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ABSTRACT Microtubule dynamics in cells are regulated by associated proteins that can be either stabilizers or destabilizers. A
class of destabilizers that is important in a large number of cellular activities is the microtubule-severing enzymes, yet little is
known about how they function. Katanin p60 was the first ATPase associated with microtubule severing. Here, we investigate
the activity of katanin severing using a GFP-labeled human version. We quantify the effect of katanin concentration on katanin
binding and severing activity. We find that free tubulin can inhibit severing activity by interfering with katanin binding to micro-
tubules. The inhibition is mediated by the sequence of the tubulin and specifically depends on the carboxy-terminal tails. We
directly investigate the inhibition effect of tubulin carboxy-terminal tails using peptide sequences of a-, b-, or detyrosinated
a-tubulin tails that have been covalently linked to bovine serum albumin. Our results show that b-tubulin tails are the most effec-
tive at inhibiting severing, and that detyrosinated a-tubulin tails are the least effective. These results are distinct from those for
other severing enzymes and suggest a scheme for regulation of katanin activity in cells dependent on free tubulin concentration
and the modification state of the tubulin.
INTRODUCTION
Microtubules are essential, rigid biopolymers that form
part of the cytoskeleton used to support and organize the
interior of cells. Along with their associated proteins and en-
zymes, microtubules are essential for a variety of processes
including mitosis, cell migration, and intracellular transport.
Since microtubules are involved in diverse processes, it is
important for them to dynamically organize and rearrange
based on the state of the cell. It has long been known that
microtubules have intrinsic dynamics, termed dynamic
instability, wherein the filaments grow and shrink stochasti-
cally (1). Microtubules will undergo dynamic instability
spontaneously in vitro, and microtubule-associated proteins
(MAPs) have been shown to modify the dynamics to regu-
late how these cytoskeletal filaments are remodeled. It is
assumed that alteration of microtubule dynamics by MAPs
allows for better spatial and temporal control of the micro-
tubule cytoskeleton in the cell.

There are a plethora of MAPs in the cell, including MAPs
that stabilize microtubules, aiding in nucleation of fila-
ments and allowing microtubules to grow, and destabilizing
MAPs that depolymerize microtubules, cause more frequent
catastrophes, or even sever microtubules. The family of
enzymatic MAPs that sever microtubules is called microtu-
bule-severing enzymes. Microtubule-severing enzymes are
from the enzyme family of ATPases associated with various
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cellular activites (AAAþ) that hexamerize and utilize ATP
to perform their functions (2). Microtubule-severing en-
zymes use their catalytic activity to dismantle microtubules
both in vitro and in vivo (3,4). Within the family of micro-
tubule-severing enzymes, there are three known members:
katanin, spastin, and fidgetin.

Katanin was the first discovered microtubule-severing
enzyme, and it is unique, because it is composed of a
60 kD catalytic subunit, p60, and an 80 kD regulatory sub-
unit, p80 (3,5). Katanin has been shown to be crucial for a
variety of functions in several different types of cells. For
instance, katanin was discovered as a component of a
Xenopus mitotic egg extract that caused the destruction of
Taxol-stabilized microtubules (6) and later was purified
from sea urchin embryos and identified (5). It has been
shown to have roles in mitotic cell division, localizing to
kinetochore microtubules during metaphase to regulate
spindle flux and to shorten microtubules during anaphase
A (7). Katanin-p80 works as a regulatory protein that targets
p60 to the centrosomes via the WD40 domains in the
N-terminal region (3,8). In egg extracts, katanin controls
the spindle length in Xenopus tropicalis and X. laevis, which
in some species can be regulated by N-terminal phosphory-
lation (9,10). Katanin has also been shown to be involved in
regulating microtubule length and releasing microtubules
from centrosomes in neurons for proper neuronal develop-
ment to occur (11). Katanin mutants are responsible for
fragile plant defects affecting the pattern of deposition of
cell-wall materials (12,13), loss of motile function of cilia
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in ciliary diseases (14,15), and longer-than-normal meiotic
spindles in Caenorhabdidtis elegans meiosis, which even-
tually lose their biorientation (16,17). Recently, we have
shown that katanin regulates microtubule length at the cor-
tex of S2 cells and affects cell migration (18).

Despite its having been discovered almost 25 years ago,
there are many open questions about katanin’s biochemical
and biophysical mechanisms. Katanin is an ATPase that has
been reported to be stimulated by the presence of the micro-
tubule substrate, requires ATP to oligomerize, and is in-
hibited by high concentrations of microtubules (tubulin in
polymerized form) (3,5,19). The part of tubulin required
for severing is the carboxy-terminal tail (CTT); katanin is
unable to sever microtubules lacking the CTT (5,20). Struc-
tural studies have shown that katanin requires ATP to oligo-
merize (4). In vitro work combined with modeling has
shown indirectly and directly that katanin targets to micro-
tubule defects (21,22).

Much of our understanding of katanin is based on infor-
mation we know about the other severing enzymes. Both
spastin and katanin require ATP and the CTT to function
(20,23,24). It has also been shown that spastin severing is
inhibited by CTTs and that all three pore loops in spastin’s
AAA domain are crucial for severing activity (24,25). Based
on the crystal structure of spastin, a model of how it severs
was proposed. In the presence of ATP, the severing enzyme
docks on the microtubule using the N-terminal microtubule-
binding domains. The monomers form a hexameric ring,
but it is unclear whether this occurs before or after docking
on the microtubule. The center of the ring forms a pore with
three pore loops that are thought to interact with the CTTs of
tubulin and tug the tails to unfold the tubulin and ultimately
cause microtubule breakdown (24). Recent work on spastin
has begun to dissect the ATPase cycle and precisely pinpoint
how many subunits are required to have ATP to sustain
severing (20,26). Despite the mechanistic details that have
been uncovered, very little is known about how severing en-
zymes interact with other individual MAPs, or even with
tubulin itself.

In the following studies, we use a purified green-fluores-
cent-protein (GFP)-labeled human version of katanin p60
to perform quantitative measurements of katanin binding
and severing activity on microtubules. We find that dimeric
tubulin is a potent inhibitor of katanin severing activity;
even low levels of free tubulin can inhibit katanin-based
severing of Taxol-stabilized microtubules. Performing direct
imaging of GFP-Hu-p60 binding, we show that the free
tubulin competes with the microtubule filament for binding
and that even the CTTs can effectively compete for binding
to cause severing inhibition. Using bovine serum albumin
(BSA)-CTT chimeric constructs, we show that different
isoforms of tubulin are more or less potent at inhibiting
severing, with b-tubulin CTTs being the most inhibitory
and detyrosinated a-tubulin CTTs being the least inhibitory.
Our studies shed new light on a possible inhibitory feedback
mechanism of katanin that might function in the cell to shut
down katanin activity so that it does not destroy all themicro-
tubules of the cell.
MATERIALS AND METHODS

Protein purification

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich

(St. Louis, MO). We received the pMAL-c5x-X. laevis p60 from the Heald

Lab, and it was purified as previously described (9). We also made an

optimized human p60 construct with a maltose binding protein and GFP

(GeneWiz, Cambridge, MA). We will refer to the Xenopus construct as

Xl-p60 and the human construct as GFP-Hu-p60. An isopropyl b-D-1 thi-

ogalactopyranoside-inducible expression system was used for expression

and purification. The plasmid was transformed into BL21 competent

Escherichia coli (New England BioLabs, Ipswich, MA). A lysogeny broth

starter culture was grown overnight and added to a 500 mL culture the next

day. This culture was grown at 37�C until it reached an OD of 0.8 and then it

was induced with 1 mM isopropyl b-D-1 thiogalactopyranoside. The cul-

ture was allowed to continue to grow at 16�C for 16 h. The cells were lysed

in resuspension buffer (20 mM HEPES-HCl, pH 7.7, 250 mM NaCl,

0.5 mM b-mercaptoethanol, 10% glycerol, and 0.25 mM ATP) via sonicat-

ion. The lysate was incubated with amylose resin (New England BioLabs)

for 1–2 h. The lysate/resin mixture was added to the column and allowed to

enter the column completely. Once excess lysate had passed through the

column, the column was washed twice with 20 mL of resuspension buffer

(20 mM HEPES-HCl, pH 7.7, 250 mM NaCl, 0.5 mM b-mercaptoethanol,

10% glycerol, and 0.25 mM ATP). Then the protein was eluted in elution

buffer (20 mM HEPES-HCl, pH 7.7, 250 mM NaCl, 0.5 mM b-mercaptoe-

thanol, 10% glycerol, 0.25 mM ATP, and 10 mM maltose). The approxi-

mate concentration was determined using a Bradford assay.
Taxol-stabilized microtubule polymerization

Taxol-stabilized microtubules were made by combining a 1:3–1:20 ratio of

labeled rhodamine tubulin (Cytoskeleton, Denver, CO) or homemade Dy-

light 649 (Thermo Scientific, Waltham, MA) tubulin. The unlabeled tubulin

was purified from porcine brains using the method described in (27). Both

the unlabeled and labeled tubulins were resuspended in PEM-100 (100 mM

K-PIPES, pH 6.8, 2 mM MgSO4, and 2 mM EGTA) to a concentration of

5 mg/mL. Both were incubated on ice for 10 min. The labeled and unla-

beled tubulin were combined and spun at 366,000 � g at 4�C for 10 min.

