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 Triacylglycerol (TAG) serves as the major energy reserve 
in higher eukaryotic organisms ( 1 ). FFAs are mobilized 
from TAG through the hydrolytic action of lipases to pro-
vide substrates for oxidative metabolism in tissues, as well 
as substrates for synthesis of complex lipids and signaling 
molecules. Lipolysis, the breakdown of TAG to FFA and 
glycerol, occurs in an orderly and regulated manner, with 
different enzymes acting sequentially at each step ( 1–3 ). 
Hydrolysis of TAG to diacylglycerol is the fi rst step ( 4–6 ), 
and our laboratory, and others, recently identifi ed a novel 
TAG hydrolase in mice that we called desnutrin ( 5 ) [also 
known as TTS2.2, patatin-like phospholipase A domain 
containing 2, iPLA �  ( 4 ), or in humans, adipose triglycer-
ide lipase (ATGL) ( 6 )]. Desnutrin is highly expressed in 
white and brown adipose tissue, where it is a major TAG 
lipase, but is also found at lower levels in most other tissues 
where it also plays an important role in TAG hydrolysis ( 5, 
7, 8 ). 

 Desnutrin contains an N-terminal patatin-like domain, 
spanning amino acids 8–180, that is characteristic of many 
plant lipid acyl hydrolases ( 5, 9 ). Enzymatic activity of des-
nutrin is predicted to be derived from an S47-D166 cata-
lytic dyad that lies within an  � - �  hydrolase fold in the 
patatin-like domain ( 5, 9 ). Mutation of the S47 residue to 
alanine has been shown to result in a complete loss of 
function in vitro, confi rming the predicted serine-esterase 
activity of this enzyme ( 10 ). However, the requirement of 
the D166 site has not yet been tested. Four individuals with 
point mutations in desnutrin/ATGL have been identifi ed, 
and all developed neutral lipid storage disease with myo-
pathy (NLSDM) ( 11, 12 ). In one, a duplication mutation 
within the N-terminal patatin-like domain caused a frame-
shift after L159 that is predicted to truncate the enzyme at 
amino acid position 178 as well as to cause a D166R muta-
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GTACAGCTCGTC -3 ′ ) and subcloned into XhoI- Hin dIII sites 
of pShuttle-CMV (Stratagene). The W367× truncation was 
 produced by PCR amplifi cation (forward primer: 5 ′ -  GTCGA-
CACCA TGTTCCCGAGGGAGACCAAG -3 ′ ; reverse pri mer: 5 ′ - GG-
G CC CTCCACCGGATATCTTCAGGGACATC -3 ′ ), and  the cDNA 
was subcloned in-frame with GFP into the  Sal I/ Apa I sites of pEGFP-
N1, and then the fusion product was subcloned into  Sal I/ Not I sites 
of pShuttle-CMV. The Q289× truncation was  amplifi ed (forward 
primer: 5 ′ - GTCGACACCATGTTCCCGAGGGAGACCAAG -3 ′ ; 
reverse primer: 5 ′ - GGGCCCTATCCTCCTCTCCAGCCCTCTC-
CTC -3 ′ ), and the resulting cDNA was  subcloned into  Sal I/ Apa I 
sites of pEGFP-N1, and then the GFP fusion product was sub-
cloned into  Sal I/ Not I sites of pShuttle-CMV. The 1-246 HA-tagged 
N-terminal truncation was produced by PCR amplifi cation of 
desnutrin (forward primer: 5 ′ - AGATCTACGATGTTCCCGAGGG-
AGACCAAGTGG -3 ′ ; reverse primer: 5 ′ - CTCGAGT CAGTAATCT-
GGAACATCGTATGGGTA AAGTCCAT CTCT GT A  G C CCTG -3 ′ ), 
and the resulting cDNA was subcloned into the  Bam HI/ Xho I site 
of pcDNA3.1. The 237–486 FLAG-tagged truncation was produced 
by PCR amplifi cation of desnutrin  (forward primer: 5 ′ - AAGCT-
TCACCATGTGCAAACAGGGCTACAGA -3 ′ ; reverse primer: 
5 ′ - CTCGAGTCACTTGTCATCGTCGTCCTTGTAGTCGCAAGG
CG GGAGGCCAGG -3 ′ ) with the  resulting cDNA subcloned into 
 Hin dIII/XhoI sites of pcDNA3.1. All insert fragments were fully 
sequenced. Site-directed mutagenesis was  employed to generate 
point mutations. Briefl y,  HA-tagged desnutrin in pcDNA3.1 or 
pEGFP-N1 was amplifi ed by PCR (for primers, see supplementary 
 Fig. I ) under the following conditions: 95°C for 30s (one cycle), 
then 16 cycles of denaturation (95°C for 30s),  annealing (52°C for 
1 min), and extension (72°C for 8 min), with a fi nal extension 
cycle of 10 min at 72°C. The resulting product was digested with 
 Dpn I to linearize methylated template DNA, and  remaining cDNA 
was transformed. Plasmid DNA prepared from isolated colonies 
was sequenced to identify mutants. 

