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Abstract: In cells, microtubule location, length, and dynamics are regulated by a host of microtubule-
associated proteins and enzymes that read where to bind and act based on the microtubule “tubulin
code,” which is predominantly encoded in the tubulin carboxy-terminal tail (CTT). Katanin is a
highly conserved AAA ATPase enzyme that binds to the tubulin CTTs to remove dimers and sever
microtubules. We have previously demonstrated that short CTT peptides are able to inhibit katanin
severing. Here, we examine the effects of CTT sequences on this inhibition activity. Specifically, we
examine CTT sequences found in nature, alphalA (TUBA1A), detyrosinated alphalA, A2 alphalA,
beta5 (TUBB/TUBBS), beta2a (TUBB2A), beta3 (TUBB3), and beta4b (TUBB4b). We find that these
natural CTTs have distinct abilities to inhibit, most noticeably beta3 CTT cannot inhibit katanin.
Two non-native CTT tail constructs are also unable to inhibit, despite having 94% sequence identity
with alphal or beta5 sequences. Surprisingly, we demonstrate that poly-E and poly-D peptides are
capable of inhibiting katanin significantly. An analysis of the hydrophobicity of the CTT constructs
indicates that more hydrophobic polypeptides are less inhibitory than more polar polypeptides. These
experiments not only demonstrate inhibition, but also likely interaction and targeting of katanin to
these various CTTs when they are part of a polymerized microtubule filament.

Keywords: microtubule-severing enzyme; tubulin isotypes; tubulin code; post-translational
modifications; katanin; microtubule-associated protein

1. Introduction

Microtubules are essential cytoskeletal structures crucial for cell division, maintaining
cellular structure, and intracellular transport. Microtubules are rigid, hollow fibers formed
by the polymerization of dimers of two closely related globular proteins: alpha- and beta-
tubulin. Microtubules are highly dynamic and intrinsically grow and shrink in a manner
that is known as dynamic instability (reviewed extensively including [1]). Microtubule
properties and dynamics are intrinsically differentially regulated by the incorporation
of different tubulin isotypes and post-translational modifications. This is known as the
‘tubulin code’ and allows for specialization of microtubules for different functions (reviewed
extensively, including [2-5]). Microtubule dynamics are also regulated extrinsically by a
host of microtubule-associated proteins (MAPs) [6]. MAPs respond to the ‘tubulin code’,
which influences their affinity for binding.

Notable amongst MAPs that regulate microtubules is katanin, a conserved AAA
ATPase MAP complex that severs and destabilizes microtubules, and consequently regu-
lates cellular homeostasis in a number of different cellular pathways (reviewed in [7,8]).
Dysregulation of animal katanin is implicated in developmental, proliferative, and neurode-
generative disorders (reviewed in [9]). Katanin is composed of a 60 kD catalytic subunit
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(p60), with ATPase and microtubule-severing activities, and a regulatory 80 kD subunit
(p80) that regulates the subcellular localization of the complex [10]. Different oligomeriza-
tion states of katanin are found [11-13] but like most AAA ATPase enzymes, katanin p60
is active with respect to microtubule severing when in a hexameric ring complex bound
to microtubules [14,15]. ATP binding induces hexamerization of the AAA domain and
tubulin hydrolysis causes disassembly of the ring complex [10,14]. Human katanin has a
poor propensity for oligomerization, which is speculated to prevent aberrant activation
and conformation [12].

Katanin regulates microtubule length by both severing and promoting depolymeriza-
tion [16-19]. Katanin binding and severing on microtubule filaments are separate mech-
anisms [18,19]. Katanin microtubule regulation is inhibited by: (1) sequestration of p60
enzymatic monomer units such that it cannot bind microtubules and (2) posttranslational
modifications to p60 [11,18,20-23].

We have previously addressed how microtubules are regulated by katanin by mod-
ifying the in vitro microtubule severing assay developed [24] to quantify binding of a
green fluorescent protein-labeled katanin p60 construct (GFP-katanin) and subsequent
severing [18]. Using this assay, we previous demonstrated that adding free tubulin into this
assay inhibits the severing action of katanin through competitive and irreversible binding
to katanin p60 monomers [18]. Further, short, synthesized peptides with CTT sequences
showed the same effect. We have previously found that beta tails are more efficient at
inhibiting katanin p60 severing of microtubules in this assay, and therefore that beta CTT
sequences more efficiently bind katanin p60.

Here, we examine CTT sequences found in nature, namely alphalA (TUBAILA),
detyrosinated alphalA, A2 alphalA, beta5 (formerly called TUBB [25], recently called
TUBBS5 [26]), beta2a (TUBB2A), beta3 (TUBB3), and beta4b (TUBB4b) [26]. The sequences,
charge distributions, and peptide shapes are similar with stretches of negatively charged
glutamic acid residues separated by glycine residues (Table 1). The incorporation of hy-
drophobic residues affects the hydrophobicity of the constructs, as measured using the
Wimley-White scale (Table 1) [27]. We find that natural CTTs have distinct abilities to
inhibit katanin severing in vitro. As previously shown, alphalA CTT is better at inhibiting
than detyrosinated alphalA CTT, yet A2 alphalA CTT is better than detyrosinated alphalA
CTT. While beta5 CTT is still the most potent inhibitor of the beta tails, and beta2a and
betadb CTTs are both capable of inhibiting, beta3 CTT is incapable of inhibiting severing
by katanin.

These results indicate that the last amino acids are important to the binding and
inhibition of CTTs to katanin, so we created two artificial constructs: an alphalA CTT
with the last amino acid (Y) replaced with a phenylalanine and a beta5 CTT construct
with the last amino acid (A) replaced with a tyrosine (Table 1). Neither of these two
artificial CTT constructs were able to inhibit, despite having 94% sequence identity with
alphal or beta5 sequences. Finally, we examined the role of polyglutamylation and charge
on the ability to inhibit katanin using constructs with 10 glutamic acids or 10 aspartic
acids. Surprisingly, both the poly-E and poly-D peptides are capable of inhibiting katanin
significantly. Although this assay examines inhibition, this inhibition is likely caused by
competitive binding of the CTTs for the katanin. Thus, these assays provide evidence about
which “tubulin codes’ can regulate katanin activity in cells.
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Table 1. CTT constructs used in this paper showing the name, sequence, total charge, hydrophobicity,
and structure. Charge was determined from summing the positive and negative amino acids at
pH 7.7. Hydrophobicity was determined using the Wimley-White scale, where a lower number is
more hydrophobic and a higher number is less hydrophobic.

Name Sequence Charge Hydrophobicity Structure
Alphala — ;s _ _ ,
(TUBAIA/B) \TADSVEGEGEEEGEEY 8 1.30 e AR ige
Alphal-Y e SR W
(detyrosinated) \TADSVEGEGEEEGEE -8 ~1.49
Alphal ¥E ATADSVEGEGEEEGE -7 ~1.40 g R R R
(A2)
(TUN?\T‘*;;%BBS) ATAEEEEDFGEEAEEEA ~10 ~1.58 o R S

(ngtgi ) \TADEQGEFEEEEGEDEA -10 ~151 W
Beta3 \TAEEEED- i _igE e

(TUBB3) MYEDDDEESEAQGPK ' W
Begadb \TAEEGEFEEEAEEVA -10 ~1.61

(TUBB4B)

Alpha-Y+F \TADSVEGEGEEEGEEF -8 -1.28 g llishog

Beta5-A+Y ATAEEEEDFGEEAEEEY —-10 —1.48 B a0

E10 \TAEEEEEEEEEE ~10 ~2.51 ey o v
D10 \TADDDDDDDDDD ~10 ~1.53 wPPeEE

Red: Negatively charged; Cyan: Polar uncharged; Purple: Hydrophobic aromatic ring; Blue: Positively charged;
Pink: Hydrophobic; Green & Orange: Special cases.

