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Activity-based protein profiling (ABPP) uses active site– 
directed chemical probes to study the functions of mecha-
nistically and/or structurally related proteins in native  

biological settings1–3. ABPP probes are often broad spectrum in 
their reactivity, such that many members of an individual enzyme 
class can be characterized in parallel. A prominent example is the 
fluorophosphonate (FP) class of probes4 that targets the serine (Ser) 
hydrolases, a large and diverse enzyme family that constitutes ~1% 
of all proteins in mammals and utilizes a conserved Ser nucleophile 
to hydrolyze amide, ester and/or thioester bonds in biomolecules5. 
Earlier work has demonstrated that FP probes provide extensive 
coverage of Ser hydrolases6 and also react with some members of the 
much smaller class of threonine (Thr) hydrolases, such as the cata-
lytic subunits of the proteasome7. FP probes do not cross-react with 
other classes of hydrolytic enzymes, including cysteine hydrolases, 
aspartyl hydrolases and metallohydrolases, and this selectivity has 
facilitated the assignment of enzymes with established substrates to 
the Ser hydrolase class8,9. FP probes can also be used in a competi-
tive ABPP format, in which biological samples are pretreated with 
candidate small-molecule inhibitors that may compete for binding 
and/or reaction with targets of FP probes. Competitive ABPP has 
proven to be a robust platform for the discovery, optimization and 
characterization of inhibitors of Ser hydrolases2.

The Ser hydrolase family contains several subclans that are dis-
tantly related or even unrelated to one another in terms of sequence, 
structure and/or mechanism5,10. This remarkable diversity raises an 
intriguing question: might other, as-yet-unassigned Ser (or Thr) 
hydrolases exist in the human proteome? Here, we hypothesized 
that reactivity with FP probes, being a near-universal feature of 
these enzymes, could provide a proteome-wide assay to uncover 
cryptic members of the Ser/Thr hydrolase family that might have 
arisen by convergent or parallel evolution11. We evaluated human 
cell proteomes by quantitative, MS-based ABPP, resulting in the 
identification of a poorly characterized multipass transmembrane 

protein, AIG1, as a highly FP-reactive protein. We show that AIG1, 
and the sequence-related homologous protein ADTRP, possess con-
served Thr and histidine (His) residues required for FP reactivity 
and find that both enzymes hydrolyze the FAHFA class of lipids  
in vitro and in human cells. Taken together, these data indicate that 
AIG1 and ADTRP represent a mechanistically novel class of Thr-
dependent transmembrane hydrolases that regulate bioactive lipid 
metabolism in mammals.

RESULTS
Discovery of AIG1 as an FP-reactive protein
We performed a series of competitive ABPP experiments in which 
heavy- and light-amino-acid-labeled human cancer cells (SKOV3) 
were pretreated with DMSO or an FP agent (FP-alkyne12) at a  
concentration (20 μM) and incubation time (1 h) that, on the 
basis of previous studies13, would be expected to fully label many 
serine hydrolases. We then exposed both DMSO-treated and 
FP-alkyne-blocked samples to a biotinylated FP probe (FP-biotin) 
and identified FP-biotin-labeled proteins by avidin enrichment and 
quantitative LC/MS/MS analysis. Using this method, termed ABPP-
SILAC14, we identified a group of proteins that were blocked in their 
reactivity with FP-biotin by pretreatment with FP-alkyne (defined 
as proteins that were highly enriched in DMSO-treated compared 
to FP-alkyne-treated proteomes). As expected, virtually all of these 
proteins were annotated Ser hydrolases (Fig. 1a and Supplementary 
Results, Supplementary Table 1). However, within the group of 
FP-alkyne-sensitive proteins was one poorly characterized pro-
tein termed androgen-induced gene 1 protein (AIG1). Additional 
control experiments, as well as a review of legacy ABPP data sets 
performed in our lab, revealed that AIG1 was consistently enriched 
in studies that compared FP-biotin-treated to DMSO-treated pro-
teomes (FP-probe-versus-no-probe experiments) and showed a 
SILAC ratio of ~1 in probe-versus-probe control experiments in 
which both heavy- and light-labeled proteomes were treated with 
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Enzyme classes may contain outlier members that share mechanistic, but not sequence or structural, relatedness with more 
common representatives. The functional annotation of such exceptional proteins can be challenging. Here, we use activity-
based profiling to discover that the poorly characterized multipass transmembrane proteins AIG1 and ADTRP are atypical 
hydrolytic enzymes that depend on conserved threonine and histidine residues for catalysis. Both AIG1 and ADTRP hydrolyze 
bioactive fatty acid esters of hydroxy fatty acids (FAHFAs) but not other major classes of lipids. We identify multiple cell-active, 
covalent inhibitors of AIG1 and show that these agents block FAHFA hydrolysis in mammalian cells. These results indicate that 
AIG1 and ADTRP are founding members of an evolutionarily conserved class of transmembrane threonine hydrolases involved 
in bioactive lipid metabolism. More generally, our findings demonstrate how chemical proteomics can excavate potential cases 
of convergent or parallel protein evolution that defy conventional sequence- and structure-based predictions. 
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the same concentration of FP-biotin (Supplementary Fig. 1 and 
Supplementary Table 1).

