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SUMMARY

The translationally controlled protein P23 was discovered spindle, and it is detached from the spindle during
by the early induction of its rate of synthesis after metaphase-anaphase transition. (3) A GST-P23 fusion
mitogenic stimulation of mouse fibroblasts. P23 is protein interacts with a- and B-tubulin, and recombinant
expressed in almost all mammalian tissues and it is highly P23 binds to taxol-stabilised microtubules in vitro. The
conserved between animals, plants and yeast. Based on itstubulin binding domain of P23 was identified by mutational
amino acid sequence, P23 cannot be attributed to any analysis; it shows similarity to part of the tubulin binding
known protein family, and its cellular function remains to ~ domain of the microtubule-associated protein MAP-1B. (4)
be elucidated. Here, we present evidence that P23 has Overexpression of P23 results in cell growth retardation
properties of a tubulin binding protein that associates with  and in alterations of cell morphology. Moreover, elevation
microtubules in a cell cycle-dependent manner. (1) P23 is a of P23 levels leads to microtubule rearrangements and to
cytoplasmic protein that occurs in complexes of 100-150 an increase in microtubule mass and stability.

kDa, and part of P23 can be immunoprecipitated from

HelLa cell extracts with anti-tubulin antibodies. (2) In

immunolocalisation experiments we find P23 associated Key words: Translationally controlled tumour protein (TCTP), P23,
with microtubules during G1, S, G and early M phase of  Tubulin binding, Microtubule, Cell cycle, Immunolocalisation,

the cell cycle. At metaphase, P23 is also bound to the mitotic Overexpression

INTRODUCTION different laboratories showed that P23 synthesis is regulated at
the translational level (Bohm et al., 1989, 1991; Thomas, 1986;
The protein P23, also referred to as ‘P21’ (Chitpatima et alThomas and Luther, 1981; Yenofsky et al., 1982), and our own
1988; Yenofsky et al., 1982), ‘Q23’ (Thomas and Luther, 1981study demonstrated that the activity of initiation factor elF-4E
Thomas, 1986) or ‘translationally controlled tumour protein’,is important for P23 mRNA translation (Bommer et al., 1994).
TCTP (Gross et al., 1989), was discovered independently bjhe genomic sequence of rabbit TCTP/P23 was recently
three groups in search of translationally regulated proteins. Thrublished by Thiele et al. (1998). This study revealed that the
mRNA of ‘P21’ has been found to be highly represented irb'-flanking region of the P23 gene contains promoter elements
untranslated mRNP particles of a mouse sarcoma cell lifer a variety of transcription factors, indicating that P23
(Yenofsky et al., 1983) and of mouse erythroleukaemia cellexpression is also regulated at the transcriptional level. Indeed,
(Yenofsky et al., 1982). ‘Q23’ was discovered in Swiss 3T3wo recent reports noted considerable alterations of TCTP/P23
cells to be one of a number of proteins whose synthesis mRNA levels in response to changes in cellular conditions
drastically up-regulated after serum stimulation (Thomas an(Stirzenbaum et al., 1998; Sage-Ono et al., 1998).
Luther, 1981; Thomas, 1986) and, later, P23 was identified as The first P23 cDNA sequences from mouse (Chitpatima et
a protein whose rate of synthesis is greatly enhanced ul., 1988) and man (Gross et al., 1989) were published a decade
growing versus non-growing Ehrlich ascites tumour cellsago, and recent compilations of P23 sequences revealed a high
(Benndorf et al., 1988; Bohm et al., 1989). Investigations irdegree of conservation between all eukaryotic phyla (see e.g.
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Sanchez et al., 1997). P23 is a widely expressed protein, as dzanH| site and a 3terminal Xhd site adjacent to the P23-cDNA
be seen from the compilation of EST databases where it wasquence coding for amino acid residues 1-130 (mutantBR3-0-
identified as being expressed in 26 out of 30 human tissud30 (mutant P221/3) and 130-172 (mutant P23-/2), respectively,
(Adams et al., 1995). This is in line with the results of a receritere synthesised using the following pairs of primer€GC GGA
northern blot screening of 43 different human organs (B.—JTCG:%AATTC;AGTEAA;%TQEgiﬁgéﬁf;iﬁ?gﬁ&%ﬁ;gc gé‘g
Thiele, personal communication), of '.mm“”Oh'SmChem'CaaEGA TCC GAC ATT GTC ATG AAC CAT 3and 3CCG CTC GAG
investigations of human cell lines and tissues (Sanchez et 8hs ATT GAA ATT AGC AAG GAT 3 (mutantP23A1/3); and 5
1997) and of a western blot screening of rat organs (B. Sawitzkicc Gga TCC ACC TAC CAG TTT TTT ATT GGT GAA'aand
and U.-A. Bommer, unpublished observation). The highy ccc cTC GAG ACA TTT CTC CAT CTC TAA GCC'3
conservation and nearly ubiquitous expression of P23 indicatgghutantP23A1/2). The PCR-fragments were cloned in-frame with the
that it is an important cellular protein. However, similarity GST coding region into th@anmHI/Xhd restriction sites of the vector
searches in protein databases did not reveal a relationship @$EX 4T. The plasmid PIM4.4 (provided by Dr D. Templeton) was
P23 to any of the known protein families, nor did they provideeriginally obtained by a two-hybrid screen experiment. It contains the
any other clue to the potential function of the protein. human P23 coding sequence starting from about amino acid position
An ‘extracellular function’ of P23 has been described®® subcloned into the pGEX vector system. This construct is here
recently, i.e. its activity as an IgE-dependent histaminelc'e"ed ©0 as GST-P2R(-55) and was employed as an additional,

. . - . . O N-terminally truncated, GST-P23 mutant protein.
releasing factor in connection with certain allergic diseases
(MacDonald et al., 1995). Other reports indicated that P23 isrotein expression and purification
involved in triggering the interleukin-4 secretion from humanthe plasmid pT7.7-P23 was transfected Btaoli BL21(DE3), and
basophils (Schroder et al., 1996) and that P23 synthesis frafifle pGEX constructs int&. coli JA226. The bacteria were grown
basophils is increased after stimulation with IL-3 or anti-IgEovernight in brain heart broth medium and induced for 6 hours by 0.1
(Nielsen et al., 1998). Recently, tRéasmodium falciparum mM IPTG. Then, the cells were collected by centrifugation and
homologue of P23 has been described as a possible target fi@mogenised by sonication. The GST-fusion proteins, as well as
the anti-malarial drug artemisinin (Bhisutthibhan et al., 1998)§£1C031U9_5ﬁe?1 Gfsﬁy vyerebpl;fnflecioon '?/:u{_athlgré?-ag;rgsoe fgadi/la”d
However, all these investigations did not address the questiGif'téd with the following buffer: 10 mM Tris-HCI, pH 8.0, 10 m
of the intracellular function of P23. The possibility that P23g|math'°ne’ 100 mM NaCl, 1 mM PMSF. The proteins were then

h " f Ici bindi tei tqe#[]uilibrated against 10 mM Tris-HCI, pH 8.0, 50 mM NacCl by gel
as properties of a calclum-binding protein was Suggest§ aiion through a PD-10 column (Pharmacia). Recombinant P23 was

(Sanchez et al., 1997), based on an earlier report on therifed from the bacterial extract by ammonium sulphate
calcium-binding activity of a similar protein  from fractionation (45-75%) followed by chromatography on DEAE
trypanosomes (Haghighat and Ruben, 1992). Various papesgphadex-A25 in the following buffer: 50 mM Tris-HCI, pH 8.0, 1
reported the early up-regulation of P23 synthesis after growtmM EDTA, 0.5 mM dithiothreitol, 1 mM PMSF. The elution was
induction of mammalian cell lines (Thomas and Luther, 1981performed using the same buffer containing 200 mM NaCl. The
Bohm et al., 1989; Bommer et al., 1994), suggesting aﬁampl_e was passed _through a Sephad_ex-GSO column adjusted to the
involvement of the protein in growth-related processes. following buffer conditions: 25 mM sodium acetate, pH 5.35, 1 mM

