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ABSTRACT: In humans, PHARC (polyneuropathy, hearing loss, ataxia,
retinitis pigmentosa, and cataract) is an early onset autosomal recessive
neurological disorder caused by deleterious mutations to ABHD12 (a/f-
hydrolase domain protein # 12). Biochemically, ABHD12 functions as a
lipase and catalyzes the hydrolysis of lysophosphatidylserine (lyso-PS)
(yso-PS lipase). By doing so, it controls the concentrations and signaling
pathways regulated by this potent signaling lysophospholipid in the
mammalian brain. While genetic mapping efforts have identified over 30
mutations in ABHD12 from human PHARC subjects, the biochemical
activity of these pathogenic mutants remains unknown. To understand
this, here, we performed an exhaustive bioinformatics survey and collated
ABHDI12 protein sequences from various organisms across evolution. Next, based on sequence alignments and structural modeling,
we identified functionally relevant conserved residues in the ABHD12 protein sequence that are potentially important for its
enzymatic activity. To validate these in silico findings, we generated numerous mutants of murine ABHD12, including those
associated with human PHARC subjects, and assayed them for their enzymatic activity. Taken together, these complementary in
silico and biochemical studies provide the first thorough sequence-function relationship for mammalian ABHD12, especially relevant
in the context of PHARC. Finally, our evolutionary analysis identified CG15111 as an ABHD12 ortholog in the fruit fly (Drosophila
melanogaster), and enzymatic assays indeed confirmed that recombinant CG15111 has robust lyso-PS lipase activity. Flies serve as an
excellent animal system to model various human neurological diseases, and the identification of CG15111 as a Drosophila
melanogaster ABHD12 ortholog opens new avenues to study PHARC in fly models.

B INTRODUCTION over 30 pathogenic mutations have been reported in the
abhdl2 gene, all causing PHARC in humans.”” These
mutations include deletion-insertion, nonsense, frameshift,
splice site, and missense type mutations in the abhdl2 gene
from samples that were genetically sequenced from human
PHARC subjects.’

The abhdl12 gene encodes an integral membrane associated
lipase, a/f-hydrolase domain containing protein # 12
(ABHDI12), which belongs to the metabolic serine hydrolase
family of enzymes.”'’ Untargeted lipidomics analysis on the
brains of ABHD12 knockout mice (the murine model of
PHARC) showed that relative to wild-type controls, the loss of
ABHDI12 activity resulted in a massive accumulation of
different lysophosphatidylserine (lyso-PS) lipids."' Lyso-PSs
are a class of signaling lysophospholipids, that have many

Over a decade ago, an autosomal recessive genetic disorder
named PHARC (acronym for all the symptoms associated with
the disease: polyneuropathy, hearing loss, ataxia, retinitis
pigmentosa, and cataract; OMIM: 612674) was reported in
humans.'™ Clinically, human PHARC subjects show early
onset visual disturbances (e.g, cataract or partial blindness)
and auditory deficits (e.g., deafness), that are often coupled to
polymodal sensory and motor defects caused by peripheral
neuropathy (e.g., pes cavus)."®” The symptoms associated with
PHARC in human subjects manifest in early teenage years,
progressively worsen with age, and there seems to be no
gender or race bias associated with this genetic disease.”” In
extreme cases, demyelination of sensorimotor neurons and
cerebellar atrophy has also been reported in older human
PHARC subjects,"®” and yet, to date, there are no reported

medical cures or therapies to treat this human genetic Received: December 19, 2024
neurological disorder. Given the array of symptoms, PHARC Revised:  March 11, 2025
was commonly misdiagnosed as possibly other neurological Accepted:  March 19, 2025

disorders, until genetic mapping confirmed that this neuro- Published: March 26, 2025

degenerative disease was caused by deleterious mutations in
the abhd12 gene on chromosome 20p11 in humans."® To date,
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Figure 1. Lyso-PS lipase reaction catalyzed by ABHDI12. In this reaction, R denotes long (C16—C20) or very-long chain (C22—C24) fatty acids.

important functions in mammalian physiology, and dysregu-
lation in their metabolism is now causally linked to an array of
human neurological and autoimmune disorders, including
PHARC.'"”" From a biochemical standpoint, mechanistic
studies have since shown that via its enzymatic activity,
ABHDI12 catalyzes the degradation of lyso-PS lipids, and, by
doing so, functions as the principal lyso-PS lipase (Figure 1) in
the mammalian central nervous and immune systems.'"'*

Following up on these studies, we have shown that ABHD12
is predominantly localized to the endoplasmic reticulum (ER)
membrane, and has a luminal orientation of the enzyme active
site, that regulates the secretion of lyso-PS lipids from different
mammalian cells.'>'® Further, from in vitro biochemical assays,
we demonstrate that ABHD12 prefers very-long chain (VLC)
variants of lyso-PS as substrates.'®'” This substrate preference
of ABHD12 explains why its deletion results in the highest
accumulation of pro-inflammatory VLC lyso-PSs in the
mammalian brain, that are largely responsible for neuro-
inflammation and eventually the neurobehavioral symptoms
associated with human PHARC subjects.'”'® Finally, by
immunohistochemical analysis coupled with biochemical
assays and targeted lipidomics measurements, we have
reported that ABHD12 has ubiquitous expression and activity
in different anatomical regions of the mammalian brain, and
the loss of ABHDI12 activity results in dysregulated lyso-PS
metabolism in all anatomical regions of the mammalian brain
without exception.'” These studies from our lab, together with
previous literature, provide a nice explanation for the
progression of PHARC,”” and ABHDI2’s role in the
pathogenesis of this neurodegenerative disease.

