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The click chemistry reactions that easily conjugate mole-
cules together are now widely used to discover new drugs 
and inhibitor targets (1–4). Furthermore, alkyne and azide 
analogs of naturally occurring compounds that have mini-
mal structure modifications and that can be coupled to sen-
sitive tags by click chemistry are powerful emerging tools to 
study biological processes (5, 6). A large number of alkyne 
and azide analogs and tags have been described, and these 
are very practical tools that can replace radioactive tracers 
in many applications. Alkyne-lipid analogs have been shown 
to be particularly useful for the isolation and identification 
of individual species of lipids from complex mixtures and 
for profiling protein lipidation because of the ability to spe-
cifically extract labeled compounds (7–12).

Clickable lipid analogs, including alkyne FAs, have proved 
to be very useful as surrogates to study FA metabolism and 
FA protein interactions in complex mixtures (12–17). 
Among these, 19-alkyne arachidonic acid (AA-alk) (Fig. 1) 
has been suggested to be a sensitive probe for the study of 
cellular arachidonic acid (AA) metabolism (17, 18). AA is 
the PUFA precursor to a number of potent biologically ac-
tive molecules such as prostaglandins and leukotrienes; thus 
this probe may serve as a suitable tracker for cellular AA 
metabolism that is under tight regulation (Fig. 2). However, 
prior to utilizing any new analog as a surrogate in metabolic 
studies, it is important to make sure that its metabolism and 
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0, 4, or 24 h before cellular lipid extraction. Cellular lipids were 
extracted in chloroform (30), PL classes were separated by reverse 
phase-HPLC (RP-HPLC) (31), and fractions containing neutral 
lipids, PE, PI, phosphatidylserine (PS), and PC were collected us-
ing elution times determined with PL standards. The internal 
standard heptadecanoyl-PC was added to each fraction prior to 
further analyses.

FA analysis
Cellular lipid extracts or HPLC fractions were dried and sapon-

ified with 400 µl of 0.5 M KOH in methanol at 100°C for 15 min, 
and FAMEs were then prepared by adding 1 ml of 14% BF3 in 
methanol and heating at 100°C for 10 min. FAMEs were extracted 
in hexane and quantified by gas chromatography with flame ion-
ization detection (GC/FID) using a 30 m trace-FAME column on 
a Thermo Trace gas chromatograph (Thermo Electron Corpora-
tion, Mississauga, ON, Canada) (32). Authentic FAME standards 
were used for the identification of FA peak retention times and 
for standard curve quantification. For pulse-label studies, the ra-
dioactivity was also measured in each fraction by liquid scintilla-
tion counting (Beckman Instruments LS 5000 CE).

To confirm the identity of the 22:4-alkyne, FAMEs were ana-
lyzed and measured by positive ion chemical ionization GC/MS 
using a Polaris Q mass spectrometer (Thermo). The positive 
chemical ionization ion trap scan was 300–350 u, the reagent gas 
was methane (0.6 ml/min, 180°C), and helium was the damping 
gas (0.3 ml/min).

Preparation and stimulation of human platelets
Platelets were isolated from heparinized blood obtained from 

healthy donors as previously described (33). Briefly, blood was 
centrifuged at 200 g for 10 min at room temperature. The plate-
let-rich plasma fraction (upper phase) was collected and centri-
fuged at 400 g for 2 min to remove remaining erythrocytes. 
Platelets were then pelleted following centrifugation at 1,300 g for 
10 min, and platelets (300 × 106 cells/ml) were resuspended in 
Tyrode buffer (134 mM NaCl, 2.9 mM KCl, 20 mM HEPES, 5 mM 
CaCl2, 1 mM MgCl2, 5 mM glucose, 0.34 mM Na2HPO4, 12 mM 
NaHCO3, and 0.5 mg/ml BSA, pH 7.4). Stimulation of platelets 
was initiated with the addition of 10 M calcium ionophore 
A23187 (Sigma-Aldrich) in the presence of 10 M AA or 10 M 
AA-alk for 15 min at 37°C. Stimulations were stopped with the ad-
dition of 2 vol of cold methanol containing 50 ng of 19-OH-pros-
taglandin B2 (PGB2; internal standard), and samples were stored 
at 20°C prior to analysis by RP-HPLC.

Preparation and stimulation of human neutrophils
Neutrophils were isolated from heparinized blood obtained 

from healthy donors as previously described (34). Briefly, blood 
was centrifuged at 200 g for 10 min at room temperature, the 
platelet-rich plasma was discarded, and erythrocytes were re-
moved following dextran sedimentation. Following centrifuga-
tion on a lymphocyte separation medium cushion (density, 1.077 
g/ml) (Wisent, St. Bruno, QC, Canada) at 900 g for 20 min at 
room temperature, mononuclear cells were eliminated, and neu-
trophils (>96%) were obtained from the pellet after hypotonic 
lysis in purified water to eliminate contaminating erythrocytes. 
Neutrophils suspended in HBSS (1 × 107 cells/ml) containing 1.6 

regulation resembles that of AA itself. Mammalian cells can-
not synthesize AA de novo and must obtain this essential FA 
from exogenous sources as intact AA or as one of its precur-
sors. Cells mainly store AA in the sn-2 position of membrane 
PLs, although AA can also be elongated to 22:4 n-6 prior to 
its incorporation into PLs. AA undergoes a specific pattern 
of incorporation into PLs where initial acylation is primarily 
in PC and PI resulting from reactions catalyzed by ACSs and 
lyso-PLATs. Once AA is incorporated into PC species, it is 
then transferred primarily into 1-radyl PE species by a CoA-
IT-catalyzed reaction (19–24).

