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Abstract

In the failing heart, the cardiac myocyte microtubule network is remodeled, which increases cellular
stiffness and disrupts contractility, contributing to heart failure and death. However, the origins of this
deleterious cytoskeletal reorganization are unknown. We now find that oxidative stress, a condition
characteristic of failing heart cells, leads to cysteine oxidation of microtubules. Further, our electron and
fluorescence microscopy experiments revealed regions of structural damage within the oxidized
microtubule lattice. These damaged regions led to the lengthening, realignment, and acetylation of
dynamic microtubules within cardiac myocytes. Thus, we found that oxidative stress acts inside of
cardiac myocytes to facilitate a dramatic, pathogenic shift from a dynamic, multifaceted microtubule
network into a highly acetylated, longitudinally aligned, and static microtubule network. Our results
demonstrate how a disease condition characterized by oxidative stress can trigger a molecular oxidation
event, which propagates a toxic cellular-scale transformation of the cardiac myocyte microtubule

network.
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Introduction

Oxidative stress is a hallmark of many cardiac pathologies, including the prolonged ischemia and
reperfusion associated with ischemic heart disease, cardiac hypertrophy, and heart failure (Hori and
Nishida, 2009; Slezak et al., 1995; Thompson and Hess, 1986). Global ischemia in the heart leads to a
~250% increase in reactive oxygen species, suggesting that oxidative stress is an important driving force
leading to changes in the cellular cytoskeleton that accompany ventricular remodeling in ischemic heart
disease and heart failure (Hein et al., 2000; Slezak et al., 1995; Wang et al., 2008). Similarly, oxidative-
stress exposed cells isolated from healthy tissue undergo reorganization and/or gradual coarsening of
the microtubule network (Drum et al., 2016; Valen et al., 1999; Wei-Guo and Qi-Ping, 2014). Alterations
in the microtubule cytoskeletal network suggest that oxidative stress can directly modulate microtubule

dynamics or stability (Drum et al., 2016).

Importantly, pathological changes in microtubule cytoskeletal organization have been shown to increase
cellular stiffness and lead to contractile dysfunction of cardiac myocytes (Bauer et al., 2000; Cooper,
2006; Hein et al., 2000; Howarth et al., 1999; Iwai et al., 1990; Nishimura et al., 2006; Sato et al., 1997;
Tagawa et al., 1998; Tsutsui et al., 1993, 1994; Webster, 2002; White, 2011). Furthermore, microtubule
reorganization hinders intracellular transport of proteins to their targets at the cell surface (Drum et al.,
2016; Prins et al., 2016). Many of these proteins, such as the potassium channels, Kv4.2, Kv4.3, and
Kv1.5, are involved in cardiac myocyte electrical signaling. Failure of these channels to reach the plasma
membrane leads to heart arrhythmia, also known as an irregular heartbeat (Drum et al., 2016; Prins et
al., 2016; Zadeh et al., 2009). While it has been shown that oxidative stress alters microtubule networks,
promotes increased cardiac myocyte stiffness, and obstructs microtubule-dependent transport, the
nature and mechanism of oxidative stress-mediated remodeling of the microtubule cytoskeleton is

poorly understood.

Microtubules are cylindrical polymers of a/B-tubulin heterodimers that form a complex cytoskeletal
network throughout the cytoplasm (Desai and Mitchison, 1997; Kirschner and Mitchison, 1986, 2002;
Mitchison and Kirschner, 1984; Ohi and Zanic, 2016). Microtubule plus-end dynamics are biphasic,
characterized by periods of slow microtubule growth (polymerization) followed by intervals of abrupt

shortening (depolymerization). Microtubule length and function depends on the tight regulation of
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microtubule growth and shortening rates, as well as the frequencies of “catastrophe” events — the

transition from growth to shortening, and “rescue” events — the transition from shortening to growth.

During microtubule growth, GTP-bound tubulin subunits are added to microtubule plus-ends (Nogales et
al., 1998). Once these GTP-tubulin subunits are buried within the microtubule lattice, they are
hydrolyzed to GDP-tubulin (Desai and Mitchison, 1997; Howard and Hyman, 2003; Mitchison and
Kirschner, 1984). This results in a GTP-tubulin ‘cap’ at the growing end of a predominantly GDP-tubulin
microtubule filament. Importantly, GTP-tubulin is more stable within the microtubule lattice than GDP-
tubulin, and thus the GTP-tubulin cap stabilizes microtubules and prevents rapid depolymerization
(Desai and Mitchison, 1997). Recently, it has been shown that patches of GTP tubulin that are present
along the length of the GDP-tubulin microtubule lattice may increase the likelihood of rescue events,
thus promoting net microtubule elongation (Aumeier et al., 2016; Dimitrov et al., 2008; de Forges et al.,
2016; Gardner, 2016; Tropini et al., 2012). In cells, microtubules can be post-translationally acetylated,
which increases their resistance to breakage, and thus also increases their longevity (Akella et al., 2010;
Eshun-Wilson et al., 2019; Kormendi et al., 2012; Maruta et al., 1986; Portran et al., 2017; Shida et al.,
2010; Xu et al., 2017).

In this work, we found that oxidative stress acts to facilitate a dramatic and maladaptive longitudinal
realignment and acetylation of microtubules inside of cardiac myocytes. Specifically, we found that
microtubules subjected to oxidative stress undergo cysteine oxidation. Our electron and fluorescence
microscopy experiments revealed that the oxidized microtubules had structural damage within the
cylindrical tubulin lattice, consisting of holes and lattice openings. For dynamic microtubules,
incorporation of stabilizing GTP-tubulin into these damaged lattice regions led to an increased
frequency of rescue events (the transition from shortening to growth), and thus longer microtubules.
Within cardiac myocytes, this lengthening of dynamic microtubules allows for their interaction with
regularly spaced Z-disks, leading to longitudinal alignment of microtubules within the cardiac myocyte
sarcomeric structure. Further, the damaged lattice regions generated via oxidative stress increased the
efficiency of microtubule acetylation: we found that the longitudinally aligned, oxidized microtubules
were highly acetylated, which increases microtubule longevity and thus further reinforces deleterious
microtubule network remodeling. Thus, oxidative stress triggers a dramatic, pathogenic shift from a
dynamic, multifaceted microtubule network, into a highly acetylated, longitudinally aligned, and static

microtubule network inside of cardiac myocytes, likely contributing to increased cellular stiffness and
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contractile dysfunction. Our results provide insight into myocardial changes in Ischemic Heart Disease
by describing a mechanism for the dramatic remodeling of the microtubule cytoskeletal network within

cardiac myocytes subjected to oxidative stress.

Results

Oxidative stress increases longitudinal alignment of the microtubule network in cardiac myocytes

To examine microtubule organization in cardiac myocytes subjected to oxidative stress, rat ventricular
cardiac myocytes were isolated and adhered to coverslips placed in 6-well plates, as previously
described (Thompson et al., 2019). We then subjected isolated rat cardiac ventricular myocytes to 100-
1000 uM hydrogen peroxide (H,0,), a reactive oxygen species that is upregulated in ischemic cardiac
myocytes (Slezak et al., 1995). The physiological intracellular H,0, concentration has been estimated to
be 0.1-15 uM (Fernandez-Puente et al., 2020; Giorgio et al., 2007; Sies, 2017; Slezak et al., 1995), but
can be as high as 50 uM in the context of cardiac ischemia and reperfusion (Slezak et al., 1995).
However, the amount of H,0; that actually enters the cell from H,0;in surrounding media has been
reported to be 100 to 650-fold lower than the concentration in the media (Huang and Sikes, 2014; Sies,
2017). Therefore, we predicted that media H,O; concentrations of 100-1000 uM would lead to low pM
internal cellular H,0, concentrations, a range that should approximate pathophysiological conditions in
cardiac ischemia. Importantly, this range of media H,O; concentrations has been widely used to evaluate
the effects of oxidative stress in cells (Kratzer et al., 2012; Valen et al., 1999; Wei-Guo and Qi-Ping, 2014;
Xie et al., 2014; Zhang et al., 2018; Zhao et al., 2019).

