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Abstract

The accumulation of reactive aldehydes is implicated in the development of several
disorders. Aldehyde dehydrogenases (ALDHs) detoxify aldehydes by oxidizing them to the
corresponding carboxylic acids. Among the 19 human ALDHs, ALDH3A2 is the only
known ALDH that catalyzes the oxidation of long-chain fatty aldehydes including C16
aldehydes (hexadecanal and trans-2-hexadecenal) generated through sphingolipid
metabolism. In the present study, we have identified that ALDH3B1 is also active in vitro
toward C16 aldehydes and demonstrated that overexpression of ALDH3BI restores the
sphingolipid metabolism in the ALDH3A2-deficient cells. In addition, we have determined
that ALDH3BI1 is localized in the plasma membrane through its C-terminal dual lipidation
(palmitoylation and prenylation) and shown that the prenylation is required particularly for
the activity toward hexadecanal. Since knockdown of ALDH3B1 does not cause further
impairment of the sphingolipid metabolism in the ALDH3A2-deficient cells, the likely
physiological function of ALDH3BI is to oxidize lipid-derived aldehydes generated in the
plasma membrane and not to be involved in the sphingolipid metabolism in the endoplasmic

reticulum.

Keywords: aldehyde/ aldehyde dehydrogenase/ sphingolipid/ plasma membrane/

prenylation/ palmitoylation

Abbreviations: ABE, acyl-biotinyl exchange; ALDH, aldehyde dehydrogenase; Cer,
ceramide; DHS, dihydrosphingosine; ER, endoplasmic  reticulum;  GlcCer,
glucosylceramide; IPC, inositol phosphorylceramide; LCB, long-chain base; MIPC,
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mannosylinositol phosphorylceramide; M(IP),C, mannosyldiinositol phosphorylceramide;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PlsC,
plasmanylcholine; PISE, plasmenylethanolamine; PS, phosphatidylserine; S1P, sphingosine

I-phoshosphate; SM, sphingomyelin.



1. Introduction

A wide variety of aldehydes are generated in the organism from endogenous and
exogenous substrates such as lipids, amino acids, and neurotransmitters, as well as foods,
drugs, and pollutants [1]. Being highly reactive molecules, the accumulation of aldehydes
often has toxic effects on cells. Aldehyde dehydrogenases (ALDHs) are a group of enzymes
that catalyze the oxidation of aldehydes to less reactive carboxylic acids, thus alleviating the
aldehyde-induced cytotoxicity. There are 19 ALDHs known in humans with different
substrate specificity, tissue distribution, and intracellular localization [1]. Mutations in these
ALDH genes and consequent aldehyde accumulation have been implicated in the
pathogenesis of several inherited diseases, including Sjogren-Larsson syndrome
(ALDH3A2) [2], type II hyperprolinemia (ALDH4A1l) [3], pyridoxine-dependent seizures
(ALDHT7AL) [4], and y-hydroxybutyric aciduria (ALDH5A1) [5].

The mammalian ALDH3 subfamily is comprised of ALDH3Al1, ALDH3A2,
ALDH3BI1, and ALDH3B2, which share sequence similarity. ALDH3A1 is a highly
expressed corneal soluble protein and protects the cornea and underlying lens against
UV-induced oxidative stress (as lipid peroxidation) by eliminating the toxic aldehydes
including 4-hydroxy-2-nonenal [6]. ALDH3A2 is expressed ubiquitously and exhibits
activity toward aliphatic aldehydes of C6 to C24 [7], such as those derived from dietary
phytol [8], leukotriene B4 [9], and sphingosine 1-phoshosphate (S1P) [10]. Two splicing
isoforms of ALDH3A2 are known: a major isoform localized in the endoplasmic reticulum
(ER) and a minor isoform in the peroxisomes [11]. ALDH3BI is expressed in the kidney,
liver, and brain and has been shown active in vitro toward C6 to C9 aldehydes [12];

however, its activity toward >C10 aldehydes is currently unknown. In addition, although
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ALDH3BI1 is suggested to be localized in the plasma membrane and cytosol [13, 14], the
precise intracellular localization still remains to be elucidated. Unlike other ALDH3 family
members, ALDH3B2 has so far not been well characterized.

We recently reported the involvement of ALDH3A2 in the metabolism of
sphingolipid-derived C16 aldehydes to glycerophospholipids [10]. Sphingolipids and
glycerophospholipids are major lipid components of the eukaryotic plasma membrane. The
hydrophobic backbone of sphingolipids is a ceramide (Cer) composed of a long-chain base
(LCB) and an amide-linked fatty acid [15]. In mammals, the major LCB is sphingosine with
a trans double bond between the 4th and 5th carbons, accompanied by the saturated
analogue dihydrosphingosine (DHS). These LCBs are phosphorylated by sphingosine
kinases to the LCB 1-phosphates (S1P and DHS 1-phosphate) and further degrade by S1P
lyase to phosphoethanolamine and the corresponding C16 aldehydes (trans-2-hexadecenal
and hexadecanal, respectively) [15]. The generated C16 aldehydes are subsequently
oxidized by ALDH3A2 and are eventually metabolized to glycerophospholipids [10].
Interestingly, during our investigation, we noticed that the ALDH3A2-mutant CHO-K1 cells
(FAA-K1A) were still able to metabolize LCBs to glycerophospholipids, albeit to a lesser
extent compared to the wild-type CHO-K1 cells. We therefore suspected that another ALDH
might be responsible for the residual activity [10].

