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ALDHO9AT catalyzes the oxidation of certain biogenic aldehydes
producing key metabolites including carnitine and GABA,
which in turn play central roles in cellular energy production
and neurotransmission. Here we report the discovery of
ALDH9AI prenoylation, a new post-translational modification
involving thioesterification of a cysteine residue with
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regulated.
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Introduction

Thinking outside the CaaX-box: an unusual
reversible prenylation on ALDH9A1}

© Garrett L. Schey,
9 Katarzyna M. Btazewska,

Kiall F. Suazo, (22 Jakub Béli¢ek,
Alexandru M. Petre, (¢ Ling Li,
and Mark D. Distefano (2 *@

“ Shelby A. Auger, (27

© David Kopec&ny (2°

Protein lipidation is a post-translational modification that confers hydrophobicity on protein substrates
to control their cellular localization, mediate protein trafficking, and regulate protein function.
In particular, protein prenylation is a C-terminal modification on proteins bearing canonical motifs
catalyzed by prenyltransferases. Prenylated proteins have been of interest due to their numerous
associations with various diseases. Chemical proteomic approaches have been pursued over the last
decade to define prenylated proteomes (prenylome) and probe their responses to perturbations in
various cellular systems. Here, we describe the discovery of prenylation of a non-canonical prenylated
protein, ALDH9A1, which lacks any apparent prenylation motif. This enzyme was initially identified
through chemical proteomic profiling of prenylomes in various cell lines. Metabolic labeling with an
isoprenoid probe using overexpressed ALDH9A1 revealed that this enzyme can be prenylated inside cells
but does not respond to inhibition by prenyltransferase inhibitors. Site-directed mutagenesis of the key
residues involved in ALDH9A1 activity indicates that the catalytic C288 bears the isoprenoid modification
likely through an NAD®'-dependent mechanism. Furthermore, the isoprenoid modification is also
susceptible to hydrolysis, indicating a reversible modification. We hypothesize that this modification
originates from endogenous farnesal or geranygeranial, the established degradation products of
prenylated proteins and results in a thioester form that accumulates. This novel reversible prenoyl
modification on ALDH9A1l expands the current paradigm of protein prenylation by illustrating a
potentially new type of protein-lipid modification that may also serve as a novel mechanism for control-
ling enzyme function.

thioether linkage on a cysteine residue near the C-terminus of a
protein. There are currently four characterized prenyltransferases

Protein prenylation is an essential post-translational modifica-
tion (PTM) required for certain proteins to properly localize in
cellular membranes and for mediating protein-protein inter-
actions and protein trafficking." In this type of PTM, a farnesyl
or geranylgeranyl group(s) is irreversibly appended through a
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that catalyze such modifications. Farnesyltransferase (FTase)
attaches a 15-carbon farnesyl moiety from farnesyl diphosphate
while geranylgeranyltransferase type 1 (GGTase-I) links a 20-carbon
geranylgeranyl group from geranylgeranyl diphosphate onto their
substrates.” These substrate proteins generally bear a canonical
CaaX-box prenylation sequence where C is the prenylated cysteine
and a and X can be various amino acids. However, recent studies
have shown that proteins terminating in CXXXX or CXX may also
potentially be substrates of prenylation.> The third type of pre-
nylation involves geranylgeranyltransferase type II (GGTase-Il or
RabGGTase) that usually appends two geranylgeranyl units on dual
cysteine motifs on proteins, particularly those that belong to the
Rab family. These substrates are typically recognized first by the
Rab escort protein 1 or 2 (REP-1/2) and modified by GGTase-II at
their C-terminal cysteines in their -CCXX, -CXC, or -XXCC cano-
nical sequences.® Finally, the recently discovered GGTase-III
appears to install a second isoprenoid geranylgeranyl moiety,
onto a pre-farnesylated protein substrate.”®
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Identifying prenylated proteins and the lipid-modified pro-
teome, in general, has been an important research goal for
more than a decade.”'® Recent methods for high-throughput
analysis of these lipid-modified proteins take advantage of
chemical proteomics that allows for the selective identification
of protein substrates via an enrichment strategy."'™* In this
approach, a bio-orthogonal probe (usually containing an alkyne
moiety) that mimics the native form of a small molecule
substrate used for enzymatic protein modification is added to
cells and is incorporated by the host machinery into the target
proteins. Alternatively, labeling of proteins can be achieved
in vitro through the addition of the lipid probe and enzymes
that catalyze the PTM.'* These labeled proteins present in
lysates are then subjected to a click reaction with a biotin-
containing reagent for selective enrichment and subsequent
proteomic identification of the modified proteins. Chemical
proteomic approaches to identify prenylated proteins have
been developed for more than a decade, wherein a bio-
orthogonal isoprenoid analogue is synthesized and used to
tag and identify the prenylated proteins in a given cell line.*®
The goal of defining the prenylome has been a challenge,
reflected by the lesser number of proteins identified in pre-
nylomic studies compared to the total number of prenylation
substrates derived from predictions and annotations. Recently,
two independent studies reported 80 prenylated proteins iden-
tified in a given cell line, which consists of known and novel
prenylation substrates."""> One study employed a dual labeling
strategy where a farnesyl and a geranylgeranyl probe analogue
were used, while the other used C15AIkOPP as a single probe
that labels all classes of prenylation substrates. Despite the
differences in these approaches, a comparable number of
proteins were identified with slightly varying identities, parti-
cularly in the novel prenylated proteins discovered. In many cell
lines that have been studied, one peculiar protein, ALDH9A1,
has been consistently enriched. Here, we describe our discovery
of ALDH9A1 as a potentially prenylated protein that has possi-
ble biological consequences in controlling this enzyme’s func-
tion. Through the use of tools of chemical and molecular
biology, we characterized this potentially novel lipid modifica-
tion and propose a mechanism via which this may occur in
nature.

Results and discussion

Chemical proteomic analysis of prenylated proteins identified
ALDH9A1

Recent advances in proteomic technologies have enabled high
throughput profiling of post-translationally modified (PTM)
proteins of interest. In particular, chemical proteomic appro-
aches involve an enrichment strategy to identify a set of
modified proteins such as the prenylated proteome. Along with
other groups, we have conducted prenylomic profiling across
multiple cell lines and showed that the scope of prenylated
proteins varies to some extent in these various cell types
(Fig. 1).** COS-7 (Fig. 1(A)) displayed the largest number of
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proteins profiled including novel prenylated proteins bearing
the canonical CaaX-box motifs that were not previously identi-
fied in other prenylomic studies reported. We have found that
the differential labeling of the prenylomes in these various cell
lines may be attributed to the levels of expression of their
prenyltransferases and cognate substrates or their ability for
probe uptake.?