To polymerize the microtubules, 1 mM GTP was added to the tubulin

and incubated at 37�C for 20 min. To further stabilize the microtubules,

50 mM Taxol was added and they were incubated for 20 min at 37�C.
The microtubules were centrifuged at 16,200 � g at 27�C for 10 min.

The pellet was resuspended in PEM-100 and 50 mM Taxol.
Denatured tubulin

Denatured tubulin was made by adding 1 M HCl to the tubulin. The tubulin

was brought back up to pH 6.8 using KOH.
Subtilisin-treated denatured tubulin

Subtilisin-treated denatured tubulin was made from Taxol-stabilized micro-

tubules that were polymerized by the same procedure as above with several

additional steps. After the microtubules were polymerized, they were incu-

bated with 100 mg/mL subtilisin for 45 min. The reaction was stopped with

2 mM PMSF. The microtubules were centrifuged at 16,200 � g at 27�C for

30 min, and the pellet was resuspended in PEM-100 and 1 mM GTP. The
Biophysical Journal 109(12) 2546–2561
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subtilisin-treated microtubules were denatured by adding 1 M HCl. The

tubulin was brought back up to pH 6.8 using KOH.
CTT peptide and BSA-CTT chimeras

Chimeric protein constructs of BSA and tubulin CTT peptides were pro-

duced using chemical linkage via aromatic-hydrazine-aromatic-aldehyde

click chemistry (28). Peptides corresponding to the CTT sequences of hu-

man b-tubulin (TUBB, NP_821133; -ATAEEEEDFGEEAEEEA), human

a-tubulin (TUBA1A, NP_001257328; -DSVEGEGEGEEEGEEY), and

detyrosinated a-tubulin (-DSVEGEGEGEEEGEE) were obtained from

Peptide 2.0 (Chantilly, VA). Tails were used alone, or covalently attached

to BSA. BSAwas randomly labeled with 1.5 molar excess of succinimidyl

4-formylbenzoate (Solulink, San Diego, CA), and peptides were specif-

ically tagged at their amino termini by reaction with a 3 molar excess of

succinimidyl 6-hydrazinonicotinate acetone hydrazone (Solulink). After

chromatographic cleanup, the tagged BSA and tagged peptides were

allowed to react overnight, followed by removal of the unreacted peptide.

The concentration of the recovered BSA and the concentration of the

attached CTT peptides were determined by ultraviolet spectroscopy. The

hydrazine-aldehyde reaction produces a chromophore, which absorbs at

354 nm, allowing determination of the molarity of the CTT adducts on

the BSA. Reaction conditions were adjusted so that the ratio of CTT peptide

adducts to BSAwas<0.5. This assures that most of the BSA molecules that

have a CTT tail have only one CTT tail. Assays were performed with 50 nM

CTTs or CTT-BSA constructs added to in vitro assays.
In vitro assays

We made a 10 mL flow chamber with double-stick tape (3M, St. Paul, MN),

a slide, and a silanized coverslip (No. 1.5 Fisherbrand, Thermo Scientific).

The coverslips were cleaned with acid and coated with 2% dimethyldichlor-

osilane (GE Healthcare, Wauwatosa, WI) to block the surface and prevent

proteins from sticking to the surface of the coverslips. We first incubated

2% (w/v) MAB1864 tubulin antibody (YL1/2, Merck-Millipore, Billerica,

MA) in katanin activity buffer (20 mM HEPES-HCl, pH 7.7, 10% glycerol,

and 2 mM MgCl2) for 5 min. Next, we added 5% (w/v) Pluronic F-127 in

katanin activity buffer to additionally block the surface. Then fluorescent

Taxol-stabilized microtubules were incubated in the chamber for 5 min.

To remove excess microtubules, motility mix (20 mM HEPES-HCl, pH

7.7, 10% glycerol, 2 mM MgCl2, 2 mM ATP, 0.025 mg/mL BSA, 0.05%

F-127, 10 mM dithiothreitol, 15 mg/mL glucose, 0.15 mg/mL catalase,

and 0.05 mg/mL glucose oxidase) was flowed into the chamber. The micro-

tubules were imaged for 3 min to ensure that microtubules were present and

bound to the surface. Next, motility mix with p60 (X. laevis p60 or GFP-

labeled human p60) was flowed into the chamber during imaging. The pro-

tocols and buffers have been described in several previous studies by other

groups and ourselves (9,18,22,29)

Imaging was performed using a Nikon Ti-E microscope with a homebuilt

laser illumination system (30). Epifluorescence was used to image microtu-

bules in the red or dark red channels, and total internal reflection fluores-

cence microscopy was used to image GFP-Hu-p60 in the green channel.

Two-color imaging was performed by sequential exposure of different exci-

tation wavelengths and paths using shuttering.
Loss of polymer and maximum GFP-Hu-p60
fluorescence quantification

The loss of microtubule polymer and the amount of GFP-Hu-p60 bound

were quantified from fluorescence intensity measurements of the microtu-

bule region over time using ImageJ (a specific illustration and example

are shown in Fig. S1 in the Supporting Material). First, we used the line

tool to draw a segmented line, 3 pixels wide, over the length of the micro-
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tubule in the first frame, when the microtubule was complete. We used the

macro measure stacks to measure the mean intensity of the same line over

the microtubule for each frame of the movie. Next, the line was shifted to a

region of background near the microtubule to measure the mean intensity of

the background.

The mean intensity of each microtubule was divided by the mean inten-

sity of the background nearby for each frame, thus giving a signal/noise

relative intensity. We then subtracted 1 from each frame to remove the back-

ground. For microtubule fluorescence, the intensity was normalized for

each data set such that the first frame in focus after p60 was added to the

chamber was set to 1 (100%). This was performed to combine different mi-

crotubules that might have different mean intensities. The intensities were

averaged over many microtubules for each frame. The standard deviation

and standard error of the mean were calculated for each experimental

parameter. This method is an accurate report of loss of polymer, because

the microtubule is adhered to the surface along the length, and large seg-

ments of microtubule are not observed to dislodge. All data were plotted

and fit as described in the text.

We also performed a similar analysis on data from the GFP-Hu-p60

channel. The mean intensity along the length of the microtubules was

measured for the same region for each frame. The mean intensity was

divided by the background mean GFP intensity to give a signal/noise ratio;

we then subtracted 1 to remove the background. The resulting data were

plotted as a function of time. The data from many microtubules in the

same experimental parameters were averaged together. The maximal

GFP fluorescence was determined from the averaged data. Fast frame-

rate data were fit over time, and the association rate, oligomerization

rate, and severing rate were determined by fitting the data, as described

in the text below.
Analysis of the percentage of microtubules
severed

Analysis of the percentage of microtubules severed was performed by

counting the total number of microtubules in the movie and the number

of microtubules that were severed at least once during the course of the

movie.
RESULTS

Human p60 is as effective as X. laevis p60

Microtubule-severing assays have been performed previously
to characterize severing enzymes (8-10,16,18,20,22,31-33).
First, to show that our purified katanin is functioning, we per-
formed microtubule-severing assays in vitro on Taxol-stabi-
lized microtubules. We compared our new GFP-labeled
human version of p60 (GFP-Hu-p60) to a previously charac-
terized p60 from X. laevis (Xl-p60) (9,10). Qualitatively, we
find that the severing activity of 50 nM GFP-Hu-p60 is as
fast as that of 500 nMXl-p60: a majority of the microtubules
are severed by frames 3–7 in the series ~100–140 s, as seen in
the representative time series (Fig. 1, A and B).

Similar to other methods of tracking microtubule
severing, we used the average fluorescence intensity of the
microtubule divided by the average background fluores-
cence intensity and normalized the initial intensity to 1 to
plot the fraction of microtubule remaining in the microtu-
bule region over time (see Materials and Methods and
Fig. S1) (8-10,16,19,32,34). We do not use the number or
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FIGURE 1 GFP human p60 is as effective as X. laevis p60. (A) Example

time series of Dylight649 microtubules (MTs) being severed by X. laevis

katanin-p60 (Xl-p60). The severing assays were 10 min long with a frame

taken every 5 s. The times series depicts a frame every 10 s. The scale bar is

5 mm. By the end of the movie, the microtubules are completely destroyed.

The first frame is bright and out of focus due to the enzyme being flowed
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the length of microtubules over time, as has been done pre-
viously (31). We quantified the loss of polymer over time
(Fig. 1 C). We found the rate of decay by fitting the data
with an exponential decay function,

IðtÞ ¼ I0 exp
�
�t=t

�
; (1)

where I represents the intensity as a function of time t, I0 is
the amplitude at time zero, and t is the characteristic time
constant for the decay (Fig. 1 C). This function assumed
that the data will decay to 100% loss, but sometimes there
were filaments or small remnants of filaments remaining.
In this case, we fit the data to the following exponential
decay with a vertical offset,

IðtÞ ¼ I0 exp
�
�t=t

�
þ IN: (2)

Here, IN is a vertical offset that takes into account that some
of the filaments may remain, or that there might otherwise
be a background fluorescence signal. The data from the
Xenopus katanin, Xl-p60, was best fit by Eq. 1, with a char-
acteristic decay rate of t ¼ 62 5 2 s, with R2 ¼ 0.95
(Fig. 1 D; all fit parameters can be found in Table S1).
The Human GFP katanin, GFP-Hu-p60, was best fit with
equation 2 with a characteristic decay rate of t ¼ 66 5
3 s, with R2 ¼ 0.95 (Fig. 1 D and Table S1).

