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increased about 5000-fold above wild-type cells by cloning on 
plasmid pBR322, by the deletion of some E .  coli DNA from 
in front of the araC gene, and by the insertion of the lac 
promoter in front of the gene. 
Acknowledgments 

We thank Tom Roberts for performing the exonuclease I11 
and S1 digestions and Ed Cannon and William Lane for 
performing the N-terminal sequencing of araC protein. 
References 
Bolivar, F., Rodriquez, R., Greene, P., Betlach,.M., Heyneker, 

H., Boyer, H., Crosa, J., & Falkow, S .  (1977) Gene 2, 
95-1 13. 

Casadaban, M. J. (1976) J .  Mol. Biol. 104, 557-566. 
Englesberg, E., Squires, C., & Meronk, F. (1 969) Proc. Nail. 

Greenblatt, J., & Schleif, R. (1971) Nature (London), New 

Guarente, L., Lauer, G., Roberts, T., & Ptashne, M. (1980) 

Haggerty, D. M., & Schleif, R. (1976) J .  Virol. 18,659-663. 
Jacobsen, H., Klenow, H., & Overgaard-Hansen, K. (1974) 

Kolodrubetz. D., & Schleif, K. (1981) J .  Mol. Biol. 149, 

Lis, J. T., & Schleif, R. (1975) J .  Mol. Biol. 95, 395-407. 
Maxam, A. M., & Gilbert, W. (1980) Methods Enzymol. 65, 

Acad. Sci. U.S.A. 62, 1 100-1 107. 

Biol. 233, 166-170. 

Cell (Cambridge, Mass.) 20, 543-553. 

Eur. J .  Biochem. 45, 623-627. 

133-1 39. 

499-560. 

1982, 21, 782-789 

Muller-Hill, B., Crapo, L., & Gilbert, W. (1968) Proc. Nail. 
Acad. Sci. U.S.A. 59, 1259-1264. 

Ogden, S. ,  Haggerty, D., Stoner, C., Kolodrubetz, D., & 
Schleif, R. (1980) Proc. Nail. Acad. Sci. U.S.A. 77, 

Roberts, T., & Lauer, G. (1979) Methods Enzymol. 68, 

Roberts, T., Kacich, R., & Ptashne, M. (1979) Proc. Nail. 

Sheppard, D., & Englesberg, E. (1967) J .  Mol. Biol. 25, 

Shine, J., & Dalgarno, L. (1975) Nature (London) 254,34-38. 
Smith, B. R., & Schleif, R. (1978) J .  Biol. Chem. 253, 

Steffen, D., & Schleif, R. (1977a) Mol. Gen. Genet. 157, 

Steffen, D., & Schleif, R. (1977b) Mol. Gen. Genet. 157, 

Sutcliffe, J. (1979) Cold Spring Harbor Symp. Quant. Biol. 

Twigg, A., & Sherratt, D. (1980) Nature (London) 283, 

Wallace, R., Lee, N., & Fowler, A. (1980) Gene 12, 179-190. 
Weber, K., & Osborn, M. (1969) J .  Biol. Chem. 244, 

Wilcox, G.,  Meuris, P., Bass, R., & Englesberg, E. (1974) J .  

3346-3350. 

473-482. 

Acad. Sci. U.S.A. 76, 760-764. 

443-454. 

6931-6933. 

333-339. 

34 1-344. 

43, 77-90. 

216-218. 

4406-441 2. 

Biol. Chem. 249, 2946-2952. 

Potent Microtubule Inhibitor Protein from Dictyostelium discoideumt 

Ted Weinert,; Piero Cappuccinelli, and Gerhard Wiche* 

ABSTRACT: A novel potent protein factor capable of inhibiting 
the in vitro polymerization of mammalian brain microtubule 
protein and of breaking down preformed microtubules has been 
partially purified from cell extracts of Dictyostelium discoi- 
deum. The factor has an apparent M, of around 13 000 and 
is trypsin resistant but heat and pepsin sensitive. When soluble 
microtubule protein was fractionated into tubulin and mi- 
crotubule-associated proteins and each fraction was assayed 
independently for its susceptibility toward inhibition, it was 
clearly demonstrated that the tubulin but not the associated 

Cytoplasmic  microtubules have been shown to play a dy- 
namic role in such diverse motile processes as mitosis, axonal 
transport, protein secretion, and changes in cell shape (Dustin, 
1978). The elucidation of the mechanisms of these events and 
of the means by which they are regulated depends therefore 
upon detailed investigations of microtubule components at the 
molecular level. Since Weisenberg’s initial demonstration of 
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protein fraction was rendered nonpolymerizable. Soluble tu- 
bulin was inactivated at ratios of 1 mol of inhibitor to 100 mol 
of tubulin, estimated conservatively. Quantitative separation 
of tubulin and inhibitor after inactivation did not result in 
reactivation of tubulin’s polymerizing capacity, suggesting a 
catalytic modification. The biochemical properties tested of 
the inactive tubulin argue against a mechanism involving 
simple proteolysis, N-site GTP hydrolysis or release, or general 
denaturation. 

the in vitro polymerization of microtubules from mammalian 
brain (Weisenberg, 1972), much progress has been made in 
identifying the components and defining their biochemical 
roles. The two components that have been studied most ex- 
tensively, guanosine triphosphate and microtubule-associated 
proteins, are both thought to have positive control functions 
in the assembly of microtubules, i.e., they facilitate the for- 
mation of tubules from soluble tubulin dimers (Kirschner, 
1978). Although these factors have been shown to be integral 
parts of microtubules, evidence suggesting their roles in the 
dynamic control of microtubule assembly and disassembly in 
vivo has not been forthcoming. 