Here, we present both in vitro and in vivo evidence showin DTA, 0.5 mM dithiothreitol, 1 mM PMSF. The protein was adsorbed
that P2’3 has properties of a tubulin binding protein. B 0 an S-Sepharose columnxBlcm) and eluted with 80 mM NacCl, all

. o n . . h ffer. Bef in liquid ni he pH
immunolocalisation experiments we show that P23 ass:omat'g;?ajtuSetezlatrges_t(;l_J er. Before storage in liquid nitrogen, the pH was

with microtubules in a cell cycle-dependent manner, and that

it is bound to the mitotic spindle. We demonstrate tha#ntibodies

overexpression of P23 affects both the properties of thghe preparation of polyclonal rabbit antibodies against peptides P2

microtubular network and cell growth and morphology. (residues 98-113) and P3 (C terminus, residues 161-172) of mouse
P23 was described earlier (Bommer et al., 1994). Polyclonal
antibodies against murine purified recombinant P23 were raised in
rabbits. All these antibodies were suitable for detecting P23 on

MATERIALS AND METHODS western blots. For immunofluorescence microscopy, the rabbit
) ) antipeptide antibody (P2) was affinity-purified by chromatography on
Construction of plasmids GST-P23 crosslinked to CNBr-activated Sepharose. After washing the

The mouse P23 expression vector pT7.7-P23 was prepared by Dr kblumn with PBS containing 0.5 M NacCl, the antibody was eluted
A. Greagg in our laboratory by subcloning the mouse P23 codingith 0.1 M glycine, pH 2.4, and the pH was immediately adjusted to
region from the plasmid pRK23-3-5 into tNeld/BanHlI cloning site neutral with 1 M Tris buffer, pH 8.0. A mouse monoclonal antibody
of the bacterial expression vector pT7.7. The plasmid pRK23-3-5 haagainst human TCTP/P23 was kindly provided by Dr J.-C. Sanchez
been generated by Dr M. Gaestel after introduciniy@eh site at the  (Sanchez et al., 1997). Anti-tubulin antibodies were purchased from
start of the P23 coding region. The P23 cDNA sequence in thegemersham (antoi-tubulin) or from Sigma (anti-tubulin, DM 1A,
constructs originated from the primary clone obtained in theand antip-tubulin, TUB 2.1). The antibody against acetylated
laboratory of Dr G. Brawerman (Chitpatima et al., 1988). The vectotubulin (6-11B-1) was kindly provided by Dr P. Gordon-Weeks and
pGEX 2T8, which contains a suitable in-franidd site at the end the anti-GST antibody by Dr S. Goodbourn. Horseradish peroxidase-
of the GST coding region, was kindly provided by Dr V. Baldin. Theconjugated secondary antibodies against rabbit 1IgG were obtained
coding region of mouse P23 was cut out from the plasmid pT7.7-PZBom Amersham (UK) or from Dako (UK), and peroxidase-
by restriction withNdd/BanHI| and subcloned into this vector using conjugated antibody against mouse IgG was purchased from Sigma.
the bacterial straift. coli JA226. The resulting plasmid pGEX-P23 FITC-conjugated anti-mouse IgG and streptavidin, biotinylated anti-
was shown to express the GST-P23 fusion protein. rabbit and anti-mouse 1gG, TMRITC-conjugated streptavidin and

Truncated mutant versions of GST-P23, as represented in Fig. 4Biounting medium (Vectorshield) were obtained from Vector
were generated as follows. PCR fragments comprisingterrinal  Laboratories (UK).
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Cell culture and synchronisation blotting for the presence of P23. The 2D-electrophoresis was

Mouse NIH 3T3 fibroblasts and monkey COS-7 cells were maintainegerformed according to the O'Farrell method using ampholines
in DMEM containing 10% foetal bovine serum and 100 units/ml of(Sigma) ranging from pH 2.5 to 7. The part of the first dimension
streptomycin and penicillin. Bovine mammary epithelial cells werecorresponding to pH 3-5 was cut out and subjected to SDS-gel
grown in the same medium with jg/ml insulin and 50pg/ml electrophoresis in the second dimension. The presence of P23 protein
hygromycin B. HeLa-S3 cells were grown in spinner cultures in RPMWas verified by western blotting.

medium containing 10% foetal bovine serum and 100 units/ml o . .
streptomycin and penicillin. For cell synchronisation, COS-7 cells>2>-9€! electrophoresis and western blotting . _
were treated in the following way to obtain cell populations enriched®DS-gel electrophoresis of proteins was performed using the Laemmli
in cells in different stages of the cell cycle: cells in, Gerum  System. Analysis of P23 protein was performed in 12% or 15%
starvation (0.1% FCS) for 48 hours; cells in &imulation of serum-  polyacrylamide gels. For western blotting, the proteins were
starved cells with 20% FCS for 5 hours; cells in S apgi@ses, pre- transferred to Immobilon-P membranes using a semi-dry apparatus
synchronisation with 2 mM thymidine, release for 8 hours (DMEM,and incubated with the corresponding primary antibodies, which were
10% FCS), aphidicolin arrest and release for different periods of timéhen labelled with peroxidase-conjugated secondary antibodies and
cells in mitosis, pre-synchronisation with 2 mM thymidine, release fofletected using the ECL system (Amersham). For quantification, the
8 hours, arrest with nocodazole (Qud/ml), mitotic shake-off and signals on X-ray films were scanned and quantified using a Personal

release for different periods of time. Densitometer S| and the ImageQuant software program (Molecular
. . . Dynamics).
Cell fractionation experiments For comparison of the amount of acetylated and totaibulin in