 Production of recombinant adenoviruses 
 Adenoviruses were produced using the Ad-Easy adenovirus sys-

tem according to the manufacturer’s instructions (Stratagene). 
Briefl y, pShuttle-CMV targeting vectors containing full-length 
or truncated desnutrin tagged with GFP were linearized by diges-
tion with  Pme I and electroporated into BJ5183 electrocompetant 
cells. pShuttle-IRES-hrGFP-2 was used to generate control GFP 
adenovirus. Adenoviral vectors containing insert DNA were 
linearized with  Pac I and transfected into 293FT cells using Lipo-
fectamine 2000. Following amplifi cation in 293FT cells, infectious 
adenovirus was titred in 293FT cells using the Adeno-X Rapid 
Titer Kit (Clontech). 

 Cell culture 
 COS-7 cells and 293FT cells were from ATCC. 3T3-L1CAR �  

cells were a kind gift from D. Orlicky, University of Colorado 
Cancer Center ( 18 ). Cells were maintained in DMEM containing 
10% FBS with 50 units/ml of penicillin and 50  � g/ml of strepto-
mycin (complete medium). G418 was added to 293FT cells and 
3T3-L1CAR �  (500  � g/ml). 3T3-L1CAR �  cells were differenti-
ated to adipocytes as previously described ( 19 ). 

 Confocal microscopy 
 3T3-L1CAR �  cells were grown and differentiated on glass cov-

erslips as previously described ( 19 ). COS-7 cells were grown in 
6-well plates on glass coverslips in complete medium containing 
200  � M oleic acid bound to BSA (to promote lipid droplet for-
mation). Cell were infected at a multiplicity of infection of  � 10 
and then maintained for a further 48–72 h. Cells were labeled in 
culture with nile red (1  � g/ml), washed with PBS, fi xed with 4% 

tion ( 11 ). In the other three individuals, mutations oc-
curred distal to the patatin-like domain, causing truncation 
of the C-terminal region of desnutrin in one or both al-
leles ( 12 ). Surprisingly, however, truncated desnutrin/
ATGL lacking the C-terminal region has been shown in 
vitro to have similar or even higher activity than the full-
length form ( 13, 14 ). 

 To identify and characterize functional sites within des-
nutrin, we tested activity of a series of C-terminal trunca-
tions in adenovirus and C- and N-terminal mutants by 
expressing them in cultured cells and measuring TAG 
breakdown. We found that truncation of the C-terminal 
region of desnutrin increases TAG hydrolase activity in 
vitro by increasing the apparent  V max   without changing 
substrate affi nity ( K m  ), which we show may be attributed to 
removal of an inhibitory interaction of the C-terminal re-
gion with the N-terminal region. Conversely, we also found 
that C-terminal truncation impairs TAG hydrolase activity 
in live cells. While care should be used in extrapolating 
between effects observed with murine and human forms 
of desnutrin/ATGL, demonstration that the C-terminal 
region of desnutrin is required for TAG breakdown in vivo 
may help to explain the NLSDM phenotype of human 
 C-terminal mutations. Two C-terminal region serines in 
full-length desnutrin have previously been reported as 
sites that can be phosphorylated (S406 and S430) ( 15 ). We 
investigated whether loss of phosphorylation at these sites 
may help to explain impaired activity of C-terminally trun-
cated desnutrin in cells, but found that desnutrin TAG 
breakdown and localization to lipid droplets were unaf-
fected by serine-to-alanine mutation of these residues. We 
also examined the N-terminal region and found that both 
S47 and D166 catalytic dyad residues located within the 
 � - �  hydrolase fold are critical for TAG hydrolysis within 
cells and in vitro. Within the proximal N-terminal region, 
we identifi ed two overlapping motifs, a glycine-rich motif 
and an amphipathic  � -helix that are predicted by sequence 
analysis to be neutral lipid substrate-binding domains ( 16, 
17 ). We show by site-directed mutational analysis that this 
region, especially the amphipathic  � -helix, is critical for 
TAG hydrolysis. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 [U- 14 C]Palmitic acid (specifi c activity, 850 mCi/mmol) and [ 3 H]

triolein (specifi c activity, 53 Ci/mmol) were from PerkinElmer 
Life Sciences. Lipofectamine 2000 was from Invitrogen. HPLC-
grade solvents were from Fisher. TLC plates were from Whatman. 
Unless otherwise indicated, all other chemical reagents were from 
Sigma. 