2. Materials and Methods

The methods used to purify GFP-katanin and perform the in vitro assays and quantify
the data have been previously published [18,19].

Peptides corresponding to the CTT sequences of human tubulins, and modified forms,
were custom synthesized and obtained from Peptide 2.0 (Chantilly, VA, USA). Purity and
sequence accuracy were confirmed by mass spectrometry performed by Dr. Lisa Jenkins,
NCI, NIH.

Complete methods can be found in Appendix A.

3. Results

In this work, we use the in vitro microtubule severing assay to quantitatively character-
ize the microtubule binding and severing ability of human GFP-katanin p60 in the presence
of different CTT sequences [18]. First, we ensure that our human GFP-katanin p60 can
robustly and reproducibly sever microtubules and completely remove all polymer within
3-5 min (Figure 1A). As each katanin prep has slightly different activity and the activity can
fluctuate (Supplemental Figure S1), we perform control experiments each day to determine
the optimal katanin concentration needed and to serve as a control without added inhibitors
(Figure 1A). For simplicity we use “katanin” to refer to human GFP-katanin p60 for the
remainder of this manuscript.
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Figure 1. Example data, quantification, and controls. (A) Katanin in the presence of ATP is able to
bind and sever microtubules. This daily control demonstrated that katanin was active. (i) Time series
of a representative movie showing GFP-katanin binding (cyan) along rhodamine-labeled microtubule
(red), becoming severed and losing polymer throughout the filament over time. Scale bar is 5 pm.
Time between consecutive frames is 9 s. (ii) Quantification of the loss of polymer measured the
signal on the microtubule and the noise 5 pixels away to determine the S/N-1 and then normalized
by the initial time data. Loss of polymer data was fit with an exponential decay equation. Best fit
parameters for these data are given in Supplemental Information Table S1. (iii) GFP-katanin binding
was quantified in the same way and the S/N-1 was normalized compared to the same day control
with ATP (these data), which is why these data have a maximum of 1. (B) Katanin in the absence
of ATP is able to bind, although not as well. This daily control demonstrated that katanin ATPase
activity was responsible for severing. (i) Time series of a representative movie showing GFP-katanin
binding (cyan) along rhodamine-labeled microtubule (red), not severing, but losing polymer from the
ends, depolymerizing. Scale bar is 5 um. Time between consecutive frames is 15 s. (ii) Quantification
of the loss of polymer as in part (A). Loss of polymer data was fit with a linear approximation to an
exponential decay equation. Best fit parameters for this data are given in Supplemental Information
Table S1. (iii) GFP-katanin binding was quantified in the same way and the S/N-1 was normalized
compared to the same day control with ATP. (C) Katanin in the presence of ATP and 2 uM tubulin
dimers, which inhibit binding and severing. (i) Time series of a representative movie showing
GFP-katanin does not bind well (cyan) along rhodamine-labeled microtubule (red). Scale bar is 5 pm.
Time between consecutive frames is 15 s. (ii) Quantification of the loss of polymer as in part (A).
Loss of polymer data was fit with a linear approximation to an exponential decay equation. Best fit
parameters for these data are given in Supplemental Information Table S1. (iii) GFP-katanin binding
was quantified in the same way and the S/N-1 was normalized compared to the same day control
with ATP. Representative movies in Supplemental Information Movies S1 and S2.
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We quantify the intensity of the loss of microtubule polymer and normalize the data
to start at 100% (Figure 1(Aii)), as previously performed [18]. We also quantify the GFP-
katanin binding and normalize the data so that the maximum GFP intensity is one when
there are no inhibitors present (Figure 1(Aiii)). As expected, katanin is an ATPase, so it
requires ATP to sever, which we observe (Figure 1(Bi)). Without ATP, the loss of polymer
is slow (Figure 1(Bii)) and appears to be due to depolymerization from filament ends as
opposed to severing (Figure 1(Bi)). We find that GFP-katanin is still able to bind slowly to
microtubules even in the absence of ATP (Figure 1(Bi,Biii)). These data are normalized to
the same day control with katanin and ATP without inhibitor (Figure 1A) and demonstrates
that 70% less GFP-katanin is able to bind in the absence of ATP (Figure 1(Biii)).

Katanin has a higher affinity for free tubulin than microtubules and unlike spastin,
katanin is inhibited by the presence of tubulin dimers [18,28,29]. We recapitulate that activ-
ity (Figure 1C) and demonstrate that the tubulin dimers inhibit severing and depolymeriza-
tion (Figure 1(Ci,Cii)) which is a consequence of the lack of binding (Figure 1(Ci,Ciii)).

Our previous work using this assay showed that katanin’s microtubule severing
activity is (1) dependent on katanin p60 concentration; (2) inhibited by free tubulin dimers;
and (3) inhibited specifically and differentially by the CTTs of tubulin. Here, we use this
robust assay to quantitatively interrogate the ability of different tubulin CTT sequences to
bind and sequester katanin, and consequently inhibit katanin-microtubule binding and
microtubule severing to reveal how the biochemical and biophysical properties of native
and non-native CTT sequences, part of the ‘tubulin code,” influence katanin-mediated
microtubule severing,.

3.1. Katanin Severing Inhibition by Whole Tubulin Dimers, Alphala, and Beta5 CTTs

Previously, we showed that free tubulin dimers, alphala tubulin CTTs, and beta5
tubulin CTTs can each inhibit katanin severing of microtubules, but there are quantitative
differences in the dynamics of katanin binding and rate of microtubule severing [18]. In
that prior study, the concentration of CTT was held constant. Here, we vary the amount
of alphala (TUBA1A/B) or beta5 (TUBB5) CTT from O to 2 uM and compare the effects of
varying additional tubulin dimers over the same range. We find that, as previously shown,
whole tubulin dimers are capable of inhibiting the binding and the severing of micro-
tubules by katanin in a concentration-dependent manner (Figure 2(Ai,Bi)). At the highest
concentrations of free tubulin (1.5, 2 uM), the amount of katanin binding is not visible
above the background level (Figure 2(Bi)). Further, at a high concentration of free tubulin,
the percentage of microtubule polymer over time exhibits a characteristic linear decrease,
showing that the loss of polymer is mostly from depolymerization of the filaments—mnot
rapid severing as observed at low tubulin dimer concentrations (Figure 2(Ai), best fits given
in Supplemental Table S2).

We also showed that beta5 tubulin CTT peptides were better at inhibiting katanin than
whole tubulin, while alphala tubulin CTTs were not as potent at inhibiting [18]. Indeed, we
observe that trend again here, especially at high concentrations of alphal and beta5 CTTs
(Figure 2(Aii,Aiii), best fits given in Supplemental Table S2) where the characteristic decay
times are longer at lower beta5 CTT concentrations (Figure 2C). Further, for concentrations
where the microtubule polymer is lost, the GFP signal is high as katanin rapidly binds
to the microtubules, and then low, due to the loss of polymer to which the katanin binds
(Figure 2(Bii,D)).