HelLa-S3 cells were grown in spinner culture to a density of1%5  MAC cells, the cells were grown to near-confluency, washed with PBS
cells per ml, collected by centrifugation and washed in PBS. Aland scraped directly into SDS-sample buffer containing 2% SDS, 100
subsequent steps were performed at 4°C. The cells were subjectediv Tris-HCI, pH 6.8, 10% glycerol, 50 mM DTT and 0.2 mM PMSF
hypotonic lysis according to the method described by Vallee an(Bulinski et al., 1988) and boiled immediately. Equal volumes of cell
Collins (1986). Cells were resuspended in 10 times the packed cdjisates were analysed by SDS-electrophoresis and western blotting,
volume of swelling solution containing 10 mM Pipes buffer pH 6.9,and the signals were quantified as described before. For a loading
1 mM EGTA, 1 mM MgSQ and protease inhibitors (Compl&  control, the blots were probed with an affinity-purified antibody
protease inhibitor tablets, Boehringer, and 0.4 mM PMSF) andgainst thex-subunit of translation initiation factor elF-2 (Bommer et
allowed to swell for 5 minutes. The volume of the medium was theml., 1988).
reduced to twice the packed cell volume, and the cells were lysed by o
about 20 strokes in a Teflon-glass Potter homogeniser und&nmunofluorescence staining
microscopical control. After lysis, 1 M Pipes, pH 6.9, was added tcCells were seeded in a multi-chamber slide at an initial density of 1-
make up the buffer concentration to 100 mM Pipes, 1 mM EGTA an8x10* cells/cn?, grown for another 2 or 3 days and subjected to pre-
1 mM MgSQ (PEM buffer). The particulate subcellular fractions treatment as required for the experiment. Double-
were obtained by the following subsequent centrifugation steps: lilnmunofluorescence experiments were performed as follows. Cells
minutes at 600g (nuclear fraction), 15 minutes at 20,0Q0) were washed with pre-warmed PBS, fixed with 3.7% glutaraldehyde
(mitochondrial fraction) and 40 minutes at 150,09@ribosomal in PBS for 15 minutes, rinsed briefly in PBS at room temperature and
fraction) in a TL-100 benchtop ultracentrifuge. To reduce crossextracted with 1% Triton X-100 for another 15 minutes. The cells
contamination, the particulate fractions were resuspended and reere then permeabilised with methanol -&20°C overnight. To
centrifuged through a cushion of 10% sucrose in PEM buffer. Therevent the potential generation of background fluorescence by non-
protein concentration of each fraction was estimated using thspecific absorption of immunoglobulins, the cells were incubated with
Bradford assay (Sigma) and bovine serum albumin as standafd5% BSA in PBS. The cells were stained for detection of P23 with
protein. the affinity-purified antipeptide antibody (P2), and with a biotinylated
Gel filtration of the postribosomal supernatant (S-100) wasanti-rabbit antibody, which was then decorated with TMRITC-
performed on a Superose-6 HR10/30 column (Pharmacia) usinglabelled streptavidin. The primary antibody showed a very low
BioLogic chromatography system (BioRad) at 4°C. About 10 mg obackground staining, as seen in control experiments where the
S-100 protein were separated in a buffer containing 10 mM Hepeantibody was pre-incubated with either the peptide or purified
pH 7.2, 50 mMB-glycerophosphate, 2 mM Mgg&and 0.5 mM each  recombinant P23. In bovine cells, this antibody produced a signal only
of EDTA, EGTA, DTT and PMSF, at a flow rate of 0.4 ml/minute, when ectopically expressed murine P23 was present, which is an
and 0.5 ml fractions were collected. For analysis of the distributiomdditional proof of its specificity. In other control experiments, normal
of P23 and tubulin, the fractions were ethanol-precipitated overnigtrabbit serum (Sigma) was used instead of the anti-P23 antibody, using
at —20°C, the protein pellets were dissolved in SDS-sample buffean equivalent dilution of immunoglobulin. For visualisation of
and equal portions were analysed by SDS-gel electrophoresis andcrotubules, the cells were subsequently stained with a monoclonal
western blotting. For comparison, A of purified recombinant P23 anti-a-tubulin antibody (Sigma) and with an FITC-conjugated anti-
were run separately. For calibration of the column, the elutiommouse IgG as secondary antibody. An unrelated mouse 1gG
positions of the following molecular mass markers were determinethonoclonal antibody (CRA3 antibody to HIV gp120) was used as a
in separate runs: Blue Dextran (2,000 kDa), thyroglobulin (330 kDa)pegative control in assays for anti-tubulin. All negative control assays
B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovinestablished the low level of background fluorescence in the fixed and
serum albumin (68 kDa), carbonic anhydrase (29 kDa) angermeabilised cells with all fixation protocols.
cytochromec (12.4 kDa). Single staining experiments were performed with mouse
For coimmunoprecipitation, the postmitochondrial fraction of HeLamonoclonal antibodies against either human P23adubulin
cells (1 mg of total protein) was incubated for 3 hours at room{Amersham) using the following protocol. Cells were washed with
temperature with an anti-tubulin antibody (Amersham) crosslinked pre-warmed 0.1 M Pipes buffer, pH 6.9, fixed with 3.7% formaldehyde
to protein A-Sepharose beads (ImmunoPure kit, Pierce). Protein Aa PBS for 45 minutes, rinsed briefly in PBS at room temperature,
Sepharose beads loaded with control antibodies (rabbit pre-immumtracted with 0.5% Triton X-100 for another 15 minutes and washed
serum, Sigma) were incubated in the same way. The beads weteee times in PBS. After pre-incubation for 15 minutes in 0.5% BSA
washed in TBS containing 0.5 M NaCl, and the bound material wais PBS, cells were incubated with the primary antibody for 1 hour and
analysed by two-dimensional electrophoresis and subsequent westevith biotinylated anti-mouse 1gG and FITC-conjugated streptavidin
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for 30 minutes each, with three 5 minute washes in PBS containinigpofectamine (20ug of lipid in 0.25 ml DMEM). The mix was

0.5% BSA after each incubation. The specificity of the stainingsortexed for 10 seconds, and the complexes were allowed to form for

procedure was established either by omitting the primary antibod0 minutes at room temperature. The volume was increased to 4 ml

which yielded only an extremely low background staining, or bywith DMEM and the lipid-DNA mixture was applied to the cells and

staining with an unrelated monoclonal antibody, against the humaallowed to incubate for 16-20 hours at 37°C. The cells were then

La-antigen (kindly provided by Dr I. Jeffrey), which displayed ancultured for another 24 hours in fresh medium containing 10% FCS

exclusively nuclear staining under these conditions. and 5ug/ml insulin. Subsequently, the cells were selected in the same
Microscopy was performed with a Zeiss confocal laser scanningnedium containing 5Qg/ml hygromycin B. Resistant colonies were

microscope, type LSM-4, equipped with an 63/1.4 objective. Foisolated after 14 days. Mouse P23 expression was assessed by western

consistent fluorescence evaluation and measurement, the photdetting. FACS scan analysis was performed in a Becton-Dickinson

multiplier, filter and laser power settings were adjusted to give afluorescence-activated cell sorter after propidium iodide staining of

image grey-scale intensity of less than 10 for negative control assagslls according to standard procedures.

and approximately 200 for maximal positive measurements (full scale

0-255). Consistent photo-multiplier settings were maintained

throughout a single series of experiments. The signal for P23 stainif@ESULTS

was usually considerably lower than that for tubulin. In order to

maintain the full structural information, the P23 signal was enhance@23 is g cytoplasmic protein that occurs in higher

for the display in Fig. 2. For quantitative evaluation of microtubule,giecular mass complexes and may be found in
density per cell, the microtubule fluorescence signal and the cell ar%%sociation with tubulin

were integrated using the LSM-4 computer program. The microtubul . ) . .
density was then calculated as fluorescence signal intensity divide® gain insight into the functional importance of P23, we
by the cell area and displayed as arbitrary units. The values for relatigéudied its intracellular distribution. Subcellular fractionation
mouse P23 expression levels were obtained in the same way from tegperiments revealed that P23 is a cytoplasmic protein that is
signal of P23 staining. The correlation between P23 expression amt associated with the nuclear, mitochondrial or ribosomal
microtubule density per cell was tested by statistical analysis usingfgactions (Fig. 1A). This result was confirmed by centrifugation
simple linear regression model. The data was transformed {gf postnuclear supernatants in the self-generating gradient
logarithmic scale to fit the normal distribution assumption. material OptiPrefM (provided by Nycomed Pharma AS,

Protein interaction experiments Oslo), where P23 did not focus with any of the classical cell

