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Abstract
Proteins of the AAA (ATPases Associated with various cellular Activities) often have complex
modes of regulation due to their central position in important cellular processes. P60 katanin, a
AAA protein that severs and depolymerizes microtubules, is subject to multiple modes of
regulation including a phosphorylation in the N-terminal domain involved in mitotic control of
severing. Phosphorylation decreases severing activity in Xenopus egg extracts and is involved in
controlling spindle length. Here we show that the evolutionarily divergent N-terminal domains of
p60 have maintained hotspots of mitotic kinase regulation. By reconstituting in vitro severing
reactions, we show that phosphomimetic modification at amino acid position 131 in X. laevis p60
decreases severing and microtubule stimulated ATPase activity without affecting the binding
affinity of p60 for microtubules. At high concentrations of the phosphomimetic mutant p60, near
wild-type levels of activity could be observed, indicating a more switch-like threshold of activity
that is controlled by regulating oligomerization on the microtubule. This provides a cellular
mechanism for high local concentrations of p60, like that found on spindle poles, to maintain
severing activity while most of the protein is inhibited. Overall, we have shown that the modular
domain architecture of AAA proteins allows for precise control of cellular activities with simple
modifications.
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Introduction
Members of the AAA ATPase (ATPases Associated with various cellular Activities) family
of proteins function in a diverse array of cellular processes including protein degradation,
vesicle trafficking, protein quality control and cell division1,2,3,4. Typically, the highly
conserved C-terminal catalytic domain is regulated by the N-terminal region, which is
highly divergent and also mediates interactions with adaptor proteins that facilitate sub-
cellular targeting or otherwise directly regulate AAA protein function3,4. For example, two
distinct cellular activities of the AAA protein p97/VCP are achieved by competitive binding

© 2012 Elsevier Ltd. All rights reserved.

Corresponding Author: Jeremy D. Wilbur jwilbur@berkeley.edu Phone: (510) 643-5002 Fax: (510) 642-6791.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2014 January 23.

Published in final edited form as:
J Mol Biol. 2013 January 23; 425(2): 214–221. doi:10.1016/j.jmb.2012.11.022.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



of two different sets of adaptor proteins as well as a host of phosphorylations and
acetylations at its N-terminus5,6,7. However, how the majority of AAA proteins are
mechanistically regulated remains unknown.

Katanin is a heterodimeric microtubule severing AAA ATPase composed of a catalytic p60
subunit containing the AAA domain and a targeting subunit p808. Like many AAA proteins,
active katanin functions as a hexamer, though the exact mechanism of its microtubule
severing activity is unclear9. In vivo, katanin plays critical roles in meiosis10, cilia and
flagella assembly11,12,13,14,15, plant cell division16,17,18, and has also been suggested to
generate non-centrosomal microtubule arrays in neurons19.

Recently, we demonstrated another interesting role for katanin in governing meiotic spindle
length differences between two closely related species of frogs, Xenopus laevis and
Xenopus tropicalis20. We found that suppression of microtubule severing by katanin is
responsible in large part for the longer spindles assembled in X. laevis egg extracts relative
to X. tropicalis. This difference in activity was not caused by differences in protein levels,
but rather by the presence of an inhibitory Aurora B phosphorylation site at Serine 131 in
the N-terminus of X. laevis p60 katanin, which is absent from X. tropicalis p6020. Addition
of a recombinant mutant of X. laevis p60 katanin with Serine 131 changed to Alanine led to
rapid microtubule severing in metaphase-arrested egg extracts, while a phosphomimetic
mutant displayed reduced activity similar to the wild-type p6020. Here we investigate the
biochemical basis of inhibitory phosphorylation at S131 by comparing the activities of wild-
type and phosphomimetic mutants of p60 in vitro with pure microtubules. We show that
phosphorylation of the N-terminal domain represents a novel mode of AAA ATPase
regulation that may provide general insights into the mechanism and regulation of AAA
proteins and microtubule severing proteins in particular. Our results suggest a means for the
cell to tune the activity of a AAA protein as a function of its local concentration.