While significant studies have been done to delineate how
the biochemical activity of ABHDI12 regulates lyso-PS
metabolism and, the association of the ABHDI2-lyso-PS
signaling axis during PHARC, the absence of any exper-
imentally solved three-dimensional structure has resulted in
only a limited understanding of the protein sequence-activity
relationship of ABHD12. This can be particularly important in
the context of PHARC, as newer ABHDI2 mutants are
mapped in humans suffering from neurological symptoms via
genetic sequencing efforts. To address this knowledge gap, in
the study, we perform a thorough bioinformatics survey for the
identification of ABHD12 protein sequences across all forms of
life. Next, we phylogenetically classify these putative ABHD12
sequences across organisms from various classes, and find
positionally and functionally conserved residues in their
protein sequences. Further, using structural modeling and
docking studies, we identify residues that might have
importance in the biochemical activity of ABHDI12 and,
coupled with biochemical assays, show that these residues are
indeed of importance for the enzymatic activity of ABHD12.
We also find that several missense mutations associated with
PHARC occur in highly conserved residues, and these mutants
are catalytically compromised. Finally, from our phylogenetic
analysis, we find that ABHDI12 has an ortholog in flies,
CG15111, that also robustly performs lyso-PS lipase activity,
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and thereby opens new prospects in combination with genetics
for modeling pathogenic mutants and thus studying PHARC in
fly models.

B MATERIALS AND METHODS

Materials. Unless otherwise mentioned: all chemicals,
buffers, and reagents were procured from Sigma-Aldrich; all
mammalian tissue culture media and consumables were
procured from HiMedia Laboratories; all LC-MS grade
solvents were procured from JT Baker. Wherever applicable,
the catalog numbers of materials used in this study are
mentioned below. All oligonucleotides used in this study were
obtained from Sigma-Aldrich.

Bioinformatics Analysis. The bioinformatics analyses
were })erformed as previously reported by us with modifica-
tions.” Briefly, five iterations of PSI-BLAST searches on the
human ABHDI2 (hABHDI2) (UniProt: Q8N2K0, NCBI:
NP_001035937.1) as the reference sequence against the
clustered nonredundant (clustered nr) database was per-
formed to identify distantly related orthologs of ABHD12.”!
The expect threshold (E-value) was set to 1 X 107° with a
maximum return of 1000 hits. The individual members of each
cluster (totaling to 2770) were extracted and subject to further
analysis. A PSI-BLAST hit was classified as ABHD12 protein
sequence if it met all the following criteria: (i) has an N-
terminal transmembrane domain, (ii) conserved catalytic triad,
(iii) conserved nucleophilic (YIWGHSLGTGV) and acyl-
transferase (LGYHVVTFDYRG) motifs with up to three
mismatches in residues other than the underlined residues (iv)
sequence length between 250 and 550 amino acids.
DeepTMHMM™* and CCTOP™ were used to assess the
presence of any transmembrane domains. A previously
reported custom script was slightly modified and used to
further curate the data based on the presence of the catalytic
triad and other key functional residues by carrying out pairwise
global alignments using the Needleman—Wunsch algorithm.**
For plotting the phylogenetic tree, the longest isoform of
ABHDI12 from each organism was selected and subject to
multiple sequence alignment using Clustal Omega.”” The
resulting alignment was fed into MEGA11”° to plot maximum
likelihood trees using the James—Taylor—Thornton (JTT)
model”” and the trees were visualized in iTol.”® The highly
conserved ABHD12 residues were identified using pymsaviz
(pypi.org/project/pymsaviz/) and Bio.Align (biopython.org/
docs/1.76/api/Bio.Align.html) packages in Python. The func-
tionally conserved residues were identified by manual
inspection of filtered protein sequences.

Structural Docking Studies. All structural docking
studies were performed on the AlphaFold*”* generated
structure of hABHD12 (UniProt ID: Q8N2KO). To identify
a substrate binding pocket that contained the catalytic serine
(Ser-246) within hABHD12, a tunnel analysis was performed
using the CAVER Web 1.0°' and MOLE 2.5°” online servers.
Following this, surface electrostatic calculations were per-
formed on the same AlphaFold structure of hABHD12 using
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the APBS plugin to PyMOL (https://pymolwiki.org/index.
php/Apbsplugin) to understand the charge distribution on the
protein surface and in the active site. The PARSE force field
was used to generate the required PQR files which were
subsequently used to calculate the electrostatic surface
diagrams. Finally, ligand (C18:0 lyso-PS) docking was
performed on the same AlphaFold structure of hABHD12
using Autodock Vina in the PyRx environment using standard
reported procedures. Briefly, the structure of hABHDI12 and
the SDF files of the ligand (C18:0 lyso-PS) was converted into
the PDBQT file format using OpenBabel.’”” Thereafter,
targeted docking was performed with a (30 X 30 X 30) A°
box roughly centered at the catalytic serine (Ser-246) in the
identified ligand binding pocket of hABHDI12, and the top
nine binding conformations were selected for further
investigation.

Overexpression of Mouse ABHD12 Mutants in
HEK293T Cells. The abhd12 gene (encoding ABHD12) was
amplified from an in-house generated ¢cDNA library of the
mouse brain, and cloned into a pCMV-Sport6 vector as
reported previously.'® All mutants of mouse ABHDI2
(mABHD12) were made in the same plasmid using standard
site-directed mutagenesis protocols as per manufacturer’s
instructions (Promega). All primers used to generate the
mABHDI12 mutants can be found in Table S1. Wild type
(WT) or mutants of mABHD12 were transiently transfected
into mammalian HEK293T cells by an established method-
ology using the polyethylenimine-based PEI MAX transfection
reagent.ls_17 As a control in these experiments, an empty
plasmid (mock control) was used to account for off-targets (if
any) from the empty plasmid during these studies. Two days
post-transfection, the cells were harvested by scraping, washed
with cold sterile Dulbecco’s phosphate buffered saline (DPBS)
(3 times), and then lysed by sonication. The cellular debris
(pellet) was discarded by centrifugation of the lysate at 200g
for 5 min at 4 °C, and the resulting supernatant was further
centrifuged at 100,000g for 45 min at 4 °C to obtain the
membrane proteomic fraction as reported earlier.””~"” The
activity and overexpression of mABHDI12 variants in
membrane proteomic fractions of HEK293T cells were
confirmed by gel-based ABPP assays and Western blot analysis,
respectively.

