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Based on observations of microtubule dynamicXémopusextracts and in vivo, it

has been assumed that the pool of interphase microtubule-associated proteins
(MAPs) are more potent microtubule stabilizers than their mitotic counterparts.
The aim of this study was to test that assumption, and two questions were
addressed here. First, are there differences in the composition of interphase and
mitotic MAPs? Second, do interphase MAPs more potently promote microtubule
assembly than mitotic MAPs? Biochemical purification fri¥enopusgg extracts
shows that the composition of interphase and mitotic MAPs is similar. XMAP215,
XMAP230, and XMAP310, which are the three characterizeshopusMAPs,

show decreased microtubule binding in mitotic extracts, and mitotic MAPs are
slightly more phosphorylated than interphase MAPs. Bulk polymerization and
time-lapse video microscopy show that microtubules polymerized two times faster
in the presence of total interphase MAPs compared with total mitotic MAPs.
Interphase but not mitotic MAPs strongly promoted microtubule nucleation in
solution. Video microscopy showed that microtubules never underwent catastro-
phes in the presence of either MAP fraction. It is proposed that the increase in
microtubule dynamics at the onset of mitosis results from phosphorylation
dependent decreased microtubule stabilization by MAPs, allowing destabilizing
factors to increase the catastrophe frequency and dismantle the interphase
microtubule network. Cell Motil. Cytoskeleton 41:202—-213, 1998.
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INTRODUCTION depolymerizes with a certaishrinkage rate(vs). The
transition from growth to shrinkage is callectatastro-

Formation of the mitotic (M) spindle reqUIresB)he[McIntosh,1984] and occurs with a certain frequency

depolymerization of the interphase (I) microtubule (MT
network, followed by selective MT growth around chro-
mosomes. This reorganization involves a change in M'l;) L . .

. . Abbreviations: §,, catastrophe frequency,.§ rescue frequency; I,
turnover/dynamics at the Ons_et of m'tosl's M) [Anderseﬂnerphase; M, mito-tic/sis; MAP, microtubule-associated protein; MT,
1999a; Hyman and Karsenti, 1996; Irioaed Salmon, microtubule; y, growth rate; y, shrinkage rate.

1995; Waters and Salmon, 1997]. The turnover/dynamics o
of MTs relevant for this paper is best described by tﬁg%relipo'?de”fesm: Sg_ren S-B-A”dterse': (Cfug‘?r;t addrgssgg Léf?l"’ers'ty
dynamic instabiltymodel [Kirschner and Witchison, & CAC1e ¥ 2% Disge, Deperment of Boogy, 9500 Giman
1986; Mitchison and Kirschner, 1984b]. In this model, a

