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ABSTRACT

The localization of NQO1 near acetylated microtubules has led to the hypothesis that NQO1 may work in concert
with the NAD"-dependent deacetylase SIRT2 to regulate acetyl a-tubulin (K*®) levels on microtubules. NQO1
catalyzes the oxidation of NADH to NAD" and may supplement levels of NAD" near microtubules to aid SIRT2
deacetylase activity. While HDAC6 has been shown to regulate the majority of microtubule acetylation at K*°,
SIRT2 is also known to modulate microtubule acetylation (K*’) in the perinuclear region. In this study we
examined the potential roles NQO1 may play in modulating acetyl a-tubulin levels. Knock-out or knock-down of
NQOT1 or SIRT2 did not change the levels of acetyl a-tubulin in 16HBE human bronchial epithelial cells and 3T3-
L1 fibroblasts; however, treatment with a mechanism-based inhibitor of NQO1 (MI2321) led to a short-lived
temporal increase in acetyl a-tubulin levels in both cell lines without impacting the intracellular pools of
NADH or NAD". Inactivation of NQO1 by MI2321 resulted in lower levels of NQO1 immunostaining on mi-
crotubules, consistent with redox-dependent changes in NQO1 conformation as evidenced by the use of redox-
specific, anti-NQO1 antibodies in immunoprecipitation studies. Given the highly dynamic nature of
acetylation-deacetylation reactions at a-tubulin K*° and the crowded protein environment surrounding this site,
disruption in the binding of NQO1 to microtubules may temporally disturb the physical interactions of enzymes
responsible for maintaining the microtubule acetylome.

1. Introduction

low levels of NQO1 have been found in the nucleus under normal con-
ditions [5] and under conditions of stress, NQO1 has been shown to

The cellular redox environment plays a critical role in many bio-
logical processes including cancer, metabolic diseases, diabetes, and
aging. Proteins that influence the redox environment have become of
interest in an attempt to target these diseases for therapeutic interven-
tion. NQO1 (NAD(P)H:quinone oxidoreductase 1) is a flavoenzyme that
utilizes reduced pyridine nucleotide cofactors (NADH, NADPH) to
catalyze the reduction of a broad range of substrates from superoxide to
complex quinones such as coenzyme Q1o [1]. NQO1 exists in the cell as
two interlocking monomers that form a homodimeric protein as shown
by crystal structure studies [2]. NQO1 is expressed in many different cell
types, including endothelial and epithelial cells, adipocytes, and multi-
ple tumor cell types [3,4]. NQO1 is mostly located in the cytoplasm but

migrate to the nucleus [6] and the plasma membrane [7]. NQO1
expression in these cells is transcriptionally regulated primarily by the
KEAP1/NRF2 and Ah receptor-mediated pathways, leading to upregu-
lation in the expression of many enzymes, including NQO1, to confer
cellular protection against a wide range of metabolic and environmental
insults [1,8]. In addition to its role in reductive metabolism, NQO1 has
been characterized as a RNA binding protein [9] and was found to
enhance the translation of SERPINA1 mRNA [10]. NQO1 has also been
shown to bind to a large number of proteins and protect these targets
from proteasomal degradation [11-14]. In many cases, protection
against degradation by NQO1 was dependent upon pyridine nucleotide
levels suggesting that the interaction of NQO1 with target proteins may
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be influenced directly by the NAD(P)H:NAD(P)" ratio. Recently, it has
been shown that NQO1 undergoes a conformational change upon
binding of reduced pyridine nucleotides, resulting in loss of immuno-
reactivity to antibodies that bind to helix 7 of the catalytic core domain
or the C-terminus [15]. This has led to interest in NQO1 as a potential
redox sensor that can respond to changes in the pyridine nucleotide
redox environment by altering its conformation. A number of recent
studies have also shown the importance of flexibility and mobility of
NQO1 with respect to its function which can be influenced by FAD and
either ligands or inhibitors [16,17].

NQOL1 is unique in that it can influence cellular redox through its
ability to rapidly generate oxidized pyridine nucleotides via metabolism
and, at the same time, can respond to alterations in the NAD(P)H:NAD
(P)* ratio by changing its conformation to modulate protein-protein
binding. In double immunostaining studies, NQO1 has been shown to
co-localize with a-tubulin and acetyl a-tubulin (K*%) on microtubules
including the mitotic spindle and midbody [15,18,19]. a-Tubulin K*°
acetylation has been shown to increase protein binding on microtubule
and microtubule stability [20,21]. The levels of acetyl a-tubulin K*0 are
regulated in part by the NAD"-dependent deacetylase SIRT2, which has
also been shown to bind to microtubules [22,23]. The close physical
association on microtubules of both NQO1, which can generate NAD™,
and SIRT2, which consumes NAD™ to catalyze deacetylation reactions,
suggests that these enzymes may work in concert to regulate a-tubulin
acetylation. In this study, we utilized the non-malignant human bron-
chial epithelial cell line 16HBE and mouse embryonic 3T3-L1 fibroblasts
to examine the relationship between pyridine nucleotides, NQO1,
SIRT?2, and the levels of acetyl a-tubulin K*°.