 Construction of plasmids 
 Full-length desnutrin cDNA tagged with hemagluttinin epitope 

(HA) in the pEGFP-N1 vector ( 5 ) was used as a template for 
the production of desnutrin cDNA truncations for subcloning. 
Full-length desnutrin-green-fl uorescent protein (GFP) cDNA was 
amplifi ed by PCR (forward primer: 5 ′ - CTCGAGACCATGTTC-
CCGAGGGAGACCAAG -3 ′ ; reverse primer: 5 ′ - AAGCTTTTACTT-
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erol, 4% SDS, 10% 2-mercaptoethanol, and 0.04% bromophenol 
blue) and denatured by heating for 5 min to 95°C and then sub-
jected to 8% SDS-PAGE and transferred to nitrocellulose mem-
branes. Blots were blocked for 1 h and then probed overnight at 
4°C, fi rst with antibodies to GFP (Sigma), HA (Covance), FLAG 
(Sigma), or GAPDH (Santa Cruz) and then with HRP-conjugated 
anti-mouse or anti-rabbit secondary antibodies (Santa Cruz). 
Signals were detected by enhanced chemiluminescence. 

 Coimmunoprecipitaton 
 COS-7 cells were cotransfected with an N-terminal truncation 

of desnutrin tagged with HA and a C-terminal truncation of 
desnutrin tagged with FLAG. Lysates prepared in RIPA buffer 
were centrifuged at 4°C for 20 min at 12,000  g  and then rotated 
overnight at 4°C with antibodies to either HA or FLAG, or with a 
nonspecifi c control IgG, followed by addition of 30  � l of protein 
A/G agarose beads for 1 h. Beads were collected by pulse cen-
trifugation and washed four times with lysis buffer prior to resolu-
tion by SDS- PAGE  and immunoblotting. 

 Statistical analyses 
 Results are means ± SEM. Differences among groups were 

analyzed by one-way ANOVA with Dunnett’s posthoc test. 

 RESULTS  AND  DISCUSSION 

 To identify and characterize critical functional domains, 
we performed a series of studies with mutated and trun-
cated forms of murine desnutrin examining TAG hydroly-
sis in live cells. Desnutrin/ATGL is predicted to derive 
TAG hydrolase activity from an S47-D166 catalytic dyad lo-
cated within an  � - �  hydrolase fold in the N-terminal re-
gion, called the patatin-like domain, named for its shared 
homology with the plant acyl hydrolase patatin. However, 
humans with NLSDM have been found harboring muta-
tions that occur both within and distal to the patatin-like 
domain, suggesting the importance of other regions in 
desnutrin for activity in vivo. We constructed adenovirus 
expressing full-length desnutrin tagged with GFP, as well 
as GFP-tagged desnutrin lacking portions of the C-termi-
nal region. These full-length and deletion mutants are 
shown in alignment with a Kyte-Doolittle plot of hydropa-
thy scores (  Fig. 1A , B ).  The Q289×-GFP construct was de-
signed to mimic the truncated protein that results from a 
nonsense mutation reported in a patient with NLSDM 
( 12 ). The W367×-GFP construct was designed to truncate 
the C-terminal region while leaving intact the putative 
hydrophobic span occurring between amino acids 310 and 
365 of desnutrin ( 12 ). 

 We fi rst tested the in vitro catalytic activity of full-length 
GFP-tagged murine desnutrin as well as the W367×-GFP 
and Q289×-GFP C-terminal region deletion mutants 
(  Fig. 2A  ).  Although TAG hydrolase activity of desnutrin/
ATGL is routinely measured in vitro, kinetics for this en-
zyme have not been reported previously. All three forms 
of desnutrin displayed classic Michaelis-Menten kinetics 
( Fig. 2B ). The  K m   for triolein for full-length desnutrin was 
determined to be 0.13 mM ( Fig. 2C, F ). In this regard, the 
 K m   for triolein for hormone-sensitive lipase has been re-
ported to be 0.73 mM ( 21 ). Higher affi nity of desnutrin 

paraformaldehyde, and then stained with diamidino-2-phenylindole 
(1  � g/ml). Coverslips were mounted on glass slides using the 
ProLong Antifade kit (Invitrogen) and imaged using a Zeiss LSM 
510 Meta confocal microscope. 