Interestingly, for both the beta5 and the alphala CTTs at high concentration, the
severing is inhibited and initial binding rates for GFP-katanin are significantly lower, but
the intensity of GFP-katanin on the filaments increases slowly over time and can reach
levels as high as in the absence of CTTs (Figure 2(Bii,Biii)). Specifically, this can be seen in
the GFP katanin plots for alphala CTTs at 2 pM (Figure 2(Bii)) and beta5 CTTs at 0.5 and
1 uM (Figure 2(Biii)).
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Figure 2. Inhibition of katanin binding and severing by tubulin dimers, alpha CTTs, and beta CTTs.
(A) Loss of polymer caused by increasing concentration of (i) tubulin dimers (gray), (ii) alpha CTTs
(red), and (iii) beta CTTs (blue). The transition from exponential decay to linear decay is observed
for loss of polymer data as it goes from no inhibitor (0 uM, lightest shade circles), low inhibitor
(0.5 uM, light shade squares; 0.75 uM, light shade diamonds), medium inhibitor (1 pM, medium
shade triangles with point up), to highest inhibitor (1.5 uM, darker shade triangles with point down,
2 uM, darkest shade hexagons). Each dataset is fit with a best fit equation to an exponential or linear
decay with best fit parameters provided in the Supplemental Information Table 52. (B) The data for
the GFP-katanin binding by increasing concentration of (i) tubulin dimers (gray), (ii) alpha CTTs
(red), and (iii) beta CTTs (blue). The data were normalized by the maximum when there was no
inhibitor (0 uM, lightest shade circles). Data for low inhibitor (0.5 uM, light shade squares; 0.75 uM,
light shade diamonds), medium inhibitor (1 uM, medium shade triangles with point up), to highest
inhibitor (1.5 uM, darker shade triangles with point down, 2 uM, darkest shade hexagons) are shown.
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(C) The characteristic decay times for loss of polymer as a function of concentration for tubulin
(gray circles), alphal CTTs (red squares), and beta CTTs (blue diamonds). Error bars represent the
uncertainty in the fit parameters. (D) The average normalized maximum for GFP-katanin binding to
microtubules for tubulin (gray circles), alphal CTTs (red squares), and beta CTTs (blue diamonds).
Error bars represent the standard deviation of the average. (E) Representative data for GFP-katanin
binding in the presence of 2 uM alphal CTT demonstrates the accumulation of GFP-katanin over
time is not an artifact. (i) Kymograph of a representative microtubule showing GFP-katanin binding
along the microtubule length (horizontal direction, scale bar is 5 pm of microtubule length) over
time (vertical direction, scale bar is 1 min of movie data). Arrows indicate the times used in part
(ii). (ii) Intensity scans over the microtubule length at early (black line), middle (maroon line), and
late (red line) time points indicated in part (i) show that the intensity fluctuations have increased
due to loss of polymer (lowest intensities) and accumulation of GFP-katanin (highest intensities).
(iii) Intensity averaged over the length of the microtubule shown in part (i) plotted over time of the
movie for the same region of interest on the microtubule (red circles) and off the microtubule (gray
squares) shows that the background intensity is not increasing. (F) Plotting the rate of microtubule
severing as a function of average normalized maximum intensity for tubulin (gray circles), alphal
CTTs (red squares), and beta CTTs (blue diamonds). Data with high GFP-katanin intensity due to a
slow accumulation with little loss of polymer denoted by dashed line box (lower right). Removing
these data, we fit the severing rate to a linear fit as a function of GFP-katanin. Best fit parameters
given in Supplemental Information Table S3. Representative movies in Supplemental Information
Movies 52-54.

Qualitatively, it appears that the intensity on the individual microtubules does in-
crease, especially near regions where the microtubule is depolymerizing, as seen in the
representative kymograph showing GFP-katanin binding to a microtubule in the presence
of 2 uM alphala CTT (Figure 2(Ei)). This is similar to what is observed in the absence of
ATP (Figure 1B). Quantification of the intensity of GFP-katanin along the microtubule at
early, middle, and late times shows that the intensity increases even as some regions reach
background levels of intensity due to loss of polymer from the ends or sparse severing
events in the middle of the filament (Figure 2(Eii)). Even though there is loss of polymer,
the average intensity of GFP-katanin increases, especially compared to the background
level measurement, that only shows minor photobleaching (Figure 2(Eiii)). Only at the
very end, when the microtubule is depolymerizing is there any intensity reduction for the
example shown (Figure 2(Eiii)), and not all filaments had the same depolymerization in the
field (see Supplemental Movie 53, Alphala, 2 uM for the movie).

We previously observed a similar accumulation of katanin at the ends of depolymeriz-
ing microtubules lacking the CTT [19]. It is unclear if the accumulation of katanin at tips
causes microtubule depolymerization or vice versa. It could be that the depolymerization
of the filaments causes the accumulation of higher concentrations of loosely bound katanin
to the ends. Alternatively, it is also possible that the higher accumulation of katanin locally
causes the depolymerization of the microtubules. The inhibition caused by high levels of
alphala and beta5 CTT peptides reduces the rate of katanin binding, while the katanin is
still capable of binding and triggering some severing and possibly some depolymerization.

The phenomena of slow accumulation of GFP-katanin without severing was not
observed for whole tubulin dimers. Further, previous studies that used CTTs attached to
BSA also did not see this accumulation [18]. One major difference between the current
study and the previous one is we are using small peptides, while the previous study created
constructs that were BSA globular protein with multiple CTTs covalently attached. Further,
tubulin dimers also have a globular body attached to the CTTs. The globular domain (BSA
or tubulin) could increase the inhibition of the katanin binding and jam the pore of the
katanin oligomers, making it difficult for the katanin to bind the microtubules. Conversely,
the short CTT peptides we use here that could easily translocate through an oligomer pore,
freeing a subset of katanin hexamers to be able to bind to the microtubules.
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Taken together, it appears that GFP-katanin binding results in loss of microtubule
polymer. Thus, high GFP-katanin binding causes fast severing rates. We calculated the rate
from the characteristic decay time using: ¥ = 1/7 and plotted the severing rate as a function
of the measured average, maximum GFP value (Figure 2F). Apart from the outliers that are
high GFP-katanin due to long-time accumulation in the inhibited experiments (denoted in
the dashed box), we see a linear relationship between the GFP bound to the microtubules
and the rate of loss of polymer. The lines are best fit lines where the accumulation data were
excluded to perform the fit (see Supplemental Information Table S3 best fit parameters).

3.2. Katanin Inhibition by Alpha Tail Modifications

A major post-translational modification of tubulin is the detyrosination of the alpha
CTT where the final amino acid of the alpha tail, a tyrosine, is removed [2,30,31]. Dety-
rosinated microtubules can be found among wholly unmodified filaments within the cell.
Detyrosination is associated with increased stability to cold treatment in cells [32], but not
in vitro [33] and reduced binding of destabilizing motor proteins [34]. Further removal of
the next amino acid, a glutamic acid, results in a post-translational modification called A2
(Table 1).

We created alphala tail constructs with these two modifications and tested their
ability to inhibit katanin binding and severing. Both detyrosinated (alphala-Y) and A2
(alphala-YE) tails were capable of inhibiting katanin, but not as well as full-length alphala
tubulin CTTs at the highest concentrations (Figure 3(Ai,Aii), fit parameters in Supplemental
Table S4). Characteristic times increase with increasing CTTs for all with the same trends
(Figure 3C). We quantified the GFP-katanin binding over time (Figure 3(Bi,Bii)), and found
the same trend—full length alpha CTTs inhibited the binding of katanin best, then A2
(alpha-YE) and finally detyrosinated (alpha-Y), which is clear in the data showing the
maximum average GFP on the microtubules (Figure 3D). Based on the data, it appears
that alpha CTT is the most active inhibitor, A2 (alphala-YE) CTT is the next best, and
detyrosinated alpha (alphala-Y) CTT is the least effective of the three, although they are
all capability of inhibiting binding and severing of katanin at the highest concentrations
of CTTs.

