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A highly sensitive protocol for microscopy of alkyne lipids
and fluorescently tagged or immunostained proteins®
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Abstract The demand to study the cellular localization of
specific lipids has led to recent advances in lipid probes and
microscopy. Alkyne lipids bear a small, noninterfering tag
and can be detected upon click reaction with an azide-coupled
reporter. Fluorescent alkyne lipid imaging crucially depends
on appropriate azide reporters and labeling protocols that
allow for an efficient click reaction and therefore a sensi-
tive detection. We synthesized several azide reporters with
different spacer components and tested their suitability for
alkyne lipid imaging in fixed cells. The implementation of a
copper-chelating picolyl moiety into fluorescent or biotin-
based azide reagents strongly increased the sensitivity of the
imaging routine. We demonstrate the applicability and evalu-
ate the performance of this approach using different lipid
classes and experimental setups. As azide picolyl reporters
allow for reduced copper catalyst concentrations, they also
enable coimaging of alkyne lipids with multiple fluorescent
proteins including enhanced green fluorescent protein. Al-
ternatively, and as we also show, microscopy of alkyne lipids
can be combined with protein detection by immunocyto-
chemistry.Bll In summary, we present a robust, sensitive, and
highly versatile protocol for the labeling of alkyne lipids with
azide-coupled reporters for fluorescence microscopy that
can be combined with different protein detection and imag-
ing techniques.—Gaebler, A., A. Penno, L. Kuerschner, and
C. Thiele. A highly sensitive protocol for microscopy of al-
kyne lipids and fluorescently tagged or immunostained pro-
teins. J. Lipid Res. 2016. 57: 1934-1947.

Supplementary key words click chemistry ¢ lipid imaging ® copper-
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A plethora of lipid species and a delicate network of
lipid-lipid and lipid-protein interactions contribute to the
form and function of biological membranes (1). It is still
challenging to analyze the transport and localization of lip-
ids in intact membranes by fluorescence microscopy. In
contrast to macromolecules such as proteins, a direct fluo-
rescent tagging of lipids [reviewed in (2) ] remains difficult.
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Any tag may alter the structural and physical characteristics
of these small, hydrophobic molecules and may therefore
influence their localization (3), spatial dynamics (4), and
metabolism (5). Furthermore, most lipids lack reactive
functionalities toward aldehydes and hence fixation proce-
dures cannot completely abolish lipid mobility (6). There-
fore great care should be taken when interpreting data
using any lipid probe except isotope-labeled lipids.
Generally the impact of the tag on the lipid characteris-
tics should be kept as small as possible. Because isotope-
labeled lipids (7-10) are not detectable by fluorescence
microscopy, the need for small tags has brought alkyne lip-
ids into the focus of intense research. The small nonfluo-
rescent alkyne tag is introduced into the lipid structure and
allows for its detection after conjugation to a reporter mol-
ecule bearing an azide. This chemical reaction can be per-
formed in biological environments and under physiological
conditions using the copper (I)-catalyzed azide-alkyne cy-
cloaddition (CuAAC) (11, 12), a type of click reaction (13)
from a set of useful bioorthogonal labeling strategies (14).
Apart from imaging (15-19), alkyne lipids have been
successfully used as lipid probes in a variety of applications,
such as protein lipidation [reviewed in (20) ], lipid-protein
interaction studies (21, 22), metabolic tracing (23), and in
vitro enzymatic assays (24). This broad applicability further
allows the experimenter to gain high-content data regarding
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metabolism and localization of the lipid with different ex-
perimental methods from one individual sample.

As for the positioning of the alkyne moiety within the lipid
molecule, several approaches have been taken. The tag has
been synthetically introduced at the omega-terminal position
of fatty acyl chains (23, 25), in sphingoid bases (24), as part of
phospholipid headgroup precursors (16), within sterol side
chains (18, 26, 27), or at a cholesterol methyl group (19).
Given its size and properties, the alkyne group does not alter
the polarity and only minimally changes the structure and
hence biochemical characteristics of the lipid (24, 28).

While copper-free reactions of strain-promoted alkynes
and azides have been described (29), a main strength of
CuAAC is its speed and performance at physiological reac-
tion conditions. However, the requirement for the copper
catalyst accounts for the limited compatibility of this type of
click reaction with studies in living biological specimens, as
the catalyst is cytotoxic [discussed in (30)].

For imaging of alkyne lipids in biological membranes,
the feasibility of CuUAAC highly depends on azide reporters
that are able to penetrate the hydrophobic interior of the
membrane in order to meet the alkyne reaction partner
and simultaneously engage with the copper catalyst. Thus,
the characteristics of the azide detection reagent are likely
to have a direct influence on labeling sensitivity. For label-
ing of cell surface proteins or biomolecules inside the cell
(31, 32), the introduction of copper-chelating moieties
into the azide reporter have greatly enhanced the reaction
rate of CuAAC and thus increased its sensitivity. This ap-
proach also represents a promising strategy for alkyne lipid
detection in membranes.

Here we describe advanced azide reporters for lipid lo-
calization studies using alkyne lipids as tracers. Having op-
timized the reporter and reaction procedures, we present a
set of robust and convenient protocols for the subcellular
detection of alkyne lipids in fixed cells by CuAAC and fluo-
rescence microscopy. Specific emphasis has been given to
7) high sensitivity and i) compatibility of the procedures
with colocalizations studies involving immunocytochemis-
try and fluorescent protein markers.

MATERIALS AND METHODS

Chemical synthesis

The syntheses of the azide detection reagents azido-PEG3-
biotin (AP3Btn), 8-(5-azidopentyl)-4,4-difluor-1,3,5,7-tetramethyl-
4-bora-3a,4a-sindacene-2,6-disulfonic acid disodium salt (ASBDP),
and of all alkyne lipids used here were described earlier (18, 23,
24). The syntheses of the reagents azido-PEG6-biotin (AP6Btn),
azido-PEG10-biotin (AP10Btn), azido-picolyl-PEG2-biotin (AP-
pic2Btn), and azido-picolyl-sulfo-tetramethyl-BODIPY (ApicSBDP)
are provided in the supplemental data. Azido-picolyl-sulfo-Cyb
(ApicSCyb; #CLK-AZ118) and azido-sulfo-Cyb (ASCy5; #CLK-1177)
were from Jena Bioscience, Germany. The molecular structures of
all reagents are available in supplemental Fig. S1.

