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ABSTRACT: Fatty acids are abundant constituents of all
biological systems, and their metabolism is important for
normal function at all levels of an organism. Aberrations in
fatty acid metabolism are associated with pathological states
and have become a focus of current research, particularly due
to the interest in metabolic overload diseases. Here we present
a click-chemistry-based method that allows tracing of fatty acid
metabolism in virtually any biological system. It combines high
sensitivity with excellent linearity and fast sample turnover.
Since it is free of radioactivity, it can be combined with any
other modern analysis technology and can be used in high-
throughput applications. Using the new method, we provide
for the first time an analysis of cellular fatty metabolism with
high time resolution and a comprehensive comparison of utilization of a broad spectrum of fatty acids in hepatoma and adipose
cell lines.

The study of metabolic overload diseases has become an
important focus of biomedical research, driven by the

need to understand the consequences of overcaloric wester-
nized diet. Since metabolic overload usually leads to obesity,
studies of fatty acid metabolism are a central aspect of current
metabolism research. For that, detailed quantitative information
about fatty acid metabolism from all available model systems,
such as purified proteins, cultivated cell lines, primary cells,
isolated organs, and whole organisms, is needed. While the
need for these data is steadily increasing, we face a concomitant
decrease of the accessibility and acceptance of the major
technology used to obtain these data in the past 60 years,1 i.e.,
radioisotope tracing. Handling radioisotopes requires special
laboratories and official permissions and causes major costs for
both purchase of substances and disposal of radioactive waste.
Furthermore, many researchers are reluctant to use radiolabeled
compounds because of safety concerns or other reasons. Also,
these methods suffer from limited sensitivity because the
relevant isotopes for fatty acid tracing, 3H and 14C, have
moderate or low specific activities and require long exposure
times in order to obtain a meaningful result.
Click chemistry allows the sensitive and specific detection of

compounds containing azido groups or terminal alkynes,2

which can be integrated into fatty acids without major
disturbance of the structure of the hydrophobic hydrocarbon
chains. Other click-labeled precursors are already in use to
replace radioactive molecules in metabolic labeling experiments,
including amino acids,3,4 carbohydrates,5 nucleotides,6 or

lipids.7 Click-labeled fatty acids so far were used to monitor
protein lipidation.8−10 Their application to follow lipid
metabolism has been hampered so far by the lack of protocols
that allow sensitive and quantitative detection of click-labeled
lipid metabolites. The present paper solves this problem by the
use of a highly optimized protocol for fluorogenic click reaction
with subsequent TLC separation and fluorescence detection.

■ RESULTS AND DISCUSSION

Method Design and Evaluation. Cells contain numerous
different fatty acids with different numbers of carbon atoms and
double bonds. Previous studies have described clickable azido-
and alkyne-analogues with various chain lengths of saturated
fatty acids, recently reviewed in ref 7, and alkyne-linoleate and
-arachidonate,11 but no clickable derivative of oleate. For
radioisotope tracing of fatty acid metabolism, oleate and
palmitate are most frequently used, because they represent the
most abundant fatty acids in mammalian circulation and in
cellular lipids. We synthesized analogues of oleate and various
saturated fatty acids containing terminal alkyne groups for click
detection (see Supplementary Figure 1 and Supporting
Information). These fatty acids were supplemented into normal
growth or perfusion media for 2−120 min, followed by
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collection of the biological material and standard lipid
extraction.
Extracts were reacted with 3-azido-7-hydroxycoumarin,12 a

small, nonpolar dye, which does not dominate the migration
behavior of the reaction products in subsequent TLC
separation. In addition, 3-azido-7-hydroxycoumarin is non-
fluorescent and forms a fluorescent triazolyl-coumarin deriva-
tive only upon click reaction with the alkyne fatty acid12 (Figure
1), avoiding the problem of strong background signal from
excess of unreacted dye. The click reaction was optimized to
detect the very small amounts of labeled lipids that are obtained
in a typical labeling experiment. Systematic optimization of
volumes, concentrations, temperature, reaction time, solvents,
and source of Cu(I) lead to a virtually complete reaction for
analyte concentrations up to 15 μM (Supplementary Figure
2a). The importance of the dye concentration is illustrated in
Supplementary Figure 2b. Dye concentrations exceeding 60 μM
did not lead to stronger signal but only to increased
background.
After the click reaction, products were separated on standard