 In vitro TAG hydrolase assay 
 Lysates were prepared from COS-7 cells overexpressing full-

length, truncated, or mutated desnutrin by lysis in 50 mM Tris, 
pH 7.4, 0.1 M sucrose, and 1 mM EDTA, followed by centrifuga-
tion at 16,000  g  for 15 min at 4°C. 

 Reactions were started by addition of supernatants containing 
50  � g of protein in 50  � l volumes to 50  � l of substrate containing 
2× concentrations of [ 3 H]triolein (ranging from 10–100  � M as 
indicated in  Fig. 2A ) sonicated into mixed micelles with 25  � M 
egg yolk lecithin, 100  � M taurocholate, 2% BSA (w/v), 2 mM 
EDTA, 1 mM DTT, and 50 mM potassium phosphate, pH 7.2. 
Reactions were allowed to proceed for 20 min at 37°C and 
were terminated by the addition of 1.63 ml of methanol:
chloroform:heptane (10:9:7). Fatty acids were extracted with 0.5 
ml of 0.1 M potassium carbonate, 0.1 M boric acid, pH 10.5, and 
radioactivity in 0.7 ml of upper phase obtained after centrifuga-
tion for 20 min at 800  g  was quantifi ed by liquid scintillation 
counting. Radioactivity in GFP control samples was taken as a 
baseline of TAG hydrolase activity in lysates at each concentra-
tion and subtracted from test values. Activities in mutants were 
normalized relative to full-length desnutrin levels as assessed by 
Western blotting. 

 TAG breakdown and separation of lipids 
 Tracer levels of radiolabeled [U- 14 C]palmitic acid were com-

plexed with BSA in FBS prior to dilution with DMEM (fi nal con-
centration 0.15  � Ci/ml) and then added to COS-7 cells, 
3T3-L1CAR �  adipocytes, or 293FT cells grown in 12-well plates for 
4 h to allow for incorporation into complex lipids including TAG. 
After 4 h, COS-7 and 293FT cells accumulated approximately 8,000 
dpm per well of [U- 14 C]palmitic acid into cellular TAG stores, and 
approximately 60,000 dpm of [U- 14 C]palmitic acid into phospho-
lipid. During the labeling period, 3T3-L1CAR �  adipocytes accu-
mulated approximately 10,000 dpm per well of [U- 14 C]palmitic 
acid into the pool of cellular TAG and approximately 18,000 dpm 
per well of [U- 14 C]palmitic acid into cellular phospholipid. Cells 
were then washed with unlabeled complete medium and infected 
with full-length or C-terminally truncated adenoviral GFP-tagged 
desnutrin at a multiplicity of infection = 10. Cells were maintained 
in unlabeled complete medium for an additional 60 h chase 
 period. TAG hydrolysis in transfected 293FT cells was performed 
as we have previously described ( 5 ). Lipids from cells were 
 extracted by the method of Bligh and Dyer and separated by TLC 
using hexane/diethyl ether/acetic acid (80:20:2) ( 20 ), after which 
 radioactive lipids were detected by autoradiography and  14 C-TAG 
was quantifi ed by scraping of the corresponding band into Cyto-
Scint (Fisher Scientifi c) followed by scintillation counting. After 
60 h, an average of approximately 55% of radioactivity was 
 remaining in TAG stores of COS-7 and 293FT cells expressing 
GFP control and 40% in 3T3-L1CAR �  adipocytes. The dpms were 
normalized to protein content per well and expressed as a per-
centage of control. 

