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Biochemical Studies of Katanin,
A Microtubule Severing ATPase

by

James J. Hartman

ABSTRACT

Katanin is a microtubule-stimulated ATPase that can disassemble

stable microtubules in vitro, and may function in cells to promote

microtubule reorganization during mitosis. Microtubules are stabilized by
multiple interactions between tubulin subunits, forming a highly cooperative
lattice. Katanin disrupts this stable structure, creating breaks in the
microtubule.

To investigate how katanin couples ATP hydrolysis to the disruption

of tubulin contacts, we identified cDNAs encoding the pó0 and p80 subunits

of katanin. p50 is a new member of the AAA ATPase superfamily, while p80
is a unique protein containing N-terminal WD40 repeats. Baculovirus

expression revealed that pó0 is sufficient for both microtubule-stimulated

ATPase and microtubule-severing activities. Transfection experiments

demonstrated that the p80 WD40 repeats were sufficient for targeting to the

centrosome, where katanin is concentrated in vivo. This suggests katanin is

organized into an enzymatic subunit (p60) and a targeting subunit (p80).

Rotary-shadowing electron microscopy revealed 15-20 nm rings in p50

preparations, but hydrodynamic analysis indicated p50 is monomeric in the

presence of both ATP and ADP. However, in the presence of ATP and a

mutation (E334Q), pó0 formed a stable 15 S oligomer. These results suggest

that wildtype pó0 can undergo cycles of oligomerization coupled with
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nucleotide hydrolysis. We used fluorescence resonance energy transfer

(FRET) between peo fused to cyan fluorescent protein (CFP) and yellow

fluorescent protein (YFP) to show that both microtubules and ATP combine

to promote oligomerization of wildtype katanin. Oligomerization closely

resembled the non-hyperbolic activation of katanin ATPase activity by

microtubules, suggesting that microtubules stimulate katanin's ATPase

activity by promoting p50-pô0 interactions. Nucleotide state affects

microtubule binding, causing tight binding with ATP-Y-S and weak binding

with ADP. This data, combined with data on other AAA ATPases, suggests a

model in which an oligomeric ring of katanin makes multiple contacts with

the microtubule. Coupling ATP hydrolysis to shape changes in the

microtubule-bound ring provides a possible mechanism for mechanically

straining tubulin-tubulin contacts, and disassembly of the ring in the ADP

state suggests a way to reduce microtubule affinity and enhance the release of

severed products.

Peter Walter, Ph.D.
Committee Chairman

Ronald Vale, Ph.D.
Adivsor
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INTRODUCTION



This thesis describes the biochemical characterization of katanin, an

ATPase that disassembles stable microtubules. When this project was started,

katanin had just been purified and its basic activities characterized (McNally

and Vale, 1993). The experiments described here were intended to clarify the

mechanism by which katanin uses the energy of ATP hydrolysis to catalyze

microtubule disassembly. A first step was cloning and expressing the katanin

subunits, which is described in Chapter 1. In the process, we learned that

katanin is a member of the AAA superfamily of ATPases. Interestingly,

while katanin is the only AAA ATPase that has been shown to disassemble

microtubules, other members of this family possess the ability to disrupt

multiprotein complexes. The work in Chapter 2 focuses on the oligomeric

nature of pé0, and how transient association of pé0 subunits during the

ATPase cycle may be important for the mechanism of severing. The high

sequence conservation within the AAA family, together with the oligomeric

nature of many AAA proteins, suggests that this information will be useful

for understanding how this entire class of proteins work. Finally, Chapter 3

describes a series of experiments characterizing native and baculovirus

expressed katanin ATPase activities, work that may be helpful in future

experiments with this enzyme. In this introduction, I present a brief review

of microtubule rearrangements, focusing on severing and the role katanin

might play in modulating microtubule behavior in vivo.

Microtubule Rearrangements
The microtubule cytoskeleton, a polymer network composed of 0/3

tubulin subunits, participates in many cellular functions. In mitotic cells,

microtubules in the mitotic spindle enable accurate segregation of

chromosomes, while in nondividing cells they organize cytoplasmic



organelles and function in morphogenesis and cell motility. To carry out

these diverse functions, the microtubule network must be capable of major

reorganization under different cellular conditions.

A well-studied mechanism of plasticity is dynamic instability, a

property inherent to the tubulin polymer. Pure microtubules, even at steady

state, undergo periods of growth and shrinkage via gain and loss of tubulin

dimers from the microtubule ends. Differential interference contrast (DIC)

microscopy of single microtubules shows that individual microtubules

stochastically switch from growing to shrinking (termed catastrophe) or from

shrinking to growing (termed rescue). In vitro, a population of microtubules

contains many growing slowly, with a few undergoing rapid shortening.

(Mitchison and Kirschner, 1984; Walker et al., 1988) Because of this

interesting in vitro behavior, considerable experimentation has been done to

determine if this process is relevant in cells. Fluorescence photobleaching

studies show that tubulin subunits readily exchange between assembled

microtubules and the pool of cytoplasmic tubulin (Salmon et al., 1984;

Sammak et al., 1987). Microtubules regrow heterogenously after polymer

assembly is blocked by the drug nocodazole, as would be expected for a

population that grows and shrinks randomly (Cassimeris et al., 1986). In

addition, exogenous labeled tubulin injected into cells becomes incorporated

both at the distal plus ends of preexisting microtubules, as well as throughout

the length of microtubules newly polymerized from centrosomes (Hyman

and Mitchison, 1991). Taken together, these results suggest that dynamic

instability is important in vivo, as well as in vitro.



Structural basis for dynamic instability
The precise mechanism that causes microtubules to switch from

growing to shrinking is still unclear (Desai and Mitchison, 1997), but GTP

hydrolysis has a profound effect on microtubule stability. Hydrolysis of GTP

bound to the B-tubulin subunits occurs either during or soon after

microtubule polymerization (Carlier et al., 1989), and the resulting GDP

tubulin lattice is less stable than the GTP-tubulin lattice. In contrast,

microtubules polymerized with the nonhydrolyzable GTP analog GMPCPP

are quite stable to time and dilution (Caplow et al., 1994; Hyman et al., 1994).

A cap of GTP-tubulin subunits is thought to stabilize the microtubule lattice

and protect the microtubule from depolymerization; exposure of GDP-tubulin

subunits destabilizes the polymer and results in depolymerization (Desai and

Mitchison, 1997). Supporting this model, protofilaments of depolymerizing

GDP microtubules have a more curved appearance than those of GMPCPP

microtubules, suggesting the tubulin dimer adopts different conformations in

the GDP versus GTP state (Mandelkow et al., 1991; Muller-Reichert et al.,

1998). In addition, the free energy of GTP hydrolysis by microtubules is low,

suggesting that the energy of nucleotide hydrolysis is stored as mechanical

energy (strain) in the GDP-tubulin lattice that comprises most of the length of

microtubules (Caplow et al., 1994). In this model, depolymerization is

energetically driven by strain, released when GDP-tubulin subunits become

exposed at the ends of microtubules and protofilaments lose contacts with

their neighbors.

Proteins that affect the intrinsic dynamics of tubulin
The dynamics of microtubules in cells can be quite different than that

observed for pure tubulin in vitro (Lieuvin et al., 1994; Schulze and



Kirschner, 1987), and many proteins have been identified that can modulate

the stability of microtubules. Microtubule-associated proteins (MAPs), such as

tau, stabilize microtubule polymers. Tau binds specifically to the polymeric

form of tubulin and increases the rate, length, and extent of microtubule

polymerization (Cleveland et al., 1977). Real-time observation of individual

microtubules has shown that tau acts by increasing the on-rate of tubulin

dimers at the growing ends of microtubules, as well as by lowering the rate of

growth to shrinkage transitions (catastrophe frequency) (Drechsel et al., 1992).

Furthermore, phosphorylation of tau by MAP2 kinase lowers its affinity for

microtubules, providing a pathway for posttranslationally controlling tau's

stabilization of microtubules in vivo (Drechsel et al., 1992).

While MAPs are stabilizing factors, other classes of proteins destabilize

microtubules and promoting depolymerization. Two examples are the Kin■

kinesins and OP18. Both of these proteins increase catastrophe frequency, but

do so through different mechanisms. The Kin■ kinesins, such as XKCM1, are

ATP-dependent catalysts of microtubule destabilization. XKCM1 binds

preferentially to microtubule ends, triggering a destabilizing conformational

change that leads to catastrophe. Nucleotide hydrolysis is not required for

destabilization, since XKCM1 induces splaying of protofilaments at the ends

of microtubules in the presence of the nonhydrolyzable ATP analog

AMPPNP. XKCM1 forms a stable complex with the tubulin dimers released

from the microtubule, and the energy of ATP hydrolysis is necessary to

disrupt this stable kinesin/tubulin complex, allowing for multiple cycles of

disassembly (Desai et al., 1999). Interestingly, XKCM1 can destabilize

microtubules polymerized with the nonhydrolyzable GTP analog GMPCPP,

suggesting it is able to change the structure of tubulin independent of the

tubulin-bound nucleotide (Desai et al., 1999). Electron micrographs of



GMPCPP microtubules being depolymerized by XKCM1 show protofilament

peels similar to those seen in rapidly depolymerizing GDP microtubules

(Mandelkow et al., 1991), even though the tubulin is still in a GTP-like state.

OP18 also destabilizes microtubules, but there is some controversy as to

the precise mechanism of action. OP18 was identified as a catastrophe

promoting factor using in vitro microtubule polymerization assays (Belmont

and Mitchison, 1996), and analytical ultracentrifugation experiments

subsequently demonstrated that it forms a stable complex with two tubulin

dimers (Jourdain et al., 1997). This suggested that OP18 promotes catastrophe

by simply sequestering tubulin and making it unavailable for polymerization,

a model supported by the demonstrated tubulin-binding activity of OP18
(Belmont and Mitchison, 1996; Jourdain et al., 1997). However, recent

experiments show that the tubulin sequestering and catastrophe-promoting

activities are separable by truncation and changes in pH (Howell et al., 1999).

OP18 promotes microtubule catastrophe at pH 7.5, even though it binds

tubulin dimers only weakly at this pH (Howell et al., 1999). This suggests that

OP18 can destabilize microtubules by a mechanism other than sequestration,

possibly by interacting directly with the microtubule ends and causing a

change in tubulin structure. This structural change is likely to be different
from that caused by the Kin■ kinesins, however, since GMPCPP microtubules

can be destabilized by XKCM1 (Desai et al., 1999) but not OP18 (Howell et al.,

1999).

Severing proteins
All of the previously discussed proteins modulate microtubule stability

by influencing the rate of tubulin addition/loss specifically from microtubule

ends. Additionally, microtubule stability could be decreased by severing



proteins acting on the microtubule wall, creating internal breaks in the

microtubule polymer. Several actin filament severing proteins have been

identified, a well-studied example being gelsolin which severs actin filaments

in a Ca2+ and PIP2-regulated fashion (Vandekerckhove, 1990). Gelsolin binds

both monomeric and polymeric actin, and the structures of full length plasma

gelsolin (Burtnick et al., 1997) and the gelsolin segment 1-actin complex

(McLaughlin et al., 1993) are known in atomic detail. This structural data has

suggested a mechanism for severing in which the gelsolin filament binding

domain interacts with the side of F-actin, positioning the G-actin-binding

domain (segment 1) where it can bind to and destabilize the contacts between

two adjacent actin monomers within a single strand of F-actin (McLaughlin et

al., 1993).

The need for severing was less clear for microtubules than actin. The

high off rate of tubulin monomers, at least in vitro, enables microtubules to

depolymerize much faster than actin. However, the lack of dynamics in

certain populations of cellular microtubules (Schulze and Kirschner, 1987),

the stability of the interphase microtubule array in certain cell types (Lieuvin

et al., 1994), and the observation that free microtubule minus ends are stable

in vivo (Nicklas et al., 1989) made a role for microtubule severing proteins

plausible. Severing proteins have been suggested to be involved in flagellar

resorption in Chlamydomonas, as well as in the rapid microtubule

depolymerization and contraction of heliozoans such as Reticulomyxa (Chen

and Schliwa, 1990) and Actinocoryne (Febvre-Chevalier and Febvre, 1992). To

achieve the millisecond contraction of its microtubule-filled stalk, the latter

would require an estimated tubulin dissociation rate of 3x107 dimers's-1, 104

faster than generally observed. This strongly suggested the involvement of



factors that can sever or fragment microtubules in order to accelerate

depolymerization.

Microtubule severing was first directly observed in extracts of Xenopus

eggs, evident by the rapid fragmentation and eventual disappearance of

artificially-stabilized fluorescent microtubules that would otherwise be stable

for several days (Vale, 1991). Incubation with Xenopus extracts caused an

increase in the number of microtubules, while their average length

commensurately decreased, and real-time observations showed individual

microtubules being broken at random sites along their length. This was quite

distinct from dynamic instability, where gain and loss of subunits occurs

strictly at the ends. Xenopus extracts disrupted microtubules stabilized either

by treatment with the microtubule-binding drug paclitaxel or by

polymerization with the nonhydrolyzable GTP analog GMPCPP, suggesting

that severing was neither caused by displacing paclitaxel from microtubules,

nor was dependent on the nucleotide state of tubulin dimers in the

microtubule lattice. Severing was dependent on the addition of ATP and

inhibited by apyrase and EDTA, suggesting a direct or indirect requirement for

nucleotide energy in the severing reaction. Interestingly, severing activity

was seen in mitotic but not interphase Xenopus egg extracts, consistent with a

role for severing in the microtubule rearrangements that remodel the

interphase cytoskeleton at the onset of and throughout mitosis. The

susceptibility of severing to inactivation by trypsin, heat, or N

ethylmaleimide suggested the involvement of one or more proteins, but

difficulties with purifying the Xenopus severing activity led to the search for

other sources of microtubule-severing activity.



Katanin, a microtubule-severing protein from sea urchin eggs
Katanin was purified from eggs of the sea urchin Stronglyocentrotus

purpuratus on the basis of its ability to sever paclitaxel-stabilized

microtubules, using a microscope-based assay (McNally and Vale, 1993)

similar to that used for characterizing Xenopus severing activity (Vale, 1991).

Katanin is composed of 60 kDa and 80 kDa polypeptide subunits, present in a

1:1 ratio based on Coomasie-stained SDS-PAGE gels of purified protein. The

subunits are thought to be in a heterodimeric complex with a predicted native

molecular weight (Siegel and Monty, 1966) of 105 kDa, based on its measured

4.1S sedimentation coefficient and 51A Stokes radius (McNally and Vale,
1993). Katanin requires Mg2+ ATP to sever microtubules, and interaction

with microtubules activates katanin's basal ATPase activity. Furthermore,

the energy derived from ATP hydrolysis is required for microtubule severing,

since the slowly-hydrolyzed ATP analog ATP-Y-S inhibits the ATPase activity

of katanin but does not support microtubule severing (McNally and Vale,

1993). Katanin can act enzymatically, with 1 molecule releasing a 75-fold

excess of tubulin over the course of a 50 min incubation (McNally and Vale,

1993). The products of katanin severing are likely to be tubulin dimers or

small oligomers, since fluorescence resonance energy transfer experiments

indicate that mixed polymers of fluorescein- and rhodamine-labeled tubulin

fail to transfer energy after severing (McNally and Vale, 1993). And tubulin

released from microtubules by katanin is capable of repolymerization,

eliminating the possibility that katanin acts by proteolyzing or post

translationally modifying its substrate (McNally and Vale, 1993).

In addition to katanin, two other microtubule-severing proteins have
been reported. Both proteins, p56 (Shiina et al., 1992) and EF-10. (Shiina et al.,

1994), were purified from Xenopus egg extracts. Neither protein requires ATP
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for activity, in contrast with both katanin (McNally and Vale, 1993) and the

initial microtubule-severing activity characterized in Xenopus egg extracts

(Vale, 1991). Recently, a Xenopus homolog of p50 katanin has been identified,
and antibodies raised against this protein indicate pé0 katanin is present in

many different vertebrate cell and tissue types (McNally and Thomas, 1998).

Importantly, the almost complete lack of severing in Xenopus extracts treated

with anti-p60 antibodies demonstrates that katanin, not p56 or EF-10, is

responsible for microtubule severing in mitotic Xenopus egg extracts

(McNally and Thomas, 1998).

Possible function of katanin in vivo

The precise function(s) of katanin in vivo are still unclear, but

immunofluorescence experiments show that katanin is concentrated at the

centrosomes of sea urchin (McNally et al., 1996), Xenopus (McNally and
Thomas, 1998), and human cells (Hartman et al., 1998). This localization,

together with the observed activation of Xenopous katanin during mitosis,

suggests several possible roles for microtubule severing in vivo:

disassembling microtubule minus ends in the mitotic spindle and releasing
microtubules from the centrosome.

In the mitotic spindle, tubulin subunits undergo a net movement

toward the centrosome, termed poleward flux (Mitchison, 1989). This process

has been suggested to be important for maintaining spindle structure (Waters

et al., 1996), and microtubule motor proteins are likely to supply the force

drawing microtubules into the centrosome. Microtubules arise by

polymerization from nucleating sites in the pericentriolar material (Moritz et

al., 1995; Zheng et al., 1995), and microtubules attached to their sites of

polymerization do not have minus ends available for depolymerization.
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Flux requires that microtubule minus ends get released to allow minus-end

depolymerization and further poleward movement. Katanin is both

activated in mitosis and localized to the correct place, the pericentriolar

material, to act as a minus end destabilizing factor in the process of poleward
flux (Fig. 1A).

Centrosomal katanin may also be involved in the release of

cytoplasmic microtubules from the centrosome at the onset of mitosis. The
number of noncentrosomal microtubules increases at the G2->M transition in

Sea urchin eggs (Harris et al., 1980; Hollenbeck and Cande, 1985) and

Dictyostelium cells (Kitanishi-Yumura and Fukui, 1987). In addition,

centrosomal release is greater in mitotic versus interphase extracts of

Xenopus eggs. As with flux, the localization and regulation of katanin are

consistent with it being involved with this process (Fig. 1B).

Is there a role for katanin in nondividing cells? Neurons, skeletal

muscle cells, and certain epithelial cell types all contain large arrays of

noncentrosomal microtubules in interphase (reviewed by (Cassimeris, 1993)).

Keating et al. (1997) used a combination of time-lapse fluorescence microscopy
and laser marking to demonstrate that noncentrosomal microtubles arise

primarily by nucleation at and subsequent release from centrosomes in
interphase rat Ptk1 cells. The released microtubule minus ends were either

stable or depolymerized, but were never seen to grow (Keating et al., 1997).
This is consistent with a model in which katanin releases microtubules from

the centrosome, followed by either disassembly or stabilization depending on

the activity of minus end capping proteins or other regulators of dynamic
instability. Neurons, in particular, might use katanin to release microtubules

from their centrosomal nucleation sites as part of the mechinery for
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transporting preformed microtubules down the growing axon B(Baas and Yu,
1996) (Fig. 1C).