So far, ALDH3A2 is the only known ALDH that exhibits activity toward C16
aldehydes. In the present study, we have identified ALDH3B1 as another ALDH3 family
member capable of oxidizing C16 aldehydes and biochemically characterized its substrate

specificity, intracellular localization, and lipid modification.



2. Material and methods
2.1. Cell culture and transfection

HEK 293T and HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO) and CHO-K1 cells in Ham’s F-12 medium (Sigma), with each
medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. HEK 293T cells were grown in dishes coated with 0.3% collagen. The
ALDH3A2-null FAA-K1A cells were described previously [10, 16]. Transfections were
performed using Lipofectamine Plus™ Reagent (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instructions.

2.2. Yeast strains and media

The yeast Saccharomyces cerevisiae strain BY4741 (MATa his3Al leu2A0 met15A0
ura3A0) [17] and its Ahfdl::KanMX4 derivative (strain 6550) [18] were obtained from
Open Biosystems (Huntsville, AL). Cells were grown in either YPD medium (1% yeast
extract, 2% bactopeptone, and 2% D-glucose) or synthetic complete medium lacking uracil
(0.67% yeast nitrogen base, 2% D-glucose, 0.5 % casamino acids, 20 mg/l adenine, and 20

mg/l tryptophan).

2.3. Plasmids

The pCE-puro 3xFLAG-1 [19], pCE-puro Hise-Myc-1 [19], and pEGFP-C1 (Clontech,
TAKARA Bio, Palo Alto, CA) plasmids are mammalian expression vectors designed to
produce proteins tagged with an N-terminal 3XxFLAG, an N-terminal tandemly oriented Hisg

and Myc epitope (Hise-Myc), and an N-terminal enhanced GFP protein, respectively. The



pAKNF316 (URA3 marker) plasmid is a yeast expression vector designed to produce an
N-terminal 3xFLAG-tagged protein [10]. The plasmids encoding 3xFLAG-tagged human
ALDH3A2 ¢cDNA (pCE-puro 3xFLAG-ALDH3A2 for expression in mammalian cells and
pNKS for expression in yeast) were described previously [10].

The human ALDH3A1, ALDH3B1, and ALDH3B2 c¢cDNAs were amplified by PCR
using appropriate templates (for ALDH3A1, human EST clone ID 3610317 (Thermo Fisher
Scientific, Waltham, MA); for ALDH3B1, human lung cDNA (Clontech, TAKARA Bio);
and for ALDH3B2, human placenta cDNA (Clontech, TAKARA Bio)) and primers (for
ALDH3AL, 5’-TCTAGAATGAGCAAGATCAGCGAGGCCGTGA-3>  (Xbal site
underlined) and 5-TCAGTGCTGGGTCATCTTGGCCGGG-3’; for ALDH3BI,
5’-GGATCCATGGACCCCCTTGGGGACACGCTG-3> (BamHI site underlined) and
5’-TCAGAGCAGTGTGCAGCTGCAGCC-3’; and for ALDH3B2,
5’-GGATCCATGAAGGATGAACCACGGTCCACG-3* (BamHI site underlined) and
5’-GGATCCTCACAGGAGGGTGCAGCTCTGGGAG-3’ (BamHI site underlined)). The
amplified fragments were first cloned into the pGEM-T Easy vector (Promega, Madison,
WI). The cDNA fragment was then prepared from each resulting plasmid by digesting with
appropriate restriction enzymes and cloned into the pAKNF316, pCE-puro 3xFLAG-1, or
pCE-puro  Hise-Myc-1  vector. The pNKI10  (3XFLAG-ALDH3Al), pNKI2
(3XFLAG-ALDH3B1), and pNK14 (3XFLAG-ALDH3B2) plasmids were derived from the
pAKNF316 plasmid. The pCE-puro 3xFLAG-ALDH3A1, pCE-puro 3xFLAG-ALDH3BI,
pCE-puro His¢-Myc-ALDH3B1, and pCE-puro 3xFLAG-ALDH3B2 plasmids were
constructed using either pCE-puro 3xFLAG-1 or pCE-puro Hisg-Myc-1 vector.