silica gel TLC plates, using a separation system with two
solvents of different polarity. The clicked lipids behaved very
similarly to their natural counterparts, i.e., the normal order of
mobility is unchanged (Supplementary Figure 2b, also compare
Supplementary Figure 3).
To ensure that all coumarin dye molecules on the TLC plate

are in the more strongly fluorescent deprotonated phenolate
form,13 the dried plate was soaked for few seconds in a solution
of N,N-diisopropylethylamine (Hünigs base), a volatile non-
fluorescent basic reagent, in hexane, resulting in a striking 60-
fold increase of the signal (Supplementary Figure 2b,c).
Sensitivity and linear dynamic range of the assay were

determined using the cholesterol ester of alkyne-oleate as a
model substance. With a reaction volume of 30 μL, the lower
detection level was at a concentration of 13.5 nM
corresponding to 0.4 pmol total substance (Figure 2a). Over

a concentration range from 13.5 nM to 40 μM, the response
curve was nearly linear, as shown by the slope of 0.91 in a
double logarithmic plot (Figure 2b). A similar experiment with
more data points in a more narrow range showed linearity over

Figure 1. Schematic representation of a typical workflow of the method. Alkyne lipid precursors are supplemented to cell culture where they become
incorporated into cellular lipids. These are extracted and reacted with the fluorogenic dye 3-azido-7-hydroxycoumarin in the presence of copper(I).
The fluorescent lipids are then separated on TLC plates and detected by fluorescence imaging.

Figure 2. Sensitivity and linearity. The cholesterol ester of alkyne-
oleate at the indicated concentrations was subjected to detection
reaction, TLC separation, and fluorescence imaging using the standard
protocol. (a) Images of the same plate exposed for 0.5 or 10 s. (b)
Quantification of the integrated fluorescence of panel a. Data are
displayed in a double log plot. The slope of 0.91 indicates only small
deviations from linearity over a concentration range of 3.5 magnitudes.
Note that the sample with the highest concentration in panel a was not
included in the analysis, because the analyte concentration exceeded
the dye concentration. (c) The same experiment was performed with
samples at the practically most relevant concentration range of 0.5−15
μM. These data are displayed in a nonlogarithmic plot as mean ± SD
of three independent experiments.
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the practically most important concentration range between 0.5
and 15 μM (Figure 2c).
To identify labeled spots using co-migrating lipid standards,

we synthesized TAG, 1,2-DAG, 1,3-DAG, 1-MAG, CE, PE, PA,
and PC, all bearing alkyne-oleate. Supplementary Figure S3
shows the purity of the standards and also demonstrates the
good separation in the two-solvent TLC system.
In order to evaluate the usefulness of alkyne-fatty acids as

tracers for natural fatty acids, we compared the metabolism of
alkyne-oleate and natural oleate. For that, we incubated freshly
isolated hepatocytes with equal concentration of alkyne-oleate
and oleate plus a tracer amount of 3H-oleate. After 10 min of
labeling and a 20 min chase, lipids were extracted, split into
equal aliquots, and analyzed either by the standard click
procedure or by TLC followed by fluorography (Figure 3a).