When there is no katanin present, the data have a single,
long characteristic decay time that is so long it appears
linear. We can fit the data to a linear approximation for an
exponential decay,

IðtÞ ¼ I0

�
1� t=t

�
: (3)

Using this fit, we find the decay constant, t, to be 3400 5
100, with a goodness of fit of R2¼ 0.93 (Fig. 1D; Table S1).
into the chamber. (B) Example two-color imaging time series of severing

assays with GFP-Hu-p60. (i) Time series of Dylight649 microtubules in a

severing assay with GFP-Hu-p60. Microtubules are completely destroyed

by the end of the assay. The first frame is bright and out of focus due to

the enzyme being flowed into the chamber. (ii) Time series of the same

assay in (i) showing GFP-Hu-p60 binding along the microtubules. GFP-

Hu-p60 was added during the first frame in the time series and, within

two frames, is completely decorating the microtubules. (iii) A merge of

(i) and (ii). Red is the Dylight649 microtubules and cyan is GFP-Hu-p60.

The severing assays were 10 minutes long with a frame taken every 5 s.

The times series depicts a frame every 10 s. The scale bars are 5 mm.

(C) Quantification of fraction of microtubule polymer remaining over

the course of severing assay for microtubules with Xl-p60 (orange dia-

monds, N ¼ 55, fit to Eq. 2), microtubules with GFP-Hu-p60 (green dia-

monds, N ¼ 73, fit to Eq. 1), and microtubules alone (pink diamonds,

N ¼ 56, fit to Eq. 3). Fit parameters are in Table S1. Error bars represent

mean 5 SE. (D) The characteristic decay times from the fits in (C).

(i) Decay times depicted over the same, long scale. (ii) Decay times de-

picted over same short scale such that the data within the dashed rectangle

of (i) are discernable.

Biophysical Journal 109(12) 2546–2561
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Total time for katanin to complete severing is
concentration dependent

We can also quantify the GFP fluorescence to uncover the
binding and severing abilities of GFP-Hu-p60. To charac-
terize the fast kinetics, we imaged continuously in the
GFP-Hu-p60 channel (time between frames was 0.039 s).
We quantified the GFP fluorescence intensity over time
for each concentration of GFP-Hu-p60 (Fig. 2 A). Each
time trace had a similar characteristic shape that includes
three phases: 1) an early phase, where there was an exponen-
tial rise when GFP-Hu-p60 was binding to the microtubules
(Fig. 2 B, i); 2) a constant phase with little change, which we
term the pre-severing phase (35) (Fig. 2 B, ii); and 3) a late
A B

C D E

FIGURE 2 Fast katanin severing activities are concentration dependent. (A) D

time after translating the data so that the binding occurs at t ¼ 0 s. GFP-Hu-p60

amonds, N¼ 51), 200 nM (dark blue diamonds, N¼ 48), 300 nM (light blue dia

green diamonds, N ¼ 11). Error bars (shown in paler versions of the marker co

shows the data (pink diamonds) has three distinct phases: (i) the exponential

pre-severing phase of oligomerization estimated as the average value (dark blu

microtubule fit with Eq. 5 (light blue line). (C) Characteristic binding rate from

Error bars denote the uncertainty of the fit parameter. Data are fit to Eq. 6. (D)

pre-severing phase. Error bars represent mean5 SE. Data are fit to Eq. 7. (E) Plo

against the added katanin concentration. Error bars denote the uncertainty of the

acterized by the pre-severing phase as a function of the added GFP-Hu-p60 con

tbind and t0. Data are fit to Eq. 9. Fit parameters for all data sets can be found in

most were smaller than the marker size.
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time exponential decay, where the microtubules were being
destroyed by the severing enzyme, resulting in loss of fluo-
rescence (Fig. 2 B, iii). From these assays, we determined
the time-dependent activities, including association time,
pre-severing time, maximal GFP-Hu-p60 bound, and
severing activity time (Fig. 2 A).

For each plot, we fit the initial exponential growth of
binding (Fig. 2 B, i) to the equation

IðtÞ ¼ A expðt=tbindÞ; (4)

where A is the amplitude and tbind is the characteristic time
for katanin binding (Fig. 2 B). The fit was performed on data
F

ata of GFP-Hu-p60 binding and severing taken at 25.6 frames/s plotted over

concentrations were 50 nM (pink diamonds, N ¼ 13), 100 nM (purple di-

monds, N¼ 53), 400 nM (dark green diamonds, N¼ 25), and 500 nM (light

lors) represent mean 5 SE. (B) Example data set for 50 nM GFP-Hu-p60

growth phase of GFP-Hu-p60 binding fit with Eq. 4 (green line), (ii) the

e line), and (iii) the exponential decay phase where the katanin severs the

the fits to the initial binding phase plotted against katanin concentration.

Plot of the maximum GFP intensity when GFP-Hu-p60 was bound in the

t of the characteristic severing rate from the fit to the severing phase plotted

fit parameter. Data are fit to Eq. 8. (F) Plot of the oligomerization rate char-

centration. Error bars represent propagated uncertainty from fit parameters

Table S2. For (C)–(F), error bars are represented in front of the marker, but
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that had the longer-time data masked. The exact location of
masking had little effect on the characteristic time for bind-
ing. Data for the initial exponential rise and pre-severing-
phase data displayed significant intensity fluctuations due
to the difficulty of imaging while pipetting severing enzyme
into the flow chamber. These fluctuations are an artifact of
the experimental method and are masked out for fitting
the data.

We determined the average intensity over the pre-
severing phase (Fig. 2 B, ii) by masking any increasing or
decreasing data and measuring the average and standard
deviation of the data points.

The exponential decay phase due to severing activity was
fit to the exponential decay of the form

IðtÞ ¼ exp

�
t � t0
tsever

�
; (5)

where t0 is the delay time to account for the time for phases

1 and 2 to complete. tsever is the characteristic time of the
severing activity (Fig. 2 B). This equation is mathematically
equivalent to Eq. 1, since exponential functions are self-
similar. Fit parameters for all fits are given in Table S2.

From the data sets, fits, and fit parameters, we determine
the association rate, pre-severing rate, maximal intensity of
katanin binding, and the severing rate (Fig. 2, C–F). The
association rate is the inverse of the characteristic associa-
tion time determined from the fits to the exponential growth
phase at short times (Eq. 4 and Fig. 2 B). The association
rates reveal a linearly increasing dependence on GFP-Hu-
p60 concentration (Fig. 2 C). We fit the data to a line of
the form

rð½p60�Þ ¼ kon½p60�; (6)

where the y-intercept is set to zero and the slope, kon, gives
the on-rate for katanin binding to microtubules. The best
fit is given by kon ¼ 0.0016 5 0.0002 (nM s)�1 ¼ 1.6 �
106 (M s)�1 (Fig. 2 C and Table S2). This is a reasonable
association rate typical for proteins (36).

Next, we plotted the maximum average intensity during
the pre-severing phase as a function of katanin concentra-
tion (Fig. 2 D). This measurement is similar to the total pro-
tein bound, as one might measure in an equilibrium-binding
assay. We fit the data to a hyperbolic binding curve of the
form:

Ið½p60�Þ ¼ Imax

½p60�
KD þ ½p60�; (7)

where Imax is the maximum intensity of binding and KD is

the equilibrium dissociation constant. The best fit to the
data revealed KD ¼ 45 5 20 nM with a goodness of fit of
R2 ¼ 0.87 (see Fig. 2 D and Table S2 for all fit parameters).
Using the equilibrium dissociation constant from the fit to
Fig. 2 D and the on rate from the fit to Fig. 2 C, we can es-
timate the off rate at steady state using koff ¼ (KD)(kon) ¼
0.07 5 0.04 s�1.

The characteristic time to sever microtubules was deter-
mined by fitting Eq. 5 to the decay data at long time
(Fig. 2 B, iii). The rate of severing was determined as the in-
verse of the characteristic time and plotted against the free
katanin concentration (Fig. 2 E). Since this is the rate of
an enzyme, we fit the data using canonical enzyme kinetic
hyperbolic fit typified by Michaelis-Menten kinetics:

kð½p60�Þ ¼ kmax

½p60�
KM þ ½p60�; (8)

where kmax is the maximum rate of enzyme activity
(severing) and KM is the characteristic concentration at
which the rate is half the maximum rate. The maximum
rate of severing was 0.19 5 0.04 s�1 and the KM was
130 5 80 nM, with a goodness of fit of R2 ¼ 0.79. Interest-
ingly, the KM is the same, within error, as the KD for katanin.
In enzyme activity, KM is related to KD such that KM¼ KDþ
kenzyme/kon, where kenzyme is the rate of enzyme turn over
(37). Considering that KM is the same as KD (within error),
we conclude that the enzyme turnover rate is too fast for the
resolution of our measurements.

