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Synopsis
Alterations in lipid metabolism have been progressively documented as a characteristic property of cancer cells.
Though, human ABHD2 gene was found to be highly expressed in breast and lung cancers, its biochemical functionality
is yet uncharacterized. In the present study we report, human ABHD2 as triacylglycerol (TAG) lipase along with
ester hydrolysing capacity. Sequence analysis of ABHD2 revealed the presence of conserved motifs G205XS207XG209

and H120XXXXD125. Phylogenetic analysis showed homology to known lipases, Drosophila melanogaster CG3488.
To evaluate the biochemical role, recombinant ABHD2 was expressed in Saccharomyces cerevisiae using pYES2/CT
vector and His-tag purified protein showed TAG lipase activity. Ester hydrolase activity was confirmed with pNP acetate,
butyrate and palmitate substrates respectively. Further, the ABHD2 homology model was built and the modelled protein
was analysed based on the RMSD and root mean square fluctuation (RMSF) of the 100 ns simulation trajectory.
Docking the acetate, butyrate and palmitate ligands with the model confirmed covalent binding of ligands with the
Ser207 of the GXSXG motif. The model was validated with a mutant ABHD2 developed with alanine in place of Ser207

and the docking studies revealed loss of interaction between selected ligands and the mutant protein active site.
Based on the above results, human ABHD2 was identified as a novel TAG lipase and ester hydrolase.

Key words: α β hydrolase domain, ester hydrolase, lipid metabolism, triacylglycerol (TAG) lipase.

Cite this article as: Bioscience Reports (2016) 36, e00358, doi:10.1042/BSR20160033

INTRODUCTION

Lipases in addition to being essential enzymes necessary for the
supply of energy also play a major role in lipid signalling and
metabolism. Aberrations in lipases were found in many human
diseases, including cancer, making it imperative to understand
these enzymes. Recently, the mammalian α β hydrolase domain
(ABHD) containing proteins have emerged as novel potential
regulators of lipid metabolism and in signal transduction [1].
The human ABHD family contains 21 proteins and is part of a
superfamily possessing an α β hydrolase fold [1,2]. Hydrolase
activity of ABHD is attributed to the catalytic triad composed
of serine-acid-histidine residues located in loop regions. The
corresponding motif found in most of the human ABHD fam-
ily members was GXSXG. The acid residue of the catalytic triad
can either be a glutamate or aspartate, usually located after strand
β7 [3]. Interestingly, the majority of the human ABHD proteins
also possess another conserved motif HXXXXD where X is any
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amino acid residue and the motif was attributed to acyltransferase
activity [4].

Some of the human ABHD proteins were well characterized
as lipases, including ABHD3 which selectively cleaved medium-
chain and oxidatively-truncated phospholipids. ABHD4 was de-
scribed as lyso-N-acyl phosphatidylethanolamine lipase [5–7].
Human ABHD5, also known as Comparative Gene Identifica-
tion 58 was found to be the causative gene of human Chanarin
Dorfman Syndrome, also known as the neutral lipid storage dis-
ease (NLSD) [8,9]. ABHD6 and ABHD12 were identified as
2-arachidonylglycerol (AG) hydrolase which plays a key role in
neurotransmission [10–14]. Later, ABHD12 was also found to be
linked with an autosomal recessive genetic disorder called Usher
Syndrome 3 [15]. Human lymphocyte antigen B-associated tran-
script 5 (BAT5), also known as ABHD16A was shown hydro-
lysing medium and long-chain unsaturated monoacylglycerols
(MAGs).

Human ABHD2, previously known as lung α/β hydrolase 2
(LABH2), is one among the α β hydrolase superfamily [16].
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Reduction in the number of alveolar type II cells and unusual
accumulation of macrophages in the lungs was seen in aged mice
by global deletion of ABHD2 [17]. In addition to its role in the
lung, ABHD2 plays a significant role in macrophage infiltration
to atherosclerotic lesions [18]. Collectively, ABHD2 seems to
play an important role in chronic diseases, i.e. atherosclerosis
and emphysema involving monocyte/macrophage recruitment.
However, this putative lipase has not been studied in any detail
and there are no experimental data to confirm the functionality,
evolutionary relationship, substrate specificity and the role of
this protein in lipid breakdown. In the present study, we report
the triacylglycerol (TAG) lipase and ester hydrolase activities of
human α β hydrolase2 (ABHD2).

EXPERIMENTAL

Strains and growth conditions
Yeast strains used in the present study are Saccharomyces
cerevisiae BY4741 (WT), ABHD2 overexpressed in WT (OE)
and only vector pYES2/CT cloned in WT (v). WT cells were
grown either in YPD medium containing 1 % yeast extract, 2 %
peptone and 2 % dextrose weight/volume (w/v) or synthetic min-
imal medium (SC + Ura) containing 0.67 % yeast nitrogen base
(YNB), supplemented with the complete supplement mixture
0.192 % appropriate amino acids without uracil, 2 % dextrose and
0.015 % uracil (w/v). Recombinant yeast strains OE and V were
cultured in synthetic minimal medium without uracil (SC-Ura)
containing 0.67 % YNB, supplemented with the complete sup-
plement mixture 0.19 % appropriate amino acids without uracil
and 2 % dextrose. Induction was done in SC-Ura media with 2 %
raffinose and 3×YP medium with 6 % galactose [19]. All cells
were cultured in liquid media at 30 ◦C with shaking at 180 rpm.