Qualitatively both methods gave the same results, with most of
the label found in PC, PE, and neutral lipids (NL). Despite a 5-
day exposure, the fluorography showed clearly visible bands
only for the three most abundant products. In contrast, a 2 s
exposure of the clicked lipids revealed a clear picture with much
stronger signal and less background, showing several additional
weak bands of minor metabolites. For a quantitative evaluation,
the click image was directly quantified, while radioactive bands
were scraped, and lipids were extracted and subjected to
scintillation counting. Comparing the three major products, the
amount of label in neutral lipids was slightly smaller for alkyne-
oleated (49%) than for 3H-oleate (64%); the difference was
proportionally distributed over PC and PE. For a closer
inspection of the distribution of labeled species, we analyzed
labeled lipids by mass spectrometry and extended the analysis
to alkyne-palmitate. This analysis is described in detail in
Supplementary Figures 4 and 5 and Supporting Information.
Hepatocytes were labeled with alkyne-oleate and -palmitate for
three different labeling times, and lipids were extracted and
analyzed by click labeling or mass spectrometry. Patterns of
labeled lipid classes showed characteristic differences between

the two fatty acids, with alkyne-oleate having a stronger
preference for incorporation into TAG, whereas alkyne-
palmitate showed preference for labeling of PC, indicating
that the alkyne fatty acids retain characteristic properties of the
unlabeled natural compounds. Detailed mass spectrometrical
analysis first showed that the applied alkyne fatty acids did not
influence the species composition of cellular phospholipids.
Also, when combined with other fatty acids in PC species,
alkyne-palmitate and alkyne-oleate showed the same character-
istic preferences for certain combinations as did their respective
natural counterparts. These results indicate that alkyne fatty
acids of different chain length and saturation are valid models
for the respective natural compounds, which was confirmed by
metabolic studies with a broader selection of labeled
compounds (see application examples in Figures 5 and 6 and
Supplementary Figure 7)

Advantages. The sensitivity of click-labeling is higher than
that of a 14C-labeling experiment and at least comparable to
that of a 3H-labeling experiment. The lower limit of detection
of 0.4 pmol corresponds to 24 pCi of 14C-fatty acid or 20 nCi
of 3H-fatty acid. While the former would normally not be
detectable on an X-ray film,14 the latter would require overnight
exposure on X-ray film for reliable detection, compared to
about a second for the fluorescence imaging. The linear signal
generated by the click procedure allows direct quantification.
Analysis of a TLC plate with 12 lanes and 10 bands per lane can
be performed in less than 1 h and can be automated using
appropriate software macros. The method is highly versatile
and can be adapted to virtually any experimental condition or
model organism. Here, the lack of radioactivity is particularly
beneficial, because it avoids the restrictions that are frequently
faced if a complex experimental setup needs to be combined
with radioactive work, allowing spontaneous barrier-free
experiments. Regarding cost efficiency, click labeling requires
investment into a camera/illumination unit (which frequently is
present in laboratories anyway and can be adapted at low costs)
and some chemicals but saves the costs and space for isotope
lab, liquid scintillation counting, X-ray films and a film
developer, for purchase and disposal of radioactivity, and for
special medical surveillance of personal. The same argument
holds true when click labeling is compared to mass
spectrometry (see below), which requires large investments
into LC−MS mass spectrometers, maintenance, and well-
trained staff. Furthermore, the higher sensitivity allows
downscaling of experiments with the concomitant reduction
of costs for cell culture media and growth supplements.
Regarding time and productivity, a complete click labeling
experiment including the quantitative analysis and evaluation is
normally finished in one working day. In contrast, the
radioactive method needs more time already in the experiment
itself because of the typical safety precautions. Once the actual
experiment is done, it takes typically 2−6 days for the exposure
of the TLC plate, and another day for the scraping/extraction/
scintillation counting procedure.

Limitations. Like the corresponding radiolabeling proce-
dure, our method cannot give lipid species resolution. If this is
needed, fluorescent analysis should be complemented by mass
spectrometrical analysis as demonstrated in Supplementary
Figures S4 and S5, where the alkyne-oleate or -palmitate are
registered as unique fatty acids C19:3 or C17:2, respectively.
Corresponding clicked products are also identifiable in direct
shotgun mass spectrometric analysis via data-dependent
acquisition of MS/MS spectra and boolean scans.15 Future