Using the GFP-katanin intensity data, we determined the rate for GFP-katanin to
associate to the microtubules after being flowed into the chamber (Figure 3D). The binding
rate is slowest for alphala CTTs and the fastest for detyrosinated CTTs with A2 CTTs
between (Figure 3E). The binding rate decrease occurs for all constructs, but it is most
apparent for the detyrosinated CTTs. Similar to some of the data observed for alphala and
beta5 CTTs, the A2 CTTs at the highest concentration (2 uM) showed the slow binding and
leveling off that was observed with alpha CTTs (Figure 3(Bii)). The movies revealed the
same slow severing and depolymerization observed for alphala CTTs (see Supplemental
Movie 56).

Finally, we plot the severing rate (inverse of the characteristic severing time) to the
maximum amount of GFP bound to the filament (Figure 3F). Again, we see a linear de-
pendence implying that the severing is directly proportional to the amount of katanin that
is able to bind. The boxed region has the data that had a slow GFP-katanin binding rate,
but resulted in a high intensity at longer times. These data were excluded from the fit (fit
parameters given in Supplemental Information Table S5).

Overall, the effects of the removal of the last few amino acids from the alphal tubulin
CTT have quantitative and qualitative effects, but the alphala peptide is still able to inhibit
the binding and severing activity of katanin to similar degrees.
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Figure 3. Effects of alphala CTT post-translational modifications on katanin inhibition. (A) Loss of
polymer caused by increasing concentration of (i) detyrosinated alphala CTTs (light orange) and
(ii) A2 alphala CTTs (dark orange). The transition from exponential decay to linear decay is observed
for loss of polymer data as it goes from no inhibitor (0 pM, lightest shade circles), low inhibitor
(0.5 uM, light shade squares; 0.75 uM, light shade diamonds), medium inhibitor (1 pM, medium
shade triangles with point up), to highest inhibitor (1.5 uM, darker shade triangles with point down,
2 uM, darkest shade hexagons). Each dataset is fit with a best fit equation to an exponential or linear
decay with best fit parameters provided in Supplemental Information Table S4. (B) The data for the
GFP-katanin binding by increasing concentration of (i) detyrosinated alphala CTTs (light orange)
and (ii) A2 alphala CTTs (dark orange). The data were normalized by the maximum when there
was no inhibitor (0 uM, lightest shade circles). Data for low inhibitor (0.5 uM, light shade squares;
0.75 uM, light shade diamonds), medium inhibitor (1 uM, medium shade triangles with point up), to
highest inhibitor (1.5 uM, darker shade triangles with point down, 2 uM, darkest shade hexagons)
are shown. (C) The characteristic decay times for loss of polymer as a function of concentration
for alphala CTTs (red circles), detyrosinated alphala CTTs (light orange squares) and A2 alphala
CTTs (dark orange diamonds). Error bars represent the uncertainty in the fit parameters. (D) The
average normalized maximum for GFP-katanin binding to microtubules for alphala CTTs (red circles),
detyrosinated alphala CTTs (light orange squares) and A2 alphala CTTs (dark orange diamonds).
Error bars represent the standard deviation of the average. (E) GFP-katanin binding was measured
for the initial time points for each data set by fitting a linear fit equation from the initial times to the
time when maximum is reached. The slopes of the fits represent the rate of katanin binding, plotted
as a function of CTT concentration for alphala CTTs (red circles), detyrosinated alphala CTTs (light
orange squares) and A2 alphala CTTs (dark orange diamonds). Error bars represent the uncertainty
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in the fit parameters. (F) Plotting the rate of microtubule severing as a function of average normalized
maximum intensity for alphala CTTs (red circles), detyrosinated alphala CTTs (light orange squares)
and A2 alphala CTTs (dark orange diamonds). Data with high GFP-katanin intensity due to a slow
accumulation with little loss of polymer denoted by dashed line box (lower right). Removing this
data, we fit the severing rate to a linear fit as a function of GFP-katanin, provided in Supplemental
Information Table S5. Representative movies in Supplemental Information Movies S5 and 56.

3.3. Katanin Inhibition by Beta Tail Isotypes

Beta tubulin isotype CTTs are more diverse in their sequence differences compared to
alpha isotype CTTs (Maleikal 2022). Here, we examine some of the most diverse tails to
determine if they have different abilities to inhibit katanin. Specifically, we examine the tail
sequences of beta2a (TUBB2A), beta3 (TUBB3), and beta4b (TUBB4B), which we compare
to beta5 (TUBB5) (Table 1).

Examining beta2a CTTs, the sequence is not so dissimilar from beta5 CTTs (Table 1).
The most striking difference is the disruption of a chain of repeating glutamic acids with
a glycine and the addition of a glutamate and a glycine closer to the amino-terminus of
the peptide. These subtle differences are enough to shift the inhibition concentration, so
that more beta2a CTT is needed to inhibit katanin binding and severing compared to beta5
CTTs (Figure 4(Ai,C), best fits are given in Supplemental Information Table S6). Along with
the loss of severing is the same reduction in GFP-katanin binding (Figure 4(Bi,D)).
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Figure 4. Effects of beta tubulin isotype sequence on katanin inhibition. (A) Loss of polymer caused by
increasing concentration of (i) beta2a CTTs (light blue), (ii) beta3 CTTs (navy blue), and (iii) betadb
CTTs (cyan). The transition from exponential decay to linear decay is observed for loss of polymer data
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as it goes from no inhibitor (0 uM, lightest shade circles), low inhibitor (0.5 uM, light shade squares;
0.75 uM, light shade diamonds), medium inhibitor (1 uM, medium shade triangles with point up), to
highest inhibitor (1.5 uM, darker shade triangles with point down, 2 uM, darkest shade hexagons).
Each dataset is fit with a best fit equation to an exponential or linear decay with best fit parameters
provided in Supplemental Information Table S6. (B) The data for the GFP-katanin binding by
increasing concentration of (i) beta2a CTTs (light blue), (ii) beta3 CTTs (navy blue), and (iii) beta4b
CTTs (cyan). The data were normalized by the maximum when there was no inhibitor (0 pM, lightest
shade circles). Data for low inhibitor (0.5 uM, light shade squares; 0.75 uM, light shade diamonds),
medium inhibitor (1 tM, medium shade triangles with point up), to highest inhibitor (1.5 uM, darker
shade triangles with point down, 2 uM, darkest shade hexagons) are shown. (C) The characteristic
decay times for loss of polymer as a function of concentration for beta CTTs (bright blue circles),
beta2a CTTs (light blue squares), beta3 CTTs (navy blue diamonds), and beta4b CTTs (cyan triangles).
Error bars represent the uncertainty in the fit parameters. (D) The average normalized maximum
for GFP-katanin binding to microtubules for beta CTTs (bright blue circles), beta2a CTTs (light blue
squares), beta3 CTTs (navy blue diamonds), and beta4b CTTs (cyan triangles). Error bars represent
the standard deviation of the average. (E) Plotting the rate of microtubule severing as a function
of average normalized maximum intensity for beta CTTs (bright blue circles), beta2a CTTs (light
blue squares), beta3 CTTs (navy blue diamonds), and beta4b CTTs (cyan triangles). Data with high
GFP-katanin intensity due to a slow accumulation with little loss of polymer denoted by dashed
line box (lower right). Removing these data, we fit the severing rate to a linear fit as a function of
GFP-katanin. Representative movies in Supplemental Information Movies S7-59.