Thus, cardiac myocytes were treated for 1 hour in M199 media alone, or in M199 media containing 0-1
mM H,0,. To characterize the microtubule cytoskeletal network, cardiac myocytes were then fixed in 1%
PFA, stained with anti-a-tubulin antibody, and imaged with confocal microscopy. Control cardiac
myocytes (Fig. 1A, left) displayed a sparse, complex network of microtubules, similar to previous reports
(Robison and Prosser, 2017). In contrast, cardiac myocytes treated with 100 uM H,0; (Fig. 1A, center)
and 1 mM H,0; (Fig. 1A, right) had a dramatic cytoskeletal reorganization: microtubules were uniformly

arranged such that the microtubules were lengthened and longitudinally reoriented along the long axis
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of the cardiac myocyte. This result is similar to the pathological microtubule remodeling reported in

failing cardiac myocytes (Tagawa et al., 1998; Tsutsui et al., 1993, 1994).

To quantify this observation, we estimated the “tortuosity” of microtubules within each treatment

group. Tortuosity of a microtubule can be defined as:
c
T=1 (1)

where T represents tortuosity, C represents the total path length of a curved microtubule, and L
represents the distance between the two ends of the microtubule. Thus, a straight line will have a
minimal tortuosity of 1, while a circle will have a tortuosity of infinity. Importantly, a decreased
tortuosity value indicates that microtubules are straighter and more aligned. By using automated object
detection to detect microtubules within an image (Fig. 1B), the tortuosity was quantified for each
microtubule segment, and the average microtubule tortuosity was computed across all of the segments
within each cardiac myocyte. The mean microtubule tortuosity per cardiac myocyte was then compared
for different treatment groups (Fig. 1C). We found that the tortuosity of microtubule segments was
dramatically decreased at even the lowest H,0, concentration tested (Fig. 1B, right. p=0.0023 ANOVA,
difference between groups, sample sizes=number of cells analyzed). This decrease in tortuosity suggests
that oxidative stress leads to longitudinal reorientation and lengthening along the long axis of the

cardiac myocyte, a pathological condition that could disrupt cellular contractility.
Oxidative stress directly increases microtubule rescue frequency in cell-free experiments

To investigate the intrinsic mechanism for this longitudinal microtubule alignment, we turned to cell-
free reconstitution experiments. Because it is likely that growing microtubule ends interact with cardiac
myocyte intermediate filaments to alter their dynamics, we reasoned that cell-free reconstitution
experiments would allow us to evaluate the direct effect of oxidative stress on microtubule dynamics, at
single-microtubule, nanoscale resolution, and independently of cardiac myocyte health or the

interactions of growing microtubule ends with cardiac myocyte sarcomeric structures.

Thus, tubulin was purified from swine brain, and microtubule-associated proteins were removed

through two cycles of polymerizations in high-salt buffer (Castoldi and Popov, 2003).The purified tubulin
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was then labeled with Alexa-488, and green Alexa-488 microtubules were imaged growing from
stabilized, coverslip-attached rhodamine-labeled (red) microtubule “seeds” using Total Internal
Reflection Fluorescence (TIRF) microscopy (Gell et al., 2010) (Fig. 1A, top; Supplementary Movie S1; see

materials and methods).

Movies were collected at 0.2 frames/s over 30-60 min intervals (Supplementary Movie S1), and then
converted into “kymographs” to analyze the growth and shortening behavior of the microtubules (Fig.
1A, bottom). Thus, the growth and shortening rates of dynamic microtubules were estimated, along
with the frequency of switching between these two states. To determine whether oxidative stress would
directly alter microtubule dynamics, these parameters were then quantified for growing microtubules
that were exposed to increasing concentrations of H,0, (Fig. 1A, bottom). We found that microtubule
growth and shortening rates were not significantly altered by increasing H,0, concentrations (growth:
Fig. 2B, p=0.43, R?=0.213; shortening: Fig. 2C, p=0.57, R?=0.18), similar to a previous study in cardiac
myocytes (Drum et al., 2016). Thus, oxidative stress does not alter the kinetics of microtubule assembly

and disassembly.

We then measured the growth lifetime of each microtubule prior to shortening, and inverted these
lifetime values to determine the “catastrophe frequency” (min). We found that the catastrophe
frequency of microtubules was unchanged with increasing H,0, concentrations (Fig. 1D, p=0.89,
R2=0.65), indicating that oxidative stress does not alter average microtubule growth lifetime. A previous
study in cardiac myocytes reported an increase in catastrophe frequency for microtubule subjected to
oxidative stress (Drum et al., 2016), but this difference could be due in part to the use of EB3
overexpression to visualize microtubule dynamics in cardiac myocytes, as EB proteins themselves
increase the catastrophe frequency of dynamic microtubules (Zanic et al. 2013), and so their

overexpression could alter sensitivity of catastrophe frequency to oxidative stress.

Finally, we measured the frequency of “rescue” events, in which a post-catastrophe microtubule would
cease shortening and begin to grow again, prior to complete depolymerization to the red stabilized
“seed” (Fig. 1A, bottom-right, white arrow)). The rescue frequency per catastrophe was normalized to
the maximum microtubule length prior to catastrophe, and then plotted as a function of increasing H,0,
concentration (Fig. 2E). Strikingly, we found that rescue frequency increased exponentially with

increasing H,0, concentrations (Fig. 2E, Chi-squared goodness of fit test to exponential curve, p=1, x?


https://doi.org/10.1101/2020.06.30.174532
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.30.174532; this version posted July 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

8|Page

test statistic=0.005), with a ~7-fold increase in rescue frequency at 1 mM H,0,. This trend is consistent

with a previous study in cardiac myocytes (Drum et al., 2016).

Increase in microtubule rescue frequency with oxidative stress predicts longer microtubules in cardiac

myocytes

To estimate the effect of increased rescue frequency on microtubule length in cardiac myocytes, we
applied the Dogterom and Leibler equation (Leibler and Dogterom, 1993), which has been widely used
to estimate the average length of microtubules based on the measured parameters of microtubule

dynamics, as follows:

J 7Ty V.

V_feat—V+fres

<L>= (2)

where v, is the growth rate, v.is the shortening rate, f.: is the rescue frequency, and fr; is the rescue
frequency. Using Eqn. 1 and the previously measured basal parameters in untreated mouse ventricular
myocytes (Drum et al., 2016), we predicted the average microtubule length in untreated cardiac
myocytes as ~25 um (Fig. 2F, blue), which appears roughly consistent with our rat cardiac myocyte
images in control cells (Fig. 2G, top). We then predicted the effect of H,0, exposure on the dynamic
microtubule length in cardiac myocytes using our experimentally determined relationship between H,0,

concentration and rescue frequency, as follows (Fig. 2E):

fres = fres,Oe(llsg[HZOZ]) (3)

where fr; is the rescue frequency in the presence of H,0,, and fr.s o is the previously measured cardiac
myocyte microtubule rescue frequency in the absence of H,0, (Drum et al., 2016). However, because
the experiments in Fig. 2B-E were performed in the presence of an oxygen scavenging buffer, we first
used a previously published Amplex Red assay to estimate the residual H,0, concentration in these
assays (Schlieve et al., 2006). Similar to our estimates of internal cellular H,O, concentration relative to
media H,0; concentration, the residual H,0, concentrations are low uM in the cell-free assay that
includes oxygen scavenging buffer (Fig. 2F). Thus by substituting Eqn. 3 into Eqn. 2, we predicted the
relationship between cellular H,0, concentration and microtubule lengths in cardiac myocytes (Fig. 2G,

red). Similar to the effect on rescue frequency (Fig. 2E), Eqn. 3 predicts that, if allowed to grow without
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obstruction or interaction with cellular structures, dynamic microtubule lengths in cardiac myocytes
would increase exponentially in response to increasing concentrations of reactive oxygen species in the
cell, similar to our qualitative observations of the microtubule network in H,0,-treated cardiac myocytes

(Fig. 2H, bottom).

