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Abstract

Lysine acetylation is tightly coupled to the nutritional status of the cell, as the availability of its
cofactor, acetyl-CoA, fluctuates with changing metabolic conditions. Recent studies have
demonstrated that acetyl-CoA levels act as an indicator of cellular nourishment, and increased
abundance of this metabolite can block the induction of cellular recycling programs. Here we
investigated the cross-talk between mitochondrial metabolic pathways, acetylation and autophagy,
using chemical inducers of mitochondrial acetyl-CoA production. Treatment of cells with a-
Lipoic Acid, a co-factor of the pyruvate dehydrogenase complex, led to the unexpected
hyperacetylation of a-Tubulin in the cytosol. This acetylation was blocked by pharmacological
inhibition of mitochondrial citrate export (a source for mitochondrial-derived acetyl-CoA in the
cytosol), was dependent on the a-Tubulin acetyltransferase a TAT, and was coupled to a loss in
function of the cytosolic histone deacetylase, HDAC6. We further demonstrate that a-Lipoic Acid
slows the flux of substrates through autophagy-related pathways, and severely limits the ability of
cells to remove depolarized mitochondria through PINK1-mediated mitophagy.
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INTRODUCTION

During periods of nutrient deprivation, organisms can upregulate multiple catabolic
pathways to maintain metabolite supply and cellular homeostasis. Autophagy, a cellular
recycling process induced by nutrient stress, breaks down multiple subcellular components,
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allowing the cell to reutilize the biochemical structures contained within. To regulate
autophagy induction, cells employ a number of mechanisms to monitor their energy status,
with the best characterized being the AMPK-mTOR-ULK1 axis. Here, increases in the
AMP:ATP ratio in the cytoplasm are sensed by AMP kinase (AMPK), which phosphorylates
and inactivates the mammalian Target of Rapamycin (MTOR). Inactivation of mMTOR
removes its inhibition of the ULKZ1 kinase which, along with other upstream effectors,
initiates the production of structures necessary to transport autophagy substrates to the
lysosome for processing (reviewed in (1)).

Recent work has demonstrated that acetyl-CoA, like AMP/ATP, may act as a sensor
molecule for cellular nutritional status (2). Using a number of approaches to manipulate
cellular acetyl-CoA levels, it was shown that reductions in the cytosolic abundance of acetyl-
CoA activated the cellular autophagic machinery. This process could be reversed using
pharmacological agents that increase the availability of acetyl-CoA in the cytoplasm (2).

The final stages of these fuel metabolism pathways occur in the mitochondrion, and as such
this organelle is one of the main regulators of acetyl-CoA abundance in the cell. This
regulation occurs both within the mitochondria (by changing the levels of acetyl-CoA
available for bioenergetic or biosynthetic pathways), and in the greater cellular environment
(through the retrograde export of acetyl-CoA-transport molecules, such as citrate, to the
cytoplasm; (2)).

We recently demonstrated that a reduction in mitochondrial protein lysine acetylation levels
led to the increased turnover of mitochondrial proteins through mitophagy, an organelle-
specific degradation pathway related to autophagy (3, 4). As acetyl-CoA is the cofactor for
acetylation, there is a strong link between its availability and the acetylation status of
mitochondrial proteins, as evidenced by the increased observation of this modification in
models of nutrient excess (5, 6). We therefore hypothesized that increasing mitochondrial
acetyl-CoA levels, using pharmacological inducers of pyruvate metabolism, would lead to
the protection of mitochondria from degradation by mitophagy.

In this report we demonstrate that treatment of cells with a-Lipoic Acid, a co-factor in
several mitochondrial metabolic pathways, including the pyruvate dehydrogenase complex,
leads to the rapid and specific hyperacetylation of a single protein. Surprisingly, we show
that this modification is localized outwith the mitochondria, and occurs on the K40 residue
of a-Tubulin. Acetylation of this residue is dependent on the function of the tubulin
acetyltransferase, a TAT, and is mediated by an inhibition of HDACG6 function. Finally, we
demonstrate that a-Lipoic Acid treatment slows the flux of substrate processing by the
autophagic machinery, and limits the removal of depolarized mitochondria through PINK1-
related mitophagy pathways.

