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All organisms, including humans, possess a huge number of 
uncharacterized enzymes. Here we describe a general cell-
based screen for enzyme substrate discovery by untargeted 
metabolomics and its application to identify the protein 
a/b-hydrolase domain–containing 3 (ABHD3) as a lipase 
that selectively cleaves medium-chain and oxidatively 
truncated phospholipids. Abhd3−/− mice possess elevated 
myristoyl (C14)-phospholipids, including the bioactive lipid 
C14-lysophosphatidylcholine, confirming the physiological 
relevance of our substrate assignments. 

Genome sequences have proven valuable for enumerating the 
full complement of enzymes that belong to a particular mechanistic 
class across a wide range of organisms1. Despite this basic knowledge, 
the physiologic substrates and products for many of these enzymes 
remain unknown2. This question has historically been addressed by 
biochemical screening with a restricted set of candidate substrates, 
but such targeted in vitro assays often require purified enzyme, which 
can limit their utility with challenging protein classes (for example, 
integral membrane enzymes) and can create nonphysiologic envi-
ronments that may impede the discovery of natural substrates. 
Computational approaches can predict substrates of enzymes, but 
these in silico methods require structural information about the  
target enzymes3,4. Metabolomic methods have also been introduced to 
discover endogenous substrates by comparatively profiling wild-type 
versus enzyme-disrupted or enzyme-overexpressing cells and organ-
isms5–9. Though fruitful, these metabolomic studies have, to date, 
focused on individual enzymes, at least when applied to mammalian 
systems. Considering the vast number of mammalian enzymes in 
need of annotation, we asked whether a metabolomic strategy could 
be adapted for higher-throughput assessment of enzyme-substrate 
relationships in living systems.

Our approach involved the transient overexpression of a panel of 
uncharacterized enzymes in a common cellular system (HEK293T 
cells) followed by untargeted liquid chromatography–mass spec-
trometry (LC-MS)-based metabolomics, wherein the chromato-
grams for multiple transfections at a given m/z value are displayed 
together for comparison of peaks that are selectively changed by 
overexpression of one enzyme but not others (see Supplementary 
Fig. 1 in Supplementary Results and Supplementary Methods). 
We anticipated that directly measuring metabolomic perturba-
tions from living cells would provide a more physiological setting 
for enzyme-substrate discovery compared to in vitro biochemical 
assays and also obviate the need to arbitrarily select candidate sub-
strates for analysis. Furthermore, the transfected enzymes should 
each act as counter-controls for one another (working under the 
assumption that, in most circumstances, these enzymes would use 

different substrates), such that an inherent ‘specificity’ filter is built 
into the screen. We selected for initial analysis a dozen uncharacter-
ized enzymes from the metabolic serine hydrolase class (Fig. 1a), 
at least six of which are integral membrane proteins as indicated by 
sequence predictions and activity-based proteomic data10. There are 
more than 110 predicted metabolic serine hydrolases in humans, 
and these enzymes can hydrolyze a diverse range of substrates, 
including polar small molecules, lipids, peptides, glycans and pro-
teins11. Many serine hydrolases, however, remain unannotated with 
respect to endogenous substrates and functions.