2. Materials and methods
2.1. Cell lines

16HBE human lung epithelial cells were provided by Dr. Brian Day,
Department of Medicine, National Jewish Health (Denver, CO). 3T3-L1
fibroblasts were purchased from Sigma-Aldrich (St. Louis, MO). Both
cell lines were grown in Dulbecco’s Modified Eagles Medium (4.5 g
glucose/L, plus glutamine, without sodium pyruvate, Corning Life Sci-
ences, Corning NY), supplemented with 10% fetal bovine serum and
100 pg/ml streptomycin and 100 units/ml penicillin (complete me-
dium). Both cell lines were maintained in a humidified incubator at
37 °C with 5% carbon dioxide.

2.2. Reagents

The NQO1 mechanism-based inhibitor MI2321 and non-inhibiting
analog MI3190 were synthesized in the laboratory of Dr. Christopher
Moody, Department of Chemistry, University of Nottingham, U.K.
B-lapachone and trichostatin A (TSA) were purchased from Santa Cruz
Biotechnology (Dallas, TX) while olaparib and FK866 (Daporinad) were
obtained from the Cayman Chemical Company (Ann Arbor, MI). The
above reagents were dissolved in sterile DMSO. Butyric acid, NADH,
FAD, dicumarol, 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI), and 2,6-dichloroindophenol (DCPIP), were purchased from
Sigma-Aldrich.

2.3. Antibodies

Rabbit anti-acetyl o-tubulin (K40, #5335), rabbit anti-SIRT2
(#12672) and mouse anti-o tubulin (#3873) were obtained from Cell
Signaling Technology (Danvers, MA). Mouse anti-NQO1 (A180, NB200-
209) was obtained from Novus Biologicals (Centennial, CO) and rabbit
anti-NQO1 (C-terminus, N5288) and mouse anti-§ actin (#A2228) were
purchased from Sigma-Aldrich. Mouse anti-SIRT2 (#66410-1-1g) was
obtained from Proteintech (Rosemont, IL) and used in studies with 3T3-
L1 fibroblasts. Horseradish peroxidase-, Alexa fluor 488- or rhodamine
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Red-X conjugated goat anti-mouse IgG or goat anti-rabbit IgG secondary
antibodies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA).

2.4. CRISPR/cas9 knockout of NQO1

NQO1 protein expression was deleted in 16HBE cells using CRISPR/
cas9 gene editing as described in Supplementary Material. NQO1-
deficient 16HBE clones D7 and D19 were grown as described above.

2.5. siRNA mediated knockdown of NQO1 and Sirt2

16HBE cells (2 x 10° cells) were seeded into each well of a 6-well
plate in 3 ml of antibiotic-free complete medium. On-target plus non-
targeting siRNA (control) and on-target plus human NQO1 and human
Sirt2 siRNA smartpools were purchased from Horizon (Lafayette, CO).
siRNAs and DharmaFect 4 transfection reagent (Horizon) were prepared
for transfection (6-well plate) as described by the manufacturer (see:
https://horizondiscovery.com/-/media/Files/Horizon/resources/Proto
cols/basic-dharmafect-protocol.pdf). siRNA-mediated knockdown of
NQO1 and Sirt2 was carried out independently. For these studies, each
transfection was carried out using 50 nM of siRNA in combination with 4
pl/well of DharmaFect 4 transfection reagent. Cells were treated with
siRNA/transfection reagent diluted in 3 ml of antibiotic-free complete
medium. After 48 h, the medium was aspirated, cells were washed twice
with 3 ml of phosphate buffered saline (PBS), and 100 pl of cell lysis
buffer (1X cell lysis buffer; Cell Signaling Technologies) supplemented
with protease and phosphatase inhibitors, 5 pM TSA and 5 mM butyric
acid was added. Lysates from 2 wells were combined into a single tube,
centrifuged at 13 K for 3 min at 4 °C, and the supernatants were
collected and stored at —80 °C.

3T3L1 fibroblasts (1 x 10° cells) were seeded into 60 mm plates plate
in 4 ml of antibiotic-free complete medium. On-target plus non-targeting
siRNA (control) and on-target plus mouse NQOland mouse Sirt2 siRNA
smartpools were purchased from Horizon (Lafayette, CO). siRNAs and
DharmaFect 1 transfection reagent (Horizon) were prepared for trans-
fection as described by the manufacturer (see: https://horizondiscovery.
com/-/media/Files/Horizon/resources/Protocols/basic-dharmafe
ct-protocol.pdf). siRNA mediated knockdown of NQO1 and Sirt2 was
carried out independently. For these studies each transfection was car-
ried out using 25 nM of siRNA (NQO1) or 50 nM siRNA (Sirt2) in
combination with 8 pl/plate of DharmaFect 1 transfection reagent. Cells
were treated with siRNA/transfection reagent diluted in 4 ml antibiotic-
free complete medium. After 48 h the medium was aspirated, cells
washed twice with 3 ml of PBS then 100 pl of cell lysis buffer was added.
Lysates were centrifuged at 13 K for 3 min at 4 °C and the supernatants
were collected and stored at —80 °C.