Regulation by factors acting as negative controls should also 
exist; they could trigger the disassembly of microtubules 
and/or maintain large pools on nonpolymerized tubulin in a 
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state readily convertible for subsequent polymer formation. 
The rapid disassembly of cytoplasmic microtubules during the 
cell cycle progression from G2 to mitosis and the presence of 
large amounts of apparently unpolymerized tubulin in sea 
urchin oocytes are just two examples of systems suggestive of 
regulation by such mechanisms (Weber et al., 1975; Raff et 
al., 197 1). Potential negative control factors have, however, 
been identified in only a few instances. Plant alkaloids have 
long been known to be inhibitors of microtubules (Dustin, 
1978), and a number of mammalian brain proteins apparently 
share the same tubulin binding site with these alkaloids 
(Lockwood, 1979; Sherline et al., 1979). None of these protein 
inhibitors, however, have comparable potency in inhibiting 
microtubule polymerization and/or inducing their depolym- 
erization. Similarly, calmodulin (Means & Dedman, 1980) 
and a recently reported M, 94000 polypeptide (Nishida & 
Sakai, 1980) from mammalian brain both show inhibitory 
effects of microtubules, but again with relatively low effi- 
ciencies. Polyanions like RNA and DNA (Bryan et al., 1975; 
Corces et al., 1980) have also been found to inhibit polym- 
erization in vitro, but as in the former cases, their importance 
in vivo remains unclear. Finally, free calcium ions per se seem 
unlikely candidates for active negative in vivo control of mi- 
crotubules, with their cellular concentration being below that 
reported for effective in vitro inhibition (Solomon, 1976). The 
general lack of success in isolating potent inhibitory factors 
is probably attributable in part to the nature of the commonly 
used purification scheme for microtubule protein, which selects 
for tubulin polymerizability and therefore eliminates such 
factors and any tubulin species which is specifically deficient 
in the ability to polymerize. 

Recently, Unger et al. (1979) found that vegetatively 
growing amoeboid cells of Dictyostelium discoideum appar- 
ently contain considerable amounts of nonpolymerized tubulin, 
as judged by fluorescent antibody staining techniques. This 
system therefore seemed a potential source for potent micro- 
tubule inhibitory activities. We report here the partial pu- 
rification and characterization of a novel, potent low molecular 
weight inhibitory protein from Dictyostelium discoideum that 
specifically inactivates the polymerizing ability of brain tubulin 
dimers in an apparent catalytic fashion. 

Materials and Methods 
Enzymes and Chemicals. Trypsin and trypsin soybean 

inhibitor were purchased from Sigma, Munich; phospholipase 
C, RNase A, and DNase I were from Boehringer Mannheim; 
pepsin and phenylmethanesulfonyl fluoride were from Merck, 
Darmstadt. Radiochemicals, [32P]phosphate, [3H]NaBH4, and 
[ 3H]colchicine were from the Radiochemical Center, Am- 
ersham. [y-32P]GTP was prepared according to the method 
of Glynn & Chappell (1964). 

Preparation of Microtubule Inhibitory Activity from 
Dictyostelium discoideum. Dictyostelium discoideum AX2 
was grown axenically on HL5 medium containing 86 mM 
glucose (Cappuccinelli et al., 1978). Amoebas were grown 
to a density of (3-5) X lo6 cells/mL, harvested by centrifu- 
gation, and washed twice with 25 mM sodium 2-(N- 
rnorpho1ino)ethanesulfonate (Mes),' pH 6.4,O.S mM EGTA, 
and 1.0 mM MgC12 (buffer A) supplemented with 1 mM 
phenylmethanesulfonyl fluoride and 1% dimethyl sulfoxide. 
The washing and all following procedures were carried out in 
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the cold. Two milliliters of buffer A plus 0.25 M sucrose was 
added per gram of washed cells, and the cells were broken by 
30 passes in a tightly fitting glass Teflon homogenizer using 
a high-speed rotor. The homogenate was then centrifuged at 
lOOOOOg for 1 h, the supernatant decanted off and saved, and 
the pellet (cell debris) again extracted by repeating the hom- 
ogenization and centrifugation procedure. Supernatants were 
pooled and clarified by centrifugation at lOOOOOg for 2 h. 
Milky liquid floating at the top of the tubes was removed 
carefully, and the supernatants were drawn off, strained 
through glass wool or a glass-filter membrane, and either used 
immediately or stored at -70 OC at a protein concentration 
of 10-12 mg/mL. Aliquots (60 mL) of the extracts were 
chromatographed on phosphocellulose (PC)l columns (3 X 10 
cm) equilibrated with buffer A, at a flow rate of 20 mL/h, 
and 6-mL fractions were collected. After passage of the flow 
through, the column was washed with 60 mL of buffer A and 
then developed with a linear gradient of 0-0.8 M NaCl, and 
3.5-mL fractions were collected. Fractions containing inhi- 
bitory activity were pooled, and the protein was precipitated 
by the addition of (NH4)*S04 to saturation. Precipitated 
protein was resuspended in 100 mM Mes, pH 6.4, 0.5 mM 
EGTA, and 1 mM MgClz (buffer B) plus 10% sucrose at an 
approximate concentration of 6 mg/mL and chromatographed 
on Sephadex G-50 columns (2 X 140 cm) which were cali- 
brated with bovine serum albumin (68 000 daltons) and cy- 
tochrome c (12 000 daltons). The fractions containing peak 
levels of inhibitory activity were used for experiments directly 
or were first concentrated by ultrafiltration using Amicon U2 
filters. In some cases, the latter step resulted in concentration 
of activity but loss in specific activity of up to 5-fold (see next 
section). 