The beta3 CTTs are the most unusual in terms of sequence, with various unique residues
at the end ending with a positively charged lysine. We find that beta3 CTTs cannot inhibit
katanin severing (Figure 4(Aii), best fits are given in Supplemental Information Table S6). Fur-
ther, there is little inhibition of GFP-katanin binding (Figure 4(Bii)). Despite the quantitative
reduction in severing rate and binding, for the two highest concentrations of beta3 CTT (1.5
and 2 uM), the movies qualitatively show clear and rapid severing of microtubules even at
2 uM beta3 CTT (see Supplemental Movie S8). Beta3 CTTs cannot inhibit katanin binding
or severing activity.

Beta4b CTT’s sequence is more canonical than beta3 CTTs except the presence of a
valine with the alanine at the very end of the peptide. These residues are uncharged
and hydrophobic, which could affect interactions with katanin. We find that betadb
CTTs are able to inhibit katanin severing (Figure 4(Aiii), best fits are given in Supple-
mental Information Table 56) and binding (Figure 4(Biii)), although to a lesser extent than
beta or beta2a CTTs (Figure 4A,C). Linear fits to the severing rate plotted against the
maximum GFP intensity show the same linear dependence (Figure 4E, best fits given in
Supplemental Information Table S7).

The sequence of the CTT appears to have a significant impact with the peptides ability
to interact with and inhibit katanin. From the beta CTT tail data, it appears that relatively
small changes that are naturally occurring can have large impacts on interactions (Figure 4).
Interestingly, for both the alpha and beta tails tested, changes to the end of the CTT construct
have impacts on katanin interactions (Figures 3 and 4).

3.4. Examination of Katanin Inhibition by Artificial CTTs Where the Last Amino Acid Is Altered

As demonstrated above for the alpha and beta CTTs, the tail sequence—especially the
last amino acid—can impact the interaction and inhibition activity on katanin’s binding
and severing ability. Here, we investigate that effect by creating two artificial tail constructs,
one based on alphala and one based on beta5 CTTs, to determine the impacts of a change
just to the very c-terminus of the peptide sequence. The two constructs we created are
named alphala-Y+F CTT and beta5-A+Y CTT.

For the alphala-Y+F CTT, removing the final tyrosine and adding a phenylalanine
residue to the very end of the alpha CTT should not significantly change the size or charge
of the peptide, since tyrosine and phenylalanine are only different by the addition of an OH
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group on the carbon ring. Yet, the changing of the final amino acid on alphala CTT has ma-
jor consequences to katanin binding and severing. The alphala-Y+F CTT has no inhibitory
effect on GFP-katanin severing (Figure 5(Ai), best fits given in Supplemental Information
Table S8) or binding (Figure 5(Bi). This one seemingly minor change demonstrates the
importance of the final residue to the activity of the alphala CTTs in their interaction
with katanin. The severing rates appear linear with respect to the GFP-katanin binding
(Figure 5E, see Supplemental Information Table S9 for best fits).
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Figure 5. Katanin severing and binding not inhibited by artificially constructed CTTs. (A) Loss of
polymer caused by increasing concentration of (i) alpha-Y+F CTTs (magenta) and (ii) beta-A+Y CTTs
(purple). All datasets were fit to exponential decays because these CTTs did not inhibit severing
significantly as the amount of inhibitor is changed from no inhibitor (0 uM, lightest shade circles),
low inhibitor (0.5 uM, light shade squares; 0.75 uM, light shade diamonds), medium inhibitor (1 uM,
medium shade triangles with point up), to highest inhibitor (1.5 pM, darker shade triangles with point
down, 2 uM, darkest shade hexagons). Each dataset is fit with a best fit equation to an exponential
with best fit parameters provided in Supplemental Information Table S8. (B) The data for the GFP-
katanin binding by increasing concentration of (i) alpha-Y+F CTTs (magenta) and (ii) beta-A+Y CTTs
(purple). The data were normalized by the maximum when there was no inhibitor (0 uM, lightest
shade circles). Data for low inhibitor (0.5 uM, light shade squares; 0.75 uM, light shade diamonds),
medium inhibitor (1 pM, medium shade triangles with point up), to highest inhibitor (1.5 uM, darker
shade triangles with point down, 2 uM, darkest shade hexagons) are shown. (C) The characteristic
decay times for loss of polymer as a function of concentration for alpha-Y+F (magenta circles) and
beta-A+Y CTTs (purple squares). Error bars represent the uncertainty in the fit parameters. (D) The
average normalized maximum for GFP-katanin binding to microtubules for alpha-Y+F (magenta
circles) and beta-A+Y CTTs (purple squares). Error bars represent the standard deviation of the
average. (E) Plotting the rate of microtubule severing as a function of average normalized maximum
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intensity for alpha-Y+F (magenta circles) and beta-A+Y CTTs (purple squares). No data displayed
high GFP-katanin intensity due to a slow accumulation with little loss of polymer denoted by dashed
line box (lower right). All data of the severing rate were fit to a linear function of GFP-katanin (see
Supplemental Information Table S9 for best fits). Representative movies in Supplemental Information
Movies 510 and S11.

The alphala CTT data implies that the final amino acid being a tyrosine is very
important for GFP-katanin inhibition. The beta5 CTT is the most potent inhibitor of the
CTTs we tested. In order to determine if the tyrosine will enhance the inhibition caused by
beta5 CTTs, we created an artificial beta5-A+Y construct where we remove the final alanine
and replace it with a tyrosine. Surprisingly, we find that this construct is far less potent as a
katanin inhibitor (Figure 5(Aii), best fits given in Supplemental Information Table S8) and
does not affect katanin binding (Figure 5(Bii)). This result again confirms the importance
of the final residue and indicates that the tyrosine is not optimized for the beta5 CTT’s
interaction with katanin, and instead completely eliminates the interaction.

3.5. Katanin Inhibition by Poly-E and Poly-D Peptides

One major similarity between alpha and beta CTTs is that there are repeats of glutamic
acids within the sequence for both. Further, there is an additional post-translational
modification that can occur on both the alpha and beta CTTs of polyglutamylation, where
multiple branched poly-E peptides can be attached to residue 445 of alphala or beta2 A
tubulin or beta3 tubulin at residue 435 and 438, respectively [2,5,23]. Thus, poly-E peptides
may alter the interactions of the tubulin CCTs with associated enzymes and proteins.

To test if poly-E peptides can interact with and inhibit katanin, we created a non-native
CTT sequence composed of 10 glutamic acid residues in a row (10E). We also made a 10
amino acid sequence of aspartic acid (D10) to test amino acid specificity using another
reside that is also charged. The D10 construct has the same charge as the E10, but has a
slightly modified structure. Although no poly-aspartic acid chains are post-translationally
modified on tubulin, there are regions of the naturally occurring alpha and beta CTTs that
have aspartic acids instead of glutamic acids.