Oxidative stress leads to cysteine oxidation of microtubules

We then sought to elucidate a mechanism for how oxidative stress markedly increases microtubule
rescue frequency, and thus increases the predicted dynamic microtubule length in cardiac myocytes.
Tubulin dimers contain 20 cysteine residues and the oxidation of several have been shown to alter
microtubule polymerization (Clark et al., 2014; Landino et al., 2002, 2011). We therefore tested
whether H,0, exposure oxidizes microtubules. Purified microtubules were grown in the presence of
DCP-Rho1, which selectively binds sulfenic acid (Poole et al., 2007), and is thus a positive indicator of
cysteine oxidation. We found that microtubules grown in the presence of 0.5 mM H,0; revealed bright
green fluorescent DCP-Rho1 binding (Fig. 3A, left) which was near non-detectable in the H,0,-free
controls (Fig. 3A, Left). By using our previously published MATLAB code to quantify the fraction of
microtubule area occupied by fluorescent DCP-Rhol (Coombes et al., 2016; Reid et al., 2017), we found
that DCP-Rho1 binding was increased by 16-fold with H,0; exposure (Fig. 3A, right; see materials and

methods). Thus, oxidative stress leads to cysteine oxidation of microtubules.

Oxidative stress does not alter GTP-tubulin hydrolysis rate or GTP-tubulin lattice affinity

One way in which oxidative stress could increase rescue frequency would be by slowing the hydrolysis
rate of stabilizing GTP-tubulin subunits within the microtubule lattice, perhaps as a consequence of
cysteine oxidation. Here, because GTP-tubulin subunits are more stable in the microtubule lattice than
their hydrolyzed GDP-tubulin counterparts, a slowing of the GTP-tubulin hydrolysis rate could increase
the frequency of rescue events. To test this possibility, we incubated tubulin together with GTP at either
0°C or 37°C for 2.5 h, after which the reactions were stopped and inorganic phosphate release was
measured using a CytoPhos Biochem Kit (Cytoskeleton, Inc.; BKO54) (Portran et al., 2017). We found
that, consistent with previous results, the hydrolysis rate of GTP was ~67% higher at 37 °C, where
microtubule polymerization occurs, relative to 0 °C, where microtubule polymerization is prevented

(Portran et al., 2017). When 0.5 mM H,0, was added to the reaction mixture, we found that the rate of
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GTP hydrolysis was unchanged relative to the controls, both at 0 °C and at 37 °C (Fig. 3B, n.s.=not
significant, Mann-Whitney Test), indicating that oxidative stress does not alter the rate of GTP hydrolysis

within polymerized microtubules.

Another potential explanation for increased rescue frequency could be that GTP-tubulin subunits are
more stable within polymerized microtubules. One sensitive measure to gage the stability of GTP-
tubulin subunits within a microtubule is to measure the nucleation time of new microtubules, which
relies on GTP-tubulin subunits binding to each other, to start the growth of new microtubules. Thus, a
fluorescence spectrophotometer was used to measure turbidity, a quantitative measure of bulk
microtubule assembly (Fig. 3C, inset) (Portran et al., 2017). Turbidity was measured immediately after an
ice-cold tubulin mixture was added to a pre-warmed 30 °C cuvette, and then over the following 30 min
time interval, in the presence or absence of 0.5 mM H,0, (Fig. 3C, inset). Microtubule nucleation time
was quantified as the time delay prior to rapid tubulin polymerization. We found that the presence of
H,0, did not alter microtubule nucleation time (Fig. 3C). Thus, an oxidative stress-induced increase in
microtubule rescue frequency is not due to a slowed hydrolysis rate of GTP-tubulin subunits within the
microtubule lattice, nor due to an increase in stability of GTP-tubulin subunits within the microtubule

itself.

Electron microscopy reveals that oxidative stress causes structural damage to the GDP-Tubulin

microtubule lattice

Because H,0; exposure oxidizes cysteine residues within tubulin subunits, and tubulin cysteine oxidation
has been previously implicated in weakened tubulin-tubulin interactions (Landino et al., 2002, 2011), we
then tested whether oxidative stress could alter microtubule structure, perhaps by altering the stability
of GDP-Tubulin subunits within the microtubule lattice. Thus, we used negative-stain transmission
electron microscopy (TEM) to examine control and H,0, treated microtubules at nanoscale resolution.
Reconstituted GDP-tubulin microtubules were placed on a prewarmed 300-mesh carbon coated copper
grid for 1 min, stained with uranyl acetate, and then the microtubules were imaged using TEM (FEl
Technai Spirit BioTWIN). We observed that the H,0,-treated microtubules frequently had opened
stretches, as well as smaller defects and holes, along the microtubule lattice (Fig. 3D). To quantify this
observation, we characterized the fraction of open microtubule stretches relative to the total observed

microtubule length (Fig. 3E, left). We found that there was a 4-fold (325%) increase in open microtubule
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sections in 0.5 mM H,0; relative to untreated controls (Fig. 3E, right; fit to exponential equation as
shown, p=0.999, X2 test statistic=0.0028). Thus, oxidative stress acts to disrupt GDP-tubulin stability
within the microtubule lattice, leading to nanoscale structural defects within the microtubule itself (Fig.

3E).

Oxidative stress-induced structural defects are repaired via the incorporation of GTP-tubulin subunits

into the GDP-tubulin lattice

Paradoxically, we found that oxidative stress increases microtubule rescue frequency, leading to longer
microtubules, but also disrupts GDP-tubulin interactions within the microtubule, leading to opened
sections and defects within the microtubule itself. How could openings and holes within the microtubule
lead to increased rescue frequency and thus net elongation of dynamic microtubules? Interestingly,
recent publications have shown that, in the presence of free tubulin, open defects within a microtubule
can be “repaired” via the incorporation of GTP-tubulin subunits into the microtubule itself, both in cells
and in purified systems (Aumeier et al., 2016; Dimitrov et al., 2008; de Forges et al., 2016; Schaedel et
al., 2015, 2019). Further, it has been shown that the incorporation of GTP-tubulin at damaged areas
within the GDP-tubulin lattice acts to stabilize the microtubule in these locations, leading to an
increased frequency of rescue events at the “repaired” site (Fig. 2A) (Aumeier et al., 2016; Dimitrov et

al., 2008; de Forges et al., 2016; Tropini et al., 2012).

Thus, we tested whether oxidative stress could promote incorporation of GTP-tubulin into the GDP-
tubulin microtubule lattice, due to openings within the microtubule itself (Fig. 4B). We used our
previously published “repair assay” to visualize the incorporation of soluble Alexa488-labeled green
GTP-tubulin into control and H,0, treated rhodamine-labeled (red), GDP-tubulin microtubules (Fig. 4B)
(Reid et al., 2017). Here, GDP-tubulin microtubules were treated for 1h in buffer alone, or in 0.5 mM
H,0,, and then the microtubules were mixed with a solution containing Alexa488-labeled, green GTP-
tubulin (see materials and methods). After a 1h incubation, microtubules were imaged using TIRF
microscopy. The incorporation of green GTP-tubulin within the red microtubules was observed as green
puncta along the length of the red microtubules (Fig. 4C, left, yellow arrows). To quantify the
incorporation of GTP-tubulin within the microtubule itself, we measured the fractional coverage area of
green tubulin along the red microtubule lattice (Fig. 4C, left, yellow arrows), excluding green tubulin at

the microtubule ends, which represents normal microtubule elongation (Fig. 4C, left, white arrows). We
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found that there was a 94% increase in incorporation of GTP-tubulin along the length of the microtubule
for H,0, treated microtubules, relative to untreated controls (2-fold, p<<0.0001, Student’s t-test). This
rate of incorporation was less than the 4-fold increase in open microtubule sections observed via
electron microscopy (Fig. 3E), suggesting that GTP-tubulin does not completely incorporate into all of

the damaged areas within the microtubule lattice.