Microtubule Protein. Microtubule protein was purified 
from hog or bovine brain according to the methods of She- 
lanski et al. (1973) or Berkowitz et al. (1977), respectively. 
Hog brain microtubule protein was stored (for up to 4 weeks) 
in 8 M glycerol at -20 OC and bovine brain microtubule 
protein in 4 M glycerol at -80 "C. Stored microtubule protein 
was subjected to a cycle of polymerization and depolymeri- 
zation before use in polymerization experiments. Phospho- 
cellulose-purified tubulin (PC-tubulin) and microtubule-as- 
sociated proteins (PC-MAPS) from hog brain were prepared 
essentially according to Weingarten et al. (1975). PC fractions 
were frozen in liquid nitrogen and stored at -70 OC either 
immediately (tubulin) or after concentration by ultrafiltration 
methods and desalting on Bio-Gel P-6 columns (MAPs). 
Aliquots of fractions were thawed and centrifuged for 1 h at 
200000g to remove aggregated protein before use. The source 
of microtubule proteins (hog or bovine brain) was irrelevant 
for the results reported below. 

Turbidity Assay of Microtubule Polymerization and In- 
hibition. Turbidity measurements were made routinely by 
using a Gilford 240 spectrophotometer equipped with a 
thermostat and an automatic chart recorder. Preincubations 
and assays were carried out in 0.25-mL cuvettes as follows: 
Protein samples (microtubule protein plus inhibitor fraction) 
were diluted into buffer B to a final volume of 0.19 mL and 
final concentrations as indicated in the text. The temperature 
of the mixtures was allowed to equilibrate to 30 "C unless 
otherwise stated, the turbidity was set at zero, and polymer- 
ization was initiated by adding 10 pL of a 20 mM GTP stock 
in buffer B. The solution was rapidly mixed, and the turbidity 
change was followed at 350 nm. The extent of turbidity 
increase or decrease was stable after 15 min in all cases. 
Preincubations were carried out routinely for 5 min before 

~~ ~ ~ 

Abbreviations: Mes, sodium 2-(N-morpholino)ethanesulfonate; PC, 
phosphocellulose; MAPs, microtubule-associated proteins; EGTA, 
ethylene glycol bis(&aminoethyl ether)-N,N,N',N'-tetraacetic acid; Na- 
DodSO,, sodium dodecyl sulfate. 
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FIGURE 1: Phosphocellulosc chromatography of crude cytoplasmic 
extracts. Soluble extracts of Dictyostelium discoideum were prepared 
and chromatographed as described under Materials and Methods. 
Fractions were assayed for protein by measuring the optical density 
at 280 nm (o), and aliquots (50 KL) were assayed for inhibition of 
microtubule polymerization (0). Fractions eluted by salt P 0 . 2  M) 
were dialyzed before assaying. (Inset) NaDcdS04-plyacrylamide 
(7.5%) gel electrophoresis of PC-tubulin (slots 3 and 4) and PC-MAPS 
(slots 1 and 2) fractions. Samples of slots 1 and 3 were incubated 
with peak I1 material (see legend to Figure 7) prior to electrophoresis; 
those of slot 2 and 4 were untreated. 

initiation of polymerization. Percent inhibition was calculated 
from the extent of polymerization vs. a control of microtubule 
polymerization without inhibitor. The specific activity was 
estimated from the amount of protein needed to achieve the 
observed level (percent) of inhibition. In these assays there 
was a linear relationship between amount of inhibitor and 
inhibition for a given concentration of microtubule protein (see 
below). 

Miscellaneous Procedures. In vitro labeling of proteins by 
reductive methylation and tritiation was carried out essentially 
as described by Kumarasamy & Symons (1979) and colchicine 
binding as described by Wiche & Furtner (1980). For the 
in vivo labeling of N-site GTP, the procedure of Spiegelman 
et al. (1977) was followed, with a few minor modifications, 
including the use of rat glial C6 cells instead of CHO cells. 
NaDodS04-polyacrylamide gel electrophoresis in one di- 
mension was carried out by using the discontinuous buffer 
system of Laemmli (1970). For two-dimensional gel elec- 
trophoresis, the method of O'FarreU (1975) was followed. Gels 
were stained with Coomassie Brilliant Blue and destained 
according to Fairbanks et al. (1971). The protein was mea- 
sured according to Lowry et al. (1951) or by the Bio-Rad 
method (Bradford, 1976). 