MATERIALS AND METHODS

Cell Culture and Treatments

African Green Monkey fibroblast COS-7 cells or Human hepatocarcinoma HepG2 cells
were grown in high-glucose DMEM, supplemented with 10 % FBS and Anti-Anti (all
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Gibco), at 37 °C/5 % CO,. Cells were treated with the following chemicals (see figure
legends for time and concentration): (£)-a-Lipoic Acid, sodium pyruvate (Pyr),
dichloroacetate, N-acetylcysteine, 4-hydroxy-TEMPO, bafilomycin Al and carbonyl
cynanide 3-chlorophenolhydrazone, 6-BHA and BTC (all Sigma). Small-interfering RNAs
for o TAT, along with non-targeting controls, were obtained from IDTDNA and transfected
into cells using Lipofectamine 3000 (Life Technologies). GFP-Tubulin and GFP-K40R-
Tubulin were obtained from Addgene and transfected using Lipofectamine 3000.

Cell Harvest, Subcellular Fractionation and Co-Immunoprecipitation

For standard western blots, cells were washed in ice-cold PBS and harvested by scraping.
Cell pellets were lysed on ice for 30 min in CHAPS detergent buffer, and supernatents were
recovered at 13000 g. For subcellular fractionation, cells were harvested as before and cell
pellets lysed on ice using detergent-free sucrose buffer and a 25-gauge needle. After removal
of cell nuclei and unlysed cells at 500 g, supernatents were centrifuged at 6000 g. The pellet
represented the mitochondrial-rich heavy-membrane (HM) fraction, while the supernatent
represented the cytosol. Both fractions were further lysed in CHAPS buffer prior to analysis
by western blot. For co-immunoprecipitation experiments, cells were harvested in CHAPS
buffer, and equal amounts of total protein were incubated at 4 °C overnight with the relevant
antibody. Immunocaptured proteins were isolated using Protein-A agarose beads (Cell
Signaling Technology), washed in CHAPS buffer and eluted at 95 °C in LDS sample buffer
(Life Technologies). Acetyl-CoA levels were measured using a commercially available kit
(Sigma).

Antibodies and Western Blotting

Protein lysates were prepared in LDS sample buffer and separated using the Bolt SDS-PAGE
system on 12% Bis-Tris gels, before transfer to nitrocellulose membranes (all Life
Technologies). Protein expression was analyzed using the following antibodies: mouse
monoclonal acetyl-Lysine, mouse a-Tubulin, rabbit GAPDH, rabbit Glutamate
Dehydrogenase (GDH), rabbit acetyl-Tubulin K40, rabbit HDACS, rabbit LC3A/B, rabbit
COX 1V, rabbit Succinate Dehydrogenase A (SDHA), rabbit phospho-ACC from Cell
Signaling Technologies; rabbit PINK1 from Novus Biochemicals. Fluorescent anti-mouse or
anti-rabbit secondary antibodies (red, 700 nm; green, 800 nm) from LiCor were used to
detect expression levels.

Confocal Microscopy and Analysis

HepG2 cells were grown on glass cover slips, fixed in 4% (v/v) paraformaldehyde and
immunostained using antibodies for Tom20 (mitochondria), LC3 (autophagosomes), along
with DAPI staining (nucleus). The figure shows representative images from the three
experimental groups, and have been compressed to reduce size but retain resolution. All
images were taken using a 60X (1.43NA) optic on a Nikon Al with GASP detectors and
NIS Elements software (Nikon Inc., Melville NY). 3D rendering on the confocal Z-stacks
was performed to obtain measures of mitochondrial fragmentation using Imaris (Bitplane).
Measurements were taken from each cell in 15 randomly chosen fields-of-view for each
condition. Colocalization between Tom20 and LC3 was measured in voxels above pre-set
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thresholds, and Pearson Correlation Coefficients were generated to quantify colocalization
of mitochondria and autophagosomes.

Image Preparation and Experimental Reproduction

RESULTS

Western blot images were captured using the Odyssey Fluorescent Imager (LiCor), which
allows simultaneous analysis of two proteins on a single membrane. Images were processed
and quantified using Odyssey software and assembled in Photoshop (Adobe). Alterations to
brightness/contrast of figure panels were made using automatic software settings where
necessary, and checked to ensure that no result was artificially manipulated or
misrepresented. All experiments were conducted at least three times, and representative
images from these repeats are presented.

a-Lipoic Acid promotes hyperacetylation of a single cytoplasmic protein

Recent research has demonstrated that chemical modulation of mitochondrial pathways
related to acetyl-CoA metabolism regulates global autophagy pathways (2), and that changes
in mitochondrial lysine acetylation levels are linked to fat uptake and usage (7). We first
sought to investigate whether modulating mitochondrial acetyl-CoA levels through the
pyruvate pathway would yield a similar effect on lysine acetylation. COS-7 cells were
treated with 3 mM sodium pyruvate (Pyr; a concentration three-times higher than standard
culture media), 5 mM a LA (a cofactor of the pyruvate dehydrogenase complex; (2)) or 20
mM DCA (an inhibitor of pyruvate dehydrogenase kinases; (8)), and total protein lysine
acetylation was analyzed by western blot. After 4 h, there was a striking increase in the
acetylation levels of a single ~50 kDa band in a LA-treated cells, which was absent in all
other lanes (Fig. 1a).