If enzyme turnover is almost instantaneous in our experi-
ments, it may be surprising that there is a pre-severing phase
(Fig. 2 B, ii) between when the katanin binds (Fig. 2 B,
i) and the severing begins (Fig. 2 B, iii). This phase may be
the same as the pre-severing phase observed for spastin (35).
We hypothesize that the pre-severing phase occurs because
the katanin that binds is not capable of severing. Perhaps it
is not yet hexamerized or bound to the correct location for ac-
tivity.We estimate the pre-severing phase as the difference be-
tween the binding characteristic time, tbind, and the delay time
for severing, t0 (Eqs. 4 and 5). We call the inverse of this time
the oligomerization rate, although there could be another pro-
cess occurring to ready enzymeactivity. Plotting the oligomer-
ization rate against the GFP-Hu-p60 concentration, we have a
linear increase and can fit the data with a line of the form

rð½p60�Þ ¼ r0 þ kolig½p60�; (9)

where r0 is the slowest rate at zero katanin concentration and
kolig is the hexamerization rate. The best fit for the oligomeri-
zation-rate datawas r0¼ 0.0175 0.002 s�1 and kolig¼ 5.25
0.7 � 104 (M s)�1, with a goodness of fit of R2 ¼ 0.94. The
oligomerization rate is two orders of magnitude slower than
the binding rate, causing the pre-severing phase to be obvious
at low concentrations and less obvious at high concentrations.
Free tubulin inhibits katanin binding to
microtubules

Results from previous studies have shown that katanin can
be inhibited by the presence of dimeric tubulin adsorbed
Biophysical Journal 109(12) 2546–2561
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FIGURE 3 Katanin’s severing activity is inhibited by free tubulin. (A)
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to the glass of the chamber before performing a severing
assay, although the effect was not quantified (6). More
recent work with spastin has shown that severing can be in-
hibited by tubulin CTT peptides (24). We also observed that
tubulin inhibited katanin severing in our own assays, and we
sought to investigate the mechanism of such inhibition.

Using our severing assays, we added free tubulin to the
chamber with GFP-Hu-p60 or Xl-p60 katanin to quantify
the inhibitory effects of dimers. Surprisingly small con-
centrations of tubulin dimers (50 nM) showed signif-
icant reduction of severing. Any concentration of free
tubulin >500 nM completely abolished severing (Fig. 3,
A and B). We quantified the loss of polymer by monitoring
individual microtubule loss of fluorescence, as above. We
fit the data to exponential decays or linear approximations
to decays depending on the best fit (Eqs. 1–3 and Table
S3). The same pattern of severing inhibition held true
for the unlabeled X. laevis construct (Fig. S2), suggesting
that free tubulin is a universal inhibitor of katanin
severing.

Examination of the GFP-Hu-p60 shows that the inhibi-
tion of severing is due to a loss of katanin binding to
microtubules (Fig. 3 A). We quantified the maximal fluo-
rescence of GFP-Hu-p60 binding and found a significant
decrease in katanin binding with increasing concentrations
of additional tubulin (Fig. 3, A and C). We fit the data to a
modified Hill equation to capture the inhibition kinetics of
the form

c½tub� ¼ c0

0
B@ 1

1þ
�
½tub��KD;app

�n

1
CA; (10)

where c0 is the amplitude at zero additional tubulin con-
Example time series of severing by GFP-Hu-p60 with free tubulin at con-

centrations from 0–10 mM. Severing assays were performed for 10 min

with an exposure every 5 s. Time between displayed frames is 50 s. The

scale bars are 5 mm. (B) Plot of loss of polymer of microtubule as a function

of time for tubulin concentrations of 0 nM (pink diamonds), 50 nM (purple

diamonds), 1 mM (light blue diamonds), 10 mM (green diamonds), and no

GFP-Hu-p60 control (gray diamonds). (C) Plot of the maximum GFP-Hu-

p60 fluorescence. The data are best fit by a modified Hill function in Eq. 10.

For all data displayed, the number of microtubules analyzed is: 0 nM (pink

diamonds, N ¼ 83), 50 nM (purple diamonds, N ¼ 73), 500 nM (dark blue

diamonds, N¼ 42), 1 mM (light blue diamonds, N ¼ 42), 6 mM (dark green

diamonds, N¼ 44), and 10 mM free tubulin (light green diamonds, N¼ 46).

All fit equation, parameters, and goodness of fits are given in Table S3.
centration [tub], KD,app is an apparent equilibrium concen-
tration of tubulin for inhibition, and n is a Hill coefficient.
The apparent equilibrium constant is 80 5 10 nM, and
the Hill coefficient is 0.8 5 0.05 with a goodness of fit of
R2 ¼ 0.998. That the Hill coefficient is <1 is interesting
and indicates that it is a bit harder for the second katanin
to bind once the first is bound. This makes sense for a multi-
component oligomerization and competition scheme.

We found that the characteristic concentration for tubulin
to inhibit katanin severing is only 80 nM. For comparison,
the critical concentration of tubulin polymerization is
~1.8 mM, and the critical concentration for polymerization
in the presence of Taxol is 0.08 mM (38,39). This explains
why Taxol-stabilized microtubules that have little free
tubulin in the background are easily severed. On the other
hand, dynamic microtubules will be much more difficult
to sever, because free dimers in the background will inhibit
severing. Interestingly, the concentration of free tubulin in a
cell is thought to be between 5 and 25 mM, depending on the
cell type (40,41).
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Katanin has a higher affinity for free tubulin than
microtubules in severing assays

We have shown that dimers can inhibit binding of katanin
when the tubulin and katanin are added simultaneously
(Fig. 3). In the experiments presented above, the katanin
could be binding to tubulin before being added to the assay
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because they are premixed before insertion into the cham-
ber. To test whether tubulin can compete with microtubule
polymer for binding, we created a flow-in experiment to
directly observe whether katanin bound to the microtubule
can be competed off by excess dimers. The GFP-Hu-p60
was bound to microtubules in the presence of ATPgS, a
slowly hydrolyzable analog of ATP, allowing katanin to
bind to microtubules but not sever. Then we added 0 nM
(buffer only), 50 nM, 500 nM, 1 mM, 6 mM, and 10 mM
of free tubulin to the chamber and monitored the GFP-Hu-
p60 fluorescence on the microtubules over time (Fig. 4 A).

We quantified the GFP-Hu-p60 fluorescence over time
and fit the loss of GFP fluorescence to an exponential decay
equation (Eq. 2, Fig. 4 B, and Table S4). It was qualitatively
obvious that as more tubulin was added, more katanin was
dissociated from the microtubule (Fig. 4, A and B). The
characteristic decay times were a result of dissociation of
GFP-Hu-p60 from the microtubules due to competition be-
tween the microtubule filament and free tubulin.

Using the characteristic decay times, we found the decay
rates, which correspond to the apparent rate of katanin loss
in the presence of tubulin. We plotted the dissociation rate
against the concentration of tubulin added (Fig. 4 C, i).
We fit the data to a line of equation

rð½tub�Þ ¼ r0 þ kreplace;tub½tub�; (11)

where r is the observed rate of loss of katanin, [tub] is the
added tubulin concentration, kreplace,tub is the tubulin-depen-
dent rate, and r0 is the intercept with the y axis when the
tubulin concentration is zero (Fig. 4 C; Table S4). Similar
to Eq. 9, we have a nonzero intercept, implying that even
at zero tubulin, we would measure a small rate of loss.
The best fit parameters were r0 ¼ 0.018 5 0.002 s�1,
kreplace,tub ¼ 1.2 5 0.4 � 103 (M s)�1, with goodness of
fit R2 ¼ 0.77. The rate of tubulin loss in the absence of
tubulin, r0, should be equivalent to the dissociation rate,
koff. We previously used the fits from Fig. 2, C and D, to es-
timate koff and found koff¼ 0.075 0.04 s�1. Using this new
observation, we can estimate koff ~ r0 ¼ 0.0185 0.002 s�1.
These two separate estimates are the same order of magni-
tude, although they are not exactly the same as one another.
Considering the propagated uncertainties from each mea-
surement, it is perhaps not surprising that they are not
exactly the same.

For each of our exponential decay fits, there was a long-
time asymptote to which the data decayed, IN (Eq. 2 and
Fig. 4 B), that was nonzero. This represents the fraction of
GFP-Hu-p60 that remained bound after addition of the
tubulin. We plotted the remaining katanin intensity as a
function of the concentration of added tubulin (Fig. 4 C,
ii). We fit the data to Eq. 10, since inhibition is caused by
competition between tubulin dimers and polymer. The
apparent equilibrium constant is 40 5 30 nM, and the
Hill coefficient is 0.4 5 0.3, with a goodness of fit of
R2 ¼ 0.97. These data are not as well fit as Fig. 3 C, but
the fit parameters are the same order of magnitude and
within uncertainty. Although it is perhaps obvious, these
data show that competition for katanin by free tubulin di-
mers drives the inhibition of severing activity we observe.
Interestingly, when the concentration of katanin is high
relative to the background tubulin concentration, the time
to sever is only ~50 s (Fig. 3 B, 0 free tubulin data). These
data imply that as long as the katanin concentration is much
higher than the free tubulin concentration, severing will
proceed.