Plasmids

pcDNAS3.1 (Invitrogen) was used to construct the plasmids for
colocalization studies in alkyne lipids and mitochondria. All plas-
mids contain the native presequence (MLRAALSTARRGPRLSRLL)

of rat alcohol dehydrogenase (ALDH) followed by the first 17
amino acids of ALDH (SAAATSAVPAPNQOQPEV), a linker (8
amino acids; FCNQIFSR), and one of the fluorescent proteins
enhanced green fluorescent protein (EGFP), enhanced yellow
fluorescent protein (EYFP), tdTomato, mCherry, mPlum (all from
Clonetech), monomeric teal fluorescent protein 1 (mTFP1; Allele
Biotechnology), monomeric red fluorescent protein 1 (mRFP1;
Roger Y. Tsien laboratory), Emerald GFP (EmGFP; Invitrogen),
or monomeric Kusabira Orange 1 (mKO1; MBL). All constructs
were sequence verified. Phylogenetic tree analysis was performed
using the ClustalW2 website.

Antibodies

The antibodies, their dilutions, and incubation conditions
used in this study were as follows: Anti-Tom20 (Santa Cruz #sc-
11415, 1:1,000, 1 h room temperature), anti-PDI (Stressgen
#SPA891, 1:200, 1 h room temperature), and anti-Lampl (Abcam
#ab25245, 1:1,000, 1 h room temperature). Secondary antibodies
were labeled with Alexab55 (Invitrogen).

Cell culture

HuH7 hepatoma cells were grown in RPMI 1640 (Gibco
#72400) supplemented with 0.1 mM nonessential amino acids
and 10% FCS (Gibco #10270). A172 glioma cells and MEF (mouse
embryonic fibroblast) cells were cultured in DMEM medium
(Gibco #31966) containing 10% fetal calf serum and 1% penicil-
lin/streptomycin (for MEF cells, Gibco). All cells were maintained
at 37°Cand 5% (v/v) COs,.

Click labeling and sample preparation for microscopy

A robust, basic protocol for alkyne lipid imaging in fixed cells
has been described before (18). Based on the published protocol
we have now developed three optimized protocol variants to en-
hance the sensitivity of alkyne lipid microscopy (variant A), and/
or to combine imaging of alkyne lipids and fluorescent fusion
proteins (variant B), or to allow for parallel protein detection by
immunocytochemistry (variant C).

Click-labeling protocol (variant A).  Cells were grown on glass cov-
erslips and incubated with medium containing FCS and 10 or 2.5
M alkyne lipid for 16 h and subsequently washed with 1% delipi-
dated BSA in PBS, and with PBS alone. Cells were fixed in 3.7%
formalin in PBS for at least 16 h and washed twice with PBS. Gen-
erally, all wash steps of fixed cells were performed for 10 min
while gently agitating the samples. After washing once with 500
mM Tris/HCI, pH 7.4 and twice with click buffer (100 mM
HEPES/KOH, pH 7.4), the samples were placed in a water bath at
43°C. The buffer was removed and 1 ml of prewarmed click buffer
containing the azide detection reagent (generally at 10 uM con-
centration, but see figure legends for occasional exceptions) was
added, followed instantly by the injection of 20 pl of 10 mM
tetrakis(acetonitrile) copper(I) fluoroborate (CuTFB) in acetoni-
trile into the reagent solution (final concentrations: 200 pM
CuTFB and 2% acetonitrile in the reaction mix) and brief agita-
tion. After 15 min incubation, another 10 pl of copper catalyst
solution was added. After another 15 min, the reagent solution
was removed and samples were washed with click buffer two times.
Samples probed with biotinylated azide reagents were washed se-
quentially with PBS and blocking buffer (PBS containing 2%
BSA), and then incubated upside down on parafilm in a 30 pl
drop of 1:120 streptavidin-Alexa488 (Dianova) in blocking buffer
for 60 min, followed by two wash steps with blocking buffer. These
steps were left out for samples probed with fluorescent azide re-
porters. Finally, all samples were washed with PBS six times and
once with water before mounting in Mowiol 4-88 (Calbiochem).
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Click-labeling protocol (variant B) for coimaging with fluorescently labeled
proteins.  Cells were transfected with vectors containing cDNA cod-
ing for fluorescent proteins using Lipofectamine2000 (Invitrogen)
according to the manufacturers protocol. After 16 h, cells were incu-
bated for 2 h with 1 uM (28,3 R)-2-aminooctadec-17-yn-1,3-diol (al-
kyne-sphinganine) added to the growth medium from ethanolic
stock solutions. Cells were fixed by adding 1 ml of 3.7% formalin in
click buffer and incubation for at least 16 h. Samples were washed
sequentially with click buffer, 155 mM ammonium acetate, and click
buffer before being placed in a water bath at 43°C. The buffer was
removed and 1 ml of prewarmed click buffer containing 10 pM
ApicSCyb or ASBDP was added per well. Instantly, the reaction was
started by addition of 20 pl of 10 mM or 100 mM CuTFB in acetoni-
trile (final concentrations: 200 wM or 2 mM, respectively), followed
by brief agitation. After 15 min incubation, another 10 pl of copper
catalyst solution was added. After a total of 30 min, the reagent solu-
tion was removed and the samples were washed with click buffer six
times. Samples were mounted in Mowiol 4-88.

Click-labeling protocol (variant C) for the combination with immuno-
Sluorescence and cell organelle stains.  Cells were grown on glass cov-
erslips and incubated with medium containing FCS and 1 pM
nonadec-9-cisen-18-ynoic acid (alkyne-oleate) for 24 h and
washed with PBS. Samples were fixed in 3.7% formalin in PBS for
10 min and washed sequentially with PBS, 155 mM ammonium
acetate, and PBS.

For immunofluorescence, antibody staining was performed
before the click reaction. In detail, cells were permeabilized for
15 min in permeabilization buffer A [PBS/1% cold fish gelan-
tine/0.01% saponin (Applichem #A2542)] for permeabilization
of plasma membrane only or permeabilization buffer B (PBS/1%
cold fish gelantine/0.1% saponin) for permeabilization of all cel-
lular membranes. Cells were incubated with the primary and sec-
ondary antibodies in the corresponding permeabilization buffer
for 1 h. Before the click reaction, cells were washed with click buf-
fer before placing in a water bath at 43°C. The buffer was removed
and 1 ml of prewarmed click buffer containing 10 pM ASBDP was
added per well. Instantly, the reaction was started by addition of
20 pl of 100 mM CuTFB in acetonitrile (final concentration 2 mM)
and brief agitation. After 1 h incubation, the reagent solution was
removed and the samples were washed sequentially with click buf-
fer, 20 mM EDTA, 155 mM ammonium acetate, and three times
with PBS. Coverslips were mounted in Mowiol 4-88.

