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the pancreas, skeletal muscle, and liver, metabolites de-
rived from excessive TG can be lipotoxic, leading to insu-
lin resistance and type 2 diabetes ( 1, 2 ). Elevated TG in the 
circulation is a risk factor for cardiovascular disease ( 3 ). 

 TG synthesis occurs via the multistep Kennedy (glycerol-
3-phosphate) pathway with the fi nal reaction of the path-
way catalyzed by acyl CoA:1,2-diacylglycerol acyltransferase 
(DGAT, EC 2.3.1.20) ( 4 ). DGAT catalyzes the formation 
of an ester bond between an activated fatty acid (fatty acyl 
CoA) and the free hydroxyl group of 1,2-diacylglycerol (DG) 
(  Fig. 1  ).  Although never purifi ed to homogeneity, two un-
related DGAT enzymes, DGAT1 and DGAT2, have now been 
identifi ed ( 5, 6 ). These two enzymes share no sequence 
homology, and although they catalyze the same biochemi-
cal reaction in vitro, they have distinct physiological roles 
in vivo in mice ( 7, 8 ). DGAT1 also possesses other acyl-
transferase activities and can catalyze the formation of di-
acylglycerol, retinol, and wax esters ( 9 ). 

 The standard method to measure DGAT activity in vitro 
involves incubating cell or tissue extracts with radiolabeled 
substrate, either fatty acyl CoA or DG, which is incorpo-
rated into TG ( 5, 10, 11 ). The radiolabeled TG products 
are then separated from substrates by extraction with or-
ganic solvents and thin layer chromatography (TLC). TG 
is then scraped off of the TLC plate, and the radioactivity 
incorporated into TG is quantifi ed by scintillation count-
ing. Although this is a sensitive method, the use of radioac-
tivity requires special precautions and dedicated equipment 
that will be contaminated with radioactivity. Other chal-
lenges include minimizing the exposure of laboratory per-
sonnel to radioactivity and the disposal of radioactive waste. 
Additionally, the availability of radioactive substrates is very 
limited, and the associated cost of this assay is becoming 
more prohibitive. 

 Here we demonstrate a modifi ed DGAT assay where we 
use a fl uorescent acyl CoA substrate instead of a radioac-
tive one without compromising sensitivity. The modifi ed 
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 Triacylglycerols (TG) are a class of neutral lipid and are 
the major storage form of energy in eukaryotic organisms. 
TG are composed of a glycerol backbone and three fatty 
acids attached by ester bonds. Although abundant in the 
liver, muscle, small intestine, and mammary gland, TG is 
primarily stored in cytosolic lipid droplets in adipose tis-
sue. When needed, stored TG in adipocytes undergo li-
polysis to release fatty acids from TG that are transported 
to tissues, such as muscle, where they are oxidized to gen-
erate ATP. However, excessive accumulation of TG in adi-
pose tissue leads to obesity. In nonadipose tissue, such as 
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crose. Cells were disrupted by 15 passages through a 27-gauge 
needle. Cell debris and nuclei were pelleted by centrifugation at 
600  g  for 5 min. To obtain total cellular membranes, the superna-
tant was centrifuged at 100,000  g  for 30 min at 4°C. The superna-
tant was removed and the membrane pellet was resuspended in 
50 mM Tris-HCl (pH 7.6)/250 mM sucrose and used for DGAT 
assays at the indicated concentrations. 

 Fluorescent DGAT assay 
 The method is a modifi cation of that described by Coleman 

and Bell ( 10, 11 ). The stock solutions used for the assay were 1 M 
Tris-HCl (pH 7.6), 1 M MgCl 2 , 4 mM DOG in acetone, 12.5 mg/ml 
BSA, 500  � M NBD-palmitoyl CoA in 20 mM Tris-HCl (pH 7.6), 
and 20-100  � g protein sample (cell lysate or total membranes) 
diluted in 50  � l of 50 mM Tris-HCl (pH 7.6)/250 mM sucrose. 
Assays were performed in 16 × 100 mm glass test tubes in a fi nal 
reaction volume of 200  � l. 

