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Abstract Fatty acyl-CoAs participate in numerous cellular
processes. This article describes a method for the quan-
titation of subpicomole amounts of long-chain and very-
long-chain fatty acyl-CoAs by reverse-phase LC combined
with electrospray ionization tandem mass spectrometry
in positive ion mode with odd-chain-length fatty acyl-CoAs
as internal standards. This method is applicable to a
wide range of species [at least myristoyl- (C14:0-) to cerotoyl-
(C26:0-) CoA] in modest numbers of cells in culture (?106–
107), with analyses of RAW264.7 cells and MCF7 cells given
as examples. Analysis of these cells revealed large differ-
ences in fatty acyl-CoA amounts (12 6 1.0 pmol/106

RAW264.7 cells vs. 80.4 6 6.1 pmol/106 MCF7 cells) and
subspecies distribution. Very-long-chain fatty acyl-CoAs with
alkyl chain lengths . C20 constitute ,10% of the total fatty
acyl-CoAs of RAW264.7 cells versus .50% for MCF7 cells,
which somewhat astonishingly contain approximately as
much C24:0- and C26:0-CoAs as C16:0- and C18:0-CoAs
and essentially equal amounts of C26:1- and C18:1-CoAs.
This simple and robust method should facilitate the in-
clusion of this family of compounds in “lipidomics” and
“metabolomics” studies.—Haynes, C. A., J. C. Allegood,
K. Sims, E. W. Wang, M. C. Sullards, and A. H. Merrill, Jr.
Quantitation of fatty acyl-coenzyme As in mammalian cells
by liquid chromatography-electrospray ionization tandem
mass spectrometry. J. Lipid Res. 2008. 49: 1113–1125.
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Fatty acyl-CoAs participate in energy metabolism, the
biosynthesis and recycling of complex lipids, the post-
translational modification of proteins, the regulation of
gene expression, and other cellular processes (1). They
are derived from de novo fatty acid biosynthesis and the
recycling of preexisting fatty acids (2) and serve as inter-
mediates of most fatty acid modification reactions, such

as oxidation (3), elongation, and desaturation (4). Hence,
for both metabolic and regulatory studies, it would be
useful to have an analytical method to quantitate a wide
variety of these compounds.

Mass spectrometry and tandem mass spectrometry have
been shown to be particularly useful for the analysis of fatty
acyl-CoAs because they provide high levels of structural
specificity and sensitivity (5–11), especially when com-
bined with LC and ESI (5–9). Previously published
methods have used negative ion mode MS (5) and MS/
MS (7, 8) as well as positive ion mode MS/MS using a
precursor ion scan (6), but they have not been applied to a
wide spectrum of fatty acyl-CoA molecular species, es-
pecially the very-long-chain fatty acyl-CoAs with alkyl chain
lengths of .20 carbons.

This report describes an LC-ESI MS/MS protocol that
builds on some of the features of these methods for the
analysis of a wider profile of fatty acyl-CoAs than has
heretofore been reported, with alkyl chain lengths vary-
ing from C14 (myristoyl-CoA) to C26 (cerotoyl-CoA), and
is potentially applicable to species as short as C2 (acetyl-
CoA) and free coenzyme A (CoASH). Analysis of extracts
from RAW264.7 cells (a mouse macrophage line) and
MCF7 cells (a human breast carcinoma line) demon-
strated the method’s utility for profiling and quantifying
multiple molecular species of fatty acyl-CoAs in relatively
small samples and revealed interesting differences in the
fatty acyl-CoA profiles for these cell lines. The availability
of this fairly simple and robust method should facilitate
the inclusion of this family of compounds in a wide range
of studies.
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EXPERIMENTAL PROCEDURES

Reagents

Fatty acyl-CoAs (C14 to C26 and the odd-chain-length internal
standards C15:0-, C17:0-, C23:0-, and C25:0-CoA) were obtained
as triammonium salts from Avanti Polar Lipids (Alabaster, AL),
and according to the manufacturer, analysis of the fatty acyl-
CoAs by TLC, HPLC, MS, NMR, and other tests such as the
Bartlett assay for phosphorus were consistent with the purity
being .99%. CoASH (lithium salt monohydrate), acetyl-CoA
(C2:0) (sodium salt), octanoyl-CoA (C8:0) (sodium salt), and
lauroyl-CoA (C12:0) (sodium salt) were from Sigma-Aldrich
(St. Louis, MO) and were 95–99% pure. HPLC-grade CH3OH
(catalog number MX0475-1), CH3CN (AX0145-1), and CHCl3
(CX1058-1) were from EMD (Darmstadt, Germany). Triethylam-
monium acetate (TEAA) was from Fluka (Buchs, Switzerland),
and triethylamine (TEA) was from Sigma-Aldrich. The water
(.18 MV/cm) was purified with the Barnstead Diamond Nano-
pure system (Boston, MA).

Cell culture

MCF7 cells (HTB-22) and RAW264.7 cells (TIB-71) were ob-
tained from the American Type Culture Collection (Manassas,
VA). RAW264.7 cells were grown in DMEM (Cellgro catalog
number 10-013; it contains 4 mM L-glutamine and 4.5 g/l glucose;
Mediatech, Manassas, VA) and 10% heat-inactivated fetal calf
serum (HyClone catalog number SH30071.03; Logan, UT).
MCF7 cells were grown in MEM supplemented with 10% FBS
(HyClone catalog number SV30071.03), 2 mM L-glutamine,
0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and
0.01 mg/ml bovine insulin. Media for both cell types included
tissue culture-grade sodium bicarbonate (1.5 g/l) and 100 U/ml
penicillin plus 0.1 mg/ml streptomycin (Gibco catalog num-
ber 15140-122; Invitrogen, Carlsbad, CA). Both cell types were
cultured at 37jC, 95% relative humidity, and 5% CO2. Dishes
(60 mm; catalog number 430166; Corning, Inc., Corning, NY) of
RAW264.7 cells were seeded at 2 3 106 cells per dish and grown
for ?30 h before harvesting for lipid analysis. Dishes (100 mm;
catalog number 430293; Corning, Inc.) of MCF7 cells were seeded
at 2 3 106 cells/ml and grown for ?48 h. For the RAW264.7 cells,
the cell culture conditions followed the standard protocol adopted
by the Lipid MAPS Consortium (www.lipidmaps.org).