MT polymerizes with a certaigrowth rate (vg), and Received 4 March 1998; accepted 17 July 1998.
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(fca). The opposite event, from shrinkage to growth, imteract with and affect MT polymerization: structural
called arescueand occurs with a certain frequency.§f MAPs, motors, MT-linked enzymes, and MT modifying
[Walker et al., 1988]. MTs may also turnover by so-callednzymes, proteins copurifying with MTs, MT severing
treadmilling, where tubulin subunits continuously addediactors and soluble proteins [reviewed by Hirokawa,
to one end of a MT are subsequently lost by continuod994; Hyams and Lloyd, 1994; Mandelkow and Man-
depolymerization at the other end [Hotani and Horgelkow, 1995; Olmsted, 1986; Wiche et al., 1991]. The
1988; Vorobjev et al., 1997; Waterman-Storer and Salmaproteins of primary interest to this work are proteins that
1997]. copurify with MTs. Most of these proteins are structural
A required step towards elucidation of the mecha¥APs/bona fide MAPs, which means that they in pure
nism of spindle assembly is to understand the processfofm can bind back to MTs.
MT dynamics regulation at the I-to-M transition. It is How do MAPs regulate MT dynamics? Several
clear that the dynamics of pure MTs in vitro [i.e., Ctiee  studies report on the effect of single as well as popula-
et al., 1995] are different from the dynamics observed tions of neuronal MAPs on MT dynamics in vitro and in
vivo in both | an M [Belmont et al., 1990; Cassimeris etivo [i.e., Bre and Karsenti, 1990; Dhamodharan and
al., 1988; Sammak and Borisy, 1988; Schulze and Kiwadsworth, 1995; Drechsel et al., 1992; Itoh and Hotani,
schner, 1988; Shelden and Wadsworth, 1993; Tanaka &@94; Pryer et al., 1992]. The summary of these in vitro
Kirschner, 1991; Tournebize et al., 1997; Verde et akxperiments is that neuronal MAPs suppress MT dynam-
1992; summarized by Andersen, 1995]. These differendes and promote spontaneous assembly by efficiently
cannot be explained by a difference in the free tubulsuppressingf;and increasingy
concentration between the in vivo and the in vitro Our knowledge about how somatic MAPs affect
conditions because the parameters of MT dynamics wevd turnover/dynamics in vitro have to date focused on
determined in vitro at a tubulin concentration of abouhe modulation by individual molecules [Andersen et al.,
10-20 pM, which is close to the range of tubulil994; Andersen and Karsenti, 1997; Hamill et al., 1998;
concentrations measured in vivo [Cassimeris et al., 1988pkata et al., 1995; Vasquez et al., 1994]. However, in
Hiller and Weber, 1978; Houliston and Elinson, 1992jivo and in Xenopusegg extracts numerous MAPs,
Zhai et al., 1996]. Moreover, although pure MTs to sommotors, and other molecules interact with and influence
extend are inherently dynamic [Billger et al., 1996MT polymerization dynamics simultaneously, and are
Chréien et al., 1995], there must be additional factorsompeting with each other for interaction with the MT
regulating MT dynamics in vivo. lattice [Belmont and Mitchison, 1996; Bulinski et al.,
A roughly 10-fold increase in f; represents the 1997; Lgez and Sheetz, 1995; Mandelkow and Man-
most dramatic change in MT dynamics between | and Melkow, 1995; Shiina et al., 1992; Vale, 1991; Walczak et
and can account for the changes in dynamics obsenadd 1996, 1998]. The sum of these interactions must
between | and M [Gliksman et al., 1993; Verde et aldetermine the dynamic state of MTs during the cell cycle
1992]. This change in.f; is regulated by cdc2 kinasein vivo. However, no studies have looked at how the
[Belmont et al., 1990; Ookata et al., 1997; Tournebize pbpulation of somatic structural MAPs that bind to MTs
al., 1997; Verde et al., 1992; Verde et al., 1990], and extracts affect MT dynamics in vitro.
probably other kinases [Drewes et al., 1997; Gotoh etal., As a first step toward reconstitution of in vivo MT
1991] and phosphatases [Andreassen et al., 1998; Glikgnamics in vitro, this study compared the in vitro
man et al., 1992; Howell et al., 1997; Tournebize et alkctivity differences betweexenopus and M MAPs with
1997]. While the molecular targets of these kinases aMil dynamics observed iXenopusegg extracts and in
phosphatases are largely unknown, microtuble-associat@e. The differential effects of | and M MAPs on MT
proteins (MAPS) are good candidates since they promgielymerization dynamics reported here partially reconsti-
MT assembly less efficiently in their more phosphorytutes the changes in MT dynamics from | to M observed
lated, mitotic, form than in their less phosphorylatedn Xenopusgg extracts and in vivo [Belmont et al., 1990;
interphase, form [Andersen et al., 1994; Burns et allpurnebize et al., 1997; Verde et al., 1992; Zhai et al.,
1984; Drechsel et al., 1992; Drewes et al., 1997; Illed996]. The most important difference between this in
berger et al., 1996; Itoh et al., 1997; Masson and Kreigtro study and theXenopusextract data is the complete
1995; Olmsted et al., 1989; Ookata et al., 1995, 199a@bsence of catastrophes in the presence of both | and M
Scott et al., 1993; Shiina et al., 1992]. MAPs. It is proposed that in the extract and in vivo, the
MAPs were discovered as contaminants when tubincrease in MT dynamics at the onset of mitosis results
lin was first purified from neuronal tissues [i.e., Clevelanfitom phosphorylation dependent decreased MT stabiliza-
etal., 1977; Herzog and Weber, 1978; Weisenberg, 1978gn by MAPs, allowing destabilizing factors, such as
and at present seven main groups of proteins are knowrStmthmin/Op18, Kar3, and XKCM1, to increase the MT
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catastrophe frequency [Andersen et al., 1997; Belmoexperiments described here, MAPs were prepared from

and Mitchison, 1996; Curmi et al., 1997; Huyett et alfreshly prepared extracts and used for the video assay on

1998; Walczak et al., 1996]. the same day without freezing. When extracts or MAPs
were frozen, there was a 1.5- to 3-fold reduction in the

MATERIALS AND METHODS effect on MT growth rate.

Preparation of Extracts Desalting of MAPs

CSF-arrestedXenopusegg extracts and buffers MAPs were desalted on a Fast Desalting PC 3.2/10
were prepared according to Murray [199Xpnopusgg column (SMART, Pharmacia LKB Biotechnology,
extracts are considered a quasi in vivo situation becauggpsala, Sweden) at 4°C, pre-equilibrated with CSF-XB
all the necessary components for MT dynamics, formgor bulk polymerization assay; Fig. 4) or with BRB80
tion of functional mitotic spindles and interphase nuclgfor video microscopy experiments, Fig. 5; BRB80: 80
are present in the extracts [Belmont et al., 1990; Murra;wM K-pipes, 1 mM MgC}, 1 mM EGTA, pH= 6.8).
1991; Shamu and Murray, 1992; Tournebize et al., 199 #iter desalting of the MAPs the total protein concentra-
In order to have extracts as identical as possible, | extragish was measured by Bradford with bovine serum
were derived from M extracts by addition of 0.5 mMalbumin (BSA) as the standard.

CaCl and 200 pg/ml cycloheximide for 40 min at 20°C

[Shamu and Murray, 1992]. Alternatively, cyclid®0 Bulk Microtubule Assembly Assay

[Glotzer et al., 1991] plus 200 pg/ml cycloheximide was - : o
added to activate (for 45 min at 20°C) | extracts to enter In this assay, pure tubulin (40 uM final in BRBSO

M. Before MAP . bel tract nd 1 mM GTP final) was mixed on ice with MAPs or
- belore preparations (see below), extracts WelSntrol buffer (CSF-XB) and the mix transferred to a

centrif_uged at 109’0@ 30 f.“if?’ 2,°C' This supernatantl_cm Quartz-cuvette (Hellma #105.202-QS; the same
ngzrgs;onnde ;_14 k&”ﬁi%gﬁﬁmﬁsfgfeﬁt :Ir;;j 1|9 9eA>f<]trgfct S:total amount of | and M MAPs were used, and typically
respectively. Alternatively, MAPs were prepared (SeCOnstltuted 1/15 of the total volume (60 pl) of the bulk
' Lo ssembly reaction). The cuvette was then shifted to 37°C
below) from extracts diluted 1:1 with cold CSF-XB (10 d the increase in turbidity at 350 nm recorded 20
mM KCI, 50 mM sucrose, 2 mM MgGl 5 mM EGTA, oo e Incr . y
0.1 mM CaC, 10 mM Hepes, pH= 7.7) and centrifuged times/min using a Uv_lkon 930 Spectrophqtometer (Kon-
: ’ AR ' tron Instruments, Tegimenta, Rotkreuz Switzerland) [Gas-
at 100,000 for 30 min, 2°C. kin et al., 1974; Voter and Erickson, 1984]. The data were
Purification of MAPs plotted using Kaleidagraph 3.0, and curve-averaging

