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Mammalian patatin-like phospholipase domain containing 
proteins (PNPLAs) play critical roles in triglyceride 
hydrolysis, phospholipids metabolism, and lipid droplet 
(LD) homeostasis. PNPLA7 is a lysophosphatidylcholine 
hydrolase anchored on the endoplasmic reticulum which 
associates with LDs through its catalytic region (PNPLA7-C) 
in response to increased cyclic nucleotide levels. However, 
the interaction of PNPLA7 with LDs through its catalytic 
region is unknown. Herein, we demonstrate that PNPLA7-C 
localizes to the mature LDs ex vivo and also colocalizes with 
pre-existing LDs. Localization of PNPLA7-C with LDs induces 
LDs clustering via non-enzymatic intermolecular associations, 
while PNPLA7 alone does not induce LD clustering. Residues 
742-1016 contains four putative transmembrane domains 
which act as a LD targeting motif and are required for the 
localization of PNPLA7-C to LDs. Furthermore, the N-terminal 
flanking region of the LD targeting motif, residues 681-741, 
contributes to the LD targeting, whereas the C-terminal 
flanking region (1169-1326) has an anti-LD targeting 
effect. Interestingly, the LD targeting motif does not exhibit 
lysophosphatidylcholine hydrolase activity even though it 
associates with LDs phospholipid membranes. These findings 
characterize the specific functional domains of PNPLA7 
mediating subcellular positioning and interactions with LDs, 
as wells as providing critical insights into the structure of this 
evolutionarily conserved phospholipid-metabolizing enzyme 
family.
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INTRODUCTION

As evolutionarily conserved organelles that store triacylglyc-

erols (TAG) and sterol esters, lipid droplets (LDs) are sur-

rounded by a phospholipid monolayer that associates with 

a wide variety of proteins (Barneda and Christian, 2017; 

Farese and Walther, 2009; Fujimoto and Parton, 2011). LDs 

are important dynamic organelles that respond to metabolic 

states and nutrient conditions (Reue, 2011). LD-associated 

proteins play critical roles in the formation and breakdown of 

LDs. Tens to hundreds of LD-associated proteins have been 

identified through proteomic experiments (Zhang and Liu, 

2019). Common among them are perilipins in mammalian 

cells, which are involved in TAG synthesis and the breakdown 

of LDs which regulates their size and number (Sztalryd and 

Brasaemle, 2017).

 Recently, the mammalian patatin-like phospholipase 

domain containing protein (PNPLA) family has attracted 

attention because many of its members have critical roles in 

energy metabolism, skin barrier development, and neuronal 

integrity (Kienesberger et al., 2009; Pichery et al., 2017). Nine 

PNPLA proteins have been identified and exhibit hydrolase, 

transacylase, or acyltransferase activities with diverse lipid 

substrates such as phospholipids, acylglycerols, and retinoids 
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(Kienesberger et al., 2009). Mammalian PNPLAs have been 

divided into three subgroups (Kienesberger et al., 2009; Wil-

son et al., 2006). The first subgroup, termed the adiponutrin 

family, contains PNPLA1-5; among them PNPLA2 (adipose 

triglyceride lipase, ATGL), PNPLA3 (adiponutrin), and PNP-

LA5 (GS2-like protein) are constitutively associated with LDs 

(Murugesan et al., 2013). In addition, PNPLA1 is recruited 

to the LD membrane by α/β-hydrolase domain containing 5 

(ABHD5) (Kien et al., 2018; Ohno et al., 2018). The second 

subfamily includes PNPLA6 and PNPLA7, which are usually 

termed neuropathy target esterase (NTE) and NTE-related es-

terase respectively. PNPLA8 and PNPLA9 constitute the third 

subgroup (Kienesberger et al., 2009; Wilson et al., 2006).

 PNPLA6 and PNPLA7 have been remarkably conserved 

through evolution with orthologous proteins existing in 

yeast, nematodes, and flies (Lush et al., 1998). They share 

a highly conserved domain architecture that is comprised 

of an amino-terminal transmembrane domain (TMD), a 

regulatory (R) region with three predicted cyclic nucleotide 

monophosphate (cNMP)-binding domains (CBDs), and a 

carboxyl-terminal catalytic esterase (C) region that includes 

a patatin domain (Kienesberger et al., 2008; Li et al., 2003) 

(Fig. 1A). The N-terminus of PNPLA7 is present in the en-

doplasmic reticulum (ER) lumen, whereas the C-terminus is 

cytosolic (Heier et al., 2017). PNPLA6 and PNPLA7 localize to 

the ER via its N-terminal TMD, while the R-region contributes 

to ER targeting (Heier et al., 2017; Li et al., 2003). Except for 

the N-terminal TMD, most of PNPLA6 and PNPLA7, which 

contain R and C regions, are cytosolic (Heier et al., 2017; Li et 

al., 2003). PNPLA6 has potent phospholipase activity which 

deacylates membrane lipids such as phosphatidylcholine 

(PC) and lysophosphatidylcholine (LPC) (Quistad et al., 2003; 

Zaccheo et al., 2004). PNPLA7 is also a lysophospholipase 

which hydrolyzes several lysophospholipids as determined by 

in vitro studies (Kienesberger et al., 2008). We further found 

that PNPLA7 functions acts as a potent intracellular lyso-

phospholipase that primarily hydrolyzes LPC, particularly the 

unsaturated species found in living cells (Heier et al., 2017). 

