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Abstract

Background: Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is a key enzyme for the metabolism of many toxic
aldehydes such as acetaldehyde, derived from alcohol drinking, and 4HNE, an oxidative stress-derived lipid
peroxidation aldehyde. Post-translational enhancement of ALDH?2 activity can be achieved by serine/threonine
phosphorylation by epsilon protein kinase C (ePKC). Elevated ALDH?2 is beneficial in reducing injury following
myocardial infarction, stroke and other oxidative stress and aldehyde toxicity-related diseases. We have previously
identified three ePKC phosphorylation sites, threonine 185 (T185), serine 279 (S279) and threonine 412 (T412), on
ALDH2. Here we further characterized the role and contribution of each phosphorylation site to the enhancement
of enzymatic activity by ePKC.

Methods: Each individual phosphorylation site was mutated to a negatively charged amino acid, glutamate, to
mimic a phosphorylation, or to a non-phosphorylatable amino acid, alanine. ALDH2 enzyme activities and
protection against 4HNE inactivation were measured in the presence or absence of eéPKC phosphorylation in vitro.
Coevolution of ALDH2 and its ePKC phosphorylation sites was delineated by multiple sequence alignments among
a diverse range of species and within the ALDH multigene family.

Results: We identified 5279 as a critical ePKC phosphorylation site in the activation of ALDH2. The critical catalytic
site, cysteine 302 (C302) of ALDH2 is susceptible to adduct formation by reactive aldehyde, 4HNE, which readily
renders the enzyme inactive. We show that phosphomimetic mutations of T185E, S279E and T412E confer
protection of ALDH2 against 4HNE-induced inactivation, indicating that phosphorylation on these three sites by
€PKC likely also protects the enzyme against reactive aldehydes. Finally, we demonstrate that the three ALDH2
phosphorylation sites co-evolved with ePKC over a wide range of species. Alignment of 18 human ALDH isozymes,
indicates that T185 and S279 are unique ALDH2, ePKC specific phosphorylation sites, while T412 is found in other
ALDH isozymes. We further identified three highly conserved serine/threonine residues (1384, T433 and S471) in all
18 ALDH isozymes that may play an important phosphorylation-mediated regulatory role in this important family of
detoxifying enzymes.

Conclusion: ePKC phosphorylation and its coevolution with ALDH2 play an important role in the regulation and
protection of ALDH2 enzyme activity.
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Background

The mitochondrial aldehyde dehydrogenase 2, ALDH?2,
is known for its role in ethanol metabolism, mediating
the rate-limiting step of metabolizing acetaldehyde to
acetic acid [1]. However, this enzyme is also critical for
oxidation of fatty acid-derived aldehydes, such as 4-
hydrox-2-nonenal (4HNE) to non-electrophilic and un-
reactive acids, 4-hydroxy-2-enoic acid (4HNA) [2, 3].
Therefore, ALDH2 plays a critical physiological role
both in the removal acetaldehyde derived from alcohol
drinking and the detoxification of lipid peroxidation by-
products, 4HNE, under oxidative stress.

The functional ALDH2 is a homotetramer [4]. In hu-
man, a single point mutation in ALDH2 (E487K) greatly
reduces the enzyme’s activity [5-7]. This over-dominant
mutation, designated as ALDH2*2, is found in nearly
40% of East Asian populations, or approximately 560
million of the world population [8—10]. ALDH2*2 muta-
tion leads to high levels of acetaldehydes accumulation
in the blood after ethanol consumption and causes the
well-known Asian Alcohol Flushing Syndrome [9, 11]. Be-
cause of the accumulation of acetaldehyde, a known
Group 1 carcinogen [12], the inactive variant of ALDH2*2
is associated with a much higher incidence of upper aero-
digestive track cancers as well as gastric, colorectal, lung,
and hepatocellular cancersc; a meta-analysis suggests up
to 80 fold higher incidence in heterozygotes who drink
more than 9 alcoholic beverages per week [9, 13-15].

The o,p-unsaturated reactive 4HNE is well-known for
its genotoxicity and cytotoxicity, causing DNA damage
and proteins inactivation [16—18]. 4HNE is reactive and
readily forms Michael's adducts on the nucleophilic
amino acids, cysteine, histidine and lysine [19, 20]. Many
protein targets of 4HNE have been identified, including
both serum and cellular components, such as albumin
and histones, and cytoprotective proteins, critical protein
quality control, such as HSP70, and the 20S proteasome
[21, 22]. Since 4HNE is a product of lipid peroxidation
and the mitochondrial respiratory electron transport
chain is the major source of ROS, it is likely that many
of the mitochondrial proteins are susceptible to 4HNE
modification. Indeed, a notably large proportion of the
4HNE modified proteins that have been identified reside
in the mitochondria [22]. These include critical proteins
in respiratory chain and energy metabolism, such as aco-
nitase, ATP synthase, many dehydrogenases in the Krebs
cycle and, importantly, ALDH?2 itself [23, 24]. 4HNE is a
substrate of ALDH?2, but is also a potent inhibitor of
ALDH2, since it can readily inactivate this enzyme by
adducting to critical cysteine residue in the catalytic
active site, cysteine 302 (Cys 302) [24, 25]. Inactiva-
tion of ALDH2 by its own substrate, 4HNE, therefore
could lead to further accumulation of 4HNE, which
has been observed in many pathological conditions
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including neurodegenerative, ischemic and inflamma-
tory diseases [26-29].

Enhancing the catalytic activity of ALDH2 and/or pro-
tecting ALDH2 enzyme activity from 4HNE-induced in-
activation has recently emerged as new strategy for the
development of therapeutics [26, 27]. Our lab has identi-
fied small molecules activators of ALDH2 (e.g., Alda-1)
that increase the catalytic activity of the enzyme directly
and also protect ALDH2 from 4HNE substrate-induced
inactivation [27]. X-ray co-crystal structure of Alda-1
and ALDH?2 showed that Alda-1 is bound at the sub-
strate tunnel of ALDH2, close to cysteine 302, thus likely
shielding and preventing the thiol-group of this amino
acid from interacting with 4HNE [30]. In the absence of
Alda-1, we showed that ALDH2 was rapidly inactivated
by 4HNE within minutes. Whereas in the presence of
Alda-1, ALDH2 remained catalytically active for an ex-
tended period of time [31].

Another way to enhance ALDH2 activity is by post-
translational phosphorylation of the enzyme. We previ-
ously found that activation of epsilon protein kinase C
(ePKC) at the mitochondria increases ALDH2 activity in
the heart by ~40%, thus protecting the heart from ische-
mic injury [31, 32]; phosphorylation of ALDH2 by ePKC
increases metabolism of toxic aldehydes, including 4HNE.
However, the molecular basis for phosphorylation-
induced activation of the enzyme is not known. Using li-
quid chromatography and mass spectrometry analysis we
identified previously three possible ePKC-mediated phos-
phorylation sites on ALDH2 (Chen et al., 2008 supporting
online material and Fig. 1). These are serine 279 (5279),
which lies at N-terminal end of helix that immediately
precedes the catalytic residue Cys 302, threonine 185
(T185), which lies in the loop between end of the first
helix in the enzyme, and threonine 412 (T412), which
lies at the N-terminus of an o-helix [31]. However,
the importance of these phosphorylation sites for the
enzymatic activity and the role (if any) of phosphoryl-
ation at these sites in protecting ALDH2 against
4HNE inactivation are not known.

