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Stathmin: A Tubulin-Sequestering Protein Which Forms a Terna8 Gomplex
with Two Tubulin Molecule$
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ABSTRACT. Stathmin is an important regulatory protein thought to control the dynamics of microtubules
through the cell cycle in a phosphorylation-dependent manner. Here we show that stathmin interacts
with two molecules of dimeri@—tubulin to form a tight ternary 35 complex, sedimenting at 7.7 S.

This complex appears in slow associatiatissociation equilibrium in the analytical ultracentrifuge. The

T.S complex is formed under a variety of ionic conditions, either from &P GDP-tubulin or from

the tubulin-colchicine complex. The S16/25/38/63

E mutated stathmin in contrast is in rapid equilibrium

with tubulin in the ;S complex. The 7S complex cannot polymerize in microtubules nor in ring
oligomers. Stathmin acts as a pure tubulin-sequestering protein via formation ofSheomplex. It
does not act directly on microtubule ends to promote catastrophe nor enhance microtubule dynamics.

Stathmin plays a pivotal role in signal transduction (1).
This ubiquitous, conserved, 17 kDa protein is phosphorylated
in multiple and complex ways in response to a variety of

MgCl,, and 0.1 mM GTP (M buffer). Before use, tubulin
was submitted to one cycle of assembly at°87in MMg
buffer (M buffer containing 0.5 mM GTP and 6 mM Mg{l

extracellular stimuli on four serines (S16, S25, S38, and S63; Sedimented microtubules were resuspended in a buffer
2—5). A large body of evidence indicates that stathmin has containing GTP or GDP, centrifuged at’@, 40000@ for

an essential function in neuronal differentiation and cell 10 min, and chromatographed through Sephadex G-25
division and is suject to cell cycle-regulated phosphorylation (PD10, Pharmacia) equilibrated in the chosen buffer. Tu-
(6—11). Recently, in a search for microtubule destabilizing bulin concentration was determined spectrophotometrically

factors in Xenopus egg extracts, stathmin was identified as
a protein regulating the dynamic instability of mitotic
microtubules 12), by enhancing microtubule catastrophe, i.e.,
the frequency at which they switch from a regime of slow
growth to a regime of rapid depolymerizatioa3( 14).

using an extinction coefficient of 1.2 mycm? at 278 nm
(19.

Recombinant Stathmin was expresse&satherichia coli
and purified as describe@@). Stathmin concentration was
determined by amino acid analysis. In Bradford assays, 1

Stathmin was also demonstrated to inhibit tubulin polym- ;M stathmin corresponded to 0.2M tubulin.

erization in a highly substoichiometric manné®). More
recently, however, stoichiometric amounts of stathmin were
shown to inhibit tubulin polymerizatiom vitro, and phos-
phorylation was shown to control its microtubule-destabiliz-
ing activityin »iv0o, but notin vitro (15). Another neuronal,

stathmin-related protein, SCG-10, which is abundant in 55 "M EGTA and 0.5 mM MgG)

Analytical Ultracentrifugation Sedimentation velocity
was measured at 20C in a Beckman Optima XL-A
analytical ultracentrifuge. Samples containing tubulin or
tubulin—colchicine complex (#20uM) equilibrated in GTP-
or GDP-containing P buffer (80 mM PIPES-KOH, pH 6.8,
and different amounts

growth cones, has also been reported to cause microtubulét gathmin were centrifuged at 50 000 rpm. Radial scans

disassembly X6).

To understand the mechanism of action of stathmin and
the molecular basis for its cellular function, we have analyzed
the interaction of stathmin with tubulin and microtubuies
vitro using analytical ultracentrifugation, turbidimetric mea-
surements of microtubule assembly and colchicine binding.