Cell extraction

Dishes of cells cultured as described above (typically 0.5–2 3

107 cells) were placed on ice, the medium was aspirated, and
adherent cells were gently washed twice with 5 ml of chilled PBS
then once with 5 ml of chilled distilled water (which did not cause
cell lysis as assayed by trypan blue exclusion, if added and re-
moved rapidly). Using a rubber policeman, the cells were rapidly
scraped into a corner of the tilted dish and mixed to a uniform
suspension in the residual water (?0.5 ml) with a pipette, from
which 50 ml was removed for cell quantitation by counting (or
analysis of protein or DNA) and 200 ml for analysis of the fatty
acyl-CoAs. This procedure avoids centrifugation of the cells after
they have been removed from the Petri dish, because a substantial
percentage of RAW264.7 cells were broken during scraping;
analysis of more robust cells can use centrifugation for the washes.

The aliquot for fatty acyl-CoA analysis was placed in a screw-cap
tube (13 3 100 mm; catalog number 73750-13100; with a Teflon-
lined cap; Kimble Chase, Vineland, NJ) on ice. To this was added
500 ml of CH3OH containing 1 mM EDTA (added to the CH3OH
from a 0.5 M aqueous stock) and 10 ml of an internal stan-
dard mixture that contained 100 pmol each of C15:0-, C17:0-,
C23:0-, and C25:0-CoA, which were prepared in CH3OH/CHCl3

(2:1, v/v) containing 30 mM TEAA. After a brief sonication
(?0.5 min), 250 ml of CHCl3 was added, followed by another
brief sonication, and the single-phase extraction mixture was in-
cubated for 30 min in a 50jC heating block. After cooling to
room temperature, CHCl3 and water (250 ml each) were added
with mixing by vortexing after each addition. After brief cen-
trifugation using a table-top centrifuge, the fatty acyl-CoAs were
in the upper phase and interface and most of the other lipids
(which would interfere with the subsequent reverse-phase LC)
were in the lower phase. The upper layer was removed with a
Pasteur pipette and transferred into a screw-cap tube (as above),
and the remainder (interface and lower layer) was reextracted
twice (each time with brief centrifugation to separate the two
phases cleanly) with 0.5 ml each of synthetic upper phase (H2O/
CH3OH/CHCl3, 45:50:5, v/v/v), from which the upper phases
were added to the same screw-cap tube as the first extract.
To the pooled upper phases was added 180 ml of CH3OH/
CH3(CH2)2CH2OH/CHCl3 (50:25:25, v/v/v), which was found
to help keep the very-long-chain fatty acyl-CoAs in solution for at
least 24 h at room temperature and/or at least 3 days at 220jC.

Chromatographic conditions

The HPLC separations used a Shimadzu SCL-10A VP system
controller, two LC-10AD VP pumps, a DGU-14A degassing unit, a
Perkin-Elmer series 200 autosampler, a Phenomenex (Torrance,
CA) Gemini C18 column (2 mm inner diameter 3 150 mm with
5 mm particles), and a 2 3 4 mm guard column with the same
packing material. The column was maintained at 40jC using a
MetaTherm (Torrance, CA) column oven.

The flow rate was 200 ml/min in binary gradient mode with the
following elution program: the column was equilibrated with
mobile phase A [H2O/CH3CN (85:15, v/v), containing 0.05%
TEA], the sample was injected, and mobile phase A was con-
tinued for 5 min, followed by a 14 min gradient to 50% mobile
phase A and 50% mobile phase B [H2O/CH3CN (10:90, v/v),
containing 0.05% TEA], during which the long-chain and very-
long-chain fatty acyl-CoAs eluted. Afterward, the column was
washed by a 1 min gradient to 100% B and a 5 min hold at 100%
B, followed by reequilibration of the column by a 1 min gradient
to 100% A and a 5 min hold at 100% A before injection of the
next sample.

Mass spectrometry

The analyses were conducted using an Applied Biosystems
(Foster City, CA) 4000 QTrap triple quadrupole/linear ion trap
mass spectrometer. Dry N2 gas was used to nebulize the column
effluent (gas 1) and for the desolvation gas (gas 2), curtain, and
collision gases, with instrument settings of 35, 25, 15 (arbitrary
units), and medium, respectively. The interface heater was on
(100jC), and the Turbo V ESI source temperature was 350jC.
The ESI needle voltage was 5.5 kV in positive ion mode and
24.5 kV in negative ion mode.

To establish the optimal parameters for MS and MS/MS,
stocks of the fatty acyl-CoA standards (?0.5 mM each) were
prepared in CH3OH/CHCl3 (2:1, v/v) and then diluted before
use to 1 mM with H2O/CH3CN (50:50, v/v) containing 30 mM
TEAA. The compounds were infused at 5 ml/min to optimize
desolvation potential (DP), collision energy (CE), and collision-
ally activated dissociation (CAD) gas to yield maximum sensitivity
for the singly protonated (M 1 H)1 fatty acyl-CoA precursor ions
in positive ion mode and for the singly deprotonated (M 2 H)2

species in negative ion mode. A narrow (6 Da) width was used to
determine the optimum DP for each standard.

The MS/MS parameters were determined by identifying the
acyl chain-retaining product ions, which in positive ion mode

1114 Journal of Lipid Research Volume 49, 2008
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resulted from the loss of 507.0 Da from the (M 1 H)1 precursor,
as has been observed previously (6, 11), and optimizing CE,
collision cell exit potential (CXP), and CAD gas values for each
molecular species (Table 1).

After the elution time for each fatty acyl-CoA of interest was
determined using the LC conditions described in the preceding
section, the compounds were dissolved in the corresponding
proportions of mobile phase A and B for flow injection analysis to
reoptimize source-dependent parameters to values appropriate
for the higher flow rate (200 ml/min) of the HPLC used in this
study (Table 1).