We find that both the E10 and the D10 sequences can inhibit the severing activity (Fig-
ure 6A, best fits given in Supplemental Information Table 510) and binding of GFP-katanin
(Figure 6B). Interestingly, despite having no specific CTT sequence, the E10 and D10 inhi-
bition activity follows a similar trend in inhibition of characteristic times, specifically, they
inhibit best at the higher concentrations (Figure 6C, 1.5 and 2 uM). These two concentra-
tions also have significantly reduced katanin binding rates and maximum binding intensities
(Figure 6D). The linear dependence on severing rate as a function of GFP-katanin binding is bet-
ter for D10 compared to E10 (Figure 6E, best fits given in Supplemental Information Table S11).
The fact that poly-E and poly-D peptides can inhibit katanin severing is surprising con-
sidering that these constructs are not CTTs. They do not have the interspersed uncharged
residues and are not ended with a hydrophobic residue as the other constructs are. The
katanin inhibition of these two constructs imply that negative charge is a likely driver for
the interaction with katanin.
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Figure 6. Katanin severing and binding inhibited by poly-E and poly-D peptides. (A) Loss of polymer
caused by increasing concentration of (i) E10 peptides (light green) and (ii) D10 peptides (dark green).
Datasets were fit to exponential decays because these CTTs did not inhibit severing significantly as
the amount of inhibitor is changed from no inhibitor (0 uM, lightest shade circles), low inhibitor
(0.5 uM, light shade squares; 0.75 uM, light shade diamonds), medium inhibitor (1 pM, medium
shade triangles with point up), to highest inhibitor (1.5 uM, darker shade triangles with point down,
2 uM, darkest shade hexagons). The transition from exponential decay to linear decay is observed
for loss of polymer data as it goes from no inhibitor (0 uM, lightest shade circles), low inhibitor
(0.5 uM, light shade squares; 0.75 uM, light shade diamonds), medium inhibitor (1 pM, medium
shade triangles with point up), to highest inhibitor (1.5 uM, darker shade triangles with point down,
2 uM, darkest shade hexagons). Each dataset is fit with a best fit equation to an exponential or linear
decay with best fit parameters provided in Supplemental Information Table S10. (B) The data for
the GFP-katanin binding by increasing concentration of (i) E10 peptides (light green) and (ii) D10
peptides (dark green). The data were normalized by the maximum when there was no inhibitor
(0 uM, lightest shade circles). Data for low inhibitor (0.5 uM, light shade squares; 0.75 uM, light shade
diamonds), medium inhibitor (1 uM, medium shade triangles with point up), to highest inhibitor
(1.5 uM, darker shade triangles with point down, 2 uM, darkest shade hexagons) are shown. (C) The
characteristic decay times for loss of polymer as a function of concentration for E10 peptides (light
green circles) and D10 peptides (dark green squares). Error bars represent the uncertainty in the
fit parameters. (D) The average normalized maximum for GFP-katanin binding to microtubules
for E10 peptides (light green circles) and D10 peptides (dark green squares). Error bars represent
the standard deviation of the average. (E) Plotting the rate of microtubule severing as a function of
average normalized maximum intensity for E10 peptides (light green circles) and D10 peptides (dark
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green squares). No data displayed high GFP-katanin intensity due to a slow accumulation with little
loss of polymer denoted by dashed line box (lower right). All data of the severing rate was fit to a
linear function of GFP-katanin (see Supplemental Information Table S11). Representative movies in
Supplemental Information Movies 512 and S13.

4. Discussion

We used an in vitro microtubule severing assay we developed previously with purified
GFP-katanin to interrogate if the CTT sequence of tubulin regulates inhibition of katanin
microtubule severing [18]. These studies are important to understand the ability of different
microtubule substrates to be severed by katanin. Although we are using an inhibition
assay, the inhibition is mediated by the ability of the severing enzyme to bind to the CTT
introduced. If there is significant inhibition by a CTT sequence, this indicates that there
is a good interaction of katanin for that sequence—good enough to compete with the
microtubule substrate present. For sequences that are good inhibitors, we interpret that the
same sequence, when part of a tubulin dimer incorporated into a microtubule, will also be a
good substrate for katanin. Thus, all the good inhibitors are likely good targets for katanin
degradation. Poor inhibitors are likely poor targets for katanin interaction and degradation.

A recent study has shown that microtubules with post-translational modifications do
display different abilities for katanin binding and severing [23]. Many of the trends we
report here for inhibition are also observed for microtubules made with post-translationally
modified tubulins. Specifically, they observe that poly-glutamylation of alpha tails results
in more binding and severing whereas polyglutamylation of beta tails is biphasic with more
binding, but non-monotonic increase than decrease in severing activity [23]. Our results
with poly-E peptides also predict the same increased binding interaction they observe. They
also find that detyrosination of the alpha tails results in decreased binding and severing
activity [23], as we also observe with our CTTs.

We find that the carboxy tails of alpha, beta, modified alphas (detyrosinated and A2),
and some beta isotypes are moderate to good targets for katanin. Perhaps more intriguing
are the poor targets. Beta3 CTT is a poor target for katanin. Beta3 isoforms are found
in brain nerve cells—specifically expressed in the axons and dendrites [35]. Mutants of
beta3 tubulin result in impairment of vision and large-scale brain structure deformations
that can result in neurological defects [36]. It also appears to be important for nerve cell
regrowth [37]. It is interesting that such an important isoform is not a target for katanin. It
is known that katanin defects also result in poor development of the brain—specifically
causing microcephaly and lissencephaly [38-40]. Interestingly, there is no overlap in the
structures or phenotypes between katanin mutations or deletion phenotypes and beta3
deletion or mutation phenotypes—implying that they likely do not interact with each other,
despite being both important required proteins for brain development.

Perhaps surprisingly, detyrosinated alphala CTT is still capable of inhibiting katanin,
implying it is a moderate good target for katanin degradation. Detyrosination is associated
with stability of microtubules in cells [32]. Yet, in vitro reconstitution of detyrosinated
microtubules shows that stability is not conferred directly from the detyrosination [33].
Thus, it is most likely that detyrosination is a signal to destabilizing elements to avoid
these microtubules. It has been shown that detyrosinated microtubules are avoided by
MCALK, a depolymerizing kinesin [34]. Here, we show some reduced affinity of katanin
with detyrosinated alphala CTTs, but not so significant to imply it could not be degraded
by katanin.

The other constructs that were poor targets were the non-native peptides we made
from alphala and beta5 CTT sequences. These constructs demonstrate that the importance
of the last amino acid in the sequence for both the alpha and beta sequences. It was
surprising that the phenylalanine had such a drastic effect, given the similarities between
it and tyrosine. Further, if tyrosine is so important, why is the beta tail sequence with a
tyrosine attached as the last residue such a poor inhibitor? To add to our surprise, we found
that two constructs with poly-E or poly-D inhibited katanin just as well as native tails. The



Biomolecitles 2023, 13, 620

16 of 22

E10 construct is like polyglutamylation post-translational modification that can occur on
alpha or beta tails.

We have found that katanin activity is sensitive to the pH of the solution. Specifically,
katanin is completely inhibited at pH 6.6 (Supplementary Figure S2). It prefers a higher
pH closer to 8, and we use pH 7.7 in our assays because microtubules prefer a slightly
acidic buffer (PEM is a PIPES buffer with pH 6.8). If the addition of the E10 or the D10
constructs could change the pH, that could be the cause of the inhibition. We calculate
that, for the highest concentration of D10 or E10, the pH would only shift by 0.01—not
enough to cause the deactivation of katanin due to pH. Thus, we believe that inhibition is
truly caused by the D10 and E10 peptides interacting with katanin directly. Future works
examining the interaction using other techniques may reveal the binding affinity of these
unnatural tail sequences.

An interesting aspect of the CTTs is that they are all negatively charged (Table 1), but
apart from being negative, there does not seem to be a correlation between their activity
and their overall charge. For instance, the beta3 CTT has a total charge of —11, butitisa
poor inhibitor of katanin. Instead, we focus on another biochemical and biophysical aspect
of the CTTs—their hydrophobicity. Based on the recent findings from the literature [41], we
evaluated the hydrophobicity of the peptides using the Wimley—White scale [27], which
represents the free energy change when transferring pentapeptides between water and
a lipid bilayer. This scale was shown to perform very well in several experimental and
computational tests, compared to the more traditional scales, such as the Kyte-Doolitle
scale [41]. For each of the 11 peptides tested in our work, we calculated their average
hydrophobicity (the total hydrophobicity of the peptide divided by its length) in order to
compare directly peptides of different lengths (Table 1).