Phylogenetic analysis
Molecular phylogenetic analysis was performed with the 21 hu-
man ABHD family proteins retrieved from NCBI along with
orthologous sequences of mouse, rat, Drosophila melanogaster
and Arabidopsis thaliana. The tree was developed by maximum
likelihood method using MEGA (version 6.0) [20]. Bootstrap
values were determined from 1000 trials and the phylogenetic
tree with the highest log likelihood is shown. The tree was drawn
to scale and the analysis involved a total of 25 protein sequences.

Cloning and expression of recombinant ABHD2
ABHD2 was cloned into pYES2/CT vector and transformed into
DH5α cells. Only vector and pYES2/CT along with the con-
struct were further transformed into WT individually by using
the Frozen-EZ Yeast Transformation kit (Zymo Research) fol-
lowing the manufacturer protocol. Expression of the recombin-
ant ABHD2 in WT was performed as per Gelperin et al. [19] and
purified by Ni-NTA agarose (Qiagen) column.

Esterase activity using p-nitrophenyl esters as
substrates
Esterase activity was carried out with p-nitrophenyl acetate
(pNPA), p-nitrophenyl butyrate (pNPB) as mentioned by Ploier
et al. [21]. Similarly, for p-nitrophenyl palmitate (pNPP) sub-
strate assay was conducted as per Kanwar et al. [22]. Differ-
ent concentrations of substrates (2–20 mM) were considered for
analysis of enzyme kinetics with all the three substrates stud-
ied. The purified recombinant ABHD2 enzyme of 3.34 μg was
used for esterase activity against pNPA, pNPB and 33.40 μg with
pNPP substrates respectively. Hydrolytic activity was checked at
different pH 4.5, 5.5 (sodium acetate buffer), 6.5, 7.5 (sodium
phosphate buffer), 8.5 and 9.5 (Tris/HCl buffer) with all the sub-
strates. The esterase activity was also monitored at different tem-
peratures, including 4, 30, 45, 60, 75 and 90 ◦C. All the assays
were performed in triplicates and mean values were recorded.
Michaelis–Menten kinetics was analysed using Graph Pad Prism
version 5.

TAG lipase assay
TAG lipase activity was assayed using Lipase activity assay kit
(K722-100; Biovision) following the manufacturer protocol. In
brief, lipase hydrolyses a triacylglycerol substrate to form gly-
cerol which is measured enzymatically at 570 nm, by monitoring
a linked change in the OxiRed probe absorbance [23]. The lipase
assay was carried out with 3.34 μg of purified enzyme at pH 8.5
and incubated at 37 ◦C.

Homology modelling
The query ABHD2 sequence was retracted from the Uniprot
resource (P08910) [24]. Homology modelling was carried using
the Prime module of the Schrödinger suite [25]. The template for
the model building was searched using the blast search bundled
within the software. The secondary structure was predicted using
the SSpro module. Following the ClustalW protocol, both the
target and the template were aligned and finally the model was
built omitting the inbuilt ligands if any. The stereo chemical
quality of the model was assessed by using PROCHECK [26].

Molecular dynamic simulation studies
The model was further refined using the Desmond molecular dy-
namic simulations (MDS) [27]. With system builder of the Des-
mond module, the model was incorporated in an orthorhombic
periodic boundary box and was solvated using the SPC wa-
ter model. This was neutralized with 4Na+ ions based on the
total charge of the model and to this system 0.15 M salt was
added. This was simulated using the dynamic simulation step
of the Desmond module. The simulations were carried using
NPT ensemble, at 300 K temperature, one atmospheric pres-
sure and finally the entire system was relaxed using the default
protocol. This system was carried for 100 ns simulation time
period and the trajectory obtained from this simulation run was
analysed.
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Ligand preparation
The structures for the molecules were retrieved from Pubchem
database [28] and were prepared using LigPrep tool [29] of
Schrödinger suite with OPLS_2005 as a force field. The ion-
ization states of these molecules were generated at pH 7.0 +− 2.0
using Epik module and 32 possible stereoisomers generation per
ligand was selected.

Docking studies
The refined model obtained from the simulation studies was fur-
ther prepared using the protein preparation wizard [30] by ad-
dition of hydrogens and bond orders assignment. The model
was then optimized and minimized using force field OPLS_2005
with RMSD of 0.30 Å (1 Å = 0.1 nm). A grid box was generated
around the important amino acids reported previously using the
receptor grid generation protocol of the Glide module [31]. The
prepared protein and molecules were docked covalently using the
covalent docking protocol of the glide module.

In silico mutational analysis
The model was point mutated with Alanine replacing the Ser207

of the catalytic traid and the mutated model was docked with
selected pNP substrates under the similar experimental conditions
opted above.