Mitotracker CMXRos (Molecular Probes #M7512) staining was
performed according to the manufacturer’s instructions before
the fixation and click reaction. In brief, living cells were incubated
with 50 nM Mitotracker probe in growth medium for 15 min be-
fore washing and fixation as above. Before the click reaction, cells
were washed with click buffer before placing in a water bath at
43°C. The buffer was removed and 1 ml of prewarmed click buffer
containing 10 pM ASBDP was added per well. Instantly, the reac-
tion was started by addition of 20 pl of 100 mM CuTFB in acetoni-
trile (final concentration 2 mM), followed by brief agitation. After
1 h incubation, the reagent solution was removed and the samples
were washed sequentially with click buffer, 20 mM EDTA, 155 mM
ammonium acetate, and three times with PBS. Coverslips were
mounted in Mowiol 4-88.

Staining of cellular nuclei by 4’,6-diamidino-2-phenylindole
(DAPI) and lipid droplets by 4,4-difluoro-2.3,5.6-bis-tetrameth-
ylene-4-bora-3a,4a-diaza-sindacene (LD540) (33) was performed
directly before mounting.

Microscopy

Epifluorescence microscopy was performed using a Zeiss
Observer.Z1 microscope (Carl Zeiss) equipped with a CoolSNAP
K4 (Photometrics) or Orca-Flash4.0 (Hamamatsu) camera (see
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figure legends for details), a Polychrome V 150 W xenon lamp
(Till Photonics), and a Plan-Apochromate 63x (1.40 NA) DIC Oil
or a Fluar 40x Oil (1.30 NA) objective (Zeiss). Optical sectioning
was performed using Zeiss ApoTome.

Image processing and data analysis

Images were processed using Fiji (34) or Adobe Photoshop 6.0.
Maximum intensity projections were calculated from Z-stacks us-
ing Zeiss Zen Blue software. For comparing the sensitivity of the
different azide detection reagents, all samples were processed in
parallel and images were taken at the same exposure times and
postprocessed in the same way using Fiji. If indicated, images were
corrected for illumination by dividing pixel values by those of an
image displaying illumination inhomogeneities of the microscope
setup. Cell outlines were manually marked as regions of interest
(ROIs) and the mean alkyne lipid signal of each ROI was mea-
sured. See figure legends for details on the quantification.

Calculations and statistical analyses were carried out using Micro-
soft Excel 2011 and Graphpad Prism 6 software. One-way ANOVA
was performed to determine whether values were different from
each other with statistical significance. Asterisks refer to P values
computed for the data: **¥* P < (0.0001; *** 0.0001< P < 0.001;
*#(0.001< P< 0.01; % 0.01 < P< 0.05; n.s. (not significant), P> 0.05.

Molecular structures were drawn using ChemDraw software
(CambridgeSoft Corporation, Version 8.0 Ultra), or Chem Doodle
software (iChemLabs, Version 7.0). To obtain 3D models of mole-
cules, structures were energetically optimized in Avogadro soft-
ware, Version 1.1.1 (35), using the MMFF94 force-field protocol to
minimize energy. Optimized structures were visualized and intra-
molecular distances measured using PyMOL software (Schrodinger,
LLC). The dipalmitoylphosphatidylcholine (DPPC) bilayer model
was kindly provided by Jeffrey Klauda, University of Maryland, as a
free download file [323.15 K, 72 lipids, CHARMMS36 force field
simulation, tensionless ensemble (NPT) (36)].

RESULTS

We have previously developed a CuAAC-based protocol
for fluorescence microscopy imaging of alkyne lipids in
fixed cells (18). The established protocol uses 2 mM CuTFB
and either a directly fluorescent azide reporter (ASBDP)
or a biotin-conjugated azide reporter (AP3Btn) with sub-
sequent binding of a fluorescent streptavidin probe [see
Fig. 1 for structural representations of all azide reporters
used here and previously (18)].

Structural optimization of azide reporters for alkyne lipid
imaging

In order to optimize the established imaging protocol,
we aimed to enhance the sensitivity of the detection by op-
timizing the azide reporter for efficient penetration into
the cellular membranes. Accessibility issues of the reporter
to the tracer may be minor for alkyne lipids that carry the
tag at the headgroup placing it outside of the membrane
(Fig. 2). However, they are critical for lipids where the al-
kyne moiety is positioned at the terminus of the hydrocarbon
chain and thus buried within the membrane. Moreover,
access to more rigid lipid molecules such as the cholesterol
analog alkyne-cholesterol is particularly challenging. Rather
bulky or hydrophilic azide reporters without linker groups
will thus yield only a low signal intensity when used in the
conventional protocol.
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Fig. 1. Structures of azide reporters used in this study, after click reaction with (25R)-25-ethinyl-26-nor-33-hydroxycholest-5-en (alkyne-
cholesterol) and compared with a DPPC bilayer. The azide reporter reagents tested in this study, each click-reacted to alkyne-cholesterol, are
depicted next to a DPPC bilayer [left side (36)], including tightly associated water molecules, as a model membrane. The conjugates are
displayed to scale to each other and to the membrane. The hydroxyl group of cholesterol has been lined up with the bilayer surface to give
a realistic approximation of the possible orientation of the conjugates inside the bilayer, under the assumption that they are in a stretched
conformation. Azido-biotin reagents with different polyethylene glycol (PEG) spacer lengths were included in the study (AP3Btn, APpic2Btn,
AP6Btn, and AP10Btn), as well as sulfonated reagents based on the fluorescent dyes tetramethyl-BODIPY (ASBDP and ApicSBDP) and Cyb
(ASCy5 and ApicSCyb). Three of the reagents feature a copper-chelating picolyl moiety (pic) in their spacer component. Lengths of the

click-conjugates are given in angstréom (white numbers and dotted lines).