Results 
Parfial Purification of a Low Molecular Weight Inhibitory 

Protein. In initial experiments, we observed a potent inhibition 
of hog brain microtubule assembly by crude cytoplasmic ex- 
tracts of Dicfyosfelium discoideum. As tested by gel elec- 
trophoresis of assembly components before and after incuba- 
tion with extracts, at least part of this inhibition was due to 
breakdown of microtubule-associated proteins (MAPS)' by 
proteolytic activities present in the crude extracts. In an 
attempt to isolate any nonproteolytic inhibitory activities, crude 
extracts were chromatographed on phosphocellulose (PC)' 
columns (Figure 1). Two distinct peaks of inhibitory activities 
were resolved, one of which, peak 11, was free of any MAP 
or tubulin degradation activity, as judged by electrophoresis 
of inhibitor-treated tubulin and MAP preparations (inset). 
Rechromatography of both peaks on freshly prepared PC 
columns demonstrated that there was no cross-contamination 
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 FIG^ 2: Sephadex G-50 chromatography. Pooled fractions of peak 
I1 activity (Figure I )  were concentrated and chromatographed on 
Sephadex G-50 columns as described under Materials and Methods, 
collecting 2-mL fractions. Fractions were assayed for protein (0 )  
and aliquots (30 KL) tested for inhibition of microtubule polymerization 
(0).  

Table 1: Chemical Pronerties of lnhibitorv Activity' 
treatment inhibition 

none + 
trypsin (1 mg/mL)b + 
pepsin (10 & n L ) e  - 
heat (80 "C, 5 min) 
RNase (20 & n L )  + 
DNase (20 pglmL) + 
phospholipase C (20 Irg/mL) + 
glycine hydrochloride, pH 2.5 + 

- 

Aliquots (20 rL)  of an inhibitory fraction from a Sephadex 
G-50 column (see Figure 2) weie treated in the ways shown in the 
table and then assayed for retention of inhibitory activity 
turbidimetrically. Enzymatic digests were for 30 min at 31 "C. 

After treatment, a 3-fold excess of trypsin soybean inhibitor 
was added to inhibit the reaction. Pliar to pepsin treatment, 
the inhibitor was desalted into 50 mM glycine hydrochloride, pH 
2.5, on a BioGel P-6 column. After treatment, NaOH wasadded 
to pH 6.0; no residual proteolysis remained under these condi- 
tions. The pH change did not affect the inhibitory activity. 

of one activity in the other (data not shown). 
The presumably nonproteolytic inhibitory activity of peak 

I1 was further purified by column chromatography on Seph- 
adex (3-50 (Figure 2). The inhibitor eluted as a single sym- 
metrical peak with a M, slightly greater than that of cyto- 
chrome E .  The specific activity increased about 7-fold over 
that of the material eluted from the phosphocellulose column. 
Peak I activity of the PC column eluted in the void volume 
on Sephadex G-50, indicating a M, greater than 30000 (data 
not shown). The behavior of peak I and peak I1 activities in 
both chromatographic steps strongly suggested that they were 
separate and distinct molecular entities. Because of its ap- 
parent nonproteolytic nature, the peak I1 inhibitory activity, 
further purified by the Sephadex (3-50 step, was used in this 
study. 

Because of the proteolytic inhibitory activity in the crude 
extracts, resolved as peak I on phosphocellulose, it was im- 
possible to accurately estimate the initial activity attributable 
to the peak I1 material. Assuming its complete recovery from 
the crude supernatants in the peak I1 fraction, we calculated 
a purification of about 500-fold after the two chromatographic 
steps. 

The inhibitor was shown to be sensitive to both heat and 
pepsin treatment (Table I). I t  was insensitive to trypsin, 
DNase, RNase, and phospholipase C. The inhibitor therefore 
is a trypsin-resistant polypeptide. 

An attempt was made to identify the inhibitor among the 
other contaminating proteins in the Sephadex G-50 fraction 
with the aim of estimating the stoichiometry of microtubule 
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FIGURE 3: Bio-Gel P-10 chromatography of trypsin-treated and 
untreated samples. A 1M)-rL aliquot of a partially purified inhibitor 
preparation at 100 pg/mL was desalted into 0.2 M sodium borate, 
pH 9.0, and labeled with [)H]NaBH, essentially as described by 
Kumarasamy & Symons (1979). Tritiated (5 X I@cpm/rL) inhibita 
fractions (0.8 mL) were incubated in buffer A with and without trypsin 
for 45 min at 37 "C and then chromatographed separately in the Same 
buffer on Bio-Gel P-10 columns (1.8 X 4 0  cm) at a flow rate of 5 
mL/h. Fractions of 1 mL were collected, and aliquots were either 
counted for radioactivity (A) or assayed for inhibitory activity (0). 
Samples with trypsin were treated with trypsin soybean inhibitor before 
assaying. (A) Inhibitor without trypsin. (B) Trypsin-treated inhibitor. 
12K designates the peak fraction of eluted cytochrome c. (Insets) 
Aliquots ( IO6 cpm) of samples (A or B) analyzed by electrophoresis 
on 15% polyacrylamide slab gels and subsequent fluorography 
(Chamberlain, 1979); standards were cytochrome c (M,  IZOOO), 
trypsin soybean inhibitor (M,  ZOOM)), and bovine serum albumin (M,  
68000). 

protein inhibition (see below). An inhibitor preparation was 
therefore radioactively labeled by reductive methylation and 
divided into two parts, one of which was exposed to trypsin 
to select for trypsin-resistant factors. Both the trypsin-treated 
and the untreated samples were then analyzed separately by 
chromatography on Bio-Gel P-10 (Figure 3). In both cases 
the elution profiles and the recovery of the inhibitory activities 
were identical. However, in the trypsin-treated sample, the 
protein wntent of the peak fraction (no. 30) was about 10-fold 
reduced. This led us to conclude that no more than 10% of 
the protein in the Sephadex G-50 fraction is attributable to 
the inhibitor. NaDodS0,-polyacrylamide gel electrophoresis 
of the untreated sample (inset, Figure 3A) revealed a number 
of protein bands, predominantly in the M, range between 
10000 and 20000. Since most of these bands were still de- 
tectable in the trypsin-treated sample, although some a t  
drastically reduced amounts, it was not possible to identify any 
particular band as the inhibitor. 