Oxidative stress-induced structural defects are repaired via the incorporation of GTP-tubulin subunits

into the GDP-tubulin lattice during the short lifetime of dynamic microtubules

Both the electron microscopy experiments and the GTP-tubulin repair experiments described above
were performed by treating stabilized GDP-tubulin microtubules with H,0, for 60 minutes or more. To
verify that oxidative stress mediated damage and GTP-tubulin repair could occur over the much shorter
lifetime of dynamic microtubules in cells (lifetime 3-5 minutes in our cell-free assay, Fig. 1D), we used
dynamic microtubules and a microtubule tip-tracking protein, Mal3-GFP. Mal3 and its human
homologue EB1 have been shown to bind with high affinity to GTP-tubulin, and with lower affinity to
GDP-tubulin (Maurer et al., 2011; Zanic et al., 2009). Further, EB1 has been shown to bind rapidly to
microtubule structural defects, increasing the efficiency at which EB1 (or Mal3) may detect and stably
bind to GTP-tubulin that is associated with openings and holes within the microtubule itself (Reid et al.,
2019). Thus, to determine whether oxidative stress-mediated damage and GTP-tubulin repair occurs in
short-lived dynamic microtubules, we examined the binding of Mal3-GFP to dynamic microtubules in the

presence of increasing H,0, concentrations.

To perform the dynamic microtubule assay in the presence of Mal3-GFP, Alexa647-labelled (far-red)
dynamic microtubules (Fig. 4D, red) were grown from rhodamine-labeled seeds (Fig. 4D, grey). Using this
system, Mal3-GFP is expected to be visible in the green channel at microtubule tips (Fig. 4D, left, green;
Fig. 4E, left, cyan arrows). In the presence of microtubule damage and repair, we predicted that Mal3-
GFP would also be observed along the length of the microtubule, in addition to the growing microtubule

tip (Fig. 4D, right; Fig. 4E, left, white arrow).

As expected, Mal3-GFP was observed at growing microtubule tips (Fig. 2D, left-top), and less frequently
along the microtubule length (Fig. 2D, left-bottom). To quantify the relative amounts of Mal3-GFP

binding in the presence and absence of oxidative stress, we measured the area of green Mal3-GFP
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occupancy along the length of each microtubule, divided by the total area of the red microtubules, for
each image (Reid et al., 2017, 2019). We found that the coverage of Mal3-GFP along the length of
dynamic microtubules was significantly and substantially increased with increasing H,0, concentration
(Fig. 2D, right, ANOVA for comparison between groups, p<<0.0001; sample sizes indicate number of
images analyzed, each of which contain many microtubules). Further, there was a 90% increase in
binding of Mal3-GFP to dynamic microtubules in 0.5 mM H,0, relative to the controls (p<<0.0001, t-
test), which was nearly identical to the 94% increase in GTP-tubulin repair in the stable microtubules,
suggesting that oxidative stress acts on a rapid time scale (< 5 minutes) to damage microtubules,

allowing for swift GTP-tubulin repair at these sites.

Oxidative stress leads to acetylation of cardiac myocyte microtubules

It has been previously shown that the presence of openings and holes along the microtubule length also
increases the likelihood of post-translational microtubule acetylation, by permitting access of the
acetylation enzyme aTAT1 to its acetylation site inside the hollow lumen of the microtubule (Coombes
et al., 2016; Janke and Montagnac, 2017; Ly et al., 2016). Thus, we asked whether the lengthened,
longitudinally aligned, and likely damaged microtubules that were generated under conditions of

oxidative stress in cardiac myocytes were also acetylated.

To test this idea, rat ventricular cardiac myocytes were treated with 0, 100, or 500 uM H,0, for 1h at 37
°C. The cover slip-adherent cardiac myocytes were then washed with PBS, fixed in 1% PFA, stained with

anti-acetylated-tubulin antibody (6-11B), and imaged with confocal microscopy (Fig. 5A).

First, to determine whether acetylation was prevalent on the lengthened, longitudinally aligned
microtubules generated via oxidative stress, we measured the mean tortuosity of acetylated
microtubules in cardiac myocytes exposed to oxidative stress. Similar to results for a-tubulin staining,
we found that the mean acetylated microtubule tortuosity was significantly decreased with exposure to
oxidative stress (Fig. 5B, p=0.015 ANOVA, difference between groups, sample sizes=number of cells
analyzed), suggesting that the lengthened, longitudinal microtubules that are prevalent in cardiac

myocytes under conditions of oxidative stress are also acetylated.
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Second, we tested whether the overall microtubule acetylation level was increased in cardiac myocytes
exposed to oxidative stress. Thus, we used automated object detection code in MATLAB to identify
cardiac myocytes within our anti-acetylated-tubulin antibody images (Fig. 5C), and then used the code
to measure the average anti-acetylated tubulin fluorescence intensity per pixel within each cardiac
myocyte, using a maximum Z-projection images to capture all of the fluorescence throughout the depth
of the entire cardiac myocyte (Fig. 5C, top). We found that the mean anti-acetylated tubulin
fluorescence intensity increased 5.8-fold (485%) in cardiac myocytes treated with 500 uM H,0; relative

to controls (Fig. 5D, linear regression for slope, p=0.0395).

To distinguish whether the increased overall acetylation level was an indirect consequence of altered
microtubule mass, or whether microtubule acetylation was directly facilitated by oxidative stress, we
measured the overall level of an alternative microtubule post-translational modification, detyrosination
(Zhou et al., 2019). Detyrosination occurs on the outside of the microtubule, and so we predicted that
the rate of microtubule detyrosination would not be altered by the presence of openings and holes
along the microtubule. To test this idea, rat ventricular cardiac myocytes were treated with 0, 100, or
500 uM H,0,; for 1h at 37 °C. The cover slip-adherent cardiac myocytes were then washed with PBS,
fixed in 1% PFA, stained with anti-detyrosinated-tubulin antibody, and imaged with confocal
microscopy. In contrast to the anti-acetylated tubulin antibody, we found no significant increase in
detyrosinated tubulin signal with H,0, exposure (Fig. 5F, 5G, linear regression for slope, p=0.706). This
result suggests that acetylation of microtubules was a direct outcome of cardiac myocyte exposure to

oxidative stress, and not an indirect effect of altered microtubule mass.

Discussion

In this work, we found that reactive oxygen species, which are generated under conditions of oxidative
stress, oxidize microtubules (Fig. 3A). To our knowledge, this is the first demonstration of direct
oxidation of polymerized microtubules, in the absence of glycolytic enzymes or other microtubule
associated proteins, via oxidative stress. Our results indicate that exposure to reactive oxygen species
leads to the irreversible cysteine oxidation of tubulin subunits within a microtubule. Tubulin subunit
cysteine oxidation has been implicated in weakened tubulin-tubulin interactions, and thus likely
increases the susceptibility of microtubules to damage (Clark et al., 2014; Guo et al., 2006; Landino et

al., 2002, 2011; Luduena and Roach, 1991; Mellon and Rebhun, 1976) Consistent with this implication,
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we found that oxidized microtubule were characterized by regions of damage along the length of the
microtubule, specifically, by holes and open sections within the GDP-tubulin microtubule lattice (Fig 3).
This oxidation and damage occurs on a rapid time scale (< 5 minutes) (Fig. 4), thus leading to significant

alterations in the behavior of dynamic microtubules (Fig. 2).

