gencs require the 

C-termlnal domain for transcription complex formation (Thompson ct al.. 1989). 

It is proposed that the nonphosphorylated fonn lIa is rcquired for initiation of 

transcription, whereas RNA chain elongation may be catalyzed hy RNA 

polymerase 110 after phosphorylation of its C-terminal domain, thercby acting as 

the transcribing enzyme (Laybourn and Dahmus, 1989). 

Accurate transcription depend~ on the recognition of a T A TA clement, 

which is part of the transcription initiation site about 25 base pairs upstrcam of 

the start point of transcription with some effect of scquences immcdiatcly 

surrounding the transcription initiation site, termed as initiator (Smale and 

Baltimore, 1989). Upstream elements of the promoter or upstrcam activation sites 

(UASs) are also observed to be important for in vitro transcription, although the 
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amplitude of thcir effect is often smaIJer than that observed in vivo (Hen et aL, 

1982). AcclIrate transcription is not only dependent on the recognition of a TATA 

box by RNA polymcrase B, but also on forming an initiation complex with other 

transcription factors, for example TFIID, TFIIA, TFIIB, TFIIE (Guarente and 

Bermingham-Mcdonogh, 1992). The initial step of TFIID binding to the TATA 

box is followcd by the binding of TFIIA, TFIIB, RNA polymerase Band TFIIE 

respectivcly (sec Diagram A). In the absence of the stimulation by activ&tors 

which bind to the UAS, this pathway fllnctions at a low level in basal 

transcription. FlInctional and structural homologs of TFIID were c10ned from 

Schizosacclwromyces pombe, Drosophila, human and Archidopsis (Lewin, 1990). 

Ali of thcsc contained a core region of great similarity at the carboxyl terminus, 

but divi!rgcnt amino termini that were short in the yeast genes, and longer in the 

Drosophila and human genes. 

Transcription assays using recombinant TFIID suggested that the activator 

Sp 1 intcracts wlth TFIID at its amino terminal domain, since SpI is unable to 

support activated transcription in the presence of recombinant TFIID which lacks 

this amino terminal domain (Peterson et al., 1990). In addition to activators, such 

as SpI, which greatly influence transcription, the existence of coactivators has 

becn inferrcd from il1 vitro transcription studies. These coactivators appear to be 

nccessary for the interaction of the activators with the transcription initiation 

comph:x (Pugh and Tjian. 1990). 
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Sorne specifie activators are structurally conserved in eukaryotes. A region 

very similar to the DNA-binding domain of the yeast GCN4 protein, a global 

activator of gene~ that respond to amino acid starvation, was discovcred within 

the sequence of tht: avian sarcoma virus oncoprotein Jun (Vogt ct al., 1987). 

Yeast and mammali~n cells have conserved on highly rclatcd transcriptional 

activators that bind to the saille DNA sequence. For cxamplc, the mammalian 

serum response f"ctor (SRF) activates the Jos gene upon :;crum starvation 

(Norman et al.. 1988). A factor in yeast encodcd hy the MCM 1 genc was 

observed in vitro that bound to the sa me site as SRF (Hersk,-)witz, 1989). MCM 1 

itself appears to be a transcriptional activator, its binding site alone will drive 

expression of a TATA box rl!porter construct. 

Another example for evolutionary conservation of llpstream regulatory 

activator elements is the CCAAT box that is shared hy yeast and mammalian 

cens. In yeast, a heteromeric compkx, composed of HAP2, HAP3, and HAP4. 

which regulates the transcription of a large numbcr of nudcar gcncs that arc 

involved in the biogenesis of Illitochondria (Forshurg and Guarcnte, 19H9) was 

found to bind the CCAAT box. Similarily, the mammalian HeLa ccII factor CPI, 

containing subunits CPI A and CPI B, both rcquired for DNA binding, is also a 

heteromeric complex that binds to the CCAAT box (Chodosh ct al., 1988a). The 

subunits CPIA and CPIB can be exchanged with HAP3 and HAP2 rcspectively 

to restore DNA binding (Chodosh et al., 1988h). The CCAAT-hinding factor 

JO 
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from mouse and rat were purified and the c10ned genes contain HAP2 and HAP3 

slIbllnits from the HAP complex (Mait y et al., 1990; Hooft van Huijsduijnen et 

al., J 990). 

The regulation and cellular role of these homologous activators has been 

greatly altered in evolution to accommodate the needs and complexities of 

diffcrcnt organisms. Basically, each of the conserved transcription factors appears 

to play a differcnt rcguJatory role in yeast and in mammalian cells. Evolution thus 

has built on prc-existing factors and mechanisms by altering the response of 

transcriptional activators to signal transduction pathways. For instance, GCN4 is 

a rcgulator of amino acid biosynthesis genes in S. cerevisiae (Hinnebusch, 1984). 

ln mammalian cclls, lun serves a role in transcription and the gene product is 

involvcd in activation of transcription in response to serum (Curran and Franza, 

1988). Importantly, lun and Fos can fOfln a homodimers and heterodimers via 

their leucinc zipper domains (Mitchell and Tjian, 1989) to provide a network of 

transcription factors. In the evolution of S. cerevisiae. the regulation of synthesis 

of GCN4 l'eH under an elaborate mechanism of transcriptional control in response 

to amino acid starvation (Hinnebusch, 1984). GCN4-binding sites are present in 

promotcrs for amino acid biosynthesis genes. In mammalian cells, the regulatory 

pathways arc more cxtensively amplified and diversified to generate the Jun and 

activating transcription factor (ATF) families. In both yeast and mammalian cells, 

rcgulators arc tailored to fit the needs of the organism as controlled by 
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physiological signais in the case of the yeast. and increased cOlllplexity in the case 

of metazoans. Another example for homologous transcription factors are 

l\1CM l/SRF. In mammalian cells SRF responds to serum stimulation while a 

similar role is played by MCM 1 in the activation of yeast gcnes hy mating 

pheromones. 

a.2. Translation and translational control of protein synthesis 

Protein synthesis is regarded as an integral part of the gene expression 

machinery since the expression of specifie genes is under the control of protcins. 

Protein synthesis requires a series of preparatory steps and therefore dcpcnds on 

the collaboration of several classes of RNA moleclIles and regulatory proteins. 

Translation is uSllally considered to have threc stages: initiation. c1ongation and 

termination (Moldave, 1985). Each stage involves important hiochclIlical evcnts. 

catalyzed on the ribosomes which are large complexes of RNA and protein 

molecules. 

Initiation of translation 

The first event in inititation is the attachment of a free methionine moleculc 

to the end of tRNAIlIt:l by a specifie methionyl-tRNA synthetase. Mcthionyl­

tRNAIlIt:\ then binds the AUG initiation codon on the mRNA, and initiation factors 

(IF2 in prokaryotes and eIF2 in eukaryotes), Met-tRNA,llId, GTP and the small 
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subunil of the ribosome (30S in prokaryoles, 40S in eukaryotes) to form an 

initiation complex (30S initiation complex in prokaryotes and 40S initiation 

complex in eukaryotes) in the cytoplasm. The large ribosomal subunit (50S in 

prokaryotes, 60S in eukaryotes) joins the initiation complex in order to catalyze 

peptide bond formation, and a second amino acid is correctly bound into proper 

position to the RNA on the ribosome. There are two ribosomal sites that can be 

occllpied hy tRNA Illolecules: the aminoacyl-tRNA binding site or 'A' site binds 

the incoming tRNA molecule that is to contribllte a new amino acid to the 

growing peptide; and the peptide-tRNA binding site or 'P' site which binds a 

peptidyl-tRNA complex and holds the tRNA molecule to ail amino acids linked 

to the end of the polypeptide chain. The initiation complex is ready to begin 

synthesis of the peptide chain. 

Elongation of peptides 

A new aminoacyl-tRNA binds to the ribosome at the 'A' site by the 

activation of specifie alninoacyl-tRNA synthetases. After that, aminoacyl-tRNA 

carrying a specifie amino acid, binds to the appropriate codon in the mRNA 

through cümplementary base-pairs with the mRNA. Dllring translation in 

prokaryoles, a protein complex called Tu-Ts catalyses the binding of each 

aminoacyl-tRNA to the ribosome. An activated Tll-GTP complex binds to the 
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anticodon loop T'I'CG. Tu-Ts complex binds to the T'I'CG loop in tRNAs. so that 

tRNA can associate with the ribosomes. This binding reaction is accompanie:d hy 

the hydrolysis of the GTP molecule. As Ts prote:in re:joins GDP-Tu and 

reactivates it, it forllls a new complex of GDP-Tu-Ts. and the cycle: is continucd. 

The whole elOl;gation factor complex is bound to the ribosome. the: hydrolysis of 

GTP yields the energy for translocation. peptidyl-tRNA vacates the: A site: and 

shifts to the P site in the process. 

During the elongation step of protein synthesis clongation factors (EF) hind 

to both the amino acid end of tRNAs and to a Illolccule: of GTP. The: bouml 

elongation factor allows pairing of codon-anticodon and. ste:p by ste:p. amino acids 

incorporation into the polypeptide chain. The initial codon re:cognition trigge:rs the 

elongation factor to hydrolyse the GTP bound to il. The factor the:n dissociates 

again from the ribosome (see Diagram B). 

Elongation factors are protein factors responsiblc for the polypeptide chain 

elongation in cells. In eukaryotic cells, there are two groups of c\ongation factors, 

eEF-l and eEF-2. corresponding to the prokaryotic EF-Tu· Ts complcx and EF-G 

respectively. eEF-l consists of three subunits dcsignated cEF-IO' , cEF-1 Band 

eEF-l-y. ofwhich eEF-Ia corresponds to the prokaryotic EF-Tu and thceEF-IH')' 

complex to the prokaryotic EF-Ts (Safer, 1989). The fUie of EF-Ts in the 

polypeptide elongation reaction is to accelcrate the dissociation of EF-Tu· GDP 

complex (Arai et al., 1972). In yeast, another factor, the factor 3 for 
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polyphenylalanine synthesis i~ required (Dasmahapatra and Chakraburtty, 1981). 

Radioimmune assays and GDP binding showed that EF-Tu is a major protein in 

E. coli (Furano, 1975) similar to EF-I Ci present in rabbit reticulocytes (Slobin, 

1980). In biochcmical assays on cell-free extracts of yeast, Saccharomyces 

cerevisiae, two spccies of elongation factor EF-I (EF-la and EF-IH) have been 

isolated and purified. Yeast EF-la is a single polypeptide with a molecular 

wcight of 50 kDa and an isoelectric point at pH 8.9. Yeast EF-IH has a 

Illolccular wcight of 200 kDa and an isoelectric point at around pH 5.5 (Saha and 

Chakraburtty, 1986) . 

Termination of translation 

Tcrmination factors are proteins that recognize the termination codon 

which signais the rclease of the peptidyl-tRNA complex. There are three 

termination codons UAG, UAA and UGA. Upon the signal from the terr'lination 

factor, the ribosome arrives at UAG codon and the translation is completed. 