In addition to acting as a mitochondrial enzyme co-factor, aLA has been shown to have
antioxidant properties (see e.g. (9, 10)). We therefore examined whether this
hyperacetylation was linked to changes in cellular redox status. Treatment of cells with the
broad-range antioxidants NAC or TEMPO had no effect on lysine acetylation (Fig. 1b),
indicating that the changes seen in aLA-treated cells are not linked to the oxidation status of
this protein.

We next tested whether the observed lysine hyperacetylation occurred dynamically, or
whether it was caused by a non-biological process. COS-7 cells were treated over 4 h with a
range of aLA concentrations (Fig. 1c), or at different time-points over the course of 24 h
(Fig. 1d). Analysis by western blot showed that the acetylation status of this ~50 kDa protein
changed dynamically in both a concentration- and time-dependent manner, beginning within
an hour of treatment. Similar results were found in human hepatocarcinoma-derived HepG2
cells, indicating that the effects of aLA are not cell-line specific (Fig. 1c, d). Combined,
these data suggest that the hyperacetylation induced by a LA treatment occurs in a
controlled, biological manner.

To further demonstrate the specific effects of aLA, we repeated this time course using 6-
BHA, an inactive analogue of lipoic acid (11). While robust hyperacetylation at ~50 kD was
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observed after 1 h in the a LA treated cells, there was negligible acetylation seen in 6-BHA
treated cells from 1-24 h (Fig. 1e). These data further support that the observed
hyperacetylation is specific to aLA.

Finally, we investigated the subcellular localization of this acetylation event. As the acetyl-
CoA modulating chemicals were all proposed to work through mitochondrial pyruvate-
utilization pathways, we hypothesized that the hyperacetylated protein would be localized in
the mitochondrial compartment. To test this, we treated cells with Pyr, aLA and DCA, and
then separated proteins into different cellular fractions using differential centrifugation.
Surprisingly, the hyperacetylated protein was predominantly localized in the solulble
cytoplasmic fraction, and not in the heavy membrame pellet containing mitochondria (Fig.
1f). This indicated that either a LA was acting predominantly in the cytoplasm, or that the
pro-acetylation signals were being transmitted from the mitochondria to the cytosol, as
previously proposed (2).

Identification of a-Tubulin Lysine-40 as the hyperacetylation substrate

The strength and rapidity of the hyperacetylation response induced by a LA suggested that
the substrate may be an abundant cytosolic protein. As the size of the protein was assessed
by SDS-PAGE to be around 50 kDa, we hypothesized that it may be a member of the tubulin
family. To examine this more closely, we treated cells with Pyr, a LA and DCA for 4 h, then
analyzed the lysates by western blot. Using the LiCor dual-color system, we simultaneously
measured expression of a-Tubulin (red) and acetyl-lysine (green), and found that the aLA-
induced hyperacetylated band overlapped a-Tubulin with high fidelity (Fig. 2a). Acetylation
of a-Tubulin is a well characterized phenomenon, with the lysine residue at position 40
(K40) being the most common modification (12). To establish if aLA is promoting the
hyperacetylation of this residue, we repeated the cell treatments and analyzed the lysates by
western blot using an antibody specific for this modification. Following 4 h of aLA
treatment, there was a marked increase in the abundance of acetylated-K40 a.-Tubulin,
which was absent in control, Pyr and DCA-treated cells (Fig. 2b). This indicates that K40 of
a-Tubulin is the substrate for a LA-mediated hyperacetylation. To further confirm that a-
Tubulin was the hyperacetylation substrate, we performed an immunoprecipitation analysis
of its acetylation state. Cells treated with or without a LA for 4 h were immuoprecipitated
with a global acetyl-lysine antibody, followed by immunoblotting for a-Tubulin. While we
were able to detect a significant amount of acetylated a-Tubulin in a LA treated cells, this
was absent in untreated cells (Fig. 2c). We next tested to see if the dynamic hyperacetylation
seen using the global acetyl-lysine antibody was also observed at the K40 site. In keeping
with the previous results, it was confirmed that acetylation of a-Tubulin at K40 occurs in a
concentration- and time-dependent manner (Fig. 2d, e), indicating that it is potentially
catalyzed through an enzymatic process. Finally, we tested to see if expression of a non-
acetylatable mutant of a-Tubulin (K40R) would block the acetylation seen in a LA treated
cells. Indeed, transient expression of GFP-WT-a-Tubulin, followed by a LA treatment, led
to a robust hyperacetylation in a-Tubulin at K40, which was significantly attenuated in cells
expressing the GFP-K40R mutant (Fig. 1f). Overall, these data suggest that the K40 residue
of a-Tubulin is the substrate for aLA-induced hyperacetylation.