Overexpression of CG15111 in Insect Cells. The
cglS111 gene (encoding CG1S5111) was amplified from a
laboratory generated cDNA library of the adult fly, and cloned
with a C-terminal FLAG tag into the pRmHa3 vector.”* The
catalytic serine (Ser-241) was mutated to an alanine to yield
the S241A CGIS111 mutant in the same plasmid using
standard site-directed mutagenesis methods as per manufac-
turer’s instructions (Promega). All primers used for the
amplification and site-directed mutagenesis studies are listed
in Table S1. The overexpression of WT or S241A CG15111
was performed in Schneider 2 (S2) insect cells using
transfection protocols recently reported by us.”> The activity
and overexpression of CG15111 variants in membrane
proteomic fractions of S2 cells were confirmed by gel-based
ABPP assays and Western blot analysis, respectively.

Gel-Based ABPP Assays. All gel-based ABPP assays were
done using protocols previously reported by us."*~'7*° Briefly,
all protein concentrations were estimated using Bradford’s
reagent (Sigma-Aldrich, catalog # B6916), and S0 ug of the
membrane proteomic fraction (of HEK293T cells or S2 cells)
was incubated with 2 uM FP-rhodamine (45 min, 37 °C) with
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constant shaking. Following this, the reaction was quenched
using 4x-SDS loading buffer as reported earlier.'> ™7 All gel-
based ABPP samples were loaded on a 10% SDS-PAGE gel,
and enzymatic activities (of ABHD12 or CG15111 variants)
were visualized by in-gel fluorescence on an iBright1500 gel
documentation system (Invitrogen).

Western Blot Analysis. Following gel-based ABPP assays,
the resolved membrane proteomic fractions were transferred to
a nitrocellulose membrane (GE Healthcare, catalog #
GE10600002) and processed for Western blot analysis using
protocols previously reported by us.''®*” In the Western blot
analysis, Ponceau S staining (Sigma-Aldrich, catalog #
A40000279) was used to confirm equal loading of protein
samples. The primary antibodies used in our Western blot
studies were: anti-ABHD12 (rabbit, Abcam, catalog #
ab68949) and anti-FLAG (rabbit, Sigma-Aldrich, catalog #
F7425). The secondary antibody used in our Western blot
studies was an anti-rabbit conjugated to horseradish peroxidase
(HRP) (Thermo Fisher Scientific, catalog # 31460). All
Western blots were developed with the Immobilon chem-
iluminescent HRP substrate (Merck Millipore, catalog #
WBKLS0500) and visualized on a G-Box Chemi-XRQ gel
documentation system (Syngene).

Lyso-PS Lipase Assays. All LC-MS based lyso-PS lipase
assays were done by LC-MS analysis using procedures
previously reported by us.">~'7'?*® All lyso-PS lipase assays
were done with 20 pg of the membrane proteomic fraction
(from HEK293T or S2 cells) against 100 uM lyso-PS substrate
(C17:1 lyso-PS; Avanti Polar Lipids, catalog # 858141) as
reported earlier.”>™"”"**% All assays were analyzed on an
Agilent 6545 Quadrupole Time Of Flight (QTOF) LC-MS/
MS instrument in the negative ion mode using an electrospray
ionization (ESI) source. All LC separations were done using
columns and solvent gradients previously reported by
us.”>'7"” The MS parameters used were as follows: drying
and sheath gas temperature = 320 °C; drying and sheath gas
flow rate = 10 L/min; fragmentor voltage = 150 V; capillary
voltage = 4 kV; nebulizer (ion source gas) pressure = 45 ¥ and
nozzle voltage = 1 kV. The product release was quantified by
measuring the area under the curve for the peak corresponding
to C17:1 FFA (produced from C17:1 lyso-PS), and normal-
izing it to the internal standard (C15:0 FFA, Sigma-Aldrich,
catalog # P6125). The substrate hydrolysis rate was corrected
by subtracting the non-enzymatic rate of hydrolysis, which was
obtained by using corresponding heat-denatured (15 min at 95
°C) membrane proteomes.

Data Plotting and Analysis. All graphs represented in this
study are analyzed and plotted using the GraphPad Prism 10
(version 10.3.0) software for macOS.

B RESULTS AND DISCUSSION

Identification of ABHD12 Protein Sequences.
ABHDI2 is an integral membrane associated lipase from the
metabolic SH family, with one predicted N-terminal trans-
membrane helix, and an invariant catalytic triad."” In the
absence of any experimentally solved structures of ABHD12,
the N-terminal transmembrane helix is predicted to comprise
of residues 75 to 92, while the catalytic triad is expected to
comprise of Ser-246, Asp-333, and His-372 for human
ABHDI2 based on a protein sequence analysis'® (Figure 2).
Further, a previous bioinformatics survey of various ABHD-
enzymes suggests that the conserved nucleophilic serine
residue essential for catalysis (e.g., Ser-246 for human
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Figure 2. Schematic representation of the hABHDI2 structure.
hABHDI2 is predicted to contain the canonical catalytic triad
consisting of Ser-Asp-His, a nucleophilic motif that contains the serine
residue as part of a GxSxG sequence, and an acyltransferase motif
comprising of an invariant HxxxxD sequence within the ABHD region
of the protein. Additionally, hABHD12 also contains a N-terminal
transmembrane helix (NTH) that anchors this lipase to the ER
membrane.

ABHDI12) is part of a canonical nucleophilic GxSxG motif
(where x = any amino acid)®” (Figure 2). The same survey also
finds a putative acyltransferase motif comprising of a HxxxxD
motif (x = any amino acid) within the conserved
LGYHVVTEDYRG sequence for mammalian ABHDI2
sequences’ (Figure 2). Hence, based on these bioinformatics
studies, we set a stringent threshold, and classified a particular
protein sequence as ABHDI12 only if it possessed the N-
terminal transmembrane domain (helix), conserved catalytic
triad, nucleophilic motif and acyltransferase motif. For the
acyltransferase motif, the His and Asp of the HxxxxD segment
were set as a constant, and up to three mismatches were
permitted within the remaining LGYHVVTFDYRG sequence.
Finally, we restricted the protein sequence length from 250 to

550 amino acids, to ensure that any promiscuous sequences
were filtered out of the analysis.