AIG1 is predicted to be a 28-kDa multipass transmembrane pro-
tein (with five to six predicted transmembrane domains; http://www. 
uniprot.org/uniprot/Q9NVV5) and was origi-
nally discovered as an androgen-induced gene 
product from human dermal papilla cells15 
and later found to interact with the E3 ligase 
Pirh2 by yeast two-hybrid screening16. The bio-
chemical functions of AIG1, however, remain 
unknown. BLAST and HHpred searches failed 
to detect any sequence homology between 
AIG1 and known Ser/Thr hydrolases and also 
revealed that there are no proteins in the Protein 
Data Bank (PDB) with substantial sequence 
relatedness to AIG1 (Supplementary Table 2).  
These searches did, however, identify one 
protein in the human proteome that shares 
~37% sequence identity with AIG1: another 
poorly characterized protein termed ADTRP  

(androgen-dependent TFPI-regulating 
protein)17. We next set out to test whether AIG1 
(and ADTRP) displayed biochemical proper-
ties consistent with those of a Ser hydrolase.

conserved Thr and His residues in AIG1
We recombinantly expressed human AIG1 
(hAIG1) as a C-terminal epitope–tagged pro-
tein in HEK293T cells and confirmed that this 
protein reacts with a rhodamine-conjugated 
FP probe (FP-Rh) by gel-based ABPP, which 
detected hAIG1 signals as 25- and 15-kDa 
bands in the membrane proteome of HEK293T 
cells (Supplementary Fig. 2a). FP-Rh labeling 
of hAIG1 was time dependent (Supplementary 
Fig. 2b), irreversible (Supplementary Fig. 2c) 
and competitively blocked by pretreatment 
with FP-alkyne (Supplementary Fig. 2a). We 
also found that both the rat and mouse variants 
of AIG1 reacted with FP-Rh (Supplementary 
Fig. 3). Notably, when variants of AIG1 were 
expressed without a C-terminal epitope tag, 
we observed that they migrated as ~15- to 
17-kDa proteins, which was substantially 
lower in molecular mass than that predicted 
from their full sequences (see below for fur-
ther discussion). Recombinantly expressed 
human and mouse ADTRP were also labeled 
by FP-Rh and migrated as ~15-kDa proteins 
(Supplementary Fig. 3).

The protein sequence of hAIG1 contains  
15 Ser residues, but, surprisingly, none of them 
were conserved across AIG1 and ADTRP 
homologs from different species (Fig. 1b  
and Supplementary Fig. 4). On the other 
hand, we identified a single Thr residue 
(Thr43 in hAIG1) that was completely con-
served (Fig. 1b and Supplementary Fig. 4). 
We next mutated several Ser/Thr residues 
within the hAIG1 sequence to alanine (Ala, 
or A), including Thr43 (T43), expressed 
these AIG1 variants in HEK293T cells, and 
evaluated their reactivity with FP-Rh by 
gel-based ABPP. Among the 15 individual 
Ser/Thr-to-Ala mutant proteins evaluated, 
only the T43A mutant showed a complete 

loss of FP labeling (Fig. 2a and Supplementary Fig. 5). We 
also mutated the corresponding Thr residue in ADTRP (T47;  
Fig. 1b), and the resulting T47A mutant showed a similar loss of FP  
labeling (Fig. 2b).
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Figure 1 | Discovery and characterization of AIG1 and ADTRP as FP-reactive proteins in the 
human proteome. (a) Competitive aBPP-SIlaC analysis to identify FP-alkyne-inhibited proteins, 
in which protein enrichment and inhibition were measured in proteomic lysates from SKov3 cells 
treated with FP-alkyne (20 μm, 1 h) or DmSo using the FP-biotin probe following established 
protocols14. annotated Ser hydrolases are indicated by red circles; aIG1 is marked in black and 
with an arrow. Data represent the median SIlaC ratios ± s.d. for peptides quantified for each 
protein from one experiment representative of two biological replicates. (b) Sequence alignment 
of aIG1 orthologs from multiple species, as well as homologous aDTRP proteins (http://www.
st-va.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi). Residues conserved between all sequences are 
marked with asterisks. The conserved Thr (Thr43 in human aIG1) and His (His134 in human 
aIG1) residues are boxed in red.
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Figure 2 |  Identification of Thr and His residues critical for FP labeling of AIG1 and ADTRP. 
(a–d) aBPP gels and western blots of membrane proteomes (0.5 mg proteome per ml) 
showing selective FP-Rh labeling of wild-type (WT), but not the indicated Thr-to-ala and His-
to-ala mutants of, human (h) aIG1 (a,c) and aDTRP (b,d) in transfected HEK293T cell lysates. 
Proteomes were treated with 1 μm FP-Rh for 30 min at 37 °C. mock, mock-transfected control. 
Full images of gels and western blots are provided in Supplementary Figure 16.
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Despite extensive efforts using established 
LC/MS methods for mapping small-molecule 
probe-labeling sites in proteins18, we were 
unsuccessful in directly identifying Thr43 as 
the site of FP reactivity in AIG1. Thr43 is pre-
dicted to reside within a long and hydrophobic 
tryptic peptide (residues 41–67), which may 
have complicated its detection by MS. We do 
note, however, that our ABPP-SILAC experi-
ments with FP probes, in aggregate, provided 
74% overall coverage of the AIG1 sequence 
and that in none of these experiments was an 
unmodified form of the tryptic peptide bear-
ing Thr43 detected (Supplementary Fig. 6).