Interest in the mechanism of severing
While microtubule ends can be very dynamic, the microtubule wall is

not. Experiments with end-stabilized microtubules indicate that subunits

dissociate from the wall at ~10-8 dimers's-1, roughly 1011 more slowly than
from the ends (Dye et al., 1992). This enormous difference in stability arises

because of an additional longitudinal tubulin-tubulin contact made by a wall

versus an end-exposed tubulin dimer. This is similar to what has been

observed with actin. Fragmenting an actin filament requires disrupting three

interactions between actin monomers (two longidudinal, one lateral), while

endwise loss requires disrupting only two (one longidudinal, one lateral).

Actin depolymerization occurs 108 faster than the fragmentation,
demonstrating the enormous impact of a single additional protein-protein

contact on the stability of protein complexes (Erickson, 1989). Paclitaxel

stabilized microtubules, normally stable for several days, are disrupted less
than a minute after addition of katanin and ATP. Katanin is able to use the

energy of ATP hydrolysis to disrupt the stable protein complex of the

microtubule wall, making it unique among the proteins studied thus far that
interact with microtubules.

As an initial step in studying the mechanism of katanin-mediated

severing, we isolated cDNAs encoding the pó0 and p80 subunits of katanin.

Our discovery that pó0 katanin is a member of the large superfamily of AAA

ATPases is exciting, especially since other members of this family disrupt

multiprotein complexes. We showed that the p50 subunit alone has

microtubule-stimulated ATPase activity and severing activity, indicating that
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it is the enzymatic subunit of the complex. Electron micrographs of p50 and

p60/p80 katanin show the presence of 15-20 nm rings, suggesting that pó0 can

oligomerize as has been reported for other AAA ATPases. This was initially

confusing, since katanin behaves like a heterodimer in hydrodynamic

experiments (McNally and Vale, 1993). This question has been addressed by

studies using a fluorescence resonance energy transfer assay, together with a

p60 mutant defective in ATP hydrolysis, to demonstrate that katanin

undergos cycles of reversible oligomerization in the presence of ATP and

microtubules. It is likely that many AAA ATPases will employ similar cycles

of oligomerization, and the well-characterized nature of katanin's substrate

(the microtubule) makes this system attractive for further study of the
mechanism of the AAA ATPases.
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Figure 1: Proposed roles for katanin function in vivo.

(A) Centrosomal katanin may be involved in the poleward flux of tubulin

subunits in the mitotic spindle. (B) Centrosomal katanin may also be
involved in the release of microtubules from the centrosome observed at the

onset of mitosis. (C) A possible function for katanin in nonmitotic cells is in

the creation of noncentrosomal arrays of microtubules by release from the

centrosome. One example is the release of centrosomal microtubules for

transport down the elongating axon of developing neurons.
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CHAPTER 1

Katanin, a Microtubule Severing Protein,
is a Novel AAA ATPase that Targets to the Centrosome

Using a WD40-Containing Subunit
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The work presented in Chapter 1 is the result of a collaboration

between Dr. Frank McNally and myself. The cloning of pé0 katanin, the

expression of both katanin subunits, and the biochemical assays of katanin

ATPase and microtubule severing activity were my work. Frank McNally,

and others in his lab, were responsible for cloning p80, as well as identifying

the region of p80 responsible for heterodimerization and demonstrating that

the WD40 repeats of p80 are responsible for targeting of katanin to the

centrosome. This chapter is reproduced from Cell, 1998, Vol. 93, pp. 277-287

by copyright permission of Cell Press.
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SUMMARY

Microtubule disassembly at centrosomes is involved in mitotic spindle

function. The microtubule severing protein katanin, a heterodimer of 60 and

80 kDa subunits, was previously purified and shown to localize to

centrosomes in vivo. Here we report the sequences and activities of the

katanin subunits. p50 is a new member of the AAA family of ATPases, and

we show that expressed p50 has microtubule-stimulated ATPase and

microtubule severing activities in the absence of p80. p80 is a novel protein

containing WD40 repeats, which are frequently involved in protein-protein

interactions. The p80 WD40 domain does not participate in p50 dimerization,
but localizes to centrosomes in transfected mammalian cells. These results

indicate katanin's activities are segregated into a subunit (p60) that possesses

enzymatic activity and a subunit (p80) that targets the enzyme to the
CentroSOme.
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INTRODUCTION

Microtubules, polymers of O./B tubulin heterodimers, help to organize

membranous organelles during interphase and comprise the mitotic spindle

of a dividing cell. Microtubule networks are highly dynamic and undergo

dramatic reorganizations during the cell cycle. Upon entry into mitosis, the

interphase microtubule array rapidly disassembles and then reorganizes into

the mitotic spindle (Zhai et al., 1996). Microtubule dynamics also plays an

important role in mitotic spindle function. Coordination of microtubule

growth at kinetochores with microtubule disassembly at centrosomes is

thought to be important for maintaining spindle structure (Waters et al.,

1996). Coordinated disassembly of microtubules at their kinetochore

attachment sites also may be a major driving force in chromosome separation

during anaphase A (Desai and Mitchison, 1995).

Some of the dynamic properties of microtubules observed in vivo can

be accounted for by the intrinsic properties of the O/B tubulin heterodimer.
Even at steady state, microtubules composed of pure tubulin undergo periods
Of prolonged growth and shrinkage and can switch rapidly between these two
states (Horio and Hotani, 1986; Mitchison and Kirschner, 1984). This process,

known as dynamic instability, is thought to result from GTP hydrolysis by
tubulin; a cap of GTP-containing tubulin subunits at the microtubule end is
believed to stabilize the lattice, while exposure of tubulin-GDP at ends

clestabilizes the polymer (Caplow and Shanks, 1996; Desai and Mitchison,
1997).

However, the properties of pure tubulin cannot account for many

behaviors of microtubules in living cells. A variety of proteins have been
Purified which modulate the dynamic behavior of microtubules, and are

thought to be vital for controlling changes in the microtubule cytoskeleton in
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vivo. Microtubule-associated proteins (MAPs) bind to the microtubule wall

and promote microtubule polymerization by enhancing the rate of

microtubule growth and suppressing transitions from a growing to a

shrinking state (termed catastrophe) (Drechsel et al., 1992; Kowalski and

Williams, 1993). Conversely, other proteins such as OP18 (Belmont and

Mitchison, 1996) and XKCM1 (Walczak et al., 1996) increase the frequency of

catastrophes and thus promote disassembly of microtubules from their ends.

In contrast to OP18 and XKCM1, microtubule-severing proteins

promote the disassembly of microtubules by generating internal breaks

within a microtubule (McNally and Vale, 1993; Shiina et al., 1994; Shiina et
al., 1992; Vale, 1991). Katanin, a heterodimer of 60 kDa and 80 kDa subunits

purified from sea urchin eggs, is unique among the known microtubule and
actin severing proteins in that it disrupts contacts within the polymer lattice

by using energy derived from ATP hydrolysis (McNally and Vale, 1993).
Katanin acts substoichiometrically, as one molecule of katanin can release

several tubulin dimers from a microtubule. Katanin does not appear to

proteolyze or modify tubulin, since the tubulin released from the disassembly
reaction is capable of repolymerizing (McNally and Vale, 1993). The

mechanism of microtubule severing by katanin, however, is not understood.

Katanin-catalyzed microtubule severing and disassembly could

potentially be involved in several changes in the microtubule cytoskeleton
observed in vivo. Recent studies have shown that katanin is concentrated at

the centrosome in a microtubule-dependent manner in sea urchin embryos

(McNally et al., 1996). One phenomenon that could require disassembly of
rmicrotubules at the centrosome is the poleward flux of tubulin in the mitotic

spindle (Mitchison, 1989). The disassembly of microtubule minus ends at the

spindle pole during poleward flux could be driven by katanin, or katanin
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could simply allow depolymerization by uncapping microtubule minus ends

that are docked onto Y-tubulin ring complexes (Moritz et al., 1995; Zheng et

al., 1995). Another possible role for katanin at the centrosome is in

promoting the release of microtubules from their centrosomal attachment

points. Microtubules are nucleated from Y-tubulin ring complexes at the

centrosome (Joshi et al., 1992; Moritz et al., 1995), but release of microtubule

minus ends has been observed indirectly in Dictyostelium (Kitanishi-Yumura

and Fukui, 1987) and directly in Ptk1 cells (Keating et al., 1997) and Xenopus

eggs extracts (Belmont et al., 1990). Finally, katanin could accelerate the rapid

disassembly of the interphase microtubule network at the G2/M transition

(Zhai et al., 1996) by severing cytoplasmic microtubules, which would increase

the number of free microtubule ends from which depolymerization could
OCCUIT.

To further understand the mechanism and biological roles of katanin,
it is essential to establish the molecular identities and activites of the two

katanin subunits. Here, we report the sequences of the pó0 and p80 subunits
and characterize the activities of the individual subunits. Our results indicate

that pó0 serves the enzymatic function of the katanin complex, while p80 acts

as a centrosome targeting subunit.
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RESULTS

To begin dissecting the functional domains of katanin, we isolated

cDNA clones for the pé0 and p80 subunits from cDNA derived from sea

urchin (Strongylocentrotus purpuratus) egg mRNA. After first obtaining

peptide sequence of several proteolytic fragments from the two sea urchin

katanin subunits, cDNA clones were isolated using a combination of

degenerate PCR, cDNA library screening, and anchor-ligated PCR (see

Experimental Procedures). The predicted amino acid sequences of the cDNA

clones contained 139 a.a. and 306 a.a. of peptide sequences obtained by direct

microsequencing of pé0 and p80 respectively.

p60 is a Novel Member of the AAA ATPase Superfamily

Sequence analysis of the pó0 cDNA clone revealed an open reading

frame that encodes a 516 a.a. polypeptide (Fig. 1A). A BLAST search with the

predicted p50 protein sequence revealed that this polypeptide contains a C

terminal domain (a.a. 231 - 447) that is highly conserved in the AAA ATPase

superfamily (Fig. 1B) (Confalonieri and Duguet, 1995). This -220 amino acid

region contains the "Walker A" (P-loop) and "Walker B" motifs found in

many ATPases (Walker et al., 1982). AAA proteins, which contain either one

or two of these 220 a.a. ATP-binding modules, constitute a large superfamily

whose members have been implicated in a variety of cellular functions

(Confalonieri and Duguet, 1995).

Of the AAA domains entered into sequence data bases, mei-1, a C.

elegans protein required for meiosis (Clark-Maguire and Mains, 1994a), is

most closely related to p50 (55% a.a. identify, Fig. 1B). Mei-1 was discovered in

a genetic screen as a protein that is required for meiotic spindle formation, but

disappears during subsequent mitotic divisions. Interestingly, both p50

(McNally et al., 1996) and mei-1 (Clark-Maguire and Mains, 1994b) are
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localized to spindle poles in a microtubule-dependent manner. However, the

N-terminal half of pé0 has no significant homology to mei-1, suggesting that

p60 and mei-1 may not be orthologs. BLAST searches with p50 sequences,

however, revealed several human ESTs (expressed sequence tags) that have

strong a.a. identity outside of the AAA domain, suggesting the existence of

vertebrate homologs of pé0.

p80 Contains WD40 Repeats

Sequence analysis of the sea urchin p80 cDNA clone revealed a

predicted 690 a.a. polypeptide that contains six “WD40" repeat motifs

extending from residues 1-256 (Fig. 2A). An alignment of these repeats with

two unrelated WD40 repeat-containing proteins is shown in Fig. 2B. The

WD40 repeats in several proteins have been documented to participate in

protein-protein binding interactions (Komachi et al., 1994; Wall et al., 1995).

The C-terminal region of p80 (residues 257-690) did not exhibit significant

amino acid identity to any previously described protein. However, significant

identity of sea urchin p80 was observed with several human EST clones. The

sequences of these clones were used to isolate a full-length human p80

katanin homolog by PCR (see Experimental Procedures). The human cDNA

encodes a predicted 655 a.a. protein with 61% a.a. identity in the WD40

domain (a.a. 1-256) (Fig. 2B), 23% a.a. identity in the central 187 residues, and

54% a.a. identity in the C-terminal 164 a.a. with S. purpuratus p80 katanin

(latter two regions are not shown).

Baculovirus Expression and Molecular Structure of the Katanin Subunits

Deciphering the roles of the two katanin subunits is essential for

understanding the enzyme's mechanism and biological activities. However,
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separation of the native sea urchin p50/p80 subunits requires denaturing

conditions. We therefore sought to express the two subunits together and

separately and then test their enzymatic activities. Bacterial expression of p50

produced largely insoluble protein, and the small amount of soluble pé0 had

no microtubule-stimulated ATPase activity (data not shown). However,

using the baculovirus expression system, we obtained soluble pé0, p80, and

the p50/p80 complex (each expressed with a N-terminal His(6) tag), and

purified the expressed proteins using metal affinity chromatography (Fig. 3A).

When pé0 and p80 were co-expressed, the stoichiometry of the two subunits

in the purified protein was approximately equal (1.0:0.9 p60:p80 molar ratio, as

determined by Coomassie staining). Moreover, immunoprecipitation with

an anti-p60 antibody led to co-immunoprecipitation of equal quantities of pé0

and p80 (Fig. 3B). These results indicate that baculovirus-expressed p50 and

p80 heterodimerize, as observed with native katanin (McNally and Vale,
1993).

To examine katanin's structure, baculovirus-expressed p50, p80, or

p60/80 was adsorbed onto mica chips, and the chips were subsequently frozen,

etched, and rotary shadowed with planinum (Heuser, 1989; Heuser, 1983).

The platinum-shadowed p50 appeared as a 14-16 nm ring punctuated in the

center by a 3-5 nm opening, often with what appears to be cracks radiating

outward (Figure 4A). p80, on the other hand, appeared as ~11 nm particles

and occasional unstructured protein aggregates; rings were not observed (Fig.

4B). Rings were also seen for p50/p80 complexes (Fig. 4C,D) and native sea

urchin katanin (data not shown). Interestingly, two types of pé0/p80

complexes were visible: large -20 nm diameter rings with bright edges, which

is suggestive of taller complexes that extend upward from the mica (Fig. 4D),

and smaller rings of the size of pé0 alone with several p80 sized particles
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radiating from the central ring (Fig. 4C). The large and small rings might

represent closed and "splayed" versions of the pé0/p80 complex, respectively,

which could be produced if the complex dissociates upon mica adsorption.

Both p50 and p50/p80 structures resemble the rings observed for the AAA

ATPases NSF and p97, whose dimensions are 15-17 nm (Hanson et al., 1997).

p60 Katanin has Microtubule-Stimulated ATPase and Severing Activity

With the availability of isolated p50 and p80, we then examined

whether the individual subunits have ATPase activity. The co-expressed

p60/p80 heterodimer displayed an ATP turnover rate of 0.3

ATP/sec/heterodimer; this activity was stimulated -10-fold by microtubules

(Fig. 5A). This basal activity and the fold stimulation by microtubules are

similar to that observed for native sea urchin katanin (data not shown).

Consistent with the finding of an AAA domain in its sequence, pó0 alone

displayed a microtubule-stimulated ATPase activity. Surprisingly, the

maximal basal and microtubule-stimulated ATPase rates of p50 were only 2

fold lower than those of the pó0/p80 heterodimer (Fig. 5A). p80 itself had no

detectable ATPase activity. The activation of ATPase activity by microtubules

displayed an atypical, non-hyperbolic behavior. ATP turnover by p50 and

p60/p80 was stimulated at low concentrations of microtubules (peak at ~2 um

tubulin), but then decreased at higher microtubule concentrations (Fig. 5A).

This same complex pattern of microtubule stimulation was also observed for

native sea urchin katanin (data not shown).

We then tested the microtubule severing activity of pé0, p80, and

p60/p80 using a fluorescence microscopy assay (McNally and Vale, 1993).

Both p50 and pé0/p80 severed microtubules in this assay (Fig. 5B). Broken

microtubules were observed within 1 min after introducing 0.1 p.M p60 or
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p60/p80, and microtubules were completely disassembled after 5 min. The

reaction appeared somewhat slower with p50 alone. Microtubules remained

intact if ATP was omitted from the reaction (not shown). In contrast, p80 was

unable to sever microtubules at concentrations 5-fold higher than those used

for p50 (Fig. 5B). These experiments demonstrate that pó0 alone can carry out

all of the steps necessary for coupling ATP hydrolysis to microtubule

disassembly.

To better compare the microtubule severing activities of p80 and

p60/p80, we developed a quantitative microtubule disassembly assay based

upon a previous finding that DAPI fluorescence intensity is higher when this

dye is bound to polymerized versus free tubulin (Heusele et al., 1987). When
katanin and ATP were incubated with DAPI-labeled microtubules, a linear

decrease in fluorescence intensity was observed as a function of time,

reflecting the conversion of microtubules to tubulin (Fig. 5C). The loss of

microtubule polymer was confirmed by centrifugation studies, which showed

an increase in non-sedimentable tubulin with a similar time course (data not

shown). The fluorescence decrease induced by these enzymes reached a

steady-state level that was slightly higher than pure, monomeric tubulin,

suggesting that some tubulin oligomer may exist at steady state. The rate of

fluorescence decrease was proportional to pó0 or p50/p80 concentration over a

10-fold range (data not shown). When the rates of microtubule disassembly

were compared, pó0 was half as active as pé0/p80 (Fig. 5C). This slower rate of

microtubule disassembly is consistent with the previously described 2-fold

decrease in ATPase activity of p50 compared with p50/p80.
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The p80 WD40 Domain Targets to the Centrosome

The finding that pó0 by itself can sever microtubules left open the

question of the function of the p80 katanin subunit. At least two functional

domains of p80 could be postulated. First, since katanin is a heterodimer

(McNally and Vale, 1993), some part of p80 must be involved in

heterodimerization with p50. Second, because previous studies have shown

that katanin is concentrated at centrosomes in vivo (McNally et al., 1996), p80

could contain a domain that interacts with a centrosomal protein to allow

targeting of the katanin holoenzyme. Because WD40 repeats have been

implicated in heterophilic protein-protein interactions (Komachi et al., 1994;

Wall et al., 1995), the six WD40 repeats in p80 represented a good candidate

domain for participating in either dimerization or centrosome targeting.

In order to test whether the WD40 repeats of p80 are required for

heterodimerization with p50, we deleted the entire WD40 domain and

examined whether the truncated p80 (p80A1-302) interacted with p50 when

the two polypeptides were co-translated in a rabbit reticulocyte system. The

truncated p80 (A1-302) was co-immunoprecipitated by the anti-p60 antibody

only in the presence of p50 and just as efficiently as full length p80 (Fig. 6).