) performed with Microsoft Excel 5.0.
MAPs were prepared as described by Andersen et

al. [1994]. However, MAPs were bound to MTs at roonigeo Microscopy

temperature, not 37°C, with one additional modification: _ _

1 UM micro-cystin LR (Gibco BRL #13130-026 stock; 1 _ Double-sided tape chambers with a volume of
mM in DMSO) was added to the sucrose cushions f53—4 Wl were used [Andersen an_d Karsenti, 1997]. The
inactivate phosphatases. Micro-cystin [MacKintosh arfd@nnel formed by the tape strips, the slide and the
MacKintosh, 1994] does not inhibit kinases, and is avegvem“p made up the chamber. Before use, centrosomes
potent, irreversible and specific inhibitor of PP1 an % 10%W)) with 20 uM tubulin were injected into the
PP2A phosphatases which are abundar{énopusegg chamber and left for 5 min on ice. MAPs desalte.d into
extract [Tournebize et al., 1997]. Note that | and M MAPERB80 were then diluted into concentrated tubulin and
were prepared from the same primary extract, which §3¢ Mix adjusted to 40 pl, 20 uM tubulin, 1 mM GTP by
essential, as there are significant variations betwekl§ addition of BRB80 and Mg-GTP (50 mM stock). By
extracts. The MAPs were eluted from the MT pellet witigaPillary forces, the chamber was washed with the 40-pl
400 mM NaCl in BRB80, and the MTs removed bysample and placed on the stage of a video microscope
centrifugation [Andersen et al., 1994]. As an alternativa®@ted to 25°C. Measurements of MT dynamics were
to the Andersen et al. [1994] protocol, MAPs wer@erformed as described [Andersen et al., 1994].
prepared from extracts diluted with 1 vol cold CSF-XB, )

(see preparation of extracts) by addition of approximately”-LaPeling of MAPs

5 UM (tubulin-equivalent) taxol stabilized MTs plus 20 Undiluted 100,008 extracts were incubated with 5
UM taxol, followed by 10-min incubation on ice anduM pre-polymerized taxol stabilized MTs and 10 pM
isolation through sucrose cushions [Andersen et aiaxol for 15 min at room temperature, followed by 10-min
1994] containing 1 uM micro-cystin. Both types of MAFabeling with 1 puCi §-32P]JATP/ul extract, and MAP
preparations gave similar results. Note that during thpeeparation and elution as described above. Measure-
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ments of the PP1 and PP2A phosphatase activities in thibulin concentration in the eggs is on the order of 20 uM
MAP pellets, with and without micro-cystin treatment(2 mg/ml) [Houliston and Elinson, 1992; Zhai et al.,
were performed as described by [Tournebize et al., 1997pP96], and this endogenous tubulin polymerized in the
presence of 20 uM taxol in both interphase (I) and mitotic
Calculations (M) extracts (data not shown). In order to (1) ensure good
The curves shown in Figure 3 were derived usindepletion of MAPs, and (2) improve the reproducibility
the equation shown below [Andersen et al., 1994]i¥ of depletion, 5 UM exogenous prepolymerized taxol
the molar dissociation constant of MAP from MTs, mx iStabilized bovine brain MTs was also added to the
the molar concentration of the complex between MTs (ngxtracts. After incubation of the MTs in the extract, MTs
and MAP (x), m is the total molar concentration ofvere recovered by centrifugation through two 40%
tubulin polymerized into MTs and x is the total molasucrose cushions [Andersen et al., 1994]. To prevent
concentration of MAP: dephosphorylation during the purifications and preserve
the phosphorylation level of the MAPs, 1 pM micro-
cystin was added to the sucrose cushions during the
purification. Measurements showed that this treatment
(1) irreversibly inhibited the PP1 and PP2A phosphatase
1 ) activities present in the MT-MAP fractions (data not
- Z(Kd+m+x)—m-x

1
mXZE(Kd+m+x)

shown). Conversely, as there is no ATP in the sucrose

cushion, phosphorylation of MAPs by MT-associated

To calculate the curves shown in Figure 3, the total molgfases does not occur once the MAPSs are in the sucrose

concentration of MAP was set to 200 nM, which is in theshion. The MAPs were eluted from the MT pellet with
range of the estimated in vivo concentration of XMAP23Q50 mM NaCl in BRBSO plus taxol, and the MTs