RESULTS AND DISCUSSION

Variations in lipid metabolism have been increasingly listed as
one of the characteristic features of cancer cells. DNA-microarray
data from the ONCOMINE database indicated differential ex-
pression of lipases and other proteins related to the α β hydrolase
family in various tumours [32]. In addition, the multiple data
sets obtained from breast cancer in comparison with normal cells
also indicated high expression of human ABHD2 gene in breast
and lung cancers [33–35]. This prompted us to check the func-
tionality of human ABHD2 protein. In silico sequence analysis
highlighted only the putative functional role but the substrate
specificities of the enzyme are not yet clearly depicted. Present
study identified human ABHD2 as both TAG lipase and ester
hydrolase based on experimental data.

Domain structure
In silico sequence analysis revealed human ABHD2 (P08910), as
a protein of 425 amino acids containing an α/β hydrolase domain
ranging from 1 to 425 amino acids and belonging to α/β hydro-
lase superfamily. The conserved GXSXG sequence motif is found
between 205 and 209 amino acids (Figure 1A) which is the gen-
eral substrate binding site of lipase and ester hydrolase enzymes.
Active sites identified are serine (S207), aspartic acid (D345) and
histidine (H376) (Figure 1A). Another conserved motif HXXXXD

Figure 1 Domain structure and phylogenetic analysis of Human
ABHD2
(A) Dual signature motifs of ABHD2: The positions of the conserved
GXSXG lipase and HXXXXD acyltransferase motifs in ABHD2 are
indicated by triangles with the respective amino acid residue positions
and the key amino acids involved in α/β hydrolase domain catalytic
triad are represented with (*) mark. (B) Phylogenetic analysis using
the maximum likelihood method: Molecular phylogenetic analysis was
performed with the sequences of Abhd2 (mouse) gi|33333856, Abhd2
(rat) gi|157820401, CG3488/Abhd2 (D. melanogaster) gi|27923956,
Abhd2 (A. thaliana) gi|15240586 and all 21 human (h) ABHD family
proteins hAbhd1 gi|308153404, hAbhd2 gi|23397661, hAbhd3
gi|134035377, hAbhd4 gi|74762601, hAbhd5 gi|31542303, hAbhd6
gi|189027141, hAbhd7 gi|134035378, hAbhd8 gi|74732007, hAbhd9
gi|92095996, hAbhd10 gi|8923001, hAbhd11 gi|74751292, hAbhd12
gi|109689718, hAbhd12B gi|50401854, hAbhd13 gi|74749881,
hAbhd14A gi|143955271, hAbhd14B gi|33991637, hAbhd15
gi|308153403, hAbhd16A gi|23813746, hAbhd16B gi|23813959,
hAbhd17A gi|194306562, hAbhd17B gi|74746845.

sequence is found in the N-terminal region, ranging from 120 to
125 amino acids (Figure 1A). A trans-membrane region is also
found in the protein sequence at the N-terminal spanning 10–30
amino acids (L10PAVFDGVKLAAVAAVLYVIV30) as predicted
by DAS-TM filter server and also identified as a type II mem-
brane protein by Innovagen peptide property calculator software
with poor water solubility hydropathy plot.

Sequence homology and phylogenetic analysis
Sequence comparison of human ABHD2 (gi: 23397661), with an-
notated databases revealed sequence similarity with D. melano-
gaster CG3488, mouse ABHD2, rat ABHD2, A. thaliana
ABHD2 and human ABHD family members. The phylogenetic
tree diverged into three groups (Figure 1B) containing, Group
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Figure 2 Ester hydrolase activity of ABHD2: kinetics, pH and temperature optima with pNP substrates
(A) Highlights the optimum pH value showing maximum enzyme activity. (B) Represents the ABHD2 activity at different
temperatures. (C) Purified ABHD2 enzyme of 0.67 +− 0.06 mg/ml concentration was used for the analysis of esterase
activity using pNPA, pNPB and pNPP as substrates. Data were analysed using graph pad prism 5. Data are mean values
from three independent experiments with respective S.D. values.

1 with D. melanogaster CG3488, ABHD2 of mouse, rat, and
A. thaliana along with human ABHD 1, 2, 3 and 15. Human
ABHD10, 12 and 12B, 13 along with 17A and B formed the
second Group. The rest of the human ABHD sequences grouped
together including ABHD 4, 5, 6, 7, 8, 9, 11, 14A, 14B, 16A and
B. This clearly highlights the homology of ABHD2 with known
TAG lipase of D. melanogaster CG3488 [36]. Plant orthologue
(A. thaliana) has been yet uncharacterized.

TAG lipase activity
To determine the hydrolytic activity, human ABHD2 gene was
overexpressed in S. cerevisiae WT cells and the recombinant pro-
tein was purified to perform enzymatic assays. For this purpose,
full-length protein of 51.7 kDa was expressed with a C-terminal
6 ×His-tag using pYES2/CT vector and was successfully purified
from whole cell extracts by Ni-NTA column. This affinity puri-
fied recombinant hABHD2 protein fraction showed TAG lipase
activity of 1.14 +− 0.11 μmol/s·mg of protein against controls.