This finding indicates that the WD40 repeats are not required for dimerizing

the two katanin subunits. Nevertheless, it remained possible that the WD40

domain was one of multiple, redundant pó0-interacting domains. However,

a C-terminal truncation of p80 (p80A303-690) containing only the WD40

domain did not co-immunoprecipitate with p50 (Fig. 6). These results

indicate that the p80 WD40 repeats are neither necessary nor sufficient for

dimerization with p50. To determine which region of p80 is required for

interaction with p50, a p80 deletion lacking the C-terminal 130 amino acids

(p80A560-690) was constructed and was found not to co-immunoprecipitate
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with p50 (Fig. 6). These findings suggest that the C-terminal 130 a.a. of p80,

but not the WD40 repeat domain, are involved in the dimerization with p50.

To examine whether the p80 WD40 repeats bind to a protein in the

centrosome, we tested whether these repeats can target a heterologous protein

(green fluorescent protein, GFP) to the centrosome after transient transfection

in the human fibroblast cell line, MSU1.1 (Lin et al., 1995). The WD40

domain of human p80 katanin was used, because it was more likely that the

human protein would interact with centrosomal proteins in this human cell

line. Immunofluorescence of MSU1.1 cells with an antibody specific for

human p80 katanin (see Experimental Procedures) showed labeling of the

cytoplasm and more concentrated staining at one or two spots that co

localized with Y-tubulin staining (Fig. 7), confirming that endogenous
katanin is concentrated at centrosomes in fibroblasts as it is in sea urchin

embryos (McNally et al., 1996). In contrast to the localization in sea urchin

embryos, the concentration of p80 at centrosomes in fibroblasts remained after

complete depolymerization of microtubules with nocodazole (data not

shown), suggesting that katanin is bound to the pericentriolar material.

When a fusion protein consisting of the six WD40 repeats of human p80

katanin (a.a. 1-263) appended to the N-terminus of green fluorescent protein

(GFP) was expressed in MSU1.1 cells, one or two foci of green fluorescence

that co-localized with Y-tubulin staining was observed 2-4 hr after

transfection in addition to diffuse cytoplasmic fluorescence (Fig. 7). Identical

results were obtained in transfections of Hela cells (not shown). In contrast to

these findings, cells transfected with GFP alone never revealed foci of green

fluorescence at centrosomes (not shown). After longer periods of expression

(8-24 hr) of p80 WD40-GFP, numerous heterogeneously-sized bright foci of

green fluorescence appeared that did not co-localize with Y-tubulin, and later,
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massive aggregates several mm in diameter were observed (not shown).

These results indicate that the WD40 repeats of human p80 katanin are

sufficient to target GFP to the centrosome and suggest that once the

centrosome binding sites are saturated, the additional fusion protein

aggregates in the cytoplasm.
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DISCUSSION

Katanin is a unique enzyme that couples ATP hydrolysis to the

dissociation of tubulin subunits from the microtubule lattice (McNally and

Vale, 1993). Other than the motor proteins kinesin and dynein, katanin is the

only known microtubule-associated ATPase. In this study, we have

determined the primary structure of the pé0 and p80 katanin subunits and

examined the roles of the two subunits in microtubule severing and the

cellular localization of the enzyme.

Mechanism of Katanin-Mediated Microtubule Severing

Sequence analysis of pé0 katanin revealed that it is a novel member of

the AAA family of ATPases. This finding suggested that pó0 might be

responsible for the previously reported ATPase activity of the native katanin

dimer (McNally and Vale, 1993). However, neither p50 nor p80 contained an

identifiable microtubule binding sequence, such as those found in tau (Butner

and Kirschner, 1991) or MAP1B (Noble et al., 1989), and therefore it was not

possible to ascribe the microtubule binding and severing activities of katanin

to either subunit based upon sequence information alone. By measuring the

activities of the pé0 and p80 subunits purified individually and together as a

dimer, we have found that katanin's pé0 subunit exhibits both microtubule

stimulated ATPase activity and microtubule-severing activity in the absence

of the p80 subunit. Since p50 has all elements required for functional
interactions with microtubules, future structure-function studies on the

mechanism of microtubule severing can be focused on this single subunit.

Furthermore, we have found that pó0 katanin can form rings, the

dimensions and appearence of which are similar to those reported for the

AAA proteins NSF and p97 (Hanson et al., 1997). The comparison of pé0 with
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other AAA proteins provides clues as to how katanin disassembles
microtubules, as discussed below.

The ATPase properties of katanin show both similarities and

differences with other AAA family members. Katanin's basal ATPase activity
of 0.3 ATP/katanin/sec and maximal microtubule-stimulated rate of 3

ATP/katanin/sec are comparable to values of 1 ATP/sec for p97 (Peters et al.,

1992) and 0.08 ATP/sec for recombinant NSF (Morgan et al., 1994). NSF

ATPase is also stimulated two-fold upon binding to its target protein, O- or Y

SNAP (Morgan et al., 1994). However, katanin's ATPase activity displays a

complex stimulation by microtubules. At low microtubule concentrations

(<2 pm), ATPase activity increases with increasing microtubule

concentration, but at higher microtubule concentrations, ATPase activity

decreases until it eventually approaches basal levels. In contrast, stimulation

of kinesin ATPase by microtubules (Gilbert and Johnson, 1993) displays typical

hyperbolic curves that reach saturation.

At least two potential explanations could account for the unusual

ATPase behavior of katanin. One possibility is that katanin binds
microtubules at two sites, which could elevate the local microtubule

concentration by crosslinking and thereby stimulate katanin's ATPase

activity. At higher microtubule concentrations, however, the ratio of katanin

to microtubules would be lower, resulting in a less-crosslinked network and

less stimulation of ATPase activity. In support of this idea, bundling of

microtubules by katanin has been observed by microscopy (unpublished

observations). This behavior has been seen in another cytoskeletal-polymer

stimulated ATPase, Acanthamoeba myosin I, which has two discrete actin

binding sites: a low affinity catalyic site and a higher affinity site not involved

in catalysis (Lynch et al., 1986).
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A second explanation for katanin's complex enzymatic behavior could

involve katanin oligomerization into rings. Rotary-shadowing EM images

show oligomeric ring structures in katanin preparations; however

hydrodynamic experiments with both native (McNally and Vale, 1993) and

recombinant katanin (data not shown) suggest that the majority of the

protein is monomeric. One hypothesis is that microtubules promote pé0-p60

oligomerization, and that the assembly of pé0 monomers into a higher order

structure on the microtubule stimulates ATPase activity. According to this

idea, low microtubule concentrations would facilitate multimerization, since

p60 monomers would be more likely to bind near one another on the

microtubule. High microtubule concentrations, on the other hand, would

inhibit pó0 assembly by sequestering p50 monomers at noncontiguous sites

on the lattice. Self assembly into rings also has been suggested as the cause of

dynamin's biphasic stimulation of GTPase activity (Tuma and Collins, 1994;

Warnock et al., 1996). Cryo-electron microscopy studies of the pó0

microtubule complex will hopefully provide a means of testing this

hypothesis.

Based upon studies of other AAA family members, katanin

oligomers/rings may prove to be important in the severing mechanism.

Although serving diverse functions, many AAA proteins appear to share a

common function as nucleotide-dependent molecular chaperones that

disassemble protein complexes (Confalonieri and Duguet, 1995). The best

studied AAA member is NSF, which binds to and induces the disassembly of

ternary SNARE complexes after hydrolysis of ATP (Hanson et al., 1995;

Hayashi et al., 1995). This reaction plays a role either in vesicle fusion and/or

recycling of components in membrane trafficking pathways. Recently,

electron microscopy studies have revealed that the NSF ring structure adopts
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extended and compact conformations in the ATP-Y-S and ADP states,

respectively (Hanson et al., 1997). If attached at several points to a protein

complex, this transition could break apart bonds in the SNARE complex

(Hanson et al., 1997). Katanin may work in an analagous fashion. A ring of

katanin's dimensions could potentially contact multiple tubulin sites on a

microtubule, and a structural change during ATP hydrolysis could shift the

positions of tubulin binding sites with respect to one another, which would

disrupt the microtubule lattice. Another possibility is that katanin acts more

like an ATP-regulated version of actin severing proteins, which are thought

to compete for sites at protein-protein interfaces within the polymer. In this

type of mechanism, the AAA domain could serve as an ATP-dependent

protein clamp that binds tightly to and disrupts tubulin-tubulin interfaces

during particular steps in the ATPase cycle.

Targeting of Katanin to Centrosomes

Our studies show that p80 does not constitute an essential element of

katanin's enzymatic mechanism. The finding that p80 is not required for
microtubule-severing activity was somewhat surprising, because all of the pó0

immunoprecipitates with p80 from sea urchin cytosol (unpublished

observations). However, experiments reported here have uncovered a role

for p80 in targeting katanin to centrosomes in vivo. This conclusion is based

upon the finding that the WD40 domain of p80 can target GFP to the
centrosome in cultured human cell lines. Because the WD40 domain cannot

dimerize with endogenous p50, the centrosomal localization must be due to
direct interaction of the WD40 domain with one or more resident

centrosomal proteins. WD40 domains are thought to form a conserved beta

propeller structure, as first determined for the beta subunits of transducin and
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Gi (Sondek et al., 1996; Wall et al., 1995). However, each WD40 domain

exhibits very specific heterophilic protein interactions; exposed residues in

the beta subunit of G, interact with the alpha subunit (Wall et al., 1995),

whereas the corresponding residues in the WD40 transcription factor TUP1

mediate binding to a second transcription factor az (Komachi and Johnson,

1997). Since the G protein beta subunits interact with multiple partner

proteins (Gaudet et al., 1996; Wall et al., 1995), it is also possible that the p80

katanin WD40 domain can interact with more than one protein in vivo. p80

is the only known centrosomal protein with a WD40 motif. The findings that
katanin has an entire subunit devoted to centrosome localization and that

this subunit is conserved between mammals and echinoderms suggest an

important role for katanin at the centrosome.

The WD40 domain of p80 katanin represents the first example of a

structural motif that targets a protein to the centrosome in mammals,

although a centrosome-targeting domain has been defined for the Drosophila

protein CP190 (Oegema et al., 1995). This provides an opportunity to identify

the centrosomal component(s) responsible for anchoring katanin. Further

information on the docking of katanin to the centrosome may provide clues

regarding katanin's role in microtubule disassembly at this organelle.
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MATERIALS AND METHODS

Peptide Microsequencing

Katanin was purified from extracts of S. purpuratus eggs essentially as

described previously (McNally and Vale, 1993), except that the hydroxyapatite

chromatography was carried out using a Pharmacia HR10/30 column packed

with 20 pum ceramic hydroxyapatite beads (American International Chemical,

Natick, MA). Internal peptide sequences of the pó0 and p80 subunits were

obtained from native sea urchin katanin as described (Iwamatsu, 1992). Two

additional p80 peptides were obtained from Chris Turck (Howard Hughes

Medical Institute, UCSF); DASMMAM and IQGLR.

p60 Cloning

A cDNA encoding a 400 bp fragment of the pó0 subunit (corresponding

to a.a. 214-374) was cloned from S. purpuratus first strand cDNA using nested

PCR with degenerate oligonucleotides. This fragment was then used to

screen a lambda ZAP-Express cDNA library made from S. purpuratus

unfertilized egg mRNA by hybridization. Several independent positive

clones were isolated. One clone was completely sequenced (GENBANK

accession number AF052191).

p80 Cloning

An initial partial cDNA clone of p80 katanin was obtained by screening

an S. purpuratus unfertilized egg cDNA library (Wright et al., 1991) with an

antibody specific for p80 katanin, anti-p31* (McNally et al., 1996). The insert

of the initial clone was used to isolate a longer cDNA clone (pHM18) from the

same library by plaque hybridization. A cDNA clone encoding the 5' end of

p80 katanin (pHM23) was obtained by anchor-ligated PCR (Apte and Siebert,

1993) using primers derived from pHM18 sequences and reverse transcription

reactions utilizing S. purpuratus unfertilized egg mRNA as template. A full
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length p80 cDNA (GENBANK accession #AF052433) was generated by joining

the inserts of pHM18 and pPM23 at a common Bstx1 site.

BLAST searches of GENBANK with p80 sequences revealed homology

with a human infant brain cDNA (GENBANK accession#: T16102) which was

obtained from Dr. James Sikela (University of Colorado Health Sciences

Center) and sequenced. Sequences obtained from the T16102 clone were used

to obtain multiple 3' end cDNA clones by 3’ RACE from HT1080 (human

fibrosarcoma) total RNA. An overlapping cDNA clone (pHM54) containing

the translation start site was obtained by PCR amplification from an adult

human hippocampal cDNA library (Stratagene, Inc.). Sequence analysis of

partial cDNAs PCR amplified from HT1080 total RNA or from the

hippocampal library were over 98% identical in predicted a.a. sequence. The

complete DNA sequence of human p80 katanin is available from GENBANK

(accession #AF052432).

Antibody Production and Immunoprecipitation

The full-length S. purpuratus pé0 cDNA coding sequence was inserted

into pMAL-C2 (New England Biolabs) and expressed as a C-terminal fusion to

maltose binding protein in E. coli. Soluble MBP-p60 fusion protein was

purified on an amylose affinity column, eluted with maltose, and injected

into rabbits (antiserum production by BABCO, Berkely, CA). To select pó0

specific antibodies that do not react with other AAA members, antibodies

recognizing the N-terminal non-AAA domain of pé0 were affinity purified

on an Affi-Gel column coupled with the N-terminal residues 1-152 of pé0

fused to MBP (Harlow and Lane, 1988). The resulting affinity-purified

antibody recognized a single 60 kDa polypeptide in immunoblots of S.

purpuratus unfertilized egg extract.
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To prepare a specific antibody to human p80 katanin, the full length

human p80 cDNA was ligated into the E. coli expression vector, pET-28a"
(Novagen) as a Bamh1-XhoI fragment. The protein was expressed and then

purified in a denatured state in 8M urea by nickel chelate chromatography on

His-Bind Resin (Novagen). Rabbits were immunized with polyacrylamide

slices containing SDS-PAGE resolved human p80 katanin. Resulting serum

was affinity purified with CNBr Sepharose-coupled, bacterially-expressed

human p80 katanin. The resulting affinity purified antibody recognized a

single 80 kDa polypeptide in immunoblots of SDS-solubilized Hela cells (not

shown).

For immunoprecipitations used to demonstrate association of

baculovirus-expressed S. purpuratus pé0 and p80, affinity purified anti-p60

antibodies were covalently crosslinked to protein A Sepharose using 20 mM

climethylpimilidate (Harlow and Lane, 1988). After equilibration in TBST,

20-40 ml of antibody beads were added to katanin samples diluted in TBST

containing 1-2 mg/ml soybean trypsin inhibitor (SBTI). The

immunoprecipitations were incubated at 4°C for 1-2 hr, washed five times

with 1 ml of ice-cold TBST, and eluted in SDS-containing sample buffer.

Baculovirus Expression and Purification of Katanin

Katanin subunits were expressed using the Bac-to-BacTM baculovirus
expression system (Life Technologies), a commercial version of the site

specific transposition system for making recombinant baculovirus (Luckow et

al., 1993). p50 and p80 cDNA coding sequences were each PCR amplified

(Expand polymerase, Boehringer Mannheim) and then subcloned separately
into pHastBac HT, which resulted in the fusion of a 6xHis Ni2+ binding
sequence to the N-terminus of both p80 and p50. A pé0-p80 coexpression

virus was made by cloning the complete pé0-FastBac HT and p80-FastBac HT
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coding regions into the transfer vector, pIDual. Recombinant baculovirus

were prepared according to the Life Technologies protocol.

Sf9 cells were grown in SFM-900 II SFM (Life Technologies)

supplemented with 100X antibiotic/antimycotic (Life Technologies) to 0.5X

using the shaker culture method (Weiss et al., 1995). Expression of katanin

subunits was performed in 11 flasks containing 200-300 ml of media using a

multiplicity of infection of 0.5-1.0 pfu/cell. The cells were harvested at

approximately 72 hr post infection by low speed centrifugation and
resuspended in lysis buffer (50 mM Tris pH 8.5, 300 mM NaCl, 2 mM MgCl2,

20 mM imidazole, 10 mM 2-mercaptoethanol, 1 mM ATP, 1 mg/ml pepstatin,

1 mg/ml leupeptin, 1 mg/ml aprotinin) before freezing in liquid nitrogen,

and storage at -80°C.

To purify the expressed subunits, frozen cells were thawed and DNA

was sheared by two passes through a Bio-Neb Cell Disrupter [100 psi helium,

13.1/min). Cell debris was removed by centrifugation (40,000 g for 45 min).

Subunits were bound in batch to Ni2+-NTA Superflow (QIAGEN), washed

[20 mM Tris pH 8.0, 1 M NaCl, 2 mM MgCl2, 40 mM imidazole, 0.02% Triton

X-100, 10 mM 2-mercapotethanol, 0.5 mM ATP) and eluted [20 mM Tris pH

8.0, 100 mM NaCl, 150 mM imidazole, 2 mM MgCl2, 0.02% Triton X-100, 10

mM 2-mercaptoethanol, 100 p.M ATP), followed by freezing in liquid nitrogen.

Additional purification was sometimes performed by anion-exchange

chromatography. Katanin concentrations were estimated by comparison with

BSA standards using either a commercial Bradford reagent (Bio-Rad) or by

densitometric analysis of Coomassie-stained SDS-PAGE gels with NIH

IMAGE after image capture on a CCD-based imaging system (Foto/Analyst,

Fotodyne).
Electron Microscopic Imaging
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Proteins were adsorbed to mica, freeze-dried, and platinum replicated

according to established procedures (Heuser, 1989; Heuser, 1983). Sample

preparation and imaging were similar to that used in the imaging of NSF

(Hanson et al., 1997), except that mica flakes were washed with a buffer

consisting of 10 mM K-HEPES (pH 7.5), 2 mM MgCl2, 1 mM nucleotide (ATP

or ATP-Y–S). Images were processed using Adobe Photoshop and displayed at
300,000X.

ATPase Assays

ATPase activity was measured by a modified malachite green method

(Kodama et al., 1986). ATPase reactions of 50–100 ml were carried out in a

buffer previously used for measuring the ATPase activity of native katanin

[20 mM K-HEPES pH 8.0, 25 mM K-Glutamate, 2 mM MgCl2, 10% glycerol

(v/v), 0.02% Triton X-100 (w/v), 1 mg/ml BSA] (McNally and Vale, 1993),

except that soybean trypsin inhibitor (SBTI) was replaced by BSA as a carrier

protein because SBTI increased background phosphate contamination. An

ATP regenerating system consisting of 0.5-1.0 mM phospho-enol pyruvate

and 2U pyruvate kinase was included to minimize the inhibition by ADP

observed previously for native katanin (McNally and Vale, 1993).

Microtubules were prepared from bovine brain tubulin (Hyman et al., 1990;

Williams and Lee, 1982). After assembly, microtubules were sedimented

(230,000 x g; 10 min), resuspended in ATPase buffer lacking BSA, and the

polymers were resuspended by repeated passage through a 27 gauge needle.