Figure 3. Comparison between 3H-oleate and alkyne-oleate labeling.
Freshly isolated mouse hepatocytes were plated on 10 cm dishes in
Williams E medium plus 1% FA-free BSA and labeled at 37 °C for 10
min with a mixture of 20 μM alkyne-oleate, 20 μM oleate, and 3 μCi/
mL of 3H-oleate. After a 20 min chase in Williams E medium +1% FA-
free BSA, cells were washed and scraped, and lipids were extracted.
Equal aliquots (one-fourth of total) were either directly applied on
TLC, sprayed with scintillant, and exposed to X-ray film (panel a, left),
or subjected to click reaction, TLC, and imaging following the
standard protocol (panel a, right). Signals were quantified either by
scraping, extraction, and scintillation counting (panel b, 3H-oleate) or
by integration of signals from the fluorescence image (panel b, alkyne-
oleate). All differences between bars are statistically significant with p <
0.01 (one-way ANOVA). NL: neutral lipids, TAG + CE.
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developments in stable isotope mass spectrometric tracing16

could allow pulse-chase fatty acid tracing with similar
sensitivities as presented here. This would offer the perspective
of complementing the specific advantages of the click-labeling
system, i.e., rapid parallel sample processing and quantification
of all lipid classes independent of internal standards, with the
perfect species resolution and the use of a natural tracer offered
by mass spectrometry. For click labeling, the lipid class
resolution depends on the TLC system used. The system
applied in this study is optimized for rather short (2−30 min)
pulse/chase studies, where PC, PA, PE, DAG, TAG, and CE are
dominant. If necessary, other TLC systems17 or HPLC
separation with online fluorescence detection can be applied.
Other limitations are inherent to the use of the alkyne fatty
acids. They resemble their natural counterparts in many aspects
but are not identical to them and may show subtle differences
as shown for example in Figure 3. Two other limitations affect
special aspects of metabolism: If 3H-fatty acids are used, β-
oxidation can be followed by the release of tritiated water.
Alkyne fatty acids can be substrates of mitochondrial β-
oxidation,18 but since the terminal triple bond is unstable after
degradation to propiolic acid,19 we cannot follow a product
indicative of the β-oxidation. The other aspect is inhibition of
fatty acid ω-hydroxylases20 and some prostaglandin hydrox-
ylases21 by terminal alkyne fatty acids. In cellular systems, in
which ongoing ω-hydroxylation has a major function, e.g.,
keratinocytes, alkyne fatty acids should be used with caution
and preferably for short labeling periods.
Apart from the applications shown below, the method opens

numerous perspectives of future experiments. Evidently, its
application is not confined to the feeding of fatty acids but will
include the use of labeled sphingolipids and sterols, as well as
the use of alkyne fatty acyl-CoA and other alkyne lipids to
monitor acyl-transferases or other lipid-metabolizing enzymes
in vitro. Finally, combination with light microscopic imaging is a
genuine possibility for alkyne-lipids,22−24 not available for
radiolabeled compounds. In preliminary experiments, we were
able to image our alkyne-fatty acids after incorporation into
cellular lipids by click reaction with various fluorescent dyes.
This will need careful evaluation, because one would expect
accessibility problems of the labeled long chain fatty acids in the
core of the lipid bilayer. Nonetheless, the combination of the
two methods has potential for studies of spatial organization of
metabolism.
Applications. To explore application in basic model

systems, E. coli bacteria were incubated in minimal medium
with either of the two alkyne fatty acids, giving incorporation
into PE and PG (Figure 4, lanes 1 and 2) at a ratio of 78/22 for
alkyne-oleate and 85/15 for alkyne-palmitate, consistent with
previous determinations of E. coli phospholipid class distribu-
tion.25 Incorporation of alkyne-oleate into Saccharomyces
cerevisiae, one of the classical model systems of lipidology,
resulted in strong labeling of phospholipids and TAG (Figure 4,
lane 5).
Drosophila melanogaster is a powerful genetic model system

with increasing importance for lipid research. To demonstrate
fatty acid metabolism in Drosophila tissues, we opened the
cuticle of single L3 larvae and incubated them for 30 min in the
respective alkyne fatty acid solution. Lanes 3 and 4 of Figure 4
demonstrate incorporation into PC, PE, and TAGs. There was
a large difference between metabolism of the two alkyne fatty
acids: while similar amounts of both fatty acids were found in
PC, large amounts of alkyne-oleate but much less alkyne-

palmitate was incorporated into PE. This reflects both the total
phospholipids class distribution and the fatty acid composition
of Drosophila membrane lipids.26