Using site-directed mutagenesis of the three possible
ePKC phosphorylation sites, we set out to determine their
role in enzyme activity, phosphorylation, folding, and resist-
ance to 4HNE inactivation. We also explored the conserva-
tion of these sites with ePKC in evolution, as a means to
demonstrate their importance in regulating ALDH2.

Methods

Enzyme activity assay for aldehyde dehydrogenase
Enzymatic activity of ALDH2 was determined spectro-
photometrically, using purified recombinant protein to
measure the reductive reaction of NAD" to NADH at
A340 nm. All the assays were carried out in a 96-well plate
in triplicates at 30 °C in 50 mM sodium pyrophosphate
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Fig. 1 Structure of ALDH2 enzyme. a ALDH2 monomer displaying the three phosphorylation sites identified by LC-MS-MS: Thr185, Ser279, and
Thr412 (blue). Also highlighted are the catalytic Cys302 (green) and the site of the ALDH2*2 or Asian mutation: Glu487 (red). b Tetramer of an
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buffer, pH = 8.8, 2.5 mM NAD+ and 10 mM acetaldehyde
as the substrate, as described [31]. ALDH2 activities were
expressed as pmole NADH/min/pg protein from the lin-
ear range of the assay. The amount of mutant ALDH2 re-
combinant protein in each sample was determined by
Bradford assays and quantitative western blots, using
commercial bovine serum albumin and a highly purified
wild type ALDH2 as a standard. Where indicated, 4HNE
(50 uM) was added at the start of the kinetic assays imme-
diately following the addition of acetaldehyde. All kinetic
assays were measured for sixty minutes.

Site-directed mutagenesis and purification of human
recombinant enzymes of ALDH2 wild type, ALDH2*2 and
T185, S279, T412 phosphorylation site mutants

Human recombinant ALDH2 wild type and ALDH2*2
mutant enzymes were expressed in bacteria as previously
described [31]. The PKC-mediated three phosphoryl-
ation sites identified previously by LC/MS/MS, Thr185,
Ser279 and Thr412 were mutated to glutamic acid, to
mimic phosphorylation [33] or to alanine, as a control.
For sited-directed mutagenesis, primers were designed
and mutations were introduced by AccuPrime™ Pfx
DNA polymerase kit for cloning and mutagenesis ac-
cording to manufacture protocol (Life Technologies;
catalog number 12344-024). ALDH2 wild type clone
was used as the PCR template. Primer sets used for each
site-directed mutagenesis are as following: T185A (For-
ward: GCCCAGCCTTGGCAGCTGGAAACGTGGTT;
Reverse: AACCACGTTTCCAGCTGCCAAGGCTGG
GC), T185E (Forward: GCTGGGCCCAGCCTTGGCA
GAGGGAAACGTGGTTGTG; Reverse: CACAACCAC
GTTTCCCTCTGCCAAGGCTGGGCCCAGC), S279A

(Forward: GCCCCAACATCATCATGGCAGATGCCGA
TATGGAT; Reverse: ATCCATATCGGCATCTGCCAT
GATGATGTTGGGGC), S279E (Forward: AAGAGCC
CCAACATCATCATGGAGGATGCCGATATGGATTGG
GC; Reverse: GCCCAATCCATATCGGCATCCTCCAT
GATGATGTTGGGGCTCTT), T412A (Forward: CAGA
TCCTGAAGTTCAAGGCCATAGAGGAGGTTGTTG;
Reverse: CAACAACCTCCTCTATGGCCTTGAACTTC
AGGATCTG), T412E (Forward: ATGCAGATCCT
GAAGTTCAAGGAGATAGAGGAGGTTGTTGGGAGA;
Reverse: TCTCCCAACAACCTCCTCTATCTCCTTGAA
CTTCAGGATCTGCAT). All the constructed human
ALDH?2 wild type and mutants were designed to express a
recombinant protein with the His-tag at the N-terminus of
the protein using E. coli BL21 host cells and purified by His
GraviTrap nickel-affinity column (GE Healthcare Life
Sciences) as described previously [31].

Phosphorylation of ALDH2 recombinant proteins by ePKC
For in vitro kinase reaction, recombinant ePKC (100 ng,
Life Technologies, Grand Island, NY, USA) and each
ALDH2 protein (8 pg) were incubated in the presence of
20 mM Tris—HCl pH 7.5, 200 uM ATP, 20 mM MgCl,
with 0.24 mg/ml phosphatidylserine (Avanti, AL, USA),
0.04 mg/ml 1,3-s-n-dioleylglycerol (Avanti, Alabaster,
AL) at 37 °C for 30 min as described in Chen et al. [31].

Protein sequence, structural alignment and analysis

Sequences for members of the ALDH family and the
ALDH2 protein from multiple species were found
through the NCBI protein database (see Additional file 1).
The sequence alignment of ALDH2 proteins from
multiple species was determined by using the NCBI
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Constraint-based Multiple Protein Alignment Tool (CO-
BALT). Structures of the different ALDH2 mutants were
modeled using UCSF Chimera by running a sequence
alignment to reduce the Root Mean Square Deviation.
Structural analyses were carried out to determine whether
the phosphomimetic mutations (T185E, S279E and
T412E) affect the protein structure. Each mutation was
introduced using the MOE (Molecular Operating Environ-
ment) program. Following energy minimization, the protein
model was searched for areas where the mutated residue
would clash with other surrounding residues using the
UCSF Chimera program which searches for atoms that
have a Van der Waals radius overlap of 0.6 angstroms and
ignores contacts of pairs that are 2 or fewer bonds apart.

Amino acid sequence alignment of 18 human ALDH
isozymes

19 different, functional ALDH genes are known in the
human genome [27]. Since ALDH18A1 showed very low
degree of homology with the rest of the 18 ALDH iso-
zyme and has no conservation of T185, S279 and T412
at the equivalent positions, it was omitted from our
sequence alignment. Multiple sequence alignment was
conducted using online software ClustalW (http://
embnet.vital-it.ch/software/ClustalW.html) and ALDH
sequences with the following GenBank Accession num-
bers: ALDH2 (GI: 48146099), ALDH1A1 (GI: 16306661),
ALDHI1A2 (GL: 119597936), ALDHI1A3 (GL: 153266822),
ALDHIBI (GI: 119578656), ALDH1L1 (GIL: 393195306),
ALDHIL2 (GL:166198355), ALDH3A1 (GL 206597441),
ALDH3A2 (GL:73466520), ALDH3B1 (GI:125950429),
ALDH3B2 (GIL: 73695881), ALDH4A1l (GIL: 23271000),
ALDH5A1 (GIL: 21708023), ALDH6A1 (GI: 119601566),
ALDH7A1 (GL: 49117277), ALDH8A1 (GIL: 88683005),
ALDH9A1 (GI: 119611164), ALDH16A1 (GL: 223972651).
For longer sequences of ALDH isozymes, both N- and C-
terminal sequences were truncated and small sequence
gaps were introduced to obtain the best fitted alignment
against the published ALDH?2 protein sequence.