Upon appropriate cell stimulation, AA can be hydrolyzed 
from PL by PLA2 and can be converted by LOXs and COXs 
into many different bioactive lipid mediators, called eico-
sanoids, which include HETEs, leukotrienes, prostaglan-
dins, and lipoxins (24–27). These enzymes can also catalyze 
the conversion of exogenous AA. The enzymes expressed 
in any particular cell type dictate the bioactive lipid product 
profile. Significantly, these compounds are important lipid 
mediators of inflammation and have been shown to partici-
pate in the maintenance of homeostasis, including host im-
munity, as well as in numerous pathologies (27–29).

The aim of this study is to evaluate whether AA-alk is a 
suitable traceable analog of AA for studying cellular ara-
chidonate-PL and eicosanoid metabolism. Overall, the re-
sults suggest that AA-alk may be a good surrogate for 
studying aspects of cellular AA-PL metabolism but may not 
be suitable for studies in bioactive lipid mediator produc-
tion and activity.

MATERIALS AND METHODS

Reagents
Boron trifluoride (14% in methanol) was obtained from Sigma-

Aldrich (Oakville, ON, Canada). The [3H]AA was purchased from 
American Radiolabeled Chemicals Inc. (St. Louis, MO). The 
1,2-diheptadecanoyl-PC was from Biolynx (Brockville, ON, Can-
ada). FA methyl esters (FAMEs) and FFAs were obtained from 
Nu-check Prep (Elysian, MN). AA-alk was purchased from Nu-
Chem Thérapeutiques Inc. (Montreal, QC, Canada).

Cell culture and pulse labeling (remodeling)
Jurkat cells were cultured in RPMI-1640 medium supple-

mented with 10% FBS, 10 mM HEPES, d-glucose (to 25 mM) and 
1 mM sodium pyruvate at 37°C in a 5% CO2 atmosphere. For FA 
incorporation studies, Jurkat cells were incubated in the presence 
of 20 M AA or 20 M AA-alk for 2 h at 37°C. Cells were then 
washed twice with culture medium, and cellular lipids were ex-
tracted in chloroform using heptadecanoyl-PC as an internal stan-
dard (30). For pulse-labeling experiments, Jurkat cells (6 × 107) 
were pulse labeled in 3 ml of culture medium (2% FBS) contain-
ing 20 M [3H]AA or 20 M AA-alk for 2 h at 37°C. Cells were 
then washed twice with culture medium and incubated for another 

Fig.  1.  The structures of AA and its clickable analog 
AA-alk.
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described (38) with some variations. Briefly, samples were in-
jected onto an Agilent 1100 HPLC equipped with an Oasis HLB 
online cartridge column (3.9 × 20 mm, 15 m particle size; Wa-
ters, Milford, MA) for in-line extraction using 0.1% acetic acid as 
mobile phase at a flow rate of 3 ml/min for 3 min. The solvent was 
then changed over 0.1 min to solvent A (54% water:23% meth-
anol:23% acetonitrile:0.0025% H3PO4), and a Rheodyne® valve 
was switched to direct the flow to a Chromolith® HighResolution 
RP-18 end-capped column (100 × 4.6 mm) (EMD Millipore, Eto-
bicoke, ON, Canada) at a flow rate of 2.2 ml/min. After 5.11 min, 
the mobile phase was then changed to 85% solvent A and 15% 
solvent B (5% water:32% methanol:63% acetonitrile:0.01% 
H3PO4) for 1 min, followed by a linear gradient to 55% solvent A 
and 45% solvent B over the next 0.3 min, and held at that propor-
tion for an additional 1.3 min. The gradient was then changed in 
a linear fashion to 30% solvent A and 70% solvent B over a 1.3 
min period and held for an additional 1.3 min at which time the 
mobile phase was changed to 100% solvent B over 0.2 min and 
held for 3.5 min. Peaks were quantified by absorbance at 236 nm 
and 270 nm using a diode array detector.

LC/MS/MS analyses
Selected peaks eluting from the above-mentioned HPLC analy-

ses were collected for further characterization by MS. LC/MS/MS 
analysis was performed using a Dionex Ultimate 3000 liquid chro-
matograph coupled to a Thermo-Fisher Scientific Linear Ion 
Trap (LTQ-XL) using a Hypersil Gold C18 column (150 mm × 2.1 

mM CaCl2 and 0.4 U/ml of adenosine deaminase were stimulated 
with 10 M calcium ionophore A23187 in the presence of 10 M 
AA or 10 M AA-alk for 5 min at 37°C. For autocrine loop experi-
ments, neutrophils were stimulated with varying concentrations 
of AA or AA-alk for 5 min at 37°C (35). All neutrophil stimula-
tions were stopped with the addition of 0.5 vol of cold methanol 
containing 25 ng of 19-OH-PGB2, and samples were stored at 
20°C prior to analysis.