Hydrolysis of peptidyl-tRNA on the ribosome releases the completed 

polypeptide, and the last tRNA, and the two ribosomal subuni~s separate. They 

are rcady to start the whole cycle over again. 
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Regulation of translation 

Several parameters will affect the rate of protein synthesis. For specific 

protein synthesis, the limiting components are the cytoplasmic concentration of 

the particular mRNA and their specifie activities. Thcsc activities are determined 

by the intrinsic activity of the mRNA and by trans-acting dements. The intrinsic 

efficiency, whereby a mRNA is translated, depcnds on the structure of the 

specifie RNA. Four features appear to be important. 

(1) The presence and accessibility of a 5'- m7G cap structure enhanccs mRNA 

translation. 

(2) Initiation of translation depends on the stability and position of the mRNA 

structure. Very little is known about how proteins in mRNPs influence higher­

order structures and thus the process of translation (Hershey, 1(91). 

(3) The placement and context of the AUG initiation codon affects translational 

efficiency. A mRNA with an upstream AUG and a Strong consensus sequence for 

preproinsulin inserted in the 5'-UTR (untranslated region) translatcd poorly. 

However, when a termination codon is introduccd in frame and distal tn the 

upstream AUG will increase the efficiency of the translation. (Kozak, 1(84). 

(4) The presence and length of poly(A) tails al the 3'- terminus contrihute to 

translationa1 efficiency (Jackson and Standart, (990). Most mammalian mRNAs 

are polyadeny1ated soon after transcription in the nucleus, and carry 200-250 

adeny1ate residues at their 3' - terminus as they are transported into the cytoplasm. 
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The poly(A) tails are thought to affect both mRNA stability and translational 

efficiency. (Bernstein et al., 1989). The poly(A)-poly(A) binding protein complex 

is a major determinant of mRNA stability in vitro. Analysis of mRNA 

degradalion in a cell-free system showed that the poly(A) tail is degraded only 

whcn il i~. nakcd and not associaled with poly(A) binding proteins. 

For global protein synthesis, the limiting parameters are more difficuIt to 

idcntify. In general, ribosomal levels appear to define the overall capacity of a 

cell to synthesizc protcins. Phosphorylation / dephosphorylation of numerous 

protcin components of the translational apparatus appears to play an important 

role in controlling the overall rate of protein synthesis in mammalian cells 

(Hershey, 1989). Phosphorylation of a number of initiation factors, namely eIF-

28, cIF-3. eIF-4B and eIF-4F, as weil as ribosomal protein S6, correlates with 

activation of protein synthesis ill vivo or with increased factor activity ill vitro. 

eJF-4Fa, is the relatively low-abundance cap-binding protein within the 

clF-4F group, which is phosphorylated ill vivo primarily at Ser53. The saille site 

is phosphorylated il1 vitro by protein kinase C (Tuazon et al., 1989), where the 

prcferrcd substratc is the eIF-4F complex rather than the free eIF-4Fa subunit 

(Tuazon Cl al., 1990). Phosphorylation of eIF-4Fa does not appear to alter its 

aftinity for m7G cap structures, however. numerous correlative data link 

phosphorylation and tht' active state of the factor. 
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The ribosomal protein S6 is a phosphoprotein found in the 40S slIhunit of 

the eukaryotie ribosome. ft oecupies a position in the 40S subunit within the 

mRNA-binding. S6 is phosphorylated in vivo on five serine residucs near thc C­

terminus of the protein. Recently. S6 specifie protein kinases havc bccll puriticd 

from a variety of œil types (Erikson and Mailer. 1986) and a cDNA encoding il 

mouse S6 kinase has been cloned (Kozma et al.. 1990). A complcx network of 

kinases and phosçnatases appears to he involvcd in estahlishing the 

phosphorylalion level of S6. 

eIF-4B, like S6, is phosphorylated at multiple sitcs on serinc residucs. Il 

is phosphorylated in vivo when cells are treated wilh serum or tllll10r- promoting 

phorbol esters (Morley and Trallgh, 1990), and il! vilro hy the mammalian or 

Xenopus S6 kinases as weil as by protein kinase C (Tuazon ct al., 1990). 

Another initiation factor cIF-3 is composcd of eight different polypeptides, 

and phosphorylation of one of these is cnhanced by insulin and phorbol esters 

(Benne et al., 1978). However, no report implicates phosphorylation of these 

subunits in translationa) control. 

Inhibition of protein synthesis may be causcd by enhanccd phosphorylatiol1 

of two soluble factors eIF-2 and eEF-2. The phosphor~\qtion of the u'-sllbunit of 

the eIF-2, eIF-2a, correlates with inhibition of protcin ~ynthcsi~ and re~ults in 

loss of factor activity in vitro. Phosphorylatcd cIF-2· GDP bJl1ds more tighlly 10 

eIF-2B, but daes not exchange GDP for GTP. Sincc c1F-2 has a highcr cellular 
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level than cIF-2B, only a portion of eIF-2 needs to be phosphorylated in order to 

inhihit cIF-2B activity. However, some results indicated that inhibition of protein 

synthesis does not always occur when eIF-2a is phosphorylated. Therefore, 

reprcssion of cIF-2a phosphor~lation may be modulated by modification of eIF-

2B structure and activity (Dholakia and Wahba, 1989). 

A second phosphorylation pathway for inhibition of protein synthesis 

involvcs the e1ongation factor cEF-2. Phosphorylation of EF-2 is catalyzed by a 

Ca" t /calmodlilin-depcndcnt protcin kinase called Ca2+ /calmodulin-dependent 

protcin kinasc III or EF-2 kinase. EF-2 phosphorylation in vitro occurs at three 

threonine residues (Tin-53, Thr-56, Thr-58) in the N-terminal part of the 

molcclilc (Ovchinnikov ct al. ,1990). Phosphorylated eEF-2 binds to the 80S 

rihosomes but is unable to catalyse the translocation reaction with GTP in vitro 

(Ryanmov and Davydova, 1989). 

b. The Cel. Cycle 

Eukaryotic cells divide in order to reproduce themselves. They proliferate 

throllgh a proccss callcd mitotic division. Mitotic division involves a complex 

progn:ssiol1 of cvcnts which ultimately result in the division of a single cell into 

two daughtcr cclls (mitosis). This progression is referred to as the cell cycle. 

(Baserga, 19S5). 
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There are four phases in the ccII cycle (M, G1• Sand G2). During mitosis 

itself (M phase), a single ccli divides i'lto two daughter eclls. In the G1 phase, 

cells usually grow in size and prepare for DNA synthcsis. During S phase. l'l'Ils 

duplicate their DNA. In G2 finally, the period between S phase and the next M 

phase, DNA synthesis ceases and the cclls prepare for mitosis. 

After several ccli divisions, sOllle cells often kave the œil cycle traverse 

during the G1 phase and stop proliferating. These arc ll10stly terminally 

differentiated cells that are said to be quiescent or in a Go phase. Upon extel nal 

stimu1i Go phase cells are onen able to reenter the ccII cycle. For cxample, 

induction to re-enter the cell cycle traverse can be accomplished hy serum 

stimulation of in vllro cultures. There appears to be a direct corrdation bdw:'cn 

the amount of time needed to re-enter the ccli cycle and thc length of timc spent 

in the quiescent state (Hayflick, 1965). Nevertheless. the Go phase is not a toxic 

state for the cells. AIthough the cells are not replicating, thcy still maintain active 

metabolic functions. 

The liver contains many cells in Go or qlliescent statc. ft has heen shown 

that about 90% of hepatocytes are capable of metabolic activity dcspite absence 

of ccII division. Hepatocytes in situ can be indllced to re-enter the ccII cycle hy 

an apl,ropriate stimulus. An example of such a stimulus is 70% partial 

hepatectomy, after which the hepatocytes in the remaining tissue leave the 
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4uiescent state, re-enter the cell cycle, synthesise DNA and proliferate to 

rcgencrate the lost tissue (Fabrikant, 1968). 

b.l. Genetic and molecular control of mitosis 

Cell division in eukaryotes has three transition points: entry into mitosis, 

exit from mitosis and START (Murray, 1989). START is defined in yeast as the 

point prior to which cells can be diverted to leave the cell cycle traverse and to 

enter the mating pathway; but after START has been passed, ceUs are committed 

to initiating DNA synthesis (S phase). Entry into M phase is controJled by several 

parametcrs such as time, cell mass, growth rate, and the completion of 

chromosome replicatiol1. Experiments llsing natural or induced mutations in the 

fission ycast Schizosaccharomyces pombe, or experiments taking advantage of the 

mciotic arrest of Xellopus or starfish oocytes (Lohka, 1989), have led to the 

identi fication and charactcrization of cellular components that regulate this phase 

of thc ccII <:ycle. 

Originally identified as the product of the cdc2 gene of the fission yeast 

Schi:::.osaccharomyces pombe and the CDC28 gene in the blldding yeast 

Saccharomyces cerevüiae. phosphorylated protein 34 (p34Cdc2
) is now known to 

he the catalytic subllnit of the mitosis-indllcing protein kinase known as 

maturation promoting factor (MPF) or growth-associated Hl kinase (Murray, 
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1988). In addition to p34,dd, MPF contains cyc1ins which acclIl11ulatc 

continuously throughout the cell cycle but are destroyed during mitosis. 

Inttially MPF was purified from Xellopus, and the fraction with the highcst 

MPF activity was found to be associated with two proteins of about 32 kDa and 

45 kDa (Lohka et al., 1988). This fraction contained a protein kinase activity ablc 

to phosphorylate the 45 kDa protein. The smaller protcin. with a l110lccular 

weight of 32 kDa, has been identified as the equivalent to p34u
J-:! round in ycast. 

The other component of MPF is a cyclin. Two classes of cyclins, A and B. havc 

been distinguished which differ slightly in a central region; the fllllctionai 

significance of these differences however is unclear. 

Protein phosphorylation and dephosphorylation, arc important control 

events during interphase and the entry into M-phase, and, in the latter case, 

control the activation of the p34"k2 protein kinase and its association with cyclin. 

Dephosphorylation of a single tyrosine residue, Tyrl S, activatcs the p34"1<2 and 

facilitates entry into mitosis (Gould and Nurse, 1989). A simple modcl which has 

been applied to ail eukaryotes suggests that p34ld'2 kinase activity is inhihited 

during interphase when tyrosine 15 is phosphorylated at an ATP hinding site. At 

the G2/M boundary, this phosphate group is removed allowing kinase activity to 

appear, which in turn causes cells to enter M-phase. After mitosis, p34 kinase is 

phosphor)lated again which renders this protein inactive. This kinase inactivalion 

is accompanied by cyclin degradation which occurs as cells exit from mitosis; 
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disruption of the p34"lL2 cyclin complex could potentiate p34cdc2 kinase inactivation 

(sec Diagram C). 