After setting appropriate selection criteria to obtain a list of
possible ABHD12 protein sequences, five independent rounds
of iterative PSI-BLAST searches were performed on the
clustered nonredundant (clustered nr) sequences database
using human ABHDI12 (UniProt: Q8N2KO0, NCBI:
NP_001035937.1) as the query sequence (Table S2). This
search resulted in the identification of 2770 protein sequences
that were then subjected to transmembrane domain prediction
using two separate web servers for further filtering. A N-
terminal integral transmembrane helix was identified in 2362 of
these protein sequences, of which the transmembrane regions
in 49 protein sequences were identified by only one of the two
web servers. Among these, upon further filtering, only 2223
protein sequences contained the catalytic triad and satisfied the
protein length criteria for further selection. After a final round
of refinement, a total of 1425 protein sequences that contained
both the nucleophilic and acyltransferase motifs and could be
reliably classified as ABHD12 based on passing all our set
criteria (Table S2).

Phylogenetic Analysis of ABHD12 Protein Sequen-
ces. An inspection of the 1425 protein sequences identified as
ABHDI12 from the bioinformatics analysis showed that several
organisms had more than one isoform of ABHD12. Therefore,
to retain maximum species-specific information for the
ABHDI2 protein sequences that satisfy all filtering criteria,
the longest isoform from each organism (except human,
wherein the query sequence was used) was manually selected.
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Figure 3. Phylogenetic analysis of ABHD12 sequences. (A) Phylogenetic tree representing the identified ABHD12 sequences from 860 organisms.
The outer and inner colored circles represent the Class and Phylum respectively, to which a sequence belongs. (B, C) Pie-chart analysis representing
the data from the phylogenetic tree from (B) different Phyla, and (C) various Classes within phylum Chordata. The number on the pie-chart
represents number of ABHD12 sequences within that respective category. The pie-chart analysis shows that phylum Chordata contains most of the
ABHDI2 sequences, that has major distribution in class Aves, Actinopterygii, and Mammalia.
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Figure 4. Mapping the conserved residues on the hABHD12 AlphaFold structure. Ribbon representation of the Alphafold2 predicted structure of
hABHD12 (UniProt ID: Q8N2KO0). Residues colored in red are fully conserved, while those shown in blue are functionally conserved based on the
multiple sequence alignment analysis done on ABHD12 sequences from 860 different organisms.

This narrowed down the list of unique ABHDI2 protein
sequences to 860 across the same number of organisms. Next,
to understand the overall phylogenetic relationships between
the 860 unique ABHDI12 protein sequences, we built a
phylogenetic tree (Figure 3A). This phylogenetic classification
showed that two phyla, Chordata and Arthropoda, almost
exclusively contained all the ABHDI12 protein sequences.
Among them, the phylum Chordata had the highest prevalence
of ABHD12 protein sequences, (727 of 860, 84.5%), with
phylum Arthropoda containing most of the remaining
ABHDI2 protein sequences (117 of 860, 13.6%) (Figure
3B). Within phylum Chordata, ABHD12 protein sequences
were most prevalent in class Aves (birds) (43.1%, 313 of 727
chordates), Actinopterygii (bony fish) (25%, 182 of 727
chordates), and Mammalia (mammals) (24.8%, 180 of 727
chordates), while a smaller fraction of ABHDI2 protein
sequences were also found in classes Reptilia (reptiles) (5.9%,
43 of 727 chordates) and Amphibia (amphibians) (1.2%, 9 of
727 chordates) (Figure 3C). From an evolutionary perspective
within phylum Chordata, the phylogenetic analysis suggests
that the ABHD12 protein sequences from reptiles-birds and
mammals-amphibians cluster together, while those from fish
form a distinct outgroup (Figure 3A). Notably, among phylum
Arthropoda, class Insecta (insects) contains the highest number
of ABHDI2 protein sequences (81.2%, 95 of 117).
Sequence Conservation within ABHD12 Protein
Sequences. To determine the extent of conservation in
ABHDI2 sequences across various organisms, we performed a
multiple sequence alignment analysis on the 860 identified
ABHDI12 orthologs. From this analysis, we found that 96
residues (out of the 398 residues from human ABHD12) were
positionally conserved at a frequency of >90% across all the
860 identified ABHD12 orthologs (Table S2), showing that
the overall protein sequence conservation across all organisms
is ~24%. Next, as previously reported by us,”’ we formed five
distinct groups of functionally conserved amino acid residues:
e.g. acidic amino acids, basic amino acids, amino acids
containing heteroatoms, aromatic amino acids, and hydro-
phobic amino acids (Table S2), and assessed the aligned
sequences for functionally conserved residues. Based on this
analysis, we found that another 69 residues (out of the 398
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residues from human ABHD12) were functionally conserved
across the identified ABHDI12 orthologs (Table S2),
suggesting that the overall conservation in ABHD12 sequences
across various organisms was high (~42%). Next, a closer
inspection of identified ABHD12 sequences within a particular
class showed that within a particular class (e.g, Mammalia),
there was a very-high sequence conservation of ABHDI2
(>80%), and an ABHD12 sequence from that class might serve
as a representative example for the entire class. Across different
classes within a particular phylum (e.g., Chordata), the overall
sequence conservation was found to be about 60% for the
identified ABHD12 sequences in that phylum. Of note, our
sequence conservation analysis shows that several missense
mutations in ABHD12 that are associated with the human
neurological disorder PHARC (ie., P87T, T125M, RI186P,
T2021, T253R, H372Q, L385P),""™* occur in residues that
are highly conserved across ABHDI2 sequences from all
organisms (Table S2), and perhaps, highlight the importance
of these residues in the biochemical activity of ABHD12.
Structural Assessment of the ABHD12 Protein
Sequence. In the absence of an experimentally solved
three-dimensional structure of ABHDI12, to establish a
structure-sequence relationship, we decided to use the
structure of hABHD12 (UniProt ID: Q8N2KO0) that was
generated by the AlphaFold algorithm.””*° To ensure that this
predicted AlphaFold structure was reliable for our analysis, we
overlaid this hABHDI2 structure with an experimentally
solved structure of human ABHDI14B (PDB ID: limj),
another metabolic SH enzyme®”**** (Figure S1). From this
analysis, we observed that despite being distantly related within
the metabolic SH family” (sequence identity <15%), the
ABHD-folds of both these enzymes overlay well (RMSD ~ 3.5
A). Furthermore, we also found that the catalytic triad of the
active sites (critical for catalysis) for both these enzymes had
very similar orientations, poised for optimal catalysis (Figure
S1). This congruence in the overall ABHD-fold and the active
site orientations, despite the evolutionary distance, provided
sufficient confidence that the predicted structure of hABHD12
would be useful for further structural analyses. Notably, the
AlphaFold structure of hABHD12 also displayed an a-helical
domain at the N-terminus of the protein sequence that
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Figure S. Lyso-PS binding pocket in hABHD12. (A) Identification of a lyso-PS binding pocket using two computational tools (CAVER and MOLE
2.5) (left), and a zoomed in version of this lyso-PS binding pocket (right), showing its proximity to the active site serine (Ser-246) residue (green
spheres). (B) Mapping the putative lyso-PS interacting residues on hABHD12 with C18:0 lyso-PS, which is docked in the lyso-PS binding pocket.
The residues colored dark green are predicted to directly interact with lyso-PS and are within the catalytic pocket. The residues in dark gray are also
predicted to interact with lyso-PS but lie outside the catalytic pocket. Residues highlighted in light blue are part of the catalytic pocket.

