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ABSTRACT 
 
The co-chaperone murine stress-inducible protein 1 (mSTI1), a heat shock protein 70 

(Hsp70)/ heat shock protein 90 (Hsp90) organizing protein (Hop) homologue, mediates 

the assembly of the Hsp70/Hsp90 chaperone heterocomplex. mSTI1 is phosphorylated in 

vitro by cell cycle kinases, proximal to a putative nuclear localization signal (NLS), 

substantiating a predicted CKII-cdc2-NLS (CcN) motif at position 189-239. Stable 

transfectants of NIH 3T3 fibroblasts that expressed mSTI1-EGFP, NLSmSTI1-EGFP and 

EGFP, were prepared. Fluorescence microscopy revealed mSTI1 was cytoplasmically 

localized, and that this localization was not affected by the fusion of mSTI1 with the 

EGFP moiety.  NLSmSTI1-EGFP was targeted to the nucleus compared to EGFP, 

suggesting that the NLSmSTI1 was a functional NLS. The localization of mSTI1 was 

determined under normal and heat shock conditions, inhibition of nuclear export 

(leptomycin B), inhibition of CKII (5,6-dichlorobenzimidazole riboside, DRB), inhibition 

of cdc2 kinase (olomoucine), and G1/S phase arrest (hydroxyurea). mSTI1-EGFP and 

mSTI1 were excluded from the nucleus in the majority of resting cells, but accumulated 

in the nucleus following leptomycin B treatment, implying that mSTI1 possibly 

undergoes a functional import process, and export via the  chromosomal region 

maintenance 1 (CRM-1)-mediated export pathway. Hydroxyurea and olomoucine (but 

not DRB or heat shock) treatment increased the proportion of cells in which mSTI1-

EGFP exhibited cytoplasmic and nuclear localization. 2D gel electrophoresis detected 

three endogenous mSTI1 isoforms, which changed following hydroxyurea treatment. 

Furthermore, point inactivation and mimicking of phosphorylatable residues in mSTI1 

altered the translocation of the protein and the isoform composition.  Modification of 

mSTI1 at S189 and T198 decreased the number of isoforms of mSTI1-EGFP, suggesting 

that the protein is modified at these sites in vivo. The removal of the in vitro cdc2 kinase 

site at T198 promoted a nuclear localization during G1/S phase arrest. Therefore active 

cdc2 kinase, but not CKII, may be required for cytoplasmic localization of mSTI1. The 

CKII site appears to have no regulatory role under heat shock conditions or during the 

cell cycle. In vitro phosphorylation studies on untagged mSTI1 further supported the 
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prediction that S189 is the only site recognised by CKII. The cdc2 kinase site at T198, 

however, although the major site, was not the only site phosphorylated in vitro. However, 

mSTI1 and cdc2 kinase did not interact in a detectable stable complex. Bioinformatic 

analysis of mSTI1 revealed NLS residues were conserved in STI1 proteins, and the NLS 

and TPR2A motifs were in close proximity. This may have mechanistic implications for 

the formation of the Hsp90-mSTI1 heterocomplex. The cytoplasmic or nuclear 

localization of mSTI1 is predicted to be the result of a dynamic equilibrium between 

nuclear import and nuclear export, the fulcrum of which may be shifted under different 

cell cycle conditions. These data provide the first evidence of regulated nuclear 

import/export of a major Hsp70/Hsp90 co-chaperone, and the regulation of this nuclear 

import by cell cycle status and cell cycle kinases. 
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CHAPTER 1 
 

LITERATURE REVIEW 
 
SUMMARY: The co -chaperone m STI1 ( murine s tress-inducible pr otein 1) , a Hop 

(heat s hock p rotein 70  ( Hsp70)/ he at s hock p rotein 90 ( Hsp90) o rganizing pr otein) 

homolog, m ediates t he assembly o f t he H sp70/Hsp90 c haperone h eterocomplex. T his 

study inve stigates the  n ucleocytoplasmic di stribution of mS TI1. A nuc lear loc alization 

signal ( NLS) i n m STI1 i s he re pr oposed t o cause t he nuc leocytoplasmic di stribution, 

which ha s i mplications for t he s ubcellular l ocalization of  t he H sp70/Hsp90 chaperone 

heterocomplex. F urthermore, t he e vidence pr esented i n t his w ork s uggests t hat t he 

regulation of the  loc alization of mSTI1 is c ell c ycle r elated in the f orm of  a  

phosphorylation-regulated NLS, the CcN motif, in mSTI1. Therefore, in this chapter, the 

relevant r esearch areas are r eviewed, namely n ucleocytoplasmic t ransport of  pr oteins, 

aspects of cell cycle control, and chaperone protein functions.   



Chapter 1: Literature Review 
 

 2 

1.1  NUCLEOCYTOPLASMIC TRANSPORT 
 
1.1.1 The nuclear pore complex (NPC) 
 
The mammalian nucleus is a highly dynamic organelle of about 10 µm, surrounded by a 

double m embrane ( separate i nner and out er bi layers) t o f orm t he nu cleus. P assage 

through t he nu clear e nvelope oc curs t hrough N PCs ( nuclear por e c omplexes), w hich 

penetrate the double lipid bilayer (Feldherr et al., 1984, Panté and Aebi, 1995). The NPC 

is a large proteinaceous structure, about 90-100 nm in diameter, having a molecular mass 

of a pproximately 125 MDa a nd i s c urrently thought t o consist of  50-100 di stinct 

polypeptides in vertebrates (Davis, 1995, G oldberg and Allen, 1995). The NPC is made 

up of  oc tagonal spoke-ring s tructures, of  which a short f ibre-like s tructure extends into 

the cytoplasm from the cytoplasmic ring, while an unusual basket-like structure (possibly 

to exclude loops of DNA) extends from the nucleoplasmic r ing (Panté and Aebi, 1995, 

Davis, 1995, G oldberg and Allen, 1995). Many nuclear pore proteins (nucleoporins) are 

characterised by O -linked N -acetylglucosamine m odifications a nd t he pr esence of  

multiple FxFG or  G LFG peptide r epeats ( Davis, 1995) . T he por e c omplex c ontains a n 

aqueous diffusion channel, approximately 10 nm  in diameter. In principle, molecules of 

up to 9 nm  in diameter (~60 kDa) should pass freely through this channel by diffusion. 

However, only r elatively s mall molecules ( < 2 0 kDa) s uch as i ons an d metabolites, 

actually pass by simple diffusion (Yoneda, 1997).  

 

1.1.2  Nuclear import is coupled to a motive force 
 

The pr ocesses of  nuc lear t ransport are e nergy d ependent, d riven b y t he Ras-like s mall 

GTPase pr otein Gsp1p ( Ran, R as-related nu clear pr otein ) ( Nachury and W eiss, 1999;  

Izaurralde et al., 1997). Ran-GTP acts as a m arker of the nuclear compartment for both 

nuclear i mport a nd e xport ( Görlich a nd K utay, 1999;  N akielny a nd D reyfuss, 1999;  

Weiss, 1998) . T his m odel r emarkably pr edicts t hat onl y a s ingle m olecule of  G TP i s 

hydrolysed per import/export cycle; it strictly requires that Ran-GTP is highly enriched in 

the nuc leus. A  s teep G sp1p-GTP-Gsp1p–GDP g radient i s g enerated by t he cel lular 
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compartmentalization of r egulators of  t he G sp1p c ycle. S pecifically, t he g uanine-

nucleotide exchange factor of Gsp1p(RanGEF or RCC1), which regenerates Ran-GTP, is 

nuclear a nd bound t o chromatin ( Bischoff a nd Ponstingl, 1991) . In c ontrast, t he m ain 

GTPase a ctivating pr otein ( RanGAP), and  t he R an-binding p roteins, R anBP1 and 

RanBP2, which stimulate GTP hydrolysis by Ran, are found in the cytoplasm (Bischoff 

et al ., 1994). This a symmetric di stribution predicts t hat Gsp1p i s present mainly i n t he 

GTP-bound f orm i n t he nuc leus, whereas G sp1p is i mmediately conv erted to a G DP-

bound state in the cytoplasm (Ström and Weiss, 2001). 

 

1.1.3 Nucleocytoplasmic transport of proteins 
 
Macromolecules of  up t o 25 nm  i n di ameter ( ~25 M Da) a re s huttled bi -directionally 

through the FxFG repeat-rich NPC by association with karyopherins (Chook and Blobel, 

2001). Individual members of the karyopherin-β-like protein family can function both as 

import and export r eceptors (Yoshida and Blobel, 2001) . The mul titude o f f ilamentous 

FxFG repeat NPC proteins form a gel-like mesh due  to weak h ydrophobic i nteractions 

(Ribbeck and Görlich, 2001), such that molecules pass through with increasing difficulty 

as s ize i ncreases, a nd beyond an uppe r s ize l imit, t hey a re t otally e xcluded. Most 

karyopherins have binding s ites for  FxFG repeats and thus interact with components of  

the NPC, through their FxFG-binding sites (Ribbeck and Görlich, 2001). The direction of 

transport is determined by sequence signals in the transport substrate: nuclear localization 

signals ( NLS) di rect a  substrate t o t he nu clear i mport pa thway, w hile nuc lear e xport 

signals (NES) direct a substrate to exit the nucleus.  

Nuclear import i nvolves r ecognition of  a  substrate N LS b y a ka ryopherin (Figure 1.1) . 

There are more than 22 putative karyopherin β members in mammals (Ström and Weis, 

2001). The heterodimer karyopherin complex contains the subunits karyopherin-α (also 

called importin-α, or Kap60p) and karyopherin-β (also called importin-β or Kapβ1), and 

is required for active transport through the NPC (Talcott and Moore, 1999). Karyopherin-

α contains the NLS binding site and karyopherin-β is responsible for the docking of the 

karyopherin-substrate c omplex to the c ytoplasmic f ilaments of  the  N PC a nd its 

translocation through the pore (Conti and Izaurralde, 2001).  
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Figure 1.1: NLS- and NES-containing proteins are transported 
through the NPC 

Karyopherin-α binds a  s ubstrate p rotein b earing t he N LS s equence, t hen b inds t o ka ryopherin-β to fo rm a  
trimeric karyopherin-substrate complex (Morianu et a l., 1995). Karyopherin-β docks the karyopherin-substrate 
complex to  t he c ytoplasmic filaments of t he N PC (ATP-independent b inding), a nd f acilitates ATP-dependent 
translocation t hrough t he p ore. This transfer i s f acilitated b y G sp1p an d N TF2 (Gorlich an d M attaj, 1 996, 
Melchior a nd G erace, 1995,  Y oneda, 199 6a). Translocation i s t erminated by  t he bi nding of  Ran-GTP to  
karyopherin-β, which cau ses a co nformational c hange, an d t he d issociation o f t he i mport complex.  
Karyopherin-α becomes a utoinhibited a nd is  r eturned to  th e c ytoplasm b y t he e xportin C AS ( also c alled 
Kap109p). The substrate p rotein i s released into the nucleoplasm. Ran-GTP-karyopherin-β is t ransferred back 
through t he nu clear por e by  bi nding to F xFG r epeats. O n th e c ytoplasmic s ide, R an-GTP bi nds t o R anGAP, 
stimulating GTP hydrolysis. The resulting conformational switch in Gsp1p releases karyopherin-β for interaction 
with a new substrate (Ström and Weiss, 2001). CRM1 binds to substrates containing a leucine-rich NES in the 
nucleus, f orming a  t rimeric c omplex with R an-GTP. The co mplex i s t ransferred t o t he cy toplasm b y a  
mechanism involving bi nding of  C RM1 t o t he N PC. O nce i n t he c ytoplasm, G TP hy drolysis r esults i n 
dissociation of Gsp1p from the complex, allowing CRM1 to release the substrate protein. Free CRM1 re-enters 
the nucleus to bind and export additional substrate proteins (Ström and Weiss, 2001). 
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There a re ot her e xamples of  k aryopherins i ncluding T ransportin 1,  T ransportin-SR, 

Importin 5, Importin 7 a nd Importin 11 ( Ström and Weis, 2001). Different karyopherins 

possess dist inct N LS-binding s pecificities, a llowing m odulation of  t he s ystem t hrough 

differencial e xpression of  ka ropherins a nd t hrough c ompetition be tween di fferent 

karyopherins f or t he s ame pr otein ( Jans et al ., 2000). T he pr oteins R an, a nd nuc lear 

transport f actor-2 (NTF2) f acilitate t he act ual transfer t hrough the po re ( for r ecent 

reviews s ee: A dam, 199 9; H ood a nd S ilver, 199 9; T alcott a nd M oore, 1 999). N uclear 

export involves recognition of  a  substrate NES by one of  many export proteins (Figure 

1.1). E xamples of  e xportins i nclude C RM1, C AS, e xportin-t a nd e xportin 4. C RM1 

(chromosomal r egion maintenance 1)  (also called exportin 1, C rm1p, and Xpo1p) i s of  

the ka ryopherin-β protein f amily, a nd i s of ten r equired for export f rom t he nuc leus. 

CRM1 is a r eceptor f or l eucine-rich NES-containing pr oteins ( Fornerod et al ., 1997; 

Stade et al ., 1997). CRM1 is a specific target of leptomycin B, an anti-fungal and anti-

tumor antibiotic with cell cycle arresting activity (Kudo et al., 1997). 

 
1.1.4  The Nuclear Localization Sequence (NLS) 
 
 
The molecular mechanism of nuclear protein import into the nucleus has been modelled 

on the NLS-containing simian virus (SV40) large T-antigen (T-ag) (Garcia-Bustos et al., 

1991). Other NLSs have been identified in a variety of karyophilic proteins by deletion or 

point m utagenesis of  t heir c orresponding genes ( Garcia-Bustos et al ., 1991). N uclear 

localization signals are short peptide sequences that are necessary and sufficient for the 

nuclear localization of their respective proteins (Hall et al., 1984, K alderon et al., 1984, 

Lanford and Butel, 1984). The identification of these sequences requires firstly, mutation 

or de letion o f t he N LS t o l ead t o c ytoplasmic l ocalization of  t he pr otein, a nd t hat 

secondly, the  N LS is  active in nuclear ta rgeting o f a  no rmally cytoplasmic loc alized 

carrier protein, either as a peptide covalently coupled to the carrier or  when encoded in 

the same reading frame as a fusion protein (Jans and Hübner, 1996).  

Nuclear localization sequences function via recognition/ligand-receptor-like interactions 

(e.g. with NLS-binding proteins) and not through DNA or histone binding. The NLS is an 

entry rather than a retention signal since NLS-deficient carrier proteins microinjected into 
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the nuc leus r emain nuclear ( Lyons et al ., 1987, S chmidt-Zachmann et al ., 1993) . 

However nuclear retention by nuclear-targeting sequences has been observed (Briggs et 

al., 2000). N uclear accumulated N LS-containing p roteins a re hi ghly l aterally mobi le 

(Rihs and Peters, 1989), and binding to chromatin or nucleoskeleton is unlikely to be the 

mechanism b y which NLSs function (Dingwall et al ., 1982) . The NLS sequence i s not  

deleted during or  after t ranslocation, and remains a  part o f the mature molecule, unl ike 

the s ignal s equences f or t he t argeting of  pr oteins i nto r ough e ndoplasmic r eticulum 

(rough ER) or mitochondria (Yoneda, 1997). This is because, in contrast to ER and other 

targeting s ignals, N LSs are r equired t o function many t imes, t hrough a n umber of  c ell 

divisions, w hich i n the c ase of  m ost e ukaryotes i nvolves di ssolution of t he nuc lear 

envelope ( Agutter a nd Prochnow, 1994) . N LS-dependent t ransport i s t emperature a nd 

ATP-dependent, as shown by the addition of NLS sequences to small proteins (Breeuwer 

and Goldfarb, 1990).  

 

1.1.5  The consensus sequence for the NLS 
 
There i s no general con sensus s equence for NLSs, the be st ch aracterised being t hat of  

SV40 T -antigen ( PKKKRKV132). A  s ingle amino a cid s ubstitution of  N  or  T  for t he 

critical K 128

 

 residue of  the S V40 T -antigen N LS a bolishes i ts f unction a nd r esults i n 

complete c ytoplasmic lo calization (Jans a nd Hübner, 1996) .  T his s hort 7 a mino a cid 

stretch of  l ysine-and a rginine-rich sequence i s s ufficient t o confer nu clear l ocalization, 

even when it has been conjugated as a synthetic peptide to serum albumin (Kalderon et 

al., 1984; Goldfarb et al., 1986; Lanford et al., 1986; Moore and Blobel, 1992). Although 

not all NLSs resemble that of T-ag, a number of them have been identified on the basis of 

similarity to the T -antigen N LS (Jans a nd H übner, 1996) . S everal s econdary s tructure 

prediction analyses predict NLSs to be hydrophilic, and preceded by a β-turn random coil 

region with highly antigenic surface structures (Lanford and Butel, 1984, Roberts, 1989). 

Secondary structure, however, is known to play a role in the nuclear localization of many 

NLS-bearing proteins, presumably through influencing the accessibility of the NLS (Jans 

and Hübner, 1996). 
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1.1.6  The Bipartite NLS 
 
A va riant of  m ultiple NLSs are bi partite N LSs ( Dingwall and Laskey, 1991) , w hich 

consist of  t wo series o f basic r esidues s eparated b y a 10 - to 12 - amino acid spacer. 

Although in a  s ignificant proportion of  t hese sequences, one  o f t he necessary e lements 

shows a  s triking s imilarity to the S V40 NLS, it is  not  s ufficient b y its elf to target a  

protein to the nucleus (Dingwall and Laskey, 1991). Although varying the length of the 

spacer, w hich c an be  i ncreased t o 22 a mino a cids i n nuc leoplasmin, ha s no e ffect on 

nuclear t argeting e fficiency, i ntroduction of  h ydrophobic a nd bul ky r esidues i nto t he 

spacer m arkedly r educes t argeting e fficiency (Robbins et al ., 1991) . T his i mplies that 

conformation and/or hydrophobicity may be important, perhaps for co-recognition of the 

two arms of the NLS. The finding that there is no strict requirement for spacers of a given 

length could be explained, if a flexible region of polypeptide need only connect the two 

basic dom ains. T his f lexible r egion of  pol ypeptide m ay b e ne eded i n or der t o c ontact 

separate bi nding s ites o n a  nuc lear t argeting s equence r eceptor, or  pe rhaps di fferent 

binding s ites on t wo s eparate receptor m olecules ( Dingwall a nd Laskey, 1991) . The 

structure of karyopherin-α was recently resolved, in complex with NLS peptides (Fontes 

et al., 2000). The two basic clusters in the bipartite NLS occupy the two binding sites in 

karyopherin α used b y t he monopartite NLS, w hile t he s equence l inking the two basic 

clusters i s poor ly o rdered, c onsistent w ith i ts tolerance t o m utations (Kambach a nd 

Mattaj, 1992) . It i s t hought t hat t he i ncreased l ength of  N LS-functioning s equences 

existing in va rious proteins (Kambach and Mattaj, 1992) , a s i n t he c ase of t he 70 kD a 

stress-induced chaperone cognate (Hsc70) (Mandell and Feldherr, 1992), are as a result 

of s econdary s tructure i nfluences on NLS ac cessibility w hich have af fected nuclear 

localization (Mandell and Feldherr, 1992). More complex NLSs involve the presence of 

zinc f ingers ( Matheny et al ., 1994)  a nd s pecific glycosylation s ignals ( Duverger et al ., 

1993). Larger c arrier p roteins pr esumably h ave m ore s tringent t argeting r equirements 

than smaller proteins (Yoneda et al., 1992, Jans and Hübner, 1996). Structural analyses of 

the bipartite NLS in the glutocorticoid receptor indicate that the first pair of basic amino 

acids, and the first few amino acids in the spacer region, lie in an α-helix, such that the 

basic amino acids are on the face of the helix and exposed to the solvent (Dingwall and 
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Laskey, 1991). The remainder of the spacer region and the downstream basic cluster are 

disordered in solution. Computer modelling indicates that the spacer region can be looped 

out t o j uxtapose t he t wo basic cl usters, which s uggests a m echanism w hereby t wo 

domains can mimic a shorter basic sequence (Dingwall and Laskey, 1991). 

The f requency of  oc currence of  t his bi partite N LS s equence m otif i n nuc lear a nd non -

nuclear proteins has been determined by computer search of the SwissProt data base to be 

50% of  t he nuc lear pr oteins, but  l ess than 5%  of non -nuclear pr oteins ( Dingwall a nd 

Laskey, 1991) . The bi partite m otif i s t hus a  c onsiderably m ore reliable i ndicator of  

nuclear l ocalization in vivo than t he S V40 s equence (relaxed t o a ny five c onsecutive 

basic residues) (Dingwall and Laskey, 1991). The presence of the bipartite motif in many 

nonnuclear proteins will not necessarily cause them to be directed to the nucleus, as many 

are directed to other specific locations within the cell by alternative signals that probably 

function in a dominant manner (Dingwall and Laskey, 1991).  

 
1.1.7 NLS number, dominance and absence 
 
A number of proteins possess two or more NLSs that are required in concert to achieve 

"complete" nu clear l ocalization, f or e xample, t he pol yoma l arge T  antigen, c -myc, 

N1/N2, i nfluenza vi rus N S1, M atα2, a nd t he yeast r ibosomal pr otein L 29 ( Jans a nd 

Hübner, 1996). Multiple copies of an NLS are more efficient than one copy, especially in 

the case of a "weak" NLS. The maize R protein requires two or three NLSs to be nuclear 

(Sheih et al., 1993). The presence of additional copies of a NLS increases the initial rate 

and final steady-state level of nuclear accumulation (Dingwall and Laskey, 1991).  

The pos session of  a n NLS m ay not  b e s ufficient t o e ffect t he nuc lear l ocalization 

(Roberts, 1989, G arcia-Bustos et al ., 1991) . P rotein c ontext m ay pl ay a  r ole i n t he 

efficiency of an NLS, i.e. the position of the NLS within a protein (Roberts et al., 1987). 

The NLS has to be solvent exposed to be accessible for recognition (Roberts et al., 1987). 

Signals for localization to subcellular compartments other than the nucleus can overide 

NLSs ( Garcia-Bustos et al ., 1991) . If s ignals for t argeting t o di fferent s ubcellular 

compartments a re in competition, in particular c ompetition between NLSs a nd 

mitochondrial localization and secretory signals (Garcia-Bustos et al., 1991, Kiefer et al., 

1994) the most NH2-terminal signal dominates.  
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Many proteins greater than 45 kDa are predominantly nuclear, but lack a functional NLS. 

The m echanism of  nuc lear t ransport of  t hese pr oteins i s of ten vi a a n association w ith 

NLS-bearing p roteins e ffecting co-transport i nto t he nuc leus ("piggy backing"). T he 

glutocorticoid receptor (GR) contains a proto-nuclear localization signal (DeFranco et al., 

1995). Cytoplasmically localized mutant steroid hormone receptors can be transported to 

the nucleus by the specifically interacting 90 kDa heat shock protein (Hsp90), if the latter 

is fused to the NLS of nucleoplasmin. The expression of wild type progesterone receptor 

can l ead to nu clear l ocalization of  Hsp90, which i s normally c ytoplasmic (Kang et al ., 

1994).  A n a lternate nuc lear i mport pa thway h as be en r eported, w hich us es t he M 9 

sequence, or iginally i dentified a s a  s tretch o f a pproximately 40 amino a cids i n t he C  

terminus of the RNA-binding protein hnRNPA1. A nuclear transporter termed transportin 

(also called karyopherin β2), with s ignificant s imilarity (~22%) to karopherin β, can 

mediate the nuclear import of M9-containing proteins in vitro (Fridell et al., 1997). This 

nuclear i mport i s di fferent f rom t he i mport of ba sic N LS pr oteins, be cause no  

karyopherin α is required. The M9 sequence also contains a signal for import and export, 

which cannot be  separated (Michael et al ., 1995), whereas the cl assic N LS ex clusively 

promotes import.  

 

1.1.8  Phosphorylation regulation of nuclear import 
 
 
We are well aware there are many karyopherin proteins in the karyopherin superfamily. 

Interestingly, many karyophilic proteins are regulated by cell cycle signals. Proliferating 

cells ha ve a hi gher i mport capa city t han serum-starved qui escent c ells ( Görlich a nd 

Mattaj, 1996), and nuclear pores appear to be most permeable just after the envelope has 

reassembled a fter m itosis ( Feldherr a nd A kin, 1990, F eldherr a nd A kin, 1993) . T he 

kinetics of  N LS-dependent nuc lear l ocalization a re r egulated b y phosphorylation in t he 

vicinity of  t he N LS (Jans a nd Hübner, 1996) , a s nuc lear i mport i s r egulated b y 

phosphorylation-dephosphorylation r eactions ( Mishra a nd P arnaik, 199 5). M oreover, 

synthetic NLS-containing peptides have been found to s timulate the phosphorylation of  

several cellular proteins both in vitro and in vivo (Kurihara et al., 1996). There appears to 

be a  c onsensus of  phos phorylation s ites c lose t o t he N LSs of  s everal pr oteins, w hich 



Chapter 1: Literature Review 
 

 10 

modify N LS a ctivity. T he phos phorylation s ites, t ogether w ith t he N LS, c onstitute 

phosphorylation mediated regulatory modules for nuclear protein localization (Jans et al., 

1995). P hosphorylation c an e nhance or  i nhibit NLS-dependent nuc lear transport. F or 

example, P rotein K inase C  phos phorylation of  l amin B 2

.  

 (Hennekes et al ., 1993)  a nd 

CaMPK phos phorylation of  t he a ctin bi nding pr otein c ofilin ( Abe et al ., 1993)  i nhibit 

nuclear localization; while Protein kinase A phosphorylation of the c-rel proto-oncogene 

enhances nuclear localization (Mosialos et al., 1991).  C KII increases the rate of import 

of S V40 T -antigen (Jans a nd J ans, 1994)  a nd nu cleoplasmin ( Vancurova et al ., 1995 ). 

Phosphorylation r egulated N LSs t herefore c onstitute a  hi ghly specific mechanism of  

cuing nuclear protein import precisely according to the s tage of the cell cycle or to the 

signal transduction, metabolic, proliferative, or differentiation state of the cell  (Jans and 

Hübner, 1996). 

1.1.9 The CcN motif: a specialized phosphorylation  
regulated NLS 

 
SV40 T-antigen comprises both enhancing and inhibitory phosphorylation sites proximal 

to t he N LS ( Figure 1.2 A). T he C KII site i ncreases t he r ate of  N LS-dependent nuclear 

import, w hereas c dc2 k inase s ite i nhibits t ransport, m arkedly r educing t he l evel of  

maximal nuc lear a ccumulation. T he c dc2 ki nase a nd C KII s ites a ppear t o f unction 

independently of one another in terms of both regulating T-antigen nuclear transport and 

influencing phos phorylation a t t he ot her s ite. This r egulatory m odule f or T -antigen 

nuclear transport, comprising CKII ("C") and cdc2 kinase ("c") sites and the NLS ("N") 

has be en termed the "CcN m otif" (Jans et al ., 1991) . T he m echanism of  c dc2 ki nase-

mediated i nhibition a ppears t o be  t hrough cytoplasmic r etention ( Jans and J ans, 1994)  

(Figure 1.2 B), w hile t hat of  C KII phos phorylation-mediated e nhancement i s t hrough 

increasing the affinity of association with the karyopherin complex (Jans and Jans, 1994), 

enhancing the docking rate a t the NPC. Flanking sequences and phosphorylation a t the 

CKII site are mechanistically important in NLS recognition by karyopherin α in both T-

antigen (Hübner et al., 1997) and Dorsal transcription factor from Drosophila (Briggs et 

al., 1998). Similar CcN motifs have been found in a variety of nuclear proteins, including 
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p53 (Shaulsky et al., 1990, Bischoff et al., 1990), lamin (Loewinger and McKeon, 1988), 

nucleoplasmin (Dingwall et al., 1988, Robbins et al., 1991), SW15 (Jans et al., 1995) and 

the interferon-induced nuclear factor IFI 16 (Briggs et al., 2001), implying a general role 

for the CcN motif in regulating nuclear protein transport.  
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1.1.10 Nuclear localization of cell cycle components 
 

In order to understand the link between nuclear localization of karyophilic proteins and 

the cel l c ycle m achinery, it m ay b e us eful to compare t he nu clear l ocalization 

mechanisms us ed by t he cel l cycle m achinery, t o those us ed t o effect conve ntional 

nuclear transport. Most cdc2 kinase/cyclin complexes are required to be localized in the 

nucleus when active in order to effect reversible phosphorylation of  nuclear proteins, a  

requirement for both DNA replication and entry into mitosis. Consequently, most cyclin-

dependent ki nase/cyclin complexes ar e l ocalized to the nuc leus w hen active. These 

complexes how ever l ack obvi ous nuc lear l ocalization s equences. Nuclear i mport 

machinery r ecognizes t hese c dk/cyclin complexes t hrough di rect i nteractions w ith t he 

cyclin component. Cyclin E behaves like a cl assical basic nuclear localization sequence-

containing pr otein, bi nding t o ka ryopherin-α. In c ontrast, c yclin B 1 i s i mported vi a a  

direct interaction with a s ite in the NH2 terminus of  karyopherin-β that is distinct from 

that used to bind karyopherin-α (Moore et al., 1999).  C yclin B1, which accumulates in 

the c ytoplasm dur ing S  a nd G 2 pha ses, t ranslocates t o t he nuc leus before nuc lear 

envelope breakdown during prophase (Ookata et al., 1992). This cytoplasmic localization 

of c yclin B 1 i n i nterphase is  di rected by its  N ES-dependent t ransport m echanism. 

Expression of  a  N ES-disrupted derivative of  cyclin B1 in mammalian cells is  a ble to 

override t he D NA da mage-induced G 2 c heckpoint, s uggesting a r ole f or t he N ES-

dependent cytoplasmic localization of cyclin B1 in the DNA damage-induced checkpoint 

(Toyoshima et al ., 1998). T he phos phorylation i n t he r egion of  t he N ES of  c yclin B 1 

plays a regulatory role in the mediation of the nuclear localization and hence biological 

activity of cyclin B1. Nuclear localization of Cyclin B1 controls mitotic entry after DNA 

damage (Jin et al ., 1998). Nuclear targeting of cyclin B1 occurs in G2 arrest caused by 

DNA da mage, where i t g reatly reduces t he da mage-induced G2 a rrest. T hus, nuc lear 

targeting of cyclin B1 contributes to the control of mitotic entry and exit in human cells. 

The control of  t he subcellular l ocalization of  c yclins pl ays a k ey role i n regulating the 

biological activity of cdk-cyclin complexes (Li et al., 1997). 
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1.2  THE CELL CYCLE 
 
1.2.1 Cyclin-dependent protein kinases and cyclins  
 

The cell cycle is ordered into dependent pathways such that the initiation of late events is 

dependent on the completion of early events. The cell cycle is composed of four phases: 

the gap before DNA replication (G1), the DNA synthetic phase (S), the gap after DNA 

replication (G2), and the mitotic phase which culminates in cell division (M) (Alberts et 

al., 1994).  T he cell cycle is controlled by cyclin-dependent protein kinases (cdk's, also 

known a s c dc's) and c yclins. C dks i nduce dow nstream pr ocesses b y p hosphorylating 

serine and threonine residues on s elected proteins (Alberts et al., 1994). Cyclins bind to 

cdks or cdc2 proteins and control their ability to phosphorylate appropriate target proteins 

(Alberts et al., 1994). The cyclic assembly, activation, and disassembly of cyclin-cdk/cdc 

complexes are the pivotal events driving the cell cycle (Figure 1.3). There are two main 

classes of  c yclins: m itotic c yclins, w hich bi nd t o c dk/cdc pr oteins dur ing G 2, a nd a re 

required for entry into mitosis, and G1 cyclins, which bind to cdk/cdc proteins during G1 

and a re r equired f or entry i nto S  pha se ( Alberts et al ., 1994) .  T hese c dk/cyclin 

complexes a re regulated b y m etabolites. Important metabolites in the regulation of cell 

proliferation are sphingolipids, which inhibit protein kinase C, activate cellular kinases, 

and stimulate DNA synthesis and cell division in quiescent cultures (Rani et al ., 1995). 

Steroids have been found to regulate t ranscription of  early genes, cell cycle-controlling 

genes and cyclin-dependent ki nase a ctivity ( Planas-Silva a nd W einberg, 1997) . Non-

transcription action of oestradiol and progestin play a major role in cell cycle progression 

(Castoria et al., 1999). 

 

1.2.2 cdc2 kinase 

 

and cell cycle checkpoints 

In yeast, the best characterized transitions are those from G1 to S phase, and from G1 to 

mitosis, w hich a re m onitored b y c heckpoints ( cell c ycle control m echanisms) s uch a s 

DNA replication in the case of mitosis (Hartwell and Weinert, 1989).  
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Mitotic cyclin accumulates gradually du ring G2, and binds to the cdc2 subunit to form 

the M-phase-promoting factor (MPF) (Figure 1.3). MPF is a  heterodimer (Labbé et al ., 

1989) containing regulatory and catalytic subunits. The catalytic subunit (cdc2 subunit) is 

homologous to the mammalian cdc2 kinase (Hartwell and Weinert, 1989). This complex 

is activated by phosphorylation, and propels the cell into mitosis. MPF is inactivated by 

the degradation of mitotic cyclin at the metaphase-anaphase boundary, enabling the cell 
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Figure 1.3: cdc2 kinase associates with different cyclins in yeast. 
Cdc2 kinase is permanently present, but its state of association with cyclins changes, defining the division - cycle 
phase o f t he cel l. T he s ubunits o f  t he cd c2 k inase i n yeast ar e s imilar t o t hose i n v ertebrates, h owever, 
vertebrates have many more different cyclin genes and many different cdc2 genes. Their products a lso act in 
different combinations at different stages of the cell cycle. Cyclins A and B in vertebrates are thought to be the 
functional equivalent of the mitotic cyclin in yeast and cyclin E is thought to be the functional equivalent of the 
G1 cyclin in yeast (Alberts et al., 1994). 
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to exit f rom mitos is ( Alberts et al ., 1994) . In yeast, pa ssage t hrough bo th G 1 a nd G 2 

checkpoints is regulated by the same protein kinase, the product of  the cdc28 or cdc2+ 

gene f or Saccharomyces c erevisiae or Schizosaccharomyces pom be respectively.  

Previously i t was thought that inhibition of  DNA s ynthesis t riggers down-regulation o f 

cdc2 kinase act ivity. However, t he m echanism f or c ell-cycle ar rest i n response t o 

incomplete D NA s ynthesis i s not  de pendent on the a ttenuation o f c dc2 kinase a ctivity 

(Knudsen et al., 1996). 

 

In mammalian cells there are at least two different cdk proteins, one for each checkpoint. 

Multi-cellular e ukaryotes ha ve de veloped a  hi gher de gree of  r egulation. T hey e xpress 

multiple cyclins, like yeast, but also contain multiple catalytic subunits that interact with 

these c yclins. W hereas cdc2 kinase i s active and essential at t he G2/M transition, a  

closely r elated kinase, p33cdk2, has been implicated in the initiation of  DNA replication 

(van den Heuvel and Harlow, 1993). Twelve human protein kinases have been described 

that share extensive amino acid sequence identity with cdc2 kinase (van den Heuvel and 

Harlow, 1993). They are often named temporarily according to their amino acid sequence 

in t he P STAIRE-region, a  domain t hat i s c onserved be tween yeast a nd hum an c dc2 

kinase. Alternatively t hey a re de signated as c yclin-dependent ki nases ei ther w hen a 

cyclin pa rtner i s i dentified, or  w hen t hey c omplement yeast cdc2-cdc28 mutations. I n 

mammalian cells, cdc2 kinase associates ma inly with A- and B -type c yclins; c dk2 

associates w ith c yclins A, E , a nd D ; a nd c dk4 ( formerly P SK-J3), c dk5 ( previously 

PSSALRE), and c dk6 ( previously P LSTIRE) a ssociate w ith D -type c yclins ( van de n 

Heuvel a nd H arlow, 19 93). In m ammalian cells, p rogression t hrough the G 1 pha se 

initially depends on hol oenzymes composed of  one or  more o f the D t ype c yclins (D1, 

D2, and/or D 3), in association with either cdk4 or cdk6 (Sherr and Roberts, 1995). This 

step is followed by the activation of the cyclin E- and A- cdk2 as cells approach the G1/S 

transition (Sherr and Roberts, 1995). Kip proteins control both assembly and disassembly 

of di fferent cyclin-cdk c omplexes. T he K ip proteins p21 Cip1, p27 Kip1, a nd p57 Kip2, 

positively r egulate c yclin D-cdk complex as sembly, a nd r emain bound t o c atalytically 

active c yclin D-cdk c omplexes. H owever, i f c yclin D 1 transcription i s i nhibited, t he 

turnover of this protein is accelerated, leading to the rapid disassembly of  cyclin D-cdk 
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complexes and to the release of Kip proteins from this latent pool. When released from 

cyclin D-cdk complexes, p21Cip1, p27Kip1 and p57Kip2

 

 act as potent inhibitors of cyclin E-

cdk2 and cyclin A-cdk2, thus preventing S phase entry and resulting in G1 phase arrest, 

usually within a single cell cycle (Brewer et al., 1999). 

1.2.3  cdc2 kinase phosphorylates CKII 
 
CKII is  a  widely distributed cyclic-AMP-independent kinase that phosphorylates serine 

and t hreonine r esidues, which a re f ollowed b y several c onsecutive a cidic a mino a cid 

residues ( Dingwall and Laskey, 1991) . T his ubi quitous ki nase phos phorylates a  br oad 

spectrum of  e ndogenous s ubstrates a nd ha s be en i mplicated i n c ell di vision a nd 

differentiation. The cdc2 kinase phosphorylates CKII, increasing CKII activity up to five-

fold, s uggesting t hat CKII could be  r egulated during c ell di vision b y cdc2 ki nase and 

could mediate s ome o f the pl eiotropic e ffects of  the  M PF. CKII activity parallels the  

changes of mitotic cdc2 kinase activity through the cell cycle. CKII activity increases 10-

fold dur ing G 2/M t ransition, and decreases at  i nterphase. cdc2 kinase drives cel ls t o 

mitosis by triggering activation of a protein kinase cascade which is accelerated by CKII 

(Mulner-Lorillon et al., 1988).  

 

1.2.4  Chaperones and cell cycle regulation 
 

Many s tudies ha ve i ndicated t hat c haperones a nd s tress pr oteins a re i nvolved i n t he 

regulation of cell growth and transformation. In general, the level of chaperones or stress 

proteins is  inc reased in proliferating c ells c ompared to those in the s tationary s tate or  

differentiated cells ( Sainis et al ., 1994; H elmbrecht a nd R ensing, 199 9). C ell c ycle 

components, regulatory proteins and members of the mitogenic signal cascade associate 

with c haperones a nd s tress pr oteins f or di fferent pe riods of  t ime. C haperones are 

localized in different cell compartments and assist newly synthesized proteins to fold or 

translocate t hrough m embranes, s tabilize c ertain pr otein c onformations a nd he lp t o 

eliminate de natured pr oteins b y w ay o f de gradation ( Becker a nd C raig, 1994;  H artl, 

1996). Chaperones al so play a r ole w ithin the r egulatory ne twork of t he cell c ycle and  
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within signal cascades. The cell cycle and its control processes can be upset by stress as 

induced by external factors such as heat shock, irradiation, toxic substances, by reactive 

oxygen species, viral infections and other perturbations. Stress also affects the mitogen-

activated signal cascade and alters its signalling drastically (Helmbrecht et al., 2000). The 

accumulation of  i mproperly folded pr oteins t riggers a  s tress r esponse t hat r epresses 

overall pr otein synthesis and causes cel l cycle a rrest. This cell cycle arrest i s due  t o a  

decrease i n c yclin D1 

 

translation, de creasing i n c yclin D - and E -dependent ki nase 

activities and resulting in G1 phase arrest (Brewer et al., 1999).  

1.2.4.1 Heat shock protein 90 (Hsp90) and the cell cycle 
 

The cytosolic chaperone Hsp90 acts as a dimer and forms complexes with protein kinases 

and t ranscription f actors w ith t he f unction of  c haperoning t he pa rtner protein t o i ts 

ultimate loc ation, assisting in its c onformational ma turation and/or stabilising its  

conformation (reviews: S cheibel and B uchner, 1997b;  Beissinger a nd B uchner, 1998). 

The expression of Hsp90 is cell cycle regulated with Hsp90a mRNA accumulating during 

the G1/S transition (Jérôme et al ., 1993), and inhibition of Hsp90 function causes G1/S 

arrest (Srethapakdi et al., 2000, Basso et al., 2002). Paradoxically, exogenous expression 

of Hsp90 also causes a decrease in cell growth and an arrest at the G1/S transition (Zhao 

et al ., 2002), i mplying t he f unction o f H sp90 d uring G1/S t o be  hi ghly r egulated. In 

addition to the chaperone activity of Hsp90, there is evidence of an interaction between 

Hsp90 hom ologs a nd t he c ell c ycle m achinery.  H sp90 a ssociates w ith a nd a ffects t he 

assembly o f te lomerase, the  pol ymerase e nzyme r esponsible f or ma intaining te lomeric 

DNA during the cell cycle (Forsythe et al., 2001). Hsp75, an Hsp90 homolog, has been 

identified as a pRB binding protein (Chen et al., 1996a) and cell cycle regulators Wee-1 

and CDKs are ch aperoned by Hsp90 (Aligue et al ., 1994). T he hom olog o f H sp90, 

SWO1, also co-immunoprecipitates with Wee1 (Alique et al., 1994). Wee-1 is a protein 

kinase tha t r egulates th e le ngth of th e G 2 phase b y carrying out  th e inh ibitory t yrosyl 

phosphorylation of cdc2 kinase-cyclin B kinase.  
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The a ssociation of  H sp90 w ith c dks r equires ot her c haperones s uch a s p 23 a nd c dc37, 

which t ogether s tabilize cdks a nd i nhibit ki nase activity (Stepanova, 199 6). T he c dc37 

protein is a chaperone involved in chaperoning protein kinases together with Hsp90 , and 

binds t o H sp90 ( Abbas-Terki et al ., 2000) r egulating t he A TPase a ctivity o f H sp90 

(Siligard et al., 2002). Cdc37 in Saccharomyces cerevisiae is required for the start event 

of t he cell di vision c ycle ( Reed, 1980) , f or c yclin de pendent ki nase a ctivation a nd 

functions in s ignal t ransduction (Kimura et al ., 1997), and for chromosome segregation 

and cytokinesis in high eukaryotes (Lange et al., 2002). In addition, cdc37 interacts with 

CKII (McCann and Glover, 1995) and acts as a molecular chaperone specifically on cell 

cycle protein kinases, directing them to Hsp90 (Kimura et al., 1997). The yeast cell cycle 

kinase c dc28 ( Mort-Bontemps-Soret et al ., 2002) i s t he f unctional e quivalent of  

mammalian cdc2. Furthermore, genetic i nteractions be tween H sp90 and c dc2 m itotic 

machinery have been found (Muňoz and Jimenez, 1999). Down-regulation of  H sp90 

could change cell c ycle distribution and increase drug sensitivity of  tumor cells (Lui et 

al., 1999). 

 

1.2.4.2 Hsp70 and the cell cycle 
 

Tumorigenic c ells de pend on t he c onstitutive high e xpression of  t he a nti-apoptotic 

chaperone H sp70 t o s uppress de ath (Nylandsted et al ., 2000). H sc73, a  c onstitutive 

member of  th e H sp70 family is  di rectly a ssociated with pRB, a ma jor r egulatory 

molecule of  t he cell cycle ( Inoue et al ., 1995). S pecifically, H sc73 bi nds t o 

nonphosphorylated pR B. T he H sc73/Hsp40 c omplex m ay t herefore act as a  m olecular 

chaperone for the active form of pRB, which in turn could act as a suppressor molecule 

of t he cel l c ycle. The s tress-induced t ranslocation of  H sc73 i nto t he nuc leus m ay a lso 

increase the probability of rescuing active nuclear pRB from stress-induced denaturation 

and de gradation. In f act, he at s hock i nduces c ell-cycle s pecific r egulation of  H sp70 

(Hang and Fox, 1995). An increase of Hsp70, or Hsc70 mRNA and protein, occurs in S-

phase (Milarski and Morimoto, 1986;  Zeise et al ., 1998; Hunt et al ., 1999; Helmbrecht 

and R ensing, 1999) . D uring t his i ncrease, a  t ranslocation of  H sp70, or  H sc70, i nto t he 

nucleus during S-phase has also been observed (Zeise et al., 1998). In some cell lines the 
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expression of  H sp70 i s suppressed b y treatment w ith t he i nhibitor o f D NA s ynthesis 

AraC ( Milarski a nd M orimoto; 1986;  H ang a nd F ox, 1995) , i ndicating a  pot ential 

involvement of  Hsp70 i n D NA r eplication, w hich oc curs i n t he S -phase.  H sp73 a lso 

interacts with p27Kip1

 

, an inhibitor of  cdks, during the G1/S t ransition (Nakamura et al . 

1999). Hsp70 is also required for cdc2 kinase activity (Zhu et al., 1997). 

1.2.4.3 Co-chaperones and the cell cycle 
 

There i s i ncreasing evi dence of  i nteraction between cell c ycle com ponents and co-

chaperones. F KBP12 ha s a  r egulatory role i n t he c ell c ycle b y dow nregulating T GFβ 

receptor s ignaling (Aghdasi et al ., 2001). FKBP12 deficient mice manifested cell cycle 

arrest i n the G 1 phase (Aghdasi et al ., 2001). P hosphorylation of  m urine H sp25 a nd 

human Hsp27 by MAPKAP kinase 2 (Stokoe et al., 1992), heat shock transcription factor 

1 (HSF1) by cdc2 kinase (Reindl et al., 1997), and Hsp90 (Shi et al., 1994), calnexin (Ou 

et a.l, 1992) and the immunosuppressant FK506-binding protein 52 (FKBP52) (Miyata et 

al., 1997) by CKII, has been reported. Phosphorylation of Hsp28 may be coupled to the 

inhibition of  DNA s ynthesis i n mouse os teoblastic MC3T3-E1 cells (Shibanuma et al ., 

1992). Co-chaperones Bag1, Hop and Hsp40 regulate Hsc70 and Hsp90 interactions with 

wild-type or mutant p53 (King et al., 2001). The cdc37 co-chaperone, which regulates the 

ATPase activity of Hsp90 (Siligard et al., 2002), has been found to interact with cdc28 in 

Saccharomyces cerevisiae (Mort-Bontemps-Soret et al., 2002). 

 

The exact details of the role of chaperones in the cell cycle are not yet fully understood.  