Results
A phosphomimetic mutant p60S131E displays concentration dependent inhibition of
severing in vitro

We previously identified Serine 131 as a site of negative regulation in X. laevis p60 katanin.
Missing from X. tropicalis, this site is conserved among many vertebrate species but absent
from D. melanogaster, C. elegans and S. purpuratus (sea urchin), indicating that regulatory
control at this site may only be necessary under certain physiological contexts or that other
selective pressures have cause the regulatory sites in this domain to be shifted within the
primary sequence20. Serine 131 lies outside any well-defined protein interaction site, but
within a large putative microtubule-binding domain predicted to be natively unstructured
(Fig. 1a). To determine whether this domain has maintained regulatory potential despite
only partial conservation of the mapped phosphorylation site and whether the
phosphorylation of Serine 131 is part of larger regulatory network within the N-terminus of
p60 we developed a multiple sequence alignment based metric called the domain phospho-
regulatory potential (Fig. 1b).

Using 34 p60 katanin and katanin-like protein sequences assembled from across the
phylogenetic tree, frequency of predicted phospho-regulation was calculated as the
integration of predicted phosphorylation sites across all sequences within a sliding window
of 30 amino acids divided by the number of sequences. This method allows the
identification of regions of regulation even if individual sites are poorly conserved. Analysis
of three mitotic kinases, cyclin dependent kinase 1, polo-like kinase 1, and aurora kinases
(predictions of Aurora A and Aurora B sites combined) suggests the N-terminal domain of
p60 katanin is enriched in predicted regulatory sites. Serine 131 falls within a region where
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all three mitotic kinases have increased frequency of predicted phosphorylation sites
suggesting complex phospho-regulation. While Serine 131 is weakly conserved across all
phyla, essentially all katanin related proteins have some form of mitotic regulation within a
30 amino acid window around Serine 131 and most have a predicted aurora kinase site in
this region. Other regions of highly predicted regulation occur near positions 100 and 600 in
the multiple sequence alignment (Fig. 1b) just after the p80 binding region and within the
ATPase domain, respectively. These results suggest that investigating the regulation within
the N-terminal domain of p60 katanin should yield significant mechanistic insight.

The combination of sequence analysis and our previous work on phospho-regulation of p60
katanin in Xenopus egg extracts indicates the importance of phosphorylation at Serine 131
in the context of evolution and cellular function, but did not address the biochemical
mechanism by which phosphorylation exerts control over p60 katanin’s activity. To
determine whether phosphorylation directly affects the microtubule severing activity of p60
in vitro, we quantified microtubule severing rates in flow cells containing taxol-stabilized
microtubules. At the lower concentrations used, 250 and 500 nM, p60S131E showed severely
attenuated microtubule severing activity relative to wild-type p60, indicating that the
reduced severing activity of p60S131E previously observed in Xenopus egg extracts reflects
an intrinsic biochemical alteration in the protein itself and is not a secondary effect due to
interaction with other proteins found in the egg extract. Whereas microtubules persisted with
a fitted half life of 12.1±3.1 min (mean±SEM) in flow cells containing 500 nM p60 S131E,
rapid severing occurred in the presence of the same concentration of wildtype p60, giving a
half life of 3.72±1.7 min (Fig. 1c). Interestingly, however, at 1 μM p60WT and p60S131E

both showed rapid rates of severing, with microtubule half-lives of 0.82±0.20 min and
2.04±1.04 min, respectively (Fig. 1c) and at 3 μM the severing rates were indistinguishable
(0.66±0.06 and 0.71±0.24 for wild-type and p60 S131E, respectively). This restoration of
wild-type levels of severing activity at higher concentrations suggests that the mutant is not
misfolded, and that phosphorylation at Serine 131 does not block p60’s catalytic activity
outright, but instead modulates a concentration-dependent activity of p60. A plot of fitted
microtubule half-lives for both wild-type and p60 S131E over a range of concentrations
explicitly displays this concentration dependent modulation (Fig. 1e). Whereas wild-type
p60 severing activity increases with increasing concentration, the p60 S131E mutant shows
virtually no severing activity below a threshold of 0.25 μM. Above this threshold, however,
the mutant shows an abrupt, switch-like activation of severing activity that converges on
wild-type levels at and above 1 μM.