Esterase assay confirms hydrolytic activity
The purified recombinant ABHD2 enzyme was used for esterase
activity against pNPA, pNPB and pNPP as substrates. Hydro-
lytic activity was screened at different pH and was found to be
optimum at pH 8.5 for pNPP and at pH 7.5 for both pNPA and
pNPB substrates respectively (Figure 2A). The esterase activity

was also monitored at different temperatures and was found op-
timum at 45 ◦C for pNPP (Figure 2B) whereas pNPA and pNPB
substrates showed optimum activity at 30 ◦C.

ABHD2 cleaved, pNPA with a Km of 12.40 +− 1.02 mM,
Vmax of 2.69 +− 0.15 μmol/s·mg and kcat/Km of 11.23 +− 1.22
M− 1·s− 1, pNPB with a Km of 11.76 +− 1.15 mM, Vmax of
3.71 +− 0.36 μmol/s·mg with kcat/Km of 16.33 +− 1.98 M− 1·s− 1

and pNPP with a Km of 17.66 +− 2.54 mM, Vmax of
1.27 +− 0.12 μmol/s·mg and kcat/Km of 3.72 +− 0.95 M− 1·s− 1

(Figure 2C). pNPP is not very water soluble and likely affects the
apparent Vmax, but it is found to be a substrate when compared
with control data. Control assay with only pYES2/CT vector
alone overexpressed and purified fractions showed no activity.
All together, the present study highlights the TAG lipase activ-
ity of ABHD2 along with both long and short chain esterase
activities against pNP palmitate, butyrate and acetate substrates
respectively.

Homology modelling
A 3D model was required to perform the binding studies, for
which we opted prime modelling tool of the Schrodinger suite.
Based on the BLAST results, 1BRO of Streptomyces aureo-
faciens with a resolution of 2.05 Å was chosen as a template
to build the structure. This protein showed 24 % identity and
46 % positives against our query sequence, which was the top
and best among the BLAST hits obtained. The background for
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Figure 3 Homology modelling and MDS
(A) The predicted 3D model of ABHD2 after clustering; (B) Ramachandran plot analysis of the built model; (C) RMSD graph
of the model obtained after the 100 ns simulation run; (D) RMSF of the amino acids plotted using the trajectories obtained
by the 100 ns MDS.

considering this particular PDB file apart from the above points
was it contains α/β hydrolase domain and also the important cata-
lytic triad. The model was built (Figure 3A) based on this template
and was further analysed using Ramachandran plot. 81.5 % of
residues were reported to be in the most favoured regions, 15.8 %
residues in additionally allowed regions (Figure 3B), 1.5 % in
generously allowed regions and remaining 1.2 % only in the dis-
allowed regions of the Ramachandran plot. Based on this result,
the model was predicted as the best one and was further refined
using the MDS studies.

The model was further refined and analysed based on the
RMSD and RMSF of the trajectory obtained after the 100 ns
simulation run. Deviations in the model were reported between
1.5 and 5.2 Å during the simulation run period. During the initial
run time of simulations, the model showed huge deviations from
1.5 to 5.2 Å up to 30 ns (Figure 3C). From there, the deviations
showed small declination from 5.2 Å to below 5.0 Å and further
very small inclinations and declinations were reported with a
steady state approximately 5.0 Å. The deviations in the initial

stages were mainly due to the presence of a number of loops in
the protein structure. The movement of amino acids of the mod-
elled protein was analysed using the RMSF plot (Figure 3D).
High fluctuations were reported above 5.0 Å between 100–110
and 240–250 amino acids of the model. Other residues between
140–155 and 250–265 displayed fluctuations within 4.0–5.0 Å.
The remaining amino acids were reported below 3.0 Å. The ma-
jority of the amino acids which were fluctuating rapidly during
the simulations run time were present in the end loop region and
attained stability by the end of dynamics time period. The fluctu-
ation range in the modelled protein was reported approximately
0.6–5.8 Å.

Ligand docking studies
The frames obtained from the trajectory were divided into clusters
based on their energies. The cluster, which was displaying the
minimum energy was continued for the binding studies. During
the homology modelling, the model was built without using the
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Figure 4 ABHD2 docking interactions with pNP substrates
Covalent bond formation between the ABHD2 model with (A) pNPA; (B) pNPB and (C) pNPP highlighting the interactions
with specific amino acids.

template crystal ligand data. Hence, based on the previous liter-
ature, catalytic residues of the active pocket were predicted and
through the receptor grid generation protocol of the glide module,
the selected pocket was fixed. Three ligands were docked into the
fixed active pocket of the model following the covalent docking
protocol. Based on G-Scores, the three molecules binding modes
were analysed.