MATERIALS AND METHODS

Proteins Tubulin was purified from pig brain by two
cycles of polymerization1(7) and phosphocellulose chro-
matography 18) and stored at-80 °C in 50 mM MES-
KOH, pH 6.8, 3.4 M glycerol, 0.5 mM EGTA, 0.5 mM
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were taken at 290 nm at 5 min intervals. Stathmin is not
visible at 290 nm due to its lack of aromatic residues. To
estimate the concentration of tubulin in the different sedi-
menting species, the instrument was calibrated by measuring
the absorbance of tubulin solutions of known concentrations
at low speed (3000 rpm). Scans were analy24iito derive

the distribution of sedimentation coefficients.

Colchicine Binding The kinetics of colchicine binding
to tubulin was monitored by the increase in fluorescence of
colchicine @2) using a Spex spectrofluorimeter thermostated
at 30°C. Excitation and emission wavelengths were 365
and 425 nm, respectively. Precycled tubulin (&™),
equilibrated in P buffer containing %M GTP, was reacted
with 150 4M colchicine. Data were analyzed in terms of a
double exponential2?).

Polymerization Studies Tubulin polymerization was
monitored turbidimetrically at 350 nn28) in a Kontron-
Uvikon spectrophotometer thermostated at €7, using
cuvettes of 15Q«L and 1 cm light path (Hellma). Experi-
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ments were carried out either in MMg or PMg buffers
containing 0.5 mM GTP. To start the reaction, Mg@t a
concentration of 6 mM was added to the tubulin solution in
M or P buffer that had been preheated in the cuvette for 1
min. The increase in turbidity was recorded.

Critical concentration plots, representing the amount of
polymerized tubulin versus the total concentration of tubulin,
were obtained by polymerizing a stock solution of tubulin
in a water bath at 37C, followed by addition of stathmin
and serial dilution with warm polymerization buffer contain-
ing the same amount of stathmin. The absorbance of each 5 1 .
sample was measured at 37, then after 15 min incubation s(Svedbergs)
at 0°C to ensure complete depolymerization. The difference
between the two values was plotted versus the total concen-
tration of tubulin, yielding a linear curve in the tubulin
concentration range investigated. The abscissa intercept
represented the concentration of unassembled tubulin at
steady state. The values of absorbance read@tifcreased
slightly with tubulin concentration (see Figure 4a, open
circles, as an example), but at a given concentration of
tubulin, the values were independent of the concentration
of stathmin present in the sample.

To validate the use of turbidimetric measurements of 5 o3 ;
microtubule assembly, the amount of protein present in the Stathmin : Tubulin molar ratio
supernatants of microtubules sedimented for 8 min at fgee1: Stathmin forms a ternary,$ complex with two tubulin
30000@, 37 °C, was assayed. The concentration of unas- g4 heterodimers. (a) Distribution of the sedimentation coefficients
sembled tubulin was calculated as the difference betweenof GDP—tubulin (13.54M) in the absence (1) and in the presence
the measured amount of protein and the concentration ofﬁlfqgsﬂme(%ei%% \Z(Z.J|5L/J/§:!\£n(3i?’]Sé?]tgn(](i)r:.l.r\l?ec;tslarg)tr:)er (tjv%:)a &E?V?ig)
stathmln. The values were identical to those derived from gaussian curves. (b) Sedimentation velocit'y of tubulin in P buffer
turbidimetric data. SDSPAGE demonstrated the absence i the presence of stathmin. The percent of tubulin in the 7.8 S
of stathmin in the microtubule pellets.

complex is plotted versus the stathmin:tubulin molar ra@g.
Polymerization of tubulir-colchicine complex was moni- ~ GDP—tubulin (13.5:M); A, tubulin—colchicine (15«M); O, GTP—
tored at 420 nmZ4) in MMg buffer. tubulin (7.5u4M); O, GTP—tubulin (12uM).