The plasmids encoding ALDH3B1 mutants (C463S, C465S, and C463/465S) were



constructed using QuikChange site-directed mutagenesis kit (Stratagene, Agilent

Technologies, La Jolla, CA) with primers (for C463S,
5’-CCATGGAGGCCCAAGGCTCCAGCTGCACACTGCTC-3’ and
5’-GAGCAGTGTGCAGCTGGAGCCTTGGGCCTCCATGG-3’; for C465S,
5’-GGAGGCCCAAGGCTGCAGCTCCACACTGCTCTG-3’ and

5’-CAGAGCAGTGTGGAGCTGCAGCCTTGGGCCTCC-3’; and for  C463/465S,
5’-GGAGGCCCAAGGCTCCAGCTCCACACTGCTCTG-3’ and
5’-CAGAGCAGTGTGGAGCTGGAGCCTTGGGCCTCC-3’).  The wild-type and
ALDH3B1 mutant cDNAs were cloned into the following vectors: the pCE-puro 3xFLAG-1
vector to  produce the pCE-puro 3xFLAG-ALDH3BI1-C463S, pCE-puro
3xFLAG-ALDH3B1-C465S, and pCE-puro 3xFLAG-ALDH3B1-C463/465S plasmids; the
pEGFP-C1 vector to generate the pEGFP-ALDH3B1, pEGFP-ALDH3BI1-C463S,
pEGFP-ALDH3B1-C465S, and pEGFP-ALDH3B1-C463/465S plasmids; and the

pAKNF316 vector to create the pTK71 (3XFLAG-ALDH3B1-C463/465S) plasmid.

2.4. [*H]DHS labeling assay
The assay was performed using [4,5-°H]DHS (50 Ci/mmol; American Radiolabeled

Chemicals, St Louis, MO) as described previously [10].

2.5. Production of stable transformants of FAA-K1A cells

To obtain FAA-KI1A derivatives stably expressing the human ALDH3BI1 protein, the
pCE-puro Hise-Myc-ALDH3B1 plasmid was transfected into FAA-KIA cells. The
transfected cells were subjected to selection in 10 pg/ml puromycin for 10 days. The
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FAA-ALDH3B1-A and FAA-ALDH3BI-B cells expressing the highest level of

His¢-Myc-ALDH3B1 were used for further analyses.

2.6. Immunoblotting

Immunoblotting was performed as described previously [20] using anti-FLAG (M2; 1
pg/ml; Stratagene), anti-Myc (9E10; 1 pg/ml; Enzo Life Sciences, Farmingdale, NY),
anti-calnexin (H-10; 0.2 pg/ml; Santa Cruz Biotechnology, Santa Cruz, CA), anti-GAPDH
(1 pg/ml; Ambion, Austin, TX), and anti-Pgkl (0.25 pg/ml; Molecular Probes, Invitrogen,
Eugene, OR) as the primary antibodies and HRP-conjugated anti-rabbit and anti-mouse 1gG
F(ab’), fragment (each 1:7500 dilution; GE Healthcare Life Sciences, Buckinghamshire,
UK) as the secondary antibodies. Labeling was detected using Pierce Western Blotting

Substrate (Thermo Fisher Scientific).

2.7. Cell fractionation

Cells treated with or without the geranylgeranyltransferase I inhibitor GGTI-2133
(Sigma) were suspended in buffer A (50 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 10%
glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1X Complete™
protease inhibitor mixture (EDTA-free; Roche Diagnostics, Indianapolis, IN)) and lysed by
sonication. Unlysed cells and aggregated proteins were removed by centrifugation at 20,400
x g for 5 min. The supernatant (total lysate) was centrifuged at 100,000 x g for 30 min at 4
°C, and the resulting pellet (membrane fraction) and supernatant (soluble fraction) were

subjected to immunoblotting.



2.8. In vitro ALDH assay

3xFLAG-ALDH3Al, 3xFLAG-ALDH3A2, 3xFLAG-ALDH3BI,
3xFLAG-ALDH3B2, and 3xFLAG-ALDH3BI1 lipidation mutants (C463S, C465S, and
C463/465S) were expressed in HEK 293T cells and affinity-purified using anti-FLAG M2
affinity agarose gel as described previously [10].

The assay was performed using hexadecanal [21], trans-2-hexadecenal (Avanti Polar
Lipid, Alabaster, AL), and octanal (Wako Pure Chemical Industries, Osaka, Japan) as
substrates. The affinity-purified protein (10-20 ng) was incubated with 500 uM NAD" and
100 puM aldehyde in 50 pl buffer B (50 mM Tris-HCI (pH 8.5), 150 mM NaCl, 10%
glycerol, and 0.1% Triton X-100) at 37 °C. The reaction was monitored by measuring the
fluorescence of the NADH product (excitation at 356 nm and emission at 460 nm) using
monochromator Infinite M200 (Tecan, Médnnedorf, Switzerland). A linear standard curve
was obtained from 0, 5, 10, and 25 uM of NADH and used to quantify the NADH produced

in the assay.