Microtubule concentration was determined by measuring the absorbance at

275 nm in 6M guanidine HCl by using a molecular mass of 110 kDa and an
extintion coefficient of 1.03 mlºmg-1*cm−1 (Hackney, 1988). ATPase reactions
were carried out at room temperature, and were initiated by addition of
katanin.



40

Severing Assays

Microscope-based severing assays were performed using previously

published procedures (McNally and Vale, 1993), except that microtubules

were immobilized by first perfusing flow cells with a bacterially expressed

kinesin mutant that binds strongly to microtubules but is unable to hydrolyze

ATP (K560, G234A mutant; R. Vale and E. Taylor, unpublished results).

Assays were performed in 20 mM Hepes (pH 7.5), 2 mM MgCl2, 1 mM ATP

with an oxygen scavenger system consisting of glucose oxidase (220 mg/ml),

catalase (36 mg/ml), glucose (22.5 mM), and 2-mercaptoethanol (71.5 mM).

Images were captured using a cooled, slow-scan CCD (Photometerics) and

processed using Adobe Photoshop.

DAPI severing assays were performed using conditions where the

change in fluorescence intensity was linear with the amount of tubulin

polymer added (Heusele et al., 1987). Severing reactions contained 2 p.m.

rmicrotubules (polymerized and resuspended in ATPase buffer as above) were

incubated with 10 um DAPI, along with 1 mM ATP, 10 mM phospho-enol

pyruvate, 250 mg/ml pyruvate kinase (Boehringer Mannheim), and 1 mg/ml

BSA. The reaction volume was 80 ml, and fluorescence intensity was

rmeasured by exciting at 370 nm and measuring the emission at 450 nm using

a model 8100 fluorimeter (SLM Instruments) in photon counting mode.

In vitro Translation Co-Immunoprecipitation
In order to facilitate the non-radiactive detection of in vitro translated

p60 and p80, each cDNA was ligated into the vector pCITE-4a:4 (Novagen)

such that the proteins would be translated in frame with a 37 a.a. N-terminal

S-Tag. In vitro synthesis of proteins directly from plasmid DNAs was

accomplished using the Single Tube Protein System 2, TV (Novagen). For co

innmunoprecipitation assays, pó0 and p80 constructs were usually co
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expressed. However, identical results were obtained if the constructs were

expressed separately and then incubated together for 30 min at room

temperature. For immunoprecipitations, lysates were incubated on ice with

Pansorbin (Calbiochem)-antibody complexes, washed in NET buffer (50 mM

Tris-Cl (pH 7.5), 150 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA (pH 8.0),

0.25% gelatin 0.02% sodium azide), then resuspended in SDS-PAGE sample

buffer. In vitro translation products in both the pellets and supernatants

from the immunoprecipitations were resolved by SDS-PAGE, transferred to

nitrocellulose, probed with S-protein HRP conjugate (Novagen) and detected

by chemiluminescence.

Cell Culture and Transfections and Immunofluorescence

To allow transient expression of a human p80 WD40-GFP fusion

protein in HeLa cells, a DNA fragment containing a.a. 1-263 of human p80

katanin was generated by PCR amplification, placing a Bamh1 site and a
Kozak consensus at the predicted translation start and an EcoR1 site after the

codon for a.a. 263. This Bamh1-EcoR1 fragment was ligated into the GFP

fusion vector pBGFP-N1 (Clontech).

Both MSU1.1 and Hela cells were grown on 18 mm glass coverslips in

Optimem medium (Life Technologies) supplemented with 10% fetal bovine

serum, penicillin and streptomycin. Plasmids were transfected using

Superfect Reagent (Qiagen) for 2 hr after which coverslips were washed with

PBS and placed in fresh culture medium at 37°C with 5% CO2 for 1-24 hr.

For imaging of GFP-fluorescence and immunofluorescence with the

human p80 katanin antibody or with the Y-tubulin antibody, monoclonal

GTU88 (Sigma Chemical), cells on coverslips were fixed either in -20°C

methanol or in 0.5X PBS, 3.7% formaldehyde, 75% methanol at 22°C for 10

min followed by rehydration in TBST. Antibody labelling was carried out in
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TBST containing 4% BSA. Images were captured with a Nikon Microphot SA

microscope, 100x Plan Fluor 1.3 objective, Photometrics Quantix camera and

IP Lab Spectrum software (Scanalytics).



43

ACKNOWLEDGMENTS

We thank C. Walczak for helpful comments on the manuscript. This

work was supported in part by grants GM53060 and GM49752 from the N.I.H.

to F.J.M. and R.D.V. respectively. J.J.H. was partially supported by a NSF

predoctoral fellowship.



44

Figure 1: Sequence analysis of pé0 katanin.

(A) Predicted protein sequence of the S. purpuratus katanin p50 subunit

(GENBANK AF052191). Sequences obtained by direct peptide

microsequencing are underlined. Differences between the predicted peptide

sequence and that obtained by direct sequencing are indicated by doubled

underlines (S95 was reported as F, H99 was reported as P, and P138 was

reported as T). The Walker A (P-loop) motif is shaded. (B) Amino acid

sequence alignment of the pó0 AAA domain with AAA members mei-1 (C.

elegans, GenBank L25423), Sug1p (S. cerevisiae, GenBank X66400), ftsH (E.

coli, GenBank M83138), Pas1p (S. cerevisiae, GenBank M58676), and NSF (C.

longicaudatus, GenBank X15652). Identical residues are shaded black, residues

conserved in >60% of the shown members are shaded gray. Left hand

rhumbering indicates the amino acid residue in the corresponding sequence.

Alignment was performed using PILEUP (Genetics Computer Group) and the

Output was shaded using MACBOXSHADE.
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Figure 2: Sequence analysis of p80 katanin.

(A) Predicted protein sequence of the S. purpuratus katanin p80 subunit

(GENBANK AF052433). Sequences obtained by direct peptide

microsequencing are underlined. Differences between the predicted peptide

sequence and that obtained by direct peptide sequencing, or differences found

between 2 different p80 cDNA clones are indicated by double underlines. (B)

Amino acid sequence alignment of the WD40 repeat region of p80 with a

putative human ortholog of p80 (Hs p80, GenBank AF052432), TFIID (Homo

sapiens, GenBank U80191), and putative serine/threonine kinase Pkw/A

CThermomonospora curvata, GenBank P49695). Identical residues are shaded

black, residues found in at least 2 sequences are shaded in grey. Left hand

numbering indicates the amino acid residue in the corresponding sequence.

Alignment was performed using PILEUP (Genetics Computer Group) and the

Output was shaded using MACBOXSHADE.
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Figure 3: Expression and purification of recombinant katanin subunits.

(A) Coomassie-stained SDS-PAGE analysis of expressed katanin subunits.

6xHis-tagged katanin subunits were purified from lysates of baculovirus

infected insect cells by binding to Ni2+-NTA Superflow followed by elution
with imidazole, as described in the Experimental Procedures. Cells were

infected with either p50 virus alone, p80 virus alone, or coinfected with equal

amounts of p50 and p80 viruses. (B) Immunoprecipitation was performed on

extracts of insect cells coinfected with p50- and p80-expressing baculoviruses

using affinity-purified p50 antibody crosslinked to protein A agarose. Proteins

bound to the resin were analyzed by SDS-PAGE followed by staining with

Coomassie. This immunoprecipitate shows that baculovirus-expressed p50

and p80 form a complex with equal stoichiometry.
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Figure 4: Structure of katanin as visualized by rotary-shadowing electron

microscopy.

Panel A shows 14-16 nm diameter rings observed in preparations of

recombinant pó0. Panel B shows single particles of recombinant p80;

occasional aggregates are seen (rightmost picture) but rings are never

observed. Panel C and D shows different rings observed in recombinant

p60/p80 preparations. Panel C shows a "splayed" complex, consisting of a

central p50-like ring surrounded by a halo particles that resemble p80. In

panel D, intact 20 nm diameter rings are seen with bright edges, suggesting

they extend >10 nm above the mica surface. All images are shown at

300,000X. The dimensions indicated above include the platinum shadowing,

which typically adds 2 nm of material to the protein surface.
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Figure 5: Activities of recombinant katanin subunits.

(A) ATPase activities of 0.04 p.m. p50 katanin (9) and co-expressed p50/p80 (7)
were determined at various microtubule concentrations as described in the

Experimental Procedures. Both p50 katanin and p50/p80 show similar

patterns of microtubule stimulation, with p50 katanin having approximately

one half of the maximally-stimulated ATPase activity of p50/p80. The insert

in the upper right shows the stimulation of ATPase activity at low (0-2 HM)
microtubule concentration. (B) Microtubule severing activity of recombinant
katanin subunits. Paclitaxel-stabilized, rhodamine-labeled microtubules were

adsorbed onto the surface of a microscope perfusion chamber, and then

recombinant katanin subunits were introduced. The time elapsed after

perfusing p50/p80 (0.1 p.M), p50 (0.1 p.M), or p80 (0.5 p.M) is shown. The
recombinant co-expressed p50/p80 and pé0, but not p80, can sever and
disassemble microtubules. Scale bar, 10 pum. (C) Quantitative measurement

of microtubule disassembly using a DAPI fluorescence assay. MT indicates

microtubules (2 puM) without added protein, and tubulin indicates

microtubules that had been depolymerized by treatment with 10 mM CaCl2

on ice for 1.5 hr. p50 katanin and p50/p80 were added at 0.2 pm

concentration, and the fluorescence change as a function of time after protein

addition is shown. p80 did not cause a change in fluorescence that was
different from that shown for microtubules alone.
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Figure 6: The WD40 repeats of p80 katanin are not required for interaction

with p50 katanin.

Epitope-tagged derivatives of p80 and pé0 were synthesized in vitro in a
combined transcription-translation reaction. p50 and interacting proteins

were immunoprecipitated with a pé0-specific antibody and the resulting

immunoprecipitates were resolved by SDS-PAGE and blotted to

nitrocellulose. In vitro translated proteins were detected by

chemiluminescence as described in Experimental Procedures. Lane 1:

molecular weight standards Mr: 100,000, 75,000, 50,000, 35,000 and 25,000; lane

2: p50 co-translated with full-length p80; lane 3: p50 co-translated with the

A560-690 derivative of p80; lane 4: p50 co-translated with the A1-302

derivative of p80; lane 5: p60 co-translated with the A303-690 derivative of

p80. The structure of each deletion derivative of p80 is shown at right. The

A560-690 and A303-690 translation products were detected in the supernatants

of the immunoprecipitations (not shown).
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Figure 7: Human p80 katanin and a fusion protein of the human p80 WD40

domain with GFP co-localize with Y-tubulin at centrosomes of MSU1.1

human fibroblasts.

A and B: Co-localization of immunofluorescence staining by a human p80

katanin-specific antibody (A) and a Y-tubulin specific antibody (B). C-F: Co

localization of GFP fluorescence (C and E) with staining by a Y-tubulin-specific

antibody (D and F). Co-localization to two centrosomes is seen in C and D

while co-localization to a single centrosome is seen in E and F. The

apparently higher background of cytoplasmic green fluorescence in E relative

to C is a display artifact. The fluorescence intensity of the centrosomes in C is

at least 5 fold greater than that of the centrosome in E. The p80 antibody was

detected with an Oregon Green 488 second antibody and the Y-tubulin

antibody was detected with a Texas Red-X second antibody. Fluorescence

signals were separated with fluorescein and Texas Red filter sets (Chroma

Technologies). Bar = 14 pum.
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CHAPTER 2

A Nucleotide-Dependent Oligomerization Cycle
by the AAA Enzyme Katanin

Drives Microtubule Disassembly
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ABSTRACT

Katanin, a member of the AAA ATPase superfamily, uses nucleotide

hydrolysis energy to sever and disassemble microtubules. Many AAA

enzymes also are involved in disassembling stable protein-protein complexes,

but their mechanism is not well understood. Using a fluorescence resonance

energy transfer assay, we show that pó0 oligomerizes in an ATP- and substrate

(microtubule)-dependent manner. Oligomerization both increases katanin's

affinity for microtubules and activates its ATPase activity. ATP hydrolysis

and phosphate release by microtubule-bound katanin oligomers cause

tubulin disassembly followed by the dissociation of katanin to free

monomers. Coupling of a nucleotide-dependent oligomerization cycle to the

disassembly of a target protein complex may be a general feature of ATP

hydrolyzing AAA domains.

º
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INTRODUCTION

Microtubules, polymers of a and b tubulin subunits, form the mitotic

spindle and organize membranous organelles in interphase cells. To

accomplish these disparate functions, the microtubule cytoskeleton must be

capable of rapidly organizing into different configurations. The ability of pure

microtubules to undergo spontaneous growth and shrinkage at their ends,

even at steady state, contributes to the cellular rearrangements of these

polymers (Desai and Mitchison, 1997; Mitchison and Kirschner, 1984). In

addition to end dynamics, the microtubule wall can be disrupted by the

severing enzyme katanin (McNally and Vale, 1993). Potential in vivo roles

for katanin-mediated microtubule severing include releasing microtubules

from centrosomes (Keating et al., 1997), depolymerizing microtubule minus

ends in the mitotic spindle as a component of poleward flux (Mitchison,

1989), and accelerating microtubule turnover at the G2/M transition by

creating unstable microtubule ends (Zhai et al., 1996).

Katanin is a microtubule-stimulated ATPase (McNally and Vale, 1993),

and ATP hydrolysis is required for katanin-mediated severing. ATP energy is

needed for this reaction, since the microtubule wall is inherently stable. Each

tubulin dimer forms longitudinal bonds with other dimers in a single

protofilament, and lateral bonds between dimers hold adjacent

protofilaments together (Nogales et al., 1999; Nogales et al., 1998). As a result,

subunit loss occurs -1011 more slowly from the microtubule wall than from
the ends (Dye et al., 1992). In the presence of katanin and ATP, however, the
microtubule wall can be disassembled within a minute, even when stabilized

by paclitaxel or nonhydrolyzable GTP analogs (McNally and Vale, 1993). The
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released tubulin subunits are not denatured or proteolyzed, since they are

competent to reassemble (McNally and Vale, 1993).

Katanin is a heterodimer organized into an enzymatic subunit (p60)

that carries out the ATPase and severing reactions and a targeting subunit

(p80) that localizes katanin to the centrosome (Hartman et al., 1998). The

sequence of p50 reveals that it belongs to the AAA ATPase superfamily,

members of which share one or two copies of a conserved 230 amino acid

ATPase domain (Confalonieri and Duguet, 1995; Lenzen et al., 1998; Yu et al.,

1998). AAA proteins have been implicated in a myriad of cellular processes as

diverse as membrane targeting (e.g. NSF, VPS4, p97), organelle biogenesis

(PAS1p), proteolysis (SUG1), and transcriptional regulation (TBP1) (Patel and

Latterich, 1998). One hypothesis unifies the AAA proteins as a family of

nucleotide-dependent chaperones that can disassemble specific protein

complexes or unfold polypeptides (Confalonieri and Duguet, 1995). However,

little is known about how changes in the nucleotide state of the AAA domain

are coupled to alterations in the structure of the protein targets. Katanin

constitutes a good model system for understanding AAA-mediated

disassembly, since it can be expressed in a functional form and its target (the
microtubule) has been well characterized.
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RESULTS

Previous work on the AAA protein NSF indicated that it forms a

hexameric ring (Fleming et al., 1998; Hanson et al., 1997), and that

conformational changes in the shape of the ring may be important for its

disassembly of SNARE complexes (Hanson et al., 1997). p50 katanin

preparations also contain 14-16 nm rings that are similar in shape and

dimension to NSF (Hartman et al., 1998). However, while electron

microscopy data suggested that pó0 could self-associate, we found that GFP

p60 (Fig. 1A) and pé0 (data not shown) migrated primarily as monomers (4S)

in 10-35% glycerol gradients in ATP, ADP, and ATP-Y–S. GFP-p60 also

migrated as monomeric species by gel filtration (Stokes radius 66A). As a
control, the NSF D2 AAA domain migrated at 8S, which is the size expected

for a hexamer of 30 kDa AAA subunits (Fleming et al., 1998; Hanson et al.,

1997). Therefore, in contrast to NSF, p50 does not form stable hexameric

rings. Rather, these data, taken together with the prior electron microscopy,

suggest that pó0 monomers and oligomers exist in a reversible equilibrium

and that the population of rings may not be stable to the time/dilution effects

of sedimentation and gel filtration.

To examine the dynamics of katanin ring formation in solution as well

as in the presence of its microtubule substrate, we developed a new

fluorescence resonance energy transfer (FRET) based assay. To achieve

stoichiometric labeling at a defined location on the pó0 molecule, we prepared

p60 fusions with cyan fluorescent protein (CFP) and yellow fluorescent

protein (YFP) as the donor-acceptor pair (Miyawaki et al., 1997). The half
maximal energy transfer distance, RO, for the CFP and YFP pair is ~5 nm (R.

Tsien, personal communication), which is similar to the intrasubunit
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distances within the AAA ring (Lenzen et al., 1998; Yu et al., 1998). To test

this FRET assay, we prepared a DEAD box mutant (E334Q) of CFP-p60 and

YFP-p60 which was designed to block nucleotide hydrolysis and trap the

enzyme in the ATP state. An equivalent mutation abolishes the ATPase and

membrane fusion activities of NSF (Whiteheart et al., 1994) and promotes

oligomerization of VPS4, a single AAA domain protein involved in vacuolar

targeting (Babst et al., 1998). We confirmed that pó0*Q has no detectable
ATPase activity (data not shown). When CFP- and YFP-p60*Q fusion
proteins were mixed together in the presence of ADP, no energy transfer
occurred and the emission of the CFP/YFP mixture was identical to the

proteins tested separately (data not shown). However, in solutions

containing ATP, the CFP/YFP-p60*Q mixture showed a reduced CFP
emission and correspondingly enhanced YFP emission, which is indicative of

FRET (Fig. 1B). This result indicates that pó0 subunits can associate into an

oligomeric complex when ATP is present in the active site.

To confirm the conclusion from the above FRET experiment, the

oligomeric state of CFP-p60*Q was determined by hydrodynamic analysis.
In the presence of ATP, CFP-p60*Q sedimented at 4S and 15S in glycerol
gradients (Figure 1A). The 15S complex dissociated to 4S monomers when

the enzyme was incubated with 2 mM ADP. To determine the oligomeric

state of the 15S complex, gel filtration of CFP-p60*Q was performed in the
presence of ATP, which yielded a major peak with a Stokes radius of 8.6 mm.