Stress such as heat shock or oxidative stress, upsets many cellular processes including the 

cell c ycle, w hich i s a rrested m ainly a t t he G 1/S a nd t he G 2/M t ransitions ( Kühl a nd 

Rensing, 2000 ). A fter c ells ha ve r esponded t o s tress t hrough an i ncreased s ynthesis o f 

Hsps, they reach a s tate of  acqui red thermotolerance, where t hey are l ess se nsitive t o 

further stress exposures. This is also true for heat shock effects on the cell cycle (Kühl et 

al., 2000), a result that supports the idea of a stabilizing role of Hsps/chaperones for cell 

cycle processes. Increased amounts of Hsps apparently counteract the effects of stress on 

regulatory cel l c ycle pr oteins as  w ell as  on basic cel l c ycle-sustaining pr ocesses 
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(Helmbrecht et al., 2000). The roles of Hsp70 and Hsp90 in cell cycle control known so 

far appear t o be t hat of  ei ther a m olecular s tabilizer of  cel l cycle s uppressors or  an 

inhibitor of cell cycle accelerators. This evidence may explain the molecular mechanism 

of growth suppression induced by stress conditions (Sato and Torigoe, 1998). Chaperones 

may have an essential function in the initiation of DNA replication by stabilizing parts of 

the DNA replication pre-initiation complex. Chaperones may also have an auxiliary role 

in stabilizing the  conformation of active/inactive forms of  essential cell cycle or  s ignal 

cascade proteins such as Cdk4, pRB (retinoblastoma protein), p27, W ee-1, Src and Raf. 

An alternative auxiliary function may be the chaperoning of DNA initiation factors and 

the t ranscription f actors s uch a s E 2F t o t he nu cleus or  i n t he t ransport of  c ell c ycle 

inhibitors to the degradation machinery (Helmbrecht et al., 2000). 
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1.3  HEAT SHOCK PROTEINS 
 
1.3.1  In vitro protein folding  
 
The f olding o f a  ne wly s ynthesized pol ypeptide i s a n i ntrinsic f eature of  i ts pr imary 

amino a cid s tructure. H owever, m ost pol ypeptides qui ckly c ollapse into a com pact 

"molten globule" in vitro (Jaenicke, 1991), despite favourable in vitro folding conditions, 

of low  pr otein concentration (limiting int er-polypeptide a ggregation) a nd l ow 

temperatures (attenuating hydrophobic interactions) (Jaenicke, 1991). The molten globule 

possesses ex tensive na tive-like s econdary s tructure, uns table di sulphide bonds , a nd 

exposed h ydrophobic groups, w hich m ay l ead t o a ggregation. In v ivo intracellular 

conditions consist of higher temperatures and protein concentrations, which in principle 

lead to less favourable folding conditions (Georgopoulos and Welch, 1993).  

 
1.3.2 In vivo protein folding  
 
Polypeptide c hains emerging f rom t he r ibosomes, m ay b e s ubjected t o pr emature 

interactions w ith other int ra- or i nter-polypeptide domains, l eading t o misfolding a nd 

aggregation (Georgopoulos a nd W elch, 1993,  Jaenicke, 1991) . P roteins c ollectively 

referred t o a s chaperones bi nd t o t he r eactive s urfaces of  pol ypeptides. S uch r eactive 

surfaces of ten c onstitute t he h ydrophobic s urfaces e xposed b y t he m olten g lobule 

intermediates of various proteins (Creighton, 1988). Chaperones function by sequestering 

these r eactive s urfaces f rom ot hers pr esent i n t heir vi cinity, t hereby favouring pr oper 

folding pa thways b y preventing a ggregation. T his o ccurs w ith ne ither c ovalent 

modification of  t he s ubstrate pol ypeptide b y t he c haperone, nor  i nclusion of  t he 

chaperone i n t he final p roduct ( Creighton, 1988 ). A s hi gh t emperatures favour protein 

unfolding and hydrophobic interactions, the need to prevent protein aggregation in vivo 

increases on h eat s hock, a s bot h na scent a nd mature pol ypeptides be gin t o pa rtially 

unfold a nd/or a ggregate ( Georgopoulos a nd W elch, 1993) . M any m embers of  t he he at 

shock protein (Hsp) family have been reported to exhibit chaperone-like properties, while 

many chaperones are expressed at increased levels after heat shock (Welch, 1991). Most 
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Hsps are constitutively expressed in normal cell physiology (cognates), t heir molecular 

chaperone function being essential for normal cell growth. Hsps regulate the heat shock 

response, assembling/disassembling structures, to provide a molecular shuttle service for 

polypeptides b y chaperoning i n t andem ( Hightower, 1991) . C ellular pr oteins a re t hus 

maintained in a r efolding competent s tate for "resurrection" du ring r ecovery a fter h eat 

shock (Skowyra et al., 1990). 

 

The heat shock response can be induced by a broad variety of stressors besides heat. Such 

stressors include amino acid analogs, puromycin, e thanol, heavy metal i ons, a rsenicals, 

tissue e xplantation a nd i nfection b y c ertain viruses ( Hightower, 19 91).  G lucose 

deprivation, exposure to glycosylation inhibitors and Ca2+

 

 ionophores (agents that perturb 

calcium homeostasis), result in the glucose-regulated proteins which are also considered 

as stress pr oteins ( Hightower, 1991) . T he a ccumulation of  a bnormally folded pr oteins 

induces t he he at shock r esponse (Hightower, 19 80), a s supported b y the adverse e ffect 

heat has on protein conformation, the effect of the antibiotic puromycin (which results in 

the pr emature r elease of  na scent pol ypeptide f rom t he t ranslation m achinery), and t he 

short half-lives of proteins containing amino acid analogues (Hightower, 1980). Injection 

of a  c ollection of  de natured pr oteins i nto l iving c ells a lso i ncreased t he e xpression of  

Hsps (Ananthan et al., 1986).  

1.3.3 Subcellular localization of chaperone-mediated 
protein folding 

 

In t he p resence of h eat s hock pr otein 70 (Hsp70), he at-unfolded nuclear l uciferase 

accumulated in foci in the nucleoli. This translocation required Hsp70 chaperone activity, 

indicating t hat Hsp70 is i nvolved i n hol ding he at-unfolded nuc lear pr oteins a nd 

translocating them to the nucleolus during stress. This prevents indirect damage to other 

nuclear components (Nollen et al. 2001). Under normal conditions, Hsp70 is localized in 

the c ytoplasm, how ever dur ing h eat s tress, Hsp70 t ranslocates t o t he n ucleus a nd t he 

nucleolus, f rom w hich it r etracts dur ing recovery ( Welch a nd S uhan, 1986) . T his 

movement of  Hsp70 could be  associated with r epair of  he at-induced nuc leolar d amage 
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(Pelham, 1984), as the nucleolus is especially sensitive to heat. Upon heat shock, nucleoli 

become swollen and small granules present in normal nucleoli become large electrodense 

structures. N ucleolar pr ocesses, s uch as r ibosomal RNA s ynthesis an d assembly o f 

ribosomal pr ecursor pa rticles, a re i nhibited (Welch a nd S uhan, 1986) . T he nuc leolar 

morphological changes observed during heat shock are due to translocation of unfolded 

nonnuclear proteins to the nuclei. This reduces random aggregation and damage of other 

cellular c omponents, i nterfering with t he a ssembly of  r ibosomes e ssential f or pr otein 

synthesis ( Nollen et al ., 2001). In t he c ytosol, m isfolded or  he at-unfolded pr oteins a re 

transported to the proximity of the centrisome for degradation by the proteosome (Garcia-

Mata et al., 1999; Johnston et al., 1998; Vidair et al., 1996; Wigley et al., 1999).  

 

1.3.4  Stress and nuclear localization 
 

Stress, such as s tarvation, ethanol, heat or  ox idants have been shown to inhibit specific 

NLS-dependent nuclear import (Stochaj et al., 2000). This may be due to a collapse in the 

nucleocytoplasmic concentration gradient of Gsp1p (Ran) (Stochaj et al., 2000). During 

the s tress of  vi ral infection, interferon regulatory factors ( INFs) are mobilized from the 

cytoplasm t o t he nuc leus t o i nduce e xpression o f i nterferon. INFs c ontain a  c onserved 

bipartite N LS a nd N ES ( Lau et al ., 2000). D uring D NA da mage, t he DNA-dependent 

protein kinase (DNA-PK) complex is involved in the repair of DNA double-strand breaks 

by ph ysically p rotecting t he br oken ends of  D NA f rom de gradation. T his D NA r epair 

kinase transports to the nucleus by a bipartite NLS, which is recognized by karyopherin 

(Koike et al ., 1999). T he nuc lear chaperone n ucleoplasmin e nters t he nuc leus vi a its  

functional N LS i n or der t o m ediate t he a ssembly of nuc leosomes ( Shackleford et al ., 

2001) a nd c entrisome duplication ( Okuda et al ., 2000). H sc70 c o-localizes w ith 

karyophilic proteins into the nucleus during their transport in vitro (Okuno et al., 1993). 

In mammalian cells cytosolic Hsc70 is involved in the transport of proteins to lysosomes 

(Chiang et al., 1989), to mitochondria (Sheffield et al. 1990) and to the nucleus (Shi and 

Thomas, 1992). 
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1.3.5  Chaperone folding machinery  
1.3.5.1  Heat shock protein 90 (Hsp90) 
 
The m ajor c haperone H sp90 c onstitutes up  t o 1 -2% of  c ellular pr otein unde r 

physiological c onditions, a nd i s upr egulated u nder s tress ( Yonehara et al ., 1996) . 

Members of the Hsp90 family have been found in the cytosol, the endoplasmic reticulum 

and c hloroplasts ( Scheibel a nd B uchner, 1997 b). A lthough i soforms of  H sp90 ha ve 

interchangeable functions (Borkovich et al., 1989), the respective genes are differentially 

regulated. In m ost e ukaryotic c ells, one  of  t he t wo c ytosolic m embers i s e xpressed 

constitutively at a  hi gh l evel a t ph ysiological t emperatures and i s i nduced onl y t wo t o 

three times more by heat shock. The second Hsp90 gene is expressed at a low basal level 

at nor mal t emperatures, but  e xpression i s enhanced s trongly under r estrictive g rowth 

conditions like heat treatment (Borkovich et al , 1989, Krone et al , 1994).  T he structure 

of the N-terminal domain of Hsp90 consists of nine helices and an anti-parallel β-sheet of 

eight strands that fold into an α-β sandwich (Prodomou et al., 1997). The tertiary fold of 

the N-terminal domain of Hsp90 is s imilar to the N-terminal ATP-binding f ragment of  

the bacterial type II topoisomerase, DNA gyrase B protein (Wigley et al., 1991). Hsp90 

contains t wo i ndependent c haperone s ites, w hich di ffer in substrate s pecificity and  

nucleotide dependence (Scheibel et al., 1998). The native protein is a flexible elongated 

dimer, the association sites of which lie in the extreme C-terminal region of the protein 

(Buchner, 1999 ). R ecently, H sp90 h as be en pr oposed t o be  a c apacitor for phe notypic 

variation by buffering the release of  genetic variation (Queitsch, et al ., 2002). Also, the 

chaperone function of Hsp90 may be regulated by phosphorylation (Zhao et al., 2001) 

 
1.3.5.2  Heat shock cognate/protein 70 (Hsc/Hsp70) 
 
Hsp70 has been characterized in bacteria (DnaK), in yeast (Ssa and Ssb) and in higher 

eukaryotes (Table 1.1). Hsp70 interacts with the nascent polypeptide chain as it emerges 

from the ribosome (Georgopoulos and Welch, 1993) and for some proteins, the activity 

of t he H sp70 c haperone i s s ufficient f or f olding ( Georgopoulos and Welch, 1993) . 

Hsp70s a re c omposed of a  hi ghly conserved 44 kD a N -terminal nu cleotide-binding 

domain, a less well conserved 18 kDa peptide-binding domain, and a C-terminal 10 kDa 
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variable dom ain of  unk nown f unction ( James et al ., 1997). T he nuc leotide-binding 

domain contains an ATPase site (Flahery et al., 1990). The ATPase activity is weak, 0.1 

to 1.0 A TP molecules hydrolyzed pe r minute pe r monomer (Georgopoulos and W elch, 

1993). T he H sp70's bi nd s hort, e xtended pe ptide s egments of  s even o r eight r esidues, 

which are enriched in hydrophobic amino acids (Flynn et al., 1991, Blond-Elguindi et al., 

1993). Through a cycle of ATP binding, hydrolysis and nucleotide exchange, denatured 

proteins a re a lternately bound t o H sp70 a nd r eleased t o e ffect p rotein f olding ( Hartl, 

1996). S ubstrates bi nd t ransiently t o t he A TP-bound f orm of  H sp70, but  w hen A TP i s 

hydrolysed, the binding is stabilized (Greene et al., 1995). 

 

Table 1.1:  The Hsp70 family of proteins contains many members 

Hsp70 Family Name Locale Size 
(kDa) 

Comments 

Bacteria DnaK Cytosol 70 Mutants grow poorly, 
constitutive / inducible 

Yeast Ssa1-4 Cytosol 70 Multiple members, essential 
family 

Ssb1-2 Cytosol 70 Multiple members, mutants 
- cold sensitive 

Pdr13p  70 Binds ribosomes 
Ssc Mitochondria 70 Essential for viability 
Kar2 ER 70 Essential for viability 

Mammalian Hsc70 Cytosol / nucleus 70 Constitutive 
Hsp70 Cytosol / nucleus 70 Stress - inducible 
Grp75 Mitochondria 75 Most homology to DnaK 
Hsp70 Chloroplasts 70 Constitutive 
Grp78 (BiP) ER 78 ADP - ribosylated  

(Georgopoulos and Welch, 1993, Frydman, 2001) 

 
1.3.6 The assembly of the glucocorticoid receptor (GR) by 

the Hsp90-based chaperone system 
 

Many co-chaperones have been reported to interact with Hsp90 and Hsp70 (Table 1.2), 

modifying t heir functions w ithin he terocomplex s tructures ( Chen et a l., 1996b). T he 

importance of Hsp90 is demonstrated by i ts abundance in all species with a remarkable 

40% amino acid identity from E. coli to humans (Lindquist and Craig, 1988, Johnson et 

al., 2000). A lthough a  number of  cell-signalling p roteins s uch as ki nases a nd s teroid 
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receptors require Hsp90 function to reach their active s tate within the cell, Hsp90 does 

not act alone and requires the aid of several co-chaperone proteins (Buchner, 1999).  

 

The interaction of Hsp90 with its co-chaperones had been studied most extensively in the 

assembly of s teroid r eceptor c omplexes ( DeFranco, 2002) . T he assembly of s teroid 

complexes i s r elevant to the s tudy o f pr ogressive cent ral n ervous s ystem ( CNS) 

neurodegenerative di seases s uch a s H untington’s di sease, c aused b y a bnormal 

polyglutamine t ract e xpansion i n t he a ndrogen r eceptor ( AR) gene. Activation of  t he 

wild-type GR s uppressed t he a ggregation of  e xpanded pol yglutamine p roteins de rived 

from these diseased systems and controlled their cellular effects of  nuclear localization 

and cellular toxicity (Welch and Diamond, 2001).   

 

The GR forms a  complex with chaperones Hsp90 and Hsp70, and co-chaperones Hop, 

Hsp40 and p23, resulting in the hormone-binding domain of the receptor being converted 

to i ts high a ffinity s teroid binding s tate (Murphy et al ., 2001) . Some groups report t he 

association of t hese co -chaperones i n this c omplex to  opt imise a ssembly o f the  G R 

(Dittmar and Pratt, 1997; Murphy et al.,2001, Johnson et al., 2000), while others report 

only Hsp70 and Hsp90 to be necessary to activate hormone binding by GR (Rajapandi et 

al., 2000). M orishima et al . (2000a) found t hat a lthough H op i s not  r equired f or t he 

formation of the GR-Hsp90 heterocomplex assembly, it enhances the rate of the process. 

Hop bi nds i ndependently t o bot h H sp70 a nd H sp90, t o pr oduce t he H sp70/Hop/Hsp90 

chaperone complex, which is sufficient (Dittmar and Pratt, 1997) and necessary to bind 

specifically to the GR (Kaul et al., 2002), and open the GR steroid-binding site (Murphy 

et al., 2001) for access by steroid. The stoichiometry of association of Hsp90:Hop:Hsp70 

is 2:1:1 (Murphy et al., 2001). Under hypothermic stress conditions, both constitutive and 

inducible forms of the Hsp70 protein associate in this GR-Hsp90 heterocomplex (Cvoro 

and Matic, 2002). However, stressor-induced Hsp70 accumulation, above normal Hsc70 

levels, may impair glucocorticoid-dependent metabolic adjustments (Boone et al., 2002). 

 

The f irst s tep to assembly of  the  G R a ctivating c omplex is  the  A TP-dependent a nd 

Hsp40-dependent binding of Hsp70 to the GR, priming the receptor for subsequent ATP-
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dependent a ctivation b y H sp90, Hop, a nd p23  (Figure 1.4) . T he A TP-bound f orm of  

Hsp70 is predicted to int eract ini tially with the GR and is th en converted to the ADP-

dependent form with high affinity for hydrophobic substrate (Morishima et al ., 2000b). 

The G R-Hsp70 c omplex ( initial c omplex) r apidly bi nds H sp90 i n a  nuc leotide-

independent m anner, w hich i s H op-dependent ( intermediate complex). The N -terminal 

ATP-binding s ite of  Hsp90 i s r equired for t he subsequent r ate l imiting A TP-dependent 

opening of  the s teroid binding c left (Kanelakis et al ., 2002), such that the hydrophobic 

binding f orm of  H sp90 must be  c onverted t o i ts A TP-dependent c onformation f or t he 

pocket of  t he GR to be  accessible b y s teroid (Morishima et al ., 2000b). As the s teroid 

receptor progresses to the mature receptor, more Hsp90 enters the complex while Hsp70 

and Hop levels decrease. The mature receptor is characterized by the appearance of p23 

(mature complex), which stabilizes the ATP-dependent conformation of Hsp90 (Dittmar 

et al., 1997), and one of the three large immunophilins FK506 binding proteins: FKBP51, 

FKBP52 or  C yp40. These complexes have a lso been found in t he absence of  substrate 

protein, s uggesting t he existence of  pr e-assembled m ultiprotein c omplexes ( Johnson et 

al., 2000). 
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Figure 1.4: The stepwise assembly of the GR-Hsp90 heterocomplex. 
A graphical representation of the assembly of the GR. The initiation of the pathway involved Hsp40-dependent 
and ATP-dependent binding of Hsp70 to the receptor. Hop binds independently to Hsp90 and Hsp70. Hsp90 and 
Hsp70 are necessary for the opening of the steroid-binding cleft. Hop increases the rate of this process, brings 
Hsp70 and Hsp90 together, and inhibits the ATPase activity of Hsp90. Hsp40 modulates the ATPase activity of 
Hsp70, increasing the heterocomplex assembly by ensuring that Hsp70 is in the ADP bound state. p23 binds to 
and stabilizes the ATP-dependent conformation of Hsp90 (Murphy et al., 2001, Morishima et al., 2000a, 
Hernández et al., 2002).  
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1.3.7 The movement of the mature GR to the nucleus 
 

Steroid r eceptors m ove i n a nd out  of  the nuc leus i n a  d ynamic m anner, de pending on 

their hor mone bound or  unbound s tate, e xerting t heir e ffects on c ellular ph ysiology 

through regulating the rate of  t ranscription from unique target genes (DeFranco, 2002). 

The hormone-free GR-Hsp90 heterocomplex is localized in the cytoplasm of most cells, 

and a fter s teroid bi nding i t t ranslocates t o t he nuc leus ( Picard a nd Y amamoto, 1987) , 

thought t o be  t hrough a n a ssociation w ith t he m ultiprotein Hsp90-based chaperone 

system ( DeFranco, 2000 ) a nd t he H sp90-binding i mmunophilin F KBP52 ( Pratt et al ., 

1999). T his m ovement t o t he nuc leus r equires t he A TPase a ctivity of  H sp90, s ince 

geldanamycin, an benzoquinone ansamycin t hat binds t o t he nuc leotide binding s ite on  

Hsp90 impedes steroid induced movement of the GR from the cytoplasm to the nucleus 

(Galigniana et al., 1998). Non-steroidal compounds which bind to the receptor associated 

proteins have been shown to alter the GR-Hsp90 heterocomplex subcellular localization 

(Prima et al ., 2000), implicating the Hsp90-based chaperone system in receptor t ransfer 

to the nucleus. FKBP52 is proposed to target retrograde movement of the GFP-GR along 

microtubules b y linking t he r eceptor t o t he d ynein m otor ( Galigniana et al ., 2001). 

Dyenin is a cytoplasmic motor protein involved in retrograde transport of vesicles toward 

the nuc leus (Bloom and Goldstein, 1998) . The earliest known event i n s teroid r eceptor 

signalling ha s be en i dentified a s i mmunophilin i nterchange, o f either F KBP51 o r 

FKBP52 (Davies et al ., 2002). GR-Hsp90 heterocomplexes in the cytoplasm have been 

shown t o c ontain d yenin i n a  m anner t hat i s competed b y t he P PIase ( polyproline 

isomerase) dom ain of  FKBP52 ( Galigniana et al ., 2001), i mplicating FKBP52 i n 

targeting t he N LS-directed m ovement o f t he G R ( containing a pr oto-NLS) a long 

microtubular pathways to the nucleus. FKBP52 binds to Hsp90 via a  conserved protein 

interaction involving tetratricopeptide repeat (TPR) domains. FKBP52 also binds directly 

to the Hsp90-free GR, and a 35 amino acid segment spanning the proto-NLS of  the GR 

(Pratt et al., 2001) 
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 1.3.8  The tetratricopeptide repeat motif (TPR) 
 
The tetratricopeptide repeat motif (TPR) is a degenerate 34 amino acid sequence repeated 

in a wide variety of proteins, where i t i s of ten present in t andem arrays o f 3-16 motifs 

(Das et al ., 1998). T hese r epeats ha ve b een found t o be  pa cked t ogether i n a  pa rallel 

arrangement t o form a r egular s eries of  anti-parallel α-helices, defining a r ight-handed 

super-helical structure and creating an amphipathic groove suitable for the recognition of 

target pr oteins ( Das et al ., 1998). S uch T PR s tructures f orm s caffolds, w hich m ediate 

protein-protein interactions in the assembling of heterocomplexes, many TPR-containing 

proteins being reported to be associated with multiprotein complexes (Das et al ., 1998, 

reviewed by Blatch et al., 1999). Many of the co-chaperones interacting with Hsp70 and 

Hsp90 c ontain T PR m otifs, i ncluding m ost of  t he i mmunophilins ( Owens-Grillo et al ., 

1996), Hop (Scheufler et al., 2000) and mSTI1 (Blatch et al., 1997, v an der Spuy et al., 

2000). H owever, i n t he c ase of  H sp90-FKBP52 a nd H sp90-Cyp40 bi nding, t he TPR 

motifs are necessary but not sufficient for protein-protein interaction, since TPR flanking 

regions in addition to the TPR have been found to be required (Ratajczak and Carrello, 

1996). T his m ay b e e xplained i f t he r egions flanking t he T PR dom ain also c ontain a  

number of  c harged r esidues pr edominantly l ocalized t o a n a mphipathic α-helical 

microdomain in each region (Blatch et al ., 1999). Depending on t he number of  tandem 

TPR m otifs, a nd he nce, t he s ize of  t he T PR g roove g enerated, a  num ber of  m ultiple 

simultaneous interactions with target proteins could be accommodated by a single TPR-

containing protein (Blatch et al., 1999). 

 
1.3.9  The modulation of Hsp70 and Hsp90 activities by  

co-chaperones 
 
1.3.9.1 Heat shock 40 (Hsp40) and Bcl2-associated 

anthogene 1 (Bag1)  
 

Hsp70 function is modulated by members of the heat shock protein 40 (Hsp40) family in 

higher e ukaryotes, Ydj1 i n yeast, and D naJ i n ba cteria. T hese pr oteins a re know n t o 
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stimulate the ATPase activity and therefore the action of their respective Hsp70s (Cyr et 

al., 1992, Liberek et al ., 1991, C hevalier et al ., 2000) s ince c onformation of H sp70 i s 

affected by its nucleotide binding state. Hsp70 has been shown to bind to the GR as the 

Hsp70-ATP form (Kanelakis et al., 2002). Hsp40 plays an integral role in this assembly 

of the GR-chaperone complex, enhancing the binding of Hsp70 to Hop by stimulating the 

conversion of  Hsp70-ATP t o H sp70-ADP, t he Hsp70 c onformation f avoured f or H op 

binding (Hernández et al., 2002).  

 

Bcl2-associated anthogene 1 ( Bag1), initially identified as a anti-apoptotic molecule and 

binding pa rtner of  t he c ell de ath i nhibitor B cl2, m odulates H sc70's c haperone activity 

(Höhfeld, 1998). Bag1 acts as a nucleotide exchange factor in the Hsc70 ATPase cycle, 

competing with the co-factor Hsp70 interacting protein (Hip) which stabilizes the ADP-

bound s tate of  Hsc70. Bag1 i s a family o f co -chaperones consisting of a t l east f our 

polypeptides B ag1l, Bag1m/Rap46, Bag1, a nd p29 ( Cato and M ink, 2001) . Bag1 

negatively r egulates t he a ction of  t he G R pos sibly b y i nhibiting t he ho rmone bi nding 

activity of  the  G R or  b y regulating the tr ans-activation f unction of  t he r eceptor. B ag1 

repress DNA binding by the GR in a process that requires prior binding of Hsp70 to the 

receptor (Cato and Mink, 2001). 

 

The co -operative assembly o f l arge m ulti-component cha perone com plexes l ike t he 

Hsp90-based chaperone system ( Table 1.2) , h as r ecently be en s uggested t o pr omote a  

disassembly of  t ranscriptional r egulatory c omplexes, t hus e nabling r egulatory 

machineries to detect and respond to signalling changes (Freeman and Yamamoto, 2002). 

Such a disassembly activity of the chaperones would contribute to the rapid inactivation 

of the receptors upon hormone withdrawal (Young and Hartl, 2002). 
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Table 1.2: Many molecular co – chaperones interact with Hsp90 
and Hsp70 

Class Members Alternative 
names 

Associated 
proteins 

Comments 

Immunophilins FKBP51 
FKBP52 
FKBP54 
CyP40 

 
 
Hsp56 

Hsp90 Binding between immunophilins 
to Hsp90 is competitive  
(Ratajczak et al., 1993, Owens - 
Grillo et al., 1996) 
 

p60 Hop 
mSTI1  
STI1 

STI1 Hsp90 and 
Hsp70 

Functions as physical links 
between Hsp90 and Hsp70 
(Johnson  et al, 1998) 

p48   p48   Hip Hsp70 Interacts with the ATPase domain 
of Hsp70 in a manner dependent 
on Hsp40 
(Owens - Grillo et al., 1996) 

p23   p23   - Hsp90 Binds efficiently to non - native 
protein 
(Owens - Grillo et al., 1996) 

Hsp40 DnaJ, 
Ydj1, 
Hdj1 

DnaJ Hsp70 Modulates ATPase activity of 
Hsp70 
(Owens - Grillo et al., 1996) 

Cdc37 Cdc37 p50  
Cdc37p 

Hsp90 Kinase - specific co - factor 
(reviewed by Buchner, 1999) 

PP5 PP5 - Hsp90 Protein - serine phosphatase 
(reviewed by Buchner, 1999) 

Bag1 Bag1-5 - Hsp70 Functions as a nucleotide 
exchange factor in the Hsc70 
ATPase cycle, thereby competing 
with the co-factor p48 / Hip 
(Höhfeld, 1998) 

 

 

1.3.9.2 Hsp70/Hsp90 organising protein (Hop) and its 
homologs murine stress inducible protein 1 (mSTI1) 
and stress inducible protein 1 (STI1) 

 

Hop is an abundant, stress-induced 60 kDa protein characterized by its ability to bind the 

two c haperones, H sp70 and H sp90 ( Smith et al ., 1993, B oguski et al ., 1990) . It w as 

originally obs erved i n reconstituted pr ogesterone c omplexes w hen ATP w as l imiting 

(Smith et al., 1992), and is a homolog of the yeast STI1 (Boguski et al., 1990) and the 

murine stress-inducible protein 1 (mSTI1) (Blatch et al., 1997). STI1 is a stress inducible 
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phosphoprotein i mplicated i n m ediating t he h eat s hock r esponse i n Saccharomyces 

cerevisiae (Nicolet and Craig, 1989).  

 

The subcellular localization of mSTI1 is mostly cytoplasmic, although a nuclear fraction 

does exist (Lässle et al., 1997). Recently, STI1 has been shown to also be localized at the 

cell me mbrane in prion-infected cells ( Zanata et al ., 2002). A  put ative bi partite N LS 

sequence h as be en r eported i n t he c entral r egion of  m STI1 ( Blatch et al ., 1997). 

Furthermore, C KII a nd c dc2 ki nases phos phorylate m STI1, pr oximal t o t he N LS, 

supporting a predicted CcN motif (Longshaw et al., 2000) (Figure 1.5).  

 

The main function of  mSTI1 appears to be i ts a ssociation with Hsp70 and Hsp90. The 

simultaneous i nteraction of  m STI1 w ith H sp70 a nd H sp90 a t i ts N - (TPR1) a nd C - 

termini ( TPR2A) r espectively is  me diated by th e T PR mot ifs in  the se r egions ( Figure 

1.5). The N-terminal TPR motifs of  mSTI1, without f lanking regions, are sufficient for 

Hsp70 interaction (van der Spuy et al., 2000). Hsp70 and Hsp90 are not associated with 

one a nother i n t he a bsence of  H op ( Chen et al ., 1996b) . T he i nteraction of  t he H op 

TPR2A wi th a C-terminal pe ntapeptide of  H sp90 ( MEEVD) ha s be en i dentified a s t he 

core contact for Hop binding to Hsp90. In contrast, formation of the Hsp70-Hop complex 

depends not  onl y on r ecognition of  t he C -terminal H sp70 he ptapeptide ( PTIEEVD) b y 

TPR1, but  a lso on additional contacts be tween Hsp70 and Hop. Asp0 and Val-1 of  the 

EEVD motif have be en identified as general anchor r esidues, but  t he highly conserved 

glutamates of the EEVD sequence, which are critical in Hsp90 binding by TPR2A, do not 

contribute a ppreciably t o t he i nteraction of  H sp70 w ith T PR1 of  H op. H ydrophobic 

residues i n t hese pos itions a re pr eferred f or bi nding b y TPR1. F urthermore, bot h T PR 

domains t end t o i nteract pr eferentially with h ydrophobic a liphatic a nd a romatic s ide 

chains in pos itions –4 and –6 of  their r espective peptide l igands (Brinker et al ., 2002). 

These two TPR domains have been suggested to form two globular domains, separated 

by an extended polyproline II helix which could possibly serve as a linker region within 

the protein (Blatch et al., 1997).  
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Hop does not  of  i tself h ave an y cha perone act ivity (Bose et al ., 1996, F reeman et al ., 

1996). Hsp70 binds with low affinity to Hop (Kd = 1.3 µM) on its own, but this affinity is 

increased (Kd = 250 n M) i n t he pr esence of  Hsp90. H sp90 bi nds w ith hi gh a ffinity t o 

Hop (Kd

 

 = 90 m M), and Hsp70 does not  a ffect t his binding. The binding o f Hsp90 to 

Hop reduces the number of Hsp70 binding sites on the Hop dimer from two sites in the 

absence of Hsp90 to one site in i ts presence. Hop can inhibit the ATP binding and p23 

binding a ctivity o f H sp90, w hich c an be  reversed i f H sp70 i s pr esent i n t he c omplex 

(Hernández et al ., 2002). A lthough H op i s not r equired f or t he f ormation of  t he G R-

Hsp90 chaperone system assembly, it has been shown to enhance the rate of the process 

(Morishima et al., 2000a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The CKII, cdc2 kinase, NLS, and TPR motifs in mSTI1  
The amino acid sequence of mSTI1, showing 6 potential casein kinase II sites (blue box) (Blatch et al., 1997), 
2 potential cdc2 kinase s ites (green box), and potential NLS sequences (red box). Two putative CcN motifs 
(bold lettering) start at S189 and S226. The CcN motif at position 189-239 is reported to be the most likely to be 
functional in vivo (Longshaw et al., 2000). Single letter amino acid code is used. TPR motifs are underlined 
(Scheufler et al., 2000). 

      1 M E Q V N E L K E K G N K A L S A G N I D D A L Q C Y S E A 
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     61   G C K T V D L K P D W G K G Y S R K A A A L E F L N R F E E 

     91   A K R T Y E E G L K H E A N N L Q L K E G L Q N M E A R L A 

    121   E R K F M N P F N L P N L Y Q K L E N D P R T R S L L S D P 

    151   T Y R E L I E Q L Q N K P S D L G T K L Q D P R V M T T L S 

    181   V L L G V D L G S M D E E E E A A T P P P P P P P K K E P K 

    211  P E P M E E D L P E N K K Q A L K E K E L G N D A Y K K K D 
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In addition, the weak ATPase activity of human Hsp90, which is stimulated by binding to 

GR, is inhibited by both p23 and Hop (McLaughlin et al., 2002). The rate-limiting ATP-

dependent ope ning of  t he s teroid bi nding c left a fter H sp90 bi nding ( Kanelakis et al ., 

2002) m ay t hus be  hi ghly regulated b y t he c o-chaperones p23 a nd H op. A ll H op i n 

reticulocyte lysate is present in an Hsp70-Hop-Hsp90 complex (Murphy et al., 2001). 

 

Prior to this work, there was little information available on the possible phosphorylation 

of mSTI1, Hop or STI1. No phosphorylation of mSTI1 by MAP kinase-activated protein 

kinase 2 (MAPKAP kinase 2) , a heat act ivated kinase, has been detected (Lässle et al ., 

1997). However, a heat-activated S6 kinase, pp90rsk

 

 has been shown to phosphorylate an 

N-terminal peptide of mSTI1, albeit with low activity (Lässle et al., 1997). A shift in the 

in vivo isoform c omposition of  H op, t o m ore a cidic ( and t herefore possibly m ore 

phosphorylated) f orms, oc curs a fter vi ral t ransformation a s w ell a s after he at s hock, 

suggesting t he st ress-induced phos phorylation of  a  H op s ubpopulation ( Honoré et al ., 

1992). Investigations into a direct interaction of Hop homologs and cell cycle machinery 

have reported a direct physical interaction of the Candida albicans STI1 and cdc2 kinase 

(Ni et al ., 2001) and of  the Saccharomyces cerevisiae STI1 and cdc37 (Abbas-Terki et 

al., 2002). STI1 is specifically retained from yeast extracts by immobilized cdc37 and is 

proposed to interact directly with cdc37 in a complex in vivo. Previously, Hsp90 has been 

thought t o m ediate i nteractions be tween c o-chaperones a nd c dc37, how ever S TI1 h as 

now been shown to interact directly with cdc37, indicating a further level of complexity 

in H sp90-based c haperone i nteractions ( Abbas-Terki et al ., 2002). Cdc37 and sti1 

mutations of  Saccharomyces c erevisiae have be en s hown t o be  synthetically le thal, 

further supporting a direct contact between cdc37 and STI1 in vivo (Abbas-Terki et al ., 

2000). 
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1.4  HYPOTHESIS, AIMS AND OBJECTIVES 
 
The GR forms a  complex with chaperones Hsp90 and Hsp70, and co-chaperones Hop, 

Hsp40 and p23, resulting in the hormone-binding domain of the receptor being converted 

to i ts high affinity s teroid binding s tate (Murphy et al ., 2001 ). This ho rmone-free G R-

Hsp90 he terocomplex i s l ocalized i n t he c ytoplasm of  m ost c ells, a nd a fter s teroid 

binding i t t ranslocates t o t he nuc leus ( Picard and Y amamoto, 1987) , propsed t o be  

through an association with the multiprotein Hsp90-based chaperone system (DeFranco, 

2000) a nd N LS-directed m ovement vi a t he pr oto-NLS in the G R ( Pratt et al ., 2001).  

mSTI1 is a homolog of  Hop, localized in the cytoplasm (Lässle et al ., 1997) and CKII 

and c dc2 ki nases phos phorylate m STI1, pr oximal t o a  pr edicted N LS, s upporting a  

predicted CcN motif (Longshaw et al., 2000).  

 

In br oad te rms, it is  th erefore h ypothesized that a  nu cleocytoplasmic distribution of 

mSTI1 occurs as a result of nuclear import and export of mSTI1, and that nuclear import 

is regulated by cell cycle status and cell cycle kinases. 

 

In specific terms, nuclear localization is proposed to be directed by a functional NLS in 

mSTI1 at a mino-acid p osition 222 -239, a nd n uclear e xport of  m STI1 t hrough t he 

classical CRM-1 export pathway. Furthermore, the NLS in mSTI1 is hypothesized to be 

regulated via int eractions w ith cell-cycle ma chinery, s ubstantiating a pr edicted C cN 

motif.  This CcN mot if may consist of  amino-acid pos itions 189-239 in mSTI1, with a  

functional CKII site at S189 and a functional cdc2 kinase site at T198. Modifications at 

the S 189 a nd T 198 pos itions, a nd i nhibition of  C KII a nd cdc2 ki nases, may t herefore 

affect the nucleocytoplasmic distribution of mSTI1. 
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CHAPTER 2 
 

BIOINFORMATIC ANALYSIS OF mSTI1 
 

SUMMARY: The primary amino acid sequence of mSTI1 was assessed and compared 

to t he pr imary sequence of  ot her S TI1 pr oteins. T he NLS, but  not  t he pr oximal 

phosphorylation sites were conserved in STI1 proteins. The CKII site residues, D191 and 

E194, contacted the conserved NLS first basic arm residue, K222 and the cdc2 kinase site 

residue T198 contacted the conserved NLS spacer region residue K229. The bioinformatic 

assessment of mSTI1 presented in this work suggests a role for these proximal CKII and 

cdc2 kinase phosphorylation sites in mSTI1 in the electrostatic stabilization of the NLS 

for bi nding t o ka ryopherin-α. P hosphorylation a t t he S 189 and T 198

 

 sites i s pr edicted to 

affect t he bi nding of  t he m STI1 N LS t o ka ryopherin-α. T he N LS c oincides w ith t he 

Hsp90-binding TPR2A domain of mSTI1. It is predicted that mSTI1 may not be able to 

simultaneously bind Hsp90 and ka ryopherin α, due to the s terically close proximity of  

their respective binding sites. This alternate binding of Hsp90 or karyopherin α may have 

mechanistic i mplications f or t he f ormation of  t he H sp70/mSTI1/Hsp90 c haperone 

complex and its localization.  
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2.1  INTRODUCTION 
 
2.1.1  The Fasta and Blast methods for database searches 
 

The pr ogram EN TREZ ( http://www.ncbi.nlm.nih.gov/Entrez), a  d erivative f rom t he 

original me nu-driven program cal led GEN-INFO, a llows r apid a nd f lexible s earching 

through a s imple w indows-interface for s imilar s equences on t he b asis of  pr evious 

similarity comparisons.  

  

The program FASTA, developed by Pearson and Lipman (1988) is now extensively used 

as i t r apidly pe rforms a  database s can for s imilarity. A n even m ore r apid pr ogram f or 

searching s equence da tabases i s t he B LAST pr ogram 

(http://www.ncbi.nlm.nih.gov/BLAST) developed by Altschul et al. (1990). The BLAST 

server is probably the most widely used search facility, providing similarity searching to 

all c urrently available s equences. B oth FASTA a nd B LAST pr epare a  t able of  s hort 

sequence w ords, how ever BLAST also de termines w hich o f t hese w ords a re m ost 

significant, confining the search to these words. More recent versions of BLAST include 

GAPPED-BLAST, which is three-fold faster than the original BLAST and PSI-BLAST 

(position-specific-iterated BLAST). These programs can  f ind more distant matches to a 

test pr otein sequence by  repeatedly s earching f or addi tional s equences t hat m atch an 

alignment of  t he qu ery. B LAST assigns an e xpectation va lue ( E v alue), w hich i s t he 

number of  m atches ex pected by chance be tween the que ry s equence a nd r andom o r 

unrelated database sequences. 
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2.1.2  The functional significance of sequence alignment 
 

With the advent of genome analysis and large-scale sequence comparisons, it is important 

to recognize t hat s equence s imilarity m ay b e an  i ndicator of  s everal po ssible t ypes of  

ancestor relationships. Recent theories have suggested evolution of genes, and therefore 

proteins, t o be  t hrough gene dupl ication c reating t andem c opies of  t he same ge ne, a nd 

subsequent mutation of the two copies, allowing them to evolve along different pathways. 

Furthermore, genetic r earrangement a llows r eassortment of  dom ains within pr oteins 

resulting i n a c omplex evolutionary history. H omologous genes t hat s hare a c ommon 

ancestry and function i n t he a bsence of  evidence of  gene dupl ication are t ermed 

orthologs. The conserved functional and s tructural domains of  a  protein family may be 

resolved using multiple sequence alignments of orthologs. 

 

2.1.3  Sequence analysis programs 
 

Initial m ethods f or comparing s equences i nvolved t he dot  matrix m ethod ( Gibbs a nd 

McIntyre, 1970), which required the first sequence to form the x-axis and the second the 

y-axis of a graph. Whenever the same letter appeared in both sequences, a dot was placed 

at the intersection, and the resulting graph scanned for a diagonal line fit. More recently, 

methods have been developed that allow the aligning of  three or more sequences at the 

same time . The pr ograms mos t c ommonly u sed are the  G CG pr ogram P ILEUP 

(http://www.gcg.com) and CLUSTALW (Thomson et al.) (Baylor College of Medicine, 

http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html). T wo m atrix 

representations of the multiple sequence alignment called a PROFILE and a POSITION-

SPECIFIC SCORING MATRIX (PSSM) are useful computational tools. 

 

CLUSTALW i s a  m ore r ecent ve rsion of  C LUSTAL, w ith t he “ W” s tanding f or 

“weighting” to r epresent t he ability of t he program to provide w eights t o t he s equence 

and program parameters, while CLUSTALX provides a graphic interface. CLUSTALW 

aligns the most closely related sequences first, and then additional sequences and groups 

of sequences are added and guided by the initial alignments (Higgins and Sharp, 1988; 

http://www.gcg.com/�
http://dot.imgen.bcm.tmc.edu:9331/multi-align/multi-align.html�
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Thompson et al. 1994; Higgins, et al. 1996). As more sequences are added to the profile 

of the  existing a lignment, gaps ma y accumulate and influence the  a lignment of  further 

sequences. T his m ay be r egarded a s a  criticism of  t his approach t o m ultiple s equence 

alignments. However, CLUSTALW has been designed to calculate these gaps in a novel 

way and place them in regions between conserved domains, in an attempt to compensate 

for t he s coring m atrix, the e xpected num ber of  g aps ( alignment w ith m ore i dentities 

should ha ve f ewer gaps) a nd di fferences i n s equence l ength. T hus C LUSTALW i s 

designed to provide an adequate alignment of a large number of sequences and provide a 

very good indication of  the domain s tructure of  those sequences (Pascarella and Argos, 

1992). C LUSTALW us es a  m ore global a lignment of  s equence s imilarity compared t o 

the l ocal a lignment us ed b y B LAST. T his c an provide a  be tter ove rview of  s equence 

similarity and therefore ancestral relationship, whereas a local alignment is useful for the 

investigation of  functional m otifs, w hich a re conserved i n a ncestrally unr elated but  

functionally related proteins. 

 

2.1.4  Predicting protein secondary structure 
 
Although t he num ber o f know n p rotein s equences i s l arge, t he num ber of  pr otein 

sequences for which the structure has been resolved is relatively small. This is due to the 

expensive a nd t ime-consuming na ture of  X -ray cr ystallography and nuclear m agnetic 

resonance s pectroscopy (NMR). T he a mino a cid s equence o f t he p rotein di rects t he 

folding pathway, often assisted by chaperones. Computational methods have been used to 

find protein structures with similar structural folds. Proteins have therefore been reported 

to ha ve a  l imited num ber of  s tructural f olds ( Chothia, 1992) , s uggested t o be  due  t o 

chemical restraints on protein folding or the existence of a single evolutionary pathway 

for protein structure (Gibrat et al. 1996).   

 
Several al gorithms ar e now ava ilable t o predict t he s econdary s tructure cont ent o f 

proteins. The Chou-Fasman approach (Chou and Fasman, 1974) is based on s tatistically 

observed pr opensities o f a ll 20 a mino a cids t o oc cur i n va rious pr otein s econdary 

structures. For instance, valine and isoleucine have high beta-sheet probabilities, alanine 

and glutamic acid have high helical probabilities, and glycine and proline tend to appear 
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in random coil structures. The simplified rules of Williams et al. (1987) have improved 

the accuracy and utility of the original approach to within a 57.5% level of accuracy. A 

random three-state prediction (helix, beta and coil) is expected to be only 33.6% correct, 

based on t he di sposition of  t he s econdary s tructures i n s tructural da tabases. T he G OR 

method (Garnier et al. 1978) is a statistical technique that predicts secondary structure on 

the basis of  parameters obtained f rom information theory. The GOR method takes into 

account t he pos itional pr eferences of  amino acids within he lices, be ta sheets and coils. 

This method has since been modified (Gibrat et al., 1987) and is rated as among the most 

accurate of  known m ethods, a ttaining a  63.4%  l evel of  a ccuracy (using t he s tructural 

assignments available i n structural d atabases). H omology b ased s econdary s tructure 

prediction (Nishikawa and Ooi, 1986; Sweet, 1986; Levin et al., 1986) makes use of short 

stretches of homologous sequences within the protein of  interest and compares them to 

known protein structures. For proteins sharing greater than 25% sequence similarity with 

any protein in the structure databases, this method approaches a level of accuracy of 87%. 

For proteins possessing no significant homology, the prediction is 66% correct. 

 

Bowie et al . (1991) also de veloped a m ethod f or pr edicting w hether a g iven pr otein 

sequence can occupy the same three dimensional conformation as another based on t he 

properties of  t he a mino a cids. F urthermore, i t i s now  pos sible t o s earch f or pr otein 

sequences that may form proteins with a common biochemical activity, deduced by the 

pattern of amino acids responsible for that activity. The patterns were collected into the 

PROSITE da tabase ( http://www.expasy.ch/prosite). A lignments of  pr otein s equences 

making up  m otifs w ere us ed to ge nerate t he BLOCK da tabase 

(http://www.blocks.fhcrc.org/) to determine the  pos sible bi ochemical activity of  a n 

unknown pr otein. S imilarly, un gapped p atterns i n a lignments m ay be  e xtracted t o 

produce bl ocks us ing BLOCKS 

(http://www.blocks.fhcrc.org/blocks/process_blocks.html) from alignments in FASTA or 

CLUSTAL f ormats. T he e MOTIFS s erver ( http://dna.stanford.edu/emotif/) s imilarly 

extracts motifs from multiple sequence alignments. The changes in the patterns of these 

matrices m ade i t pos sible t o generate a ne w set of am ino acid matrices, called Blocks 

Amino Acid Substitution Matrices (BLOSUM) (Henikoff and Henikoff, 1992), of which 

http://www.expasy.ch/prosite�
http://www.blocks.fhcrc.org/�
http://www.blocks.fhcrc.org/blocks/�
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BLOSUM62 i s t he m ore f requently used i n s earching a nd aligning s equences f rom 

databases. 