Therefore, we synthesized a set of different biotin-conju-
gated azide detection reagents that possess the same funda-
mental structure as AP3Btn. In detail, the azide moiety in
AP3Btn is connected to the biotin via a PEG spacer with
three ethylene glycol units (Fig. 1). Compared with AP3Btn,
the newly synthesized reagents differ in spacer length
(AP6Btn and AP10Btn) or the additional capability to
chelate copper (APpic2Btn). With this set of reagents, we
addressed two questions: First, what is the optimal length
of the spacer component? Second, does our click reaction
protocol benefit from copper chelation by the azide
reporter?

Accessibility of alkyne labels inside membranes for CUAAC

RRRRTRRRR 5 RRRRERERRRR o RRRRRR ERRXR
WULRLNINLEY ™ WUNLNLLEL ~ NLNRLIL

alkyne label at
surface of membrane
(e.g. in headgroup)

alkyne label buried
deeply in membrane
(e.g. in acyl chains)

alkyne label in rigid
lipids and hydrophobic
environments
(e.g. cholesterol side chain)

To create a more challenging setup compared with the
established protocol (18), we used a reduced copper con-
centration (200 pM instead of 2 mM CuTFB) and a lower
concentration of azide reporter (10 uM instead of 50 pM).
In detail, A172 cells were incubated for 16 h with 10 uM of
different alkyne lipids. Subsequently, cells were fixed and
subjected to the click reaction under the more challenging
conditions. We then evaluated the alkyne lipid staining visu-
ally and quantitatively for each combination of alkyne lipid
and azide reporter (Fig. 3). In general, the signal for alkyne-
oleate was stronger than that of the other lipids, so different
exposure times were used, 50 ms for alkyne-oleate (Fig. 3A,

Fig. 2. Schematic representation of alkyne label ac-
cessibility as a function of its position in a bilayer. The
accessibility of the alkyne label (red) incorporated in a
lipid molecule depends on its localization in biological
membranes. Alkyne moieties on the surface of a bi-
layer show highest accessibility for click reaction with
an azide reporter and the copper catalyst. The embed-
ding of the alkyne label within the hydrophobic part of
membranes yields lower accessibility, especially if rigid
molecules are tagged.
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Fig. 3. Atlow azide reporter and copper concentration, only a picolyl-containing azido-biotin-based reporter yields a signal significantly
above background. A172 cells were incubated with medium supplemented as indicated with 10 wM alkyne-oleate, alkyne-cholesterol, or
propargylcholine, or in medium without lipid supplementation for 16 h. After fixation, cells were click-labeled using 10 puM or 2 pM azide
detection reagent and 200 M CuTFB. Epifluorescence images were taken with 50 ms (alkyne-oleate; A, B) or 100 ms (alkyne-cholesterol or
propargylcholine; C, D) exposure. Cells were identified by staining the nuclei with DAPI. To demonstrate signal-to-noise ratios, the micro-
graphs shown here are adjusted to the same display level in every column (control lacking alkyne lipid compared with lipid-incubated sam-
ple), but not in every row. Color-coding of the micrographs (A, C) corresponds to the diagrams in B and D and to Figs. 1, 4, and 5. Scale bars,
20 pm. E: Schematic representation of the general workflow used in quantification of the signal intensity of alkyne lipids click-reacted with
various azide detection reagents in microscopy. In multiple images or large stitched tile images, cells were identified by their morphological
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B) and 100 ms for alkyne-cholesterol and propargylcholine,
respectively (Fig. 3C, D). Alkyne-oleate showed the highest
signal-to-noise ratios, whereas alkyne-cholesterol gave the
least signal, proving itself as the most challenging lipid of
those tested. The choice of the azide reagent greatly influ-
enced the signal-to-noise ratio. In detail, the azide reporter
containing the copper chelating picolyl moiety, APpic2Btn,
gave the brightest staining. Therefore, a sample with a re-
duced concentration of the APpic2Btn reagent (2 uM) was
additionally included and also gave a prominent labeling.
Generally, the background signal in samples without alkyne
lipid was very low. In the challenging setup, however, the
background signal became relevant for those samples in
which a lipid that is particularly challenging to access,
namely alkyne-cholesterol, was probed with an azide re-
agent that does not contain a picolyl moiety.

To quantify our observations on imaging sensitivity, the
mean signal derived from the alkyne lipids in every indi-
vidual cell was measured in six images taken at defined po-
sitions of the sample (Fig. 3E). In the challenging setup
used here, all alkyne lipids tested were detected very sensi-
tively with 2 or 10 wM APpic2Btn, resulting in a signal sta-
tistically highly significant above background, compared
with the signal in control samples lacking alkyne lipid (Fig.
3B, D). The use of the other biotin-based reagents (AP3Btn,
AP6Btn, and AP10Btn), as well as of the fluorescent AS-
BDP, resulted in a much lower signal and hence lower de-
tection sensitivity. While their signal is clearly visible in
micrographs and is associated with cellular features (Fig.
3A, C), the mean signal intensity is not above background
levels in the challenging setup (Fig. 3B, D). Interestingly,
when probing with APpic2Btn, we noticed a differential ef-
fect of the used concentration on sensitivity for different
lipids. For headgroup-tagged phosphatidylcholine (PC), in
which the propargylcholine label is present at the surface
of the bilayer, no significant increase in detection sensitiv-
ity was observed when using 10 uM compared with 2 pM
of APpic2Btn (Fig. 3D). In contrast, the higher reporter
concentration greatly improved the detection levels of the
metabolites of alkyne-oleate (Fig. 3B), and especially al-
kyne-cholesterol (Fig. 3D). This indicates a saturated detection
of propargylcholine-bearing PC, but not of alkyne-choles-
terol metabolites, presumably due to differences in acces-
sibility to the alkyne moiety. Additionally, by complexation
of copper, the picolyl moiety directly facilitates the access
of the catalyst to the membrane. Thus, the increased imag-
ing sensitivity at higher concentrations of APpic2Btn prob-
ably reflects a more efficient delivery of copper to the
alkyne label in the interior part of the membrane bilayer.