The control mechanisms regulating mitosis in fission yeast involve at least 

four gene f unctions which act in concert. The gene products of cdc2 +, cdc25 +, 

weel + and niml"- act in a network to determine the timing of mitosis during the 

cell cycle (Russell and Nurse, 1986; Simanis and Nurse, 1986; Russell and 

Nurse, 1987a; Russe)) and Nurse, 1987b). One pathway of the mitotic regulatory 

nctwork is inhibitory and includes the wee 1 + gene product, which is a protein 

kinase. The second pathway is activatory through the cdc25+ gene product, a 

protein of 67 kDa which is required to initiate mitosis, and the niml + gene 

product. Cdc25 ~ either inhibits a kinase acting on p34 or activates a phosphatase 

acting on p34. The balance of the two pathways regulate the action of p34<dc2, by 

advancing or delaying onset of mitosis (Russell & Nurse, 1987a). The niml + 

(ncw inducer of mitosis) is the tirst dose-dependent mitotic inducer identified as 

a protcin kinase hOl11olog. Increased niml + expression rescues mutants lacking 

the mitotic inducer cdc2S+ and advances celis into mitosis at a reduced cell size; 

loss of nim 1 1 dclays mitosi~, until cells have grown to a larger size. niml + is a 

negativc regl!lator of the weel + mitotic inhibitor (Russell and Nurse, 1987b). 

Wcel + aets as a dose-dependent inhibitor of mitosis, functioning in opposition 

to the inducer cdc25+ (Russell and Nurse, 1987a, and see Diagram D). 
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b.2. Genetic and molecular control of S-phase (IlNA synthesis) 

One protein which regulates cell cycle progression in S-phasc is the 

proliferating cell nllclear antigen (PCNA). an acidic nuclcar protcin with a 

molecular weight of 36 kDa. The rate of PCNA synthesis is vcry low in quicsœnt 

cells and increases several-fold after serum stimulation shortly before DNA 

synthesis. In synchronized cell cultures. the level and distribution of PCNA 

oscillates throughollt the cell cycle. PCNA is highly aCClll1111lated in the nucleolus 

late at G l and in early S phase and decreased at the border between G~ and M 

phase (Mathews et al.. 1984; Sadaie et al.. 1986). 

Immunofllloresccnce stlldies of the distribution of PCNA during the ccII 

cycle have revealed dramatic changes in its nuclear localization during the S 

phase (Celis and Celis, 1985). ft appears to be located in rcplicon dllstcrs dllring 

DNA synthesis. This suggests that PCNA is tightly associatcd with sites of DNA 

replication. Subseqllently, PCNA has been shown to be an é:luxiliary protein for 

DNA polymerase 0 which is necessary in processive Icading strand DNA 

synthesis (Tan et al., 1986). However, a PCNA-independent forlll of DNA 

polymerase ô was also isolated from calf thymus under conditions which minimize 

proteolysis (Focher et al., 1989). PCNA could not stimulate PCNA-independent 

calf thymus DNA polymerase ô after any step of the isolation procedure. This 

enzyme is highly processive and very efficient in replication of natural primcd 

single-stranded DNA in the absence of PCNA. 
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DNA polymerase III from Saccharomyces cerevisiae is analûgous to the 

mammalian PCNA-dependent DNA polymerase Ô, and both polymerases had 

incrcascd synthetic activity on poly(dA).oligo(dT) in the presence of calf thymus 

PCNA (Bauer and But'gers, 19R8). Yeast PCNA and calf thymus PCNA are 

cqually active in stimulating DNA synthesis by DNA polymerase III, primarily 

by increasing the processivity of the DNA polymerase. 

Morc cvidcnce that PCNA is directly involved In controlling DNA 

synthcsis during S-phase came from studies, in which Balb/c 3T3 cells were 

exposed to antisense oligonucleotides of PCNA. In these cells both DNA 

synthcsis and mitosis wcre completely suppressed, whereas corresponding sense 

oligonuclcotide had no effect (Jaskulski et al., 1988a). Balb/c 3T3 cells were 

further uscd to dctermine whether a common regulatory mechanism exists that 

contrais the expression of gene products that are part of the DNA synthesizing 

machinery, like PCNA and thymidine kinase (TK). TK is an enzyme in the 

salvage pathway of thymidine. TK enzyme activity and mRNA steady-state levels 

increasc sharply when ceUs enter S phase. PCNA and TK rnRl~A levels were 

therefore studied in response to different growth factors. Besides sorne kinetic 

differcnccs betwecn PCNA mRNA and TK mRNA induction in the response to 

serum and to platelet derived growth factor, the expression of PC NA responds 

to cpidcrmal growth factor, while TK mRNA does not. The expression of both 
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enzymes, however, requires protein synthesis, indicatirg that this expression is 

regulated by other growth factor-regulated genes (JaskulsH ct al.. 1988b). 

b.3. Cell cycle arrest during early G. (quiescence) 

The GI phase of the cell cycle is dcfined as the time interval between the 

readily observable events of mitosis and the initiation of DN A synthesis (S 

phase). The duration of G I is different between various cell types. In the case of 

short G I intervals, the essential biochemical events for controlling œil cycle 

progression can begin during the previolls cycle, at the salllc limc and in the 

same cell as other events such as DNA synthesis or preparation of mitosis 

(Baserga, 1985). Cells in vivo, for example hepatocytes and ncurons, can remain 

healthy for very long periods of time in the nonproliferaling or quiescenl state, 

often called Go. Cells in culture can also be in a Go statc. Go-phase-arrcstcd cclls 

have an unduplicated DNA content, as do cycling cells in GI phase (Pardce, 

1989). In culture, Go cells when stimulated by thc additional of serum, can 

reenter the cell cycle. Thus, Go cells will not enter the ccII cycle unlcss thcy 

receive an appropriate exogenous signal, such as serum growth factors or lack of 

contact inhibition. 

When cells were kept for long periods of time in the Go phase under serum 

starvation, rates of protein synthesis and number of polysomes decreased (Duncan 

and Hershey, 1985a,b). As the growth rate decreased, the synthesis of somf! 
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initiation factor proteins, particular eukaryotic initiation factor (eIF)-3 subunits, 

became depressed. Stimulation of serum-starved cells with addition of fresh serum 

recruits most inactive ribosomes and mRNAs into polysomes, but the levels of 

most initiation factor mRNAs do not change when cells re-enter the cell cycle. 

Under the condition of serum starvation, (eIF)-3 is phosphorylated at the 

transition from G( to S phase. This observation suggests that phosphorylation of 

this initiation factor is responsible for the repression in a growth-arrested celI. 

Two distinct states of growth-arrest in cultured WI-38 cells have been 

idcntificd dcpcnding on the duration of serum depletion (Owen et al., 1989). 

Short term or "carly" growth-arrest, occurs during the first 7-10 days following 

cessation of DNA synthesis and mitosis. It is characterized by few biochemical 

changes compared to actively proliferating cells. In cells arrested for 10-20 days, 

termed long-tcrm-growth-arrest, there is a decreased ove rail protein and DNA 

content. an enhancement in collagen and fibronectin levels and a deterioration of 

EGF-dcpenocnt signal tn\l1sdllction pathways (Owen et. al.. 1990). Once the cells 

are latcr stillllliated to re-enter the cycle, expression of growth-associated genes 

turncd on in late G ( slich as thymidine kinase, ornithine decarboxylase and 

vimcntin is retarded (Owen et. al.. 1990). Although WI-38 cells do cease to 

incorporatc thymidine and to divide llnder confluent culture conditions, these 

"qu icsccnt" œlls undergo changes. are metabolically active, and certainly do not 

dcteriorate grossI y . 
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Genes specifically expressed in growth arrested cclls (gas: growth arrest­

specifie gene) have been identified by screening of a cDNA library for cDNAs 

corresponding to mRNAs whieh are expressed in growth-arrested cclls (Schneider 

et al., 1988). Six cDNA clones were identified ranging in sizc from 0.8 to 10 kh. 

Two cell lines transformed by viral one genes did not express two of th~ six gas 

genes. Expression of these Go-specifie genes is negativdy regulatcd hy the 

presence of serum and by growth factors: sOllle of them arc rapidly 

downregulated within 2-3 hours after induction of growth; whereas others take 

longer (6-10 hours) before downregulation is observed. The gasl gene prodlld 

is ccII cycle eontrolled and it accumulates again dllring the S phase of 

synchronized cultures. gas 1 and gas2 mRNAs are found in lung tissue. Whcn gas 

gene expression is suppressed, by addition of serum. results in an ove rail incrcasc 

in protein synthesis in the cell. This indicate that gas gcncs funetion to sllppress 

gene by a meehanisl11 clirrently unknown. The expression of gus genes was shown 

to be sensitive to the drug 2-aminopurinc which inhibits protein kinases. The l'ad 

that the level of gas gene mRNA was reduccd by serum, and that nudcar 

transcription of gas-2, -3 and -5 was observed in serum-stimulatcd eells, indicatcs 

that regulation takes place at the transcriptionallevel (Circarelli ct al., 1990). The 

protein encoded by the gas3 gene showcd similarity to a mitochondrial 

oxyreductase and can be obtained by in vitro translation in the presence of dog 

pancreatic microsomes (DPM) when extracted with Triton X-114. The gas3 
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product was found only in the detergent-soluble phase, suggesting that the gas3 

gcne product is a transmembrane glycoprotein (Manfioletti et al., 1990). 

b.4. Cell cycle arrest at late G 1 (senescence) 

ln contrast to cellular quiescence, in which cens are arrested in early G}, 

or thollght to be in Go of the cell cycle, cells arrested at late G} are thOlIght to be 

senescent (Baserga, 1985). Whereas Go cells are readily able to re-enter the cell 

cydc upon stllllulation with growth factors, senescent cells are unable to go back 

into ccii cydc, rcgardless of the presence of external stimuli. Weissmann and 

Minot (1882) and other biologists speculated that senescence is the price a cell 

pays for differentiation. Hayflick and Moorhead (1961) proposed a new view that 

aging was a cellular as weil as an organismic phenomenon, and that perhaps the 

loss in functional capacity of the aging individual retlected a summation of the 

loss of critical functional capacities of individual cells. They also pointed out that 

unlcss transformation occurred at some point in the life history of the cell, 

senescence always resuIted. When Hayflick attempted to culture strains of human 

diploid fihroblasts (HDF), these cells eventually degenerated and died (Haytlick, 

1965). This body of work supports the idea that there is a limited replicative 

potential for human cells in vitro and this limit resembles their lifespan in vivo. 

Il appcars thl!refore that relis may cou nt the number of population doublings to 

a critical limit and then stop dividing (Goldstein and Singal. 1974). During in 
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vitro aging, the thymidine labelling index, a measure of DNA division. reached 

about 80-90% in early passage cultures. A graduai decrease of the labelling index 

followed as more cells became senescent during subsequcnt passage (Christofalo 

and Sharf, 1973; Harley and Goldstein, 1980). 

Flow cytometric measurements of HDF indicated that there are differenccs 

in morphology and biochemical charaèteristics betwcen cells in the GI-senesœnt 

and the Go-quiescent states of the cell cycle. Senescent HDF arc larger than 

cycling cells at GI, and senescent cells have a lower nllcleocytoplasmic ratio than 

those that are cyc1ing (Sherwood et al. 1988). Moreover, in senescent HDF. 

nllclear size and the amollnts of RNA. protein. glycogen. lipids and Iysosomcs 

are increased. The amountofDNA, however, dccreased in both G I and G:! phascs 

of the cell cycle. 