Preparation and stimulation of HEK293 cells
HEK293 cells that were stably transfected to express human 

5-LOX and human 5-LOX activating protein (FLAP) (36, 37) 
were cultured in DMEM medium supplemented with 10% FBS at 
37°C in a humidified 5% CO2 environment. Cells were washed, 
suspended in HBSS (1 × 107 cells/ml) containing 1.6 mM CaCl2, 
and stimulated with 10 M calcium ionophore A23187 in the 
presence of 10 M AA or 10 M AA-alk for 15 min at 37°C. Stimu-
lations were stopped with the addition of 0.5 vol of cold methanol 
containing 25 ng of 19-OH-PGB2, and samples were stored at 
20°C prior to analysis by RP-HPLC.

Eicosanoid analysis by RP-HPLC
Samples were centrifuged at 300 g to remove precipitated pro-

teins, and the supernatants were diluted with water to obtain a fi-
nal methanol content of 20% (v/v). Samples were then subjected 
to in-line solid phase extraction and RP-HPLC analysis with UV 
detection optimized to separate LOX products as previously 

Fig.  2.  Schematic representation of cellular AA in-
corporation and metabolism. Once incorporated into 
cells, free AA is activated by acyl-CoA synthetases 
(ACSs) to produce the AA-CoA required for its incor-
poration into phospholipids (PLs) by the action of ly-
sophospholipid acyl-CoA acyltransferases (lyso-PLATs). 
The action of phospholipase A2 (PLA2) is required to 
generate the 2-lyso-PL substrate. AA-CoA can also be 
elongated to 22:4 n-6 following the action of elongases 
of very long chain FAs (ELOVL). Once incorporated 
into PLs, AA can also be directly transferred between 
PL species by CoA-independent transacylase (CoA-
IT)-catalyzed reactions. Upon cell stimulation, PLA2 
catalyzes the hydrolysis of AA from PLs, which can be 
converted into various lipid mediators (eicosanoids) 
by the action of cyclooxygenases (COXs) and lipoxy-
genases (LOXs). 12-HHTrE, 12-hydroxyheptadecatri-
enoic acid; LTA4H, leukotriene A4 hydrolase; LTB4, 
leukotriene B4; PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; PGH2, prostaglandin H2; PI, 
phosphatidylinositol.
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at 21 min (supplemental Figure S1). Based on the relative 
elution profiles of AA-alk, AA, and 22:4n-6, this second 
peak eluted at a retention time where the elongation prod-
uct 22:4-alk would be expected. The identity of the putative 
22:4-alk was confirmed by MS where the molecular mass of 
the FAME was determined to be m/z 343.3, which is the 
expected mass of the protonated methyl-22:4-alk. The 
quantities of AA-alk and 22:4-alk were approximately equiv-
alent suggesting a very efficient elongation of AA-alk dur-
ing this 2 h incubation period (Fig. 3). In cells incubated 
with exogenous AA, both the cellular AA and 22:4 content 
increased following the 2 h incubation period, though the 
increase in cellular AA was 4-fold greater than that of 
22:4 (Fig. 3). When the total uptake of exogenous AA and 
AA-alk were measured, including their elongation prod-
ucts, cells incorporated nearly two times more AA than AA-
alk during this 2 h incubation period (Fig. 3). Overall this 
indicates that while the capacity to incorporate AA into 
cells was greater than that of AA-alk, a greater proportion 
of the AA-alk was elongated compared with AA.

Arachidonate-PL remodeling
The uptake of exogenous AA into glycerophospholipids 

is known to follow a distinct pattern where the initial incor-
poration of AA is primarily into PC species, followed by a 
CoA-IT-driven remodeling into PE species (Fig. 2) (20–24). 
To compare the incorporation and remodeling of AA and 
AA-alk, their distribution in cellular glycerophospholipid 
classes was measured over a 24 h period following a 2 hour 
pulse with 20 M of [3H]AA or with 20 M of AA-alk. The 
initial incorporation of [3H]AA was primarily into PC with 
a subsequent redistribution toward PE species over time 
(Fig. 4A). Approximately 20% of the [3H]AA incorporated 
into glycerophospholipids was in PI, and the proportion of 
radiolabel associated with PI did not change significantly 
during the subsequent 24 h incubation period. This pattern 

mm inner diameter) with a solvent gradient of 50% to 100% 
methanol (solvent B) over 40 min at a flow rate of 100 l/min. 
Solvent A consisted of water, and both solvents were of HPLC 
grade with no buffer additives. The sample injection volume was 
constant for all samples at 5 l. The mass spectrometer was oper-
ated in negative ion mode with LC/MS spectra collected in full 
scan mode over an m/z range of 200–800 and LC/MS/MS spectra 
collected from 90 to 400. The MS/MS collision energy was set to 
35% with an isolation mass width of 3. Interface parameters for 
the mass spectrometer were as follows: sheath gas (15, arbitrary 
units), auxiliary gas (1, arbitrary units), capillary temperature 
(250°C), capillary voltage (45 volts), and tube lens voltage 
(150 volts). Full scan MS and MS/MS spectra were collected for 
separate LC injections of 5 l.

Neutrophil migration assay
In order to produce LTB4 and LTB4-alk for functional studies, 

HEK293 cells that were stably transfected to express 5-LOX and 
FLAP (36, 37) were stimulated with A23187 in the presence of  
40 M of AA or AA-alk, respectively. 5-LOX products were sepa-
rated by RP-HPLC as described above, and the LTB4 and LTB4-alk 
peaks were collected, dried, and resuspended in ethanol. Control 
experiments were performed with nontransfected HEK293 cells 
that do not express 5-LOX and FLAP and do not produce 5-LOX 
products (36).