Biochem J. Author manuscript; available in PMC 2018 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stoner et al. Page 6

Mitochondrial citrate export is required for a-Lipoic Acid-mediated a-Tubulin acetylation

Previous work has shown that mitochondrial-derived citrate (an acetyl-CoA transport
molecule) is one of the major sources of cytoplasmic acetyl-CoA required for lysine
acetylation. Citrate is exported to the cytosol via the mitochondrial citrate carrier, where it is
converted back to acetyl-CoA by ATP citrate lyase (reviewed in 2). To strengthen the link
between aLA-mediated acetyl-CoA production in the mitochondria and cytosolic
acetylation of a-Tubulin, we treated COS-7 cells with aLA in the presence or absence of
BTC, a pharmacological inhibitor of mitochondrial citrate export (2). Loss of mitochondrial
citrate export (and hence acetyl-CoA) in BTC/a.LA co-treated cells led to a significant
reduction in a-Tubulin acetylation, relative to cells treated with a LA alone (Fig. 3a,b).

As we hypothesized that aLA treatment would lead to increased free cytoplasmic acetyl-
CoA, we measured the concentration of acetyl-CoA in cells treated with or without a LA for
24 h. Surprisingly, we found that there was a significant reduction in acetyl-CoA
concentrations in a LA treated cells relative to the control (Fig. 3c). On investigating further,
we found that a LA treatment significantly induced activity of acetyl-CoA carboxylase
(ACC; measured as dephosphorylation of ACC), which converts free cytosolic acetyl-CoA
into malonyl-CoA (Fig. 3d). To further implicate mitochondrial citrate in this process, we
found that BTC could block the aLA-mediate induction of ACC (Fig. 3d). As such, we
hypothesize that a LA treatment leads to a large increase in mitochondrial citrate transport,
which provides sufficient acetyl-CoA to allow a-Tubulin hyperacetylation. Continued
activity in this pathway leads to cellular homeostatic mechanisms in the cytosol to reduce
free acetyl-CoA levels, resulting in ACC activation.

a-Lipoic Acid-mediated hyperacetylation is regulated by aTAT and HDACSG activity

Lysine acetylation of a-Tubulin at K40 has previously been shown to be catalyzed by the a-
Tubulin acetyltransferase protein aTAT (also known as MEC-17; (13, 14)). We therefore set
out to establish if a TAT was responsible for the enzymatic hyperacetylation of a-Tubulin in
response to a LA treatment. COS-7 cells were transfected for 48 h with non-targeting control
siRNA (Con), or with two independent siRNAs targeting a TAT (TAT-1 and TAT-2),
followed by treatment for 4 h with a.LA. In agreement with earlier results, there was robust
K40 acetylation of a LA-treated cells transfected with control siRNA. Strikingly, the
hyperacetylation of a-Tubulin was largely abolished in cells transfected with SIRNA
targeting a TAT (Fig. 4a), suggesting that the effects of aLA are mediated by this
acetyltransferase. We then repeated this analysis with a pan-acetylation antibody, to ensure
that « TAT was responsible for the acetylation observed at ~50 kDa in previous experiments.
As with the K40-specific antibody, loss of a TAT greatly diminished the observed
hyperacetylation band (Fig. 4b), indicating that the previously observed modifications were
indeed on a-Tubulin.

As this post-translational modification occurs through a reversible process, we next sought
to investigate whether lysine deacetylation played a role in the acetylation status of a-
Tubulin. In particular, we hoped to determine if the increased acetylation evident in aLA-
treated cells was caused by a reduction in deacetylase abundance or activity. As before, we
treated COS-7 cells with different concentrations of aLA for 4 h, or with 5 mM a LA at
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different time-points over 24 h. After harvesting the lysates, we analyzed the expression
level of HDACS, a cytosolic protein that has previously been shown to be the main a-
Tubulin deacetylase (15, 16). However, there was neither a time- or concentration-dependent
change in HDACS levels following treatment with a LA (Fig. 4c, d), indicating that this
chemical has no effect on HDACS stability.