The C-terminal regions of PNPLA6 and PNPLA7 exhibit simi-

lar catalytic activity similar to full-length proteins (Atkins and 

Glynn, 2000; Heier et al., 2017; Li et al., 2003; van Tienhoven 

et al., 2002).

 PNPLA6 is primarily expressed in the nervous system, par-

ticularly in the brain and spinal cord, and plays several critical 

roles in mammalian neural development and adult axon 

maintenance (Akassoglou et al., 2004; Read et al., 2009). 

PNPLA7 is expressed in testis and insulin target tissues such 

as skeletal muscle, heart, and adipose tissues where it regu-

lates responses to feeding/fasting transitions and insulin con-

centrations (Chang et al., 2012; Kienesberger et al., 2008). 

Recently, PNPLA7 was found to associate with LDs upon 

elevated fatty acid fluxes (Heier et al., 2017; Kienesberger et 

al., 2008). Our previous study demonstrates that the interac-

tion of PNPLA7 with LDs is dependent on its catalytic domain 

and promoted by increased cNMP levels, such as cAMP and 

cGMP (Heier et al., 2017). The expression, catalytic activity, 

and localization of PNPLA7 are closely linked to lipid metabo-

lism and energy homeostasis.

 How does PNPLA7 interact with LDs through its catalytic 

Fig. 1. PNPLA7-C localizes to LDs. (A) Domain architecture 

of PNPLA7 and PNPLA7-C. (B) PNPLA7-C-GFP localizes to LDs 

in a few of COS7 cells even without OA loading. At 48 h and 

72 h post-transfection, COS7 cells were fixed and incubated 

with LipidTOX Red to stain LDs. Colocalization of PNPLA7-C 

and LDs was visualized by confocal laser scanning microscopy. 

The cell boundary was indicated by discontinuous short white 

lines. Scale bars = 10 µm. (C) PNPLA7-C colocalizes with the 

pre-LD marker HPos. COS7 cells co-expressing GFP, PNPLA7-

C-GFP, or PNPLA7-GFP and HPos-mCherry were starved for 

24 h. PNPLA7-C-GFP is present in HPos-positive puncta upon 

starvation, whereas PNPLA7 does not colocalize with pre-LDs 

stained by HPos-mCherry. White arrows indicate colocalization 

of proteins with pre-LDs marker HPos. Scale bars = 10 µm. (D) 

Quantification of the percentage of HPos-positive pre-LDs that 

accumulated in co-transfected proteins. Data are representative 

of three independent experiments and are expressed as means of 

total 50 cells. Error bars represent SD. Statistical significance was 

determined using Student’s unpaired t-test. *P < 0.05.
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region? There is no consensus as to how LD targeting motifs 

confer LD associations (Zhang and Liu, 2019). Even within 

the closely related members in the first PNPLA family sub-

group, PNPLA2, PNPLA3 and PNPLA5 all employ different 

molecular motifs to interact with LDs (Murugesan et al., 

2013). In addition, PNPLA7 belongs to the second PNPLA 

subfamily and has a different domain architecture when 

compared to other subgroups (Kienesberger et al., 2009; 

Wilson et al., 2006). Our previous results identified a stretch 

of 287 amino acids (681-967) mediates the interaction of 

PNPLA7 with LDs (Heier et al., 2017). In the current study, 

the interaction of PNPLA7 through its catalytic region with 

LDs is further explored to define the structural and functional 

domains that allow PNPLA7 to interact with LDs.

MATERIALS AND METHODS

Materials
African green monkey kidney fibroblast-like COS-7 cells were 

purchased from the Cell Center of Chinese Academy of Medi-

cal Sciences (China). PNPLA7-GFP, PNPLA7-ΔR-GFP, PNPLA7-

C-GFP, PNPLA7-C2, C3, C4, C5, and C8 were constructed in 

our lab (Heier et al., 2017). The pGFP-HPos plasmid was gift 

from Prof. Albert Pol (Institut d'Investigacions Biomèdiques 

August Pi i Sunyer, Spain) (Kassan et al., 2013). Plasmid 

pEGFP-N3 and CAV1-mCherry were purchased from Clon-

tech (USA) and Addgene (USA), respectively. Transfection 

reagents Lipofectamine 2000 and HCS LipidTOX Deep Red 

HCS LipidTOX Deep Red were obtained from Thermo Fisher 

Scientific (USA). Cell culture reagents and oleic acid (OA) 

were purchased from Sigma-Aldrich (USA). Q5 Site-Directed 

Mutagenesis Kit was purchased from New England Biolabs 

(USA). Pfu DNA polymerase, Xho I, EcoR I, and Age I were 

purchased from Takara (China). LPC (1-palmitoyl-sn-glyce-

ro-3-phosphocholine) and 8-CPT-cAMP were purchased from 

Sigma-Aldrich. Mouse anti-GFP, anti-GAPDH, anti-perilipin 

2 (PLIN2) monoclonal antibodies, and goat anti-mouse IgG 

HRP were from Santa Cruz Biotechnology (USA). Enhanced 

chemiluminescence (ECL) reagents are obtained from Pierce 

Biotechnology (USA). NEFA-HR (2) kit was obtained from 

WAKO Chemicals GmbH (Germany).

Transmembrane domain analysis
TMDs in PNPLA7-C were predicted using TMHMM (Krogh et 

al., 2001), SOSUI (Hirokawa et al., 1998), TMpred (Hofmann 

and Stoffel, 1993), HMMTOP (Tusnády and Simon, 2001), 

and TopPred (Claros and von Heijne, 1994).