presumably anchors this enzyme to the ER membrane,
consistent with previous experimental observations.'”'” Next,
we mapped all the conserved residues (including functionally
conserved residues) on the hABHD12 AlphaFold structure
(Figure 4). From this structural mapping, we found that most
conserved residues clustered around the enzyme active site
(catalytic triad) and the regions adjoining it, that comprise a
cleft and few flexible loops predicted to recognize and bind the
substrate.

To identify the putative lyso-PS binding pocket of
hABHDI12 and understand how the substrate accesses the
active site, we used two computational tools (CAVER and
MOLE 2.5) to map possible tunnels in the protein. Both the
tools computed multiple tunnels in hABHD12, but only one
surface channel/tunnel predicted by both the software
included the crucial catalytic serine residue (Ser-246) needed
for catalysis (Figure SA). This predicted catalytic pocket of
hABHD12 comprises of 24 residues of which 19 are conserved
(12 fully conserved + 7 functionally conserved) (Table S1).
Further, electrostatic calculations on the hABHD12 structure
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shows a positively charged region in the catalytic pocket, distal
to the transmembrane helix (Figure S2). This region might
facilitate the binding and orientation of the negatively charged
lyso-PS headgroup within the active site. Interestingly, Ser-246
is located at the bottom of a deep negatively charged pocket
adjacent to this transmembrane helix, and perhaps negative
charges push the carbonyl oxygen of the ester of lyso-PS away
from the catalytic site, facilitating the nucleophilic attack by
Ser-246 (Figure S2). Finally, molecular docking of C18:0 lyso-
PS on hABHDI12 indicates that the substrate interacts closely
with Asn-177, Glu-281, and His-285 (all fully conserved) and
the side chains of some hydrophobic residues (most of which
are conserved) in the 9 predicted ligand-binding conforma-
tions of C18:0 lyso-PS (Figure SB). In addition to these, our
modeling of C18:0 lyso-PS on hABHD12 also suggests that it
makes polar contacts with charged residues located outside the
catalytic pocket, namely His-185, Arg-186, His-24S, His-372,
and Lys-373 (all fully conserved) (Figure SB).

Lastly, as part of this structural analysis, we also mapped the
various missense PHARC mutants (P87T, T125M, R186P,
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T2021, T253R, H372Q, L385P)*"** on the hABHDI2
AlphaFold structure (Figure S3). Quite interestingly, we
found that most of these missense mutations are on conserved
residues that are part of important structural elements, such as
a-helices or f-strands, or near the active site. Based on this
structural analysis, we think that these missense PHARC
mutations most probably affect local structures, which in turn
are likely to affect the stability and overall enzymatic activity of
hABHDI12.

Opverall, from the combination of the bioinformatics analysis
and structural modeling studies, we have identified possible
residues that may have key roles to play in the enzymatic
activity of ABHD12. To validate these in silico predictions, we
decided to generate mutants and biochemically assay them to
further understand the sequence-function relationship of
hABHDI2.

Biochemical Characterization of mABHD12 Variants.
Based on the structural mapping of conserved residues and the
modeling of lyso-PS in the active site of hABHD12, we decided
to biochemically validate the role of some residues in the
enzymatic (lyso-PS lipase) activity. The hABHDI12 and
mABHDI12 homologues are nearly identical in protein
sequences (sequence identity 94%), and all residues discussed
earlier are completely conserved between these two sequences
at the very same position (Figure S4). Since we have previously
established the overexpression and activity assays with
recombinant mABHDI12 from mammalian HEK293T cell
membrane proteomes, coupled with the high sequence
similarity between the two orthologs, we decided to perform
all biochemical validations using mABHD12."'%"”

From the bioinformatics and structural analysis, we short-
listed 22 conserved residues that were either part of the
catalytic triad, proximal to the active site, or interactors of lyso-
PS or residues having missense mutations in human PHARC
subjects and mutated these to either alanine or the
corresponding pathogenic PHARC variants for further
biochemical studies (Table 1). All mutants were individually

Table 1. List of Conserved Residues Selected for Mutation
and Biochemical Assays

mutants made

S246A, D333A, H372A
Y205A, W243A, D332A

category

catalytic triad
proximal to active
site

lyso-PS interacting  Q97A, N177A, H185A, R186A, H245A, N277A,

residues E281A, H285A, F287A, K373A
possible N123A, N277A
glycosylation
sites
PHARC missense ~ P87T, T125M, R186P, T202I, T253R, H372Q, L385P
mutants

assayed using established gel-based ABPP assays and LC-MS
based lyso-PS lipase assays to determine the nucleophilicity of
the catalytic serine (Ser-246) and its ability to turn over the
lyso-PS substrate, respectively.