In our prenylomic studies, ALDH9A1, an aldehyde dehydro-
genase, has been consistently enriched in a number of cell lines
studied including COS-7, HelLa, MDA-MB-231, and OPM2
(Fig. 1(A)), as well as in studies from other groups where it
was enriched in RAW264.7 cells.">"® This enzyme does not bear
a canonical prenylation motif but rather contains two adjacent
cysteines (Cys288/Cys289) within its protein sequence, with
Cys288 ascribed as a catalytic residue (Fig. 1(B)).">'” We initially
suspected that this protein may undergo proteolytic processing to
reveal a cryptic C-terminal Cys-Cys motif (Cys288 and Cys289)
that could serve as a potential substrate for dual prenylation by
RabGGTase. However, examining the peptides identified in the
proteomic analysis revealed that residues downstream of Cys288/
Cys289 are enriched (Fig. 1(B)), suggesting that the intact full-
length protein was isolated in the enrichment procedure. There-
fore, labeling of ALDH9A1 with C15AlkOPP appears to deviate
from the well-established rules for substrate recognition mani-
fested by prenyltransferases.

C15AIkOPP labels ALDH9A1 but is unresponsive to
prenyltransferase inhibitors

To determine whether the C15AIkOPP probe indeed labels
ALDHYA1 in the metabolic labeling experiments, the enzyme
was overexpressed as a GFP fusion in COS-7 cells followed by
subsequent metabolic labeling. A plasmid expressing ALDH9A1
with a C-terminal GFP tag (ALDH9A1-GFP) was initially trans-
fected in COS-7 cells followed by incubation with C15AlkOPP
post-transfection. By placing the GFP tag in a C-terminal
position downstream of ALDH9A1, we hoped it would have
been possible to evaluate whether endoproteolytic cleavage to
expose a C-terminal prenylation motif was occurring. However,
this approach did not result in successful expression of the
protein (data not shown), perhaps owing to the fact that the
C-terminal region of ALDH9A1 is important for homotetramer-
ization that is essential for its stability.'® Instead, an N-terminal-
tagged version (GFP-ALDH9A1) was used followed by metabolic
labeling with C15AIkOPP and the lysates were subjected to click
reaction with TAMRA-N;. Importantly, that construct displayed an
intense fluorescent band near 75 kDa (Fig. 2(A), lane 4), indicating
successful labeling of the full-length intact protein. Since
C15AIkOPP has the ability to label all three classes of prenylation
substrates, it is not clear whether the ALDH9A1 is potentially
farnesylated or geranylgeranylated.

To further establish the identity of the prenyl group modify-
ing ALDH9A1, the C15AIkOPP probe was competed with the
native isoprenoids. Co-treatment with 1.5-fold excess of FPP or
GGPP with C15AIkOPP substantially but not completely abol-
ished the labeling on ALDH9A1 (Fig. 2(A), lanes 5 and 7). Under
these conditions, virtually complete inhibition of the labeling

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00089c

Open Access Article. Published on 30 August 2023. Downloaded on 7/18/2025 8:50:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

A oF
*GG

6 o Rabs
novel

-Log(p-value)
N

os

o_0,

° J o

-4

g ©

£

Log»(C15AIkOPP/FPP)

MDA-MB-231
LX)

|
1

1

'

' L]
'

el
'

1
|
|
|
[
!
[ °

] ALDH9A1
[

i

-Log(p-value)

-3 -1 1 3
Log,(C15AIkOPP/FPP)

View Article Online

Paper
Hela
4 ; i
ST
2 : P
& / il ALDH9A1
5 2 ; e o
S ; ‘o
0
3 -1 1 3
Log,(C15AIkOPP/FPP)
OoPM2
6 - . .
1
1
P 1
S '
© I
2 1
& ‘
e 2 h
= A
0

Log,(C15AIkOPP/FPP)

MSTGTFVVSQPLNYRGGARVEPADASGTEKAFEPATGRVIATFTCSGEKEVNLAVQNAKA

AFKIWSQKSGMERCRILLEAARIIREREDEIATMECINNGKSIFEARLDIDISWQCLEYYAGL
AASMAGEHIQLPGGSFGYTRREPLGVCVGIGAWNYPFQIASWKSAPALACGNAMVFKP
SPFTPVSALLLAEIYSEAGVPPGLFNVVQGGAATGQFLCQHPDVAKVSFTGSVPTGMKIM
EMSAKGIKPVTLELGGKSPLIIFSDCDMNNAVKGALMANFLTQGQVCCNGTRVFVQKEIL
DKFTEEVVKQTQRIKIGDPLLEDTRMGPLINRPHLERVLGFVKVAKEQGAKVLCGGDIYVP
EDPKLKDGYYMRPCVLTNCRDDMTCVKEEIFGPVMSILSFDTEAEVLERANDTTFGLAAG
VFTRDIQRAHRVVAELQAGTCFINNYNVSPVELPFGGYKKSGFGRENGRVTIEYYSQLKTV

CVEMGDVESAF

Fig. 1 ALDHOAL is consistently enriched in prenylomic analyses in various cell lines. (A) Volcano plots (FDR = 0.01, sO = 0.5) of prenylomic analysis on
various cell lines show that ALDH9A1 is consistently enriched. (B) The complete protein sequence of the human ALDH9AL. Highlighted in yellow are the

tryptic peptides identified in the prenylomic analyses.

of known prenylated proteins is readily achieved as indicated
by the abolished signal in the 25 kDa region. Treatment with
excess FPP inhibits both farnesylation and geranylgeranylation
since FPP is elongated to GGPP by the GGPP synthase.® As both
FPP and GGPP competition reduce its labeling, ALDH9A1 may
indeed be labeled with either isoprenoid. Next, the prenyltrans-
ferases were inhibited in cellulo by treating the transfected cells
with known prenyltransferase inhibitors (Fig. 2(B)). Treatment
with the FTase inhibitor L-744,832 (Fig. 2(A), FTI, lane 6) or
GGTase-I inhibitor GGTI-286 (GGTI, lane 8) did not signifi-
cantly impact the labeling of ALDH9A1 under concentrations
previously reported to induce observable inhibition of intracel-
lular prenylation."®*° In contrast, the reduction in the labeling
of many of the normally prenylated proteins in the presence of
FTI and GGTI is readily seen in lanes 6 and 8 in the 25 and
50 kDa region of the gel.