Proteins interacting with GST-P23 were investigated as follows. HeLgrgane_Ile fractions (B' SaW'tZk.' an(_j U.-A. Bommer,
cell extract (10Qug total protein) was incubated for 2 hours at roomUnpublished observation). To investigate whether the
temperature with 419 of GST-P23. The GST-P23 complexes wereCytoplasmic P23 might be involved in higher molecular mass
bound to glutathione-agarose beads (B0beads) in a buffer complexes, we performed gel filtration experiments with a
containing 10 mM Tris-HCI, pH 7.15, 150 mM NaCl, and 1 mM eachHelLa cell postribosomal supernatant (S-100) on a Superose 6
of EDTA, EGTA, PMSF and benzamidine. The beads were collectedolumn (Fig. 1B). The results demonstrate that P23 is eluted
by centrifugation and washed With 5 ml of the same buffer containingyer a fairly wide range of fractions starting significantly
0.5 M NaCl. Bound proteins were analysed by SDS-gelearlier than the elution of the pure recombinant protein.
electrophoresis and subsequent western blotting using monoclor@b”braﬂon of the column showed that the P23-containing
an'tl'ick))%ctiai;Soggégfihzngi%?nbug? Iggl?? gar%.icrotubules taxol-stabilise actions correspond to a molecular mass range from about 40
d ' 150 kDa, whereas pure recombinant P23 elutes at about 40-

microtubules were prepared from rat brain according to the metho LT -
described by Vallee (1986). Microtubules (@) were mixed with 0 kDa. This indicated that, in the cell, P23 occurs both free

purified proteins (Jig each) as indicated in the figures and incubatednd in at least one higher molecular mass complex of 100-150
for 15 minutes at 37°C in 508 PEM buffer containing 0.1 mM ATP  kDa. In both NIH 3T3 (result not shown) and Hela cell
and 20 uM taxol (Sigma). The microtubules were collected by extracts, the elution pattern of P23 is very similar and the
centrifugation for 5 minutes at 6,500 rpm in a microfuge, the pelleabundance of P23 is usually higher in the complexed form
was washed twice in 1 ml of the same buffer and centrifuged eagtompared to free P23. We also tested the distribution of tubulin
time under the same conditions. The pellets were denatured in SD§n the same western blots (Fig. 1B), and the results showed
Svaerpeplseutt))juef(f:?édmtoastc[))tgl-gveolli:gitgp%]%?eggdaﬁgu\llvg;tgﬁ E%Tglrfalysthat tubulin is present in all fractions from the void volume
For comparison, 50 ng of each protein used in the assay were analységo n_tp about .100 kDa_. Inmdentally, the last 3-4 tqbulln-
in parallel. containing fractions, .WhICh are likely to represent dimeric
tubulin, do also contain the higher molecular mass complex of
Expression of P23 in eukaryotic cells P23. To investigate whether P23 might be associated with
The mouse P23 coding region was subcloned from the plasmid pT7.tubulin, we performed coimmunoprecipitation studies. As none
P23 into the eukaryotic expression vector pcDNA-3 (Invitrogen)of our anti-P23 antibodies is able to immunoprecipitate the
under the control of the CMV promoter, downstream of EleRl protein from cell extracts, we used an arubulin antibody
site. The resulting plasmid pcDNA-3/P23 was used for transiengrosslinked to protein A-Sepharose beads. After incubation
expression of mouse P23 in COS-7 cells and for the establishment\gfth a postnuclear supernatant from Hela cells, the affinity

stable expressing cell lines. Transfection was performed USiansin was washed with TBS containing 0.5 M NaCl. In order
Lipofectamine (Life Technologies), and the expression was verifie ., : - T
by western blotting. To establish stable expressing cell lines, bovin%10 eliminate the interference by the immunoglobulin light

mammary epithelial cells (Huynh et al., 1991) were seeded at ehain, the adsorbed_ proteins were ana!ysed for the presence of
density of %10P cells per 100 mm dish. On the following day, the 23 by two-dimensional electrophoresis and western blotting.

cells were transfected with the pcDNA-3/P23 plasmid or with thel he result (Fig. 1C) shows that P23 can be precipitated with
empty vector for control transfections. [if of plasmid DNA was anti-tubulin antibodies, whereas no precipitation was observed

diluted into 0.25 ml of DMEM and mixed with a equal volume of with the control antibodies. However, the vyield of P23
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53 —>
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A Fig. 1.P23 is a cytoplasmic protein that is found in association with
tubulin. (A) P23 is a cytoplasmic protein. Subcellular fractions from
40 pug protein of each of the nuclear (lane 1), mitochondrial (lane 2),
ribosomal (lane 3) and postribosomal (lane 4) fractions were
subjected to SDS-electrophoresis and subsequent western blotting.
The Coomassie Blue-stained gel after electrotransfer is shown at the
3 —>| ¥ (B) P23 occurs in a high molecular-mass complex. The
25 —>» postribosomal supernatant from HelLa-S3 cells (10 mg protein) was
subjected to gel filtration on a Superose-6 column as described in
- Materials and methods. The fractions were analysed by SDS
and P23 as indicated. Arrows at the top indicate the elution positions
P23 = of molecular mass marker proteins from the column. In a parallel
run, the elution position of purified recombinant P23 was analysed
(bottom). The fraction numbers beginning from the void volume are

HelLa-S3 cells were prepared as described in Materials and methods.
e H = top, and below is the western blot probed with an anti-P23 antibody.

electrophoresis and western blotting for the presenaetolbulin

given below the figure. (C) P23 can be co-immunoprecipitated with

tubulin antibodies. A HeLa cell extract was incubated with ancanti

B 200 150 68 12.4 kDa tubulin antibody coupled to protein A-Sepharose, and the bound

* v * * * material was analysed by two-dimensional gel electrophoresis and

western blotting using an anti-P23 antibody. The western blot of the
relevant part is shown here. A, control experiment using a pre-

a-tubulin | * - e - immune serum for immunoprecipitation; B, immunoprecipitation
with antia-tubulin antibodies. Arrows indicate the position of P23

P23 - e protein.
T — occurred under the chosen conditions (see Materials and

rec. P23 methods). For single-staining, a monoclonal antibody against

human P23 was applied in parallel experiments with

26

RRE 23RN microtubule staining. We obtained essentially the same results
Fraction number with both antibodies, and examples are shown in Fig. 2.

Our initial immunolocalisation experiments revealed a

cytoskeletal organisation of P23, similar to the one of

C [EF microtubules. We asked whether the microtubule-association
D of P23 may change during the cell cycle. COS cells were

pH 4.0 45 50 40 45 5.0 synchronised and stained as described in Materials and

X B SDS methods, and Fig. 2 shows images for microtubule and P23

40 kDa 1. ' staining of representative cells in different cell cycle phases.
The following observations have been made. (1) In serum-

30 kDa starved cells, the P23 staining displayed a very faint, punctate
' pattern with a scarce distribution of individual signals and a

17kDat T it higher number of signals in the perinuclear area (Fig. 2b). The
12 kDa overall signal was considerably weaker than in cycling cells,
and quantification of the fluorescence intensity per cell

revealed an increase of about 3.5-fold in the microtubule-
associated P23 signal upon entry of cells into the cell cycle
recovered under these conditions was rather low, indicatingesults not shown). (2) A clear colocalisation of P23 with

that only a proportion of P23 is associated with tubulin. microtubules was observed in the, & and G phases of the

) ) ) . cell cycle (Fig. 2c-h). The signal intensity for P23 staining was
P23 associates with microtubules in a cell cycle- considerably weaker compared to the tubulin signal, and it is
dependent manner enhanced in the displayed images in order to maintain the full

To address the question of whether P23 might be associatsttuctural information. When displayed at higher
with microtubules, we studied its subcellular localisation inmagnification, the P23 signal often appeared to be
COS cells by immunofluorescence confocal microscopy. Ouliscontinuous along microtubules (not shown). (3) In early
staining protocol employed fixation with formaldehyde ormitotic cells, we consistently observed P23 staining associated
glutaraldehyde, followed by extraction with Triton X-100 to with metaphase spindles, as shown here with two different
remove the excess of unbound P23 protein. For doublentibodies (Fig. 2k,m). However, from anaphase onwards, P23
immunostaining, an affinity-purified rabbit antipeptide staining was no longer microtubule-associated, and it appeared
antibody was used to localise P23, and a mouse monoclortal be rather diffuse (Fig. 20). In early postmitotic cells, the
antibody againsta-tubulin for microtubule staining. The microtubule staining with the P23 antibody was very poor,
affinity-purified antibody was characterised for its specificity,similar to the picture seen in serum-starved cells (result not
and control experiments verified that no cross-reactivityshown). Thus, the results presented in Fig. 2 provide clear
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Fig. 2.P23 colocalises with microtubules in a cell cycle-dependent manner. COS-7 cells were grown on multi-chamber slides,iand to obta
partially synchronised cell populations, cells were treated as described in Materials and methods. Cells were then tieddyitxfaicon