Kinetic pulse-chase analysis of fatty acid metabolism is an
interesting application because it allows obtaining detailed
quantitative data of anabolic lipid flux. COS7 cells were pulse-
labeled for 2 min with alkyne-oleate followed by chases
between 1 and 30 min (Figure 5a) leading to incorporation of
fatty acid into various lipids (TAG, DAG, PE, PA, PC, and an
unidentified lipid XY, presumably PI or PS). Quantification in
Figure 5b gave a detailed kinetic picture of fatty acid
metabolism in living cells. The first detectable metabolite, PA,
rapidly decayed with a half live of 2 min to form DAG, which
decayed with a half-life of about 5 min to form mostly PC,
which increased from initially 28% to 63% of total labeled lipid.
In contrast, PE and the phospholipid XY showed nearly
constant labeling over the entire experiment. Under these
experimental conditions (growth of cells in lipid-depleted
media before the pulse labeling), TAG is a rather minor
component, increasing from initially 5% to 10% after 30 min.
The kinetic profiles of PA, DAG, and PC beautifully
demonstrate the flow of fatty acid along the Kennedy pathway
of PC biosynthesis (Figure 5c, black arrows). To our
knowledge, this is the first time that the rapid initial steps of
the Kennedy pathway, particularly the PA to DAG conversion,
have been traced in living cells. Note that the PC curve does
not start at 0%, as would be expected if the Kennedy pathway
were the only route to incorporate fatty acids into PC. Instead,
there is an offset that can be explained by the contribution of
direct incorporation of labeled fatty acid during the pulse
period to form PC from lyso-PC by LPCAT, which is part of
the Lands cycle (Figure 5c, red arrows). The data therefore
allow direct determination of relative contributions of the two

Figure 4. Application in different model systems. E. coli (E. coli) was
grown for 3 h with 20 μM alkyne fatty acids as indicated, single
Drosophila L3 larvae (Droso) were opened and incubated for 30 min
with 50 μM alkyne lipids as indicated. Saccharomyces cerevisiae (Sc)
was incubated for 2 h with 50 μM alkyne-oleate. Lipids were extracted
and lipid extracts were subjected to detection reaction, TLC separation
and fluorescence imaging using the standard protocol. The amounts
loaded correspond to 1 mL E. coli culture (lanes 1, 2), one single L3
larva (lanes 3, 4) and 2 mL of yeast culture (lane 5). Note that lanes
1−4 are from one plate, lane 5 is from a separate experiment with
different running distances of solvent systems 1 and 2, leading to
different positions of lipids on the plate.
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pathways. For PE, the labeling via the Lands cycle appears to be
dominant over the Kennedy pathway, since the labeling
apparently did not increase during the 30 min chase period.
To analyze whether over longer periods some of the initially
formed PC is further metabolized to other glycerolipids, we
performed long-term labeling with sn-1-alkyne-oleoyl-sn-2-
lysoPC, which resulted, as expected,27 in very strong labeling
of cellular PC (Figure 5d, left lane). Upon 1 or 3 h chase
(Figure 5d, mid and right lane), increasing fractions of the label
were found in PE and TAG, consistent with metabolism
mediated by PLD- or PLC-dependent pathways.
Finally, we analyzed the differential metabolism of fatty acids

by adipocytes and hepatoma cells. Driven by the use of medium
chain triglycerides as diet components for body weight

