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ABSTRACT The microtubule-severing enzyme katanin uses ATP hydrolysis to disrupt noncovalent bonds between tubulin
dimers within the microtubule lattice. Although its microtubule severing activity is likely important for fundamental processes
including mitosis and axonal outgrowth, its mechanism of action is poorly understood. To better understand this activity, an
in vitro assay was developed to enable the real-time observation of katanin-mediated severing of individual, mechanically
unconstrained microtubules. To interpret the experimental observations, a number of theoretical models were developed and
compared quantitatively to the experimental data via Monte Carlo simulation. Models that assumed that katanin acts on a
uniform microtubule lattice were incompatible with the in vitro data, whereas a model that assumed that katanin acts
preferentially on spatially infrequent microtubule lattice defects was found to correctly predict the experimentally observed
breaking rates, number and spatial frequency of severing events, final levels of severing, and sensitivity to katanin concen-
tration over the range 6-300 nM. As a result of our analysis, we propose that defects in the microtubule lattice, which are

known to exist but previously not known to have any biological function, serve as sites for katanin activity.

INTRODUCTION

Katanin, a heterodimer of 60- and 80-kDa subunits (p60 and
p80), uses energy from ATP hydrolysis to disrupt tubulin-
tubulin contacts within the microtubule (MT) lattice, sever-
ing the MT but leaving tubulin capable of subsequent re-
polymerization (McNally and Vale, 1993). The observation
that katanin is activated during mitosis implies a likely role
in the massive disassembly of microtubules before spindle
formation (Vale, 1991), and the high level of localization at
the centrosome observed throughout the cell cycle is con-
sistent with katanin-mediated depolymerization at the mi-
nus-end during metaphase poleward flux (McNally et al.,
1996). Microtubule severing by katanin has been shown to
play a role in release of MTs from the centrosome of
neurons, axonal outgrowth (Ahmad et al., 1999), and sev-
ering of doublet MTs in the flagella of Chlamydomonas
during deflagellation (Lohret et al., 1998).

Katanin isamember of the highly diverse AAA (ATPases
associated with different cellular activities) protein super-
family (Hartman et a., 1998), which often act as oligomers
and in some cases form hexameric rings (Vale, 2000). In the
case of katanin, rotary-shadowing electron microscopy of
p60 and of p60/p80 katanin (Hartman et a., 1998) and
fluorescence resonance energy transfer (FRET) analysis of
p60 have shown that katanin forms a transient hexamer in
the presence of both ATP and microtubules (Hartman and
Vale, 1999). However, the MT binding site for this hexamer
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is unknown. Possible binding sitesinclude the outside of the
microtubule, the MT lumen, or the sides of dimers exposed
by holes in the lattice (McNally, 2000). The latter two
possibilities suggest that katanin might act specifically at
points in the lattice that contain defects. A fundamental
question is whether katanin acts on al tubulin dimers with
equal affinity or acts on specific defective sites within the
microtubule lattice.

This question is potentially addressable through light
microscopy because it was light microscopy that was used
to discover katanin (Vale, 1991). Katanin-mediated micro-
tubule severing has been observed in vitro using fluores-
cence microscopy to visualize rhodamine-labeled, paclitax-
el- or GMPCPP-stahilized MTs attached to a coverslip by
Xenopus cell extract (Vale, 1991; McNally and Vale, 1993)
or a single-headed kinesin mutant (Hartman et al., 1998;
McNally, 2000). Within minutes of katanin addition, MTs
become visibly fragmented. Similar assays using VE-DIC
microscopy have alowed observation of MT kinks, which
formed ~90 s after katanin perfusion and became breaks
several seconds later (Vale, 1991). Unfortunately, these
assays mechanically constrain the microtubules, presum-
ably at random points along their length, and preclude the
collection of information about mechanical stresses released
from or added to the MTs during severing. In these assays,
severing events are noted by observing gaps of 200 nm or
greater (~25 rows of tubulin) in the fluorescence. As a
result, multiple severing events or severing followed by
depolymerization may be necessary to create a gap large
enough for detection by fluorescence microscopy.

These issues were eliminated in the present investigation.
Here, in vitro microtubul e severing by katanin was observed
in real time by VE-DIC during assays in which the MTs
were constrained only at the nucleating end, allowing the
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observation of kinks in MTs unconstrained by motor pro-
teins. This new assay for katanin activity also alows a
precise determination of when severing is complete: when
the MT is fully severed, the distal end promptly diffuses
away. Using this assay, severing at two katanin concentra-
tions (290 nM and 5.7 nM) was analyzed to determine the
time-scales of kinking and severing, the distribution of
kinking angles, and the relationship between the kinked and
broken states.

To test whether katanin acts on all dimers with equal
affinity or is targeted to specific sites on the microtubules
lattice, severing was simulated using severa different sto-
chastic severing models. Models in which all katanin-tubu-
lin interactions were equivalent (defect-free lattice models),
aswell asamodel in which katanin activity waslocalized to
random points on the microtubule (defect-containing lattice
model) were considered. In addition, the defect-free model
was modified so that multiple tubulin dimers were removed
with each cycle of katanin activity, the katanin concentra-
tion decreased with time, or tubulin was removed coopera-
tively. Each model was simulated using the same initial MT
lengths as were observed in vitro, and these results were
directly compared to the experimental data. An acceptable
model would predict the appropriate temporal and spatial
frequency of severing using a single parameter set for both
katanin concentrations. It was determined that defect-free
lattice models were inconsistent with observed severing
characteristics, while a defect-containing lattice model was
consistent with observed severing.