 The procedure was as follows:  1 ) Prepare a master mix con-
taining 20  � l of 1 M Tris-HCl (pH 7.6), 4  � l of 1 M MgCl 2 , 10  � l 
of 4 mM DOG, 10  � l of 12.5 mg/ml BSA, 10  � l of 500  � M NBD-
palmitoyl CoA, and 96  � l of water per reaction. Scale up the vol-
umes proportionally to accommodate the desired number of 
reactions. Protect the master mix from direct light.  2 ) Aliquot 
150  � l master mix per test tube. Preincubate tubes in a 37°C wa-
ter bath for 2 min. Start the reaction by adding 50  � l of protein 
sample (50  � g protein per assay is routinely used). Incubate at 
37°C for 10 min with occasional shaking.  3 ) Terminate the reac-
tion by adding 4 ml CHCl 3 /methanol (2:1, v/v). Mix by vortex-
ing. Add 800  � l of water and mix by vortexing. Allow samples to 
sit at room temperature for 1 h.  4 ) Vortex and centrifuge at 3,000 
rpm for 5 min to separate aqueous and organic phases.  5 ) Aspi-
rate the upper aqueous phase and dry the organic phase under 
stream of nitrogen .  Solvents can be evaporated faster by placing 
test tubes in a warm water bath.  6 ) Resuspend lipids in 50  � l 
CHCl 3 /methanol (2:1) and spot on a channeled 20 × 20 cm TLC 
plate.  7 ) Develop the TLC plate in the solvent system hexane/
ethyl ether/acetic acid (80:20:1, v/v/v). Allow the plate to air dry 
for 1 h before quantifi cation of reaction products. 

 The newly synthesized NBD-TG was analyzed with a VersaDoc 
4000 molecular imaging system (Bio-Rad Laboratories, Inc.), and 
fl uorescence was quantifi ed with Quantity One software (Bio-Rad 
Laboratories, Inc.). The excitation and emission wavelengths of 
NBD were 465 nm and 535 nm, respectively. A blue LED laser 
light source and 530BP emission fi lter were used. Data are pre-
sented as units (fl uorescence intensity) of NBD-TG formed per 
minute per mg protein. 

protocol involves substituting the radiolabeled acyl CoA 
substrate with the fl uorescent fatty acyl CoA {N-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)-methyl]amino} (NBD)-palmitoyl CoA 
(  Fig. 2  ).  This NBD substrate is commercially available and 
is approximately 25% of the cost of its radiolabeled 
counterpart usually used for DGAT and other acyl CoA-
dependent assays. The formation of the reaction product 
NBD-TG is then separated by TLC and quantifi ed using a 
molecular imager capable of fl uorescence detection. We 
also show that this method can be modifi ed to assay other 
acyltransferase enzymes. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 NBD-palmitoyl CoA (catalog number 810705P) was from 

Avanti Polar Lipids. Tris-HCl, MgCl 2 , sucrose, bovine serum albu-
men (BSA), hexane, ethyl ether, CHCl 3 , methanol, acetone, ace-
tic acid, 1,2 dioleoyl-sn-glycerol (DOG) (catalog number D0138), 
and 1-hexadecanol (catalog number H6800) were from Sigma. 
Partisil K6 60Å channeled TLC plates (250 µm thickness) with a 
pre-adsorbent zone (catalog number 05-713-329) were from 
Fisher Scientifi c. 

 Cell culture and transfection 
 HEK-293T cells (American Type Tissue Culture Collection) 

were cultured in Dulbecco’s modifi ed Eagle’s medium (DMEM) 
with 10% fetal bovine serum in a 37°C incubator with 5% CO 2 . 
HEK293T cells were transfected with the mammalian expression 
vector, pcDNA3.1 (Invitrogen) containing FLAG-tagged DGAT1 
using 0.1% polyethylenimine (pH 7.0) ( 12 ). 

 3T3-L1 cells were induced to differentiate into adipocytes by 
incubating  � 90% confl uent pre-adipocytes in DMEM supple-
mented with 10% FBS, 10  � M dexamethasone, 0.5 mM isobutyl-
methylxanthine, and 10  � g/ml insulin for 72 h ( 13 ). Medium 
was changed every 24 h. 72 h postinduction, the differentiation 
medium was removed and cells were maintained in DMEM con-
taining 10% FBS. 

 Total membrane isolation 
 Cells were washed twice with ice-cold PBS, scraped from the 

tissue culture dish and placed in a 1.5 ml tube. Cells were pel-
leted by centrifugation at 1,000  g  for 2 min and the cell pellet was 
resuspended in 500  � l of 50 mM Tris-HCl (pH 7.6)/250 mM su-

  Fig.   1.  TG synthesis by DGAT. DGAT catalyzes the 
formation of an ester bond between a fatty acyl CoA 
and the free hydroxyl group of 1,2-diacylglycerol.   