 
2.1.5  Modeling of protein structures 
 
 

In p erforming s tructural m odeling, t he t hree-dimensional s tructure o f the mol ecular 

backbone of a matched sequence is superimposed upon the one-dimensional structure of 

a s econd pr otein s equence, s uch t hat t he a verage de viation of  di stance be tween t he 

respective atoms is  min imal. While s tatistically s ignificant s equence s imilarity is  a n 

indicator of  an evolutionary r elationship be tween s equences, s tructural s imilarity i s 

common, e ven a mong proteins not  s haring a ny sequence s imilarity o r e volutionary 

relationship.  M olecular di stances, a ngles a nd energies of  t he s uperimposed s equence 

may t hen b e a nalyzed and m anipulated b y t he S PDBViewer. U seful pr ograms f or 

modeling ar e M odeler ( http://guitar.rockefeller.edu/modeller.modeller.html), Swiss-

model ( http://www.expansy.ch/swissmod/SWISS-MODEL.html) and W hatIF 

(http://www.cmbi.kun.nl/whatif/) (Mount, 2001). 

 

2.1.6  Bioinformatic analysis of mSTI1 
 

Bioinformatic s tudies of  m STI1 ha ve m ainly be en t o f urther t he i nvestigation of  t he 

structure a nd f unction of  t he T PR dom ains i n mSTI1. T en pot ential T PR m otifs ha ve 

been identified in mSTI1 (Blatch et al., 1997). The mSTI1 homolog Hop was predicted to 

contain nine TPR motifs, forming two TPR domains (Scheufler et al., 2000). These TPR 

domains enable Hop and mSTI1 to carry out their apparent main function of association 

with the EEVD motifs in both Hsp70 and Hsp90. The simultaneous interaction of mSTI1 

with Hsp70 and Hsp90 at its N- (TPR1) and C- termini (TPR2) respectively is mediated 

by t he T PR m otifs i n t hese r egions ( Lässle et al ., 1997; V an de r S puy et al ., 2000; 

Odunuga et al ., 2002). Hsp70 and Hsp90 bind with high affinity to Hop (Kd = 250 nM 

and K d = 90 nM r espectively) ( Hernández et al ., 2002). A pe ntapeptide of  H sp90 

(MEEVD) is reported to be the core binding residues required for specific binding to the 

TPR2A of  H op. H sp70 bi nding t o Hop, how ever, r equires t he H sp70 he ptapeptide 

http://guitar.rockefeller.edu/modeller.modeller.html�
http://www.expansy.ch/swissmod/SWISS-MODEL.html�
http://www.cmbi.kun.nl/whatif/�
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(PTIEEVD) bi nding b y TPR1, a s w ell a s a dditional c ontacts be tween H sp70 a nd H op. 

Asp0 and Val-1 of the EEVD motif have been identified as general anchor residues for 

the bi nding of  t he E EVD s equence t o t he T PR r esidues i n H op. T he hi ghly c onserved 

glutamates of  t he E EVD s equence a re c ritical i n H sp90 bi nding b y T PR2A. H owever, 

these glutamates do not  contribute appreciably to the interaction of Hsp70 with TPR1 of 

Hop ( Brinker et al ., 2002). T hese t wo T PR domains h ave be en s uggested t o f orm t wo 

globular dom ains, s eparated b y a n e xtended pol yproline II h elix w hich c ould pos sibly 

serve as a linker region within the protein (Blatch et al.,1997). Previously, bioinformatic 

analysis of  mSTI1 has been restricted to the modeling of  the  TPR1 (three TPR mot ifs) 

and TPR2 (six TPR motifs) regions for binding studies to Hsp70 and Hsp90 respectively 

(Van d er S puy, 2000;  Odunuga et al ., 2002) . These m odels h ave us ed t he s tructural 

coordinates of  t he r esolved P P5, a nd t he H op T PR1 a nd T PR2 s tructures. S tructural 

information, real or predicted, of the CcN motif has previously not been available.  

 

2.1.7  Specific hypothesis, aims and objectives 
 

Hop, t he hum an hom olog of  m STI1 ( Lässle et a l., 1997), i s i nvolved i n mediating t he 

Hsp90 based chaperone complex that binds to the GR, converting the hormone-binding 

domain of  t he r eceptor t o i ts hi gh a ffinity s teroid bi nding s tate (Murphy et al ., 2001) . 

After s teroid binding, this hormone-free GR-Hsp90 heterocomplex i s t ranslocated f rom 

the cytoplasm to the nucleus (Picard and Yamamoto, 1987), via NLS-directed movement 

via t he pr oto-NLS in the G R ( Pratt et al ., 2001) a nd t hrough a ssociation w ith t he 

multiprotein Hsp90-based chaperone system (DeFranco, 2000).  The translocation of the 

GR-Hsp90 chaperone c omplex m ay also be  b rought a bout b y t he pr edicted N LS i n 

mSTI1, implying a translocation regulatory role of mSTI1 in this complex. 

 

It is hypothesized that mSTI1 contains a CcN motif that conforms structurally to the CcN 

motif ini tially de scribed f or S V40 T -antigen, and that thi s C cN mo tif is  s tructurally 

integrated with other motifs in mSTI1, namely TPR motifs.  
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In this work, the potential NLS in mSTI1 at positions 222-239 will later be tested for its 

functionality i n t argeting a non -nuclear pr otein t o t he nuc leus. In t his c hapter, t he 

conservation of  t his N LS w as de termined f or a ll S TI1 pr oteins, a s w ell a s t he 

conservation of  t he p roximal phos phorylation s ites t o t his N LS, w hich m ake up t he 

predicted CcN motif (Longshaw et al ., 2000). The usefulness of  this analysis would be  

towards a n unde rstanding of  w hich r esidues c ontained w ithin t he m STI1 N LS a re 

potentially c ritical, for f urther a nalysis of  the ir potential me chanistic int eractions. The 

potential CcN motif region was modelled on a potentially structurally similar protein to 

produce a  3D  m odel of  t his r egion of  m STI1. T he r esidues i n t he N LS f ound t o be  

conserved i n S TI1 pr oteins w ere a nalyzed f or s ignificant c ontacts w ith other r esidues 

using thi s 3D model o f the potential CcN mot if in mSTI1.  Although the s tructures of  

fragments of the mSTI1 homolog Hop in complex with Hsp70 and Hsp90 peptides have 

been resolved, these structures do not include the full potential CcN motif. The template 

for t he modelling of  t his r egion was t herefore carried out on t he TPR-rich PP5 protein 

structure. Furthermore, the CcN motif region in mSTI1 was analyzed for its proximity to 

other motif structures in mSTI1, namely the TPR motifs, which mediate protein-protein 

interaction. The TPR2 in mSTI1 binds Hsp90, while the predicted NLS in mSTI1 would 

probably bi nd t he N LS receptor pr otein, ka ryopherin-α. The f unctional s ignificance of  

the proximity of these motifs was discussed. 
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2.2  EXPERIMENTAL PROCEDURES 
 

2.2.1 The analysis of the mSTI1 amino acid sequence  
 

The primary amino acid sequences of mSTI1 and of proteins demonstrating homology to 

mSTI1 were downloaded from the NCBI database (http://www.ncbi.nlm.nih.gov/Entrez), 

the S accharomyces G enome D atabase (SGD) (http://genome-

www.stanford.edu/Saccharomyces), E uropean M olecular B iology Laboratory ( EMBL) 

(http://www.embl-heidelberg.de), SW ISS-PROT, TrEMBL 

(http://www.expasy.org/sprot/) a nd t he P rotein Information R esource  database ( PIR) 

(http://pir.georgetown.edu/).  

 

2.2.2 The alignment of protein sequences 
 

Protein sequences w ere pa irwise aligned using CLUSTALW at  t he BCM Launcher 

(BCM) s erver ( http://searchlauncher.bcm.tmc.edu/seq-search/alignment.html). Protein 

sequences were multiple-aligned using the GCG program ClustalW 1.8 (Corpet, 1988) at 

the European B ioinformatics I nstitute (EBI) s erver ( http://www2.ebi.ac.uk/clustalw/) 

(Thompson et al. 1994). The multiple-alignment in FASTA format was then assessed for 

conserved bl ocks us ing t he BLOCK s erver 

(http://www.blocks.fhcrc.org/blocks/process_blocks.html) to determine s ignificantly 

conserved residues in conserved blocks in the regions of the identified CcN motifs.  

 

2.2.3  The prediction of secondary structure of mSTI1 
 

Secondary s tructure pr edictions w ere us ed t o a ssess t he s econdary s tructure c ontent of  

mSTI1, especially of the CcN motif, such that an appropriate 3D coordinate file could be 

used for subsequent homology modeling. The program PepTools with the Chou-Fasman, 

the GOR, and the homology algorithms, was used. 

http://www.ncbi.nlm.nih.gov/Entrez�
http://www.embl-heidelberg.de/�
http://pir.georgetown.edu/�
http://�
http://www2.ebi.ac.uk/clustalw/�
http://www.blocks.fhcrc.org/blocks/process_blocks.html�
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2.2.4  The modeling of the mSTI1 CcN motif 
 
A pr eliminary hom ology m odel w as c arried out  w ith pr otein phos phatase 5 ( PP5) a s a  

template us ing the S WISS-MODEL pr ogram at  

http://www.expasy.org/swissmod/SWISS-MODEL.html (Guex a nd P eitsch, 1997) . T he 

PP5 template was used instead of the Hop template because the Hop structure(1ELR.pdb) 

does not  i nclude t he f ull C cN m otf. T he m odel w as vi sualized us ing D eep V iew 

SwissPDB viewer at http://www.expasy.ch/spdbv/mainpage.html. The mSTI1 identified 

CcN m otif s equence V181-F241

 

 was t hen m odeled a gainst t he P P5 c oordinate f ile 

1A17.pdb a s dow nloaded f rom t he P rotein D ata B ank, us ing t he m odeling pr ogram 

WhatIF ( Vriend, 1990) . P otentially s ignificant di stances be tween side-chains w ere 

visualized using the SwissPDB viewer and Molscript (Kraulis, 1991). 

2.2.5 The structure of the bipartite NLS in Hop, and as 

recognized by karyopherin α 
 

The coordinate files for the TPR2 of Hop in complex with a C-terminal peptide of Hsp90 

(1ELR.pdb), and for mouse karyopherin α in complex with the nucleoplasmin bipartite 

NLS (1EJY.pdb), were downloaded f rom the Protein Data Bank. These structures were 

visualized in Molscript (Kraulis, 1991). 

 

http://www.expasy.org/swissmod/SWISS-MODEL.html�
http://www.expasy.ch/spdbv/�
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2.3  RESULTS AND DISCUSSION 
 

2.3.1  The NLS in the CcN motif is conserved 
 

The pr imary amino a cid s equence of  t he pr edicted C cN m otif a t pos itions 189 -239 i n 

mSTI1 w as f ound t o resemble s imilar C cN m otifs r eported for ot her p roteins ( Figure 

2.1).  A  second CcN motif was identified in mSTI1 at positions 326-251, however this 

CcN motif is unlikely to be phosphorylated, since removal of the S189 CKII site and the 

T198 c dc2 ki nase s ite abolished phos phorylation of  G ST-mSTI1 b y CKII and cdc2 

kinase respectively (Longshaw et al., 2000) 

S111S112DDE  ATADSQHS T124P PKKKRKV SV40 T-Ag  

  S189MDEE EEAAT198P PPPPPP KKEPKP EPMEED LPENKK QALKEK ELGNDA YKKK mSTI1 CcN  1 

S326LAE HRT332PDVL KKCQQAEKILKEQER mSTI1 CcN  2 
 

  S149PPK...KRPAATKKAGQAKKKKL171 …EDES177S178EEDS182PTKK Nucleoplasmin 
(Xenopus)  

SS312PQP KKKP319… LKTKKGQ372…SRHKKTM381…GPDS389D p53 (human)  

KKYENVV..KRS646PRK..RGRPRK655…SSS664PIK SW15  
(S. cerevisiae)  

Figure 2.1: Comparison of CcN motifs  
Identified mSTI1 CcN motifs were compared to those reviewed by Jans and Hübner (1996). Single letter amino acid code is 
used. T he C KII co nsensus site co mprises an  ac idic a mino aci d 3  r esidues C-terminal t o p hosphorylatable S /T, with a n 
elevated number of acidic residues in the vicinity increasing its affinity for CKII. Amino acid sequences corresponding to 
this CKII consensus site a re indicated by a bl ue box. Cdk/ p34 cdc2 kinase phosphorylates S /  T r esidues C  - terminal to 
proline r esidues, i f a b asic amino aci d i s p resent 1  or 2 r esidues C-terminal to  t he p roline. Amino a cid s equences 
corresponding to this p34cdc2 consensus site are indicated by a g reen box. Amino acid sequences showing similarity to the 
SV40 NLS are indicated by a red box. Confirmed in vitro or in vivo phosphorylation sites for CKII, Cdk/ p34cdc2 kinase, and 
NLS are indicated by +. Phosphorylated residues are numbered. 
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The mSTI1 p rimary acid sequence (accession n umber NP_058017) was used to s earch 

the entire database through the BLAST search program, using the Entrez Browser. The 

search yielded 11 significant hits, mostly against the TPR regions. The proteins identified 

by BLAST w ere com pared to mSTI1 using a  pa irwise B CM Launcher al ignment. 

Mammalian or higher vertebrate STI1 proteins had a high identity to mSTI1 (Table 2.1, 

Figure 2.2)  and w ere hi ghly c onserved i n t he C cN m otif r egion. rnSTI1 w as f ound t o 

have t he hi ghest p airwise i dentity to m STI1, and l owest gap f requency, followed b y 

cgSTI1, hsSTI1 and xlSTI1 (Table 2.1). STI1 proteins from yeast, simple vertebrate or of 

plant origin, were less similar to mSTI1, and showed a higher gap frequency (Table 2.1, 

Figure 2.3 ).  S equence analysis l imit s  pr edictions of  r esidue i nteractions a s i t c annot 

include three-dimensional data, but can be positively used to assess possible conservation 

of residues and therefore their possible mechanistic importance. 

 

The C cN mot if in the le ss s imilar S TI1 pr oteins s howed little s imilarity in  

phosphorylation sites proximal to the NLS, however residues in the NLS sequence were 

highly c onserved and constituted a  c onserved bl ock ( Figure 2.4) . T he C cN m otif 

(conserved bl ock 222 -256) w as f ound t o c ontain s ignificantly conserved residues K 223, 

A225, E228, K229, G232, N233, Y236, K237, K238 and K239 (Figure 2.4).  This therefore included 

the fi rst (K 223) a nd s econd ( K237, K 238 and K 239

 

) ba sic c lusters of  the  bipartite N LS. 

Although i n a  s ignificant pr oportion of  bi partite N LS s equences, one  o f t he ne cessary 

bipartite clusters shows a striking similarity to the SV40 NLS, it is not sufficient by itself 

to t arget a  pr otein t o t he nuc leus ( Dingwall a nd L askey, 1991) . T herefore, t he 

conservation of  bot h c lusters of  t he N LS i mplies a  c onservation of  t he S TI1 N LS 

function. T he phos phorylation s ites pr oximal t o t he N LS, on t he ot her ha nd, a re not  

highly conserved among STI1 homologs. If the NLS is functional in STI1 proteins that 

lack kinase sites proximal to the NLS, the conserved STI1 NLS may not require proximal 

phosphorylation to function.  

Residues in the NLS spacer region were also conserved and included negatively charged 

(E228); pos itively charged (K229); pol ar (G 232, N 233) and  non-polar r esidues (A225, Y 236). 

Although varying the length of the bipartite NLS spacer has been found to have no effect 
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on nuclear targeting efficiency, the introduction of hydrophobic or bulky residues into the 

spacer markedly reduces targeting efficiency (Robbins, et al., 1991). The conservation of 

charged residues implies the formation of salt bridges for electrostatic stabilization of the 

protein. The conservation of the hydrophobic Y236, on t he other hand, could indicate i ts 

participation in a h ydrophobic bi nding po cket between h elices, also f or s tabilization 

purposes. The conservation of the small G232 and A225

 

 residues (Figure 2.2) implies that 

this r egion i s c losely packed. T he i ntroduction of  h ydrophobic or  b ulky residues, 

therefore, i nto t his s pacer m ay certainly af fect t he cl osely p acked electrostatic 

interactions of this site. 

Table 2.1:  Pairwise alignments of mSTI1 homologs 
Organism Protein Accession 

number 

BLAST E 

value 

%Identity 

to mSTI1 

%Gap 

frequency 

Rattus norvegicus rnSTI1 NP_620266 0.0 99.3 0.0 

Cricetulus griseus cgSTI1  AAB94760 0.0 97.8 0.0 

Homo sapiens hsSTI1  NP_006810 0.0 97.4 0.0 

Xenopus laevis xlSTI1 AAM77586 0.0 85.5 0.0 

Caenorhabditis 

elegans 

ceSTI1 NP_503322 5e-91 56.1 0.9 

Arabidopsis thaliana atSTI1 AAF19538 e-110 43.1 9.0 

Glycine max gmSTI1 CAA56165 3e-91 41.8 5.9 

Acanthamoeba 

castellanii 

acSTI1 AAB49720 e-113 45.7 3.6 

Schizosaccharomyces 

pombe 

spSTI1 NP_588123 7e-96 39.8 8.8 

Saccharomyces 

cerevisiae 

scSTI1 NP_014670 8e-86 38.7 7.9 

Leishmania major lmSTI1 AAB37318 5e-91 39.6 1.7 
Protein sequences were pairwise aligned using BLOSUM62 at the BCM Launcher (BCM) server 
(http://searchlauncher.bcm.tmc.edu/seq-search/alignment.html). 

http://�
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mmSTI1       1 MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYED 
rnSTI1       1 MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYED 
cgSTI1       1 MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQNHVLYSNRSAAYAKKGDYQKAYED 
hsSTI1       1 MEQVNELKEKGNKALSVGNIDDALQCYSEAIKLDPHNHVLYSNRSAAYAKKGDYQKAYED 
xlSTI1       1 MEAANALKEKGNKALSAGNLDEAVKCYTEAIKLDPKNHVLYSNRSAAYAKKKEFTKALED 
consensus    1 MEqvNeLKEKGNKALSaGNiDdAlqCYsEAIKLDPqNHVLYSNRSAAYAKKgdyqKAyED 
 
mmSTI1      61 GCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLA 
rnSTI1      61 GCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLA 
cgSTI1      61 GCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEARLA 
hsSTI1      61 GCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNPQLKEGLQNMEARLA 
xlSTI1      61 GSKTVELKADWGKGYSRKAAALEFLNRFEEAKKTYEEGLRHEPTNAQLKEGLQNMEARLA 
consensus   61 GcKTVdLKpDWGKGYSRKAAALEFLNRFEEAKrTYEEGLkHEanNlQLKEGLQNMEARLA 
 
mmSTI1     121 ERKFMNPFNLPNLYQKLENDPRTRSLLSDPTYRELIEQLQNKPSDLGTKLQDPRVMTTLS 
rnSTI1     121 ERKFMNPFNLPNLYQKLENDPRTRTLLSDPTYRELIEQLQNKPSDLGTKLQDPRVMTTLS 
cgSTI1     121 ERKFMNPFNLPNLYQKLENDPRTRTLLSDPTYRELIEQLRNKPSDLGTKIQDPRIMTTLS 
hsSTI1     121 ERKFMNPFNMPNLYQKLESDPRTRTLLSDPTYRELIEQLRNKPSDLGTKLQDPRIMTTLS 
xlSTI1     121 EKKFMNPFNSPNLFQKLESDPRTRALLSDPSYKELIEQLRNKPSDLGTKLQDPRVMTTLS 
consensus  121 ErKFMNPFNlPNLyQKLEnDPRTRtLLSDPtYrELIEQLrNKPSDLGTKlQDPRvMTTLS 
 
mmSTI1     181 VLLGVDLGSMDEEEEAATPPPPPPPKKEPKPEPMEEDLPENKKQALKEKELGNDAYKKKD 
rnSTI1     181 VLLGVDLGSMDEEEEAATPPPPPPPKKEAKPEPMEEDLPENKKQALKEKELGNDAYKKKD 
cgSTI1     181 VLLGVDLGSMDEEEEAATPPPPPPSKKEAKPEPMEEDLPENKKQALKEKEMGNEAYKKKD 
hsSTI1     181 VLLGVDLGSMDEEEEIATPPPPPPPKKETKPEPMEEDLPENKKQALKEKELGNDAYKKKD 
xlSTI1     181 VLLGVELGNVDEEEEDTPSPAPSQPKKETKPEPMEEDLPENKKRAQKEKELGNEAYKKKD 
consensus  181 VLLGVdLGsmDEEEEaatpPpPpppKKE KPEPMEEDLPENKKqAlKEKElGNdAYKKKD 
 
mmSTI1     241 FDKALKHYDRAKELDPTNMTYITNQAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQIA 
rnSTI1     241 FDKALKHYDKAKELDPTNMTYITNQAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQIA 
cgSTI1     241 FDMALKHYDRAKELDPTNMTYITNQAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQIA 
hsSTI1     241 FDTALKHYDKAKELDPTNMTYITNQAAVYFEKGDYNKCRELCEKAIEVGRENREDYRQIA 
xlSTI1     241 FETALKHYGQARELDPANMTYITNQAAVYFEMGDYSKCRELCEKAIEVGRENREDYRLIA 
consensus  241 Fd ALKHYdrAkELDPtNMTYITNQAAVhFEkGDYnKCRELCEKAIEVGRENREDYRqIA 
 
mmSTI1     301 KAYARIGNSYFKEEKYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLA 
rnSTI1     301 KAYARIGNSYFKEERYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLA 
cgSTI1     301 KAYARIGNSYFKEERYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLA 
hsSTI1     301 KAYARIGNSYFKEEKYKDAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLA 
xlSTI1     301 KAYARIGNSYFKEEKNKEAIQFFNKSLAEHRTPEVLKKCQQAEKILKEQERVAYINPDLA 
consensus  301 KAYARIGNSYFKEEkyKdAIhFyNKSLAEHRTPdVLKKCQQAEKILKEQERlAYINPDLA 
 
mmSTI1     361 LEEKNKGNECFQKGDYPQAMKHYTEAIKRNPRDAKLYSNRAACYTKLLEFQLALKDCEEC 
rnSTI1     361 LEEKNKGNECFQKGDYPQAMKHYTEAIKRNPRDAKLYSNRAACYTKLLEFQLALKDCEEC 
cgSTI1     361 LEEKNKGNECFQKGDYPQAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEEC 
hsSTI1     361 LEEKNKGNECFQKGDYPQAMKHYTEAIKRNPKDAKLYSNRAACYTKLLEFQLALKDCEEC 
xlSTI1     361 LEAKNKGNESFQKGDYPQAMKHYSEAIKRNPNDAKLYSNRAACYTKLLEFLLAVKDCEEC 
consensus  361 LEeKNKGNEcFQKGDYPQAMKHYtEAIKRNPrDAKLYSNRAACYTKLLEFqLAlKDCEEC  
 

cont. 
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mmSTI1     421 IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHD 
rnSTI1     421 IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHD 
cgSTI1     421 IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALELDSSCKEAADGYQRCMMAQYNRHD 
hsSTI1     421 IQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLDSSCKEAADGYQRCMMAQYNRHD 
xlSTI1     421 IRLEPSFIKGYTRKAAALEAMKDFTKAMDAYQKAMELDSTSKEATDGYQRCMMSQYNRND 
consensus  421 IqLEPtFIKGYTRKAAALEAMKDyTKAMDvYQKAldLDSscKEAaDGYQRCMMaQYNRhD 
 
mmSTI1     481 SPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLI 
rnSTI1     481 SPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLI 
cgSTI1     481 SPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLI 
hsSTI1     481 SPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSEHLKNPVIAQKIQKLMDVGLI 
xlSTI1     481 NPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSDHLKNPVIAQKIQKLMDVGLI 
consensus  481 sPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALSeHLKNPVIAQKIQKLMDVGLI 
 
 
  
 
 

Figure 2.2:  The multiple sequence alignment of mSTI1 and similar homologs 
The amino acid sequences of the STI1 orthologs were aligned. The dark boxes represent the identical and thus 
conserved r esidues, an d t he g ray b oxes, t he structurally s imilar r esidues. mmSTI1: Mus m usculus 
(NP_058017), r nSTI1: Rattus nor vegicus (NP_620266), c gSTI1: Cricetulus g riseus (AAB94760), h sSTI1: 
Homo sapiens (NP_006810), and xlSTI1: Xenopus laevis (AAM77586). The identified CcN motif in mSTI1 is 
highlighted in red. The basic NLS clusters are indicated with arrowheads. The mSTI1 phosphorylation s ites 
are shown: the CKII site in blue and the cdc2 kinase site in green. The TPRs are indicated with orange lines. 
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mmSTI1       1 -MEQVNELKEKGNKALSAGNIDDALQCYSEAIKLDPQ-NHVLYSNRSAAYAKKGDYQKAY 
ceSTI1       1 ------------------------------------------------------------ 
atSTI1       1 ---MADEAKAKGNAAFSSGDFNSAVNHFTDAINLTPT-NHVLFSNRSAAHASLNHYDEAL 
gmSTI1       1 ---MAEEAKAKGNAAFSAGDFAAAVRHFSDAIALSPS-NHVLYSNRSAATLPP-ELRGGP 
acSTI1       1 MADIALEEKNKGNAAMSAGDFKAAVEHYTNAIQHDPQ-NHVLYSNRSAAYASLKDYDQAL 
spSTI1       1 ---MAEELKAKGNAAFSKKDYKTAIDYFTQAIGLDER-NHILYSNRSACYASEKDYADAL 
scSTI1       1 MSLTADEYKQQGNAAFTAKDYDKAIELFTKAIEVSETPNHVLYSNRSACYTSLKKFSDAL 
lmSTI1       1 ---DATELKNKGNEEFSAGRYVEAVNYFSKAIQLDEQ-NSVLYSNRSACFAAMQKYKDAL 
consensus    1    made k kgnaafsagdf  av  ft ai ldp  nhvlysnrsaayasl dy eal 
 
mmSTI1      59 EDGCKTVDLKPDWGKGYSRKAAALEFLNRFEEAKRTYEEGLKHEANNLQLKEGLQNMEAR 
ceSTI1       1 ------------------------------------------------------------ 
atSTI1      57 SDAKKTVELKPDWGKGYSRLGAAHLGLNQFDEAVEAYSKGLEIDPSNEGLKSGLADAKAS 
gmSTI1      56 SRRQKTVDLKPDWPKAYSRLGAAHLGLRRHRDASPPTKPASNSNPDNAALKSGLADAQAA 
acSTI1      60 ADGEKTVELKPDWSKGYSRKGAALCYLGRYADAKAAYAAGLEVEPTNEQLKQALQEAEEQ 
spSTI1      57 KDATKCTELKPDWAKGWSRKGAALHGLGDLDAARSAYEEGLKHDANNAQLLNGLKSVEAA 
scSTI1      61 NDANECVKINPSWSKGYNRLGAAHLGLGDLDEAESNYKKALELDASNKAAKEGLDQVHRT 
lmSTI1      57 DDADKCISIKPNWAKGYVRRGAALHGMRRYDDAIAAYEKGLKVDPSNSGCAQGVKDVQVA 
consensus   61  da ktvdlkpdwgkgysrkgaal gl rfdea  ay  gl idpsn glk gl dm a  
 
mmSTI1     119 LAERKFMNP--------FNLPN---LYQKLENDPRTRSLLSDPTYRELIEQLQNKPSDLG 
ceSTI1       1 ------------------------------------------------------------ 
atSTI1     117 ASRSRASAPN-----PFGDAFQGPEMWSKLTADPSTRGLLKQPDFVNMMKEIQRNPSNLN 
gmSTI1     116 ASRPPPTSP-------FATAFSGPDMWARSPPTP-PHVQPPGPRVRQDHAGHPEGPQQVQ 
acSTI1     120 EQASGGGPDIG----NVFGQMLQGDIWTKLRQSDLTRAYLDDPAFVSLLSRLQKNPNELP 
spSTI1     117 QTQAASGAGGFNPFAKLGSQLSDPKFMEKLASNPETASLLADSAFMAKLQKIQQNPGSIM 
scSTI1     121 QQARQAQPDLG--LTQL---FADPNLIENLKKNPKTSEMMKDPQLVAKLIGYKQNPQAIG 
lmSTI1     117 KAREARDPIAR---------VFTPEAFRKIQENPKLSLLMLQPDYVKMVDTVIRDPSQGR 
consensus  121                        pely kl   p tr ll dp yv li  lq np  l  
 
mmSTI1     168 TKLQ-DPRVMTTLSVLLGVDLGSMDEEE-------------------------------E 
ceSTI1       1 ------------------------------------------------------------ 
atSTI1     172 LYLQ-DQRVMQALGVLLNIQIRTQQAG-----------------DDMEIGEEEMAVPSRK 
gmSTI1     168 PAFE-YQRVMHAIGVLLNVKIQTPNHDEN--------------DHDADDDVSEDEVVSQP 
acSTI1     176 MYIQSDPRIANVFAVILGISQKPPGAET---------------------QEPAQ---QPK 
spSTI1     177 AELN-DPRMMKVIGMLMGIDINMNAGEGAAEEQEKKEEFAPSSSTPSADSAKPETTNPPP 
scSTI1     176 QDLFTDPRLMTIMATLMGVDLNMDDIN---QSNSMPKEPETSKSTEQKKDAEPQSDSTTS 
lmSTI1     168 LYME-DQRFALTLMYLSGMKIPNDGDG--------------------------------- 
consensus  181   lq dprvm  lgvllgv i     e                                  
 
mmSTI1     196 AATPPPPPPPKKEPKPEPMEEDLPENKKQALKEKELGNDAYKKKDFDKALKHYDRAKELD 
ceSTI1       1 -------------------------MTDAAIAEKDLGNAAYKQKDFEKAHVHYDKAIELD 
atSTI1     214 EPEVEKKRKPEPEPEPEPEFGEEKQKKLKAQKEKELGNAAYKKKDFETAIQHYSTAMEID 
gmSTI1     213 EPEHEPEAAVEVAEEEEEEEKETRDRKGQAQKEKEAGNAAYKKKDFETAIGHYSKALELD 
acSTI1     212 KEEPKKEEKPKAEEKPKEPEPELPTEKKQALEEKELGNQAYKKKDFDTAIVHYKKAFELD 
spSTI1     236 QPQASEPMEEDKTAEELEEAATKEALKKKADQEKQIGNENYKKRNFPVAIEQYKKAWDTY 
scSTI1     233 KENSSKAPQKEESKESEPMEVDEDDSKIEADKEKAEGNKFYKARQFDEAIEHYNKAWELH 
lmSTI1     194 E-EEERPSAKAAETAKPKEEKPLTDNEKEALALKEEGNKLYLSKKFEEALTKYQEAQVKD 
consensus  241   e  k    e e e e ee d  e kk AlkeKelGN aYkkkdFe Ai hY kA eld 
 
mmSTI1     256 PTNMTYITNQAAVHFEKGDYNKCRELCEKAIEVGRENREDYRQIAKAYARIGNSYFKEEK 
ceSTI1      36 PSNITFYNNKAAVYFEEKKFAECVQFCEKAVEVGRETRADYKLIAKAMSRAGNAFQKQND 
atSTI1     274 DEDISYITNRAAVHLEMGKYDECIKDCDKAVERGRELRSDYKMVAKALTRKGTALGKMAK 
gmSTI1     273 DEDISYLTNRAAVYLEMGKFEDCIKDCEKAVERGKELRSDYKMIARALTRKGTALAKMAK 
acSTI1     272 PDNMTYLTNLAAVYMEQKNYEECVNTCTEAIEVGRRVFADYKLISRAFHRKGNAYMKMEK 
spSTI1     296 K-DITYLNNLAAAYFEADQLDDCIKTCEDAIEQGRELRADFKLIAKALGRLGTTYQKRGD 
scSTI1     293 K-DITYLNNRAAAEYEKGEYETAISTLNDAVEQGREMRADYKVISKSFARIGNAYHKLGD 
lmSTI1     253 PNNTLYILNVSAVYFEQGDYDKCIAECEHGIEHGRENHCDYTIIAKLMTRNALCLQRQRK 
consensus  301 p  ityltNkaAvyfE g ydeci  cekaiE GrelraDykliakamsR gnay kmak 

cont. 
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mmSTI1     316 YK----DAIHFYNKSLAEHRTPDVLKKCQQAEKILKEQERLAYINPDLALEEKNKGNECF 
ceSTI1      96 LS----LAVQWFHRSLSEFRDPELVKKVKELEKQLKAAERLAYINPELAQEEKNKGNEYF 
atSTI1     334 VSKDYEPVIQTYQKALTEHRNPETLKRLNEAERAKKELEQQEYYDPNIGDEEREKGNDFF 
gmSTI1     333 CSKDFEPAIEIFQKALTENRNPDTLKKLNEAEKAKKELEQQEYFDPKLADEAREKGNELF 
acSTI1     332 Y----AEAIDSYNRALTEHRNPDSLNALRKAEQLKKESEEKNYVNPEISQQEKEKGNDCF 
spSTI1     355 LV----KAIDYYQRSLTEHRTPDILSRLKDAEKSKELQDREAYIDPDKAEESRVKGNELF 
scSTI1     352 LK----KTIEYYQKSLTEHRDILTKLRNAEKELKKAEAEAYVNPEKAEEARLEGKEYF 
lmSTI1     313 Y----EAAIDLYKRALVEWRNPDTLKKLTECEKEHQKAVEEAYIDPEIAKQKKDEGNQYF 
consensus  361 l      aiefyqk LtEhRnpd lkklkeaEk kke e  aYi PeladeekekGneyF 
 
mmSTI1     372 QKGDYPQAMKHYTEAIKRNPRD-----------------------AKLYSNRAACYTKLL 
ceSTI1     152 KKGDYPTAMRHYNEAVKRDPEN-----------------------AILYSNRAACLTKLM 
atSTI1     394 KEQKYPDAVRHYTEAIKRNPKDPRVRRIHHHISFNVVLKKSSVFDCFNNFNRAACYTKLG 
gmSTI1     393 KQQKYPEATKHYTEAIKRNPKD-----------------------AKAYSNRAACYTKLG 
acSTI1     388 RNAQYPDAIKHYTEAIRRNPTD-----------------------HVLYSNRAACYMKLG 
spSTI1     411 KSGDFANAIKEYTEMTKRAPSD-----------------------PRGFGNRAAAYLKVM 
scSTI1     408 TKSDWPNAVKAYTEMIKRAPED-----------------------ARGYSNRAAALAKLM 
lmSTI1     369 KEDKFPEAVAAYTEAIKRNPAEH-----------------------TSYSNRAAAYIKLG 
consensus  421 k gdypdAmkhYtEaikRnP d                       ak ysNRAAcytKlg 
 
mmSTI1     409 EFQLALKDCEECIQLEPTFIKGYTRKAAALEAMKDYTKAMDVYQKALDLD---SSCKEAA 
ceSTI1     189 EFQRALDDCDTCIRLDSKFIKGYIRKAACLVAMREWSKAQRAYEDALQVD---PSNEEAR 
atSTI1     454 AMPEGLKDAEKCIELDPTFLKGYSRKGAVQFFMKEYDNAMETYQKGLEHD---PNNQELL 
gmSTI1     430 AMPEGLKDAEKCIELDPTFSKGYTRKGAVQFSMKEYDKALETYREGLKHD---PNNQELL 
acSTI1     425 RVPMAVKDCDKAIELSPTFVKAYTRKGHCQFFMKQYHKCLETYEQGLKVE---PNNEELN 
spSTI1     448 APAECIRDCNKAIELDPNFAKAYVRKAQALFMLKDYNKCIDACNEASEVDRREPNTGKNL 
scSTI1     445 SFPEAIADCNKAIEKDPNFVRAYIRKATAQIAVKEYASALETLDAARTKDAEVNNGSSAR 
lmSTI1     406 AFNDALKDAEKCIELKPDFVKGYARKGHAYFWTKQYNRALQAYDEGLKVD---PSNADCK 
consensus  481 afpealkDcekcIeldptFikgYtRKaaaqf mkey kaletyedal vd   pnn e   
 
mmSTI1     466 DGYQRCMMAQYN------RHDSPEDVKRRAMADPEVQQIMSDPAMRLILEQMQKDPQALS 
ceSTI1     246 EGVRNCLRSND---------EDPEKAKERSLADPEVQEILRDPGMRMILEQMSNDPGAVR 
atSTI1     511 DGVKRCVQQINKANRGDLTPEELKERQAKGMQDPEIQNILTDPVMRQVLSDLQENPAAAQ 
gmSTI1     487 DGIRRCVEQINKASRGDFTPEELKERQAKAMQDPEIQSILQDPVMTQVLTDFQENPRAAE 
acSTI1     482 EGLRRTMEAINKRQEG-SSKAEDKEAMAAAASDPEIQKILGDPMMKKVLSELGTNPAAVQ 
spSTI1     508 REIESQLSKCMSAMASQRQNETEEETMARIQKDPEVLGILQDPAMQAILGQARENPAALM 
scSTI1     505 EIDQLYYKASQQRFQPGTSNETPEETYQRAMKDPEVAAIMQDPVMQSILQQAQQNPAALQ 
lmSTI1     463 DGRYRTIMKIQEMASG--QSADGDEAARRAMDDPEIAAIMQDSYMQLVLKEMQNDPTRIQ 
consensus  541 dgvrrcm  in    g  t ed ee  aram DPEvq IlqDpvMr iL qmq nPaalq 
 
mmSTI1     520 EHLKNPVIAQKIQKLMDVGLIAIR- 
ceSTI1     297 EHLKNPEIFQKLMKLRDAGVIQMR- 
atSTI1     571 KHMQNPMIMNKIQKLISSGIVQMK- 
gmSTI1     547 EHVKNPMVMNKTQNVTVPGCQMR-- 
acSTI1     541 SYMKDPVIMNNIQKLIAAGIIKVK- 
spSTI1     568 EHMKNPTVKSKIEKLIASGVIRLG- 
scSTI1     565 EHMKNPEVFKKIQTLIAAGIIRTGR 
lmSTI1     521 EYMKDSGISSKINKLISAGIIRFGQ 
consensus  601 ehmknpvi qkiqkli aGiikir 

Figure 2.3:  The multiple sequence alignment of low e value STI1 proteins  
The dark boxes represent the identical and thus conserved residues, and the gray boxes, the structurally similar 
residues. m mSTI1: Mus m usculus (NP_058017), c eSTI1: Caenorhabditis e legans (NP_503322), a tSTI1: 
Arabidopsis thaliana (AAF19538), gmSTI1: Glycine max (CAA56165), acSTI1: Acanthamoeba castellanii 
(AAB49720), s pSTI1: Schizosaccharomyces pom be (NP_588123), s cSTI1: Saccharomyces cer evisiae 
(NP_014670), lmSTI1: Leishmania major (AAB37318). The identified CcN motif in mSTI1 is highlighted in red. 
The basic NLS clusters are indicated with arrowheads. The mSTI1 phosphorylation sites are shown: the CKII site 
in blue and the cdc2 kinase site in green. The TPRs are indicated with orange lines. 
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Figure 2.4:   Conserved blocks in the region of identified CcN motif 
The multiple-alignment was assessed for conserved blocks using the BLOCK server. The BLOCK server 
only identifies significantly conserved blocks of residues. Conserved residues in the region of the identified 
mSTI1 CcN motif 1 (222-239) (pink) together made up a conserved block (222-256). Residues considered 
to be significantly conserved, K223,A225, E228, K229, G232, N233, Y236, K237, K238 and K239

 

, are represented as 
larger letters. 

 

2.3.2  CKII and cdc2 kinase phosphorylation sites are  
implicated in stabilization of the NLS 

 

The s econdary s tructure pr ediction s howed t he m STI1 pr otein t o be  hi ghly h elical i n 

nature. The average predicted alpha helix content was 77.3%, the beta sheet content 0.0% 

and t he c oil c ontent 22 .7%. T he C cN m otif i tself w as pr edicted t o b e he lical w ith 

stretches of  random c oil be tween 3 h elices. T he c oordinates of  t he hi ghly he lical P P5 

protein were therefore considered to be appropriate for modeling of this region using the 

program WhatIF.  

 

The structures of fragments of Hop in complex with peptides of Hsp70 and Hsp90 have 

been resolved. However, only the C-terminal fragment of Hop in complex with a peptide 

of Hsp90 includes any o f the predicted mSTI1 CcN motif and only the NLS por tion i s 

present. Therefore, the full CcN motif of mSTI1 was modeled on a suitable template such 

 

mmSTI1 222  NKKQALKEKELGNDAYKKKDFDKALKHYDRAKELDP 256 
ceSTI1      MTDAAIAEKDLGNAAYKQKDFEKAHVHYDKAIELDP 
atSTI1      KKLKAQKEKELGNAAYKKKDFETAIQHYSTAMEIDD 
gmSTI1      RKGQAQKEKEAGNAAYKKKDFETAIGHYSKALELDD 
acSTI1      EKKQALEEKELGNQAYKKKDFDTAIVHYKKAFELDP 
spSTI1      LKKKADQEKQIGNENYKKRNFPVAIEQYKKAWDTYK 
scSTI1      SKIEADKEKAEGNKFYKARQFDEAIEHYNKAWELHK 
lmSTI1      NEKEALALKEEGNKLYLSKKFEEALTKYQEAQVKDP 
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that t he pr oximal CKII and c dc2 ki nase s ites a t pos itions S189 a nd T 198 respectively 

were included. PP5 demonstrated a 34.8% pairwise identity with mSTI1 when the amino 

acid sequences were compared by pairwise alignment, and therefore was acceptable for 

homology modeling. However, the program only l imited sections of  the mSTI1 protein 

were a ccepted as be ing s ufficiently s imilar.  T he m STI1 region V181-F241

 

 was 

successfully m odeled on PP5 (average s core o f al l contacts –0.191), a nd pr oduced a 

helix-turn-helix T PR-like s tructure c omprising 3  he lices (Figure 2.5 A). This s ection o f 

mSTI1 fortunately contained the CcN motif. A long helix containing the CKII (189) and 

cdc2 kinase (198) sites was terminated by the poly-proline region (199-205) and joined 

by a coil to a short helix. The NLS region was joined to this short helix by a coil.  

Residues i nvolved i n t he phos phorylation s ites f rom t he f irst he lix w ere s ignificantly 

close t o c onserved r esidues w ithin t he N LS i n t he t hird he lix. A  s ignificant s ide c hain 

contact of 2.87Å was noted between the cdc2 kinase site residue T198 and the conserved 

NLS spacer r egion residue K 229 (Figure 2.5B).  This e lectrostatic contact may s tabilize 

the C cN mot if, such that the  tw o lysine-rich ends of  t he N LS he lix a re a ppropriately 

presented to ka ryopherin α for r ecognition and b inding. If t he cdc2 kinase s ite r esidue 

T198 were to be phosphorylated, this T198-K229 interaction would be greatly affected. The 

introduction of a highly negatively charged phosphate group onto T198 may increase the 

attraction of K229 for T198. However, the electrostatic envi ronment in the area would be 

significantly c hanged, a nd m ost l ikely result i n t he f ormation of  ne w a nd di fferent 

electrostatic contacts. The new contacts would occur to stabilize the high negative charge, 

and may especially i nvolve t he ne ighboring pos itively charged s tretch of l ysines (K237, 

K238, K 239) a t the end o f the NLS helix. The NLS helix di splayed the conserved l ysine 

residues (K222, K 223 and K 237, K 238, K 239

 

) to extend f rom the NLS, on e ither end of  the 

helix. 



B
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Figure 2.5:Ribbon representation of the predicted structure for the mSTI1 
region (V -F ) that incorporates the CcN motif (S -K ) using 
Pp5 as a template

181 241 189 239

(A) A ribbon representation of the proposed tertiary structure of the mSTI1 CcN motif of mSTI1 (189-239), as modeled on the 
structural coordinates of the (B) PP5 N-terminal TPR domain. The average contact scores are inserted. The model was 
generated using WhatIF (Vriend, 1990) and the figure was generated using Molscript (Kraulis, 1991).
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The modeling of this section of the CcN motif in mSTI1 is useful since it contributes to 

an understanding of  potential interactions occurring within the CcN motif and between 

CcN m otif r esidues, na mely t he f lanking phos phorylation s ites a nd t he N LS. T he T -

antigen CcN motif was not modeled because firstly, although it bears significant overall 

structure s imilarity to the mS TI1 predicted CcN mot if, the N LS of T -antigen is 

monopartite a nd t herefore di ffers i n s tructure t o t he bi partite N LS of  m STI1. T wo 

significant side chain contacts were noted between the CKII site and the first basic arm of 

the bi partite N LS. The CKII s ite residue D 191 and t he c onserved NLS first ba sic a rm 

residue K 222 were 2.95 Å a part ( Figure 2.5B ). Similarly K 222 was a  di stance of  2.91Å   

from t he C KII s ite residue E 194 (Figure 2.5B).  T hese t wo electrostatic cont acts m ay 

similarly stabilize the basic end of the NLS helix as suggested for the T198-K229 contact. 

The CKII s ite phosphorylatable r esidue S 189, de spite i ts proximity, may not be  di rectly 

involved in these contacts as it faces away and outwards from the other side of the helix. 

Thus, i n t he l imitations of  t his pa rtial pr otein model, phos phorylation of  t his s erine 

residue may not  have any significant s tructural effects on t he conformation of  the NLS 

residues included in the model, as has been suggested for the phosphorylation of the T198 

phosphorylatable residue.  Phosphorylation at the S189

 

 site in the full mSTI1 protein may, 

however, certainly change the electrostatic environment of this region of the protein, and 

induce other conformational changes, potentially influencing the recognition of the NLS 

by karyopherin-α.  