Introduction of a picolyl moiety into any azide reporter
greatly increases the sensitivity of alkyne lipid imaging

The introduction of a copper-chelating picolyl moiety
into the biotin-conjugated reporters led to a strong in-
crease in sensitivity for all lipids tested (Fig. 3). To assess
whether this observation is transferable to azide reporters
with intrinsic fluorescence, we performed similar experi-
ments comparing detection reagents with or without pi-
colyl group. For this, we synthesized ApicSBDP (as an
analog to ASBDP) and acquired ASCy5 and ApicSCyb from
a commercial source. We tested the sensitivity of alkyne
lipid imaging with the three pairs of azide detection re-
agents AP3Btn, ASBDP, ASCyb, or their picolyl-modified
counterparts APpic2Btn, ApicSBDP, or ApicSCyb, respec-
tively (Fig. 4). To apply very challenging conditions here
too, alkyne lipid imaging was performed using again only
200 uM CuTFB catalyst and 10 M of the fluorescent azide
reporters. In contrast to the previous experiment, however,
we also reduced the amount of available alkyne lipid by
supplementing the cells with only 2.5 wM instead of 10 pM
alkyne lipid. Our results show that alkyne-oleate- and
propargylcholine-based lipids were detectable with a high
sensitivity by using the picolyl-containing azide reagents,
whereas their counterparts lacking the copper-chelating
moiety failed to deliver signal intensities significantly above
background noise. Remarkably, while propargylcholine-
derived PC is equally well detected by all picolyl-containing
reagents, the detection of alkyne-oleate metabolites gave
weaker signal with APpic2Btn than with the other picolyl-
bearing reagents. Steric requirements may account for this
observation. Like in the previous experiment (Fig. 3), al-
kyne-cholesterol generally gave the lowest mean signal per
cell, probably because of its rigid structure and hence lim-
ited accessibility inside the membrane.

In summary, the introduction of a picolyl moiety in the
linker of any azide detection reagent lead to a substantial
increase in the sensitivity of alkyne lipid imaging, regard-
less of the alkyne lipid or the azide reporter type. This will
be of special value for the detection of lipids that are less
abundant or less accessible for CuAAC. Importantly, the
use of picolyl-containing reporters allows for a tenfold re-
duction in the concentration of the copper catalyst.

Sensitive detection of alkyne lipids with various
conventional azide reporter using a less stringent
detection regime

Our results highlight the influence of the azide reporter
on imaging sensitivity and suggest that click reactions do not
proceed as unhindered inside a membrane bilayer as outside

boundaries and marked as ROIs. Within every ROI, the mean gray value was calculated as the sum of the gray values of all pixels of the ROI
divided by the number of pixels. Data points in the diagrams (B and D; Figs. 4 and 5) thus represent the mean signal of individual cells. In
addition, the mean value and the standard deviation for all cells of a sample are given in the graphs. In detail, in this figure the mean signal
per cell for the detection of alkyne-oleate (50 ms exposure; B), alkyne-cholesterol or propargylcholine (100 ms exposure; D), and control
samples lacking alkyne lipid is shown, determined after click labeling with various azide reporters (compare example pictures in A and C).
For quantification, images were taken at six defined positions of every sample [Fluar 40x Oil (1.30 NA) objective (Zeiss), CoolSNAP K4
camera (Photometrics)] and corrected for illumination. Cell outlines were marked as ROIs and the mean signal for every individual cell
(50-100 cells in six images per sample) measured. Asterisks designate levels of statistical significance (one-way ANOVA test). If no level of
statistical significance is given for a sample and its corresponding control (no lipid), the difference is statistically not significant (n.s.).
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of it. Hence, depending on the azide reporter available as
well as the alkyne lipid of interest and its respective cellular
concentration, the optimal experimental conditions like the
reagent concentrations may need to be adjusted. Therefore,
the sensitivity of the click reaction was reexamined using in-
creased concentrations for the different biotin-based detec-
tion reagents and longer exposure times at the microscope
(Fig. 5), but otherwise the same conditions as in Fig. 3. Here,
all reporters were used at 50 WM concentration, except for
the very potent APpic2Btn, which was used at 5 pM or 0.5
wM. Micrographs (Fig. bA) and their quantitative analysis
(Fig. 5B) revealed that a sensitive detection of alkyne-oleate
(i.e., a mean signal significantly higher than that of the
control) was achieved with all reagents tested (AP3Btn,
APpic2Btn, AP6Btn, and AP10Btn). For propargylcholine
detection, AP3Btn, APpic2Btn, and AP10Btn met this crite-
rion, while for alkyne-cholesterol, only APpic2Btn led to a
signal that was about as strong as for the other lipids and sta-
tistically significant from controls. Hence, while alkyne-cho-
lesterol can be reliably detected using conventional azide
reporters without a copper-chelating moiety at 2 mM CuTFB
(18), the detection of smaller amounts of alkyne-cholesterol
or applications that require a reduced catalyst concentration
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Fig. 4. Picolyl-containing azide reporters generally
increase the sensitivity of alkyne lipid imaging. Quanti-
fication of signal intensities of alkyne lipids in HuH?7
% cells labeled with different azide detection reagents:
HuH7 cells were incubated with medium supple-
mented with 2.5 M alkyne-oleate, alkyne-cholesterol,
or propargylcholine, or in medium without lipid

:’ supplementation for 16 h. After fixation, cells were
* click-labeled using 10 wM azide detection reagent and
. 200 uM CuTFB. Epifluorescence images were taken with

50 ms exposure, a high dynamic range camera (Orca-
. Flash4.0) and an Apochromate 63x (1.40 NA) DIC Oil
objective (excluding the edges of the field of view to
assure even illumination) and stitched to one large im-
age of 1,000 x 1,000 pm for every sample. In these im-
ages, the mean signal of 80 to 160 cells was determined
as described in Fig. 3E. Data points correspond to the
mean signal of individual cells. In addition, the mean
value and the standard deviation for all cells of a sam-
ple are given in the graph. Asterisks designate levels of
statistical significance (one-way ANOVA test) for a dif-
ference in the mean of a sample and its corresponding
control (no lipid). Color-coding of the data corre-
sponds to that in Figs. 1, 3, and 5.

propargyl-
choline

(see below and Fig. 6) demand the usage of a picolyl-contain-
ing azide reporter for detection of the lipid with significant
sensitivity. Our data further demonstrate that increasing the
concentration of detection reagent per se leads to a gain in
imaging sensitivity and could hence be a useful strategy when
for example no picolyl-containing azide reagent is available.

Furthermore, for all alkyne lipids tested, our results show
that the length of the spacer has an influence on detection
sensitivity as AP3Btn gave a significantly higher signal com-
pared with AP6Btn or AP10Btn.