2.6. Drug treatments

16HBE cells or 3T3-L1 fibroblasts were grown to approximately 80%
confluency in 100-mm plates in 10 ml of complete medium. Drug
treatments were initiated by replacing growth medium with 10 ml of
fresh complete medium containing drugs. At the indicated times, the
spent medium was aspirated, the cells washed twice with 10 ml of PBS,
then collected in 500 pl (16HBE) or 200 pl (3T3-L1) cell lysis buffer
(above). Lysates were centrifuged at 13 K for 3 min at 4 °C and the su-
pernatants were collected and stored at —80 °C. Where indicated, NQO1
catalytic activity was measured in supernatants prior to freezing using
the dicumarol-inhibitable reduction of DCPIP as previously described
[24].

2.7. SDS-PAGE/immunoblot analysis

Protein concentrations were determined on supernatant fractions
from cell lysates using the method of Lowry [25]. For SDS-PAGE,
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samples were diluted in 2X Laemmli buffer containing 2-mercaptoetha-
nol, heated to 80 °C for 10 min, then centrifuged at 13, for 1 min and
20-40 pg protein/lane was separated by 12% SDS-PAGE (Bio-Rad pre-
cast minigel, Bio-Rad Laboratories, Hercules, CA). Proteins were then
transferred to 0.2 pm polyvinylidene fluoride membranes in 25 mM Tris,
containing 192 mM glycine and 20% (v/v) methanol at 100 V for 1 h at
4 °C. Membranes were blocked in 10 mM Tris-HCI, pH 7.8, 150 mM NaCl
and 0.2% (v/v) Tween-20 (TBST) containing 5% (w/v) non-fat dry milk
for 1 h at 22 °C. All primary antibodies were diluted in TBST containing
5% non-fat dry milk then used to probe membranes overnight at 22 °C.
After incubation with primary antibodies, membranes were washed
extensively in TBST followed by the addition of horseradish
peroxidase-conjugated secondary antibodies diluted in TBST containing
5% non-fat dry milk for 30 min at 22 °C. Membranes were washed
extensively with TBST and protein bands were visualized and quantified
using enhanced chemiluminescence (GE Healthcare Life Sciences,
Pittsburgh, PA) using a Bio-Rad Gel-Doc imager.

2.8. Immunoprecipitation of NQO1

16HBE cells were grown to 80% confluency in 10 ml complete me-
dium in 100-mm plates. Cells were pretreated with DMSO, MI2321 (1
pM) or MI3190 (1 pM) for 30 min after which the medium was aspirated
and 10 ml of fresh complete medium containing 2 mM H30, was added.
After 2 h the medium was aspirated, the cells washed twice with 10 ml
PBS, then collected in 500 pl/plate of cell lysis buffer (see above). Pro-
tein concentrations were determined using the method of Lowry and 1
mg/sample of lysate was transferred to a new 1.7 ml tube and the vol-
ume was brought up to 500 pl with cell lysis buffer. Rabbit anti-NQO1
(C-terminus) antibody (2 pg) was added for 1 h at 22 °C while gently
rocking followed by 50 pl of protein A-conjugated magnetic beads
(SureBeads, Bio-Rad) for an additional 30 min at 22 °C. The beads were
collected using the magnet rack (Bio-Rad) and the unbound proteins
were removed by aspiration. The beads were then washed twice with
0.5 ml of cell lysis buffer, then once with 0.5 ml of 25 mM Tris-HCI, pH
7.4. Beads were then diluted in 25 pl/sample of 2X Laemmli buffer
containing 2-mercaptoethanol, heated to 70 °C for 5 min, then centri-
fuged at 13 K for 1 min and 20 pl/sample was analyzed for NQO1 by
SDS-PAGE/immunoblot analysis (see above) using the mouse anti-
NQO1 (A180) antibody. Immunoprecipitation of purified recombinant
human NQO1 was carried out as described previously [15].

2.9. Non-denaturing PAGE

Recombinant human NQO1 (rhNQO1) was purified as described
previously [26]. Reactions (30 pl) containing rhNQO1 (2.5 pg) were
incubated in 62.5 mM Tris-HCl, pH 7.0 containing 1.2 M sucrose, 0.01%
bromophenol blue and 5 pM FAD in the presence and absence of 500 pM
NADH and/or 50 pM MI12321 for 30 min at room temperature. Samples
were then loaded on to a 4-20% gradient non-denaturing poly-
acrylamide gel (Mini-protean TGX, Bio-Rad) and electrophoresed in 25
mM Tris, 192 mM glycine and 5 pM FAD at 150 V for 18 h at 4 °C. Since
NQO1 has an overall positive charge the electrodes were in reverse
orientation and the protein was attracted towards the negative elec-
trode. Following electrophoreses the gel was stained for 1 h with Coo-
massie R-250 (Imperial Protein Stain, ThermoFisher Scientific,
Waltham, MA).