reduction or in parenteral nutrition,28 there are numerous
studies in hepatocytes and adipocytes comparing metabolism of
labeled palmitate or oleate with labeled octanoate,28−31 but a
comprehensive analysis covering metabolism of a broad
spectrum of labeled fatty acids in different cell types has not
been presented to date. Therefore, a broad range of terminal
alkyne fatty acids (C5−C19) were fed to differentiated 3T3-L1
adipocytes and to HuH7 hepatoma cells at 50 μM for 1 h. Lipid
extracts were either directly click-analyzed (Figure 6a,b) or
subjected to alkaline hydrolysis followed by click-analysis
(panels c,d). The hepatoma cells did not incorporate significant
amounts of short and medium chain precursors (C5−C11) into
phospholipids or neutral lipid (panel b), while C13, C17, and
C19 fatty acids were used for synthesis of both phospholipids
and neutral lipids. Alkaline hydrolysis (panel d) showed no
detectable elongation or shortening of the incorporated fatty
acids. In striking difference, 3T3-L1 adipocytes incorporated
significant amounts of all fatty acids longer than six C-atoms
(panel a). Combination of quantitative analysis of incorpo-
ration into lipid classes (panel e) and fatty acid length
determination after alkaline hydrolysis (panel c) revealed the
complexity of fatty acid usage in these cells. The C7 and C9
fatty acids were partially elongated to C17, and the C9 fatty
acid was also partially shortened to C7. The C7 and C9 fatty
acids were predominantly found in TAG (see the low mobility
TAG in lanes 3 and 4), while the elongated species were
incorporated into DAG and phospholipids (see the PC band in
lanes 3 and 4, which have a higher mobility than the PC band in
lane 5 and equal that of PC in lane 7). Part of the elongated
fatty acid was also found in TAG (see the high mobility TAG
bands labeled with an asterisk in lanes 3 and 4). Fatty acids
C11, 13, 17, and 19 were neither elongated nor shortened
during the 60 min time period of feeding but were incorporated
directly (panel c). Quantitatively, the C11 and C13 fatty acids
were predominantly found in TAG, while C17 and C19 equally
distributed over phospholipids and neutral lipids. Also, major
amounts of C11 and C13 fatty acids were found in the
intermediate DAG. Globally, this analysis demonstrates that
fatty acid metabolism very specifically depends on cell type and
fatty acid chain length. It shows that it is not sufficient to study
two or three different fatty acids, because each single fatty acid
has an individual metabolic profile governed by the relative
rates of uptake, elongation, degradation, and the various
possible acylation reactions. A striking example is the C11
alkyne fatty acid. In hepatoma cells, it is not used at all in
anabolism; in 3T3-L1 cells it is found in TAG and DAG, but
only in traces in phospholipids. It appears that it can be used
preferentially by DGAT enzymes to acylate DAG and also to
some extent by GPAT and/or LPAAT resulting in the labeled
DAG. This DAG appears to be a poor substrate for pathways
leading to phospholipids, because hardly any phospholipid is
found despite a major pool of labeled DAG. The C7 alkyne
fatty acid is another interesting example for differential use in
acylation reactions. Whereas about 80% of the labeled DAG
contains elongated species, only 16% of the labeled TAG is
elongated, while the majority contains the C7 acid, indicating
that the major pathway for its use is by DGAT, but not by
GPAT and LPAAT. Studies like this should become part of a
routine metabolic characterization of cells and tissues. An even
broader coverage of labeled fatty acids, including very long and
polyunsaturated alkyne species,11 will further increase the value
of the findings.