Results

The common East Asian ALDH2*2 single point muta-
tion (E487K), which is away from the catalytic site,
causes a >95% loss of activity in ALDH2 due to struc-
tural changes that affect both the dimerization of the en-
zyme and binding of the cofactor, NAD" [34]. To
determine whether phosphorylation causes a global
change in ALDH2 structure, in silico analysis of struc-
tural models was carried out (Fig. 1a). Ser 279 lies on
the surface of the catalytic domain, near the dimer-
dimer interface, between the A/B dimer and C/D dimer,
such that the residue is ~19 A from its subunit related
Ser [A subunit and D subunit] (Fig. 1b). Ser 279 lies at
the N-terminal end of the helix that immediately
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precedes the catalytic Cys (302) and is 27 A from
Cys302. [For comparison, Glu487, which is mutated to
Lys in ALDH2*2, is 17 A from Cys302.] Thr412, located
at the N-terminus of an a-helix, is only 10 A from
Ser279 on the surface of the catalytic domain, though it
is further from the subunit interface. Finally, Thr185
residue is in the loop between the end of the first helix
and the beginning of the second strand in the Rossmann
coenzyme-binding fold [34, 35]. Thrl85 is 9 A from
Glu487, the mutated amino acid in ALDH2*2. There-
fore, Thr185 is adjacent to an area of the enzyme that is
known to affect activity and catalysis. Although it ap-
pears buried, it is accessible to solvent if the C-terminal
residues contributed by a subunit in the opposing dimer
of the tetramer are displaced. Phosphorylation of Thr185
is predicted to preclude the binding of the C-terminal
carboxylate through electrostatic repulsion (Fig. 1).

We have reported previously that in vitro phosphoryl-
ation of wild type ALDH2 recombinant protein increases
its enzymatic activity [31]. We observed here an increase
of 70% the ALDH2 activity following phosphorylation by
recombinant ePKC (Fig. 2a). The effect of ePKC phos-
phorylation on ALDH2*2 mutant enzyme was even
more pronounced, even though the ALDH2*2 mutant
enzyme had a much lower basal activity due to the
Glu487 substitution by Lys. As shown in Fig. 2a, we ob-
served that the enzymatic activity of the phosphorylated
ALDH2*2 is 270% of the non-phosphorylated ALDH2*2.

We set out to determine which of the phosphorylation
sites contributes to ePKC-mediated activation of ALDH2
enzymatic activity. Site-directed mutagenesis was carried
out for each of the putative ePKC phosphorylation sites,
Thr185, Ser279 and Thr412 on ALDH2. Since phospho-
mimetic of an amino acid is a good estimation for the
function of phosphorylation, we first mutated the three
phosphorylation sites individually to a charged amino
acid residue, glutamate, to mimic the function of the
negatively charged phosphate group [33]. We found that
all the single phosphomimetic ALDH2 mutants were less
active than the wild type ALDH, especially T185E. Com-
pared to the non-phosphorylated wild type ALDH2, the
T185E, S279E and T412E had only 14%, 68%, and 24%
of the wild type activity, respectively (Fig. 2b). A struc-
tural model of the T185E mutant suggests that a muta-
tion to glutamate at position 185 will likely cause a
conformational change (Fig. 2c), as the glutamate resi-
due at that position appears to clash with the surround-
ing amino acids, proline 181 and threonine 486. This
prediction is supported by replacing the glutamate
residue to an alanine residue. When the T185 phosphor-
ylation site was mutated to alanine to serve as a non-
phosphorylatable control, the enzymatic activity of the
mutant enzyme was not affected as much as compared
with the T185E mutant. In this case, T185A retains 87%
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Fig. 2 €PKC phosphorylation on wild type ALDH2, ALDH2*2 and Thr185, Ser279 and Thr412 mutant enzymes. a Increased activity for wild type
ALDH2 and ALDH2*2 mutant enzymes by ePKC phosphorylation. ALDH2 wild type (WT) and ALDH2*2 mutant enzyme activities were measured in the
absence or presence of ePKC. Enzyme activity was expressed in pmole NADH/min/ug recombinant protein (n =3, **p < 0.001; bars represent the
mean + SD). b Enzymatic active of the phosphomimetic ALDH2 site-directed mutants, T185E, S279E and T412E. Enzyme activity was expressed in
pmole NADH/min/ug recombinant protein (n =3, *p < 0.05, **p < 0.001 vs. WT; bars represent the mean + SD). ¢ A structural analysis of the T185E
mutation reveals that a glutamate in the position of T185 would clash with the surrounding amino acids, proline 181 and threonine 486. d The effect
of ePKC phosphorylation on the phosphomimetic and non-phosphorylatable mutants of ALDH2. The graph displays the enzyme activity of T185, S279
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of the wild type ALDH2 activity (Fig. 2b). In contrast,
the S279A and T412A mutants showed a loss ~50%
(49% for S279A and 45% for T412A) of the wild type ac-
tivity (Fig. 2b). Interestingly, among the three phospho-
mimetics, the S279E phosphomimetic was the only
mutant that had approximately 40% higher activity rela-
tive to its S279A non-phosphorylatable mutant, suggest-
ing that S279 is probably a true allosteric site, capable of
increasing the catalytic activity of ALDH2 upon phos-
phorylation. Similar to T185, either alanine or glutamate
substitution for T412 decreased the catalytic activity of
ALDH2. However, our structural modeling did not indi-
cate any clashes with surrounding amino acids for the
T412E substitution (Fig. 2c).

Next, we determined whether further activation of the
enzymatic activity could be achieved by ePKC phosphor-
ylation of each of the single phosphomimetic or non-
phosphorylatable alanine substitution mutants. We
reasoned that since further activation by ePKC phos-
phorylation on the specific phosphomimetic or non-
phosphorylatable alanine substitution was no longer
possible, such experiments will help to identify the true
phosphorylation site(s) contributing the enhanced ALDH2
enzyme activity by ePKC. We found that five out of six
possible amino acid substitutions, T185A/E and T412A/E
and S279A mutants, were significantly activated by ePKC-
mediated phosphorylation, resulting in an increase of
50-150% above their basal activity (Fig. 2d). The
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phosphomimetic S279E mutant was clearly the only ex-
ception; it was insensitive to further activation by eéPKC-
mediated phosphorylation. These data are consistent with
the observation above that phosphomimetic substitution,
S279E, was the mutation that imparted the highest in-
creased in ALDH2 activity without phosphorylation and
that S279 phosphorylation is the critical event in ePKC-
mediated activation of ALDH2.