2.9. Acyl-biotinyl exchange (ABE) assay

The assay was performed as described previously [22].
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3. Results
3.1. ALDH3B1 exhibits activity toward hexadecanal

We first used yeast Ahfdl cells to identify an additional ALDH3 family member with
ALDH3A2-like activity toward C16 aldehydes (Fig. 1). Hfdl is the yeast ALDH
responsible for the oxidation of LCB-derived hexadecanal and trans-2-hexadecenal and,
therefore, the yeast Ahfd1 cells are incapable of metabolizing LCBs to glycerophospholipids
[10]. The human ALDH3 genes (ALDH3A1, ALDH3A2, ALDH3B1, and ALDH3B2) were
cloned and introduced separately into the Ahfdl cells. We then investigated the recovery of
LCB-to-glycerophospholipid metabolism by monitoring the fate of exogenously added
[*H]DHS in each cell. In Ahfd1 cells bearing the vector control, ["H]DHS was converted to
sphingolipids (inositol phosphorylceramide (IPC), mannosylinositol phosphorylceramide
(MIPC), and mannosyldiinositol phosphorylceramide (M(IP),C)) but not to
glycerophospholipids  (phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylserine (PS), and phosphatidylinositol (PI)) (Fig. 1A). In contrast, cells
harboring the plasmid encoding either ALDH3A2 or ALDH3B1 metabolized ["H]DHS to
both sphingolipids and glycerophospholipids. Neither ALDH3A1 nor ALDH3B2 could
restore the DHS-to-glycerophospholipid metabolism, although their protein levels were
comparable to both ALDH3A2 and ALDH3BI1 levels (Fig. 1B). These findings suggest that,
like ALDH3A2, ALDH3BI1 functions as ALDH in the Ahfdl cells oxidizing hexadecanal
derived from DHS.

We next employed mammalian CHO-K1 cells deficient in ALDH3A2 (FAA-KI1A
cells) to examine if ALDH3B1 compensates the function of the missing ALDH3A2 (Fig. 2).
In CHO-K1 cells, [’H]DHS is metabolized to both sphingolipids (Cer, sphingomyelin (SM),
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and glucosylceramide (GlcCer)) and glycerophospholipids (PE, PC, PS, and PI). However,
FAA-KT1A cells reduce the DHS-to-glycerophospholipid conversion and, instead, produce
ether-linked glycerophospholipids (plasmenylethanolamine (PISE) and plasmanylcholine
(P1sC)) [10] (Fig. 2A). We generated two independent FAA-K1A cell lines stably expressing
Hisg-Myc-tagged ALDH3B1 at a similar level (FAA-ALDH3BI1-A and FAA-ALDH3B1-B
cells) (Fig. 2B). In both stable cell lines, the glycerophospholipid level was restored to the
level found in the CHO-K1 cells without the formation of the -ether-linked
glycerophospholipids (Fig. 2A). Thus, overexpressed ALDH3BI1 is able to substitute for

ALDH3A2 in the oxidation of hexadecanal derived from DHS.

3.2. ALDH3B1 exhibits activity toward C16 aldehydes

We further assessed the in vitro activity of ALDH3B1 using 3xFLAG-tagged ALDH3
proteins, expressed in HEK 293T cells and affinity purified with anti-FLAG
antibody-conjugated agarose beads. Both ALDH3B1 and ALDH3A?2 exhibited high activity
toward hexadecanal; however, the activity of ALDH3A1 and ALDH3B2 was low (Fig. 3A).
The findings are consistent with the yeast cell results (Fig. 1A).

Using  3xFLAG-ALDH3B1, we  determined  kinetic = parameters  for
ALDH3BI1-catalyzed oxidation of hexadecanal (Fig. 3B), trans-2-hexadecenal (Fig. 3C),
and octanal (Fig. 3D). The Vpax (pmol/min/ng protein) and K, (uM) values were found to
be 9.7 and 45.6 (hexadecanal), 4.8 and 4.9 (hexadecenal), and 5.0 and 25.0 (octanal),
respectively. Thus, ALDH3BI1 has a similar V,,,x for these aldehyde substrates; however, the

lowest K, for hexadecenal indicates its highest affinity toward hexadecenal.
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3.3. ALDH3B1 is dually lipidated

To determine the precise intracellular localization of ALDH3B1, we fractionated the
total cell lysate prepared from HeLa cells expressing 3xFLAG-ALDH3BI1 into soluble and
membrane fractions and found most of ALDH3BI1 in the membrane fraction (Fig. 4A).
Since ALDH3B1 has no apparent transmembrane domain, lipid modification was thought to
facilitate membrane association. Prenylation involves the addition of either a C15 farnesyl
or a C20 geranylgeranyl isoprenoid moiety to the Cys residue in the C-terminal CaaX
prenylation motif (where “C” is prenylated Cys and “a” is an aliphatic amino acid). The X
residue determines the type of prenylation: farnesylation (X = Ser, Met, Gln, or Cys) or
geranylgeranylation (X = Leu or Ile) [23]. The Cys residues near the prenylated Cys residue
are also often palmitoylated [23]. ALDH3B1 contains the C-terminal CSCTLL sequence
where Cys463 and Cys465 are potential palmitoylation and prenylation sites, respectively
(Fig. 4B). We therefore evaluated the effect of the geranylgeranyltransferase I inhibitor
GGTI-2133 on the membrane localization of ALDH3B1. Upon treatment with GGTI-2133,
ALDH3BI1 showed a dose-dependent shift from the membrane fraction to the soluble
fraction (Fig. 4A). These findings suggest that ALDH3BI is localized to the membranes via
geranylgeranylation.