and XMAP310 [Andersen et al., 1994; Andersen angmoved by centrifugation.
Karsenti, 1997]. For different constant values qf(R.5, Analysis by sodium dodecy! sulfate polyacrylamide
5 or 10 pM) the value of m was varied and mx calculategg electrophoresis (SDS-PAGE) of the eluted MAPs
Note.thaft th_is calc_ulation assumes a simple 1:1 MA révealed that 20—40 proteins bind to MTs in | and M
tubulin binding stoichiometry, and that the MAP bindg,racts, and that the pattern of MAPs is similar between |
homogenously along the entire length of the MTs. Thug,4 m (Fig. 1a). From these experiments, the total MAP
forfactors_, thatbind_ spe_cificallyto the minus- or plus- eng ncentration was estimated at 500 ug’/ml extract, or
of MTs this approximation can not be used._ExampIes_ Pgughly 0.5% of the total extract proteins. Since ATP was
such factors arg-tubulin at the minus-end [Li and ‘]OSh'.’not depleted from the extract before MAP purification,
1995] and probably.XM.AP215 atthe plus'-e_nd (SK. Jaifhe MaP fraction, referred to as “total MAPSs” in this
A. Popov, T.J. Mitchison, A. Podtelejnikov, S.S.Lyoqqr is devoid of activities like motor proteins. Note
Anders_en, AJ. Ashfo_rd, M. Mann, and A.A. Hyman,sq that the purpose of the investigation was to study the
unpublished observations). population of proteins co-purifying with MTs in a crude
extract, rather than only so-called bona fide/structural
i ) MAPs (purified proteins able to bind pure MTs). How-
Calf brain tubulin was prepared by two cycles ogyer, the majority of the proteins in Figaif a were able
polymerization and depolymerization, phosphocellulogg rebind to MTs after desalting, indicating that most of
chromatography and subsequently cycling and storag&i proteins in Figie 1 a are bona fide MAPs (data not
No(1) [Ashford et al., 1998; Mitchison and Kirschnerghown) [Faruki and Karsenti, 1994]. Interestingly, the
1984a]. Human cent_rosomes were prepared from KE34gition of the 5-10 UM exogenous pre-polymerized
lymphoblasts according to Bornens et al. [1987]. Unleggyo| stabilized MTs was sufficient to bind the MAPs, as
otherwise indicated, chemicals were from Sigma Chenijy, quantitative differences were observed as to whether
cal Co. (St. Louis, MO), or Boehringer Mannheimpe endogenous pool of tubulin was also polymerized

Miscellaneous

(Mannheim, Germany). before MAP preparation (data not shown).
Previous reports indicate that several individual
MAPs bind less tightly to MTs in M compared with I. It
RESULTS . . . .
o , . was therefore investigated to what extent this observation
Purification and Microtubule Binding of Interphase applied to total | and M MAPs in concentrated 100,§00

and Mitotic MAPs extract in the presence of 5-10 pM prepolymerized MTs.
To identify molecules with affinity for MTs, taxol While the overall pattern is similar, there was in particular

was added toXenopusegg extracts to induce MT a reduction in the MT binding of MAPs 0200 kDa in

polymerization [Andersen et al., 1994; Vallee, 1982]. Thiel compared with | extracts (Fig. 1a, 4%). At200 kDa
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Fig. 1. a: Representative patterns of microtubule-associated proteins
(MAPs) from interphase (I) and mitotic (MXenopusegg extracts. 5 0_ I M
MAPs from equivalent volumes of | and M extracts were resolved by
4% and 10% Coomassie-stained sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) (routinely 10% less MTs wefgy. 2. Representative autoradiogram #P-labeled microtubule-
recovered from M Compared with | extracts and |OadingS Wergssociated proteins (MAPs) prepared after addmonfye'fZlP]ATP to
normalized accordingly)®, XMAP215 [Charasse et al., 1998; Gardconcentrated 100,0g0nterphase (1) and mitotic (MXenopuxtracts.
and Kirschner, 1987; Vasquez et al., 1994], *, XMAP230 [Andersen @frrow, XMAP230. 6% sodium dodecyl sulfate polyacrylamide gel

al., 1994), and\, XMAP310 [Andersen and Karsenti, 1998B].Western  glectrophoresis (SDS-PAGE). Molecular mass markers are indicated.
blot of 4% SDS-PAGE with anti-XMAP215 (215), anti-XMAP230