Comparison of the LC-MS profiles for organic-soluble metabo-
lites (m/z range of 200–1,200 Da) from 12 enzyme-transfected and 
1 mock-transfected cell preparations identified two cases in which a 
metabolite peak was altered in a single enzyme profile (Fig. 1a and 
Supplementary Figs. 2 and 3). We focused our attention on one 
peak in positive polarity mode with m/z = 524 and a retention time 
of ~22 min, which was selectively elevated in cells transfected with 
the integral membrane enzyme α/β-hydrolase domain–containing 3  
(ABHD3) (Fig. 1a). Stable overexpression of epitope-tagged 
ABHD3, but not a catalytically dead mutant (ABHD3-S220A) or 
GFP, in two additional human cell lines (C8161 and MUM2C) 
recapitulated the elevation in m/z = 524 (Supplementary Fig. 4), 
demonstrating that this metabolite change is observed across mul-
tiple cell types expressing ABHD3 and requires the catalytic activ-
ity of this enzyme. The metabolite was identified by tandem MS 
fragmentation (Fig. 1b) and coelution with a synthetic standard  
(Supplementary Fig. 5) as C18-lysophosphatidylcholine (C18-LPC, 1).  
Subsequent targeted multiple-reaction monitoring12 (MRM) analy-
ses revealed increases in other LPCs (Supplementary Fig. 6) and 
large decreases in PCs containing a myristoyl acyl chain (C14-PCs) 
in ABHD3-overexpressing cells but no changes in PCs with acyl 
chains of other lengths (Fig. 1c). Because myristic acid (2) itself was 
unchanged in ABHD3-overexpressing cells (Supplementary Fig. 7),  
these data together suggested that ABHD3 acts as a direct phos-
pholipase for myristoyl-PCs. Consistent with this premise, lysates 
from C8161 cells stably overexpressing ABHD3 showed 17-fold and 
3-fold higher phospholipase A1 (PLA1; cleavage of the sn-1 acyl 
chain on a phospholipid) and phospholipase A2 (PLA2; cleavage 
of the sn-2 acyl chain on a phospholipid) activities, respectively, 
when using sn-1 C14,sn-2 C18:2-PC (C14/C18:2-PC, 3) as a sub-
strate, compared to either ABHD3-S220A– or GFP-expressing cell 
lysates (Fig. 1d).

We next addressed whether ABHD3 regulates C14-phospholipids 
(C14-PLs) in vivo. Abhd3−/− mice were obtained from Deltagen and 
found to be viable, fertile and normal in their general cage behavior. 
Selective loss of ABHD3 protein in Abhd3−/− mice was confirmed by 
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untargeted, MS-based proteomics and activity-based protein profil-
ing (ABPP) using the probe fluorophosphonate-rhodamine13, which 
covalently labels the conserved serine nucleophile in the active sites 
of serine hydrolase enzymes (Supplementary Fig. 8, Supplementary 
Table 1). Previous ABPP10 and gene expression profiling14 studies 
have established that ABHD3 is highly expressed in brain, liver and 
kidney (Supplementary Fig. 9). We therefore analyzed these  tissue 
metabolomes from Abhd3+/+ and Abhd3−/− mice by untargeted LC-MS, 
which identified a single peak in positive polarity with an m/z value 
of 468 and a retention time of ~20.0 min that was elevated in all three 
tissues from Abhd3−/− mice. Three additional metabolites with m/z 
values of 730.5, 754.5 and 778.5, all nearly coeluting at ~23.2 min,  
were also elevated in kidneys from Abhd3−/− mice (Fig. 2a).

Tandem MS experiments showed loss of an m/z species of 
184, corresponding to phosphocholine, from all four metabolites 
(Supplementary Fig. 10). From this, m/z = 468 was deduced to 
be C14-LPC (4), and, by extrapolation, the m/z values of 730.5, 
754.5 and 778.5 were determined to correspond to PCs with acyl 
chains of C14/18:2, C14/20:4 (5) and C14/22:6 (6), respectively. 
These metabolic changes were confirmed and quantified by MRM  
(Fig. 2b), which also revealed their additional presence in brain and 
liver of Abhd3−/− mice and showed that other LPC species, myris-
tic acid and C14-CoA (7) were all unchanged (Supplementary 
Table 2). For all three tissues, the greatest fold increases in 
Abhd3−/− mice were observed for C14-PCs bearing polyunsatu-
rated acyl chains, whereas abundances of non–C14-containing  
PCs were unaltered (Fig. 2c and Supplementary Table 2). Finally, 
other C14-PLs were also elevated in tissues from Abhd3−/− mice 
(Supplementary Table 2).