  Fig.   2.  {N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-
methyl]amino} (NBD)-palmitoyl CoA substrate.   
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were at the concentrations described in Experimental Pro-
cedures. Without any protein in the assay, a weak fl uores-
cent signal corresponding to NBD-TG was detected, which 
was likely due to autofl uorescence of the TLC plate (  Fig. 
4A  ).  NBD-TG formation was linear up to 50  � g of protein; 
it reached a plateau as the concentrations of substrates be-
came limiting with higher amounts of protein. NBD-TG 
formation was also linear with time from 5-20 min (R 2  = 
0.9498) ( Fig. 4B ). 

 Because our modifi ed DGAT assay replaces the tradi-
tional radioactive acyl CoA substrate with one containing 
the fl uorescent NBD group at the methyl end of the mol-
ecule, it was important to determine that the amount of 
NBD-palmitoyl CoA in the assay was not limiting. DGAT 
assays were performed on samples from HEK293T cells us-
ing NBD-palmitoyl CoA at a concentration of 0-50  � M. 
When NBD-palmitoyl CoA was not included in the reaction, 

 Statistical analyses 
 Where appropriate, data are presented as means ± SD. Means 

were compared by Student’s  t -test. 

 RESULTS AND DISCUSSION 

 To validate our modifi ed fl uorescent DGAT activity as-
say, we performed a series of assays on samples where 
DGAT activity has been reliably quantifi ed using the tradi-
tional radioactive method. Total membranes isolated from 
untransfected HEK293T cells and HEK293T cells express-
ing DGAT1 were incubated in the DGAT reaction mixture 
as described in Experimental Procedures. In some cases, 
reactions were carried out in the absence of protein, DOG, 
or NBD-16:0 CoA. After reactions were terminated, reac-
tion products were extracted with organic solvents and 
separated by TLC. The TLC plate was then scanned with a 
fl uorescence imager to visualize and quantify NBD-TG 
formed during the assay (excitation = 465 nm; emission = 
535 nm). 

 For DGAT assays performed with the complete reaction 
mixture, two fl uorescent lipids were observed (  Fig. 3A  ). 
 The lower lipid was NBD-palmitate, and the upper was the 
reaction product NBD-TG. Consistent with the radioactive 
DGAT assay, NBD-TG formation was higher in samples 
from HEK293T cells expressing DGAT1 than in those 
from untransfected cells. This was the case when DGAT 
activity was determined using endogenous DG or when 
DG was added exogenously ( Fig. 3A ). No fl uorescent 
products could be detected when either NBD-16:0 CoA or 
protein was omitted from the reaction. The fl uorescence 
intensity of NBD-TG formed during the assay ( Fig. 3A , 
lanes 8 and 9) was quantifi ed using Quantity One software. 
Using 50  � g of membrane protein from untransfected 
HEK293T cells, which is the amount typically used in the 
radioactive assay, DGAT activity could be quantifi ed and 
was signifi cantly higher than background ( Fig. 3B ). For 
HEK293T cells expressing DGAT1, NBD-TG formation 
was  � 19-fold greater than in that of untransfected cells 
( Fig. 3B ), which is consistent with values obtained using 
the radioactive method ( 12 ). 

 The NBD-palmitate observed on the TLC plate was likely 
formed by the hydrolysis of NBD-palmitoyl CoA during the 
DGAT assay. This phenomenon has also been observed in 
the radioactive DGAT assay and is caused by an acyl CoA hy-
drolase present in the samples ( 14 ). It is unlikely that DGAT1 
or DGAT2 possesses this function, as this hydrolase activity is 
still apparent in both cells lacking both DGAT1 and DGAT2 
( 15 ). It has been proposed that acyl CoA hydrolase generates 
an acyl intermediate that can be utilized by acyltransferases, 
such as DGAT1 and DGAT2 ( 14 ). Unfortunately, because 
the NBD-palmitate formed during the DGAT assay partitions 
into the organic phase, reaction products must still be sepa-
rated by TLC prior to quantifi cation. 

 We also determined that NBD-TG formation was linear 
with respect to time and amount of protein in the modi-
fi ed assay. Fluorescent DGAT assays were performed using 
0-100  � g of membrane protein isolated from HEK293T 
cells. The concentrations of other reaction components 

  Fig.   3.  NBD-TG formation in HEK-293T cells expressing DGAT1. 
A: TLC plate showing the results of a DGAT assay using the fl uores-
cent NBD-palmitoyl CoA (NBD-16:0 CoA) substrate. Assays were 
performed on total membranes from either untransfected 
HEK293T cells or HEK293T cells transiently transfected with 
DGAT1 (“X” indicates assays performed without any protein) in 
the presence or absence of either 200  � M DOG or 25  � M NBD-
16:0 CoA. B: Quantifi cation of NBD-TG formation in DGAT assays 
performed on membranes from untransfected HEK293T cells or 
HEK293T cells transiently transfected with DGAT1 (lanes 8 and 9). 
* P  < 0.001 (n =3).   
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assay showed that DGAT activity of adipocytes was increased 
 � 9-fold compared with that of undifferentiated cells. This 
proportional increase was similar to what has been a re-
ported elsewhere using a radioactive assay ( 5, 16 ). 