Quantitation of fatty acyl-CoAs in cultured cells

For each new biological sample, the fatty acyl-CoA species
of a cell extract that was not spiked with internal standards
was first profiled to determine the minimum number of
precursor-product pairs that were needed for the multiple
reaction monitoring (MRM) protocol. This was conducted
using neutral loss (507.0 Da) scans during the HPLC elution
with three periods having DP, CE, and CXP settings that were
appropriate for analytes that eluted during those times: period 1
(0–11 min) scanned m/z values 750–980, which encompassed
CoASH to C14:0-CoA; period 2 (11–15.1 min) scanned m/z
values 980–1,070, which encompassed C14:0-CoA to C20:0-CoA;
and period 3 (15.1–18 min) scanned m/z values 1,050–1,150,
which encompassed C20:0-CoA to C26:0-CoA. After identifi-
cation of the analytes that were detectable (three times signal-
to-noise), the MRM program was built to include these, the
internal standards, and sometimes additional analytes of po-
tential interest.

The fatty acyl-CoAs were quantified by LC-ESI MS/MS in
positive ion mode using the MRM pairs shown in Table 1, which
correspond to (M 1 H)1 precursor ions (selected with Q1) and
the structure-specific product ion resulting from a neutral loss
of 507.0 Da (selected with Q3). The amount of each analyte
of interest was calculated as follows: 1) LC chromatogram
peaks for internal standards and endogenous fatty acyl-CoAs
were integrated using Analyst 1.4.2 software (Applied Bio-

systems) and peak areas were copied to spreadsheets; 2) for
each endogenous analyte, a cognate internal standard was
selected based upon either similarity of acyl chain length or
similarity of LC elution time (whichever is most appropriate);
and 3) the following formula was used to calculate pmol of
analyte (pmola):

pmola 5 (Aa/Ais) 3 (pmolis) 3 (Mis/Ma)

where Aa 5 analyte peak area, Ais 5 internal standard peak area,
pmolis 5 spiked pmol of internal standard, Mis 5 slope of the
linear regression of the internal standard’s calibration curve,
and Ma 5 slope of the linear regression of the analyte’s
calibration curve. If desired, the observed peak areas (repre-
senting monoisotopic ions) may be isotopically corrected;
however, this is not usually necessary if the analyte and internal
standard are similar (i.e., the correction is ,1% per methylene
difference in the fatty acyl chain length).

The calibration curves for the fatty acyl-CoAs were prepared by
serially diluting each compound and analysis by LC-ESI MS/MS
as described above. In addition, calibration curves were gen-
erated for select fatty acyl-CoAs by spiking six different quantities
from 0.1 to 5 pmol of the internal standards (C15:0-, C17:0-,
C23:0-, and C25:0-CoA) into RAW264.7 cell extracts and ana-
lyzing by LC-ESI MS/MS. The limit of detection and the limit of
quantitation (LOQ) were defined as 3 times signal-to-noise and
10 times signal-to-noise, respectively. Plotting of the quantities
analyzed (abcissa) versus observed peak areas (ordinate) was fol-
lowed by linear regression (with y intercept 5 0) to calculate the
slope of this regression line (Table 1).

Validation of the extraction and LC-ESI
MS/MS conditions

To determine the efficiency with which fatty acyl-CoAs were
recovered, the three upper phases from the cell extraction
procedure (see above) were collected individually and the lower
layer was extracted an additional fourth time, then each was
analyzed separately by LC-ESI MS/MS and compared with the

TABLE 1. Mass spectrometer settings and chromatographic properties of selected fatty acyl-CoAs

Acyl-CoAa Q1 Q3
Desolvation Potential, Collision Energy,

Collision Cell Exit Potential LC Retentionb
Peak Area
per pmolc

m/z m/z eV min cps 310 5

14:0 978.3 471.3 180, 50, 12.7 11.4 2.2
15:0 992.4 485.4 190, 50, 13.0 12.2 2.3
16:0 1,006.4 499.4 180, 50, 13.3 12.7 2.5
17:0 1,020.4 513.4 180, 53, 13.5 13.3 2.5
18:0 1,034.4 527.4 190, 52, 14.3 14.1 2.9
aOH-18:0 1,050.3 543.4 195, 55, 14.5 13.1 2.1
18:1 1,032.4 525.4 185, 52, 13.9 13.1 2.1
18:2 1,030.4 523.4 180, 52, 14.0 12.7 ND
18:3 1,028.4 521.4 190, 50, 14.5 12.3 ND
20:0 1,062.4 555.4 190, 52, 15.3 14.5 2.4
20:4 1,054.4 547.4 180, 52, 15.0 12.3 1.8
22:0 1,090.4 583.4 190, 53, 16.3 15.1 2.0
22:6 1,078.4 571.4 190, 51, 16.0 12.3 1.1
23:0 1,104.5 597.5 200, 55, 16.5 15.5 1.9
24:0 1,118.5 611.5 210, 57, 17.0 15.9 1.3
24:1 1,116.5 609.5 208, 57, 17.0 15.2 2.0
25:0 1,132.5 625.5 218, 59, 17.5 16.2 1.1
26:0 1,146.4 639.5 220, 58, 17.5 16.6 0.84

a Number of linear chain carbon atoms:number of double bonds; aOH denotes an a-hydroxy fatty acyl chain.
b During LC, the ion source conditions were as follows: temperature, 350jC; gas 1, 35 arbitrary units; gas 2, 25

arbitrary units; electrospray needle voltage, 5.5 kV.
c Slope of the linear regression of a calibration curve for each analyte [abcissa 5 pmol, ordinate 5 peak area

(cps), y intercept 5 0]; the slope has units of cps/pmol. All R2 values were >0.999, except for C26:0 (0.991).
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peak areas for fatty acyl-CoAs not carried through these
extraction procedures.

Statistical analysis

All data shown are the results of at least three analytical
replicates (LC-ESI MS/MS analyses) of at least three biological
replicates (culture dishes) and are representative of at least two
independent experiments (conducted on different days). Data
are shown as means 6 SD; all statements of significant differences
are based upon Student’s t-test with P < 0.05.