Three molecules pNPA, pNPB and pNPP were initially pre-
pared using the LigPrep. The prepared molecules were covalently

docked into the receptor active pocket i.e. catalytic triad. Both
acetate and butyrate molecules produced covalent bond with the
serine of the catalytic triad which was the key residue in perform-
ing the hydrolase activity. The developed ABHD2 model and the
acetate ligand shared covalent bond between the oxygen atom
of serine and carbon atom of acetate with a G-score of − 3.21
(Figure 4A). The ABHD2–butyrate complex also produced co-
valent bond sharing electrons between the oxygen and carbon
atoms as depicted in Figure 4(B). This complex showed G-score
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of − 3.63 which was slightly higher than the ABHD2–acetate
complex. This is in agreement with the in vitro activity observed
with the same substrates. Whereas in the ABHD2–palmitate com-
plex, instead of the covalent bond, one hydrogen bond and one
pi–pi stacking were observed (Figure 4C). There was no interac-
tion between palmitate and any of the important residues of the
catalytic triad because the fitting of the ligand was away from
the predicted pocket. The hydrogen bond was formed with the
residue Asn257 and the stacking was with Tyr314 with a G-score
of − 3.50.

Further, the model was cross validated with point mutated
ABHD2. The important residue of the active site Ser207 was re-
placed with Alanine. The mutated model showed no interactions
with any of the chosen substrates when covalently docked (Sup-
plementary Figure S1). This result highlights the role of Ser207 in
forming covalent bonding with the substrates and its importance
in the activity of lipases with conserved GXSXG motif. These ob-
servations correlate with the in vitro mutational studies of lipases,
MGAT of Arachis hypogaea [37] Cvt17 [38] Lpl1 [39], ROG1
[40] of S. cerevisiae which showed no or marginal activity when
serine of GXSXG motif was mutated with alanine.

CONCLUSION

In conclusion, the human ABHD2 protein sequence shows an
α/β hydrolase domain with conserved GXSXG lipase motif. To
study the role of this conserved GXSXG domain, ABHD2 was
cloned, overexpressed and the recombinant protein was used for
in vitro enzyme assays. The results obtained with His-tag purified
recombinant ABHD2 protein clearly displayed both TAG lipase
and ester hydrolase activities. This functionality justifies the in-
crease in expression of human ABHD2 gene in breast and lung
cancers, supporting the necessary energy by the breakdown of
lipids for the accelerated proliferation of cancer cells. Thereby, it
could also serve as a selective and potential target for combinat-
orial cancer chemotherapy.

AUTHOR CONTRIBUTION

Naresh Kumar M. and Bondili J.S. conceived, designed the study
and wrote the paper. Naresh Kumar M. and Chandra Sekhar B.
designed, performed and analyzed the experiments. Thunuguntla
V.B.S.C. and Swapna Guntupalli characterized enzyme activity.
Thunuguntla V.B.S.C. and Veeramachaneni G.K. performed in silico
studies. All authors analyzed the results.

ACKNOWLEDGEMENTS

We thank Prof. Ram Rajasekharan CSIR-CFTRI, Dr D.K. Venkata
Rao, CSIR-CIMAP for their kind support and help.

FUNDING

This work was supported by Council of Scientific & Industrial Re-
search (CSIR), Ministry of Science and Technology, Government

of India with CSIR-Senior Research Fellowship (SRF) [grant num-
ber 09/1068(0001)/EMR-I/2011 (to N.K.M.)]; and the Univer-
sity Grants Commission (UGC), Government of India, with UGC-
Research Award [grant number F.30-1/2013 (SA-II)/RA-2012-14-
GE-ANP-1237 (to B.J.S.)].

REFERENCES

1 Caleb, C.L., Thomas, G. and Brown, M.J. (2013) Mammalian alpha
beta hydrolase domain (ABHD) proteins: lipid metabolizing
enzymes at the interface of cell signaling and energy metabolism.
Biochim. Biophys. Acta 1831, 792–802 CrossRef PubMed

2 David, L.O., Cheah, E., Miroslaw, C., Bauke, D., Felix, F., Sybille,
M.F., Michal, H., Remington, S.J., Israel, S., Joseph, S. et al.
(1992) The alpha/beta hydrolase fold. Protein Eng. 5, 197–211
CrossRef PubMed

3 Nardini, M. and Dijkstra, B.W. (1999) Alpha/beta hydrolase fold
enzymes: the family keeps growing. Curr. Opin. Struct. Biol. 9,
732–737 CrossRef PubMed

4 Rajakumari, S. and Daum, G. (2010) Janus-faced enzymes yeast
Tgl3p and Tgl5p catalyze lipase and acyltransferase reactions.
Mol. Biol. Cell 21, 501–510 CrossRef PubMed

5 Simon, G.M. and Cravatt, B.F. (2006) Endocannabinoid
biosynthesis proceeding through glycerophospho-N-acyl
ethanolamine and a role for alpha/beta-hydrolase 4 in this
pathway. J. Biol. Chem. 281, 26465–26472 CrossRef PubMed

6 Liu, J., Wang, L., Harvey-White, J., Huang, B.X., Kim, H.Y., Luquet,
S., Palmiter, R.D., Krystal, G., Rai, R., Mahadevan, A. et al. (2008)
Multiple pathways involved in the biosynthesis of anandamide.
Neuropharmacology 54, 1–7 CrossRef PubMed