X-100 and stained separately with an antibody agaitabulin (a,c,e,l) or with the monoclonal anti-P23 antibody (b,d,f,m). Images of cells
that were double-stained with the anti-tubulin antibody and the affinity-purified rabbit polyclonal antibody against arpepigdeabf P23

are shown in g, h, i, k, n, 0. Details of the procedures and antibodies are given in Materials and methods. Immunofluoeeseenese
obtained by confocal microscopy and are separately displayed for tubulin staining (a,c,e,g,i,l,n) and for P23 stainikgn(lmd,Note that

the P23 signal is enhanced compared to the tubulin signal. Representative examples of cells in the following cell cyale siasas G

(a,b), G (c,d), S (e,f), G(g,h), early mitosis (i,k,I,m) and late mitosis (n,0).

evidence for a cell cycle-dependent interaction of P23 witlubulin from a HelLa cell extract. Neither protein bound to the
microtubules in vivo. P23 is found in association withGST control protein, and we did not observe binding of actin
microtubules during & S, G and early M phases of the cell to GST-P23 under these conditions (result not shown).

cycle, whereas no such association could be observed in theWe then examined the ability of P23 to bind to polymerised

late mitotic phases and in serum-starved cells. microtubules. Taxol-stabilised microtubules were incubated
] o ] with purified recombinant P23 proteins from different species
P23 has properties a tubulin binding protein (mouse, human and yeast) and with GST as a control. The

To examine the ability of P23 to bind to tubulin in vitro, we microtubule pellets were collected by centrifugation, washed
constructed a bacterial expression plasmid for a GST-P28hd analysed for the presence of P23 by western blotting using
fusion protein. The fusion protein and a GST control proteirthe appropriate antibodies. The results (Fig. 3B) show that the
were expressed and purified fr&ncoli. The purified proteins recombinant P23 protein preparations from different species
were incubated with a postnuclear supernatant from HelLa cell®ound to rat brain microtubules, whereas no binding was
and bound to glutathione-agarose beads. The beads waergserved inthe case of the GST control protein. No P23 protein
washed and bound proteins were analysed for the presencewss pelleted in the absence of microtubules (result not shown).
tubulin by western blotting. The results shown in Fig. 3A We then asked the question whether the P23 protein contains
demonstrated that GST-P23 is able to interact witAnd3-  a specific domain which might be responsible for tubulin
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Overexpression of P23 leads to alterations in cell

o [42]
(8] o (2]
A 5 B a & g growth and morphology
g ] - 8 g B In order to investigate whether alteration of the intracellular
3 o B2 3 9 P23 levels may affect the microtubular cytoskeleton and cell
2 G} E £ = y y
g s o L growth, we performed overexpression experiments. We
2 O ©  Antibody: GST _mP23  yP23 subcloned the coding region of the mouse P23 cDNA into the
o-tubulin —>| G — P23 3l gy e — ol pcDNA-3 vector under the control of the CMV promoter. We
GST chose bovine mammary epithelial cells (MAC cells; Huynh et
f-tubulin —>{ GHD — al., 1991) for these experiments, which have the advantage that
p g

|

P23 —>| [ 8 ’ the ectopically expressed mouse P23 can be distinguished from

the endogenous bovine P23 by a specific antipeptide antibody
(Fig. 5A). We transfected two lines of these cells: one line, here
Fig. 3.Interaction of P23 with tubulin and microtubules. (A) Tubulin referred to as MAC-A, had been immortalised by the large T
binds to a GST-P23 fusion protein. Purified GST and GST-P23 antigen, whereas the second line (MAC-B) represents a
proteins were incubated with a HeLa cell postnuclear supernatant spontaneously immortalised cell line. Both lines were
and bound to glutathione-Sepharose beads. Bound proteins were  transfected with the P23 expression vector and with the empty
analysed by SDS-gel electrophoresis and western blotting. vector for control. Five mouse P23-expressing cell lines were
Immunodetection was performed with amttubulin andB-tubulin cloned from each parental cell line after selection on

antibodies as indicated. In the first lane ug0of total HelLa cell . . . )
extract was loaded as a control. (B) Recombinant P23 binds to taxopygromycm B. Two clones with high P23 expression levels,

stabilised microtubules in vitro. Taxol-stabilised microtubules were referred to as MAC-A/23-1 and MAC-B/23-5, and the

incubated with the following purified recombinant proteins as corresponding vector control cell lines, MAC-A and MAC-B,
indicated: GST and P23 from mouse, humans and yeast were chosen to perform the experiments below. By western
(Saccharomyces cerevis)ad@he microtubules were collected by blotting, the average P23 levels in these two cell lines were
centrifugation, washed and analysed by SDS-gel electrophoresis angistimated to be about twofold higher than the endogenous P23
western blotting. The upper panel shows a western blot of the levels of the control cell lines (Fig. 5A). This indicates that

purified proteins before binding, and the lower panel shows a westegych higher expression levels cannot be achieved in stable
blot of the microtubule pellets. Antibodies used for probing of both expressing cell lines.
blots are indicated at the top. Note that the mobility of the yeast P23 P23-overexpressing cells displayed a much slower growth
is slightly reduced compared to the mammalian P23. rate compared to their parental counterparts (Fig. 5B).
Calculation of the growth parameters from these curves
showed that upon P23 overexpression, the doubling time
binding. As both tubulin (pl 4.8/5.3) and P23 (pl 4.5) are acidiéncreased threefold in MAC-A cells and twofold in MAC-B
proteins, any non-specific binding via electrostatic interactionsells. Other clones which expressed lower levels of murine P23
is unlikely. However, plotting the distribution of charged aminodisplayed a more moderate reduction in the growth rate (results
acids within the P23 sequence revealed a polarisation of tmet shown), indicating that the growth rate is inversely related
molecule into two acidic regions (domain 1, amino acids 1-78p the level of expression of murine P23. Increase in P23 levels
and domain 3, amino acids 124-172) separated by a basitso resulted in alterations of cell morphology (Fig. 5Ca-d). In
region (amino acids 79-123, referred to as domain 2) (Fig. 4Ajpoth cell lines investigated here, P23 overexpression led the
A search for sequence similarities to the basic domain of P23lls to adopt a very elongated cell shape (b,d), clearly different
revealed similarity to part of the tubulin binding domain of thefrom the morphology of the parental cells (a,c). In less
microtubule-associated protein MAP-1B (Fig. 4A). Theconfluent cultures, we also observed a higher variability of cell
sequence of the basic domain is highly conserved among tkbape and the tendency to an increased cell size, the latter being
known mammalian P23 sequences. Although the overatlonfirmed by FACS scan analysis (Fig. 5D). The FACS scan
identity with the corresponding MAP-1B sequence is only 33%nvestigations also showed that a higher percentage of cells is
(similarity 46%), there is a remarkable similarity in thein the G/M phase of the cell cycle (Fig. 5D). This result
distribution of charged amino acids, particularly of lysine andndicated that a distortion of the cell division process could be
glutamic acid residues. To investigate whether the basic regionvolved in causing the growth inhibitory effect.
represents the tubulin binding domain of P23, we generated a _ _
set of GST-P23 mutant protein constructs truncated in the thrédverexpression of P23 affects the microtubular
domains of the P23 protein (Fig. 4B). These mutant protein@ytoskeleton
were expressed, purified from bacteria, and verified by westeifhe observed morphological alterations in P23-overexpressing
blotting using antipeptide antibodies directed against differertells indicated that changes in the microtubular cytoskeleton
parts of the P23 sequence (results not shown). The ability afight be involved. Therefore, we investigated whether
these proteins to bind tubulin was tested in the assays descriteldvation of P23 levels affected features of the microtubular
above. The binding assay using HelLa cell extract as a sournetwork. Microtubules in P23-overexpressing cells (MAC-
of tubulin revealed that only those GST-P23 constructs bearir/23-5) and control cells (MAC-B) were visualised by
the basic domain were able to bimdandp-tubulin (Fig. 4C).  immunofluorescence staining and confocal microscopy, and
Moreover, only these constructs bound to taxol-stabilisedepresentative images are shown in Fig. 6Aa,c. Comparison of
microtubules (Fig. 4D). We concluded that this domain of P23he microtubule patterns between the two cell lines showed
is both necessary and sufficient to confer tubulin bindinghat, in the P23-overexpressing cells, the microtubules were
activity. preferentially arranged in parallel rather than in a radial
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manner, with a fairly dense packaging, similar to microtubulelotted in Fig. 6B. Statistical analysis of the complete data set
bundling. using a linear regression model proved that the increase in
For quantitative analysis of microtubule density, MAC-microtubule density related positively to the increase of mouse
B/23-5 cells were double-stained for microtubules and murin®23 expression levely=0.2%2.67; ANOVA, F1,2,=14.02,
P23. The images of individual cells were assessed for the totk0.001;r2=0.389). The graphical display demonstrating this
fluorescence intensities of microtubules and P23, respectivelgorrelation is shown in the lower panel.
The results shown in Fig. 6B demonstrate that, on average,To determine whether elevation of P23 levels affected
MAC-B/23-5 cells displayed a 30-40% higher density ofmicrotubule stability, we investigated the protection of
microtubules compared to the parental cells. To establish raicrotubules in MAC-B and MAC-B/23-5 cells against
correlation between microtubule density and P23 levels, celisocodazole-induced destabilisation. After treatment with
were grouped into low, medium and high ‘expressers’, and theocodazole, the cells were subjected to microtubule-staining
average microtubule densities of the different groups werand confocal microscopy. Representative images are shown

