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 For many years, CerS activity was assayed using radioac-
tive substrates [either  3 H-Sph ( 7 ) or  14 C-labeled acyl-CoAs 
( 20 )], with separation of the substrate and products per-
formed by TLC. Recently, a fl uorescent Sph analog has 
become available,  � (7-nitro-2-1,3-benzoxadiazol-4-yl)
(2 S ,3 R )-2-aminooctadecane-1,3-diol (NBD-Sph), which is 
a substrate for CerS ( 18, 21 ). Clearly, the use of fl uores-
cent substrates is preferable to use of radioactive substrates 
as it avoids radiation hazards ( 21 ). 

 We now describe an assay using NBD-Sph, in which the 
fl uorescent lipid products are separated by solid phase ex-
traction (SPE) C18 chromatography using a 96-well plate. 
This assay has a number of advantages over other assays, 
including short assay times, the use of small reaction vol-
umes (20 µl) and small amounts of protein. It alleviates 
the use of TLC for lipid separation, which often results in 
degradation of Sph on the TLC plate. We suggest that this 
assay will permit the rapid assay of CerS activity in large 
numbers of samples and will prove particularly useful for 
laboratories that do not have access to facilities available in 
more lipid-oriented laboratories. 

 MATERIALS AND METHODS 

 Materials 
 Methanol gradient grade for liquid chromatography, water 

for chromatography, and silica gel 60 TLC plates were from 
Merck (Darmstadt, Germany). Formic acid (purity >98%) was 
from Sigma-Aldrich (St. Louis, MO). Chloroform for spectro-
photometry was from J. T. Baker (Center Valley, PA). Ammo-
nium acetate was from Macron Chemicals (Center Valley, PA). 
Strata end-capped silica-based C18-E (15 mg/well) 96-well 
plates and the vacuum manifold for SPE with vacuum gauge 
and cover mat were from Phenomenex (Torrance, CA). The 
vacuum pump was an Alcatel 2002 from Ideal Vacuum Products 
(Albuquerque, NM). 
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 Ceramide, the backbone of all sphingolipids ( 1 ), is 
synthesized by the  N -acylation of sphingoid long-chain 
bases by ceramide synthases (CerSs). Mammals contain 
six distinct CerSs, with each using a subset of fatty acyl-
CoAs for the  N -acylation of sphinganine (Sph) to gener-
ate dihydroceramides or of sphingosine to generate 
ceramides ( 2, 3 ). CerSs have become the focus of great 
interest due to the realization that ceramides with differ-
ent acyl chain lengths play distinct roles in cell physiol-
ogy ( 4–6 ), with studies focusing on biochemical analysis 
of the mode of CerS regulation ( 7–13 ), on biological ap-
proaches using CerS-null mice ( 4, 6, 14 ), and on patho-
physiological studies using tissues from patients in which 
CerS activity changes during the development and pro-
gression of pathology ( 15–19 ). 
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for CerS4. Both these results compare favorably with  K m   
values obtained previously using [4,5- 3 H]Sph ( 22 ) and 
NBD-Sph ( 21 ) (which were obtained using higher amounts 
of protein and/or longer reaction times). The need for 
lower amounts of protein could be particularly useful 
when only small amounts of tissue or cells are available, 
such as might be the case when using clinical samples. 

 Interestingly, whereas NBD-Sph was a good substrate 
for CerS, { N -[(7-nitro-2-1,3-benzoxadiazol-4-yl)-methyl]
amino} palmitoyl coenzyme A (NBD-palmitoyl-CoA) did 
not act as a CerS5 substrate (  Fig. 2A  ), nor did it act as a 
competitive inhibitor of CerS5 (data not shown), strength-
ening the notion ( 4 ) that CerSs are highly specifi c for the 
acyl-CoA donor but less specifi c for the sphingoid long-
chain base.  Degradation products of NBD-Sph are readily 
apparent upon separation by TLC, which is of concern if 
low levels of CerS activity are assayed because some of the 
degradation products have Rf values similar to that of NBD-
ceramide ( Fig. 2B ). To isolate the degradation products, 
we performed preparative TLC ( Fig. 2B ), followed by neg-
ative ion mode electrospray tandem mass spectrometry, 

 Cell culture, transfection, and preparation of cell 
homogenates 

 HEK 293T cells were cultured in Dulbecco’s modifi ed Eagle’s 
medium supplemented with 10% fetal calf serum, 100 IU/ml 
penicillin, 100 µg/ml streptomycin, and 110 µg /ml sodium py-
ruvate. Transfection was performed with the polyethylenimine 
reagent (Sigma-Aldrich) using 10 µg of plasmid per 10 cm cul-
ture dish. Thirty-six to 48 h after transfection, cells were removed 
from culture dishes and washed twice with phosphate-buffered 
saline. Cell homogenates were prepared in 20 mM HEPES-KOH, 
pH 7.2, 25 mM KCl, 250 mM sucrose, and 2 mM MgCl 2  contain-
ing a protease inhibitor cocktail (Sigma-Aldrich). Protein was 
determined using the Bradford reagent (Bio-Rad, Hercules, CA). 