Because 4HNE causes a fast inactivation of ALDH2 by
adduct formation with the critical catalytic Cys302
[24, 36], we also determined whether phosphorylation
mimetic mutations protect the enzyme and affect the
sensitivity of ALDH2 to 4HNE-induced inactivation.
We showed that wild type ALDH2 enzyme activity
decreases rapidly by ~65% immediately after addition
of 50 pM 4HNE (Fig. 3). Compared to the wild type
ALDH2, the non-phosphorylatable mutants, T185A or
S279A were more sensitive to 4HNE inactivation and
lost 79% and 85% of their activity, respectively. Surpris-
ingly, the T412A mutation only lost 24% activity and was
more resistant to 4HNE inactivation than the wild type.
Importantly, the phosphomimetic mutations, T185E and
S279E, increased the resistance to 4HNE-induced inacti-
vation. Compared to a 65% decrease in the wild type,
ALDH2 activity of T185E and S279E mutant enzymes
showed only a decrease of 47% and 49%, respectively
(Fig. 3). On the other hand, although the phosphomimetic
T412E mutant was not as resistant to 4HNE-induced in-
activation as the T412A mutant, it conferred some protec-
tion to ALDH?2 after incubation with 4HNE with a 55%
reduction of activity as compared to the loss 65% observed
from the wild type ALDH2 (Fig. 3). The simplest
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explanation for these results is that phosphorylation on
ALDH2 may induce a conformational change in the en-
zyme structure thus allosterically protect Cys302 adduc-
tion by 4HNE.

We also used multiple sequence alignments to deter-
mine whether the three ALDH2 phosphorylation sites
were conserved among species and co-evolved with
ePKC. We reasoned that if ePKC-mediated phosphoryl-
ation of ALDH2 is critical for the regulation of ALDH2
activity, the critical phosphorylation sites should co-
evolve with ePKC. We aligned multiple sequences of
ALDH2? from a wide range of eukaryotic species that ex-
press ePKC, and compared ALDH?2 sequence conserva-
tion with species that do not express this protein kinase
(Additional files 1 and 2). Focusing on T185, S279 and
T412-equivalent phosphorylation positions in ALDH2,
we compared the conservation of the regions corre-
sponding to the phosphorylated site in 10 species that
express ePKC and 10 species that lack ePKC (Fig. 4,
Additional files 1 and 2). Remarkably, in the 10 species
that express ePKC, either a serine or a threonine was
invariably found at the three putative phosphorylation
sites in ALDH2 (Fig. 4, left columns). In contrast, in
the 10 species that lack ePKC, conservation of phos-
phorylatable amino acids, T185, S279, T412 was min-
imal (Fig. 4, right columns).

It is expected that in the absence of a kinase, if a phos-
phorylation site is important for an enzymatic activity or
biological function, that position will be substituted for
by a negative amino acid (glutamate or aspartate) to
mimic phosphorylation [37]. We found that, for ALDH2
T185, among the 10 species that did not express ePKC
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only 1 of the 10 species had a negative amino acid. For
both S279 and T412, out of the 10 species that lacked
ePKC, half had a negative amino acid in the place of the
phosphorylation site. These data are consistent with the
idea that evolutionary conservation of a negatively charged
amino acid for a phosphorylatable serine/threonine in that
position indicates a functionally important residue for ac-
tivity. In addition, we also found that in several species
that did not express ePKC, serine or threonine was still
conserved. 2 of the 10 species that did not have ePKC
retained threonine at position T185, 1 of 10 species
retained serine at position S279 and 2 of 10 species
had a serine substitution at the equivalent for T412
position. These data suggest that in the absence of
ePKC, another serine/threonine protein kinase may
phosphorylate ALDH2 in these species.

We also aligned and compared amino acid sequences
of all 19 identified and functional ALDH isozymes
within the human genome and determined how the po-
sitions equivalent to T185, S279 and T412 are conserved
among the human ALDH supergene family (Fig. 5). We
reasoned that such a comparison will reveal whether other
ALDH isozymes may also be regulated by phosphorylation
(perhaps even by eéPKC-mediated phosphorylation) in a
similar fashion. Because ALDH18A1 showed very low de-
gree of homology with the rest of the 18 ALDH isozyme
and no conservation of an equivalent to T185, S279 and
T412 was found, it was omitted from this comparison.
Figure 5 depicts the best alignment of the remaining 18
human ALDH isozymes. We found that the equivalents of
either T185 or S279 of ALDH?2 were preserved in only
one other ALDH isozyme each; ALDH1B1 has a threo-
nine at the equivalent position T185 and ALDH9A1 has a
serine at the equivalent position at S279. It is also interest-
ing to note that in 6 of the remaining 17 ALDHs, the 5279
is substituted for with E or D, but none of the equivalent
of T185 substitution are negatively charged amino acid

mimetics. On the other hand, T412 had much higher con-
servation in that 12 out of the 18 ALDH isozymes had ei-
ther a threonine or serine, and 2 members of the ALDH
family had a negatively charged amino acid, Asp, at the
equivalent position of T412

Finally, in contrast to the low degree of conservation
of T185 and S279, we found three other serine/threo-
nine sites that were highly conserved among all the 18
ALDH isozymes: T384 was conserved in 16 of the 18
ALDH isozymes, and T433 and S471 were conserved in
all 18 ALDH isozymes. These data suggest that these
three sites may be universal serine/threonine phosphor-
ylation sites for the ALDH super gene family. Note that
as a reference point for the accuracy of alignment, the
critical catalytic site, Cys 302, was found at the equiva-
lent position in 17 of the 18 ALDH isozymes, except for
the more divergent member of ALDH16A1.

Discussion

It is well-established that post-translational modification
of proteins and enzyme can modulate the activity of
many enzymes, thus playing an important role in cellular
functions. Phosphorylation affects the activity of many
enzymes through increased interaction with a partner
protein [38, 39], inhibition of intramolecular interaction
[40, 41], decreased ability to be modified by ubiquitina-
tion and subsequent degradation [42, 43] and/or through
altered access to the substrate [44, 45]. We previously
showed that ALDH2 is a substrate of ePKC and that
ePKC-mediated phosphorylation of ALDH2 leads to
enhanced catalytic activity towards oxidation of toxic
aldehydic substrate and confers cardioprotection
against ischemia-reperfusion injury [31]. However, non-
enzymatic modification of ALDH2, in particular, on the
critical catalytic cysteine 302 residue also occurs by its
electrophilic and reactive aldehyde substrate, 4HNE [24].
In our previous studies, we demonstrated that a small



Nene et al. Journal of Biomedical Science (2017) 24:3

Page 8 of 12

ALDH2
ALDH1Al
ALDH1A2
ALDH1A3
ALDH1B1
ALDH1L1
ALDHI1L2
ALDH3A1
ALDH3A2
ALDH3B1
ALDH3B2
ALDH4A1
ALDH5A1
ALDH6AL
ALDH7AL
ALDH8AL
ALDHO9A1
ALDH16A1

ALDH2
ALDH1AlL
ALDH1A2
ALDH1A3
ALDH1B1
ALDH1L1
ALDH1L2
ALDH3A1
ALDH3A2
ALDH3B1
ALDH3B2
ALDH4Al
ALDH5A1
ALDH6A1
ALDH7A1
ALDH8AL
ALDHO9A1
ALDH16A1

ALDH2
ALDH1AL
ALDH1A2
ALDH1A3
ALDH1B1
ALDH1L1
ALDH1L2
ALDH3A1
ALDH3A2
ALDH3B1
ALDH3B2
ALDH4A1
ALDH5A1
ALDH6A1
ALDH7AL
ALDH8AL
ALDHO9A1
ALDH16A1