 Immunoblotting 
 Cells were washed with ice-cold PBS, scraped into RIPA lysis 

buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 
0.5% sodium deoxycholate, 0.5% SDS, and 1% (v/v) protease 
inhibitor cocktail (Sigma)], incubated on ice for 30 min with fre-
quent vortexing, and then centrifuged at 4°C for 20 min at 12,000 
 g . Fifty to 100 µg of protein in supernatants were mixed with 2× 
Laemmeli sample buffer (125 mM Tris-HCl, pH 6.8, 20% glyc-
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allow for viral expression and breakdown of radiolabeled 
TAG. We found that in COS-7 cells, full-length desnutrin-
GFP (  Fig. 3A  )  increased breakdown of radiolabeled TAG 
by >50% relative to control GFP, indicating abundant TAG 
hydrolase activity by desnutrin in this cell line ( Fig. 3B ). 
Truncated desnutrin missing portions of the C-terminal 
region, however, completely lacked TAG hydrolase activity 
in COS-7 cells ( Fig. 3B ). Previous work in COS-7 cells has 
reported that loss of the C-terminal region of human 
ATGL partially impairs localization of this protein to lipid 
droplets ( 14 ), which may explain some of the impaired 
TAG breakdown by truncated desnutrin in cultured cells. 
However, our results show that breakdown of  14 C-TAG was 
actually impaired in COS-7 cells infected with Q289×-GFP 
relative to GFP controls ( Fig. 3B ), suggesting that this 
truncated desnutrin may hinder TAG breakdown rather 
than merely lack activity. Previous work by others sug-
gested that the C-terminal region of desnutrin may inter-
fere with interaction with CGI-58 ( 14 ). Therefore, 
Q289×-GFP may act in a dominant inhibitory fashion in 
COS-7 cells by forming increased interactions with CGI-58 
or other yet to be identifi ed cofactor(s), which are non-
functional. Alternatively, truncated desnutrin lacking the 
C-terminal region may displace other lipases from the 
lipid droplet but fail to make appropriate interactions re-
quired for activity at the lipid droplet surface. In 3T3-
L1CAR �  adipocytes ( Fig. 3C ), unlike effects observed in 
COS-7 cells, both Q289×-GFP and W367×-GFP displayed a 
partial capacity to hydrolyze TAG, although this activity 
was signifi cantly decreased relative to that of full-length 
desnutrin-GFP ( Fig. 3D ). The presence of residual activity 

for triolein compared with HSL is in accord with the re-
cently accepted function of HSL as principally a diacylglyc-
erol hydrolase, rather than a TAG hydrolase ( 22 ). All three 
desnutrin forms had similar  K m   values, indicating that af-
fi nity for TAG did not change with loss of the C-terminal 
region ( Fig. 2C–F ). The apparent  V max  , however, was 4- to 
5-fold higher for truncations of desnutrin than for the full-
length form, indicating increased catalytic activity ( Fig. 
2F ). This fi nding is in agreement with a previous report 
suggesting that the C-terminal region of desnutrin/ATGL 
possesses a negative regulatory function in vitro ( 14 ). To 
determine whether the C-terminal region may interact 
to mediate decreased catalytic activity of the N-terminal 
region, we differentially tagged and coexpressed these 
domains. Using either as bait, we were able to coimmuno-
precipitate both, indicating an interaction between the 
 C-terminal region and the N-terminal region ( Fig. 2G ). 
This fi nding suggests that the negative regulatory function 
of the C-terminal domain in vitro likely results from the 
masking of important sites in the catalytic N-terminal pata-
tin domain through interaction. 

 While the above in vitro results show enhanced activity 
for desnutrin C-terminal truncations, NLSDM in individu-
als with similar truncations implies impaired function in 
vivo. Therefore, we measured TAG hydrolase activity of 
 C-terminal truncations in live cells. COS-7 cells or 3T3-
L1CAR �  adipocytes were uniformly labeled with [U- 14 C]
palmitate that readily incorporates into complex cellular 
lipids, including TAG, and then washed with unlabeled 
media before infection with various forms of adenoviral 
desnutrin. Cells were then maintained for a further 60 h to 

  Fig.   1.  Desnutrin mutants and truncations. A: Kyte-
Doolittle hydropathy plot (window size = 19) with red 
line designating the cutoff for potential transmem-
brane domains. B: Schematic illustrating desnutrin 
mutants and truncations, shown in alignment with 
hydropathy plot. Red = patatin-like domain/ � - �  hy-
drolase fold. Yellow = putative hydrophobic span. 
Green = GFP tag. Blue = unstructured region.   
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observed by immunoblotting under nonreducing condi-
tions that formation of higher molecular weight bands by 
desnutrin expressed in 3T3-L1CAR �  adipocytes is greatly 
diminished when the C-terminal region is deleted (data 
not shown). This indicates that the C-terminal domain 

by truncated desnutrin in adipocytes but not in COS-7 fi -
broblasts may help to explain the intriguing fi nding that 
individuals with truncated desnutrin in NLSDM are not 
obese, despite accumulating excessive TAG in other tis-
sues, such as skin and muscle ( 12 ). Interestingly, we have 