 

 



Chapter 2: Bioinformatic analysis of mSTI1 
 

 58 

2.3.3  The STI1 NLS interacts with Hsp90 
 

The NLS sequence in mSTI1 was noted to overlap the TPR2 domain, the binding site of 

Hsp90. T he resolved s tructure o f t he T PR2 dom ain of  H op i n c omplex with a  pe ptide 

(containing t he E EVD binding m otif) of  H sp90 ( Scheufler et al ., 2000)  i ncluded t he 

upstream N LS s equence ( Figure 2.6) . T he reported r esidues o f T PR2 i nvolved w ith 

electrostatic binding of the EEVD motif of the Hsp90 peptide were K229, N233, N264, K301, 

and R305 (Scheufler et al., 2000). These contact the D0 of the MEEVD motif of the Hsp90 

peptide, t o f orm a  t wo-carboxylate c lamp, w hich i s t he ba sis of  t he H sp90 bi nding. In 

relation t o t he N LS, t he c onserved residues K 229 and N 233 in the N LS s pacer s equence 

were i n c lose pr oximity ( 2.68Å a nd 3.00Å ) t o D 0 of t he M EEVD m otif of  t he H sp90 

peptide (Figure 2.6A), mediating the peptide binding. The methionine M-4 of the Hsp90 

peptide e ngaged i n t ight h ydrophobic int eractions w ith a cavity ma inly f ormed by the  

sidechains of Y226 and E271, and V-1 of the EEVD region bound in a hydrophobic pocket 

formed by N233, N264 and A267 (Scheufler et al., 2000) (Figure 2.6B). Furthermore, Y236 

contacted E-3 (Å) (Figure 2.6B). K229, N233 and Y236 are conserved in STI1 proteins, and 

are l ocated in the N LS spacer s equence. These NLS s pacer r esidues m ay t herefore be  

involved in either Hsp90 binding or karyopherin-α binding, such that this NLS in mSTI1 

becomes i naccessible t o ka ryopherin-α when H sp90 i s bound t o m STI1.  S tructural 

analyses of the bipartite NLS in the glutocorticoid receptor indicate that the first pair of 

basic amino acids, and the first few amino acids in the spacer region, l ie in an α-helix, 

such that the basic amino acids are on t he face of  the helix and exposed to the solvent 

(Dingwall and Laskey, 1991). The r emainder of  t he spacer r egion and t he downstream 

basic c luster a re di sordered i n s olution.  Interestingly, a n m STI1 de rivative, w hich 

included a K229 to alanine amino acid substitution, could not be heterologously expressed 

in E. c oli  (Tanner, 200 1).  T he NLS s pacer K 229

 

 residue ma y the refore be  c ritical to 

maintaining overall mSTI1 protein structural integrity. 
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Figure 2.6: The TPR2 domain of Hop in complex with a peptide ofHsp90
A diagrammatic representation of the tertiary structure of the TPR2 domain of Hop in complex with a peptide of Hsp90 
(1ELR.pdb). The molecular backbone of the TPR2 domain is depicted in blue with the region identified as the conserved 
NLS in red. Sidechains are shown in red. The conserved lysines of the bipartite NLS (A), and other significantly conserved 
residues, which are in close proximity to the Hsp90 peptide (B) are shown.  The figure was generated using Molscript 
(Kraulis, 1991).
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The nucleoplasmin bipartite NLS, a similar NLS to the mSTI1 NLS, binds to karyopherin 

α (Figure 2.7) . T he nuc leoplasmin bi partite N LS c onsists of  t wo ba sic clusters w hich 

occupy t he t wo bi ndings s ites of  k aryopherin α used b y t he m onopartite N LS. The 

sequence linking the two basic clusters is poorly ordered, consistent with its tolerance to 

mutations ( Fontes et al ., 2000). T his m ode of  bi nding e xplains t he s tructural ba sis f or 

binding of diverse NLSs to the sole receptor protein (Fontes et al., 2000). This supports 

previous predictions that the NLS spacer region can be looped out to juxtapose the two 

basic clusters, suggesting a mechanism whereby two domains can mimic a shorter basic 

sequence (Dingwall and Laskey, 1991).  A  direct interaction of mSTI1 and karyopherin  

α remains t o be  s hown, how ever the  mS TI1 NLS ma y s imilarly bi nd to the bi nding 

pocket of karyopherin α, such that the basic clusters of the NLS juxtapose one another, 

and the spacer region is looped out. 

 

Unfortunately t here i s no c urrent s tructural da ta a vailable f or a n e ntire S TI1 p rotein, 

making predictions of the proximity of the Hsp90 binding domain to the karyopherin α 

binding site difficult. However, since these proteins are relatively large (Hsp90: 90kDa, 

karyopherin α: 58 kD a), i t i s pr oposed t hat mSTI1 m ay not  be  s terically a ble to  

simultaneously bi nd H sp90 a nd k aryopherin α, due  t o t he c lose pr oximity of  t heir 

respective bi nding s ites. T his a lternate bi nding of  H sp90 or  ka ryopherin α may h ave 

mechanistic i mplications f or t he f ormation of  t he H sp70/mSTI1/Hsp90 c haperone 

complex a nd i ts l ocalization. F urthermore, conformational changes i nduced b y 

phosphorylation a t va rious s ites proximal t o t hese overlapping binding s ites may allow 

preferential binding of either Hsp90 or karyopherin α. Phosphorylation of sites within the 

CcN motif may therefore not only be a level of  regulation of  the import kinetics of the 

NLS, but  a lso of  t he a ssembly of  t he H sp70/mSTI1/Hsp90 chaperone c omplex. Future 

work c ould i nclude m STI1/karyopherin bi nding a ssays and c ompetitive bi nding a ssays 

involving ratios of mSTI1, Hsp90 and karyopherin protein. 
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Figure 2.7:The NLS-binding site of mouse karyopherin  in complex 
with the nucleoplasmin bipartite NLS

A diagrammatic representation of the tertiary structure of the NLS-binding site of karyopherin  in 
complex with the nucleoplasmin bipartite NLS (1EJY.pdb). The molecular backbone of the NLS-
binding site is depicted in blue and the bipartite NLS in red. Conserved lysine sidechains are 
shown in red. The conserved lysines of the bipartite NLS are shown from two perspectives (A 
and B), to bind into two binding pockets of the binding site. The figure was generated using 
Molscript (Kraulis, 1991).
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2.4  CONCLUSIONS 
 
 
The primary amino acid sequence of  mSTI1 was assessed and compared to the primary 

sequence of other STI1 proteins. The NLS was conserved in STI1 proteins, however the 

proximal phosphorylation s ites t o t he N LS were not  conserved in many STI1 p roteins. 

The NLS, but not the CcN motif, may therefore be conserved in STI1 proteins. In mSTI1 

these pr oximal C KII a nd c dc2 ki nase phos phorylation s ites m ay be i nvolved i n 

stabilization of the  N LS, since a  mode l of  the  C cN mot if s uggested the  C KII s ite 

residues, D 191 and E 194, contacted the conserved NLS f irst ba sic ar m residue, K222. 

Furthermore, a s ignificant s ide cha in contact was be tween t he cdc2 kinase s ite r esidue 

T198 and the conserved NLS spacer r egion residue K 229 was not ed. These cont acts may 

indicate a  e lectrostatic s tabilization of the  N LS b y the  pr oximal phos phorylation sites 

such that the NLS is correctly presented for binding to karyopherin-α. This electrostatic 

stabilization may be affected by phosphorylation at the S189 and T198

 

 sites, thus affecting 

the binding of the mSTI1 NLS to karyopherin-α. 

In t he T PR2 of  H op, t he N LS c onserved r esidues K 229 and N 233 contacted D0 of t he 

MEEVD m otif of  t he H sp90 peptide. Furthermore, Y 236 contacted E-3 and M -4

 

 of t he 

Hsp90 pe ptide. H sp90 a nd ka ryopherin-α are r elatively l arge ( Hsp90: 90kD a, 

karyopherin-α: 58 kD a), and i t i s t herefore proposed that mSTI1 may not be  s terically 

able to simultaneously bind Hsp90 and karyopherin α, due to the close proximity of their 

respective bi nding s ites. T his a lternate bi nding of  H sp90 or  ka ryopherin α may h ave 

mechanistic i mplications f or t he f ormation of  t he H sp70/mSTI1/Hsp90 c haperone 

complex a nd i ts l ocalization. F urthermore, conformational changes i nduced b y 

phosphorylation a t va rious s ites proximal t o t hese overlapping binding s ites may allow 

preferential binding of either Hsp90 or karyopherin α. Phosphorylation of sites within the 

CcN motif may therefore not only be a level of regulation of  the import kinetics of the 

NLS, but also of the assembly of the Hsp70/mSTI1/Hsp90 chaperone complex. 
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CHAPTER 3 
 

THE SUBCELLULAR LOCALIZATION OF mSTI1 

 
SUMMARY: Endogenous mSTI1 was cytoplasmically localized in all cells, although 

a s mall nuc lear fraction w as obs erved. A n E GFP t ag di d not  a ffect m STI1-EGFP 

localization c ompared t o t hat of  e ndogenous m STI1, and t he E GFP f usion s ystem w as 

therefore r egarded a s a ppropriate f or t he s tudy of m STI1 l ocalization. T he nuc lear 

fraction of mSTI1 implied the existence of a nuclear import process for mSTI1, suggested 

to be NLS-dependant nuclear localization. The mSTI1 amino acids 222-239 functioned as 

an N LS b y di recting nuclear l ocalization w hen f used t o E GFP. T he c ytoplasmic 

localization of mSTI1 could therefore be as a result of cytoplasmic retention or a dynamic 

nucleocytoplasmic shuttling process.  
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3.1   INTRODUCTION 
 

3.1.1   The technology of reporter genes 
 

There ar e a num ber of  in vitro reporter ge nes ava ilable f or us e as  m arkers of  gene 

expression a nd pr otein s ubcellular di stribution. S uch s ystems i nclude s ecreted a lkaline 

phosphatase [ SEAP](Berger et al ., 1988 ); β-galactosidase [ β-gal] ( Alam et al ., 1990) ; 

firefly l uciferase ( De W et et al ., 1987) ; c hloramphenicol a cetyltransferase 

[CAT](Gorman et al ., 1982); and green f luorescent protein [GFP](Chalfie et al ., 1994). 

The us e of  m ost of  t he e nzymatic r eporter gene s ystems i nvolves t he generation o f 

cellular ex tracts or  f ractions of  t ransfected cells and subsequent act ivity assays. This 

provides only an indirect measurement of gene transfection and expression and of protein 

distribution. In vivo reporter assays are also available for de tecting gene t ransfection in 

either fixed cells or tissue sections, such as in situ β-gal staining (Alam et al., 1990); in 

situ β-glucuronidase [GUS](Jefferson et al., 1987); and in situ luciferase (Bronstein et al., 

1994), a ssays w hich allow vi sualization of tr ansfected cells f ollowing staining w ith 

enzymatic s ubstrates o r a ntibodies ( Kain a nd Ganguly, 1995 ). T he cultures us ed f or 

staining experiments, however, must often be produced separately from those utilized to 

analyze the specific gene of interest. 

 

3.1.2   The green fluorescent protein (GFP) reporter system 
 

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria has become an 

important reporter for monitoring gene expression and protein localization in a variety of 

cells and organisms. Proteins fused to GFP provide a powerful system to analyze protein 

expression and targeting to different organelles in living cells (Chalfie et al., 1994; Kain 

et al., 1995; Rizzuto et al., 1995, Wang and Hazelrigg, 1994). 

 

GFP and GFP-fusion proteins have been successfully expressed in many mammalian cell 

lines, i ncluding C OS-1, chicken embryonic r etina a nd E PC c arp epithelial t umor c ells 
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(Ogawa et al ., 1995) ; C HO-K1 Chinese hamster ovary, BHK-21 baby h amster kidney, 

and H eLa hum an cervical car cinoma c ells ( Zhang et al ., 1996) ; P CL hu man he patoma 

B104 rat neuroblastoma, C2C12 mouse muscle and CHO-7 Chinese hamster ovary cells 

(Ludin et al., 1996); GH3 rat pituitary tumor cells (Plautz et al., 1996); PA317 and NIH 

3T3 murine fibroblast cells (Cheng et al., 1996); COS-7, HeLa and NIH 3T3 cells (Pines, 

1995); C 127 m urine a denocarcinoma c ells ( Htun et al ., 1996) ; a nd R BL 2 H3 c ells 

(Yokoe and Meyer, 1996). 

 

GFP ex pressed in eukaryotic cel ls yields green fluorescence w hen cells ar e ex cited by 

ultraviolet ( UV) or  bl ue lig ht. The c hromophore in GFP is  int rinsic t o the pr imary 

structure of the protein. The artificial addition of a tag to the protein of interest is offset 

by t he advantages of  no t r equiring additional c o-factors, s ubstrates, o r additional g ene 

products (Chalfie et al ., 1994; S tearns, 1995) . In addition, GFP f luorescence i s species 

independent a nd can b e m onitored non -invasively us ing t echniques of f luorescence 

microscopy, flow cytometry, and macroscopic imaging (Chalfie et al., 1994; Kain et al., 

1995; Inouye and Tsuji, 1994). GFP has been shown to tolerate both C- and N-terminus 

fusions to proteins without affecting their normal functionality (Cubitt et al., 1995; Ludin 

et al ., 1996;  O gawa et al ., 1995) . R ecently, va riants i n G FP t hat f luoresce at  di fferent 

wavelengths ( cyan a nd yellow f luorescent pr oteins) ha ve be en us ed s imultaneously f or 

co-localization studies. This technology has been termed FRET (Flourescence Resonance 

Energy Transfer) and allows the study of conformational changes in proteins at a single 

molecule level as well a s in the native in vivo context of  a  l iving cell (Heyduk, 2002) . 

Direct in vivo protein i nteractions can be i nvestigated using FRET, as w ell as  

oligomerization and dimerization of proteins (Overton and Blumer, 2002) and detection 

of the kinetics of in vivo protein folding (Ratner et al., 2002). Another recent application 

of GFP variants has been termed FRAP (Fluorescence Recovery After Photobleaching) 

and a llows t he de tection of  G FP-protein t ranslocation in the cell to an area la cking 

fluorescence (Falk, 2002) and the examination of cellular dynamics (Klonis et al. 2002). 

GFP-GR, expressed in mammalian cells, has been shown to be cytoplasmic using FRAP 

studies, but translocates to foci in the nucleus in a hormone-dependent manner (Htun et 
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al., 1996).  R ecently, t he us e o f G FP f usion pr oteins ha s b een extended i nto 

investigations of nuclear import and export of cytoplasmic proteins (Hanaka et al., 2002). 

 

3.1.3  The EGFP variant 
 

Enhanced G FP ( EGFP) is a uni que G FP va riant ( Zhang et al ., 1996)  w hich c ontains 

chromophore mutations (Phe64 to Leu; Ser65 to Thr) that enhance the fluorescence 35  

times a bove tha t of  w ild-type G FP ( Cormack et al ., 1996) . T he E GFP variant i s a lso 

codon-optimized for higher expression in mammalian cells, by using the favoured codons 

of hi ghly e xpressed hu man pr oteins i n pl ace o f t he c orresponding Aequorea victoria 

codons (Chiu et al., 1996). The greater fluorescence and improved folding characteristics 

allows ear lier de tection of expression. T he c odon opt imization a llows i ncreased 

translation efficiency ( 5-10 f old) ( Cormack et al ., 1996) . T hese f eatures of  E GFP 

overcome m any of  t he di sadvantages f ound t o be  a ssociated w ith t he u se of  w ild-type 

GFP, na mely l ow f luorescence s ignal, a  lag i n t he de velopment of  f luorescence a fter 

protein synthesis, as well as  poor  expression in several m ammalian cell types (Stearns, 

1995; Haas et al., 1996; Heim et al., 1995). The EGFP variant is often routinely used as a 

better detection system than many of the original GFP variants (Bunnell et al., 2002). 

 

3.1.4  The distribution of GFP in the cell 
 

The fluorescence of GFP, when expressed in mammalian cells, independent of cell type 

examined but  w ith s ome e xceptions, ha s b een f ound t o be  uni formly di stributed 

throughout the cytoplasm and nucleus (Carey et al., 1996; Chiochetti et al., 1997; Ludin 

et al., 1996; Ogawa et al., 1995; Pines, 1995), but excluded from the nucleoli (Dobson et 

al., 1996; Plautz et al., 1996) and vesicular organelles (Cubitt et al., 1995). No noticeable 

binding to any intracellular structures has been observed (Ludin et al., 1996). There have 

been reports of a slight concentration of GFP in the nucleus of wild-type GFP expressing 

CHO-T cells (Dobson et al ., 1996)  and mutants S65T GFP in GH3 cells (Plautz et al ., 

1996). 
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3.1.7 The use of NLS-GFP fusions in subcellular 
localization studies 

 

The correct localization of proteins in eukaryotes involves complex targeting reactions. 

The N LS i s r ecognized b y cytoplasmic N LS r eceptors t hat dock at t he nuc lear por e 

complex, w hich s ubsequently c atalyzes t he t ranslocation a cross t he n uclear envelope 

(Görlich a nd M attaj, 19 96). T ransport across t he nuc lear m embrane i s m ediated b y 

nuclear pore complexes that a llow proteins t hat are 40 kD a or  l ess to en ter b y p assive 

diffusion (Stochaj and Silver, 1992; Paine, 1975; Paine et al., 1975; Harootunian, 1993). 

By contrast, pr oteins t hat e xceed t he s ize of  t he di ffusion c hannel, 40 kD a, e nter t he 

nucleus by a facilitated process that requires energy and an NLS. Polypeptides larger than 

70 kD a a re e xcluded f rom nuc lei i f t hey do no t c arry a  f unctional N LS ( Paine et al ., 

1975; Harootunian, 1993). 

 

Previously developed systems to study nuclear protein traffic in higher eukaryotes have 

been based on in vitro reconstitution or on injection of nuclear substrates into single cells; 

both time-consuming a nd l aborious a pproaches ( Stochaj a nd S ilver, 1992) . T hese 

techniques how ever, d o not  a llow pos t-translation m odification s tudies s uch a s 

phosphorylation, w hich c an modulate nuc lear t raffic ( Jans et al ., 1995). H ybrid G FP 

proteins c ontaining N -terminal nuc lear l ocalization sequences ha ve al so be en used to 

establish functionality of such NLS sequences by their ability to localize the hybrid GFP 

protein to the nucleus (Chatterjee et al., 1997). GFP diffuses into the nucleus via passive 

diffusion a nd not  b y active r ecognition of  a n N LS, s ince m ultiple c opies of  GFP, 

excluded b y i ts s ize f rom di ffusion a cross t he nuclear por e, di d not  e nter t he nuc leus 

(Chatterjee et al., 1997). Since no NLS has yet been recognized in GFP, the fusion of an 

NLS to GFP and a subsequent change in localization from the typical diffuse ubiquitous 

GFP di stribution, t o one  on nuc lear l ocalization i s s ignificant, s ince t his r equires 

continual act ive nu clear import t o ove rcome pa ssive di ffusion out  of  t he nuc leus. T his 

makes NLS-GFP fusions valuable tools for the analysis of nuclear transport. 
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3.1.8   Specific hypothesis, aims and objectives 
 

The subcellular localization of mSTI1 is mostly cytoplasmic, although a nuclear fraction 

does exist (Lässle et al., 1997). Recently, STI1 has been shown to also be localized at the 

cell me mbrane in prion-infected cells ( Zanata et al ., 2002). T he nuc lear f raction of  

mSTI1 i mplied t he e xistence of  a  nuc lear i mport pr ocess f or m STI1. P revious 

localization s tudies of  m STI1 or  i ts hom ologs, how ever, us ed a n i mmunostaining 

approach against mSTI1, limiting these studies to that of unmodified endogenous mSTI1. 

The e xogenous E GFP f usion e xpression s ystem w as a n a ppropriate s ystem f or 

localization s tudies of  m STI1 a nd m odified m STI1 unde r c ontrolled c onditions. 

Therefore, a p B-mSTI1-EGFP c onstruct w as pr oduced for t he e xpression of  m STI1, 

fused i n-frame t o E GFP, i n m ouse N IH 3T 3 f ibroblasts. T he expression of  exogenous 

mSTI1 therefore allowed the study of modified mSTI1, under controlled conditions. 

 

It is hypothesized that the localization of mSTI1 is controlled by NLS-dependent nuclear 

localization of mSTI1. A putative bipartite NLS sequence has been reported in the central 

region of mSTI1 (Blatch et al., 1997). This sequence conforms to the consensus sequence 

for bipartite NLSs, which consists of two series of basic residues separated by a 10 - to 12 

- amino acid spacer (Dingwall and Laskey, 1991).  The identification of NLS sequences 

requires that the NLS is  active in nuclear targeting of a normally cytoplasmic localized 

carrier protein, either as a peptide covalently coupled to the carrier or  when encoded in 

the s ame reading frame a s a  f usion pr otein ( Jans a nd H übner, 19 96).  T herefore, t o 

establish functionality, t he mSTI1 NLS (amino acids 222-239) was expressed as an  N-

terminal in-frame fusion with EGFP in mouse NIH 3T3 fibroblasts. In addition, the co-

localization of mSTI1-EGFP and endogenous mSTI1 was established and thus any effect 

of the EGFP fusion on the localization of mSTI1 determined. 
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3.2  EXPERIMENTAL PROCEDURES 
 
The ve ndors of  t he m aterials us ed a re de scribed i n A ppendix A  ( A) a nd t he g eneral 

procedures used are described in Appendix B (B). The identity and characteristics of the 

primers us ed a re de scribed i n A ppendix C ( C) a nd s ubcloning s teps a re de scribed i n 

Appendix D (D). The maps of the plasmid vectors used are shown in Appendix E (E). 

 

3.2.1   The PCR amplification of mSTI1 cDNA 
 

The mSTI1 open reading frame (ORF) was amplified from the pGEX3X2000 template 

plasmid DNA ( Lässle et al ., 1997, ve ctor m ap E.1), b y P CR ( B.1), us ing t he m STI1-

specific forward primer: P CRmSTI1pCineoF and the r everse p rimer: 

PCRmSTI1pCineoR (C, Table C.1). PCRmSTI1pCineoF was designed such that a Kozak 

sequence ( Kozak, 1983)  w as i ntroduced i mmediately preceding t he s tart c odon. T he 

resultant P CR pr oduct e ncompassed t he m STI1 op en r eading f rame i mmediately 

preceded by a NheI site, and followed by a SacII site downstream of the deleted mSTI1 

stop c odon. T he P CR product w as r esolved b y agarose gel e lectrophoresis a nd gel-

purified (B.2).  

 

3.2.2 The ligation of the PCR product into pGEM(T) and 
screening of transformants 

 

The PCR product was ligated to pGEM(T) vector DNA (B.3, E.2), and transformed into  

E. coli  XL1Blue supercompetent cells (B.4). Transformants were screened for putative 

pGEM(T)mSTI1[NheI/SacII] plasmid DNA (B.5). Plasmid DNA was extracted from E. 

coli cultures of  t ransformants f orming w hite c olonies, b y a  m odified a lkaline l ysis 

method ( Birnboim a nd D oly, 1979;  J oly, 199 6) a nd us ing t he H igh P ure P lasmid 

Isolation Kit ( B.5). P utative pG EM(T)mSTI1[NheI/SacII] pl asmid DNA was r estricted 

separately with NheI, in medium salt buffer,  and with SacII in Tris-acetate buffer (B.6). 

Plasmid DNA NheI a nd SacII restriction fragments w ere r esolved by agarose gel 

electrophoresis ( B.2) and t hose pl asmid di gestions c ontaining f ragments m igrating 
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expected di stances c orresponding t o s izes of  30 15-bp a nd 1600 -bp were r egarded as 

pGEM(T)mSTI1[NheI/SacII] (D.1). 

 

3.2.3  The directional ligation of mSTI1 cDNA into the 
pCineo-EGFP construct 

 

The P CR-amplified mSTI1 cDNA w as ins erted in-frame wi th EGFP c DNA: B ulk 

pGEM(T)mSTI1[NheI/SacII] a nd pC ineo-EGFP ( kindly p rovided b y P rof A rbuthnot, 

University of  t he W itwatersrand, ve ctor m ap E .3) w ere s eparately r estricted i n doubl e 

digests, with NheI and SacII (B.7) and resolved by agarose gel electrophoresis (B.2). The 

appropriate ba nds ( 6207 -bp a nd 1600 -bp f or pC ineo-EGFP a nd mSTI1 cDNA 

respectively) were excised and extracted from the agarose gel (B.2). The 1600-bp mSTI1 

cDNA insert was ligated to the 6207 -bp pCineo-EGFP construct such that mSTI1 cDNA 

was ligated 5’ to, and in-frame with, EGFP cDNA present in the pCineo-EGFP construct.  

Ligation reactions were transformed into competent E. coli XL1Blue cells (B.8), plasmid 

DNA extracted and s creened by HindIII restriction i n pot assium buf fer ( B.6). P lasmid 

DNA HindIII r estriction fragments were r esolved by a garose g el e lectrophoresis (B.2) 

and t hose plasmid digestions c ontaining f ragments mig rating expected distances 

corresponding t o s izes of  3815 -bp, 2748 -bp and 1239 -bp, were r egarded as pC ineo-

mSTI1-EGFP ( D.2). T he i nsert r egion of  pC ineo-mSTI1-EGFP w as not  yet s equenced 

due to the low copy number and poor extraction of pCineo-mSTI1-EGFP (characteristics 

typical o f a  m ammalian c onstruct). Further c loning w as f irst pe rformed b efore 

sequencing of the mSTI1-EGFP insert was attempted. 

 
3.2.4  The directional ligation of EGFP and mSTI1-EGFP 

cDNA into the pSK vector 
 

Bulk pC ineo-mSTI1-EGFP a nd pC ineo-EGFP w ere restricted in a dou ble di gest w ith 

NheI and SacII in medium salt restriction buffer (B.6, B.7). DNA overhangs were filled 

in using T4 polymerase (B.9). NotI was subsequently added to the digestions, as well as 
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high s alt buf fer ( B.6). Restricted pl asmid D NA w as e thanol pr ecipitated ( B.7) a nd 

resolved by agarose gel electrophoresis (B.2). The appropriate bands (2378-bp and 764-

bp, for mSTI1-EGFP and EGFP cDNA respectively) were excised and extracted (B.2). 

Bulk pSK w as r estricted with EcoRV a nd NotI i n hi gh s alt r estriction buf fer, e thanol 

precipitated and r esolved b y agarose gel e lectrophoresis ( B.7). T he appropriate b and 

(3000 -bp for pSK DNA) was excised and extracted (B.2).  

 

The gel-purified 2378-bp mSTI1-EGFP cDNA insert and the 764 -bp EGFP cDNA insert 

were s eparately l igated to the r estricted, gel-purified 3000 -bp pS K ve ctor ( B.7, E .4). 

Ligation r eactions w ere transformed i nto E. c oli XL1Blue ( B.8). P utative pS K-mSTI1-

EGFP and pSK-EGFP plasmid DNA were screened by XhoI and NotI restriction, in high 

salt buf fer a nd r esolved b y agarose gel electrophoresis ( B.5, B.6). Those pl asmid 

digestions containing fragments migrating expected distances corresponding to the size of 

5378 -bp ( linearized pS K-mSTI1-EGFP), 300 0-bp a nd 2378 -bp (pSK and released 

mSTI1-EGFP cDNA insert), were regarded as pSK-mSTI1-EGFP (D.3). Those plasmid 

digestions containing fragments migrating expected distances corresponding to the size of 

3764-bp ( linearized pS K-EGFP), 3 000-bp a nd 764-bp (pSK and excised E GFP cDNA 

insert), were regarded as pSK-EGFP (D.3).  

 

The i nsert r egions of  pS K-EGFP a nd pS K-mSTI1-EGFP w ere s equenced accor ding t o 

the chain termination method (Fangan et al., 1999), using the Big DyeTM

 

 ready reaction 

kit (B.10). 

3.2.5 The directional ligation of EGFP and mSTI1-EGFP 
cDNA into the pB vector 

 

The mammalian expression vector pB (BCMGSNeo, Karasuyama and Melchers, 1988)  

was us ed i n t his s tudy for c loning ( via a s ubcloning s tep us ing t he pS K ve ctor) a nd 

transfection of the required cDNA sequences. BCMGSNeo (hereafter referred to as pB, 

E.5) i s a  s huttle ve ctor c ontaining a n Escherichia coli origin of  r eplication, a  β-

lactamase-encoding gene f or ampicillin r esistance ( for s election of  t ransformed E. c oli 
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cells), as w ell a s ne omycin resistance ge nes f or mammalian cell pl asmid maintenance, 

and e lements for gene expression i n m ammalian c ells. A n existing bovi ne pa pilloma 

virus (-BPV)-based expression vector, pBV-1MTHA, was modified by Karasuyama and 

Melchers (1988) to produce pB to allow transformed X63Ag8-653 myeloma cel ls, NIH 

3T3 fibroblasts a nd C 127 mammary tum or cells to stably carry mul tiple c opies o f the  

vector, as well as express the inserted cDNA constitutively and in high quantities. pB is 

maintained Episomally, and cell lines transformed with pB stably carry 30-100 copies of 

the pl asmid per cel l ( Karasuyama and Melchers, 1988). Plasmids cont aining ce rtain -

BPV D NA s equences have be en f ound i n m any cases t o be  pr opagated a s s table 

extrasomal elements in transformed cells (Sarver et al., 1981). Transformed cells usually 

carry a  hi gh c opy nu mber of  -BPV pl asmids ( 20-100 c opies/cell), w hich c arry 

transcriptional enhancer elements (Lusky et al ., 1983) and therefore often produce high 

levels of recombinant proteins. The episomal nature of pB made this vector an attractive 

option f or t he e xpression of  m STI1-EGFP i n N IH 3T 3 m urine fibroblasts, a nd f or t he 

generation of transfectants that could be pooled to form episomally stable cell lines. 

 

Bulk pSKmSTI1-EGFP, pSK-EGFP and pB vector were separately restricted with XhoI 

and NotI in high salt restriction buffer, ethanol precipitated and resolved by agarose gel 

electrophoresis ( B.7). T he a ppropriate ba nds ( 14.5-kbp, 2378 -bp a nd 7 64-bp f or p B, 

mSTI1-EGFP and EGFP cD NA r espectively) were ex cised and extracted from t he 

agarose gel (B.2). The ge l-purified 2378-bp mSTI1-EGFP cDNA insert and the 764-bp 

EGFP cDNA insert were separately ligated to the restricted and gel-purified 14.5-kbp pB 

vector ( B.7). Ligation r eactions w ere t ransformed i nto E. c oli XL1Blue ( B.8). P utative 

pSK-mSTI1-EGFP and pSK-EGFP plasmid DNA was screened by HindIII restriction, in 

medium s alt buf fer, a nd r esolved b y agarose gel e lectrophoresis ( B.5, B .2). T hose 

plasmid digestions containing f ragments migrating expected di stances corresponding to 

the sizes of 7700-bp, 5000-bp, 3790-bp and 902-bp were regarded as pB-mSTI1-EGFP. 

Those pl asmid di gestions c ontaining f ragments m igrating e xpected di stances 

corresponding to the sizes of 7700-bp, 4350-bp and 3310-bp, were regarded as pB-EGFP.  
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3.2.6 The PCR amplification of EGFP and insertion into 
pGEM(T) 

 

The EGFP ORF was amplified from the pCineo-EGFP template DNA plasmid (300 ng) 

by PCR (B.1) us ing the EGFP-specific forward primer: EGFP-NLSmSTI1-F (a  95-mer 

including a Kozak sequence followed by the cDNA encoding the mSTI1 NLS at amino 

acid pos itions 222 -239) a nd t he reverse pr imer: E GFP-NLS-R (C). T he c ycling 

parameters were as  described in B.1 except that an annealing t emperature of  50°C was 

used instead of  55°C. The resultant PCR product encompassed the EGFP open reading 

frame immediately preceded by the NLSmSTI1 cDNA at the 5’ end, and including EGFP's 

own stop codon at  the 3’ end.  Restriction endonuclease sites were engineered such that 

the resultant NLSmSTI1EGFP PCR product was flanked by XhoI and NotI s ites at the 5’ 

and 3’  t erminals, r espectively. T he P CR pr oduct w as resolved b y agarose gel 

electrophoresis (B.2), ligated to pGEM(T) plasmid DNA (B.3, E.2), and transformed into 

E. c oli  XL1Blue c ells ( B.4). Transformants containing put ative 

pGEM(T)NLSmSTI1EGFP[XhoI/NotI] w ere s creened (B.5). Plasmid DNA w as ex tracted 

from c ultures o f t ransformants forming w hite c olonies ( B.6). P utative 

pGEM(T)NLSmSTI1EGFP[XhoI/NotI] pl asmid DNA w as r estricted with XhoI and w ith 

SalI i n high s alt r estriction buf fer ( B.6). A doubl e di gest, s uch t hat put ative 

pGEM(T)NLSmSTI1EGFP[XhoI/NotI] pl asmid DNA w as r estricted with both NheI a nd 

SacII, was pe rformed in T ris-acetate buf fer (B.6). Plasmid DNA e xhibiting f ragments 

migrating t he ex pected d istances c orresponding t o s izes of  3015 -bp a nd 1600 -bp 

(pGEM(T) v ector and mSTI1 insert respectively) w ere regarded as 

pGEM(T)NLSmSTI1

 

EGFP[XhoI/NotI] (D.5). 

3.2.7 The directional insertion of NLSmSTI1

 

EGFP cDNA into 
the pB vector 

Bulk pG EM(T)NLSmSTI1EGFP[XhoI/NotI] and p B ve ctor were s eparately restricted i n 

double digests, with XhoI and NotI, ethanol precipitated and gel-purified (B.7, B.2). The 
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appropriate ba nds ( 815-bp a nd 14.5 -kbp f or N LSmSTI1EGFP a nd pB  respectively) w ere 

excised and extracted from t he a garose gel ( B.2). T he 815 -bp N LSmSTI1EGFP c DNA 

insert was l igated to the 14.5 k -bp pB vector (B.7, E .5) to produce pB-NLSmSTI1EGFP. 

Ligation r eactions w ere t ransformed i nto E. c oli XL1Blue ( B.8). P utative pB -

NLSmSTI1EGFP plasmid DNA was screened by HindIII restriction, in medium salt buffer, 

and r esolved b y agarose g el e lectrophoresis ( B.5, B .2). T hose pl asmid di gestions 

containing f ragments migrating expected distances corresponding to the sizes of  7700 -

bp, 5000-bp, 3790-bp and 902-bp were regarded as pB-NLSmSTI1

 
EGFP. 

3.2.8 Localization of EGFP, mSTI1-EGFP and endogenous 
mSTI1 in mouse NIH 3T3 fibroblasts 

 

Purified pr eparations of  pB -mSTI1-EGFP a nd pB-EGFP pl asmid DNA w ere p repared 

using a modified alkaline lysis procedure (Birnboim and Doly, 1979; Joly, 1996) and the 

QIAGEN M axiprep ki t ( B.11). M ouse N IH 3T 3 f ibroblasts w ere c ultured ( B.12) a nd 

transfected either t ransiently o r s tably (B.13) and  vi sualized by confocal l aser scanning 

fluorescence microscopy (B.14).  Transient pB-mSTI1-EGFP transfectants were prepared 

(B.13), i mmunostained us ing t he m STI1-specific S F1 ant ibody ( Lässle et al ., 

1997)(B.15) and visualized by confocal laser scanning fluorescence microscopy (B14).  
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3.3  RESULTS AND DISCUSSION 
 

3.3.1 Mammalian constructs expressing chimeric proteins are 
successfully produced  

3.3.1.1   pB-EGFP and pB-mSTI1-EGFP 

We ha ve s hown pr eviously t hat m STI1 i s pr edominantly l ocalized i n t he c ytoplasm, 

using i mmunostaining t echniques ( Lässle et al ., 1997). T o de termine t he s ubcellular 

localization of mS TI1 in vivo in a  s ystem t hat c ould be  s ubsequently e ngineered t o 

produce m odified m STI1 pr oteins, a  f usion of  m STI1 w ith E GFP a t i ts C -terminus 

(mSTI1-EGFP) was constructed.  

 

The m STI1 cDNA P CR a mplification r eaction s uccessfully yielded a 1 600 -bp DNA 

product which was ligated into pGEM(T) (D.1) and into pCineo-EGFP (D.2). The EGFP 

and m STI1-EGFP c DNA f rom pC ineo-EGFP a nd pC ineo-mSTI1-EGFP w ere fur ther 

subcloned into the vector pSK (D.3) to introduce the XhoI restriction site, so that further 

cloning i nto pB  was pos sible. T he E GFP c DNA f rom pS K-EGFP w as f inally ins erted 

into t he ve ctor pB  t o pr oduce pB -EGFP ( Figure 3.1A ) w hich, upon HindIII di gestion, 

yielded the expected 7700-bp, 4350-bp and 3310-bp fragments (Figure 3.1D, lane 4). The 

mSTI1-EGFP cDNA from pSK-mSTI1-EGFP were finally inserted into the vector pB to 

produce pB-mSTI1-EGFP (Figure 3.1B) which, upon HindIII digestion resulted in 7700-

bp, 5000-bp, 3790-bp and 902-bp fragments (Figure 3.1E, lane 4) . The digestion of  pB 

with HindIII, by comparison, produced 7700-bp and 6880-bp fragments (Figure 3.1D and 

4E, l anes 3) . Sequencing of  the subclone pSK-mSTI1-EGFP plasmid confirmed the in-

frame f usion of  t he m STI1 w ith t he E GFP c DNA. T ransfectants of  these pl asmids 

exhibited bright fluorescence, indicating the correct translation in-frame as well as correct 

folding of the EGFP moiety at least, since the GFP chromophore is fluorescent only when 

encapsulated inside the correctly folded protein (Cubitt et al., 1995). 
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Figure 3.1: Mammalian constructs expressing chimeric proteins are 
successfully produced  

The products of HindIII digested pB-EGFP(A), pB-mSTI1-EGFP (B) and pB-NLSmSTI1EGFP (C) were resolved 
by agarose (0.7% w/v) gel electrophoresis. Lambda DNA digested with PstI was used as a molecular marker (D-
F, lanes 1). (D) The HindIII digest of pB-EGFP (lane 4) produced the expected 7700-bp, 4350-bp and 3310-bp 
fragments c ompared t o t he 7700 -bp a nd 68 80-bp f ragments pr oduced b y HindIII d igestion o f p B (l ane 3 ). 
Undigested pB (lane 2) and pB-EGFP (lane 5) were included. (E) The HindIII digest of pB-mSTI1-EGFP (lane 
4) produced the expected 7700-bp, 5000-bp, 3790-bp and 90 -bp fragments compared to the 7700-bp and 6880-
bp fragments produced by HindIII digestion of pB (lane 3). Undigested pB (lane 2) and pB-mSTI1-EGFP (lane 
5) were included. (F) The HindIII/NotI double digest of pB-NLSmSTI1EGFP (lane 7) produced the expected 7700-
bp, 4100-bp and 3260-bp fragments compared to the 7700-bp, 3300-bp, 3260 and 800-bp fragments produced by 
HindIII/NotI di gestion of  pB -EGFP ( lane 5)  a nd 7700 -bp, 3600 -bp a nd 3300 -bp f ragments b y HindIII/NotI 
digestion o f p B ( lane 3 ). U ndigested p B ( lane 2), pB -EGFP ( lane 4 ) an d pB-NLSmSTI1-EGFP (l ane 6 ) were 
included. The red lines represent mSTI1 cDNA and the green lines, GFP cDNA. 
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3.3.1.2 pB-NLSmSTI1

 

EGFP 

The NLSmSTI1EGFP cDNA PCR amplification reaction successfully yielded an expected 

815-bp f ragment ( D.4) which w as l igated i nto pG EM(T) (D.4). T he NLSmSTI1EGFP 

cDNA w as i nserted i nto pB  t o pr oduce p B-NLSmSTI1EGFP ( Figure 3 .1C). HindIII 

digestion of  pB -NLSmSTI1EGFP pr oduced t he e xpected 7700 -bp, 4100 -bp a nd 3260 -bp 

fragments ( Figure 3.1F , l ane 7) . S equencing o f pG EM(T)NLSmSTI1EGFP[XhoI/NotI] 

confirmed the sequence and in-frame fusion of the NLSmSTI1

 

 with the EGFP cDNA. 

3.3.2  mSTI1 is cytoplasmic and co-localizes with  

mSTI1-EGFP  

 

Normal N IH 3T3 fibroblasts were analyzed for mSTI1 localization b y i mmunostaining 

and confocal laser fluorescence microscopy. Endogenous mSTI1 was mainly localized in 

the c ytoplasm of  N IH 3 T3 c ells ( incidence of  7 7%), i n a  pe rinuclear p attern (Figure 

3.2A), confirming previous reports (Lässle et al., 1997). A small fraction of fluorescence 

was not ed i n t he nuc leus. T o de termine i f t he E GFP m oiety a ffected t he s ubcellular 

distribution of mSTI1, co-localization of endogenous mSTI1 with mSTI1-EGFP, using an 

anti-mSTI1 antibody was pe rformed on  bot h t ransfected a nd unt ransfected c ells. T he 

exogenous m STI1-EGFP as  de tected by both EGFP f luorescence and Cy3 

immunofluorescence ha d a n ove rlapping s taining pa ttern w ith e ndogenous m STI1 

(Figure 3.2B). This suggested that the fusion of EGFP to the C-terminal of mSTI1 had no 

significant effect on its subcellular distribution. 

 

3.3.3  mSTI1-EGFP is predominantly cytoplasmic  

 

Mouse NIH 3T3 f ibroblasts, s tably expressing mSTI1-EGFP and EGFP, were analyzed 

by con focal l aser fluorescence m icroscopy. mSTI1-EGFP w as ma inly loc alized in the 

cytoplasm of NIH 3T3 cells (incidence of 87%), in a perinuclear pattern, whereas EGFP  



A

B

MergemSTI1mSTI1-EGFP

Figure 3.2: mSTI1 was cytoplasmic and co-localized with mSTI1-EGFP

(A) Mouse NIH 3T3 fibroblasts were fixed in 3.7% paraformaldehyde,  immunostained with SF1 polyclonal rabbit 
anti-mSTI1 and Cy3-conjugated donkey anti-rabbit and visualized by confocal laser fluorescence microscopy. Scale 
bars represent 10 micrometers. (B) Mouse NIH 3T3 fibroblasts transiently transfected with pB-mSTI1-EGFP were 
fixed in 3.7% paraformaldehyde, permeabilized in 0.1% saponin, immunostained with SF1 polyclonal rabbit anti-
mSTI1 and Cy3-conjugated donkey anti-rabbit. Cells were visualized by confocal laser fluorescence microscopy. 
Scale bars represent 10 micrometers. 
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was f ound t o l ocalize t hroughout t he c ell i n a ll c ells ( Figure 3.3) . A s mall fraction of 

fluorescence w as not ed in the nuc leus, while t he pl asma m embrane was negative. This 

pattern may suggest expression at, or close to, the microtubule-organizing centre. Similar 

observations of GFP-mSTI1 chimeric proteins have been made previously by our group 

(Metcalf, 1998).  
 

The cytoplasmic localization of mSTI1 could be as a result of cytoplasmic retention or a 

dynamic nucleocytoplasmic shuttling process. mSTI1 may be anchored in the cytoplasm 

through binding to a cytoplasmic retention factor. This may imply that nuclear import of 

mSTI1 doe s not  oc cur, a nd t he pr oposed N LS i s non -functional. C onversely, t his 

cytoplasmic loc alization ma y be  the  r esult of  a  d ynamic nuc leocytoplasmic s huttling 

process i n w hich nuc lear e xport of  m STI1 i s m ore e fficient t han nuc lear i mport. 

Nucleocytoplasmic shuttling of  mSTI1 would require the presence of  a  functional NLS 

driving nuc lear i mport. T he ba sis of  m STI1 c ytoplasmic l ocalization w as f urther 

elucidated b y establishing t he functionality of t he m STI1 NLS a nd the oc currence of  

nuclear export of the mSTI1 protein. 

 



DAPI

DAPI

DAPI

EGFP

mSTI1-EGFP

Merge

Merge

Merge

NLS      -EGFPmSTI1

Figure 3.3: mSTI1-EGFP is cytoplasmic and amino acids 222-239 	 	
	 	 functioned as an NLS

(A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-EGFP (top),  pB-mSTI1-EGFP (middle) and pB-
NLS        -EGFP(bottom).  Cells were subcultured, fixed in 3.7% paraformaldehyde, stained with DAPI and visualized 
by confocal laser fluorescence microscopy. Scale bars represent 10 micrometers. 
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3.3.4  Amino acids 222-239 function as an NLS 

µProteins larger than 40-60 kDa cannot enter into the nucleus through the nuclear pore 

complex by passive diffusion (Okuno et al . 1993). Since mSTI1-EGFP (89 kDa) is too 

large, and endogenous mSTI1 (63 kDa) is of borderline mass, to diffuse into the nucleus, 

a functional nuclear localization signal (NLS) would be required for the active transport 

of m STI1 i nto t he nu cleus. Y et, we obs erved a s mall a mount of f luorescence i n t he 

nucleus of  all cells immunostained for endogenous mSTI1 (Figure 3.3C) while mSTI1-

EGFP was nuclear in 13% of the cells under normal growth conditions (Chapter 4). To 

assess t he pot ential of  t he pr oposed m STI1 N LS t o di rect nuc lear i mport, a  c onstruct 

encoding amino acids 222-239 fused to the N-terminus of EGFP was expressed in NIH 

3T3 c ells. T he e xpressed pr otein, de noted N LSmSTI1-EGFP, l ocalized s trongly t o t he 

nucleus i n a ll c ells, c ompared t o t he E GFP c ontrol, w hich w as l ocalized diffusely 

throughout t he c ytoplasm a nd nuc leus i n a ll c ells ( Figure 3.3A ). A ccording t o t he 

theoretical s ize of  N LSmSTI1-EGFP ( about 30  kD a), i t w ould b e e xpected t hat i t c ould 

diffuse freely between the nucleus and the cytoplasm by diffusion. A negligible fraction 

of the NLSmSTI1-EGFP was observed in the cytoplasm suggesting a constitutively active 

nuclear import process. These data therefore clearly suggested that amino acids 222-239 

of mSTI1 contain a functional NLS. 
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3.4   CONCLUSIONS 

 

The e xogenous E GFP f usion e xpression s ystem w as a n a ppropriate s ystem f or 

localization studies of mSTI1, and mSTI1-EGFP and EGFP were successfully expressed 

in NIH 3T3 fibroblasts. Transfectants of  these constructs exhibited bright f luorescence, 

indicating the correct translation in-frame as well as correct folding of the EGFP moiety 

at l east, s ince t he GFP chromophore i s f luorescent onl y w hen e ncapsulated i nside t he 

correctly folded pr otein ( Cubitt et al ., 1995). B oth m STI1-EGFP and  m STI1 w ere 

cytoplasmically loc alized in all cel ls, although a s mall nuc lear fraction was obs erved, 

correlating with reported mSTI1 localization studies  (Lässle et al., 1997). The EGFP tag 

did not therefore affect mSTI1 localization compared to endogenous mSTI1. 