MATERIALS AND METHODS
Tubulin, axoneme, and katanin preparation

Tubulin was purchased from Cytoskeleton, Inc. (Denver, CO) and stored at
—70°C. Before each experiment, a small aliquot was thawed, diluted to 20
uM with PEM buffer (80 mM Pipes, 1 mM EGTA, 4 mM MgCl,, 1 mM
GTP, pH 6.9 by KOH), stored on ice, and used within 1-2 h. Axoneme
fragments from Strongylocentrotus purpuratus were purified using the
method of Bell et a. (1982). Fragments were stored in 50% glycerol at
—20°C, washed in PEM buffer, and sonicated in a 400 W cup sonicator at
80% power for five pulses before use. Recombinant p60/p80 sea urchin
katanin (gift from James Hartman and Ron Vale) prepared from baculov-
irus-infected Sf9 cells (Hartman et al., 1998) was diluted from a stock
solution (440 mg p60/ml) to 25:1 (290 nM) and 1280:1 (5.7 nM) with
HEPES buffer (10 mM HEPES, 1 mM MgCl,, 20 uM paclitaxel, 1 mM
ATP, pH 7.5) before use.

Microtubule severing assay

A 10-pul perfusion chamber was prepared by adhering a coverdip to a
microscope slide with two pieces of double-sided tape placed ~3 mm
apart. Axoneme fragments (10 ul) were perfused and incubated for 10 min
to alow them to adhere. Next, a solution of 5 mg/ml casein was perfused
and incubated for 3 min. Unattached axonemes were washed out by
perfusing ~50 ul PEM buffer through the chamber, followed by perfusion
with 10 ul of 20 uM tubulin. After 10 min, microtubules had formed from
axoneme ends via self-assembly. Paclitaxel-PEM buffer (10 ul of 20 uM
paclitaxel in PEM buffer) was then perfused into the chamber and allowed
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to stabilize the MTs. Unpolymerized tubulin was washed out with ~50 ul
of paclitaxel-PEM. The perfusion chamber was placed on the microscope
and 10 ul katanin was perfused while recording. Fourteen experiments
were performed at each concentration of katanin. Due to alack of observed
severing eventsin several experiments, six assays with 5.7 nM katanin and
nine assays with 290 nM katanin were analyzed.

Videomicroscopy

Video-enhanced differential interference contrast (VE-DIC) microscopy
was used to observe microtubules during severing. A Zeiss Axiovert 100
inverted microscope with a 100X, 1.3 NA planapochromat oil-immersion
objective lens and a 1.4 NA oil immersion condenser was used to observe
the severing process. |llumination was provided by a 100 W Hg arc lamp,
and images were detected and processed by a Hamamatsu C2400 CCD
cameraand Argus 20 image processor. An S-VHS videotape deck was used
to record and time-stamp the images in real time (30 frames/s). Experi-
ments with 5.7 nM katanin were recorded for at least 20 min from the time
of katanin perfusion; those with 290 nM katanin were recorded for at least
10 min. Data analysis was performed using an LG-3 frame grabber (Scion
Corp., Frederick, MD) to capture frames for analysis and Scion Image
(Scion Corp.) to measure microtubule lengths and angles.

Kink and break times

For each severing event, the initial and fina lengths of the microtubule
were measured using Scion Image. The time of katanin perfusion, the first
observable kink, and the final break were noted. Microtubules that could
not be observed continuously from perfusion to break were not included in
the analysis presented here. The total normalized length (total length/total
initial length) was plotted as a function of time for each katanin concen-
tration and called the “microtubule survival curve.”

At each concentration, the distribution of times that microtubules spent
in the kinked state was plotted as a cumulative distribution function (CDF)
and fit with an exponential by minimizing the sum-of-squares error (SSE)
to find the first-order rate constant for the kink-to-break transition, k. The
probability of fit for the exponential model, pe., was determined by
comparing SSE ., to the SSE values calculated from 100 simulated expo-
nential data sets of the same size as the experimental data sets and their
best-fit curves: SSEg 1y, - - - » SSEgmi100, Which were also plotted as a CDF.
One minus the percentile at which SSE ., fit into the CDF of SSEy,, values
was the probability of fit.

Angle measurements

After kinking began, the two-dimensional (in focal plane) kinking angle
was measured at 0.5-s intervals using Scion Image. Microtubules whose
kinked end went out of focus were assumed to be kinking out of the plane,
and were not included [n = 3]. Kinks that remained in focus <80% of the
time between the initial formation of the kink and the break [n = 10], as
well as those that were very short [n = 3] or that broke at the axoneme-
microtubule junction [n = 4] (increasing the uncertainty in angle measure-
ments) were also not included. Depending on theimage quality and kinking
angle, the standard deviation for any specific angle measurement was
between 1° and 5°, typically ~2° uncertainty.

Diffusion-reaction model for the
kink-to-break dynamics

A diffusion-reaction model was fit to the experimentally observed cumu-
lative distribution of kinking angles. In this model, the distal end of a
kinked microtubule rotates about a hinge-point, with rotationa diffusivity
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D,, before being severed by a first-order reaction with rate constant, Ky,
The model can be described by the following diffusion equation:

af_DaZf . !
prin raiez_kkb 1)

wheref isthe probability of the MT segment being oriented at angle 6 (6 =
0° corresponds to a straight MT) at time t. The boundary conditions are 1)
df/06 = Owhen 6 = 0, and 2) f = 0 as § — o, with initia condition: f =
8(6). The analytical solution is (Crank, 1975):

f(6, t) = (wD,t)"Y2exp[ — 624D, t — Kypt] (2)

The cumulative distribution function, F(6), was calculated from the model
by numerically integrating Eq. 2 over all times and al angles from zero to
the current angle, 6:

F(6, t) = f f "o, t)dtde (3)

0vYo

The best-fit value for D, was chosen by minimizing the SSE between a
CDF of the observed kinking angles and F(6). Because kinks <5° were not
readily discerned by eye, their relative frequency was likely underestimated
and they were not included in this analysis. The probability of fit for the
diffusion-reaction model, p,.,, was determined by simulating 100 addi-
tional data sets (created by simulating the rotational diffusion of kinked
microtubules about a hinge point using D, from the experimental fit),
finding each best-fit D, and corresponding SSE, and comparing SSE,,, to
the distribution of SSEs from simulations. All angles were assumed to be
energetically equivaent.