The absence of a CaaX-box motif in the full length ALDH9A1
suggests that it should not be a substrate of FTase and GGTase-
I. However, this enzyme does contain two adjacent cysteines
Cys288/Cys289 with Cys288 shown to be the catalytic residue
for its aldehyde dehydrogenase function. As noted above, dual
prenylation on adjacent cysteine residues is common among
the Rab family of proteins that are substrates of RabGGTase,
albeit only when they are near the C-terminus. Interestingly,
a dual cysteine motif of Rab5b in Plasmodium falciparum was

© 2023 The Author(s). Published by the Royal Society of Chemistry

suggested to be prenylated although these putative prenylatable
cysteines are 65 amino acids upstream from the C-terminus of
that protein.>® Therefore the ability of known RabGGTase
inhibitors (RRGTI-1-3) in diminishing the C15A1kOPP-labeling
of GFP-ALDH9A1 was evaluated. RGGTI-1 and RGGTI-2
were previously shown to be effective in inhibiting Rab gera-
nylgeranylation in HeLa cells (IC5o = 358 uM and 546 uM,
respectively)®>>* while RGGTI-3 was less effective with ICs, =
850 uM.** Treatment with these RGGT inhibitors in GFP-
ALDHO9A1-transfected COS-7 cells did not reduce the observed
C15AIkOPP-labeling of GFP- ALDHO9A1 (Fig. 2(C)). However,
using this RGGTI concentration (250 pM), the prenylome
labeling in the 25 kDa region was significantly diminished
where most Rab prenylation substrates migrate (lanes 3 4, 5
and 6). If indeed RabGGTase prenylates ALDH9A1, a dimin-
ished labeling should have been observed in the presence
of these RGGTIs. Therefore, ALDH9A1 does not appear to be
a substrate of RabGGTase or any of the known prenyl-
transferases.

Key residues in ALDH9A1 function are involved in isoprenoid
labelling

The aldehyde dehydrogenase (ALDH) superfamily is a family
of NAD'-dependent enzymes that catalyze the conversion of
aldehydes to carboxylic acids with varying chain lengths and

RSC Chem. Biol., 2023, 4, 913-925 | 915
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Fig. 2 The CI15AIkOPP probe labels ALDH9AL in cells and cannot be
inhibited with prenyltransferase inhibitors. (A) Labeling with C15AlkOPP,
inhibition experiments with prenyltransferase inhibitors (FTI and GGTI), and
competition with the native isoprenoids (FPP and GGPP). The C15AlkOPP
labelling of ALD9AL appears to be unaffected by the inhibitors although
somewhat diminished by the competitors. That contrasts with the
substantial inhibition of other prenylated proteins. (B) Structures of the
prenyltransferase inhibitors used to potentially inhibit the labeling of
ALDH9AL. (C) Inhibition studies of ALDH9AL labeling by C15AkOPP using
RabGGTase inhibitors (RGGTlIs). No apparent decrease in labeling of GFP-
ALDH9A1 was observed although there was a significant decrease of
labeling in the 25 kDa region where most Rab proteins migrate.

structures.>>>” ALDH9A1 in higher eukaryotes including
humans is a homotetrameric enzyme that mediates the NAD'-
dependent oxidation of several aldehydes including betaine
aldehyde, the carnitine precursor 4-trimethylaminobuter-
aldehyde (TMABAL), and the GABA precursor aminobutyraldehyde
(ABAL).***° The general mechanism of catalysis for ALDH9A1 and
for most of these ALDHs initially involves NAD" cofactor binding
that induces a conformational change resulting in activation of the
thiol of a catalytic cysteine as a thiolate (Fig. 3(A)).>® In ALDH9A1,
NAD" binding in the coenzyme cavity is stabilized by many
electrostatic interactions, which include interactions between the
pyrophosphate moiety of NAD" and residues Trp156, Ser233, and
Thr236."” The activated thiol then attacks the carbonyl of the
aldehyde substrate, generating a thiohemiacetal intermediate sta-
bilized by NH groups from the ALDH9A1 peptide main chain.
A hydride transfer to NAD" then follows, resulting in reduction of
NAD' to NADH and concomitant oxidation of the substrate to a
thioester. This covalent intermediate then undergoes hydrolysis
with the aid of a charged amino acid (usually Glu) in the active site
to release the carboxylic acid product. The residue C288 is known to
be the catalytic cysteine in ALDH9A1 while an adjacent Cys289 has
no currently known function in this enzyme. A related yeast enzyme

916 | RSC Chem. Biol., 2023, 4, 913-925
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ALDHA4 also contains this dual cysteine motif Cys324/Cys325 with
Cys324 being the catalytic residue. A recent study has shown that
Cys325 regulates the yeast enzyme’s function by forming a disulfide
bond with Cys324, in order to promote an oxidative stress
response.’’ Similarly, the human ALDH1A1 exhibits the same
disulfide bond formation between its active nucleophile Cys303
and the adjacent Cys302.>"

Based on the mechanism described above, we explored the
role of several of the residues essential for ALDH9A1-mediated
catalysis on labeling by C15AIkOPP. Therefore, site-directed
mutagenesis was performed on the aforementioned protein
construct to introduce mutations in some of these key residues
and the resulting mutants transfected into COS-7 cells, fol-
lowed by metabolic labeling with C15AIkOPP and click chem-
istry. Double mutation of the Cys288,Cys289 pair to serine
residues (Cys288S,Cys289S, abbreviated SS) completely abol-
ished labeling (Fig. 3(B)). Mutating the cysteine adjacent to
the catalytic residue (C289S, CS) diminished the probe incor-
poration, whereas mutating the catalytic cysteine only (C288S,
SC) completely abrogated the signal. This suggests that probe
labeling occurs on the catalytic Cys288 with Cys289 contribut-
ing in an indirect manner. As a control experiment, metabolic
labeling was also performed in cells transfected with GFP-
ALDH1A1 bearing this dual cysteine motif (Cys302/Cys303)
but no labeling was observed (data not shown). We also
examined the potential participation of NAD" in the course of
probe incorporation. Mutating residues Ser233 and Thr236,
key amino acids essential for NAD" binding, into alanine
also completely abolished the observed labeling. Thus, these
latter experiments suggest that NAD" may be involved in this
process of isoprenoid labeling of the catalytic Cys288 of
ALDHO9A1.

Protein prenylation is often associated with membrane
targeting of the modified substrates, with the prenyl moiety
serving as an anchor.”> Among the many protein prenylation
substrates, mouse ALDH3B2 and ALDH3B3 are examples of
aldehyde dehydrogenase enzymes known to be prenylated, both
possessing the C-terminal sequence CTLL.*> Although both are
prenylated, they differ in their cellular localization—ALDH3B3
localizes in the plasma membrane while ALDH3B2 resides in
lipid droplets—influenced by some key residues in their corres-
ponding C-termini.*> We therefore assessed the localization of
the transfected GFP-ALDHO9A1 fusion protein employed above
and compared it with the corresponding double C288S/C289S
mutant using fluorescence microscopy (Fig. 3(C)). There were
no observable differences in the localization of the wild-type
versus mutant. The protein appeared to be distributed across
the cytoplasm, although discrete puncta were present in both
samples. This protein species also did not localize in the
endoplasmic reticulum (ER) where clusters of proteins reside
during protein synthesis. Therefore, these puncta may be
protein aggregates, which is a common phenomenon in protein
overexpression in cells, particularly with proteins bearing a
considerable number of cysteine residues (16 Cys in
ALDH9A1).>® 1t is also possible that these puncta are lipid
droplets, although the potential isoprenoid modification on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ALDHY9A1 may not necessarily influence this mechanism of
localization.