It is suggested that senescence may involve disrupting ccli cycle control. 

in addition to blocking DNA synthesis initiation (Goldstein, 19Ç·Q). Indecd, it is 

also suggested that beyond initiation and completion of DNA synthcsis. cellular 

senescence also affects chromosome condensation, pairing, and segregation as 

weil as nuclear c1eavage and cytokinesis (Sherwood et al., 1988). 

Comparison of the proliferative capacities of eclls grown in vitro t'rom 

don ors of different ages suggested that certain aspects of in vivo aging arc also 

seen in cell culture. Haytlick (1965) showed that the numbcr of population 

doublings in cultures of adult-derived lung fibroblasts is less than that in cultures 
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derived from human embryos. Martin and coworkers (1970) studied cultured 

fihroblasts From skill biopsies and found that as the age of the dOllor increased, 

the life span of the cultured cells decreased. There is therefore an inverse 

relatiollship between the in vitro cellular lifespan and the age of donor. Whether 

the limit of the lifespan is genetically predetermined or environmentally induced 

is controversial. In vitro aging of human fibroblasts may be caused by damage at 

the level of the genome. Treatment of adult and fetal lung-derived fibroblasts 

with low doses of ionizing radiation resulted in an increase in chromosomal 

ahnormalities in the adult cells, whereas no change in the fetal cell chromsomes 

was detcctcd (Bourgeois et al., 1981). 

i .. 
The culture of HDF has been widely used as an in vitro model for aging. 

Grove and Cristofalo (1977) found that the cell cycle time increased during in 

vitro aging due to elongation of the G 1 phase. They hypothesized further that 

thcsc normal human fibroblasts became senescent, and produced an inhibitor of 

DNA synthcsis. 

Expcriments have been performed to produce heterokaryons between 

senescent and young cells. These were first performed by Norwood et al. (1974, 

1975) and later confil'l11cd and extended by Stein and Yanishevsky (1979; 

Yanishevsky and Stein, 1980). When quiescent or senescent cells fused with 

rcplicating ones. cntry into S phase and the initiation of DNA synthesis was 

inhibited in the young cell nuclei of the fuscd cells. These results suggested that 
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senescent and quiescent HOF may share a comlllon inhibitory protcin responsihle 

for the cessation of proliferation (Stein and Yanishevsky. 1981). 

To determine whether the Simian papovavirus SV40 could indure 

proliferation and morphological transformation in senescent œlls. prolifcrating 

and senescent WI-38 fibroblasts where infected with SV -40 or fused with h:thally 

irradiated cells of a continuous line VA-13 (containing the SV -40 genome). 

Whereas the proliferating cells underwent 11l0rphological dumges, showed 

accelerated proliferation and subscquently ceascd proliferation, senescent WI-]H 

ceUs showed neither accelerated proliferation nor morphologieal changes by 

infection or by infusion. Genes responsible for the morphological changes do not 

appear to be responsible for the property of continuous proliferation (Matsumura 

et al., 1980). 

Cell fusion experiments had suggested that cellular aging was a genctically 

programmed process. Hybrids obtained from fusion of normal cells with immortal 

cells exhibited limited division potential (Pereira-Smith and Smith, 1988). Thesc 

resuIts indicated that the phenotype of cellular senescence was dominant and th al 

immortality resulted from recessive changes in normal growth regulalory genes. 

When senescent cells were enucleated and the derivcd cyloplasls were fuscd wilh 

young cells and it was found that the cytoplast was as effective as the whole ccII 

in blocking initiation of ONA synthesis in the young cclls (Orescher-Lincoln and 

Smith, 1984). 
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Cclls transformed with carcinogen were not able to induce DNA synthesis 

in the nuclci of senescent HDF in the fused cells and the transformed nuc1ei were 

inhibited from entering S phase. (Stein et al., 1982). However, when senescent 

eclls were fuscd with immortal ccII lines containing DNA tumor virus, the 

immortal lines were able to overcome the inhibition of DNA synthesis. The 

heterokaryons not only lIynthesized DNA in their own nucIei, but also induced 

DNA synthesis in the nuclci of the senescent cell. 

When a plasma mCl11brane-cnriched fraction of senescent HDF was added 

to young cells, cntry into S phase was inhibited, suggesting that senescent HDF 

contains an inhibitor of DNA synthesis (Stein et a1.,1982). This inhibitor appears 

to he a glycoprolein, and is resistant ta elimination follawing serum stimulation 

of senescent HDF However, when quiescent young cells are stimulated to grow 

hy addition of serum the inhibitory activity disappeared from these young HDF 

at late G 1 phase. 

Lumpkin et. al. (1986) fOlmd high abundance of anti-proliferative mRNA 

in senescent human diploid fibroblasts. Microinjection of the poty (A)+ fraction 

of mRNA isolated l'rom senescent cells into young cells blocked DNA synthesis. 

The non-pol y (A) + fraction. RNAse treated poly (A)+ fraction, or RNA isolated 

from young cells were unable to block the initiation of DNA synthesis. This 

suggests that senescent cells may produce a gene product capable of inhibiting 
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initiation of DNA synthesis, as assayed by its cffect on young proli fcration­

competent hUl11an fibroblasts. 

A tempting interpretation of ail of these expcriments is that scn~scent œlls 

fail to proliferate because of the production and the action of an inhihitor of ON A 

synthesis. Quiescent and senescent fibroblasts showed similar basal and scrtlm­

inducible expression of the c-myc and c-H-ras proto-oncogcns. the gcnc prodllcts 

of which stirnulate proliferation and are required to leavc Go (Rittling ct al.. 

1986). cjos, which in quiescent cells is induced carly in GolGI intcrval and 

stimulates œIl to proliferate (Müller et al., 1984), is repressed at the levc\ of 

transcription in senescent cells (Seshardi and Campisi, 1990). Growth-rclated c-

Jos proto-oncogene may be under dominant repression in senescent eclls. 

With the recent discovery of tumor suppressor gcncs, and ncgative 

regulators of growth, studies in aging begin to merge with those of 

carcinogenesis. For example, RB, the retinoblastoma genc product, is a nllclcar 

phosphoprotein. RB is active as an unphosphorylatcd form in quicsccnt eclls hut 

becomes phosphorylated (inactive) when cells are rapidly prolifcrating; suggcsting 

that phosphorylation of the RB gene product may he neccssary for cntry into S­

phase (Chen et al., 1989; DeCaprio et aL, 1989). Both senescent and quicscent 

human diploid fibroblasts (HDF) contain the lInphosphorylated form of the 

retinoblastoma protein. After serum stimulation, thc RB protcin in SCI1(!sccnt HDF 
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can not be phosphorylated in correlation with the failure to enter S-phase (Stein 

et al., 1990). 

b.5. StatiKl 

ln an attempt to identify genes and proteins that are specificallyexpressed 

in growth arrested cells, Wang (l985a) raised monoclonal antibodies against 

detergent insoluble fractions of senescent HDF. Two of these antibodies, mAb 

530 and mAb S44, identified an antigen called statin present in cells that are in 

the Go-quiescent as weil as in the Gj-senescent state. Statin is a 57 kDa protein 

predominantlyassociated with the nuclear envelope in non-proliferating cells, but 

not in their dividing counterparts (Wang, 1985b). Statin is expressed when young 

cultured fibroblasts are deprived of serum or grown to confluency. When these 

cells arc induced to proliferate by addition of fresh medium or by sparse plating, 

statin is lost 12-14 hours before entry into S phase. This resuIt indicates that 

statin synthcsis takes place in quiescent cells, then declines rapidly when cells 

are induced to proliferate (Wang and Lin, 1986). In senescent HOF which are 

unable to re-enter the cell cycle upon serum stimulation, expression of statin 

pcrsists (Wang, (989). 

The specitie expression of statin in quiescent cells has aiso been shown to 

exist in differentiated tissue in situ. Immunohistochemistry on various tissues 

showed that the epithei iai cells covermg the villi of the smaU intestine 
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(Bissonnette et al., 1990). the superficiallayer of epidermis. the hair sheath. the 

tongue, a subpopulation of fibroblasts in the dennis. chondrocytes (Wang and 

Krueger, 1985), hepatocytes (Sester et al., 1989). neurons (Schipper and Wang. 

1990) and cardiac muscle cells express statin (Connolly et al.. 1988) 

In order to obtain a moleclilar probe for statin. mAbs S30 and S44 werc 

used to sereen a lambda gtl1 expression library of rat brain. A cDNA clone. 

designated SI was isolated, sequenced and characterized (Wang et al .• 19R9). The 

nucleotide sequence of SI revealed 78% homology with a cDNA for human 

elongation factor one alpha (Hum EF-Ia). Even more strikingly. SI and EF-I(Y 

share 92 % homology when the predicated amino acid sequences are comparcd. 

The two sequences differ al their amino and carboxyl tcrmini with less than 20% 

in homology. 

General objectives 

The high similarity between the SI cDNA and human EF-Ia suggcstcd that 

statin or pSI may be a member of the EF-Ia genc family. This was surprising 

in light of the observation that statin is a nuclear componcnt, whercas EF-I (X 

resides in the cytoplasm and functions in the proccss of peptide c)ongation during 

message translation. 

In order to further ellicidate the relationship betwecn pSI and statin and 

between pSI/statin and EF-la it was utmost importance to obtain probes which 
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allow for cellular and functionaJ characterization of these proteins. The general 

objective of this study therefore was to provide tools in the form of antibodies 

which would help us to distinguish between pSI, statin and EF-Ia. These tools 

are neccssary in order to learn more about the cellular controls involved in 

fundamental processes such as protein synthesis, cell cycle and aging. 

Specifie objectives 

In order to generate antibodies specific to pSI, it was first necessary to 

construct a plasmid \-ector which could be used to transform bacteria for the 

production of the recombinant SI protein. Ta express pS 1 in bacteria 1 chose the 

glutathione S-transferase (GST) gene fusion system in which commercially 

available plasmid vectors containing the GST gene and a trp-Iac promoter (De 

Boer ct al., 1983) were ligated with the SI cDNA. This gene fusion system was 

chosen because the GST gene with the promoter drives the expression of the 

inserted SI cDNA, once transformed into E. coli bacteria. The resuIted fusion 

protein containing GST and recombinant SI protein (rpSl) can then be purified 

from the bacterial Iysates by aftinity chromatography with glutathione bound to 

sepharose bcads or by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The 

fusion protcin can then be c1eaved into two portions with thrombin protease 

separating the GST from rpSI. The proteins obtained can be analyzed by SDS­

PAGE. 
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A secand objective was to generate palyclonal antibodies against the 

purified rpSl by immunizing rabbits and ta verify that the antiserum thus 

produced indeed recagnized the expressed protein by western blnt analysis. 
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Diagram A. Diagramatic model of the basic transcriptional complex. 111C TATA 

box is found al most promoter of genes transcribed by RNA polymerasc Il and 

is bound by the general transcription factor TFIID (D) which is locatcd about 25 

base pairs upstream of the start point (arrow). Depicted is the pathway of 

assembly of the transcriptional complex by gcneral factors such as TFIIA (A), 

TFIIB (B),and TFIIE (E) al the promotcr, including the RNA poymcrasc (pol Il). 