We found that the striking specificity shown by ABHD3 for C14-
PLs in vivo was reflected in its inherent substrate preferences in vitro. 
As noted previously, cell lysates overexpressing ABHD3 showed 
highly elevated phospholipase activity with C14-PCs compared 
to ABHD3-S220A cell lysates (Fig. 1d), but no such differences 
were observed for C15-PCs or C16-PCs (Supplementary Table 3). 
ABHD3 showed some head-group tolerance and could hydrolyze 
C14/14-phosphatidylglycerol (C14/14-PG, 8) but not other PLs, 
under our assay conditions (Supplementary Table 3). Because 
ABHD3 appears capable of directly hydrolyzing some but not all 
C14-PLs in vitro, we speculate that a portion of the C14-PL changes 
in tissues from Abhd3−/− mice may reflect the indirect action of other 
enzymes that interconvert PL head groups using accumulated PC 
as a substrate. An analogous argument could explain elevations in 
C14-LPC in Abhd3−/− mice, whereby ABHD3 would exert indirect 

control over C14-LPC by regulating the availability of C14-PC pools 
that constitute substrates for other phospholipase enzymes.

ABHD3 also cleaved PCs with shorter acyl chains (<C14), includ-
ing C12/12-PC (9, Supplementary Table 3), a lipid that has been 
recently shown to be an agonist ligand for the nuclear receptor LRH-1 
(ref. 15). ABHD3 had the highest activity with C5-C8 substrates and 
oxidatively truncated PCs (oxPCs), such as azPAF (10, 1-hexadecyl- 
2-azelaoyl-glycerol-3-phosphocholine) (Supplementary Table 3  
and Supplementary Fig. 11). ABHD3 showed a similar sub-
strate selectivity profile (azPAF > C14/22:6 PC ≥ C14/18:2 PC) 
in crude lysates from multiple cell lines or as a partially purified 
protein enriched via a polyhistidine tag on metal affinity resin 
(Supplementary Fig. 11), indicating that this substrate profile is 
likely to be an inherent property of the enzyme.

oxPCs are derived from polyunsaturated PCs under conditions 
of cellular oxidative stress16 and possess a range of biological activi-
ties, including promotion of cell death and atherosclerosis17,18. Their 
enzymatic hydrolysis may thus ensure efficient removal of dam-
aged lipids from cellular membranes. We were unable to detect 
oxPCs in tissues from Abhd3+/+ or Abhd3−/− mice, probably owing to 
their low abundance and selective production under conditions of 
oxidative stress. We therefore performed two additional studies to 
test whether ABHD3 is likely to have a role in metabolizing oxPCs 
in biological systems. First, we exposed the polyunsaturated lipid 
C16/18:2-PC (11) to CuSO4 oxidation protocols that generate a 
mixture of oxPCs19 and then incubated this mixture with C8161 cell 
lysates overexpressing ABHD3 or ABHD3-S220A and monitored 
the generation of C16-LPC (12). ABHD3-overexpressing proteomes 
produced much greater quantities of C16-LPC than ABHD3-
S220A–overexpressing cell proteomes (Supplementary Fig. 12). 
Second, we treated ABHD3- and ABHD3-S220A–overexpressing 
C8161 cells with azPAF and found that ABHD3-overexpressing 
cells showed much greater capacity to metabolize this azPAF in situ 
(Fig. 2d). These data thus indicate that ABHD3 can regulate oxPC 
metabolism in complex biochemical and cellular contexts.