RESULTS

The goal of these experiments was to develop a quan-
titative LC-ESI MS/MS analysis method for a wide range of
fatty acyl-CoAs suitable for small samples, such as cultured
mammalian cells. The strategy that was followed was to
examine the ionization and fragmentation of purified fatty
acyl-CoAs, to select candidate precursor ion-product ion
pairs for MRM analysis, to determine LC conditions that
separated a substantial number of species to allow un-
ambiguous quantitation, and to identify internal standards
and extraction conditions that are effective with biological
samples, using two mammalian cell lines (RAW264.7 and
MCF7) as prototypes.

Characterization of fatty acyl-CoAs by MS and MS/MS

The MS spectra of standard C16:0-CoA contain both
(M 1 H)1 ions and (M 1 Na)1 adducts in positive ion
mode (Fig. 1A) and (M 2 H)2 ions and (M 2 2H 1 Na)2

adducts in negative ion mode (Fig. 1B) at the electrospray
needle voltage yielding the most intense signal for singly
(de)protonated precursor ions. The (M 2 H)2 signal was
?7-fold more intense than the (M 1 H)1 signal for iden-
tical sample, infusion, solvent, and ion source condi-
tions, except for the polarity of the electrospray needle,
which was at the maximum voltage setting in both ioniza-
tion modes.

The MS/MS spectra for collision-induced fragmen-
tation of the (M 1 H)1 molecular ions of C16:0-CoA
(m/z 1,006.4) yielded highly abundant product ions of
m/z 499.4 (Fig. 2, upper panel), which correspond to
cleavage of the C-O bond of the 5¶-b-phosphate with
charge retention on the acyl portion of the molecule. Less
abundant product ions of m/z 428.4, 397.4, 261.1, 159.0,
and 136.0 were also detected. Proposed fragmentations
are shown (Fig. 2, upper panel) that correspond to the
m/z 428.4, 261.1, and 136.0 product ions. The m/z 397.4
product ion also retains the acyl chain (see below).

Collision-induced fragmentation of the (M 2 H)2 mo-
lecular ions of C16:0-CoA (m/z 1,004.4) yielded product
ions of m/z 924.5, 657.4, 408.0, 328.1, and 159.0. The ion
of m/z 657.4 corresponds to cleavage of the C-O bond of
the 5¶-a-phosphate, subsequent loss of water, and charge
retention on the acyl portion of the molecule; the other
product ions correspond to the proposed fragmentations
shown (Fig. 2, lower panel).

The MS/MS fragmentations of all of the fatty acyl-CoAs
analyzed shared similarities in positive and negative ion
modes, and a systematic nomenclature for these product
ions is proposed in Fig. 3. Positive ion mode MS/MS re-
sulted in abundant product ions retaining the acyl moiety
(Z ions; Fig. 3A, B) as well as product ions derived from the
CoA moiety (A, B, and C ions; Fig. 3A, B). At least one
additional product ion resulting from a neutral loss of
609 Da retained the acyl moiety (m/z 383 and 523; Fig. 3A,
B, respectively). Similarly, negative ion mode MS/MS re-
sulted in product ions retaining the acyl moiety (X ions;
Fig. 3D, E) as well as product ions derived from the CoA
moiety (A, B, and C ions; Fig. 3D, E).

Many of these product ions have been noted in earlier
publications. For example, positive ion mode ESI MS/MS
has been shown to yield Z, B, and C ions and product ions
resulting from a neutral loss of 609 Da (6, 9) as well as A
ions and m/z 261 and 159 products (6). Negative ion mode
ESI MS/MS has been shown to yield X, X-H2O, X-HPO3,
C, and C-H2O ions (7, 9) as well as B ions (9).

The results from the MS and MS/MS analyses were used
to choose precursor (selected by Q1) and product (se-

Fig. 1. Mass spectra of C16:0-CoA in the high mass region using
positive (A) and negative (B) ionization modes. Q1 scans using a
triple quadrupole tandem mass spectrometer are shown. Labels
above the peaks denote m/z values of the monoisotopic peaks and
describe the (de)protonated or sodium adduct ions. Both ioniza-
tion mode spectra were collected using the desolvation potential
(DP) yielding the best peak height for the singly (de)protonated
molecular ion and the same sample, solvent, and ion source con-
ditions (except for the polarity of the needle voltage, which used
the maximum voltage setting in both polarities). Spectra (summa-
tion of 1 min scans) were collected during the infusion (5 ml/min)
of C16:0-CoA at a concentration of 1 pmol/ml.

1116 Journal of Lipid Research Volume 49, 2008
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lected by Q3) ion pairs for MRM. For maximum sensitivity
and specificity, the product ion should be both abundant
and structure-specific for the acyl moiety, and these cri-
teria are met by the positive mode Z product ion (e.g., m/z
499.4 for C16:0-CoA; Fig. 2A), which is easily optimized
as the base peak of the tandem mass spectrum. In the
negative ion mode, the X-H2O product ion was more
intense than the positive mode Z product ion under vir-
tually identical infusion conditions (Fig. 2A, B), although
neither of the product ions that retain the acyl chain
(e.g., m/z 657.4 and 577.4 for C16:0-CoA; Fig. 2B) could be
optimized as the base peak of the tandem mass spectrum.

Analysis of fatty acyl-CoAs by LC-ESI MS/MS

LC-ESI MS/MS analysis of fatty acyl-CoAs used MRM
pairs corresponding to singly (de)protonated precursor
ions (selected by Q1) and the most abundant structure-
specific product ion retaining the acyl chain (selected
with Q3). For example, positive ion mode MRM analy-
sis of C16:0-CoA used the MRM pair 1,006.4Y499.4,
whereas negative ion mode MRM analysis used the pair
1,004.4Y657.4. The DPs, CEs, and CXPs were optimized
to yield maximum peak heights for the selected precursor
and product ions in both polarities. Comparison of LC-

ESI MS/MS peak areas of C16:0-, C18:1-, and C24:1-CoA
using both negative and positive mode MRM revealed
that the positive ion mode was ?3-fold more sensitive
(Fig. 4A); therefore, ionization, dissociation, and separa-
tion conditions were optimized for maximum sensitivity
and specificity for each individual acyl-CoA species in
positive ion mode (Table 1, Fig. 4B).