Compeatibility of alkyne lipid imaging with detection of
different fluorescent proteins

A variety of fluorescent proteins is successfully used to
mark specific biological features ranging from distinct cells
in tissues, organelles within cells, or even individual protein
molecules. These fluorescent proteins can be grouped into
families derived from different natural precursors, which
have been engineered to generate improved versions cover-
ing a wide range of spectral properties (37-39). A phyloge-
netic tree analysis (Fig. 6A, left) of selected fluorescent
proteins shows the close relationship of EGFP, EYFP, and
EmGFP, all originating from a protein first isolated from
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Fig. 5. Increased azide reporter concentrations significantly improve the sensitivity of alkyne lipid imaging.
A172 cells were incubated in medium supplemented with 10 wM alkyne-oleate, alkyne-cholesterol, or propar-
gylcholine, or in medium without lipid supplementation for 16 h. After fixation, cells were click-labeled using
an optimized concentration (0.5-50 M) of each azide detection reagent and 200 puM CuTFB. A: Epifluores-
cence images. Images are shown at the optimal display level each; display levels are not matching in either
rows or columns. Cells were identified by staining the nuclei with DAPI. Color-coding of the micrographs
corresponds to the quantification shown in B and Figs. 1, 3, and 4. B: Mean signal per cell for the detection
of alkyne-oleate, alkyne-cholesterol, or propargylcholine, and of control samples lacking alkyne lipid, deter-
mined after click labeling with given azide reporters. For quantification, images were taken at six defined posi-
tions of every coverslip sample [Fluar 40x Oil (1.30 NA) objective (Zeiss), CoolSNAP K4 camera (Photometrics) |
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Aequorea victoria. A second group consisting of mRFPI,
mPlum, mCherry, and tdTomato is based on the natural
protein DsRed of Discosoma striata (40), whereas mTFP1 and
mKO1 were engineered from proteins first found in Clavu-
laria and Fungia concinna, respectively. Here, we generated
fusion constructs of nine fluorescent proteins that are tar-
geted to mitochondria when expressed in mammalian cells.
To assess the quality of the fluorescent protein signal upon
CuAAC, we compared two click reaction protocols using ei-
ther 200 uM or 2 mM copper catalyst in combination with
azide reporters containing or not containing picolyl moi-
eties. As a lipid probe, we chose alkyne-sphinganine, as we
previously established its efficient targeting to mitochon-
dria (15). Because alkyne-sphinganine carries the alkyne
moiety at the terminal end of the hydrocarbon chain, it will
be deeply embedded in the targeted membrane. There-
fore, our lipid choice represents a more challenging setup
than, for example, the headgroup-labeled propargyl-PC.

Using routine sample preparations and microscopy pro-
cedures the intensity of protein fluorescence was subjec-
tively evaluated by experienced scientists (Fig. 6A, right).
This analysis primarily determines the survival of the pro-
tein fluorescence signal after CuAAC but naturally is some-
what influenced by color perception and background
characteristics. Albeit not strictly being quantitative, this
reading has proved valuable and quite useful for planning
experiments in the laboratory.

We found that EGFP, its close relatives EYFP and EmGFP,
and mTFP1 cannot be reliably detected by our microscopy
setup after exposure to 2 mM copper catalyst. However,
their signal is well retained after click reaction using 200
uM copper. All tested DsRed-derived proteins and mKO1
are compatible with both 2 mM or 200 pM copper, al-
though usually the protein signal intensity is higher after
exposure to the reduced concentration of catalyst. To il-
lustrate these findings, images of alkyne lipids colocalizing
to mitochondria marked by the different fluorescent pro-
teins are provided (Fig. 6B, C), acquired using optimal
copper concentrations as indicated in the figure.

With carefully adjusted settings, these experiments dem-
onstrate that alkyne lipid imaging after click reaction is
compatible with the detection of various fluorescent pro-
teins. Such colocalization experiments usually benefit from
the use of the picolyl-containing reporters that allow for
reduced concentrations of the copper catalyst.

Compatibility of alkyne lipid imaging with other
fluorescence microscopy methods

The use of antibodies recognizing specific protein
epitopes is a widely used technique in many laboratories.
In fixed cells, fluorescently labeled antibodies allow for

localization of a protein by fluorescence microscopy. To
facilitate access of the bulky antibody to the epitope, the
use of mild detergents during sample processing is com-
mon. However, for concomitant localization of lipids that
often are only partially immobilized during fixation, the
use of detergent is generally disadvantageous. Hence, our
protocols introduced so far avoided detergents altogether.

However, sometimes the experimental benefits from using
an antibody outbalance the trade-offs caused by the necessary
detergent application. Therefore, we sought to establish a
protocol for the combination of alkyne lipid detection by
fluorescence microscopy and antibody based immunofluoro-
cytochemistry. We optimized the fixation time for epitope
preservation and varied the detergent concentration in the
permeabilization steps. We further compared the perfor-
mance of different protocols, altering the sequence of the
labeling steps (antibody incubation and click reaction) and
washing procedures. These screening efforts yielded the fol-
lowing refinements: Cells were only briefly fixed (10 min)
and cells were subsequently permeabilized using low concen-
trations of saponin. To permeabilize the plasma membrane
only or all cellular membranes, 0.01% or 0.1% saponin was
used, respectively, depending on the localization of the pro-
tein epitope of interest. After the detection of the proteins by
antibodies, the click reaction was performed as this sequence
allowed for best epitope preservation.

Importantly, the permeabilization by saponin prior to the
click reaction did not cause apparent mislocalization of the
alkyne lipids nor did it diminish the lipid signal (Fig. 7A). Us-
ing this protocol, we were able to simultaneously image alkyne
lipids and organelles, identified by antibodies recognizing es-
tablished marker proteins as shown exemplarily in Fig. 7B. A
strong colocalization of endoplasmic reticulum (PDI) and
mitochondria (Tom20) with lipids derived from alkyne-oleate
was observed, while in contrast, lysosomes (Lampl) showed
only a weak lipid signal under the conditions applied. Finally,
we also tested the compatibility of alkyne lipid detection and
CuAAC with the use of common cellular stains. Costainings
with the established dyes DAPI, mitotracker CMXRos, and the
lipid droplet dye LD540 (33) are well possible, as all these dyes
also proved insensitive to the sample preparation procedure
using 2 mM copper catalyst (Fig. 7C).