Plasmids construction
PNPLA7 truncation mutants were generated by polymerase 

chain reaction (PCR) using the primers shown in Table 1. The 

PCR products were purified by agarose gel electrophoresis 

and cloned into the multiple cloning site of pEGFP-N3 using 

the restriction sites for Xho I and EcoR I to create C-terminal 

in-frame fusions with GFP. The internal deletion mutant 

of PNPLA7-C for ΔTM (Δ742-1017) was generated using 

the Q5 Site-Directed Mutagenesis Kit with PNPLA7-C-GFP 

as template and primers indicated in Table 1. To construct 

PNPLA7-C13 and C14, PNPLA7-C2 and C8 were used as 

templates respectively and performed according to the 

Q5 Site-Directed Mutagenesis Kit manual. To generate a 

plasmid encoding HPos-mCherry, the cDNAs of HPos were 

amplified using the primers, 5'- GCGAATTCGCCATGGATG-

CCCTGGTTCTATT -3' and 5'- CAGGATCCCGTATCTCTTTCT-

GCGTGCTGA -3' using pGFP-HPos as a template (Kassan 

et al., 2013). The PCR products were digested with EcoR 

I and BamH I and ligated into the multiple cloning site of 

pCAV1-mCherry. All plasmids were sequenced to confirm the 

presence of the desired mutations.

Cell culture, transfection, and treatment
COS-7 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) with 10% fetal bovine serum in a 37°C 

incubator with 5% CO2. Cell transfections were performed 

using Lipofectamine 2000 transfection reagent as per the 

manufacturer’s directions. COS-7 cells were starved in DMEM 

in the absence of serum for 24 h directly after transfection 

of PNPLA7-GFP or PNPLA7-C-GFP with HPos-mCherry to 

observe the associations with pre-existing LDs. To stimulate 

TAG synthesis and LD formation, 24-h post-transfection, cells 

Table 1. The Primers used to generate PNPLA7-C constructs

Construct name Primer name Primer sequence (5'-3')

PNPLA7-C9 TM1F TTCTCGAGGCCATGTTTGCTCTGGAGCTCCAACA

TM9R GCGAATTCGAGAAGATGTTGCTGATGCTGC

PNPLA7-C10 TM2F TTCTCGAGGCCATGCTGACAGGCAATGCCATT

TM10R GCGAATTCGAGAAGATGTTGCTGATGCTGC    

PNPLA7-C11 TM1F TTCTCGAGGCCATGTTTGCTCTGGAGCTCCAACA

TM11R GCGAATTCGACTCTAGGACACCACTCCGGA

PNPLA7-C12 TM1F TTCTCGAGGCCATGTTTGCTCTGGAGCTCCAACA 

TM12R GCGAATTCGACCTCAGGTACTCACAGTAGT

PNPLA7-C13 ΔTM2F CAGGTGGGCATCCTCAGG

ΔTM2R CCGTGCCAGGCGGGAAAA

PNPLA7-C14 ΔTM2F CAGGTGGGCATCCTCAGG

ΔTM2R CCGTGCCAGGCGGGAAAA

ΔTM-PNPLA7-C NDTF AAAGACCGGCAGATTGAGGAC    

NDTR GGCGGTTAGGGGCACATC 
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were cultured in DMEM medium containing 400 µM OA 

complexed with fat-free bovine serum albumin (BSA) for 16 

h. In order to enhance the association of PNPLA7 with LDs, 

cells were treated with 400 µM OA and 1 mM 8-CPT-cAMP 

for 16 h before being processed for imaging.

LDs purification
For LD isolation, cells were harvested, washed twice with 

PBS, and resuspended in cold lysis buffer A (20 mM Tris/HCl 

pH 7.4, 1 mMEDTA) containing freshly added protease inhib-

itors (1 mM sodium orthovanadate, 1 mMNaF, 1 µg/ml Leu-

peptin, 10 µg/ml Aprotinin, 1 mM PMSF), and then homog-

enized with a Dounce homogenizer on ice. LDs were isolated 

by a discontinuous sucrose gradient ultracentrifugation as 

described by Braesaml and Wolins with minor modifications 

(Brasaemle and Wolins, 2016). Protein concentrations of cell 

extracts were determined with the Bio-Rad Protein Assay Kit 

(Bio-Rad, USA) using BSA as standard.

Immunoblotting analysis
After transfection for 48 h, total protein samples were pre-

pared by sonication in RIPA Buffer containing 20 µg/ml leu-

peptine, 2 µg/ml antipain, and 1 µg/ml pepstatin, and then 

centrifuged at 4°C and 15,000g for 15 min to pellet the cell 

debris. The supernatant was used to further immunoblotting 

analysis. The protein concentration was determined with 

Pierce BCA Protein Assay Kit (Pierce Biotechnology). The 

protein expression in total cell and LDs extracts were assayed 

by western blotting using anti-GFP antibodies (Huang et al., 

2016). Blots were then stripped and re-probed for anti-GAP-

DH or anti-PLIN2 antibody.

LD staining and confocal fluorescence microscopy
COS-7 cells were seeded in chambers mounted onto cover 

slips (Sarstedt, Germany) and transfected as described above. 

After transfection for the indicated time, the cells are washed 

three times with 1× PBS and then fixed with 4% paraformal-

dehyde (PFA) for 20 min at room temperature. For detection 

of protein and LD colocalization, LDs were stained by incu-

bating the cells with HCS LipidTOX Red Neutral Lipid stain 

(1:500 in PBS) for 30 min. Fluorescent images were acquired 

by confocal scanning microscopy with a Leica SP5 confocal 

microscope equipped with a Leica HCX 63×1.4 NA oil im-

mersion objective. Enhanced GFP was excited at 488 nm and 

emission was detected between 500 and 530 nm. mCherry 

was excited at 561 nm and emission was detected between 

580 and 610 nm. HCS LipidTOX Deep Red was excited at 633 

nm and emission was detected between 650 and 700 nm. 