The chromatographic conditions for Fig. 4B (described
in Experimental Procedures) were optimized for the sep-
aration of saturated and monounsaturated fatty acyl-CoAs
with chain lengths of C14 to C26, because of the interest of
our laboratory in the precursors of sphingolipids. There is
baseline resolution of acyl-CoAs with acyl chain differences
of only one methylene unit and/or a single double bond
(Fig. 4B). The latter separation is advantageous because
the (M 1 2) isotopomer of monounsaturated species
matches the MRM pair for the cognate saturated species,
as seen in the small peak with the MRM pair for C18:0-CoA
coeluting with C18:1-CoA in Fig. 4B as well as for the MRM
pair for C24:0-CoA that coelutes with C24:1-CoA. These
chromatographic conditions also resolve many other spe-
cies, including a-hydroxy-fatty acyl-CoAs (as shown for a-
hydroxy-C18:0-CoA with a retention time 13.1 vs. 14.1 min
for the nonhydroxylated species C18:0-CoA; Table 1).

Fig. 2. Tandem mass spectra of C16:0-CoA using
positive (A) and negative (B) ionization modes. Both
ionization mode spectra were collected using the
same sample and ion source conditions, the DP to
yield the best peak height for the singly (de)proton-
ated molecular ion, and the collision energy (CE),
collisionally activated dissociation (CAD) gas setting,
and collision cell exit potential (CXP) to yield the
best peak height for the most abundant product ion
retaining the acyl chain moiety (499.4 m/z in positive
mode and 657.4 m/z in negative mode). Uppercase
letter labels by the peaks denote the systematic
nomenclature proposed in Fig. 3. The C16:0-CoA
structures shown with each ionization mode propose
fragmentations consistent with the tandem mass
spectra. The horizontal arrow from the precursor
ion to the product ion indicates a neutral loss of
507.0 Da. Spectra (summation of 1 min scans) were
collected during the infusion (5 ml/min) of C16:0-
CoA at a concentration of 1 pmol/ml.

Quantitation of fatty acyl-CoAs by LC-MS/MS 1117
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Fig. 3. MS/MS spectra of C15:0-CoA and C25:0-CoA and nomenclature for fatty acyl-CoA collision-induced
dissociation. Positive ion mode MS/MS (A, B) and negative ion mode MS/MS (D, E) are shown for the
representative compounds C15:0-CoA (A, D) and C25:0-CoA (B, E). A generic fatty acyl-CoA structure with
fragmentations and proposed nomenclature is shown in C, with R representing the fatty acyl chain. Product
ions derived from the CoA (B and C ions) moiety were observed in both ionization modes as well as product
ions retaining the acyl chain moiety (Z ions in positive mode; X ions in negative mode). The horizontal
arrows from the precursor ion to the product ion indicate a neutral loss of 507.0 Da. In all spectra shown, the
CE and CXP were optimized for nearly complete fragmentation of the singly (de)protonated precursor ion.
Spectra (summation of 1 min scans) were collected during the infusion (5 ml/min) of standards at a
concentration of 1 pmol/ml.
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Even when there is only partial chromatographic resolu-
tion for some of the fatty acyl-CoAs [such as C22:0-
and C24:1-CoA (Fig. 4B) and C20:4- and C22:6-CoA (data
not shown)], the analytes are usually distinguishable by
their characteristic MRM pairs. Shorter fatty acyl-CoAs
elute earlier (e.g., octanoyl-CoA, C8:0-CoA, elutes ?1 min
after the void volume), and free CoASH elutes in the 5 min
hold at 100% A after sample injection (data not shown).
Therefore, this procedure might be usable for shorter
chain species, including other categories of CoA thio-

esters that can be distinguished by the MRM pairs and
LC mobility.

For all of the fatty acyl-CoAs that we have studied in
depth by LC-ESI MS/MS (i.e., species from C14 to C26),
the LOQ was on the order of 5 fmol and the linear range
of quantitation was ?3 orders of magnitude (from the
LOQ to at least 5 pmol), with R2 . 0.99 from linear re-
gression analysis (Fig. 5A, Table 1). Figure 5A shows the
log-log relationship between the signal intensities for sev-
eral representative fatty acyl-CoAs, from which the slopes
and other results presented in Table 1 were derived by
linear regression analysis. In general, the covariance (SD
divided by the mean) for 10 replicate injections of each
standard was found to be ,10% for 0.1–1 pmol of the
analyte, ?15% for 10–50 fmol, and ?20% at the LOQ
(5 fmol) (data not shown).

It is evident from Figs. 4B and 5A that the relationship
between peak area and pmol varies somewhat for differ-
ent fatty acyl-CoAs, with a range of ?3-fold for the highest
(C18:1-CoA) versus the lowest (C26:0-CoA) studied here.
This is not attributable solely to the increase in 13C isoto-

Fig. 4. LC-ESI MS/MS of palmitoyl-, oleoyl-, and nervonoyl-CoA
in positive and negative ion modes (A) and a wider range of fatty
acyl-CoAs in positive ion mode (B). A: Representative chromato-
grams of 5 pmol of each fatty acyl-CoA determined using multiple
reaction monitoring (MRM) pairs that had been optimized for that
species as described in Experimental Procedures (the ion source
conditions were identical except that the electrospray needle
voltage was 5.5 kV in positive mode and 24.5 kV in negative mode,
the maximum settings). Positive ion mode MRM used the settings
shown in Table 1, whereas negative ion mode MRM used the
following Q1 m/z, Q3 m/z, DP (eV), CE (eV), and CXP (eV):
1,004.4, 657.4, 2185, 260, and 27.5 (C16:0-CoA); 1,030.4, 683.4,
2190, 260, and 28.0 (C18:1-CoA); and 1,114.5, 767.5, 2200, 265,
and 210.0 (C24:1-CoA). 1 and 2 denote peaks from positive and
negative ionization modes. B: A cocktail of fatty acyl-CoA standards
(10 pmol of each in 5 ml) was analyzed in positive ion mode as
described in Experimental Procedures using the MRM pair for
each analyte (Table 1). The individual ion chromatograms have
been superimposed with labels above each peak to designate the
analyte. The small peaks coeluting with C18:1-CoA (MRM for
C18:0) and C24:1-CoA (MRM for C24:0) are from the ion chro-
matograms for the saturated species but reflect the naturally oc-
curring (M 1 2) isotopomers of C18:1- and C24:1-CoA.