It is perhaps surprising that free tubulin could compete
and cause the dissociation of katanin even in the ATP-bound
state of the enzyme. Previous results with AAAþ enzymes
imply that the ATP-bound state, mimicked by the slowly hy-
drolyzable analog ATPgS, should be the tightly bound state
(42). Yet we observed ready dissociation of katanin even in
the presence of ATPgS. There are two possible explanations
for this. Either the ATP state is not high affinity or the kata-
nin is not fully hexamerized and has lower affinity in the
monomeric or small oligomeric form. We cannot discern
the differences here, but these are interesting questions to
probe in future experiments.
Katanin recognizes sequence of C-terminal tail of
free tubulin

Katanin-p60 has been proposed to have two possible
microtubule-binding sites: the microtubule interacting and
trafficking site at the N-terminus of p60 (amino acids
55–180), and the pore loop region in the AAA domain
(amino acids 197–488) that binds to the tubulin CTT
(20,31,33). Next we wanted to distinguish whether katanin
was binding to dimer due to recognizing and binding to
the specific shape or folded structure of the tubulin or
whether katanin was recognizing a specific sequence of
tubulin, most likely through the tubulin CTTs. To address
this question, we unfolded free tubulin using acid denatur-
ation and brought the concentration back to neutral pH to
use in the assay. Since tubulin requires a chaperone to
fold, the neutralized protein should be improperly folded
or unfolded. To specifically probe whether the CTT was
needed, we also made denatured free tubulin with the
CTTs cleaved off by treating microtubules with the protease
subtilisin before denaturing the microtubules. We performed
the same experiment, where we added GFP-Hu-p60 with
free tubulin at 50 nM, denatured tubulin at 50 nM, or subtil-
isin-treated denatured tubulin at 50 nM. We monitored both
the microtubule signal to inspect severing and polymer loss
and the GFP-channel to quantify katanin binding (Fig. 5 A).
As was clear from the time series (Fig. 5 A), both free
tubulin and denatured tubulin were able to inhibit katanin
severing and binding. However, the subtilisin-treated, dena-
tured tubulin did not inhibit severing but had quantifiable
effects on GFP-Hu-p60 binding.
Biophysical Journal 109(12) 2546–2561
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FIGURE 4 Katanin has a higher affinity for free tubulin than microtu-

bules. (A) Example time series of unbinding of GFP-Hu-p60 via free

tubulin at concentrations of 0 nM, 50 nM, 1 mM, and 10 mM free tubulin.
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We quantified the fraction of microtubules remaining
over time and fit each data set to the exponential decays
(Fig. 5 B and Table S5). Both the free-tubulin and dena-
tured-tubulin experiments lose very little of the polymer
(Fig. 5, A and B). Interestingly, when tubulin was treated
with subtilisin to remove CTTs and denatured, the
severing activity was almost completely recovered to
the same level as in control experiments without free
tubulin (Fig. 5 C). Further, the fraction of total polymer
lost was similar for katanin alone and in the presence
of subtilisin-treated tubulin (Fig. 5 D). Also interest-
ingly, denatured tubulin was more effective at inhibiting
severing than folded tubulin when comparing the rates
of polymer loss and the overall loss of polymer (Fig. 5,
C and D).

Quantification of the maximum GFP fluorescence dem-
onstrates that the lack of severing activity was due to a
lack of katanin binding to the microtubules (Fig. 5, A
and F) and was directly proportional to the overall loss
of polymer (Fig. 5, B and D). Combining these results,
we infer that katanin does not recognize the shape of the
folded tubulin. Rather, the binding of katanin to the
CTT is required for effective inhibition of binding and
severing.
Katanin has a higher affinity for the b- than for the
a-tubulin CTT

We have demonstrated that the CTTs of tubulin are essential
for effective inhibition of severing activity (Fig. 5). Each
tubulin dimer has two CTTs, one a and one b. We sought
to investigate which CTT is a better inhibitor of katanin
and thus a better competitor for the katanin binding. To
address these questions, we created peptide sequences of hu-
man a- and b-tubulin CTTs. Using click chemistry (43),
The data were taken by imaging continuously for several minutes. The time

between frames in the time series is 4 s. GFP-Hu-p60 was pre-bound to

microtubules with ATPgS prior to starting imaging, allowing the enzyme

to bind, but not sever, microtubules. The tubulin was added as indicated

in the third frame of the time series. The scale bars are 5 mm. (B) Quanti-

fication of the average GFP fluorescence remaining on the microtubules

over time after free tubulin was added to the assay. Error bars represent

the mean 5 SE. The data show a significant decrease in fluorescence on

the microtubules when tubulin is added. Each data set was fit to an expo-

nential decay curve. (C) Plots of (i) characteristic decay rates and (ii) final

intensities for each condition in (B). (i) Katanin unbinding rates increased

in the presence of increasing tubulin concentrations. Error bars represent

uncertainty in fit paramters and many are smaller than the symbol. Data

fit to Eq. 11 (black line). (ii) Final intensities proportional to the final con-

centration of katanin bound to the microtubule were fit to a modified Hill

Eq. 10 (black curve). For all data displayed, the number of microtubules

analyzed was: 0 nM (pink circles, N ¼ 20), 50 nM (purple squares, N ¼
23), 500 nM (dark blue squares, N ¼ 22), 1 mM (light blue squares,

N ¼ 25), 6 mM (dark green squares, N ¼ 25), and 10 mM free tubulin (light

green squares, N ¼ 11). All fit equations, parameters, and goodness of fits

are given in Table S4.
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FIGURE 5 Katanin is effectively inhibited by denatured tubulin but not subtilisin-treated denatured tubulin. (A) Example time series of severing via GFP-

Hu-p60 with tubulin, denatured tubulin, or denatured subtilisin-treated tubulin (denatured s-tubulin). The severing assays were 10 min with a frame taken

every 5 s. (i) Time series of the dylight649-MTs signal for each of the conditions. (ii) Time series of GFP-Hu-p60 signal for each of the conditions. The time

series show frames every 20 s or 50 s as stated. The scale bars are 5 mm. (B) Quantification of the fraction of the microtubule remaining over time with fits for

each of the following conditions: microtubules alone (gray circles), microtubules with GFP-Hu-p60 alone (pink circles), microtubules with 50 nM GFP-Hu-

p60 and 50 nM folded tubulin (light blue squares), microtubules with 50 nM GFP-Hu-p60 and 50 nM denatured tubulin (orange squares), and microtubules

(legend continued on next page)
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we covalently bound the CTT constructs to BSA protein to
make CTT-BSA chimeras (see Materials and Methods and
Sheldon et al. (28)). A background concentration of BSA
protein already exists in our assays, so the addition of
BSA is controlled.

We observed distinct differences in the ability to sever
depending on whether the CTT constructs were a or b.
Specifically, very few severing events occurred when
the b tails were present (Fig. 6 A). When the a tails
were present, we saw severing events and some loss of
polymer from the ends of filaments, suggesting that the
a-tubulin tails could inhibit, but were not as effective as
b-tubulin CTTs (Fig. 6 A). We quantified the fraction of
remaining polymer over time and fit the data to exponen-
tial decays (Fig. 6 B and Table S6). In the presence of all
CTT-BSA chimeras, the loss of microtubule polymer
occurred with a relatively short characteristic decay time
(Fig. 6 C), but there was a significant amount of remaining
polymer (Fig. 6, B and D). The data indicated that b tails
were better inhibitors of severing than a tails (Fig. 6, A
and D).

We quantified the fraction of microtubules that displayed
at least one severing event. The trend was identical to the
total loss of polymer and confirms that the b-tubulin CTT
inhibits better than the a-tubulin CTT (Fig. 6 D). We also
quantified binding of the GFP-Hu-p60 to microtubules
(Fig. 6 F). Interestingly, we found that the maximum GFP
fluorescence for katanin binding is not exactly mimicking
the trends for loss of polymer (Fig. 6 D) or percentage of
filaments severed (Fig. 6 E). In particular, the b-CTT
allowed as much binding to microtubules as free tubulin
but inhibited better than the full dimers. This result implies
that the b tails may inhibit severing through a slightly
altered mechanism, but our current data cannot distinguish
the exact differences. Future work with this construct at
varying concentrations may shed light on the mechanism
of b-tubulin CTT inhibition of katanin.