All the presented experiments are repeated independently at 

least three times.

LD quantification
The percentage of the HPos-positive pre-LDs were quantified 

as previously described (Kassan et al., 2013). In brief, trans-

fected cells were selected randomly. For each experiment, 

images were captured under the same conditions. All images 

were single confocal sections and analyzed with Photoshop 

CS software (Adobe, USA). The quantification of number of 

pre-LDs, and the colocalization of transfected proteins with 

HPos were performed in three independent experiments and 

at least 50 cells per experiment were acquired using ImageJ 

software (National Institutes of Health, USA). LDs were clas-

sified as clustered, intermediate, and dispersed as previously 

described (Papadopoulos et al., 2015). When more than 

50% of the LDs were clustered on one side of the cell, LDs 

were classified as clustered. LDs were classified as interme-

diate when at least 50% of the LDs showed a dispersed 

distribution, and dispersed when LD distribution was undis-

tinguishable from that non-transfected neighboring cells. 

Experiments were performed a minimum of three times.

Lysophosphatidylcholine hydrolase assays
At 48-h post-transfection, COS-7 cells were sonicated in 

0.25 M sucrose, 1 mM EDTA, 1 mM DTT containing 20 µg/

ml leupeptine, 2 µg/ml antipain, and 1 µg/ml pepstatin, 

and then centrifuged at 4°C and 1,000g to prepare protein 

samples. Protein concentrations were determined by BCA 

Protein Assay Kit using BSA as standard. The supernatant 

fraction was used to determine lysophospholipase activity as 

described previously (Heier et al., 2017). In brief, 50 µl cell 

lysates containing 50 µg of protein were incubated with a 

50 µl substrate volume containing 4 mM LPC, 100 mM Bis-

tris propane buffer, pH 8.0, 1 mM EDTA, and 4 mM CHAPS 

for 30 min at 37°C in a water bath. Each reaction was termi-

nated by heat inactivation at 75°C for 10 min. The released 

amounts of fatty acids were determined using an HR Series 

NEFA-HR (2) kit according to the manufacturer’s protocol.

Statistical analysis
All measurements were performed in triplicates. Data are pre-

sented as mean ± SD. Statistical significance was determined 

by the Student’s unpaired t-test. Group differences were con-

sidered statistically significant for P < 0.05. Data analysis were 

carried out using SPSS 17.0 (IBM, USA).

RESULTS

The PNPLA7-C localizes to LDs ex vivo and associates with 
pre-existing LDs after starvation
Our previous study demonstrates that PNPLA7 associates 

with LDs via its C-region in COS-7 cells after OA loading (Hei-

er et al., 2017). However, in the current study, we found that 

PNPLA7-C labeled vesicles appear as ring structures in some 

cells 48-h post-transfection without OA stimulation, although 

most of PNPLA7-C exhibits a diffused cytosolic distribution 

(Fig. 1B). The ring-like distribution of PNPLA7-C concen-

trates around LDs stained with a neutral lipid dye, LipidTOX 

Red (Fig. 1B), indicating that PNPLA7-C associates with LDs. 

This phenomena becomes more obvious and LD clustering 

appears 72-h post-transfection (Fig. 1B). Thus, PNPLA7-C lo-

calizes to LDs even under normal culture conditions without 

elevated fatty acid fluxes.

 LD formation originates from pre-existing LD (pre-LD) in 

restricted ER microdomains (Kassan et al., 2013). Neutral 

lipids are first deposited in pre-LDs to stimulate LD formation 

upon fatty acids feeding. Pre-LDs are characterized with a 

core of neutral lipids that are resistant to starvation and can 

be labeled with a modeled peptide (HPos) after starvation 
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(Kassan et al., 2013). The relationship of PNPLA7 with pre-

LDs was investigated to further explore the relationship 

between PNPLA7 and LDs. As shown in Fig. 1C, HPos fused 

with mCherry distributes in ER-like structures and associates 

with small dots (pre-LDs) after starvation. GFP with a diffused 

distribution is an HPos negative cell (Fig. 1C). There were a 

large number of small puncta in PNPLA7-C-GFP-expressing 

cells, most of which were HPos positive (Fig. 1C). In contrast 

to PNPLA7-C, PNPLA7 does not colocalize with pre-LDs la-

beled by HPos-mCherry, yet still exhibits a reticular staining 

pattern (Fig. 1C). Quantified analyses of our results indicate 

the percentage of HPos-positive small puncta in PNPLA7-C 

expressing cells is significantly increased when compared 

with PNPLA7 expressing cells (Fig. 1D). These data demon-

strate that PNPLA7-C localizes to pre-LDs, as defined by HPos 

labeling, after starvation.

PNPLA7-C induces LD clustering in a non-enzymatic man-
ner
The C-terminal region of PNPLA7 localizes to pre-LDs and 

mature LDs. We further examined the effect of PNPLA7 and 

its truncated mutants on LD distribution. As shown in Fig. 2, 

COS-7 cells overexpressing PNPLA7-C have LD clustering in 

proximity to the cell nucleus when compared with neighbor-

ing non-transfected cells and cells transfected with the empty 

vector GFP. In contrast, LDs in PNPLA7-expressing cells are 

relatively dispersed in the cytosol and most PNPLA7 does not 

localize to LDs, suggesting that LD targeting is necessary for 

LDs clustering. Elevated cAMP levels enhances the localiza-

tion of PNPLA7 to LDs after fatty acid flux (Heier et al., 2017). 