P60 microtubule binding is unaffected by Ser131 phosphomimetic mutation
Because S131 falls within p60’s putative microtubule binding domain, modulation of p60’s
affinity for microtubule binding was an obvious possible explanation for phospho-regulated
inhibition of severing and could explain the concentration-dependent activity observed in
severing assays. A decreased binding affinity would also predict that normal severing rates
can be restored at sufficiently high p60 concentrations. To begin to address the specific
underlying biochemical cause for the concentration-dependent severing behavior of
p60S131E seen in flow cells, we introduced the well-characterized Walker B point mutation,
E406Q, to generate ATP hydrolysis deficient wild type and phosphomimetic p60. We then
compared the microtubule-binding ability of wild-type p60E406Q versus p60S131E, E406Q in
defined nucleotide states. In both the ATP and ADP state, we observed that wild-type
p60 E406Q and p60S131E, E406Q possessed similar microtubule binding affinities (Fig. 2).
Estimated dissociation constants (KD) were 2.83±0.92 μM for wild-type p60E406Q

(maximum likelihood estimation of mean±SD of fitted parameters based on Monte Carlo
sampling and fitting 250 values within the experimental error) and 2.63±0.53 μM for
p60S131E, E406Q in the ATP state, and 0.81±0.37 μM and 1.23±0.43 μM in the ADP state,

Whitehead et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2014 January 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



respectively (Fig. 2). Monte Carlo sampling and fitting a large number of possible datasets
within the experimental error allowed an examination of the distribution of possible fitted
KD‘s, leading to the conclusion that a difference in microtubule binding affinity is not
responsible for the large difference in activity between p60 and p60S131.

Microtubule-stimulated ATPase activity of p60S131E is decreased at low concentration
To determine whether the site of phospho-regulation affected the ATPase domain of p60, we
analyzed both the basal and microtubule-stimulated ATPase activity of p60 and p60S131E

under steady-state conditions using an enzyme coupled reaction (Fig. 3). Basal rates of ATP
hydrolysis were determined for 250 nM wild type p60 and p60S131E with concentrations of
ATP ranging from 0.075-5 mM. We found very similar rates of ATP hydrolysis with no
significant difference in fitted kinetic parameters under these conditions. For wild-type p60,
we measured a Vmax of 0.15±0.03 s−1 and a Km-ATP of 0.57±0.39 mM (maximum
likelihood estimated mean±SD of fitted parameters is based on Monte Carlo sampling and
fitting 200 values within the experimental error). Steady-state ATP hydrolysis parameters
for p60S131E were very similar, with a Vmax of 0.12±0.03 s−1 and a Km-ATP of 0.62±0.56
mM (Fig. 3a) and in a similar range of other AAA ATPases 21,22. These nearly identical
kinetic parameters confirm that the phospho-mimetic mutant is not severely disrupted at a
structural level and suggest that the enzymatic machinery necessary to hydrolyze ATP is not
the point of regulation.

The N-terminal domain containing S131 is predicted to be important for interacting with
microtubules. Since microtubules have been shown to stimulate the ATPase activity of p60
we tested whether the phospho-regulatory site could modulate this activity. The rates of
microtubule stimulated ATP hydrolysis, corrected for basal activity, were compared
between the two proteins in the presence of increasing microtubule concentrations up to 5
μM. Using p60s at  nM, at which the severing activity of the p60S131E mutant is most
different, wild-type p60 displayed the expected strong hyperbolic stimulation in response to
increasing microtubule concentrations (VmaxMT of 0.16±0.02 s−1 and KmMT of 0.91±0.26
μM). P60S131E, however, showed very minimal stimulation (Vmax MT of 0.06±0.02 s−1 and
KmMT of 2.0±1.45 μM) with a potentially increased KmMT though the distribution of
possible values in this fitted parameter is large preventing a strong conclusion (Fig. 3b).