The Stokes radius and sedimentation coefficient predict a molecular weight of

520 kDa, which is consistent with CFP-p60*Q forming a hexamer of 90 kDa
subunits in the presence of ATP. Thus, the FRET assay accurately reports on

the nucleotide-dependent hexamer formation of p50°49.
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Using the FRET assay, we sought to determine whether microtubules

and/or ATP analogs could promote oligomerization of wildtype p50. ATP-Y-

S, a poorly hydrolyzable nucleotide, was used to mimic the ATP state, since it

inhibits katanin ATPase activity (McNally and Vale, 1993), and since both

ATP and ATP-Y-S supported similar levels of FRET in p50F9349 (data not
shown). Little or no energy transfer occurred in the absence of microtubules

regardless of the nucleotide present (Table I). However, we observed a FRET

signal when p50 katanin was incubated with microtubules and ATP-Y–S but

not ADP (Table I). The no nucleotide state (apyrase added) produced a similar
result to that of ADP (not shown). We therefore conclude that both

nucleotide (ATP) and substrate (microtubules) cooperate in stimulating the

oligomerization of pé0.

What are the consequences of hexameric ring formation for the

katanin enzymatic cycle and its interaction with microtubules? Using a

microtubule cosedimentation assay, we found that GFP-p60 bound to

microtubules with high affinity (Kd-0.9 p.M) in the presence of ATP-Y–S, º

whereas the affinity was reduced 20-fold (Kd-18 um) in the presence of ADP ****

(Fig. 2). High affinity binding may require the microtubule polymer, since
oligomeric CFP-p60*Q did not co-elute with monomeric tubulin on gel
filtration columns (data not shown). To assess how the AAA domain

influences microtubule binding by p50 katanin, we expressed and analyzed

the microtubule affinity of the N-terminal domain of p50 lacking the AAA

domain, fused to the N-terminus of GFP (p60AAAA). Based upon prior

results with NSF (Nagiec et al., 1995), we postulated that this N-terminal

region would constitute the microtubule binding portion of pé0. Indeed,

p60AAAA bound to microtubules in a nucleotide-insensitive manner (data

not shown) and with an intermediate affinity between the GFP-p60 ATP and
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ADP states. Thus, the AAA domain appears to affect the binding affinity of

the adjacent microtubule binding domain. In conclusion, pó0 cycles between

tight and weak microtubule-binding states by undergoing nucleotide

dependent transitions in the AAA domain; tight binding occurs in nucleotide

states (ATP or ATP analogs) that stabilize pó0 rings.

Native katanin (data not shown) and baculovirus-expressed p50 and

p60/p80 display an unusual microtubule-stimulated ATPase reaction in

which the activity peaks at 2-10 puM microtubules and then decreases as the

microtubule concentration is further increased (Hartman et al., 1998). This

differs from the expected Michaelis-Menten hyperbolic stimulation that, for

example, is typical of microtubule motor proteins (Gilbert and Johnson, 1993).

One explanation for this behavior is that ATPase activation is driven by

hexamer formation and that the degree of oligomerization is determined by a

competition between poo-p60 and pé0 monomer-MT associations. To test this

idea, we simultaneously measured the FRET and ATPase activities of pé0 as a

function of microtubule concentration. Both ATPase activity and FRET

signal increased together as the microtubule concentration was raised, and

then declined in a similar manner at higher microtubule concentrations (Fig.

3A). In agreement with the ATPase measurements, we also found that

microtubule disassembly by katanin was inhibited at a high microtubule to

katanin ratio (Fig. 3B). These results strongly suggest that microtubules

stimulate the activity of pé0 by facilitating p50-p60 interactions. Conversely,

high microtubule concentrations reduce ATPase and severing activity by

preventing p50-p60 associations through the sequestration of pé0 monomers

at discontiguous, low affinity sites on the lattice.
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DISCUSSION

The above results suggest a model for how katanin disrupts tubulin

contacts within a microtubule wall (Fig. 4). Katanin-ADP is monomeric, but

nucleotide exchange for ATP enhances pé0-p60 affinity. Oligomerization is

most efficient, however, in the presence of its protein substrate, suggesting

that microtubules act as a scaffold for promoting oligomerization. The pó0

ring is then bound to microtubules with high affinity, potentially as a result

of forming multiple tubulin contacts. However, microtubule binding energy
alone is insufficient to destabilize the microtubule lattice, since katanin in the

presence of ATP-Y–S binds tightly to microtubules but does not sever or

release tubulin subunits (data not shown). Once katanin oligomers assemble

on the microtubule, their ATPase activity is stimulated, thereby enabling the

enzymatic reaction to be coupled to the disassembly of its microtubule

substrate. Nucleotide hydrolysis and subsequent phosphate release appear to

serve two functions. First, these events may change the conformation of the

katanin ring, leading to mechanical strain and destabilization of tubulin

tubulin contacts. Consistent with this idea, large conformational changes

have been observed for NSF in its ATP and ADP states (Hanson et al., 1997).

Second, following this conformational transition, the pó0-p60 and pé0

tubulin interactions weaken, dissociating tubulin and releasing p50-ADP to

begin a new round of disassembly. This proposed cycle has similarities to that

of dynamin, which self-assembles into a spiral pattern on endocytic

membranes tubules, changes conformation after GTP hydrolysis in manner

that vesiculates the tubule, and then disassembles in the GDP state (Sweitzer

and Hinshaw, 1998).
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The oligomerization cycle described for katanin may also occur in

many other AAA enzymes. VPS4, a single AAA domain protein,

oligomerizes when ATP is present and the protein concentration is elevated

in vitro (Babst et al., 1998). It has been proposed that oligomerization of VPS4

could be facilitated physiologically by an as yet unidentified membrane

associated target (Babst et al., 1998), and this could now be tested using the

FRET-based assay described in this study. Unlike katanin and VPS4, NSF is a

constitutive hexamer (Fleming et al., 1998), due to the presence of an

additional AAA domain (D2) that binds but does not hydrolyze ATP

(Whiteheart et al., 1994). Our results, however, raise the possibility that the

ATP-hydrolyzing AAA domains (D1) may undergo cycles of tight and weak

interactions while remaining tethered in the NSF complex via their D2

domains. Thus, nonhydrolyzing AAA domains may serve as anchors to keep

the enzymatic subunits in close proximity throughout the hydrolytic cycle.

AAA proteins have been suggested to act as chaperones (Confalonieri

and Duguet, 1995; Leonhard et al., 1999), and certain mechanistic similarities

are apparent with the chaperone GroEL. The stable GroEL ring complex binds

misfolded polypeptides at multiple hydrophobic sites within its cavity,

undergoes large interdomain motions that strain the bound polypeptide

upon ATP binding, and then releases the polypeptide for refolding in the

ADP state (Shtilerman et al., 1999; Xu et al., 1997). Similarly, AAA oligomers

may undergo a concerted conformational change that dramatically alters

polypeptides bound to the exterior of the ring. The disassembly of a protein

complex by AAA proteins and the refolding of a polypeptide by GroEL also

both appear to require the hydrolysis of many NTP molecules (50 ATPs per

tubulin released by katanin (see Fig. 3 legend) and 50-150 ATPs per

renaturation of a misfolded protein by GroEL (Sigler et al., 1998)). Measuring
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the conformational state of tubulin during katanin-mediated disassembly

may provide insight into whether AAA proteins transiently unfold a portion

of their target proteins.
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MATERIALS AND METHODS

Microtubules and tubulin

Bovine brain tubulin was prepared by two cycles of polymerization

followed by chromatography on phosphocellulose P-11 (Whatman, Ltd.)

(Williams and Lee, 1982) before freezing in liquid nitrogen and storage at

-80°C. Thawed tubulin was precleared by centrifugation at 337,000 x g (10 min,

4°C) to remove aggregates. Microtubules were polymerized by addition of

DMSO to 10% and GTP to 1 mM, followed by incubation at 37°C for 30-60 min.

For most experiments, microtubules were stabilized by addition of paclitaxel

to 20 p.m., followed by an additional 15–30 min incubation at 37°C, before

sedimentation at 267,000 x g (10 min, 25°C) through a 60% glycerol cushion in

ATPase buffer (20 mM K-HEPES pH 7.5, 25 mM K-glutamate, 2 mM MgCl2,

0.02% Triton X-100, 10% glycerol) containing 10 um paclitaxel. Microtubules

were resuspended in ATPase buffer containing 20 puM paclitaxel. Microtubule

concentration was measured by absorbance at 275 nm in 6M guanidine HCl,

using an extinction coefficient of 1,030 ml-mg-1-cm-1 (Hackney, 1988).

Expression constructs

Katanin p50 was cloned into the BamhI site of pHastBac HT B (Life

Technologies, Inc.). The resulting baculovirus construct expresses pé0 or p80

with the following additional N-terminal amino acids:

MSYYHHHHHHDYDIPTTENLYFQGS. The GFP mut2 [B. P. Cormack et al.,

Gene, 173, 33 (1996)] coding sequences were amplified with primers

containing Kas■ sites at both ends, and inserted into the Kas■ site in pRastBac

HT B. The resulting baculovirus constructs express GFP fused to the N

terminus of pé0. ECFP (Clonetech, Inc.) and EYFP (Clonetech, Inc.) coding
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sequences were similarly inserted into the pHastBac-p60 expression plasmid.

The E334Q mutant was prepared by overlap extention amplification (S. N. Ho

et al., Gene 77, 51 (1989)) of the wildtype pé0 cDNA, followed by cloning of the

mutant sequence into pHastBac HT B and sequencing to check for

amplification errors. The pó0AAAA construct was prepared by amplifying the

region coding for a.a. 1-210 of pé0 and inserting this into pHastBac HT B at the

BamhI and XhoI sites. The GFP coding sequence was amplified and inserted

at Kpnl and HindIII sites, resulting in a baculovirus that expresses pé0 (a.a. 1

210) with the same additional N-terminal amino acids as wildtype pé0, fused
to the N-terminus of GFP.

Expression and purification of recombinant katanin

Recombinant katanin subunits were expressed by infection of Sf9 cells

with baculovirus, followed by purification on Ni-NTA agarose as described

(Hartman et al., 1998). Expressed katanin was frozen in liquid nitrogen and

stored at -80°C. Inclusion of ATP at 250 puM before freezing was found to

improve protein stability.

ATPase assays

ATPase activity was measured using either a radioactive assay

following the release of 32P from [y–32PIATP (for native katanin) or a

modified malachite green assay (for recombinant katanin)(Kodama et al.,

1986). Reactions of 50–100 pul were carried out at 22-24°C in ATPase buffer (20

mM K-HEPES pH 7.5, 25 mM K-glutamate, 2 mM MgCl2, 0.02% Triton X-100,

10% glycerol) containing 1 mg/ml BSA, as well as 20 p.M paclitaxel unless

otherwise indicated. DEAE-purified ATP was used at 0.5 or 1.0 mM, and

reactions were started by addition of katanin. Aliquots were removed at
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various times and quenched by addition of perchloric acid to a final
concentration of 0.3M and stored on ice.

For radioactive assays, DEAE-ATP was supplemented with [Y-32PIATP
(2 Ci/mmol, NEN) to yield ~40,000-80,000 total cpm per time point by

Cherenkov counting. In addition, the PCA quench contained 10–20 mM

KPO4 to prevent the nonspecific loss of counts on the charcoal during

separation. Unhydrolyzed ATP was removed by vortexing the quenched

reactions with a 50 ul slurry of activated charcoal (Norit A, Sigma, Inc.)

previously prepared by boiling in 1 M HCl, followed by extensive water

washing. The charcoal was removed by centrifugation at 14,000 x g (3 min,

4°C) and the supernatant was Cherenkov counted after addition of ~2 ml of

water. Total hydrolysis was limited to 10-20%, to minimize product
inhibition.

For nonradioactive assays, an ATP regenerating system consisting of

0.5–1.0 mM phospho-enol pyruvate and 2U pyruvate kinase was usually

included to minimize the inhibition by ADP previously reported for native

katanin (McNally and Vale, 1993). Phosphate concentration was measured by

addition of an equal volume of malachite green reagent (Kodama et al., 1986),

followed by incubation at 25°C for 35 min and subsequent measurement of

absorbance at 650 nm. The phosphate standards were prepared by dilution of
0.65 mM KPO4 (Sigma Diagnostics, Inc.).

Severing assays

Microtubule severing rate was measured using a fluorescence-based

assay for DAPI binding described as previously described (Hartman et al.,

1998). To calculate the amount of tubulin dimers released, the rate of change
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of fluorescence (AF/sec) was divided by ((FLunsevered)-

(FLca2+depolymerized)/MT concentration, uM).

Hydrodynamic analysis

Glycerol gradient centrifugation was modified from previous methods

(Hanson et al., 1997). Gradients were prepared by layering equal steps of 10%,

16.3%, 22.5%, 28.8%, and 35% glycerol in gradient buffer (20 mM K-HEPES pH
8.0, 75 mM K-glutamate, 2 mM MgCl2, 0.02% Triton X-100, 1 mM DTT), with 2

mM of the indicated nucleotide and equimolar MgCl2; gradients were

allowed to form overnight at 4°C. Proteins in Ni-NTA elution buffer were

diluted -1:1 with gradient buffer (final concentration ~5 puM) and incubated

with 2 mM of the appropriate nucleotide and 2 mM MgCl2 for 15 min on ice

prior to centrifugation. NSF D2 domain was expressed and purified (Hanson
et al., 1997)) and handled as described above. BSA (4.1S), catalase (11.2S), and

thyroglobulin (19.4S) were used as standards. Gradients were centrifuged for
12 hr at 285,000 x g in a SW60 Ti rotor (Beckman Instruments, Inc.) at 4°C.

GFP-tagged p50 was quantitated by fluorescence (Aex 470, Åem 508) using

either an SLM 8100 in photon counting mode (Spectronics, Inc.) or a Perkin

Elmer LS-5B (Perkin-Elmer, Inc.). Standards and NSF D2 were quantitated by
Bradford. Gel filtration chromatography was performed on ~15 pig of
p60E334Q using a 0.78x30 cm TSK-4000SWXL column (TosoHaas, Inc.)

equilibrated with 20 mM K-HEPES pH 7.8, 75 mM K-glutamate, 2 mM MgCl2,

0.02% Triton X-100, 5% glycerol, and 1 mM ATP. Standard proteins were BSA

(Stokes radius 35A), catalase (52A), and thyroglobulin (86Å). Molecular
weight estimates were made using the measured Stokes radius and S-value

[L. M. Siegel and K. J. Monty, Biochem. Biophys. Acta 112,346 (1966)]
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FRET measurements

Separately purified CFP-p60 and YFP-p60 were preincubated together in

the indicated ratios at 10X assay concentration for 30-60 min on ice. The

CFP/YFP-p60 mixture was then diluted into reactions containing 2 mM

nucleotide and equimolar MgCl2 in ATPase buffer (20 mM K-HEPES pH 7.5,

25 mM K-glutamate, 2 mM MgCl2, 0.02% Triton X-100, 10% glycerol, 20 p.m.

paclitaxel). Reactions contained 1 mg/ml BSA to prevent surface adsorption.

20 mM glucose and 0.1 mg/ml hexokinase, which converted residual ATP to
ADP, were used to measure FRET in the ADP state. For FRET measurements

with microtubules, pó0 was preincubated with the nucleotide mixture for 10
min at 22°C before microtubules were added. After a 10-15 min incubation

with microtubules, energy transfer was quantitated by exciting the sample at

433 nm and measuring the fluorescence at 480 nm and 535 nm. The ratio of

emission at 535 nm ■ 480 nm was used as the measure of energy transfer

(Miyawaki et al., 1997). For emission scans, the sample was excited at 433 nm,
and the fluorescence emission measured between 450 and 600 nm using
excitation and emission slit sizes of 1 nm.

Microtubule binding

GFP-p60 (0.4 p.m. final) was mixed with paclitaxel-stabilized

microtubules and 1 mg/ml BSA in ATPase buffer and incubated at 22°C for 20

min. 5 mM glucose and 0.1 mg/ml hexokinase, which converted residual

ATP to ADP, was used for measuring binding in ADP. Samples (50 pul) were

incubated at 22°C for 20 min prior to loading onto a 50 pil cushion of 66%

glycerol in ATPase buffer, followed by centrifugation for 5 min at 436,000 x g

(20°C). The supernatant and cushion were removed and diluted 1:1 with

water to reduce sample viscosity. The microtubule pellets were
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depolymerized by incubation on ice for 30 min in ATPase buffer containing 5

mM CaCl2, followed by dilution 1:1 with water. Bound and free GFP-p60

were determined by fluorescence (Aex 470, Aem 508).
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Table 1:

Effect of nucleotide state and microtubules on CFP-p60:YFP-p60 FRET.

FRET signal
Protein Nucleotide Microtubules (% of ADP)

p60E334Q ADP
-

100 + 1.2

p60E334Q ATP
-

124 + 0.9

p60wt ADP
-

100 + 0.8

p60wt ADP + 102 + 0.2

p60wt ATP-y–S
-

98 + 0.1

p60wt ATP-Y–S + 119 + 0.2

Measurements of pé0 E334Q FRET were made at 0.13 pm total CFP/YFP-p60

using a mixture of 1 donor CFP:5 acceptor YFP molecules. Experiments with

wildtype pé0 were performed at 0.5 p.M total CFP/YFP-p60 using a mixture of

1 donor CFP2 acceptor YFP molecules. MgATP, MgADP, or MgATP-Y–S were

present at 2 mM, and microtubules were included at 5 mM where indicated.

FRET values are normalized using the ADP value as 100% (1.13 for p50E334Q,
0.46 for pé0Wt). The mean and standard deviation of two measurements
(p60Wt) or three measurements (p60E334Q) are shown. FRET in the presence

of ADP was not observed over a wide range of microtubule concentrations

(data not shown).
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Figure 1: Oligomerization of pé0 katanin.

(A) Hydrodynamic analysis. Sedimentation profile of GFP-p60 katanin

through 10-35% glycerol gradients in the presence of 2 mM MgATP (O) or

MgADP (D). Both sediment as a single species of ~4S. A DEAD box mutant of

p60, GFP-pé0E334Q (21), was tested in the presence of 2 mM MgATP (A) and

MgADP(A). GFP-pé0E334Q sediments as a mixture of 4S and 15S species in

the presence of ATP, but as a single species of 4S in the presence of ADP. As a

control for AAA oligomerization, E. coli expressed NSF D2 domain was

sedimented through gradients containing 2 mM MgATP and the

sedimentation peak is indicated by an arrow.

(B) Fluorescence Resonance Energy Transfer (FRET) of a 1:9 mixture of CFP
p60E334Q (donor) and YFP-pé0E334Q (acceptor) in the presence of 2 mM

MgATP (e) or 2 mM MgADP(O). FRET is indicated by the decreased

emission at 480 nm and the increased emission at 535 nm in the presence of

MgATP. The MgADP emission profile is identical to that calculated for CFP

p60E334Q and YFP-p60E334Q measured separately (data not shown).
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Figure 2: Nucleotide-dependent binding of p50 katanin to microtubules.