Microtubule-severing models

Monte Carlo simulations were implemented using Matlab v. 6.0, release
12. The stochastic severing models simulated the state of 13-protofilament,
B-type lattices (represented by n [l,, X 13] matrices), where n was the
number of microtubules simulated and |, was the number of rows per MT.
Simulations used the initial lengths of either the 22 MTs in the 290 nM
katanin population or the 10 MTs in the 5.7 nM katanin population to
model the predicted behavior of the system.

The matrix representing each microtubule was coded for the state of the
dimer locations that it represented: “1” for an intact tubulin, “2” for tubulin
with katanin bound, and “0” for amissing tubulin dimer. Each matrix entry
was updated at each time step, 7, (7 chosen such that pge,; = 0.05)
depending on the value of a random number chosen between zero and one.
The random number, r, was compared to the probability of a specific event:
katanin binding (pg,, Kon), katanin dissociating (Pysr, Kofr), OF Katanin
removing atubulin dimer asit dissociates (Prem, Krem); If I < Pevernts then the
event was assumed to have taken place. The probability of occurrence for
each event was calculated from:

Pevent =1- exp[_keventT] (4)

where kg e 1S the first-order (or pseudo-first-order) rate constant for the
event. Simulations began with an intact lattice with no katanin bound,
represented by a matrix filled with “1.” As the simulation progressed, the
matrix entries were updated to represent the binding and dissociation of
katanin and removal of tubulin.

At 1-s intervals the matrix was searched for severing events. A “sev-
ering event” was identified when removed tubulin dimers (state “0") traced
a path to connect the left (protofilament one) and right (protofilament 13)
edges of the matrix, separated by one or two vertical rows to account for
discontinuities at the seam resulting from the 3 monomer (1¥> dimer) pitch
per helical turn. The matrix was shortened after each severing event,
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FIGURE 1 VE-DIC images of katanin-mediated severing of an axon-
eme-nucleated paclitaxel-stabilized microtubule. The initial kink devel-
oped at 2.78 min, after which the microtubule bent and straightened for
several minutes and was finally severed at 7.18 min. Times are in minutes
post-perfusion of 5.7 nM katanin. Black bars to the left of the microtubule
highlight the extent of kinking.

removing the severed end and continuing to simulate only the end of the
microtubule defined as attached to the axoneme. Because the simulation
could “detect” abreak in which as few as one row of dimers was removed,
only breaks for which the portion of microtubule removed was of “observ-
able’ size were reported. An “observable event” was defined as any
severing event in which the length of MT removed by severing was at least
as long as the shortest experimentally observable severing event, which
corresponded to ~50 rows of dimers from the MT end.

EXPERIMENTAL RESULTS

In vitro studies of microtubule severing in the
presence of katanin and ATP

Within 1 min of perfusion with 290 nM katanin, paclitaxel-
stabilized microtubules were seen to kink at apparently
random, well-separated locations along their length, while
remaining straight elsewhere. The MT segment distal to the
axoneme nucleation point rotated about the kink, as if on a
hinge. A typical severing event is shown in Fig. 1. The first
frame shows the microtubule before kinking, and subse-
quent frames show representative kinking angles. Note that
the MT in frame 3 isless kinked (21°) than in frame 2 (25°)
due to fluctuations in the kinking angle. The microtubule
kinked at 2.78 min post-katanin perfusion and severed 7.18
min post-katanin perfusion, just before frame 8. The fina
kinking angle in this particular sequence was 74.3 + 2.1°.

In all cases, each microtubule segment kinked in only one
direction and the relative angle between the two MT seg-
ments fluctuated stochastically, presumably due to Brown-
ian motion. Microtubules with several kinks often twisted in
multiple directions, occasionally bringing a portion of the
MT out of the plane of focus. The kinked state, defined as
the time from the first discernible kink (>5°), until the
microtubule was finally severed, persisted for 1.1 = 1.7 min
(n = 44) before the MT was completely severed, and the
severed end was then transported away by diffusion into the
surrounding fluid.
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FIGURE 2 Microtubule survival curve. The total normalized length of
remaining microtubule is plotted as a function of time for both in vitro
katanin concentrations.

After severing, the remaining microtubule segments were
stable with respect to depolymerization, as expected for
paclitaxel-stabilized MTs. Of the 22 microtubules severed
by 290 nM katanin and the 10 MTs severed by 5.7 nM
katanin, the first kinks were observed at 0.62 and 2.60 min
post-katanin perfusion, respectively. The time-dependence
of microtubule survival at both katanin concentrations (290
nM and 5.7 nM) is shown in Fig. 2. Severing was not
complete within the timeframe shown: at the higher con-
centration 72% of the total MT length had been removed
after 10 min, and at the lower concentration 76% of the MT
length was removed within 20 min. Several experiments
were observed for longer times without observation of fur-
ther severing events. The 50-fold decrease in katanin con-
centration resulted in only an approximate doubling of the
mean severing times (t,go oy = 3.3 = 2.2 min, ts7 v =
8.5 = 4.9 min). These statistics (and others discussed be-
low) are summarized in Table 1.

The population of microtubules from the six experiments
at 290 nM had 22 MTs (total length = 180 um) that were
severed atotal of 29 times. The population of microtubules
from the nine 5.7 nM katanin experiments yielded 10 MTs
(total length = 73 um) and a total of 15 severing events.
The mean distance between severing sites was 4.2 + 2.7
um (n = 29) with 290 nM katanin and 3.7 = 2.4 um (n =

TABLE 1 Summary of microtubule severing results

290 nM Katanin 5.7 nM Katanin
Number of assays analyzed 6 9
Number of microtubules 22 10
Number of severing events 29 15
Total microtubule length 180 um 73 um
Mean time before severing 3.3*22min 8.5 * 4.9 min
Mean time in kinked state 0.9 = 15min 1.6 = 1.9 min
Mean length lost 4.2+ 27 um 3422 um

Final level of severing 76% complete 72% complete
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FIGURE 3 Distribution of kinked-state duration. The elapsed time be-
tween the formation of each kink and the subsequent break at that location
was plotted as a cumulative distribution for both in vitro data sets. An
exponential proves a satisfactory fit to both curves [Kg, 200my = 0.039s™ %,
Pexp, 200 vt = 0.52; K, 57 v = 0.016 ST Poy 57w = 0.82].