To measure the chemoattractant activity of LTB4 and LTB4-alk, 
200 µl of neutrophil suspension (2.5 × 106 cells/ml HBSS contain-
ing 1.6 mM CaCl2 and 5% FBS) preincubated with 0.3 U/ml ade-
nosine deaminase were transferred to cell culture inserts (3.0 µm 
pore size; Falcon). Neutrophils were allowed to migrate (2 h, 
37°C, 5% CO2) to the lower chamber containing 700 µl HBSS/1.6 
mM CaCl2 along with 10 nM of LTB4-alk, LTB4, or diluent as nega-
tive control. Inserts were then discarded, and cells that had mi-
grated to the lower chamber were counted using the MOXI Z 
Mini automated cell counter (Orflo Technologies, Ketchum, ID). 
Calculations were performed as previously described (39).

Statistical analyses
Statistical analyses were performed using Prism software 

(GraphPad Software Inc., La Jolla, CA) as described in the figure 
legends. Data show the means ± SEM for n = 3 to n = 6 indepen-
dent experiments.

Ethics
This study was approved by the Université de Moncton institu-

tional Review Committee for Research involving human subjects. 
All subjects provided informed consent prior to their participa-
tion in the study.

RESULTS

Incorporation of AA-alk and AA into cells
FAMEs were prepared from pure AA and AA-alk and 

were separated by GC. It was determined that AA-alk-
methyl ester eluted at a retention time of 17.5 min, thus 
about 6 min later than that of AA-methyl ester (not shown).

To compare the ability of cells to take up exogenous AA-
alk and AA, Jurkat cells were incubated with 20 M of each 
FA for 2 h, cells were washed, lipids were extracted, FAMEs 
were prepared, and cellular FAs were measured. In cells 
incubated with AA-alk, a peak corresponding to AA-alk was 
observed on chromatograms, as well as second peak eluting 

Fig.  3.  The incorporation and elongation of exogenous AA and 
AA-alk into Jurkat cells. Jurkat cells were incubated with 20 M AA, 
20 M AA-alk, or their diluent controls for 2 h. Cells were then 
washed, cellular lipids were extracted, FAs were hydrolyzed and 
transmethylated, and FAMEs were measured by GC/FID. The re-
sults show the increase in the cellular content of AA, 22:4, AA-alk, 
and 22:4-alk compared with controls following the 2 h incubation 
period. Data are the means ± SEM of three independent experi-
ments (n = 3). * P < 0.05, different from cells incubated with AA as 
determined by two-sided Student’s t-tests.
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dehydration/decarboxylation products with m/z of 297 
and 253, respectively, were present, as were the expected 
fragmentation ions of a 12-hydroxylated product with m/z 
of 179 and 208 (supplemental Figure S3B) (18, 42). Im-
portantly, the expected fragmentation ion of 11-HETE-alk 
with an m/z of 167 (18, 42) was absent. Platelets stimulated 
in the presence of exogenous AA-alk also produced 12-
HETE and HHTrE generated from endogenous AA. Over-
all, the biosynthesis of 12-LOX and COX-1 products was 
significantly lower in platelets stimulated in the presence 
of AA-alk than in platelets stimulated in the presence of 
exogenous AA (Fig. 5A).

Eicosanoid biosynthesis in human neutrophils and 
HEK293 cells

The main AA-derived metabolites synthesized by stimu-
lated human neutrophils are products of the 5-LOX path-
way. Freshly isolated human neutrophils do not synthesize 
COX products or express COX enzymes (43, 44). When 
human neutrophils were stimulated with calcium iono-
phore A23187 in the presence of 10 M exogenous AA; the 
5-LOX products 5-HETE, LTB4, 6-trans-LTB4, and 12-epi-6-
trans-LTB4; and the omega-oxidation products 20-hydroxy-
LTB4 and 20-carboxy-LTB4 were measured following 
separation by HPLC with UV detection (supplemental Fig-
ure S4). When neutrophils were stimulated in the presence 
of 10 M exogenous AA-alk, several peaks were detected by 
HPLC that corresponded to expected 5-LOX products 
with the appropriate absorbance spectra, but whose elu-
tion times on HPLC were earlier than those measured for 
AA metabolites (supplemental Figure S4). One main dif-
ference with the AA-alk metabolite profile was the absence 
of omega-oxidation products. Another difference was that 
5-HETE-alk was the predominant 5-LOX product derived 
from AA-alk, whereas 5-HETE was a much less prominent 
5-LOX product synthesized by the cells stimulated in the 
presence of exogenous AA (Fig. 5B).

The peak identified as LTB4-alk was characterized by LC/
MS/MS, and its profile was compared with that of commer-
cial LTB4. Parent ions were observed with the expected m/z 
of 335 for LTB4 (LIPID MAPS® LM_ID: LMFA03020001) 
(45, 46) and m/z of 331 for LTB4-alk (supplemental Figures 
S5 and S6). Fragmentation ions with m/z of 195, 151, and 
129 were measured for both LTB4-alk and LTB4, as would be 
expected based on the structures associated with the respec-
tive ions that do not include the omega end of the molecule 

of [3H]AA labeling and remodeling in glycerophospho-
lipid classes is consistent with previous reports (21–23, 40). 
AA-alk incorporation and remodeling in glycerophospho-
lipids followed a nearly identical pattern to that observed 
with [3H]AA, with the characteristic remodeling between 
PC and PE classes and a stable incorporation into PI (Fig. 
4B). Because labeling with [3H]AA tracks both [3H]AA and 
its [3H]22:4 elongation product, the remodeling pattern of 
AA-alk was calculated using the sum of AA-alk and 
22:4-alk.