As discussed above and in the literature [33], alpha and beta-tubulin tails interact
differently with katanin. Alpha-tails have a preferred interaction outside of the AAA core
of the motor, while the beta-tails interact directly with the ATPase domain by contacting
the pore loops of the protomers in the hexameric states of the motor. We used the data from
Table 1 to rank order the alpha peptides and the beta peptides separately.

We found that the synthetic alphala-Y+F peptide is the most hydrophobic of the five
alpha tails, followed by the alphala CTT, and alphal-YE CTT, with alphal-Y CTT being
the most hydrophilic. For the beta tails, we found that beta3 CTT is the most hydrophobic
peptide, followed by beta5-A+Y CTT, beta2a CTT, beta5 CTT, and finally beta4 CTT. The
2 acidic peptides, D10 and E10 are highly polar, with E10 being the most polar of the
11 peptides.

Although the hydrophobicity trends do not exactly replicate the trends we observe,
there is a much better correlation than the total charge. As example, for both alpha and beta
tails, the most hydrophobic peptides are unable to inhibit katanin severing. In contrast,
more polar peptides inhibit severing by katanin. Namely, the two synthetic peptides built
from the alphala and the beta5 CTTs are more hydrophobic than the corresponding wild-
type tails. Beta3 CTTs is the most hydrophobic of all beta CTTs. These are the three tubulin
tails that are unable to inhibit severing. Even for beta2a CTT, which is more hydrophobic
than beta5 CTT, we found that it needs higher concentration, compared to beta5 CTT, to
inhibit severing. We also note that beta5 CTT is a better inhibitor of katanin severing than
alphala CTT, which correlates with the fact that alphala CTT is more hydrophobic than
beta5 CTT. For more hydrophilic peptides, such as alphala-Y CTT, we found a decrease
in katanin microtubule binding and severing, which has been reported also by a recent
study [23], indicating that more hydrophilic tails are good inhibitors of katanin binding
and severing of microtubules. Finally, we note that among the human alpha tubulins,
alpha8, which plays a critical role in cortical progenitor differentiation [33], is the only tail
with a C-terminal F. This tail has the sequence DSFEEENEGEEF resulting in an average
hydrophobicity of —1.20, which makes it the most hydrophobic of all the tails. Based
on our results, especially the synthetic alphala-Y+F tail, we predict that the presence of
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phenylalanine at the end of an alpha-tail increases its hydrophobicity, compared to the
wild-type alphala CTT, and will make it unable to inhibit katanin severing.

Analysis of the hydrophobicity of the peptides shows that for both alpha and beta
CTTs, any change that increases the average hydrophobicity of the peptide leads to a
reduced or complete loss in the ability to inhibit katanin severing. In addition, peptides
characterized by high hydrophilicity inhibit severing more readily than hydrophobic ones,
which explains the inhibitory effect of the poly-D and poly-E tails. We note that the results of
the hydrophobicity analysis are robust even at the more basic pH used in our experiments,
as the differences between the behavior of the peptide tails are due to the amino acid
types that have been shown to have hydrophobicity values independent of pH over a large
interval [42].

5. Conclusions

The new experimental results described here support the tubulin code model for
how MAPs and microtubule-enzymes can be directed to act in time and space by the
sequence and post-translational modifications to tubulin’s CTT. Future screens of this sort
can be used to make predictions about which tubulin isotypes are good or poor targets for
degradation by katanin. Katanin activity has also been linked to downstream increasing
of microtubule networks and enhanced stability of individual filaments [29,43,44]. Thus,
these experiments will also predict which tissues expressing different isotypes might have
less dense microtubule networks or less stable filaments. Future in vitro experiments with
different tails, modified tubulins as microtubules, and even expressing different isotypes in
live cells will be needed to address the predictions from this work.
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Appendix A. Complete Methods
Appendix A.1. Molecular Biology

The optimized plasmid pMALc5xMBPsfGFPp60, furthermore, to be referred to as
GFP-katanin was designed with maltose-binding for purification and green fluorescent
protein (GFP) for visualization at the amino-terminus of the protein (Azenta Life Sciences,
Chelmsford, MA, USA). Sequence fidelity was confirmed using Sanger sequencing by
Plasmidsaurus (Eugene, OR, USA). Plasmid stocks were made for assays using outgrowth
and purification instructions in Bio Basic EZ-10 Spin DN A Miniprep Kit (Markham, Ontario,
CA, USA). Plasmid should not be stored in bacteria, as that results in inactivating point-
mutations in the ATPase site for katanin [18].

Appendix A.2. Protein Expression and Purification

Luer-Bertani (LB) nutrient media was used for both selection plates and outgrowth
media with selective antibiotic (carbenicillin) added to 100 mg/L. GFP-katanin plasmid
was transformed into BL21({DE3) competent Escherichia coli (New England BioLabs, Ipswich,
MA, USA). Transformed bacteria were grown out for one hour in SOC media (NEB) at
37 °C and 250 rpm before plating on selection plates that had been pre-warmed at 37 °C
for one hour. Single colonies were grown on plates in a 37 °C incubator for 12-16 h. A
small starter culture (5 mL) with 15-20 selected colonies was grown for two hours at 37 °C
and 250 rpm before inoculating the large culture and growing in the same conditions until
the OD600 reached 0.6-1.0. Induction by 1 mM Isopropyl 3-D-1-thiogalactopyranoside
(IPTG) for at least 16 h at 16 °C and 250 rpm was followed by purification. Cells were spun
down and frozen at —80 °C before pulsed sonication (20 s on/off for three minutes) in
15 mL Katanin Resuspension Buffer (20 mM HEPES pH 7.7, 250 mM Na(l, 0.5 mM BME,
10% glycerol, 0.25 mM ATP, 1 tablet/50 mL protease inhibitors, 15 pL. DN Asel). Cells were
pelleted for 30 min at 13,000 rpm at 4 °C and released protein lysate collected. Following
filtration through a 0.22 um filter, the lysate was incubated with centrifugation-washed
amylose resin (NEB), and shaken on ice at 11 °C at 200 rpm for one to two hours. Collection,
wash, and elution of the lysate and resin took place on a 5 mL poly-prep chromatography
vial (Bio-Rad, Hercules, CA, USA) Lysate and resin were flowed through twice, then
washed with four volumes (20 mL) of the Katanin Resuspension Buffer. To elute the protein
from the beads, 10 mM maltose was added to Katanin Resuspension Buffer and 1 mL
fractions were collected. First assessment of highest protein concentration in the fractions
was performed through a dot blot assay in which droplets from each fraction were stained
with Coomassie Blue (Bio-Rad) then destained with 10% acetic acid. The approximate
concentration of the two best fractions from the dot blot was determined by Bradford Assay.
These fractions were then drop frozen with 25% glycerol and immediately used in assays
to determine katanin severing function.