(After Guarente and Bermingham-Mcdonogh, Trends in Genet. 8: 27-32, Fig.l, 

1991). 
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Diagram B. Diagrammatic model of the elor7ation steps of eukar~'otic protcin 

synthesis. Peptide elongation proceeds in thrœ steps. 1. Binding of EF-I ex to 

GTP and aminoacyl-tRNA leads to the codon-dependent placement of the 

aminoacyI-tRNA to the A-site on the ribosome. 2. Following release of EF-l (Y­

GDP from the ribosome EF-161' facilitates the exchange of GTP for the bound 

GDP. 3. After peptidyl transfer EF-2 translocate the mRNA one codon to allow 

for arrivaI of a new aminoacyl t-RNA (after Riis et al., TISS 15:420-424, Fig.l, 

1990). 
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Diagram C. Diagram ofthe universal M-phase control mechanism. Central to the 

mechanism is the activation of p34 protein kinase which induccs M-phase. 1'34 

forms a complex with cyclin which activates the p34 for kinase activation. The 

active form of this protein kinase (PK) phosphorylates key substrates slich as HI 

histone, lamins, and centrosomal proteins. p80 is required for p34 

dephosphorylation and kinase activation. High p34 kinase activity maintains cclls 

in M-phase state, and exit from M-phase requires kinase inactivation and 

phosphatase action. Cyclin, which is degraded as cells exit M-phase, may 

contribute to the kinase inactivation (modified from Nurse. P .• Nature 344:503-

508, Fig.4, 1990). 
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Diagram D. Diagramatic representation of genes controling mitosis in fission 

yeast. The gene products of cdc2+, weel + and nim 1 + are protein kinases. 

Overexpression of the activators cdc25+ and niml-f, Of deletion of the inhihitor 

weel + advances cells into mitosis (modified from Nurse, P., Nature 344:503-508, 

Fig.2, 1990). 
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Introduction 

ln an attempt to identify genes involved in controJling cellular growth 

arrest we previously isolated a cDNA clone, SI, from a rat brain lambda gtll 

cDNA expression library, after immunoscreening with 544 and 530, two 

monoclonal antibodies to statin. Statin is a nuclear protein found exclusively in 

non-proliferating cclls (Wang, 1985a). 

The rat SI cDNA (Wang et al., 1989) and unique rat SI gene (Ann et aL, 

1991 a) have heen sequenccd, and the coding sequences found to be very similar 

(78% DNA sequence homology) to those of the human EF-Ia gene. The 

similarity between the deduced amino acid sequence of rat SI and EF-l ex proteins 

is even more striking (92 % amino acid sequence homology), and indicates that 

the major functional domains of EF-la (e.g. the tRNA- and GTP-binding 

domains) are also present intact in the SI protein (pSI). Thus we assume that 

l'SI, likc EF-I a. probably functions as an elongation factor for protein synthesis 

togcthcr with EF-IB. EF-I)', and EF-lô in the cellular elongation factor complex 

(Ryanaznov et al., 1991). Whereas mRNA for EF-I a is found ubiquitously in rat 

tissues, northern hlot analysis showed that the SI mRNA has a tissue-specifie 

distribution (present only in brain, skeletal muscle. and heart) (Lee et al., 1992; 

Ann ct al.. 1991 b: Ann et al.. 1992). This is interesting, since it is known that 

spccies other than mammals contai n more th an one EF-I a gene (e.g. 3 genes in 
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frogs and 2 genes in Drosophila and yeast). and that sOllle of the gencs arc 

expressed continuously throughout development whereas others arc exprcssed 

only at particular times during development (e.g. dllring oogenesis) (Dj~ ct al .. 

1990; Kreig et al.. 1989; Hovemann et al., 1988). The rat SI gent: and hum an 

EF-l a genes were compared and there is no evidcnt conservation among their 

intron sequences and first non-translated exon. (Ann ct al.. 1991 a). 

Despite the acquisition ofmoleculardata on the rat SI gcne and ils t:DNA. 

very little is known about the expression and the fllnction of the SI protcin. The 

EF-la gene dosage in yeast has been shown to alter lranslational fidclity (Song 

et al., 1989). We hypothesized that rat pSI may be reqllircd to maintain a high 

degree of irreversibly growth arrest over long periods of timc in diffcrcntialcd 

tissues that consist of non-dividing long-livcd cells (Lce ct al., 1992). In ordcr to 

test this hypothesis and to study the function of pSI during devclopment (hoth in 

vivo and in vitro) one wOllld like to have specifie antibodies as a probe for the SI 

protein. Since pSI and EF-Ia have the same molccular mass (49 kDa) and pl 

(9.8), and very similar amina acid sequences as dcduœd l'rom the nudcotide 

sequences it is difficlIlt to distinguish between the SI and EF-llX proteins hy 

physical n.ethods. In this stlldy, 1 have therefore expressed the SI cDNA in E. 

coli and prodllced a rabbit antiserum against the recombinant prolcin. The 

antiserum raised against pSI is able to distinguish hctwccn pSI and EF-Io' on 
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immunoblots and can thercfore be used to characterise further the expression and 

function of pSI in diverse ccII types and tissues. 

Materials and Methods 

)'Iasmid construction and expression of GST -rpSl fusion protein in E. coli 

Full-Iength rat SI cDNA was first isolated From the pGEM3 transcription 

vector with EcoR 1 restriction enzyme at the EcoR Ilinker site. After that SI was 

digcstcd with the restriction enzyme 8all (BRL) which c1eaves at nucleotide 41 

of the full length open reading frame. A Bail - EcoR 1 (SI) fragment was 

gcneratcd, and then blunt-ended with Klenow (Pharmacia). The plasmid vector 

pGEX-2T containing the glutathione S-transferase (GST) gene (Pharmacia) was 

linearized hy cutting with restriction enzyme Sma 1. and then dephosphorylated 

with bacterial alkaline phosphatase (Boehringer Mannheim). The SI fragment and 

the lincarizcd plasmid \Vere ligated together and used to transform competent HB 

101 E. coli (Sambn\ok ct al., 1990; Hanahan, 1983). Recombinant plasmids 

(pGEX-2T-S 1) \Vere sclccted by resistance to ampicillin, and the SI insert 

charactcril.cd hy restriction enzyme digestion with Sma J and Bam Hl 

(Pharmacia). Expression From the rccombinant plasmids results in a fusion protein 

that contains. atthe N-terminus, the C-terminal domain of GST, which was used 

to aftinity-purify the fusion protein with glutathione-Sepharose 48 (Pharmacia) 
( 
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.. 
(see below). The GST domain was subsequently removed hy digestion \Vith the 

protease thrombin, which recognizes the LVPRGS motif and c1eaves hctwccn 

arginine (R) and glycine (G) (se~ below). 

Gel purification of the GST -rpSl fusion protein 

The transformed cultures of E. coli were incubated overnight "1 :noc, 

diluted ten-fold with 2XYT medium (Oifco) containing 50 /tg/ml ampicillin, and 

grown to late log phase (00 = 1.2). IPTG (isopropyl-H-D-lhiogalactopyronoside) 

inducer (Boehringer Mannheim) was added to a final concentration of 1 mM, and 

the cultures incubated at 37°C, usually for 4 hours. The cultures wcrc harvestcd, 

washed with PBS, and stored at -70°C, or Iysed in 50 mM Tris pH 7.5 huffcr 

containing 1 % Triton X-100, 50 mM EDTA, and 1 mM PMSF. The Iyscd 

bacteria were sonicated and the inclusion bodies wcre scdimented hy 

centrifugation al 10,000 g for 10 minutes at 4°C. Most ("bout 80%) of the 

GST-rpSI fusion protein was found in the pellcted fraclion containing inclUSion 

bodies. The pellet fraction was solubilized in 2X SOS samplc buffer "nd ~onic"ted 

for 5 min at 4°C. The fraction was analyzed on 9% SOS-PAGE, and the gels 

were fixed and stained with Coomassie Blue (Sigma) as descrihed (Laemmli, 

1970). The GST-rpS 1 fusion protein was cxcised from the gel, clcctrocluled at 

12 mA for 5 hours at room temperaturc in SOS running buffer. The fu~ion 

protein was preclpitated with acetone overnight at4 oC, pelletcd and wa!lhed twice 
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with ice-cold acctone. The vacuum dried fusion protein was then stored at -20°C 

for fllrthcr analysis. 

Affinity purification of GST-rpSl fusion protein 

The alternative purification procedure involved glutathione-affinity column 

chromatography of the recombinant fusion protcin. The supernatant fraction of 

Iysed hactcria (described above), containing approximately 20% of the GST-SI 

fusion protclll, was applied to a 1 x 10 cm column of glutathione-Sepharose 4B 

which was prepared and equilibrated at room temperature with PBS containing 

1 % Triton X-IOO, as described by Smith and Johnson (1988) and according to the 

manufacturer's (Pharmacia) recolllmcndations. After washing the column with 

PBS, the hound llIatcrial was eluted with 50 mM Tris pH 8.0 buffer containing 

10 mM gllltathione. The GST-S1 fusion protein in the eluted fractions was 

analysed using 9% SDS-PAGE. as described above. The fusion protein was 

Iyophilized and keep at -20°C for further analysis. 

J'roduction of recombinant SI protein (rpSl) by c1eavage of the GST-rpSl 

fusion protein with thrombin 

Purilicd. Iyophilized GST-rpSI fusion protcin from both affinity 

purification and SOS-gel were digested for 40 min at 25°C with 10% (w/w) 

thrombin (Sigma) in a butTer containing 2.5 mM CaCI:!, 1 % glycerol, 150 mM 
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NaCI, and 25 mM Tris pH 8.0. as previously described (Eaton et al.. 1986). The 

reaction was ·.itopped by the addition of SOS to a final concentration of 0.4 % and 

by heating al 80°C for 5 min. The reaction products were separated on 9% 

polyacrylamide gels. excised from the gels. electroelliled. and I}ophilizcd as 

described above. 

Production of anti-rpSl antisera 

Approximately 50 J.l.g of purified rpSI was dissolved in 1 ml of 0.85% 

NaCI or PBS, mixed with an eqllal volume of Freund's incomplete adjuvant. and 

used to immunize two rabbits by multiple dorsal intradcrmal injections. 

PreillllJlUne and immune antisera were collected and stored at -20°C (Harlow and 

Lane, 1988). Only one rabbit responded to the illllllunization. 