A Basic Amino Acids
I I e
g ] Lag!] Ing] o o
& & & & &
Acidic Amino Acids T -
W v w wl 72} 7¢]
20 40 160 © © ©o © © ©
p23: \ GST-P23 - ﬂ
Mouse 79 ECQKP KP IK 123 -
Rat 79 1K 123
H:.man 79 IK 123 " ”
Rabbit 79 1K 123 _
MAP-1B: 723 767 GST - ‘ - . at
B
0 80 120 172
GST-P23A1-55 y= 12 = -
GST-P23A3 o= 130 s a “ a
GST —»
GST-P23A1/3 =% 7(&—=1?0
GST-P23A12 &= { ———f
C u - o Fig. 4. Characterisation of the tubulin binding domain of P23. (A) P23
g - = e = = contains a basic domain similar to part of the tubulin binding region of MAP-
g B & 8 & & 1B. The histogram shows the distribution of basic and acidic amino acids
3 2 g EOE Z EE # within the P23 sequence. The sequence comparison below demonstrates the

conservation of the basic domain among mammalian P23 sequences and its
similarity to a partial sequence within the tubulin binding region of human
MAP-1B (GenBank accession number: L 06237). Identical residues are
boxed. Amino acids in the human/rabbit P23 sequence which differ from the
mouse/rat sequences (positions 93 and 107) are shown in italic. GenBank
accession numbers of P23 sequences are: X 06407 (mouse), U 20525 (rat), X
. 16064 (human) and Z 46805 (rabbit). (B) Schematic representation of the
B-tubulin — | Newm -— - T truncated GST-P23 fusion proteins. Bars represent the part of the P23 amino
acid sequence present in the mutant protein. The filled portion of the bar
highlights the putative tubulin binding domain. The hatched bar indicates the
C-terminal end of the GST portion. (C) Interaction of mutant GST-P23 fusion
proteins with tubulin. The mutant proteins represented in B were incubated with HeLa cell extract and bound to glutatbéeniecagar The
beads were washed and analysed for bindiry eihdp-tubulin by SDS-gel electrophoresis and western blotting. The different GST fusion
proteins are indicated in the individual lanes. (D) Binding of mutant GST-P23 fusion proteins to taxol-stabilised micrdidoatabules
were incubated in the presence of the mutant GST-P23 fusion proteins as indicated in the individual lanes. The microtutnllesteeby
centrifugation, washed and analysed by SDS-gel electrophoresis and western blotting. Upper panel, probing of the GSikfiusibefpre
binding; lower panel, probing of microtubule-bound material. The blots were probed with anti-GST antibodies.
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Fig. 5. Overexpression of P23 in bovine MAC-T cells results 0~ Cell size —»
alterations of cell growth and morphology. The following mo G1 s M ell sl
P23-expressing cell lines were established from bovine Cell cycle phase

mammary epithelial cells as described in the text: MAC-A a

MAC-B (vector control cells) and MAC-A/23-1 and MAC-B/23-5 (mouse P23-expressing cells). (A) Assessment of P23 expressiOallestacts (8

ug protein each) were analysed for P23 protein levels by western blotting: MAC-B (lane 1), MAC-B/23-5 (lane 2), MAC-A (ldidATa\/23-1 (lane
4). The western blots were probed with the indicated antibodies. The antibody against recombinant mouse P23 proteih thetemiddogenous and the
murine P23, whereas the anti-peptide antibody specifically detects the expressed mouse protein. The graph below shdwe arplgsistaf the P23
levels from the blot developed with the antibody against the complete P23 protein. The signals were quantified and toé timeR2Bysignal was
normalised against the corresponding actin signal. The relative P23 protein levels were plotted setting the value for tbellNid€as 100%. Open bars,
control cell lines; filled bars, P23-overexpressing lines. (B) Elevation of P23 levels results in a slow-growth phenotyagh Thews growth curves of all
four cell lines. Cells were seeded at a density<aD3cells per well in 24-well plates, grown for up to 8 days and counted daily in a haemocytometer. Open
symbols: control cells, MAC-A (circles) and MAC-B (squares); filled symbols: cell lines expressing murine P23, MAC-A/28s) @itMAC-B/23-5
(squares). A representative of three independent experiments is shown. (C) P23 overexpression results in morpholagisaPiitesattontrast
microphotographs of control cells and of mouse P23-expressing cell lines are shown. a, MAC-A cells; b, MAC-A/23-1 celldB celtA@, MAC-B/23-

5 cells. Bar, 10um. (D) FACS scan analysis of MAC-A and MAC-B cell lines. Left, the distribution of cells between cell cycle phases (opectbars,
control cells; filled bars, P23-overexpressing cells). Right, the cell size distribution of the same cell lines (cleatoareantvekcells; shaded area, P23-
overexpressing cells).
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microtubules in P23-overexpressing
cells. Control cells MAC-B (a,b) and
P23-overexpressing cells MAC-B/23-E
(c,d) were grown on multi-chamber
slides. The cells were fixed, extracted
with 1% Triton X-100, stained for
visualisation of microtubules and
subjected to fluorescence confocal
microscopy. Before fixation and
immunostaining, the cells in b and d
were subjected to microtubule-
destabilisation by treatment withug/ml
nocodazole for 1 hour. (B) Quantitative
analysis of the microtubule density in
MAC-B/23-5 cells. Cells were fixed, extracted with Triton X-100, double-stained for
visualisation of microtubules and of murine P23 and subjected to confocal microscopy. T
fluorescence intensities for both signals and the cell area were integrated using the LSM
software program, and the microtubule density for 25 cells was calculated as described i
Materials and methods. The upper graph shows the average microtubule density for MA(
cells (grey bar) and for MAC-B/23-5 cells (black bar) on the left. On the right, the increas:
microtubule density with increasing mouse P23 expression levels in MAC-B/23-5 cells is
demonstrated. Cells were divided into three groups with low, medium and high P23 expr¢
and the average P23 expression levels (open bars) and microtubule densities (black bars
displayed for each group. The graph below shows the linear regression analysis demons
the relationship between the microtubule density and mouse P23 expression level in MA(
23-5 cells on a logarithmic scale basis. Note that the antipeptide antibody used for visual
of P23 detects only the expressed murine P23 (Fig. 5A). (C) Nocodazole-destabilisation or
microtubules. MAC-B cells and MAC-B/23-5 cells were either left untreated or were treated with nocodpgtid {dr 1 hour) and subsequently stained
for visualisation of microtubules as in Ab,d. The intensity of the microtubule fluorescence signal for 20 cells per clirba¢naent was quantified and