 CerS assay and lipid separation by TLC 
 Cell homogenates were incubated at 37°C with 15 µM NBD-

Sph, 20 µM defatted BSA, and 50 µM acyl-CoA, based on condi-
tions used previously with [4,5- 3 H]Sph as substrate ( 22 ), but 
using a 20  � l reaction volume. Reactions were terminated by the 
addition of chloroform-methanol (1:2, v/v), and lipids were ex-
tracted ( 23 ). Lipids were then dried under N 2 , resuspended in 
chloroform-methanol (9:1, v/v), and separated by TLC using 
chloroform-methanol-2M NH4OH (40:10:1, v/v/v) as the devel-
oping solvent. NBD-labeled lipids were visualized using a Typhoon 
9410 variable mode imager and quantifi ed by ImageQuantTL 
(GE Healthcare, Chalfont St. Giles, UK). 

 NBD-Sph stability 
 NBD-Sph (400 µl from a stock solution of 3.7 mg/ml) was 

separated by preparative TLC using chloroform-methanol-water 
(65:25:4, v/v/v) as the developing solvent. Bands were excised 
from the TLC plate and extracted twice using methanol-chloroform 
(75:25, v/v). NBD-lipids were analyzed using negative ion 
mode electrospray tandem mass spectrometry with an ABI 4000 
QTrap mass spectrometer and an Agilent 1100 series HPLC. A 
5 µl injection volume and a mobile phase consisting of methanol 
containing 1% formic acid were used for the analysis. NBD-Sph 
and  � (7-nitro-2-1,3-benzoxadiazol-4-yl)- N -stearoyl- D - erythro -
sphingosine (NBD-C18-ceramide) were also analyzed before and 
after elution from the SPE columns. 

 RESULTS AND DISCUSSION 

 Optimizing conditions for use of NBD-Sph in 
the CerS assay 

 While NBD-Sph (  Fig. 1  ) has been used previously to as-
say CerS ( 17, 18, 21 ), no attempts have been made to mini-
mize reaction volumes to allow the use of small amounts of 
biological material or to improve the mode of separating 
NBD-lipid substrates and products.  We have now been 
able to decrease the reaction volume to a minimum of 
20 µl, rather than the 100–250 µl used previously with [4,5-
 3 H]Sph ( 22 ) or with NBD-Sph ( 21 ), permitting the use 
of small amounts of protein for the assay. Thus, we could 
assay CerS5 activity using as little as 1 µg of protein and 
5 min reaction time, and CerS4 activity using 10 ( Fig. 1B ) 
or 20 µg (not shown) of protein and 20 min reaction time; 
note that each CerS displays different specifi c activities, 
necessitating optimization of assay conditions for each 
CerS ( 22 ). Under these conditions, we obtained a  K m   of 
2.0 ± 0.5 µM toward NBD-Sph for CerS5 and 3.4 ± 1.5 µM 

  Fig.   1.  Structure of NBD-lipids and optimization of CerS assay 
using NBD-Sph. A: Structure of NBD-lipids. B: Homogenates from 
cells overexpressing CerS5 or CerS4 were assayed in a 20  � l reaction 
volume with increasing amounts of NBD-Sph with 50  � M C16-CoA 
or C20-CoA, respectively, and 20  � M defatted BSA, at 37°C. Results 
are means ± SEM of two to three independent experiments.   
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  Fig.   2.  NBD-Sph degradation on TLC. A: Homogenates (20  � g of protein) were prepared from CerS5-overexpressing cells. Activity was 
assayed with or without the CerS inhibitor, fumonisin B1 (FB1), using 15 µM NBD-Sph and 50  � M C16-CoA (left-hand panel) or 15  � M 
Sph and 50  � M NBD-palmitoyl-CoA (C16-NBD-CoA) (right-hand panel) with 20  � M defatted BSA for 20 min at 37°C. The arrow indicates 
NBD-ceramide. Other bands are degradation products. B: Preparative TLC plate loaded with 1.48 mg of NBD-Sph. Lipids were separated 
using chloroform-methanol-water (65:25:4, v/v/v) as the developing solvent. NBD-lipids (numbered 1–8) were extracted. C: The NBD-
lipids from B were analyzed by negative ion mode electrospray tandem mass spectrometry. The predicted structures are shown. Band 8 is 
NBD-Sph.   
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NBD-Sph from NBD-ceramide by column chromatography. 
A number of different parameters were tested, including 
use of various solvents and different columns and vary-
ing the column sorbent mass. Initial studies were per-
formed using mixtures of NBD-Sph and NBD-C18-ceramide 
in the absence of cellular protein. The best separation 
was achieved using Strata end-capped silica-based C18-E 
(15 mg/well) 96-well plates. Use of HPLC-grade solvents 
and a vacuum gauge reading of 5–7 inHg (0.2 bar) gave 