The isoprenoid modification is hydrolyzable

To gain insight into the origin of the isoprenoid incorporated
into ALDH9A1, metabolic labeling experiments in COS-7 cells
transfected with ALDH9A1 were performed with different iso-
prenoid analogues. The C15AIkOH probe (the alcohol form
lacking the diphosphate group) produced appreciable labeling
of ALDH9A1 although it was less compared to that observed
with C15AlkOPP (Fig. 4(A) lane 3). It should be noted that
isoprenyl alcohols readily become phosphorylated and incor-
porated into prenylated proteins.** A previous report of using
this analogue in profiling prenylated proteins identified
ALDHYA1 as one of the highly enriched prenylated proteins."®
Thus, the isoprenoid modification on ALDH9A1 is probably
derived from the diphosphate analogue produced from the phos-
phorylation of C15AIkOH by host cell kinases to C15AIkOPP.**
We also evaluated the ability of the alkyne-modified analogue of

© 2023 The Author(s). Published by the Royal Society of Chemistry

farnesal (C15AIkCHO) and the methyl ester C15AIkCOOMe in
labeling ALDH9A1 since the aldehyde and acid are both known
isoprenoid metabolites in cells; of particular note, farnesal (FCHO)
and geranylgeranial (GGCHO) are known products of the depre-
nylating enzyme prenylcysteine oxidase (Pcyox 1);** presumably,
they are also the products of the recently discovered homologue,
Pcyox1L.>® We rationalized that the neutral species C15A1kCOOMe
could efficiently penetrate the plasma membrane and be hydro-
lyzed by cellular esterases to C15AIkCOOH, an analogue of FCOOH
or GGCOOH. Neither of these analogues efficiently modified
ALDH9A1 to the extent observed with C15A1kOPP (Fig. 4(A) lanes
4 and 5) although some labeling was observed with C15AlkCHO.
This reduced labeling was only present in wild-type ALDH9A1 and
was abolished when mutations were introduced into the key
residues (Fig. S1, ESIt). It is possible that these analogues were
bound to or reacted with serum proteins in the media and were
not able to enter the cells since they both contain a,B-unsaturated
carbonyl moieties that are known to readily react with various
nucleophiles.
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Fig. 4 Hydrolyzable modification on ALDH9AL (A) In-gel fluorescence
analysis on lysates from COS-7 cells transfected with GFP-ALDH9A1 and
treated with various alkyne-modified isoprenoid analogues. (B) Hydrolysis
of the observed labeling on C15AlkOPP-labeled GFP-ALDH9AL using
NH,OH. (C) Mass spectrum of reduced/alkylated active site peptide of
ALDHO9AL. (D) Mass spectrum of the C15Alk-thioester-modified Cys288 of
the active site peptide of ALDH9AL. Shown in blue and gray correspond to
neutral loss of Alk-farnesoyl (C1gH2505). The colors of peaks are indicated
for the parent ions (gray), y ions (red), y ions from parent peptide with the
neutral loss (blue with *), and b ions (green).

While the aforementioned data with prenyltransferase
inhibitors suggest that ALDH9A1 prenylation is not a process
mediated directly by prenyltransferases, it does not rule out the
conversion of C15AlkOPP into a variety of metabolites that
could potentially result in subsequent ALDH9A1 modification.
Accordingly, we investigated whether this observed modifica-
tion could be hydrolyzed by hydroxylamine. Basic hydrolysis
with potent a-nucleophiles is commonly employed to distin-
guish reversible modifications such as S-palmitoylation on
proteins since the thioester bond on palmitoylated cysteines
is labile to hydroxylamine."® Treatment of C15AlkOPP-labeled
GFP-ALDHO9A1-expressing COS-7 cells with hydroxylamine
completely abolished the isoprenoid labeling (Fig. 4(B)). Thus,
C15AlkOPP-mediated labeling appears to involve a hydrolyzable
modification on ALDH9A1 instead of a thioether linkage that is
resistant to hydrolysis that typically occurs in prenyltransferase-
catalyzed protein modification.

The observed hydrolyzable modification on ALDH9A1 suggests
that the isoprenoid modification may involve a thioesterified
cysteine residue. Hence, we attempted to obtain a mass spec-
trum of the peptide modified with the alkyne-functionalized
probe. COS-7 cells expressing the GFP-ALDH9A1 were treated
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with C15AlkOPP and the enzyme was immunoprecipitated
using an anti-GFP resin. The immobilized protein was reduced,
alkylated, and digested on-bead, generating tryptic peptides
that were processed for LC-MS analysis. The reduced and
alkylated form of the peptide containing Cys288 and Cys289
with deamidated N290 was efficiently detected with a retention
time of 45.03 min (Fig. 4(C) and Fig. S2A, ESI{), indicating that
some ALDH9A1 exists with free Cys288 and Cys289 thiols;
however, some or all of this species could have arisen due to
the hydrolytic instability of the thioester. Importantly, we also
detected the C15Alk thioester-modified ALDH9A1 with deami-
dated N290 eluting at a longer retention time (relative to the
bis-carboxyamidomethylated form) (Fig. S2B, ESIT), consistent
with lipid-modified peptides; however, that peptide gave less
intense signals (Fig. 4(D)). Deamidation is a commonly
observed modification in MS analysis of peptides digested with
trypsin.®” The detection of the fragment ions y6+, y7+, y9+ and
10+ (Table S1, ESIt) are all consistent with the active site C288
thiol being modified with a thioester-linked isoprenoid.
Numerous fragments originating from a neutral loss of the
thioprenyl group were also observed (e.g. *y6+, *y7+, *y8+, *y9+,
*y10+ and *y11+). Such neutral loss is commonly observed in
the MS/MS fragmentation of thioacylated peptides such as
those that are palmitoylated, as well as the thioether linkage
in S-prenylated peptides.*®*° Efforts to repeat this experiment
with FPP or GGPP were not successful. This may be related to
the difficulty of detecting thioester-linked species in proteomic
workflows due to their lability in the commonly used reduction
and alkylation steps. With 16 cysteine residues, ALDH9A1 is
particularly difficult to work with. Moreover, the presence of
hydrophobic modifications from the isoprenoids on peptides
commonly impacts their ionization efficiency in LC-MS analy-
sis, thereby lowering the signal-to-noise ratio and complicating
the detection of the lipid-modified peptide.*’ It is also possible
that the farnesoylated or geranylgeranoylated forms of the
enzyme undergo ALDH9A1-mediated hydrolysis at a faster rate
relative to the probe-modified form resulting in less accumula-
tion or more rapid decay during isolation, rendering them
harder to detect.