Eicosanoid biosynthesis in human platelets
Stimulated human platelets primarily convert exoge-

nous AA into bioactive eicosanoids through the 12-LOX 
and the COX-1 pathways. 12-LOX catalyzes the oxygen-
ation of AA into 12-hydroperoxyeicosatetraenoic acid that 
is then rapidly converted to 12-HETE. COX-1 catalyzes the 
conversion of AA into PGH2, which, in platelets, is then 
rapidly and concurrently converted to thromboxane A2 
and 12-HHTrE by thromboxane synthase (26, 41). To com-
pare the ability of human platelets to convert AA and AA-
alk to eicosanoids in each pathway, platelets were stimulated 
with calcium ionophore A23187 in the presence of 10 M 
AA or 10 M AA-alk. The lipid mediators 12-HETE and 
HHtrE (or their alkyne analogs) were then measured fol-
lowing separation by RP-HPLC with UV detection. In plate-
lets stimulated in the presence of exogenous AA, the typical 
product profile measured by RP-HPLC was obtained with 
detectable quantities of 12-HETE and HHTrE (supple-
mental Figure S2A). In platelets incubated in the presence 
of AA-alk, a peak with the typical spectrum and -max (237 
nm) of HETEs was observed on HPLC chromatograms that 
elutes 4 min earlier than 12-HETE (supplemental Figure 
S2B) and was termed 12-HETE-alk. Similarly, a peak with 
the typical spectrum and -max (232 nm) of HHTrE was 
observed on HPLC chromatograms that elutes 4 min ear-
lier than HHTrE and was termed 12-HHTrE-alk (supple-
mental Figure S2B). 12-HETE-alk was the major AA-alk 
product (7.6 ± 2.2 pmol/106 cells, mean ± SEM) as very lit-
tle 12-HHTrE (0.4 ± 0.09 pmol/106 cells, mean ± SEM) was 
synthesized by stimulated platelets (Fig. 5A). 

Because mouse COX-2 was shown to produce 11-HETE-
alk (18), the identity of the peak identified as 12-HETE-alk 
was verified by LC/MS/MS. A parent ion with the ex-
pected m/z of 315 for a HETE-alk product was observed 
(supplemental Figure S3A). Additionally, its expected  

Fig.  4.  Arachidonate-PL remodeling in Jurkat cells. 
Jurkat cells were pulse labeled with 20 M [3H]AA (A) 
or 20 M AA-alk (B) for 2 h, then washed and incu-
bated for the indicated times prior to lipid extraction. 
PL classes were separated by HPLC, and PC, PE, PI, 
and PS were collected separately. The FAs from each 
fraction were hydrolyzed and transmethylated, and 
AA-alk and 22:4-alk FAMEs were measured by GC/
FID. The radioactivity associated with each fraction 
was measured by liquid scintillation counting. Values 
represent the mean ± SEM of three independent ex-
periments (n = 3).
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(46). Several ions from collision-induced dissociation of 
LTB4 retain the omega end of the molecule such as ions 
resulting from one and two dehydrations (m/z 317 and 299) 
and their additional decarboxylations (m/z 273 and 255), as 
well as fragmentation ion m/z 203 (46). Importantly, corre-
sponding ions with m/z 313, 295, 269, 251, and 199 were 
observed in the MS/MS product ion spectra of LTB4-alk 
that are analogous to fragments generated from LTB4 but 
with m/z values shifted by 4 units, consistent with ions con-
taining an omega-terminal alkyne (supplemental Figure 
S6B). Additionally, the peak identified as 5-HETE-alk showed 
the expected parent ion and fragmentation pattern that was 
previously reported for 5-LOX-catalyzed 5-HETE-alk syn-
thesis (supplemental Figure S7) (18).

The profile of 5-LOX products was also measured in 
HEK293 cells that were stably transfected with human 5-LOX 
and FLAP (37). This is an attractive model to measure 5-LOX 
product biosynthesis from exogenous substrates because 
they do not release endogenous AA when stimulated and the 
control cells transfected with a control vector do not produce 
5-LOX products. When control cells were stimulated in the 
presence of AA or AA-alk, no measurable 5-LOX products 
were produced (not shown). When the 5-LOX/FLAP-trans-
fected cells were stimulated in the presence of exogenous 
substrate, 5-LOX products were synthesized in the same pro-
portions as those measured in neutrophil, with more AA-alk 
products produced than those of AA, and with 5-HETE-alk as 
the predominant AA-alk product (Fig. 5C). Overall, the bio-
synthesis of total 5-LOX products (AA-derived and AA-alk-
derived) was significantly greater in neutrophils or HEK293 
cells stimulated in the presence of AA-alk than in cells stimu-
lated in the presence of exogenous AA (Fig. 5B, C).