ALDH2
ALDH1ALl
ALDH1A2
ALDH1A3
ALDH1B1
ALDHIL1
ALDH1L2
ALDH3Al
ALDH3A2
ALDH3B1
ALDH3B2
ALDH4A1
ALDH5A1
ALDH6A1L
ALDH7AL
ALDH8AL
ALDHO9A1
ALDH16A1

76
WRRMDASHRGRLLNRLADLIE-RDRTYLAALETLDNGKPYVISYLVDLDMVLKCLRYYAG
WRTMDASERGRLLYKLADLIE-RDRLLLATMESMNGGKLYSNAYLNDLAGCIKTLRYCAG
WRRMDASERGRLLDKLADLVE-RDRAVLATMESLNGGKPFLQAFYVDLQGVIKTFRYYAG
WRRLDALSRGRLLHQLADLVE-RDRATLAALETMDTGKPFLHAFFIDLEGCIRTLRYFAG
WRRMDASERGRLLNLLADLVE-RDRVYLASLETLDNGKPFQESYALDLDEVIKVYRYFAG
WGKISARDRGRLMYRLADLME-QHQEELATIEALDAGAVYTLALKTHVGMSIQTFRYFAG
WGRMNARERGRLMYRLADLLE-ENQEELATIEALDSGAVYTLALKTHIGMSVQTFRYFAG
GRTRPLQFRIQQLEALQRLIQ-EQEQELVGALAADLHKNEWNAYYEEVVYVLEEIEYMIQ
GRSRPLRFRLQQLEALRRMVQ-EREKDILTAIAADLCKSEFNVYSQEVITVLGEIDFMLE
GRTRPAEFRAAQLQGLGRFLQ-ENKQLLHDALAQDLHKSAFESEVSEVAISQGEVTLALR
WDLKPIADRAQIFLKAADMLSGPRRAEILAKTMVGQGKTVIQAEIDAAAELIDFFRFNAK
WREVSAKERSSLLRKWYNLMI-QNKDDLARIITAESGKPLKEAHG-EILYSAFFLEWEFSE
WADTSVLSRQQVLLRYQQLIK-ENLKEIAKLITLEQGKTLADAEG-DVFRGLQVVEHACS
WADIPAPKRGEIVRQIGDALR-EKIQVLGSLVSLEMGKILVEGVG-EVQEYVDICDYAVG
WSSRSPQERSRVLNQVADLLE-QSLEEFAQAESKDQGKTLALARTMDIPRSVONFRFFAS
WSQKSGMERCRILLEAARIIR-EREDEIATMECINNGK-SIFEARLDIDISWQCLEYYAG
WSAHPGVVRAQHLTRLAEVIQ-KHQRLLWTLESLVTGRAVREVRDGDVQLAQQLLHYHAT

MKVAEQTPLTALYVANLIKEAGFPPGVVNIVPG---FGPTAGAATASHEDVDKVAFTGST
VKPAEQTPLTALHVASLIKEAGFPPGVVNIVPG---YGPTAGAAISSHMDIDKVAFTGST
IKPAEQTPLSALYMGALIKEAGFPPGVINILPG---YGPTAGAATASHIGIDKIAFTGST
LKPAEQTPLTALYLGSLIKEAGFPPGVVNIVPG FGPTVGAAISSHPQINKIAFTGST
MKVAEQTPLSALYLASLIKEAGFPPGVVNIITG---YGPTAGAATIAQHMDVDKVAFTGST
IKPAQVTPLTALKFAELTLKAGIPKGVVNVLPG---SGSLVGQRLSDHPDVRKIGFTGST
LKPAQVTPLTALKFAELSVKAGFPKGVINIIPG---SGGIAGQRLSEHPDIRKLGFTGST
LKPSELSENMASLLATIIPQYLDKDLYPVINGG— --VPETTELLKERFDHILYTGST
IKPSELSENTAKILAKLLPQYLDQDLYIVINGG- --VEETTELLKQRFDHIFYTGNT
LKPSEISKNVEKILAEVLPQYVDQSCFAVVLGG- --PQETGQLLEHRFDYIFFTGSP
LKPSEISQGTEKVLAEVLPQYLDQSCFAVVLGG— -—-PQETGQLLEHKLDYIFFTGSP
WKPSDTAMLASYAVYRILREAGLPPNIIQFVPADG---PLFGDTVTSSEHLCGINFTGSV
VKPAEDTPFSALALAELASQAGIPSGVYNVIPCSRKNAKEVGEAICTDPLVSKISFTGST
MKPSERVPGATMLLAKLLQDSGAPDGTLNIIHG----QHEAVNFICDHPDIKAISFVGSN
WKGAPTTSLISVAVTKIIAKVLEDNKLPGAICSLTCGGADIGTAMAKDERVNLLSFTGST
AKPSELTSVTAWMLCKLLDKAGVPPGVVNIVFG---TGPRVGEALVSHPEVPLISFTGSQ
FKPSPFTPVSALLLAEIYSEAGVPPGLFNVVQG----GAATGQFLCQHPDVAKVSFTGSV
ALVPPASP-APLLLAQLAGELGPFPGILNVLSG----PASLVPILASQPGIRKVAFCGAP
. .o

CAGSRTFVQEDIYDEFVERSVARAKS-RVVGNPFDSKTEQGPQLDETQFKKILGY INTGK
IAASRIFVEESIYDEFVRRSVERAKK-YILGNPLTPGVTQGPQIDKEQYDKILDLIESGK
TAGSRIFVEESIYEEFVRRSVERAKR-RVVGSPFDPTTEQGPQIDKKQYNKILELIQSGV
TAASRVFVEEQVYSEFVRRSVEYAKK-RPVGDPFDVKTEQGPQIDQKQFDKILELIESGK
CAGSRTFVEESIYNEFLERTVEKAKQ-RKVGNPFELDTQQGPQVDKEQFERVLGY IQLGQ
IAAGRLFVEDSIHDEFVRRVVEEVRK-MKVGNPLDRDTDHGPQNHHAHLVKLMEYCQHGV
IAAGRLFVEESIHDEFVTRVVEEIKK-MKIGDPLDRSTDHGPONHKAHLEKLLQYCETGV
VAPDYILCDPSIQNQIVEKLKKSLKE--FYGEDAKKSRDYGRIISARHFQRVMGLIE--—
IAPDYILCEASLONQIVWKIKETVKE--FYGENIKESPDYERIINLRHFKRILSLLE---
VAPDYVLCSPEMQERLLPALQSTITR--FYGDDPQSSPNLGRIINQKQFQRLRALLG--—
VAPDYVLCSPEMQERLLPALQSTITR--FYGDDPQSSPNLGRIINQKQFQRLRALLG--—
SACSRLYVPHSLWPQIKGRLLEEHSRIKVGDPAEDFGTFFSAVIDAKSFARIKKWLEHAR
VCSNQFLVQRGIHDAFVKAFAEAMKKNLRVGNGFEEGTTQGPLINEKAVEKVEKQVNDAV
MALS-TAVLVGEAKKWLPELVEHAKN-LRVNAGDQPGADLGPLITPQAKERVCNLIDSGT
TTARRLFIHESIHDEVVNRLKKAYAQ-IRVGNPWDPNVLYGPLHTKQAVSMFLGAVEEAK
LCTSRIFVQKSIYSEFLKRFVEATRK-WKVGIPSDPLVSIGALISKAHLEKVRSYVKRAL
CNGTRVFVQKEILDKFTEEVVKQTQR-IKIGDPLLEDTRMGPLINRPHLERVLGFVKVAK
~GGLRLLIQESVWDEAMRRLOERMGR-LRSGRGLDGAVDMG-ARGAAACDLVQRFVREAQ