Localization of PNPLA7 to LDs under increased cAMP condi-

tions causes some LD clustering; however, most LDs are still 

dispersed in the cytosol (Fig. 2). PNPLA7 where regulatory(R-) 

region is deleted also localizes to LDs (Heier et al., 2017). 

There were less clustered and more dispersed LDs in PNP-

LA7-ΔR expressing cells compared with PNPLA7-C expressing 

cells (Fig. 2). Because PNPLA7-C and PNPLA7-ΔR exhibit the 

similar catalytic activity (Heier et al., 2017), the distribution of 

LDs induced by PNPLA7-C does not appear to be related to 

catalytic activity.

The entire putative TMD of PNPLA7-C is required for tar-
geting LDs
In eukaryotes, de novo formation of LDs originates from the 

ER (Fujimoto et al., 2008). In addition, the patatin domain of 

human NTE may mediate the association of NTE’s catalytic 

region with ER membranes (Wijeyesakere et al., 2007). These 

data suggest that the patatin domain of PNPLA7-C may also 

medicate its targeting to LDs. However, our previous results 

demonstrate that a PNPLA7 truncated mutant PNPLA7-C2, 

which only has a partial patatin domain, still localizes to LDs 

(Fig. 3A), strongly suggesting that the patatin domain is dis-

pensable for LD targeting (Heier et al., 2017). To further iden-

tify the precise LD targeting motif, the putative TMDs were 

analyzed by different algorithms, even though the C-region 

of PNPLA7 was previously reported not to comprise an inte-

gral transmembrane protein (Heier et al., 2017). As shown in 

Table 2, there are 0, 3, or 4 putative TMDs in the PNPLA7-C 

as predicted by different algorithms. These putative TMDs are 

Fig. 2. PNPLA7-C induces LDs clustering. (A) Domain architec-

ture of PNPLA7 variant used in these experiments. (B) Subcellular 

distribution of PNPLA7 variants and LDs. COS7 cells transiently 

expressing GFP, PNPLA7, and its variants were lipid-loaded for 

16 h with 400 µM OA complexed to albumin and then fixed. 

PNPLA7-expressing cells were treated with 400 µM OA and 1 

mM 8-CPT-cAMP for 16 h and then fixed. LD was stained with 

LipidTOX Red. Colocalization of proteins and LDs were visualized 

by confocal laser scanning microscopy. Scale bars = 10 µm. 

(C) Transfected cells with GFP, PNPLA7, and its variants were 

classified according to the distribution of their LDs. Results are 

given as mean ± SD from three independent experiments (60 

cells were quantified in each condition).
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common hydrophobic sequences that may associate with LD 

surface membranes.

 When the stretch of residues 681-1017 (PNPLA7-C2) 

was further shortened to residues 742-1017 (PNPLA7-C9), 

which contains all four putative TMDs, PNPLA7-C9 was still 

sufficient for cytosolic GFP targeting to LDs (Figs. 3A and 3B). 

However, further N- or C-terminal truncations, PNLA7-C8 and 

PNPLA7-C10 which delete the first and fourth TMD respec-

tively, do not localize to LDs (Figs. 3A and 3B) (Heier et al., 

2017). To further confirm the interactions of PNPLA7 trun-

cated mutants with LDs, we fractionated transfected COS-

7 cells by ultracentrifugation and assessed the abundance of 

each PNPLA7 mutant in the LD fraction by immunoblotting 

analysis. As shown in Figs. 3C and 3D, ectopically expressed 

PNPLA7-C2 and C9, but not C8 and C10, are markedly en-

riched in the LD fraction resembling the distribution of the 

endogenous LD protein (PLIN2) consistent with our micros-

copy data. These results indicate that the entire putative TMD 

functions as the LD targeting motif. To further confirm these 

results, a mutant lacking the entire putative TMDs (ΔTM-PNP-

LA7-C) was constructed. ΔTM-PNPLA7-C evenly distributes in 

the cytoplasm and does not localize with LDs (Fig. 4). Thus, 

amino acids 742-1017 containing up to four putative TMDs 

is required for the localization of PNPLA7-C to LDs.

The carboxyl-terminal region of PNPLA7-C blocks LD tar-
geting
We further investigated the role of the C-terminal region of 

PNPLA7-C in LD targeting. A truncated mutant, PNPLA7-C5 

(aa 742-1326), does not localize to LDs, although it contains 

the entire putative TMDs; indicated that the C-terminal re-

gion has an anti-LDs targeting effect (Fig. 5A) (Heier et al., 

2017). Another C-terminal truncation, PNPLA7-C11 (aa 742-

1207) is distributed in cytoplasm as well and does not localize 

on LD surfaces (Fig. 5B). In contrast, a C-terminal truncation, 

PNPLA7-C12 (aa 742-1168) localizes to LDs (Fig. 5B). The 

expression of PNPLA7-C truncated mutants in the LD frac-

tion further confirms that PNPLA7-C12, but not PNPLA7-C5 

or -C11 associate with LDs (Figs. 5C and 5D). These results 

demonstrate that the C-terminal region of PNPLA7-C, at least 

residues 1169-1326, block LD targeting.