First, we assayed the mutants of the residues from the
catalytic triad (S246A, D333A, and H372A) and those
proximal to the active site (Y205A, W243A, and D332A).
Gel-based ABPP assays showed that mutations to the residues
from the catalytic triad or those proximal to the active site
resulted in substantial loss of the nucleophilicity of Ser-246
relative to the WT control (Figure 6A). Consistent with the
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gel-based ABPP assays, we found that except for D333A,
mutations to all the aforementioned residues from the catalytic
triad or those proximal to the active site resulted in almost
complete loss of the lyso-PS lipase activity relative to the WT
control (Figure 6B). Interestingly, we found that while the
D333A mutant resulted in the significant loss of nucleophilicity
of Ser-246 based on gel-based ABPP assays (Figure 6A), it
retained ~20% of the WT mABHD12 lyso-PS lipase activity
Figure 6B), suggesting that the catalytic dyad of Ser-246 and
His-372, were semicompetent in performing the enzymatic
activity.

Next, we assayed all the mutants of the residues predicted to
interact with lyso-PS (based on the docking studies) (Q97A,
N177A, HI85A, R186A, H245A, N277A, E281A, H285A,
F287A, K373A), and the possible glycosylation sites (N123A,
N277A). We have previouslﬁy shown that glycosylation is
critical for ABHD12 activity,'® and hence, we were interested
in mapping the glycosylation site on ABHDI12. Gel-based
ABPP assays showed that while both mutants (N123A,
N277A) showed diminished nucleophilicity equivalent to
Ser-246, the N123A mutant, but not the N277A mutant,
migrated significantly lower on the gel (based on the Western
blot analysis) relative to the WT control (Figure 7A). Further,
lyso-PS lipase activity assays showed that both mutants
(N123A, N277A) had almost complete loss of this enzymatic
activity relative to the WT control (Figure 7B). While the
change in gel mobility can be attributed to a variety of factors,
based on previous studies showing glycosylation of ABHD12,
our data suggests that Asn-123 is likely the site of glycosylation
on ABHDI12, while Asn-277 is an important lyso-PS
interacting residue on ABHDI12. Further, gel-based ABPP
assays showed that among the various mutants for the lyso-PS
interacting residues, Q97A, N177A, H185A, H285A, F287A,
and K373A showed almost WT equivalent nucleophilicity of
Ser-246 (Figure 7A). Quite surprisingly, the E281A mutant
showed substantially more activity relative to the WT control
in gel-based ABPP assays (Figure 7A). Among these lyso-PS
interacting residue mutants, RI86A and H245A (along with
N277A) showed no discernible activity relative to the WT
control (Figure 7A). Interestingly, while several mutants
showed that the nucleophilicity of the active site Ser-246 was
comparable to the WT control, lyso-PS lipase assays showed
that only E281A mutant (~90% of WT control), and to a
lesser extent Q97 and F287A (~50% of WT control), had this
enzymatic activity (Figure 7B). Mutations to all other lyso-PS
interacting residues resulted in an almost complete loss of lyso-
PS lipase activity, suggesting their importance in binding lyso-
PS (Figure 7B).

Finally, we assayed all the missense mutants reported from
human PHARC subjects (P87T, T125M, R186P, T202],
T253R, H372Q, L385P) using both the gel-based ABPP
(Figure 8A) and lyso-PS lipase activity (Figure 8B) assays. Not
surprisingly, we found that both the complementary assays
showed that all the missense mutants reported from human
PHARC subjects (P87T, T125M, RI8GP, T202I, T253R,
H372Q, L385P) showed no discernible activity relative to the
WT control. His-372 is part of the catalytic triad (Figure 6),
and Arg-186 is an important residue involved in binding lyso-
PS (Figure 7), and hence, together with our biochemical
studies, missense mutations of these residues lacking enzymatic
activity is expected. Based on the AlphaFold structure of
hABHDI12, we find that Pro-87, Thr-202, Thr-253, and Leu-
385 are all highly conserved residues that are present on
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Figure 6. Biochemical characterization of mutants of the catalytic triad and residues proximal to the active site of mMABHD12. (A) Membrane
proteomic fractions of HEK293T cells transfected with mock, WT mABHDI12, or various mutants of the catalytic triad (S246A, D333A, H372A) or
conserved residues proximal to the active site (Y20SA, W243A, D332A) were assessed by gel-based ABPP (top panel), and Western blot (WB)
analysis using an anti-ABHD12 antibody (bottom panel). The band corresponding to ABHDI2 (in red) represents the activity (top panel) and
expression (bottom panel) of mABHD12 variants in membrane proteomic fractions of HEK293T cells. This experiment was done three times with
reproducible results each time. (B) Lyso-PS lipase activity shown by membrane proteomic fractions of HEK293T cells transfected with mock, WT
mABHDI2, or various mutants of the catalytic triad (S246A, D333A, H372A) or conserved residues proximal to the active site (Y205A, W243A,
D332A). The data was normalized to the activity of the mock control. The bars represent the mean + standard deviation from three biological
replicates per group.
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Figure 7. Biochemical characterization of mutants of residues predicted to bind lyso-PS or involved in glycosylation of mABHD12. (A) Membrane
proteomic fractions of HEK293T cells transfected with mock, WI mABHDI12, S246A mABHD]12, or various mutants of residues predicted to
bind/interact with lyso-PS (Q97A, N177A, H18SA, R186A, H245A, N277A, E281A, H285A, F287A, K373A) or potentially involved in
glycosylation of mABHD12 (N123A, N277A) were assessed by gel-based ABPP (top panel), and Western blot (WB) analysis using an anti-
ABHD12 antibody (bottom panel). The band corresponding to ABHDI12 (in red) represents the activity (top panel) and expression (bottom
panel) of mABHD12 variants in membrane proteomic fractions of HEK293T cells. This experiment was done three times with reproducible results
each time. (B) Lyso-PS lipase activity shown by membrane proteomic fractions of HEK293T cells transfected with mock, WT mABHD12, S246A
mABHDI2, or various mutants of residues predicted to bind/interact with lyso-PS (Q97A, N177A, H185A, R186A, H24SA, N277A, E281A,
H285A, F287A, K373A) or involved in glycosylation of mABHD12 (N123A, N277A). The data was normalized to the activity of the mock control.
The bars represent the mean + standard deviation from three biological replicates per group. In both (A) and (B), the S246A mutant was used as
an additional no activity control in the assays.