(T433)
IEEVVGRANNST-YGLAAAVETKDLDKANYLSQALQ-~AGTVWVN---CYDVFGAQSPFG
LDDVIKRANNTF-YGLSAGVFTKDIDKAITISSALQ--AGTVWVN---CYGVVSAQCPFG
MDEVIERANNSD-FGLVAAVEFTNDINKALTVSSAMQ--AGTVWIN---CYNALNAQSPFG
IEEVIKRANSTD-YGLTAAVETKNLDKALKLASALE--SGTVWIN---CYNALYAQAPFG
IEEVVERANNTR-YGLAAAVFTRDLDKAMYFTQALQ--AGTVWVN---TYNIVTCHTPFG
LDAVLSRANATE-FGLASGVFTRDINKALYVSDKLQ--AGTVFVN---TYNKTDVAAPFG
IDGVLQRANSTE-YGLASGVFTRDINKAMYVSEKLE-~AGTVFIN--~TYNKTDVAAPFG
LEEAIQFINQRE-KPLALYMFSSNDKVIKKMIAETS--SGGVAAND-VIVHITLHSLPFG
VDEAINFINERE-KPLALYVFSHNHKLIKRMIDETS -~SGGVTGND-VIMHFTLNSFPFG
LDEAIEFINRRE-KPLALYAFSNSSQVVKRVLTQTS--SGGFCGND-GFMHMTLASLPFG
VDEAIKFINRQE-KPLALYAFSNSSQVVNQMLERTS--SGSFGGNE-GFTYISLLSVPFEG
YKETLQLVDSTTSYGLTGAVFSQDKDVVQEATKVLRNAAGNFY IND-KSTGSTVGOQPFG
EEEAIAIANAAD-VGLAGYFYSQDPAQIWRVAEQLE--VGMVGVN---EGLISSVECPFG
LDEATQIVNNNP-YGNGTAIFTTNGATARKYAHLVD--VGQVGVN--VPIPVPLPMFSET
EEEVFAWNNEVK-QGLSSSIFTKDLGRIFRWLGPKG--SDCGIVNVNI PTSGAE IGGAFG
EEEVIERANNVK-YGLAATVWSSNVGRVHRVAKKLQ--SGLVWTN---CWLIRELNLPFG
EAEVLERANDTT-FGLAAGVFTRDIQRAHRVVAELQ--AGTCFIN---NYNVSPVELPFG

AKEALLVANGTP-RGGSASVWSERLGQALELGYGLQ--VGTVWIN---AHGLRDPSVPTG
. . *

Fig. 5 (See legend on next page.)

(T185)
WADKYHGKTIPIDGD----FFSYTRHEPVGVCGQIIPWNFPLLMQAWKLGPALATGNVVV
WADKIQGRTIPIDGN----FFTYTRHEPIGVCGQIIPWNFPLVMLIWKIGPALSCGNTVV
WADKIQGKTIPTDDN----VVCFTRHEPIGVCGAITPWNFPLLMLVWKLAPALCCGNTMV
WADKWHGKTIPMDGQ-~---HFCFTRHEPVGVCGQIIPWNFPLVMQGWKLAPALATGNTVV

WCDKIQGSTIPINQARPNRNLTLTRKEPVGVCGIIIPWNYPLMMLSWKTAACLAAGNTVV
WCDKIQGSTIPINQARPNRNLTFTKKEPLGVCAIIIPWNYPLMMLAWKSAACLAAGNTLV
KLPEWAADEPVEKTPQTQQDELYIHSEPLGVVLVIGTWNYPFNLTIQPMVGAIAAGNSVV
NLPEWVTAKPVKKNVLTMLDEAYIQPQPLGVVLIIGAWNYPFVLTIQPLIGAIAAGNAVI
NLRAWMKDERVPKNLATQLDSAFIRKEPFGLVLITIAPWNYPLNLTLVPLVGALAAGNCVV
***** MKDEPRSTNLFMKLDSVFIWKEPFGLVLIIAPWNYPLNLTLVLLVGALAAGSCVV
YAVELEGQQPISVPPS---TNSTVYRGLEGFVAAISPFNFTAIGGNLAGAPALMG-NVVL
EARRVYGDIIHTPAKD---RRALVLKQPIGVAAVITPWNFPSAMITRKVGAALAAGCTVV
VTSLMMGETMPSITKD---MDLYSYRLPLGVCAGIAPFNFPAMIPLWMFPMAMVCGNTFL
LSRMIGGPILPSERSG---HALIEQWNPVGLVGIITAFNFPVAVYGWNNAIAMICGNVCL
SSLHHTSECTQMDHLG---CMHYTVRAPVGVAGLISPWNLPLYLLTWKIAPAMAAGNTVI

WADKYHGKTIPIDGD----FFSYTRHEPVGVCGQIIPWNFPLLMQAWKLGPALATGNVVV
LAASMAGEHIQLPGG----SFGYTRREPLGVCVGIGAWNYPFQIASWKSAPALACGNAMV
QASTQEEALAG-————————————- WEPMGVIGLILPPTFSFLEMMWRICPALAVGCTVV
* * . .

(s279) (C302)
EIGRVIQVAAGS-----SNLKRVTLELGGKSPNTIMSDADMDWAVEQAHFALFFNQGQCE

——SNLKRVTLELGGKSPCIVLADADLDNAVEFAHHGVFYHQGQCl
—--SNLKRVTLELGGKSPNIIFADADLDYAVEQAHQGVFFNQGQCE
—SNLKRVTLELGGKNPCIVCADADLDLAVECAHQGVFFNQGQCl
--SNLKRVTLELGGKSPSIVLADADMEHAVEQCHEALFFNMGQCE
——SNVKKVSLELGGKSPLIIFADCDLNKAVQMGMSSVFFNKGEN.
—--SNLKKVSLELGGKSPLIIFNDCELDKAVRMGMGAVFEFNKGENE
--KHLTPVTLELGGKSPCYVDKNCDLDVACRRIAWGKFMNSGOTE

AVGKIVMEAAA-- ——KHLTPVTLELGGKSPCYIDKDCDLDIVCRRITWGKYMNCGQTI
RVGKIVMTAAA-—--—--KHLTPVTLELGGKNPCYVDBNCDPQTVANRVAWFRY FNAGQTE
RVGKIVMTAAT-~--~---KHLTPVTLELGGKNPCYVDBNCDPQTVANRVAWFCY FNAGQT.

PTFKHLWKQVAQNLDRFHTFPRLAGECGGKNFHFVHRSADVESVVSGTLRSAFEYGGQKE
—SVKRVSMELGGLAPFIVHBSANVDOAVAGAMASKFRNTGOTE
——RHGKRVQANMGAKNHGVVMPDANKENTLNQLVGAAFGAAGQR.
--RFG-RSLLELGGNNAI IAFEDADLSLVVPSALFAAVGTAGORE
---HCKKLSLELGGKNPAIIFEBDANLDECIPATVRSSFANQGEIE
——G—IKPVTLELGGKSPLIIFSDCDMNNAVKGALMANFLTQGQV.