GTP Hydrolysis Measurement§ ubulin was polymerized
at 45uM in PMg buffer containing 20cM y-32P-labeled
GTP. When steady state was reached (from absorbanc
measurements), the solution was split into different tubes
using a truncated tip and was supplemented with different
concentrations of stathmin. Hydrolysis of GTP at steady
state was measured as describ2s).(

<g*($)>

100

50+

% of tubulin in 7.7 S species
(=]

1.5

ing at 7.7 S at 20°C. No intermediate complex was
observed. This result was obtained with GitBbulin,
E‘GDP—tubuIin, and tubulir-colchicine. The complex ap-
peared slightly weaker with GFRubulin. Upon addition

of increasing amounts of the S16/25/38/63E mutated stathmin
to tubulin, the 7.7 S complex was eventually formed, but
the distribution of sedimentation coefficients always dis-
played a single gaussian curve, with a maximum S value
increasing from 5.6 to 7.7 S, which indicated that, in contrast
to stathmin, the mutated stathmin was in rapid equilibrium

RESULTS

Stathmin Interacts with Twag-Tubulin Heterodimers in
a Ternary BS Complex The sedimentation velocity of  with tubulin (26).
tubulin was examined in the presence of different amounts Independent evidence for the interaction of stathmin with
of stathmin. In P buffer, tubulin sedimented as a single two molecules of tubulin was provided by the effect of
species of 5.6 S. In the presence of an excess of stathminstathmin on the rate of colchicine binding to tubulin,
tubulin sedimented as a single species at 7.7 S. Atdisplayed in Figure 2. Colchicine binding was slowed down
substoichiometric amounts of stathmin, the 5.6 and 7.7 Sby stathmin, consistent with the formation of a ternary
species sedimented as two independent noninteracting comeomplex of two tubulins and one stathmin, to which

ponents (Figure 1a), which indicated that the tubdlin
stathmin complex is in slow associatiodissociation equi-
librium. The proportion of tubulin in the 5.6 and 7.7 S

colchicine bound with a 3-fold slower rate. The change in
fluorescence of colchicine upon binding to tubulin is known
to be biphasic Z7), the first phase accounting for 70% of

species at each concentration of stathmin was derived fromthe overall fluorescence change. Only the rate constant of
the distribution of sedimentation coefficients. Figure 1b the first phase was decreased by stathmin, the slow phase
shows that the mass fraction of the 7.7 S species increasedemained unaffected. The overall increase in fluorescence
with the amount of stathmin added and reached a maximumalso was unaffected by stathmin.

of 1 as soon as 0.5 M equiv stathmin per tubulin was present Mechanism for Destabilization of Microtubules by Stath-
in the sample. No other species was observed uponmin. Spontaneous polymerization of tubulin into microtu-
increasing stathmin up to a 2:1 molar ratio to tubulin. These bules was inhibited by stathmin. Figure 3 shows that in the
results demonstrate that stathmin (S) interacts with two presence of stathmin, the lag time preceding microtubule
molecules of tubulin (T) in a ternary,$ complex sediment-  assembly was longer and the extent of turbidity increase was
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Stathmin, pM

FiIGURe 2: Stathmin slows down colchicine binding to tubulin with

a 1:2 molar ratio. The time course of colchicine binding to tubulin
(10 uM in P buffer) was examined in the presence of the indicated
concentrations of stathmin. The values of the first order rate constant
for the rapid phaseX) and the slow phas@®| of the fluorescence
change are plotted versus stathmin concentration. The lower limit
value of the rate constant of the rapid phase was confirmed by
other data (not shown) up to 2BV stathmin.
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Ficure 3: Stathmin inhibits spontaneous polymerization of pure
tubulin and causes microtubule disassembly. Tubulin was polym-
erized at 15:M in MMg bulffer in the absence (0) or in the presence
of stathmin at the indicated concentrations (in micromolarity).
Arrow indicates the addition of ZM stathmin to preassembled
microtubules.