structurally conserved a-helices (Figure S3). We hypothesize reported. Over the years, Drosophila melanogaster (common
that the missense mutations to these residues (P87T, T202], fruit fly) has also served as an excellent animal model for
T253R, L385P) most likely destabilize the local structure, and studying various human neurodegenerative diseases,”~** given

perhaps, results in the loss of enzymatic activity of ABHD12.
Among the missense mutations, interestingly, we find by
Western blot analysis that T125M migrates significantly lower
on the gel (Figure 8A). Given its proximity to Asn-123 (the
putative glycosylation site on ABHD12), the T125M mutation
likely disrupts the canonical glycosylation site (N-x-S/T) of
ABHDI12, and by doing so, hampers the enzymatic activity.
Lyso-PS Lipase Activity of CG15111. To understand the cloned and expressed wild-type (WT) CG15111 in insect (S2)

the ease of genetically manipulating them.’*™>* Our bio-
informatics and phylogenetic analysis identified an uncharac-
terized lipase CG15111 from the metabolic SH family in D.
melanogaster as an ortholog of hABHD12 (sequence identity
37%)® (Figure S4). To test if CG15111 possesses any lyso-PS
lipase activity similar to that of mammalian ABHDI2, we

physiological and functional role that ABHD12 activity plays in cells using established protocols. Bioinformatics analysis
the context of PHARC, two animal models, namely mouse suggested that Ser-241 of CGI15111 is the catalytic
(Mus musculus)"' and zebrafish (Danio rerio),"” have been nucleophile,”® and hence we made the $241A CG15111

1859 https://doi.org/10.1021/acs.biochem.4c00865

Biochemistry 2025, 64, 1852—1863


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00865/suppl_file/bi4c00865_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00865/suppl_file/bi4c00865_si_003.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00865?fig=fig7&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

PHARC Missense Mutants

W

< = o _x g o 3
PRI RIR 13
kba =2 § & e o 23 3 3
50 - >34
ABHD12 23
37 2
ABPP 852
S [ ——-— Y-, P 0 .'T"'?”?”T”ﬁ'?”f"?"
- < ~N
37 =~ |ws s § 5 288 9%
g & ¢ 2 8 9v 5 ¥
» - = T -

Figure 8. Biochemical characterization of missense mutations from human PHARC subjects. (A) Membrane proteomic fractions of HEK293T cells
transfected with mock, WI' mABHDI12, S246A mABHDI2, or various mutants of missense mutations from human PHARC subjects (P87T,
T125M, R186P, T202I, T253R, H372Q, L38SP) were assessed by gel-based ABPP (top panel), and Western blot (WB) analysis using an anti-
ABHDI12 antibody (bottom panel). The band corresponding to ABHDI2 (in red) represents the activity (top panel) and expression (bottom
panel) of mABHD12 variants in membrane proteomic fractions of HEK293T cells. This experiment was done three times with reproducible results
each time. (B) Lyso-PS lipase activity shown by membrane proteomic fractions of HEK293T cells transfected with mock, WT mABHD12, S246A
mABHDI2, or various mutants of missense mutations from human PHARC subjects (P87T, T125M, R186P, T202I, T253R, H372Q, L38SP). The
data was normalized to the activity of the mock control. The bars represent the mean + standard deviation from three biological replicates per
group. In both (A) and (B), the S246A mutant was used as an additional no activity control in the assays.

mutant, and also expressed this in insect cells, as a negative
control for the biochemical assays with CG15111.

By Western blot analysis, we found that relative to the
“mock” control, both WT CG15111 and S241A CGI15111
showed comparable overexpression in the membrane proteo-
mic lysates of insect cells (Figure 9A). Next, using gel-based
ABPP assays, we show that WT CG15111, but not the S241A
CG15111 mutant, is active in the membrane proteomic lysates
of insect cells (Figure 9A). Furthermore, to ascertain if
CG15111 can hydrolyze lyso-PS, we assayed all the
aforementioned membrane proteomic lysates of insect cells,
namely mock, WT CG15111, and S241A CG15111 for lyso-PS
lipase activity. From this experiment we found that relative to
“mock” control lysates, WT CG15111 had robust lyso-PS
lipase activity, while the S241A CGI15111 had negligible
enzymatic activity for the same reaction (Figure 9B). Taken
together, these results confirm the bioinformatics prediction
that CG15111 is indeed an ortholog of mammalian ABHD12
that possesses robust lyso-PS lipase activity, and Ser-241 of
CGI15111 is the conserved nucleophilic serine residue critical
for catalysis.