2.10. Immunocytochemistry/confocal microscopy

16HBE cells or 3T3-L1 fibroblasts were grown on 18-mm glass cov-
erslips in complete medium. Coverslips were transferred to 6-well plates
(1 coverslip/well) for drug treatments in 2 ml of complete medium.
Following drug treatments, cells were washed once with 2 ml of PBS
then fixed with 2 ml of freshly prepared 4% (v/v) methanol-free form-
aldehyde (Ted Pella Inc., Redding, CA) diluted in PBS for 12 min at
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22 °C. Coverslips were rinsed 3 times with PBS then permeabilized with
0.1% (v/v) Triton X-100 diluted in PBS for 12 min at 22 °C. Coverslips
were rinsed 3 times with PBS then coverslips were blocked in complete
medium diluted 1:1 with PBS (blocking buffer) for 1 h at 22 °C. Primary
antibodies were diluted in 1 ml blocking buffer and added to each
coverslip for 60-90 min at 22 °C while gently rocking. Coverslips were
rinsed 3 times with TBST then fluorescent-labeled secondary antibodies
and DAPI (1 pg/ml) diluted in 1 ml blocking buffer were added for an
additional 30 min. Coverslips were washed extensively in TBST, dipped
in 4qH20, inverted, then mounted on a glass microscope slide containing
one drop of Vectashield anti-fade mounting media (Vector Laboratories,
Burlingame, CA). Coverslips were then covered with SuperMount (Bio-
Genex, Fremont, CA) and allowed to dry overnight in the dark at 22 °C.
Cells were visualized on a Nikon TI2-E microscope (600X) equipped
with al-plus confocal system with lasers at 402 nm, 488 nm and 561 nm
(Nikon, Melville, NY).

2.11. Quantitative metabolomic analysis for reduced and oxidized
pyridine nucleotides

16HBE cells or 3T3-L1 fibroblasts were grown in 100-mm plates in
10 ml of complete medium and treated with drugs as described above.
Following drug treatment, the medium was aspirated, the cells washed
once in 10 ml PBS, and then cells were scrapped off into 1 ml PBS. The
cells were transferred to a 2 ml tube then pelleted at 2.5 K for 1 min at
22 °C. The PBS was carefully aspirated and the cell pellet was dissolved
in 120 pl of deoxygenated ethanoic solution heated to 80 °C. U3
Labeled internal standard and nucleotide internal standards were then
added and the samples were placed on a heating block at 80 °C for 10
min while gently vortexing each sample every 3 min. Sample were then
centrifuged at 13 for 10 min at 4 °C then 100 pl of supernatant was
transferred to a glass autosampler vial for analysis. Samples were
analyzed for reduced and oxidized pyridine nucleotides using LC/MS as
described in Supplementary Material.

3. Results

The relationship between intracellular NAD" concentrations, the
NAD*-dependent deacetylase SIRT2, and NQO1 on the levels of acetyl
a-tubulin (K40) were examined in 16HBE human lung epithelial cells and
mouse 3T3-L1 embryonic fibroblasts. To investigate the association
between intracellular NAD" concentrations and acetyl a-tubulin levels
we treated 16HBE cells or 3T3-L1 fibroblasts with the nicotinamide
phosphoribosyl transferase inhibitor FK866. Treatment with FK866
gradually decreased NAD" levels in both cell lines over 72 h, while
during the same time course the levels of acetyl a-tubulin gradually
increased (Fig. 1A and B). Immunostaining for acetyl o-tubulin
confirmed the immunoblot data and showed that following treatment
with FK866 there was a gradual increase in immunostaining for acetyl
a-tubulin in both cell lines (Fig. 1C). These data also showed that the
increase in immunostaining for acetyl a-tubulin initially appeared in
perinuclear regions, which is consistent with previous studies that have
suggested that SIRT2 may be responsible for regulating acetylation of
perinuclear microtubules [27]. We have confirmed the perinuclear
localization of SIRT2 and NQO1 in 16HBE cells (Fig. 1D). Double im-
munostaining for NQO1 and a-tubulin is shown in Supplementary Mate-
rial, Fig. S1 and colocalization of NQO1 with microtubules was shown in
previous work using immunocytochemistry and proximate ligation as-
says [15].

To investigate whether NQO1 has a role in maintaining basal levels
of acetyl a-tubulin we utilized the CRISPR/cas9 gene editing technique.
Immunoblot analysis of parental 16HBE cells and two CRISPR/cas9
modified clones (D7 and D19) confirmed knockout of NQO1 without
significant change in the basal levels of acetyl a-tubulin/a-tubulin ratios
in NQO1-deficient clones (Fig. 2A). In addition, siRNA-mediated
knocked-down of NQO1 in 16HBE cells did not significantly alter the
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Fig. 1. NAD* depletion increased acetylated a-tubulin levels in 16HBE and 3T3-L1 cells. (A) Intracellular pyridine nucleotide concentrations in 16HBE cells (n
= 3) treated with DMSO or FK866 (500 nM) for the indicated times. DMSO controls were treated for 72 h. (B) Immunoblot analysis for acetyl a-tubulin in 16HBE and
3T3-L1 cells treated with DMSO or FK866 (500 nM) for the indicated times. (C) Immunostaining for acetyl a-tubulin in 16HBE and 3T3-L1 cells treated with DMSO or
FK866 for the indicated times. (D) Immunostaining for SIRT2 and NQO1 in 16HBE cells demonstrating the perinuclear localization of SIRT2 and NQO1.

acetyl a-tubulin levels compared to cells treated with non-targeting
siRNA controls (Fig. 2B). The latter results were also observed in 3T3-
L1 fibroblasts (Fig. 2C). These data demonstrate that loss of NQO1 did
not change the basal levels of acetyl a-tubulin in the two cell lines.