and obtained predicted structures of the NBD-Sph degra-
dation products ( Fig. 2C ). 

 SPE chromatography to separate NBD lipids 
 In order to simplify the CerS assay, and to limit the 

use of specialized equipment that might only be available 
in a lipid-oriented laboratory, as well as to make the assay 
compatible for use with large numbers of samples, we 
established a new method based on the separation of 

  Fig.   3.  A–I: Workfl ow for activity and separation of NBD-lipids using SPE columns. Individual steps are 
indicated and discussed in the text.   

  Fig.   4.  Lack of degradation of NBD lipids after separation on SPE columns. Analysis of NBD-Sph (A) and 
NBD-C18-ceramide (B) by negative ion mode electrospray tandem mass spectrometry before (upper panel) 
and after (lower panel) elution from the SPE column. The results were obtained after subtracting peaks 
obtained upon elution using ethanol-water (1:1, v/v). Intensity refers to ion counts.   
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containing NBD-Sph was discarded and replaced by round-
bottom, black polypropylene 96-well plates (Nunc Thermo 
Scientifi c, Waltham, MA) (three plates were placed on top 
of each other so that the distance between the columns 
and the plates was short enough to avoid spillage of the 
eluates). NBD-ceramide was eluted from the columns with 
2 × 150 µl and an additional 1 × 50 µl of 10 mM ammo-
nium acetate in methanol-chloroform-water-formic acid 
(30:14:6:1) (30 s each) ( Fig. 3I ) followed by 2 min under 
vacuum. NBD-ceramide was quantifi ed using a fl uorescent 
ELISA reader. In contrast to separation on TLC plates, no 
degradation of NBD-Sph was detected after elution from 
the SPE column, and likewise, there was no degradation of 
NBD-ceramide (  Fig. 4  ).   

 The suitability of using SPE columns for the CerS assay 
was tested in nontransfected HEK   cells using either C16:0-
acyl-CoA (to assay CerS5/6) or C24:1-acyl-CoA (to assay 
CerS2), with increasing amounts of protein. NBD-ceramide 
was quantifi ed using standard curves of NBD-Sph and 
compared with results obtained by TLC. The rate of 
the reaction was linear up to 20 µg of protein and was simi-
lar using both methods (  Fig. 5A  ).  HEK   cells transfected 
with CerS5 were also assayed using either increasing 
amounts of protein ( Fig. 5B ) or reaction times ( Fig. 5C ), 
as were CerS2 or CerS4 (not shown), and similar results 

the best separation; the use of the vacuum was essential to 
achieve effi cient separation. 

 Optimal conditions were established as follows, as out-
lined schematically in   Fig. 3  .  Reactions were performed 
at 37°C using 15 µM NBD-Sph, 20 µM defatted BSA, and 
50 µM acyl-CoA in a reaction volume of 20 µl ( Fig. 3A ). Reac-
tions were terminated with 20  � l methanol/1% (v/v) for-
mic acid ( Fig. 3B ), followed by addition of 110 µl water/1% 
(v/v) formic acid ( Fig. 3C ). While columns were being 
activated (see below), samples were maintained at either 
room temperature or at  � 20°C (prior to addition of wa-
ter/1% (v/v) formic acid) if column preparation took 
more than a few minutes. Columns were placed in a vac-
uum manifold attached to a vacuum pump and washed 
with 150 µl methanol/1% formic acid with 30 s of vacuum 
( Fig. 3D ), followed by 150 µl water/1% formic acid for an 
additional 30 s under vacuum ( Fig. 3E ). Samples from the 
reaction tubes (150 µl) were added, and the vacuum was 
applied for another 30 s ( Fig. 3F ). Two washes with 150 µl 
water/1% formic acid were applied for 30 s each, followed 
by 2 min under vacuum ( Fig. 3G ). NBD-Sph was eluted 
using three 150  � l washes of 10 mM ammonium acetate in 
methanol-water-chloroform-formic acid (30:14:6:1, v/v/v/v) 
for 30 s each ( Fig. 3H ), followed by 2 min under vacuum. 
The waste container used to collect the initial washes 