We repeated these measurements with CTT polypeptides
without the BSA, and found similar amounts of inhibition
with the same concentration of free CTTs (50 nM)
(Fig. S3). This is perhaps surprising, since we anticipated
that CTTs without BSA would be less potent inhibitors
than the CTTs covalently attached to BSA. Our results
imply that the CTTs alone are capable of inhibiting katanin
severing without the need to block the pore using a large
globular protein. The concentration was 10-fold lower
than that needed to block spastin activity (24), implying
with 50 nM GFP-Hu-p60 and 50 nM denatured subtilisin-treated tubulin (purple

from the fit equations from the data in (B). Error bars represent the uncertainty

equations to the data in (B). Error bars represent the uncertainty of the fit parame

one resolvable severing event over the experiment. (E) Plot of the maximum GFP

of microtubules analyzed is: microtubules along (gray, N ¼ 25), GFP-Hu-p60 a

GFP-Hu-p60 with denatured tubulin (orange, N¼ 42), and GFP-Hu-p60 with su

eters, and goodness of fits are given in Table S5.
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that this regulation scheme is more potent for katanin than
spastin.
Katanin has lower affinity for detyrosinated
a-tubulin

Using the same scheme to make CTT-BSA polypeptide chi-
meras, we were able to make a version of the a-CTT with
the final tyrosine missing. Such detyrosinated tubulin is
typically a marker of reduced microtubule dynamics in cells
(44). We added 50 nM of the deytosinated a-CTT-BSA chi-
meras to severing assays and found that the microtubules
were still severed (Fig. 6 A), but the overall rate of severing
and overall loss of polymer were reduced compared to con-
trols with GFP-Hu-p60 alone (Fig. 6, B–D). The total poly-
mer lost, percentage of filaments severed, and amount of
GFP-Hu-p60 binding were directly proportional, implying
that the inhibition of severing was again due to a reduction
in katanin binding in the presence of detyrosinated a-tubulin
CTT-BSA chimeras. In comparison to the a- and b-tubulin
CTT-BSA chimeras, detyrosinated a-tubulin was the least
effective inhibitor of all the CTT peptides (Fig. 6). Similar
results were found using CTT tails alone (Fig. S3).
DISCUSSION

We used quantitative methods to analyze a human version of
the enzymatic portion of the microtubule-severing enzyme
katanin, p60. We analyzed both the severing activity and
the binding activity and found that binding is tight and
directly proportional to severing activity, although we did
observe a concentration-dependent pre-severing lag time,
which could be due to oligomerization or another event
(Fig. 2). Further, we show that severing can be inhibited
by free tubulin, denatured tubulin, and the CTTs, and that
this inhibition is entirely due to the competition between mi-
crotubules and tubulin dimers for the binding of katanin.

We find that it takes significantly more Xl-p60 (500 nM)
than GFP-Hu-p60 (50 nM) to sever microtubules to the same
qualitative activity levels. In our previously published work
(22), we showed that Drosophila katanin p60 (Dm-p60) acts
even slower than Xl-p60 or GFP-Hu-p60. During this slow
activity, Dm-p60 depolymerized microtubules (22). In our
current study, the severing activity of GFP-Hu-p60 is too
quick to monitor depolymerization. Future work where
GFP-Hu-p60 is slowed through various means would be
squares). Error bars represent mean 5 SE. (C) Characteristic decay times

of the fit parameters. (D) Amount of microtubule polymer lost from the fit

ters. (E) Quantification of the fraction of microtubules that displayed at least

-Hu-p60 fluorescence for each condition. For all data displayed, the number

lone (pink, N ¼ 50), GFP-Hu-p60 with folded tubulin (light blue, N ¼ 57),

btilisin-treated denatured tubulin (purple, N ¼ 46). All fit equations, param-
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FIGURE 6 Katanin is most effectively inhibited by b-tubulin c-terminal tails. (A) Example time series of severing via GFP-Hu-p60 in the presence of CTT-

BSA chimeras. (i) Time series of dylight649-MTs signal in severing assays for microtubules with katanin, microtubules with katanin and b-CTT-BSA,

a-CTT-BSA, and detyrosinated a-CTT. (ii) Same time series viewed in the GFP-Hu-p60 channel. The severing assays were 10 min with a frame taken every

5 s. The time series show frames every 20 s or 50 s as stated. The scale bars are 5 mm. (B) Plot of the fraction of the microtubule remaining over timewith fit to

data for each of the following conditions: microtubules only (gray circles), microtubules with 50 nM GFP-Hu-p60 (pink circles), microtubules with 50 nM

GFP-Hu-p60 and 50 nM tubulin (light blue squares), microtubules with 50 nM GFP-katanin and 50 nM b-CTT-BSA (orange squares), microtubules with

50 nM GFP-Hu-p60 and 50 nM a-CTT-BSA (purple squares), and microtubules with 50 nM GFP-Hu-p60 and 50 nM detyrosinated a-CTT-BSA (green

squares). Error bars represent mean5 SE. (C) Characteristic decay times from the fits to the loss of polymer data in (B). Error bars represent the uncertainty

of the fit parameters. (D) Amount of microtubule polymer lost from the fit equations to the data in (B). Error bars represent the uncertainty of the fit

parameters. (E) Quantification of the fraction of microtubules that displayed at least one resolvable severing event over the experiment. (F) Plot of

the maximum GFP-Hu-p60 fluorescence for each condition. For all data displayed, the number of microtubules analyzed is: microtubules alone (gray,

N ¼ 25), GFP-Hu-p60 alone (pink, N ¼ 50), GFP-Hu-p60 with free tubulin (light blue, N ¼ 57), GFP-Hu-p60 with b-CTTs (orange, N ¼ 40), GFP-Hu-

p60 with a-CTTs (purple, N ¼ 59), and GFP-Hu-p60 with detyrosinated CTTs (green, N ¼ 33). All fit equations, parameters, and goodness of fits are given

in Table S6.
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informative for determining whether GFP-Hu-p60 can
depolymerize, as well as sever, microtubules.

We found that severing is inhibited by tubulin introduced
simultaneously with katanin (Fig. 3). Further, tubulin can
remove katanin already bound to microtubules (Fig. 4).
Tubulin dimers seem to be working as an irreversible inhib-
itor under the conditions in our assay. Once the katanin
binds the dimer, it can no longer bind to microtubules;
thus, it effectively decreases the concentration of available,
active katanin in the experiment. Interestingly, one of the
products of severing is tubulin dimers, the inhibitor. Thus,
the severing reaction has a negative feedback mechanism
that should stop severing after a certain point. Prior work
has shown that high concentrations of microtubules can
result in a lower ATPase rate for katanin (3,4,19). This
may be due to poisoning by released dimers.

Our results demonstrate that katanin is effectively in-
hibited by free tubulin in vitro at tubulin concentrations
well below the cellular concentration, estimated to be
~2 mg/mL (18 mM) (40,41). Even if half of the tubulin is
in the form of microtubules, there is still 10 mM of free
tubulin available in cells. We observed that katanin’s
severing activity was inhibited at low dimer concentration,
50 nM (Fig. 3). Our assays typically used 50–200 nM kata-
nin, so the lowest concentration was effectively 1:1 tubulin/
katanin. This is a much lower concentration range than pre-
viously probed. The p60-p80 complex was shown to bind to
microtubules better than tubulin dimers when there was a
1:5 ratio of p60-p80 to tubulin (5). Spastin severing was in-
hibited by a 10-fold molar excess of tubulin tails (25). In
addition, Roll-Mecak and Vale found that 0.5 mM b-CTT
peptide significantly inhibited spastin severing activity
(24), yet they did not quantify the inhibition as we have
done here. Based on our quantification, one would expect
to need at least as much katanin as free tubulin to cause
any type of severing or microtubule regulation in a live
cell. This could be achieved by a relatively high concentra-
tion of katanin or a relatively low concentration of free
tubulin. In the cell, severing activity could be regulated by
the relative concentrations of katanin to free tubulin in
solution.

In our prior work, we showed that Drosophila katanin was
highly enriched at the cell cortex where it acted locally to
keep microtubules short in S2 cells (18). Although we could
not quantify the concentration of katanin in cells, our results
presented here imply that there was as much katanin as free
tubulin. Overall, our work suggests that the ratio of katanin
to free tubulin is an effective means to regulate katanin’s
activity in cells. If the cell needs to locally destroy microtu-
bules, localizing high concentrations of katanin greater than
the concentration of tubulin dimers would allow such
activity.

In addition to relative concentration, other cellular factors
could regulate the activity of katanin. Future work could test
whether p80 could enhance p60 severing activity and over-
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come dimer inhibition. It was previously shown that in
microtubule pelleting assays with 200 mg/mL microtubules,
200 mg/mL free tubulin, and 40 mg/mL p60/p80, katanin still
pelleted with the microtubule polymers and not with the
soluble tubulin (5). This result suggests that katanin p60/
p80 has a higher affinity for microtubules than for dimers.
Subsequent work showed that the p80 subunit enhances
the affinity of p60 for microtubules in vitro (8). In vivo, a
fully functional set of p60 and p80 subunits is required for
efficient targeting and severing activity (8). This evidence
provides one plausible explanation for how katanin can
sever microtubules in vivo despite displaying a high affinity
for tubulin dimers in vitro. Future in vitro experiments with
both p60 and p80 should be performed to determine whether
the katanin heterodimer (p60/p80) can overcome the inhibi-
tion by the tubulin dimers by increasing the binding of p60
to the microtubule lattice.