In similar studies we examined whether loss of SIRT2 would affect
the basal levels of acetyl a-tubulin in 16HBE cells and 3T3-L1 fibroblasts.
siRNA targeted to SIRT2 significantly reduced SIRT2 protein expression
in both cell lines compared to non-targeting siRNA controls, and yet no

changes in the levels of acetyl a-tubulin were observed (Fig. 3A and B).

One drawback from using knockout or knockdown strategies is that
these methods take relatively long periods of time (days) to significantly
lower NQO1 or SIRT2 protein levels. To examine the relationship be-
tween acetyl a-tubulin, SIRT2 and NQO1 at shorter times (min to h) we
utilized a potent and specific mechanism-based inhibitor of NQO1
(MI2321). Inactivation of NQO1 by MI2321 results from the bio-
reduction of MI2321 to its hydroquinone form followed by the release of
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a high reactive indolequinone-derived iminium ion, which rapidly al-
kylates critical amino acid residues in the active site of the enzyme [28].
The covalent binding of MI2321 in the active site permanently in-
activates NQO1 and prevents the enzyme from catalyzing the oxidation
of reduced pyridine nucleotides and the reduction of co-substrates. We
examined the effects of NQO1 inactivation by MI2321 on basal acetyl
a-tubulin levels in 3T3-L1 fibroblasts. For these studies, 3T3-L1 fibro-
blasts were exposed to MI2321 (1 pM) for the indicated times and then
acetyl o-tubulin levels were measured by immunoblot analysis. A
modest increase in acetyl a-tubulin levels was observed between 15 min
and 1 h following exposure to MI2321 (Fig. 4A). While the increase in
acetyl a-tubulin levels was short-lived, inactivation of NQO1 by MI2321

0.0-
Non-Targeting NQO1-Targeted

occurred rapidly following treatment (<1 min) and was prolonged (>8
h, Fig. 4B). The reasons underlying the temporal nature of increased
acetyl a-tubulin are unclear but may reflect the activity of acetyla-
ses/deacetylases not affected by a conformational change in NQO1.
Similar studies in 16HBE cells also showed a temporal increase in
acetyl a-tubulin levels following treatment with MI2321 (Fig. 5A). In
16HBE cells the maximal increase in acetyl a-tubulin was observed be-
tween 1-2 h following exposure to MI2321 and, similar to 3T3-L1 fi-
broblasts, inactivation of NQO1 by MI2321 occurred rapidly following
treatment (<1 min) and was prolonged (>8 h, Fig. 5B). We undertook a
more detailed study of the relationship between NQO1 inactivation by
MI2321 and acetyl a-tubulin levels in 16HBE cells. In these studies, we
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utilized a non-inhibiting analog of MI2321 (MI3190, Fig. 6A) as a con-
trol since quinones are redox-reactive and have the potential to alter the
NAD(P)H:NAD(P)" redox balance. The treatment of 16HBE cells with
MI2321 for 2 h resulted in a significant increase in acetyl a-tubulin levels
compared to either DMSO or MI3190 controls (Fig. 6B). To investigate
whether the intracellular concentrations of NADH or NAD' were
affected by the inactivation of NQO1 we measured the levels of these
two molecules in 16HBE cells by LC-MS following a 2 h exposure to
MI2321. Neither inactivation of NQO1 by MI2321 or treatment with the
non-inhibiting analog MI3190 significantly affected pyridine nucleotide
levels compared to the DMSO control (Fig. 6C). In these experiments, we
also included as positive controls treatment with the redox-active
quinone f-lapachone, which rapidly depletes cells of both NADH and
NAD", and treatment with B-lapachone plus the PARP inhibitor

Densitometry:
NQO1 / o-Tubulin

Non-Targeting  SIRT2-Targeted

olaparib, which selectively depletes cells of NADH (Fig. 6C) [15].

We have recently demonstrated that non-denatured, catalytically
active NQO1 displays redox-dependent immunoreactivity (Fig. 7A),
[15]. Anti-NQO1 antibody (A180) that specifically targets helix 7 of the
catalytic core domain binds to the oxidized but not the reduced form of
NQOL. Similarly, anti-NQO1 antibodies that target the C-terminus of
NQO1 bind also to the oxidized form of NQO1 but not to its reduced
form. The redox-dependent immunoreactivity of NQO1 may be due to a
change in the conformation of NQO1 following transfer of a hydride
from reduced pyridine nucleotides to the flavin co-factor in the active
site [15]. Using redox-dependent anti-NQO1 antibodies to distinguish
between oxidized and reduced forms of NQO1, we examined whether
inactivation of NQO1 by MI2321 locked NQO1 into a more oxidized or
reduced-like conformation. For these studies, we pretreated 16HBE cells
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Fig. 4. Inactivation of NQO1 results in a temporal increase in acetyl a-tubulin levels in 3T3-L1 fibroblasts. (A) Acetyl a-tubulin levels were measured in 3T3-
L1 fibroblasts after treatment with MI2321 (1 pM) for the indicated times. (B) NQO1 catalytic activity was measured in 3T3-L1 lysates obtained from fibroblasts

treated with DMSO or MI2321 (1 pM) for the indicated times.