Taken together, our results reveal a multifaceted role for ABHD3 
in the catabolism of medium-chain phospholipids that is distinct 
from those of other known phospholipases. ABHD3 shares clos-
est sequence similarity with ABHD1 (47% identity) and more 
distant relatedness to ABHD2 (25%) (Supplementary Fig. 13), 
two poorly characterized serine hydrolases that lack known sub-
strates. Although additional phospholipases, such as PLA2G7 and 
PAFAH2, have been proposed to have roles in regulating oxPCs 
in vivo20, these enzymes do not, to our knowledge, endogenously 
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Figure 1 | metabolomic profiling of an enzyme library identifies metabolites altered by ABHD3 overexpression. (a) representative overlaid 
extracted ion chromatograms at m/z = 523.5–524.5 from HeK293T cells transfected with AbHD3 (red trace) versus other enzymes (blue traces).  
Inset, activity-based labeling using the serine hydrolase–directed probe fluorophosphonate rhodamine (FP-rh) in mock- versus AbHD3-transfected cells.  
Arrowhead designates FP-rh–labeled AbHD3 protein. (b) representative mS/mS fragmentation of synthetic C18-lPC (top, in green) and endogenous 
m/z = 524 (bottom, in brown) gave identical daughter ions of 104.1 (choline), 184.1 (phosphocholine) and 506.4 (dehydro-C18-lPC). (c) Targeted 
mrm measurements of phosphatidylcholines (PCs) from C8161 cells stably overexpressing epitope-tagged AbHD3 (dark gray), the catalytically dead 
AbHD3-S220A mutant (black) or GFP (light gray). PC species are indicated by C#/##, where the # indicates the sn-1 acyl chain and ## indicates the 
sn-2 acyl chain. Top inset, C16-containing PC species; bottom inset, an  enlarged graph showing C14/20:4-PC. (d) PlA1 and PlA2 hydrolysis activities 
for AbHD3 using C14/18:2-PC as a substrate and lysates from stably transfected C8161 cells as the protein source. Data in c and d are presented as 
mean ± s.e.m.; n = 4/group; *P < 0.05, **P < 0.01, ***P < 0.001 for AbHD3 versus AbHD3-S220A groups.
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regulate medium-chain PLs such as C14-PCs. We speculate that the 
unusual substrate profile of ABHD3, which shows a relaxed speci-
ficity among shorter-chain PCs but a strict upper limit for PCs with 
a C14 acyl chain, might serve as an enzyme-intrinsic regulatory 
mechanism to allow ABHD3 to exert control over specific pools 
of lipids under both physiologic (C14-PLs) and pathologic (oxPC) 
conditions. Future studies using Abhd3−/− mice or ABHD3 inhibi-
tors, once they become available, should illuminate the effects of 
perturbing ABHD3 and its medium-chain PL substrates in mam-
malian physiology and disease, where these lipids have been pos-
tulated to serve a range of signaling functions21–23.

Projecting forward, we are encouraged by our discovery of a 
physiologically relevant biochemical pathway from a screen con-
taining only a dozen mammalian enzymes. Indeed, traditional 
biochemical assays might have failed to uncover the unusual con-
nectivity between ABHD3 and medium-chain PLs if, for instance, 
more common longer-chain PLs were tested as general candidate 
phospholipase substrates. We recognize, however, potential limi-
tations to our screen, such as the absence of relevant endogenous 
substrates in heterologous cellular systems, the observation of non-
physiologic metabolic changes due to enzyme overexpression, or 
the failure to detect a biochemical change due to sensitivity limits 
or incomplete profiling and annotation of the metabolome. These 
issues could be addressed, in part, by expanding the analysis to 

other fractions of the metabolome (for example, polar metabolites24) 
or by coupling metabolomics with RNA interference–mediated 
knockdowns of endogenously expressed enzymes. Such potential 
limitations aside, our data indicate that metabolomic screening of 
enzyme libraries, by enabling the de novo discovery of substrates 
in living cells, may prove generally applicable for mapping natu-
ral enzyme-substrate relationships and assigning functions to the 
myriad uncharacterized enzymes in mammalian proteomes.
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Figure 2 | Abhd3−/− mice possess elevated C14-PCs. (a) Untargeted 
lC-mS profiling of kidney metabolomes from Abhd3+/+ or Abhd3−/− mice 
(plot is shown in the positive ionization mode). only those metabolites 
with P < 0.05 and fold change >1.5 are shown. Data are presented as 
mean fold changes; n = 6/group. (b) Targeted mrm measurements of 
PCs from kidney tissue of Abhd3+/+ (black bars) or Abhd3−/− (gray bars) 
mice. Similar changes in PCs were observed in brain, liver and plasma 
from Abhd3−/− mice (see Supplementary table 3). (c) Fold change of PC 
species from kidney tissue of Abhd3−/− versus Abhd3+/+ mice. The PC acyl 
chains for a given species are indicated by the top and left axes. light 
gray indicates no change between genotypes, whereas the darkest blue 
indicates an 8.5-fold change. Data are presented as means; n = 4/group. 
(d) relative levels of azPAF in C8161 cells following live-cell incubation 
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