Fig. 3. The putative four TMDs of PNPLA7-C directs cytosolic GFP to LDs. (A) Schematic diagram of PNPLA7-C truncation mutants 

and their colocalization with LDs. A “+” indicates the detection of mutated PNPLA7-C on LDs; a “–” indicates the failure to detect the 

protein on LDs. (B) Subcellular distribution of PNPLA7-C truncation mutants and LDs. COS-7 transiently expressing GFP fused to various 

PNPLA7-C were incubated with 400 µM OA overnight and then fixed. LD was stained with LipidTOX Red. Colocalization of various 

PNPLA7-C-GFP constructs and LDs were visualized by confocal fluorescence microscopy. The discontinuous short white lines indicate 

cell boundaries. Scale bars = 10 µm. (C and D) The expression of PNPLA7-C truncation mutants in whole cell lysis and LD fractions were 

detected by immunoblotting using GFP antibody. The expression of GAPDH and PLIN2 were used as loading controls.

Table 2. Predicted transmembrane domains for murine PNPLA7-C

Analysis  

software 

No. of  

TMDs
Location of TMD

TMHMM 0

SOSUI 0

TMpred 3 742-764, 916-935, 947-967  

HMMTOP 3 916-935, 948-967, 998-1017 

TopPred 4 741-761, 913-933, 948-968, 996-1016
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The N-terminal region of PNPLA7-C contributes to LD tar-
geting
PNPLA7-C2 containing the N-terminal sequence and the en-

tire putative TMDs localizes to LDs, suggesting that the N-ter-

minal residues 681-741 do not block LD targeting like the 

C-terminal region (Heier et al., 2017). However, the role of 

N-terminal residues 681-741 in the LD targeting is unknown. 

When the fourth putative TMD was deleted, PNPLA7-C3 (aa 

681-967 containing the N-terminal region and the first to 

third putative TMDs) localizes to LDs; which as unexpected 

(Fig. 6B). However, a shorter C-terminal mutant, PNPLA7-C4, 

lacking both the third and the fourth putative TMDs, does 

not localize to LDs. However, the mutant PNPLA7-C13 where 

the second TMD was deleted in PNPLA7-C3 does localize to 

LDs (Fig. 6B). In contrast, further deletion of the N-terminal 

region in PNPLA7-C13 resulted in the failure to detect LD 

association (Fig. 6B). The localizations of PNPLA7 truncated 

mutants to LDs were further verified by immunoblotting 

analysis in the LD fraction (Figs. 6C and 6D). These results 

are summed in Fig. 6A and indicate that the N-terminal of 

PNPLA7-C2 contributes to LD targeting, independent of the 

second and fourth putative TMD.

Fig. 4. The entire putative TMD is required for the localization of PNPLA7-C to LDs. (A) Schematic overview of PNPLA7-C lacking the 

entire putative TMD (ΔTM-PNPLA7-C) and its association with LDs. A “–” indicates the failure to detect the protein on LDs while a “+” 

shows the association with LDs. (B) Subcellular distribution of ΔTM-PNPLA7-C-GFP in COS-7 cells. Formation of LDs was induced by 

incubation with FA, and the subcellular localization of the recombinant protein was assessed by confocal fluorescence microscopy. LDs 

were visualized using HSC LipidTOX Deep Red. Scale bar = 10 µm. (C) The expression of ΔTM-PNPLA7-C-GFP mutants in whole cell lysis 

were analyzed by immunoblotting using GFP antibody.

Fig. 5. The carboxyl-terminal region of PNPLA7-C blocks LD targeting. (A) Schematic diagram of C-terminal truncation mutants of 

PNPLA7-C and their colocalization with LDs. Disassociation with LDs is described as negative (–) and localization to LDs as positive (+). 

(B) Subcellular localization of C-terminal truncated mutants in COS-7 cells. Various PNPLA7-C mutants tagged with GFP were expressed 

and LDs were induced by 400 µM OA loading for 16 h. LDs was stained with LipidTOX Red. Colocalization of various PNPLA7-C-GFP 

constructs and the LDs were visualized by confocal fluorescence microscopy. Scale bars = 10 µm. (C and D) The abundance of proteins in 

whole cellular extracts and LD fractions were assessed by immunoblotting analysis using antibodies against GFP, GAPDH, and PLIN2.
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The LD targeting motif of PNPLA7-C does not exhibit cat-
alytic activity
Both PNPLA7 and PNPLA7-C have lysophospholipase activity 

and hydrolyze LPC in vivo (Heier et al., 2017). The catalytic 

activity of PNPLA7 needs membrane associations with both 

the ER and LDs (Heier et al., 2017). We assayed the catalytic 

activity the LD targeting motif and contribution stretch of the 

PNPLA7-C after OA loading. As shown in Fig. 7, compared 

to GFP controls, PNPLA7 and PNPLA7-C significantly increase 

LPC hydrolase activity. In contrast, PNPLA7-C9 containing the 

LD targeting motif and PNPLA7-C2 including the N-terminal 

stretch and LD targeting motif have similar lysophospholipase 

activities with GFP controls. Thus, the LD targeting motif of 

PNPLA7 does not exhibit catalytic activity, although it localiz-

es on LDs surface membranes.

DISCUSSION

How proteins target LDs is a major question in LD biology. 

Protein-lipid direct interactions of LD proteins are a primary 

foci, although the targeting of proteins to LDs can also be 

achieved by proteins interacting with other LD proteins. As 

an LPC hydrolase, PNPLA7 is associated with LDs directly 

through its C-terminal region after fatty acid loading and cy-

clic nucleotide stimulation (Heier et al., 2017). In this study, 

the interaction of PNPLA7 with LDs through its C-terminal 

region was further characterized.