Figure 5. Applications in pulse-chase analysis and model systems. (a,
b) Pulse chase alkyne-oleate labeling of COS7 cells. Cells grown
overnight in DMEM + 10% (v/v) DL-FCS were pulse labeled for 2
min with 50 μM alkyne-oleate in Ringer buffer plus 1% FA-free BSA.
Pulse medium was removed, and cells were washed with PBS/1% (w/
v) FA-free BSA and chased in DMEM + 10% (v/v) DL-FCS + 50 μM
oleate for times as indicated. Chase media were removed, and cells
were washed with ice-cold PBS/1% (w/v) FA-free BSA and PBS and
collected. Lipids were extracted and analyzed according to the
standard procedure. (b) Quantification of panel a. Data are expressed
as % of total signal per lane. Bands were identified by co-migrating
synthetic standards. XY denotes an unidentified (phospho)lipid, likely
PS or PI, for which we have not yet synthesized an according standard.
(c) Pathways of fatty acid incorporation. Black arrows: Kennedy-
pathway. Red arrows: Lands-cycle. (d) COS7 cells were incubated for
1 h with 20 μM of sn-1-alkyne-oleoyl-sn-2-lysoPC (prepared from
dialkyne-oleoyl-PC by snake venom PLA2 digestion and purification
on a silica column). The labeling medium was removed, and cells
cwere hased for 1 or 3 h, followed by lipid extraction and click
detection using the standard protocol. The picture shows an exposure
with a saturated PC band to better visualize the PE and TAG; the
quantification was done from a non-saturated exposure. Numbers in
the picture indicate the fraction of PC, PE, and TAG as % of lane.
Note that the supplemented LPC is rapidly converted to PC followed
by slow conversion to PE and TAG, presumably by PLD- and PLC-
dependent pathways.
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■ METHODS
Synthesis. Chemical synthesis of alkyne-lipids used in this study

can be found in Supporting Information.
Cell Culture. A431 and COS7 cells were maintained in DMEM

(Gibco 31966), supplemented with 10% (v/v) FCS. Huh7 cells were
cultured in RPMI (Gibco 31870) with 10% (v/v) FCS, 0.1 mM
nonessential amino acids, 2 mM L-glutamine, and 10 mM HEPES. All
cells were kept at 37 °C and 5% (v/v) CO2.
Primary hepatocytes were obtained by perfusion of mouse liver with

collagenase according to published procedures and were kept in
Williams E medium (Gibco Nr. A12176-01).
Fatty Acid Labeling. Cultivated mammalian cells were labeled by

supplementation of fatty acids in the respective growth media at final
concentrations of 5−50 μM. For labeling of mouse liver, the liver was

perfused with Williams E medium supplemented with 10 mg mL−1

fatty acid free BSA, 66 μM alkyne-oleate, and 33 μM alkyne-palmitate
at a flow rate of 5 mL min−1. E. coli strain BL 21 were grown in
minimal medium (M9 supplemented with 0.5% (w/v) glucose and 3
mg L−1 FeSO4·7H2O) and incubated for 3 h with 20 μM alkyne fatty
acids in minimal medium plus 5 mg mL−1 BSA. Drosophila
melanogaster L3 larvae were opened by longitudinally cutting the
cuticle and incubated in PBS supplemented with 10 mg mL−1 BSA and
50 μM alkyne fatty acid for 40 min.

Imaging of TLC Plates. For excitation, we used a LED lamp (10 ×
1 W 420 nm LEDs, Roithner Lasertechnik, Vienna, Austria), equipped
with a HEBO V01 (Hebo Spezialglas) excitation filter. Images were
acquired with a Rolera MGI plus EMCCD camera (Decon Science
Tec), equipped with a 494/20 and 572/28 bandpass emission filter

Figure 6. Cell type and chain length specific fatty acid metabolism. 3T3-L1 adipocytes (a, c) or HuH7 hepatoma cells (b, d) were grown in 3.5 or 6
cm plates, respectively, and supplemented for 1 h with 50 μM of ω-alkyne fatty acids as indicated below the figure (numbers in the labeling refer to
total number of C-atoms including the triple bond; 5−17 are saturated (except for the ω-alkyne group) FAs, 19 is alkyne oleate). Cells were washed,
scraped, and subjected to lipid extraction, and lipids extracts were dried. One-quarter of the extract was subjected to detection reaction, TLC
separation, and fluorescence imaging using the standard protocol (panels a, b). A second quarter was subjected to alkaline hydrolysis followed by
detection reaction, TLC separation, and fluorescence imaging (panels c, d). Lanes S1−S4 are clicked synthetic standards as indicated at the right of
panel b. Note that standards S3 + S4 are synthesized using alkyne-oleate (C19) and therefore have higher mobility than the corresponding species
with shorter fatty acids in lanes 3−7. The asterisks in panel a indicate the elongated TAG and DAG species, and the double asterisk in panel c
indicates a background band. (e) Quantification of data in panel a. The bars correspond to mean ± SD of three independent experiments.
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wheel, all under control of GelPro analyzer (Media Cybernetics)
software. Using a macro, at total of 16 images of each plate are taken,
with each of the two filters eight images with exposure times between
20 ms and 5 s.
To correct for inhomogeneities in illumination intensity and camera