Fig. 5. Relationships between peak area and fatty acyl-CoA
amounts for the analysis by LC-ESI MS/MS. A mixture of 17 fatty
acyl-CoA standards (each at 0.17 mM) was prepared in methanol-
water-chloroform (50:45:5, v/v/v) and serially diluted as needed to
obtain the amounts shown (in a 30 ml injection volume) for analysis
by LC-ESI MS/MS using the conditions optimized for each analyte
as described in Experimental Procedures and Table 1. A: Log-log
plot of the means of the peak areas 6 SD (n 5 4) for four rep-
resentative analytes (curved arrows). B: Relationship between the
slopes of the linear regression plots from Table 1 (cps/pmol) and
the chain lengths of the fatty acyl-CoAs, with the saturated species
represented by the closed circles, the unsaturated species repre-
sented by the open circles, and a-hydroxy-C18:0-CoA represented
by the open square.
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pomers with additional carbon atoms or, as far as we have
been able to ascertain, to differences in the concentra-
tions of the fatty acyl-CoA standards. To ensure that the
differences in ion yield were not attributable to hydroly-
sis of the fatty acyl-CoA standards, representative stocks
(C18:0-, C18:1-, C24:0-, and C24:1-CoA) were analyzed for
the amounts of free CoASH using this LC-ESI MS/MS
method, and the mol% of free CoASH versus the fatty acyl-
CoA was only 2–3%. Thus, it appears that the signal in-
tensities for the saturated species (Fig. 5B, closed circles)
are fairly constant for alkyl chain lengths of 14–20 carbons
(with, perhaps, a slight peak at C18), beyond which they
decline. The simplicity of this relationship allows a rea-
sonably accurate estimation of the amounts of the sat-
urated fatty acyl-CoAs using a limited number of internal
standards (such as the C15:0-, C17:0-, C23:0-, and C25:0-
CoAs), as described in Experimental Procedures. Based on
the similarity of the peak areas for C18:1- and C24:1-CoAs,
it appears that alkyl chain length has less of an influence
on monounsaturated fatty acyl-CoAs; however, it does ap-
pear that the number of double bonds affects the signal
intensity. Only one a-hydroxy-fatty acyl-CoA was available
for comparison (a-hydroxy-C18:0-CoA), and its behavior
was similar to that of oleoyl-CoA. Therefore, each analyte
of interest for a particular investigation should be exam-
ined to ascertain how it behaves under the LC-ESI MS/
MS conditions.

Analysis of fatty acyl-CoAs in cell extracts

Cell extracts were first examined by a neutral loss scan
(507.0 Da) in positive ion mode, because this fragmenta-
tion was common to all fatty acyl-CoA species, includ-
ing CoASH (Fig. 3A, B, horizontal arrows) (6). Although
this could be conducted by infusion of the extract, more
analytes were detected when LC was used to remove con-
taminants that suppress ionization and to distinguish
compounds that have overlapping MRM pairs, as discussed
above. Accordingly, the chromatographic elution time was
divided into three periods with distinct m/z scan, DP, CE,
and CXP ranges, as described in Experimental Proce-
dures. The results for an MCF7 cell extract analyzed by this
procedure are shown in Fig. 6. The ions eluting at or near
the void volume (MS/MS of region B in Fig. 6) were con-
sistent with CoA (m/z 768.4), propionyl-CoA (m/z 824.4),
and the isomers succinyl-CoA and methylmalonyl-
CoA (m/z 868.4). The abundant peaks eluting from 11
to 15 min (MS/MS of region C in Fig. 6) were consistent
with C14:0-CoA (m/z 978.4), C16:1-CoA (m/z 1,004.4),
C16:0-CoA (m/z 1,006.4), C17:0-CoA (m/z 1,020.4; inter-
nal standard), C18:1-CoA (m/z 1,032.4), and C20:4-CoA
(m/z 1,054.4). A cluster of low-abundance peaks eluting
between 15 and 18 min (MS/MS of region D in Fig. 6)
were consistent with C24:1-CoA (m/z 1,116.5), C24:0-CoA
(m/z 1,118.5), C25:0-CoA (m/z 1,132.5; internal standard),
C26:1-CoA (m/z 1,144.5), and C26:0-CoA (m/z 1,146.5).
When the extracts were analyzed without the internal
standard spikes, the odd-chain-length fatty acyl-CoAs were
<10 fmol/107 cells, which allowed the use of these com-
pounds as internal standards. Additionally, the removal

of sodium ions from samples by reverse-phase HPLC
was confirmed by the absence of a sodium adduct ion
(predicted m/z 1,042.4) of the abundant internal standard
C17:0-CoA (Fig. 6, region C).

Subsequent LC-ESI MS/MS analyses of cell extracts used
the LC conditions described in Experimental Procedures
and MRM pairs for the internal standards, the analytes
identified for the biological sample of interest by neutral
loss scan profiling (see above), and any additional fatty
acyl-CoA analytes of interest because they might be en-
countered during the course of the particular experiment.
For the RAW264.7 and MCF7 cells, there were 19 MRM
pairs, which could be accommodated using dwell and set-
tling times of 40 and 5 ms, respectively. When the number
of analytes exceeds the ability of the MRM program to
scan them in the elution time frame, it is possible to divide
the chromatographic elution time into additional periods.

Analysis of multiple samples can be conducted using
an autoinjector, because the analytes are stable and remain
in solution for at least 24 h at room temperature and for
at least 3 days at 220jC, which was verified by repeated
injections of samples stored under these conditions and
analysis by LC-ESI MS/MS. However, this was only the case
if the empirically derived conditions described in Experi-
mental Procedures were followed, specifically, the addition
of an adequate amount of CH3OH/CH3(CH2)2CH2OH/
CHCl3 (50:25:25, v/v/v) to the final extract to keep the very-
long-chain fatty acyl-CoAs in solution during storage and
analysis. Samples stored at 220jC sometimes become
cloudy, but a clear single phase can be restored by warming
to room temperature and brief vortexing.