15) with 5.7 nM katanin, and the shortest segment removed
from the end of a microtubule was 0.40 um (~50 rows of
tubulin) in length. The mean separations were not different
by t-test (« = 0.05), so the mean length of MT lost was
unchanged despite a 50-fold change in katanin concentra-
tion. The cumulative effect of removal of lengths shorter
than 0.40 um was not detectable.

Severd initial experiments with native sea urchin katanin
at two concentrations intermediate to those discussed above
showed a total of 36 severing events separated by a mean
distance of 2.2 and 4.7 pm (data not shown). Severing was
65% and 82% complete, and the M T survival curveswere of
the same shape as the curves from the recombinant sea
urchin katanin shown in Fig. 2. Severing by recombinant
katanin was chosen for comparison to models because of
the larger concentration range and the greater number of
experiments.

Analysis of time between kink and break

To examine the kinetics of the transition from the kinked to
the broken state, the length of time that each microtubule
spent kinked before breaking was plotted as a cumulative
distribution function (CDF) for both concentrations. First-
order transitions (single-step reactions) follow an exponen-
tial distribution when plotted as a CDF, whereas more
complex functional forms, for example the gamma distri-
bution, better characterize multiple-step reactions. Curve-
fitting an exponential function to the kinking time data gave
a satisfactory fit [Pexp, 200 v = 0.52, Pexp, 5.7 v = 0.82]
(Fig. 3), so the hypothesis that the transition from kinked to
broken statesis a single-step process cannot be rejected. The
apparent first-order rate constant for the higher katanin
concentration was approximately double that of the lower
concentration, [Kep, 200mm = 39 X 10725 Ky 57w =

Biophysical Journal 82(6) 2916-2927
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FIGURE 4 Observed kinking angles and diffusion-reaction model fit for
microtubules severed by (A) 290 nM katanin [k, = 0.039s %, D, = 16.1
deg® s %, n = 366, py, = 0.67] or (B) 5.7 nM katanin [k, = 0.016 s~ 2,
D, = 4.40 deg® s %, n = 369, py, = 0.14]. The diffusion-reaction model
was fit to data for angles >5° because of likely underestimation of angles
0-5°.

1.6 X 1072 s, different by t-test with o = 0.05]. How-
ever, the mean length of time spent in the kinked state
[tog0 v = 0.91 £ 1.54 min, t5 7 = 1.57 = 1.89 min] was
not different at the two katanin concentrations by t-test (« =
0.05). Taken together, the transition from kinked to broken
states is apparently first-order and very weakly dependent
on katanin concentration, consistent with the breaking of a
single noncovalent bond at the hinge point. Thus, in subse-
quent modeling, the evaluation criteriawill include this rate
constant as the necessary rate of the fina step in the sever-
ing reaction.

Analysis of preferred angle distributions

To quantitatively characterize the nature of the kinked state
and determine whether any orientations were energeticaly
preferred, an analysis of kinking angles was performed.
Kinking angles were measured by sampling one frame
every 0.5 s (Fig. 4). Observed angles ranged from 2° (the
minimum observable angle) to >90°, with an angle of 0°
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corresponding to a perfectly straight microtubule. Microtu-
bules kinking out of the plane of focus were not included.
While angles of >90° were occasionally observed for oneto
two frames, analysis of MTs for which these angles per-
sisted for longer times (2 events) suggested that the MT
ends had kinked into or out of the plane and these two MTs
were not included in this anaysis.

If indeed the kinked portion of a microtubule is acting as
a hinge about which the distal MT end is freely rotating,
then a diffusion-reaction model (see Methods) should pre-
dict the frequency with which kinking angles are experi-
mentally observed. In this model, the free end of the kinked
MT rotates about a hinge point with rotational diffusivity
D,, and is severed by afirst-order reaction with rate constant
k- Using the values of k, already determined and mini-
mizing the SSE to find the rotational diffusivity gave
Dy200 vy = 16.1 deg® s™* and D57 vy = 4.40 deg® s+
[different by t-test, « = 0.05], so D, is only weakly depen-
dent on katanin concentration.

The probabilities of fit for the diffusion-reaction model
were 0.67 and 0.14 for the higher and lower katanin con-
centrations, respectively. Given these probabilities, a model
in which the distal end of kinked microtubules rotates with
diffusivity D,, bresks with rate k., and in which all kinking
angles have equal energy cannot be rejected as a valid
description of kinking behavior. Additionally, there are no
angles that are significantly under- (or over-)predicted at
both concentrations, which would be expected if specific
angles were energetically favorable (or unfavorable).

SIMULTATION RESULTS
Simulations of defect-free models

To test theoretical models of microtubule severing, several
characteristics of the MT survival curve (Fig. 2) and the
severing process were chosen for comparison. The results
from each simulation of severing were plotted as an MT
survival curve, compared to the experimental curve, and
evaluated based on the following criteria. An appropriate
model will satisfy al five criteria at both katanin concen-
trations, using a single parameter set to simulate the exper-
imentally observed number and average length of microtu-
bules:

1. The overall shape of the curve;

2. The incompleteness of the severing reaction;

3. The total number of severing events relative to the mi-
crotubule population;

4. The mean length removed in each severing event;

5. The rate constant of the final step in the severing reac-
tion.

In simulations, the final step of the severing reaction is the
removal of the last tubulin dimer before breaking. This rate
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00 ap-tubulin heterodimer
Al p60/p80 heterodimer

FIGURE 5 Microtubule-severing simulation model and associated pa-
rameters. The pseudo-first-order rate constant for the process of katanin
hexamer formation and binding to the microtubule, k,, the first-order rate
constant for katanin dissociation without tubulin removal, kg, and the
first-order rate constant for tubulin dimer remova by katanin, k., are
illustrated above.

should correspond to the experimentally observed rate of
the transition from the kinked state to the broken state, kyy,.