the average values were calculated. The values were normalised to compare the relative microtubule mass of MAC-B/2%:6 it (bith that of
MAC-B cells (open bars) for each treatment separately. Note that the absolute fluorescence intensity was much lower ie-tmeatethzells. (D) Levels

of acetylated tubulin in MAC-B cells versus MAC-B/23-5 cells. Both cell lines were grown to near-confluency on 10 cm digked arid SDS-

containing buffer as described in the experimental section. Equal volumes of cell extracts were analysed by SDS-elecrmpivestsin blotting. The
blots were probed for acetylataetubulin (top), fora-tubulin (middle) and with an unrelated antibody (bottom) as a loading control. As a positive control
for the acetylation reaction, MAC-B cells were treated overnight wigiiM.@xol (lane 1). Untreated MAC-B cells (lane 2) and MAC-B/23-5 cells (lane 3)
were analysed using the indicated antibodies. The graphs below show the relative lavelbditn and for acetylatea-tubulin in MAC-B cells (open

bars) and MAC-B/23-5 cells (black bars) obtained from scanning the signals in lanes 2 and 3, and after correction fog ttenkbaldsignals.
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in Fig. 6Ab,d. Quantitative assessment of the microtubulantibody and with an affinity-purified antipeptide antibody
mass from the overall microtubule fluorescence of 20rom rabbit. Fixation with glutaraldehyde or with
nocodazole-treated cells and an equal number of untreatéormaldehyde yielded essentially the same results, whereas
cells per cell line revealed that in P23-overexpressing cellsnethanol fixation was not suitable to stabilise the interaction
the microtubules were considerably protected againsif P23 with microtubules sufficiently. We consistently
depolymerisation by nocodazole (Fig. 6C). In another assagbserved two types of structural organisation of P23 protein
we assessed the relative amount of acetylatédbulin in  in the cell, i.e. colocalisation with the microtubular network,
MAC-B and MAC-B/23-5 cells by means of western blottingtypically in G, S and G phase cells (Fig. 2d,f,h), and a
(Fig. 6D). The monoclonal antibody 6-11B-1 specifically punctate organisation with a scarce distribution of individual
detects acetylateal-tubulin (LeDizet and Piperno, 1991) and signals in the cytoplasm, usually found in resting cells (Fig.
has been used before to quantify stable microtubule®2b) and in early postmitotic cells (result not shown). Close
(Bulinski et al., 1988). In a control experiment, MAC-B cellsinspection of the latter types of images at a higher
were treated with the microtubule-stabilising agent taxolmagnification and at other sectioning settings of the confocal
which resulted in a vast increase in the western blot signahicroscope revealed that these ‘punctate’ signals are often
from the antibody 6-11B-1 (lane 1). In contrast, the signatlisplayed as short string-like structures, which are likely to
obtained with this antibody in untreated cells was very lowepresent residual microtubular localisation of P23. By
compared to that for unmodifiemttubulin (lanes 2 and 3). scanning, the apparent nuclear staining in these images could
However, in each experiment, the signal was considerablgiso be resolved as residual staining of cytoskeletal structures
higher in MAC-B/23-5 cells compared to the control MAC- surrounding the nucleus. Although we did observe some
B cells. Quantification of the blots revealed that the amountuclear staining in individual cells (see e.g. Fig. 2f), this was
of stable microtubules was about 2.5-fold higher in the MAChot related to specific cell cycle phases, but is more likely to
B/23-5 cell line compared to the control cells, and the totabe due to incomplete removal of the unbound P23 during the
tubulin content was increased by about 30%. This is imxtraction, considering that the relatively small protein may
remarkable agreement with the figures obtained by thdiffuse through the nuclear pore and may get trapped in the
microtubule-destabilisation assay, when the microtubul@ucleus during the procedure. In summary, the results of our
mass was estimated by confocal microscopy (cf. Fig. 6Cymmunolocalisation studies showed that P23 is hardly found
Thus, the data presented in this section demonstrate tham microtubules when cells are in the resting state; however,
elevation of intracellular P23 levels results in microtubulet is present on microtubules during most phases of the cell
stabilisation. cycle, inclusive of the mitotic spindle during metaphase. The
observation that P23 is not bound to the spindle during the
later mitotic phases and to microtubules in early postmitotic

DISCUSSION cells indicates that the microtubule-association of P23 is
down-regulated in mitosis, presumably during metaphase-

P23 binds to tubulin and associates with anaphase transition.

microtubules during specific phases of the cell We investigated the ability of P23 to bind to tubulin by in

cycle vitro experiments using GST-P23 fusion proteins. The results

We investigated the intracellular distribution of P23 by cellof the binding studies (Figs 3A, 4C) clearly showed that P23
fractionation and immunofluorescence microscopy. Oumssociates with dimeric tubulin both in cell extracts and in
results demonstrated that P23 is a cytoplasmic protein whiclitro. We also demonstrated binding of purified recombinant
was not found in association with any organelles. In a gdP23 to taxol-stabilised microtubules prepared from rat brain
filtration experiment, we showed that P23 occurs both fre vitro (Figs 3B, 4D). We found that approximately 40% of
and in complexes of up to 150 kDa. As the complexed fornthe input protein was bound to the microtubules under our
was detected in the same fractions as dimeric tubulin, weonditions (result not shown), which included two washings
investigated whether P23 can be immunoprecipitated by antdf the microtubule pellet in a 30-fold excess of buffer each.
tubulin antibodies, and we showed that a fraction of P23 iklentification of the tubulin binding domain of mammalian
indeed precipitated. Although, our protocol was not suitabl®23 (Fig. 4) revealed that it represents a highly charged,
for obtaining quantitative data, we estimated that only abounainly basic region within an otherwise very acidic protein,
10% of the total P23 protein was bound to the beadsyhich shares similarity with part of the tubulin binding region
indicating that the interaction is relatively weak and/or thaof MAP-1B (Fig. 4A). The tubulin binding domain is highly
only a small proportion of P23 is actually bound to tubulin.conserved among the vertebrate P23 homologues but it does
The latter possibility is in line with observations from thenot comprise one of the two ‘TCTP(P23) signatures’, which
immunostaining experiments, as the excess of unbound P2&re identified in the PROSITE database as areas highly
protein obscured the display of the microtubular cytoskeletononserved between P23 sequences of all eukaryotic phyla.
with P23 antibodies when the Triton extraction step wa#\though there are differences between the putative tubulin
omitted from the immunostaining procedure (not shown). binding site of mammalian P23 and the corresponding
The results of the immunofluorescence experimentsegions of yeast and plant P23, they all have the common
provided evidence for the association of P23 withfeature of being a highly charged, basic region of the protein,
microtubules in vivo. The specificity of the immunostainingwith a conserved distribution of the charged amino acids.
reaction was established in various control experiments, ardterestingly, nearly 90% of the charged amino acids within
we demonstrated the cell cycle-dependent colocalisation dfiis region are lysine and glutamic acid residues. The
P23 with microtubules both with a mouse monoclonalpredominance of lysine and glutamic acid residues is also a
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typical feature of the tubulin binding region in MAP-1B, the relative quantity of stable microtubules is about 2.5-fold
which contains reiterated KKEX motifs (Lien et al., 1994;higher in the P23-overexpressing cell line compared to the
Noble et al., 1989). These motifs appear to be important forector control cells and that the amount of total
the interaction with microtubules, in the case of both MAP-microtubules/tubulin is about 30% higher. The effect of
1B (Noble et al., 1989) and of centromere binding proteinincrease in P23 on tubulin levels is likely to be secondary to
(Jiang et al., 1993). It seems possible that the interaction aficrotubule stabilisation, as tubulin synthesis is tightly

P23 with tubulin has a similar basis. regulated in relation to the total microtubule mass of the cell.