Since the severing activity of p60S131E was restored to near wild type level at higher
concentrations we sought to determine whether the microtubule-stimulated ATPase activity
of was also restored at higher p60 levels. We compared the ATPase activities of 500 nM and
1 μM p60 and p60S131E in the presence of 5 μM microtubules. At this concentration of
microtubules, the proteins showed the greatest difference in ATPase activity, imposing the
most stringent condition for recovering activity (Fig. 3b). Relative to wild-type activity, the
low microtubule-stimulation of p60S131E increased with increasing p60 concentration. The
relative activity of p60S131E was only 32.5± 4% of p60 wild type at 250 nM. Interestingly, at
1 μM we observed a complete restoration of microtubule stimulation with p60S131E being
122 ± 1% of wild type p60. An intermediate level of stimulation at 500 nM p60 S131E was
found (67 ± 4% of wild type). Microtubule-stimulated ATPase activity of p60S131E therefore
mirrors its increasing severing activity between 250 nM and 1 μM. Overall, these results
indicate that phospho-regulation at Serine 131 specifically affects the ATPase cycle to
control severing activity, not by rearranging the fundamental enzymatic machinery within a
monomer, but rather by affecting a mechanism that can be overcome by increasing protein
concentration.
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Discussion
Given that basal ATP hydrolysis and microtubule binding are unaffected by the S131E
mutation, we reasoned that the lack of microtubule-stimulated ATP hydrolysis must be due
to either perturbed oligomerization or a disruption of an allosteric mechanism that normally
stimulates ATPase activity upon microtubule binding. It is currently unknown whether
ATPase stimulation occurs directly upon microtubule binding or indirectly as a consequence
of microtubule stimulated oligomerization. Our result that both the severing activity and
microtubule stimulated ATPase activity of p60S131E are restored to wild-type levels at high
concentrations suggests that the modulating effect is associated with oligomerization,
because sufficiently high concentrations of p60 would be expected to drive hexamerization
and restore wild-type severing activity as observed. However, we have been unable to
identify hexameric assemblies in solution using the Xenopus laevis p60 proteins (data not
shown) and therefore suggest that transient oligomerization likely occurs only on the
microtubule. This is similar to sea urchin p60 that can oligomerize in solution but its
oligomerization is stimulated in the presence of microtubules9.

One attractive hypothesis that has been proposed is that p60 monomer binding to
microtubules drives hexamerization passively, simply through induced proximity of
monomers on the microtubule lattice9. By this model, a population of p60 monomers that
previously existed in the three-dimensional volume of the cytosol is collapsed to effectively
one-dimension on the microtubule lattice. In support of this model D. melanogaster p60,
once bound to a microtubule rapidly diffuses along the lattice providing a mechanism to
search the one-dimensional length and promote oligomerization23. Importantly, locking p60
into an ATP bound state prevented diffusion on the lattice23 and seems to indicate that ATP
hydrolysis could be required to establish the diffusive state and again be required in a
separate reaction for severing. The poor microtubule-stimulated ATPase activity we
observed at low concentrations of p60S131E could reflect an important modulation in this
process, resulting in less oligomerization and consequently, less stimulation of ATP
hydrolysis (Fig. 4). In this model, regulation could occur either through decreasing the
affinity of microtubule bound monomers for each other or slowing the diffusional search of
p60 monomers on the microtubule. It seems clear, however, that the effect must occur after
binding to the lattice, given the nearly identical microtubule-binding affinities we observed
for wild type p60 and the S131E mutant (Fig. 2 and Fig. 4). In either case, increasing the
local density of monomers could be sufficient to drive hexamerization. Consistent with this
idea, our observation that p60S131E severing activity is restored to near wild-type levels at
high concentrations could indicate that oligomerization can be restored if monomer density
on the microtubule lattice is driven high enough.

Our results reveal a novel, potentially general mode of AAA regulation. The concentration-
dependent inhibition we observed for p60 could enable the cell to down-regulate the activity
of bulk, diffuse protein while still allowing for unperturbed function at sites of local
enrichment where its activity is absolutely necessary. For example, high local concentrations
in the spindle might allow katanin to severe microtubules efficiently at spindle poles where
it is enriched but prevent severing of microtubules elsewhere in the spindle. This may be
important in length control of the spindle or for driving organization of the microtubule
architecture. Regulation of this type might therefore effectively uncouple the activities of
otherwise indistinct subcellular AAA populations as a function of local concentration. This
is in contrast to the more simple case of a regulatory modification that simply “turns off” the
protein by blocking its catalytic activity. Such a modification would, in the most basic case,
result in a spatially uniform down-regulation of the entire population independent of local
concentrations, and would therefore be impractical if specific local activities are necessary
to tune functional outputs.
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Our experiments here demonstrate the direct biochemical effect of a physiologically relevant
regulatory phosphorylation event on p60 katanin. That a phosphorylation event distant from
the AAA domain can inhibit substrate-stimulated ATPase activity may have implications for
many hexameric AAA proteins, particularly the closely related severing proteins spastin and
fidgetin. Additionally, the switch-like behavior observed over a range of concentrations of
p60S131E suggests a way for the cell to target AAA activities exclusively to sites of local
enrichment.
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Highlights