The basic model and its associated parameters are illus-
trated in Fig. 5, in which katanin is shown as six p60/p80
heterodimers binding as a hexamer to the outside of a
defect-free microtubule. The second-order rate constant for
katanin binding to tubulin, k,, [M~*s~%], was multiplied by
the katanin concentration to yield a pseudo-first-order rate
constant. This rate constant was used to calculate p,,, the
probability of katanin binding to the dimer in the current
simulated time increment. Once bound, katanin was allowed
to either dissociate alone or dissociate along with a single
tubulin dimer, thus removing one tubulin dimer from the
lattice. The rate of katanin dissociation from the lattice
without tubulin removal, ky [S™ 1], was used to calcul ate the
probability, ps, and the rate of katanin-mediated tubulin
removal, K., [s Y], was used to calculate the probability,
Prem- FOr simplicity, katanin hexamer formation on the
lattice was modeled as a single-step process, although the
mechanism of formation is unknown. Results from simula-
tions in which katanin hexamer formation was modeled as a
six-step process with equal rate constants were indistin-
guishable from single-step binding models with the excep-
tion of the size of k,,. At the other extreme, highly coop-
erative binding could be approximated using the rate
constant for the rate-limiting step.

These defect-free models implicitly assume that katanin
binds to the outside of the lattice, because all tubulin dimers
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are assumed to be equally accessible to free katanin and
diffusion inside the microtubule lumen is predicted to be
slow (Odde, 1998). Due to the size of the katanin hexamer
relative to tubulin, katanin hexamers were not allowed to
bind to adjacent tubulin dimers. At each time step the lattice
was checked for breaks, and shortened appropriately.

Defect-free model

The simplest model was one in which tubulin dimers were
assumed to reside in a defect-free lattice. Model parameters
included kg, Ko, and Ko,y and were the same for all dimers.
Katanin was assumed to remove a single tubulin dimer with
each cycle of activity, and the katanin concentration was
held constant throughout the simulations. Parameter values
were varied independently to minimize the SSE between
simulated and experimental MT survival curves;, >35 dif-
ferent parameter sets were investigated. The optimized sim-
ulation parameters for 290 nM katanin severing [k,, = 2 X
10°M s L Ken=1X102s Y ky =1X%X10 ?s Y
were used to obtain the 10 simulated MT survival curves
shown in Fig. 6 A.

This model fails four of the five evaluation criteria. The
first severing events occurred ~3 min post-katanin perfu-
sion followed by a precipitous drop in MT length and
complete severing within 10 min. In contrast, the in vitro
results were characterized by a severing event within 41 s
post-perfusion, a gradual decrease in total MT length, and
incomplete severing (24% of total length remained). The
predicted mean number of observable breaking events is
66 + 6 events (n = 10), compared to the 29 events observed
experimentally. The mean MT length lost per simulation is
2.7 = 0.3 um, and the experimentally observed mean falls
outside the 95% confidence limits set by the ssimulations.
Random fluctuations due to the stochastic nature of this
process do not account for these discrepancies. The rate
constant for removal of the final tubulin dimer [k, = 1 X
10~ 2 s~ ] waswithin afactor of four of the rate constant for
the transition from the kinked state to the broken state
[k, = 3.9 X 102 s~ 1. An example of a defect-free lattice
during simulation with these optimized parametersis shown
in Fig. 7. Note the missing dimers all along the length of the
MT, not just at the severing locations.

The simulation parameters were also varied indepen-
dently to find optimal valuesfor the 5.7 nM katanin data set,
using the appropriate initial MT lengths [k,, = 2 X 10°
M1t Ken=5X102s% ky = 5 X 10725 Y] (Fig.
6 B). Although the resulting overall affinity for katanin to
tubulin dimersis not dramatically different (katanin-tubulin
binding affinity differed by less than an order of magni-
tude), using the optimized parameter set for one concentra-
tion to simulate severing at the other concentration did not
give acceptable results (data not shown).
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FIGURE 6 Defect-free simulation results. Simulated MT length is plot-
ted as a function of time for (A) 10 simulations with rate constants
optimized to best fit the 290 NM katanin experimental data [k, = 2 X 10*
M1 s Ken =1 X 10285 Kyoe = 1 X 1002 57% and (B) 10
simulations with rate constants optimized to best fit the 5.7 nM katanin data
[kon=2X10°M s Ken=5X%X10"2s % ks =5X%X 10 ?s Y. Note
that the final level of simulated severing appears to be <100% because
only events that removed MT segments large enough for experimental
observation were plotted.

Katanin-inactivation model

Because the defect-free model was unable to account for
incomplete severing, and because it is possible for proteins
to become adsorbed to the perfusion cell walls during the
course of an assay, the simulated concentration of free
katanin was allowed to decrease to simulate its inactivation
by either a zero- or first-order reaction with rate constant
Kinact- The results of katanin inactivation by first-order re-
action are shown in Fig. 8. Values for Ky, Ky, and Keem
remained unchanged in the simulation shown, although the
parameter space was once again fully explored. Inactivation
allowed the prediction of incomplete severing and improved
the overall shape of the curve. However, the first severing
events were further delayed (to almost 4 min post-perfusion
in the simulations shown) and inactivation rates appropriate
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FIGURE 7 A defect-free microtubule lattice during simulation. The first
30 rows of a defect-free microtubule are shown at several times during the
simulation. Gray boxes represent intact tubulin, white boxes represent
tubulin with katanin hexamer bound, and black boxes represent locations
where tubulin dimers have been removed. A break is present if a missing
dimer in the first protofilament is connected to a missing dimer one or two
rows beneath it (to account for the three-turn helix) in the 13th protofila-
ment. Here, the first severing events in this region of the microtubule are
shown in the fourth lattice, as denoted by arrows.