Cosedimentation of GFP-p60 and microtubules were tested in the presence of
2 mM MgATP-Y–S (O; Kd-0.9 p.m.) or MgADP (O; Kd-18 HM). Also shown is a

truncated p50 that lacks the C-terminal AAA domain (p60AAAA; A; Kd-6

HM). Binding of this protein was not affected by nucleotide (data not shown).

Binding is expressed as the fraction of GFP-p60 that cosedimented with

microtubules, and the best fit to a hyperbolic curve is shown.
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Figure 3: Effect of microtubules on pé0 oligomerization, ATPase, and

microtubule severing activities.

(A) Oligomerization and ATPase activity as a function of microtubule

concentration. ATPase activity (O) and FRET (O) were measured in a 0.2 pm,

1:5 mixture of CFP-p60 and YFP-p60. Note the similar pattern of increasing

ATPase and oligomerization at 0-10 p.M microtubules, followed by decreasing

signal as microtubule concentration is raised above 10 puM. Values have been

normalized to the percentage of the maximum observed FRET or ATPase

signal. A curve fit shown is for two competing Michaelis-Menten reactions

(((A*[tubulin])/(B+[tubulin]))-((C*[tubulin])/(D+[tubulin]))).

(B) Comparison of ATPase (hatched bars) and microtubule-disassembly

activity (solid bars) of 0.2 p.m. p50 at 5 and 10 puM microtubules. ATPase

activity begins to decline above -2 um microtubules for untagged p50

(Hartman et al., 1998), versus above -10 um microtubules for CFP-p60/YFP

p60 (Fig. 3a). Untagged p50 was used for this assay because microtubule

concentrations >10 puM are not compatible with fluorescence microtubule

disassembly assay. Activities have been normalized to the activity at 5 p.M.,
and error bars indicate the standard deviation of 2 measurements. Maximum

activity was 19 ATP pé0-1 sect■ and 0.04 tubulin dimer pé0-1 sect■ , yielding a
coupling ratio of ~50 ATP/tubulin dimer removed from the microtubule.
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Figure 4: Model for microtubule severing by katanin.

See text for details. Only a single protofilament of the microtubule is shown
for simplicity. T, DP, and D represent ATP, ADP-Pi, and ADP states,

respectively. The conformational change is shown to occur with Y-phosphate

bond cleavage, although this could alternatively occur as a result of Y

phosphate release.
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CHAPTER 3

Biochemical Characterization

of the ATPase Activity
of Native and Recombinant Katanin



85

The work presented in Chapter 3 is the result of a long collaboration

with Dr. Takashi Shimizu. Over the course of several years, Dr. Shimizu

shared his intuition and expertise at designing and performing ATPase

experiments. In addition, he helped provide me with a wonderful

opportunity to visit his laboratory in Japan.
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INTRODUCTION

Katanin couples the hydrolysis of ATP to the disruption of contacts in

the microtubule lattice. Understanding the mechanism of microtubule

severing will require knowledge about how katanin hydrolyzes ATP and uses

the resulting free energy to do work. As a first step, we report some of the

basic parameters of katanin's ATPase activity. In this chapter, we document

the complex stimulation of katanin's ATPase activity by microtubules. This

is very similar to what has been observed for baculovirus-expressed katanin

subunits (Hartman et al., 1998), demonstrating that the non-Michaelis

Menten kinetics are not an artifact of expression system, but rather are an

inherent property of the enzyme. We also explore the inhibition of katanin's

ATPase activity by ADP, as well as by several nonhydrolyzable nucleotide

analogs. In addition, we have tested the ability of a nucleotide analog library

to support severing, and suggest several analogs that might be useful for

further study. Finally, we present some preliminary data on the stimulation

of katanin ATPase activity by alternative activators, including several types of

non-polymeric forms of tubulin and anti-katanin antibodies. Together, these

results provide a starting point for a pre-steady-state study of this interesting
ATPase.
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RESULTS

Understanding the mechanism of katanin-mediated microtubule

severing requires first understanding the interactions of katanin with its

substrates, ATP and microtubules. Katanin hydrolyzes ATP at a reasonably

linear rate up to at least 30 minutes, and the rate of ATP hydrolysis increases

several fold when ~1 AM paclitaxel-stabilized microtubules are included in

the reaction (Fig. 1A). It has been suggested that microtubule severing is

cooperative (McNally and Vale, 1993), but katanin's basal and microtubule

stimulated ATPase activities are reasonably proportional to enzyme

concentration in the limited regime tested (25-300 nM, Fig. 1B). Low

concentrations of microtubules are quite effective at activating katanin, with

0.1 p.M stimulating the ATPase activity to nearly the same extent as 0.9 p.M.

Interestingly, the lowest enzyme concentration tested (~12 nM) falls below the

linear curve fits for the microtubule-stimulated reactions, suggesting that

cooperativity may be occurring at low enzyme concentrations, in the presence

of microtubules. Alternatively, this could be explained by katanin's tendency

to adsorb nonspecifically on surfaces at low concentrations (data not shown).

When we determined a full dose-response curve for activation of

katanin ATPase by microtubules, we were surprised to find that katanin's

ATPase activity is stimulated in a complex, non-Michaelis-Menten fashion

(Fig. 2). ATPase activity increased sharply as microtubule concentration was

increased from 0-0.5 mM (Fig. 2B), but then declined as microtubule

concentration was further increased (Fig. 2A). This is quite distinct from the

hyperbolic stimulation of kinesin's ATPase activity by microtubules (Gilbert

and Johnson, 1993), and suggests a complex interaction between katanin and

the microtubule substrate. Previous experiments indicated that subtilisin
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treated microtubules, lacking the negatively-charged C-termini of O- and 3

tubulin, could stimulate the ATPase activity of katanin without being severed

(McNally and Vale, 1993). We find that subtilisin-treated microtubules

stimulate the ATPase activity of katanin with a similar dose-response, and to

a similar extent, as paclitaxel-treated microtubules (Fig. 2). This suggests the

interactions between katanin and tubulin C-termini, while necessary for

severing, are not required for full stimulation of katanin's ATPase activity by

microtubules. Importantly, this demonstrates that microtubule activation of

katanin's ATPase activity can be uncoupled from microtubule severing.
In addition to the interaction with microtubules, we were interested in

examining katanin's interaction with its nucleotide substrate, ATP. Using a

coupled enzyme ATPase assay that maintains a constant ATP/ADP ratio, we
measured the effect of ATP concentration on microtubule-stimulated ATPase

activity (Fig. 3). The ATP dependence of katanin's microtubule-stimulated

ATPase activity is hyperbolic, suggesting it behaves like a Michaelis-Menten

enzyme with respect to nucleotide binding and hydrolysis. In the presence of
~1 um microtubules, we observe an apparent Km for ATP of ~50 puM ATP.

How does this compare with the data on other AAA proteins? ATPase

experiments with recombinant NSF, a AAA protein involved in membrane

trafficking, documented a Km for ATP of 650 um (Tagaya et al., 1993),

considerably higher than what we observe. Recent direct binding

experiments, however, indicate that the weaker, hydrolytic D1 domain of
NSF binds ATP with a Kd of ~15-20 puM (Matveeva et al., 1997), which is more

similar to katanin's Km for ATP.

We also examined how salt and pH affect katanin's ATPase activity.

Strong salt dependence can be indicative of ionic interactions between the

enzyme and its substrate. The microtubule-stimulated ATPase activity of
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kinesin, for example, is highly salt dependent, suggesting the importance of
ionic interactions between it and its microtubule substrate. This has been

supported by a mutational analysis of kinesin, showing that mutation of
several different basic residues to alanine results in lower microtubule

affinity (Woehlke et al., 1997). We tested the sensitivity of both the basal and

microtubule-stimulated ATPase activities to increasing concentrations of

potassium glutamate, ranging from 25 mM (standard in our ATPase assays)

up to 500 mM (Fig. 4). We observed that microtubule-stimulated ATPase

activity was similar at 25 and 50 mM, but dropped by 25% at 100 mM and 75%

at 200 mM K-glutamate. The rate of microtubule-stimulated ATP hydrolysis

was similar to the basal, unstimulated rate at 200 mM potassium glutamate.

Contrary to the sharp salt dependence of the microtubule-stimulated rate, the

basal ATPase rate declined more gradually over the concentration range

tested, suggesting a smaller contribution of charged residues to the interaction

of katanin with ATP (Fig. 4).

The pH optima of enzymes reflects the ionization of groups on the

enzyme important for both protein stability and chemical catalysis. Previous

results suggest that katanin aggregates below ~pH 6.5 (F. McNally, personal

communication). We observed maximal basal ATPase activity at pH 8.0, with

activity declining at both higher and lower pH (Fig. 5). This experiment also

suggests that katanin is more active in K-EPPS pH 7.5 buffer than in the K

HEPES pH 7.5 buffer usually employed for severing and ATPase experiments,

but this has not been carefully examined to rule out impurities in the buffer

preparations. Reactions are generally carried out at pH 7.5, a compromise

between the higher katanin activity but lower microtubule stability at higher

pH. Our data on katanin fits with the limited biochemical data available on

other AAA ATPases, which indicate a relatively high pH optimum.
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Recombinant NSF ATPase, for example, revealed a 3-fold higher ATPase

activity at pH 9.0 versus pH 7.0 (Tagaya et al., 1993).

ATPase experiments can be very useful for measuring the interaction

of other nucleotides and nucleotide analogs with ATP-hydrolyzing enzymes.

Previous experiments indicated that ADP inhibits the ATPase activity of

katanin (McNally and Vale, 1993), but a dose-response curve was not

determined. We tested the ability of 0.1-10 mM ADP to inhibit the basal and

microtubule-stimulated ATPase activities of katanin in the presence of 0.5
mM ATP, and estimate an IC50 of 0.3 mM and 0.6 mM for these reactions,

respectively (Fig. 6). The ability of ADP to inhibit katanin's ATPase activity at

concentrations roughly equal concentrations to ATP suggests that both
nucleotides bind with similar affinities to the active site of katanin. The fits

well with direct binding experiments that have been published using NSF,

which indicate the hydrolytic D1 domain of NSF has a comparable affinity for
ATP and ADP, with a Kd for ATP of 40 puM and a Kd for ADP of 140 puM

(Matveeva et al., 1997).

When we tested the ability of artificial nucleotide analogs to inhibit

katanin's ATPase activity, we found that the nonhydrolyzable ATP analog

AMPPNP had little effect on katanin ATPase activity at concentrations up to 1

mM, in the presence of 0.5 mM ATP (Fig. 7A). However, the slowly

hydrolyzed ATP analog ATP-Y-S inhibited both the basal and microtubule

stimulated ATPase activity of katanin with IC50s of 0.5 and 0.1 mM,

respectively (Fig. 7B). This is consistent with previous reports that ATP-Y–S,
but neither AMPPNP nor AMPPCP, inhibits katanin's ATPase and

microtubule-severing activities (McNally and Vale, 1993). ATP-Y–S can also

interact with NSF, as evidenced by its ability to promote formation of a tight

complex between NSF, o SNAP, and GST-syntaxin 1a (Hanson et al., 1995),
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and its ability to stabilize conformation of NSF different from MgATP,

ATP/EDTA, or ADP as imaged by rotary shadowing electron microscopy

(Hanson et al., 1997). The inability to observe inhibition of katanin ATPase

activity by AMPPNP is somewhat surprising, since Lenzen et al. (1998) have

determined the structure of the NSF D2 domain complexed with this

nonhydrolyzable analog. One explanation is that the nonhydrolyzing NSF D2
domain makes different contacts with nucleotide substrates than does the

hydrolyzing D1 domain of NSF, which is more closely related to the AAA
domain found in katanin.

Nucleotide analogs were also tested for their ability to support

microtubule severing by native katanin. Table I compares katanin

microtubule-severing activity to microtubule translocation by kinesin and

14S dynein in the presence of various nucleotides and nucleotide analogs.

2'deoxyATP, 3'deoxyATP, and dideoxyATP are all quite active in supporting

severing and microtubule gliding by kinesin and dynein, while PRTP

supports poor severing and kinesin gliding. The 8'bromo- and 8'azido

derivatives of ATP support poor severing, which may explain the failure of

previous experiments to localize the ATP binding site to pé0 katanin by

crosslinking of 32P-labeled 8'azido ATP (data not shown).
One of the purposes of testing nucleotide analogs was to identify

substrates that might be useful for pre-steady-state kinetic studies. For these

purposes, fluorescent derivatives that change their spectral properties are

very useful. Importantly, the fluorescent derivatives formycin-TP and

etheno-ATP both caused microtubule severing (Table I). Unfortunately,

initial experiments using formycin-TP, etheno-ATP, and mant-ATP showed

little fluorescence change when added to p50 (data not shown). This may be

due, however, to poor nucleotide binding at the 310 pum concentrations of
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nucleotide tested. Katanin appears to precipitate in the absence of nucleotide

(data not shown), complicating the experiment further. For future

experiments, availability of more concentrated katanin preparations will

hopefully enable use of higher nucleotide concentrations, approaching the
estimated Km for ATP of 50 puM.

It is currently unknown whether katanin interacts directly with free

tubulin dimers during its chemical cycle. Surface-adsorbed tubulin

significantly inhibits microtubule severing in mitotic Xenopus egg extracts

(Vale, 1991), and recent experiments indicate that katanin is primarily
responsible for this activity (McNally and Thomas, 1998). This suggests an

interaction between katanin and tubulin capable of competing with the

katanin-microtubule interaction, but the conformation and folding of surface
adsorbed tubulin is unknown and difficult to control. We used our ATPase

activity to look for direct interactions between katanin and tubulin dimers, by

testing if several forms of nonpolymeric tubulin could stimulate the basal

ATPase activity of katanin. Preliminary results indicate that tubulin treated

with the microtubule-depolymerizing drug nocodazole, and then centrifuged

to remove tubulin oligomers and aggregates could stimulate the ATPase of

native katanin. Stimulation was up to ~3-fold at 10 p.M. tubulin, but the dose

response was quite different than what is observed with paclitaxel-stabilized

microtubules, showing an almost linear increase of ATPase activity between

1-10 p.M nocodazole-tubulin (Fig. 8). One explanation for this non-hyperbolic

increase could be the presence of an ATPase activity inherent to the
nocodazole-tubulin substrate, which was not accounted for in this

preliminary experiment. Alternatively, nocodazole-tubulin could have a
much higher K0.5 than paclitaxel-stabilized microtubules, due to a weak

interaction between the enzyme and tubulin substrate. Another explanation
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is that the nocodazole-tubulin preparation is contaminated with a low

proportion of oligomeric or aggregated tubulin molecules capable of

stimulating katanin's ATPase activity. A more interesting possibility would

be the stimulation of katanin ATPase activity by a unique conformation of
nocodazole-tubulin. For that reason, we wanted to test the effect of tubulin

that had been prevented from polymerizing by other methods.
We tested the effect of colchicine-tubulin and GDP-tubulin on the

ATPase activity of recombinant pó0 katanin, rather than native sea urchin

katanin, because of its greater abundance and ease of preparation. Treatment

of tubulin with colchicine prevents polymerization, due to the formation of a

stable complex of the drug with tubulin dimers (Andreu and Timasheff,

1982). Initial results suggest that colchicine-tubulin also stimulates the basal

ATPase activity of p50 katanin, and the dose-response is quite different from

activation by microtubules (Fig. 9A). This activation does not appear

hyperbolic in the range of 1-20 HM tubulin, and could be either roughly linear

or weakly sigmoidal with an inflection point around 10 p.M. GDP-tubulin is

very difficult to polymerize, and should represent a more physiological

preparation of nonpolymeric tubulin. We found no significant ATPase
activation up to ~15 piM, however, suggesting katanin is not activated by all

forms of nonpolymeric tubulin (Fig. 9B). This difference suggests that either

the drug-treated tubulin substrates are in different conformations than GDP

tubulin, or that the drug-treated samples contain small populations of

alternative forms of tubulin that can stimulate katanin. The strong tendency

of tubulin to aggregate and form small oligomers is a difficult complication of

experiments with putatively non-polymeric tubulin. Eliminating this caveat

will require analysis of the aggregation state of tubulin in parallel with
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ATPase activity, to verify that nocodazole- and colchicine-tubulin can indeed

interact with and activate katanin's ATPase activity.

One suggestion for how microtubules stimulate the ATPase activity of

katanin is that they promote oligomerization of p50, and increased p50-pô0

interactions are responsible for accelerated hydrolysis of ATP. This idea is

strengthened by the high correlation of ATPase activity and oligomerization

as measured by fluorescence resonance energy transfer (this thesis, Chapter 2).

In addition, the recent determination of the atomic structure of the hexameric

NSF AAA D2 domain indicates that while virtually all nucleotide contacts

are made within a single protomer, one residue of an adjacent protomer (Lys

639) interacts with the Y-phosphate oxygen of the nucleotide (Lenzen et al.,

1998). While this residue is not well ordered in the crystal structure, and Lys

639 is not conserved in the NSF ortholog Sec18p (Lenzen et al., 1998), this

observation suggests that protomer-protomer contacts are important for

complete interaction of AAA proteins with their nucleotide substrates and

provides a physical basis for how oligomerization could affect ATP hydrolysis.

To examine if non-microtubule substrates could stimulate pé0's

ATPase activity, we tested the ability of poly-glutamic acid to act as a surrogate

for microtubules in stimulating the ATPase activity of p50 katanin.

Microtubules are known to have negatively-charged, glutamic acid-rich C

termini (Sackett et al., 1985), and these tails are required for microtubule

severing, since their removal by the protease subtilisin prevents severing but

not ATPase activation (McNally and Vale, 1993). Poly-glutamic acid, average

molecular weight 14 kDa, stimulates the basal ATPase activity of pé0

approximately 2-fold at 2 p. M, compared with the 4-fold stimulation seen with

equal concentrations of paclitaxel-stabilized microtubules (Fig. 10). One

possibility for how this amino acid polymer can activate pó0 is by



95

concentrating katanin monomers via ionic interactions with the basic (pL-10)

N-terminus of p50. Glutamic acid residues (pKa=4.1) will be negatively

charged at the reaction pH of 7.5, and could act similarly to an ion exchange

matrix, concentrating p50 monomers and increasing the local concentration,

thereby promoting oligomerization. Interestingly, ATPase activity was less

stimulated when the poly-glutamic acid concentration was raised to 20 p.m.

(data not shown), similar to what is observed for stimulation of katanin's

ATPase activity by high concentrations of microtubules. This is consistent

with a model in which high substrate concentrations are less able to stimulate

katanin's ATPase activity because pé0 monomers become segregated at

noncontiguous sites (Hartman et al., 1998).

Finally, we used anti-p60 antiserum to bring p50 monomers in close

proximity and tested whether this stimulates p00's ATPase activity. We

found that whole anti-p60 antiserum increased the ATPase activity of p50

>10-fold, 2-fold higher than 2 AM microtubules (Fig. 11). Addition of

microtubules and serum together were similar to serum alone, suggesting

that stimulation was via the same rather than additive or synergistic

pathways (Fig. 11). Serum alone had only minimal ATPase activity (data not

shown). Also, addition of anti-p80 antiserum did not stimulate pó0's ATPase

activity, nor did it prevent activation of ATPase activity by microtubules (Fig.