 

The nuc lear f raction of  mSTI1 i mplied the ex istence of  a nuc lear i mport pr ocess for 

mSTI1. NLSmSTI1-EGFP l ocalized s trongly t o t he nuc leus, i ndicating t he c onstitutively 

active nuclear import of NLSmSTI1-EGFP. Novel evidence presented here suggests amino 

acids 222 -239 f unction as a n N LS in m STI1. T he c ytoplasmic l ocalization of  m STI1 

could therefore be  as a  r esult of  cytoplasmic retention or  a  dynamic nucleocytoplasmic 

shuttling pr ocess. A  d ynamic nuc leocytoplasmic s huttling p rocess w ould r equire t he 

presence of a functional NLS driving nuclear import, as well as a nuc lear export system 

of mSTI1. Conditions favouring the nuclear import of mSTI1 were therefore investigated, 

as well as the existence of a nuclear export process of mSTI1 (Chapter 4).  
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CHAPTER 4 
 

MECHANISTIC AND INHIBITION STUDIES ON THE 

SUBCELLULAR LOCALIZATION OF mSTI1 
 

SUMMARY: mSTI1 is cytoplasmic under normal and heat shock conditions, implying 

a similar regulation of localization under these conditions. This localization differs from 

the nuclear accumulation reported for Hsp70 under heat shock conditions (Welch, 1987), 

and therefore the heat shock localization of  mSTI1 may be  Hsp70-independent. mSTI1 

accumulates unde r l eptomycin B  c onditions, i mplying e ither i ndirect r ecruitment of  

mSTI1 und er t hese conditions or  pos sible e xportation f rom t he nu cleus b y a  C RM1-

dependent m echanism. Although m STI1-EGFP c ontains a  f unctional NLS, i t r emains 

predominantly c ytoplasmic, pos sibly, b y a d ynamic e quilibrium of  a  nuc lear i mport 

system and a dominating nuclear export system. mSTI1 localization did not change under 

CKII inhibition (DRB) conditions, implying mSTI1 may not be phosphorylated by CKII. 

However, m STI1 nu clear l ocalization i ncreased und er cdc2 ki nase i nhibition 

(olomoucine) a nd c dc2 ki nase i nactivation (hydroxyurea-induced G 1/S phase a rrest). 

These data imply mSTI1 to be phosphorylated by cdc2 kinase under normal conditions 

and a ctive c dc2 ki nase t o be  r equired f or t he c ytoplasmic l ocalization of  m STI1. The 

percentage o f cells ar rested in G1/S w as s imilar to the inc idence o f mSTI1 nuclear 

localization unde r t hese c onditions, s uggesting an i ncrease i n nuc lear l ocalization of  

mSTI1 in the G1/S stage of the cell cycle.   
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4.1   INTRODUCTION 
 

4.1.1  Inhibition of CRM1-mediated nuclear export by 
Leptomycin B 

 

Leptomycin B i s a Streptomyces metabolite c ausing gr owth a rrest of  Saccharomyces 

pombe and mammalian cells at  G1 and G2 

 

phases, and i s considered to be a  c linically 

important a nti-tumor d rug ( Yoshida et al ., 1990). Leptomycin B, a t na nomolar 

concentrations, ha d be en s hown t o c ompletely block t he G 1/S t ransition a nd pa rtially 

inhibit the  G 2/M tr ansition in the ma mmalian cell c ycle ( Yoshida et al ., 1990). T he 

CRM1-dependent t ranslocation of  human immunodeficiency virus t ype 1 Rev f rom the 

nucleus to the cytoplasm was blocked by leptomycin B (Wolff et al., 1997) indicating the 

inhibition of nuclear export by this antibiotic. 

The t arget o f l eptomycin B  i s C RM1, a  m ultifunctional nuc lear pr otein e ssential f or 

proliferation and chromosome region maintenance (Kudo et al., 1997). CRM1 is required 

for m aintaining c hromosome s tructures dur ing the c ell c ycle ( Adachi a nd Y anagida, 

1989). CRM1’s localization in the nucleus or its periphery has allowed it to be proposed 

as a  n egative regulator of i nterphase c hromosome c ondensation ( Kudo et al ., 1997). 

CRM1 i s c onserved i n eukaryotes (Adachi a nd Y anagida, 1989)  a nd i s a  c ell cycle 

regulated component of the nuclear export apparatus in the nuclear envelope (Kudo et al., 

1997). A variety of phenotypes observed in eukaryotes, upon gain or loss of function of 

CRM1, can be ascribed to the alteration of nuclear export of proteins (Kudo et al., 1997). 

Several groups have demonstrated the usefulness of leptomycin B in nucleocytoplasmic 

shuttling studies using GFP fusions (Shulga et al ., 1999; Engel et al ., 1998; Brennan et 

al., 2002; Yagita et al ., 2002; Hishino et al ., 2002; Perander et al ., 2001; Rodier et al ., 

2001) 
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4.1.2 The inhibition of cyclin-dependent kinases by the 
purine analogue, olomoucine 

 

Phosphorylation of serine, threonine and tyrosine residues by protein kinases represents 

one of  t he m ost common pos t-translational regulatory modifications of  pr oteins. T he 

importance of protein kinases in physiological processes has stimulated an active search 

for s pecific inhi bitors w ith potential pha rmalogical int erest. Several c lasses of  

compounds ha ve be en i dentified: s taurosporine; na phthalene s ulfonamides ( W7, M L-9, 

SC-9); isoquinoline derivatives (H-7, H-8, KN-62); sphingosine; tyrophostins; and others, 

but in most cases these inhibitors display broad specificity (Veselý et al., 1994). 

 

An a ctive s earch f or chemical i nhibitors of  c dk pr oteins ha s be en s timulated b y t he 

frequent de regulation of  c dk pr oteins i n c ancer a nd t he di scovery of  na tural i nhibitors. 

Such cdk inhibitors could act by various mechanisms i.e. by interfering with the binding 

of substrates (ATP or protein); by affecting the binding of regulatory subunits (cyclins or 

p9ckShs); b y int eracting with some s ites involved in the activation (Thr161 in cdc2); b y 

interacting with the nuclear/cytoplasmic localization signals or by mimicking the natural 

inhibitor/cdk interactions (Veselý et al., 1994). Inhibitors of cdc2 kinase/cyclin B kinase 

include t he non -specific N6-(Δ2)-isopentenyl a denine ( Sherr, 1993 ); s taurosporine 

(Gadbois et al., 1992); butyrolactone-I (Someya et al., 1994); and the flavone L86-8275 

(Losiewicz et al ., 1994). T hese c ompounds appear t o a ct a s c ompetitive i nhibitors f or 

ATP binding. Olomoucine and other C2, N6 and N9-substituted purines have been found 

to exert strong inhibitory effects on t he cdc2, cdk2, cdk5 and ERK1 kinases, but not on 

cdk4 and cdk6 (among 35 kinases tested) (Veselý et al., 1994). Olomoucine inhibits both 

in vitro M-phase promoting f actor act ivity and  in vitro DNA s ynthesis i n Xenopus egg 

extracts, as w ell a s the  starfish oocyte G 2/M tr ansition in vivo. Olomoucine a cts as  a 

competitive inhibitor for ATP and as a  non-competitive inhibitor for histone H1 ( linear 

inhibition f or bot h s ubstrates). Olomoucine a lso i nhibited a utophosphorylation on  t he 

cyclin B ( Veselý et al ., 1994). T hus ol omoucine i nhibits G 1/S t ransition i n uni cellular 

algae, mesophyl protoplasts, interleukin-2-stimulated T lymphocytes (CTLL-2 cells) and 

the non-small cell lung cancer cell line MR65 (Abraham et al., 1995). 
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4.1.3  The inhibition of CKII by DRB 
 

Protein kinase CKII is a serine/threonine protein kinase, ubiquitous and highly conserved 

among e ukaryotic or ganisms ( Allende a nd A llende, 1995) . It i s c omposed of  two 

catalytic s ubunits (α) and of  t wo r egulatory s ubunits (β), w hich t etramerize t o a dopt a  

α2β2

 

 structure (Allende and Allende, 1995). CKII localizes both in the nucleus and in the 

cytoplasmic compartment, w here i t phos phorylates a  v ariety of  s ubstrates i nvolved i n 

different cellular f unctions. A lthough i ts pr ecise r ole r emains elusive, CKII ha s be en 

involved i n t he m ajor c ellular pr ocesses, i ncluding c ontrol of  c ell di vision a nd 

proliferation (Pinna and Meggio, 1997), development and differentiation. In addition to 

being ne cessary f or cel l vi ability i n yeast ( Padmanabha et al ., 1990) , t he hum an 

homologue o f C KIIβ was s hown to inc rease r esistance to UV ir radiation (Teitz et al ., 

1990), r aising t he que stion of  w hether C KII m ay play a r ole i n t he r esponse t o stress. 

Among a ll the  C KII s ubstrates de scribed so far, it is  s triking to note that ma ny are 

proteins i nvolved i n t he r esponse t o he at s hock, i ncluding c haperone p roteins H sp56 

(Miyata, 1997) and Hsp90 (Miyata and Yahara, 1992), stress related transcription factors 

HSF-1 a nd E GR-1 ( Jain, 1996) , t he D NA r epair m achinery i .e. t opoisomerase II 

(Redwood et al .,1998), D NA l igase ( Prigent et al ., 1998) a nd A PE/REF-1 ( Fritz a nd 

Kaina, 1999), or in the control of transcription (Pinna and Meggio, 1997). 

CKII h as be en found to relocalize i n a pa rticular nuc lear f raction, after stress, and its 

activity is increased up to three fold in the nucleolus (Gerber et al., 2000). 5, 6-dichloro-

1-beta-D-ribofuranosylbenzimidazole ( DRB) i s a  c lassic i nhibitor of  C DK7 T FIIH-

associated kinase, CKI and CKII ki nases ( te P oele et al ., 1999, D avid-Pfeuty et al ., 

2001). 

 

4.1.4  The G1/S transition and the inhibitor hydroxyurea 
 

Cell division is controlled by way of a complex network of biochemical signals that are 

similar in all eukaryotic cells. Together, these signals regulate specific transitions in the 

cell c ycle (Van d en H euvel a nd H arlow, 1993) . T he be st-characterized t ransitions ar e 
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those from G1 to S phase and from G2 to mitosis. The dependency of late events in the 

cell c ycle on  the c ompletion of  e arly events oc curs t hrough c ontrol m echanism 

checkpoints that appear to have the role of checking that prerequisites have been properly 

satisfied (Hartwell and Weinert, 1989). In mammalian tissue culture cells, arrest of DNA 

synthesis b y s pecific inhi bitors or  b y mut ational ina ctivation of r eplication enzymes 

prevents continuation of the cell cycle to mitosis and arrests cells at the G1/S transition 

(Hartwell a nd W einert, 1989) . T emperature-sensitive mut ants de fective in some D NA 

replication functions (DNA polymerase I, cdc17; DNA polymerase III, cdc2; and DNA 

ligase, cdc9) do not normally undergo mitosis at the restrictive temperature. In yeast, the 

RAD9 gene s pecifies a c omponent of  t his c heckpoint c ontrol s ystem (Hartwell a nd 

Weinert, 1989). Dependency of mitosis on the completion of DNA synthesis is relieved, 

however, b y a c omplete de ficiency of  RAD9; a s c ells w ith a RAD9 gene de fect t hen 

continue through mitosis into the next cell cycle at the restrictive temperature (Johnston 

and Nasmyth, 1978). Chromosome condensation, elaboration of the mitotic spindle, and 

cytokinesis a re a ll pr evented w hen D NA s ynthesis i s i nhibited ( Hartwell a nd W einert, 

1989). 

 

The c lassic i nhibitor h ydroxyurea arrests c ells i n t he G 1/S pha se a nd i s of ten us ed i n 

G1/S arrest studies (Choy and Kron, 2002). The mechanism by which hydroxyurea acts is 

through t he i nactivation of  ribonucleoside reductase b y t he f ormation of  a  free r adical 

nitroxide that binds to a tyrosyl free radical in the active site of the enzyme (Lassman, et 

al., 1992). This blocks the synthesis of deoxynucleotides (Hendriks and Matthews, 1998, 

Lu et al ., 2002), which inhibits DNA synthesis and thus induces synchronization at the 

G1/S transition. 

 
 
4.1.5  Heat Shock effects on the cell 
 

Under no rmal c onditions of  c ell growth, qu ality control ove r pr otein structure and 

function i s m aintained by  the a ctivities of  m olecular c haperones a nd pr oteases. U nder 

stress c onditions, s uch a s he at s hock, t he amount of  unf olded pr oteins i ncreases 

dramatically and  the ba lance be tween chaperones, pr oteases, a nd unf olded pr oteins i s 
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disturbed, w hich c an l ead t o t he f ormation of  pr otein a ggregates ( Nollen et al ., 2001). 

Chaperone l ocalization would t herefore c orrelate w ith t he l ocalization of  unf olded 

proteins. Little is known about where exactly in the cell unfolded proteins are processed 

by chaperones. H sp70 has be en s hown t o c o-localize to the nu cleoli with thermally 

unfolded nuclear proteins, and is in addition, required for the translocation event (Nollen 

et al ., 2001). S tress, s uch a s he at s hock o r ox idative s tress, di sturbs nu merous c ellular 

processes including those involved in the cell cycle, leading to an arrest in the G1/S and 

G2/M phases (Kühl and Rensing, 2000). After the initial response to stress, namely the 

upregulation of  H sps, a  state of  a cquired t hermotolerance i s r eached, e nsuring a  l ower 

sensitivity to further stress exposures. This includes the effects on the cell cycle (Kühl et 

al., 2000), allowing the  c ell to return to a p roliferating c ycle w ith a thermotolerant 

advantage. 

 

4.1.6  Specific hypothesis, aims and objectives 
 

It i s h ypothesized t hat nuc lear i mport a nd e xport of  m STI1 oc curs, a nd t hat t his i s 

affected by cell cycle kinases. 

 

mSTI1, the murine homolog of STI1, is a stress inducible phosphoprotein implicated in 

mediating t he he at s hock r esponse i n Saccharomyces c erevisiae (Blatch et al ., 1997 ; 

Nicolet and Craig, 1989). Hsp70 binds with high affinity to Hop in the presence of Hsp90 

(Hernández et al ., 2002). Hsp70 is no rmally cytoplasmically localized, b ut dur ing he at 

shock, has been shown to translocate to the nucleus and in particular the nucleolus, from 

which i t w ithdraws dur ing r ecovery ( Welch, 19 87). T herefore i t w as pr oposed t hat t he 

subcellular l ocalization of  m STI1 unde r he at s hock c onditions would i nvolve 

translocation to the nucleus. 

 

The t arget o f l eptomycin B  i s C RM1, a  m ultifunctional nuc lear pr otein e ssential f or 

proliferation and chromosome region maintenance (Kudo et al., 1997). mSTI1 has been 

shown t o be  m ostly cytoplasmic w ith a s mall nuc lear fraction (Chapter 3) . However, 

since a  nuc lear fraction of  m STI1 exists a nd mSTI1 h as be en s hown t o c ontain a 
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functional NLS (Chapter 3), this cytoplasmic localization of mSTI1 may be a result of a 

dominant nuc lear e xport pr ocess. T herefore, w e h ypothesize t hat i nhibition of  C RM1-

dependent nuclear export in mSTI1-EGFP transfectants using leptomycin B will result in 

accumulation of mSTI1 in the nucleus. 

 

CKII and cdc2 kinases phosphorylate mSTI1 in vitro, proximal to the NLS, at positions 

S189 a nd T 198 r espectively ( Longshaw et al ., 2000). T his phos phorylation s upports a  

predicted C cN m otif i n m STI1. T he C cN m otif i s a  phos phorylation r egulated N LS 

module (Jans et al ., 1991). The cdc2 kinase and CKII s ites in the T-antigen CcN motif 

appear t o f unction i ndependently of one  another i n t erms o f bot h regulating T -antigen 

nuclear t ransport a nd i nfluencing phos phorylation a t t he ot her s ite ( Jans et al ., 1991) . 

Therefore, it is hypothesized that mSTI1 is phosphorylated by either CKII or cdc2 kinase 

in vivo. The m echanism of  cdc 2 kinase-mediated i nhibition of  nuc lear l ocalization 

appears t o be  t hrough c ytoplasmic r etention ( Jans a nd J ans, 1994) , w hile t hat of  C KII 

phosphorylation-mediated enhancement of nuclear localization may be by increasing the 

affinity of association with the karyopherin complex (Jans and Jans, 1994), enhancing the 

docking rate at the NPC. DRB is a classic inhibitor of CKII kinase and olomoucine exerts 

strong inhibitory effects on cdc2 kinase (Veselý et al., 1994). Therefore, we hypothesize 

that ol omoucine e xposure w ill i ncrease t he nuc lear l ocalization of  m STI1, w hile D RB 

exposure will decrease the nuclear localization of mSTI1. 

 

We h ypothesize t hat e xposure of  m STI1-EGFP ex pressing cel ls t o hydroxyurea, when 

cdc2 kinase i s i nactive, w ill i ncrease t he nuc lear l ocalization of m STI1. cdc2 ki nase 

phosphorylates m STI1 in vitro at pos ition T 198 ( Longshaw et al ., 2000). The cl assic 

inhibitor h ydroxyurea arrests c ells i n t he G 1/S pha se b y bl ocking t he s ynthesis of  

deoxynucleotides ( Hendriks a nd M atthews, 199 8), w hich i nhibits D NA s ynthesis a nd 

thus i nduces s ynchronization a t t he G 1/S t ransition. The m echanism of  c dc2 ki nase-

mediated inhibition of  n uclear l ocalization appears t o be  t hrough c ytoplasmic retention 

(Jans and Jans, 1994). Cdc2 kinase is inactive at the G1/S transition (Alberts et al., 1994).  
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4.2  EXPERIMENTAL PROCEDURES 
 

4.2.1 The localization of mSTI1 during heat shock, and 
kinase, cell cycle and nuclear export inhibition 

 

NIH 3T3 mouse fibroblasts t ransfected with pB-mSTI1-EGFP (B.12) w ere subcultured 

into 8 well chamber slides 24 hours prior to each treatment. For stress conditions: slides 

were i ncubated a t 42ºC  for 15 m inutes ( Lässle  et al ., 1997) . G reater t han 15 m inutes 

exposure, or  e xposure t o t emperatures hi gher t han 42 ºC, r esulted i n c ell de ath. pB -

mSTI1-EGFP t ransfectants were exposed to 0.3 mM DRB for 8 hour s, to inhibit CKII. 

Similarly, pB-mSTI1-EGFP t ransfectants w ere exposed t o 0.3 m M ol omoucine f or 8 

hours, t o i nhibit c dc2 ki nase. p B-mSTI1-EGFP t ransfectants w ere exposed t o 10  m M 

hydroxyurea for 8 hours, to arrest cells in the G1/S phase. pB-mSTI1-EGFP transfectants 

were exposed to 10 ng/ml leptomycin B for 3 hours, to inhibit nuclear export. No initial 

arrest in G0

 

 (by incubation of  cells in serum-free media) was performed, as this would 

produce a  s tressed c ellular s tate, i nappropriate c onditions f or t he s tudy of a  c haperone 

protein. Slides were visualized by confocal laser scanning fluorescent microscopy (B.14). 

4.2.2  Establishing the percentage of G1/S arrested cells 
 
5-bromodeoxyuridine is an artificial thymidine analogue. It can be added to the media in 

which proliferating cells are growing, and will be taken up a nd selectively incorporated 

into the synthesizing DNA during S-phase, instead of thymidine (Boccadora et al., 1986). 

Subsequent pr obing w ith a ntibodies s pecific t o br omodeoxyuridine w ill r eveal a ny 

localization in the nucleus, which only occurs in cells synthesizing DNA, and thus at the 

G1/S t ransition. N IH 3 T3 f ibroblasts w ere s ubcultured i nto 8 w ell chamber s lides 24 

hours prior to treatment with hydroxyurea (B.12). Cells were incubated in the presence of 

100 µM bromodeoxyuridine monophosphate and 10 mM hydroxyurea (B.12). Cells were 

immunostained using the bromodeoxyuridine-specific antibody (B.15) and visualized by 

confocal laser scanning fluorescence microscopy (B14) for nuclear staining.  
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4.3  RESULTS AND DISCUSSION 
 

4.3.1 Heat shock does not change mSTI1 distribution  

Since m STI1 a ssociates w ith H sc/Hsp70, a nd H sp70’s l ocalization c hanges f rom 

cytoplasmic t o nuc lear u nder heat shock (Welch et al ., 1987), we investigated whether 

the localization of mSTI1 changed in response to heat shock.  m STI1-EGFP expressing 

NIH 3T3 fibroblasts were incubated at 42°C for 15 minutes (Lässle et al., 1997) (Figure 

4.1). S imilarly, NIH 3 T3 f ibroblasts w ere i ncubated a t 42 °C f or 1 5 m inutes a nd 

immunostained a gainst e ndogenous m STI1. T he distribution of  m STI1 a fter t hese he at 

shock conditions did not change (Figure 4.1), suggesting the nuclear import of mSTI1 to 

be s imilar unde r bot h n ormal a nd t hese he at s hock c onditions. A dditional e xperiments 

using increasing severe heat shock conditions, including those from which the cells were 

unable t o r ecover, also had no e ffect on m STI1-EGFP l ocalization ( data not  s hown). 

When cells were exposed to pre-heated 42°C media a nuclear localization of endogenous 

mSTI1 was observed. However, this nuclear localization was not reproducible, and i t is 

proposed t hat a ny pot ential nuc lear l ocalization unde r h eat s hock c onditions m ay only 

occur due to specifically induced changes in the kinetics of mSTI1 cellular distribution. 

 

4.3.2 mSTI1 enters and is exported from the nucleus  

Although m STI1-EGFP c ontains a  f unctional N LS a t pos itions 222 -239, i t r emains 

predominantly cytoplasmic unde r nor mal growth c onditions ( 87% of c ells ha d a 

cytoplasmic only staining pattern with no nuc lear component) (Figure 4.2). This may be 

caused by the p resence of a  nuc lear export s ystem, which predominates ove r nuc lear 

import. To assess the potential nuclear export of  mSTI1, mSTI1-EGFP expressing NIH 

3T3 f ibroblasts, a nd nor mal N IH 3T 3 f ibroblasts, w ere t reated w ith l eptomycin B. 

Treatment with leptomycin B for 3 hours induced nuclear accumulation in the majority of 

cells of mSTI1-EGFP and mSTI1 (Figure 4.2A and B). For most EGFP-expressing cells, 

EGFP de monstrated ubi quitous c ytoplasmic and nuc lear l ocalization, be fore and a fter 

leptomycin B tr eatment ( Figure 4.2A ). These da ta s hould be car efully i nterpreted. 



EGFP mSTI1-EGFP

Normal 

Heat Shock 

B

A

 Figure 4.1: The subcellular localization of mSTI1 is not affected by 	 	
	 	 heat shock.
 (A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-EGFP (left), pB-mSTI1-EGFP (right) and heat 
shocked (42°C) for 15 mins. Cells were fixed in 3.7% paraformaldehyde  and visualized by confocal laser fluorescence 
microscopy. Similarly, normal NIH 3T3 fibroblasts were heat shocked, immunostained with SF1 polyclonal rabbit anti-
mSTI1 and Cy3-conjugated donkey anti-rabbit and visualized by confocal laser fluorescence microscopy. Scale bars 
represent 10 micrometers. (B) Cells were transfected as described in (A). Cells demonstrating cytoplasmic 
fluorescence or nuclear and cytoplasmic fluorescence were scored from 5 fields.
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Figure 4.2: The nuclear localization of mSTI1-EGFP is enhanced by 	 	 	
	 	 inhibition of nuclear export and of cdc2 kinase, but not by 	 	 	
	 	 inhibition of CKII
(A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-EGFP (left), pB-mSTI1-EGFP (middle) and exposed to 
leptomycin B (10 ng/ml), olomoucine (0.1 mM) or DRB (0.3 mM) for 3, 8 and 8 hours respectively. Cells were fixed in 3.7% 
paraformaldehyde, and visualized by confocal laser fluorescence microscopy. ixed in 3.7% paraformaldehyde, permeabilized 
in 0.1% saponin, immunostained with SF1 polyclonal rabbit anti-mSTI1 and Cy3-conjugated donkey anti-rabbit. Cells were 
visualized by confocal laser fluorescence microscopy. Scale bars represent 10 micrometers. (B) Cells were exposed to 
leptomycin B, olomoucine and DRB as described in (A). Cells demonstrating cytoplasmic fluorescence or nuclear and 
cytoplasmic fluorescence were scored from 5 fields.
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This nuclear localization under leptomycin B conditions was noted as accumulation in the 

nucleus r ather t han s imply nu clear e ntry. A ccumulation of  m STI1 i n t he nuc leus a fter 

leptomycin B treatment may result in conditions indirectly leading to the recruitment of 

mSTI1 to the nucleus for i ts co-chaperone function. Alternatively, these data may have 

demonstrated t hat m STI1 w as e xported f rom t he nuc leus b y a m echanism e ither 

involving a functional cis-acting, leptomycin B-sensitive nuclear export signal (NES) or 

via an NES-containing interaction partner of mSTI1 (Fukuda et al., 1997; Fornerod et al., 

1997; S tade et al ., 19 97; O ssareh-Nazari et al ., 1997;  K udo et al ., 2000) . T he 

predominant cytoplasmic distribution of mSTI1 under normal conditions may, therefore, 

result f rom a  d ynamic equilibrium be tween nuclear import a nd e xport, w here i n t he 

majority of cells the rate of export was the greater.  An attempt was made to examine the 

mSTI1 sequence for an NES, however any putative NES signals reported in the literature 

are de scribed as m erely “l eucine r ich” and as y et no c onsensus s equence ha s be en 

reported (Fischer et al., 1995; Wen et al., 1995; Fukuda et al ., 1996; Engel et al ., 1998; 

Toyoshima et al ., 1998; Yamaga  et al., 1999). Therefore the sequence for an NES may 

vary between proteins and have few conserved residues. Such a put ative “leucine r ich” 

NES could not be found in the primary amino acid sequence of mSTI1, and therefore any 

NES potentially present in mSTI1 may be structurally different to reported NESs. Future 

work could include a continued search for this predicted NES in mSTI1. 

 

4.3.3 Kinase inhibition affects mSTI1 localization  

The pr esence of  a  C cN m otif i n m STI1 c ould be c apable of  di recting nuclear i mport 

under cell c ycle control ( Longshaw, et al . 2000). T he pr oposed C cN m otif w ould 

comprise the NLS at position 222-239, together with the in vitro recognized CKII (S189) 

and c dc2 ki nase ( T198) s ites l ocated upstream f rom t he N LS. To assess an y effect of  

specific i nhibition of  cdc2 ki nase a nd C KII i n cells on t he cytoplasmic distribution of  

mSTI1-EGFP, w e exposed m STI1-EGFP e xpressing N IH 3T 3 f ibroblasts, a nd nor mal 

NIH 3T 3 f ibroblasts, t o ol omoucine, a  s pecific i nhibitor of  c dc2 ki nase, a nd D RB, a  

specific inhi bitor of  C KII. T he inc idence o f c ells w ith a c ytoplasmic d istribution of 

mSTI1-EGFP or mSTI1 was unchanged after DRB treatment (Figure 4.2). This suggested 
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that i nactivation of  C KII did not  c hange t he distribution of  m STI1. For a ll E GFP-

expressing c ells, E GFP demonstrated ubi quitous c ytoplasmic a nd nuclear l ocalization 

before a nd a fter bot h DRB and ol omoucine treatments ( Figure 4.2) . In c ontrast, 

olomoucine t reatment r esulted in a m arked increase i n the i ncidence of  nuc lear 

localization of mSTI1-EGFP and endogenous mSTI1 (Figure 4.2), suggesting that active 

cdc2 kinase was required for the nuclear exclusion of mSTI1.  

 
4.3.4 Arrest at the G1/S transition promotes a nuclear 

localization of mSTI1 

A c dc2 ki nase s ite i n mSTI1 w as pr eviously i dentified a nd was r ecognized b y c dc2 

kinase in vitro (Longshaw et al., 2000). Furthermore, the inhibition of cdc2 kinase led to 

an increase in the incidence of nuclear localization of mSTI1-EGFP and mSTI1 (Figure 

4.2). The arrest of the cell at the G1/S transition, when cdc2 kinase was inactive, could 

therefore ha ve an e ffect on t he c ytoplasmic di stribution of  m STI1. After h ydroxyurea 

treatment, a marked increase in the incidence of nuclear localization of mSTI1-EGFP and 

of e ndogenous m STI1 was obs erved ( Figure 4. 3A a nd B), s uggesting a gain t hat a ctive 

cdc2 kinase was required for the nuclear exclusion of mSTI1. Exposure of NIH 3T3 cells 

to hydroxyurea for 10 h ours resulted in the arrest of 71% of NIH 3T3 cells in the G1/S 

phase, a s d etermined b y br omodeoxyuridine ( BrdU) i ncorporation ( Figure 4.4A ). T his 

was in contrast to cells under normal growth conditions when approximately 10% of cells 

were in G1/S (Figure 4.4B). Interestingly, the percentage of cells in G1/S was, under both 

normal gr owth c onditions a nd f ollowing h ydroxyurea t reatment, ve ry similar t o t he 

incidence of  m STI1-EGFP a nd mS TI1 nuc lear loc alization (Figure 4. 3B and 4.4 B).  

These data suggested that the nuclear localization of mSTI1 was increased when the cells 

were in the G1/S stage of the cell cycle. 
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Figure 4.3: 	 The nuclear localization of mSTI1 is enhanced by 	
	 	 	 G1/S	phase arrest.
(A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-EGFP (left) and pB-mSTI1-EGFP (middle) and 
exposed to hydroxyurea (10 mM) for 10 hours. Cells were fixed in 3.7% paraformaldehyde and visualized by 
confocal laser fluorescence microscopy. Mouse NIH 3T3 fibroblasts were fixed in 3.7% paraformaldehyde, 
permeabilized in 0.1% saponin, immunostained with SF1 polyclonal rabbit anti-mSTI1 and Cy3-conjugated 
donkey anti-rabbit. Cells were visualized by confocal laser fluorescence microscopy. Scale bars represent 10 
micrometers.  (B) Cells were exposed to hydroxyurea as described in (A). Cells demonstrating cytoplasmic 
fluorescence or nuclear and cytoplasmic fluorescence were cscored from 5 fields. 
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Figure 4.4:	 The population of cells in G1/S phase was assessed using 		
	 	 bromodeoxyuridine staining

(A) Mouse NIH 3T3 fibroblasts were exposed to hydroxyurea (10 mM) and bromodeoxyuridine (100 mM) for 10 hours. 
Cells were fixed in 3.7% paraformaldehyde, permeabilized in 0.1% saponin, stained with DAPI, and probed for 
bromodeoxyuridine incorporation with mouse anti-bromodeoxyuridine primary antibody, and donkey anti-mouse Cy3-
conjugated secondary antibody. Cells were visualized by confocal laser fluorescence microscopy. (B) Cells were treated 
as in (A) and nuclear or non-nuclear fluorescencing cells were scored from 5 fields.
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4.3  CONCLUSIONS 
 

mSTI1 i s i nduced du ring s tress (Blatch et al ., 1997)  a nd a ssociates w ith H sp70 

(Hernández et al ., 2002) which localizes to the nucleus under s tress conditions (Welch, 

1987). However, m STI1 i s c ytoplasmic unde r b oth nor mal a nd he at s hock c onditions. 

The NLS-dependent nuclear import of mSTI1 may thus be similar under both normal and 

the heat s hock conditions us ed, a nd H sp70-independent. S tress, s uch a s s tarvation, 

ethanol, he at o r ox idants ha ve b een s hown t o i nhibit s pecific N LS-dependent nuc lear 

import (Stochaj et al., 2000). 

 

Novel e vidence s hown here s uggests t hat m STI1 m ay be  i ndirectly r ecruited t o t he 

nucleus unde r e xport-inhibition c onditions or  i s e xported f rom t he nuc leus b y a 

mechanism e ither i nvolving a  f unctional cis-acting, l eptomycin B-sensitive nuc lear 

export s ignal ( NES) or  via a n N ES-containing i nteraction pa rtner o f m STI1. A lthough 

mSTI1-EGFP c ontains a f unctional N LS, i t r emains pr edominantly cytoplasmic. T his 

may b e c aused by t he p resence of  a nuc lear ex port s ystem, which predominates ove r 

nuclear import.  

 

Inactivation of  C KII b y DRB di d not  c hange t he di stribution of  m STI1 unde r our  

conditions. m STI1 m ay therefore not  b e ph osphorylated b y C KII unde r no rmal 

conditions. CKII phosphorylation of mSTI1 may therefore not have a role in cell cycle-

regulated localization of mSTI1. Inactivation of cdc2 kinase by olomoucine increased the 

nuclear localization of  mSTI1. mSTI1 may therefore be phosphorylated by cdc2 kinase 

under nor mal c onditions a nd a ctive c dc2 ki nase m ay b e r equired f or t he c ytoplasmic 

localization of mSTI1.  

 

Arrest in the G 1/S tr ansition by h ydroxyurea tr eatment, when c dc2 ki nase i s i nactive, 

increased the nuclear localization of mSTI1. This evidence further supports the idea that 

mSTI1 i s phos phorylated b y c dc2 ki nase unde r nor mal c onditions. T he pe rcentage of  

cells in G1/S, under both normal growth conditions and following hydroxyurea treatment, 
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was ve ry s imilar to the inc idence of  mS TI1-EGFP a nd m STI1 nu clear l ocalization.  

These data suggested that the nuclear localization of mSTI1-EGFP was increased when 

the cells were in the G1/S stage of the cell cycle.  Evidence is presented here of a in vivo 

link be tween m STI1 a nd t he c ell c ycle m achinery.  R ecently, i t w as s hown t hat S TI1 

interacts di rectly w ith c dc37 ( Abbas-Terki et al ., 2002). F urthermore, cdc37 ha s be en 

found to interact with cdc28 in Saccharomyces cerevisiae (Mort-Bontemps-Soret et al ., 

2002). Therefore STI1, cdc37 and cdc28 may interact together in a cell cycle dependent 

manner to regulate both the chaperoning and localization of  c lient proteins. These da ta 

provide the first evidence of regulated nuclear import/export of a major Hsp70/Hsp90 co-

chaperone, and the r egulation of  t his nuc lear import b y cell c ycle s tatus and c ell c ycle 

kinases. 
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CHAPTER 5 
 

IN VIVO ANALYSIS OF THE POTENTIAL CKII AND  

CDC2 KINASE PHOSPHORYLATION SITES OF mSTI1 
 
SUMMARY: The removal of  the potential in vivo CKII phosphorylation s ite at S189 

did not affect the localization of mSTI1 under normal, heat shock, G1/S arrest conditions, 

or nuclear export inhibition conditions. mSTI1 may therefore not be modified at S189 in 

vivo. H owever, t he i ntroduction of  ne gative charge a t t his s ite pr omoted nuc lear 

localization of mSTI1. This site may therefore be functional under conditions that are as 

yet unknow n. T he r emoval of  t he pot ential in vivo cdc2 ki nase phos phorylation s ite a t 

T198 di d not  a ffect t he localization of  m STI1 u nder nor mal c onditions, heat s hock or  

nuclear export inhibition conditions. However, under G1/S arrest conditions, removal of 

this site increased nuclear accumulation qualitatively, while the introduction of negative 

charge at this site decreased the incidence of nuclear accumulation of mSTI1, implying a 

nuclear loc alization inhibitory r ole for thi s s ite a t th e G 1/S t ransition. Heat s hock and 

G1/S arrest may affect the phosphorylation status of mSTI1, as the isoform composition 

of mSTI1 changed under these conditions. This status of mSTI1 may be determined by in 

vivo modifications at S189 and T198, as in vitro modifications at these sites decreased the 

number of isoforms of mSTI1-EGFP under normal conditions. Therefore, taken together, 

these r esults i mply t hat modifications a t S 189 a nd T 198 m ay o ccur in vivo, how ever 

although t he e ffects of  such m odifications m ay not  e xtend t o t he f inal e quilibrium of  

mSTI1 localization.  
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5.1   INTRODUCTION 
 

5.1.1 Assessing the regulation of NLS signals by amino-
acid substitution at phosphorylation sites 

 
Nuclear localization signals are short peptide sequences that are necessary and sufficient 

for nuc lear l ocalization of  t heir r espective p roteins ( Jans and Hűbner, 1996). NLSs are 

regarded a s functioning vi a receptor/ligand r eceptor-like int eractions w ith nuclear 

transport machinery. P revious s tudies of  t he c lassical SV40 l arge T-antigen CcN motif 

have shown that negative charge at the CKII site flanking the nuclear localization signal, 

is m echanistically i mportant f or e nhanced nuc lear i mport ( Jans a nd Jans, 1994) . The 

mechanism of  C KII ph osphorylation-mediated enhancement i s t hrough i ncreasing t he 

affinity of association with the karyopherin complex (Jans and Jans, 1994), enhancing the 

docking r ate a t t he N PC. F lanking s equences a nd phos phorylation a t t he C KII s ite are 

mechanistically impor tant in NLS r ecognition by k aryopherin α in both T -antigen 

(Hübner et al ., 1997)  and D orsal t ranscription f actor f rom Drosophila ( Briggs et al ., 

1998). On r emoval of  t he C KII s ite, e ither b y s ubstitution of  S 111/112 by non -

phosphorylatable a mino-acid r esidues, or  m utation of  t he A sp-Asp-Glu113/115 CKII 

recognition s equence t o A sn-Asn-Gln, nuc lear import r ates l ess t han 4%  w ild t ype 

resulted (Jans and Jans, 1994). Conversely, the substitution of Asp for Ser112, the serine 

preferentially phos phorylated b y pur ified C KII, enhanced nuc lear i mport t o a bout 45% 

maximal wild t ype r ates ( Jans and J ans, 1994) . Mutations of  t he N LS-containing yeast 

transcription f actor S W15 a t c dk s ite s erines Ser646 and Ser664 to alanine r esulted in 

constitutive nuclear localization (Jans et al., 1995). In mammalian cells, the SW15 fusion 

proteins were similarly transported to the nucleus in an NLS-dependent fashion, while the 

mutation to Ala of  th e c dk site s erines inc reased the ma ximal le vel of  nuc lear 

accumulation from 1- to over 8-fold (Jans et al ., 1995). Phosphorylation sites have also 

been mimicked by the site-directed am ino-acid s ubstitution t o a ne gatively charged 

residue such as glutamic acid (Maciejewski et al., 1995). Alanine substitution at the PKA 

site ( Ser266) N -terminal to the N LS in the c-rel pr oto-oncogene, abolishes i ts nuc lear 

localization whereas aspartic acid at the site simulates PKA phosphorylation in inducing 
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nuclear translocation (Gilmore and Temin, 1988). T124

 

 phosphorylation at the cdc2 kinase 

site of  t he SV40 T-antigen protein, which could be  functionally s imulated b y a T-to-D 

substitution, w as f ound t o r educe t he m aximal extent of  nuc lear a ccumulation w hilst 

negligibly affecting the import rate. Thus, amino-acid substitution has been demonstrated 

to be a useful tool in the removal or simulation of phosphorylation sites, especially with 

respect to their regulatory role in nucleocytoplasmic transport. 

5.1.2  Specific hypothesis, aims and objectives 
 

CcN motifs comprise both enhancing and inhibitory phosphorylation sites proximal to the 

NLS. The CKII s ite increases the rate of  NLS-dependent nuclear import, whereas cdc2 

kinase s ite inhi bits tr ansport, markedly reducing the le vel of  ma ximal nuc lear 

accumulation. The cdc2 kinase and CKII sites appear to function independently o f one 

another i n t erms of  b oth r egulating T -antigen nuc lear t ransport a nd i nfluencing 

phosphorylation at t he other s ite. (Jans et al ., 1 991). T he m echanism of  c dc2 ki nase-

mediated inhibition appears to be thr ough c ytoplasmic r etention, while tha t of  C KII 

phosphorylation-mediated enhancement m ay b e i ncreasing t he af finity of  as sociation 

with t he ka ryopherin c omplex, e nhancing t he d ocking r ate a t t he N PC (Jans a nd J ans, 

1994). Furthermore, CKII and cdc2 kinases have been shown to phosphorylate mSTI1 in 

vitro, proximal to the NLS, supporting a predicted CcN motif (Longshaw et al., 2000). 

 

It i s h ypothesized t hat t he modification of  residues phos phorylated b y cdc2 ki nase o r 

CKII kinase will change the localization of mSTI1. 

 

Since the cytoplasmic localization of mSTI1 is not affected by inhibition of CKII during 

exposure t o D RB ( Chapter 4) , i t c an be  c oncluded e ither that mS TI1 may not  b e 

phosphorylated by CKII in vivo under normal conditions, or that such phosphorylation of 

mSTI1 a ffects t he ki netics of  m STI1 nuc lear i mport or  e xport. T he s imilar m STI1 

distribution unde r nor mal a nd D RB c onditions m ay b e e xplained i f any pot ential 

phosphorylation o f m STI1 b y C KII may be s ubject t o r emoval b y phosphatases und er 

normal conditions. It i s t herefore h ypothesized that substitution of the  potential in vivo 
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CKII phosphorylation site at S189 with a non-phosphorylatable alanine residue will not 

affect t he nuc lear a ccumulation of  m STI1. H owever, s ubstitution of  t his S 189 r esidue 

with a non-removable negatively charged residue such as glutamic acid will functionally 

simulate phosphorylation at this site and promote nuclear accumulation of mSTI1.  

Nuclear l ocalization of  m STI1 w as pr omoted b y i nhibition of  c dc2 ki nase dur ing 

exposure to olomoucine, implying that mSTI1 was phosphorylated by cdc2 kinase in vivo 

and t hat a ctive c dc2 ki nase w as r equired f or t he c ytoplasmic r etention of  m STI1. It i s 

therefore h ypothesized t hat substitution of  t he pot ential in vivo cdc2 ki nase 

phosphorylation s ite a t T198 with a  non -phosphorylatable alanine residue will i ncrease 

the nuc lear accumulation of  m STI1. H owever, s ubstitution of  t his S189 residue w ith a  

negatively charged residue s uch as g lutamic a cid will f unctionally s imulate 

phosphorylation at this s ite. Since nuclear accumulation of  mSTI1 is promoted at G1/S 

phase (Chapter 4), when cdc2 kinase is inactive, functional simulation of the T198 site is 

proposed to inhibit this nuclear accumulation of mSTI1. 

 

A shift in the in vivo isoform composition of Hop, to more acidic (and therefore possibly 

more phosphorylated) forms, occurs after viral transformation as well as after heat shock, 

suggesting t he s tress-induced phos phorylation of  a  H op s ubpopulation ( Honoré et al ., 

1992). It is hypothesized that a number of endogenous mSTI1 isoforms exist in vivo, and 

that these isoforms are different under normal and stress, even though there is no change 

in mSTI1 localization. Furthermore, the increase in nuclear localization of mSTI1 under 

G1/S a rrest l eads t o t he pr ediction of  di fferent e ndogenous m STI1 i soforms unde r 

hydroxyurea conditions. S ince in vitro phosphorylation of  m STI1 b y CKII and cdc2 

kinases occurs at S189 and T198 respectively (Longshaw et al., 2000) it is hypothesized 

that modi fication at th ese poi nts w ill a ffect the  is oform c omposition of mS TI1 

qualitatively and quantitatively.  
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5.2  EXPERIMENTAL PROCEDURES 
 

5.2.1 Preparation of transfectants expressing mSTI1-EGFP 
derivatives 

 
Purified pr eparations of  t emplate pS K-mSTI1-EGFP ( B.11) w ere p repared. P lasmids 

encoding m STI1-EGFP(S189A), m STI1-EGFP(T198A), m STI1-EGFP(S189E) a nd 

mSTI1-EGFP(T198E), were prepared by site-directed mutagenesis (B.16) using a double 

stranded w hole pl asmid l inear amplification ( Jung et al ., 1992) .  M utagenesis w as 

performed on the pSK-mSTI1-EGFP construct instead of the pB-mSTI1-EGFP as it was 

smaller and therefore easier to amplify by whole plasmid linear amplification. Derivative 

plasmids w ere s creened by r estriction e ndonuclease di gestion w ith di agnostic e nzymes 

(B.16), and f ragments resolved by agarose gel e lectrophoresis (B.2). The mSTI1-EGFP 

derivative f ragments w ere i nserted i nto pB  ( B.7, E .5).  pS K-mSTI1-EGFP de rivative 

plasmids w ere s equenced ( B.10) t o confirm amino a cid s ubstitutions. M ouse N IH 3T 3 

fibroblasts were stably transfected with pB-mSTI1-EGFP derivative plasmids (B.13), and 

visualized by confocal laser scanning fluorescent microscopy (B.14).  

 

5.2.2 The treatment of cells with heat shock, and kinase, 
cell cycle and nuclear export inhibitors 

 

Episomally stable transfectants expressing mSTI1-EGFP(S189A); mSTI1EGFP(T198A);  

mSTI1-EGFP(S189E) and mSTI1-EGFP(T198E) were subcultured into 8 well chamber 

slides, a nd e xposed to heat s hock, h ydroxyurea and l eptomycin B  c onditions a s be fore 

(section 4.2.1) . F or s tress c onditions, s lides w ere i ncubated a t 42ºC  f or 15 m inutes. 

Transfectants were exposed to 10 mM hydroxyurea for 8 hours, to arrest cells in the G1/S 

phase. S imilarly, t ransfectants w ere e xposed t o 10 ng /ml l eptomycin B  for 3 hour s t o 

inhibit nuc lear e xport. Slides w ere vi sualized b y c onfocal l aser s canning f luorescence 

microscopy (B.14). 
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5.2.3 The separation of endogenous mSTI1 isoforms  
 

Three 175 -cm2 flasks of a ttached N IH 3T 3 f ibroblasts w ere c ultured (B.12) unt il 90%  

confluency was reached. One 175-cm2

 

 flask was then exposed to heat shock conditions at 

42 °C for 15 minutes and one to hydroxyurea conditions at 10 mM for 8 hours. The cells 

were ha rvested, t he total pr otein s eparated b y t wo-dimensional e lectrophoresis ( B.19), 

and transferred to a nitrocellulose membrane by Western blotting (B.20). mSTI1 isoforms 

were detected by chemiluminescence-based immunodetection (B.21) using the membrane 

with primary SF1 Antibody (Lässle et al., 1997) diluted to 1:500 in blocking solution.  