DISCUSSION

Linker length of the azide reporter influences the
sensitivity of alkyne lipid imaging

Fluorescent alkyne lipid imaging is a powerful tool to
study the subcellular localization of lipids. This study clearly

and corrected for illumination. For all reporters, an exposure time of 400 ms was chosen to achieve optimal
signal-to-noise ratios (squares). However, for labeling with APpic2Btn, this sometimes led to overexposed im-
ages, in which case imaging was performed at 200 ms exposure (triangles). Cell outlines were marked as ROIs
and the mean signal for every individual cell (50-120 cells in six images per sample) measured. Data points
correspond to the mean signal of single cells. In addition, the mean value and the standard deviation for all
cells of a sample are given in the graph. Asterisks designate levels of statistical significance (one-way ANOVA
test). If no level of statistical significance is given for a sample and its corresponding control (no lipid), the
difference is statistically not significant (n.s.). Scale bars, 20 pm.
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demonstrates an influence of structural attributes of azide
reporters used in CuAAC for the sensitivity of alkyne lipid
detection in fluorescence microscopy.

We hypothesized that an increased spacer length linking
the azide and biotin moieties of a biotin-based azide reporter
could increase imaging sensitivity because a longer portion
of the spacer would reside outside the bilayer potentially

2mM

Fig. 6. Alkyne lipid imaging is compatible with fluores-
cent protein detection. A: An overview displaying the rela-
tionship of selected fluorescent proteins (phylogenetic
tree) and their fluorescence after exposure to various con-
centrations of copper during the click reaction. Protein
fluorescence was subjectively evaluated by experienced
scientists using a five-level scale (- — poor; — fair; + satisfac-
tory; + good; ++ very good). B, C: A172 cells heterologously
expressing fluorescent proteins targeted to mitochondria
were incubated in medium supplemented with 1 uM al-
kyne-sphinganine for 2 h. After fixation, cells were click-
labeled using either 10 wM of ApicSCyb detection reagent
and 200 pM CuTFB (B) or 10 pM of ASBDP detection re-
agent and 2 mM CuTFB (C). Micrographs were recorded
using structured illumination. Maximum image projec-
tions of z-stacks are shown, depicting alkyne lipids (green)
and mitochondria (magenta, fluorescent protein marker)
as color-merged overviews. Magnifications show alkyne lip-
ids or mitochondria as gray scale images. All images were
acquired using the Orca-Flash4.0 camera and are shown at
the optimal display level each. Scale bars, 10 wm.

resulting in less steric hindrance and more flexibility in
streptavidin binding. Upon binding to streptavidin, biotin
is buried deeply within an open barrel of the protein, which
is then covered by a surface loop (41, 42). Hence, a certain
steric requirement was expected. However, our results ob-
tained were contradictory to this expectation. In detail,
AP3Btn, the shortest biotin-based azide reporter tested,
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showed higher sensitivity compared with AP6Btn and
AP10Btn. Assuming a stretched conformation, in a click-
conjugate of AP3Btn and alkyne-cholesterol the biotin
moiety would be situated just outside the membrane (Fig.
1). It would therefore still be positioned within the hydra-
tion sphere of a DPPC bilayer consisting of water molecules
that directly interact with the phospholipid headgroups

1944 Journal of Lipid Research Volume 57, 2016

Fig. 7. Alkyne lipid imaging is compatible with immunofluo-
rescence and commonly used cellular stains. MEF cells were
treated for 24 h with 1 pM alkyne-oleate and fixed for 10 min.
A: Prior treatment with saponin for membrane permeabiliza-
tion did not diminish or change subsequent click-labeling of
cellular structures. Cells were treated for 2 h with 0%, 0.1%, or
0.01% saponin before subjecting them to the click reaction
using 2 mM CuTFB and 10 pM ASBDP. B: Immunofluores-
cence labeling is preserved during the CuAAC click proce-
dure. Cells were first subjected to immunofluorescence
staining for commonly used organelle marker proteins of
three different cellular compartments: endoplasmic reticulum
(PDI), mitochondria (Tom20), and lysosomes (LAMP1). Sub-
sequently, cells were subjected to the click reaction using
2 mM CuTFB and 10 pM ASBDP. C: Click labeling of alkyne
lipids by CuAAC (using 2 mM CuTFB and 10 pM ASBDP) is
compatible with commonly used fluorescence stains. Cells
were stained in situ using mitotracker CMXRos (50 nM, 15
min) before fixation and subsequent click labeling or stained
with LD540 or DAPI after the click labeling. All images were
acquired using the Orca-Flash4.0 camera and are shown at the
optimal display level each. Scale bars, 10 pm.

and are of functional importance for biological mem-
branes (43, 44). In the AP6Btn conjugate, the biotin is able
to move more freely because itself and part of the PEG
linker would be situated outside of the bilayer. This also
holds true for AP10Btn conjugated to alkyne-cholesterol,
but here the spacer outside the membrane is longer.
Hence, our results suggest that streptavidin binding likely



is equally efficient just above the bilayer surface, and that
longer linkers may lead to lower CuAAC reaction/ strepta-
vidin binding efficiency due to the formation of conforma-
tions of the reactants that are unfavorable for CuAAC and/
or the biotin-streptavidin interaction.

A main asset of using biotin as a detection reagent is that
it allows for full flexibility regarding the spectral properties
of the fluorophore. The wide selection of commercially
available dyes coupled to streptavidin includes fluoro-
phores of excellent photostability and virtually every emis-
sion color. Difficulties using the biotin-based reporters
arise though, when a direct numerical correlation of alkyne
lipid molecules to streptavidin-dye signal is needed in an
application. Here the tetrameric nature of this protein has
to be considered. Due to its Dy (tetrahedron-like) symme-
try (42), two binding pockets can simultaneously face the
bilayer. If two biotin moieties are appropriately positioned,
one molecule of streptavidin could bind both of them, pos-
sibly complicating quantification. This could potentially be
overcome by the use of monovalent forms of streptavidin
(45). Furthermore, it would be necessary to use an exces-
sive amount of streptavidin conjugate if an application
would require unequivocal labeling of every click-reacted
alkyne lipid molecule with the conjugate. Hence, depend-
ing on the experimental approach, labeling alkyne lipids
directly with an azide-coupled dye can be advantageous.