Paradoxically, oxidative-stress mediated damage along the length of the microtubule results in the
lengthening of dynamic microtubules, via an increase in the frequency of rescue events (Fig. 2). Rescue
frequency is increased as a result of GTP-tubulin incorporation at damaged microtubule lattice sites
(Aumeier et al., 2016; Dimitrov et al., 2008; Dye et al., 1992; de Forges et al., 2016; Schaedel et al., 2015,
2019). As previously described, sites of GTP-tubulin incorporation along the length of the microtubule
can slow down and ultimately stop microtubule depolymerization, allowing the microtubule to begin
growing again (Aumeier et al., 2016; Dimitrov et al., 2008; de Forges et al., 2016; Tropini et al., 2012).
The increased rescue frequency of dynamic microtubules upon exposure to oxidative stress led to an
exponential increase in predicted dynamic microtubule lengths. These results are consistent with the
recent finding that microtubule severing enzymes are able to increase microtubule length and amplify
the cytoskeleton by causing nanoscale damage along the microtubule length, leading to GTP-tubulin

islands that stabilize the microtubules against depolymerization(Vemu et al., 2018).

Importantly, in cardiac myocytes, the lengthening of dynamic microtubules increases the likelihood of
their direct interaction and binding to regularly spaced Z-disks (Fig. 6, top, red: dynamic microtubules,
blue: Z-disks) (Robison et al. 2016; Robison and Prosser 2017). It has been previously shown that the
binding of microtubules to Z-disks inhibits microtubule depolymerization (Drum et al. 2016). Thus, the
structure of the cardiac myocyte itself exacerbates the effects of oxidative stress: lengthened dynamic
microtubules are likely to be stabilized against depolymerization when they grow long enough to
interact with the regularly spaced Z-disks (Fig. 6, bottom). This model of dynamic microtubule
lengthening, combined with binding of lengthened microtubules to the Z-disk, predicts that oxidative
stress generates a longitudinally aligned and static microtubule network in cardiac myocytes, likely
increasing cellular stiffness and disrupting contractility (Fig. 6, bottom). Consistent with this model,
Drum et al. observed a reduction in dynamic microtubule tips, as evidenced by the absence of EB3-GFP
microtubule growth and shortening events, after 30 min of H,0, exposure (Drum et al., 2016). This loss

of dynamic microtubule tips under conditions of oxidative stress is suggestive of a shift in the balance
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between static and dynamic microtubules, as the lengthened dynamic microtubules are stabilized over

time via interactions with the Z-disk (Fig. 6, bottom).

The effect of oxidative stress in damaging microtubules has a further consequence, as the damaged
microtubule lattice fosters a change in the post-translational acetylation state of microtubules.
Specifically, defects, gaps, and holes along the microtubule lattice have been shown to allow improved
access of the acetylation enzyme aTAT1 to its acetylation site inside the hollow lumen of the
microtubule, thus increasing the likelihood of microtubule acetylation (Coombes et al., 2016; Janke and
Montagnac, 2017; Ly et al., 2016). Indeed, we observed a dramatic increase in microtubule acetylation
in oxidative-stress treated cardiac myocytes (Fig. 5; Fig. 6, bottom). Importantly, acetylated
microtubules are resistant to breakage, which increases their longevity (Eshun-Wilson et al., 2019;
Portran et al., 2017; Xu et al., 2017). This increased microtubule longevity likely further reinforces the
oxidative stress-mediated transformation from a versatile dynamic microtubule network into a

longitudinally aligned and static microtubule network in diseased cardiac myocytes.

Previous reports have been contradictory regarding the effect of oxidative stress and ischemia on
microtubule density inside of cells (Drum et al., 2016; Hinshaw et al., 1993; Kratzer et al., 2012; Valen et
al., 1999; Wei-Guo and Qi-Ping, 2014). We did not find a significant effect of oxidative stress on the rate
of microtubule nucleation, and so we posit that the most important effect of oxidative stress in cardiac
myocytes is on the lengthening, longitudinal reorientation, and acetylation of microtubules, rather than
on a direct increase in microtubule number (Fig. 6). Specifically, by increasing both the length and the
lifetime of microtubules, oxidative stress could act to disrupt cardiac myocyte contractility, regardless of

an increase in total numbers or density of microtubules.

Previous work has implicated the detyrosination of a-tubulin in cardiac myocyte contractile dysfunction
and patient heart failure (Chen et al., 2018; Kerr et al., 2015; Robison et al., 2016). In the present study,
oxidative stress itself did not lead to an increase in cardiac myocyte microtubule detyrosination (Fig.
5F,G). However, microtubule detyrosination has been reported to increase the affinity of microtubules
to Z-disk intermediate filaments such as Desmin (Robison et al., 2016), which could potentially have an
additive effect in increasing cardiac myocyte stiffness when combined with the direct effects of

oxidative stress in patients with heart failure.
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Our single microtubule studies in cell-free experiments permit high resolution measurements of the
direct effect of H,0, on dynamic microtubules. However, we cannot exclude the possibility that
microtubule associated proteins and other factors inside of cells could have a confounding effect on
microtubule dynamics, over and above the direct effect of H,0; as was assessed in our cell-free assay.
For example, previous work suggests that oxidative stress causes displacement of the microtubule-
associated protein EB1 from growing microtubule ends, which could contribute to differences in
microtubule dynamics in cells as compared to our cell-free assay (Le Grand et al., 2014; Smyth et al.,

2010).

Regardless, we find that oxidative stress acts inside of cardiac myocytes to facilitate a dramatic,
pathogenic shift from a dynamic, versatile microtubule network into a highly acetylated, longitudinally
aligned, and static microtubule network (Fig. 6), which likely contributes to increased cellular stiffness
and contractile dysfunction in failing heart cells. This deleterious effect of oxidative stress in contractile
cells may have important broader health impacts, such as in muscle dystrophies, ischemic heart disease,

systolic and diastolic heart failure, and a whole host of cardiomyopathies.
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Materials and Methods

Ventricular Cardiac myocyte Isolation and Primary Culture

Adult rat ventricular myocytes were isolated as previously described (Thompson et al., 2016, 2019).
Briefly, adult female rats were anaesthetized (isoflurane) and injected with heparin (15,000 U/kg) and
Fatal Plus (150 mg/kg). Enzymatic digestion of hearts was achieved via the Langendorff procedure.
Ventricles were triturated and cells were plated on laminin-coated glass coverslips and cultured
overnight at 37°C in M199 media (Sigma) supplemented with 25mM HEPES, 26.2mM sodium
bicarbonate, 0.02% BSA, 50U/mL penicillin-streptomycin, 5ug/mL insulin, Sug/mL transferrin, and

5ng/mL selenite and pH-adjusted to 7.4.

H;0; exposure, immunostaining, and imaging of cardiac myocytes

Coverslip-adherent cardiac myocytes were treated with pre-warmed H,0, (0-1mM) in M199 media for 1
h at 37°C, washed in pre-warmed PBS, and fixed by incubating in 1% paraformaldehyde in pre-warmed
PBS for 1h. Coverslips were blocked in blocking buffer containing 3% BSA and 0.1% Triton X-100 in PBS
for 30min at room temperature. For immunostaining of a-tubulin, coverslips were probed with mouse
anti-a-tubulin antibody (DM1A, VWR; #P162204; 1:1000 in blocking buffer) for 1h at room temperature,
washed twice in blocking buffer for 10min each, and treated with FITC anti-mouse IgG antibody (F0257,
Sigma; 1:1000 in blocking buffer) overnight at 4°C. For immunostaining of acetyl-tubulin, coverslips
were probed as above, but with mouse anti-acetyl-tubulin antibody (T7451, Sigma; 1:2000 in blocking
buffer) for 1h at room temperature, washed twice in blocking buffer for 10min each, and treated with
FITC goat anti-mouse antibody (F0257, Sigma; 1:2000 in blocking buffer) overnight at 4°C. For
immunostaining of detyrosinated tubulin, coverslips were probed with rabbit anti-detyrosinated tubulin
antibody (AB3201, Sigma; 1:1000 in blocking buffer) for 1h at room temperature, washed twice in
blocking buffer for 10min each, and treated with donkey Alexa Fluor 488-conjugated anti-rabbit IgG
secondary antibody (A21206, Life Technologies; 1:1000 in blocking buffer) overnight at 4°C. Coverslips
were again washed twice in blocking buffer for 10min and mounted on slides with ProLong Diamond
Antifade (Thermo Fisher #P36965) for imaging. Immunostained cardiac myocytes were imaged with a
laser scanning confocal microscopy (Nikon Ti2, 488nm laser line) fitted with a 100x oil objective (Nikon

N2 Apochromat TIRF 100X Qil, 1.49 NA), which allowed for a 0.2um pixel size.