Depending on the nature of the biological sample, it
may be necessary to replace the guard column somewhat
frequently (after ?50 samples) if the back-pressure in-
creases from ?700 p.s.i. to 900 or 1,000 p.s.i., which results
in shifting retention times, peak splitting, et cetera, during
the gradient. Clogging of needles and lines by the samples
was uncommon. There was essentially no (i.e., <1%) carry-
over of fatty acyl-CoAs from either standards or samples,
which was tested by inserting autoinjector vials that con-
tain only the solvents at various intervals between vials
containing standards or samples.

Quantitation of fatty acyl-CoAs in cell extracts

For quantitation of the fatty acyl-CoAs in extracts, the
peak areas of the analytes of interest were compared with
the peak areas of the internal standards, as described
in Experimental Procedures. To be reliable, this requires
that the internal standard have the same recovery as the
analyte under the extraction conditions used, and Fig. 7A
shows that this was the case. It is evident from the results
that the odd-chain-length spikes had recovery parameters
similar to those of endogenous fatty acyl-CoAs of similar
length and unsaturation. The necessity of the multiple ex-
tractions is also illustrated in Fig. 7A, because the recov-
ery from each individual extraction differed among the
species, whereas the sum of the first three extractions
(which are pooled when the method is followed as de-
scribed in Experimental Procedures) was . 90% for all
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internal standards and endogenous analytes. No signifi-
cant difference between RAW264.7 and MCF7 cells was
observed with respect to the percentage of total fatty acyl-
CoAs recovered with each reextraction. Similarly, the per-
centage of the total fatty acyl-CoAs recovered with each
reextraction did not change significantly if the number
of cultured cells being extracted was between 5 3 106 and
2 3 107 (data not shown).

The linearity of the method was not compromised by
the cell extract, as shown in Fig. 7B, in which standard
curves for two of the internal standards (C15:0- and C25:0-
CoA) are compared for the standards alone versus stan-
dards spiked into a RAW264.7 cell extract (R2 > 0.98).
However, the signal intensities were reduced by ?50%
in the biological extracts, which increased the LOQ to
?10 fmol.

Fig. 6. LC-ESI MS/MS with neutral loss scanning (507.0 Da) of MCF7 cell extract. An extract of 2 3 107

MCF7 cells was analyzed by LC-ESI MS/MS as described in Experimental Procedures. A shows the total ion
chromatogram for a neutral loss scan (507.0 Da); the chromatographic time is divided into three periods
with distinct m/z scan, DP, CE, and CXP ranges. Dashed boxes on the total ion chromatogram labeled B–D
indicate the time window from which the neutral loss scans in panels B–D are derived. The abcissae of B–D
indicate the m/z range of the cognate neutral loss scan, and settings for DP, CE, and CXP ranged from those
appropriate for the analyte of the lowest m/z value to those appropriate for the analyte of the highest m/z
value within that scan range. The ordinates of B–D are normalized to their respective base peaks, not to the
total ion chromatogram intensity of A.
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Comparison of fatty acyl-CoAs in RAW264.7 and
MCF7 cells

Quantitation of fatty acyl-CoAs in RAW264.7 and MCF7
cell extracts was conducted using the LC positive ion mode
ESI MS/MS method described in Experimental Proce-
dures and the MRM pairs that were selected on the basis
of the results of the neutral loss scan. As can been seen
from Fig. 8, there are significant differences between the
two cell lines with respect to the types and amounts of fatty
acyl-CoAs. Very-long-chain fatty acyl-CoAs constitute a
greater proportion of the total fatty acyl-CoAs in MCF7
cells than in RAW264.7 cells (i.e., .50% vs. ,10%, re-
spectively). Indeed, MCF7 cells contain approximately as
much C24:0- and C26:0-CoAs as C16:0- and C18:0-CoAs
and essentially equal amounts of C26:1- and C18:1-CoAs.
Oleoyl-CoA (C18:1-CoA) is one of the major fatty acyl-CoA
species in both cell lines, as has been noted for many
types of biological samples (5–7, 12, 13), but we have
been unable to find any previous reports of such high
amounts of very-long-chain fatty acyl-CoAs in cells or tis-
sues. Myristoyl-CoA (C14:0-CoA) was ?20% of the total
fatty acyl-CoAs in RAW264.7 cells versus?7% in MCF7 cells.
Overall, MCF7 cells had much higher amounts of total
fatty acyl-CoAs (80.4 6 6.1 pmol/106 cells) than RAW264.7
cells (12 6 1.0 pmol/106 cells) (n 5 3; P , 0.01).

For comparison, the quantities of very-long-chain fatty
acids that have been reported for RAW264.7 cells
(www.lipidmaps.org) and MCF7 cells (14), as well as the

alkyl chain length distribution of the ceramides from these
cells, which were analyzed by published methods (15), are
presented in Fig. 9.

DISCUSSION

This article describes an LC-ESI MS/MS method for the
quantitation of a broad variety of fatty acyl-CoA molecular
species and its application to RAW264.7 and MCF7 cells. In
many respects, it is similar to previous methods that have
combined LC with ESI MS and MS/MS for the analysis
of fatty acyl-CoAs (5–9). However, the extraction and LC
conditions were optimized to allow the quantitation of fatty
acyl-CoAs from at least C14 to C26 using positive ion mode
ESI MS/MS and MRM parameters for structure-specific
precursor-product ion pairs for the analytes of interest and
commercially available odd-chain-length fatty acyl-CoAs as
internal standards. To the best of our knowledge, this is the
first report of a method that is able to quantify intact fatty
acyl-CoAs with saturated and monounsaturated alkyl chain
lengths of .20 carbons, which include the very-long-chain
fatty acids found in the ceramide backbones of sphingo-
lipids (e.g., C24:0, C24:1, C26:0, and C26:1) (16).