for 290 nM katanin (K;oe ~10 2 s™%) resulted in complete
elimination of severing at the 5.7 nM concentration. Katanin
inactivation by a zero-order reaction gave similar results
(data not shown). It was concluded that inactivation alone
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Time, min
290 nM katanin
—a— experimental (29 events, 4.2 +/- 2.7 um lost/event)
—o— simulation: no inactivation (54 events, 2.6 +/- 2.3 um lost/event)
~o~ simulation: k;,,.. = 2.9x10° s (70 events, 2.5 +/- 2.1 um lost/event)
—o= simulation: ;. = 5.4x103 571 (20 events, 4.0 +/- 2.5 um lost/event)

7 simulation: k;,,, = 7.7x103 51 (2 events, 2.4 +/- 2.0 um lost/event)

FIGURE 8 Katanin-inactivation simulation results. Simulated MT
length as a function of time is shown for increasing first-order katanin
inactivation rates, using the optimized defect-free rate constants. For clar-
ity, results from only one simulation are shown; simulation-to-simulation
variability is similar to that in Fig. 6 A.
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FIGURE 9 Multiple-dimer removal simulation results. Tubulin dimers
were removed singly and in variously sized groups; the results of repre-
sentative simulations are shown. [[], single dimer removed (54 events); O,
removal of the center dimer and longitudinal neighbors (3 dimers/cycle, 63
events); <, removal of the center dimer and lateral neighbors (3 dimers/
cycle, 73 events); X, removal of the center dimer and its latera and
longitudinal neighbors (5 dimers/cycle, 66 events)]. For clarity, results
from only one simulation are shown; simulation-to-simulation variability is
similar to that in Fig. 6 A.

could not account for the experimentally observed charac-
teristics of in vitro katanin-mediated severing.

Multiple-dimer removal model

Because katanin forms hexameric rings in the presence of
microtubules (Hartman and Vale, 1999) and has been hy-
pothesized to act as a larger complex of multiple hexamers
(McNally, 2000), it may be physiologicaly possible to
remove multiple dimers with each cycle of activity. Re-
moval of multiple dimers would reduce the number of steps
necessary for severing and should allow prediction of early
severing events. Variously sized groups of tubulin dimers
were removed using the same optimized rate constants as
before; three examples are shown in Fig. 9. Simulations
showed that removing groups of tubulin dimers shifted the
microtubule survival curve to earlier times, but does not
change the shape, the overal level of severing, or the
number of predicted events even when all the parameters
are independently adjusted to provide the best possible fit to
the experimental data. The combination of multiple dimer
removal plus katanin inactivation showed no improvement
over either model aone.

Cooperative-removal model

The microtubule lattice is stabilized by interactions of tu-
bulin with its lateral and longitudinal neighbors. It has been
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suggested by Dye and co-workers that the rate-limiting step
for tubulin dissociation is removal of the first dimer; sub-
sequent dimers dissociate more rapidly because of the loss
of stabilizing tubulin-tubulin contacts (Dye et a., 1992).
Thus, once a dimer has been removed it may become easier
for katanin to remove its neighbors. This modification was
made by increasing the katanin-mediated tubulin-removal
rate (K., for the neighbors of missing dimers. Assuming
that longitudinal bonds between dimers are twice as strong
as those between lateral neighbors (Mandelkow et al.,
1991), k., for aparticular dimer was increased by the same
factor upon removal of each subsequent neighbor (four
lateral bonds and two longitudinal bonds per dimer). Any
dimer missing al four of its neighbors was removed without
regard to its katanin binding state. The factor by which ko,
increased upon removal of each subsequent neighbor was
varied from 10 to 2 X 10* (corresponding to a change in
tubulin-tubulin binding energy of ~2.3-10 kgT) without
satisfying the model criteria.

While severing is shifted to earlier times (compared to the
simplest defect-free model) it does not show improved
characteristics over smpler models (data not shown). The
addition of an optimized inactivation term did improve the
shape and overall severing level in the same manner as for
earlier models, but did not result in improvement above the
performance of previous models with respect to severing at
both katanin concentrations (data not shown).

Simulations of defect-containing models
Defect-containing model

Because defect-free lattice models were unable to predict
the experimentally observed severing dynamics, a defect-
containing lattice model was proposed. Physiologicaly, lat-
tice defects could be the result of changes in protofilament
number (Chrétien et al., 1992), failure to incorporate tubulin
during assembly, or tubulin loss after assembly, any of
which could cause the weakening of tubulin-tubulin bonds
in the region of the defect, making it easier for katanin to
remove surrounding dimers. The model consisted of an MT
lattice that began with “defects’ placed randomly through-
out the lattice. These defects were not holes in the lattice,
but rather were subunits with a higher removal rate than
other dimers. The parameters for this model included k,,
K.em: @nd k¢, as before, but also added three new parame-
ters: Kem g [S 1], the rate of katanin-mediated tubulin
removal within a defect, defect level [9*', ], the fre-
quency of lattice defects, and defect size, the number of
dimersin each direction from the center that are affected by
the new parameter, K. ger-

Simulation results using the new optimized parameter set
are shown in Fig. 10. This parameter set [k,, = 2 X 10°
M1S ™ Kot =08 L Ken = 5X 1038 4 Kgm ger = 1 X
1071 s7%, defect level = 1 x 1073 9efectsy  defect size =
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FIGURE 10 Simulation results for the defect-containing model. Simu-
lations at both katanin concentrations used the same set of optimized rate
constants: [Ky, = 2 X 10°M s ks = 08, Ky = 5 X 1073572,
Keom aet = 1 X 1071571, defect level = 1 x 103 defectsy . defect size =
2]. Ten representative simulated M T survival curves are shown in (A) 290
nM katanin [Pgyesects 200 nv = 0.16, n = 100 simulations], and (B) 5.7 nM
katanin [Pyefects 5.7 nv = 0.81, N = 100 simulations].