Biomolecitles 2023, 13, 620

19 of 22

Appendix A.3. Taxol-Stabilized Microtubule Polymerization

Rhodamine microtubule stocks with 10% rhodamine tubulin porcine mixed with
90% unlabeled porcine tubulin were hydrated from lyophilized powder (Cytoskeleton,
Denver, CO, USA) and resuspended to 5 mg/mL in PEM-100 buffer (100 mM K-PIPES
pH 6.8, 2 mM MgSO4, 2 mM EGTA). Stocks were incubated on ice for 10 minutes, then
spun at maximum speed for 10 min at 4 °C. Aliquots of 15 puL. were drop-frozen in liquid
nitrogen. To polymerize microtubules, 1 mM GTP was added to the 10% rhodamine stock
and incubated for 20 min at 37 °C. Next, taxol was added to 50 uM for 20 min at 37 °C to
stabilize and equilibrate the microtubules. Stocks are centrifuged at 13,200 rpm for 10 min at
room temperature, then resuspended in PEM-100 and 50 uM taxol with a Hamilton syringe
to shorten microtubules. Microtubules were used for katanin severing assays within 5 to
10 days.

Appendix A.4. CTT Peptides

Peptides corresponding to the CTT sequences of human tubulins, and modified forms,
were custom synthesized and obtained from a company, Peptide 2.0 (Chantilly, VA, USA).
Purity and sequence accuracy were confirmed by mass spectrometry performed by Dr. Lisa
Jenkins, NCI, NIH. Specifically, each peptide was examined by mass spectrometry after
receipt to assure that it was full length, i.e., corresponding to the full sequence mass, and
was not modified, demonstrating that they did not have mass excess over the theoretical
sequence mass.

Tubulin Carboxy-terminal tail (CTT) peptides were provided by Dan Sackett in
7-10 mM stocks and stored at —80 °C. The CTT sequences can be found in Table 1.

Appendix A.5. In Vitro Microtubule Severing Assays

Flow chambers with 10 uL channels were made by adhering double-stick tape (3M,
St. Paul, MN, USA) to a microscope slide and attaching a silanized coverslip cross-wise.
Silanized coverslips were UVO sterilized, cleaned with rinses of acetone, ethanol, 0.1 M
KOH, and ddH20 before coating with PlusOne Repel-Silane 2% dimethyldichlorosilane
(Cytiva, Marlborough, MA, USA). Samples were made in the chambers by flowing through
the chamber using a pipette and filter paper to wick from the other side. For severing
assays, we first flowed 5% MAB1864 tubulin YL % antibody (Merck-Millipore, Billerica, MA,
USA) in PEM-100 for three minutes to provide a binding site for microtubules. Second, we
flowed 5% (w/v) Pluronic F127 to act as a polymer brush to block the surface, allowing three
minutes for incubation. Next, we flowed 10% rhodamine-labeled microtubules diluted
1:100 (final tubulin concentration 454 nM) and allowed them to adhere for three minutes.
During the incubation, an aliquot of katanin was rapidly defrosted from —80 °C and diluted
to assay concentration. The chamber was then washed with Katanin Activity Buffer (20 mM
HEPES pH 7.7, 10% glycerol, 2 mM MgCly, 2 mM ATP, 0.025 mg/mL BSA, 0.05% F127,
10 mM dithiothreitol (DTT), 15 mg/mL glucose, 0.15 mg/mL catalase, 0.05 mg/mL) to
remove excess unadhered microtubules. The chamber was then situated on the microscope
to find a good field for the assay before flowing Katanin Activity Buffer with GFP-katanin
and CTT tails at their respective concentrations.

Imaging was performed using epifluorescence and total internal reflection (TIRF)
with a home-built laser illumination system around a Nikon Ti-E microscope (Nikon USA,
Melville, NY, USA). Epifluorescence was used to image thodamine microtubules in the red
channel, and TIRF was used to image GFP-katanin illuminating with a 488 nm laser. Images
were collected with a 60x, oil-coupled TIRF objective with a numerical aperture of 1.49
(Nikon USA, Melville, NY, USA). The two-color imaging was performed using shuttering
the red channel (400-800 ms exposure) and green channel (70-200 ms exposure) sequentially.
The 5 min movies recorded with 3 s intervals using Nikon Elements software (Nikon USA,
Melville, NY, USA) driving an Ixon EMCCD camera (Andor, Belfast, Northern Ireland)
with a final pixel size of 160 nm. Movie data were saved as a 16-bit time series as nd2 files
with metadata. Movies were started recording before the GFP-katanin mixture was flowed
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while imaging. After the 5 min, a new field of view was imaged to ensure that the loss of
microtubule polymer was universal in the chamber and not due to imaging conditions.

Each of the 64 treatments were run two to three times for replication and for obtaining
15-20 MTs for analysis. Four control chambers were run each day to ensure chamber
activity was caused by the respective treatment conditions. The microtubules only control
demonstrates the intrinsic depolymerization that occurs due to imaging conditions. Next,
the concentration needed to sever microtubules within 2-3 min is determined in the pres-
ence of ATP. Once the optimal katanin concentration is determined, the assay is repeated in
the absence of ATP to again test the imaging conditions in the presence of a GFP-katanin
binding to microtubules. Finally, the beta5 CTT is used as a positive inhibition control daily
to ensure that the chamber can be inhibited by 2 uM of beta5 tubulin CTT. Each of the 12
CTT peptides was assayed using five different concentrations (0, 0.5, 0.75, 1, 1.5, 2 uM) to
observe the ability of GFP-katanin to sever.

Appendix A.6. Quantifying Microtubule Loss of Polymer and GFP-Katanin Binding

Nikon nd2 image files were opened in FIJI and the two color channels split to view
microtubule and GFP-katanin data separately. Each channel was drift-corrected using the
StackReg tool set to translation. A single frame from the movie was saved separately to
identify the regions of interest (ROIs) that were used for analysis. Individual microtubules
were selected using the segmented line tool. The mean intensity of each microtubule was
measured using a 3-pixel wide ROI on the microtubule of the drift-corrected movie using
the measure stacks tool to measure the same line over the image series. The same ROI was
shifted 5 pixels away from the microtubule and the stack was measured again to obtain the
background intensity data. Only single microtubules (not bundles) were selected based on
minimum size and representative position.

The mean intensity of the microtubule (signal) was divided by the mean intensity
of the background (noise) then subtracted by 1 to remove the background. The micro-
tubule channel was further normalized to the first frame in focus after GFP-katanin was
flowed into the chamber, setting this initial value to 1 (100%) so that subsequent mea-
surements record the percentage of the polymer that remained throughout the movie. At
least 10-20 microtubules were measured on at least two distinct chambers per CTT. The
reported percentage of polymer remaining over time was an average of all the microtubules
measured at the same conditions. The error bars represent the standard error of the mean.
The number of microtubules in each average dataset are given in the figures.

For each condition, the microtubule loss of polymer was plotted against the time of
the movie and fit to an fast exponential decay of the form: M(t) = M(eo) + Aexp(—1t/1),
where M(t) is the percentage of microtubule polymer at time ¢, M(c0) is the final amount
of polymer at the end of the movie (for many datasets this was 0), A is the amplitude
of the exponential decay, and T is the characteristic decay time. For decays where the
characteristic time was longer than the movie time, we used a linear approximation to
the exponential decay and fit the data to this form: M(t) = A(1 — x/7). This form does
not have an offset because it would not be possible to determine. The fit parameters and
uncertainty of the fit was recorded and reported in the figures.

The intensity of the GFP-katanin binding to microtubules over time was measured
the same way as the microtubule channel, except the data were not normalized from the
first frame. Instead the average intensity was compared to the same day control with no
CTT added. An average maximum datum was determined from plots of the GFP-katanin
intensity over time for each experimental condition. For each CTT, the GFP intensity
data were normalized so that the 0 CTT data for the same day had a maximum of 1. The
normalized GFP intensity values are reported in the figures.
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