Next, we examined the possibility of palmitoylation by performing an acyl-biotinyl
exchange (ABE) assay, which substitutes biotin for the palmitate moiety [24]. Successful
introduction of the biotin label indicated that ALDH3BI1 is indeed palmitoylated (Fig. 4C).
To confirm the involvement of the predicted palmitoylation site Cys463, we created the
Ser-substituted mutant (C463S). We also produced a mutant of the prenylated Cys residue
(C465S) and the double-lipidation mutant (C463/465S). Palmitoylation of ALDH3B1 was
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abolished in both C463S and C463/465S mutants (Fig. 4C), indicative of Cys463 residue
being the palmitoylation site. Moreover, significantly reduced palmitoylation of the C465S

mutant suggested that prenylation is required for subsequent palmitoylation.

3.4. Lipid modification of ALDH3B1 is important for its plasma membrane localization and
activity toward hexadecanal

We further investigated the role of this lipidation in the intracellular localization and
function of ALDH3B1. To monitor the localization, the N-terminally EGFP-tagged
wild-type and mutant ALDH3BI1 proteins were expressed in HeLa cells (Fig. 5A). Although
EGFP alone was localized in the cytosol and nucleus, the wild-type EGFP-ALDH3B1 was
found primarily in the plasma membrane as well as in some punctate structures in the
cytoplasm. A similar localization pattern was observed for the palmitoylation mutant
(C463S). In contrast, the prenylation mutant (C465S) and the double-lipidation mutant
(C463/465S) were found to be localized in the cytosol. These results substantiate that
prenylation is essential for the plasma membrane localization of ALDH3BI.

We also examined the membrane localization of the lipidation mutants by cell
fractionation (Fig. 5B). Only 62% of the palmitoylation mutant (C463S) was found in the
membrane fraction, which was interesting since the intracellular localization of this mutant
was not detected by fluorescence microscopy (Fig. 5SA). The prenylation mutant (C465S)
was mainly recovered in the soluble fraction (65%), and the level of localization in the
soluble fraction was further increased to 82% by the additional palmitoylation mutation
(C463/465S). Considering ~90% of the wild-type ALDH3B1 found in the membrane
fraction, palmitoylation is certainly an additional requirement for the membrane localization
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of ALDH3BI.

Given the plasma membrane localization of ALDH3BI1, although overexpression of
ALDH3BI1 restored the deficient LCB metabolism in FAA-K1A cells (Fig. 2A), it is not
likely that the normally-expressed ALDH3BI1 1is responsible for the residual LCB
metabolism in FAA-K1A cells since LCB metabolism occurs in the ER. To confirm this
notion, we performed knockdown analysis of ALDH3B1 in FAA-K1A cells. While the level
of ALDH3B1 mRNA was efficiently reduced (Fig. S1A), the conversion of ["H]DHS to
glycerophospholipids was not further decreased; rather, the PE/PISE level was slightly
increased compared to the control knockdown cells (Fig. S1B). Thus, ALDH3B1 appears
not to be involved in the LCB metabolism in FAA-K1A cells under the normal condition.

Finally, we evaluated the ALDH activity of each lipidation mutant (Fig. 6A). The wild
type and the mutants showed a similar activity toward octanal. The activity toward
hexadecanal was comparable between the wild-type ALDH3BI1 and the C463S mutant;
however, both C465S and C463/465S mutants showed a significantly lower activity. When
the C463/465S mutant was expressed in the Ahfdl cells, the DHS-to-glycerophospholipid
conversion was only partially recovered (Fig. 6B). The expression of the mutant protein was
found similar to the wild type (Fig. 6C). Thus, prenylation of ALDH3B1 is important for the

oxidation of hexadecanal both in vitro and at the cellular level.
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4. Discussion

The human genome contains 19 ALDH genes [1]. This high multiplicity may be
needed to detoxify reactive aldehydes generated in tissues and intracellular organelles from
various endogenous and exogenous sources. To understand the overall mechanism of
aldehyde detoxification in the organism, each ALDH needs to be fully characterized in
terms of its substrate specificity, tissue distribution, and intracellular localization.
ALDH3BI1 is one of the ALDHs whose full characterization has not yet been completed. In
the present study, we have revealed that ALDH3BI1 is active toward C16 aldehydes both in
vitro and in cells (yeast and mammalian cells) (Figs. 1, 2, and 3). Since the activity toward
C6 to C9 aldehydes is reported [12], ALDH3BI is considered to be capable of oxidizing a
broad range of medium- to long-chain aliphatic aldehydes.