sensitivity, a picture of an empty plate without the emission filter was
taken. Using the Fiji software package (www.fiji.sc), fluorescence
images were divided through this picture. If necessary, particularly if
very small amounts of sample were used, some background bands with
broad fluorescence emission can be reduced by subtraction of a picture
obtained in the 572 nm (noise) channel from that obtained in the 494
nm (signal) channel. Final quantification was performed using the
GelPro analyzer software.
Standard Procedure. All values calculated for 3 cm dishes: Cells

are incubated with alkyne-compounds (typically 5−50 μM alkyne fatty
acid) in regular growth medium supplemented with 10 mg mL−1 fatty
acid free BSA and washed twice with 1 mL PBS + 10 mg mL−1 fatty
acid free BSA and once with 1 mL PBS. Cells are scraped into 0.3 mL
PBS and transferred into a 2 mL tube. Methanol (0.6 mL) and
chloroform (150 μL) are added, and the tube is briefly vortexed to
obtain a single liquid phase with most of the cellular protein forming a
precipitate (if a two-phase mixture forms, add methanol dropwise until
a single phase forms). The tube is centrifuged at 14000g for 2 min, the
supernatant is transferred into a fresh tube, and the pellet is discarded
(can be used for analysis of protein if necessary). Chloroform (300
μL) and 0.1% (v/v) aqueous acetic acid (600 μL) are added followed
by vortexing and centrifugation at 14000g for 5 min. The upper
aqueous phase is discarded, and the lower organic phase is transferred
into a fresh 1.5 mL reaction vessel (Sarstedt Nr. 72.690.001) and dried
in a speed-vac. The dry lipid pellet is redissolved by addition of 7 μL
chloroform, followed by addition of 30 μL click reaction mixture (5 μL
of 44.5 mM 3-azido-7-hydroxycoumarin, 500 μL of 10 mM
[acetonitrile]4CuBF4 in acetonitrile, 2 mL ethanol). The tube is
incubated in a heating block (Eppendorf Thermomixer comfort, 24 ×
1.5 mL block, 42 °C, no shaking), until all solvent is condensed under
the lid of the tube (typically 3 h). Note that the concentration
achieved by evaporation is of crucial importance, because it drives the
reaction to completion. The tube is briefly centrifuged, and the lipids
are redissolved by mixing for 1 min at 42 °C and applied onto a 20 cm
× 20 cm silica TLC plate (no UV-indicator, Merck No. 1.05721.0001).
The plate is developed in CHCl3/MeOH/water/AcOH 65/25/4/1 for
10 cm, dried for 2 min in a warm stream of air, and developed again for
18 cm in hexane/ethyl acetate 1/1. The plate is briefly dried in a
stream of warm air and soaked for 5 s in 4% (v/v) N,N-
diisopropylethylamine in hexane. The plate is placed in a hood for 1
min to evaporate excess solvent, followed by fluorescent imaging (ex
420 nm, em 482−502 nm).
For large-scale applications in small dishes, particularly 96-well

plates (Supplementary Figure 6), scraping of cells is inefficient and
time-consuming. Therefore, lipid extraction is performed on the plate.
After labeling and washing, the plate is centrifuged upside down for 1
min at 500g to remove excess liquid. Then, CHCl3/MeOH 1/5 (100
μL per well) is added, and the plate gently agitated for 1 min. This
extract is transferred into 1.5 mL tubes, dried in the speed-vac, and
click reacted according to the standard protocol. To compensate for
the small surface of a 96-well (1/29 of a 6-well), a longer labeling time
of 75 min with reduced fatty acid concentrations of 5−20 μM should
be selected.
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