B CONCLUSIONS

Advances in DNA sequencing technologies have greatly
facilitated our understanding of the genetic basis of hereditary
human disorders.”* Of note, to date, genome mapping and
sequencing efforts from human subjects suffering from a
variety of clinical symptoms have led to the identification of
>4500 inherited human diseases (catalogued in the OMIM
database®™”), with newer pathogenic mutations still being
discovered at a rapid rate. As newer disease-causing mutations
continue to be mapped in humans, it is becoming apparent
that many of the affected genes code for proteins that are
uncharacterized and/or have poorly understood biochemical
function.® Hence, mechanistically characterizing the bio-
chemical functions of such proteins is going to be critical to
achieve a deeper mechanistic understanding of human genetic
disorders and for identifying potential strategies for treating
them. The neurological disorder PHARC serves as a nice
example of this premise in the context of human hereditary
diseases.”” In 2010, genome sequencing efforts led to the
identification of PHARC as an autosomal recessive genetic
disorder in humans caused by deleterious mutations in the
abhd12 gene."” Since this discovery, over the past decade, > 30
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Figure 9. Enzymatic activity of CG15111 expressed in S2 cells. (A)
Membrane proteomic fractions of S2 cells transfected with mock, WT
CG15111, or S241A CG15111 were assessed by gel-based ABPP (top
panel), Western blot analysis using an anti-FLAG antibody (middle
panel), and Ponceau S staining (bottom panel). The double red
asterisk represents the activity (top panel) and expression (middle
panel) of CG15111 in membrane proteomic fractions of S2 cells. This
experiment was done three times with reproducible results each time.
The bands around 50 kDa in the ABPP gel represent activities of SH
enzymes (not overexpressed CG15111) intrinsically present in the
membrane proteomic fractions of S2 cells, and serve as an additional
loading control for ABPP gels. (B) Lyso-PS lipase activity shown by
membrane proteomic fractions of S2 cells transfected with mock, WT
CGI1S5111, or S241A CG15111. The data shows that WT CGI15111,
but not S241A CG15111, has robust lyso-PS lipase activity. The bars
represent the mean + standard deviation from three biological
replicates per group.

distinct homozygous or compound heterozygous mutations
(deletion-insertion, nonsense, frameshift, splice site, and
missense type mutations) in the abhd12 gene have now been
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identified, all leading to the symptoms associated with PHARC
in humans.”” The abhd12 gene encodes an integral membrane
associated lipase ABHD12 from the metabolic SH family, that
physiologically functions as the major lyso-PS lipase in the
mammalian central nervous and immune systems (Figures 1
and 2).'"'"*'"*7'7 While mutations (e.g, deletion-insertion,
nonsense, frameshift, and splice site) leading to the truncated
full-length ABHD12 protein in the context of PHARC have
been easy to reconcile in terms of the enzymatic activity of this
lipase, the various missense mutations associated with PHARC
remain difficult to biochemically explain in the absence of any
detailed protein sequence-enzyme activity relationship studies
for ABHD12.

To overcome this knowledge gap and develop a protein
sequence-enzyme activity relationship profile for ABHD12, we
first performed a thorough bioinformatics analysis and collated
all putative ABHD12 sequences from all sequenced organisms
across the evolutionary time scale (Figure 3 and Table S2).
Next, complementarily using multiple sequence alignment
analysis and the AlphaFold structure of hABHdI2, we
generated a map of the structurally conserved residues across
all ABHD12 sequences, and found that a significant portion of
the overall ABHDI12 structure is conserved across all
organisms (Figure 4 and Table S2). Further, using this
information along with molecular docking of C18:0 lyso-PS
into the ABHD12, we identify a hydrophobic cavity near the
active site that is capable of binding lyso-PS, and identify
putative lyso-PS interacting residues from this analysis (Figure
5). Following up on all the in silico analysis, using gel-based
ABPP and LC-MS based lyso-PS lipase activity assays, we
biochemically assay several ABHD12 mutants. These ABHD12
mutants comprise of residues that are part of the catalytic triad
or proximal to the active site (Figure 6), or residues that
interact with and enable binding of lyso-PS (Figure 7) or
missense mutants that are found in human PHARC subjects
(Figure 8). Together, these studies establish the first exhaustive
sequence-enzyme activity relationship for ABHDI12, and
explain why missense mutations found in human PHARC
subjects lack lyso-PS lipase activity. Finally, our evolutionary
analysis identifies a fly ortholog of hABHDI2, namely
CG15111. We recombinantly express this fly ortholog of
hABHDI12 and show that CG15111 has robust lyso-PS lipase
activity (Figure 9).

Moving forward, first, the bioinformatics and the sequence-
enzyme activity relationship data generated in this study might
prove to be a valuable predictive tool in understanding why
emerging missense mutations in ABHDI12 associated with
human PHARC subjects result in diminished lyso-PS lipase
activity. Second, we have previously shown that ABHDI2
needs to be glycosylated for optimal activity,'® and prefers
VLC lyso-PSs as substrates. ” While there is enough
biochemical evidence in support of the need for glycosylation
and the substrate preference of ABHDI12, the AlphaFold
predicted structure of hABHDI2 and molecular docking
studies cannot fully explain both of these. Hence, solving the
structure of ABHDI12 experimentally might be needed to
corroborate these biochemical findings and understand in
more detail the substrate preference and the structural effect
that glycosylation has on the enzymatic activity of ABHD12.
Lastly, our identification of CG15111, the fly ortholog of
hABHD12, opens several new research avenues to biochemi-
cally explore how dysregulated ABHDI12 activity might
contribute to PHARC. For example, given the lifespan of

1861

flies (relative to mice models), understanding the age-
dependent progression and neurobehavioral defects associated
with PHARC can be studied in a quicker time scale,
particularly in the context of the missense mutations found
in human PHARC subjects. Toward this, it would also be
interesting to see if genetic tools (such as CRISPR/Cas9) can
be used in flies to first model the missense mutations found in
human PHARC subjects, and then, if these mutations can also
be reversed (or rescued) using the same genetic approaches.
Such studies from fly models in the future may hold promise in
personalized gene therapy for treating PHARC and perhaps,
even other similar hereditary human diseases.
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ABHDI12 homologues identified from the bioinformatics
analysis can be found in Table S2.
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