Characierisiics of Microtubule Protein Inhibition. The 
effects of the inhibitor on the polymerizing ability of micro- 
tubule proteins were observed in several ways. First, prein- 
cubations of microtubule proteins with sufficient amounts of 
inhibitor before initiation of assembly resulted in the wmplete 
inhibition of polymerization (Figure 4, curve IV). Second, 
addition of inhibitor to preformed microtubules caused a rapid 
breakdown of polymers, as shown by the sudden drop in 
turbidity (curve 11). Third, when inhibitor and the assembly 
initiator, GTP, were added simultaneously to the soluble 

Time ( m i " )  

FIGURE 4 Inhibition of microtubule polymerization. Hog brain 
microtubule protein (0.6 mg/mL) in buffer B was preincubated in 
the absence of GTP at 30 "C for 5 min with inhibitor fractions from 
the Sephadex G-50 column. Polymerization was initiated by addition 
of GTP as described under Materials and Methods. The inhibitor, 
at a final concentration of 10 rg/mL, was either absent during the 
assay (control, curve I), added 10 min after polymerization had been 
initiated (curve 11). added simultaneously with GTP (curve III),  or 
preincubated with microtubule protein before addition of GTP (curve 
IV). 
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FIGW 5:  Relationship between extent of polymerization and inhibitor 
concentration. Hog brain microtubule protein (0.7 mg/mL) was 
preincubated for 5 min at 30 OC with inhibitor fractions from Sephadex 
G-50 which had been concentrated as described under Materials and 
Methods. Polymerization was initiated by addition of GTP. No 
inhibitor (curve I); 5 rg/mL (curve 11); 10 rg/mL (curve 111); 15 
pg/mL (curve IV); 5 0  rg/mL (curve V). 

microtubule protein (curve 111). a burst of polymerization 
occurred before subsequent breakdown of microtubules. In 
thii case initially the rate of polymerization was evidently faster 
than the rate of inhibition, indicating that the inhibitor required 
some time to bring about inhibition of microtubule compo- 
nents? Lower ratios of inhibitory activity to microtubule 
protein than those used in the experiments of Figure 2 led to 
a corresponding decrease in the extent of inhibition of po- 
lymerization (Figure 5). The observation that in these cases 
the optical densities did not decrease to base levels but re- 
mained more or less constant after maximum values were 
reached would have been consistent with a stoichiometric 
relationship between the amount of inhibitor and the extent 
of p~lymerization.~ 

' It should be noted that in additional experiments where the period 
of preincubation of microtubule protein with inhibitor was varied (1, 2. 
or 3 min), the initial rates of polymer formation upon addition of GTP 
were inversely proportional to the length of preincubation. ' The significance of the "overshoot" kinetics (Figure 5, C U N ~  11) 
observed repeatedly at low inhibitor to microtubule protein ratios remains 
unclear. Similar unclarified observations have been reported by others 
(Vallee & Barisy, 1977). 
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FIGURE 6: Effects of inhibitor on microtubule protein Components. 
PC-tubulin and PC-MAPS prepared as described under Materials and 
Methods were individually incubated (37 OC, 5 min) with inhibitor 
(10 pg/mL) of unconcentrated Sephadex G-50 fractions, at final 
concentrations of 1.2 mg/mL PC-tubulin, 0.4 mg/mL PC-MAPS, 
and 1 mM GTP. (Curve 111) Preincubation of PC-tubulin without 
inhibitor; initiation of polymerization by addition of MAPs (control). 
(Curve 11) Preincubation of PC-MAPS with inhibitor; initiation of 
polymerization by PC-tubulin. (Curve I) Preincubation of PC-tubulin 
with inhibitor; initiation by PC-MAPS. GTP was present throughout 
the incubations. 

Site of Inhibition and Evidence for a Catalytic Mechanism. 
For identification of which of the two major components of 
in vitro polymerized microtubules, the tubulin, or the micro- 
tubule-associated proteins (MAPS)' was being inactivated by 
the inhibitory factor, a series of mixing experiments with 
phosphocellulose purified tubulin and MAPS was carried out. 
One component was preincubated with the inhibitor and GTP, 
and the second was added to initiate polymerization. Con- 
ditions were chosen such that a burst of polymerization, like 
that in Figure 4 (curve HI), would occur only if the prein- 
cubated components were unaffected by the inhibitor. (Pre- 
liminary experiments showed that free GTP was not cleaved 
by the inhibitor and therefore appeared not to be directly 
involved in the mechanism of inhibition.) In fact, when PC- 
MAPs, GTP, and inhibitor were preincubated for 5 min at 37 
OC and PC-tubulin was added to initiate polymerization, an 
initial burst of polymerization occurred (Figure 6, curve 11) 
which was identical in slope with that seen in the control 
sample (curve 111). However, when PC-tubulin, GTP, and 
inhibitor were preincubated and PC-MAPS added later, no 
polymerization ensued (curve I). These results suggested very 
strongly that tubulin was the specific site of inhibitory action 
and that MAPS were unaffected. 