Fractionation of 3T3 cells into cytoplasmic and nuclear/cytoskeletal proteins 

Confluent Swiss 3T3 cells l'rom five plates werc harvcstcd by saaping with 

a rubber policeman. The cells were collected in PBS and pcllcted hy low spccd 

centrifugation (800 g). Cells were resuspended in 10 volumes of a huffer 

containing 250 mM sucrose, 50 mM triethanolaminc (pH 7.5), 25 mM KCI, 5 

mM dithiothreitol, 0.1% triton X-IOO and 2 mM 

phenylmethylsulfonyl f1uoride, and homogcnizcd on icc wlth appmximatcly 20 

strokes in a glass tissue grinder. The homogenate was centrifuged at 4 oC in a 

tabletop c1inical centrifuge at 800 g for 15 minutes. The supcrnatant containing 
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the cytoplasmic fraction was frozen for further analysis, and the pellet containing 

intact nuclei and cytoskc!etal components was washed twice by resuspending it 

in ] 0 volumes of the same buffer followed by another centrifugation step as 

abovc. Proteins in the pel1eted nuclear/cytoskeletal fraction were then directly 

so]ubilized rJy sonication for ten minutes in twice the pellet volume of double 

strength SDS-Iysis buffer containing 1.25 M Tris, pH 6.8, 4% SDS, 10% B­

Illercaptoethanol, and 20% glycerol for SDS-PAGE and west~rn blot analysis. 

Immunoblotting 

Ill1l1lunoblotting was performed essentially as described by Towbin, et al. 

(1979) cxccpt that 0.5 % Tween-20 /TBS were used as blocking agents (Batteiger 

ct al., 1982). The rabbit antiserum was used at a dilution of 1 :20 for 2 hours at 

room tcmpcratllre in Tris-buffer containing 0.05% Tween-20. The bound antibody 

was dctccted with horscradish peroxide (HRP) conjugated Goat anti-rabbit IgG 

(Cappel) and 4-chloro-l-naphthol (Sigma) as substrate. 

Anti-EF-l ex untisera 

Anti-EF-Ia is a rabbit polyclonal antiserum (Ann et al., 1988) raised 

against a synthctic peptide corresponding to a C-terminal peptide ofhuman EF-la 

(rcsidllcs 444-462) which is identical to that of mouse EF-Ia and very similar to 

that ofpSI (sce Figurc 9A). This peptide is not found in bacterial EF-Tu. 
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Results 

Expression of recombinant SI in E. coli as a fusion protein 

Rat SI cDNA, slightly shortened at the 5' end by 41 base patrs. was 

cloned into the expression plasmid pGEX-2T. behind the glutathioœ-S-transferasc 

gene (Figure 3) as described in Methods. For the construction of the recombinant 

plasmid pGEX-2T-SI, the recombinant SI protein (rpS\) containcd a dcldion of 

Il amino acids at the N-terminus, and a replacement of the subsequcnt J amino 

acids (GSP replaced VIG) in order to retain the correct rcading frame. The 

remaining amino acid residues (15-463) of rpS 1 whcre otherwisc idcntical to rat 

SI (Fig. 6). E. coli HB lOI cells transformcd with thc recomhinant plasmid 

expressed a fusion protein (GST-rpSI) aCter induction with IPTG. At variolls 

different time points (0,0.5, 1,2, or 4 hours) after induction. transformed E. coli 

containing the plasmid vector alone (Fig. 5. pancl A) or the recombinant plasmid 

with the SI insert (Fig. 5, panel B) werc harvested. lyscd and bacterial proteins 

were analysed by SDS-PAGE (Fig. 5). The bacteria transformcd only with the 

expression plasmid pGEX-2T, lacking the SI insert, express a 27 kDa protein 

(Fig. 5, panel A). This 27 kDa protcin corresponding to gllltathione-S transfcra~e 

enzyme increased with time after IPTG induction in bactcria. 1 n contrast, hactcria 

thal were trar<;formed with the recombinant plasmid pGEX-2T-SI prodllccd a 7X 

kDa fusion protein that increased in amount bctween 0 to 4 hour<) after induction 

with IPTG (Fig. 5, panel B). In addition to the 78 kDa polypeptide, a 57 kDa 
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band was observed in bacteria containing the SI cDNA also increased in amount 

aftcr induction (Fig. 5, panel B). This 57 kDa protein might be a proteolytic 

c1eavage product from the 78 kOa fusion protein. 

I»urification of' the GST-rpSl fusion protein and proteolytic cleavage 

Purification of the GST-rpS 1 protein was performed by glutathione-affinity 

column chromatography using the soluble fractions of the bacterial Iysates (Fig. 

6, lanes A, C) which contaillcd about 20% of the total fusion protein. This 

mcthod proved effective, as shown by SOS-PAGE of the eluted fractions (Fig. 

6, lanes B. D). The 27 kDa GST was purified from extracts of bacteria lhat were 

transformcd with plasmid containing the GST gene but not the SI cDNA (Fig. 6, 

lanes A. B). When extracts from bacteria that were transformed with plasmid 

contai ni ng hoth GST and SI cDN A were used, affinity chromatography resuIted 

a purified 78 kDa fusion protcin (Fig. 6, lanes C. 0). 

Altcrnativcly. the 78 kDa GST-rpSI fusion protein was excised from gels 

of hacterial insoluble Iysates (Fig. 6, lane E), containing about 80% of the fusion 

protcin. The GST -rpS 1 fusion protein was electroeluted and then c1eaved with 

thromhin. to rcmove the 27 kDa GST domain. Digestion products (Fig. 6, lane 

G). as well as intact lyophilized fusion protein (Fig. 6, lane F) were then 

scparated on 9% polyacrylamide gels. The thrombin digestion results in a 50 kDa 

rccomhi mmt SI (rpS 1) and a 27 kOa GST protein in addition to the undigested 
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78 kDa fusion protein (Fig. 6, lane G). After electrophoresis the recombinant pS 1 

was transferred onto PYDF membrane for amino acid sequence analysis, to verify 

that the amino acids were matched to the correct reading frame (data not shown). 

Production of a rabbit polyclonal antiserum (anti-rpSl) using recombinant 

SI protein as immunogen 

In order to produce an antiserum specifie to rpSI, 1 mixed pllrified rpSI 

with Freund's incomplete adjuvant and immunized two rabbits by multiple dorsal 

intradermal injections. Only one rabbit responded to the antigcn. Rabhit sera 

obtained were tested for reactivity with rpS 1 in solution by immunoprecipitation 

(data not shown), and on solid phase by iml11unoblotting lIsing the gel purified 78 

kDa fusion protein before and after thrombin digestion (Fig. 7). Anti-rpS 1 serum 

reacts with the 78 kDa fusion protein and with a 50 kDa rpSI on immllnohlots 

(Fig. 7, lanes A and B), whereas the 27 kDa GST (sec Fig.6, lane G) is not 

recognized (Fig. 7, lane D). Anti-EF-la serum (HT7) was tcstcd on imlllunohlots 

for reactivity with the GST-rpS 1 fusion protein befon: and arter thromhin 

digestion. The results show that this antiserulll docs not rcact with the rpS 1 fusion 

protein or the t'pSI itself (Fig. 7, lanes E and F). The preimmunc ~erllm (PIS) as 

a control fails to react with either of the protcins (Fig. 7, lam!C) C and D). 

To determine if anti-rpSl cross reacts with EF-l a, 1 scparatcd cytoplasmic 

from nuclear/cytoskeletal fractions of cultured Swiss 3T3 cclls and analyzcd thc~c 
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fractions by immunoblotting after SOS-PAGE with either anti-rpSl, preimmune 

serum, or anti-EF-la (Fig. 8). Whereas the HT7 antibody recognizes a 50 kOa 

band corresponding to EF-l ex exclusively in the cytoplasmic fraction (Fig. 8, 

lanes E and F). Anti-rpSl identifies a 80 kDa band in the cytoplasmic fraction 

(Fig. 8, lane A) and a 100 kOa band in the nuclear/cytoskeletal fraction (Fig. 8, 

lane B). A faint low ll10lecular weight polypeptide recognized by anti-rpSI in the 

nuclear/cytoskeletal fraction of 3T3 cells does also react with the preimmune 

serum (compare Fig.8, lanes Band 0). The results therefore indicate that in 3T3 

eclls rpS 1 does not 1 ecognize EF-l ex but at least two other polypeptides of yet 

unknown idcntity. 

Discussion 

ln the present stndy 1 have employed the glutathione S-transferase gene 

(GST) fusion protein system to express a 1.7 kilobase cDNA, SI, in E. coli. The 

exprcssed GST-rpSI fusion protein has a 1110lecular weight of 78 kDa on SOS 

polyacrylamidc gels. III vitro proteolytic c1eavage with the enzyme thrombin, 

l'l:sults in a polypeptide of 50 kDa (the rpSI protein). and a 27 kOa polypeptide, 

corrcsponding 10 GST itsdf. 1 have generated a polyclonal antibody to the 

recombinant SI prolein and shown that on western blots the anti-rpSI serum 
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reacts with both the 78 kDa fusion protein and the 50 kDa rpS 1. but not with 

EF-Ia on western blots of proteins obtained from Swiss 3T3 cells. EF-lcy in 

contrast is recognized on western blots by an antibody against a C-taminal 

epitope of EF-I ex (HT7) that 1 llsed as a control in this study. This antihody. 

however, does not react with rpS 1 . 

The question arose why anti-rpS 1 does not recognize EF-I c~ and why HT7 

does not recognize rpS 1, despite the extensive amino sequence homology hetwecn 

the two proteins. The C' -terminal peptide of human liver EF-I cv is consavcd in 

ail members of the EF-lex family. The antibody to EF-lcy uscd in this stlldy is 

specific to that region (Ann et al., 1988). However. in this reglon pS 1 diffcrs l'rom 

human EF-Ia by three amino acids (Fig. 9). Changes of the amino acid pattcrn 

may lead to the failure of the cross reaction bctwccn HT7 and anti-rpS 1. Anti­

rpSI and HT7 may recognize this particular pattern. 

It is c\ear that the rat SI protein is a membcr of thc clIkaryotic EF-I (X 

family of proteins which arc highly conserved during evolution in terlns of 

structure and their essential function in the elongation stcp of message tran~lation. 

Elongation factors arc among the important cellular proteins found in ail living 

cells. Northern analysis indicated that the amount of S) mRNA in rat brain, 

heart, and skeletal muscle (Lee et al., 1992) is about 30% highcr th an thc 

concentration of EF-Ia. We do not know however what the a<.:tual alllOLJnt of the 

SI protein is in these tissues relative to that of EF-) a . 
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An inlere~ling question is why different organisms express multiple EF-Ia 

gencs (e.g. yea~t, Dro.wphila, frogs) and why certain mammalian tissues seem 

to express more than one gene (e.g. rat brain, heart, and skeletal muscle express 

SI in addition to EF-l a) while other tissues in the same organism express only 

one (EF-la)(Ryazanov et al., 1991). The expression of multiple genes may be to 

prodllce diffcrent F.F-l a mRNAs with different stabilities for particular 

dcvclopmcntal stages (Djé ct al., 1990). The slightly different EF-l a proteins in 

Xel/opus have di fferent fllnctional activities as weil as different cellular locations 

(Dcschamp'i ct al., 1991 ), argui ng against the idea that multiple EF-I a proteins 

arc simply a redundant way to achieve particular total levels of EF-Ia protein 

concentrations dunng devclopment. Multiple EF-I a in adults may be involved in 

the inhibition of the clongation rate and elimination of short lived proteins. Some 

protcins in the ccli that have extremely short half··lives (8achmair et ,il., 1986) 

slich as the Ly2 reprcssor in yeast has a half-life of about 5 min. (Hochstrasser and 

Varshavsky, 1990). The steady-state Icvels of such proteins could be regulated by 

changes in the ove rail elongation ratc. If cells contain a reprcssor of transcription 

or translation having a half lifc of several minutes, il is very easy to imagine how 

a transicnt block of clongation could resuIt in elimination of such a repressor, 

therehy rcslIltlllg in an apparent induction of transcription or translation of the 

gl'ne or mRNA rcprcssed by thîs short-lived protein. Reœnt finding reported that 

cEF-I (y mRNA concentration prolong the lifetime in Drosophila (Stepherd et al., 
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1989). During ageing of Drosophila, there is a selective dccrease in the amount 

of mRNA for eEF-la. When Drosophila were transformed with a P-clcmcnt 

vector containing the eEF-la gene. the mean lifetime of transformed flics was 20-

40% longer than the wild type flies. This observation suggcsted that eEF-l a take 

a role for the regulation of protein synthesis at the elongation stage in the 

modulation of gene expression. 