 Many other acyltransferase enzymes exist, and their ac-
tivities are also usually determined by using assays with ra-
dioactive acyl CoA substrates. We sought to determine if 
the fl uorescent NBD-palmitoyl CoA substrate could be a 
useful reagent for assaying other acyl CoA-dependent ac-
tivities. To do this, we took advantage of the ability of 
DGAT1 to utilize acyl acceptors other than diacylglycerol. 
In addition to catalyzing TG synthesis, DGAT1 also pos-
sesses retinol acyltransferase, monoacylglycerol acyltrans-
ferase, and wax synthase activities ( 9, 17 ). 

 When membrane proteins from HEK293T cells express-
ing DGAT1 were incubated in assays with NBD-palmitoyl 
CoA and the acyl acceptor 1-hexadecanol, we detected ro-
bust wax synthase activity by monitoring NBD-wax ester 
formation (  Fig. 7  ).  No NBD-wax esters were formed in the 

no NBD-TG formation could be detected (  Fig. 5  ).  Maximum 
NBD-TG formation (apparent  V max  ) occurred at 10  � M 
NBD-palmitoyl CoA, indicating that the amount of sub-
strate was not limiting in the assay and could be used at the 
same concentrations as radioactive acyl CoA (usually 25  � M) 
( Fig. 5 ). 

 To further validate our modifi ed fl uorescent DGAT as-
say, we compared the DGAT activity of undifferentiated 
3T3-L1 fi broblasts to that of differentiated 3T3-L1 adipo-
cytes. Previous studies have demonstrated that during adi-
pocyte differentiation both DGAT1 and DGAT2 gene 
expression are increased with a corresponding increase in 
DGAT activity in vitro ( 5, 6, 16 ). Consistent with these 
fi ndings, our fl uorescent assay showed that undifferenti-
ated cells had a low level of DGAT activity (  Fig. 6  ). 
 However, after 10 days of differentiation, the fl uorescent 

  Fig.   4.  NBD-TG formation is linear with respect to time and pro-
tein. DGAT activity of membranes from HEK293T cells was mea-
sured with (A) 0-100  � g protein per assay and (B) 0-20 min using 
20  � g protein per assay.   

  Fig.   6.  Determination of NBD-TG formation in undifferentiated 
3T3-L1 fi broblasts and differentiated adipocytes. Cell lysates (37.5  � g 
protein) were prepared from 3T3-L1 pre-adipocytes or adipocytes 
(10 days postdifferentiation), and DGAT activity was determined. 
* P  < 0.001 (n =3).   

  Fig.   5.  Effect of substrate concentration on NBD-TG formation. 
DGAT activity of membranes from HEK293T cells (50  � g protein) 
was measured using NBD-16:0 CoA at a fi nal concentration of 
0-50  � M per assay.   

  Fig.   7.  NBD-16:0 CoA can be used to measure other acyltrans-
ferase activities. In vitro wax synthase acyltransferase assays were 
performed on total cellular membranes (50  � g protein) from un-
transfected HEK-293T cells or from HEK-293T cells expressing 
FL-DGAT1. NBD-16:0 CoA (25  � M) was the acyl donor and 1-hexa-
decanol (200  � M) was the acyl group acceptor. NBD-wax ester for-
mation was determined as described for NBD-TG.   
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absence of 1-hexadecanol in untransfected or transfected 
samples. NBD-wax ester formation also could not be de-
tected in assays performed on untransfected HEK293T 
cells, which we previously found to have very little endog-
enous wax synthase activity as assessed by using the radio-
active method ( 12 ). 

 In summary, we have described a modifi ed fl uorescent 
assay that accurately measures in vitro DGAT activity. In 
our hands, this fl uorescent method appears to be as sensi-
tive and as reproducible as the traditional radioactive as-
say. Using the NBD-palmitoyl CoA substrate reduces the 
cost of the assay by  � 75% compared with the radioactive 
method, and it minimizes the exposure of lab personnel 
to radioactivity. Additionally, we have demonstrated that 
NBD-palmitoyl CoA could be used as a substrate to mea-
sure the in vitro activities of other acyltransferase enzymes. 
Specifi c assay conditions would have to be optimized for 
each enzyme.  
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