Ser/Thr hydrolases also possess conserved 
basic residues that activate the Ser/Thr nucleo-
phile for catalysis. In most (but not all) Ser 
hydrolases, this basic residue is a His, whereas 
catalytic proteasomal subunits and other 
N-terminal Thr (or Ser or Cys) nucleophile- 
dependent enzymes use the N-terminal  
α-amine group as a base19,20. Review of the  
sequence alignment of AIG1 with homologous  
proteins identified a single conserved His  
residue, His134 (Fig. 1b). Mutation of His134 
to Ala in AIG1 (H134A) eliminated FP  
labeling (Fig. 2c), whereas mutation of two  
other nonconserved His residues (in the 
H32A and H150A mutants) had no effect 
(Supplementary Fig. 5). Mutation of the cor-
responding conserved His residue in ADTRP 
to Ala (H131A) also blocked FP labeling of this  
protein (Fig. 2d).

We next analyzed the protein sequences 
for both AIG1 and ADTRP using six dif-
ferent transmembrane topology prediction 
programs (CCTOP, Phobius, PSORT II, 
TMHMM, TMpred and Uniprot) and found 
that the programs consistently predicted that 
both the conserved Thr and His residues 
of AIG1 and ADTRP were located within 
transmembrane domains of these proteins 
(Supplementary Fig. 7).

AIG1 and ADTRP hydrolyze FAHFA lipids
The strong reactivity displayed by AIG1 and ADTRP with FP 
probes and the dependency of these interactions on conserved Thr 
and His residues suggested that these poorly characterized proteins 
could represent a novel class of Thr hydrolases. The predicted mul-
tipass transmembrane structure of AIG1 and ADTRP also led us 
to hypothesize that one or more lipids may serve as substrates for 
these enzymes. We directly tested this premise by screening AIG1 
and ADTRP against a panel of lipid substrates. The membrane 
lysates of hAIG1- and hADTRP-transfected HEK293T cells showed 
negligible hydrolytic activity above that of a mock-transfected con-
trol proteome with the majority of tested lipid substrates, includ-
ing common classes of (lyso)-phospholipids and neutral lipids  
(for example, tri-, di- and monoglycerides) (Fig. 3a). In con-
trast, both AIG1- and ADTRP-transfected cell membrane lysates  
robustly hydrolyzed several FAHFAs (fatty acid esters of hydroxy 
fatty acids; Fig. 3a and Supplementary Fig. 8a). FAHFAs are a 
recently identified class of bioactive lipids isolated from murine  
adipose tissue whose abundance correlates with insulin sensitiv-
ity in both rodents and humans21. AIG1 and ADTRP displayed a 
preference for FAHFAs with branching distal from the carboxylate 
headgroup of the lipids (Fig. 3a).

The FAHFA hydrolase activities of AIG1 and ADTRP 
were abolished by mutating their putative catalytic nucleo-
philic residues Thr43 and Thr47, respectively (Fig. 3b and  
Supplementary Fig. 8b). Of note, mutation of Thr43 to Ser in 
AIG1 impaired, but did not totally eliminate, FAHFA hydrolytic 
activity or FP labeling of the mutant protein (Fig. 3b,c). We also 
tested the H134A mutant of AIG1 and H131A mutant of ADTRP 
and found that these proteins showed no detectable FAHFA 
hydrolase activity above that of a mock-transfected control  
(Fig. 3d and Supplementary Fig. 8c).