with DMSO or MI2321 (1 pM x 2 h) then exposed cells to hydrogen
peroxide (2 mM x 2 h) to deplete cells of pyridine nucleotides via DNA
damage and PARP-mediated NAD " consumption. Following treatments,
NQO1 was immunoprecipitated from lysates using the redox-dependent
anti-NQO1 antibody that targets the C-terminus. In the absence of
hydrogen peroxide, the majority of NQO1 is not immunoprecipitated
due to its reduced conformation (Fig. 7B, lane 1); however, in samples
pretreated with MI2321 in the absence of hydrogen peroxide, moderate
levels of NQO1 could be pulled down (Fig. 7B, lane 2) suggesting
MI2321 induces a change in the conformation of NQO1. In samples
treated with hydrogen peroxide alone, large amounts of NQO1 could be
immunoprecipitated due to the conversion of NQO1 to an oxidized
conformation (Fig. 7B, lane 3). Pretreatment with MI2321 before
hydrogen peroxide decreased the amount of NQO1 immunoprecipitated
(Fig. 7B, lane 4, compare to lane 3). In contrast, M3190, a non-inhibitory
analog of MI2321, had little effect on the amount of NQO1 pulled down
(Fig. 7B, lanes 6 and 7, compare to lanes 1 and 3). g-lapachone was used

as a positive control for oxidized NQO1 (Fig. 7B, lane 5 [15]). Taken
together these data suggest that binding of MI2321 (but not the inactive
analog of the inhibitor, M3190) alters the structure of NQO1 and locks
the protein into an inactivated conformation which is non-responsive to
pyridine nucleotides (Fig. 7A and B, lanes 2 and 4).

In control experiments using purified recombinant human NQO1, the
addition of hydrogen peroxide did not directly catalyze the oxidation of
the reduced form of NQO1 (Fig. 7C). The addition of NADH generated
the reduced form of NQO1, which was not pulled down by anti-NQO1 C-
terminus antibodies (Fig. 7C, lanes 2 and 3), and exposure to hydrogen
peroxide (5 mM) did not stimulate the direct oxidation of reduced NQO1
(Fig. 7C, lanes 4 and 5) demonstrating that the effects observed in Fig. 7
occur via the intermediacy of pyridine nucleotides. To demonstrate that
inactivation by MI2321 alters the structure of NQO1 purified rhNQO1
was incubated with NADH and MI2321 then analyzed by non-
denaturing polyacrylamide gel electrophoresis (Fig. 7D). Inactivation
of NQO1 by MI2321 (Fig. 7D, lane 4) resulted in slower migration of



D. Siegel et al.

Redox Biology 39 (2021) 101840

A Acetyl
a-Tubulin

T i I B

O-Tubulin 3 e - G S D D

NQO T3 s s s s s — —

DMSO 1 5

15 30 60 120

(120min)

MI2321 Exposure Time (min)

Acetyl gl pr—

a-Tubulin’

o-Tubulin 3= - S S S S

NQOI 3> s s SN S— e

1 2 4

8 24 DMSO (24h)

MI2321 Exposure Time (h)

1.757
1.501
1.25]
1.00
0.751
0.504
0.251

Densitometry:
Acetyl o-Tubulin / a-Tubulin

0.00-
DMSO 1 5 15 30 60 120
MI2321 Exposure Time (min)

Densitometry:
Acetyl o-Tubulin / a-Tubulin

1 2 4 8
MI2321 Exposure Time (h)

24 DMSO

B MI2321 Exposure Time

NQOI Activity!

Imin

Smin

15min
30min

1h

2h

4h

8h

24h

24h (DMSO)

nd?
nd
nd
nd
nd
nd
nd
nd
251
457

Inmol DCPIP reduced/min/mg
2non-detectable (< 5nmol DCPIP/min/mg)
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MI2321 (1 pM) for the indicated times.

NQO1 compared to non-inactivated proteins (Fig. 7D, lanes 1-3).
Previously, we have shown that NQO1 co-localizes to microtubules/
acetylated microtubules by immunostaining for NQO1 using a redox-
specific, anti-NQO1 antibody A180 [15]. We extended these studies to
16BE cells and 3T3-L1 fibroblasts treated with DMSO or MI2321, then
immunostained for NQO1 using anti-NQO1 antibody A180. In these
studies, we observed a significant decrease in the intensity of immuno-
staining for NQO1 on the microtubules of cells treated with MI2321
compared to DMSO controls (Fig. 8, left panels, fluorescence quantifi-
cation, Supplementary Material, Fig. S2), while, at the same time, we
observed a significant increase in staining for acetylated tubulin (Fig. 8,
middle panels, fluorescence quantification, Supplementary Material,
Fig. §2). The merged analysis confirmed that the increased acetylated

tubulin immunostaining was perinuclear (Fig. 8, right panels). These
results confirm the immunoprecipitation studies that suggest inactiva-
tion of NQO1 by MI2321 induces a conformational change in NQO1,
which may either inhibit its binding to microtubules or result in the
binding of NQO1 to microtubules in an altered conformation.