7 Brady, C.A., Jiang, D., Mello, S.S., Johnson, T.M., Jarvis, L.A.,
Kozak, M.M., Broz, D.K., Basak, S., Park, E.J., McLaughlin, M.E.
et al. (2011) Distinct p53 transcriptional programs dictate acute
DNA-damage responses and tumor suppression. Cell 145,
571–583 CrossRef PubMed

8 Igal, R.A., Rhoads, J.M. and Coleman, R.A. (1997) Neutral lipid
storage disease with fatty liver and cholestasis. J. Pediatr.
Gastroenterol. Nutr. 25, 541–547 CrossRef PubMed

9 Lefevre, C., Jobard, F., Caux, F., Bouadjar, B., Karaduman, A.,
Heilig, R., Lakhdar, H., Wollenberg, A., Verret, J.L., Weissenbach, J.
et al. (2001) Mutations in CGI-58, the gene encoding a new
protein of the esterase/lipase/thioesterase subfamily, in
Chanarin–Dorfman syndrome. Am. J. Hum. Genet. 69, 1002–1012
CrossRef PubMed

10 Blankman, J.L., Simon, G.M. and Cravatt, B.F. (2007) A
comprehensive profile of brain enzymes that hydrolyze the
endocannabinoid 2-arachidonoylglycerol. Chem. Biol. Drug. Des.
14, 1347–1356 CrossRef

11 Marrs, W.R., Blankman, J.L., Horne, E.A., Thomazeau, A., Lin, Y.H.,
Coy, J., Bodor, A.L., Muccioli, G.G., Hu, S.S., Woodruff, G. et al.
(2010) The serine hydrolase ABHD6 controls the accumulation and
efficacy of 2-AG at cannabinoid receptors. Nat. Neurosci. 13,
951–957 CrossRef PubMed

12 Straiker, A., Wager-Miller, J., Hu, S.S., Blankman, J.L., Cravatt, B.F.
and Mackie, K. (2011) COX-2 and fatty acid amide hydrolase can
regulate the time course of depolarization-induced suppression of
excitation. Br. J. Pharmacol. 164, 1672–1683
CrossRef PubMed

13 Zhong, P., Pan, B., Gao, X.P., Blankman, J.L., Cravatt, B.F. and Liu,
Q.S. (2011) Genetic deletion of monoacylglycerol lipase alters
endocannabinoid-mediated retrograde synaptic depression in the
cerebellum. J. Physiol. 589, 4847–4855 CrossRef PubMed

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

7

http://dx.doi.org/10.1016/j.bbalip.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23328280
http://dx.doi.org/10.1093/protein/5.3.197
http://www.ncbi.nlm.nih.gov/pubmed/1409539
http://dx.doi.org/10.1016/S0959-440X(99)00037-8
http://www.ncbi.nlm.nih.gov/pubmed/10607665
http://dx.doi.org/10.1091/mbc.E09-09-0775
http://www.ncbi.nlm.nih.gov/pubmed/20016004
http://dx.doi.org/10.1074/jbc.M604660200
http://www.ncbi.nlm.nih.gov/pubmed/16818490
http://dx.doi.org/10.1016/j.neuropharm.2007.05.020
http://www.ncbi.nlm.nih.gov/pubmed/17631919
http://dx.doi.org/10.1016/j.cell.2011.03.035
http://www.ncbi.nlm.nih.gov/pubmed/21565614
http://dx.doi.org/10.1097/00005176-199711000-00011
http://www.ncbi.nlm.nih.gov/pubmed/9360211
http://dx.doi.org/10.1086/324121
http://www.ncbi.nlm.nih.gov/pubmed/11590543
http://dx.doi.org/10.1016/j.chembiol.2007.11.006
http://dx.doi.org/10.1038/nn.2601
http://www.ncbi.nlm.nih.gov/pubmed/20657592
http://dx.doi.org/10.1111/j.1476-5381.2011.01486.x
http://www.ncbi.nlm.nih.gov/pubmed/21564090
http://dx.doi.org/10.1113/jphysiol.2011.215509
http://www.ncbi.nlm.nih.gov/pubmed/21911610
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Naresh Kumar M. and others

14 Savinainen, J.R., Saario, S.M. and Laitinen, J.T. (2012) The serine
hydrolases MAGL, ABHD6 and ABHD12 as guardians of
2-arachidonoylglycerol signalling through cannabinoid receptors.
Acta Physiol. (Oxf). 204, 267–276
CrossRef PubMed

15 Eisenberger, T., Slim, R., Mansour, A., Nauck, M., Numberg, G.,
Decker, C., Dafinger, C., Ebermann, I., Bergmann, C. and Bolz, H.J.
(2012) Targeted next-generation sequencing identifies a
homozygous nonsense mutation in ABHD12, the gene underlying
PHARC in a family clinically diagnosed with Usher syndrome type 3.
Orphanet. J. Rare Dis. 7, 59 CrossRef PubMed

16 Edgar, A.J. and Polak, J.M. (2002) Cloning and tissue distribution
of three murine alpha/beta hydrolase fold protein cDNAs.
Biochem. Biophys. Res. Commun. 292, 617–625
CrossRef PubMed