11). This suggests that stimulation of p80 interactions can, in fact, promote

ATP hydrolysis. More conclusive experiments will require the use of purified

or monoclonal antibodies, and careful comparison of ATPase activation by

bivalent and monovalent antibody preparations.
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DISCUSSION

Initial observations of microtubule severing in Xenopus extracts

suggested the importance of ATP in the severing reaction (Vale, 1991), and

subsequent purification of the sea urchin microtubule severing-protein

katanin revealed it to be a microtubule-stimulated ATPase (McNally and

Vale, 1993). This study extends that work by further characterizing the

biochemical properties of katanin's ATPase activity. The ATPase activity of

native sea urchin katanin has a unusual dose-response for activation by

microtubules, just as has been reported for recombinant, baculovirus

expressed p50 and p50/p80 katanin (Hartman et al., 1998). ATPase activity

peaks at ~1 p. M microtubules, and then declines at higher microtubule

concentrations. The observation of this phenomena with both native and

recombinant protein, purified in different ways, suggests that it is an inherent

property of katanin's ATPase activity and not the result of a peculiarity of

either the native or recombinant proteins. This stimulation differs from the

Michaelis-Menten stimulation of kinesin ATPase by microtubules (Gilbert

and Johnson, 1993), suggesting katanin interacts with microtubules very

differently than kinesin and that this interaction may be worthy of further

study. Subtilisin-treated microtubules may be an important tool for probing

the interaction of katanin with microtubules, since they are unique in being

able to uncouple the ATPase and microtubule severing activities of pé0.

ATPase experiments have furthered our understanding of how

katanin interacts with its nucleotide substrate, ATP. Nucleotide binding may

be similar in different members of the AAA ATPases superfamily, given the

similarities of the Kd for ATP binding to the D1 domain of NSF (20 AM)

(Jourdain et al., 1997) and the half-maximal ATPase activity of katanin (50
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puM). Furthermore, our experiments indicate that ADP is an inhibitor of

katanin ATPase activity (IC50=0.3-0.6 mM), and this consistent with the

demonstration that NSF D1 has similar affinity for ATP and ADP (Jourdain et

al., 1997). The slowly-hydrolyzed ATP analog ATP-Y–S is able to interact with

the AAA domain of multiple AAA ATPases, since it inhibits the ATPase

activity of katanin and stabilizes substrate interactions in katanin (this thesis,

Chapter 2) and NSF (Jourdain et al., 1997). In contrast, AMPPNP appears to be

a poor inhibitor of katanin ATPase activity.

Interaction of katanin with tubulin substrates is more complex than

with nucleotides, and considerably more experimentation remains to be done
in this area. Our initial observations that nocodazole-tubulin and colchicine

tubulin can stimulate katanin's ATPase activity suggests some interaction

with nonpolymeric forms of tubulin. Careful analysis of the structure of the

tubulin substrate during the ATPase reaction will be required to rule out

tubulin aggreagates or oligomers as the cause of ATPase activation. The

inability of nonpolymeric GDP-tubulin to stimulate the ATPase activity of

p60, together with the ability of several AAA ATPases to specifically

disaggregate proteins (Confalonieri and Duguet, 1995), makes this a strong

possibility. Similarly, the ability of surface-adsorbed tubulin to inhibit

Xenopus severing (Vale, 1991) could be attributed to competition of katanin

binding to microtubules and adsorbed aggregates.

Our results that anti-p60 antiserum, and to a lesser extent poly

glutamic acid, stimulates the ATPase activity of p50 supports the suggestion

that pó0-p60 interactions are necessary for ATP hydrolysis. Bringing p50

monomers together, either by binding to neighboring tubulin sites on a

microtubule or by artificial means like binding to adjoining sites on a bivalent

antibody, stimulates ATPase activity. There is increasing evidence that
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oligomerization is either required for or coupled with ATPase activity in

multiple members of the AAA superfamily, including katanin (this thesis,

Chapter 2), VPS4 (Babst et al., 1998), and p97 (Peters et al., 1992). The recently
determined atomic structure of the hexameric NSF D2 domain reveals one of

the contacts between the protein and the nucleotide substrate comes from a

neighboring subunit (Lenzen et al., 1998), suggesting a physical basis for how

this regulation could be achieved. The ability to drive oligomerization of p50

katanin by addition of pure substrate (microtubules), as well as by artificial

means like antibodies or polyamino acids, make katanin attractive for

studying how oligomerization affects nucleotide binding and hydrolysis in

the entire AAA ATPase superfamily. Pre-steady-state analysis will hopefully

provide details about the reaction mechanism by which microtubules

promote pé0 oligomerization and ATP hydrolysis.
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MATERIALS AND METHODS

Microtubules and tubulin

Bovine brain tubulin was prepared by two cycles of polymerization

followed by chromatography on phosphocellulose P-11 (Whatman, Ltd.)

(Williams and Lee, 1982) before freezing in liquid nitrogen and storage at

-80°C. Thawed tubulin was precleared by centrifugation at 337,000 x g (10

min., 4°C) to remove aggregates. Microtubules were polymerized by addition

of DMSO to 10% and GTP to 1 mM, followed by incubation at 37°C for 30-60

min. For most experiments, microtubules were stabilized by addition of

paclitaxel to 20 AM, followed by an additional 15–30 min incubation at 37°C,

before sedimentation at 267,000 x g (10 min, 25°C) through a 60% glycerol

cushion in ATPase buffer (20 mM K-HEPES pH 7.5, 25 mM K-glutamate, 2

mM MgCl2, 0.02% Triton X-100, 10% glycerol) containing 10 um paclitaxel.

Microtubules were resuspended in ATPase buffer containing 20 p.m. paclitaxel.

Microtubule concentration was measured by absorbance at 275 nm in 6M

guanidine HCl, using an extinction coefficient of 1,030 mlemg-1-cm-1

(Hackney, 1988).

Nocodazole-tubulin was prepared by adding nocodazole (10 mM in

DMSO) to precleared tubulin at 60 piM, followed by incubation on ice for ~30

minutes and centrifugation at 337,000 x g (10 min, 4°C). Colchicine-tubulin

was prepared by addition of 1.25 mM colchicine to precleared tubulin from a

125 mM stock in ethanol, followed by incubation at 22°C for 30 min. Buffer

exchange was performed using a G-25 Sephadex (Pharmacia, Inc.) spin

column equilibrated in ATPase buffer. The tubulin-colohicine eluate was

supplemented with colohicine to 1.25 mM and stored on ice. GDP-tubulin

was prepared by polymerization of microtubules as above, without addition
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of paclitaxel. Microtubules were sedimented through a 60% glycerol cushion

in ATPase buffer without paclitaxel by centrifugation at 337,000 x g (10 min,

37°C). The cushion was washed several times with water, before

resuspending the microtubule pellet in ATPase buffer without paclitaxel. The

microtubules were depolymerized on ice for 30 min, and then precleared by

centrifugation at 337,000 x g (10 min, 4°C) to remove aggregates and residual
microtubules. GDP-tubulin was stored on ice before addition to ATPase

reactions.

Purification of native sea urchin katanin

Native katanin was purified from extracts of Stonglyocentrotus

purpuratus (North Coast Invertebrate Collectors, Bodega Bay, CA) eggs

essentially as previously described (McNally and Vale, 1993), except that

hydroxyapetite chromatography was performed using a HR 10/30 column

(Pharmacia, Inc.) packed with 20 pum ceramic hydroxyapetite beads (American

International Chemical, Natick, MA). Mono Q (Pharmacia, Inc.) purified

native katanin was frozen in liquid nitrogen and stored at -80°C.

Expression constructs

Katanin p50 and p80 were cloned into pHastBac HT B (Life

Technologies, Inc.). The resulting baculovirus constructs expresses p00 and

p80 katanin with the following additional N-terminal amino acids:

MSYYHHHHHHDYDIPTTENLYFQGS.

Expression and purification of recombinant katanin

Recombinant katanin subunits were expressed by infection of Sf9 cells

with baculovirus, followed by purification on Ni-NTA agarose as described
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(Hartman et al., 1998). Expressed katanin was frozen in liquid nitrogen and

stored at -80°C. Inclusion of ATP at 250 puM before freezing was found to

improve protein stability.

ATPase assays

ATPase activity was measured using either a radioactive assay

following the release of 32P from ■ y–32PIATP for native katanin, or a
modified malachite green assay for recombinant katanin (Kodama et al.,

1986). A radioactive assay was necessary for native katanin samples, because

of the presence of contaminating phosphate in the enzyme preparation.

Reactions of 50-100 pul were carried out at 22-24°C in ATPase buffer (20 mM. K

HEPES pH 7.5, 25 mM K-glutamate, 2 mM MgCl2, 0.02% Triton X-100, 10%

glycerol) containing 1 mg/ml BSA or 0.25 mg/ml soybean trypsin inhibitor, as

well as 20 puM paclitaxel unless otherwise indicated. DEAE-purified ATP was

used at 0.5 or 1.0 mM, and reactions were started by addition of katanin.

Aliquots were removed at various times and quenched by addition of

perchloric acid to a final concentration of 0.3M and stored on ice.

For radioactive assays, DEAE-ATP was supplemented with ■ y–32PIATP
(2 Ci/mmol, NEN) to yield ~40,000-80,000 total cpm per time point by

Cherenkov counting. In addition, the PCA quench contained 10–20 mM

KPO4 to prevent the nonspecific loss of radioactivity on the charcoal during

separation. Unhydrolyzed ATP was removed by vortexing the quenched

reactions with a 50 pil slurry of activated charcoal (Norit A, Sigma, Inc.)

previously prepared by boiling in 1 M HCl, followed by extensive water

washing. The charcoal was removed by centrifugation at 14,000 x g (3 min,

4°C) and the supernatant Cherenkov counted after addition of ~2 ml of water.

Total hydrolysis was limited to 10-20%, to minimize product inhibition.
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For nonradioactive assays, an ATP regenerating system consisting of

0.5-1.0 mM phospho-enol pyruvate and 2U pyruvate kinase was usually

included to minimize the inhibition by ADP previously reported for native

katanin (McNally and Vale, 1993). Phosphate concentration was measured by

addition of an equal volume of malachite green reagent (Kodama et al., 1986),

followed by incubation at 25°C for 35 minutes and measurement of

absorbance at 650 nm. The phosphate standards were prepared by dilution of

0.65 mM KPO4 (Sigma Diagnostics, Inc.).

Microtubule severing assays

Microtubule severing assays were carried out essentially as described

elsewhere (McNally and Vale, 1993).
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Table I:

Nucleotide specificity of microtubule severing by katanin.

Microtubule severing was assayed as previously described (McNally and Vale,

1993), and scored according to a qualitative scale. ++++ represents no

microtubules remaining after ~3 min, +/- represents little or no change visible

in a similar field after ~3 min. Kinesin and 14S dynein data were previously

published (Shimizu et al., 1991). - indicates no movement or microtubule

severing observed.
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Table I:

Nucleotide specificity of microtubule severing by katanin.

Microtubule Microtubule Translocation

Severing (% of ATP-driven velocity)

Nucleotide Katanin Kinesin 14S Dynein
ATP +++ -H 100% 100%

2’dATP + + + 91% 99%

3’dATP +++ -H 72% 77%

ddATP + + 69% 67%

ADP
-

n.d. n.d.

AMPPNP
-

n.d. n.d.

Monomethyl ATP +++ + 47% 17%

Dimethyl ATP + + 20%
-

PRTP + 1.8%
-

8'bromo ATP + 3.1%
-

8’azido ATP +/-
-

27%

FTP +++ + 8.8% 2.0%

EthenO ATP + + + 13%
-

ATPoS(Sp) + + 18% 28%

ATPoS(Rp) +/-
- -

ATPBS(Sp) +/-
- -

ATPBS(Rp) +/-
- -

ATPyS +/- 2.2% 12%
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Figure 1: Time course and enzyme concentration dependence of ATP

hydrolysis by native katanin.

(A) Time course of ATP hydrolysis by native, sea urchin katanin. Reactions

containing 0.5 mM ATP and ~14 nM katanin, either alone (O) or together

with 0.9 puM paclitaxel-stabilized microtubules (D), were incubated at 22°C for

0-30 min. ATPase activity was measured by release of *P from IY-ºp|ATP as
described in Materials and Methods. Dotted lines indicate linear curve fits,

with an estimated rate of ATP hydrolysis of ~14 ATP katanin' sec' without
added microtubules and 3.2 ATP katanin' sec' in the presence of 0.9 pm
microtubules.

(B) Enzyme concentration dependence of the katanin ATPase reaction. Indicated

concentrations of katanin were incubated with 0.5 mM ATP, either alone (O) or in

the presence of 0.1 p.M (O) or 0.9 mM (D) paclitaxel-stabilized microtubules for 12 min

at 22°C. The best fit to a straight line is indicated.
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Figure 2: Microtubule activation of native sea urchin katanin ATPase

activity.

(A) ATPase activity of native, sea urchin katanin incubated with varying

concentrations of paclitaxel-stabilized microtubules (O) or subtilisin-treated,

paclitaxel-stabilized microtubules (D). Reactions contained 28 nM katanin,

and were incubated at 22°C with time points taken at 0, 10, 20, and 30 min.

ATPase activity was measured by release of “P from ■ y—"PlaTP as described in
Materials and Methods. A curve fit shown is for two competing Michaelis
Menten reactions (((Vmax1*[tubulin])/(Km.1+[tubulin]))-

((Vmax2*[tubulin])/(Km2+[tubulin]))).

(B) Expanded view of ATPase activity at low microtubule concentrations (0-2

puM).
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Figure 3: ATP dependence of katanin's microtubule-stimulated ATPase

activity.

The ATPase activity of ~0.2 p.m. native katanin was measured at 22°C in the

presence of 1 p. M paclitaxel-stabilized microtubules using the pyruvate kinase

and lactate dehydrogenase coupled assay described in Materials and Methods.

The dotted line shows the best fit to a hyperbola, yielding a Km for ATP of 46

puM.
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Figure 4: Salt dependence of the ATPase activity of native katanin.

Native katanin (~50 nM) was incubated at 22°C alone (O), or together with 1.8

puM paclitaxel-stabilized microtubules (D) for either 30 min (no microtubules)

or 20 min (with microtubules) in the presence of 1 mM ATP and varying

concentrations of potassium glutamate. ATPase activity was measured by

release of *P from [y—“P)ATP as described in Materials and Methods.
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Figure 5: pH dependence of the basal ATPase activity of recombinant pó0
katanin.

Recombinant, baculovirus-expressed p50 katanin (0.2 pm) was incubated at

22°C for 40 min in the presence of 1 mM ATP and ATPase reaction buffer

containing 20 mM K-EPPS of varying pH. The standard ATPase buffer,

containing 20 mM K-HEPES pH 7.5, had an ATPase activity of 0.09 ATP

katanin-1 sect" (data not shown). ATPase activity was measured using the
malachite green method, with a pyruvate kinase and phospho(enol)pyruvate

regenerating system included to prevent product inhibition, as described in
Materials and Methods.
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Figure 6: Inhibition of the ATPase activity of native katanin by ADP.

Native, sea urchin katanin (~ 50 nM) was incubated with 0.5 mM ATP for 10

min at 22°C alone (O), or in the presence of 0.9 p.NM paclitaxel-stabilized

microtubules (D). ATPase activity was measured by release of *P from [Y—

*PlatP as described in Materials and Methods. The curve fit shown is the
best fit to a straight line, yielding an IC50 for ADP of 0.3 mM (without

microtubules) and 0.6 mM ADP (with microtubules).
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Figure 7: Inhibition of native katanin ATPase activity by nucleotide analogs.

(A) The nonhydrolyzable ATP analog AMPPNP does not inhibit the ATPase

activity of native katanin at concentrations below 1 p. M. Native katanin (~50

nM) was incubated with 0.5 mM ATP at 22°C alone (O), or in the presence of

0.9 puM paclitaxel-stabilized microtubules (D) together with 0.1 to 1.0 mM

AMPPNP. ATPase reactions were carried out for 20 min (without

microtubules) or 8 min (with microtubules) and ATPase activity was

measured by release of *P from [y_*P]ATP as described in Materials and

Methods. Best fit lines are indicated.

(B) Native katanin is inhibited by the slowly hydrolyzable ATP analog ATP-Y-

S. Native katanin (~50 nM) was incubated with 0.5 mM ATP at 22°C alone

(O), or in the presence of 0.9 puM paclitaxel-stabilized microtubules (D)

together with 0.2 to 1.0 mM ATP-Y-S. ATPase reactions were carried out for 20

min (without microtubules) or 8 min (with microtubules) and ATPase

activity was measured by release of *P from IY-ºp|ATP as described in
Materials and Methods. Curve fitting is a best fit line (no microtubules) or

interpolated line (with microtubules).
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Figure 8: Effect of nonpolymeric, nocodazole tubulin on the ATPase activity
of native katanin.

Native katanin (~100 nM) was incubated with varying concentrations of

nocodazole-tubulin in the presence of 0.5 mM ATP and 15 p.m. nocodazole.

Reactions were carried out for 10 min at 22°C, and ATPase activity was

measured by release of “P from IY-ºp|ATP as described in Materials and
Methods. The best fit to a straight line is indicated.
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Figure 9: Effect of nonpolymeric colchicine-tubulin and GDP-tubulin on the

ATPase activity of recombinant pó0 katanin.

(A) Colchicine-tubulin stimulation of baculovirus-expressed p50 katanin

ATPase activity. p50 katanin (~100 nM) was incubated for 15 min at 22°C in

the presence of 1 mM ATP, 1.25 mM colchicine, and varying concentrations of

colchicine-tubulin. A phospho(enol)pyruvate and pyruvate kinase

regenerating system was included, to minimize inhibition by ADP. ATPase

activity was measured by the malachite green method, as described in

Materials and Methods. The best fit to a straight line is indicated.

(B) GDP-tubulin stimulation of baculovirus-expressed p50 katanin ATPase

activity. p50 katanin (~100 nM) was incubated for 15 minutes at 22°C in the

presence of 1 mM ATP and varying concentrations of GDP-tubulin. A

phospho(enol)pyruvate and pyruvate kinase regenerating system was

included, to minimize inhibition by ADP. ATPase activity was measured by

the malachite green method, as described in Materials and Methods.



122

A.
0. 8

0. 6 |- º
º

-

0. 4 |- º
º

O 2 |-
º

º
tº O

i
O 5 10 15 20

Colchicine-tubulin, pu■ /
B.