EEGRALRRSLAG------ECAELGLALGTESLLLLTBTADVDSAVEGVVDAAWSDRGP -~
. * . *

(T384) (T412)
QEGAKLLCGGGIAA-- -DRGYFIQPTVFGDVQDGMTIAKEEIFGPVMQILKFKT--
KEGAKLECGGGPWG-- -NKGYFVQPTVEFSNVTDEMRIAKEEIFGPVQQIMKFKS--
AEGAKLECGGKGLG-— -RKGFFIEPTVFSNVTDDMRIAKEE I FGPVQEILRFKT -~
KEGAKLECGGSAME-- -DKGLFIKPTVFSEVTDNMRIAKEEIFGPVQPILKFKS--
KEGAKLLCGGERFG-~ ~ERGFFIKPTVFGGVQDDMRIAKEE I FGPVQPLFKFKK -~
KEGATLVCGGNQVP- RPGFFFEPTVETDVEDHMF I AKEESFGPVMI ISRFABGD
KEGATLVYGGRQVQ-- -RPGFFMEPTVFTDVEDYMYLAKEESFGPIMVISKFQNGD
~-GOKVAYGGTGDA-~ ~-ATRYIAPTILTDVDPQSPVMOEEIFGPVLPIVCVRS -~
--GQKIAFGGETDE-- —-ATRYIAPTVLTDVDPKTKVMQEEIFGPILPIVPVKN--
--CGRVAIGGQSDE-- —--SDRYIAPTVLVDVQEMEPVMQEEIFGPILPIVNVQS--
--CGRVAIGGQSNE-- --SDRYIAPTVLVDVQETEPVMOEEIFGPILPIVNVQS--
SSPSLTILAGGKCDDS- --VGYFVEPCIVESKDPQEPIMKEEIFGPVLSVYVYPBDK
SKGATVVTGGKRHQLG- ~-KNFFEPTLLCNVTQDMLCTHEETFGPLAPVIKFDT -~

KEGASILLDGRKIKVKG---YENGNFVGPTIISNVKPNMTCYKEEIFGPVLVVLETET-~-

KEGGTVVYGGKVMD--—----- RPGNYVEPTIVTGLGHDASIAHTETFAPILYVFKFKN-—

AEGAQIWCGEGVDKLSLPARNQAGYFMLPTVITDIKDESCCMTEEIFGPVTCVVPEFDS-—

EQGAKVLCGGDIYVPEDPKL-KDGYYMRPCVLTNCRDDMTCVKEEIFGPVMSILSFDT-—

SQGAQVFQAGDVPS—---—-——— ERPFYPPTLVSNLPPASPCAQVEVPWPVVVASPFRT--
P

* * .

500

(s471)
GYKMSGSGRE--LGEYGLQAYTEVKTVTVKVPQKNS
GFKMSGNGRE--LGEYGFHEYTEVKTVTVKISQKNS--
GFKMSGNGRE--MGEFGLREYSEVKTVTVKIPQKNS--
GFKMSGNGRE--LGEYALAEYTEVKTVTIKLGDKNP--
GFKESGNGRE--LGEDGLKAYTEVKTVTIKVPQKNS-—
GFKQSGFGKD--LGEAALNEYLRVKTVTFEY
GVKQSGFGKD--LGEEALNEYLKTKTVTLEY - - -—=--—-—=———---—
GVGNSGMGSY--HGKKSFETFSHRRSCLVRPLMNDEGLKVRYPPSP
GVGSSGMGAY--HGKHSFDTFSHQRPCLLKSLKREGANKLRYPPNS
GVGASGMGRY--HGKFSFDTFSHHRACLLRSPGMEKLNALRYPPQS
GVGHSGMGRY--HGKFTFDTFSHHRTCLLAPSGLEKLKEIHYPPYT
GARASGTNDKP-GGPHYILRWTSPQVIKETHKPLGDWSYAYMQ--—
GVKQSGLGRE--GSKYGIDEYLELKYVCYGGL-——--—-—-——-——--—
GSRSSFRGDTNFYGKQGIQFYTQLKTITSQWKEEDATLSSPAVVMP
GEKHTGGGRE--SGSDAWKQYMRRSTCTINYSKDLPLAQGIKFQ-—
GMKSSGIGRE--GAKDSYDFFTEIKTITVKH -
GYKKSGFGRE--NGRVTIEYYSQLKTVCVEMGDVESAF-— --
GCKESGCSWHG--GPDGLYEYLRPSGTPARLSCLSKNLNYDTFGLA
* . .
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see Methods

Fig. 5 Alignment of amino acid sequences of the 18 human ALDH isozymes. Amino acid sequences of 18 human ALDH isozymes were aligned
based on their sequence homology. For longer ALDH isozymes, both N- and C-terminal sequences were truncated to obtain the best fitted alignment
against the ALDH2 protein sequence from its amino acid residues 76 to 500 as marked (without the 17 aa. N-terminal mitochondria targeting sequence).
Serine and threonine at positions T187, S279, T384, T412, T433 and S471 the conserved are denoted in red letters. The negatively charged amino acids, D
and E, are in blue. The conserved catalytic site, Cysteine 302 (C302) residues, are marked in green. For GenBank accession numbers of all ALDH isozymes,

molecular agonist of ALDH2, Alda-1, positioned at the
substrate tunnel near Cys302 could protect ALDH2 from
4HNE inactivation. Here, we determined whether ePKC
phosphorylation or phosphor-memetic of three serine/
threonine residues of ALDH2 (T185, S279 and T412) me-
diate activation of the enzyme and/or protect ALDH2
from 4HNE inactivation.

Mutation of T185 to A did not affect ALDH2 activity
(Fig. 2b), and T185E (phosphomimetic mutation) resulted
in lower ALDH2 activity relative to wild type or T185A
mutant, suggesting a structural role of this residue, and/or
that T185 is a site that mediates phosphorylation-induced
inactivation of ALDH2 (Fig. 2b). T185A and T185E mu-
tants were also sensitive to 4HNE inactivation (Fig. 3), but
T185E may have a lower sensitivity, relative to T185A
(Fig. 3). Together, these data indicate that although T185
is relatively close to the catalytic site and may protect from
4HNE inactivation when negatively charged, phosphoryl-
ation of T185 by ePKC is unlikely to mediate activation of
ALDH2. Furthermore, we find that T185 is conserved in
species that have ePKC and there is threonine in that pos-
ition in two species that lack ePKC, further supporting a
role of this amino acid in ALDH2 activity. However, its
role is not the same for other ALDH isozymes; S or T is
not found in any other 18 ALDH isozymes in humans in
the equivalent position of T185 (except for ALDHI1B1),
and only one of the ten species that lack ePKC have
the expected phosphomimetic amino acid substitution,
which is predicted to make up for the lack of the kinase
(Figs. 4 and 5). Together, we conclude that if T185 phos-
phorylation in ALDH2 is mediated by ePKC, it does not
affect ALDH2 catalysis, but it may contribute to protec-
tion of ALDH2 from 4HNE-induced inactivation.