17 Jin, S., Zhao, G., Li, Z., Nishimoto, Y., Isohama, Y., Shen, J., Ito, T.,
Takeya, M., Araki, K., He, P. and Yamamura, K. (2009) Age-related
pulmonary emphysema inmice lacking alpha/beta hydrolase
domain containing 2 gene. Biochem. Biophys. Res. Commun. 380,
419–424 CrossRef PubMed

18 Miyata, K., Nakayama, M., Mizuta, S., Hokimoto, S., Sugamura, K.,
Oshima, S., Oike, Y., Sugiyama, S., Ogawa, H. and Yamamura, K.
(2008) Elevated mature macrophage expression of human ABHD2
gene in vulnerable plaque. Biochem. Biophys. Res. Commun. 365,
207–213 CrossRef PubMed

19 Gelperin, D.M., White, M.A., Wilkinson, M.L., Kon, Y., Kung, L.A.,
Wise, K.J., Lopez-Hoyo, N., Jiang, L., Piccirillo, S., Yu, H. et al.
(2005) Biochemical and genetic analysis of the yeast proteome
with a movable ORF collection. Genes Dev. 19, 2816–2826
CrossRef PubMed

20 Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S.
(2013) MEGA6: molecular evolutionary genetics analysis version
6.0. Mol. Biol. Evol. 30, 2725–2729
CrossRef PubMed

21 Ploier, B., Scharwey, M., Koch, B., Schmidt, C., Schatte, J.,
Rechberger, G., Kollroser, M., Hermetter, A. and Daum, G. (2013)
Screening for hydrolytic enzymes reveals Ayr1p as a novel
triacylglycerol lipase in Saccharomyces cerevisiae. J. Biol. Chem.
288, 36061–36072 CrossRef PubMed

22 Kanwar, S.S., Kaushal, R.K., Jaweed, A., Gupta, R. and Chimny,
S.S. (2005) Methods for the inhibition of residual lipase activity in
colometric assay: a comparative study. Indian J. Biochem. Biophys.
42, 233–237 PubMed

23 Subramanian, M., Metya, S.K., Sadaf, S., Kumar, S., Schwudke, D.
and Hasan, G. (2013) Altered lipid homeostasis in Drosophila
InsP3 receptor mutants leads to obesity and hyperphagia. Dis.
Models Mech. 6, 734–744 CrossRef

24 Consortium, T.U. (2012) Reorganizing the protein space at the
Universal Protein Resource (UniProt). Nucleic Acids. Res. 40,
D71–D75 CrossRef PubMed

25 Schrödinger Release 2015-2 (2015), Prime, version 4.0,
Schrödinger, LLC, New York, NY

26 Laskowski, R.A., MacArthur, M.W., Moss, D.S., Thornton, J.M.
(1993) PROCHECK – a program to check the stereochemical
quality of protein structures. J. Appl. Cryst. 26, 283–291
CrossRef

27 Uo, Z., Mohanty, U., Noehre, J., Sawyer, T.K., Sherman, W. and
Krilov, G. (2010) Probing the α-helical structural stability of stapled
p53 peptides: molecular dynamics simulations and analysis.
Chem. Biol. Drug. Des. 75, 348–359 CrossRef PubMed

28 Kim, S., Thiessen, P.A., Bolton, E.E., Chen, J., Fu, G., Gindulyte, A.,
Han, L., He, J., He, S., Shoemaker, B.A. et al. (2016) PubChem
substance and compound databases. Nucleic Acids. Res. 44,
D1202–D1213 CrossRef PubMed

29 Schrödinger Release 2015-2 (2015), LigPrep, version 3.4,
Schrödinger, LLC, New York, NY PubMed

30 Sastry, G.M., Adzhigirey, M., Day, T., Annabhimoju, R., Sherman, W.
(2013) Protein and ligand preparation: parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aid. Mol.
Des. 27, 221–234 CrossRef

31 Friesner, R.A., Banks, J.L., Murphy, R.B., Halgren, T.A., Klicic, J.J.,
Mainz, D.T., Repasky, M.P., Knoll, E.H., Shaw, D.E., Shelley, M.
et al. (2004) Glide: a new approach for rapid, accurate docking
and scoring. 1. Method and assessment of docking accuracy. J.
Med. Chem. 47, 1739–1749 CrossRef PubMed

32 Rhodes, D.R., Yu, J., Shanker, Z.K., Deshpandez, N., Varambally,
R., Ghosh, D., Barrette, T., Pandey, A. and Chinnaiyan, A.M. (2004)
ONCOMINE: a cancer microarray database and integrated
data-mining platform. Neoplasia 6, 1–6 CrossRef PubMed

33 Talantov, D., Mazumder, A., Yu, J.X., Briggs, T., Backus, Y.J.J.,
Atkins, D. and Wang, Y. (2005) Novel genes associated with
malignant melanoma but not benign melanocytic lesions. Clin.
Cancer Res. 11, 7234–7242 CrossRef PubMed