4. Discussion

Microtubules are the result of the highly dynamic process of poly-
merization and depolymerization of heterodimers of a- and f-tubulin.
The growth and shrinkage of microtubules is regulated, in part, by post-
translational protein modifications of which acetylation has emerged as
a potential regulatory mechanism [29]. An increasing number of lysine
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Fig. 6. Inactivation of NQO1
increased acetyl o-tubulin levels but
did not alter the NADH or NAD™"
concentrations in 16HBE cells. (A)
Chemical structures of MI2321 and the
non-inhibiting control indolequinone
MI3190. (B) Acetyl a-tubulin levels and
NQO1 catalytic activity were measured
in 16HBE cells after treatment with
MI2321 or MI3190 (1 pM) for 2 h. (C)
Intracellular NADH and NAD" concen-
trations were measured in 16HBE cells
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residues on a- and p-tubulin have been found to be acetylated [30,31],
but lysine 40 (K*%) in a-tubulin has received the most attention.
Currently, it is not clear what role this modification plays in microtubule
dynamics. Some studies suggest a relationship between acetyl a-tubulin
K*0 levels and microtubule stability [20,21], while other studies suggest
it influences microtubule flexibility [32]. The acetyl a-tubulin K*°
modification is unique in that it resides in the internal lumen of the
microtubule and how this site is accessed by acetyltransferase and
deacetylase enzymes is not well-understood. Tubulin acetyltransferase
aTAT1 and the deacetylase HDAC6 regulate a large majority of the
microtubule acetylome including o-tubulin K*’ but smaller roles for
other deacetylases have emerged [33]. A role for SIRT2 in regulating
acetyl a-tubulin K*° levels in a subset of perinuclear microtubules has
been described [27].

In addition to posttranslational modifications, microtubule binding
proteins (MAPs) also influence microtubule dynamics [34]. The cyto-
solic quinone reductase NQO1 has been shown to co-localize with mi-
crotubules especially in structures containing high levels of a-tubulin
K* including the mitotic spindles and midbody [15]. The binding of
NQO1 to microtubules and acetylated microtubules was confirmed
using proximity ligation assay [15]. NQO1 and SIRT2 have been shown
to interact via co-immunoprecipitation studies [19] and our immuno-
staining studies showed the localization of NQO1 and SIRT2 in peri-
nuclear regions, raising the possibility that these two proteins may act
together due to their complementary biochemistry. The ability of NQO1
to generate NAD' for SIRT2-dependent deacetylase activity is an
attractive testable hypothesis supported by previous studies in MCF-7
tumor cells [19]. However, it has been recently shown that the
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binding of NQO1 to microtubules may be redox-dependent since NQO1
can change conformation depending upon intracellular reduced pyri-
dine nucleotide concentrations [15]. Under normal conditions where
NAD(P)H levels are plentiful, NQO1 adopts a reduced conformation
following hydride transfer from NAD(P)H to the FAD co-factor in NQO1.
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Fig. 7. Inactivation by MI2321 alters the struc-
ture of NQO1. (A) Schematic representation of the
three conformations of NQO1 and their immunore-
activity towards the redox-specific anti-NQO1 C-ter-
minus antibody. (B) 16HBE cells were pretreated
with DMSO, MI2321 (1 pM) or MI3190 (1 pM) for 30
min followed by exposure to 2 mM H,0, for 2 h.
NQO1 was then immunoprecipitated from lysates (1
mg) using the anti-NQO1 C-terminus antibody.
p-Lapachone (f-Lap), 10 pM x 2 h was included as a
positive control for oxidized NQO1. (C) Purified re-
combinant human NQO1 (0.2 pg) was incubated in
the absence and presence of NADH (200 pM) for 15
min then hydrogen peroxide (5 mM) was added for
an additional 1 h. Following incubations, catalase
(800 pg/ml) was added to each tube and NQO1 was
immunoprecipitated using the anti-NQO1 C-terminus
antibody. (D) Migration of purified rhNQO1
following inactivation by MI2321. Purified rhNQO1
(2.5 pg) was incubated with 500 pM NADH and 50
pM MI2321 for 30 min then analyzed by non-
denaturing PAGE.

There have been a number of stopped-flow studies examining the cat-
alytic cycle of NQO1 in the presence of efficient electron acceptors such
as quinones [35-37]. The early work of Hosoda (1974) is particularly
useful when considering the stability of the reduced flavin form of NQO1
in the absence of efficient electron acceptors [36]. Hosoda et al.
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demonstrated that there was only a slow rate of reaction (1.5 nmol
O,/min/mg protein) between O and reduced flavin in NQO1 with a first
order rate constant for this reaction of 4.4 x 1025~ ! suggesting that the
reduced form of the enzyme has appreciable stability. X-ray crystallog-
raphy, biochemical and computational studies performed by Amzel, and
colleagues suggested that the stability of the reduced form of NQO1
occurred in part as a result of stabilization of charge separation in the
reduced flavin by the protein [38-40]. Our study is in agreement with
the work of Hosoda et al. and Amzel and colleagues. The reduced and
oxidized forms of NQO1 can be distinguished by using redox-dependent
antibodies that bind to oxidized but not reduced NQO1 [15]. In the
presence of NAD(P)H but in the absence of an efficient quinone electron
acceptor, very little NQO1 could be immunoprecipitated demonstrating
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Fig. 8. Inactivation of NQO1 by MI2321
results in lower levels of immunostaining
for NQO1 and higher levels of perinuclear
acetyl a-tubulin in intact cells. 16HBE
cells (top panels) were treated with DMSO or
MI2321 (1 pM) for 2 h while 3T3-L1 fibro-
blasts (bottom panels) were treated with
DMSO or MI2321 (1 pM) for 30 min.
Following treatments the cells were fixed
then immunostained for NQO1 and acetyl
a-tubulin. NQO1 immunostaining was per-
formed using the redox-specific anti-NQO1
A180 antibody.