2] allowed severing at both katanin concentrations and was
able to predict both the appropriate number of breaks and
incomplete severing within the observation time. A defect
level of 0.001 corresponds to one defect per 0.6 um of MT
length. The value chosen for k; did not have a significant
effect on the results and was set to zero, reducing the
number of model parameters.

Simulations with this parameter set predicted 27 *= 4
observable breaks (n = 100), 57 = 7% completion of

TABLE 2 Comparison of experimental and simulated results
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severing, and a mean severed length of 3.7 = 2.4 um
[versus 29 breaks, 76% complete, and 4.2 = 2.7 um in
vitro] (Fig. 10 A). At the lower concentration, simulations
predicted 12 = 3 observable breaks (n = 100), 57 = 11%
completion of severing, and a mean severed length of 3.4 =
2.5 wm [versus 15 breaks, 74% complete, and 3.4 = 2.2 um
in vitro] (Fig. 10 B). The rate constants for the removal of
individual tubulin dimers were k,o,, = 0.005 s * outside
defects and K.y g = 0.1 s * within defects. These two
rates bracket the experimentally observed rates for the tran-
sition from kinked to broken microtubules [k, 290 nv =
0.039s *and Ky, 57 v = 0.016 s ]. The model resultsfor
defect-free and defect-containing models are compared in
Table 2. The simulation-to-simulation variability in defect-
containing simulations is larger than that seen for simula-
tions of defect-free lattices, and comparison to the data
shows that the model cannot be rejected as a valid repre-
sentation of katanin behavior [Pyegects, 200 v = 0.16,
Paefects, 5.7 nv = 0-81]. The addition of katanin inactivation
and cooperative-removal of dimers did not significantly
improve the simulation’s performance (data not shown).

DISCUSSION

Kinking and severing of mechanically unconstrained micro-
tubulesin vitro occurred at spatially well-separated, katanin
concentration-independent locations along the length of mi-
crotubules, so that proximal segments of microtubule often
remained attached to the axoneme even when exposed to
katanin for relatively long periods of time. Computer sim-
ulations showed that models assuming a uniform, defect-
free MT lattice were unable to simultaneously predict each
of these characteristics. In contrast, simulations of a model
assuming a defect-containing lattice were shown to cor-
rectly predict the experimentally observed breaking rates,
spatial frequency and number of severing events, and the
final level of severing, while using a single set of parameter
values at both katanin concentrations. Consistent with these
results is the hypothesis that katanin exploits local defects
and promotes loss of tubulin at the defect site until the two
microtubule segments are held together so weakly that
mechanically unconstrained MTs kink at the defect site. A
single, random event, whose rate is insensitive to katanin
concentration, allows the distal and proximal segments to
then dissociate.

290 nM Katanin 5.7 nM Katanin
Experiment Simulation Experiment Simulation
Incompleteness of reaction 28% 43 = 7% 24% 43 = 11%
Total number of events 29 27+ 4 15 12+3
Mean length removed 4.2+ 2.7 um 38 %24 um 3.7*x24 um 3624 um
Rate constant of final step 0.039s?t 01— 0.005s* 0.016 st 0.1 — 0.005s*
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Katanin activity and lattice defects

The argument against a defect-free microtubule lattice is
strengthened by qualitative observations of the microtubule
during lattice smulations. Simulations of defect-free mod-
els showed katanin removing tubulin dimers from al along
the length of the MT, and resulted in a MT so structuraly
compromised that it would tend to disintegrate (Fig. 7). In
contrast, MTs in vitro were observed to undergo localized
kinking and breaking, separated by structurally intact MT
segments. A defect-containing lattice model concentrates
katanin activity at defect locations and offers an explanation
for the incompleteness of severing: if katanin acts at infre-
quent defect locations, then severing activity will cease (or
slow) once katanin has operated on al the defects. The
requirement for defects also lends some credibility to the
hypothesis that katanin acts from within the microtubule
(McNally, 2000). Defects present in the form of “holes’ in
the lattice could alow katanin dimers to enter the microtu-
bule at points along its length. Because diffusion within the
tube is slow for molecules that can bind to the MT lumen
(Odde, 1998), katanin would remain localized to its en-
trance points, resulting in severing near the defects.

One possible defect-containing model was chosen for
simulation, but there were several othersthat are potentially
viable. For example, one could assume that katanin acts as
a cooperative group of hexamers, which could maintain
multiple contacts to the MT, even as tubulin dimers were
removed (McNally, 2000). This would eliminate the need
for katanin to dissociate and reattach after each cycle of
activity, and would concentrate the activity to a single site
on the MT. We do not favor this assumption, because in
such a katanin-mediated localization mechanism the sepa-
ration between severing sites would be concentration-de-
pendent in a manner not observed experimentally. Instead,
the defect-containing model that was chosen for simulation
assumed that katanin dissociated from the MT with each
cycle of activity. Localization of activity was achieved by
increasing the off-rate for katanin-mediated tubulin removal
at the sites of randomly placed defects. Biophysically, these
defects could represent places in the lattice where the free
energy of tubulin dimers is increased due to disruptions in
tubulin-tubulin contacts, for example by changes in proto-
filament number.