Functional studies in AA-alk and LTB4-alkyne
AA can stimulate human neutrophils though an auto-

crine stimulatory loop where exogenous AA is converted 
to LTB4, which then activates the leukotriene B4 receptor 
1 (BLT1) allowing a greater calcium-dependent conver-
sion of exogenous AA via the 5-LOX pathway (35). When 
neutrophils were incubated with exogenous AA or AA-
alk to induce the autocrine stimulatory loop, exogenous 
AA induced the expected robust stimulation of 5-LOX 
product biosynthesis, whereas AA-alk induced a mark-
edly smaller cellular response (Fig. 6A) suggesting that 
the autocrine stimulatory loop was not induced by 
AA-alk. 

Fig.  5.  Eicosanoid biosynthesis by human platelets, neutrophils, 
and 5-LOX-transfected HEK293 cells stimulated in the presence of 
exogenous AA or AA-alk. A: Freshly isolated human platelets were 
stimulated with 10 M calcium ionophore A23187 in the presence 
of 10 M AA or 10 M AA-alk for 15 min at 37°C, and stimulations 
were stopped with organic solvents. B: Freshly isolated human neu-
trophils were stimulated with 10 M calcium ionophore A23187 in 
the presence of 10 M AA or 10 M AA-alk for 5 min at 37°C, and 
stimulations were stopped with organic solvents. C: HEK293 cells 
that were stably transfected with 5-LOX and FLAP were stimulated 

with 10 M calcium ionophore A23187 in the presence of 10 M 
AA or 10 M AA-alk for 15 min at 37°C, and stimulations were 
stopped with organic solvents. AA-derived and AA-alk-derived 
products were separated by HPLC and measured by UV absorption 
at 270 nm and 236 nm. * P < 0.05, significantly different as deter-
mined by two-sided Student’s t-tests. Data are the means ± SEM of 
six independent experiments (n = 6) for the platelets, three inde-
pendent experiments (n = 3) for the neutrophils, and four inde-
pendent experiments for the HEK293 cells (n = 4). Trans-LTB4, 
sum of 6-trans-LTB4 and 12-epi-6-trans-LTB4; -LTB4, sum of 20-hydroxy- 
LTB4 and 20-carboxy-LTB4.
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and as such undergoes unique mechanisms of regulation 
compared with other FAs, likely because of its role in regu-
lating several biological processes including inflammation. 
The current study compared the cellular metabolism of AA 
and AA-alk in the lymphocytic leukemia Jurkat cell line 
that rapidly remodels AA between PL classes, as well as in 
human platelets that express 12-LOX and COX-1 and in 
human neutrophils that express 5-LOX, all enzymes that 
catalyze the conversion of AA into biologically active eico-
sanoids. Overall, AA-alk behaved similarly to AA with re-
gard to cellular uptake and distribution into cellular PLs; 
however, its metabolism as a precursor for biologically ac-
tive eicosanoids differed considerably from its native coun-
terpart AA.

Rapidly proliferating cells typically have an enhanced re-
quirement for unsaturated FAs to support membrane bio-
genesis required for sustained cell proliferation (23, 47). 
When incubated with exogenous AA or AA-alk, rapidly di-
viding Jurkat cells effectively incorporated exogenous AA. 
However, the capacity to incorporate exogenous AA-alk 
was significantly inferior with 50% of the capacity mea-
sured for AA. Long chain FAs like AA are incorporated into 
cells by incompletely defined mechanisms that can include 
simple diffusion and saturable transport processes. Pro-
teins involved in the uptake of FAs include FA binding pro-
tein, caveolin-1, FAT/CD36, and the FA transport protein 
family of proteins (19, 48, 49). With respect to long chain 
PUFAs in particular, ACS activity has been shown to be im-
portant for their incorporation into cells and five isoforms 
of human long chain ACS have been identified (19, 50–52) 
with the ACS4 isoform showing specificity for AA. While 
cellular AA incorporation can involve the participation of 
FA transfer proteins and ACSs, the exact contribution of 
different proteins isoforms associated with AA uptake is 
not fully elucidated, and likely several mechanisms can be 
at play in any given cell type. Although the mechanism of 
cellular uptake in lymphocytic leukemia cells has not been 

One of the main biological functions of LTB4 is its po-
tent chemotactic activity toward human neutrophils. To 
compare the biological activities of LTB4 and LTB4-alk, 
their ability to induce BLT1-dependent neutrophil chemo-
taxis was measured. Using a transwell chemotaxis assay, 
LTB4 was 12 times more potent at stimulating neutrophil 
chemotaxis [apparent EC50 1.7 nM; 95% confidence inter-
val (CI), 0.8–3.5 nM] than LTB4-alkyne (apparent EC50 
20.9 nM; 95% CI, 13.0–33.7 nM) (Fig. 6B).

DISCUSSION

The use of alkyne or azide analogs of biological com-
pounds that are amenable to click chemistry reactions has 
attracted substantial recent interest. This is due to the abil-
ity to tag the compounds with fluorescent or affinity probes, 
thus providing sensitive methods of identifying their poten-
tial metabolites or ascertaining macromolecules with which 
the compound may interact within complex biological 
mixtures. The use of these compounds can also greatly sim-
plify the ability to purify the compounds or their partners 
of interest from complex milieus. However, to be truly use-
ful as physiologically relevant probes it is critical to under-
stand the extent to which a clickable compound may behave 
like its natural counterpart.