• The N-terminal domain of p60 katanin is a hotspot for potential mitotic kinase
regulation

• Phosphomimetic p60 katanin displays lower activity with pure microtubules
compared to wild-type

• The phosphomimetic mutation reduces microtubule-stimulated ATPase activity

• P60 katanin’s affinity for microtubules is unchanged by the phosphomimetic
mutation

• P60 katanin is regulated at the point of assembly on the microtubule
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Figure 1. A phosphomimetic mutation in an N-terminal regulatory domain of p60 katanin
directly inhibits microtubule severing
a) Schematic domain structure of p60 katanin and the position of Serine 13124,25. b) The
predicted domain regulatory potential for three mitotic kinases. Frequency of phospho-sites
is calculated as the fraction of predicted phospho-sites within a sliding window of 30 amino
acids across all sequences in the multiple sequence alignment. Predicted phospho-sites for
CDK1, PLK1 and Aurora A and B combined were determined using the Group-based
prediction system 2.1 online server26. Multiple sequence alignments were generated in
Matlab (Mathworks) using the multialign function in the bioinformatics toolbox. c)
Quantification of the time course of severing of taxol stabilized microtubules by purified X.
laevis p60 katanin or p60S131E at indicated concentrations, measured in fraction of total
microtubule length, and fit to an exponential decay model. Representative data from 3
independent experiments except 1.2 μM ADP, which was a single experiment to indicate the
requirement for ATP. d) Images from the time lapse data quantified in c. Protein expression,
purification, data collection, and processing were as previously described20. e) Plot of
microtubule half-life relative to p60 concentration. Data were fitted to the 4 parameter
logistic equation to indicate the variation in point of 50% maximal activity and identify the
relative differences in Hill slope.
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Figure 2. The affinity of p60 for microtubules is unchanged by a phosphomimetic mutation
250 nM X. laevis p60 or p60S131E with either ATP (a) or ADP (b) was added to increasing
concentrations of taxol-stabilized MTs from 0-10 μM in BRB80 with 10μM Taxol.
Reactions were incubated at room temperature for 15 min, pelleted by centifugation and
analyzed by SDS-PAGE. Binding data was fit to the quadratic binding equation as
previously described20. Error in fitted parameters was estimated by monte carlo sampling
within the experimentally determined error and fitting the resulting datasets27. This
procedure generates hundreds of theoretical datasets that fit the measured data by randomly
sampling a single value at each protein concentration that falls within the experimental error
of that data point. The theoretical datasets are individually fitted normally. The maximum
likelihood mean±SD was determined from 250 individual fits and provides the reported KD
value and error. Plotted data is from two independent experiments with two separate
preparations of each protein.
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Figure 3. Microtubule stimulated ATPase activity is inhibited by a phosphomimetic mutation
a) Measurement of basal ATPase activity of 250 nM p60 and p60S131E with increasing ATP
concentration. b) Measurement of ATPase activity of 250 nM p60 and p60S131E in response
to increasing microtubule concentration and 1mM ATP, corrected for basal activity. ATPase
activity was determined using an enzyme-coupled assay as previously described except that
reactions were in 20 mM HEPES pH 7.7, 25 mM potassium glutamate, 10% glycerol, 0.02%
Triton-X100, 10 mM MgCl228. Data was fit to the Michaelis-Menton equation and estimates
of the error in fitted parameters was determined by monte carlo sampling of data within the
experimental error and fitting each resulting dataset27. The maximum likelihood mean±SD
was then determined from 200 individual fits within the experimental error. c) ATPase
activity of p60S131E relative to wild-type at 1mM ATP and 5 μM microtubules with
propogated error. Data for basal and 250nM are the same as in part a and b, respectively. All
data is from at least 3 independent experiments with two separate preparations of each
protein.
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Figure 4. P60 is regulated after monomer enrichment on the microtubule
Binding to the microtubule is unaffected by modification at serine 131 but microtubule
severing and microtubule stimulated ATPase activity is inhibited. The point of regulation by
phosphophorylation at serine 131 must come after monomers of p60 are bound to the
microtubule. We hypothesize that oligomerization is regulated to control levels of severing
activity.
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