Assuming a M ,  of around 13 000 for the inhibitor and 
complete inactivation of the tubulin in the experiments shown 
in Figure 6 (a conclusion supported in experiments shown 
below) and considering that the inhibitor constitutes at most 
only 10% of the protein in the partially purified fractions, we 
estimated from the data shown in Figure 6 a minimum stoi- 
chiometry of 100 mol of tubulin being inactivated by 1 mol 
of inhibitor. This ratio suggested that the inhibitor either acts 
effectively through some substoichiometric poisoning mecha- 
nism, whereby only a few tubdin-inhibitor complexes are 
needed to block and depolymerize microtubules, or acts by 
inactivating tubulin in a catalytic-like manner. 

To distinguish between these two possibilities, we designed 
an experiment to examine whether inhibitor-treated tubulin 
would regain its polymerizability after removal of the inhibitor. 
Microtubule protein was rendered nonpolymerizable by ad- 
dition of inhibitor, and this mixture was subsequently chro- 
matographed on phosphocellulose columns under conditions 
where the inhibitor and M APs. but not the tubulin, should bind 

id+.--.- -1 L- & , I 
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FIGURE 7: Chromatographic separation of inhibitor, tubulin, and 
MAPs after incubation. Hog brain microtubule protein (6  mg/mL) 
in buffer B with 0.1 mM GTP and 2 mM 2-mercaptoethanol was 
preincubated with inhibitor (80 pg/mL) for 60 min at 4 OC. The 
mixture (1.7 mL) was chromatographed on phosphocellulose columns 
(5 mL) equilibrated with the same buffer, at a flow rate of 2 mL/h, 
and 0.4-mL fractions were collected. After elution of tubulin, the 
column was first developed with 8 mL of 0.18 M NaCl in buffer B 
and subsequently with 1 M NaC1. Aliquots of fractions were assayed 
for protein (0) and inhibition of microtubule polymerization (a). 
(Inset) Microtubule protein (0.6 mL, 6 mg/mL) with (A) or without 
(B) inhibitor (50 pg/mL) was incubated as above and chromato- 
graphed under identical conditions on 2-mL columns at a flow rate 
of 1.5 mL/h, collecting 0.25-mL fractions. Each column required 
about 1 h for loading and elution of the tubulin. 

to the column. As shown in Figure 7, the inhibitory activity 
adhered to the column and eluted in low salt, as was the case 
in its purification. Its recovery from the starting material was 
92%, which is essentially complete recovery within the ex- 
perimental uncertainty inherent in the turbidity measurements. 
The tubulin recovery from the PC columns was unaffected by 
the preincubation with the inhibitor, eluting in the same yield 
as an untreated tubulin sample (insets in Figure 7) .  As ex- 
pected, the MAPS eluted from the column retained their ability 
to stimulate polymer formation of control tubulin, as dem- 
onstrated both by turbidity and electron microscopic methods 
(data not shown). 

The polymerizability of the recovered tubulin (inhibitor- 
treated tubulin) was then tested by addition of PC-MAPS and 
GTP. In contrast to control tubulin, isolated under identical 
conditions (Figure 8, curve I),  the inhibitor-treated tubulin 
was incompetent for polymerization (curve 11). Upon addition 
of fresh, non-inhibitor-treated PC-tubulin at a final concen- 
tration approximating that of the control incubation (curve 
I) to a mixture of inhibitor-treated tubulin, PC-MAPS, and 
GTP, polymerization ensued immediately (curve 111). The 
kinetics and extent of polymerization, being identical with those 
seen in the control, demonstrated that no detectable amounts 
of inhibitor were present in the inhibitor-treated PC-tubulin. 
This, together with the complete recovery of the inhibitor from 
the phosphocellulose column (Figure 7), showed that the in- 
hibitor-treated PC-tubulin is lacking its ability not only to 
initiate polymerization (curve 11) but also to elongate onto 
existing microtubules (curve 111). If the inhibitor-treated 
PC-tubulin could participate in elongation, the extent of 
turbidity seen in curve I11 would have been much higher than 
that of the control (curve I).  These experiments suggested 
that the activity rendering tubulin nonpolymerizable was of 
an enzymatic nature. 

Further Characterization of Polymerization-Inhibited Tu- 
bulin. In a preliminary effort to unravel the molecular basis 
of the inhibitory reaction rendering tubulin nonpolymerizable, 
a few characteristics of the tubulin species were studied. 
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For polymerization, inhibitor-treated PC-tubulin and control PC- 
tubulin prepared by phosphocellulose chromatography as described 
in Figure 7 were incubated with PC-MAPS and GTP. at final con- 
centration of 1 mg/mL PC-tubulin, 0.4 mg/mL PC-MAPS, and I 
mM GTP. (Curve I) Control PC-tubulin plus PC-MAN (curve II) 
inhibitor-treated PC-tubulin plus PC-MAPS: (curve 111) as in curve 
11. but with the later addition of a concentrated solution of untreated 
PC-tubulin to a final concentration of I mg/mL. 
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FIGURE 9 Colchicine binding of inhibitor-treated and untreated 
tubulin. Control PC-tubulin and inhibitor-treated PC-tubulin were 
prepared as deocribal in the legend to Figure 7. Aliquots were assayed 
for colchicine binding essentially as described by Wiche & Furtner 
(1980). All assays were run in triplicate at a final protein concen- 
tration of 0.25 mg/mL. Decay curves were constructed by linear 
least-squares fit to averaged data points. (0) Untreated tubulin, 
half-life of decay 5.6 h: (A) inhibitor-treated tubulin, half-life 5.0 
h. 