(230) and anti-XMAP310 (310) antibodies from interphase (I) and
mitotic (M) extracts. Total extracts is the starting extract before . .
depletion. Taxol MT supernatant is the extract after depletion of MAPEANdersen et al., 1994; Shiina et al., 1992]. Analysis by
Molecular mass markers are indicated. two-dimensional gel electrophoresis did not show any
MAP, apart from XMAP230, that was in particular
differentially phosphorylated between | and M (data not
the pattern of bound proteins is complex and only min@hown).
differences can be observed between | and M. In orderto  The [y-32P]ATP gel in Figure 2 measures absolute
get an estimate for the reduction in binding activity chmounts of radioactivity present on any one protein.
MAPs between | and M, the three currently characterizétherefore, since some proteins, and in particular
MAPs from Xenopuswvere studied: XMAP215 [CharasseXMAP230, bind less to MTs in M compared with |
et al., 1998; Gard and Kirschner, 1987; Vasquez et adxtracts (Fig. 1) but still give rise to a simil&P signal, it
1994], XMAP230 [Andersen et al., 1994; Andersen anid inferred that these MT associated MAPs are more
Karsenti, 1998; Shiina et al., 1992], and XMAP31@hosphorylated in M than I. Since phosphorylation previ-
[Andersen and Karsenti, 1997]. Western blotting showexlisly has been shown to lower the affinity of MAPs, it
that XMAP310 and XMAP230 showed an approximatelynay at first seem peculiar that highly phosphorylated
40% reduction in binding capacity in M compared with MAPs like XMAP230 are MT associated. However, this
extracts (Fig. 1b). Moreover, XMAP215 also shoveimply reflects that the highly phosphorylated M form of
reduced binding to MTs in M extracts, but not aXMAP230 has lower affinity/higher dissociation constant
pronounced as XMAP230 and XMAP310. These dat&y) from MTs than the | form. A rough estimation of the
indicate that some, but not all, MAPs bind less tightly tahange in K can be derived from the theoretical curves
MTs during M (it is currently not possible to extend thishown in Figure 3. The curves were derived using
analysis because no additional antibodies are availaklguation 1 in materials and methods, and shows that the
againstXenopusMAPs). residual 60% XMAP230 binding observed in M extracts
To check whether there were any differences in tr@rresponds roughly to a 10-fold increasg bétween |
phosphorylation pattern of | and M MAPs, extracts werand M.
labeled with {y-32P]JATP and MAPs prepared. Although These data suggest that some, but not all, MAPs
there were differences, ti#éP pattern of | and M MAPs bind less tightly to MTs in M compared with I. The lack
was surprisingly similar (Fig. 2). Interestingly, somef massive phosphorylation of M MAPs indicates that the
proteins were more phosphorylated in | than in M. Thehanges in binding activity between | and M may be due
reverse was also observed, and in particular XMAP230 minor site-specific differences in MAP phosphoryla-
showed a pronounced phosphorylation dependent shiftion between | and M, as opposed to global phosphoryla-
molecular weight from | to M, as previously reportedion of the entire protein [lllenberger et al., 1996].
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Fig. 4. Bulk polymerization of microtubules (MTs) in the presence of
. . . . . interphase (1) or mitotic (M) microtubule-associated proteins (MAPS)
Flg. 3. Theoretlcal_ graph shc_)wmg the concentration of microtubules; ~ontrol buffer (C). Desalted (into CSF-XB) total | and M MAPs (at
microtubule-associated protein (MT-MAP) complex formed [MTX] as) 50 ,g/mi final concentration) were mixed with 40 pM (final concentra-
a function of the concentration of tubulin polymerized into MTs [MT]tion) pure tubulin, 1 mM GTP, and bulk polymerization at 37°C

and the dissociation constant JKof the MAP from MTs (see under fo|iowed with time at 350 nm (20 recordings/min). Curves are averages

Materials and Methods, Eq. 1). The theoretical graph shows that at o experiments. Note: these experiments were not designed to
UM MTs, 200 nM MAP concentration, and g f 0.5 uM (approxi-  getermine how MAPs affect MT nucleation.

mate conditions for XMAP230 and XMAP310 in | extracts) all MAP
would be MT bound, and this was what was experimentally observed
for both XMAP230 and XMAP310 in | extracts. It is seen from the . .
graph that the measured approximately 60% binding of XMAP230 afgately a two-fold increase in the slope of the curve
XMAP310 to MTs in M extracts corresponds to a 10- to 20-folcOmpared with M MAPs during the growth phase. This
increase in K (for a [MTX] = 120 nM Ky = 5-10 pm) compared with result indicates that | MAPs cause MTs to polymerize two
| extracts. times faster than M MAPs (Fig. 4, | and M). At
steady-state (Fig. 4, flat part of the curve), the tubulin
concentration has dropped to a level that does not allow a
further increase in the total MT mass. However, these
The next step in the characterization of the totalMTs remain dynamic and also undergo treadmilling
and M MAPs consisted of a rough comparison of thejHotani and Hori, 1988; Mitchison and Kirschner, 1984].
ability to induce MT polymerization. Thus, the aim was hus, at steady-state there is equilibrium between the
to see whether M MAPs are less potent MT stabilizetendency of the MTs to depolymerize and to continue
than | MAPs, despite the similar molecular compositiopolymerization. Since the steady-state level of MT poly-
and phosphorylation levels. To this end, the MAPs imerization is approximately twofold higher in the pres-
Figure 1 were desalted and their effect on bulk M&nce of | compared with M MAPs indicates that | MAPs
polymerization observed (Fig. 4). In this assay purae more potent than M MAPs at inducing MT polymer-
tubulin and GTP is on ice mixed with the same amount @ation (Fig. 4, | and M). These data show that | MAPs are
total I or M MAPSs or control buffer, then shifted to 37°Croughly twofold stronger at promoting MT assembly as
and the spontaneous assembly, followed at 350 nm. T¢tmmpared to their M counterparts.
increase in turbidity at 350 nm correlates with the amount. )
of MTs assembled, and the kinetic increase in turbidilgy'cr_owbu'e_ Dynamics Observed
can be used as a measure of the relative potency of MAPsYideo Microscopy