5.2.4 The separation of mSTI1-EGFP isoforms and of 
derivative isoforms  

 

Transfectants ex pressing m STI1-EGFP, mSTI1-EGFP(S189A) a nd m STI1-

EGFP(T198A) were cultured in 175-cm2

 

 flasks ( B.12), be fore p reparing a  t otal protein 

extract f or s eparation by 2D  electrophoresis (B.19) and chemiluminescence-based 

Western analysis (B.20). The primary antibody used was an anti-GFP antibody, di luted 

1:100  in block solution. 
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5.3  RESULTS AND DISCUSSION 
 

5.3.1 Mammalian constructs encoding mSTI1-EGFP and its 
modified derivatives are successfully produced. 

 

E. c oli transformants c ontaining put ative pS K-mSTI1-EGFP mut ated plasmids w ere 

screened ( B.5) b y r estriction e ndonuclease di gestion ( B.6) a nd t he resultant D NA 

fragments resolved by agarose gel electrophoresis (B.2). Digestion of pSK-mSTI1-EGFP 

with NcoI ( Figure 5.1 A a nd F , l ane 3)  pr oduced t he e xpected 5170 -bp f ragment, 

compared to digestion of the putative pSK-mSTI1-EGFP(S189A) with NcoI (Figure 5.1B 

and F , l ane 4)  w hich generated t he e xpected 43 96 a nd 774 -bp f ragments. D igestion of  

pSK-mSTI1-EGFP wi th BanI (Figure 5.1A and F, l ane 7) produced, among others, the 

1723 -bp f ragment, c ompared t o di gestion of  the put ative pS K-mSTI1-EGFP(T198A) 

with BanI (Figure 5.1C and F, l ane 8) , which generated the expected 1080 and 643-bp 

fragments. D igestion of  pS K-mSTI1-EGFP w ith AccI ( Figure 5.1A  and G , l ane 3)  

produced t he 5296 -bp fragments a s expected, whereas di gestion of  t he put ative pS K-

mSTI1-EGFP(S189E) with AccI (Figure 5.1D and G, lane 4) generated the expected 4712 

and 584-bp fragments. Digestion of pSK-mSTI1-EGFP with BSiEI (Figure 5.1A and G, 

lane 7)  produced the 1835-bp f ragments as expected, whereas digestion of the put ative 

pSK-mSTI1-EGFP(T198E) w ith BSiEI ( Figure 5.1E  a nd G , l ane 8)  g enerated t he 

expected 1040 and 795-bp fragments. The mutations were confirmed by sequencing. The 

coding regions for mSTI1-EGFP and i ts mutant derivatives were inserted into pB (B.7, 

D5).  
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Figure 5.1: The pSK-mSTI1-EGFP constructs and its derivatives are 
successfully produced 

Site d irected mutagenesis o f p SK-mSTI1-EGFP ( A) pr oduced pS K-mSTI1-EGFP(S189A) (B ), p SK-mSTI1-
EGFP(T198A) (C), pSK-mSTI1-EGFP(S189E)  (D ) and pSK-mSTI1-EGFP(T198E) (E). The red and green lines 
represent cDNA of mSTI1 and EGFP respectively. Digestion of pSK-mSTI1-EGFP(S189A) with NcoI produced 
the expected fragments of 4396-bp and 774-bp (F, lane 4), compared to that of pSK-mSTI1-EGFP, which produced 
the e xpected 5170 -bp f ragment ( F, l ane 3) . T he u ndigested D NA of  pS K-mSTI1-EGFP ( F, l ane 2 ) an d p SK-
mSTI1-EGFP(S189A) (F, lane 5) was also resolved. Digestion of pSK-mSTI1-EGFP(T198A) with BanI produced 
the expected fragments of 1080, and 643 -bp (F, lane 8), compared to that of pSK-mSTI1-EGFP, which produced 
the e xpected 1723 -bp f ragment ( F, l ane 7) . T he u ndigested D NA of  pS K-mSTI1-EGFP ( F, l ane 6 ) an d p SK-
mSTI1-EGFP(T198A) (F, lane 9) was also resolved.  Digestion of pSK-mSTI1-EGFP(S189E) with AccI produced 
the expected fragments of 4712, and 584 -bp (G, lane 4), compared to that of pSK-mSTI1-EGFP, which produced 
the expected 5296 -bp fragment (G, lane 3) . The undigested DNA of  pSK-mSTI1-EGFP (G, lane 2) and pSK-
mSTI1-EGFP(S189E) (G, lane 5) was also resolved. Digestion of pSK-mSTI1-EGFP(T198E) with BSiEI produced 
the expected fragments of 1040 and 795 -bp (G, lane 8), compared to that of pSK-mSTI1-EGFP, which produced 
the expected 1835 fragment (G, lane 7). The undigested DNA of pSK-mSTI1-EGFP (G, lane 6) and pSK-mSTI1-
EGFP(T198E) (G, lane 9) was also resolved. 
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5.3.2  Mimicking of phosphorylation at the CKII site (S189)  
promotes a nuclear localization of mSTI1-EGFP 

Studies of the CcN motif in SV40 T-antigen have shown simulation of phosphorylation 

by replacement of the serine phosphorylation site with a negatively charged amino acid, 

have resulted i n a n enhancement o f t ransport o f t he S V40 T -antigen ( Jans a nd J ans, 

1994). T herefore, t o assess t he e ffect of  phos phorylation a t t he C KII site on nuc lear 

import of mSTI1-EGFP, the serine at position 189 was replaced with a glutamic acid. The 

percentage o f cel ls t hat de monstrated an i ncreased nuclear l ocalization of ex pressed 

protein was found to be greater in mSTI1-EGFP(S189E) (44 %) expressing cells than in 

mSTI1-EGFP expressing cells (13 %) (Figure 5.2). This suggested an enhancing effect of 

a n egative charge a t t he S 189 s ite on m STI1-EGFP nuc lear i mport unde r nor mal 

conditions. The nuclear accumulation of mSTI1-EGFP (97%) and mSTI1-EGFP(S189E) 

(96%) were found to be similar under conditions of nuclear import inhibition (leptomycin 

B) (Figure 5.3 ), s uggesting t hat nu clear i mport c annot b e f urther enhanced b y t his 

substitution unde r t hese c onditions. T he S 189E m utation t herefore doe s not  ha ve a n 

effect on t he nuclear accumulation of mSTI1-EGFP under leptomycin B conditions. We 

removed the pot ential in vivo CKII site, S189, by replacement with an a lanine residue. 

The percentage of cells that demonstrated nuclear localization of expressed protein was 

found to be similar in mSTI1-EGFP(S189A) (18 %) expressing cells and mSTI1-EGFP 

expressing cel ls ( 13%) under nor mal c onditions ( Figure 5.2 ). S imilar l ocalization of  

mSTI1-EGFP (97% ) and mSTI1-EGFP(S189A) ( 98%) oc curred und er c onditions of  

nuclear export i nhibition ( leptomycin B) ( Figure 5.3) . T he S 189A m utation t herefore 

does not have an effect on the nuclear accumulation of mSTI1-EGFP under leptomycin B 

conditions. U nder c onditions of  he at s hock ( Figure 5.3)  a nd G 1/S pha se arrest ( Figure 

5.4), neither removal of  phosphorylation s ites, nor  mimicking of  phosphorylation at the 

S189 site affected the cytoplasmic localization of mSTI1.   



Unmodified S189ES189A T198A T198E

A

B

Figure 5.2: Phosphorylation mimic at S189 and not T198 affects the 	 	
	 	 localization of mSTI1-EGFP in resting cells.
 (A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-mSTI1-EGFP and its derivatives pB-mSTI1-
EGFP(S189A), pB-mSTI1-EGFP(T198A), pB-mSTI1-EGFP(S189E) and pB-mSTI1-EGFP(T198E). Cells were fixed in 
3.7% paraformaldehyde and visualized by confocal laser fluorescence microscopy. Scale bars represent 10 micrometers. 
(B) Cells were transfected as described in (A). Cells demonstrating cytoplasmic fluorescence or nuclear and cytoplasmic 
fluorescence were scored from 5 fields.
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Figure 5.3: Mutations at sites S189 and T198 did not affect final 	 	 	
	 	 nuclear import under normal or heat shock conditions
 (A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-mSTI1-EGFP and its derivatives pB-mSTI1-
EGFP(S189A), pB-mSTI1-EGFP(T198A), pB-mSTI1-EGFP(S189E) and pB-mSTI1-EGFP(T198E). Cells were exposed to 
10 ng/ml leptomycin B or 15 minutes heat shock at 42C, fixed in 3.7% paraformaldehyde  and visualized by confocal laser 
fluorescence microscopy. Scale bars represent 10 micrometers. (B) Cells were transfected and treated as described in (A). 
Cells demonstrating cytoplasmic fluorescence or nuclear and cytoplasmic fluorescence were scored from 5 fields
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Figure 5.4: Phosphorylation mimic and phosphorylation site removal at 	
	          T198 affects the localization of mSTI1-EGFP under G1/S 	 	
	          phase arrest.
(A) Mouse NIH 3T3 fibroblasts were stably transfected with pB-mSTI1-EGFP and its derivatives pB-mSTI1-
EGFP(S189A), pB-mSTI1-EGFP(T198A), pB-mSTI1-EGFP(S189E) and pB-mSTI1-EGFP(T198E). Cells were treated 
with hydroxyurea (10 mM) for 10 hours, fixed in 3.7% paraformaldehyde and visualized by confocal laser fluorescence 
microscopy. Scale bars represent 10 micrometers. (B) Cells were transfected as described in (A). Cells demonstrating 
cytoplasmic fluorescence or nuclear and cytoplasmic fluorescence were scored from 5 fields.
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5.3.3 Removal of the cdc2 kinase site (T198A) promotes a 
nuclear localization of mSTI1-EGFP at the G1/S 
transition  

Since specific inhibition of cdc2 kinase increased the nuclear localization of mSTI1, we 

assessed the importance of the potential in vivo cdc2 kinase phosphorylation site, T198, 

by r eplacement w ith an alanine r esidue. The pe rcentage o f cel ls de monstrating 

cytoplasmic and nuclear localization of fluorescence was found to be similar in mSTI1-

EGFP(T198A) (11%) expressing cells and in mSTI1-EGFP expressing cells (13%) under 

normal conditions (Figure 5.2). Similarly, there was no difference in nuclear localization 

of mSTI1-EGFP (98%) and mSTI1-EGFP(T198A) (90%) under leptomycin inhibition of 

nuclear export (Figure 5.3). The T198A mutation therefore does not have an effect on the 

nuclear accumulation of mSTI1-EGFP under leptomycin B conditions. Under conditions 

of he at s hock, n either r emoval of  phos phorylation s ites, nor  mimicking of  

phosphorylation at the T198 site affected the cytoplasmic localization of mSTI1 (Figure 

5.4).  T hese data suggest that mSTI1 may not  be phosphorylated at this site in vivo, or 

that t his s ite doe s not  f unction t o r egulate m STI1 l ocalization und er he at s hock 

conditions. 

However, f ollowing h ydroxyurea t reatment, a lthough t he pe rcentage m STI1-EGFP a nd 

mSTI1-EGFP(T198A) e xpressing c ells w ith cytoplasmic a nd nuc lear l ocalization of  

expressed protein was similar, a greater de gree of  nu clear accumulation of m STI1-

EGFP(T198A) oc curred ( Figure 5.4 ). T he removal of  t his cdc 2 kinase site, therefore, 

significantly pr omoted nuclear loc alization of mSTI1-EGFP unde r G 1/S pha se a rrest 

conditions. The incidence of cells demonstrating cytoplasmic and nuclear localization of 

fluorescence was found to be similar in mSTI1-EGFP(T198E) (18%) expressing cells as 

in mSTI1-EGFP expressing cells (13%), under normal conditions (Figure 5.2). Similarly, 

there was no  di fference in the i ncidence of  cells de monstrating nu clear l ocalization of 

mSTI1-EGFP (98%) and mSTI1-EGFP(T198E) (96%) under leptomycin B inhibition of 

nuclear export (Figure 5.3). The T198E mutation therefore does not have an effect on the 

nuclear a ccumulation of m STI1-EGFP unde r leptomycin B  conditions. H owever, 
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following h ydroxyurea t reatment a  lesser incidence of  nuclear accumulation of  mSTI1-

EGFP(T198E) (51%) than mSTI1-EGFP (81%) occurred (Figure 5.4) . Therefore, either 

mSTI1 may not be phosphorylated at this site in vivo, or removal of the cdc2 kinase site 

may have no effect on localization of mSTI1 under normal conditions, but may increase 

nuclear localization at the G1/S transition.  

 

5.3.4 The isoform composition of mSTI1 changes after heat 
shock and at the G1/S transition 

 

To i nvestigate t he pot ential pr esence of  di fferent i soforms of  m STI1 i n c ells und er 

different conditions, we s eparated NIH 3T 3 cell l ysates obt ained from cells af ter he at 

shock a nd h ydroxyurea treatment b y 2D  gel electrophoresis, a nd d etected m STI1 b y 

Western analysis (Figure 5.5A). Previously, the levels and types of mSTI1 isoforms have 

been shown to change after heat shock (Lässle et al., 1997). We found a similar change in 

endogenous mSTI1 isoform levels under these heat shock conditions, in that the levels of 

the major i soform present under normal conditions was decreased, with a  s imultaneous 

increase i n m ore a cidic i soforms a nd he nce pot entially m ore phos phorylated f orms of  

mSTI1 (Figure 5.5A ). We not iced no  c hange i n t he s ubcellular di stribution of  m STI1-

EGFP or mSTI1 after heat shock, suggesting that the change in mSTI1 isoform levels that 

occurred after heat shock did not mediate a change in cellular localization. Endogenous 

mSTI1 i soform composition a lso changed after hydroxyurea exposure, t o a  pa ttern that 

differed f rom t hat obs erved unde r h eat s hock conditions. L evels of  t he m ajor i soform 

present under normal growth conditions were decreased, with a simultaneous increase in 

more a cidic a nd he nce pot entially m ore phos phorylated i soforms ( Figure 5.5A ). In 

particular, a n ew a cidic is oform a t pos ition –3 w as obs erved. These data pr ovided 

evidence of different isoforms of mSTI1 in the cell under G1/S phase arrest. The extent to 

which t hese c hanges i n mSTI1 i soform c omposition c orrelate with c hanges i n m STI1 

localization remains to be determined. 
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5.3.5  Modification at the S189 and T198 positions affects  
the isoform composition of mSTI1  

 

To i nvestigate w hether s ubstitutions a t t he pot ential phos phorylation s ites S 189 a nd 

T198, a ffect i soform c omposition, l ysates from NIH 3T 3 c ells e xpressing t he c himeric 

proteins mSTI1-EGFP, mSTI1-EGFP(S189A) and mSTI1-EGFP(T198A) were separated 

by 2D  gel el ectrophoresis and the E GFP m oiety de tected by W estern analysis ( Figure 

5.5B). Interestingly, five isoforms were detected for mSTI1-EGFP while three isoforms 

were de tected for endo genous m STI1 unde r n ormal c onditions ( Figure). T herefore, 

although t he f usion of  t he E GFP t o t he C -terminus of  m STI1 di d not  a ffect t he 

subcellular l ocalization of  m STI1, i t di d i ncrease t he num ber of  m STI1 i soforms. T he 
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Figure 5.5: mSTI1 demonstrates acidic isoforms in vivo  

(A) 100 µg total NIH 3T3 fibroblast lysate prepared from cells under normal (top), heat shock (middle) and 10 
mM hydroxyurea (bottom) was focused on IEF pH 3-10 strips in the first dimension, then separated on a (0.1%) 
SDS (12%) PAGE gel in the second dimension. SDS PAGE gels were transferred to nitrocellulose membranes 
and probed with SF1 anti-mSTI1 antibody. After aligning the blots, the most prominent spots were labeled, with 
the most a bundant spot un der n on-treatment c onditions labeled 0,  a nd s pots l ocated t owards t he more a cidic 
region of the gel labeled increasing negative numbers. (B) Cell extracts of mouse NIH 3T3 fibroblasts that were 
transfected with p B-mSTI1-EGFP ( top), p B-mSTI1-EGFP(S189A) ( middle) a nd pB -mSTI1-EGFP(T198A) 
(bottom) were analyzed a s described in (A). After a ligning the blots, the most prominent spots were labelled, 
with the most abundant spot under non-treatment conditions labeled 0, and spots located towards the more acidic 
region o f the gel labeled increasing negative numbers. Spots located towards the more basic region o f the gel 
labeled increasing positive numbers  
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fusion of the EGFP may reveal additional modifications on mSTI1, or EGFP may itself 

be modified in vivo, producing additional isoforms. While five isoforms were detected for 

mSTI1-EGFP (Figure 5.5B, top), four isoforms were detected for mSTI1-EGFP(S189A) 

and for mSTI1-EGFP(T198A) (Figure 5.5B, middle and bottom). These results imply that 

the modification a t S189 and T198 under normal conditions could account for some of 

the di fferent is oforms o f mS TI1-EGFP. T here a re m ore t han t wo di fferent i soforms of  

mSTI1-EGFP(S189A) and m STI1-EGFP(T198A) implying a dditional s ites of  

modification must be present in addition to S189 and T198. In previous studies of CcN 

motifs, phosphorylation at either the CKII or the cdc2 kinase site was found to occur but 

never a t bot h s ites s imultaneously. T hese da ta a re consistent w ith the r esults f or 

endogenous m STI1 i soforms i n t hat t hey a lso s uggest t he existence of  phos phorylated 

mSTI1 i soforms. In a ddition, t hese da ta s uggest t hat t here m ay be  a dditional s ites of  

modification/phosphorylation in mSTI1 that are located outside the CcN motif. We have 

used in an in vitro assay with recombinant mSTI1 protein to investigate this possibility 

(Chapter 6). 
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5.3  CONCLUSIONS 
 

Substitution of  t he pot ential in vivo CKII phos phorylation s ite at S 189 w ith a  non -

phosphorylatable alanine residue did not  affect the localization of  mSTI1 under normal 

conditions. However, substitution of this S189 residue with a negatively charged residue, 

such as glutamic acid, promoted the incidence of a nuclear localization of mSTI1. These 

modifications of  m STI1 di d not  a ffect t he f unctionality of  nu clear i mport a s t hey 

accumulated in the nucleus under leptomycin B inhibition of nuclear export. These data 

imply t hat m STI1 m ay not be  phos phorylated a t t he pot ential in vivo CKII 

phosphorylation site at S189 under normal conditions. However, the presence of negative 

charge at this site may serve to increase nuclear accumulation of mSTI1. Therefore, this 

potential in vivo CKII phosphorylation site may function to promote nuclear localization 

of mSTI1 under conditions that are as yet unknown. These substitutions affected neither 

the cytoplasmic localization of mSTI1 under heat shock conditions, nor the cytoplasmic 

and nuclear localization of mSTI1 under G1/S arrest conditions, implying no role for this 

site in the regulation of mSTI1 localization under these conditions. 

 

Substitution of the potential in vivo cdc2 kinase phosphorylation site at T198 with a non-

phosphorylatable alanine residue did not  affect the localization of  mSTI1 under normal 

conditions. Similarly, s ubstitution of  t his S 189 r esidue w ith t he ne gatively c harged 

residue glutamic a cid did not a ffect the  loc alization of mS TI1. This d ata impl ies tha t 

mSTI1 i s not  m odified a t t his T 198 s ite in vivo under nor mal c onditions. T hese 

substitution modifications of mSTI1 did not affect the functionality of nuclear import as 

they a ccumulated i n t he nuc leus unde r l eptomycin B i nhibition of  nuc lear export. 

However, unde r G 1/S p hase a rrest, w hen nu clear a ccumulation of  m STI1 i s pr omoted 

(Chapter 4)  and c dc2 kinase i s i nhibited, r emoval of  t he pot ential in vivo cdc2 ki nase 

phosphorylation site at T198 increased nuclear accumulation qualitatively. Furthermore, 

the pr esence o f ne gative cha rge at t his s ite de creased t he i ncidence of  nuc lear 

accumulation of  m STI1 under G 1/S a rrest c onditions. T herefore, t he p resence of  t his 

potential in vivo cdc2 ki nase phos phorylation s ite m ay function t o i nhibit nuc lear 

localization of mSTI1 under G1/S arrest conditions, implying a role for this site in cell-
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cycle regulation of mSTI1 localization. These substitutions did not affect the cytoplasmic 

localization of  mSTI1 under heat shock conditions, implying no r ole for this s ite in the 

regulation of mSTI1 under heat shock conditions.  

 

A shift in the in vivo isoform composition of Hop, to more acidic (and therefore possibly 

more phos phorylated) forms, oc curs after h eat s hock, s uggesting t he s tress-induced 

phosphorylation of  a  Hop subpopulation (Chen et al ., 1996). The isoform compositions 

of endogenous mSTI1 changed qualitatively after heat shock, and both qualitatively and 

quantitatively unde r G 1/S a rrest c onditions. T hese di fferent i soforms m ay b e va rious 

phosphorylated f orms of  m STI1. H eat s hock a nd G 1/S a rrest m ay t herefore a ffect t he 

phosphorylation s tatus of m STI1. F usion of  EGFP t o m STI1 a ffected t he i soform 

composition of  m STI1. N evertheless, m odification a t t he S 189 a nd T 198 pos itions 

decreased the number of isoforms of mSTI1-EGFP under normal conditions, suggesting 

that the se s ites in  mS TI1-EGFP ar e m odified in vivo. Therefore, taken together, these 

results imply that modifications at S189 and T198 may occur in vivo, however although 

the e ffects o f s uch modifications ma y pot entially extend to the ki netics of  s ubcellular 

distribution, they do not affect the final equilibrium of mSTI1 localization.  

 

It is possible that other kinases may phosphorylate the CcN motif sites, although no other 

kinase phos phorylation consensus s equences were i dentified i n t he C cN m otif. In thi s 

way kinase specific phosphorylation data was obtained. Previously, it was reported that in 

vitro CKII and cdc2 kinase phosphorylate mSTI1 at S189 and T198 only (Longshaw et 

al., 2000). H owever, t his w ork w as l imited t o GST-tagged m STI1, a nd i n l ight of  t he 

presence of multiple isoforms of endogenous mSTI1 under G1/S arrest conditions, further 

in vitro kinetic phos phorylation s tudies on untagged m STI1 w ere r equired f or 

characterization of the phosphorylation of mSTI1 by CKII and cdc2 kinase (Chapter 6).  
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CHAPTER 6 
 

IN VITRO ANALYSIS OF THE POTENTIAL CKII AND 

CDC2 KINASE PHOSPHORYLATION SITES OF mSTI1 
 

SUMMARY: R ecombinant G ST-mSTI1 a nd u ntagged m STI1, and de rivatives, w ere 

produced a nd pur ified. CKII s pecifically phos phorylated G ST-mSTI1 a nd m STI1, but  

negligible phosphorylation by CKII was detected for the no-enzyme autophosphorylation 

control, G ST-mSTI1(S189A) a nd m STI1(S189A) de rivatives. T his pr ovides s trong 

evidence t hat S 189 i s t he s pecific C KII phosphorylation s ite recognised in vitro. C dc2 

kinase ph osphorylated m STI1 t o hi gher l evels than m STI1(T198A), i mplying t hat t he 

T198 phos phorylation s ite w as r ecognised b y cdc2 ki nase in vitro. A s imilar le vel of  

phosphorylation was observed f or m STI1(T198A) and m STI1(T198A,T332A) 

phosphorylation r eactions, i ndicating t hat a nother, a s yet uni dentified, c dc2 r ecognized 

phosphorylation s ite, w hich di d not  m ap t o T 198 or  T 332, m ay exist i n m STI1. T here 

may the refore be  mul tiple in vitro cdc2 ki nase phosphorylation s ites i n m STI1, w hich 

may explain the spectrum of mSTI1 isoforms observed in vivo. T198, however, appears 

to be the major in vitro cdc2 kinase site. mSTI1 did not form a detectable stable complex 

with c dc2 ki nase, s uggesting t hat t he i nteraction be tween m STI1 a nd c dc2 ki nase m ay 

only be transitory. 
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6.1   INTRODUCTION 
 

6.1.1  Phosphorylation of mSTI1 and its homologs 
 

Previously, little information on potential phosphorylation of mSTI1 or its homologs was 

available. T he f irst da ta t hat s uggested phos phorylation of  a  hom olog of  m STI1 w as 

reported by Chen et al. (1996) when its was found that the in vivo isoform composition of 

Hop s hifted t o m ore a cidic ( and t herefore pos sibly m ore phos phorylated) f orms, after 

viral tr ansformation as w ell a s a fter he at s hock. This impl ied the s tress-induced 

phosphorylation o f a H op s ubpopulation ( Honoré et al ., 1992) . T his work s imilarly 

reports a  shift i n t he in vivo isoform composition of  mSTI1 to more acidic forms a fter 

heat s hock ( Chapter 4) . P reliminary i nvestigations i nto the pos sible phosphorylation of  

mSTI1 have shown that MAP kinase-activated protein kinase 2 ( MAPKAP kinase 2), a  

heat act ivated kinase, does not  phos phorylate mSTI1 to detectable l evels (Lässle et al ., 

1997). The heat-activated S6 kinase pp90rsk, however, has been shown to phosphorylate 

an N-terminal peptide of  mS TI1 with low activity (Lässle et al ., 1997 ). The cel l c ycle 

kinases CKII and cdc2 kinase have been found to phosphorylate mSTI1 in vitro. More 

specifically CKII and cdc2 kinase have been shown to phosphorylate mSTI1 at S189 and 

T198 respectively (Longshaw et al ., 2000).  H owever, t he i nvestigation o f 

phosphorylation of mSTI1 by CKII and cdc2 kinase has to date been carried out on GST- 

and H is-tagged m STI1 pr otein, s uch t hat t hese t ags m ay have a ffected t he 

phosphorylation of  m STI1. Furthermore, t he nu merous i soforms of  m STI1 (Chapter 5)  

imply t hat m ore t han one phos phorylation s ite e xists i n m STI1. A  more a ccurate 

characterization of  t his phosphorylation of  m STI1 t herefore ne eds t o be  pe rformed on 

untagged mSTI1 protein. In order to maintain continuity with previous work and confirm 

these results on a  more accurate untagged system, phosphorylation s tudies were carried 

out on G ST-mSTI1 and mSTI1 proteins respectively. Recently, i t was shown that STI1 

interacts di rectly w ith c dc37 ( Abbas-Terki et al ., 2002). F urthermore, cdc37 ha s be en 

found to interact with cdc28 in Saccharomyces cerevisiae (Mort-Bontemps-Soret et al ., 

2002). Therefore STI1, cdc37 and cdc28 may interact together in a cell cycle dependent 

manner to regulate both the chaperoning and localization of client proteins. 
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6.1.2  Specific hypothesis, aims and objectives 
 
The main function of mSTI1 appears to be its association with Hsp70 and Hsp90 via the 

TPR m otifs i n m STI1 ( van de r S puy et al ., 2000). T he r ate-limiting A TP-dependent 

opening of the steroid binding cleft after Hsp90 binding (Kanelakis et al., 2002) may be 

regulated by the co-chaperone Hop. mSTI1 is a  homolog of  Hop (Lässle et al ., 1997 ). 

The a ssembly a nd r egulation of  t he G R-Hsp90 c haperone s ystem b y m STI1 m ay 

therefore be  af fected b y pot ential phos phorylation of  m STI1. F urthermore, C KII and 

cdc2 ki nases phos phorylate m STI1, p roximal t o t he N LS, s upporting a p redicted C cN 

motif (Longshaw et al., 2000) (Figure 1.5).  The localization of the GR-Hsp90 chaperone 

system by mSTI1 may therefore be affected by potential phosphorylation of mSTI1.  

 

Untagged mSTI1 i s hypothesized to be phosphorylated by CKII and cdc2 kinase a t the 

CcN motif, and interact with cdc2 kinase in a complex. 

 

In or der t o c haracterize t he phos phorylation of m STI1 by C KII a nd c dc2 ki nase, 

recombinant m STI1 w as pr oduced a nd e nriched t o s ufficient pur ity s uch t hat in vitro 

phosphorylation s tudies c ould be  c arried out . T he phos phorylation data pr eviously 

reported for mSTI1 (Longshaw et al., 2000) was performed using GST- and His- tagged 

mSTI1. The large nature of the GST-tag and the highly charged nature of the His-tag may 

affect t he phos phorylation of  m STI1. F urthermore, t he num erous i soforms of  m STI1 

(Chapter 5)  imply that more t han one  phosphorylation s ite exists i n mSTI1. Therefore, 

mSTI1 w as p roduced a nd pur ified i n a n unt agged s ystem, a nd t he phos phorylation o f 

mSTI1 by CKII and cdc2 kinase characterized. Amino acid replacement was carried out 

at position S189 for CKII phosphorylation (Longshaw et al., 2000) and at T198 and T332 

for cdc2 kinase phosphorylation (Longshaw et al., 2000 and by bioinformatic analysis in 

Chapter 2). T332 was the only other position in mSTI1 that conformed to the cdc2 kinase 

consensus s ite t hat w as a lso i n c lose pr oximity t o a  pot ential N LS. The a ssociation of  

cdc2 kinase and mSTI1 in a complex was also investigated, using a GST-mSTI1 binding 

assay (van der Spuy et al., 2000, Longshaw et al., 2000).  
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6.2  EXPERIMENTAL PROCEDURES 
 

The ve ndors of  t he m aterials us ed a re de scribed i n A ppendix A ( A) a nd the g eneral 

procedures used are described in Appendix B (B). The identity and characteristics of the 

primers us ed a re de scribed i n A ppendix C ( C) a nd s ubcloning s teps a re de scribed i n 

Appendix D (D). The maps of the plasmid vectors used are shown in Appendix E (E). 

 

6.2.1 Preparation of pGEX3X2000 and derivative plasmids 
 

The pGEX3X2000 plasmid (constructed by Prof. Blatch, Rhodes University, vector map 

E.1), e xpressing GST-mSTI1 w as a  ki nd gift of  J acqui va n de r S puy ( UCL). 

pGEX3X2000 w as t ransformed i nto E. col i XL1Blue competent cells ( B.8). P urified 

preparations of  pG EX3X2000 D NA w ere p repared ( B.11). P lasmids e ncoding GST-

mSTI1(S189A), G ST-mSTI1(T198A) a nd G ST-mSTI1(T198A, T 332A), w ere pr epared 

by s ite-directed m utagenesis ( B.16) a nd t ransformed i nto E. c oli XL1Blue 

supercompetent cel ls (B.4). D erivative pl asmids w ere s creened by restriction 

endonuclease di gestion with di agnostic e nzymes ( B.16), a nd f ragments r esolved b y 

agarose gel e lectrophoresis ( B.2). pG EX3X2000 de rivative pl asmids w ere s equenced 

(B.10) to confirm amino acid substitutions. 

 

6.2.2 Purification of GST-mSTI1 and derivative proteins 
 

The induction of GST-mSTI1 proteins was optimized: single colonies of E. coli XL1Blue 

transformants expressing GST, GST-mSTI1, GST-mSTI1(S189A), GST-mSTI1(T198A) 

and G ST-mSTI1(T198A,T332A) f rom f reshly s treaked 0.1 m g/ml a mpicillin 2 x Y T 

broth pl ates w ere c ultured ove rnight a t 37 °C i n 2 x  Y T br oth [ 25 m l] containing 0.1  

mg/ml a mpicillin. T hese ove rnight c ultures were e ach diluted 1: 10 i nto f resh 2 x  YT 

broth [225 ml] and incubated for a further 3 ho urs unt il logarithmic phase was reached 

(A600=0.6-1). S amples [ 2 x  1 m l] w ere t aken. T he pr oduction of  r ecombinant pr oteins 

was i nduced b y t he addition of  i so-propyl-β-D-galactopyranoside ( IPTG) t o a final 
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concentration of 1 mM. Samples [2 x 1 ml] were taken hourly: the A600 of the one sample 

was measured and the cells of the other sample collected by centrifugation at 6000 x g for 

1 minute. The cell pellets were resuspended in phosphate buffered saline (PBS) (137 mM 

NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4; pH 7.4) in a ratio of 50 µl PBS 

per 0.5 A 600

 

 unit, in order to achieve comparable concentrations of cell suspensions. The 

samples pr e- and pos t- induction w ere r esolved b y S DS P AGE ( B.18) t o a ssess t he 

optimum induction period. Similarly, induced cultures were prepared and induced for 4  

hours. Typically each protein purification was carried out from a 250 ml induced culture. 

The c ell pe llets w ere r esuspended i n P BS [ 5 m l] c ontaining 100  µg/ml 

phenylmethylsulfonyl f luoride ( PMSF), a liquoted [ 1 m l] i nto e ppendorfs, a nd l ysed on 

ice by sonication (set at 40%) for 5 x 30 seconds. The extract was centrifuged at 12 000 x 

g for 20 m inutes, and the soluble cell extract incubated with 50 %  slurry of glutathione 

agarose beads [250 µl] in PBS, at 4°C with gentle agitation, for 45 minutes. The beads 

were washed three times with ice-cold PBS, followed b y elution of  bou nd GST-fusion 

proteins in elution buffer [500 µl] (50 mM Tris-HCl, pH 8.0, 5 mM reduced glutathione). 

The c oncentration of  p urified G ST-mSTI1 p roteins w as m easured us ing t he Lowry 

method (B.22). Purified protein preparations were used immediately or stored in aliquots 

[20-100 µl] at -80°C. 

6.2.3 The PCR amplification of mSTI1 and insertion into 
pGEM(T) 

 

In o rder t o pr oduce a  construct e xpressing unt agged m STI1, t he m STI1 ope n r eading 

frame ( ORF) was a mplified f rom t he pG EX3X2000 t emplate D NA pl asmid b y P CR 

(B.1) us ing t he m STI1-specific forward pr imer P CRmSTI1pET5aF and t he r everse 

primer PCRmSTI1pET5aR (C). The cycling parameters were as described in B.1, except 

that an annealing temperature of 50°C was used. The resultant PCR product encompassed 

the m STI1 op en r eading f rame, i ncluding t he a uthentic m STI1 s tart m ethionine 

(…ATGGAGCAG…), immediately p receded by an NdeI s ite and followed b y an NheI 

site dow nstream o f t he mSTI1 s top codon. T he P CR pr oduct [ 5 µl] w as r esolved b y 
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agarose gel e lectrophoresis (B.2), l igated to pGEM(T) ( B.3, E .2), and t ransformed into 

supercompetent E. c oli XL1Blue c ells (B.4). Transformants w ere s creened for put ative 

pGEM(T)mSTI1[NdeI/NheI] pl asmid DNA (B.5). Plasmid DNA was extracted from E. 

coli cultures of  tr ansformants f orming w hite c olonies, by a  modi fied a lkaline l ysis 

method ( Birnboim a nd D oly, 1979;  J oly, 199 6) a nd us ing the H igh P ure P lasmid 

Isolation Kit ( B.5). P utative pG EM(T)mSTI1[NdeI/NheI] pl asmid DNA was r estricted 

separately w ith NdeI, i n hi gh s alt buf fer,  a nd with NheI i n m edium s alt buf fer ( B.6). 

Plasmid DNA NdeI a nd NheI r estriction fragments w ere r esolved by a garose g el 

electrophoresis ( B.2) and t hose pl asmid di gestions c ontaining f ragments m igrating 

expected di stances c orresponding t o s izes of  30 15-bp a nd 1600 -bp were r egarded as 

pGEM(T)mSTI1[NdeI/NheI] (D.6). 

 

6.2.4  The directional ligation of mSTI1 cDNA into the pET5a 
vector and the preparation of derivative plasmids 

 

Bulk pG EM(T)mSTI1[NdeI/NheI] a nd p ET5a ve ctor ( 5 µg) w ere ea ch first r estricted 

with NheI i n m edium salt buf fer a nd t hen w ith NdeI i n hi gh s alt buffer, e thanol 

precipitated a nd r esolved by agarose gel electrophoresis ( B.7). T he a ppropriate b ands 

(1600 -bp a nd 4134 -bp f or pG EM(T)mSTI1[NdeI/NheI] a nd pET5a di gests 

respectively), were ex cised and extracted from t he a garose ge l ( B.2). The ge l-purified 

1600 -bp mSTI1 cDNA ins ert w as lig ated to the r estricted and gel-purified 4134 -bp 

pET5a vector (B.7, E.6). Ligation reactions were transformed into E. coli XL1Blue (B.8). 

Putative pET5a2000 plasmid DNA was screened by PstI restriction, in high salt buffer 

(B.5), and r esolved b y a garose gel e lectrophoresis ( B.2). T hose pl asmid di gestions 

containing fragments migrating expected distances corresponding to the sizes of 3500 -bp 

and 1950 -bp were regarded as pET5a2000. The integrity of the mSTI1 cDNA insert in 

pET5a2000 w as c onfirmed b y s equencing ( B.10) a nd i t i ncluded t he a uthentic m STI1 

start methionine (…ATGGAGCAG…).  

 

Purified preparations of  template pET5a2000 (B.11) were pr epared. P lasmids encoding 

mSTI1(S189A), m STI1(T198A) a nd m STI1(T198A, T 332A), w ere p repared b y s ite-
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directed mutagenesis (B.16) and transformed into E. coli XL1Blue supercompetent cells 

(B.4). D erivative pl asmids w ere s creened b y r estriction e ndonuclease di gestion w ith 

diagnostic enzymes (B.16), and fragments resolved by agarose gel electrophoresis (B.2). 

pET5a2000 de rivative plasmids w ere s equenced ( B.10) t o c onfirm a mino a cid 

substitutions. 

 
6.2.5  Purification of mSTI1 and derivative proteins 
 

pET5a2000 a nd de rivative pl asmids w ere t ransformed i nto c ompetent E. c oli BL21 

(DE3) ( B.8). The i nduction of  m STI1 p roteins was opt imized a s de scribed i n s ection 

5.2.2. S imilarly, l og ph ase c ultures w ere p repared a t 37 °C a nd i nduced for 3 hour s a t 

25°C. Typically, each protein purification was carried out from a 250 ml induced culture. 

The cell pellets were resuspended in PBS [5 ml] containing 100 µg/ml PMSF, aliquoted 

[1 ml] into eppendorfs, and lysed on i ce by sonication (set at 40%) for 5  x  30 s econds. 

The extract was centrifuged at 12 000 x g for 20 minutes, and the soluble cell extract was 

then loaded onto a chromatofocussing column [30 ml] which was pre-equilibrated in Start 

buffer (20 mM Tris-HCl, pH 8.0). Fractions [1.5 ml] were collected at a flow rate of 30 

ml/hr. The column was washed with Start buffer [50 ml], followed by Wash buffer [50 

ml] (20 mM Tris-HCl , 0.1 M NaCl). Protein bound to the column was eluted using an 

elution gradient of 0.1-0.3 M NaCl in which Wash buffer [50 ml] was set against Elution 

buffer [50ml] (20 mM Tris-HCl,  0.3 M  NaCl). The A 280

 

 of all fractions was measured, 

and s amples [ 80 µl] of  pe aks a dded t o S DS PAGE ge l l oading buf fer [ 20 µl]. T hese 

samples w ere r esolved b y SDS P AGE ( B.18). T he c oncentration of  pe aks e xhibiting a  

large amount of 60 kD a protein was measured using the Lowry method (B.22). Purified 

protein preparations were used immediately or stored in aliquots [20-100 µl] at -80°C. 

6.2.6 CKII phosphorylation of mSTI1 
 

CKII phos phorylation a ssays w ere p erformed according t o Lässle et al  (1997). A  

radioactive cocktail was pr epared containing s terile de ionised t riple-distilled water [ 55 
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µl], 10x CKII buffer [16 µl] (200 mM Tris-HCl pH 7.5, 500 mM KCl, 100 mM MgCl2), 

ATP [ 6.4 µl] ( 100 m M) a nd [ γ-32

 

ATP] ( to a f inal s pecific activity o f 4 00 µCi/µmol). 

Reactions were set up containing the substrates GST, GST-mSTI1, GST-mSTI1(S189A), 

mSTI1 and mSTI1(S189A), each to 5 µM in a final volume of 10 µl. Control reactions to 

which no s ubstrate was added, and to which no e nzyme was added, were also included. 

The r adioactive c ocktail [ 10 µl] w as a dded t o t he no -enzyme control c ontaining G ST-

mSTI1. C KII [ 25 U ] w as a dded t o t he r adioactive c ocktail a nd a liquots [ 10 µl] of  t he 

radioactive cocktail containing CKII added to all other reactions. The final volume was 

20 µl and reactions were incubated for 1 hour at 30°C. The reactions were stopped by the 

addition of SDS PAGE loading buffer [5 µl], and resolved by SDS PAGE (B.18). The gel 

was dried and radioactive phosphorylation detected by autoradiography: the dried gel was 

placed against X-ray film in a screen-containing cassette, and incubated at 37°C for 1-5 

days. T he X -ray f ilm w as de veloped (B.21) a nd phot ographs of  a utoradiograms w ere 

taken over a light box. 

6.2.7 cdc2 kinase 

 

phosphorylation of mSTI1 

A radioactive cocktail was prepared containing sterile deionised triple-distilled water [55 

µl], 10x  c dc2 ki nase buffer [ 16 µl] (50  m M T ris-HCl pH  7.5,  10 m M MgCl2, 1 m M 

EDTA, 1 mM DTT), ATP [6.4 µl] (100 mM) and [γ-32ATP] (to a final specific activity of 

400 µCi/µmol). Reactions were set up containing the substrates GST, GST-mSTI1, GST-

mSTI1(T198A), G ST-mSTI1(T198A, T 332A), m STI1, m STI1(T198A), a nd 

mSTI1(T198A, T332A), each to 5 µM in a  f inal volume of  10 µl. Control reactions to 

which no s ubstrate was added, and to which no e nzyme was added, were also included. 

The r adioactive c ocktail [ 10 µl] w as a dded t o t he no -enzyme control c ontaining G ST-

mSTI1. cdc2 kinase [120 U] was added to the radioactive cocktail and aliquots [10 µl ] of 

the radioactive c ocktail c ontaining c dc2 kinase added t o a ll ot her r eactions. T he f inal 

volume was 20 µl and reactions were incubated for 3 or  9 hours at 30°C. The reactions 

were stopped by the addition of SDS PAGE loading buffer [5 µl], and resolved by SDS 

PAGE ( B.18). T he gel w as dr ied a nd r adioactive phos phorylation de tected b y 
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autoradiography: t he dr ied gel w as pl aced against X -ray f ilm in a screen-containing 

cassette, and incubated at 37°C for 1-5 days. The X-ray film was developed (B.21) and 

photographs of autoradiograms were taken over a light box. 

 
6.2.8  GST-mSTI1 co-precipitation assay for the detection of  

mSTI1-cdc2 kinase binding 
 
Mouse N IH 3T 3 f ibroblast e xtract w as pr epared f rom a  90 %  c onfluent 75 c m2

 

 flask 

(B.12) by harvesting the cells (B.12) and resuspending the cell pellet in lysis buffer [0.5 

ml pe r T 75 f lask cultured] ( 50 m M T ris-HCl, pH  8.0, 150 m M N aCl, 0 .02 %  s odium 

azide, 100 µg/ml P MSF, 1 µg/ml  a protinin, 1% T riton X-100). Lysis was a llowed t o 

occur at 4°C with inversion for 10 minutes, and the cell debris removed by centrifugation 

ay 12 000 x g. The extracts were used immediately.  

Recombinant G ST-mSTI1 [ 1 m g] i n P BS [ 1 ml] w as c oupled t o g lutathione a garose 

beads [80 µl] (50% slurry) in PBS at 4°C, with inversion for 45 minutes. The beads were 

centrifuged at 6000 x  g f or 30 s econds, the supernatent aspirated and discarded, and the 

beads resuspended in PBS [1 ml]. This wash step was repeated three times. Mouse NIH 

3T3 cell extract [ 1 mg] was added to t he beads and the volume made up t o 1 m l with 

PBS. T he bi nding a ssays w ere i ncubated a t 4 °C, w ith i nversion f or 16 hours t o a llow 

equilibration of  bi nding. T he be ads w ere w ashed t wice i n P BS a s be fore, a nd 

resuspended in 80 µl SDS PAGE loading buffer. Co-precipitating proteins were resolved 

by SDS PAGE (B.18), a nd analyzed b y W estern analysis b y chemiluminescence-based 

immunodetection (B.21) using an anti-Hsc70 or anti-cdc2 antibody. 
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6.3  RESULTS AND DISCUSSION 
 

6.3.1 Constructs for heterologous production of mSTI1 are 
successfully prepared  

 
The m STI1 c DNA P CR a mplification r eaction s uccessfully yielded a 1600-bp DNA 

product, w hich w as l igated i nto pG EM(T). T he m STI1 c DNA f rom 

pGEM(T)mSTI1[NdeI/NheI] was inserted into the vector pET5a to produce pET5a2000 

(Figure 6.1A ), w hich, u pon PstI di gestion, yielded t he e xpected 3500 -bp a nd 1950 -bp 

fragments (Figure 6.1B, lane 3). Sequencing of the pET5a2000 plasmid insert confirmed 

the faithful amplification of the mSTI1 cDNA (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
6.3.2 Constructs for the heterologous production of mSTI1 

derivative proteins are successfully prepared 
 

E. c oli transformants containing put ative m utated pl asmids of  pG EX3X2000 a nd 

pET5a2000 were screened by restriction endonuclease digestion, and the resultant DNA 
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Figure 6.1: mSTI1 cDNA was successfully inserted into the pET5a 
vector 

mSTI1 cDNA from pGEM(T)mSTI1[Ndel/NheI] was successfully inserted into the vector pET5a, to produce 
pET5a2000(A), which upon PstI digestion, yielded the expected 3500 -bp and 1950 -bp fragments (B, Lane 3). 
PstI digested λ DNA molecular weight standards (B, lane 1) and undigested DNA were included (B, lane 2). 
The red line represents mSTI1 cDNA. 
 



Chapter 6: In vitro analysis of the potential CKII and cdc2 kinase phosphorylation sites of mSTI1 
 

 128 

fragments resolved by agarose gel electrophoresis. Digestion of pGEX3X2000 with NcoI 

(Figure 6.2A and E, lane 3) produced the expected 1341-bp fragment, whereas digestion 

of the putative pGEX3X2000(S189A) with NcoI (Figure 6.2B and E, lane 4)  generated 

the expected 777,  and 565-bp fragments. Digestion of pGEX3X2000 with BanI (Figure 

6.2A and E, lane 7)  produced the 4499-bp f ragments as expected, whereas digestion of  

the putative pGEX3X2000(T198A) with BanI (Figure 6.2C and E, lane 8) generated the 

expected 2706, a nd 17 93-bp f ragments. D igestion of  pG EX3X2000 w ith EcoO1091 

(Figure 6.2A  and F, l ane 3)  pr oduced t he 81 0-bp fragments as  ex pected, whereas 

digestion of the putative pGEX3X2000(T198A,T332A) with EcoO1091 (Figure 6.2D and 

F, lane 4) generated the expected 546-bp and 264-bp fragments. Similarly, the derivative 

plasmids of  pET5a2000 were screened and identified (Figure 6.3) . The mutations were 

confirmed with sequencing (data not shown).  