Although it was somewhat surprising that LC-ESI MS/
MS (MRM) was more sensitive in the positive than the
negative mode despite the high pH of the LC eluent
(Fig. 4), this may have been attributable to the removal

Fig. 7. Recovery of fatty acyl-CoAs at each step of the
extraction of MCF7 cells (A) and comparison of peak areas
for analytes in solvent versus cell extracts (B). A: Approx-
imately 106 MCF7 cells were spiked with odd-chain-length
fatty acyl-CoAs and extracted as described in Experimental
Procedures, with the exception that each of the reextrac-
tions was collected and individually analyzed by LC-ESI
MS/MS as described (white, dark gray, and light gray
bars). The lower layer of the extraction was reextracted a
fourth time (black bars). After integrating peak areas for
each analyte, the areas in all three extractions were
summed, and the percentage of the total recovered in
each extraction is shown. Results are means 6 SD of
analyses of three replicate Petri dishes. B: Two internal
standards (C15:0- and C25:0-CoAs, in the amounts shown)
were analyzed alone versus as spiked into a RAW264.7
extract then analyzed by LC-ESI MS/MS. The circles are
the C15:0-CoA and the squares are the C25:0-CoA; closed
symbols are the analytes in solvent alone, the open symbols
are the analytes spiked into the cell extract.
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of sodium ions by the LC separation, which increased
the proportion of the (M 1 H)1 versus sodium adduct
ions (Fig. 1). Because the LC is conducted at high pH, it
is possible to conduct the LC-ESI MS/MS analysis in nega-
tive ion mode, if necessitated by particular samples or in-
strumentation limitations; however, the m/z 79.0 product
(phosphate) ion that is used in the negative ion mode has
a greater potential for artifacts.

A major advantage of coupling HPLC to MS/MS is the
resolution of isobaric analytes with different molecular
structures, such as the naturally occurring (M 1 2) iso-
topomers of monounsaturated fatty acyl-CoAs, which can
have the same precursor and product ion m/z values as
the corresponding saturated species (e.g., C18:1-CoA vs.
C18:0-CoA). This resolution is a feature of some (5, 6) but
not all (7) previously published LC-ESI MS/MS analyses of
fatty acyl-CoAs.

The chain length-determined differences in the re-
covery of fatty acyl-CoAs during repeated extraction
(Fig. 7) demonstrate the importance of using internal stan-
dards appropriate for the analytes of interest. This method
could potentially be modified to include other molecular
species of fatty acyl-CoAs after the validation of their re-
coveries with respect to these, or more appropriate, inter-
nal standards.

The fatty acyl-CoA composition of RAW264.7 and MCF7
cells displayed a diverse set of fatty acyl-CoA species, in-
cluding those that may participate in the modification of
proteins, such as C14:0-CoA (17), and those that connect
lipid biosynthesis with lipid signal transduction pathways,
such as C20:4-CoA (18). The most obvious difference in
the fatty acyl-CoA compositions of RAW264.7 versus MCF7
cells is the proportion of the total fatty acyl-CoAs that have

C20 and longer chain lengths, which amounts to more
than half of the total in MCF7 cells but is near the LOQ
in RAW264.7 cells. It is interesting that the quantities of
very-long-chain fatty acyl-CoAs in these cells do not exactly
match the amounts of free fatty acids that have been re-
ported for them (Fig. 9A) or the relative amounts of very-
long-chain fatty acids that are found in a more complex
sphingolipid, such as ceramide (Fig. 9B). Indeed, the
proportions of ceramides with very-long-chain fatty acids
are similar for RAW264.7 cells and MCF7 cells, despite the
former having barely detectable very-long-chain fatty acyl-
CoAs. Another difference was the 8-fold higher amounts
of total fatty acyl-CoAs for MCF7 cells compared with
RAW264.7 cells, which may reflect the often higher activity
of fatty acid synthase in cancer cells, including this breast
carcinoma cell line (19, 20).

Fatty acyl-CoA amounts have typically been estimated
to be on the order of nanomoles per wet gram of tissue
in previous studies of human muscle and adipose tissue
(12), rabbit muscle (5), and rat tissues including liver (6–
8, 21), brain (7, 13, 21), muscle (21), and kidney (21).
Because 1 g of tissue typically contains 108–109 cells (22),
the amounts of fatty acyl-CoAs found in those studies are

Fig. 8. Quantitation of the fatty acyl-CoAs of RAW264.7 and MCF7
cells. The cells were extracted and analyzed as described in Ex-
perimental Procedures. Results are means 6 SD of analyses of three
replicate Petri dishes.

Fig. 9. Fatty acid and ceramide compositions of RAW264.7 and
MCF7 cells. A: The mol% age of very-long-chain fatty acids relative
to other fatty acids was calculated from data for RAW264.7 cells
from Lipid MAPS (www.lipidmaps.org) and for MCF7 cells from
Welsh et al. (12) (SD values are not shown because they were not
given by the sources). The very-long-chain fatty acids are shown in a
single category (>C20) because that is how the data were provided
in Ref. 12. B: The ceramide subspecies were analyzed for this study
using LC-ESI MS/MS (13); the results shown are means 6 SD of
analyses of three replicate Petri dishes.
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on the same order of magnitude (?10 pmol/106 cells) as
the fatty acyl-CoAs obtained with RAW264.7 and MCF7
cells in this study.

Because of the sensitivity, breadth, and selectivity of
this LC-ESI MS/MS analysis, fatty acyl-CoAs can now be
included in the list of compounds that can be analyzed
in “lipidomics” studies of the roles of fatty acyl-CoAs
in normal cell regulation and disease (1, 23–26) as well
as in studies of the effects of pharmacologic agents that
affect the biosynthesis of fatty acyl-CoAs, such as triacsin
C (27), sterculic acid (28), orlistat (29, 30), C75 (31), and
cerulenin (32), or that disrupt the utilization of fatty acyl-
CoAs, such as inhibitors of mitochondrial oxidation
(etomoxir) (33), glycerolipid biosynthesis (hypoglycin)
(34), and sphingolipid biosynthesis (myriocin) (35). In
addition to being adaptable for the analysis of fatty acyl-
CoAs with acyl chains longer or shorter than those
described here (and stable isotope-labeled fatty acids
for kinetic studies) (5), the neutral loss (507.0 Da) scan
should be able to detect and analyze CoA thioesters with
other compounds, such as bile acids (36) and certain
xenobiotics (8).

These studies were funded by National Institutes of Health
Grant GM-069338 to the Lipid MAPS Consortium. The authors
thank Dr. Walter Shaw and Avanti Polar Lipids for the provision
of fatty acyl-CoA standards.
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