FAs are attractive candidates for click chemistry probes 
because the methyl (or omega) end of the aliphatic chain, 
which is generally not considered to be a biologically reac-
tive region of the molecule, can be modified into a termi-
nal alkyne. Such FA alkynes have proved to be useful in 
studying the subcellular localization of palmitoylated pro-
teins such as hedgehog, tubulin, and Ras (8, 12, 15) that 
are subject to posttranscriptional acylation. Among the FAs 
that have been developed as click chemistry probes is the 
19-alkyne derivative of AA, AA-alk (Fig. 1) (17, 18). AA is the 
precursor of numerous biologically active lipid mediators 

Fig.  6.  Autocrine stimulation of neutrophils with exogenous AA and AA-alk and neutrophil chemoattrac-
tant activity of LTB4 and LTB4 alk. A: Freshly isolated human neutrophils were stimulated with various concen-
trations of AA or AA-alk for 5 min at 37°C, and stimulations were stopped with organic solvents. AA-derived 
and AA-alk-derived products were separated by HPLC and measured by UV absorption at 270 nm and 236 nm. 
5-LOX products are the sum of 5-HETE, LTB4, 6-trans-LTB4, 12-epi-6-trans-LTB4, 20-hydroxy-LTB4, and 20-car-
boxy-LTB4. B: Freshly isolated human neutrophils were suspended in cell culture inserts (3.0 µm pore size) 
and were allowed to migrate for 2 h at 37°C to the lower chamber containing the indicated concentrations 
LTB4-alk, LTB4, or their diluent. Cells that had migrated to the lower chamber were counted, and results show 
the percent of cells that had migrated from the upper to the lower chamber. Data are the means ± SEM of 
three independent experiments (n = 3).
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consistent with a previous report comparing the kinetics of 
AA and AA-alk transformation by crude human 12-LOX 
preparations where the transformation of AA was slightly 
more efficient than that of AA-alk (18). Similarly, purified 
murine COXs were reported to efficiently oxidize AA-alk 
but poorly catalyzed the cyclization of dioxalanyl interme-
diates to endoperoxides (18), which is consistent with the 
very limited biosynthesis of HHTrE-alk by stimulated plate-
lets. However, the murine COX-catalyzed production of 
11-HETE-alk that resulted from the poor cyclization was 
not detected in stimulated human platelets.

Stimulated human neutrophils metabolize AA through 
the 5-LOX pathway. When stimulated in the presence of 
AA-alk, alkyne derivatives of the expected 5-LOX products 
were synthesized with the exception of the LTB4-alk degra-
dation products 20-OH-LTB4-alk and 20-COOH-LTB4-alk. 
This is likely because CYP4F3A, the cytochrome P450 pro-
tein responsible for the oxidation of the omega methyl end 
of AA (55), cannot catalyze the oxidation of the 19-alkyne 
moiety at the omega end of the AA-alk molecule. Alkynes 
are also known to inhibit cytochrome P450 enzymes (56). 
Despite the inability to degrade LTB4, cells stimulated in the 
presence of AA-alk did not show an accumulation of LTB4-
alk compared with LTB4 measured in cells stimulated in the 
presence of AA. In contrast to platelet eicosanoids, neutro-
phils produced more 5-LOX metabolites when stimulated 
in the presence of AA-alk than in the presence of AA, and 
this was primarily due to the significantly greater produc-
tion of 5-HETE-alk compared with 5-HETE. In fact, there 
was a significant shift in product profiles where 5-HETE-alk 
was the predominant AA-alk product, while LTB4 and its 
derivatives were the predominant AA-derived products. 
Near identical 5-LOX product profiles were also measured 
in 5-LOX/FLAP-transfected HEK293 cells. This suggests 
that the lipoxygenation of AA-alk at carbon-5 generating 
5-hydroperoxyeicosatetraenoic acid-alk (5-HpETE-alk) is  
efficient, but that the second pseudolipoxygenation that  
involves abstraction of a hydrogen at carbon-10 from 
5-HpETE-alk to generate the LTA4-alk epoxide is not as ef-
ficient as with the AA-derived substrate. Thus, the presence 
of the 19-alkyne structure appears to impact the substrate 
specificity of 5-LOX differently for each of the two 5-LOX-
catalyzed reactions. The ultimate outcome is an altered 
product profile where (LTB4 + derivatives)/5-HETE ratios 
are significantly different depending on the substrate. 
These observations suggest that the use of AA-alk as a sur-
rogate for the study of AA-derived lipid mediator metabo-
lism must be performed with caution.

In the absence of other stimuli, exogenous AA can stim-
ulate human neutrophils though an autocrine stimulatory 
loop. In this stimulation model, basal 5-LOX activity con-
verts exogenous AA into LTB4 in a calcium-independent 
manner, which then activates the BLT1 receptor allowing 
a more robust cellular stimulation with a calcium-depen-
dent activation of 5-LOX and more extensive conver-
sion of exogenous AA via the 5-LOX pathway (35). 
However, AA-alk produced a much weaker stimulation of 
human neutrophils through this autocrine stimulatory loop  
than that of exogenous AA. This may be because AA-alk is 

elucidated, the results of the current study suggest that the 
AA-specific transport mechanisms are not as effective with 
AA-alk as a substrate indicating that the use of AA-alk as a 
tool or substrate to study AA transport proteins or mecha-
nisms should be performed with caution.