 

6.3.3 Recombinant GST-mSTI1 and its derivatives are 
successfully produced and purified 

 

A 26 kDa protein, corresponding to GST subunit was produced after IPTG induction of a 

E. coli XL1Blue[pGEX3X] log phase culture (Figure 6.4A). Similarly, a 89 kDa protein 

corresponding t o G ST-mSTI1 s ubunit, w as pr oduced a fter IPTG i nduction of  E. coli 

XL1Blue[pGEX3X2000] (Figure 6.4B).  T hese proteins were present at maximal levels 

after 4 hours of induction (Figure 6.4A and B, lanes 5) and were soluble (Figure 6.4C and 

D, l anes 2) . T hese pr oduced pr oteins bound t o g lutathione a garose b eads a nd w ere 

successfully eluted with glutathione (Figure 6.4C and D, lanes 8). The identity of GST-

mSTI1 w as c onfirmed b y W estern a nalysis ( Figure 6.4D , i nset). T otal protein 

concentrations of  e lutions c ontaining G ST-mSTI1 were t ypically 2 5-42 µM, a nd 

estimated to be 80 % pure, while that of GST was typically 150–200 µM and estimated to 

be 90-100 % pure. Similarly, purifications of GST-mSTI1(S189A), GST-mSTI1(T198A) 

and GST-mSTI1(T198A,T332A) were successful (D.7) 
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Figure 6.2: The plasmid pGEX3X2000 and its derivatives 

pGEX3X2000 (A) was mutated by site-directed mutagenesis to produce its derivatives pGEX3X2000(S189A) 
(B),  pG EX3X2000(T198A) ( C) a nd pG EX3X2000(T198A,T332A) ( D). T he r ed l ines r epresent mSTi1 
cDNA, and the blue lines, GST cDNA. When digested with NcoI, pGEX3X2000 produced the expected 1341 -
bp fragment (E, lane 3) while pGEX3X2000(S189A) produced the expected 777 -bp and 565 -bp fragments 
(E, lane 4). PstI d igested λ DNA molecular weight s tandards (E, lane 1 ) and undigested pGEX3X2000 and 
pGEX3X2000(S189A) were included (E, lanes 2 and 5 respectively). When digested with BanI, pGEX3X2000 
produced t he e xpected 4 499 -bp fragment ( E, l ane 7) , while pG EX3X2000(T198A) pr oduced t he e xpected 
2706 -bp a nd 17 93 -bp f ragments ( E, l ane 8 ). Undigested pG EX3X2000 a nd pGEX3X2000(T198A) w ere 
included (E, lanes 6 and 9 respectively). When digested with Eco01091, pGEX3X2000(T198A) produced the 
expected 810 -bp fragment ( F, lane 3) while pG EX3X2000(T198A,T332A) produced the e xpected 546 -bp 
(shown) and 264 -bp (not shown) fragments (F, lane 4). PstI digested λ DNA molecular weight standards (F, 
lane 1)  and undigested pGEX3X2000(T198A) and pGEX3X2000(T198A,T332A) were included (F, lanes 2  
and 5 respectively).  Blue and red lines represent GST and mSTI1 cDNA respectively. 
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Figure 6.3: The plasmid pET5a2000 and its derivatives  

pET5a2000 ( A) was mutated by  s ite-directed mutagenesis to  p roduce its d erivatives pET5a2000(S189A) (B),  
pET5a2000(T198A) ( C) a nd pE T5a2000(T198A,T332A) ( D). The r ed l ines r epresent mSTI1 c DNA. W hen 
digested with NcoI, pET5a2000 produced the expected 5767-bp fragment (E, lane 3) while pET5a2000(S189A) 
produced t he e xpected 4867-bp and 777 -bp f ragments (E , l ane 4 ). PstI d igested λ DNA m olecular w eight 
standards ( E, l ane 1)  a nd undi gested pE T5a2000 a nd pE T5a2000(S189A) were i ncluded ( E, l anes 2 a nd 5 
respectively). When digested with BanI, pET5a2000 produced the expected 4499 -bp fragment (E, lane 7), while 
pET5a2000(T198A) produced the expected 2706 -bp and 1793 -bp fragments ( E, lane 8) . Undigested 
pET5a2000 a nd pE T5a2000(T198A) were i ncluded ( E, l anes 6 a nd 9 r espectively). W hen di gested with 
Eco01091, pE T5a2000(T198A) pr oduced t he expected 8 10 -bp f ragment ( F, l ane 3)  w hile 
pET5a2000(T198A,T332A) produced the expected 546 -bp (shown) and 264 -bp (not shown) fragments (F, lane 
4). PstI d igested λ DNA molecular weight s tandards ( F, l ane 1)  a nd un digested pE T5a2000(T198A) a nd 
pET5a2000(T198A,T332A) were included (F, lanes 2 and 5 respectively). 
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◄GST 

◄GST-mSTI1 

Figure 6.4: Recombinant GST and GST-mSTI1 is produced and 
purified 

A (0.1%) SDS (12%) PAGE gel of whole IPTG induced logarithmic phase E. coli cells XL1Blue transformed 
with pGEX3X confirmed the presence of an overproduced 26 k Da protein. Samples were taken of the culture 
before induction (A, lane 2) and 1 hour (A, lane 3), 2 hours (A, lane 4), 3 hours (A, lane 5), 4 hours (A, lane 6) 
and 5 hours (A, lane7 ) post-induction. GST was produced at maximal levels 3-4 hours after induction (A, lanes 
5 a nd 6) . A ( 0.1%) S DS ( 12%) P AGE g el of  whole I PTG i nduced l ogarithmic ph ase E. c oli XL1Blue cells 
transformed with pGEX3X2000 confirmed the presence of an overproduced 89 kDa protein. Samples were taken 
of the culture before induction (B, lane 2) and 1 hour (B, lane 3), 2 hours (B, lane 4), 3 hours (B, lane 5), 4 hours 
(B, lane 6) and 5 hours (B, lane7 ) post-induction. GST-mSTI1 was produced at maximal levels 3-4 hours after 
induction (B, lanes 5 and 6). Produced GST proteins were purified using glutathione agarose affinity 
chromatography.  
A ( 0.1%) S DS ( 12%) P AGE g el of  t he pu rification of  G ST f rom I PTG i nduced l ogarithmic ph ase E. c oli 
XL1Blue cells confirmed the presence of a p urified 26 kDa protein. Soluble extract (C, lane 2) was separated 
from insoluble extract (C, lane 3) by centrifugation. Soluble extract was bound to the glutathione agarose beads 
and then discarded (C, lane 4). The beads were washed three times in PBS (C, lanes 5-7) and bound protein 
eluted with 5  mM glutathione (C, lane 8). A (0.1%) SDS (12%) PAGE gel of the purification of GST-mSTI1 
from I PTG in duced lo garithmic p hase E. c oli XL1Blue cells co nfirmed t he p resence o f a p urified 8 9 k Da 
protein. Soluble extract (D, lane 2) was separated from insoluble extract (D, lane 3) by centrifugation. Soluble 
extract was bound to the glutathione agarose beads and then discarded (D, lane 4). The beads were washed three 
times in PBS (D, lanes 5-7) and bound protein eluted with 5 mM glutathione (D, lane 8). The eluted protein in 
lane 8 was probed for GST-mSTI1 using Western Analysis (inset). Lanes 1 of all gels contains separated Bio-
Rad Molecular weight markers in kDa. 
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6.3.4  Recombinant mSTI1 and its derivatives are  
successfully produced and purified 

 

A 63 kDa protein corresponding to mSTI1, was overexpressed after IPTG induction of E. 

coli XL1Blue[pET5a2000].  This protein were present at maximal levels after 4 hours of 

induction (Figure 6.5A, lane 6), was soluble, and bound t o a PBE polybuffer exchanger 

column a t pH  8.0  ( Figure 6.5 B). T he 63 k Da p rotein w as s uccessfully eluted w ith a  

0.1M-0.3M N aCl g radient e lution ( Figure 6.5C ) i nto 2  pe aks, a nd w as c ompletely 

removed from the column before regeneration. The identity of mSTI1 was confirmed by 

Western analysis (Figure 6.5D, inset). Total protein concentrations of elutions containing 

mSTI1 (Figure 6.5C and D), and derivatives, were typically 200 µM, and estimated to be 

80% pur e. S imilarly, pur ifications of  m STI1(S189A), m STI1(T198A) a nd 

mSTI1(T198A,T332A) were successful. 
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Figure 6.5:  Recombinant  mSTI1 are produced and purified 
A (0.1%) SDS (12%) PAGE gel of whole IPTG induced logarithmic phase E. coli BL21(DE3) cells transformed 
with pET5a2000 confirmed the presence of an overproduced 63 kDa protein. Samples were taken of the culture 
before induction (A, lane 2) and 1 hour (A, lane 3), 2 hours (A, lane 4), 3 hours (A, lane 5), 4 hours (A, lane 6) 
and 5 hours (A, lane 7) post-induction. mSTI1 was produced at maximal levels 3-4 hours after induction (A, 
lanes 5  and 6 ).  I PTG induced logarithmic phase E. coli BL21(DE3)[pET5a2000] cell lysate, t he co lumn was 
separated through a PBE exchanger column. The column was washed stepwise with start buffer, followed by 
start buffer containing 0.1 M NaCl. An gradient e lution of start buffer containing 0.1 M and 0.3 M NaCl was 
used to  elute mSTI1, and the column stripped with start buffer containing 1 M NaCl. The 280 nm  absorbance 
profile o f el uted p roteins was measured ( B) and t he p eaks co llected w ere r esolved b y S DS P AGE ( C, l anes 
correspond t o p eaks). m STI1 was e nriched i n p eaks 5 -6 ( C a nd D ).  The e luted pr otein i n pe aks 5 a nd 6  
(fractions 70 t o 87) was resolved by SDS PAGE. Fraction 76 was used for further phosphorylation assays and 
was pr obed f or m STI1 u sing W estern Analysis ( inset). L anes 1 of  bot h g els c ontain s eparated B io-Rad 
Molecular weight markers in kDa. 
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5.3.5  CKII phosphorylates serine 189  
 

Previously we showed S189 of tagged mSTI1 to be phosphorylated in vitro (Longshaw et 

al., 2000, Longshaw, 19 99). In or der t o m ore f ully c haracterize C KII phosphorylation 

here, untagged mSTI1 has been used and the incubation period for CKII phosphorylation  

has been extended to 9 hours. GST-mSTI1 and mSTI showed specific i ncorporation of  

[32P] a fter C KII phos phorylation ( Figure 6.6A , lanes 3,4,7 a nd 8) , while no s pecific 

incorporation of  [ 32P] was de tected for t he n o-enzyme a utophosphorylation a nd no -

substrate controls (Figure 6.6A, lanes 1 a nd 2) , GST-mSTI1(S189A) or mSTI1(S189A) 

derivatives (Figure 6.6A, lanes 5 a nd 9) after 3 h ours. A relatively low incorporation of 

[32P] b y GST-mSTI1(S189A) a nd m STI1(S189A) a fter e xtended C KII p hosphorylation 

for 9 hour s oc curred ( Figure 6.6 A, l anes 6 and 10) . S ince G ST-mSTI1(S189A) a nd 

mSTI1(S189A) showed negligible CKII phosphorylation after extended incubation, these 

data provide s trong evidence that S189 i s t he major specific CKII phosphorylation s ite 

recognised in vitro. 

3h        3h          3h        9h        3h        9h                3h       9h      3 h      9h     Time     

A 

B 1     2       3       4       5      6       7       8           9      10      11     12       13     14 

1        2        3        4        5         6              7       8      9     10 

Figure 6.6: The in vitro phosphorylation of mSTI1 
 
In vitro kinase assays with substrates [5 µM] were analyzed by (0.1%) SDS (12 %) PAGE. CKII assays and 
p34cdc2 assays were incubated for 3 and 9 hours. The gel was dried and radioactive phosphorylation detected by 
autoradiography. ( A) CKII p hosphorylation: L ane 1,  GST-mSTI1 (n o-enzyme co ntrol); l ane 2 , no-substrate 
control; lane 3, GST-mSTI1 (3 hours); lane 4, GST-mSTI1 (9 hours); lane 5, GST-mSTI1(S189A) (3 hours); 
lane 6, GST-mSTI1(S189A) (9 hours); lane 7, mSTI1 (3 hours); lane 8, mSTI1 (9 hours); lane 9, mSTI1(S189A) 
(3 h ours); l ane 10,  m STI1(S189A) ( 9 h ours). ( B) p34 cdc2 phosphorylation: Lane 1,  G ST-mSTI1 (n o-enzyme 
control); la ne 2 , n o-substrate c ontrol; la ne 3 , G ST-mSTI1 (3 h rs); l ane 4 , G ST-mSTI1 (9  h rs); l ane 5 , G ST-
mSTI1(T198A) (3 hrs); lane 6, GST-mSTI1(T198A) (9 hrs); lane 7, GST-mSTI1(T198A,T332A) (3 hrs); lane 8, 
GST-mSTI1(T198A,T332A) (9 hrs); lane 9, mSTI1 (3 hrs); lane 10, mSTI1 (9 hrs);  lane 11, mSTI1(T198A) (3 
hrs); lane 12, mSTI1(T198A) (9 hrs);  l ane 13, mSTI1(T198A,T332A) (3 hrs); lane 14, mSTI1(T198A,T332A) 
(9 hrs).   
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6.3.6  Threonine 198 is not the only site recognized by cdc2  
kinase 

 

Previously w e r eported t he in vitro phosphorylation of  m STI1 b y cdc2 k inase a t T 198 

using GST-mSTI1 recombinant protein in radioactive cdc2 kinase assays (Longshaw et 

al., 2000). Here untagged mSTI1 has been used in radioactive cdc2 kinase assays for 3  

hours and 9 hours in order to investigate any low levels of phosphorylation at sites other 

than T198 with extended incubation. To ensure that phosphorylation experiments of the 

CcN mot if w ere not  c ontaminated with murine H sp90, which m ay i nhibit 

phosphorylation at these mSTI1 sites by binding to mSTI1, purified kinases and not cell 

extract were used. In this way kinase specific phosphorylation data was obtained. GST-

mSTI1(T198A) a nd m STI1(T198A) s howed greatly reduced phos phorylation l evels 

compared to unmodified protein, suggesting that T198 was the major in vitro cdc2 kinase 

phosphorylation site in mSTI1 (Figure 6.6B, lanes 6 and 12 compared to lanes 4 and 10). 

The 9 hour  i ncubations de tected a  l ow l evel of  ph osphorylation i n t he G ST-

mSTI1(T198A) and mSTI1(T198A) reactions that was s ignificantly above that detected 

for t he a uto-phosphorylation c ontrol ( Figure 6.6B , l anes 6 a nd 12) . T herefore, c dc2 

kinase was phosphorylating another site, which we speculated to be T332, the only other 

site i n m STI1 t hat c onforms t o t he c dc2 ki nase c onsensus s equence a nd i s a ssociated 

within a potential CcN motif. However, the physiological significance of this is probably 

low due  t o t he l ong i ncubation t ime r equired t o a chieve ph osphorylation at thi s s ite. 

Nevertheless, t his r egion r esembles another put ative C cN m otif ( amino a cids 326 -351) 

with a putative CKII site at position S326, a putative cdc2 kinase site at position T332, 

and a  put ative bi partite N LS at pos itions 337 -351. R emoval of  t he T 332 s ite w as 

performed t o pr oduce G ST-mSTI1(T198A,T332A) a nd m STI1(T198A,T332A). A  

similar l evel of  phos phorylation w as obs erved f or t he G ST-mSTI1(T198A,T332A) 

phosphorylation reaction ( Figure 6.6 B, l anes 7 a nd 8 ), a s f or G ST-mSTI1(T198A), 

indicating that another, as yet unidentified, cdc2 recognized phosphorylation site, which 

did not  map to T198 or  T332, may exist i n mSTI1. The l evel of  phosphorylation was, 

however, r educed be tween m STI1(T198A) a nd m STI1(T198A,T332A) ( Figure 6.6 B, 

lanes 12 and 14), suggesting that T332 was a minor phosphorylation site in mSTI1. The 
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presence of multiple in vitro cdc2 kinase phosphorylation sites may explain the spectrum 

of mSTI1 isoforms observed in vivo, although T198 appears to be the major in vitro cdc2 

kinase site. 

 
6.3.7  mSTI1 does not associate stably with cdc2 kinase 
 

GST-mSTI1 ha s be en shown t o s pecifically i nteract w ith H sc70 us ing glutathione 

agarose co-precipitation assays (Van der Spuy et al., 2000; Longshaw et al., 2000). This 

interaction was t herefore us ed a s a  bi nding assay control dur ing t he d etection of  c dc2 

kinase interaction with mSTI1 (Figure 6.7A, lane 3). mSTI1 co-precipitating proteins did 

not c ontain c dc2 ki nase, e ven w hen hi gh l evels ( 1 m g) of  GST-mSTI1 pr otein w ere 

incorporated in the binding assay (Figure 6.7B, lane 3). This may indicate that although 

an in vitro interaction between mSTI1 and cdc2 kinase has been shown (section 6.3.6) , 

this interaction may not occur in vivo or mSTI1 may not form a stable complex with cdc2 

kinase. The mSTI1-cdc2 kinase interaction may be of a transient nature. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: mSTI1 does not associate stably with cdc2 kinase 
 
1 mg recombinant GST or GST-mSTI1 was coupled to glutathione agarose beads [80 µl] (50% slurry) in PBS at 
4°C, with inversion for 45 minutes. The beads were washed in PBS 3 times. 1 mg  mouse NIH 3T3 cell extract 
was added to beads and the volume made up to 1 ml with PBS. The binding assays were incubated at 4°C, with 
inversion for 1 6 hours to allow e quilibration of binding t hen washed t wice in P BS. C o-precipitating proteins 
were resolved by SDS PAGE, and analyzed by Western analysis by chemiluminescence-based immunodetection 
using an anti-Hsc70 (A) or anti-cdc2 kinase antibody (B). 15 µg NIH 3T3 extract was used as a positive control 
(lanes 1),  and GST co-precipitating proteins (lanes 2) and GST-mSTI1 co-precipitating proteins (lanes 3) probed 
for the presence of Hsc70 (A) and cdc2 kinase (B). 
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6.4  CONCLUSIONS 
 
The recombinant GST-mSTI1 and untagged mSTI1 proteins were successfully produced 

and e nriched t o s ufficient pur ity f or us e f or t he i nvestigation of  phos phorylation of  

mSTI1. Similarly, the derivatives of GST-mSTI1 and mSTI1 were successfully produced. 

 

CKII s pecifically ph osphorylated G ST-mSTI1 a nd mSTI1, b ut ne gligible 

phosphorylation b y C KII was de tected f or t he n o-enzyme autophosphorylation c ontrol, 

GST-mSTI1(S189A) and mSTI1(S189A) derivatives. This provides strong evidence that 

S189 i s t he s pecific C KII phos phorylation s ite r ecognised in vitro. T he e xtended 

incubations de tected a l ow l evel o f cdc2 kinase phosphorylation in t he mSTI1(T198A) 

reaction that was above that detected for the auto-phosphorylation control. This suggests 

that mSTI1 was phosphorylated by cdc2 kinase at a position other than T198. The only 

other potential cdc2 kinase phosphorylation site that was in the proximity of an NLS was 

T332, and this site was therefore removed by amino acid replacement. A similar level of 

phosphorylation was observed f or m STI1(T198A) and m STI1(T198A,T332A) 

phosphorylation r eactions, i ndicating t hat a nother, a s yet uni dentified, c dc2 r ecognized 

phosphorylation s ite, w hich did not  m ap t o T 198 or  T 332, m ay exist i n m STI1. T here 

may the refore be  mul tiple in vitro cdc2 ki nase phosphorylation s ites i n m STI1, w hich 

may explain the spectrum of mSTI1 isoforms observed in vivo. T198, however, appears 

to be the major in vitro cdc2 kinase site. 

 

In t his work, evidence for t he pr esence of  in v ivo cdc2 kinase phosphorylation s ite s in 

mSTI1 has been shown. Inactivation of cdc2 kinase by olomoucine increased the nuclear 

localization of mSTI1 (Chapter 4) suggesting that the cytoplasmic localization of mSTI1 

may require active cdc2 kinase. Recently, it was shown that yeast STI1 interacts directly 

and s tably w ith c dc37 ( Abbas-Terki et al ., 2002).  H owever, t his i nteraction, a lthough 

detectable, was of  a r elatively l ow l evel. On investigation of t he i nteraction be tween 

mSTI1 and cdc2 kinase using a GST-mSTI1 binding assay, i t was shown here that this 

potential interaction in a mammalian system was not stable, since mSTI1 did not form a 

detectable s table complex with cdc2 kinase. The interaction of mSTI1 and cdc2 kinase 
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may h ave i mplications f or t he f ormation of  t he H sp70/mSTI1/Hsp90 c haperone 

heterocomplex, a nd f or the H sp90-independent chaperoning of  p rotein kinases. In t he 

Hsp70/mSTI1/Hsp90 c haperone h eterocomplex, t he N LS of  m STI1 m ay not  be  

assessable t o NLS-binding m achinery. H owever, i n a n a lternate m STI1 c omplex, 

potentially i nvolving cdc37 a nd c dc2, t he NLS of  m STI1 m ay be  accessible t o N LS-

binding machinery. 
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CHAPTER 7 
 

DISCUSSION AND CONCLUSION 
 

7.1 THE IMPORTANCE OF CELL CYCLE-REGULATED 

NUCLEAR ACCUMULATION OF mSTI1  

Chaperones and heat shock proteins are being recognised as increasingly important in cell 

signalling e vents, because of  the ir a ssociation with cell c ycle com ponents, regulatory 

proteins and members of the mitogenic signal casade (Helmbrecht et al., 2000). Recently, 

a direct interaction of the Candida albicans STI1 and cdc2 kinase has been reported (Ni 

et al ., 2001). Here e vidence i s s hown f or t he first t ime t hat t he H sp70/Hsp90 c o-

chaperone, mSTI1, has a functional NLS, and that the localization of mSTI1 is affected 

by cdc2 kinase and is cell c ycle de pendent. The i ncidence of  nu clear l ocalization of 

mSTI1 was increased in cel ls in the G1/S phase arrest, by inhibition of the cdc2 kinase 

with olomoucine and b y point i nactivation of  t he put ative cdc2 kinase p hosphorylation 

site.  

The T-antigen CcN motif function is affected by phosphorylation: the mechanism of cdc2 

kinase-mediated inhibition is through cytoplasmic retention (Jans and Jans, 1994), while 

that of CKII phosphorylation-mediated enhancement is through increasing the affinity of 

association with the karyopherin complex (Jans and Jans, 1994), enhancing the docking 

rate at t he NPC. Flanking s equences a nd p hosphorylation at t he CKII s ite are 

mechanistically impor tant in NLS r ecognition by k aryopherin α in both T -antigen 

(Hübner et al ., 1997)  and D orsal t ranscription f actor f rom Drosophila (Briggs et al ., 

1998). The phos phorylation of  m STI1-EGFP, particularly in the r egion of its  put ative 

NLS, is therefore significant as many reports show that phosphorylation regulates NLSs 

(Jans a nd H übner, 1996 ). T he recognition of  t hese phos phorylation s ites b y cell cycle 

kinases i s a lso s ignificant, i ndicating b oth a  connection t o t he c ell cycle, a nd nu clear 
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import that is under cell cycle control. Studies of cell cycle expression of proteins did not 

report t he expression of  Hop to be  regulated b y the cell cycle (Whitfield et al ., 2002). 

Furthermore, a lthough cdc2 kinase recognizes and phosphorylates mSTI1 in vitro there 

seems t o be  no s table i nteraction of  m STI1 a nd c dc2 ki nase. H owever, m STI1 

localization and hence function within the cell appears to be cell cycle dependent. Such 

cell cycle regulation, in the case of mSTI1, implies a role for this co-chaperone in the cell 

cycle. Future experiments should focus on analysis of a predicted mSTI1-cdc2 interaction 

in vivo, pos sibly us ing a g lutaldehyde f ixation of  m ouse f ibroblast c ells, s ubsequent 

isolation of  m STI1 and mSTI1 c omplexes, a nd i mmuno-chemiluminescent pr obing for 

cdc2 kinase. Further ch aracterization of t his cd c2 kinase-mSTI1 interaction may b e 

achieved by investigation of the kinetics of the cdc2 kinase phosphorylation of mSTI1 in 

vitro using purified cdc2 kinase and mSTI1. 

The marked accumulation of NLSmSTI1

The proposed CcN motif may be regulated by the cell cycle as mSTI1 is observed in the 

nucleus at  G 1/S pha se ar rest w hen cdc2 kinase is i nactive, and negative cha rge at  t he 

predicted c dc2 ki nase phos phorylation s ite i nhibits nuc lear a ccumulation unde r t hese 

conditions. A cell cycle role, as has been suggested (Longshaw et al., 2000), may require 

transport of  t he mSTI1 protein i nto t he nuc leus a t t his t ransition in t he cell c ycle. One 

explanation m ay be  t hat a ssembly o f pr otein m achinery at G 1/S, i n or der t o c arry out  

DNA synthesis, demands an increased requirement for chaperone activity in the nucleus 

for t he m aintenance o f functional pr oteins a nd facilitation of  c onformational c hanges 

during this process.  An enhanced requirement for nuclear transport also occurs during S-

EGFP in the nucleus compared to EGFP, suggests 

that mSTI1’s putative NLS is functional, supporting the prediction of a CcN motif in this 

region of  m STI1 in v ivo. The a ccumulation of  mSTI1 unde r nuc lear e xport i nhibition 

conditions demonstrates not only a functional import signal in mSTI1, here proposed to 

be t he predicted CcN motif a t pos itions 189-239, but  a lso a  CRM-1 recognized, as yet 

unidentified, nuc lear export s ignal (NES) i n mSTI1 for nuc lear export. The subcellular 

distribution of  m STI1 may not , t herefore, be  static, but  r ather a  d ynamic ba lance o f 

nuclear import and export processes, the fulcrum of which may be shifted under different 

conditions. 
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phase, and the nuclear import rate in proliferating cells is  higher than that in quiescent 

cells (Csérmèly et al., 1995, Feldherr and Akin, 1993). A translocation of Hsc70 into the 

nucleus occurs during S-phase (Helmbrecht et al ., 2000; Milarski and Morimoto, 1986; 

Zeise et al ., 1998). A  close i nteraction between m STI1 and Hsc70 

 

has been reported 

(Lässle et al ., 1997.). T herefore, a  change of  m STI1 di stribution t o t he nuc leus a t t he 

G1/S t ransition w ould not be  une xpected. m STI1 c ould pos sibly f unction a s a n i mport 

partner, a llowing H sc70 to “ piggy-back” i nto t he nuc leus ( Pratt, 1998.) . T he 

Hsc70/mSTI1/Hsp90 chaperone heterocomplex may then be assembled in the nucleus for 

increased nuclear chaperone activity. In some cell l ines the production of  Hsc70 is cell 

cycle-dependent and suppressed by treatment with the inhibitor of DNA synthesis Ara C 

(Hang and Fox, 1995; Milarski and Morimoto, 1986), indicating a potential involvement 

of Hsc70 in DNA r eplication. Thus t he H sc70/mSTI1/Hsp90 c haperone he terocomplex 

may play a role in stabilization of cell cycle components in the nucleus during S-phase. 

Alternatively, t he c haperone he terocomplex m ay function i n t he de gradation of  G 1 

cyclins, s uch t hat G 1 cyclins a re t argeted f or de gradation a t a ppropriate pr otein 

degradation l ocations i n t he c ell a t G 1/S c heckpoints. T hus, t he ba lance of  f unctional 

versus degraded cell cycle components may be assisted by the chaperone activity of the 

Hsc70/mSTI1 complex.  

7.2 THE NUCLEAR ACCUMULATION OF mSTI1 APPEARS 
TO BE CELL CYCLE RELATED BUT NOT HEAT 
SHOCK RELATED  

 

The nuclear accumulation of mSTI1 is proposed to have an important role in cell cycle 

progression unde r nor mal gr owth c onditions, but  w as a pparently n ot i mportant or  

necessary unde r our  h eat s hock c onditions. T hese he at s hock conditions, a lthough 

producing a  c hange i n i soform c omposition of  mSTI1, di d not  a ffect t he c ytoplasmic 

distribution of  mSTI1. Future experiments should be focussed towards the opt imisation 

of the heat shock treatment of mSTI1-EGFP expressing cells such that the heat shock is 

achieved with maximum efficiency (e.g. exposure to pre-heated media). The kinetics of  
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heat shock may then be determined over time and the localization of mSTI1-EGFP more 

rigorously d etermined. The m odifications m ade a t t he C KII ( S189) a nd c dc2 ki nase 

(T198) s ites di d not  e ffect a ny change i n l ocalization of  m STI1 und er he at s hock 

conditions, suggesting that ne ither of  t hese s ites operate a s functional r egulators of  t he 

NLS unde r s tress c onditions. T he C KII s ite a t S 189 m ay ha ve a n e ffect on m STI1 

localization under conditions that are as yet unknown.  

 

Stress, such as starvation, ethanol, heat or oxidant treatments, have been shown to inhibit 

specific N LS-dependent nuc lear i mport ( Stochaj et al ., 2000 ). T his i nhibition of  t he 

classical nuclear protein import under stress conditions has been attributed to the collapse 

of t he nu cleocytoplasmic gradient of  t he s mall G TPase Gsp1p (Ran) (Stochaj et al ., 

2000), a nuc lear t ransport f actor. Interestingly, Hsp70 is nor mally c ytoplasmically 

localized, but  dur ing he at s hock, has be en s hown t o t ranslocate t o t he nuc leus and i n 

particular t he nuc leolus, f rom which i t w ithdraws dur ing recovery (Welch, 1987) . This 

movement of Hsp70 in and out of the nucleolus has been proposed to be associated with 

repair of  h eat-induced nuc leolar damage ( Nollen et al ., 2001). T he i ncreased nu clear 

import of Hsc/Hsp70 during heat shock, when classical nuclear import rates are generally 

decreased, is thought to be due to a novel NLS-independent import mechanism (Lamian 

et al., 1996). Taken together with these data, this suggests Hsc70 and mSTI1 co-localize 

and co-operate du ring entry of  the  cell into S-phase, but  do not  necessarily co-localize 

and co-operate under heat shock.  

7.3 THE IMPORTANCE OF THE PHOSPHORYLATION 
STATE OF mSTI1 

Phosphorylation i s here proposed to have a s ignificant role in the r egulation of  nuclear 

localization in the context of mSTI1in its role in chaperone complexes. The association of 

mSTI1 with other chaperones i n the c ytoplasm has be en well cha racterized especially 

with respect to i ts role in the chaperoning of  s teroid hormone receptors (Murphy et al ., 

2001; Dittmar and Pratt, 1997; Johnson et al., 2000; Kaul et al., 2002). However, mSTI1 

may be  r ecruited t o t he nuc leus a nd f unction i n t he r econstitution of  c haperone 

complexes i n t he nuc leus. T hese r econstituted c haperone c omplexes c ould pl ay an 
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important r ole i n t he c haperoning of  t elomerase c omplexes ( Forsythe et al ., 2001) a nd 

other c ell c ycle c omponents ( Aligue et al ., 1994; N akamura et al ., 1999) s uch a s c dc 

kinases ( Zhu et al, 1 997) a nd cyclins. T hus t he H sc70/mSTI1/Hsp90 c haperone 

heterocomplex may have an important function in t he s tabilization of  enzymes such as 

telomerase a nd pol ymerase a s w ell a s t he t ransport of  c yclins out  of  t he nuc leus f or 

degradation dur ing S -phase. T he obs ervation t hat t he m STI1-EGFP(T198A) m utant 

qualitatively accumulated in the nuc leus to a g reater de gree t han mSTI1-EGFP unde r 

G1/S pha se a rrest c onditions pr ovides s triking e vidence of  t he role of  p hosphorylation 

regulation of mSTI1 by cdc2 kinase (at this mSTI1 T198 site) in the nuclear localization 

of mSTI1 in S-phase. 

The presence of a large number of isoforms of mSTI1 suggests that different populations 

of post-translationally modified mSTI1 protein are present at any one time. The decrease 

in i soform num ber obs erved on r emoval of  e ither t he S 189 or  T 198 s ite s upports t he 

presence of modifying phosphates at these sites under normal growth conditions in vivo.  

The pr esence of  m ultiple in vitro cdc2 ki nase phosphorylation s ites m ay explain t he 

spectrum of mSTI1 isoforms observed in vivo, although T198 appears to be the major in 

vitro cdc2 ki nase s ite. T he f inding o f i ncreased nuc lear a ccumulation of  m STI1-

EGFP(T198A) unde r h ydroxyurea c onditions s uggests t hat m STI1 m odification a t t his 

site inhi bits nuc lear a ccumulation a nd pr omotes t he pr esence of  a c ytoplasmic 

localization.  

Furthermore, mSTI1 has been proposed to exist as a  dimer (Van der Spuy et al ., 2000, 

Van der Spuy et al., 2001). Therefore, for the mSTI1-EGFP studies, there is the potential 

in t his e xperimental pa radigm, t hat e ndogenous m STI1 s ubunits ha ve f ormed 

heterodimers w ith t he r ecombinant chimeric pr oteins, t hereby m oderating a ny 

localization e ffects of  t he i ntroduced a mino a cid s ubstitutions ( such a s S189A, S 189E, 

T198A, and T198E).  T he phosphorylation of one subunit in such heterodimers may be 

sufficient t o m ediate t he t ranslocation of  t he pr otein, a nd t herefore t he r emoval of  one  

kinase site will not  prevent this. Similarly, the phosphorylation of dimer subunits could 

be co -operative and a dd a n e xtra l evel of  complexity t o t he r egulation of  m STI1 
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localization. T he e ffects of  s ubstitution on l ocalization of  m STI1 m ay have t o be  

investigated further in cells not expressing endogenous mSTI1. 

7.4 THE INTERACTIONS OF mSTI1 

 

Bioinformatic analysis of mS TI1 indicated that the  NLS, but  not  t he C cN mot if 

phosphorylation s ites, w as c onserved i n S TI1 pr oteins. S equence a nalysis l imit s  

predictions of residue interactions as it cannot include three-dimensional data, but can be 

positively us ed to a ssess pos sible c onservation o f r esidues a nd t herefore t heir pos sible 

mechanistic importance. Residues in the mSTI1 homologue Hop NLS spacer region and 

CcN m otif C KII phos phorylation s ite, t hat w ere hi ghly c onserved, w ere i nvolved i n 

binding to Hsp90. Thus the binding sites for import machinery and Hsp90 may overlap, 

such that these residues mediate both the binding of Hsp90 to the TPR2 domain of STI1 

proteins and karyopherin-α to the bipartite NLS. Although a di rect interaction between 

mSTI1 and k aryopherin-α remains t o b e s hown, t he s imultaneous bi nding o f 

karyopherin-α and Hsp90 may be sterically impossible. This alternate binding of Hsp90 

or karyopherin-α would probably have mechanistic implications. Furthermore, the cdc2 

kinase site T198 in mSTI1 is proposed to stabilize the highly conserved K229 residue in 

the mSTI1 NLS spacer region. Phosphorylation at this cdc2 kinase site would therefore 

disrupt the T198-K229 contact, and affect the local protein conformation. Conformational 

changes induced by phosphorylation at this site, may allow preferential binding of either 

Hsp90 or karyopherin-α, and add an extra level of complexity to the regulation of mSTI1 

interactions. Further experiments on a potential karyopherin-α-mSTI1 interaction in vivo 

could prove advantageous in determining the kinetics and specificity of  mSTI1 nuclear 

import. T his di rection of  e xperiments m ay i nclude F RET s tudies of  c o-expressed 

karyopherin-α and m STI1 as  w ell as in vitro binding s tudies o f t he specificity a nd 

kinetics of potential karyopherin-α and mSTI1 interaction. 

 

mSTI1 has been shown here to be recognised and phosphorylated by cdc2 kinase in vitro. 

Recently, it was shown that STI1 interacts directly with cdc37 (Abbas-Terki et al., 2002). 

Furthermore, cdc37 has been found to interact with cdc28 in Saccharomyces cerevisiae 
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(Mort-Bontemps-Soret et al ., 2002) . T herefore STI1, cdc37 and c dc28 m ay i nteract 

together i n a  cell c ycle de pendent m anner t o r egulate bot h t he c haperoning a nd 

localization of client protein kinases. However, the interaction between mSTI1 and cdc2 

kinase in a mammalian system was not  s table or  not  that of  a  detectable s table protein 

complex, as de tected by the co-precipitation assays.  T his int eraction ma y th erefore 

simply be of a transitory nature, such as for that of an enzyme-substrate interaction.  

 

In conclusion, the work presented here may be regarded as novel data in the investigation 

of the localization of  mSTI1 in vivo under normal conditions and the control of  mSTI1 

localization, and therefore function, by the cell cycle. In order to better understand this 

role, t he m echanisms of  t he pr edicted in vivo karyopherin-α-mSTI1 a nd c dc2 ki nase-

mSTI1 interactions require more detailed investigation. The mSTI1 protein may prove to 

be a key protein in the localization and assembly of the Hsp90/mSTI1/Hsp70 chaperone 

heterocomplex, a nd/or i n a n a lternative pot ential c dc37/cdc2/mSTI1complex. T he 

interactions of mSTI1 between Hsp90 or NLS-binding partner proteins like karyopherin-

α, predicted by this work to be influenced by cell cycle kinase phosphorylation, may be 

integral to the mechanisms of mSTI1 function in vivo. 
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APPENDIX A 

MATERIALS 
 
 

Table A.1: Experimental materials were obtained from commercial  
        suppliers 

 

Material 
Catalogue 

number 
Supplier 

QIAprep Spin Miniprep Kit (50)  27104 QIAGEN, U.S.A. 

DNA Clean and Concentrator-5 D4005 Zymo research, U.S.A. 

T4 DNA polymerase E2040Y Amersham Pharmacia Biotech 

PCR Nucleotide Mix 1 581 295 
Roche Molecular Biochemicals, 

Germany 

pGEM-T easy vector system I A1360 Promega Corporation, U.S.A. 

Anti-Hsp70 SPA-810 Stressgen, Canada 

Quikchange Site-Directed Mutagenesis 

kit (30) 
200518 Stratagene, U.S.A. 

Glutathione Agarose G4510 Sigma-Aldrich Inc., U.S.A. 

High Pure Plasmid Isolation Kit (250) 1 754 785 
Roche Molecular Biochemicals, 

Germany 

BM Chemiluminescence Western 

Blotting Kit (mouse/rabbit) 
1 520 709 Boehringer Mannheim, Germany 

Cdc2 protein kinase (human) P6020S New England Biolabs, U.S.A. 

Anti-cdk1 (cdc2) KAM-CC101 
Stressgen Biotechnologies 

Corporation, Canada 

Anti-GFP Living Colours A.v. peptide 

Antibody (Anti-GFP) 
8367-1 Clontech laboratories, Inc. U.S.A. 

SDS-PAGE Molecular weight Standards, 

Broad range 
161-0312 Bio-Rad Laboratories, U.S.A. 

Bradford Reagent B6916 Sigma-Aldrich Inc., U.S.A. 

Albumin, Fraction V 735 078 
Roche Molecular Biochemicals, 

Germany 
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Hybond-C extra supported 

nictrocellulose membrane 
 Amersham International, U.K. 

NucleoSpin Extract 2 in 1  Macherey-Nagel, Germany 

Expand High Fidelity PCR System 1 732 641 
Roche Molecular Biochemicals, 

Germany 

Agarose type D-1 LE low 

electroendosmosis 
 Hispanagar, Spain 

Phosphatase, alkaline, shrimp 1 758 250 
Roche Molecular Biochemicals, 

Germany 

AccI E1001Y Amersham Pharmacia Biotech 

BamHI E1010V Amersham Pharmacia Biotech 

EcoRI E1040W Amersham Pharmacia Biotech 

EcoRV E1042Y Amersham Pharmacia Biotech 

HindIII E1060Y Amersham Pharmacia Biotech 

NcoI E1160Y Amersham Pharmacia Biotech 

NdeI E1161V Amersham Pharmacia Biotech 

NheI E1162Y Amersham Pharmacia Biotech 

NotI E0304Y Amersham Pharmacia Biotech 

PstI E1073Y Amersham Pharmacia Biotech 

SacII E1079V Amersham Pharmacia Biotech 

XhoI E1094Y Amersham Pharmacia Biotech 

Lamda DNA D1501 Promega Corporation, U.S.A. 

BseEI R05545 New England Biolabs, U.S.A. 

IPTG V3951 Promega Corporation, U.S.A. 

T4 DNA ligase M1801 Promega Corporation, U.S.A. 

Kodak BioMax M R Film  Kodak 

Lipofectamine Plus Transfection reagent 10964-013 Invitrogen Life Technologies, U.S.A 
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APPENDIX B 

GENERAL PROCEDURES 
 
 

B.1   The PCR amplification of cDNA 
 

The required open reading frame (ORF) was amplified from the plasmid template DNA 

by a polymerase chain reaction (PCR), using the engineered forward and reverse primers. 

The PCR reaction included final concentrations of the template plasmid DNA (2 ng/µl), 

forward primer (300 mM), reverse primer (300 mM), dNTPs (200 µM each) and Expand 

High Fidelity PCR enzyme mix (2.6 U) in 1 x  Expand HF buffer with MgCl2

 

 (1.5 mM) 

to a final volume of 50 µl. The cycling parameters were such that the PCR reaction was 

incubated at 94°C for 2 minutes, followed by a 3-step cycle of 94°C for 30 seconds, 55°C 

for 1 m inute and 72°C for 2.5 m inutes, repeated a total of  30 t imes. A f inal elongation 

step of 10 minutes at 72°C was included.  

B.2  Agarose gel electrophoresis 
 

The DNA sample [20 µl] was added to agarose gel loading buffer [5 µl] (30 % glycerol 

v/v, 0.25 %  w/v bromophenol blue) and resolved on a n agarose gel [50 ml] (0.7% w/v) 

gel containing ethidium bromide (0.5 µg/ml), in TBE buffer (45 mM Tris, 45 mM Borate, 

1 mM EDTA, pH8.3) at 100 V for 2 hours. PstI-digested lamda DNA was resolved as a 

molecular marker. For gel purification: upon c onfirmation of the resolution of the DNA 

sample to the expected size, the reaction was similarly resolved on an agarose (0.8 %) gel 

and the approximate DNA band excised under long wave ultraviolet (UV) radiation. The 

PCR product was extracted f rom the agarose gel us ing the Nucleospin ki t. Buffer BT1 

[300 µl] w as add ed and the agarose s ample i ncubated at 50ºC  for 1 0 m inutes w ith 

frequent inversion. The melted agarose sample was loaded onto a nucleospin column and 

centrifuged at 12 000 x g  for 30 seconds. The nucleospin column was then washed twice 
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with buffer NT3 [700 µl] by centrifugation at 12 000 x  g for 1 m inute and any residual 

buffer NT3 removed by an additional centrifugation. The bound nucleic acids were eluted 

by t he a ddition of  e lution buf fer N E [ 50 µl] ( 5 mM T ris-HCl, pH  8. 5), f ollowed b y 

centrifugation at 12 000 x g for 1 minute. 

 

B.3  The ligation of a PCR product into pGEM(T) 
 

The PCR product [1.5 µl] was l igated to pGEM(T) plasmid DNA [0.5 µl] in 1 x ligase 

buffer (30  m M T ris-HCl, pH 7.8, 10 m M M gCl2

 

, 10 m M di thiothreitol, 10 m M A TP) 

using T4 ligase [0.5 µl] (1.5 U) at 25ºC for 1 hour and then at 4ºC for 16 hours. Controls 

containing no i nsert D NA, c ontaining i nsert D NA, a s w ell a s ne gative c ontrols of  a ll 

reactions t o w hich no l igase w as a dded, w ere s imilarly i ncubated. S uch c ontrols 

demonstrated w hether p GEM(T) p lasmid T-overhangs w ere i ntact, t he f unctionality of  

the T4 ligase, and the presence of circular DNA pre-ligation respectively. 

B.4  The transformation of supercompetent cells 

Separate aliquots of E. coli  XL1Blue supercompetent cells [50 µl] were incubated with 

aliquots of the ligation products [2 µl], as well as with pGEX3X2000 [2 µl] (50 ng/µl) as 

a pos itive t ransformation control, and s terile de ionized t riple-distilled water [ 2 µl] as  a  

negative t ransformation control. T ransformation reactions were i ncubated on i ce for 30  

minutes. The transformation reactions were then heat pulsed for 30 s econds at 42ºC in a 

dry heating block, and placed on ice for 2 minutes. Sterile 2 x  YT broth [500 µl] (1.6 % 

tryptone, 1 %  yeast extract, 0.5 % N aCl), p reheated t o 42  ºC, w as added t o e ach 

transformation r eaction, be fore i ncubation a t 37ºC  f or 1 hour . T he t ransformation 

reactions w ere t hen c entrifuged a t 5000 x  g  f or 1 m inute, t he s upernatent pa rtially 

removed [500 µl], and the cell pellets resuspended in the remaining supernatent [100 µl] 

and plated out onto 2 x YT broth agar plates containing 0.1 mg/ml ampicillin. The plates 

were incubated at 37°C for 16 hours. 
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B.5  The screening of transformants  
 

Putative pl asmid DNA w as e xtracted from E. c oli cultures of  t ransformants f orming 

white c olonies, b y a m odified a lkaline l ysis m ethod ( Birnboim a nd Doly, 1979;  J oly, 

1996) and using the High Pure Plasmid Isolation kit. Single colonies of E. coli XL1Blue 

potentially tr ansformed w ith pGEM(T)mSTI1[NheI/SacII] w ere s eparately cultured 

overnight at 37°C with shaking, in 2 x YT broth [4 ml] containing 0.1 mg/ml ampicillin. 

An aliquot [500 µl] of  the overnight culture was removed and added to sterile glycerol 

[500 µl] (30 % v/v) and s tored a t –80°C as  a g lycerol s tock. The bacterial cells [2 ml] 

were collected by centrifugation at 5000 x  g for 1 minute, the supernatent discarded and 

the c ell pe llet r esuspended i n S uspension buf fer [ 250 µl] ( 50 mM T ris-HCl; 10 mM 

EDTA, 1 mg/ml RNase A, pH 8.0). Lysis buffer [250 µl] (200 mM NaOH, 1% SDS) was 

then added, the suspension mixed gently by inversion and incubated at room temperature 

for 5 minutes. Binding buffer [350 µl] (4.0 M guanidine hydrochloride, 0.5 M potassium 

acetate, pH 4.2) was added, the solution mixed gently by inversion, incubated on ice for 5 

minutes, a nd c entrifuged a t 13 000 x  g  f or 10 m inutes a t 4 °C. The r esultant pl asmid–

containing s upernatent was t ransferred i nto t he uppe r r eservoir of  a  H igh P ure f ilter 

column ( Vogelstein and G illespie, 1979;  C hen a nd T homas, 1980) , i nserted i nto a  

collection tube, and centrifuged at 13 000 x  g for 1 minute. The High Pure filter column 

was washed by the addition of Wash Buffer II [700 µl] (20 mM NaCl, 2 mM Tris-HCl, 

pH 7.5, 80 %  ethanol) and centrifuged as before. The Wash Buffer was discarded from 

the c ollection t ube a nd the c entrifugation r epeated i n or der t o r emove r esidual W ash 

Buffer quantitatively. The bound pl asmid DNA was then eluted into a sterile eppendorf 

tube b y t he application of  E lution B uffer [ 50 µl] ( 10 mM T ris-HCl, pH 8.5)  to t he 

column, followed by centrifugation as before. The A 260

 

 of a  20X (in water) di lution of  

the e luted pl asmid D NA w as m easured f or qu antification, a nd t he D NA pr eparation 

stored at -20°C. 
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 B.6  The restriction of DNA by endonuclease digestion 
 
Plasmid DNA [300 ng] was restricted with 5 U of the required restriction endonuclease, 

in the buffer provided by the manufacturer [2 µl] (10x).  