  Fig.   2.  Desnutrin C-terminal deletion mutants have increased catalytic activity in vitro. A: Immunoblot of full-length and truncated desnutrin 
expressed in COS-7 cells. B: Substrate velocity plot showing in vitro [ 3 H]triolein hydrolase activity of COS-7 cell lysates overexpressing desnu-
trin-GFP (DES-GFP) or C-terminal deletion mutants of desnutrin-GFP truncated at W367 (W367×-GFP) or Q289 (Q289×-GFP). Lysates from 
cells expressing GFP alone were taken as a baseline measure at each substrate concentration and subtracted from test values to derive net TAG 
hydrolase activity that was expressed per mg of lysate protein (n = 3). C–E: Double reciprocal plots for desnutrin-GFP and C-terminal trunca-
tions of desnutrin-GFP. F:  K m   and apparent  V max   derived from double reciprocal plots. G: Immunoblot showing the interaction of N-terminally 
and C-terminally truncated desnutrin. Lysates from COS-7 cells cotransfected with plasmids expressing the HA-tagged N-terminal region of 
desnutrin (amino acids 1–246) and the FLAG-tagged C-terminal region of desnutrin (amino acids 237–486) were immunoprecipitated with 
IgG (negative control) or with anti-FLAG (top) or anti-HA (bottom) antibodies, subjected to SDS-PAGE, and probed to determine the pres-
ence of the interacting partner. Upper and lower nonspecifi c bands are IgG heavy and light chains, respectively.   
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in vitro, the C-terminal region is clearly critical for TAG 
breakdown in cells. The distal C-terminal region of human 
ATGL contains two previously identifi ed residues (S406 
and S430) that can be phosphorylated ( 15 ), both of which 
lie within motifs that are conserved in murine desnutrin. 
The function(s) of these sites, however, are unknown. 
Since both W367×-GFP and Q289×-GFP lack these resi-
dues, it is possible that loss of critical phosphosphorylation 
events at these sites may contribute to loss of TAG hydro-
lase activity of truncated desnutrin in cells. We investigated 
the effect of S406A and S430A mutations in full-length 
desnutrin on localization to the lipid droplet or TAG hy-
drolase activity in cells. Control GFP was found to localize 
diffusely throughout the cytoplasm and nucleus of both 
COS-7 cells and 3T3-L1CAR �  adipocytes (  Fig. 4A , B ,  re-
spectively). In contrast, desnutrin-GFP and GFP-tagged 
mutants of desnutrin (S406A and S430A) were easily visu-
alized on lipid droplets, indicating that phosphorylation at 
these sites is not critical for localization ( Fig. 4A, B ). We 
next tested the effect of these mutations on TAG break-
down in live cells ( Fig. 4C ). 293FT cells transfected with 
desnutrin-GFP had signifi cantly greater TAG breakdown 
relative to GFP-transfected control cells. S406A-GFP and 
S430A-GFP mutants showed TAG breakdown similar to 
wild-type desnutrin, indicating that phosphorylation 
at these sites is not necessary for TAG breakdown and 
that loss of phosphorylation at these sites does not explain 
impaired TAG breakdown by C-terminally truncated 
desnutrin. 

 It is likely that elucidation of the complete function 
and mechanism(s) underlying requirement of the 
 C-terminal region of desnutrin/ATGL for TAG hydrolase 
activity in live cells will require considerable additional 
work. Of note, an important difference in the C-terminal 
domains of murine desnutrin and human ATGL is sug-
gested by our studies. We found that TAG hydrolase activ-
ity of the W367×-GFP truncation was impaired in cells, 
although the putative hydrophobic span ( Fig. 1A, B ) was 
intact, whereas interruption of the hydrophobic span has 
previously been shown to be required to impair TAG 
hydrolase activity of C-terminally truncated human 
ATGL ( 13 ). Therefore, in mice, signifi cantly more of the 
C-terminal domain appears to be critical for activity in 
cells. In this regard, others have also reported functional 
differences between the C-terminal regions of murine 
desnutrin and human ATGL in vitro ( 14 ). Using chimeric 
proteins, Schweiger et al. demonstrated that replacement 
of the C-terminal region of human ATGL with murine 
desnutrin signifi cantly increased in vitro activity of the 
enzyme, whereas replacement of the C-terminal region 
of murine desnutrin with human ATGL signifi cantly 
decreased activity ( 14 ). The C-terminal region of human 
ATGL, including the hydrophobic span, shares a high de-
gree of identity with murine desnutrin. Future investiga-
tion of nonidentical sequences, including the regions 
spanning amino acids 266–295 and 467–484, and the ad-
ditional 17 amino acid residues at the C terminus of the 
human sequence, may provide greater insight into the 
specifi c functions of the C-terminal domain. 

of desnutrin may be involved in the formation of protein 
complexes and suggests that impaired protein–protein 
interactions may also contribute, at least in part, to 
decreased TAG hydrolase activity of truncated desnutrin 
in cultured cells. 