lower, indicating that a lower amount of microtubules were
assembled at steady state. The same final turbidity level
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Ficure 4: Stathmin depolymerizes microtubules into the T2S
complex. (a) Critical concentration plots for microtubule assembly
in MMg buffer in the absence®) and in the presence of 1:8M
(d) and 3uM (a) stathmin. Open circles: absorbance at@®
following depolymerization of microtubules. (b) Critical concentra-
tion plots in PMg buffer, in the absenc®) and in the presence
(O) of 3 uM stathmin. The values of absorbance &0have been
subtracted. (c) Stathmin sequesters tubulin in a 1:2 molar ratio.
Tubulin was polymerized at 46M in PMg buffer, and stathmin
was added as indicated at steady staterepresents the difference
in absorbances measured at 37 arfiC4

sathmin added, consistent with the formation of a ternary
T,S complex that does not participate in microtubule

was reached at late times whether stathmin was added toassembly. The remaining microtubules coexist at steady state

preassembled microtubules or to tubulin before polymeri-

with dimeric tubulin at an unmodified critical concentration.

zation was started. This result indicates that a defined steadyThe curvature of the critical concentration plots at low tubulin

state exists in the presence of stathmin.
The effect of stathmin on the amount of tubulin polym-

concentration is consistent with the relatively facile nucle-
ation of microtubules in glycerol-containing MMg buffer.

erized at steady state provides a means to quantitativelySimilar curved plots are indeed observed for actin assembly

assess the function of stathmin in microtubule assembly.
Critical concentration plots were derived from turbidimetric

in the presence of nucleating agern8§)(
Sedimentation velocity measurements of microtubules

measurements and validated by sedimentation assays (seassembled in MMg buffer in the presence of stathmin were

Materials and Methods).

In MMg buffer (Figure 4a), the critical concentration for
microtubule assembly was 2&M. In the presence of
stathmin, the critical concentration plots were shifted while
remaining parallel to the control straight line observed in

carried out at 37°C. Only tubulin and the 3S species,
sedimenting at 3.2 S in this buffer, were observed following
the rapid sedimentation of microtubules. Once corrected for
viscosity and temperature, the 3.2 S value corresponded to
8 S at 20°C in water. Analysis of the absorbance scans

the absence of stathmin. This result indicated that stathminshowed that 4.2 and 9M tubulin was present in the 3.2
caused depolymerization of the same amount of microtubulesS species following addition of 2 and pM stathmin
at all tubulin concentrations. The amount of unassembled respectively to polymerized tubulin.

tubulin in complex with stathmin can be derived from the
shift of the plot. In the presence of 1:B8V stathmin, the
critical concentration shifted from 2.5 to 544, indicating
that 3uM tubulin had depolymerized. In the presence of 3

Data obtained in PMg buffer are displayed in Figure 4,
panels b and c. Dynamic instability is known to be extensive
in this buffer, while it is attenuated by glycerol present in
MMg buffer. The critical concentration was 184 in PMg

uM stathmin, the concentration of unassembled tubulin was buffer. In the presence of 8M stathmin, a GuM shift in

9.5 uM, indicating that 7uM tubulin had depolymerized.
Therefore 2 mol of tubulin are depolymerized per mole of

the critical concentration plot was observed, indicating that
again stathmin sequestered tubulin in a 1:2 complex (Figure
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Table 1: Stathmin Causes Dissociation of Ring Oligomers of
Tubulin

f

stathminuM 56S 78S 3240S
0 68.1 0 31.8
5 25 60.7 13.5

a Sedimentation velocity patterns of GBRibulin (504M in 10 mM
phosphate buffer pH 7.0 containing 0.1 mM GDP and 10 mM MpCI

in the presence of stathmin were analyzed in terms of three components
a heavy 3240 S component, a 7.8 S, and a 5.6 S species. The percent

mass of tubulin in each specidswas derived.