We next examined whether a.LA could have a direct effect on ability of HDACS6 to
deacetylate a-Tubulin. We treated COS-7 cells for 4 h with a LA, and utilized the cell
lysates in co-immunoprecipitation experiments. Following immunocapture of a-Tubulin in
untreated cells, we were able to detect a strong interaction between this protein and HDACS.
However, after 4 h of aLA treatment, we observed a significant decrease in the physical
interaction between a-Tubulin and HDACS (Fig. 4e). We therefore conclude that aLA
promotes the hyperacetylation of a-Tubulin by abolishing its interaction with HDACS,
thereby allowing unconstrained acetylation at K40 by a TAT.

a-Lipoic Acid treatment slows autophagic flux and blocks PINK1-mediated mitophagy

Finally, we set out to establish whether the hyperacetylation of a-Tubulin by aLA had an
impact on cellular function. As the acetylation status of cytosolic proteins has recently been
implicated in the regulation of global autophagy (2, 17), we examined the role of a-Tubulin
acetylation in the induction of this cellular recycling program. Treatment of COS-7 cells for
4 h with a LA led to an increase in the lipidation of LC3-1 to form LC3-11 (Fig. 5a), a
commonly-used marker of autophagy induction (18). However, the steady-state
measurement of LC3-I1 levels offers an incomplete picture of the autophagy program, as it is
unable to distinguish between the increased production of autophagic vacuoles
(autophagosomes), and a decrease in the rate of autophagic flux (by a blockage in the
autophagy pathway; (19)). As such, we performed time-course experiments to measure
autophagic flux in control and aLA-treated cells. Firstly, we serum-starved COS-7 cells in
HBSS for up to 4 h to induce autophagy, in the presence or absence of aLA. In cells treated
with a LA there was a marked increase in LC3-11 after extended serum withdrawal, which
was not evident in untreated cells (Fig. 5b), indicating a potential reduction in the processing
of autophagosomes. Secondly, treatment of cells with the lysosomal inhibitor bafilomycin
Al, at various time-points over the course of 24 h, led to a steady increase in the expression
of both forms of LC3. Co-treatment of cells with a.LA diminished the rate of LC3-II
accumulation following the addition of bafilomycin Al (Fig. 5c, d), indicating that the
hyperacetylation of a-Tubulin by aLA may slow the progression of substrates (such as
LC3-11 itself) through the autophagy pathway.

Recent work has demonstrated that dysfunctional mitochondria are selectively targeted for
removal, through an autophagy-related process called mitophagy (reviewed in (20)). We
therefore sought to test if the hyperacetylation of a-Tubulin, and consequent disruption of
the autophagic flux, would regulate the selective degradation of damaged mitochondria. We
first took an imaging-based approach to analyze the impact of aLA on mitophagy. HepG2
cells were grown on coverslips and treated with 10 pM CCCP (an uncoupler of
mitochondrial transmembrane potential), in the presence or absence of a LA for 4 h. Cells
were fixed and stained for Tom20 (a mitochondrial marker), LC3 (an autophagsomal
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marker) and DAPI. In cells treated with CCCP alone, there was a large increase in
mitochondrial:autophagosomal colocalization, which was attenuated by a LA co-treatment
(Fig. 6a). This indicates that a LA may slow the delivery of damaged mitochondria to
autophagosomes, or prevent CCCP-mediated damage upstream of this process. In addition,
there was a significant increase in mitochondrial fragmentation in CCCP treated cells, which
was greatly attenuated in a LA co-treated cells (Fig. 6a). This suggests that a LA can block
mitochondrial fission, which is often observed prior to mitochondrial degradation in cells
during upregulated mitophagy (20).

We next analyzed whether the decrease in mitochondrial delivery to autophagosomes in

a LA co-treated cells would have an effect on mitochondrial protein abundance. In COS-7
cells treated with CCCP alone, there was a marked reduction in mitochondrial protein
content, as measured by western blotting for the mitochondrial proteins COX IV and SDHA.
This reduction appeared to be specific to the mitochondrial compartment, as CCCP
treatment had no effect on the abundance of the cytoplasmic GAPDH, nuclear histone H3 or
the ER-localized Grp78 (Fig. 6b). Remarkably, co-treating cells with aLA completely
blocked the removal of CCCP-damaged mitochondria, with levels of COX IV and SDHA
expression remaining similar to those in untreated control cells (Fig. 6b). We next tested to
see if this aLA-mediated block in mitophagy occurred before or after the delivery of
substrates to the lysosome. While treatment of cells with bafilomycin A1 limited autophagic
flux and led to accumulation of LC3-11, it failed to prevent the CCCP-induced degradation of
mitochondrial proteins in a manner similar to aLA (Fig. 6¢). This indicates that the lesion in
the mitophagy pathway caused by a LA treatment occurs upstream of the delivery of
mitochondrial substrates to the lysosome.