 Our studies demonstrate that although the N-terminal 
region contains all residues necessary for catalytic activity 

  Fig.   3.  Desnutrin C-terminal deletion mutants lack TAG hydrolase 
activity in cells. Immunoblots of full-length GFP-tagged desnutrin 
(DES-GFP) or GFP-tagged truncated desnutrin (W367×-GFP and 
Q289×-GFP) in COS-7 cells (A) or 3T3-L1CAR �  (C). TAG hydrolysis 
measured by  14 C-TAG content remaining in COS-7 cells (B) or 3T3-
L1CAR �  adipocytes (D) pulse labeled with [U- 14 C]palmitate, 
washed, and then infected with GFP, desnutrin-GFP, or GFP-tagged 
desnutrin C-terminal deletion mutants prior to chase with unlabeled 
medium for 60 h. Values are means ± SEM from two to three sepa-
rate experiments. * P  < 0.05,** P  < 0.01, and *** P  < 0.001.   



Characterization of desnutrin functional domains in cells 315

nutrin activity separately. To test whether the catalytic 
N-terminal domain is required for lipid droplet local-
ization, we transfected COS-7 cells with GFP-tagged 
 desnutrin lacking almost the entire N-terminal region 
(M237-C486-GFP) and found that it was easily and strongly 
visualized on lipid droplets in COS-7 cells (  Fig. 5A  ).  The 
C-terminal domain alone is therefore suffi cient for lipid 
droplet localization, while the N-terminal region and 
 patatin-like domain contains the TAG substrate binding 
and hydrolysis sites that are critical for catalytic activity but 
are not necessary for lipid droplet residency. 

 We next tested the requirement of predicted functional 
amino acids for TAG hydrolysis by desnutrin in cells. Al-
though mutational analysis has previously confi rmed re-
quirement of S47 for activity in vitro ( 10 ), the D166 residue 
has not previously been tested, nor has the importance of 
either site been examined in live cells. Here, we report 
that both sites are critical for TAG hydrolysis in cells ( Fig. 

 Since the above in vitro kinetic studies indicate that the 
N-terminal region contains all residues required for cata-
lytic activity of desnutrin, we investigated the nature of 
predicted functional motifs in this domain for TAG break-
down in cells. We fi rst tested the requirement of the 
 N-terminal region for residency of desnutrin on the lipid 
droplet. Lipid droplets are complex organelles consisting 
of a lipid core rich in nonpolar TAG coated with a polar 
phospholipid layer as well as myriad proteins ( 23 ). Local-
ization of desnutrin to the surface of lipid droplets likely 
requires complex stabilizing protein-lipid and protein-
protein interactions essential for tethering of the lipase to 
this organelle, as well as for proper orientation to permit 
access of catalytically essential residues to TAG substrate in 
the core. Importantly, the domain required for lipid drop-
let localization in cells may be separate from the catalytic 
domain(s) required for TAG substrate-binding and hydro-
lysis; therefore, mutations in either domain may affect des-

  Fig.   4.  Phosphorylation of desnutrin at S406 and S430 is not essential for activity or localization. Confocal micrographs showing diffuse 
localization of GFP (control) or prominent lipid droplet localization of GFP-tagged desnutrin, S406A, and S430A desnutrin mutants in 
COS-7 cells (A) or 3T3-L1CAR �  adipocytes (B). TAG hydrolysis by desnutrin-GFP or serine to alanine mutants of desnutrin-GFP measured 
in live 293FT cells (C). Immunoblots show expression of desnutrin and mutant desnutrin and GAPDH (control). Values are means ± SEM 
from a representative experiment. ** P  < 0.01 versus GFP control.   
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showed similar TAG breakdown to wild-type desnutrin, in-
dicating that these sites are not critical in cells. In vitro, 
none of the sites appeared to be required for activity ( Fig. 
5F ), suggesting that the G14 residue may play an indirect 
role in TAG hydrolysis in living cells, possibly by partici-
pating in interactions with other cellular proteins. The 
second motif consists of the octapeptide  FL G V YHIG, cor-
responding to amino acids 17–24, that is a nonconsensus 
version of the sequence  FL X L XXXn, where X = any resi-
due except proline and n = a nonpolar residue ( Fig. 5C ). 
This motif is predicted to form an amphipathic  � -helix in-
volved in binding of nonpolar lipid substrates and is found 
in a number of diverse enzymes with functions in lipid me-
tabolism, including TAG hydrolase, which is a hepatic TAG 
lipase ( 16, 26 ). Our mutational analysis indicated that the 