Bulk Microtubule Polymerization

s
and other molecules for MT assembly [Gaskin et al.,  To confirm the data obtained by the bulk polymer-
1974; Voter and Erickson, 1984]. In order to obtaiization assay (Fig. 4) and to get a more detailed picture of
measurable assembly, it was necessary to perform théseeffect, it was measured how | and M MAPs affect MT
experiments at 37°C and with 40 uM tubulin. dynamics by time-lapse video microscopy (Fig. 5a,b). In
At the same tubulin and total MAP concentrationthis assay, MTs are nucleated by centrosomes (Andersen,
both | and M MAPs promoted MT assembly compared th999b) and MT dynamics followed by time lapse video
control buffer (Fig. 4, | and M compared with C).microscopy (Fig. 5a), as previously described [Andersen
However, in the presence of | MAPs there was approxét al., 1994; Andersen and Karsenti, 1997]. This assay
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Fig. 5. Growth rate of pure centrosome-nucleated MTs as a functionsiippled line indicates the drop i moted at higher | MAP concentra-
the concentration of total interphase (1) and mitotic K&nopusMAPs  tions; The experiments were performed with 20 pM tubulin in BRB80,
(desalted into BRB80)R: MTs grown off centrosomes in the presencel mM GTP (the in vivo tubulin concentration is 20 uM [Houliston and
of | (83 ug/ml) and M (420 pg/miXenopusMAPs; | shows an | MT  Elinson, 1992; Zhai et al., 1996]) and at 25°C (at higher temperatures
aster after 0 h : 04 min : 51 s ofyrowth, and M an mitotic MT aster MTs grew too fast for measurements to be possible); For each point,
after M h : 04 min : 50 s ofrowth; I' shows a field with spontaneously 4-11 MTs were measured (No. of MTs) and the standard deviation
assembled MTs in the presence of | MAPs @t0: 0.5 min : 30 s; No (SD) was 0.3-0.7 pm/min (top right corner). A total of 28 | MTs
spontaneous assembly was observed in the presence of M MAPs (d8f%min observation time) were measured, and 37 (61-min observation

not shown). Bar= 5 pm.b: MT growth rates (V) as a function of the time) for the M MAPs. Three different batches of | and three different
concentration of total desalted | and M MAPs (MAP [ug/ml]); Thebatches of M MAPs were used for these experiments.



Toward Reconstitution of Microtubule Dynamics 209

was performed with 20 uM tubulin (the concentration ithis change in dynamics, it has been hypothesized that a
the extract) and at 25°C, since at 37°C MTs polymerizédatastrophe factor” is specifically activated at the onset
too fast for proper MT dynamics measurements to lwd M [i.e., Belmont et al., 1996]. The definition of a bona
possible and{enopusfrogs live at around 25°C. How- fide catastrophe factor is a molecule that is specifically
ever, at 25°C and 20 pM tubulin pure MTs do noactivated during M and induces MT catastrophes either
polymerize, and measurement of the dynamics of pud@ectly or indirectly. However, no such factor has yet
MTs was therefore not performed. been identified, as further discussed below. An alternative
At fixed tubulin concentration the concentration ohypothesis is that the balance between MT destabilizing
total MAPs was varied (Fig. 5b; x-axis). The experimentdike XKCM1 and Stathmin/Op18) and stabilizing factors
were performed in a MAP concentration range matchir(g@.g., MAPs) at any time and spatial point during the cell
the estimated in vivo concentration of 500 pg MAP/mtycle controls the dynamic state of the MTs [Andersen,
extract. 28 MTs were measured for | MAPs and 37 MT$999a]. To probe this possibility, this study investigated
were measured for M MAPSs. Interestingly, none of thesghether there are any differences in the effect on MT
MTs ever experienced a catastrophe event. Since the Miigvamics of total MAPs from | and M extracts. For
never underwent catastrophes, there were no shrinkiexample, it was possible that these two fractions of MAPs
events and therefore no rescues. Thus, the only measuould affect MT dynamics in the same way, or perhaps
able dynamic parameter was growth ratg),(and a the M MAPs would contain a factor that could render
graphic representation ofgvas a function of MAP MTs dynamic.
concentrations is shown in Fig. 5b, | and M. The
experiments show that the maximal growth rate in thBoward Reconstitution of In Vivo Microtubule
presence of | MAPs was twofold higher than with MDynamics In Vitro

MAPs (Fig. 5b). , , Interestingly, this report shows that isolated total |
In the presence of high concentrations of | MAP§q \ MmAPs  affect MT dynamics differently. The
massive centrosome-independent MT polymerizatiqR,estion is then how closely the | and M MAP fractions

made measurements of individual MTs impossible (Figyimic the dynamics of MTs observed during | and M in
5b, I, beyond the stippled line). Moreover, in the Preseng&nopusegg extracts?

of I MAPs, there was a drop inp\at MAP concentrations In | Xenopusegg extracts, there is rapid spontane-

beyond the concentration of MAPs that resulted ig,g MT nucleation and assembly, and catastrophe events
maximal \g (Fig. 5D, 1, stippled line). This drop ingiS are rare. In contrast, in M extracts there is no spontaneous
most likely caused by the induction of spontaneous Myt assembly, &, is roughly 10-fold higher than in | and

nucleation and assembly by the | MAPs (Fig. 59, | {he y approximately twofold lower than in | [Belmont et
which will cause the tubulin concentration to drop rapidly; 1990: Parsons and Salmon. 1997: Tournebize et al.

and thereby decrease; (Fig. 5b, I, stippled line). 1997; Verde et al., 1992]. Thus, the direct observation by
Interestingly, the strong spontaneous nucleatlon occurrﬁgeo microscopy that induction of MT nucleation is
already at MAP concentrations below the estimated Brongly stimulated by | compared with M MAPs fits with

vivo concentration. In the presence of M MAPS, Ngsq situations in the | and M extracts. While it is possible
spontaneous MT assembly was ever observed, and {i& the nucleation of free | MTs in vivo is under the

growth rate remained constant at MAP concentrationgnirol of the v-TURC [Dictenberg et al., 1998], this