Discovery and characterization of AIG1 inhibitors
Beyond their reactivity with FPs, many Ser/Thr hydrolases are sen-
sitive to inhibition by other types of small molecules, in particular 
compounds bearing electrophilic carbonyl centers2. We performed 
competitive gel-based ABPP experiments with a structurally diverse 
library of carbamates22, β-lactones23 and activated ureas14 and iden-
tified several compounds that blocked FP-Rh labeling of hAIG1 
(Supplementary Fig. 9a). Inhibitors of AIG1 included the β-lactone 
KC01 (ref. 23) and the N-hydroxyhydantoin (NHH) carbamate 
JJH260 (1) (Fig. 4a), which blocked FP labeling of AIG1 with IC50 
values of 0.17 ± 0.03 μM and 0.50 ± 0.14 μM, respectively (Fig. 4b  
and Supplementary Fig. 9b) and kobs/[I] values of 2,820 ± 780 M−1s−1  
and 300 ± 25 M−1s−1, respectively (mean ± s.d.; I refers to inhibitor;  
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Figure 3 | AIG1 and ADTRP are FAHFA hydrolases. (a) In vitro lipid substrate hydrolysis assays  
for membrane proteomes of mock- and haIG1-transfected HEK293T cells. PaHSa, palmitic  
acid ester of hydroxystearic acid; PoHSa, palmitoleic acid ester of hydroxystearic acid;  
SaHSa, stearic acid ester of hydroxystearic acid; oaHSa, oleic acid ester of hydroxystearic acid;  
TaG, triacylglycerol (tri-C18:1); DaG, diacylglycerol (C16:0/C18:1); maG, monoacylglycerol (C18:1); 
CE, cholesterol ester (C18:1); PS, phosphatidylserine (18:0, 18:2); PC, phosphatidylcholine (C17:0,  
C20:4); PE, phosphatidylethanolamine (C17:0, C20:4); PI, phosphatidylinositol (C16:0, C18:1);  
PG, phosphatidylglycerol (C16:0, C18:1); Pa, phosphatidic acid (C17:0, C20:4); lyso, lysophospholipids 
(all C18:1). For each assay, 20 μg of mock or aIG1-transfected proteome was incubated with 100 μm 
substrate for 30 min at 37 °C. Data represent mean values for two biological replicates. (b–d) 12-
oaHSa hydrolysis (b,d) and gel-based aBPP (c) assays for membrane proteomes from mock–, wild-
type (WT) haIG1– and mutant haIG1–transfected HEK293T cells. For b,d, 20 μg of each proteome 
was incubated with 100 μm 12-oaHSa for 30 min at 37 °C. Data represent mean values for two 
biological replicates. For c, proteomes were treated with 1 μm FP-Rh for 30 min at 37 °C, and β-actin 
was used as a loading control for gel experiments. low and high exposures of the FP-Rh-labeled 
samples are shown to demonstrate the residual FP-labeling observed with the T43S but not the T43a 
mutant of haIG1. Full images of the gel and western blot are provided in Supplementary Figure 17.
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Supplementary Fig. 9c). Both KC01 and 
JJH260 also inhibited FAHFA hydrolysis by 
AIG1, with IC50 values of 0.21 ± 0.08 μM and 
0.57 ± 0.14 μM, respectively (Fig. 4c). Finally, 
we identified structurally related inactive  
control compounds—the β-lactone tetrahy-
drolipstatin (THL) and the NHH carbamate 
ABC34 (ref. 22) (Fig. 4a)—that did not inhibit 
the FP reactivity (Fig. 4b and Supplementary 
Fig. 9b) or FAHFA hydrolysis activity (Fig. 4c)  
of AIG1. KC01 and JJH260 also inhibited 
ADTRP, as assessed by competitive gel-
based ABPP, albeit with much lower potency 
(IC50 values of 1.3 and 8.5 μM, respectively; 
Supplementary Fig. 10).

The activity of KC01 suggested that a  
fluorescent analog WHP01 (ref. 23) might 
also serve as a tailored activity-based probe 
for AIG1. Consistent with this premise and 
with a covalent mode of inhibition of AIG1 by 
β-lactones, we found that wild-type hAIG1, 
but not the T43A mutant, was robustly labeled 
by WHP01 in transfected HEK293T cell mem-
brane proteomes (Supplementary Fig. 11).

KC01 (ref. 23), THL24 and ABC34 (ref. 22) 
have been previously characterized for their 
selectivity across the Ser hydrolase class by 
competitive ABPP experiments. We comple-
mented these past studies by also evaluating 
the selectivity profile of JJH260 by ABPP-
SILAC in human cancer cell proteomes, which 
confirmed the inhibition of endogenously 
expressed AIG1 and established ABHD6, 
LYPLA1 and LYPLA2 as additional off- 
targets of JJH260 (Supplementary Fig. 12a and 
Supplementary Table 1). PPT1, a common 
target of NHH carbamates22, was also found to 
be inhibited at low-micromolar concentrations 
of JJH260 by gel-based ABPP (Supplementary 
Fig. 12b). Comparing the inhibitor selectivity  
profiles revealed complementary sets of off-
targets, as neither LYPLA1 nor LYPLA2 
were inhibited by KC01 (ref. 23), while the 
AIG1-inactive control compound ABC34 
blocked both ABHD6 and PPT1 (ref. 22)  
(Fig. 4d). Thus, we concluded that the function of AIG1 could be 
pharmacologically characterized in biological systems by evaluat-
ing the effects of the two active compounds (KC01 and JJH260) as 
compared to their inactive controls (THL and ABC34).

AIG1 is a principal FAHFA hydrolase in human cells
Little is known about how FAHFAs are inactivated in human cells, 
so we next asked whether AIG1 was a principal regulator of the 
metabolism of this lipid class in situ. RNA expression profiling 
indicated strong AIG1 expression in the human prostate cancer cell 
line (LNCaP)25, which we confirmed by ABPP-MudPIT (12 spec-
tral counts/1 mg proteome). We were also able to detect a 15-kDa 
WHP01-reactive band in LNCaP cells by gel-based ABPP, and 
the WHP01 labeling of this protein was blocked by pretreatment 
with KC01 and JJH260, but not THL and ABC34 (Fig. 5a), con-
sistent with its designation as endogenous AIG1. Both KC01 and 
JJH260, but not THL or ABC34, also inhibited the FAHFA hydro-
lase activity of LNCaP cell lysates, which was found mostly in the 
membrane fraction (Supplementary Fig. 13a,b). We next estab-
lished an in situ FAHFA hydrolysis assay by treating human cells 
with a doubly isotopically labeled substrate, [13C16]palmitic acid 