 LD formation originates from pre-LDs in restricted ER 

microdomains (Kassan et al., 2013). After starvation, PNP-

LA7-C localization corresponds to pre-LDs as defined by 

HPos labeling, suggesting that PNPLA7-C may medicate the 

localization of PNPLA7 to pre-LDs. However, when compared 

to PNPLA7-C, the colocalization percentage of PNPLA7 with 

pre-LDs is reduced. This may be related to the existence of 

the R-region and the N-terminal putative TMDs. Our previous 

results showed that the N-terminal TMD anchored on the ER 

and the R-region inhibited the association of PNPLA7-C with 

LDs after fatty acids loading (Heier et al., 2017). Localization 

of PNPLA7 to LDs is enhanced by elevated cAMP analogues 

(Heier et al., 2017). Thus, the interaction of PNPLA7 with 

pre-LDs may be dependent on the cyclic nucleotides, such as 

cAMP and cGMP.

 A variety of mechanisms have evolved to target proteins 

to LDs. In general, there are two major pathways; from the 

ER or from the cytosol (Kory et al., 2016). Although PNP-

LA7 is an ER-anchored protein via its N-terminal TMD and is 

Fig. 6. The N-terminal region of PNPLA7-C, amino acids 681-741, contributes to LD targeting. (A) Schematic diagram of PNPLA7-C 

mutants tagged with GFP and their colocalization with LD. Mutants failing to localize to LDs were described as negative (–). Those labeled 

“+” localize to LDs. (B) Subcellular distribution of PNPLA7-C variants. COS-7 were transfected with various PNPLA7-C mutants and LDs 

were induced by OA loading for 16 h and then fixed. LipidTOX Red was used to stain LDs. Colocalization of various PNPLA7-C-GFP 

constructs and LDs were visualized by confocal laser scanning microscopy. Scale bars = 10 µm. (C and D) The expression of PNPLA7-C 

truncation mutants in whole cellular lysates and LD fractions was detected by immunoblotting using GFP antibody. The GAPDH and 

PLIN2 were used as loading controls.
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associated with LDs after cyclic nucleotides stimulation, the 

N-terminus is still anchored on the ER membrane while the 

C-terminal regions localizes to LDs (Heier et al., 2017). PNP-

LA7-C is not an integral transmembrane protein, although 

fragments of PNPLA7-C associate with the ER membrane as 

displayed by subcellular fractionation immunoblotting anal-

yses (Heier et al., 2017). Thus, both PNPLA7 and PNPLA7-C 

belong to “class II” proteins that translocate from cytosol to 

LDs, although PNPLA7 is an ER-anchored protein.

 The localization of most class II proteins to LD surfaces is 

through amphipathic helices or via multiple amphipathic and 

hydrophobic helices, which are distinct, non-exclusive target-

ing mechanisms (Kory et al., 2016). The sequence of PNPLA6 

patatin domains have been proposed to be amphipathic and 

unfolded in solution, but fold into a helix when binding a 

membrane surface (Wijeyesakere et al., 2007). A model for 

this amphipathic helix suggests that the C-region of PNPLA6 

associates with the ER bilayer membranes through the PNP-

LA6 patatin domain (Wijeyesakere et al., 2007). Thus, these 

amphipathic helices might interact with LD surfaces in a man-

ner similar to the ER such that the hydrophilic residues face 

the aqueous phase and interact with the polar head groups 

of the phospholipids, with the hydrophobic surface being 

embedded in the acyl-chain domain of the LD membrane 

Fig. 7. The LPC hydrolase activity of PNPLA7, PNPLA7-C, and LD targeting motif. (A) Schematic diagram of PNPLA7 and its truncated 

mutants tagged with GFP and their catalytic activities. Mutants exhibiting LPC hydrolase activity were described as positive (+), otherwise 

as negative (-). (B) LPC hydrolase activities of PNPLA7 and truncated mutants. COS-7 transiently expressing PNPLA7, PNPLA7-C, 

PNPLA7-C2, and PNPLA7-C9 fused with GFP were incubated with 400 µM OA for 16 h and then assayed LPC hydrolase activity. 

Following, the nucleus soluble (PNS) fraction was incubated with C18:1 LPC as a substrate and the release of free fatty acids (FFAs) was 

determined. LPC hydrolase activity is presented as the released FFAs. Data are representative of two independent experiments and are 

expressed as a mean (n = 3). Error bars represent SD. Statistical significance was determined using Student’s unpaired t-test. *P < 0.05. (C) 

Protein levels of PNPLA7 variants in COS-7 cells. Cells were transfected with PNPLA7-GFP or truncated mutants and protein levels were 

analyzed in PNSs by immunoblotting analysis using an antibody against GFP.
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(Hristova et al., 2009; Seelig, 2004). However, although there 

is a high similarity between the patatin sequences of PNPLA6 

and PNPLA7, the patatin domain was largely dispensable for 

LD targeting (Heier et al., 2017). TMD analysis indicates that 

there are 0-4 putative TMDs in PNPLA7-C (Table 2). By gener-

ating PNPL7-C mutants, we found that these putative TMDs 

were sufficient for LD targeting and are required for the 

localization of PNPLA7-C to LDs. The identified LD targeting 

motif is shorter than the previously identified region (Heier et 

al., 2017). Thus, the interaction of PNPLA7-C with LDs is de-

pendent on multiple hydrophobic helices found in transmem-

brane helices, which differ from amphipathic helices in that 

all their residues tend to form hydrophobic helices. Mutated 

PNPLA7-C lacking the first or fourth TMD showed reduced 

LD targeting, indicating both the first and the fourth TMD are 

required for LD targeting.