Merged

the presence of the reduced form of NQO1. As NAD(P)H levels are
depleted, NQO1 can no longer maintain a reduced conformation and the
protein reverts to its oxidized form enabling immunoprecipitation. Thus,
instead of directly providing NAD™ for SIRT2 activity NQO1 may be
responding to the depleted levels of pyridine nucleotides in regions
surrounding SIRT2 by altering its conformation in a redox dependent
manner which in turn modulates the acetylation/deacetylation balance
of microtubules (Fig. 9).

While the binding of NQO1 to microtubules has not been charac-
terized in detail, we hypothesize that dimeric NQO1 binds to microtu-
bules via a pair of positively charged C-terminal tails. The C-terminal
domains play an important role in many aspects of NQO1 biochemistry
including the binding of FAD, NAD(P)H and inhibitors through their
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ability to communicate conformational and dynamic information be-
tween distal regions in NQO1 [16,17,41,42]. Evidence to support a role
for the C-terminal tails binding to microtubules comes from studies
which show that the C-terminal domains are not exposed to the external
environment when NQOL is in the reduced form but are exposed when
NQOL1 is in the oxidized form [15,42]. In addition, antibodies which
target the C-terminus of NQO1 do not show NQO1 immunostaining on
microtubules suggesting that the C-terminals are not accessible to an-
tibodies when oxidized NQO1 is bound to microtubules. The C-terminus
of NQO1 carries an overall positive charge (pI 10.29) which would
promote its binding to negatively charged microtubules. A similar
interaction has been demonstrated for the binding of HDAC6 to micro-
tubules where the positively charged N-terminus is attracted to the
negatively charged microtubule [43].

Data presented herein demonstrates that the knock-out or knock-
down of NQO1 or SIRT2 did not affect basal levels of acetyl a-tubulin
K*%; however, inactivation of NQO1 by the mechanism-based inhibitor
MI2321 did result in a short-lived temporal increase. This apparent
discrepancy may be explained by the highly dynamic nature and
crowded environment of the microtubule lumen. The time required to
generate cells with reduced protein expression is in most cases relatively
long (days), potentially allowing microtubules and accompanying MAPs
to re-equilibrate after the loss of NQO1 or SIRT2. Inactivation of NQO1
by MI2321 on the other hand is relatively rapid in comparison. The
change in NQO1 conformation following inactivation by MI2321 ap-
pears to reduce the amount of NQO1 bound to microtubules, disrupting
the complex balance of microtubule-binding proteins (Fig. 9). We
speculate that decreased binding of NQO1 to microtubules could either
enable access of acetyltransferases to acetyl a-tubulin K*° or result in
inhibition of the activity of deacetylases at that specific site in the
microtubule lumen. In support of these data, significant differences in
the in-vivo acetylome have also been observed in mice after genetic
manipulation of NQO1 levels [44].

In summary, using the nicotinamide phosphoribosyl transferase in-
hibitor FK866, we confirmed the association between decreased intra-
cellular NAD™ concentrations and increased acetyl a-tubulin K*® levels.
CRISPR/cas9 knockout or siRNA-mediated knockdown of NQO1 had
little effect on acetyl a-tubulin K*® levels. However, use of the
mechanism-based inhibitor MI2321, which alters the conformation of
NQO1, resulted in decreased immunostaining for NQO1 on microtubules
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Fig. 9. Proposed mechanism for the roles of the
redox environment and mechanism-based inhib-
itor MI2321 on NQO1 structure and binding to
microtubules. Reduced pyridine nucleotides regu-
late the redox conformation of NQO1 and its binding

QOI to microtubules. Inactivation of NQO1 by the indo-
red lequinone (IQ) component of the mechanism-based
inhibitor MI2321 alters the conformation of NQO1,
resulting in decreased binding of NQO1 to microtu-
bules. Lower levels of NQO1 bound to microtubules
result in either increased acetylation or decreased
MI2321 deacetylation of lysine*® of a-tubulin in the lumen of
the microtubule.
1Q
nact

and led to a rapid but transient increase in the levels of acetyl a-tubulin
K*. Taken together these data suggest an alternative role for NQO1 in
the regulation of the microtubule acetylome where the binding of NQO1
to microtubules is regulated by the conformation of the protein which is,
in turn, controlled primarily by the surrounding redox environment.
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