Colchicine bindimg activity is considered a measure of tubulin’s 
native state and conformational integrity. Both the initial 
colchicine binding capacity and the rate of decay of binding 
of the polymerization-incompetent tubulin were found to be 
very similar to those of control PC-tubulin (Figure 9 )  and 
agreed with published data (Wiche & Furtner, 1980). 

The polypeptide length and gross charge of the protein 
subunits also remained unaltered after treatment with inhibitor, 
as judged by two-dimensional gel electrophoresis (Figure IO). 
Thus proteolytic activity dow not seem likely to be involved, 
although it cannot be rigorously ruled out. 

The conclusion drawn from the experiments shown in Fig- 
ures 7 and 8 was that tubulin is irreversibly altered by the 
inhibitor. This rendered simple cleavage of GTP bound to the 
exchangeable (E) site of tubulin a highly unlikely mechanism 
of inactivation. In addition, the following experiment clearly 
established that the inhibitor fractions were lacking GTPase 
activity in any sufficient amount to account for tubulin’s in- 
capability to polymerize. An inhibitor fraction (2 pg of pro- 
tein) and, as a control, a MAPs fraction (20 pg of protein) 
were incubated with 0.3 mM [y-”P]GTP in conditions similar 
to those u x d  for turbidity measurements of microtubule po- 
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FIGURE I O  Twdimensional gel electrophoresis of untreated and 
inhibitor-treated tubulin. Bovine microtubule protein (2.4 mg/mL) 
was preincubated in the presence or absence of inhibitor (75 pg/mL) 
for 15 min on ice. The samples were then placed in cuvettes, the 
temperature was raised to 32 OC, and polymerization was allowed 
to proceed to completion. (The plateau levels of optical density at 
350 nm were 0.255 for control microtubule protein and <0.01 for 
inhibitorcontaining samples.) Aliquots were then taken and prepared 
for two-dimensional gel electrophoresis according to the procedure 
of OFarrell(1975). Electrophoresis was performed with a pH 5-7 
gradient in the first dimension and a 10% polyacrylamide gel 
(Laemmli, 1970) in the second dimension. Actin ( 8  pg) was added 
to all samples before isoelectric focusing to aid in comparison of 
mobilities. (A) Untreated ( 8  pg). (B) inhibitor-treated (8  pg), and 
(C) mixture of untreated (4 pg) and inhibitor-treated (4 pg) mi- 
crotubule protein. Only the tubulin region of the gels is shown. The 
large spot in the lower left corner of each picture is actin. Spots of 
a- and @-tubulin are indicated. Note the resemblance in size and 
relative mobilities of tubulin spots in all three pictures. 

lymerization and inhibition (see Materials and Methods). 
After adsorption of nucleotides with charcoal and centrifu- 
gation, released 3zPi was measured in the supernatants. It was 
determined that in both cases less than 1% of the total GTP 
present in the incubation mixtures was being cleaved during 
5 min, the preincubation period applied in most of the inhib- 
ition experiments (e&, Figure 5) .  This negligible GTPase 
activity of the inhibitor fraction was independent of the 
presence of tubulin in the incubation mixtures. 

To determine whether nonexchangeable (N-site) GTP was 
altered upon inactivation of tubulin, we radioactively labeled 
N-site GTP by in vivo methods (Spiegelman et al.. 1977) and 
showed that there was no detectable release of lZPi from a 
tubulin sample upon incubation with the inhibitor. Moreover, 
it was shown by extensive dialysis of either mixtures of in- 
hibitor and radioactively labeled tubulin or tubulin alone, 
followed by analysis of bound nucleotide by thin-layer chro- 
matcgraphy, that the amounts of protein-bound GTP and GDP 
were the same in the control and inhibitor-treated sample (data 
not shown). Thus, N-site GTP was neither cleaved nor re- 
leased from tubulin upon inactivation by inhibitor. 

Discussion 

In the present study we uxd purified porcine brain micro- 
tubule protein as an in vitro assay system to search for in- 
hibitors of microtubule polymerization in extracts of Dict- 
yostelium discoideum. By fractionating crude cell extracts 
of Dictyostelium discoideum on phosphoallulose and Seph- 
adex G-50 columns, we partially purified a novel inhibitory 
protein of M, around 13 OOO. The inhibitor bears no resem- 
blance to previously reported inhibitory proteins, including 
those from mammalian brain (Lockwood, 1979; Sherline et 
al., 1979) and the ubiquitously found calmodulin (Means & 
Dedman, 1980). as it differs from these factors either in size, 
or heat resistance and Caz+ requirement. It is the most potent 
inhibitor reported to date, inhibiting microtubule assembly 
conservatively estimated a t  a stoichiometry of 1 inhibitor to 
100 tubulin molecules. 