0.1 -

d
Q1)
O■ )

*
‘E 0.05 H
§
S. * e
fl

O O
<[ O O

O I | |

O ... 5 10 15 20

GDP-tubulin, puM



123

Figure 10: Stimulation of recombinant pó0 katanin ATPase activity by poly

glutamic acid.

p60 katanin (~40 nM) was incubated with 1 mM ATP either alone (O), with 2

HM paclitaxel-stabilized microtubules (O), or with 2 p.m. poly-glutamic acid

(avg. molecular weight 14 kDa, Sigma)(O). Reactions were carried out at 22°C,

and aliquots were removed at 0, 10, 20, and 30 min. ATPase activity was

measured using the malachite green method, as described in Materials and

Methods. Best fits to straight lines are indicated.
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Figure 11: Stimulation of recombinant p00 katanin ATPase activity by anti

p60 antibodies.

p60 katanin (~100 nM) was preincubated for 20 min on ice together with

either 2 pil whole serum (anti-p60 or anti-p80) or 2 pil ATPase buffer. ATPase

reactions were then carried out at 22°C, in the presence of 1 mM ATP and 2

puM paclitaxel-stabilized microtubules (where indicated). Aliquots were

removed at 0, 10, 20, 40, and 60 min, and ATPase activity measured by the

malachite green method as described in Materials and Methods. The

indicated rates of ATP hydrolysis were estimated by linear regression.
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CONCLUSIONS
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One of the most important findings in this work is that pó0 katanin

belongs to the AAA (ATPases Associated with a variety of cellular Activities)

superfamily of ATPases, a growing group of proteins sharing one or two

copies of a highly conserved 230 amino acid sequence module (Confalonieri

and Duguet, 1995). Contrary to their extensive sequence conservation, AAA

ATPases have been connected with many seemingly disparate functions in

cells, including homotypic (p97) and heterotypic (NSF) vesicle fusion,

organelle biogenesis (PAS1), intramitochondrial protein sorting (YME1), and

disaggregation/proteolysis of misfolded proteins (numerous 26S proteosome

regulatory subunits). The discovery of this homology is important for two

reasons. First, it allows identification of sequences that have been highly

conserved throughout the superfamily, suggesting they are functionally

important to the many different reactions carried out by AAA ATPases.

Second, the high liklihood of mechanistic similarity between different family

members enables exchange of information about how AAA proteins work

between the large number of laboratories working on these proteins.

Common features of AAA ATPases

What similarities do pe() and other AAA ATPases share that might be

important for understanding microtubule severing? For one, several AAA

ATPases have been demonstrated to be oligomeric. NSF (Fleming et al.,

1998), p97 (Peters et al., 1992), and VAT (Rockel et al., 1999) all form stable

hexameric complexes, and this has been attributed to the presence of a

nonhydrolyzing AAA domain (D2) that anchors the complex together. NSF

is oligomeric in the presence of either ATP-Y-S or ADP, but adopts different

conformations in these two nucleotide states as revealed by rotary shadowing

electron microscopy (Hanson et al., 1997). Few single AAA domain proteins
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like pö0 have been studied biochemically, but current results suggest that they

can oligomerize as well. DEAD box mutants of p80 and Vps4, p.60F934Q (this
thesis, Chapter 2) and Vps4E2339 (Babst et al., 1998), bind but do not hydrolyze
ATP and form high molecular weight complexes. Furthermore, p80E334Q
and Vps4E233Q oligomers are stable in the presence of ATP but not ADP.
From this, it is tempting to speculate that all AAA ATPases share the ability

to oligomerize at some point in the ATPase cycle, and they may either change

oligomerization state and/or shape depending on the nucleotide bound to the
AAA domain.

This ability to oligomerize appears to be inherent to the AAA domain.

Removal of the nonhydrolyzing D2 AAA domain prevents stable

oligomerization of NSF (Hanson et al., 1997), while the isolated D2 domain

can form stable hexamers (Fleming et al., 1998). We postulate that the N

terminal, unique half of pé0 contains the substrate (microtubule) binding site,

based on similar findings with NSF (Nagiec et al., 1995). This is supported by

our findings that pó0AAAA, a truncated form of pé0 completely lacking the

AAA domain and thus presumably unable to oligomerize, can still bind

microtubules in a nucleotide-insensitive manner and with affinity

intermediate to the ATP and ADP states of full-length p50. From this, we

predict that oligomerization is not essential for at least weak binding of p50 to

microtubules. Consequently, oligomerization of pé0 has the potential for

taking multiple, independent microtubule binding sites and locking them

together in a multivalent complex.

What are the implications of this nucleotide-dependent

multimerization of microtubule binding sites for the severing mechanism?

First, multimerization has the ability to dramatically increase the affinity of

enzymes for their substrates, based on the chelate effect (Jencks, 1981).
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Bivalent antibodies, for example, bind their targets -1000 times stronger than

univalent Fab fragments, due to loss of entropy upon binding at the first site

(Erickson, 1989; Hornick and Karush, 1972). This is a significant enhancement

of affinity, but does not approach the maximum enhancement predicted

(estimated -1011 for antibodies) because the linkages between the binding

sites in antibodies are flexible (Erickson, 1989). Reduced flexibility between

binding sites can result in higher affinity, provided the sites can contact their

substrate, because a greater amount of entropy is lost at the initial binding

event. And loss of entropy is a major driving force that makes cooperative,

polymeric structures like actin filaments and microtubules stable (Erickson,

1989). In the case of microtubules, the formation of a single additional
tubulin-tubulin contact makes subunit loss -1011 slower from the wall then

at the ends (Dye et al., 1992), demonstrating the profound influence of

cooperativity in establishing stable macromolecular complexes. With the

proper coupling, the energy released by binding a multimer to the

microtubule could be applied to destabilizing tubulin-tubulin contacts in the
microtubule.

In addition to ensuring tight binding, an oligomer of independent

binding sites also has the potential for moving sites with respect to each

other, providing a source of strain and a mechanical model for severing.

Differences in the shape of NSF hexamer in the presence of ATP-Y-S and ADP

have already been seen by electron microscopy, strengthening this assertion

for the AAA family (Hanson et al., 1997). These two principles,

oligomerization-enhanced binding and mechanical strain driven by shape

changes, suggest several non-exclusive models for how katanin disassembles
microtubules.
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Microtubule severing by binding-induced strain

One possibility is that katanin severs microtubules by using binding

energy to induce strain in the microtubule lattice. Tau stabilization of

microtubules is an example of using binding at multiple sites to do work on

microtubules. While tau is not multimeric, it does contains an array of four

short amino acid repeats separated by flexible linkers. Each repeat binds

microtubules weakly when tested separately (Kd >200 puM tubulin), but linked

together in the same polypeptide, the free energy of binding is additive and

results in much tighter binding (Kö < 1 AM) (Butner and Kirschner, 1991).

Binding of tau specifically to polymeric tubulin, not tubulin dimers, enhances

the stability of microtubules, increasing the rate and extent of tubulin

polymerization in vitro (Drechsel et al., 1992).

Conversely, proteins that bind tightly to unstable conformations of

tubulin would be expected to destabilize microtubules. This has been seen
with the Kin I kinesins, which bind to microtubule ends and induce a lattice

destabilizing conformational strain into the tubulin subunits, causing

splaying of the protofilaments and eventual depolymerization (Desai et al.,

1999). Binding of XKCM1 to microtubules in the presence of nonhydrolyzable

AMPPNP is sufficient to cause this structural change and cause

depolymerization; the energy of ATP hydrolysis only appears to be necessary

for switching XKCM1 into a weak binding state that releases product and

enables another cycle of action (Desai et al., 1999). Gelsolin appears to sever

actin polymers using a cooperative, binding-energy driven mechanism as

well. The minimal gelsolin construct that can sever actin consists of an N

terminal actin capping domain, linked to an actin filament side-binding

domain. Based on crystallographic analysis of this minimal severing protein

complexed with actin, the side-binding domain docks gelsolin onto the
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filament and positions the capping domain where it can occlude an essential

actin-actin contact. This mechanism is absolutely dependent on the ability of

the side-binding domain to tether the capping domain on the filament,

increasing the local concentration of actin and driving the binding of the

capping domain to the monomer interface. Without the tethering activity,

incredible amounts of the isolated capping domain would be required to

achieve the same binding.

In the case of p50, the coalescing of multiple microtubule binding

domains into a ring complex has the potential to increase dramatically the

affinity of p50 for microtubules, providing the energy to strain the

microtubule. Our data suggests pé0(ATP-Y–S) binds microtubule with a

Kd-0.9 p.M, similar to the affinity of full-length tau for microtubules (Gustke

et al., 1994) but not exceptionally tight. Our FRET assay suggests that

microtubule-bound p50(ATP-Y–S) is oligomeric, but a molecule with ~6

binding sites has the potential for much tighter binding than we observe.

One explanation is that the full enhancement of binding is not experienced

because of flexible linkages between the binding sites, similar to what

precludes the tightest binding to bivalent antibodies as described above.

Alternatively, the ATP-Y–S state may not represent the tightest binding

conformation of the enzyme. Since ATP hydrolysis is necessary for severing

(McNally and Vale, 1993), a transient intermediate in the ATPase cycle, like

p60(ADP-Pi), might bind microtubules more tightly, but be difficult to

measure in our steady-state assay. Another possibility is that all binding sites

might not be able to contact the microtubule simultaneously in the ATP-Y-S

state. Our measurements might then reflect only partial occupancy of the pó0
ring with microtubule ligand.
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A hexameric ring of pé0, the oligomeric structure suggested for p50 by

hydrodynamics and by comparison with other AAA proteins, would have

very different symmetry than the tubulin subunits in a microtubule. Tight

binding of multiple tubulin subunits to the ring could impart significant

strain on the microtubule, providing a mechanism for disrupting tubulin

tubulin contacts. Unlike the actin severing protein gelsolin, katanin is

known to carry out multiple cycles of severing, requiring release of the

tubulin tightly bound to the ring. ATP hydrolysis supplies energy that could

be used in this model to lower the affinity of pé0 for tubulin, stimulating

product release and enabling multiple rounds of severing. This model

predicts large changes in microtubule binding affinity in different nucleotide

states, with very tight binding to a strained microtubule conformation

occurring at come point in the ATPase cycle. It does not require any large

conformational changes, however, although some structural rearrangements

might comprise the mechanism for switching between tight and weak

binding states.

Microtubule-severing by mechanical strain induced by shape changes

The potential for multiple binding sites in a katanin ring, together with

the shape changes observed in the NSF ring (Hanson et al., 1997), suggests a

mechanism whereby movement of tubulin-binding domains relative to one

another strains the microtubule lattice. In this model, a katanin ring in the

ATP state first binds the microtubule in a "relaxed" conformation, making

contacts with several neighboring tubulin subunits. Then, hydrolysis of ATP

causes pé0 to adopt a different, "strained" conformation that moves the

tubulin binding domains apart from each other. If tubulin subunits were

tightly bound to the pó0 subunits, this conformational change would be able
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to mechanically force the tubulin subunits apart, disrupting tubulin-tubulin

contacts and weakening the microtubule. Finally, in the ADP state pé0 has

been shown to have lower affinity for itself and tubulin, promoting

disassembly of the katanin ring and release of the severed tubulin products.

This is similar to the proposed mechanism for dynamin-catalyzed

vesiculation of membrane tubules. In the absence of guanine nucleotides,

dynamin self-assembles into an ordered helical lattice on charged

membranes, elongating them into membrane tubules (Sweitzer and

Hinshaw, 1998). Hydrolysis of GTP by lipid-bound dynamin results in the
constriction of membrane tubules and vesiculation (Sweitzer and Hinshaw,

1998). If p50 severs microtubules by a similar mechanism, it should be

possible to observe significant structural changes in the position of the

microtubule binding domain in different nucleotide states, in order to

provide the mechanical strain to break the tubulin bonds. This model would

also predict the formation of very tight bonds between p50 and tubulin

subunits in the microtubule, tighter than tubulin-tubulin contacts in the

microtubule, because if the tubulin-p60 interaction were weak during the

relaxed-tight conformational change, the pó0 ring would simply fall off the

microtubule instead of severing it. Another possibility is that the shape

change in p50 induces a change in tubulin structure, lowering the affinity of

the bound tubulin for its neighbors in the microtubule lattice. In either case,

the pó0-tubulin linkage would have to be reasonably rigid, otherwise the

energy released by the change in ring shape would just deform the tubulin

binding domain of pé0, rather than the tubulin-tubulin contacts. The

energetics of multivalent pó0-tubulin binding could also be a key feature in

this mechanical model, since the coordinated formation of multiple pé0
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tubulin bonds could allow the breaking of a single, stronger tubulin-tubulin
bond.

Microtubule-severing by partial unfolding of tubulin subunits

Another possibility for microtubule severing involves the pó0

catalyzed unfolding of a tubulin subunit in the microtubule wall. Like a

chaperone, pó0 could unfold certain structural elements that hold one

tubulin subunit in contact with its neighbors in the microtubule (Nogales et

al., 1999), allowing it to refold into an active form after it has been removed

from the microtubule wall. Previous experiments demonstrating the

polymerizability of tubulin subunits released from severed microtubules

(McNally and Vale, 1993), together with the complexity of the tubulin folding

pathway (Tian et al., 1996), suggest that pé0 does not fully unfold tubulin

during the severing reaction. This does not rule out the localized unfolding

of one or two structural elements, especially if pé0 remains in contact with

the tubulin subunit, preventing aggregation until the tubulin reaches its

native state. Interestingly, the AAA domain of the yeast mitochondiral

inner membrane protease Yme1 has been shown to enhance the refolding of

DHFR and rhodanase in vitro, suggesting it has chaperone activity (Leonhard

et al., 1999) and lending some support to this mechanism. Furthermore, the

unfolding process may involve mechanical forces similar to those proposed

in the previous model. Experiments with the GroEL chaperonin suggest that

ATP binding is coupled to the forceful unfolding substrate proteins

(Shtilerman et al., 1999). This fits with structural studies that indicate a

significant change in the shape of the GroEL/GroES complex upon ATP

binding, moving suspected substrate binding domains with respect to one

another (Xu et al., 1997). Distinguishing between a chaperone model and
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simple mechanical displacement will require evidence for transient structural

changes in tubulin, such as protease susceptibility or the temporary loss of o

helical or fl-sheet regions involved in tubulin-tubulin contacts.

Role of the C-terminal tail in the severing reaction

Finally, the C-terminal tail of tubulin might play an essential role in

the severing mechanism. Subtilisin-treated microtubules are not severed by
katanin (McNally and Vale, 1993), even though they stimulate katanin

ATPase activity in a manner very similar to uncleaved microtubules (this

thesis, Chapter 3). Subtilisin removes a negatively charged, glutamic acid rich
~2 kDa peptide from the C-terminus of both o— and B-tubulin (Sackett et al.,

1985). The product, tubulin S, has lower overall negative charge, and has
been shown to have a critical concentration 10-fold lower than untreated

tubulin, polymerizing more readily and to a larger extent (Sackett et al., 1985).

The C-terminal domain of tubulin has been implicated in binding of several

MAPs to microtubules. For example, subtilisin treatment of tubulin abolishes

MAP2 binding (Serrano et al., 1984), and a peptide that corresponds to the

region removed by subtilisin treatment abolishes MAP2-stimulated tubulin

assembly (Maccioni et al., 1986). While direct binding assays have not been
performed with subtilisin-treated microtubules and katanin, the available

ATPase data suggest that pó0 is capable of making reasonably tight bonds with

microtubules in the absence of the negatively-charged C-terminal tails, and

these microtubules are capable of promoting the oligomerization of pé0 as

evidenced by the ability of subtilisin microtubules to stimulate p60's ATPase

activity.

One possibility is that pó0 makes two types of contacts with the

microtubule, first oligomerizing via one kind of contact, then pulling on the
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C-terminal tubulin tails to actually promote severing. In this mechanism, the

charged tails could be thought of as handles that pó0 holds onto, pulling the

tubulin subunits along when the pó0 ring undergoes concerted structural

changes. An alternative possibility is that pó0 actually restructures the C

terminal tail, using it like a wedge to disrupt tubulin-tubulin contacts. The

increased polymerizability of tubulin lacking the charged C-terminal tails

suggests that it exerts at least some destabilizing effect on the tubulin polymer.

Furthermore, the high density of negative charges in the C-terminus suggests

that it adopts an extended conformation (Sackett et al., 1985). Binding of

katanin could reposition this region in a location where it disrupts a tubulin

tubulin interface, such as the primarily electrostatic lateral interactions

between tubulin subunits (Nogales et al., 1999), leading to microtubule

destabilization. This appears to be the only case, thus far, of a multiprotein

substrate that can uncouple the ATPase and mechanical activity of an AAA

ATPase, and it may be quite useful for future study of the mechanism of the

family.

Future experiments

Given this abundance of possible mechanisms for how katanin

physically disrupts microtubules, what experiments can be done to better

define the microtubule severing reaction? First, electron microscopy of

katanin bound to microtubules could provide considerable information about

the severing reaction. We predict that pó0 forms a hexamer on the

microtubule, but EM reconstruction would provide definitive information

about the active form of p50 bound to microtubules, and possibly indicate

how many tubulin subunits are contacted. Electron microscope

reconstructions of the pó0-microtubule complex in the presence of different
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nucleotides will enable the accurate description of what structural

components of tubulin are being contacted by katanin, as well as provide

snapshots of how this pattern changes during the ATPase cycle.

Crystallographic structural studies will undoubtedly provide the highest

resolution information about changes in the shape of p50 during the ATPase

cycle, but difficulties with obtaining large amounts of katanin, together with

the complications of a transient oligomerization cycle, could make obtaining

high quality protein crystals difficult. Other possibilities include using

fluorescent probes, as well as circular dicroism and protease sensitivity to

study the folding state of tubulin during the severing reaction. Alternatively,

isotope exchange experiments similar to those used to show unfolding of

substrates by GroEL/ES (Shtilerman et al., 1999), could be applied to the

microtubules to test if p50 forcibly unfolds structural elements of tubulin in
order to remove it from the microtubule lattice.
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Closing

Multiple cooperative interactions stabilize the microtubule wall, and

cooperativity may be essential to the mechanism of any protein that can

disassemble them. The targets of other AAA proteins, like the SNAP-SNARE

complex disassembled by NSF, could be considered cooperative structures.

Even protein aggregates could also be considered cooperative, because of the

contribution of many weak, nonspecific hydrophobic contacts. It may be

unlikely that a single polypeptide can provide enough binding energy to

either directly disrupt protein-protein contacts or to stay bound to the

substrate throughout a cycle of mechanical straining. The AAA domain may

be an "oligomerization engine", providing the cooperativity necessary to

achieve tight coordinated binding and to link the hydrolysis of multiple ATP

molecules with either large structural movements or to the release of a tight

binding state. Cooperative hydrolysis of multiple ATP molecules may

function to provide a large block of free energy, which can be coupled to

overcoming the inherent stability of many different of macromolecular

complexes.
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