In this respect, the substrate specificity of ALDH3BI1 resembles that of ALDH3A2 [7] .
We have found that ALDH3BI1 is localized in the plasma membrane (Fig. 5A), while
ALDH3A2 is present mainly in the ER [11]. Therefore, these two ALDH3 family members
are responsible for the oxidation of lipid-derived aldehydes in distinct organelles. For
example, the LCB-derived C16 aldehydes are generated in the ER [25] and thereby
detoxified primarily by ALDH3A2 and not by ALDH3BI1. Indeed, the ALDH3B1
knockdown has no effect on the residual metabolism of DHS to glycerophospholipids in
FAA-KI1A cells (Fig. S1). However, overexpression of ALDH3B1 in both yeast Ahfdl and
mammalian FAA-K1A cells resulted in the recovery of the deficient
DHS-to-glycerophospholipid metabolism (Figs. 1A and 2A). To account for this finding, we
speculate that overexpression of ALDH3B1 might increase the level of newly synthesized

ER-resident ALDH3B1 enough to oxidize the LCB-derived C16 aldehydes in the ER. In the
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plasma membrane, the unsaturated fatty acids in glycerophospholipids as well as the vinyl
ether linkage in plasmalogens are susceptible to oxidative stress-induced lipid peroxidation
generating aldehydes [26, 27]. Therefore, it is highly likely that ALDH3BI1 plays a major
role in the detoxification of these aldehydes. Indeed, the protective function of ALDH3B1
against oxidative stress has been reported [14].

As other many prenylated proteins such as Ras and Rho GTPases [28], ALDH3B1 was
found to be dually lipidated (palmitoylation and prenylation). It is reported that, whereas
prenylation only promotes a transient membrane interaction, the additional palmitoylation
promotes the stable association [29, 30]. The majority of the wild-type ALDH3B1 (dually
lipidated) was recovered in the membrane fraction, yet a significant amount of the singly
lipidated palmitoylation and prenylatioin mutants (C463S and C465S) were found in the
soluble fraction (Fig. 5B). Thus, the dual lipidation appears to allow ALDH3B1 to stably
associate with the plasma membrane. Such lipid modification has never been reported for
ALDHs.

Post-translational modification of Ras GTPase proceeds via prenylation followed by
palmitoylation [31, 32]. The decreased level of palmitoylation is reported for the
prenylation mutant of Racl and yeast Ras [31, 32]. Likewise, palmitoylation of the
prenylation mutant C465S was greatly decreased (Fig. 4C). It is possible that prenylation of
ALDH3BI1 induces its membrane association and/or conformational changes required for
the palmitoyltransferase recognition.

The prenylation site mutation was also found to affect the activity of ALDH3BI1
toward hexadecanal but not octanal (Fig. 6A). Hexadecanal is much more hydrophobic than
octanal and is likely to associate with the membrane or the micelle of the non-ionic
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detergent used in our in vitro assay. Therefore, the membrane or micelle association of
ALDH3B1 through prenylation may be required for the efficient recognition of
hexadecanal.

Recently, a single nucleotide polymorphism in the ALDH3B1 gene has been identified
to be responsible for the pathogenesis of paranoid schizophrenia [33, 34]. Aldehydes and
their associated toxicity are implicated in various disorders, including cataract, cutaneous
disorder, cancer, neuronal diseases, alcoholic liver disease, and male infertility [1-4, 35-38].
To understand the molecular and cellular mechanisms underlying the pathology of these
disorders, the identification of disease-causative aldehydes and the characterization of yet

uncharacterized ALDHs will be required in future studies.
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Figure captions

Fig. 1. Expression of human ALDH3B1 gene restores the DHS-to-glycerophospholipid
metabolism in the Ahfdl yeast mutant. (A) Yeast 6550 (Ahfdl) cells harboring pAKNF316
(vector), pNKI10 (3XFLAG-ALDH3A1l), pNK5 (3xFLAG-ALDH3A2), pNKS
(3XFLAG-ALDH3B1), or pNK9 (3xFLAG-ALDH3B2) were labeled with 0.1 pCi [’H]DHS
for 2 h at 30 °C. Lipids were extracted, separated by normal-phase TLC with
chloroform/methanol/4.2 N ammonia (9:7:2, v/v), and detected by autoradiography. DHS,
dihydrosphingosine; ~ DHS1P,  dihydrosphingosine  1-phosphate;  IPC,  inositol
phosphorylceramide; ~ MIPC,  mannosylinositol ~ phosphorylceramide; ~ M(IP),C,
mannosyldiinositol phosphorylceramide; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine. (B) The total
lysate was prepared from the cells used in (A) and then subjected to immunoblot analysis
with anti-FLAG antibody or, to demonstrate uniform protein loading, with anti-Pgkl

antibody. IB, immunoblotting.