Microtubule Tortuosity Measurement in Cardiac myocytes
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Quantification of microtubule tortuosity was performed using custom-made automated MATLAB script.
Immunostained cardiac myocyte images were filtered for noise and background with Gaussian band-
pass filtering. Microtubules were identified using Canny edge detection to create a skeleton map. The
skeleton map was segmented at branch points to create microtubule segments, which were filtered to
exclude segments shorter than 7 pixels. Quasi-Euclidean distance (path length) and Pythagorean
distance (endpoint displacement) were measured for each microtubule segment. Tortuosity was
calculated by dividing path length by endpoint displacement for each microtubule segment, and mean

tortuosity value for each image was calculated across all microtubule segments.

Tubulin Purification and Labeling

Tubulin was purified from pig brain extract through repeated cycles of polymerization-depolymerization
and labeled with rhodamine, Alexa-488, or Alexa-647 as previously described (Castoldi and Popov, 2003;
Gell et al., 2010).

Construction and preparation of flow chambers for TIRF microscopy imaging

Flow chambers were assembled for TIRF microscopy as described (Gell et al., 2010) with the following
adaptation: To create a ‘lane’ for the unidirectional flow of samples, two narrow strips of Parafilm were
arranged parallel to each other in between two hydrophobic silanized coverslips. Chambers were
subjected to heat in order to melt the Parafilm strips and create a seal between the coverslips. Before
use, the chamber was treated with rabbit anti-rhodamine antibody diluted 1:50 (A6397, Thermo Fisher)

in Brb80 for 30 min followed by blocking with pluronic F127 for at least 20 min.

Construction of stabilized microtubule seeds

Stable GMPCPP microtubule seeds were prepared from a 40.5 puL mixture of 3.9 uM tubulin (25%
rhodamine-labeled, 75% unlabeled), 1mM GMPCPP, and 1.2 mM MgCl, in Brb80 and incubated first on
ice for 5 min, followed by 2 h at 37°C (Reid et al., 2017). Following incubation, GMPCPP microtubules
were diluted in 400 puL warm Brb80, spun via air-driven centrifuge (Airfuge, Beckman Coulter, 20psi,
5min), and resuspended in 400 pL of warm 10 uM Taxol in Brb80. These GMPCPP microtubules were

stored at 37°C and used for microtubule dynamics experiments up to 5 days after preparation.

Dynamic Microtubule Assay and TIRF Microscopy
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Rhodamine-labeled GMPCPP microtubule ‘seeds’ were adhered to an anti-rhodamine antibody-coated
flow chamber (Gell et al., 2010) and washed with 80 pL pre-warmed Imaging Buffer (20ug/mL glucose
oxidase, 10ug/mL catalase, 20mM D-Glucose, 10mM DTT, 80ug/mL casein, and 1% tween-20) to
minimize photobleaching. A reaction mixture containing 10.3uM tubulin (15.8% Alexa488-labeled,
84.2% unlabeled), 55mM KCIl, 1 mM GTP, 0.15% methyl cellulose and Imaging Buffer was prepared. For
oxidative stress experiments, H,0, (0-1000 uM) was included in the reaction mixture. The reaction
mixture was centrifuged for 5 min at 4°C to remove protein aggregates and the supernatant was

introduced into the imaging chamber.

Movies of dynamic microtubules were acquired at 28°C for 1h at 0.2fps using 488nm and 561nm laser
lines with a TIRF microscope (Nikon Eclipse Ti TIRF) fitted with an 100x oil objective (Nikon CFI
Apochromat TIRF 100XC Qil, 1.49 NA) and CCD camera (Andor, iXon3). This TIRF microscopy imaging
system allowed for a 160nm pixel size. With this experimental protocol, multiple parameters of length
dynamics (elongation rate, shortening rate, rescue frequency, and catastrophe frequency) were

quantified using ImageJ (Coombes et al., 2013; Gardner et al., 2011b, 2011a; Reid et al., 2016).

Dynamic Microtubule Assay Image Analysis

Kymographs for each dynamic microtubule extension were generated from movies using Imagel. For
each microtubule, the growth rates, shortening rates, catastrophe frequency, and rescue ratio was
guantified. For the growth rate analysis, only microtubules in which the entire lifetime of microtubule
elongation was observed were analyzed. Growth rate was calculated as the microtubule length at
catastrophe divided by the duration of microtubule growth, from growth initiation from the seed until
catastrophe. For the catastrophe frequency analysis, the catastrophe frequency was calculated as the
inverse of the duration of microtubule growth. For the shortening rate analysis, only complete
shortening events, defined as the period following catastrophe until either complete depolymerization
or rescue, were analyzed. Shortening rate was calculated as the length a microtubule shortened after
catastrophe divided by the shortening time. For the rescue frequency analysis, because microtubule
rescue only occurs after a catastrophe event, the probability of rescue is first dependent on a
catastrophe event. Therefore, the rescue frequency was calculated as number of rescue events in a
movie, divided by the number of catastrophe events, and then normalized to the mean microtubule

length at catastrophe


https://doi.org/10.1101/2020.06.30.174532
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.30.174532; this version posted July 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

21| Page

Microtubule Turbidity Nucleation Assay

Bulk tubulin polymerization was assessed by measuring sample turbidity, as the absorbance at 350 nm
(Nanophotometer NP80, Implen), as previously described (Portran et al., 2017). Briefly, the
spectrophotometer was pre-warmed in a 30°C room for 2h before use, and blanked on dH,0. A mixture
of 42uM tubulin, 1ImM GTP, 5mM DTT, and 5% glycerol was prepared in Brb80 on ice. For H,0;
experiments, this mixture additionally contained 0.5mM H,0,. The tubulin mixture was added to a pre-

warmed cuvette and absorbance measurements were acquired every 30sec for 30min.

GTP Hydrolysis assay

A mixture of 10 uM tubulin, 0.5mM GTP, 0.5mM DTT, and 5% glycerol in Brb80 was prepared on ice. For
H,0, experiments, this mixture also included 0.5 mM H,0,. Reactions were incubated either at 0°C or
37°C for 2.5h, after which reactions were stopped by the addition of 5% TCA on ice for 2min. Samples
were centrifuged for 10min at 4°C to remove protein aggregates. 15uL of the supernatant was added to
35uL Cytophos reagent (BK054, Cytoskeleton), vortexed gently, and incubated for 10min at 22°C. To
measure the amount of inorganic phosphate, the absorbance at 650nm (Nanophotometer NP80,
Implen) was recorded three times per sample. A phosphate standard curve was determined using the

Cytophos phosphate standard (BK054, Cytoskeleton), diluted 0-100uM.

Measurement of Tubulin Cysteine Oxidation

A mixture of 36.4 uM tubulin (12% Alexa488-labeled, 21% biotinylated), 1mM GTP, and 315uM DCP-
Rho1l was prepared on ice and incubated for 2h at 37°C in the presence or absence of 1mM H;0,. The
mixture was diluted 100-fold with warm 10uM Taxol in Brb80 and stored overnight at 37°C. 210uL of
the microtubule sample were spun via air-driven centrifuge (20psi, 5min), and re-suspended in 150uL of
warm 10uM Taxol in Brb80. An imaging chamber was assembled as described above with the following
variation: Instead of anti-rhodamine antibody, imaging chambers were treated with a mixture of 5uL
rabbit anti-biotin antibody (D5A7, company), 20uL streptavidin (1mg/mL), and 15uL Brb80 for 30min,
before blocking with pluronic F127. 80uL warm 10uM Taxol in Brb80 was first flushed through the
imaging chamber followed by 40pL of the Taxol-stabilized microtubules. Non-adherent microtubules
were removed by flushing with warm 10uM Taxol in Brb80. Imaging Buffer was introduced and

microtubules were imaged via TIRF microscopy, as described above.