(PA) ester of [2H19]9-hydroxystearic acid (HSA) (13C,2H-PAHSA; 
Fig. 5b). Cells were treated with inhibitor or control compound  
(5 μM) for 4 h, 13C,2H-PAHSA (2 μM, 5 mL of medium) was added 
for 2 h, and then cells were harvested and PAHSA and its hydrolytic  
products—13C16-PA and 2H19-9-HSA (2H19-HSA)—were extracted 
and analyzed by LC/MS. After first validating this experimen-
tal approach with multiple concentrations of 13C,2H-PAHSA and 
HEK293T cells that heterologously express AIG1 (Supplementary 
Fig. 13c,d), we measured 13C,2H-PAHSA hydrolysis in LNCaP cells 
treated with various inhibitors. KC01- and JJH260-treated cells 
exhibited a substantial (~70–80%) reduction in 13C16-PA and 2H19-
HSA products as compared to DMSO-treated cells, whereas cells 
treated with the control compounds THL and ABC34 showed negli-
gible alterations in 13C,2H-PAHSA hydrolysis (Fig. 5c). A similar pro-
file of inhibitor activity on 13C,2H-PAHSA hydrolysis was observed 
in AIG1-transfected HEK293T cells (Supplementary Fig. 13e).

We complemented these pharmacological studies by knocking 
down AIG1 expression in LNCaP cells using RNA interference (RNAi)  
technology. We generated two stable shRNA-knockdown lines  
targeting AIG1 (shAIG1-1 and shAIG-2) and a control line express-
ing an shRNA targeting an unrelated protein (GFP; shControl). 
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AIG1. (a) Chemical structures of two haIG1 inhibitors, KC01 and JJH260, and the respective control 
compounds, THl and aBC34. (b) aBPP gels demonstrating inhibition of FP-Rh labeling of haIG1 
by KC01 and JJH260, but not THl and aBC34. Proteomes were treated with each inhibitor at the 
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Substantial and selective reductions in AIG1 expression were 
observed in both shAIG1 lines as compared to the shControl 
line by gel-based ABPP using the tailored and broad-spectrum  
probes WHP01 and FP-Rh, respectively (Fig. 5d and Supplementary 
Fig. 14a). Proteomic lysates from shAIG1 lines also showed  
significantly lower 9-PAHSA hydrolysis than lysates from the 
shControl line (Supplementary Fig. 14b). We next treated shAIG1 
and shControl cells with 13C,2H-PAHSA and observed a ~70% 
reduction in hydrolysis products in the shAIG1 cells as compared 
to shControl or uninfected cell lines (Fig. 5e). Finally, we analyzed 
FAHFA hydrolysis in human T cells, where we detected AIG1 by 
gel-based ABPP (Supplementary Fig. 15a). The FAHFA hydrolase 
activity of human T cell membrane lysates was substantially reduced 
following treatment with KC01 or JJH260, but not THL or ABC34 
(Supplementary Fig. 15b). Similar results were obtained for in situ 
experiments, where pretreatment of human T cells with KC01 or 
JJH260, but not THL or ABC34, blocked the cellular hydrolysis of 
13C,2H-PAHSA (Fig. 5f). These results, taken together, indicate that 
AIG1 functions as a major FAHFA hydrolase in human cells.

DIScUSSIoN
We have discovered herein using ABPP that the poorly character-
ized multipass transmembrane proteins AIG1 and ADTRP repre-
sent a new family of hydrolytic enzymes that degrade the FAHFA 

class of signaling lipids. Several lines of bio-
chemical evidence support the likelihood that 
AIG1 and ADTRP use conserved Thr and His 
residues as a catalytic nucleophile and base, 
respectively. That these residues are generally 
predicted to be embedded within transmem-
brane domains of AIG1 and ADTRP indicates 
these enzymes could have evolved to perform 
hydrolytic chemistry within the cell mem-
brane environment, reminiscent of the regu-
lated intramembrane proteolysis (RIP) class 
of transmembrane proteases26–29, which have 
also been studied by ABPP30–32. This feature, 
if experimentally validated, may endow AIG1 
and ADTRP with a special capacity to hydro-
lyze FAHFAs, which, unlike most neutral lipids 
and phospholipids, possess ester bonds along 
the length of their otherwise hydrophobic acyl 
chains; these bonds are presumably also bur-
ied within the lipid bilayer. It is not yet clear 
why AIG1 and ADTRP migrate as much lower-
molecular-weight proteins than would be pre-
dicted from their sequences, but it is possible 
that these proteins are proteolytically processed 
in cells or migrate aberrantly by SDS-PAGE 
due to their high transmembrane content33. We 
also do not yet understand the functional dif-
ferences between AIG1 and ADTRP, although 
we note that the cell and tissue distributions 
of these enzymes are quite distinct, with AIG1 
being broadly expressed, showing the high-
est signals in brain and macrophages, and 
ADTRP showing a more restricted profile of 
expression principally in metabolic organs, 
such as liver, kidney, intestine and brown  
fat (biogps.org).

We have identified an initial set of pharma-
cological tools to study AIG1, including mul-
tiple classes of lead inhibitors (KC01, JJH260) 
and structurally related inactive control com-
pounds (THL, ABC34) as well as tailored ABPP 
probes (WHP01) for enhanced detection of 

endogenous AIG1 activity in native proteomes. Although further 
research will be required to optimize the potency and specificity of 
AIG1 (and ADTRP) inhibitors, we should note that NHH carbam-
ates have been developed into selective and in vivo–active inhibitors 
for other Ser hydrolases22. If optimized inhibitors verify that AIG1 
and/or ADTRP regulate FAHFA metabolism in vivo, these enzymes 
could represent new targets for treating metabolic disorders, such 
as type 2 diabetes21.