Azide reporters with picolyl moieties enable highly
sensitive imaging of alkyne lipids

The introduction of a picolyl moiety into the azide re-
porter improved the detection of various click-reacted lipids
in biological membranes with an increase of signal intensity
of up to 42fold (compare Fig. 4, mean signal per cell of
propargylcholine-tagged PC labeled with ApicSCy5 or
ASCyb). Recently, other groups have used picolyl-containing
biotin-azide reporters (31, 46) or other multidentate chela-
tors (32) for the highly sensitive labeling of various alkyne-
bearing biomolecules and a further development of copper
chelators can be expected. It has been shown that a copper
ion that is bound very tightly to the azide reporter, and
thereby shielded to prevent the generation of reactive oxy-
gen species [see (30)], can be introduced as a complex into
living cells (32). This development could potentially pave the
way for CuAAC application in live cell imaging. However, live
cell imaging with CuAAC is further complicated by the cyto-
toxicity of the copper catalyst. While labeling of lipids in the

plasma membrane and in internal membranes (47) of living
cells with classical CuAAC has been reported, copper shows
significant toxicity at micromolar concentrations and has a
profound impact on lipid metabolism, especially if present in
loosely bound form (48, 49). More biocompatible copper
catalysts (50) or additional ligands (48) for CuAAC, and cop-
per-free coupling of azides to strain-promoted alkynes [strain-
promoted azide-alkyne cycloaddition (SPAAC)] (29), have
been developed to overcome these difficulties. SPAAC has
successfully been used for labeling of lipids in the plasma
membrane and intracellular membranes (17). In SPAAC,
the use of a spring-loaded cyclooctyne avoids copper-derived
cytotoxicity, on the cost of a bulkier label with a stronger ten-
dency for unspecific side reactions (51). Furthermore, dur-
ing the prolonged SPAAC reaction time in living cells, the
unreacted lipid probe will undergo further trafficking and
metabolism, whereas the already reacted pool carrying a
large reporter impacting the lipids structure and hydropho-
bicity will experience more or less unconventional cellular
processing. The functionalization of cyclooctynes leads to a
significant increase in reaction rate of SPAAC [discussed in
(30)1, but they are laborious to synthesize (52) and hence
not widely available. In general, as the interest in lipid imag-
ing is growing and enormous improvements to click labeling
have been made in the last years, the limitations to both
SPAAC and CuAAC for life cell imaging will hopefully be
overcome in the near future.

The introduction of a copper chelating moiety greatly in-
creases sensitivity in alkyne lipid imaging. While conven-
tional azide reporters are fully feasible for most approaches
with easily accessible alkyne tags, a picolyl-containing re-
porter is highly advantageous for alkyne-lipids that are hard
to access when embedded in a bilayer or are present at only
very low concentrations. An alternative approach for opti-
mizing the access to the alkyne label for the reporter and
catalyst is the use of alkyne lipids or their precursors carry-
ing the tag at a more accessible position, for example, at the
headgroup or a point near the surface when embedded in
a biomembrane. However, such positioning of the label is
likely to significantly influence relevant properties of the
lipid, as exemplified by a lyso-PC labeled with the alkyne at
the headgroup that displays slightly different kinetics in en-
zymatic reactions compared with its tail-labeled counterpart
(24). Thus, it appears likely that a higher accessibility of the
alkyne label in many cases comes at the cost of a less optimal
representation of the natural lipid by the alkyne lipid probe.

TABLE 1. Guideline for choosing labeling conditions in alkyne lipid imaging
Alkyne Label
Accessibility Alkyne Lipid Amount Coimaging with Proteins Azide Reporter and Concentration Copper Catalyst (CuTFB)
Easy Medium to high No Any (50 pM conventional or 10 uM picolyl reporter)  200-2,000 uM or 20-200 uM
Easy Low No 10 wM Picolyl reporter 200-2,000 pM
Less Medium to high ~ No 10 wM Picolyl reporter 200 pM
Less Low No 10 wM Picolyl reporter 200-2,000 pM
Any Any Yes, fluorescent proteins 10 wM Picolyl reporter 200 pM*
Any Any Yes, antibody staining" Any (alkyne lipid dependent) 200-2,000 pM

Recommended reagents and concentrations are presented and depend on the alkyne lipid under study and a possible combination with protein

imaging. Suggestions represent a starting point for individual optimization.

“The tolerable copper concentration depends on the fluorescent protein.
"Use short fixation, permeabilize, and perform antibody labeling before click reaction.
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Fluorescence microscopy of proteins and alkyne lipid
imaging are compatible

In addition to the gain in sensitivity, the usage of picolyl-
containing reporters and consequently the possibility of
reducing the copper concentration allows for high-content
imaging in approaches where CuAAC-based alkyne imag-
ing is combined with a copper-sensitive method. While we
found many antibody-antigen interactions, a basis for im-
munofluorescence microscopy, and some widely used fluo-
rescent organelle stains to be compatible with the use of 2
mM CuTFB during CuAAC, the fluorescence of some com-
monly used fluorescent proteins is strongly impacted.
While this particularly effected the most popular of such
proteins, EGFP and its derivatives, other fluorescent pro-
teins proved more stable when exposed to copper and
therefore represent a better choice for colocalization stud-
ies. However, all nine fluorescent proteins tested here, in-
cluding EGFP, yielded useful fluorescent signals when
CuAAC with 200 pM catalyst and picolyl-containing report-
ers were used for lipid detection. This will be of importance
for many laboratories that have engineered fusion con-
structs and reporter animals using EGFP and the other
fluorescent proteins tested here.

In summary, lipid tracing by microscopy has been chal-
lenging due to methodological limitations. Here, we describe
an improved method for lipid fluorescence microscopy using
alkyne lipids and CuAAC and provide an optimized protocol
that can be adapted to the specific needs of the questions
under study. These could include imaging of low abundance
alkyne lipids in special experimental setups (e.g., pulse chase
experiments with short pulse-times or using cytotoxic lipids)
or localization studies in alkyne lipids whose rigid molecular
structure reduces the access of the click reactants to the
alkyne group deeply embedded in a bilayer (Fig. 2). We
further present variants of the protocol allowing for the com-
bination with fluorescent protein or immunofluorescence
imaging. Importantly, our method is easy to perform and re-
quires only standard laboratory equipment or microscopy
setup. For the convenience of the experimenter, we provide
a general guide how to adapt the protocol for specific needs
(Table 1) and a straightforward trouble shooting guide to
use when accounting problems with the method (supple-
mental data). Herewith, we offer a guideline for successful
CuAAC-based alkyne-lipid imaging and believe it will be help-
ful for many researchers wishing to analyze subcellular lipid
localization by fluorescence microscopy in a robust and con-
venient fashion B

The authors are grateful to Dr. Henry Weiner (Purdue University,
Lafayette) for providing the plasmid encoding for rat ALDH.
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