Fig. 2.  Overexpression of ALDH3B1 restores the DHS-to-glycerophospholipid
metabolism in the ALDH3A2-deficient CHO-K1 cells. (A) CHO-K1 cells, FAA-K1A cells,
and two FAA-KI1A derivatives stably expressing Hisc-Myc-ALDH3B1 (FAA-ALDH3B1-A
and FAA-ALDH3BI1-B cells) were labeled with 0.125 uCi [’H]DHS for 4 h at 37 °C. Lipids
were extracted, treated with nothing or 0.2 M NaOH (followed by neutralization and
re-extraction) and separated by normal-phase TLC with 1-butanol/acetic acid/water (3:1:1,
v/v). ALDH3BI1-A, FAA-ALDH3B1-A; ALDH3B1-B, FAA-ALDH3B1-B; Cer, ceramide;
DHS, dihydrosphingosine; GlcCer, glucosylceramide; GPE, glycerophosphoethanolamine;
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GPC, glycerophosphocholine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PlsC, plasmanylcholine; PISE, plasmenylethanolamine; PS,
phosphatidylserine; SM, sphingomyelin. The asterisk indicates undetermined
plasmenylethanolamine degradation products from alkaline treatment. (B) The total lysate
(15 pg) prepared from the cells used in (A) was subjected to immunoblot analysis with
anti-Myc antibody, or, to demonstrate uniform protein loading, with anti-c-tubulin antibody.

IB, immunoblotting.

Fig. 3. ALDH3BI1 exhibits activity toward C16 aldehydes. (A) HEK 293T cells were
transfected with the pCE-puro 3xFLAG-ALDH3A1l, pCE-puro 3xFLAG-ALDH3A2,
pCE-puro 3xFLAG-ALDH3BI1, or pCE-puro 3xFLAG-ALDH3B2 plasmid. The total lysate
prepared from these cells was solubilized with Triton X-100 and subjected to
affinity-purification using anti-FLAG M2 beads. The affinity-purified protein (10-20 ng)
was incubated with 500 uM NAD" and 100 uM hexadecanal for 15 min at 37 °C. The
fluorescence of the NADH product was measured using monochromator Infinite M200.
Values represent the mean =+ S.D. from three independent experiments. (B-D)
3xFLAG-ALDH3BI1 was affinity purified as in (A), and 3xFLAG-ALDH3BI1 (20 ng) was
incubated with 500 uM NAD" and hexadecanal (10, 33, and 100, and 300 pM) (B),
trans-2-hexadecenal (3.3, 10, 33, and 100 uM) (C), or octanal (3.3, 10, 33, and 100 puM)
(D) for 1.5 min at 37 °C. The fluorescence of the NADH product was measured using
monochromator Infinite M200. The obtained values were expressed in a Michaelis-Menten
plot and a Lineweaver-Burk plot (inset). The units in the inset are uM™ for the x-axis and
pmol™ min ng for the y-axis. Values represent the mean + S.D. from three independent
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experiments.

Fig. 4. ALDH3BI is both prenylated and palmitoylated. (A) HeLa cells were transfected
with the pCE-puro 3xFLAG-ALDH3B1 plasmid. Three hours after transfection, cells were
incubated with 0, 0.1, 1, and 10 pM geranylgeranyltransferase I inhibitor GGTI-2133 for 48
h at 37 °C. The total cell lysate was then prepared by centrifugation at 100,000 x g for 30
min at 4 °C. The resulting supernatant (soluble fraction; S) and pellet (membrane fraction;
M) were subjected to immunoblotting using anti-FLAG, anti-calnexin (a membrane protein
marker), and anti-GAPDH (a soluble protein marker) antibodies. IB, immunoblotting. (B)
The C-terminal amino acid sequence (439-468) of human ALDH3BI1 is presented. The
underlined Cys residues are lipidated. (C) HEK 293T cells were transfected with the
pCE-puro 3xFLAG-ALDH3B1, pCE-puro 3xFLAG-ALDH3BI1-C463S, pCE-puro
3xFLAG-ALDH3B1-C465S, or pCE-puro 3xFLAG-ALDH3B1-C463/465S plasmid. The
total cell lysate was prepared and treated with N-ethylmaleimide to block unmodified Cys
thiols. The palmitoyl thioester was cleaved with hydroxylamine, and the newly exposed Cys
thiol was biotinylated using EZ-Link™ Biotin-HPDP (Thermo Fisher Scientific, Waltham,
MA). The biotinylated protein was precipitated with immobilized-avidin beads and detected
by immunoblotting with anti-FLAG antibody (upper panel). The ALDH3B1 protein in the
total lysate was detected using immunoblotting with anti-FLAG antibody (lower panel). AvP,

avidin prercipitation; IB, immunoblotting; WT, wild type.

Fig. 5.  Prenylation is required for the plasma membrane localization of ALDH3BI1. (A)
HelLa cells were transfected with the pEGFP-C1 (vector), pEGFP-ALDH3BI,
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pEGFP-ALDH3B1-C463S, pEGFP-ALDH3B1-C465S, or pEGFP-ALDH3B1-C463/465S
plasmid. Forty-eight hours after transfection, cells were subjected to microscopic
observation under a Leica DMS5000B fluorescence microscope (Leica Microsystems,
Wetzlar, Germany). Bar, 25 um. WT, wild type. (B) HeLa cells were transfected with the
pCE-puro 3xFLAG-ALDH3B1, pCE-puro 3xFLAG-ALDH3BI1-C463S, pCE-puro
3xFLAG-ALDH3B1-C465S, or pCE-puro 3xFLAG-ALDH3B1-C463/465S plasmid. The
total cell lysate prepared from these cells was centrifuged at 100,000 x g for 30 min at 4 °C.
The resulting supernatant (soluble fraction; S) and pellet (membrane fraction; M) were
subjected to immunoblotting using anti-FLAG, anti-calnexin (a membrane protein marker),

and anti-GAPDH (a soluble protein marker) antibodies. IB, immunoblotting. WT, wild type.