In vitro analysis of ALDH9A1 with isoprenoids

To gain additional insight into the interactions of isoprenoids
with ALDH9A1, in vitro experiments were undertaken using the
purified enzyme. Since ALDH9A1 is an aldehyde dehydrogen-
ase, initial efforts focused on studying isoprenyl aldehydes as
possible substrates. Initially, citral (a Cy, isoprenyl aldehyde)
was studied since the lesser number of carbons increases its
aqueous solubility. Kinetic analysis showed that ALDH9A1
manifested a catalytic efficiency (Vinax/Km) with citral that was
0.2% of that obtained with the natural substrate, TMABAL (4-N-
trimethylaminobutryaldehyde) (Table S2 and Fig. S3, ESIf).
Given the low solubility of the isoprenoids farnesal and ger-
anylgeranial, it was not possible to work above 50 pM and
hence their enzymatic activity was measured at 25 pM aldehyde.
Under those conditions, the rate of farnesal oxidation was
found to be approximately 5% of that of TMABAL while the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Relative rates of ALDH9AL with selected aldehydes. These rates were measured at 25 pM aldehyde in 150 mM sodium pyrophosphate, pH 7.5
containing 1.0 mM NAD* at 30 °C. Specific activity values with TMABAL were arbitrarily taken as 100%. Error bars indicate S.D. from 4 measurements.
(B) Inhibition of ALDH9AL with farnesal (FCHO) when using TMABAL as a substrate. The data were measured with 6 uM TMABAL, 1.0 mM NAD™ in the
same buffer. (C) Effect of FCHO on the TMABAL activity of ALDH9AL. Activities were measured in the presence of 6 uM TMABAL alone (control), and with
TMABAL after the addition of 10 uM farnesol, FPP, C15AlkOPP or FCHO (no incubation) or preincubated for 2 and 14 hours with 1.0 NAD* and enzyme
and eventually dialyzed 10x or 100x after 2 hour-long preincubation with FCHO and NAD*. Measured at 30 °C, error bars indicate S.D. from 4

measurements.

rate for geranylgeranial oxidation was closer for to 2.5%
(Fig. 5(A)). Those experiments indicate that both farnesal and
geranylgeranial are substrates for ALDH9A1 and that they are
processed at rates that could have physiological relevance.
Assays performed in the presence of meldonium, a product
analogue, showed that while TMABAL and ABAL oxidation were
significantly inhibited using 250 uM meldonium (3-(2,2,2-
trimethylhydrazinium) propionate), isoprenoid oxidation was
not inhibited (Fig. 5(A)) suggesting that the modes of TMABAL
and long isoprenoid aldehyde binding may be somewhat
different. Nevertheless, our results show that meldonium can
inhibit the oxidation of the major substrate of ALDHO9A1.
Interestingly, meldonium is a known inhibitor of y-butyro-
betaine hydroxylase, the enzyme that follows the ALDH9A1
reaction leading to carnitine synthesis.*' Direct measurements
of the dissociation constant obtained via MST confirmed that
the Kp for meldonium was 1.2 mM while that of TMABAL was
11 uM (Fig. S4, ESIY).

Next, the ability of farnesal to inhibit TMABAL was studied.
Since farnesal is a slower substrate, it was expected that its

© 2023 The Author(s). Published by the Royal Society of Chemistry

inclusion would attenuate the rate of TMABAL oxidation
through a competitive mechanism. In initial assays where
farnesal, TMABAL, and NAD" were combined at essentially
the same time, it was found that farnesal inhibited TMABAL
oxidation with an ICs, value of approximately 10 pM (Fig. 5(B)
and Fig. S5, ESIt); however, it should be noted that the ICs,
analysis is complicated by the fact that farnesal is a slow
alternative substrate. Importantly, no significant inhibition
was observed using either farnesol, FPP or C15AlkOPP under
those conditions emphasizing the importance of the aldehyde
functionality in this inhibitory process (Fig. 5(C)). Next, the
preincubation of ALDH9A1 with farnesal in the absence of
TMABAL was studied. In that case, a 2 h pre-incubation in
the presence of NAD" led to further inhibition of the TMABAL
oxidation reaction, decreasing it from 55% inhibition (without
pre-incubation) to 80% inhibition (with pre-incubation)
(Fig. 5(C)). Substantial restoration of activity was obtained by
dialysis of the inactivated sample, returning to approximately
60% of the initial activity. Slow restoration is consistent with
the formation of a covalently modified enzyme species such as
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a thioester intermediate that undergoes hydrolysis at a low rate
to regenerate the active form of the enzyme. The accumulation
of a thioester intermediate and its slow hydrolysis provide a
compelling rationale for the labeling of ALDH9A1 by
C15AIKOPP observed in the metabolic labeling experiments
described above.