Following this result, we tested whether the hyperacetylation of a-Tubulin was responsible
for the block in mitophagy, for example by affecting the transport of mitochondria along the
cytoskeleton. COS-7 cells were transfected with control or a TAT siRNA for 48 h, then
treated with a LA and/or CCCP for 24 h. Despite a robust reduction in K40 tubulin
acetylation, there was no difference in the degradation of mitochondrial proteins between
control or a TAT knockdown cells treated with CCCP, suggesting that the protective effect of
aLA is independent of its pro-acetylation properties (Fig. 6d). Previous research had
demonstrated that depolarization of mitochondria with CCCP stabilized levels of the
mitochondrial kinase PINK1, which then recruits the ubiquitin ligase Parkin, leading to
mitochondrial degradation (21, 22). We therefore tested to see if aLA had any effect on
PINKZ1 stabilization, and found that it completely blocked the CCCP-mediated increase in
this protein (Fig. 6e). As such, we conclude that a LA prevents the removal of mitochondria
through mitophagy pathways by blocking the stabilization of PINK1 and recruitment of
Parkin, rather than by its effects on tubulin and the cytoskeleton.

DISCUSSION

In this report we aimed to investigate the role of acetyl-CoA abundance and acetylation in
the regulation of cellular recycling programs. We provide data suggesting that: (i) a-Lipoic
Acid promotes the rapid hyperacetylation of a-Tubulin; (ii) that this acetylation was
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dependent on a TAT and required the inhibition of HDACS6 function; and (iii) a-Lipoic Acid
treatment blocked the removal of mitochondria through PINK1-mediated mitophagy.

Our initial interest in examining this system lay in reports that changes in acetyl-CoA
abundance, derived from mitochondrial sources, could act as a regulator of cellular
autophagy pathways. Using an elegant set of nutritional and pharmacological interventions,
Marifio et al. demonstrated that increasing the levels of acetyl-CoA in the mitochondria,
followed by subsequent export to the cytosol of acetyl-CoA transport molecules such as
citrate, led to a block on the induction of autophagy (2). In essence, acetyl-CoA derived
from the metabolism of nutritional fuel sources was acting as a direct signal of cellular
satiety, complementing pathways such as the AMPK-mTOR-ULK1 axis in regulating
autophagic processes. Crucially, the regulation of autophagy by acetyl-CoA required the
function of an acetyltransferase, EP300, indicating a link between nutritional status, the
acetylation of cytosolic lysine residues (as a potential marker of fuel abundance) and the
recycling of cellular components (2).

In order to regulate turnover through mitophagy, signaling mechanisms must exist between
mitochondria and the cytoplasmic autophagy machinery, which allow specific organelles to
be targeted for degradation. The PINK1-Parkin pathway has been shown to target
dysfunctional organelles for removal via ubiquitination of mitochondrial proteins (21, 22),
while BNIP3, Nix and FUNDC1 have been implicated in developmental and hypoxia-related
mitophagy processes, acting as mediators autophagy-structure binding (23, 24, 25). We
recently demonstrated that mitochondria displaying reduced mitochondrial lysine acetylation
were targeted for degradation by mitophagy (3, 4), indicating that lysine acetylation — a
proxy for acetyl-CoA levels (26) — may act as signaling mechanism for mitochondrial
metabolic fitness.

In this report, we demonstrate that changing acetyl-CoA levels in the cell have a profound
effect on a-Tubulin acetylation. In relation to studies on autophagy as a whole, the role of
tubulin acetylation in the regulation of mitophagy has received little attention. Acetylation of
a-Tubulin at K40 occurs on the luminal side of microtubules, and is catalyzed by the a TAT/
MEC-17 acetyltransferase (13, 14). This reaction is counter-regulated by deacetylase
enzymes, in particular HDACG6 (15, 16). Previous work, performed mainly in neurons, has
shown that inhibiting HDACS leads to an increase in the velocity of mitochondrial
movement (27). This would indicate that the tubulin hyperacetylation seen following
treatment with a LA would not inhibit the transport of mitochondria to allow incorporation
into autophagosomes, and indeed a-Tubulin acetylation had no effect on mitophagy (Fig.
6¢). We hypothesize instead that the inhibition of HDACS6 function, caused by aLA
treatment, may lead to impairment in maturation of autophagosome membranes, as seen
previously (28). Further work will be required to determine how a LA treatment prevents
mitochondrial removal upstream of autophagosome incorporation, leading to the loss of
PINKZ1 stabilization and Parkin recruitment (Fig. 6d).