With a specifie antiserum against pS 1 on hand we are now able to 

eharacterise the expression of SI in various ail types and tissues on the protcin 

level using both immunofluorescence microscopy, as wel\ as imlllulloblotting 

techniques. We realize that the high degree of amino acid homology hetween SI 

protein and other forms of EF-l ex protein force us to use more specifie antihody 

probes for further detailed moleclllar stlldies. The devcloplllent of specifie 

monoclonal antibodies is llnder way. 
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Figure 1. Nucleotide and deduced amino acid sequences of SI cl>NA cI()n~ 

and comparisons with human E}~-Ia. Dashed Jilles indiciatc id~ntity b~lwccn 

the rat SI and human EF-la (hEF-la) scqllcnc~s. The anlll10 acid sequ~llcc of 

rat SI was dedllced From the Ilucleotide sequence of SI cDNA. Gaps arc 

introduced as dota to maximi,le the alignment. Arrows indiciatc cxon/~xon 

junctiolls. Asterisks reprcsenl the different amino aClds in EF-l lX as a r~slllt of 

different nucleotide sequence between EF-I a and S!. There ar~ 34 oui of 463 

amino acids lhat are differenl (92.6% of the amino acids arc cOlllmon 10 the two 

sequences). The translation initiation codon (ATG) and the termination condon 

(TGA) are boxed. (After Ann et al., J. Biol. Chcm. 266: 10429-104J7, Fig.l, 

1991) 
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Figure 2. The Glutathione S-transferase (GST) gene fusion system phlsmid 

pGEX-2T. The plasmid is constructed to give a fusion protein containing the 

carboxyl terminus of ScllistosomG japollÎcwll glutathione S-transferase protein. 

The fusion protein can be purified from bacterial Iysates hy aflinity 

chromatography using glutathione sepharose 4B. The glutathionc S-transferase 

domain was c1eaved from the fusion protcin hy recognition site for site-specifie 

protease thrombin in the vector immediately upstrcam from the multiple doning 

site. A tac promoter is uscd to chcmically inducc high Icvcl expression. An 

internallacJq gene confers hast independcncc. (modificd from Pharmacia, 1990) 
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Figure 3A and 3B. Construction of recombinant plasmid pGEX-2T-SI. The 

details of the construction are given in Melhods and arc shown sdlcmatÏ\:ally 

here. SI cDNA (1.6 kb) was eut al nucleotide 41 and 1389 to gencratc a Ba! 1 -

EcoR 1 fragment, the fragment puriticd, blunt-endcd, then ligated into the SlIIfl 1 

site of the plasmid vector pGEX-2T (4948 bp). This rcsultcd in a suhstitution at 

position 14 (gly-pro)(Fig. 3A). The recombinant plasmid (6512 bp) was 

transformed into HB lOI bacteria, and the expresscd fusion protein (GST-rpSl) 

was purified by SDS-PAGE or by affinity chromatography with 

glutathione-Sepharose 48, as described in Methods. The purified fusion protcin 

was digested with the protease thrombin to gencratc recombinant SI protcin 

(rpSl), which contained a deletion of the tirst II amino acids, and a substitution 

ofamino acids 12-15 (GSP-VIG), relative 10 native pSI protein. The rClllaining 

ami no acids were identical in rpSI and pSI (l5-463)(Fig. 3B). 
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Figure 3A 
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Figure 38 
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Figure 4. Selection of the recombinant plasmid pGEX-2T -SI. The 

transformants <..:ontainlllg recombinant plasmid pGEX-2T -S 1 were selected by 

ampicillin. Nine individllal ampicillin-resistant colonies were picked up and 

amplified to isolate plasmid DNA for restriction anlysis. Two restriction enzymes 

Bam HI and Sma 1 were lIsed for the assay and the digestion :>roducts ran on a 

1 % agarose gel containing 0.5ftl/ml ethidium bromide. Two recombinant 

plaslllids (Iane 2 and 4) eut out a 350 bp fragment (arrow) after resltriction 

enlyme digestion to show the correct orientation. The Hind JlI digested ÀDNA 

markers in kilobase (kb) arc showed in lane 1 and II. 
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.'igure 5. Time course of induction of GST -rpSl fusion protein synthesis in 

E. coli. Coomassie blue stained gels of protein extracts of HB 101 E. coli 

transformed with pGEX-2T plasmids containing the SI sequences, (GST-rpSI), 

and pGEX-2T plasmids containing only GST. E. coli were harvested and Iysed 

hefore (0) and 0.5, l, 2, and 4 hours after induction of protein synthesis with 

IPTG Note that the control bactcria containing only the GST plasmid express a 

27 kDa proklll (arrow) that increases 1 to 4 hours aCter induction with IPTG. The 

hadcria transformcd with plasmids pGEX-2T-SI, which contain the SI cDNA, 

exprcss a 78 kDa fusion protein (arrow) and a protein of about 57 kDa which 

hoth incrl.'ase in amount from 0.5 to 4 hour after induction with IPTG 

(arrowhead). This 57 kDa polypeptide may be a proteolytic product of the GST­

rpSI fusion protein. The positions of prestained molecular weight standard 

protcins arc indicatcd on the left. 
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J4'igure 6. sns-I' AGE analysis of proteins before and after purification. 

8actcrial cxtracts wcrc divided into detergent soluble and insoluble fractions. The 

soluble fraction which containcd about 20% of the induced fusion protein was 

suhjcclcd to affinity chromatography using glutathione sepharose beads. Affinity 

chromatography of total ex tracts (TE, lane A) from bacteria transformed with 

GST containing plasmids rcsulted in a 27 kDa polypeptide in the eluent (Jane B) 

correspondlllg to puri ficd GST. While ex tracts of bacteria transformed with GST­

SI containing plasmids wcrc lIscd (TE, lane C), a 78 kDa polypeptide 

correspol1ding to the GST-rpS 1 fusion protein, was obtained in the eluent fraction 

(lane D). The insoluble fraction, containing 80% of the induced fusion protein, 

was used to excise the fusion protein from the gels. The excised GST-rpSl was 

then deavcd with thromhin, which resulted in 3 polypeptides corresponding to the 

78 kDa uncleawd fusion protein, the 50 kDa rpSI and the 27 kDa GST (arrow 

in POST. lane G). Note that therc is a slight shift in l1101eclilar weight of the 

GST-rpSI bcfore (PRE, lane F) and arter cIcavage with thrombin (POST, lane 

G). The relative po~itions of prcstaincd l110lcclilar weight standard proteins are 

indicatcd on the left 
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}'igure 7. Western blot analysis of gel purified GST -rpSl fusion protein 

before (l'RE) and af(er (l'OST) digestion with thrombin with anti-rpSl (A, 

IJ), preimmune serum (l'IS, lanes C and 1», and anti-EF-lœ (IIT7, lanes E 

and F). Anti-rpS 1 n.:cognil.:es the uncJeavcd GST-rpS 1 fusion protein (arrows in 

lanes A and B) as weil as the 50 kDa rpSI after thrombin digestion (arrowhead 

in lane B; compare with Fig.J, Janes F and G), but not with the 27 kDa GST 

(compare with Fig.J, Jane G). SOllle polypeptides below the 78 kDa fusion 

prolein (Jane A) and the 50 kDa rpSI (Jane B) also rcacl with the anti-rpSI. 

Thesc are /Host likdy protcolytic brcakdown products of GST-rpSI and rpSI 

rcspectivcly. Note that nClther the preilllll1UJle serum nor HT7 react with GST­

rpS 1 or rpS J. The relative positIOns of prestallled molecular weight standard 

proleins are indicall'd on the left. 
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Figure 8. Western blot unalysis of cytoplasmic (C) and nuclear/cytoskeletal 

(N) fracti()n~ of 3'1'3 cells with anti-rpSl (lunes A and Il), preimmune serum 

(PIS, lanc~ C and 1), and anti-EF-lœ (111'7, lanes E and .... ). Anti-rpSI reacts 

with a HO kDa polypeptide in the cytoplasmic fraction (lane A) and with a 100 

kDa and il J7 kDa polypeptide in the nuclear/cytoskeletal fraction (Iane B). This 

.17 kDa band Iii al .. o fallltly ~een ana reaction with prelllllllllne ~erlllll (Jane D). 

HT7 recognlll''l only olle )0 kDa polypeptide in the ('ytoplasmic fraction 

L'orre~pondll1g to EF-I (~ (\ane E). The l'dative posi\ions of prestained molecular 

wcight standard proteins arc indicated on the lef!. 
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.'igure 9A and 91\. COl11pari~on of amino acid sequence of the C-terminal 

peptide!', of rat brain pSI and human EF-la. Th~ C-terminal peptide used to 

gCllerate the anti-EF-I (t' (HT7) rabblt anlls~rllm is indicated (box). Thi~ sequence 

I~ "bo present in rat brain pS 1 and is id~ntical in 17 of the 20 residues, but 

dilfer~ III 1 rcsiducs (arrows)(Flg 9A). Th~ amino acids from 4J4-443 (Fig. 9B) 

al the C -kllllinal of pS l, just b~side the region that generate for anti-EF-l ex 

11L'plide anllhody, thcn: arc 2 more residues (arrows) that are different from each 

othel 
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Figure 9A 

444 463 
pS1 - KSGGAGK VTKSAQKAQK AGK-

~~ ~ 

444 462 
EF-1a KAAGAGK VTKSAQKAQK AK 

.~ ~ 

Figure 98 

434 446 
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CHAPTER 3 

GENERAL DISCUSSION 

As olltlincd in the literature reVlew, elongation factors are important 

lIlolecliles illvolved in peptide c1ongation during message translation in protein 

synthe~is Elongation factors fllllction by mediating aminoacyl-tRNA entry into 

thc rihŒomcs. GTP l1lolccules bind to the elongation factor-aminoacyl-tRNA 

complcx and are hydroly~ed to GDP when the aminoacyl-tRNA has successfully 

hOlllld to the A-~Ite of the ribmomc. 