5B ) and in vitro ( Fig. 5F ). Sequence alignment of murine 
desnutrin and human ATGL indicates that two motifs 
in the proximal N-terminal region are highly conserved 
( Fig. 5C ). The fi rst is a glycine-rich decapeptide 
ISFA G C G FL( G ) corresponding to amino acids 10–19. 
This motif consists of invariant glycine residues in the 
sequence XhXh G X G XX( G ), where X = any residue, h = a 
hydrophobic residue, and the fi nal G is optional ( 17 ). This 
sequence has been identifi ed in proteins as a dinucleotide 
binding motif ( 24 ), but it is also found in phospholipases 
A2 where it stabilizes the transition state during catalysis 
( 17, 25 ). We found that G14A mutants showed partially 
impaired TAG breakdown in 293FT cells relative to wild-
type desnutrin, retaining only about 40% activity ( Fig. 
5D ). Conversely, however, G16A and G19A mutants 

  Fig.   5.  The proximal N-terminal region contains the S47-D166 catalytic dyad as well as a putative lipid substrate-binding domain. A: Con-
focal micrograph showing lipid droplet localization of GFP-tagged desnutrin lacking the N-terminal domain (M237-C486-GFP). B: TAG 
hydrolysis by S47A and D166A desnutrin mutants is decreased to control levels in live 293FT cells. C: Sequence alignment of the proximal 
N-terminal regions of murine and human desnutrin. Underlined glycines (G) comprise the glycine-rich motif (XhXh G X G XX G ), while 
letters in bold or italics are part of a predicted amphipathic  � -helix ( FL X V XXX n ), where X is any amino acid except proline, h is a hydro-
phobic residue, and  n  is any nonpolar amino acid. D: TAG hydrolysis by G14A, G16A, and G19A mutants of desnutrin in live 293FT cells. 
E: TAG hydrolysis by F17A, L18A, and V20A desnutrin mutants in live 293FT cells. Values are expressed as a percentage of pcDNA3.1 con-
trol vector. F: In vitro TAG hydrolase activity of wild-type and mutant desnutrin assayed in COS-7 cell lysates using 100  � M  3 H-triolein. 
Values are means ± SEM from two to four separate experiments. Columns with different superscripts are signifi cantly different,  abc  P  < 0.01, 
* P  < 0.05, ** P  < 0.01, and *** P  < 0.001.   
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phenylalanine at position 17 is critical to TAG breakdown 
by desnutrin in cells, since conversion of F17A completely 
abolished TAG breakdown to control levels ( Fig. 5E ). On 
the other hand, L18A or V20A mutations only partially 
blunted TAG breakdown to 55–60% of wild-type desnutrin 
levels ( Fig. 5E ). Similar effects of alanine conversions were 
observed for these mutants when assayed in vitro ( Fig. 5F ). 
Taken together, our results suggest an important function 
for the proximal N-terminal region of desnutrin in TAG 
hydrolysis, while sequence analysis and comparison with 
other lipid metabolizing enzymes suggests that this region 
may have a potential role in binding TAG substrate. 

 In conclusion, here, we attempted to defi ne critical do-
mains and residues of desnutrin required for TAG hydroly-
sis in cells. We show that the C-terminal region of desnutrin 
is required for TAG breakdown in live cells but not for hy-
drolase activity in vitro, where deletion mutants lacking 
the C-terminal region display a similar  K m   but increased ap-
parent  V max   relative to the full-length enzyme. Indeed, we 
found binding of the C-terminal region of desnutrin to the 
N-terminal region, which likely explains the inhibitory role 
of the C-terminal domain on activity in vitro. Loss of phos-
phorylation at S406 or S430 did not alter cellular localiza-
tion or TAG hydrolysis by desnutrin and therefore did not 
contribute to decreased activity of C-terminal deletion mu-
tants in cells. By point mutation, we show the critical nature 
of D166 in the catalytic dyad of desnutrin as well as the im-
portance of both S47 and D166 sites to TAG hydrolysis by 
desnutrin in cells. Point mutation of amino acids in the 
proximal N-terminal region also demonstrates the presence 
of catalytically important residues in an amphipathic  � -helix 
that sequence analysis indicates may form a putative neutral 
lipid substrate-binding domain.  
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