Mechanistic interpretation and biological implications

Overall, a compelling case for the prenylation of ALDH9AL1 is
presented here. Initial work using chemical proteomics demon-
strated that ALDH9A1 can be modified by the probe C15AlkOPP
in at least 4 different cell types. Mutational analysis of the
protein suggests that it is modified on Cys288 however experi-
ments with various prenyltransferase inhibitors indicate that
the modification is not catalyzed by a canonical prenyltransfer-
ase. The existence of a base-labile thioester and the require-
ment for an intact NAD' binding site (inferred by mutagenesis)
suggest a simple mechanism for this modification process
where ALDH9A1 catalyzes the NAD'-dependent oxidation of a
prenyl aldehyde to the corresponding thioester (see Fig. 3(A))
that is limited by a slow rate of hydrolysis resulting in accu-
mulation of the covalently modified enzyme. Such a thioester
species is a well-established intermediate in the mechanism
catalyzed by aldehyde dehydrogenases** and the slow hydro-
lysis of such an acylated enzyme species is known to be
responsible for the ability of certain aldehydes to serve as
covalent ALDH inhibitors.*’ In this proposed mechanism,
farnesal and/or geranylgeranial would originate from the pre-
nylcysteine oxidase-mediated deprenylation of farnesyl- or
geranylgeranylcysteine.* Previous work with ALDH9A1 demon-
strated that the related isoprenoid, geranial was both an
inhibitor and substrate that is slowly converted to geranic
acid.””** Here we demonstrated that the longer isoprenoids
farnesal and geranylgeranial are also substrates and inhibitors
for that enzyme. It is interesting to note that a substantial
conformational change in the enzyme occurs upon nucleotide
binding. In the NAD" free form, the enzyme active site is open
and the catalytic residue Cys288 is solvent exposed'® while in
the presence of NAD' that cysteine residue is sequestered
(Fig. S6, ESIT)."” In the later form, the hydrolysis of the putative
thioester intermediate could be retarded, resulting in the
accumulation of the prenylated species. To gain more under-
standing concerning the ALDH9A1l-substrate complexes,
models were created by docking either TMABAL or farnesal
into the active site (Fig. 6, top). Using the structure of the
related enzyme ALDH10 covalently linked to an aldehyde sub-
strate via a thiohemiacetal, the docked conformation of farne-
sal was manually adjusted to create a similar species that would
serve as the progenitor for the subsequent thioester intermedi-
ate in ALDH9A1-catalyzed oxidation of farnesal. Inspection of
that latter structure shows how farnesal could form the requi-
site catalytically competent thiohemiacetal intermediate (Fig. 6,
bottom). Interestingly, in that model, Cys289 (the noncatalytic
cysteine) is 3.7 A from C-3 of farnesal. It is possible that residue
could undergo Michael addition to C-3 to form a cyclic adduct
that would be resistant to hydrolytic cleavage (see Fig. S7, ESI{
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Fig. 6 Structural analysis of ALDH9A1l complexed with farnesal. (Top)
Stereo view of the structure of ALDH9AL (pdb code 6VR6) complexed
with FCHO (cyan C) or TMABAL (pink C) obtained via docking. (Bottom)
Superposition of ALDH9A1 complexed with FCHO (magenta C, obtained
by docking) superimposed on the structure of ALDHI10 linked to an
aldehyde substrate, 2-(2-hydroxyethoxy)acetaldehyde, (green C) via a
thiohemiacetal (pdb code 419B). The structure of the FCHO moiety was
manually rotated (first 5 C—C bonds) to position the aldehyde on top of the
aldehydic carbon of 2-(2-hydroxyethoxy)acetaldehyde. The unrotated
docked structure of FCHO (cyan C) is also shown for comparison. In both
structures, carbons from ALDH9AL are shown in grey and carbons from
ALDH10 are shown in green. Oxygen (red), nitrogen (blue) and sulfur
(yellow) atoms are also highlighted. Cys289 of ALDH9AL (or a serine at
the homologous position in ALDH10) is shown at the bottom left and
Cys288 of ALDH9AL is shown at the bottom right. The distance between
the S atom of Cys289 and C-3 of farnesal (red dashed line) is 3.7 A.

for chemical structures). While no evidence of that species was
detected via mass spectrometry, poor ionization could have
precluded its detection. The presence of that adduct could
explain why an accumulation of ALDH9A1, covalently labeled
by C15AIkOPP, occurs in metabolic labelling experiments and
why extensive dialysis of the enzyme after preincubation with
farnesal does not result in complete recovery of activity. Such
an adduct is not consistent with the reversibility of labelling
obtained upon hydroxylamine treatment but that data cannot
be used to rule out the formation of limited amounts of that
species.

An important question concerning these observations is
what is their biological significance? The ALDH superfamily

© 2023 The Author(s). Published by the Royal Society of Chemistry
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constitutes an important class of enzymes that play key roles in
modulating oxidative/electrophilic stress inside cells.*® In fact,
dysregulation in their expression and function has been impli-
cated in a variety of cancers and inhibitors specific to these
enzymes have been developed for cancer therapeutics.® Similar
to sorbitol and alcohol dehydrogenases, ALDHs have been
known to possess reactive nucleophilic cysteines in their active
sites that drive the conversion of toxic aldehyde species to
innocuous carboxylic acid derivatives, or in deactivating reac-
tive aldehyde and oxygen species.*>” In the case of ALDH9A1,
it may play an important physiological role in converting the
highly reactive o,B-unsaturated aldehydes farnesal and geranyl-
geranial, the natural degradation products of prenylated
proteins, to their less reactive o,B-unsaturated acids.

Recent developments in chemical proteomic strategies have
allowed for profiling of proteins bearing reactive cysteines in
which several ALDHs have been identified.**>° In particular,
ALDHY9A1 has been consistently identified in these chemical
proteomic studies, underscoring the high reactivity of its active
Cys288 residue. Another salient characteristic of ALDH9A1 is
the presence of Cys289 adjacent to the nucleophilic Cys288.
Other ALDHs also contain this dual (even triple) cysteine motif:
ALDH2 (Cys318/Cys319*/Cys320), ALDH1A1 (Cys302/Cys303*),
ALDH1A2 (Cys319/Cys320*), ALDH1A3 (Cys313/Cys314*), and
ALDH1B1 (Cys318/Cys319*/Cys320), where * denotes the cata-
lytic cysteine. Among these ALDHs, only ALDH9A1 was consis-
tently enriched in our prenylomic analyses. Previous studies in
ALDH1A1 have shown that Cys302 adjacent to the nucleophilic
Cys303 may control its activity through disulfide bond for-
mation and is potentially important for cellular response to
oxidative stress.>" Prenylation of Cys288 in ALDH9A1 may be a
related mechanism for controlling the activity of that enzyme.
Inhibition of ALDH9A1 by modification of Cys288 could reduce
levels of carnitine and GABA, which are both produced by
biosynthetic pathways involving that enzyme.>*> Changes in
carnitine levels could in turn impact fatty acid metabolism
while perturbations in GABA levels could have neurological
effects. There is growing evidence that Alzheimer’s disease (AD)
is associated with dysregulation of fatty acid metabolism®® and
reductions in GABA levels have been described in severe cases
of AD.>* Interestingly, we recently identified ALDH9A1 as a
protein with increased levels of prenylation in AD.>® Since
prenylation of ALDH9A1 on the catalytic residue Cys288 must
inhibit its activity, this observation may provide a link between
oxidative stress, neuroinflammation and Alzheimer’s disease.*®

As a final point, it is worth noting that protein prenylation
typically results in membrane localization. However, in the case
of ALDH9A1, that does not appear to occur as noted in the
aforementioned experiments with GFP fusions (Fig. 3(C)). One
reason for lack of membrane localization is probably related to
the solvent exposure of the lipid. Cys288 is located in a deep
pocket within the enzyme. Modelling of the farnesoylated form
of the enzyme (Fig. S8, ESIt) reveals that the prenyl group is
largely sequestered by the enzyme, preventing it from inserting
into a lipid membrane. Additionally, the electrostatic potential
surface (Fig. S8, ESIt) is predominantly negative in the region
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surrounding the active site pocket, rendering it less likely to
interact with the anionic phospholipids that make up cellular
membranes. Those features are in contrast to many prenylated
proteins such as K-Ras4B where the prenyl group is present on
the C-terminus of the protein, making it is freely accessible for
membrane insertion and proximal to a polybasic region directly
upstream of the prenylation site that can enhance binding to
the anionic membrane.”” Finally, it is important to note that
while prenylation is essentially irreversible, acylation modifica-
tions such as palmitoylation are not. Thus, the biological
activity of palmitoylated proteins is often regulated by deacyla-
tion catalyzed by thioesterases.’® Given the limited accessibility
of the prenoylated form of ALDHO9AL, it is difficult to envision
how a thioesterase could catalyze hydrolysis of the lipidated
enzyme. However, it is quite possible that regulatory proteins
could bind to ALDH9A1 and either stimulate or retard hydro-
lysis of the thioester modified protein. By modulating global
ALDHYA1 activity through changes in its acylation state, such
proteins could regulate a range of cellular processes.