beyqnd the concentration .of M MAPs that resulted I8tudy shows that total | MAPs can strongly promote MT
maximal MT growth rate (Fig. 4b, M). nucleation. It seems likely that | MAPs contribute to the
These data show that both total | and M MAP$,mation of free cytoplasmic MTs during | [Vorobjev et
suppress MT dynamics by eliminating catastrophes. Totgl 1997]. It is also worth noting that these somatic MAPs
| MAPs promote growth twofold more than total My not support MT nucleation as potently as neuronal
MAPs. Interestingly, | MAPs strongly promoted spontagaps This argues that proteins like the brain MAP tau,
neous assembly whereas M MAPs did not. that very strongly induces MT nucleation, are absent from
these non-neuronal MAPs. The twofold difference in
maximal \ between | and M MAPs corresponds well to
the relative difference betweensvobserved in | and M
The mechanism underlying the change in MKenopusegg extracts. Therefore, upon addition of the
dynamics at the interphase (I) to mitosis (M) transition i®tal | and M MAP fractions to MTs in vitro, some of the
still largely unknown. The hallmark of the change in MTproperties of MT dynamics in | and M extracts are
dynamics is an increased,fin M compared with | reconstituted.
extracts [Belmont et al., 1990; Parsons and Salmon, 1997; The most important missing dynamic instability
Tournebize et al., 1997; Verde et al., 1992]. To explaiparameter in this reconstituted system is the complete

DISCUSSION
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lack of catastrophes in the presence of both | and While in M, the MAPs are more phosphorylated and their
MAPs. Since pure control MTs did not polymerize at theffinity for MTs drop at least 10-fold (this study; and
25°C, 20 uM tubulin used, both | and M MAPs potentlfAndersen et al., 1994; Drechsel et al., 1992; Masson and
promote MT assembly and suppress MT dynamics. Theeis, 1995; Olmsted et al., 1989; Shiina et al., 1992].
most likely reason for the absence of catastrophes is thatierestingly, M MAPs are 2-fold less potent than | MAPs
factors such as XKCM1 and Stathmin/Op18 that do nat promoting MT assembly but still suppress MT dynam-
bind to MTs under the conditions used, but destabilizes even under conditions (25°C, 20 pM tubulin), where
MTs and probably make MTs dynamic in vivo, are nopure MTs are very dynamic. This decreased affinity and
represented in this system [Belmont and Mitchison, 199BtT stabilizing activity of M compared to | MAPs may
Curmi et al., 1997; Sobel, 1991; Walczak et al., 1996]. well be the switch that allows destabilizing factors (i.e.,
One may argue that the different effects on MKKCM1 and Stathmin/Op18) to induce MT catastrophes,
dynamics of | and M MAPs are caused by one specifity overcoming the residual stabilizing effect of the M
MAP (i.e., XMAP230). While this possiblity can not beMAPs. Thus, if the activity of MT destabilizing factors is
excluded it seems unlikely. For example, since it isonstant during the cell cycle, control of the activity of
known that XMAP215 enhances plus-end microtubulgabilizing factors could regulate the dynamic state of
assembly 10-fold [Vasquez et al., 1994], compared wittiTs.
the two- to fourfold enhancement by XMAP230 [Andersen ~ What is known about cell cycle regulation of MT
etal., 1994], the slight reduction of XMAP215 in the totatlestabilizing factors? The phosphorylation level of Stath-
M MAP fraction could also explain some of the differmin/Opl18 does not change between | and MKenopus
ences in the effect of MAPs on MT assembly betweenelgg extracts [Andersen et al., 1997]. Since it is the
and M. It seems fair to say that there are differenceephosphosphorylated form that destabilizes MTs, Stath-
between the effect of | and M MAPs on MT assembly buhin/Op18 is constitutively active during the cell cycle.
the precise molecular basis for these differences remaiftsus, cell cycle regulation of Stathmin/Op18 activity/
to be clarified. Moreover, the purpose of this study was fhosphorylation is not, as previously proposed, respon-
test the activity differences between total | and M MAPsible for the increase ind between | and M [Belmont et
Such an experiment more closely mimic the extract aradl, 1996; Curmi et al., 1997; Horwitz et al., 1997,
the in vivo situation than studies considering the effect dfarsson et al., 1997; Marklund et al., 1996]. Moreover,
a single MAP on MT dynamics. It is also important taecent in vitro experiments show that Stathmin/Op18
note that the total MAP concentrations used in this studipes not induce MT catastrophes in vitro but destabilizes
(<700 pg/ml) are in the range of the estimated 500 [MTs by sequestering tubulin [Curmi et al., 1997; Jourdain
MAP/mI extract, and therefore biologically relevantet al., 1997]. The motor XKCML1 induces catastrophes,
Interestingly, there is not a big difference in the composéven when added to taxol MTs. However, the available
tion or phosphorylation patterns between | and M MAPslata suggest that there is no differential regulation of
despite their different effects on MT dynamics. This ma}{KCML1 activity between | and M [Walczak et al., 1996];
indicate that rather than global phosphorylation of MAP#herefore, this protein also does not qualify as a bona fide
the activity of MAPs is regulated by site-specific phosphocatastrophe factor. Therefore, it appears that MT destabi-
ylation that cannot be resolved with the techniques uskzing factors are constitutively active during the cell
here [Drewes et al., 1997; lllenberger et al., 1996]. Momycle.
work is clearly needed to resolve how the total | and M Since destabilizing factors apparently are constitu-

MAPs differentially promote MT polymerization. tively active, regulation of the activity of the (dominant)
stabilizing factors could function as a switch regulating
MAPs as Regulators of Microtubule Dynamics the change in MT dynamics at the | to M transition

The results suggest that regulation of MAP activit ) ; 0 >
may be the switch that regulate MT dynamics from | tgyPOthesis and to gain more insight into the cell cycle
ulation of MT destabilizing factors.