4b). When increasing amounts of stathmin were added to a

solution of 45uM tubulin preassembled in microtubules, the
amount of polymerized tubulin decreased linearly with
stathmin. Total depolymerization was observed with 13.5
uM stathmin (Figure 4c). Since the concentration of
polymerized tubulin was initially 45- 15 = 30 uM, this

Accelerated Publications

plex assembles into ring oligomers that display a high
tendency to associate into amorphous aggrega?ds (
Polymerization of tubulir-colchicine (TC) was inhibited by
stathmin in a manner consistent with the formation of a
nonpolymerizable (TGH complex. Results similar to those
shown for microtubules in Figure 4c were obtained upon
addition of stathmin to polymerized tubutirtolchicine.
Namely, the critical concentration for polymerization of
tubulin—colchicine was 10uM. Increasing amounts of
stathmin were added to a solution of 84 preassembled
tubulin—colchicine. The absorbance at 420 nm decreased
linearly with stathmin and reached the value measured at O
°C at 12uM stathmin, in reasonable agreement with the
expected value of (3% 10)/2uM = 10.5uM corresponding

to the formation of the (TGH complex.

DISCUSSION

We have shown that, under several ionic conditions,

result reasonably confirms that stathmin causes microtubulestathmin interacts with two8—tubulin heterodimers to form

disassembly by forming a nonpolymerizablgSTcomplex
in all buffers. Similar experiments carried out at other
concentrations of tubulin, in either MMg or PMg buffer, (not

a ternary (BS) complex of 217 kDa sedimenting at 7.7 S.
This value of the sedimentation coefficient is somewhat
lower than tle 9 S value expected for a globular protein of

shown) strengthened this conclusion. Sedimentation assay$he same molecular mass, which suggests that t& T

of microtubule solutions containing different amounts of

complex has an elongated shape. The sedimentation data

stathmin and protein measurements in the supernatanfFigure 1) demonstrate that theST complex has a high

confirmed that 2 mol of tubulin were depolymerized per mole
of stathmin added. Finally, the S16/25/38/63E mutant of
stathmin depolymerized microtubules in a manner quanti-
tatively identical to stathmin, in agreement with Horwitz et

al. (15).

In conclusion, the simple tubulin-sequestering activity of
stathmin appears to satisfactorily account for its microtubule-
destabilizing activity. Stathmin had first been proposed to
increase the rate of catastrophe of microtubuled.( The
more frequent losses of GDP subunits are expected to lea

to an increase in the turnover of microtubules at steady state,
which can be estimated by measuring the resulting increase
in steady state GTPase activity of microtubules. The addition

of 1 or 2uM stathmin to a solution of 4aM polymerized

tubulin in PMg buffer caused no detectable change in the

steady state GTPase rate, consistent with a pure tubulin
sequestering function of stathmin.

Stathmin Preents Longitudinal Tubulia Tubulin Interac-
tions A microtubule is a bidimensional lattice in which
tubulin subunits interact via longitudinal bonds (along

stability (>10° M%) and is in slow associatierdissociation
equilibrium, suggesting that tubulin must be the physiological
target of stathmin. At the tubulin concentrations used in the
experiments (1& M), stathmin bound apparently almost as
well to GTP-tubulin as to GDP-tubulin. Only binding
assays carried out at tubulin concentrations lower than the
equilibrium dissociation constant would allow to measure
the difference in affinity of stathmin for G and GDP-
tubulin with accuracy.

g Neither TS nor Tscomplexes have been observed in the
analytical ultracentrifuge. Hence, the two molecules of
tubulin in the TS complex must interact with each other,
thus contributing to the overall stability of the ternary
complex.

Quantitative analysis of the interference of stathmin with
microtubule assembly demonstrates that stathmin acts as a
tubulin-sequestering protein. The effect of stathmin on
tubulin polymerization can be described by the following
scheme.

T MTs

protofilaments) and lateral bonds (between adjacent protofil-

aments). Tubulin can also assemble into linear, ring-shaped

oligomers. The formation of rings is favored in the presence
of GDP and millimolar amounts of Mg ions and at low
temperature29). The effect of stathmin on the formation

2T+S<T,S

The critical concentration for microtubule assembly is not
affected by stathmin, indicating that stathmin does not

of rings was examined in the analytical ultracentrifuge. In interact with microtubule ends appreciably. One can imagine
the absence of stathmin, dimeric tubulin was in equilibrium  that stathmin establishes a reservoir of unassembled tubulin
with a population of oligomers sedimenting as two species that can be used, upon appropriate stimulation, to assemble
at 32 and 40 S. Upon addition of stathmin, the proportion new microtubules, a process which actively operates in
of the rapidly sedimenting species decreased as a 7.7 Syeurite outgrowth and in mitosis.

species became predominant. Data are summarized in Table The difference in the regulation of sequestration of actin
1. Therefore, the 35 complex cannot assemble into linear and tubulin is striking. The major G-actin sequestering agent
oligomers of tubulin. is thymosirB4, which forms a 1:1 complex with G-actiB().