Two lines of evidence clearly established that among the 
two major components of the in vitro assay system used, the 
tubulin and the MAPs, only the former was affected by the 
inhibitor. First, when the two components were chromato- 
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possibility of an unusual specific limited exopeptidase activity 
rendering tubulin nonpolymerizable could not be ruled out by 
these experiments, for that terminal amino acid analysis will 
be necessary. Similarly, a potentially novel mechanism in- 
volving sulfhydryl group rearrangement cannot be excluded, 
although the inhibitory activity is not affected by the presence 
of reducing agents (unpublished data), nor is the inhibitor- 
treated tubulin reactivated in their presence. Finally, an at- 
tractive inhibitory mechanism would be the covalent modi- 
fication of tubulin, for instance, by phosphorylation. This could 
render tubulin molecules nonpolymerizable either by directly 
impeding their interaction with each other and/or associated 
proteins or by causing irreversible conformational changes. 

General denaturation of the tubulin molecule was ruled out 
by the colchicine binding assays which revealed full retention 
of initial binding capacity and decay rates of the inhibitor- 
treated tubulin. The observation of unaffected colchicine 
binding but total lack of polymerizability is, as far as we know, 
the first direct demonstration that these two parameters 
specific for tubulin are not necessarily related. Thus, esti- 
mating tubulins conformational integrity by the criteria of 
colchicine binding apparently does not reflect its intrinsic 
ability to polymerize. 

In summary, the potent microtubule inhibitory protein 
partially purified from extracts of Dictyostelium discoideum 
appears to render microtubule protein nonpolymerizable in a 
fashion reminiscent of an enzymatic process. Although the 
precise mechanism of action has yet to be resolved, the tubulin 
molecule was clearly identified as the inhibitor’s target. 
Finding the exact nature of the inhibitory mechanism could 
lead to new formulations and approaches to the problem of 
in vivo control of microtubule assembly and disassembly. 
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Multiplicity, Strain Differences, and Topology of Phenobarbital-Induced 
Cytochromes P-450 in Rat Liver Microsomes+ 

George P. Vlasuk, John Ghrayeb, Dene E. Ryan, Linda Reik, Paul E. Thomas, Wayne Levin, 
and Frederick G. Walz. Jr.* 

ABSTRACT: The multiplicity of phenobarbital-induced cyto- 
chromes P-450 in liver microsomes from male rats was in- 
vestigated by using twedimensional gel electrophoresis, peptide 
fingerprinting, and immunoaffinity chromatography. Two 
colonies each of Holtzman and Long-Evans rats were studied. 
Four molecular forms of phenobarbital-induced cytochromes 
P-450 were distinguished as polypeptides (designated PB3, 
variant PB3, PB4, and PB5) which showed apparent immu- 
nochemical identity and 195% fingerprint homology. Two 
of these polypeptides corresponded to cytochrome P-450b 
[Ryan, D., Thomas, P. E., Korzeniowski, D., & Levin, W. 
(1979) J .  Biol. Chem. 254, 1365-13741 and cytochrome P- 
450e [Ryan, D., & Levin, W. (1981) Fed. Proc., Fed. Am. 
SOC. Exp. Biol. 40, 16401 which had been purified from 
Long-Evans rats (variant PB3 and PB5, respectively). Each 
rat colony was characterized by unique combinations of two 
or three of these immunochemically related forms of cyto- 

I t  is generally accepted that the ability of mammalian liver 
monooxygenase systems to metabolize a remarkably wide 
range of xenobiotic and endogenous substrates results from 
the participation of multiple forms of cytochrome P-450, each 
of which may exhibit a broad but selective substrate specificity 
(Lu & Levin, 1974). The number of unique cytochromes 
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chrome P-450. Cytochrome P-450e was present in rats from 
all four colonies, but cytochrome P-450b was only found in 
Long-Evans rats. Polypeptide PB3 was only found in the two 
colonies of Holtzman rats, whereas polypeptide PB4 was 
present in one colony each of Holtzman and Long-Evans rats. 
In addition to these forms of cytochrome P-450, rats from each 
colony also evidenced three other major phenobarbital-induced 
polypeptides which gave unique fingerprints, and one of these 
was identified as representing epoxide hydrolase. Proteolytic 
digestion studies of intact microsomes demonstrated that the 
four immunochemically identical forms of cytochrome P-450 
were partially exposed on the outer (cytoplasmic) surface of 
microsomes. However, polypeptide PB3 was characterized by 
the greatest rate of proteolytic degradation. These results 
clearly demonstrate that phenobarbital-induced cytochromes 
P-450 include microheterogeneous proteins which show re- 
markable variations related to rat strain and/or colony. 

P-450 that potentially constitute the liver monooxygenase 
system in a single mammalian species is currently unknown. 
Nevertheless, at  least six distinct forms of this enzyme have 
already been purified from rat liver (Guengerich, 1978; Ryan 
et al., 1979; Elshourbagy & Guzelian, 1980; Ryan et al., 1980; 
Ryan & Levin, 1981), and four of these have been shown to 
represent different gene products (Ryan et al., 1980; Botelho 
et al., 1979). However, in addition to their primary structures, 
it is also possible that cytochrome P-450 polypeptides differ 
as a result of posttranslational modifications [e.g., by glyco- 
sylation (Haugen & Coon, 1976; Hiwatashi & Ichikawa, 
1980) and/or phosphorylation (Sharma et al., 1978)] which 
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