Another possible mechanism for avoiding inhibition of
katanin in vivo is other MAPs binding and sequestering
tubulin. There are several examples of MAPs that are known
to bind tubulin dimers. Many, but not all, of these MAPs
are involved in stabilizing microtubules or contribute to
growing microtubules by recruiting tubulin dimers to the
growing end of the microtubule. Tau-protein is known to
bind to soluble tubulin dimers, and mutant tau-proteins
bind with even higher affinity (45). Proteins from the
CLASP and chTOG families are also known to bind free
tubulin (46). Further, CLASP can bind to the microtubule
polymer and the tubulin at the same time to recruit dimers
to the growing ends of microtubules (47). Microtubule de-
stabilizers also bind tubulin dimers. Stathmin, a microtubule
catastrophe factor, binds to tubulin dimers (48) and is likely
to sequester tubulin (49). E-like, a novel protein similar
to the chaperone cofactor E, causes depolymerization of
microtubules by sequestering and even degrading the free
tubulin pool (50). Taken together with our results, we
hypothesize that future in vitro experiments of severing in
the presence of stabilizing MAPs will incongruously show
enhanced severing and microtubule polymer loss.

Our results directly point to the ratio of katanin to free
tubulin as a switch for katanin severing activity. Some
cellular locations of known katanin activity have lower
free tubulin concentration. For instance, katanin is highly
expressed in embryonic tissue, where there is a lot of cell
proliferation and lower tubulin concentration (51). Katanin
p80 and p60 are also highly expressed in the central nervous
system, and in cultured neuronal cells, p80 is enriched pre-
dominately in the cell body, and p60 is found at higher levels
in axons (51). In axons, the microtubules tend to be more
stable and less dynamic than in other cells, implying that
there is less free tubulin. Katanin would therefore not be
affected nearly as much by free tubulin and in fact may be
the source of tubulin dimers to enable axon growth.

Our results reveal that the ability to impede severing is
based on the ability of the katanin to bind to the inhibitor
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better than microtubule polymer. Since the inhibitor is the
tubulin dimer itself, our results could address the ability of
katanin to bind to different types of tubulin. More credence
is given to this idea by the fact that tubulin dimers missing
the CTT cannot inhibit severing. Previous work has shown
that katanin and spastin are both unable to sever subtili-
sin-treated microtubules (5,20,23). This implies that the in-
hibition is driven by the katanin binding to the CTTs, and
not to a secondary site, such as the microtubule interacting
and trafficking domain.

Our microtubules and tubulin dimers are derived from
porcine brains with a mix of a and b isotypes and numerous
posttranslational modifications. To examine the effects of a-
and b-tubulin CTTs separately, as well as the effect of
a-tubulin detyrosination, we created peptides of CTTs cova-
lently linked to BSA and tested their inhibitory activities
individually. All were able to inhibit to some degree. This
is consistent with prior results reported for spastin, where
CTT peptides were able to bind spastin (25) and could
inhibit spastin severing (24). Our results demonstrate that
the sequence of the CTT alters the ability to inhibit
(Fig. 6). Interestingly, our work reveals distinct differences
between katanin and spastin. First, previous studies showed
that spastin did not bind to tubulin dimers, only tails alone or
microtubules (25). Further, prior studies showed that only
relatively high concentrations (500 mM) of b-tubulin CTT
peptide could inhibit spastin severing, but the same concen-
tration of a CTTs could not (24). In contrast, we have
clearly demonstrated that katanin can bind to tubulin
CTTs specifically and tightly both with a globular domain
(BSA) and without (Figs. 6 and S3). Further, we used low
concentrations of CTT-BSA or CTTs (50 nM) and found
potent inhibition of both binding of katanin to the microtu-
bule substrate and severing. Such differences are likely the
result of altered differences in katanin and spastin binding
and targeting in cells. One reason katanin and spastin may
be regulated differently is that spastin may not need to be
turned off, because it is not free in the cytosol but rather
is associated with membranous vesicles (23,52).

We showed that detyrosination of the a-tubulin CTT re-
duces the inhibitory effect of the CTTs (Fig. 6), which could
imply that detyrosinated tubulin is a less effective substrate
for katanin binding. Our results imply that katanin is distinct
from spastin, which bound to tyrosinated and detyrosinated
tubulin CTTs equally well (25). We find that katanin can
bind to detyrosinated tubulin, but binds much better to
tyrosinated a-tubulin CTTs. If this result holds for katanin
binding to tubulin in the microtubule lattice, it would imply
that katanin would target tyrosinated tubulin over detyrosi-
nated tubulin. Downregulation of katanin on detyrosinated
(Glu) microtubules would result in enhanced stability of
this population of microtubules. Indeed, it is known that
detyrosinated microtubules are less dynamic and slower
to incorporate new tubulin than tyrosinated microtubules
(44). Another microtubule destabilizer, MCAK, prefers to
depolymerize tyrosinated microtubules, but when overex-
pressed, it will depolymerize detyrosinated tubulin (53).

There are many other types of posttranslational modifi-
cations of tubulin that can regulate how MAPs bind to mi-
crotubules (54,55). Most modifications occur on the CTTs,
including detyrosination, polyglutamylation, and polygly-
cylation. Acetylation of tubulin occurs on the lumen surface.
Each type of posttranslational modification has been shown
to affect the activity of some severing enzymes both in vivo
(15,56,57) and in vitro (5,20,23,25). Given this evidence, it
is likely that posttranslational modifications of tubulin play
a role in regulating katanin. Whether this is direct regulation
by serving as targets for enhanced severing, indirect regula-
tion by inhibition of katanin, or regulation by influencing
the binding of other MAPs that may inhibit or enhance
katanin severing activity is still unclear. Future experiments
examining other tubulin CTT sequences and posttransla-
tional modifications would be very interesting. Perhaps
most intriguing would be to examine the effects of polyglu-
tamylation or polyglycosylation, which have been shown to
be potent regulators of spastin (56).

Our results lead us to conclude that katanin’s severing
activity is concentration dependent. It is inhibited by free
tubulin dimers and specifically and differentially by the
CTTs of tubulin. Future studies with increasingly complex
systems including p80, stabilizing MAPs, and other post-
translationally modified CTTs need to be performed to
address how katanin is regulated, and such studies will
shed new light on how it works in vivo.
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Supplemental Table 1: Fits for data in Figure 1 

Microtubules Alone, fit equation:  (Eq. 3) 

I0 = 1.012 ± 0.002 τ = 3400 ± 100 s   χ2 = 0.0073 R2 = 0.93 

MTs + Xl-p60, fit equation:  (Eq. 1)  

I0 = 1.25 ± 0.04 τ = 62 ± 2 s   χ2 = 0.30 R2 = 0.95 

MTs + GFP-Hu-p60, fit equation:
 

 (Eq. 2)  

I0 = 0.99 ± 0.03 τ = 66 ± 3 s I∞ = 0.099 ± 
0.008 

 χ2 = 0.18 R2 = 0.95 
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Supplemental Table 2: Fits for data in Figure 2 
Exponential Growth Phase (i) Binding Rates fit equation:  (Eq 4) 
Concentration of Hu-p60 A τbind (s) χ2 R2 

50 nM 0.34 ± 0.01 6.3 ± 0.2 28 0.80 
100 nM 0.084 ± 0.010 3.0 ± 0.2 15 0.72 
200 nM 0.18 ± 0.01 3.32 ± 0.10 20 0.87 
300 nM 0.117 ± 0.007 2.56 ± 0.07 5.9 0.87 
400 nM 0.115 ± 0.007 1.84 ± 0.05 2.6 0.92 
500 nM 0.029 ± 0.003 1.10 ± 0.03 1.4 0.91 

Constant phase (ii), Average and Standard Deviation 
Concentration of Hu-p60 Average Standard Deviation 

50 nM 1.80 0.04 
100 nM 2.35 0.04 
200 nM 3.19 0.04 
300 nM 2.79 0.05 
400 nM 3.16 0.14 
500 nM 1.86 0.06 

Exponential Decay Phase (iii) Severing Rates fit equation:  (Eq 5) 

Concentration of Hu-p60 t0 τsever χ2 R2 
50 nM 43.66 ± 0.03 16.97 ± 0.06 2.7 0.990 

100 nM 36.18 ± 0.02 16.55 ± 0.05 1.2 0.995 
200 nM 34.60 ± 0.02 7.95 ± 0.03 1.3 0.995 
300 nM 28.55 ± 0.01 6.64 ± 0.02 0.99 0.995 
400 nM 26.19 ± 0.02 6.05 ± 0.02 1.4 0.995 
500 nM 20.29 ± 0.03 8.05 ± 0.06 2.1 0.981 

Association Rate fit equation:  (Eq 6) 
kon = 0.0016 ± 0.0002 1/(M-s) χ2 =  0.07 R2 = 0.80 

Maximum Intensity Binding fit equation:  (Eq 7) 

Imax = 3.5 ± 0.3 KD = 45 ± 20 nM χ2 = 0.18 R2 = 0.87 

Severing Rate fit equation:  (Eq 8) 

kmax = 0.19 ± 0.04 KM = 130 ± 80 nM  χ2 = 0.0021 R2 = 0.79 

Oligomerization Rate, Constant Phase (ii) fit equation:  (Eq 9) 
r0 = 0.017 ± 0.002 1/s kolig = 0.000052 ± 0.000007 1/(nM-s)  χ2 = 2.9 x 10-5 R2 = 0.94 
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Supplemental Table 3: Fits for data in Figure 3 

Microtubules alone:  