This conclusion was confirmed by examination of the The equilibrium dissociation constant for thegg4Factin
effect of stathmin on the polymerization of tubutin complex is 108 M, in the range of variation of the critical
colchicine. Under solution conditions similar to those concentration for actin assembly. Hence, the concentration
leading to microtubule assembly, tubutinolchicine com- of sequestered actin fA—actin complex, TA) is controlled
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by changes in critical concentration elicited by capping

proteins and profilin31, 32), as described by the following
equation 82).

C
TA] =[T=——
TAl = Tde 3 g
where Ty is the total concentration of f&, Cc the critical
concentration for actin assembly, aid the equilibrium
dissociation constant of the TA complex.

In the case of tubulin, the stathmin(tubulirdomplex is

very tight. The concentration of,$ is insensitive to changes

in critical concentration, becauser Kk < Cc, which results

in [T2S] = [Sq] as soon as tubulin is present in sufficient

amounts. The regulation of the amount ofSThas to be

elicited by another mechanism, most likely phosphorylation
of stathmin. The S16/25/38/63E mutant surprisingly depo-

lymerizes microtubules like stathmin uitro (15; and the
present work), while it does na vivo (15). The fact that

the mutated stathmin is in rapid equilibrium with tubulin
suggests that it has a lower affinity for tubulin than stathmin.

While this difference in affinity does not show up vitro

at micromolar concentrations of the proteins, it may be
greatly enhanceth vivo due to macromolecular crowding
which buffers the concentrations of free proteins to a low

value.

The fact that 1 mol of stathmin depolymerizes 2 mol of
tubulin seems somewhat at variance with the highly sub-

stoichiometric effect of stathmin reported earli@R. The

discrepancy is only apparent. The stathmin:tubulin stoichi-

ometry had been expressel?) as the molar ratio of total

stathmin:total tubulin. The present work shows that the
functionally relevant stoichiometry is stathmin:(unpolymer-

ized tubulin — C¢). To be specific, when the critical
concentration for microtubule assembly is/A9, at a total
concentration of 1ZM tubulin, 24M tubulin is polymerized

and only 1uM stathmin causes total disassembly (in this
particular circumstance this represents a 1:17 molar ratio).
For the same reason, stathmin looked like a catastrophin
in thein vitro assay usedl@) because, in decreasing the
concentration of free tubulin available for microtubule growth
to concentrations close to the critical concentration, it
increased the rate of catastrophe. In other words, the simple
sequestering activity of stathmin reveals a functionally
important aspect of microtubule dynamic instability, i.e., the
steep dependence of the frequency of rapid depolymerization

on tubulin concentration1(3, 14).
ACKNOWLEDGMENT

We are grateful to O. Gavet for the preparation of stathmin
S16/25/38/63E mutant, Ronald Melki and Robin Leguy for

the preparation of tubulin, and @ed Batelier for help in

the analytical ultracentrifugation experiments. We thank

Marcel Knossow for stimulating discussions.

REFERENCES

1. Sobel, A. (1991)rends Biochem. Sci6, 301—-305.
2. Schubart, U. K. (1982). Biol. Chem 257, 12231-12238.

Biochemistry, Vol. 36, No. 36, 199710821

. Sobel, A., Boutterin, M.-C., Beretta, L., Chneiveiss, H., Doye,

V., and Peyro-Saint Paul, H. (1989)Biol. Chem?264, 3765~
3772.

. Doye, V., Boutterin, M.-C., and Sobel, A. (1990) Biol.