The role of a LA in biological systems has undergone a great deal of study, with several
pharmaceutical applications being proposed. a LA is a co-factor in several mitochondrial
enzymatic pathways, including the pyruvate dehydrogenase complex, the a-ketoglutarate
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dehydrogenase complex, the branched-chain oxoacid dehydrogenase complex and the
glycine-cleavage system (29). Its enzyme-bound form, lipoamide, has been found to drive
the pyruvate dehydrogenase complex to alter substrate usage and provide protection from
damage to post-ischemic hearts (30). However, the majority of published research has
focused on the role of a LA as an antioxidant, showing that it can mitigate oxidative stress in
a number of systems (9, 10). In this study, we tested whether changing the redox
environment would lead to a-Tubulin acetylation, but found that two other general
antioxidants (NAC and TEMPO) were unable to induce this modification.

As an alternative, we postulate that the increase in mitochondria-derived acetyl-CoA after

a LA treatment led to an increase in cytosolic acetyl-CoA levels, stimulating the
acetyltransferase, EP300 (2). The active EP300 may then acetylate HDAC6 and disrupt its
deacetylase activity (31), by causing it to physically disassociate from a-Tubulin (Fig. 4c).
This results in the unconstrained hyperacetylation of a-Tubulin at K40 through a TAT. Work
is actively underway in our laboratory to further elucidate the pathways by which aLA
potently inhibits HDACS, and to investigate whether this drug may be useful in constraining
the induction of autophagy or mitophagy in situations where it may be potentially
maladaptive (32).
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FIGU_RE 1. Treatment with aL A promoteslysine hyperacetylation of a single cytoplasmic
rotein
I?A) COS-7 cells were treated for 4 h with 3 mM Pyr (3x normal culture concentration), 5
mM a LA or 20 mM DCA to increase pyruvate-derived mitochondrial acetyl-CoA
concentrations, followed by analysis of total protein lysine acetylation (Ac-K). (B) COS-7
cells were treated for 4 h with 5 mM a LA, 1 mM NAC or 1 mM 4-hydroxy-TEMPO,
followed by analysis of total protein Ac-K. (C, D) COS-7 or HepG2 cells were treated with
varying concentrations of a LA for 4 h (C), or for varying time-points with 5 mM a LA (D),
followed by Ac-K analysis. (E) COS-7 cells were treated for varying time points with lipoic
acid analogue 6-BHA (5 mM) or aLA (5 mM), followed by Ac-K analysis. (F) COS-7 cells
were treated for 4 h with 3 mM Pyr, 5 mM aLA or 20 mM DCA, followed by harvest and
separation into cytosolic and heavy-membrane (HM) fractions by differential centrifugation.
Fractions were analyzed for Ac-K, with GDH (HM) and GAPDH (cytosolic) used as loading
and fraction-purity controls. All immunoblots were performed on 12% Bis-Tris gels.
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FIGURE 2. a-Tubulin isdynamically hyperacetylated at K40 in aL A treated COS-7 cells
(A) Cells were treated for 4 h with 3 mM Pyr, 5 mM a LA or 20 mM DCA, followed by

analysis by western blot. Simultaneous dual-color labeling indicates that lysine
hyperacetylation occurs at the same molecular weight as a-Tubulin. (B) Cells treated with 5
mM a LA for 4 h using the same conditions show robust hyperacetylation of a-Tubulin at
Lysine-40 (K40). (C) Cells were treated with aLA for 4 h, followed by immunoprecipitation
with pan-Ac-K specific antibodies. Input and IP fractions were probed with an a-Tubulin
antibody (D, E) a-Tubulin K40 acetylation induced by a LA occurs dynamically, and is both
concentration- and time-dependent. (F) Cells were transfected with GFP-WT-a-Tubulin or
GFP-K40R-a.-Tubulin for 24 h, then treated with 5 mM a LA for 24 h. Acetylation of a-
Tubulin was analyzed by Ac-K immunoblot. All immunoblots were performed on 12% Bis-
Tris gels. Graphs show mean * SE, with a Student’s t-test of £< 0.05 defined as significant.
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FIGURE 3. Inhibition of mitochondrial citrate export inhibits a-tubulin hyperacetylation
(A, B) COS-7 cells were treated with 5 mM a LA and/or 1.5 mM BTC for 24 h, followed by