 Although the entire putative transmembrane region is as-

sociated with LDs after lipid loading, it does not exhibit any 

LPC hydrolase activity like PNPLA7 and PNPLA7-C, because 

the LD targeting motif does not contain the whole patatin 

domain. There are three essential activity sites, Asp960, Ser 

966, and Asp1086 in the patatin domain of PNPLA6 (Atkins 

and Glynn, 2000; Wijeyesakere et al., 2007). Compared with 

PNPLA6, Asp951, Ser957 and Asp1077 may constitute a 

catalytic triplet in the patatin domain of PNPLA7. The LD tar-

geting motif does not contain the essential Asp1077 in the 

active site. These results indicate that the LD targeting motif 

is distinct from the catalytic activity domain in PNPLA7.

 Although the central residues (residues 742-1016) contain 

four putative TMDs required for the LD targeting of PNP-

LA7-C, the flanking sequences may also influence the proper 

hydrophobic helix packing required for LD targeting. This is 

true of other LD proteins as well, such as caveolin-1 and oleo-

sins (Ostermeyer et al., 2004; Tzen et al., 1992). Our findings 

indicate that the N-terminal flanking sequence, residues 681-

741, contribute to the LD targeting. When the N-terminal 

flanking sequence is present, a mutant lacking both the sec-

ond and the fourth putative TMD still localizes to LDs. A Gly-

Ala-rich face was found in the helix formed by the first half 

of the hydrophobic domain of caveolin-1 (Ostermeyer et al., 

2004). Similarly, Gly, Ala, and Ser that prefer to be at contact 

sites between membrane-embedded helices are unusually 

rich in the N-terminal half of oleosins hydrophobic domains 

(Tzen et al., 1992). Gly, Ala, and Ser comprise over 30% of 

the N-terminal flanking sequence in the LD targeting motif of 

PNPLA7-C (data not shown). Lipid-embedded helices gener-

ally pack more tightly than helices in soluble proteins (Eilers 

et al., 2000). Thus we speculate that the N-terminal flanking 

sequence of PNPLA7-C may contribute to tighter packing 

of the central hydrophobic putative TMDs. In contrast, the 

C-terminal flanking sequence contains fewer Gly, Ala, and Ser 

residues. Hydrophobic and hydrophilic analysis of PNPLA7-C 

indicate hydrophilic properties for the C-terminal sequence 

(data not shown). Thus the C-terminal flanking sequence 

from residue 1169 to the end of the protein blocks LD target-

ing.

 Overexpression of PNPLA7-C induces LD clustering that 

is dependent on LD targeting, not enzymatic activity. How 

do the catalytic domains of PNPLA7 cause LDs clustering? 

Changes in the ER morphology induced by PNPLA6, PNP-

LA7, and their truncated mutants may provide some clues 

(Heier et al., 2017; Li et al., 2003). PNPLA6 and PNPLA7 

are anchored on the ER via the N-terminal TMD, and their 

overexpression causes ER aggregation through the intermo-

lecular association of C-terminal domains, which is hindered 

by the R-region to some degree (Heier et al., 2017; Li et al., 

2003). Thus, when LDs formation is induced by FA loading, 

PNPLA7-C localizes to LDs and the intermolecular association 

of PNPLA7-C leads to LD clustering which is not related to 

catalytic activity. The R-region hinders the localization of the 

C-terminal domain to LDs and causes the disassociation of 

PNPLA7 with LDs as shown in Fig. 2. In addition, when the 

R-region is deleted, the C-terminal domain localizes to LDs 

and results in less clustered and more dispersed LDs than 

PNPLA7-C, which may be related to the N-terminal TMD an-

chored to the ER membrane; this interaction may block the 

intermolecular association of C-terminal domains.

 In summary, our findings characterize the specific function-

al domains of PNPLA7 the mediate subcellular positioning 

and interactions with LDs. The interaction of PNPLA7 through 

its catalytic region with LDs was characterized for the first 

time as displayed in Fig. 8. The localization of PNPLA7 catalyt-

ic domains to LDs is dependent on a central region of residues 

742-1016 which contains four putative TMDs. The N-terminal 

Fig. 8. The structural and functional domains of PNPLA7 interacted with LDs. PNPLA7 interacts with LDs through its C-terminal 

region. The C-terminus mediates LD localization and clustering, whereas the N-terminal putative TMD has anti-LD clustering and anti-

LD localization activity. In the C-terminal region, a central region containing four putative TMDs functions as an LD targeting motif and 

is essential for the localization of PNPLA7-C to LDs. The N-terminal flanking region acts as a pro-LD targeting motif and contributes to 

the LD targeting, whereas the C-terminal region blocks LD localization as acts an anti-LD targeting motif. In addition, the patatin domain 

mediates the catalytic function of PNPLA7.
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flanking region and C-terminal region contribute to and block 

the LD targeting respectively. The LD targeting motif with 

multiple hydrophobic helices is different from the catalytic 

domain containing the whole patatin domain. In addition, 

localization of PNPLA7-C induces LDs clustering through 

intermolecular associations in a non-enzymatic manner, 

which is hindered by the R-region and the N-terminal TMD to 

some degree. These findings provide critical insights into an 

evolutionarily conserved phospholipid-hydrolyzing enzymes 

family. The precise structure of PNPLA7-C needs to be further 

explored and will help the understanding of the structure and 

function of PNPLA7 interactions with the ER and LDs.
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