M. How could regulation of MAPs regulate the change iff9

MT dynamics from | to M in vivo? Let us now imagine o i ) )
Eleconstltunon of In Vivo Microtubule Dynamics

%Andersen, 1999a]. It will be interesting to test this

that regulation of the balance between MT stabilizin
(MAPs) and destabilizing activities lies at the heart of M
dynamics regulation in vivo. The next steps towards reconstitution of in vivo MT
Looking at the large amounts of MAPs co-pelletinglynamics in vitro will involve addition of molecules like
with MTs (Fig. 1), it seems likely that MTs in vivo are Stathmin/Op18 [Belmont and Mitchison, 1996], XKCM1
saturated with MAPs. Therefore, these MAPs are comp@ivalczak et al., 1996] and severing factors [i.e., Hartman
ing with each other and with destabilizing factors foet al., 1998; Vale, 1991] to the mix of tubulin, centro-
interaction with the MT Iattice. In I, these MAPs aresomes, and total MAPs. It will be exciting to determine
dephosphorylated and bind tightly (nM range) to MTdhe amounts necessary to observe catastrophes in the

Vitro
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presence of MAPs. Ultimately, a more defined recons#wndersen, S.S.L., and Karsenti, E. (1998): XMAP230. In Kreis T., and
tuted system requires identification of the core compo- \Fier‘clsu‘eir?s; ,’(zgs);e;i)mdeboo'( to the Cytoskeleton and Motor
nents that can repmduqe Ir.] vitro .the MT dynamlcindersen, S.S.L, guendia, B., Damguez, J.E., Sawyer, A., and
phenomenon Observeq In Vivo durmg | and M. An Karsenti, E. (1994): Effect on microtubule dynamics of
interesting approach will be to deplete MAPs from both  xuap230, a microtubule-associated protein presenxémo-
extracts and MAP fractions and monitor how this affects  pus laevisggs and dividing cells. J. Cell Biol. 127:1289-1299.
the dynamics of the extract MTs and the pure MTs. Suéindersen, S.S.L., Ashford, A.J., Tournehize, R., Gavet, O., Sobel, A.,
an approach may be valuable for the determination of Hyman, AA, and Karsenti, E. (1997): Mitotic chromatin regulates
core MAPs. phosphorylation of Stathmin/Op18. Nature 389:640-643.

In addition to stabilizing and destabilizing factors a§"d"eassen: PR., Lacroix, %.B,, Villa-Moruzzi, E., and Margolis, R L.
I Ki d oh h h f d (1998): Differential subcellular localization of protein phospha-
we as_ Inases ‘”?m phosphatases, O_t er factors an tase-1 alpha, gammal, and delta isoforms during both inter-
regUIat_|0n mechanisms are perhap's r(_:f‘qU”‘ed to make MTS  phase and mitosis in mammalian cells. J Cell Biol. 141:1207—
dynamic. For example, the tubulin isotype and buffer  1215.

composition influence MT dynamics [Haber et al., 199%shford, A.J.', Ander_sen, S._S.L., and Hyman, A.A. (1998): I_:’urification
Moore et aI’ 1997’ Panda et a|1 1994’ Slmon et al’ of bovine brain tubulin. In CeIIS, J.E. (ed) “CeII BIOIOgy A
1992]. While these factors are important for MT dynam-  LaPoratory Handbook.” San Diego: Academic Press, pp. 205~
. A . . . . 212.

ics in vitro they are most I_Ii_(e_ly minor factors in VIVO’BeImont, L., Mitchison, T., and Deacon, H.W. (1996): Catastrophic
where MAPs and destabilizing factors probably are  rejevations about Op18/stathmin. Trends Biochem Sci 21:197—
dominant. Little is known about global and local [Zhai et 198.

al., 1996] regulation of the free tubulin pool in vivo,Belmont, L.D., and Mitchison, T.J. (1996): Identification of a protein
although this parameter strongly affects MT dynamics in that interacts with tubulin dimers and increases the catastrophe
vitro [Fygenson et al., 1994; Parsons and Salmon, 1997; rate of microtubules. Cell 84:623-631.

Walker et al., 1988]. Moreover, early studies indicatedf ment L-D- Hyman, A.A., Sawin, K.E., and Mitchison, T.J. (1990):
Real-time visualization of cell cycle-dependent changes in

that regulation Of_the Concentrat[ion of oxidized glmat_hi' microtubule dynamics in cytoplasmic extracts. Cell 62:579—
one/redox potential has dramatic effects on MTs in vivo  5gg.
[Oliver, 1978]. Billger, M.A., Bhatacharjee, G., and Williams, R.C. (1996): Dynamic

However, it seems most likely that the dynamic instability of microtubules assembled from microtubule-
state of MTs is regulated by a balance between the associated protein-free tubulin: Neither variability of growth
activity of proteinatious MT stabilizing and destabilizing ~ 2nd shortening rates nor ‘rescue’ requires microtubule-

. associated proteins. Biochemistry 35:13656—-13663.
factors [Andersen, 1999a]. With our present underStar'éitSrnens, M., Paintrand, M., Berges, J., Marty, M.C., and Karsenti, E.

ing _C_’f MT dynamics regglat!on th_e stage is set for' an  (1987): Structural and chemical characterization of isolated

exciting complete reconstitution of in vivo MT dynamics centrosomes. Cell Motil. Cytoskeleton 8:238-249.

in vitro. Bré, M.H., and Karsenti, E. (1990): Effects of brain microtubule-
associated proteins on microtubule dynamics and the nucleating
activity of centrosomes. Cell Motil. Cytoskeleton 15:88-98.
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