I0 = 1.0 ± 0.4 τ = 1020 s   χ2 = 0.14 R2 = 0.08 

Microtubules + p60, fit equation:  

I0 = 0.73 ± 0.02 τ = 47 ± 2 s I∞ = 0.106 ± 0.007  χ2 = 0.15 R2 = 0.97 

Microtubules + p60 + 50 nM tubulin, fit equation:  

I0 = 0.57 ± 0.02 τ = 270 ± 19 s I∞ = 0.43 ± 0.02  χ2 = 0.015 R2 = 0.99 

Microtubules + p60 + 500 nM tubulin, fit equation:  

I0 = 1.053 ± 0.007 τ = 5000 ± 600 
s 

  χ2 = 0.064 R2 = 0.43 

Microtubules + p60 + 1 μM tubulin, fit equation:  

I0 = 0.3 ± 0.2 τ = 1100 ± 800 
s 

I∞ = 0.6 ± 0.2  χ2 = 0.0063 R2 = 0.92 

Microtubules + p60 + 6 μM tubulin, fit equation:  

I0 = 0.150 ± 0.005 τ = 170 ± 20 s I∞ = 0.879 ± 0.006  χ2 = 0.007 R2 = 0.92 

Microtubules + p60 + 10 μM tubulin, fit equation:  

I0 = 0.993  ± 0.003 τ = 5100 ± 300 
s 

  χ2 = 0.012 R2 = 0.78 

Maximum GFP-Katanin Intensity, fit equation:  (Eq 10)  

c0 = 4.6 ± 0.1 nM n = 0.80 ± 0.05 KD,app = 90 ± 10 nM χ2 = 0.029 R2 = 0.998 
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Supplemental Table 4: Fits for data in Figure 4 

Microtubules + p60, fit equation:  

I0 = 1.256 ± 0.008 τ = 1310 ± 80 s   χ2 = 0.17 R2 = 0.69 

Microtubules + p60 + 50 nM tubulin, fit equation:  

I0 = 1.44 ± 0.02 τ = 59 ± 2 s I∞ = 0.471 ± 
0.008 

 χ2 = 0.083 R2 = 0.99 

Microtubules + p60 + 500 nM tubulin, fit equation:  

I0 = 0.70 ± 0.02 τ = 58 ± 3 s I∞ = 0.392 ± 
0.008 

 χ2 = 0.081 R2 = 0.96 

Microtubules + p60 + 1 μM tubulin, fit equation:  

I0 = 0.90 ± 0.02 τ = 43 ± 1 s I∞ = 0.210 ± 
0.005 

 χ2 = 0.066 R2 = 0.98 

Microtubules + p60 + 6 μM tubulin, fit equation:  

I0 = 0.98 ± 0.02 τ = 45 ± 1 s I∞ = 0.104 ± 
0.004 

 χ2 = 0.45 R2 = 0.99 

Microtubules + p60 + 10 μM tubulin, fit equation:  

I0 = 2.34 ± 0.02 τ = 31.7 ± 0.4 s I∞ = 0.012 ± 
0.003 

 χ2 = 0.031 R2 = 0.997 

Characteristic Decay Rate, fit equation:  (Eq 10)  
r0 = 0.018 ± 0.002 (1/s) koff = 0.00000120 ± 0.0000004 (1/nM-s) χ2 = 3.3 x 10-5 R2 = 0.77 

Final GFP-Katanin Intensity, fit equation:  

c0 = 1.08 ± 0.09 s KD,app = 40 ± 30 nM n = 0.4 ± 0.1   χ2 = 0.22 R2 = 0.97 
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Supplemental Table 5: Fits for data in Figure 5 

Microtubules alone, fit equation:  

I0 = 0.992 ± 0.002 τ = 18000 ± 2000 s   χ2 = 0.0051 R2 = 0.40 

Microtubules + p60, fit equation:  

I0 = 1.43 ± 0.03 τ = 37.0 ± 0.7 s I∞ = 0.051 ± 0.002  χ2 = 0.022 R2 = 0.993 

Microtubules + p60 + 50 nM tubulin, fit equation:  

I0 = 0.40 ± 0.01 τ = 71 ± 4 s I∞ = 0.743 ± 0.004  χ2 = 0.0049 R2 = 0.98 
Microtubules + p60 + 50 nM tubulin denatured tubulin, fit equation: 

 

I0 = 0.26 ± 0.05 τ = 500 ± 200 s I∞ = 0.78 ± 0.05  χ2 = 0.009 R2 = 0.94 
Microtubules + p60 + 50 nM tubulin denatured subtilisin-treated tubulin,  

fit equation:  

I0 = 2.40 ± 0.09 τ = 42 ± 1 s I∞ = 0.149 ± 0.003  χ2 = 0.016 R2 = 0.992 
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Supplemental Table 6: Fits for data in Figure 6 
 

Microtubules alone, fit equation:  

I0 = 0.992 ± 0.002 τ = 18000 ± 2000 
s 

  χ2 = 0.0051 R2 = 0.40 

Microtubules + p60, fit equation:  

I0 = 1.43 ± 0.03 τ = 37.0 ± 0.7 s I∞ = 0.051 ± 0.002  χ2 = 0.022 R2 = 0.993 

Microtubules + p60 + 50 nM tubulin, fit equation:  

I0 = 0.40 ± 0.01 τ = 71 ± 4 s I∞ = 0.743 ± 0.004  χ2 = 0.0049 R2 = 0.98 

Microtubules + p60 + 50 nM βCTT-BSA, fit equation:  

I0 = 0.142 ± 0.004 τ = 160 ± 13 s I∞ = 0.853 ± 0.004  χ2 = 0.006 R2 = 0.95 

Microtubules + p60 + 50 nM αCTT-BSA, fit equation:  

I0 = 0.50 ± 0.01 τ = 93 ± 4 s I∞ = 0.630 ± 0.004  χ2 = 0.017 R2 = 0.98 

Microtubules + p60 + 50 nM ΔY-αCTT-BSA,  fit equation:  

I0 = 0.90 ± 0.04 τ = 49 ± 2 s I∞ = 0.537 ± 0.002  χ2 = 0.015 R2 = 0.98 
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Supplemental Figure 1 Example displaying how we analyzed data step-by-step. (1) We took a 
movie of the microtubule over time. Outlined images are shown as examples. (2) For each image, 
we measured the average intensity along the length of the filament and in the background near the 
filament. We show the intensity along the length of the microtubule, and we took the average of 
these traces over the length of the filament. (3) The average intensity of the microtubule (red 
diamonds, signal) and background (orange diamonds, noise) are shown for one microtubule. The 
arrows denote the average intensity for the matching color outlined frames.  (4) Using the 
microtubule intensity (S) divided by the intensity on the background (N) gives the ratio of signal to 
noise (dark blue diamonds). We then subtracted one from this measure (light blue diamonds) to 
subtract the background. (5) Finally, we normalized each data set so that the data before the 
katanin is added is on average one. We did this by dividing the data by the intensity of the 
microtubule before katanin was added. After analyzing individual microtubules this way, we 
averaged the data from different microtubules together to give an average signal and to find the 
standard error to give the uncertainty.   
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Supplemental Figure 2. Xl-p60 is inhibited by free tubulin dimers. (A) Plot of the fraction of 
microtubule remaining for Xl-p60 in the presence of increasing amounts of free tubulin. Error bars 
represent the S.E.M.  (B) Plot of the characteristic decay times from fit to data in part A. (i) All 
decay times for all data sets. (ii) Zoom in of data from part I to facilitate visualization of the fast 
decay times. Error bars represent the uncertainty from the fits. For the data shown, the numbers of 
microtubules analyzed were: microtubules alone (N = 4), microtubules with 10 µM tubulin (N = 10), 
microtubules with Xl-p60 (N = 55), microtubules with Xl-p60 and 500 nM free tubulin (N = 17), 
microtubules with Xl-p60 and 1 µM free tubulin (N=14), microtubules with Xl-p60 and 6 µM free 
tubulin (N = 10), microtubules with Xl-p60 and 10 µM free tubulin (N = 15). 
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Supplemental Figure 3 Carboxy-terminal tails of beta, alpha, and detyrosinated alpha tubulin 
without BSA also inhibit microtubule severing by GFP-Hu-p60. (A) Plot of the fraction of 
microtubule remaining for GFP-Hu-p60 in the presence of increasing amounts of free tubulin. Data 
was fit to equation 2. Error bars represent the S.E.M. (B) Plot of the characteristic decay times 
determined from the exponential decay fits to the data in part A. Error bars represent the 
uncertainty from the fits. (C) The total loss of polymer was determined from the long-time 
asymptote from the fits to the data in part A. The error bars represent the uncertainty of the fit 
parameters. For the data shown, the numbers of microtubules analyzed were: microtubules alone 
(N = 28), microtubules with GFP-Hu-p60 (N = 29), microtubules with 100 nM GFP-Hu-p60 and 50 
nM free tubulin (N = 24), microtubules with GFP-Hu-p60 and 50 nM beta CTTs (N=30), 
microtubules with GFP-Hu-p60 and 50 nM alpha CTTs (N = 27), microtubules with GFP-Hu-p60 
and 50 nM detyrosinated alpha CTTs (N = 37). 
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