Finally, we offer some speculation on the existence of additional 
outlier members of the Ser/Thr hydrolase class. Our studies to 
date of FP-reactive proteins in mammalian cells have not uncov-
ered clear examples of other proteins beside AIG1 and ADTRP 
that lack designation as Ser/Thr hydrolases (for example, see  
Fig. 1a), suggesting that the annotation of enzymes from this class 
may be near completion in humans. The HHpred search results, 
however, uncovered a distinct set of uncharacterized AIG1- and 
ADTRP-like proteins that possess the conserved Thr and His 
residues and are found in nonmammalian eukaryotic organisms 
(Panther family PTHR12242; members in insects, plants, proto-
zoa and other non-vertebrates). Microbial proteomes also remain 
much less extensively characterized, and, considering their  
massive evolutionary and metabolic diversity34, we would not 
be surprised if bacteria contain many additional classes of unas-
signed Ser/Thr hydrolases. Our findings underscore the power 
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of chemical proteomic methods like ABPP for the discovery and 
functional characterization of such enzymes. 
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ABPP-MudPIT and competitive ABPP-MudPIT sample preparation. For 
ABPP-MudPIT samples, proteomes (1 mg/mL in 1 mL of PBS) were labeled 
with FP-biotin (5 μM) for 1 h at 23 °C while rotating. After labeling, the pro-
teomes were denatured and precipitated using 4:1 MeOH/CHCl3, resuspended 
in 0.5 ml of 6 M urea in PBS, reduced using tris(2-carboxyethyl)phosphine 
(TCEP, 10 mM) for 30 min at 37 °C, and then alkylated using iodoacetamide  
(40 mM) for 30 min at 23 °C in the dark. The biotinylated proteins were 
enriched with PBS-washed avidin-agarose beads (100 μL; Sigma-Aldrich) by 
rotating at 23 °C for 1.5 h in PBS with 0.2% SDS to a final volume of 6 mL. 
The beads were then washed sequentially with 10 mL PBS with 0.2% SDS, 
10 mL PBS (3×) and 10 mL DI H2O (3×). On-bead digestion was performed 
using sequencing-grade trypsin (2 μg; Promega) in 2 M urea in PBS with  
2 mM CaCl2 for 12–14 h at 37 °C (200 μL). Peptides obtained from this proce-
dure were acidified with formic acid (5%) and stored at −20 °C before analysis. 
SILAC experiments were performed using the human SKOV3 breast cancer 
cell line (ATC HTB-77). The isotopically labeled cell lines were generated 
by ≥5 passages in either light (100 μg/mL each of L-arginine and L-lysine) or 
heavy (100 μg/mL each of [13C6

15N4]L-arginine and [13C6
15N4]L-lysine) SILAC 

RPMI medium (ThermoScientific) supplemented with 10% dialyzed FBS 
(Omega Scientific) and penicillin-streptomycin (GE Life Sciences). Light 
and heavy cells were treated with the test compound or DMSO, respectively, 
at 37 °C. Cells were then washed with sterile PBS (3×), harvested, and lysed 
by sonication in PBS. The membrane and soluble fractions were separated by 
ultra-centrifugation at 100,000g for 45 min at 4 °C. 2 mg/mL light proteome  
(0.5 mL) and 2 mg/mL heavy proteome (0.5 mL) were subsequently treated 
with FP-biotin (5 μM) for 1 h at 23 °C, combined, and processed as above 
for the ABPP-MudPIT protocol. For competitive ABPP experiments with 
FP-alkyne, the concentration of probe (20 μM) was chosen based on prior 
gel-based experiments demonstrating saturation of labeling for many serine 
hydrolases at comparable concentrations of FP probe13. In addition, previ-
ous studies have shown effective competition of most FP-Rh labeled bands in 
mouse brain with 10 μM FP-alkyne35.

HHpred searches. Remote homology detection was performed using the 
HHpred algorithm36. Briefly, a seed alignment was generated using the 
CLUSTALW algorithm on the seven protein sequences shown in Figure 1b  
(UniProt IDs: AIG1_HUMAN, AIG1_MOUSE, ADTRP_HUMAN, 
F1QYR4_DANRE, Q7Q8H9_ANOGA, YHU0_YEAST, E7FAT8_DANRE). 
The CLUSTALW alignment was used as input for the HHpred server (http://
toolkit.tuebingen.mpg.de/hhpred) and it was run using the default parameters 
to search all available HMM databases. The complete output from this analysis 
is provided in Supplementary Table 2.

Cell culture methods. HEK293T cells (ATCC CRL-3216) were cultured in 
DMEM (Gibco), supplemented with L-glutamine (2 mM), 10% FCS (Omega 
Scientific), and penicillin-streptomycin (GE Life Sciences) at 37 °C and 5% 
CO2. LNCaP cells (ATCC CRL-1740) were cultured in RPMI 1640 (Gibco), 
supplemented with L-glutamine (2 mM), 10% FCS, and penicillin-streptomycin 
at 37 °C and 5% CO2. T-cells were purified from peripheral blood mononuclear 
cells (PBMCs) obtained from human subjects using STEMCELL Technologies 
kits as per manufacturers instructions. Typically 100–150 million T-cells were 
obtained from 500 mL human subject derived PBMCs at >95% purity as con-
firmed by flow cytometry analysis. T-cells were cultured in dye-free RPMI sup-
plemented with 10% FCS at 37 °C and 5% CO2.