analysis for a-Tubulin K40 acetylation. (C) Measurement of cytosolic acetyl-CoA levels in
COS-7 cells in the presence or absence of 5mM a LA for 24 h. (D) Analysis of acetyl-CoA
carboxylase activation status in COS-7 cells treated with 5mM a LA and/or 1.5 mM BTC for
24 h. A reduction phospho-ACC levels indicates upregulated conversion of acetyl-CoA to
malate. All immunoblots were performed on 12% Bis-Tris gels. Graphs show mean + SE,

with a Student’s t-test of £< 0.05 defined as significant.
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FIGURE 4. a-Tubulin hyperacetylation is dependent on a TAT activity and loss of HDAC6:a-
tubulin interaction

(A) COS-7 cells were transfected with two independent siRNAs (TAT-1 or TAT-2) to a-
Tubulin acetyltransferase (a TAT), or a non-targeting control. After 48 h, cells were treated
with or without 5 mM a LA for 4 h, followed by analysis for aTubulin K40 acetylation. (B)
Analysis of total cellular lysine acetylation indicates that a TAT knockdown abolishes all
hyperacetylation at ~50 kDa. (C, D) Effect of concentration- and time-dependent aLA
treatment of cells on the expression of the a-Tubulin deacetylase protein, HDACS. (E) Co-
immunoprecipitation analysis of the interaction between a.-Tubulin and HDACS, after
treatment with 5 mM a LA for 4 h. All immunoblots were performed on 12% Bis-Tris gels.
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FIGURE 5. aL A treatment slowstheflux of cellular autophagy
(A) Activation status of the autophagy marker LC3, following treatment of COS-7 cells with

5 mM a LA for 4 h. Increases in LC3-11 levels indicate either an increase in autophagy
activity or decrease in autophagic flux. (B) COS-7 cells were serum starved in HBSS for 0-4
h, in the presence or absence of 5 mM aLA. Accumulation of LC3-11 after several hours of
starvation indicates a reduced rate of protein turnover by autophagy. (C) In time-course
experiments, COS-7 cells treated with 5 mM a LA show diminished levels of LC3-II
accumulation, relative to those treated with the lysosomal inhibitor BAF Al (100 nM) alone,
indicating that a LA slows the flux of substrates through the autophagy pathway. (D)
Quantification of total LC3 expression in COS-7 cells after 24 h of treatment with BAF Al
and/or aLA. All immunoblots were performed on 12% Bis-Tris gels. Graphs show mean +
SE, with a Student’s t-test of £< 0.05 defined as significant.
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FIGURE 6. aL A treatment preventstheremoval of depolarized mitochondria through PINK1-
mediated mitophagy

(A) HepG2 cells were treated with 10 uM CCCP in the presence or absence of 5 mM aLA
for 4 h. Cells were fixed in 4% paraformaldehyde, then immunostained with the
mitochondrial marker Tom20 and the autophagy marker LC3, along with nuclear DAPI.
Confocal analysis and 3-D surface rendering of mitochondria from Z-stacks was used to
measure Tom20:LC3 colocalization and mitochondrial fragmentation in response to
treatment. (B) Treatment of COS-7 cells for 24 h with 10 pM CCCP led to the specific
degradation of mitochondrial proteins COX IV and SDHA, without affecting the levels of
cytosolic, microsomal or nuclear proteins. This was blocked by the simultaneous addition of
5mM aLA. (C) aLA, but not bafilomycin A1, was able to prevent the degradation of
mitochondrial proteins initiated by CCCP treatment. This suggests that the activity of aLA
occurs prior to the lysosomal step of the autophagy pathway. (D) COS-7 cells were
transfected for 48 h with either control or a TAT siRNA, followed by treatment with a LA (5
mM) or CCCP (10 uM). A loss of K40 hyperacetylation had no effect on the CCCP-
mediated removal of mitochondrial proteins, indicating that the prevention of mitophagy by
a LA is unrelated to its effect on a-Tubulin. (E) COS-7 cells treated with 10 uM CCCP
showed stabilization of PINK1, a marker for mitophagy in the PINK1-Parkin pathway. This
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stabilization was abolished by concurrent treatment with 5 mM a LA, indicating that a LA
acts upstream of this event. All immunoblots were performed on 12% Bis-Tris gels. Graphs
show mean + SE, with a Student’s t-test of £< 0.05 defined as significant. Scale bar is 10
pm.
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