Transmission Electron Microscopy (TEM)
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A mixture of 37uM tubulin, ImM GTP, 4.3mM MgCl,, and 4% DMSO was prepared and placed on ice for
5min, followed by a 30min incubation at 37°C. Reconstituted microtubules were diluted 20x in warm
20uM Taxol in Brb80. Taxol-stabilized microtubules were diluted 2x in a pre-warmed solution containing
H,0, or Brb80 alone, and stored overnight at room temperature. A drop of reconstituted microtubules
was placed on a pre-warmed 300-mesh carbon coated copper grid for 1min, followed by 1 drop of 1%
uranyl acetate for 1min. Filter paper was then used to wick away the excess stain from the grid. The
grid was left to dry for 10min and stored. Microtubule specimens were imaged using TEM (FEI Technai

Spirit BioTWIN).

Microtubule Repair Assay

GDP microtubules were prepared from a mixture of 34.8uM tubulin (25% rhodamine-labeled, 75%
unlabeled), 4.3mM MgCl2, 1mM GTP, and 4.3% DMSO in Brb80. The mixture was incubated for 1h at
37°C, diluted 10x in warm 10pM Taxol in Brb80, and stored overnight at 37C. 250uL of the Taxol-
stabilized microtubules were then spun via air-driven ultracentrifuge (20psi, 5min), resuspended in 50uL
of warm 10uM Taxol in Brb80 with or without H,0,, and incubated for 30min at 37C. To visualize the
incorporation of soluble tubulin at ‘defects,’ or gaps, within the microtubule lattice, a reporter tubulin
was used (Reid et al., 2017). Briefly, 20uL of the resulting microtubule mixture was added to 20pL of
tubulin reporter solution containing 1.5uM tubulin (50% Alexa488-labelled), 1mM MgCl,, 250uM GTP,
and 10uM Taxol in Brb80 and incubated for 30min at 37°C. Microtubules were then adhered to an

imaging chamber and imaged via TIRF microscopy as described above.

Microtubule Repair Assay Image Analysis

To quantify incorporation of green GTP-tubulin, the fractional coverage area of green tubulin along the
red microtubule was determined using a previously described custom built MATLAB analysis tool (Reid
et al., 2017). First, the red microtubule channel was processed to identify GDP microtubules. The green
reporter tubulin channel was then filtered to reduce high-frequency noise and smoothing was
performed to correct for heterogeneity within TIRF illumination of the optical field. A green channel
threshold was manually selected just above background and maintained for consistent analysis across all
experiments. For each TIRF image, the fractional area of green reporter tubulin incorporation within the
red microtubule was recorded as the ‘Repair Fraction’, excluding green tubulin at the microtubule ends,

which represents normal microtubule elongation.


https://doi.org/10.1101/2020.06.30.174532
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.30.174532; this version posted July 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

23| Page

Mal3-GFP Purification

The pETMM11-HIS6x-Mal3-GFP plasmid with a TEV cut site after the His6x tag was a kind gift from Dr.
Thomas Surrey. The plasmid was transformed into Rosetta (DE3) pLysS E. coli and grown in 800mL of
LB+kan+cam at 37°C to an OD of approximately 0.4. To induce protein expression, IPTG was added to
0.2mM and the culture was mixed at 14°C for 16hr. Cells were centrifuged (30min., 4°C, 4400xg) and
resuspended in 25mL lysis buffer (50mM Tris pH7.5, 200mM NaCl, 5% glycerol, 20mM imidazole, 5mM
B-mercaptoethanol, 0.2% triton X-100), protease inhibitors (ImM PMSF, 10uM Pepstatin A, 10uM E-64,
0.3uM aprotinin), and DNAse | (1U/mL). The cell suspension was sonicated on ice (90% power, 50%
duty, 6x1min). Cell lysates were centrifuged (1h, 4°C, 14000 xg) and the soluble fraction was passed
through 1mL of Talon Metal Affinity Resin (Clontech #635509). The resin was washed for four times
with 4mL Wash Buffer (50mM Tris pH7.5, 500mM NaCl, 5% glycerol, 20mM imidazole, 5mM B-
mercaptoethanol, 0.1mM PMSF, 1uM Pepstatin A, 1uM E-64, 30nM aprotinin) for 5min each. Protein
was eluted from the resin by mixing with 1mL of Elution Buffer (50mM Tris pH 7.5, 200mM Nacl,
250mM imidazole, 0.1mM PMSF, 1uM Pepstatin A, 1uM E-64, 30nM aprotinin) for 15min followed by
slow centrifugation through a fritted column to retrieve eluate. To cleave the HIS6x tag, 10 units of GST-
tagged TEV enzyme (TurboTEV, #T0102M, Accelagen) and 14mM B-mercaptoethanol were added and
the eluate was dialysed into Brb80 overnight at 4°C. To remove the TEV enzyme, the dialysate was
mixed with 100ul of glutathione-sepharose (GE Healthcare #17-0756-01) for 30 min. at 4°C and spun
(1min, 2000xg). The Mal3-GFP protein was quantified by band intensity on a coomassie-stained SDS
PAGE protein gel.

Mal3 Microtubule Binding Assay

The microtubule dynamics assay was completed as described above with the reaction mixture
containing 10uM tubulin (12.7% Alexa647-labeled, 87.3% unlabeled), 1mM GTP, 90mM KCl, 39.4nM
Mal3-GFP, imaging buffer, and H,0, (0 or 0.5mM). Images of dynamic microtubules were acquired at
28°C using 488nm and 561nm lasers with a TIRF microscope (Nikon Eclipse Ti TIRF) fitted with an 100x
oil objective (Nikon CFl Apochromat TIRF 100XC Qil, 1.49 NA), CCD camera (Andor, iXon3) and, 2.5x

projection lens. This TIRF microscopy imaging system allowed for a 64nm pixel size.

Mal3 Microtubule Binding Assay Image Analysis
To compare relative binding of Mal3-GFP to dynamic microtubules in the presence and absence of H,0,,

the Mal3 Coverage Fraction was calculated as the total area of green (Mal3-GFP) occupancy divided by
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the total area of the red microtubules for each image. A semi-automated MATLAB analysis code was

used as previously described (Reid et al., 2017).

Amplex Red assay to measure residual H>0; in Imaging Buffer

In order to assess the concentration of H,0, in the presence of the reactive oxygen species scavengers
within imaging buffer, we used the previously established Amplex Red assay (Schlieve et al., 2006).
Briefly, Amplex Red, an H,0,-sensitive dye was used. Solutions of 50 uM Amplex Red, 1 U/mL
Horseradish peroxidase, increasing dilutions of imaging buffer, and 30 uM H,0; were made in a 96-well
plate. Samples were incubated for 30 min in the dark. Samples were then excited at 530 nm using a
fluorescence spectrophotometer (Molecular Devices, Spectramax Gemini XPS Microplate Reader) and

fluorescence was measured at 590 nm emission.