Cloning and recombinant expression of AIG1 and ADTRP. Full-length 
cDNA encoding human AIG1 (GE Healthcare, in pOTB7 vector) was cloned 
into the pCMV6-Entry vector with C-terminal Myc and DDK tags. (Sense 
primer: 5′-GGGCGGCCGGGAATTCGCGAACATGG-3′; Antisense primer: 
3′-AAGCCTAAATTGGAAACGCGGCCGCTTTA-5′.) Full-length cDNA 
encoding human ADTRP in the pCMV6-XL5 vector was purchased from 
Origene. Full-length cDNA constructs encoding mouse AIG1 in the pCMV-
Sport6 vector, rat AIG1 in pExpress-1 vector, and mouse ADTRP in the pCMV-
Sport6 vector were purchased from GE Life Sciences. To recombinantly express 
AIG1 or ADTRP, HEK293T cells were grown to 40% confluence in a 10 cm tis-
sue culture plate and transiently transfected with 4 μg of the desired construct 
using polyethyleneimine ‘MAX’ (MW 40,000, PEI; Polysciences, Inc.) as the 

transfection reagent per the manufacturer’s protocol. ‘Mock’ transfected cells 
were transfected with 4 μg of empty vector. 48 h after transfection, cells were 
washed with PBS (3×), harvested by scraping, and lysed by sonication in PBS. 
The membrane and soluble fractions were separated by ultra-centrifugation 
at 100,000g for 45 min at 4 °C. Protein concentrations were measured using 
the DC Protein Assay kit (Bio-Rad). Aliquots were flash-frozen and stored at  
−80 °C for further use.

Site-directed mutagenesis. Point mutations in both human AIG1 and ADTRP 
were generated by the QuikChange site-directed mutagenesis protocol (Stratagene) 
as per the manufacturer’s instructions. For primers used for each mutation, 
see Supplementary Table 3. Primers were obtained from Integrated DNA 
Technologies. All DNA sequencing was performed by Eton Biosciences Inc.

Gel-based ABPP analysis. Tissue and cell proteomes (50 μL) were treated 
with either FP-rhodamine (1 μM) or WHP01 (2 μM) for 30 min at 37 °C. The 
reactions were then quenched by addition of 4× SDS-PAGE loading buffer  
(20 μL). Competitive gel-based ABPP experiments were performed as pre-
viously described7. Samples were visualized in-gel using a ChemiDoc MP 
imaging system (Bio-Rad). The fluorescence from rhodamine is presented in 
gray scale. 2–5 s exposure times and 20–60 s exposure times were used for 
AIG1/ADTRP-transfected and native proteomes, respectively. Relative band 
intensities were quantified using ImageJ software (http://imagej.nih.gov/ij/).

Western blotting. Cell proteomes were separated by SDS-PAGE, transferred to 
nitrocellulose membrane (60 V for 90 min), and blocked by 5% milk in TBS-
Tween. The primary antibodies used and dilutions are as follows: anti-AIG1 
(Rabbit, Sigma-Aldrich, SAB1304597, 1:250), anti-ADTRP (Rabbit, Atlas, 
HPA048113, 1:500), and anti-β-actin (Mouse, Cell Signaling, 3700S, 1:1,000). 
IRDye 800CW anti-rabbit and anti-mouse secondary antibodies (LI-COR, 
1:10,000) were used as secondary antibodies for visualization.

AIG1 and ADTRP LC/MS substrate hydrolysis assays. FAHFA substrates were 
purchased from Cayman Chemical Co. All non-FAHFA lipid substrates were 
purchased from Avanti Polar Lipids Inc. unless mentioned otherwise. 20 μg  
of proteome was incubated with 100 μM lipid substrate in a reaction volume 
of 250 μL in PBS at 37 °C with constant shaking. After 30 min the reaction 
was quenched with 400 μL of 2:1 (vol/vol) CHCl3: MeOH, doped with inter-
nal standard (0.5 nmol C17:1 heptadecenoic acid (C17:1 FFA) and 0.05 nmol 
9-hydroxyheptadecanoic acid (9-HHDA)). The mixture was vortexed and 
centrifuged at 2,800g for 5 min to separate the aqueous (top) and organic 
(bottom) phase. The organic phase was collected and dried under a stream of 
N2, re-solubilized in 100 μL of 2:1 (vol/vol) CHCl3: MeOH, and subjected to 
LC/MS analysis. A fraction of the organic extract (~15 μL) was injected onto 
an Agilent 6520 quadrupole-time-of-flight (QTOF) LC/MS and analyzed as 
described previously23. All data presented for substrate hydrolysis assays is 
the average of 2–5 independent biological replicates; error bars represent s.d.  
(n = 2) and s.e.m. (n = 3–5).

Synthesis of AIG1 inhibitors and probes. FP-biotin, FP-rhodamine, and 
FP-alkyne were synthesized in-house as previously described4,37,38. KC01 and 
WHP01 were synthesized in-house as previously described23. ABC34 was syn-
thesized in-house as previously described22. Tetrahydrolipstatin (THL) was 
purchased from Sigma-Aldrich. [13C16]PA-[D19]HSA was synthesized accord-
ing to the previously described method, using isotopically labeled starting 
materials21. See Supplementary Note for information on the synthesis and 
characterization of JJH260.