Conclusion

In this work, we described the potential isoprenoid modifica-
tion on ALDH9A1 discovered through chemical proteomics.
Through the use of tools from chemical and molecular biology,
we demonstrated that this isoprenoid labeling on ALDH9A1 is
robust but reversible. This potentially new type of isoprenoid
modification opens new doors into the chemistry of lipid
modifications on proteins, particularly in modifying the cata-
Iytic residue of an enzyme that may have functional roles in
regulating its activity. The experiments described here set the
stage for future work aimed at understanding this unusual
post-translational modification. More studies of this novel
protein modification are therefore anticipated.

Experimental
General reagents and cell lines

COS-7 and HelLa cells were generously provided by Dr Elizabeth
Wattenberg at the University of Minnesota, USA. The FTI
L-744,832 was purchased from Merck and GGTI-286 from
CalBiochem. The RabGGTase inhibitors 1, 2, and 3 were pre-
pared as previously described.*>?’

Plasmid preparation

A plasmid expressing human ALDH9A1 was purchased from
Genecopoeia. The ALDH9A1 gene was inserted in a vector
(EX-Z3075-M29) to contain an N-terminal GFP tag controlled
by the CMV promoter. Plasmids were transformed in 100 pL of
competent DH5a E. coli (New England Biolabs) following the
manufacturer’s protocol. Transformed bacteria were plated in
Luria broth (LB) agar plates containing ampicillin and colonies
were isolated for bacterial cultures in 50 mL LB media. Cultures
were grown overnight at 37 °C and bacteria were pelleted by
centrifugation at 6000 x g for 20 min at 4 °C. The bacterial
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pellets were suspended in sterile water and plasmids were
extracted using a PureYield™ Plasmid Miniprep System (Pro-
mega) following the manufacturer’s protocol. Plasmid concen-
trations were determined by taking the absorbance at 260 and
280 nm using a NanoPhotometer P330 (IMPLEN) and using the
equation: concentration (ug mL™") = (Ay60 — Aszz0) X dilution
factor x 50 pg mL~". Only good-quality plasmids (A,60/A2s0 ~
1.7 to 1.8) were used for subsequent transfections.

Transfection, in-gel fluorescence and cellular imaging

COS-7 cells were grown in 100 mm culture plates under DMEM
media (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco). Cells were
passaged before reaching 80% confluency and repeated at least
three times prior to transfection. A day before transfection, cells
(1.6 x 10° per well) were seeded in a 6-well plate and grown
overnight until 90% confluency was achieved. The media was
removed and replaced with 10 mL of Opti-MEM™ Reduced
Serum Media (Thermo Fisher Scientific). Plasmid DNA (15 pg)
and 50 pL of Endofectin Max (Genecopoeia) were each diluted
to 750 pL with Opti-MEM™ in separate tubes. The solutions
were combined and added to the cells dropwise. After 8 hours
post-transfection, 10 pM of C15A1kOPP, isoprenoid analogues,
and inhibitors (when indicated) were added and allowed to
incubate for 16 more hours. Cells were washed and collected by
scraping and subjected to lysis in 1x PBS + 1% SDS as
described in a previously reported protocol.>® Protein concen-
trations were determined using BCA assay (Thermo Scientific).

For in-gel fluorescence analysis, 100 nug of protein in lysate
were used for the click reaction along with 25 ptM TAMRA-N;, 1
mM TCEP, 0.1 mM TBTA, and 1 mM CuSO,. Labeled proteins
were resolved in a 12% SDS-PAGE gel. TAMRA fluorescence
(542/568 nm excitation/emission) was detected using a
Typhoon FLA 9500 instrument (GE Healthcare). Gels were then
stained with Coomassie blue and destained. For western blot
analysis, proteins in gels were transferred to a PVDF membrane
using a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad)
and blocked with 5% milk in 1x TBST. Membranes were
incubated with mouse anti-GFP at 1:5000 dilution in 5% milk
in 1x TBST (ABclonal, #AE012) overnight followed by incuba-
tion with a secondary goat HRP-conjugated anti-mouse at
1:10 000 dilution in milk (ABclonal, #AS003) and treated with
Clarity™ ECL (Bio-Rad). Chemiluminescence was detected
using iBright (Thermo Fisher). Gel images were processed
using Image].

For fluorescence cellular imaging, cells (500000) were
seeded in 35 mm glass-bottomed dish (Ibidi USA) and grown
overnight until 90% confluency. The DMEM media was
replaced with 2 mL of Opti-MEM™. DNA plasmids (2.5 ng in
125 pL Opti-MEM™) and Endofectin (7.5 pL diluted to 125 pL
with Opti-MEM™) were mixed and added dropwise to the cells.
After 24 h, the media was removed and cells were washed with
cold 1x PBS (2 mL) twice, followed by staining with Hoechst
33342 (Thermo Scientific) and ER-Tracker™ Red (Invitrogen)
following the manufacturers’ protocols. Cells were washed
twice with PBS and visualized using a FluoView FV1000IX2
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Inverted Confocal Microscope (Olympus) with a 60x objective.
The .oib files were imported in Fiji and formatted.