Once incorporated into cells, AA is usually converted by 
ACSs to AA-CoA thioesters. AA can then be incorporated 
into glycerophospholipids by reactions catalyzed by lyso-
PLATs or undergo elongation to 22:4 by a reaction catalyzed 
by ELOVLs prior to incorporation into glycerophospholip-
ids. Although AA-alk was not as effectively incorporated into 
cells as AA, approximately half of the AA-alk that was incor-
porated underwent elongation to its 22:4 elongation prod-
uct compared with only 20% of the newly incorporated 
AA. This suggests that compared with AA, AA-alk is more 
effectively utilized as a substrate for the ELOVL enzymes 
expressed in Jurkat cells. This observation could reflect 
differences in substrate preference of the ELOVL enzymes, 
or these enzymes may elongate a smaller proportion of ex-
ogenous AA because cells already contain its elongation 
product 22:4 and thus substrate/product equilibrium is 
reached more rapidly than with AA-alk. Regardless of the 
mechanism explaining this difference in elongation poten-
tial, these observations once again suggest that results ob-
tained with AA-alk as a surrogate for the study of AA 
elongation must be carefully interpreted.

AA undergoes a pattern of incorporation into and re-
modeling between glycerophospholipid classes that ap-
pears to be specific for AA compared with other FAs (20, 
23, 53, 54). This unique remodeling pattern is believed to 
have evolved partly because AA is the precursor of very  
potent bioactive metabolites, and cells have developed 
mechanisms to tightly control its cellular distribution and 
bioavailability. Unlike cellular uptake and elongation reac-
tions, the measured patterns of incorporation of AA-alk 
and AA into the main glycerophospholipid classes were 
nearly identical with between 60% and 70% of the initial 
incorporation occurring in PC species, 15% to 20% into PE 
and PI species, and less than 5% into PS species. This sug-
gests that the lyso-PLATs that catalyze the incorporation 
into glycerophospholipid classes appear to utilize AA-CoA 
and AA-alk-CoA in a near-identical fashion. Furthermore, 
the typical CoA-IT-driven CoA-IT remodeling of newly in-
corporated AA from PC species to PE species was identical 
for AA and AA-alk. Therefore, AA-alk appears to be a very 
good surrogate of AA when studying AA incorporation into 
and remodeling between glycerophospholipid classes.

Some cell types like leukocytes and platelets can readily 
transform exogenous AA into bioactive eicosanoids by re-
actions catalyzed by LOXs and COXs. When these cells are 
activated by stimuli like calcium ionophores, exogenous 
AA, as well as endogenous AA hydrolyzed from PLs by 
PLA2, is rapidly transformed by these enzymes into a diver-
sity of products. Stimulated platelets utilized exogenous 
AA-alk as a substrate for both 12-LOX and COX-1 product 
biosynthesis. However, smaller quantities of 12-HETE-alk 
and the HHTrE-alk were produced by these cells compared 
with AA metabolites suggesting that AA-alk is not as effi-
ciently transformed by platelets as AA. These results are 
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preferentially metabolized to 5-HETE rather than LTB4, thus 
lessening the strength of the autocrine stimulatory loop 
that relies on a basal production of LTB4. Alternatively, it 
may indicate that LTB4-alk is a weaker BLT1 agonist than 
LTB4 and at low concentrations may not be potent enough 
to drive the calcium-dependent autocrine stimulation of 
neutrophils. Regardless of the mechanism responsible for 
this diminished stimulation by exogenous AA-alk, this in-
dicates that cellular responses to exogenous AA-alk are not 
as robust as those measured in response to exogenous AA.

In light of the more muted stimulation of neutrophils in 
response to AA-alk compared with AA, the biological activ-
ity of LTB4-alk was compared with that of LTB4. LTB4 is best 
known as a very potent chemotactic agent toward human 
leukocytes (57–59). When freshly isolated human neutro-
phil migration was measured in a transwell migration assay, 
LTB4 exhibited chemotactic activity in the low nanomolar 
range as expected (60). While LTB4-alk also exhibited che-
motactic activity toward neutrophils, it was less potent than 
that of LTB4 by a full order of magnitude. Because LTB4-in-
duced chemotaxis is dependent on stimulation of the BLT1 
receptor (58–60), this indicates that LTB4-alk is a weaker 
BLT1 agonist than LTB4 and suggests that the biological  
activity of other AA-alk-derived eicosanoids may warrant in-
vestigation. Once again, these observations regarding the 
weaker ability of AA-alk and LTB4-alk to stimulate cells sug-
gests that experiments performed using AA-alk-derived 
eicosanoids should be carefully considered.

Reagents that are amenable to click chemistry are prov-
ing to be extremely useful analytical and discovery tools 
due to structural and biological similarities to their natural 
analogs, and the ease with which they can be detected, la-
beled and purified in complex biological matrices. Omega-
terminal alkyne derivatives of FAs are among these reagents 
and are certainly powerful tools that have already yielded 
new important information on FA-protein interactions. 
While the current study does not invalidate the use of AA-
alk as a potentially powerful tool to investigate AA metabo-
lism and behavior in biological systems, some important 
differences in its metabolism and biological activity have 
been delineated that should be useful to investigators who 
will use these tools to investigate AA in biological systems.
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