Mutation of S279A and T412A each resulted in en-
zyme with only 50% activity relative to the wild type en-
zyme (Fig. 2b). Whether the loss of activity reflects a
structural defect or role for these two amino acids in ca-
talysis, per se, cannot be determined based on our study.
However, whereas mutation to a phosphomimetic E
(T412E) resulted in an enzyme with even lower activity
relative to T412A, S279E is more active relative to
S279A. These data suggest that S279 is the phosphoryl-
ation site that mediates the increase in ALDH2 activity
by ePKC; indeed, S279E mutant was completely insensi-
tive to further activation by ePKC-mediated phosphoryl-
ation (Fig. 2d).

So, what is the role of T412 phosphorylation? T412A
is greatly activated by eéPKC-mediated phosphorylation
(2.5-fold increase in ALDH2 activity relative to non-
phosphorylated enzyme; Fig. 2d) and T412A mutant is
completely insensitive to 4HNE-induced inhibition of
ALDH2 (Fig. 3). We also find that T412 is highly con-
served in evolution; even among the species that lack
ePKC, 3/10 have S at that position and 5/7 of the
remaining species have a phosphomimetic D in that pos-
ition (Fig. 4, right panel). Finally, in 12 of the 18 other
ALDH isoforms in humans, the equivalent of T412 is
conserved and 2 of the remaining 6 have a phosphomi-
metic D at that position. Together, these data suggest an
important regulatory role for T412; its phophsorylation
may inhibit 4HNE inactivation. Importantly, because the
T412E mutant was also less sensitive to ePKC-mediated
increase in ALDH2 activity, we conclude that T412
likely also contribute to eéPKC-mediated activation of
ALDH2. The physical proximity of S279 and T412 in
ALDH2 (Fig. 1b) may also contribute to the role of these
two putative phosphorylation sites by the same protein
kinase, ePKC. We suggest that T412/S279, the two
neighboring amino acids on enzyme surface in 3D, are
allosteric sites that are protecting ALDH2 from 4HNE
inactivation, possibly by altering the structure of the
catalytic tunnel and the access of 4HNE to the channel.

The limitations of this in vitro study should be pointed
out. Since the first study by Thorsten and Koshland [33]
mutation of potential phosphorylation site to an amino
acid with a negative charge, to mimic phosphorylation,
has been used extensively. Furthermore, mutation of
amino acids to an alanine residue seems to be of min-
imal structural consequences and is therefore often used
to identify the role of a particular amino acid; a loss of
function is taken to indicate that the particular amino
acid is required for that function. However, clearly, any
mutagenesis of proteins may have additional ‘gain of
function’ consequences due to problem in folding, mat-
uration and/or stability of the enzyme. Furthermore, as
all these proteins were expressed in bacteria, they were
missing additional co- and post-translational modifica-
tions that may affect the activity of the enzyme. Relevant
to this point, we found that with one exceptions, all the
ALDH?2 mutants had lower activity relative to wild type
enzyme and that, together with the work with recombin-
ant enzymes remain caveats of our study. Nevertheless,
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we believe that this work provides the first evidence for
the role of particular sites in ALDH2 in responding to
ePKC-mediated phosphorylation and to 4HNE-induced
inhibition of the enzyme, through a mechanism termed
substrate-mediated suicide.

The co-evolution study strengthens our in vitro obser-
vations. It was striking to observe that the three ALDH2
phosphorylation sites identified by ePKC appear to co-
evolve well with this particular ePKC isozyme. Among
all the species that have ePKC, we found that all the
three phosphorylation sites were invariably conserved. It
implies that there was a strong selection to preserve
these three sites for ePKC phosphorylation. It is only in
the species where ¢éPKC is absent or lost, these three
phosphorylation sites would begin to drift. This co-
evolution was even more striking when we aligned all 19
known functional human ALDH isozymes to evaluate
the degree of conservation of these putative phosphoryl-
ation sites within this supergene family. We found that
except for T412 position, which was conserved in 12/18
isozymes, T185 and S279 were unique to the ALDH2
isozyme and one addition isozyme each (ALDH1B1 for
T185 and ALDH9A1 for S279). This implies that the co-
evolution relationship was uniquely maintained between
ALDH2 and ePKC and these three phosphorylation sites
may be preferentially regulated by ePKC. We also identi-
fied three other serine/threonine residues, T384, T433
and S471 that were extremely well conserved across all
the ALDH gene family members. Based on the align-
ment of 16 known ALDH sequences, Sheikh et al., also
identified T384 and S471 as critical conversed amino
acids [46]. T384 is located close to the solvent surface
and binds to the carbonyl backbone of another con-
served amino acid Proline 383. Such interaction appears
to be critical for the stability of a local structure in all
ALDHs. S471, on the other hand, is located closer to the
catalytic tunnel and interacts with residues 269 and 270.
Site-directed mutagenesis indicated that mutation at this
position would affect the critical conversed general base,
Glu268, and dramatically reduced the enzyme activity.
Whether these three residues are preserved for ALDH
phosphorylation and or for structural effects remain to
be determined.

Mitochondrial ALDH2 is a key detoxifying enzyme
guarding the integrity and health of this important or-
ganelle [27]. As most mammalian cells rely on oxidative
respiration for ATP production, mitochondrial lipid bi-
layer is undoubtedly one of the major cellular sites
where lipid peroxidation-derived 4HNE is produced by
ROS generated from the electron transport chain [47].
The association between ALDH2, 4HNE accumulation
and human disease have been the subject of extensive
reviews in recent years [27, 48, 49]. The identification of
the sites that mediate ePKC -induced increase in ALDH2
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activity to detoxify acetaldehyde, 4HNE and other toxic
aldehydes from food, environmental sources and normal
metabolism and protection from inactivation by its toxic
substrates, such as 4HNE, contributes to our under-
standing how this mitochondrial enzyme is regulated by
signal transduction. We believe that improving mito-
chondrial health via ePKC activation and its downstream
substrate, ALDH2, should be a viable strategy to confer
beneficial effects in a variety of human diseases [50]. In
the context of human diseases that are associated with
ALDH2 activity or ALDH2 mutation, it will therefore be
worthwhile to explore in the future the role ePKC-
mediated phosphorylation of ALDH2.

Conclusions

The role of three serine/threonine phosphorylation sites
by eéPKC on ALDH2 were characterized. Site-directed
mutagenesis and in vitro phosphorylation revealed that
$279 was a critical ePKC phosphorylation site for the ac-
tivation of ALDH2. Whereas, phosphorylation of T185,
$279 and T412 conferred protection against reactive al-
dehyde, 4HNE, inactivation of ALDH2. Alignment
across a wide range of diverse biological species and of
18 known human ALDH multigene family members
showed that the three phosphorylation sites co-evolved
tightly with species that expressed ePKC. Such alignment
also identified both unique and conserved serine/threo-
nine on ALDH2 and its isozymes. Our findings indicated
that ePKC phosphorylation and its coevolution with
ALDH2 played an important role in the regulation and
protection of ALDH2 enzyme activity.
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