To determine the absolute H,0, concentration from absorbance measurements, samples were prepared
with increasing imaging buffer dilutions (0.003-1x). The recovery fraction for each imaging buffer

dilution was determined using the following equation:

. RFUsqmp1
Recovery Fractionsgmpe =1 — RFU Im::::; ;uffer (4)

To predict the remaining H,0, concentration in the 0, 0.5, and 1 mM H,0; microtubule dynamics

experiments, the mean recovery fraction was multiplied by each starting H,O, concentration.
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Figure 1: Oxidative stress leads to longitudinal alignment of the microtubule cytoskeleton in cardiac
myocytes. (A) Cardiac myocytes exposed to 0 mM, 0.1 mM, or 1 mM H,0; for 1h before fixation in 1%
PFA and immunostaining for a-tubulin (green). (B) Tortuosity is measured by automatically detecting
microtubules within cardiac myocytes. (C) Mean microtubule tortuosity is reduced in cardiac myocytes
with H,0, exposure, consistent with the straightening and longitudinal alignment of microtubules.
Crosses: Mean; Bar: Median; Box: first-third quartiles. Sample sizes as shown in parenthesis, numbers

represent number of cells analyzed.
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Figure 2: Oxidative stress increases dynamic microtubule length by increasing rescue frequency. (A)
(Top) Schematic of TIRF experiments to measure microtubule length dynamics. (Bottom) Representative
kymographs of dynamic microtubules in the presence of 0 mM H,0; (left), 0.5 mM H,0; (middle), and 1
mM H,0; (right) (red, GMPCPP-stabilized microtubule seeds; green, Alexa-Fluor-488 dynamic
microtubule extensions; white arrow: rescue event). (B) Microtubule growth rate as a function of H,0,
concentration (n=280, 265, 149, 123 from 0 to 1 mM on graph). (C) Microtubule shortening rate as a
function of H,0, concentration (n=41, 39, 41, 39 from 0 to 1 mM on graph). (D) Microtubule catastrophe
frequency as a function of H,0, concentration (n=280, 265, 149, 123 from 0 to 1 mM on graph). (E)
Microtubule rescue frequency, calculated as the frequency of a rescue event per catastrophe, and
normalized to mean microtubule length at catastrophe, n=280, 265, 149, 123 catastrophe events from 0
to 1 mM on graph, absolute number of rescue events observed, from 0 to 1 mM on graph: n=20, 45, 26,
90. (F) Measurements of residual H,0, concentration in the oxygen scavenging imaging buffer used in
panels A-E. Average shown based on three independent repeats with Amplex Red assay. (G) Predicted
microtubule length as a function of increasing oxidative stress in cardiac myocytes, based on Eqns. 2,3,
and panel F. (G) Typical images of tubulin staining in cardiac myocytes appear consistent with increased

microtubule length predictions. All error bars, in all panels, mean + S.E.M.
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Figure 3: H,0,exposure leads to cysteine oxidation and to microtubule damage. (A) Right: TIRF
microscopy of GDP-tubulin microtubules (red) grown in the presence of DCP-Rho1 (green), an indicator
of cysteine oxidation, in 0 mM H;0; (top) or 1 mM H,0; (bottom). Left: Quantification of DCP-Rho1l
coverage area fraction on microtubules. Crosses: Mean; Bar: Median; Box: first-third quartiles; sample
sizes represent number of images, many microtubules per image (B) GTPase assay. Dot plot showing the
molar concentration of inorganic phosphate released over 2.5 hin 0 or 37°C, and in 0 or 0.5 mM H,0..
Sample sizes from left to right on graph: n=6, 7, 7, 6, each number represents an independent
experiment. Horizontal bars: mean; p-values calculated using Mann-Whitney Test. (C) Nucleation time
for control (blue) and 0.5 mM H,0,-treated (red) microtubules. Inset: Turbidity, or absorbance at 350
nm, to monitor polymer formation over 30 min. Horizontal bars: mean. (D) Representative electron
microscopy images of GDP-tubulin microtubules treated with 0 mM H,0; (left) and 0.5 mM H,0, (right).
Black arrow, opened microtubule lattice. (E) Left: Schematic of microtubule with closed and opened
lattice. Right: Open microtubule fraction quantified as the total opened microtubule length divided by
total observed microtubule length. Sample sizes from left to right on the graph: n=36, 21, 119, 61, where

n is reported as number of TEM frames analyzed.
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Figure 4: Oxidative stress leads to damage in the GDP-tubulin microtubule lattice that is repaired via
the incorporation of GTP-tubulin subunits. (A) Incorporation of GTP-tubulin into the GDP-tubulin lattice
(left) leads to stabilized areas within the GDP-tubulin lattice (middle), increasing the likelihood of rescue
events, and thus longer microtubules (right) (Aumeier et al. 2016; Dimitrov et al. 2008; de Forges et al.
2016; Gardner 2016; Tropini et al. 2012). (B) Schematic of microtubule repair assay to measure the
incorporation of GTP-tubulin (green) into damaged areas on stabilized GDP-tubulin microtubules (red).
(C) Left: TIRF microscopy images of GFP-Tubulin (green) and GDP-tubulin microtubules (red). White
arrows: microtubule growth via addition of GTP-tubulin to microtubule ends (excluded from analysis).
Yellow arrows: incorporation of GTP-tubulin (green) into damaged areas on the GDP-tubulin lattice
(red). Right: Quantification of the coverage area of GTP-tubulin (green) lattice incorporation divided by
the total GDP-tubulin microtubule lattice area (red). Green tubulin growth from microtubule ends is
excluded from the analysis. Crosses: Mean; Bar: Median; Box: first-third quartiles; sample sizes
represent number of images, many microtubules per image. (D) Schematic of Mal3-GFP Binding Assay.
Left: In a dynamic microtubule assay, Mal3-GDP typically binds to growing microtubule ends. Right:
Mal3-GFP may bind to damaged areas on the lattice, into which GTP-tubulin has incorporated. (E) Left:
Representative TIRF images of Mal3-GFP binding assay, in which Mal3-GFP (green) binds the dynamic
microtubule extension (red) polymerized from stabilized seeds (white). Mal3-GFP binds to growing
microtubule tips, as expected (cyan arrows), but can also be observed within the microtubule lattice
(white arrow), especially in the presence of H,0, (bottom). Right: Quantification of Mal3-GFP coverage
fraction on microtubules. Crosses: Mean; Bar: Median; Box: first-third quartiles; sample sizes represent

number of images, many microtubules per image.
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Figure 5: In cardiac myocytes exposed to oxidative stress, longitudinally aligned microtubules are
acetylated. (A) Rat ventricular cardiac myocytes fixed and stained for anti-acetylated tubulin (green). (B)
Quantification of mean acetylated microtubule tortuosity. Crosses: Mean; Bar: Median; Box: first-third
quartiles; sample sizes represent number of cells analyzed, many microtubules per cell. (C) Method for
using automated object detection to identify cardiac myocytes and then measure average anti-
acetylated tubulin fluorescence intensity per pixel inside of each cell. A maximum Z-projection image is
used for analysis, to ensure that all fluorescence within the cell is captured in the analysis. (D)
Quantification of mean anti-acetylated tubulin fluorescence intensity per pixel in cardiac myocytes. Each
circle marker represents one image, n=5 images per group; open diamonds represent average values for
each group, dotted line shows best-fit linear regression for average values. (E) Rat ventricular cardiac
myocytes fixed and stained for anti-detyrosinated tubulin (cyan). (F) Quantification of mean anti-
detyrosinated tubulin fluorescence intensity per pixel in cardiac myocytes. A maximum Z-projection
image is used for analysis, to ensure that all fluorescence within the cell is captured in the analysis. Each
circle marker represents one image, n=7, 10, 8 images per group from left to right on the graph; open
diamonds represent average values for each group, dotted line shows best-fit linear regression for

average values.
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Figure 6: Model for oxidative stress mediated remodeling of the cardiac myocyte microtubule
cytoskeleton. Model for longitudinal realignment of cardiac myocyte microtubules with oxidative stress:
the switch from a sparse, complex microtubule network (top) into a longitudinally oriented network
(bottom) suggests that lengthened dynamic microtubules (red) may be aligned and stabilized by
interaction and binding of the growing microtubule plus-ends with intermediate filaments at the Z-disks
(blue) (Robison et al., 2016). In addition, oxidative-stress mediated damage to microtubules facilitates

extensive acetylation of the cardiac myocyte microtubules (bottom, green).
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Supplemental Movie 1: In vitro Dynamic Microtubule Assay

A dynamic microtubule in a cell-free assay, imaged via TIRF microscopy. Stabilized microtubule seeds
(red) are immobilized to an imaging chamber via anti-rhodamine antibody. Free tubulin (green) was

introduced into the chamber in the presence or absence of H,0,. Movies acquired at 0.2 frames/sec

using TIRF microscopy (0.16 um pixel size) were used to make kymographs in Fig. 2A.
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