Se vaal typc!'> of po~t-translational modifications of EF-I a, such as 

IllcthylatlOll (Hiatt ct al. 1982; Fronzi et al. 1985; Coppard et al.,1983), 

phosphorylation (Davydova ct al.. 1984) and incorporation of ethanolamine 

(Rosl'Ilbcrry et al . 1989; Whitchcart et al.. 1989), have been obscrved. For 

cxamplc. EF-l (\' III fungus Mucor racell/OSIiS has been previously shown to be 

post tnlll!'>latlOnall y modi lied hy \11ethylation of Iysiue rcsidues (Hiatt et al., 1982). 

Mcthylation of lysine rcsldllcS im:reascs the EF-I a activity dramatically while the 

EF-I<Y protCIll and mRNA arc made at constant levels (Fronzi et al., 1985). 

Reœntly it has bccn shown in culturcd somatic cells that methylation of EF-Ia 

in mousc 3T3B œlls is higher than in those transformed with simian-virus SV-40 

(Coppard et al .. 1983). Whcthcr these modifications play any raIe in the regulation 

of EF-I cy activity is still unkllown. 
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Thesaurin-a. a major 48 kDa protcin in the previtdlogcnk OOl:ytcs of 

Xenopus laevis, is part of the 42S particles involved in 5S RNA and tRNA 

storage and shows high homology to EF-I a (Viel et al.. 19R7). The ... 2S partidc 

consists of tRNA. 5S RNA and two protcins. thesaurin-a. and the 41 kDa 

thesaurin-b. Thesaurin-a shares immunological aoss-rcactivlty with EF -ln 

(Mattaj et al., 1987) and fUlKtions similarly to EF-l (\' III transferring l:harged 

amino acids to ribosomcs. Thesaurin-a is degraded ~oon artcl" the IllItlatlOll of 

vitellogencsis. Ils Icvds decreé\!le l'rom high 10 umktcdahlc 111 oOl:yte,> dlll1ng thl' 

transition from the prcvitellogerm: to the vitdlogenic ~tagc. \\IllIk cxpresslOn 01 

EF-la is unchangcd. lt tlll'reforc appear .. that thesaurin i!l a stage-specifie 

elongation factor. 

ln lhis lab a cDNA clone (S 1) has heen isolated that showcd high 

hOlllology 10 human EF-Ia. In previolls studies the SI cDNA wa~ c10ned in Ihe 

Riboprobe vector pGEM-3 bille vcctor, and a transcription vcctor. namcd pG3 

SI-7, was comtructed. The III vi/ro transcription and trall~latlOn of SI (pSI) 

resulted in a polypeptide of 49 kDa. Two dllllCno,ional gel elcctroph()rc~is 

indicated that this protein has an isoclectric point of <J.H. The 3' -untranslatcd 

region of SI cDNA (SI-3) and of a EF-Ia cDNA (HT7-3) wcrc lIsed as probes 

in northern blot analyses!o detcet the mRNA of SI and EF-Iex in poly(A 1 )RNA 

of mouse 3T3 fibroblasts. S 1-3 detected a transcript of 1.8 kh in sizc. In 3T3 

cells SI appears to be highly expressed in the Go phase of the cell cycle, but the 
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IllC'isage ~Igndicantly dccreascd in cells during G1 and S phases. EF-I a, however, 

dctectcd hy HT7-3 at 1 8 kb, !)howed a slight decrease in the G 1 phase and 

rcturr1cd to it\ original kvel in the S phase. This finding demonstrated that the 

exprc\\ion of the EF-I (1 message is not significantly changed during the transition 

from Go to S pha\c 

A gcnomic donc namcd SIO has been identified by using the SI cDNA as 

a probe to <;creell a rat livcr genomic cosmid l;brary (Ann et al., 1991 a). 

GcnOllllC Southern bloh indicatcd that SI is cncodcd by a single copy gene in the 

rat gcnollll' and i~ a uniquc Illcmba orthe E~-Ia/SI Illllltigcne family. The SIO 

gcnolllÏl.: clone I~ 12 kilobasc pairs in Icnglh and contall1s seven introns. The 

formation of L'XOll~ 1<; vlrtually H.lcntÏl.:al in SI comparcd to human EF-! a. No 

TATA box or CAAT box can bc round 111 the proximal 5' -flanking regions from 

position -1 10 -1359 of the rat SI gene. EF-I lX and SI share no se'quence 

lioll1ology in the rcgions of the sevcn introns, and the two genes differ in length 

hy 5 kilobascs. 

Studies lIsing il11ll1l1llofluorescence ll11croscopy and S44 anti··statin 

tllonm:lonal antibody have shown that the expression of statin in ceUs of the 

parotid gland significantly decreases when these cells reenter the cell cycle after 

trcatment with isoprotcrcnol, a proliferation-inducing catecholamine. This mode} 

system was uscd to investigate whether terminally differentiated cells of rat 

parotid glands can also be induced to lose SI expression as they reenter the cell 
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cycle (Ann et al.. 199Ib). Using a 5'-SI specifie proh~. SI-S. north~rn hlot 

analysis revealed a significant decrease of SI mRNA III isoprot~rcnol trcatcd 

parotid glands compared to untreated cClntrols. 

The expression of SI and EF-Ia was compared in the parotid and 

submandiblilar glands of rats both lIntreated and trcatcd with isoprotercnol To do 

so and to differentiate SI from rat EF-Ia. a rat EF-IO' cDNA donc \Vas isolatt:d 

and characterized (Ann et al.. 1992). Whcn examincd, the rat EF-I H was highly 

homologous to human and mOllse EF-I a in codlllg and 3' -lIntranslatcd rcgions. 

However, SI was highly divergent in its 3' -lIntranslated reglon comparcd to EF-

1 a. Solution hybridization assay was lIscd 10 compare the mRN A of EF-I (\' and 

SI. A promincnt reduction of up to 68% was obscrvcd in the SI mRNA 01 

parotid gland cdls following Isopretcrcnol trcatment A modcratc n:dllctlOn of 

about 20% in the message of SI of submandibular gland eclls wa') obscrved. In 

contrast, only a slight incrcase or no changes of EF 1 ('( levds in hoth parolH.1 and 

submandibular glands following isoproterenol trealment were oh~crvcd These 

data suggesled lhat lhe EF-l ex and SI genes an.~ indecd di 1 fcrcnt gcne~ that arc 

differentially expressed and regulatcd in situ. 

To be able to study the function of SI in comparison to thal of EF-I €.x, it 

is of importance to have a specifie antibody probe to pS 1. The expression of 

cloned genes in Escherichia coli is a good method to obtain large quantities of 

protein. These proteins, once purified, can be uscd to producc antihodics. Somc 

85 



., 
l 

prokaryotic expression systems, such as the GST gene fusion system, express the 

c10ned gcnc in fonn of a fusion protein coupled in this case to GST. This is of 

advantage, sincc now the fusion protein can be separated from bacterial proteins 

by affinity chromatography using glutathione bound to sepharose beads. In order 

to scparatc the exprcssed protein of interest from the GST. a recognition sequence 

for a proteao;;e. in this case thrombin, is inserted (Nagai and Thq,geron, 1984), 50 

that the fU~JOn protein can be c1eaved with the protease to release the protein of 

interest 

With the GST gene fusion systcm 1 have, in this study. successfully 

expre~sed a SI cON A in bacteria and shown that a GST -rpS 1 fusion protein was 

produccd. In onlcr to provide a tool for both biochemical analysis and cellular 

characteril'ation of pSI, a polyclonal antiserum against rpSI was generated. 

However, the western blot analyses with anti-rpS 1 and HT7 suggested two 

alternative possihilities in evaluating whether a specifie antibody against rpSI has 

bcen slleccssfully generated. 

1. The western blot analysis of the expressed GST-rpSI fusion protein 

hefore and after thrombin digestion (see Figure 7) suggested that the anti-rpSl 

may he indeed a specifie antibody which recognizes only rpSI but not EF-la. 

Similarly, an antiserum (HT7) against the C-terminal domain 

(KAAGAGKYTKSAQKAQKAK) of EF-la (see Figure 9) does not appear to 

cross rcact with rpS 1. This specificity of anti-rpS 1 may be explained as follows: 
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Two stretches of amino acids in the EF-l a are involved in the binding of guanine 

nucleotides (Brands et al.. (986). Region 1 is œntred around position 20 

(HINIYYIGHYDSGKS"ITTGHL), rcglOn Il around position 154 (lYGYNKMD). 

The SI cON A contains the identical rcgions 1 and Il in comparison to hUl1lan EF­

la. However, due to the construction ofnew plasmids al rcgion 1 the aminll :irids 

HINIYYI have becn cleavcd out from the SI cDNA, and the following glycine 

has bcen changed to a non-polar proline. Hellcc the hydrophilicity of this region 

1 in the SI cONA is dmnged. In addition the IllIC\eotldc ~cqllencc of the SI 

cDNA clone differs forl11 that of hlllllan EF-llY at the carhoxyl tl'rmlni. ThiS 

results in a differencc of three amino acids in the expressed protein in that rcgioll 

(KSGGAGK YTKSAQKAQKAGK) 

2. The western blot analysls of 3T3 cells showing that allti-rpS 1 recognizes 

a 80 kOa polypeptide in the cytoplasmic fraction and a 100 kDa polypeptH.le in 

the nuclear/cytoskcletal fraction, howevcr, makes an alternalive hypothesis 

possible. These two polypeptides may not he rebted to pS l, hllt may he 

recognized by bactcrial protein-spccific antibodies thal may he present at a high 

level in the rabbit antiserum. This might be thc ca~c, <;ince 1 did not lise the 

glutathione affinity purified GST-rpSI to immunize rahbits Instead, for 

immunization bands were excised from polyacrylamidc gel~ that may have 

contained bacterial protcins in addition to the rpS 1. Thcrefore, the anli -rpS) 

antiserllm may contain both, antibodies against rpS 1 and against some hactcrial 
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componcnt!o. Thcsc bactcrial protein-specific antibodies may have reacted strongly 

with yet unidentified protcins present in 3T3 cells. This latter hypothesis appears 

al~o pmslole in Iight uf prcliminary immunofluorcscence data that indicated a 

strong nllclear ~i.gnal of the anti-rpSI in 3T3 cells compared to the preimmune 

serum. This observation wa~ surprising since pSI is most likely a cytoplasmic 

protein hccall<;e of its high homology ta EF-I a. In order to determine which of 

the two alternative hypothcscs is correct. the anti-rpSI antiscrum has to be more 

carefully characteriLCd in future experimcnts. 

With a specifie antibody probe against rpSI on hand, it is possible ta 

further characterizc the expression of SI in cells and tissues at the protein level. 

One can determinc, for cxample. whether in the cells of the parotid gland the 

expression of pS 1 is cell cycle related. similar to that of EF-I a. as suggested by 

cartier studies lIsing cDNA probes. Similarly. serum starvation and stimulation 

of cells ean he used 10 address this question in cultures. 1t is also possible now 

to verify prdiminary data using RNase protection assays that indicated a tissue 

specifie distribution of SI. Both the SI cDNA and an antibody against pSI are 

ncccssary tools to elllcidate the fllnetion of SI and its raie in protein synthesis. 
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