34 Richardson, A.L., Wang, Z.C., Nicolo, A.D., Lu, X., Brown, M.,
Miron, A., Liao, X., Iglehart, J.D., Livingston, D.M. and Ganesan, S.
(2006) X chromosomal abnormalities in basal-like human breast
cancer. Cancer Cell 9, 121–132 CrossRef PubMed

35 Finak, G., Bertos, N., Pepin, F., Sadekova, S., Souleimanova, M.,
Zhao, H., Chen, H., Omeroglu, G., Meterissian, S., Omeroglu, A.
et al. (2008) Stromal gene expression predicts clinical outcome in
breast cancer. Nat. Med. 14, 518–527 CrossRef PubMed

36 Wisotzkey, R.G., Aaron, J.N., Takaesu, N.T. and Newfeld, S.J.
(2003) a/b Hydrolase2, a predicated gene adjacent to Mad in
Drosophila melanogaster belongs to a new global multigene family
and is associated with obesity. J. Mol. Evol. 56, 351–361
CrossRef PubMed

37 Vijayaraj, P., Jashal, B.C., Vijayakumar, A., Hima, R.S., Venkata
Rao, D.K. and Rajasekharan, R. (2012) A bifunctional
enzyme that has both monoacylglycerol acyltransferase and
acyl hydrolase activities. Plant Physiol. 160, 667–683
CrossRef PubMed

38 Epple, U.D., Suriapranata, I., Eskelinen, E.L. and Thumm, M.
(2001) Aut5/Cvt17p a putative lipase essential for disintegration
of autophagic bodies inside the vacuole. J. Bacteriol. 183,
5942–5955 CrossRef PubMed

39 Selvaraju, K., Rajkumar, S. and Nachiappan, V. (2014)
Identification of a phospholipase B encoded by the LPL1 gene in
Saccharomyces cerevisiae. Biochim. Biophys. Acta 1841,
1383–1392 CrossRef

40 Vishnu, V.L., Selvaraju, K., Srinivasan, M. and Nachiappan, V.
(2015) ROG1 encodes a monoacylglycerol lipase in Saccharomyces
cerevisiae. FEBS Lett. 589, 23–30 CrossRef PubMed

Received 7 February 2016/16 May 2016; accepted 31 May 2016

Accepted Manuscript online 31 May 2016, doi 10.1042/BSR20160033

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8 c© 2016 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
Licence 4.0 (CC BY).

http://dx.doi.org/10.1111/j.1748-1716.2011.02280.x
http://www.ncbi.nlm.nih.gov/pubmed/21418147
http://dx.doi.org/10.1186/1750-1172-7-59
http://www.ncbi.nlm.nih.gov/pubmed/22938382
http://dx.doi.org/10.1006/bbrc.2002.6692
http://www.ncbi.nlm.nih.gov/pubmed/11922611
http://dx.doi.org/10.1016/j.bbrc.2009.01.098
http://www.ncbi.nlm.nih.gov/pubmed/19250629
http://dx.doi.org/10.1016/j.bbrc.2007.10.127
http://www.ncbi.nlm.nih.gov/pubmed/17980156
http://dx.doi.org/10.1101/gad.1362105
http://www.ncbi.nlm.nih.gov/pubmed/16322557
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://dx.doi.org/10.1074/jbc.M113.509927
http://www.ncbi.nlm.nih.gov/pubmed/24187129
http://www.ncbi.nlm.nih.gov/pubmed/23923547
http://dx.doi.org/10.1242/dmm.010017
http://dx.doi.org/10.1093/nar/gkr981
http://www.ncbi.nlm.nih.gov/pubmed/22102590
http://dx.doi.org/10.1107/S0021889892009944
http://dx.doi.org/10.1111/j.1747-0285.2010.00951.x
http://www.ncbi.nlm.nih.gov/pubmed/20331649
http://dx.doi.org/10.1093/nar/gkv951
http://www.ncbi.nlm.nih.gov/pubmed/26400175
http://www.ncbi.nlm.nih.gov/pubmed/26400175
http://dx.doi.org/10.1007/s10822-013-9644-8
http://dx.doi.org/10.1021/jm0306430
http://www.ncbi.nlm.nih.gov/pubmed/15027865
http://dx.doi.org/10.1016/S1476-5586(04)80047-2
http://www.ncbi.nlm.nih.gov/pubmed/15068665
http://dx.doi.org/10.1158/1078-0432.CCR-05-0683
http://www.ncbi.nlm.nih.gov/pubmed/16243793
http://dx.doi.org/10.1016/j.ccr.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/16473279
http://dx.doi.org/10.1038/nm1764
http://www.ncbi.nlm.nih.gov/pubmed/18438415
http://dx.doi.org/10.1007/s00239-002-2411-4
http://www.ncbi.nlm.nih.gov/pubmed/12612838
http://dx.doi.org/10.1104/pp.112.202135
http://www.ncbi.nlm.nih.gov/pubmed/22915575
http://dx.doi.org/10.1128/JB.183.20.5942-5955.2001
http://www.ncbi.nlm.nih.gov/pubmed/11566994
http://dx.doi.org/10.1016/j.bbalip.2014.06.013
http://dx.doi.org/10.1016/j.febslet.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25433290
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