9-PAHSA feeding assay. For the pharmacology studies, cells were treated in 
situ with 5 μM KC01, THL, JJH260, or ABC34 for 4 h at 37 °C in a volume of 
5 mL in dye-free RPMI (LNCaP cells, T-cells) or dye-free DMEM (HEK293T 
cells) supplemented with 10% FCS. 2 μM [13C16]PA-[D19]HSA was then added 
to the media for 1 h (HEK293T cells) or 2 h (LNCaP cells, T-cells) at 37 °C. 
Thereafter the media was collected (5 mL) and the cells were washed with 
sterile PBS (3×) and harvested by scraping. The cells were re-suspended in  
1 mL sterile PBS and mixed by vortexing with 3 mL of 2:1 CHCl3: MeOH 
with the internal standard mix (50 pmol each of C17:1 FFA, 9-HHDA, and 
[13C16]PAHSA). The two phases were separated by centrifugation at 2,800g for  
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10 min, and the organic phase (bottom) was collected and dried under stream 
of N2. The lipid extracts were re-solubilized using 100 μL of 2:1 CHCl3: MeOH, 
and 10 μL was used for the targeted LC/MS analysis. The MRM transitions for 
the targeted LC/MS analysis are presented in Supplementary Table 4.

shRNA knockdown studies. AIG1 MISSION shRNA bacterial glycerol stocks 
were purchased, and the lentiviral-based shRNA gene knockdown was per-
formed in LNCaP cells using the manufacturer’s protocol (Sigma-Aldrich). 
Briefly, 1 μg shRNA transfer vector, 0.1 μg of the VSVG envelope vector and 
0.9 μg packaging vector dVPR were transfected using 6 μL of X-tremeGENE 9 
(GE Life Sciences) into 1.8 × 106 HEK293T cells cultured in 5 mL DMEM with 
L-glutamine (2 mM) and 10% FCS and 5% CO2 to generate the lentiviral trans-
duction particles (LTP). 0.25 × 106 LNCaP cells were infected with the LTP 
generated from the transfections along with 5 μg/mL polybrene (to enhance 
infection) cultured in 5 mL RPMI 1640 with 10% FCS and 5% CO2, and there-
after the lentiviral-infected LNCaP cells were selected on puromycin (1 μg/ml). 
After six rounds of puromycin selection, LNCaP cells infected with the LTP 
generated using the constructs TRCN0000142987 (shAIG1-1; Sigma-Aldrich) 
and TRCN0000422331 (shAIG1-2; Sigma-Aldrich) showed >75% knockdown 
of AIG1 by gel-based ABPP and substrate hydrolysis assays and were selected 
for further studies. As a negative control (shControl), shRNA transfer vector 
targeting GFP was used.

MS and data analysis. MS was performed using a LTQ (for spectral count-
ing studies), or LTQ-Orbitrap or Orbitrap Velos (for SILAC studies), fol-
lowing previously described protocols (ThermoFinnigan)7,39. Peptides were 
eluted using a five-step multidimensional LC/MS protocol in which increas-
ing concentrations of ammonium acetate are injected followed by a gradient 
of increasing acetonitrile, as previously described40. For all samples, data were 
collected in data-dependent acquisition mode over a range of 400–1,800 m/z. 
Each full scan was followed by up to 7 or 30 fragmentation events for experi-
ments using the LTQ and Orbitrap or Orbitrap Velos instruments, respectively. 
Dynamic exclusion was enabled (repeat count of 1, exclusion duration of 20 s)  
for all experiments. The data were searched using the ProLuCID algorithm 
against a human reverse-concatenated nonredundant (gene-centric) FASTA 
database that was assembled from the Uniprot database. ProLuCID searches 
specified static modification of cysteine residues (+57.0215 m/z; iodoaceta-
mide alkylation) and required peptides to contain at least one tryptic terminus. 

For SILAC samples, data sets were searched independently with the following 
parameter files: for the light search, all amino acids were left at default masses; 
for the heavy search, static modifications on lysine (+8.0142 m/z) and arginine 
(+10.0082 m/z) were specified. For data collected on the Orbitrap mass spec-
trometers, precursor-ion mass tolerance was set to 50 ppm. The resulting pep-
tide spectral matches were filtered using DTASelect (version 2.0.47), and only 
half-tryptic or fully tryptic peptides were accepted for identification. Peptides 
were restricted to a specified false positive rate of <1%. SILAC ratios were 
quantified using in-house CIMAGE software18. Briefly, a 10-min retention 
time window was used for peak identification using 10 ppm mass accuracy and 
requiring a coelution R2 value greater than 0.8. Peptides detected as singletons, 
where only the heavy or light isotopically labeled peptide was detected and 
sequenced but which passed all other filtering parameters, were given a ratio of 
20, which is the maximum SILAC ratio reported here.

Statistical analysis. Statistical analyses were performed using the GraphPad 
Prism 6 (for Mac OS X) software. Data derived from three or more replicates 
are shown as mean values ± s.e.m. Student’s t-test (two-tailed) was used to 
study statistically significant differences between study groups. A P value of 
<0.05 was considered statistically significant for this study.
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