Chem 265, 11650-11655.

. Marklund, U., Larsson, N., Brattsand, G., Osterman, O.,

Chatila, T. A., and Gullberg, M. (1994ur. J. Biochem225,
53-60.

. Di Paolo, G., Pellier, V., Catsicas, M., Antonsson, B., Catsicas,

S., and Grenningloh, G. (1998) Cell Biol 133 1383-1390.

. Marklund, U., Brattsand, G., Shingler, V., and Gullberg, M.

(1993)J. Biol. Chem 268 15039-15049.

. Marklund, U., Osterman, QMelander, H., Bergh, A., and

Gullberg, M. (1994)J. Biol. Chem 269, 30626-30635.

. Luo, X.-N., Mookerjee, B., Ferrari, A., Mistry, S., and Atweh,

G. F. (1994)J. Biol. Chem 269, 11312-11318.

. Larsson, N., Melander, H., Marklund, U., Osterman, @d

Gullberg, M. (1995). Biol. Chem 270, 14175-14183.

. Chneiveiss, H., Beretta, L., Cordier, J., Boutterin, M. C.,

Glowinski, J., and Sobel, A. (1989) Neurochem53, 856—
863.

. Belmont, L. D., and Mitchison, T. J. (199€kll 84, 623~

631.

. Walker, R. A., O'Brien, E. T., Pryer, N. K., Soboeiro, M.,

Voter, W. A., Erickson, H. P., and Salmon, E. D. (1988)
Cell Biol. 107, 1437-1448.

. Drechsel, D. N., Hyman, A. A., Cobb, M. H., and Kirschner,

M. W. (1992) Mol. Biol. Cell 3 1141-1152.

. Hortwitz, S. B., Shen, H.-J., He, L., Dittmar, P., Neef, R.,

Chen, J., and Schubart, U. K. (1997) Biol. Chem. 272
8129-8132.

. Riederer, B. M., Pellier, V., Antonsson, B., Di Paolo, G.,

Stimpson, S. A., Lutjens, R., Catsicas, S., and Grenningloh,
G. (1997)Proc. Natl. Acad. Sci. U.S.84, 741-745.

. Shelanski, M. L., Gaskin, F., and Cantor, C. R. (1978)c.

Natl. Acad. Sci. U.S.A70, 765-768.

. Weingarten, M. D., Lockwood, A. H., Hwo, S. Y., and

Kirschner, M. W. (1975)Proc. Natl. Acad. Sci. U.S.A. 72
1858-1862.

. Detrich, H. W., lll, and Williams, R. C. (197&iochemistry

17, 3900-3907.

. Curmi, P., Maucuer, A., Asselin, S., Lecourtois, M., Chaffotte,

A., Schmitter, J. M., and Sobel, A. (199B8jochem. J300,
331-338.

21. stafford, W. F., lll (1992Anal. Biochem?203 295-301.
. Lambeir, A., and Engelborghs, Y. (1981)Biol. Chem 256,

3279-3282.

. Carlier, M.-F., and Pantaloni, D. (1978&)jochemistry 17

1908-1915.

. Saltarelli, D., and Pantaloni, D. (19&ipchemistry 212996-

3006.

25. Carlier, M.-F., Didry, D., and Pantaloni, D. (198ipchem-

istry 26, 4428-4437.

. Gilbert, L. M., and Gilbert, G. A. (1973)lethods Enzymol

27, 273-296.

27. Garland, D. L. (1978Biochemistry 174266-4272.
. Newman, J., Estes, J. E., Selden, L. A., and Gershman, L. C.

(1985) Biochemistry 241538-1544.

. Howard, W. D., and Timasheff, S. N. (198Bjochemistry

25, 8292-8300.

30. Nachmias, V. T. (1993Furr. Opin. Cell Biol 5, 56—62.

Pantaloni, D., and Carlier, M.-F. (199G3¢ll 75 1007-1014.

. Carlier, M.-F., and Pantaloni, D. (1998gmin. Cell Bial5,

183-191.
BI971491B