  Fig.   5.  Comparison of CerS assays using TLC or SPE columns. A: Homogenates of nontransfected HEK   cells 
were assayed in 20  � l reaction volume with increasing amounts of protein with 15  � M NBD-Sph, 50  � M C16-
CoA (upper) or C24:1-CoA (lower), and 20  � M defatted BSA, at 37°C. NBD-Sph and NBD-ceramide were sepa-
rated by TLC (gray) or by SPE columns (black). B: Homogenates of CerS5-overexpressing cells were assayed as 
in A with C16-CoA. Results are ± SD of a typical experiment repeated three times with similar results. C: Ho-
mogenates (10  � g of protein in 20 µl) were prepared from CerS5-overexpressing cells and were assayed for 
increasing amounts of time. Results are means ± SEM of two to three independent experiments.   
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the use of SPE-C18 columns provides a number of advan-
tages, not least the accessibility of the method for laborato-
ries that do not routinely assay enzymes of lipid metabolism. 
A major advantage of the SPE-C18 columns is the ability to 
assay up to 96 samples at once, whereas assaying 96 samples 
by TLC would require 10 or 11 TLC plates, thus saving con-
siderable time and effort. In terms of time, assaying 96 sam-
ples by the classical TLC method, including quantifi cation 
(by either scraping the silica and counting in a fl uorimeter 
or analysis using a phosphorimager) and data analysis, 
could take as long as 3 days, whereas only 1 day is needed 
for the same number of reactions using SPE-C18 columns 
(due to the short times of separation on the columns, the 
possibility of running multiples samples together, and the 
ease of quantifi cation by placing the 96-well plate directly in 
a fl uorescent ELISA reader). Thus, although the SPE-C18 
columns are somewhat more expensive than TLC plates, 
the time saved in personnel costs renders the SPE-C18 col-
umns more effi cient and economical. 

 Because CerSs appear to be involved in the pathology of 
a number of human diseases ( 15–19 ), the assay that we have 
described in this study might prove useful in a clinical set-
ting. Furthermore, SPE column chromatography could be 

were obtained using both methods with all three CerSs. 
Reactions were linear with respect to protein for amounts 
as low as 1–10  � g for CerS5 and 1–20  � g for CerS6, and up 
to 70 µg of protein for CerS2 and CerS4 (  Fig. 6A  ).  Like-
wise, reactions were linear with respect to time for up to 
20 min with CerS5 and CerS6 and 60 min with CerS2 and 
CerS4 ( Fig. 6B ). Importantly, for CerSs that display high 
levels of activity, assays can be performed for as short a 
time as 5 min using as little as 5 µg of protein, which gives 
similar results to those obtained previously using [4,5- 3 H]
Sph ( 24 ). Some of the CerSs (i.e., CerS2 and CerS4), dis-
play lower activity than others (i.e., CerS5), as previously 
reported ( 10, 22, 25 ). 

 In summary, we have developed a rapid and reliable 
method for assaying CerS activity in small amounts of 
biological material using SPE column chromatography. 
Moreover, a large number of assays can be run simulta-
neously by using a multichamber pipettor and performing 
the activity in a 96-well PCR plate. The assay alleviates the 
need to use TLC as a separation method and thus requires 
much lower levels of organic solvents. 

 Although similar results were obtained in the current study 
using TLC separation and SPE-C18 column chromatography, 

  Fig.   6.  CerS activity using the optimized assay pro-
cedure. A: Assays were performed using different 
amounts of protein from HEK   cells overexpressing 
the indicated CerS; the acyl-CoA was chosen accord-
ing to the specifi city of the particular CerS (i.e., 
C24:1-CoA for CerS2, C20-CoA for CerS4, and C16-
CoA for CerS5 and CerS6). CerS2 and CerS4 were 
assayed for 30 min, and CerS5 and CerS6 for 10 min. 
Results are means ± SEM; n = 2–5. B: Assays were 
performed using different reaction times. CerS2 
and CerS4 were assayed with 40  � g of protein, and 
CerS5 and CerS6 with 10 µg of protein. Results are 
means ± SEM; n = 2–5.   
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used to assay other enzymes of sphingolipid metabolism for 
which fl uorescent substrates ( 26 ) are available.  

 The authors thank Tammar Joseph (Weizmann Institute of 
Science) for her help and advice and Yigal Shachar (Weizmann 
Institute of Science) for help optimizing the use of the vacuum 
pump.  
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