Experimental defect frequency

Katanin activity could be concentrated around defects
caused by changes in protofilament number that frequently
occur within a single microtubule (Chrétien et al., 1992;
Arnal and Wade, 1995; Diaz et al., 1998). Changes in
protofilament number would disrupt tubulin-tubulin bonds
near the site of the defect, making it easier for katanin to
remove tubulin dimers. The reported frequency of these
defects in GDP-tubulin microtubules without stabilizing
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drugs covers the range from one defect per 3 um of MT
length to one defect per 35 um of MT length (Chrétien et
a., 1992; Arna and Wade, 1995). In contrast, the predicted
defect frequency for the defect-containing model presented
here was one defect for every 0.6 um of microtubule length,
more frequent by a factor of between 5 and 50. However,
these same studies showed that the addition of paclitaxel to
MTs after assembly doubled the defect frequency (Arnal
and Wade, 1995). Additionally, the frequency of defectsis
sensitive to Mg?* concentration, the length of time between
paclitaxel addition and observation, theinitial protofilament
number of the microtubules, and the initial tubulin dimer
concentration (Chrétien et al., 1992; Arnal and Wade, 1995;
Chrétien and Fuller, 2000), all of which make direct com-
parison of model predictions to experimental results diffi-
cult. Finally, the half-periodicity of moiré patterns used to
determine the number of protofilaments varies by as much
as 10% (Hyman et al., 1995; Chrétien et al., 1998), suggest-
ing that closely spaced defects would not likely be differ-
entiated by this technique, thus skewing the mean distance
between protofilament number changes toward longer dis-
tances. Taken together, the experimental values for changes
in protofilament number give an upper bound for the dis-
tance between lattice defects due to changes in protofila-
ment number, but not a definitive value.

A lower bound for the distance between microtubule
lattice defects can be estimated from the run lengths of a
recently developed kinesin mutant. This kinesin has a mean
run length of 6.6 wm, more than four times longer than
wild-type (Thorn et a., 2000). The increase in run-length
for these mutants can be assumed to reduce the probability
of random detachment, thereby increasing the proportion of
detachments due to encountering defects or other obstacles.
Because of its plus-end directed motor activity along a
single protofilament, kinesin would detach only in response
to decreases in protofilament number, not increases. Assum-
ing that protofilament number decreases are found in equal
proportion to increases, the minimum distance between
defects can be calculated to be one defect every 0.25 um of
MT length (6.6 wm/13 protofilaments/2). The defect fre-
quency predicted by simulations of defect-containing MT
lattices (one every 0.6 wm) is within the range defined by
experimental observations of changesin protofilament num-
ber (less than one every 3 um) and kinesin processivity
(more than one every 0.25 um). However, to more rigor-
ously evaluate the predicted defect frequency, a better un-
derstanding of the actual defect frequency and type in
microtubules, both with and without microtubule stabilizing

drugs, is necessary.

Analysis of kinking, an intermediate state in the
severing reaction

In the current assay microtubules were observed to enter a
kinked state, followed by breaking at the kink. The cause of
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kinking is unknown. One possibility is that removal of
tubulin from the MT lattice allows the remaining protofila-
ment(s) to curve outward, as has been observed at the tips of
disassembling microtubules (Simon and Salmon, 1990;
Mandelkow et a., 1991; Miller-Reichert et al., 1998). It is
also possible that katanin itself, through its ATPase activity,
directly exerts forces on the MT to cause it to kink. A third
possibility isthat kinking is aresult of thermal forces acting
on an MT lattice weakened by tubulin removal, causing the
MT to bend at its weakest point. The case for this fina
possibility is strengthened because no preferred kinking
angles were detected: simulations of distal segments of
kinked microtubules undergoing rotational diffusion about a
hinge point without any preferred angles of orientation were
indistinguishable from simulations of the diffusion around a
hinge point with preferred angles, as long as the difference
in energy between angles was assumed to be <3 kgT
(simulations not shown).

The microtubule segments on either side of the kink
appear to be held together by one or more intact protofila-
ments acting as a hinge. The hinge region could be short,
with a single protofilament connecting the two MT seg-
ments, and achieved by removal of asfew as 12 dimers. The
existence of a short, single protofilament hinge region is
supported by the first-order kinetics of the transition from
the kinked state to the broken state, which suggest that the
kinked MT can be severed by one final cycle of katanin
activity or by outside forces acting in asingle step. The very
weak dependence of time spent in the kinked state on
katanin concentration suggests that the fina step is medi-
ated by outside forces. The second possibility isthat thereis
amultiple-protofilament hinge, which would tend to be less
flexible than a single-protofilament hinge because of its
remaining lateral tubulin-tubulin bonds, and would there-
fore need to be longer than a single-protofilament hinge to
achieve the large kinking angles observed in some micro-
tubules. A longer hinge region would aso require the re-
moval of a significantly larger number of tubulin dimers
than the defect-containing model.

Implications for severing in vivo

One implication of defect-localization of katanin activity
would be the in vivo targeting of “old,” or deficient, MTs
for disassembly: high defect rates could lead to high sever-
ing rates and an increase in the rate of MT turnover. Using
katanin, cells could sense “high energy” states in the poly-
mer (created by lattice defects) and then katanin could assist
in the breakdown at these “high energy” points. The target-
ing of katanin activity to defects would also alow the cell to
maintain a specific average MT length within the cell by
modulating the frequency of defects. Ahmad and co-work-
ers reported evidence that katanin regulates M T length even
after MTs are released from the centrosome (Ahmad et al.,
1999). One possible mechanism for MT length regulation is
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by increasing the defect frequency to decrease the average
MT length, and decreasing the frequency to increase aver-
age MT length throughout the cell.

Finaly, it would be interesting to determine whether
katanin has intrinsic curvature sensitivity, allowing it to
target curved microtubules in vivo, and to act as a mechan-
ical/chemical signal transducer. The link between curved
MTs and MT breaking in living cells suggests that MT
curvature may modulate severing in vivo (Waterman-Storer
and Salmon, 1997; Odde et a., 1999). How could this be
accomplished? Increased curvature, caused by microtubule
motors, actomyosin cortical flow, or mechanical deforma-
tion of the cell could increase the number of microtubule
defects, in turn increasing the number of katanin severing
locations. Alternatively, increased microtubule curvature
could increase katanin activity at pre-existing defects by
creating a katanin binding site with ahigher katanin affinity.
Further work needs to be done to determine to what extent
mechanical stress within the microtubule lattice modul ates
katanin activity.
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