 

Table B.1:  Composition of the various restriction enzyme buffers 

Buffer Final composition 
Medium Salt buffer 10 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM DTT, 50 mM NaCl 

High salt buffer 50 m M T ris-HCl, pH  7. 5, 10 mM M gCl2, 10 mM di thiothreitol a nd 100 mM 

NaCl. 

Tris-acetate buffer 330 m M T ris-acetate, p H 7 .9, 1 00 m M M g-acetate, 5  m M D TT, 660 m M K  

acetate, 0.01% BSA 

Potassium buffer  20 mM Tris-HCl, pH 8.5, 10 mM MgCl2, 1 mM DTT, 100 mM KCl 

 

Restriction reactions were carried out in a total volume of 20 µl, at 37°C for 8 hours. An 

uncut pl asmid D NA c ontrol w hereby no restriction e nzyme w as added w as s imilarly 

incubated. For a double digest, the DNA digestions were first incubated in the lower salt 

buffer and then salt added such that the restriction solution was made up to the higher salt 

buffer. The DNA digestions were resolved by agarose gel electrophoresis (B.2).  

 
B.7  The directional ligation of cDNA into vector DNA 
 

Bulk plasmid DNA containing the insert required (~5 µg) and vector DNA [10 µl] (~5 

µg) were separately restricted in double digests, such that 10 µl of the restriction buffers  

and 20 U enzyme were used in a total volume of 100 µl. The restricted plasmid DNA was 

ethanol pr ecipitated b y the a ddition of  s odium acetate [ 10 µl] ( 3.0 M ) a nd a bsolute 

ethanol [200 µl] (-20ºC), incubation at –20ºC for 4 hours and centrifugation at 12 000 x g 

for 1 hour. The precipitated restricted DNA pellet was washed in ethanol [200 µl] (70%, 

–20ºC) and centrifuged at 12 000 x  g for 20 m inutes. After removal of the supernatent, 

the plasmid DNA pellet was air dried, and resuspended in sterile triple-distilled deionized 

water [ 10 µl]. A garose gel l oading buf fer [ 5 µl] w as adde d and  t he restricted DNA 

fragments  resolved by agarose gel electrophoresis. The appropriate bands were excised 
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and extracted from t he agarose gel. The i nsert cDNA [ 3 µl] w as li gated to the ve ctor 

DNA [ 1 µl] w ith T 4 l igase [ 1 µl] ( 10 U ) b y i ncubation i n 1 x l igase buf fer [ 10 µl 

total](300 mM Tris-HCl, 100 m M MgCl2

 

, 100 m M dithiothreitol, 10 mM ATP, pH 7.8) 

at 4 ºC for 16 hours. Similarly, two vector-only ligation control reactions were prepared, 

one to which no insert DNA was added, and one to which no l igase was added, in order 

to determine the efficiency of the vector digestion and dephosphorylation respectively.  

B.8 The preparation and transformation of competent E. 
coli cells 

 

E. coli XL1Blue or BL21 competent cells were cultured from a separate overnight culture 

incubated in 2 x YT broth [100 ml], with shaking at 37ºC. The overnight culture was first 

separately diluted 1:10 into fresh 2 x YT broth [100 ml], then incubated with shaking at 

37 ºC as before, for a further 3 hours, such that the culture reached log phase (A600 = 0.6-

1). E. coli cells were collected by centrifugation at 5000 x  g for 15 m inutes at 4 ºC , in 

sterile cent rifuge tubes and the cel l pellet resuspended in ice cold MgCl2 [100 ml] (0.1 

M). The cell s uspension w as i ncubated on i ce f or 20 m inutes b efore t he cells w ere 

collected by centrifugation as before, and resuspended in ice-cold CaCl2 [50 ml] (0.1 M). 

The s uspensions w ere incubated on i ce f or 2 hour s, a nd t he c ells c ollected b y 

centrifugation a s b efore a nd r esuspended i n i ce-cold CaCl2

 

 [5 m l] ( 0.1 M ). S terile 

glycerol [5 ml] (30 % w/v) was added and the competent cells stored in 300 µl aliquots at 

–80 ºC . Ligation r eactions [ 2 µl] w ere t ransformed i nto E. c oli XL1Blue a ccording t o 

B.4, e xcept t hat t ransformation r eactions w ere h eat pul sed f or 2 m inutes i nstead of  30  

seconds.  

B.9  The filling in of DNA overhangs using T4 polymerase 
 

The r estricted D NA was r esuspended i n s terile d eionized t riple-distilled water [10 µl], 

and overhangs filled in by the addition of dNTPs [1µl] (330 µM each), T4 polymerase (8 

U) and 10 x  T4 polymerase buffer [2 µl] (67 mM Tris-HCl, 6.7 m M MgCl2, 16.6 m M 
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(NH4)2SO4

 

, 10 mM 2-mercaptoethanol, 6.7 µM EDTA, 0.167% BSA). The reaction was 

carried out at room temperature for 10 minutes, in a final volume of 20 µl. T4 polymerase 

was inactivated by incubation of the reaction at 75°C for 10 minutes. 

B.10 The sequencing of plasmid constructs 

The i nsert r egions of  pl asmid c onstructs w ere s equenced a ccording t o t he c hain 

termination m ethod ( Fangan et al ., 1999), us ing t he Big D yeTM ready reaction kit. 

Plasmid DNA (200-500 ng) was added to 3.2 pm ol sequencing primer, and the volume 

made up t o 12 µl with sterile deionized triple-distilled water. Big Dye [4µl] was added, 

and t he sequencing r eactions P CR a mplified, a ccording t o t he f ollowing pa rameters: a  

96ºC pr e-incubation s tep f or 1 s econd w as f ollowed b y a 3 s tep c ycle o f 96ºC  f or 10 

seconds, 50ºC  ( or 5ºC  be low t he T m of  t he s equencing pr imer, A ppendix C) f or 5  

seconds, a nd 60º C f or 4 m inutes, r epeated a t otal of  25 t imes. Reactions w ere 

subsequently cooled a t 4ºC f or 45 m inutes. C ycle s equencing p roducts w ere cleaned 

before sequencing using the Zymo DNA Clean and ConcentratorTM

 

-5 kit. DNA binding 

buffer [100 µl] was added to the cycled reaction, and the resulting solution loaded onto a 

Zymo-spin c olumn, pl aced i n a  c ollection t ube, and c entrifuged a t 13 000 x g  f or 10  

seconds. The flow-through was discarded, wash buffer [200 µl] applied, and the column 

centrifuged as before. This wash step was repeated, with an additional centrifugation step 

to r emove r esidual buf fer qu antitatively. T he c olumn w as t ransferred t o a  s terile 

eppendorf t ube, s terile d eionized t riple-distilled water [8 µl] w as a dded to t he c olumn 

matrix, and centrifuged at 13 000 x  g for 10 s econds. The DNA elution was air dried at 

37ºC f or 16  hour s. T he dr ied pe llet was s ubmitted f or s equencing on a  A pplied 

Biosystems ABI3100 Prism DNA sequencer at the Rhodes University DNA sequencing 

facility. 
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B.11 The preparation of plasmid DNA for mammalian 
transfection reactions and site-directed mutagenesis 

 

Purified pr eparations of  pl asmid D NA were pr epared using a m odified alkaline l ysis 

procedure ( Birnboim and D oly, 1979;  J oly, 199 6) a nd t he Q IAGEN M axiprep ki t. A  

single c olony of  e ach o f E. coli X L1Blue[pB-EGFP] a nd E. c oli XL 1Blue[pB-mSTI1-

EGFP] were separately cultured overnight as before, in 2 x YT broth [500 ml] containing 

0.1 mg/ml ampicillin. An aliquot [500 µl] of each of the overnight cultures was removed, 

added to sterile glycerol [500 µl] (30 % v/v) and stored at –80°C as a glycerol stock. The 

bacterial cells were collected by centrifugation at 5000 x  g for 1 minute, the supernatent 

discarded and the cell pellet resuspended in Buffer P1 [10 ml] (50 mM Tris-HCl, 10 mM 

EDTA, 100 µg/ml RNase A, pH 8.0) and transferred to sterile centrifuge tubes. Buffer P2 

[10 m l] ( 200 m M N aOH, 1%  S DS) w as t hen added, t he s uspension mixed g ently b y 

inversion a nd i ncubated a t r oom t emperature f or 5 m inutes. B uffer P 3 [ 10 m l] ( 3.0 M  

CH3COOK, pH 5.5) was added, the solution mixed gently by inversion, incubated on ice 

for 20 m inutes, a nd c entrifuged a t 13 000 x  g  f or 30 m inutes a t 4 °C. T he r esultant 

supernatent w as de canted i nto a  ne w s terile c entrifuge t ube a nd centrifuged a gain a s 

before. The QIAGEN Maxiprep column was pre-equilibrated by the application of Buffer 

QBT [10 ml] (750 mM NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol, 0.15 % Triton X-

100), and the column emptied by gravity flow. The final plasmid–containing supernatent 

was t hen transferred i nto t he uppe r r eservoir of  a  Q IAGEN M axiprep c olumn, a nd 

allowed to enter the resin by gravity flow. The QIAGEN Maxiprep column was washed  

with Buffer QC [60 ml] (1.0 M NaCl, 50 m M MOPS, pH 7.0, 15 %  isopropanol). The 

bound plasmid DNA was then eluted into a sterile 50 ml falcon tube by the application of 

Buffer Q F [ 15 ml] (1.25 M NaCl, 50 m M Tris-HCl, pH 8.5, 15 %  i sopropanol) t o t he 

column, and the e luant a liquoted [ 625 µl] i nto s terile eppendorfs. Isopropanol [ 438 µl] 

was add ed to each al iquot, followed b y centrifugation at 15 000  x  g  for 30 m inutes a t 

4°C. The supernatent was carefully removed and the plasmid DNA pellets washed by the 

addition of  e thanol [ 100 µl] ( 70 % ), r ecentrifuged a nd t he s upernatents di scarded. T he 

pellets were allowed to air dry in an inverted position before resuspension in TE Buffer 
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[100 µl] (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The A260

 

 of a 20X (in water) dilution 

of t he e luted pl asmid DNA was measured for q uantification, and the D NA preparation 

stored at -20°C. 

B.12  The culturing of mouse NIH 3T3 fibroblasts 
 

Mouse N IH 3T 3 fibroblasts w ere cultured f rom g lycerol s tocks a nd maintained i n 

Dulbecco’s modified Eagle’s medium supplemented with 10% calf serum and penicillin 

(100 U/ml) / s treptomycin (100 U/ml) (complete media) in a humidified atmosphere, at 

37°C with 10% CO2 until 90% confluency was reached. The cells were trypsinized with 

0.25% trypsin / 0.1% versene for 2-10 min, collected by centrifugation at 5000 x g for 5 

min at 4°C, and washed twice with in ice-cold phosphate buffered saline (PBS) (137 mM 

NaCl, 2.7 KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4

 

).  

For subculturing, the f inal cell pe llet was resuspended in 5 m l complete media and the 

cell concentration determined using a haemocytometer. For 8 well chamber slides: a total 

of 1 x 105 cells was added to 300 µl media per well. For 3.2 cm2 transfection petri dishes 

and 25 c m2 flasks: a total of 1 x 106 cells was added to 3 ml and 5 ml complete media, 

respectively. For 75 c m2 flasks: a total of 3 x 106 cells was added to 4 ml media in the 

flask, and the volume made up t o 5 m l using complete media. The 25 cm2 and 75  cm2 

flasks were i ncubated as be fore unt il 90 % confluency w as r eached. The 3.2 c m2

 

 petri 

dishes were typically incubated 24 hours, in preparation for transfection reactions. 

B.13 The transfection of mouse NIH 3T3 fibroblasts and 
selection of episomally stable transfectants 

 

For t ransient t ransfections: N IH 3 T3 f ibroblasts w ere s ubcultured i nto 8 w ell chamber 

slides 24 hours prior to transfection such that a 30-50% confluency was reached. Plasmid 

DNA [ 100 ng ] w as a dded t o s erum-free m edia [12.5 µl], f ollowed b y t he a ddition of  

Lipofectamine P lus reagent [1 µl], and incubation a t room temperature for 15 m inutes. 
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Separately, Lipofectamine reagent [0.5 µl] was added to serum-free media [100µl], then 

this s olution w as a dded t o t he D NA/Plus r eagent s olution, a nd i ncubated a t room 

temperature for 15 minutes. 8 well chamber slides to be transfected were first washed in 

PBS before the addition of the transfection mixture [114 µl] to each well containing NIH 

3T3 fibroblasts. Transfection reactions were incubated for 3 hours as per B.12. 2 x media 

[200 µl] (complete media containing 20% calf serum) was added and the cells incubated 

for 20 hours as per B.12. 

 

For episomally s table t ransfectants, NIH 3T3 fibroblasts were subcultured into 3.2 cm2 

petri dishes as described in B.12, 24 hours prior to transfection such that a confluency of 

30-50% was reached. For each 3.2 cm2 petri dish, plasmid DNA [55 µl](40 µg/ml) was 

added to 2 x HBS buffer [62.5 µl](280 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4.2H20, 

12 mM dextrose, 50 m M HEPES, pH 7.05)  and mixed well by vortexing. CaCl2 [8.25 

µl](2.0 M ) w as added and t he r eaction i mmediately vo rtexed w ell f or 20 s econds. 

Similarly, a negative transfection control was prepared in which water was used instead 

of plasmid DNA solution. The DNA in transfection reactions was allowed to precipitate 

at room temperature for 20 minutes, before the whole reaction was added directly to the 3 

ml m edia i n the 3.2 c m2

 

 petri di sh c ontaining t he ove rnight c ulture of  N IH 3T 3 

fibroblasts. The media was replaced after 20 hours, and the culture incubated for a further 

8 hours be fore r eplacing t he m edia w ith selection media [ 3 ml](complete m edia 

containing 0.5 mg/ml geneticin). The selection media was subsequently replaced every 2 

days, for 3 w eeks, unt il 90 %  c onfluency w as reached. G eneticin s elected N IH 3T 3 

fibroblasts were considered to be episomally stable pB-mSTI1-EGFP transfectants since 

negative controls did not survive selection, and were subcultured according to B.12, and 

maintained in selection media.   T hus the  e pisomally s table p B-mSTI1-EGFP 

transfectants  w ere pr epare f rom a pool  of  clones. For vi sualization by fluorescence 

microscopy, e pisomally stable pB -mSTI1-EGFP t ransfectants w ere s ubcultured i nto 8  

well chamber slides as in B.12. 



Appendix B: General procedures 
 

 157 

B.14 The visualization of pB-mSTI1-EGFP transfectants by 
confocal laser scanning fluorescence microscopy 

 

8 well cha mber s lide cu ltures w ere us ed for vi sualization by f luorescence microscopy. 

Wells w ere washed 3 t imes i n P BS, a nd i ncubated i n f ormaldehyde [ 100 µl] ( 3.7% i n 

PBS) for  10 -15 m inutes. W ells w ere w ashed t wice w ith P BS, t hen i ncubated i n 4’ ,6’-

diamidino-2-phenylindole (DAPI) staining solution [100 µl] (2 µg/ml DAPI in PBS) for 5 

minutes before a final PBS wash. Chamber slides were dismantled, the gasket removed, 

and s lides mounted in DAKO f luorescent mounting solution. S lides were vi sualized on 

an LSM510 c onfocal l aser s canning fluorescence m icroscope. Conditions f or 

visualization of all further experiments were identical. 

 

B.15 Immunostaining of endogenous mSTI1 in mouse NIH 
3T3 fibroblasts  

 

Transient pB-mSTI1-EGFP transfectants, or untransfected cells, were prepared in 8 well 

chamber s lides. Wells were washed 3 times in PBS and f ixed in formaldehyde[100 µl] 

(3.7% in PBS) for 10-15 minutes. Wells were washed twice with wash buffer I [200 µl] 

(0.5% B SA, 20 m M glycine, 0.1%  s aponin, 0.1%  N aN3), a nd pe rmeabilized b y 

incubation in wash buffer I for 5 minutes on the second wash. Non-specific binding was 

blocked by the addition of block solution [100 µl] (3% BSA, 0.1% saponin, 10% normal 

donkey serum) to each well, and incubated for 30 minutes a t room t emperature. W ells 

were incubated in primary antibody solution [100 µl] (block solution, rabbit anti-mSTI1 

SF1 a ntibody di luted 1: 250, Lässle et al ., 1997 ) f or 1 hou r a t r oom t emperature, and 

washed in wash buffer II (0.5% BSA, 0.1% saponin) twice. Secondary antibody solution 

[100 µl] (block solution, donkey anti-rabbit Cy3 conjugated antibody diluted 1:200) was 

added to e ach well and incubated for 1 hour  at room t emperature. S lides were washed 

twice i n P BS, s tained with D API s taining s olution, m ounted a nd vi sualized b y normal 

fluorescence m icroscopy. Pictures w ere t aken with a di gital c amera u nder l ow l ight 

conditions. 
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B.16 The preparation of mSTI1 derivatives by site-directed 
mutagenesis 

 

A purified preparation of template plasmid DNA was prepared (B.11). Plasmids encoding 

derivative m STI1 pr oteins, w ere pr epared b y s ite-directed m utagenesis using a  doubl e 

stranded whole plasmid linear amplification (Jung et al., 1992). 

Table B.2:  Site-directed mutagenesis was used to substitute 
amino acids 

Engineered 

change 

Primers used Diagnostic 

enzyme 

Diagnostic fragments 

expected for unmodified 

plasmid (bp) 

Diagnostic 

fragments 

expected for 

modified plasmid 

(bp) 

Serine to alanine 

at 189 

S189AF 

S189AR 

NcoI pSKmSTI1-EGFP: 

5170 

pGEX3X2000: 

1341,  

pET5a2000: 

5767 

 

4396 and 774 

 

771, 565 

 

4867 and 777 

Threonine to 

alanine at 198 

T198AF 

T198AR 

BanI pSKmSTI1-EGFP: 

1723 

pGEX3X2000: 

4499 

pET5a2000: 

4499 

 

1080 and 643 

 

2706, 1793 

 

2706 and 1793 

Threonine to 

alanine at 332 

T332AF 

T332AR 

EcoO1091 pGEX3X2000(T198A): 

810 

pET5a2000(T198A): 

810 

 

546 and 264 

 

546 and 264 

Serine to glutamic 

acid at 189 

S189EF 

S189ER 

AccI pSKmSTI1-EGFP: 

5296 

 

4712 and 584 

Threonine to 

glutamic acid at 

198 

T198EF 

T198ER 

BSiEI pSKmSTI1-EGFP: 

1835 

 

1040 and 795 
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The reactions were prepared under sterile conditions in 0.2 ml thin walled polypropylene 

microcentrifuge tubes. The linear amplification reactions included final concentrations of 

the template plasmid DNA (4 ng/µl), forward primer (8 ng/µl), reverse primer (8 ng/µl), 

dNTPs (200 µM each) a nd P fuTM DNA pol ymerase (25 U) i n 1 x r eaction buf fer (100 

mM KCl, 100 mM (NH4)SO4, 200 mM Tris-HCl, pH 8.8, 20 mM MgSO4

 

, 1% Triton X-

100, 1 m g/ml nuc lease-free BSA) t o a  f inal vol ume of  50  µl. T he cycling p arameters 

were s uch that t he l inear am plification reaction was i ncubated at 95 °C for 1 m inute, 

followed by a 3-step cycle of 95°C for 30 seconds, 52°C for 30 seconds, and 68°C for 14 

minutes, repeated a total of 18 times. A final incubation step was performed at 78°C for 7 

minutes. 

A pos itive c ontrol r eaction w as pr epared f or t he m utagenesis o f p WhitescriptTM. 

pWhitescriptTM positive c ontrol pl asmid ( 10 n g), pr imer num ber 1 ( 125 ng ), pr imer 

number 2 ( 125 n g), dN TP m ix ( 200 µM e ach) w as  m ade up  t o 50 µl w ith sterile 

deionized t riple-distilled water and PfuTM

 

 DNA polymerase (25 U ) added. T he c ontrol 

reaction was cycled as described above. 

To digest the template DNA, DpnI [1 µl](10U) was added directly to each amplification 

reaction and the reaction mixtures incubated for 16 hours at 37°C. Agarose gel loading 

buffer [5 µl] was added to the amplification products [15 µl] and the products resolved by 

agarose gel electrophoresis (B.2). Aliquots of E. coli XL1Blue supercompetent cells were 

transformed with a mplification pr oducts as de scribed. T he pW hitescriptTM positive 

control transformation reaction was, however, plated onto MacConkey agar plates (5%) 

containing a mpicillin (0.1 mg/ml). The mut agenesis e fficiency (ME) f or the  

pWhitescriptTM

 

 positive control t ransformation reaction was calculated according to the 

following formula: 

ME =  Number of red cfu

 Number of total cfu 

  x 100% 
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B.17   Screening of putative derivative plasmids 
 

Putative pr eparations of  de rivative pl asmid w ere pr epared ( B.5). A liquots of  t emplate 

DNA [2 µl] and putative derivative plasmid [2 µl] were restricted with diagnostic enzyme 

(table, B.16). The DNA digestions were resolved by agarose gel electrophoresis (B.2) and 

plasmid DNA exhibiting fragments migrating as expected (Table B.2) were regarded as 

putative m utants. D NA r egions of  m utation w ere s equenced f or confirmation a s 

described.  

 

B.18  SDS PAGE 
 

SDS P AG el ectrophoresis w as c arried out  a ccording t o Laemmli ( ref). A ( 0.1%) S DS 

(4%) PAGE stacking gel was pre-cast on top of a (0.1%) SDS (12%) PAGE resolving gel 

in a Bio-Rad minigel electrophoresis set. Protein samples were added to SDS PAGE gel 

denaturing loading buffer [4 µl of a 5x buffer] (62.5 mM Tris-HCl, pH 6.8, 10 %  (v/v) 

glycerol, 2% (w/v) S DS, 5% (v/ v) β-mercaptoethanol, 0.05% (w/v) bromophenol blue) 

and he ated t o 95 °C f or 5 m inutes. T he pr otein s amples w ere l oaded on to t he g el a nd 

resolved at 200 V for 45 minutes in SDS PAGE running buffer (0.025 M Tris, 0.0192 M 

glycine, 1% (w/v) SDS).  The gel was removed and incubated with shaking for 1 hour in 

Coomassie blue stain (0.1% (w/v) Coomassie Brilliant Blue R-250, 40% (v/v) methanol, 

10% ( v/v) glacial acetic aci d) and 3 hour s i n d estain ( 40% ( v/v) m ethanol, 10%  ( v/v) 

glacial acetic acid). 

 

B.19  Two dimensional electrophoresis 
 

A 175 c m2 flask of NIH 3T3 fibroblasts was cultured (B.12) until 90% confluency was 

reached. The cel ls w ere ha rvested by t rypsinization (B.12) a nd w ashed o nce w ith P BS 

and onc e w ith 0.5 x  P BS t o r emove a s m uch s alt a s pos sible. T he cell pe llets w ere 

resuspended di rectly in 2D gel electrophoresis rehydration buffer [250 µl] (9.8 M urea, 

4% C HAPS, 100 m M DTT, 0.2%  ( w/v) Bio-Lytes, 0.001 % br omophenol bl ue), a nd 
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centrifuged at 13 000 r pm for 20 m inutes on a  desk-top microfuge to remove insoluble 

cell de bris. T he t otal pr otein c oncentration w as de termined according t o t he B radford 

method, using the Bio-Rad Bradford concentrate [200 µl] added to a sample dilution [1 

µl sample into 800 µl water] and the absorbance measured at 550 nm. A standard protein 

curve o f B SA amount ( range: 0 -20 µg) w as constructed from s imilarly pr epared BSA 

standards. 

 

For t he f irst di mension separation b y IEF, t he s ample w as first di luted in rehydration 

buffer to a final concentration of 100 µg total protein in 250 µl buffer, then loaded onto a 

Bio-Rad Protean IEF cell machine. The strips were kept moist by the loading of mineral 

oil [250 µl] over both strip and sample. Rehydration was carried out for 12 hours at 20°C, 

followed by isoelectric focusing (IEF) at 250V for 1 hour, 500V for 1 hour, 4000V for 35 

000 vol t hour s a nd m aintained a t 500V  f or 2 hour s. A fter f ocusing, t he s trip w as 

equilibrated in Equilibation Buffer I [2 ml] (6 M urea, 2% SDS, 0.375 M  Tris-HCl, pH 

8.8, 20% glycerol, 130 mM DTT) for 30 minutes, followed by incubation in Equilibation 

Buffer II [2 ml] (6 M urea, 2% SDS, 0.375 M Tris-HCl, pH 8.8, 20% glycerol, 135 mM 

iodoacetamide) f or 30 m inutes. F or t he s econd dimension, the s trip w as l oaded on a  

(0.1%) S DS ( 4%) P AGE s tacking gel w ith m elted a garose ( 1%) gel. T his s tacking ge l 

was pre-cast on t op o f a  (0.1%) SDS (12%) PAGE resolving gel in a  Bio-Rad minigel 

eletrophoresis s et. The f ocused pr oteins on  t he s trip were r esolved t hrough t he s econd 

dimension at 200 V for 45 minutes in SDS PAGE running buffer (0.025 M Tris, 0.0192 

M glycine, 1% (w/v) SDS).  

 

B.20  Western transfer of proteins 
 

Following e lectrophoresis, t he S DS PAGE g el w as e quilibrated i n i ce-cold T ransfer 

Buffer (25 mM Tris, 19 2 mM glycine, 20% (w/v) methanol), a long with ni trocellulose 

membrane a nd 3M M W hatman f ilter pa per. T he pr e-equilibrated SDS P AGE ge l w as 

placed a gainst t he ni trocellulose m embrane, e xcluding a ir bub bles, be tween pi eces of  

equilibrated 3MM Whatman filter paper, and the proteins transferred from the gel to the 

membrane i n a s mall s cale B io-Rad Western transfer s et, in chilled Transfer B uffer a t 
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100V f or 1  hour . T he t ransfer w as ke pt chilled b y t he i nsertion o f t he c ooling uni t 

containing ice, and continual stirring on a magnetic stirrer. Following completion of the 

transfer, the ni trocellulose m embrane was s tained with Ponsceau stain ( 0.5% ( w/v) 

Ponsceau S, 1% (v/v) glacial acetic acid) for 1 minute and rinsed with distilled water, to 

determine whether transfer was successful. 

 

B.21 Chemiluminescence-based immunodetection of 
Western blots 

 

Following Western transfer, the membrane was washed twice in TBS (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl) and blocked overnight in blocking solution (5% w/v non-fat milk 

powder in TBS) at 4°C. Proteins were specifically detected by incubating the membrane 

with pr imary a ntibody di luted i n bl ocking solution ( according t o m anufacturers 

instructions), f or 1  hour  a t r oom t emperature with s haking. T he pr imary a ntibody was 

removed and stored at 4°C with sodium azide (1%) for repeated use. The membrane was 

then washed for 20 minutes in TBST (0.1% (v/v) Tween-20 in TBS) four times at room 

temperature w ith s haking. T he s econdary antibody, goat hor se radish pe roxidase, anti-

rabbit c onjugate, w as di luted 1:  20 000 i n bl ocking s olution, a nd i ncubated w ith t he 

membrane for 1 hour  at room temperature with shaking. The membrane was washed in 

TBST as before, and then incubated with luminol-based detection reagents in the dark. 

The m embrane w as exposed t o X -ray film f or various time  int ervals ( 30 seconds to 5 

minutes) and the f ilm developed in developer solution, r insed in s top solution, f ixed in 

fixer solution and rinsed in water before air-drying. 

 

B.22  The determination of protein concentration by the 
Lowry method 

 

The c oncentration of  p urified pr oteins w as de termined b y a  s tandard Lowry a ssay 

(Lowry, 1951),. A 1-20 µg range of standard BSA concentrations was prepared in water 

to a final volume of 1 ml. Sample proteins [2 µl] were added to deionised water [798 µl]. 
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Freshly prepared alkaline copper reagent [5 ml] (0.01 % CuSO4, 0.02 % Na tartrate, 4 % 

NaCO3, 0.1 N aOH) w as a dded, t he s amples i ncubated at r oom t emperature f or 20 

minutes, a nd t he A 500 measured. A  s tandard c urve of  B SA a mounts (µg) ve rsus A 500 

readings was constructed and the protein concentrations of the unknowns calculated from 

a fitted linear regression line. 
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APPENDIX C 
 

PRIMERS 
 

 
Table C.1: Primers were used for site-directed mutagenesis and  

       PCR amplification of DNA 
 
Name of primer Sequence (5’-3’) Length Tm 

(°c) 
PCRmSTI1pCineoF ATCGGCTAGCAGAATGGAGCAGGTGAATGAG 31 66.8 
PCRmSTI1pCineoF ATTACCGCGGCCGAATTGCGATGAGCA 27 66.7 
PCRmSTI1pET5aF GATCCATATGGAGCAGGTGAATGAG 25 59 
PCRmSTI1pET5aR GAGCGCTAGCTTACCGAATTGCGATGAGAC 30 66 
S189AF GTTGATCTGGGCGCCATGGATGAAGAGG 28 85 
S189AR CCTCTTCATCCATGGCGCCCAGATCAAC 28 85 
T198AF GAGGAAGAGGCAGCGGCACCCCCACC 26 88 
T198AR GGTGGGGGTGCCGCTGCCTCTTCCTC 26 88 
T332AF GCAGAGCACCGGGCCCCAGATGTG 24 69.6 
T332AR CACATCTGGGGCCCGGTGCTCTGC 24 69.6 
S189EF CCTCCTTGGGGTAGACCTGGGCGAAATGGATGAAG 35 83.6 
S189ER CTTCATCCATTTCGCCCAGGTCTACCCCAAGGAGG 35 83.6 
T198EF GAGGAAGAGGCGGCCGAACCCCCACCCCCAC 31 84 
T198ER GTGGGGGTGGGGGTTCGGCCGCCTCTTCCTC 31 84 
EGFP-NLSmSTI1F ATTACTCGAGCGGATGGAGAATAAGAAACAGGCA 

CTGAAAGAGAAGGAGCTGGGAAATGATGCCTACA 
AGAAGAAAATGGTGAGCAAGGGCGAGG 

95 77.9 

VLEGFP1R ACGCCGTAGGTCAGG 15 53.4 
EGFP-NLS-R ATTAGCGGCCGCTTACTTGTACAGCTCGTCCATGCC 36 71.7 
210NEW CTCTGTCATAATGCTTCAGGG 21 54.0 
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APPENDIX D 

SUPPLEMENTARY RESULTS 
 
 

D.1   The preparation of pGEM(T)mSTI1[NheI/SacII] 
 

The m STI1 cDNA P CR a mplification r eaction s uccessfully yielded a 1600 bp D NA 

product ( Figure D.1B, l ane 2) , w hich was s ubcloned i nto pG EM(T). T he di gestion of  

pGEM(T)mSTI1[NheI/SacII] w ith NheI yielded t he e xpected l inearized 4615 bp  

fragment (Figure D.1A and B, lane 4), while SacII (Figure D.1B, lane 5) and NheI/SacII 

double di gestion ( Figure D .1B, l ane 6)  yielded t he e xpected 3015 bp a nd 1600 bp 

fragments.  

 

D.2   The preparation of pCineo-mSTI1-EGFP 
 

The m STI1 cDNA f rom pG EM(T)mSTI1[NheI/SacII] was s uccessfully subcloned i nto 

pCineo-EGFP (Figure D.1C).  pC ineo-mSTI1-EGFP was found to extract poorly due to 

its low  c opy number (characteristics t ypical o f a  ma mmalian construct). H owever, 

HindIII digestion of pCineo-mSTI1-EGFP preparations successfully produced fragments 

that migrated di stances corresponding to 3815 b p, 2748 bp and 1239 bp  on a n agarose 

(0.8%) gel (Figure D.1D and 30E, lane 3), as expected. Similarly, NheI and SacII double 

digestion of  pC ineo-mSTI1-EGFP ( Figure D .1D a nd E , l ane 4)  s uccessfully p roduced 

fragments m igrating di stances c orresponding t o 6027 bp a nd 1600 bp on a n a garose 

(0.8%) gel, as expected. 

 

D.3   The preparation of pSK-mSTI1-EGFP and pSK-EGFP 
 
The EGFP and mSTI1-EGFP cDNA from pCineo-EGFP and pCineo-mSTI1-EGFP were 

subcloned i nto t he ve ctor pS K t o i ntroduce t he XhoI r estriction site, so that f urther 

cloning into pB was possible (Karasuyama and Melchers, 1988). Digestion of pSK-EGFP 
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Figure D.1:The plasmid constructs pGEM(T)mSTI1[NheI/SacII],  
pCineo-mSTI1-EGFP, pSK-EGFP and pSK-mSTI1-EGFP 
were successfully generated 

pGEM(T)mSTI1[NheI/SacII] (A) containing the 1600 bp m STI1 PCR amplified ORF (B, lane 2) was digested with 
NheI (B, lane 4) to linearize the 4615 bp contruct. SacII (B, lane 5); or both NheI and SacII (B, lane 6) digestion of 
pGEM(T)mSTI1[NheI/SacII] produced the expected 3015 bp and 1600 bp fragments compared to undigested DNA 
(B, lane 3). The 1600 bp mSTI1 cDNA was inserted into the NheI and SacII si tes of pCineo-EGFP (C) to produce 
pCineo-mSTI1-EGFP (D). HindIII digestion of pCineo-mSTI1-EGFP produced the expected 3815 bp,  2748 bp and 
1239 bp fragments (E, lane 3), while NheI and SacII double digestion produced the expected 6027 bp and 1600 bp 
fragments (E, lane 4) compared to undigested DNA (E, lane 2). The 764 bp EGFP cDNA was ligated into the EcoRV 
and NotI sites of pSK to produce pSK-EGFP (F), while the 2378 bp mSTI1-EGFP cDNA was ligated into the EcoRV 
and NotI sites of pSK to produce pSK-mSTI1-EGFP (G). Digestion o f pSK-EGFP with e ither XhoI (H, lane 3) or 
NotI (H, lane 4) linearized the contruct and produced an expected 3764 fragment. Digestion of pSK-EGFP with both 
XhoI and NotI (H, lane 5) produced the expected 3000 bp and 764 bp fragments compared to undigested pSK-EGFP 
(H, lane 2). Digestion of pSK-mSTI1-EGFP with either XhoI (H, lane 7) or NotI (H, lane 8) linearized the contruct 
and pr oduced a n e xpected 5378 f ragment. D igestion of  p SK-mSTI1-EGFP with b oth XhoI a nd NotI ( H, l ane 9 ) 
produced the expected 3000 bp and 2378 bp fragments compared to undigested pSK-mSTI1-EGFP (H, lane 6). The 
red lines represent the mSTI1 coding region, and the green lines represent the GFP coding region. 
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 with XhoI or NotI ( Figure D .1F a nd 30H , l anes 3 a nd 4) , l inearized t he c onstruct, 

producing the expected 3764 bp f ragment.  Digestion of pSK-EGFP with both XhoI and 

NotI (Figure 32H, lane 5), released the insert, producing 764 bp and 3000 bp fragments.  

Digestion of pS K-mSTI1-EGFP w ith either XhoI or  NotI (Figure D .1G a nd H , l anes 7  

and 8) , l inearized t he c onstruct a nd pr oduced a  5378 bp f ragment. D igestion of  pS K-

mSTI1-EGFP with both XhoI and NotI, released the insert as expected, producing 2378 

bp a nd 3000 bp f ragments ( Figure D .1H, l ane 9) .  S equencing o f pS K-mSTI1-EGFP 

confirmed the mSTI1 cDNA sequence and in frame fusion of the mSTI1 with the EGFP 

cDNA. 

 

D.4   The preparation of pGEM(T)NLSmSTI1

 

EGFP[XhoI/NotI] 

The NLSmSTI1EGFP cDNA PCR amplification reaction successfully yielded an expected 

815 bp f ragment on an agarose (0.8%) gel (Figure D.2B, lane 3).  Ligation of this PCR 

product w ith pG EM(T) plasmid D NA r esulted i n pG EM(T)NLSmSTI1EGFP[XhoI/NotI]. 

Digestion o f pG EM(T)NLSmSTI1EGFP[XhoI/NotI] w ith XhoI a nd NotI, yielded t he 

expected 3015 bp and 815 bp fragments (Figure D.2A and B, lane 4).  

  

A B 
11 479 bp - 

5077 bp - 
2838 bp - 

1700 bp - 

1159 bp - 

1   2      3     4    5 

805 bp - 

Figure D.2: NLSmSTI1EGFP cDNA was successfully ligated into  
pGEM(T)  

NLSmSTI1EGFP was s uccessfully a mplified ( B, l ane 3 ) an d l igated i nto p GEM(T) t o p roduce 
pGEM(T)NLSmSTI1[XhoI/NotI] (A). XhoI/NotI digestion of pGEM(T)NLSmSTI1[XhoI/NotI] (B, lane 4) produced 
the expected fragments of 815 bp (NLSmSTI1EGFP cDNA) and 3015 bp (pGEM(T) vector). Undigested DNA 
was included (B, lane 2). The green lines represents NLSmSTI1-EGFP cDNA. 
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D.5   The insertion of pSK-mSTI1-EGFP derivatives into pB 
 

Digestion o f pS K-mSTI1-EGFP d erivative pl asmids: pSK -mSTI1-EGFP(S189A), pS K-

mSTI1-EGFP(T198A), pSK-mSTI1-EGFP(S189E) and pSK-mSTI1-EGFP(T198E) with 

XhoI a nd NotI, r eleased t he 2378 bp m STI1-EGFP i nsert f or a ll c onstructs ( data not  

shown). T he m STI1-EGFP c DNA f rom pS K-mSTI1-EGFP de rivative plasmids w ere 

subcloned i nto t he ve ctor pB  t o pr oduce p B-mSTI1-EGFP de rivative p lasmids w hich, 

upon HindIII digestion resulted in 7700 bp, 5000 bp, 3790 bp a nd 902 bp f ragments for 

pSK-mSTI1-EGFP(S189A) ( Figure D .3A, l ane 5), pS K-mSTI1-EGFP(T198A) (F igure 

34A, l ane 7 ), pS K-mSTI1-EGFP(S189E) ( Figure D .3B, l ane 3)  and pS K-mSTI1-

EGFP(T198E) (Figure D.3C, lane 3). 

   

Figure D.3: The successful preparation of pB-mSTI1-EGFP derivative  
plasmids 

The mSTI1-EGFP cDNA from pSK-mSTI1-EGFP derivative plasmids was were subcloned into the vector pB to 
produce pB-mSTI1-EGFP derivative plasmids which, upon HindIII digestion resulted in 7700 bp, 5000 bp, 3790 
bp and 902 bp fragments for pSK-mSTI1-EGFP(S189A) (A, lane 5), pSK-mSTI1-EGFP(T198A) (A, lane 7), pSK-
mSTI1-EGFP(S189E) (B, lane 3) and pSK-mSTI1-EGFP(T198E) (C, lane 3). 
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D.6   The preparation of pGEM(T)mSTI1[NdeI/NheI] 
 

Putative pGEM(T)mSTI1[NdeI/NheI] plasmid DNA was extracted from E. coli cultures 

of tr ansformants f orming w hite c olonies b y a modified alkaline l ysis method. Putative 

pGEM(T)mSTI1[NdeI/NheI] pl asmids w ere restricted with NheI a nd NdeI. The D NA 

digestions were resolved by agarose gel electrophoresis. Plasmid DNA migrated expected 

distances c orresponding t o s izes of  3015 bp and 1600 bp, a nd w ere r egarded a s 

pGEM(T)mSTI1[NdeI/NheI] (Figure D.4A and B, lane 7).  

 
 
 
 
 
 
 
 
 
 
 
D.7   The production of GST-mSTI1 derivative proteins 
 

A 89 kDa protein corresponding to GST-mSTI1, was overexpressed after IPTG induction 

of E. c oli XL1Blue t ransformants c ontaining pG EX3X2000(S189A), 

pGEX3X2000(T198A) a nd pGEX3X2000(T198A,T332A). These proteins were present 

at maximal levels after 4 hours of induction (Figure D.5A,B,C, lanes 6) and were soluble 

(Figure D.5D,E,F, l anes 2). These overexpressed proteins bound  to glutathione agarose 

beads and were successfully eluted with glutathione (Figure D.5D,E,F, lanes 8).  
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Figure D.4: mSTI1 cDNA was successfully inserted into pGEM(T)  
mSTI1 c DNA was s uccessfully a mplified ( B, l ane 2)  a nd i nserted i nto pG EM(T) t o pr oduce 
pGEM(T)mSTI1[NdeI/NheI] (A ).  EcoRI d igestion o f p GEM(T)mSTI1[NdeI/NheI] (B, l ane 4 ) p roduced t he 
expected f ragments of  1600 bp  ( mSTI1 c DNA) a nd 301 5 b p ( pGEM(T) v ector). NdeI d igestion o f 
pGEM(T)mSTI1[NdeI/NheI] (B, lane 6) and NdeI/NheI digestion (B, lane 7) produced the expected fragments of 
1600 bp (mSTI1 cDNA) and 3015 bp (pGEM(T) vector). Undigested DNA was included (B, lane 3 and 5) 
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Figure D.5: Recombinant GST-mSTI1 derivatives were produced and 
purified 

A (0.1%) SDS (12%) PAGE gel of whole IPTG induced logarithmic phase XL1Blue E.coli cells transformed with 
pGEX3X2000(S189A) ( A), pG EX3X2000(T198A) ( B) and pG EX3X2000(T198A,T332A) ( c) c onfirmed t he 
presence of an overproduced 89 kDa protein. Samples were taken of the culture before induction (A, lane 2) and 1 
hour (A, lane 3), 2 hours (A, lane 4), 3 hours (A, lane 5), 4 hours (A, lane 6) and 5 hours (A, lane 7) post-induction. 
GST-mSTI1 d erivative p rotein was p roduced at  maximal l evels 3 -4 ho urs a fter induction ( A, l anes 5  a nd 6 ). 
Overexpressed GST-mSTI1 derivative proteins were purified using glutathione agarose beads.  
A (0.1%) SDS (12%) PAGE gel of the purification of GST from IPTG induced logarithmic phase XL1Blue E.coli 
cells transformed with pGEX3X2000(S189A) (D), pGEX3X2000(T198A) (E) and pGEX3X2000(T198A,T332A) (F) 
confirmed the presence of a p urified 89 kDa protein. Soluble extract (lanes 2) was separated from insoluble extract 
(lanes 3) by centrifugation. Soluble extract was bound to the glutathione agarose beads and then discarded (C, lane 
4). The beads were washed three times in PBS (lanes 5-7) and bound protein eluted with 5 mM glutathione (lanes 8). 
Lanes 1  o f gels A, B , D, E  and F  contains separated Biorad Molecular weight markers. Lane 1  o f gel C  contains 
soluble extract with overexpressed mSTI1 as a marker. 
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The identity of GST-mSTI1 derivatives was confirmed by Western analysis (Figure D.5, 

insets). Total protein concentrations of elutions containing GST-mSTI1 was typically 25-

42 µM, and estimated to be 80 %  pure, while that of GST was typically 150 – 200 µM 

and estimated to be 90-100 % pure.  

 

D.8   The production of mSTI1 derivative proteins 
 

A 63 kDa protein corresponding to mSTI1, was overexpressed after IPTG induction of E. 

coli BL21[pET5a2000].  T his pr otein were p resent a t m aximal l evels after 4 hou rs of  

induction (Figure D.6A,B.C lanes 6), was soluble (Figure D.6E,F,G, lanes 2), and bound 

to a  P BE pol ybuffer e xchanger c olumn a t pH  8.0 ( Figure D .6G). T he 6 3 kD a pr oteins 

were successfully e luted with a  0.1M-0.3M NaCl gradient elution (Figure D.6), having 

been completely removed from the column as the regeneration fractions did not contain 

this 63 kD a protein. The identity of mSTI1 was confirmed by Western analysis (Figure 

D.6A, B , C  i nsets). Total pr otein c oncentrations of  e lutions c ontaining m STI1, and 

derivatives, were typically 200 µM, and estimated to be 80 % pure.  
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Figure D.6: Recombinant  mSTI1 derivatives were produced and 
purified 

A (0.1%) SDS (12%) PAGE gel of whole IPTG induced logarithmic phase XL1Blue E.coli cells transformed with 
pET5a2000 confirmed the presence of  an overproduced 63 kDa protein. Samples were taken o f t he cu lture before 
induction (A, lane 2) and 1 hour (A, lane 3), 2 hours (A, lane 4), 3 hours (A, lane 5), 4 hours (A, lane 6) and 5 hours 
(A, l ane 7)  pos t-induction. mSTI1 was pr oduced a t maximal l evels 3 -4 hours a fter i nduction ( A, l anes 5 a nd 6) .  
IPTG i nduced l ogarithmic p hase B L21 E.coli[pET5a2000] cell l ysate, t he co lumn was s eparated t hrough a  P BE 
exchanger co lumn.The co lumn was washed s tepwise with start b uffer, f ollowed b y start b uffer containing 0 .1 M 
NaCl. An gradient elution of start buffer containing 0.1 M and 0.3 M NaCl was used to elute mSTI1, and the column 
stripped with start buffer containing 1 M NaCl. The 280 nm absorbance profile of eluted proteins was measured (B) 
and the 8  peaks co llected were resolved b y SDS P AG electrophoresis (C, lanes correspond to peaks). mSTI1 was 
enriched in peaks 5-6 (C, lane 7).  Lanes 1 of both gels contain separated Biorad Molecular weight markers. 
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APPENDIX E 

PLASMID VECTORS 
 

Figure E.1: The plasmid map of the plasmid vector pGEX3X  

from Amersham  

 
Figure E.2: The plasmid map of the plasmid vector pGEM(T)Easy  

from Promega 
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Figure E.3: The plasmid map of the plasmid vector pCineo  

from Promega 

 Figure E.4: The plasmid map of the plasmid vector pSK  

from Stratagene 

ampicillin 
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Figure E.6: The plasmid map of the plasmid vector pET5a  

from Promega 

 

pBR322 origin of replication 

Figure E.5: The plasmid map of the plasmid vector BCMGSNeo  

(Karasuyama and Melchers, 1988) 

BCMGSNeo 
14.3 kbp 

XbaI 
SalI 

XhoI BamHI 

NotI 

HindIII 

HindIII 

NeoR promoter and TK promoter 
Neomycin resistance gene 
TK poly(A) signal 
Metallothionein promoter 
Second intron of rabbit β-globin gene 
Rabbit β-globin poly(A) signal 
NeoR promoter and TK promoter 
Human β-globin sequence 
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