] We conclude from this data that P23 overexpression exerts a
Overexpression of P23 affects cell morphology and net stabilising effect on microtubules. The dynamic
the microtubular cytoskeleton instability of microtubules results from the equilibrium of

To investigate the potential of P23 to modulate thdour basic processes, i.e. polymerisation, depolymerisation,
microtubular  cytoskeleton in vivo, we performed catastrophe and rescue (reviewed by McNally, 1996). It
overexpression experiments. We estimated the endogenous R2Bains to be investigated which of these individual
level by western blotting to be about 0.1% (w/w) of the solublgrocesses is particularly affected by raising intracellular P23
cellular protein, a range comparable to that of microtubulelevels. The microtubule stabilising effect of P23 observed in
associated proteins (Barlow et al., 1994; Nguyen et al., 199Aivo may also be indirect, resulting from P23 interfering with
A twofold increase of the total P23 level in bovine mammanyprocesses that affect the overall microtubule stability, but are
epithelial cells resulted in an increase in the average cell sipgimarily mediated by other proteins. The observed alteration
(Fig. 5D) and in considerable morphological alterations (Figof cell morphology in the P23-overexpressing cells is likely
5C). The former observation could be related to the largeo be a result of the microtubule stabilising effect, as
number of cells in the S and/® phases of the cell cycle (Fig. microtubules are a major determinant for cell shape.
5D), and the alterations of cell shape suggested that The results presented in this study show that P23 has
rearrangements of the microtubular cytoskeleton may hauebulin binding properties, that it is found in association with
occurred. Visualisation of microtubules revealed thatubulin or microtubules in vitro and in vivo, and that it exerts
significant rearrangements of the microtubular network had net stabilising effect on microtubules once it is
indeed occurred (Fig. 6A), in particular a predominantlyoverexpressed. These observations, together with the
parallel orientation of microtubules compared to the more@bundance of P23, indicate a relationship to microtubule-
radial arrangement in the vector control cells. We frequentlpassociated proteins. However, P23 is certainly not a bona fide
observed arrays of densely packaged microtubules in the cBlIAP, as MAPs are about tenfold larger proteins whose
extensions, which were reminiscent of microtubule bundlesaffinity to microtubules is considerably higher than that of
Another type of microtubule bundling, in the form of P23. In terms of its size, P23 is more related to the tubulin
circumferential whorls of microtubules, was observed inbinding protein stathmin/Op18, which was recently shown to
individual cells with high P23 expression levels, e.g. inhave microtubule-destabilising activity (reviewed by Lawler,
transiently transfected COS-7 cells and in insect Sf9 cell$998). It is well documented that stathmin/Opl18 binds to
(results not shown). dimeric tubulin (Jourdain et al., 1997; Curmi et al., 1997),
Rearrangement and bundling of microtubules is frequentland more recently it was reported that a subfraction of
observed in cells overexpressing microtubule-associatestathmin can also be found at the mitotic spindle (Gavet et
proteins (Barlow et al., 1994; Takemura et al., 1992, 1995l., 1998). P23 is therefore not unique in its ability to bind to
Umeyama et al., 1993; Weisshaar et al., 1992; reviewed Hyoth tubulin and microtubules, although this property is
Hirokawa, 1994; Maccioni and Cambiazo, 1995; Mandelkowunusual among proteins interacting with tubulin/
and Mandelkow, 1995). However, the individual MAPs differmicrotubules. Several questions remain to be addressed in
considerably in their efficiency to induce such microtubulefurther studies. (1) At present, we cannot resolve the question
alterations (Barlow et al., 1994; Nguyen et al., 1997pf whether the P23-microtubule interaction might be
Takemura et al., 1992; Wang et al., 1996). The effect of MAPmediated by other proteins, as the microtubule preparations
on the microtubular cytoskeleton is mainly attributed to theiused in this study were not free of MAPs. (2) It will be
microtubule-stabilising  function, which has beennecessary to investigate, by employing more specific assays,
demonstrated both by in vitro assays (Gamblin et al., 1996yhether P23 (overexpression) directly affects specific
Pryer et al., 1992; Vandecandelaere et al., 1996) and bheterminants of microtubular dynamic instability or whether
numerous overexpression studies (Lee and Rook, 1998;is involved in other processes, which may indirectly affect
Takemura et al.,, 1992; Nguyen et al., 1997; reviewed bthe equilibrium of microtubule dynamics.
Hirokawa, 1994; McNally, 1996). Therefore, we asked )
whether the observed microtubule rearrangements in P2&ffect of P23 overexpression on cell growth
overexpressing cells were related to increased microtubul@ur overexpression experiments also showed that elevation of
stability. To this end, we compared the microtubule stabilityintracellular P23 levels resulted in a considerable inhibition of
in MAC-B and MAC-B/23-5 cell lines (1) by estimating the cell growth (Fig. 5B). Previous observations demonstrated that
microtubule density per cell and the relative microtubuleéP23 levels are positively related to cell growth. (1) The rate of
mass by confocal microscopy, (2) by assessing the amount B23 synthesis is up-regulated very early after growth
stabilised microtubules in a microtubule-destabilisation assastimulation of mammalian cells and is down-regulated in
and (3) by comparing the relative amount of total tubulin andjuiescent cells (Thomas, 1986; Bbhm et al., 1989) and in cells
of stable microtubules by western blotting. The results of alinder stress conditions (Bommer et al., 1994). (2) Immuno-
these investigations were in good agreement and showed thastochemical staining of whole mouse slices revealed that P23
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levels are particularly high in actively proliferating tissues, The authors wish to thank Miss B. Sawitzki (Berlin) who performed
such as skin and gut (R. Benndorf and U.-A. Bommerimportant initial experiments on the subcellular localisation of P23 in
unpublished observation). (3) The plant homologue of P23 wags!r laboratory. The help of Dr P. Bourdelow (London) in preparing

found to be hlghly expressed |n pro“feratlng tlssues Of peguncated mutants of GST-P23 fusion prOteinS is h|gh|y appreciated.
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ave been made in the png. ra.( . Yan, 8. relan ' Antibodies were obtained from Drs S. Goodbourn (London), P.
Sarras Jr., personal communication). These results are in liggydon-weeks (London) and J.-C. Sanchez (Geneva). Dr D. Schaller

with our findings from immunostaining ex_periments and from(Geneva) provided purified recombinant human and His-tagged yeast
western blots (not shown) demonstrating that P23 levelg23 protein, and antibodies. We are indebted to Mr S. Ribeiro

increase about fourfold during the transition of cells from th&London) for performing the statistical analyses. Dr M. Peitsch
resting to the growing state. The demonstration that P2@®wissprot BioComputing Service at Glaxo Institute for Molecular
overexpression leads to growth retardation does not necessafiplogy, Geneva) provided services for sequence searches in
contradict the notion that P23 is positively involved in celldatabases. We thank Drs M. Clemens, P. Gordon-Weeks, J. Hyams
growth. In the case of various other growth-promoting gen%?\d C. Proud for helpful discussions or comments on the manuscript.
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MAP-4 has recently been shown to result in reduction of the
cell growth rate (Nguyen et al., 1997), apart from interfering
with intracellular vesicle transport (Bulinski et al., 1997). In
the case of P23, the results of our FACS scan analysis (Fig.EFERENCES
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