Fig. 6. Prenylation is required for the activity of ALDH3B1 toward hexadecanal. (A)
HEK 293T cells were transfected with the pCE-puro 3xFLAG-ALDH3B1, pCE-puro
3xFLAG-ALDH3B1-C463S, pCE-puro 3xFLAG-ALDH3BI1-C465S, or pCE-puro
3xFLAG-ALDH3B1-C463/465S plasmid. Each ALDH3B1 protein was affinity-purified
from the corresponding TritonX-100-solubilized lysate using anti-FLAG M2 beads, and the
purified protein (10-20 ng) was incubated with 500 uM NAD" and 100 pM hexadecanal or
octanal for 15 min at 37 °C. The fluorescence of the NADH product was measured using
monochromator Infinite M200. Values represent the mean + S.D. from three independent
experiments. Statistically significant differences are indicated (*p < 0.05; t test). (B) Yeast
6550 (Ahfdl) cells harboring pAKNF316 (vector), pNK8 (3XFLAG-ALDH3B1), or pTK71
(3XFLAG-ALDH3B1-C463/465S) were labeled with 0.1 uCi [’H]JDHS for 2 h at 30 °C.
Lipids were extracted, separated by normal-phase TLC with chloroform/methanol/4.2 N
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ammonia (9:7:2, v/v), and detected by autoradiography. Cer, ceramide; DHS,
dihydrosphingosine; IPC, inositol phosphorylceramide; MIPC, mannosylinositol
phosphorylceramide; M(IP),C, mannosyldiinositol phosphorylceramide; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine; WT, wild type. (C) The total lysate was prepared from the cells used in
(B) and subjected to immunoblot analysis with anti-FLAG antibody or, to demonstrate

uniform protein loading, with anti-Pgk1 antibody. WT, wild type; IB, immunoblotting.
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Supplementary Material and Methods

RNAi and RT-PCR

The pshRNA-Luc and pshRNA-ALDH3B1 plasmids (puromycin marker) encode shRNAs
specific for Luciferase and ALDH3B1, respectively, under the control of h7SK promoter.
The target sequences for RNAIi were 5’-GCGTACGCGGAATACTTCGA-3’ (Luciferase)
and 5’-GAACCCCTGCTATGTGGA-3’ (ALDH3B1). FAA-K1A cells were transfected
either with the pshRNA-Luc or pshRNA-ALDH3B1 plasmids using the Lipofectamine
Plus™ Reagent (Invitrogen, Carlsbad, CA). Twenty-four hours after transfection, cells were
treated with 10 pg/ml puromyecin for 3 h to eliminate untransfected cells. Cells in each dish
were then detached by trypsin/EDTA and seeded onto two dishes with medium containing
10 ug/ml puromycin. Two days after the passage (3 days after transfection), the cells in one
dish were subjected to [?H]DHS labeling, and those in the other dish were processed to
prepare the total RNA using the NucleoSpin RNA Il kit (Macherey-Nagel, Diren,
Germany) according to the manufacturer’s instructions. The ALDH3B1 and GAPDH
cDNAs were amplified from the total RNAs using the SuperScript One-Step RT-PCR with

Platinum Taq kit (Invitrogen) following the manufacturer’s instructions. The nucleotide

sequences of primers used were: for ALDH3B1,
5’-ATCCGGAAGGAGCCCTTTGGCCTGG-3’ and
5’-GTCCAAAGATCTCCTCCTGCATCAC-3’, and for GAPDH,
5’-CCAAGGTCATCCATGACAACTTTGG-3’ and

5’-CCTGCTTCACCACCTTCTTGATGTC-3".



Supplementary figure caption

Fig. S1. Endogenous ALDH3B1 is not involved in the LCB metabolism in FAA-K1A
cells. (A and B) FAA-K1A cells were transfected either with the pshRNA-Luc (control) or
pshRNA-ALDH3B1 plasmids, and transfected cells were selected with 10 ug/ml puromycin.
(A) Three days after transfection, total RNAs were prepared and subjected to RT-PCR using
primers specific for ALDH3B1 and GAPDH. Amplified fragments were separated by
agarose gel electrophoresis and stained with ethidium bromide. (B) Three days after
transfection, cells were labeled with 0.2 uCi [*H]DHS for 4 h at 37 °C. Lipids were
extracted and separated by normal-phase TLC with 1-butanol/acetic acid/water (3:1:1, v/v).
Cer, ceramide; DHS, dihydrosphingosine;  GlcCer,  glucosylceramide; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PISE, plasmenylethanolamine; SM,

sphingomyelin.
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