Site-directed mutagenesis

Human ALDH9A1 mutants were generated from the template
plasmid (EX-Z3075-M29) described above using a QuickChange
XL II Site-Directed Mutagenesis Kit (Agilent). Primers were
designed with the corresponding mutations as prescribed by
the QuickChange Primer Design tool with minor alterations at
the 3’ end and the oligos were purchased from Integrated DNA
Technologies. In brief, the template plasmid (50 ng) was
incubated with the forward (125 ng) and reverse (125 ng)
primers, dNTP mix, and PfuTurbo DNA Polymerase (2.5 U).
PCR mutagenesis was carried out in an Arktik Thermal Cycler
(Thermo Scientific) under the following thermal program:
initial denaturation (95 °C, 1 min); 18 cycles of denaturation
(95 °C, 50 s), annealing (60 °C, 50 s), and extension (68 °C,
8 min); final extension (68 °C, 7 min). The resulting mixture
was digested with DpnlI and 5 pL of the mutagenesis reaction
was transformed in XL10-Gold® Ultracompetent Cells (Agilent)
and selected on ampicillin-containing LB-agar plates. Colonies
were isolated, cultured and extracted with plasmids using
PureYield™ Plasmid Miniprep System. Successful mutations
were verified via Sanger-type DNA sequencing performed
by the University of Minnesota Genomics Center. Purified
plasmids were transformed in DH5a E. coli, cloned, purified,
and assayed for concentration using NanoPhotometer P330
(IMPLEN).

Mapping of the modification site

Expressed GFP-ALDH9A1 was enriched using anti-GFP beads
following the manufacturer’s protocol for GFP-Trap (Chromo-
tek). Briefly, COS-7 cells (~1 x 10° transfected with GFP-
ALDH9A1 and treated with C15AIkOPP, FPP or GGPP were lysed
in lysis buffer (100 puL, 10 mM tris-HCI pH 7.5, 10 mM NacCl,
0.5 mM EDTA, 0.5% Nonidet™ P40 Substitute (Sigma-Aldrich))
by pipetting in and out in a 1 mL syringe with 16 gauge needle
on ice. The soluble proteins were separated from the cellular
debris via centrifugation (20000 x g at 4 °C for 15 min).
Pre-washed GFP-Trap beads (25 pL) were added to the lysates
and incubated for 1 h at 4 °C with head-to-tail mixing. The
beads were then washed with wash buffer (10 mM tris-HCI pH
7.5, 10 mM NacCl, 0.5 mM EDTA) and the remaining immobi-
lized protein was reduced and digested in 50 mM tris-HCl pH
7.5 containing 2 M urea, 10 pg mL~ " sequencing grade trypsin
(Promega), 20 pg mL ™' chymotrypsin (Promega), 1 mM CaCl,,
and 0.5 mM TCEP for 30 min at 32 °C. The supernatant was
collected using a spin trap (Pierce) and the beads were sus-
pended in 50 mM tris-HCI pH 7.5 containing 2 M urea and
5 mM iodoacetamide. The eluate was collected and pooled with
the first eluate. Samples were dried via lyophilization and
redissolved in 2% CH;CN in H,O with 0.1% HCO,H. The
peptides were desalted using STAGE tips following standard
protocols. The recovered peptides were dried and redissolved in
0.1% HCO,H in H,O.
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The samples were resolved using a reversed-phase column
and analyzed with an Orbitrap Lumos instrument. Separation
was performed in 5-30% of 0.1% HCO,H in CH;CN for
140 min. A targeted database determined using Skyline was
used corresponding to the m/z of the active site peptide result-
ing from tryptic and chymotryptic digestion with a maximum of
3 missed cleavages. MS1 scans were collected at 60 000 resolu-
tion over 320-2000 m/z range with an AGC target of 500 000 and
max IT of 50 ms. Dynamic exclusion was allowed for 90 s. HCD
fragmentation was performed at NCE of 42% with 1.5 m/z
isolation window, AGC of 50000, and max IT of 200 ms.
The.raw files were analyzed in pFind to search for the following
modifications on cysteine residue: carbamidomethylation
(C,H3NO, 57.0215), C15Alk (C;gH,60, 258.1984 Da), C15Alk-
thioester (Cy3H»40,, 272.1776 Da), C15Alk-thiohemiacetal
(C18H260,, 274.1933 Da), farnesyl (C15H,4, 204.1878 Da), farne-
syl ester (Ci5H,,0, 218.1671 Da), farnesyl thiohemiacetal
(C15H,40, 220.1827 Da), geranylgeranyl (CyoHjz,, 272.2504 Da),
geranylgeranyl ester (C,,H3,0, 286.2297 Da), and geranylgera-
nyl thiohemiacetal (C,,H3,0, 288.2453 Da). The neutral losses
were also included. Other dynamic modifications include
methionine oxidation (16.0000 Da) and arginine and glutamine
deamidation (0.9840 Da). Matching spectra were exported and
formatted for visualization.

In vitro experiments with recombinant ALDH9A1

Enzyme activity was measured by monitoring the NADH for-
mation (e340 = 6.22 mM " cm™ ') using a UV-Vis spectrophoto-
meter 8453 (Agilent 8453) at 30 °C in 150 mM sodium
pyrophosphate, pH 7.5 containing 1.0 mM NAD" as previously
described.'® Relative activities with several aldehydes were
compared at 25 pM due to the low solubility of the long
aliphatic aldehydes. Inhibition experiments were measured
using a TMABAL concentration close to its K;,, value (6 uM or
10 pM concentrations were used). An MST method was
employed to determine binding affinities of ALDH9A1 for
meldonium and TMABAL. The enzyme was labeled with the
2nd generation RED-tris-NTA dye and adjusted to 90 nM
concentration with 40 mM sodium phosphate buffer, pH 7.4,
supplemented with 0.05% Tween 20. A series of sixteen
1:1 ligand dilutions was prepared using the identical buffer.
Measurements were obtained using a Monolith NT.115 instru-
ment (NanoTemper Technologies) at 30 °C using premium
capillaries.

Docking of TMABAL and farnesal into the active site of
ALDH9A1

In silico docking was performed to gain insight into TMABAL
and farnesal binding modes.®**> Both molecules were docked
into the active site of the ALDH9A1 (PDB 6VR6)'” using PyRx
software 1.0 (https://pyrx.sourceforge.io/)*> and AutoDock Vina
1.05 (https://vina.scripps.edu/).®" PDBQT files were generated
using AutoDockTools package (https://mgltools.scripps.edu/).
Energy grids for docking were 35 x 35 x 35 A in dimension and
they were centered on the catalytic cysteine. Docking calcu-
lations were carried out using the Lamarckian genetic
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algorithm.®® The population was 150, the maximum number
of generations was 27 000, and the maximum number of energy
evaluations was 3.5 x 10° The resulting ligand orientations
and conformations were scored based on their binding free
energies. To model the structure of the thiohemiacetal inter-
mediate, the structure of farnesal docked into ALDH9A1was
superimposed on the structure of ALDH10 (PDB 419B) contain-
ing a thiohemiacetal with 2-(2-hydroxyethoxy)acetaldehyde.®
C-C bonds 1-5 of farnesal were manually rotated to super-
impose C-1 of farnesal onto the aldehydic carbon from 2-(2-
hydroxyethoxy)acetaldehyde.

Data availability

The raw mass spectrometry files for the proteomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier
PXD036365.
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