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A B S T R A C T

In the metabolism of pulmonary surfactant, the ATP-binding cassette sub-family A member 3 (ABCA3) is a
crucial protein in the formation of the storage compartment for surfactant, the lamellar body (LB), and the
transport of phospholipids in it. Mutations in ABCA3 not only disturb surfactant metabolism but also cause
chronic interstitial lung diseases. Assays for ABCA3 transport function are needed to investigate pathophysiology
of the mutations and treatment options for the patients.

We metabolically labeled choline (Cho) head phospholipids with the Cho analogue, propargyl-Cho. The
universal incorporation of propargyl-Cho was confirmed by mass spectrometry and labeled lipids were visualized
in confocal microscopy by click reaction with an azide fluorophore. After pulse-labeling propargyl-Cho labeled
lipids accumulated in ABCA3+ vesicles in a time and concentration dependent manner. When treated with the
choline kinase inhibitor MN58b during the first 12 h, the lipids intensity inside ABCA3+ vesicles decreased,
whereas intensity was unchanged when treated after 12 h. Miltefosine, a substrate of ABCA3, decreased the
incorporation of labeled lipids in ABCA3+ vesicles at all time points. The lipids intensity inside the mutated
(p.N568D or p.L1580P) ABCA3+ vesicles was decreased compared to wild type, while the intensity outside of
vesicles showed no difference.

Propargyl-Cho can metabolically pulse-label Cho phospholipids. Visualization and quantification of fluores-
cence intensity of the labeled lipids inside ABCA3+ vesicles at equilibrium can specifically assess the transport
function of ABCA3.

1. Introduction

Pulmonary surfactant is a critical component at the air liquid in-
terface of the alveoli enabling normal gas-exchange. About 80–90% of
surfactant is composed of lipids, including phosphatidylcholine (PC,
70–85%), cholesterol (10–20%), phosphatidylglycerol (10%), a small
amount of sphingomyelin (2.3%) and other lipids [1–3]. In alveolar
type II (ATII) cells, surfactant lipids are synthesized in the endoplasmic
reticulum (ER), then transferred through the Golgi system to the or-
ganelles responsible for storage and secretion of surfactant, the so

called lamellar bodies (LBs) [1,4]. After secretion of LB content into the
alveolar space, surfactant can be recycled by ATII cells or degraded by
alveolar macrophages [5].

ATP binding cassette subfamily A member 3 (ABCA3) is responsible
for lipid translocation from the cytoplasm into LBs. ABCA3 is localized
in the outer membrane of the LBs and also plays a role in the biogenesis
of LBs [6–9]. A knock out of ABCA3 in rats caused abnormal genesis or
disappearance of LBs in ATII cells [10], whereas its cellular expression
induces their formation [9,11–13]. Mutations in ABCA3 may lead to
misfolding of the protein which may be retained in the ER, or cause
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dysfunction of the transporter [7,13,14]. Up to now,> 200 mutations
of ABCA3 have been discovered. ABCA3 mutations can cause acute
respiratory failure in neonates, as well as interstitial lung diseases in
children (chILD) and adults [15–17].

To help patients suffering from diseases caused by ABCA3 muta-
tions, it is urgent to find an effective treatment for restoring ABCA3
function. Recently, we reported that correctors and potentiators ori-
ginally used for the correction of ABCC7 (CFTR) could rescue the
function of certain ABCA3 mutations as well [18,19]. In those experi-
ments TopFluor phosphatidylcholine (TopF-PC) was exposed to the
cells in liposomes [20]. Disadvantage of this method is the use of a bulk
fluorophore introduced in PC at the expense of one fatty acid, poten-
tially leading to unclear intracellular handling of TopF-PC compared to
natural PC.

During normal metabolism and de novo synthesis of PC, extra-
cellular choline (Cho) is taken up by the choline kinase (CK) in the
cytosol of ATII cells and transformed to PC by sequential action of
choline-phosphate cytidylyltransferase and cholinephospho-transferase
(Fig. 1A). Other Cho containing phospholipids like lyso-PC and sphin-
gomyelin are formed by remodeling of PC [1,21].

Propargyl-choline (propargyl-Cho) is a small choline analogue uti-
lized to metabolically label Cho-phospholipids via their cellular syn-
thetic pathway (Fig. 1A). One methyl of choline is replaced by a
three‑carbon propargyl group to form propargyl-Cho. Previously me-
tabolic handling of propargyl-Cho corresponding to that of Cho was
shown in mammalian and plant cells [22,23]. In this study we meta-
bolically labeled Cho containing lipids with propargyl-Cho and estab-
lished a new assay to quantify the Cho containing phospholipids
transport function of ABCA3.

2. Methods

2.1. Site directed mutagenesis and generation of stable cells

A549 cells stably expressing HA-tagged ABCA3 protein (ABCA3-HA)
were established as previously described [12]. Briefly, ABCA3-N568D
(c. 2886A > G; CAA/CGA) or ABCA3-L1580P point mutations
(c.5923 T>C; CTG/CCG) were introduced into the pT2/HB-CMV-
hABCA3-HA-PGK-Puromycin vector with Q5® Site-Directed Mutagen-
esis Kit (New England Biolabs, Ipswich, MA). Using the Sleeping Beauty

Fig. 1. Propargyl-choline (propargyl-Cho) and click reaction. (A) De novo synthesis of phosphatidyl-propargyl-choline. Replacing one methyl of choline (Cho) by a
three‑carbon propargyl group (red dot box) forms propargyl-Cho. After its uptake into the cell, propargyl-Cho is incorporated into phosphatidyl-propargyl-Cho by the
sequential activity of choline kinase (CK), phosphocholine cytidylyltransferase (CTP) and choline phosphotransferase (CHPT). (B) Click reaction to label phos-
phatidyl-propargyl-Cho. At the end of experiments, propargyl-Cho treated cells were fixed and labeled lipids could react with an azide fluorophore (F) (TAMRA-
PEG3-Azide) on the condition of Cu2+. Visualization is then possible by confocal microscopy. ER: Endoplasmic reticulum, MVB: Multi-vesicular body, LB: Lamellar
body.
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transposon system, vectors were stably transfected into A549 cells.
Single cells were seeded in 96-well plates and selected with puromycin
containing medium. The mRNA expression of ABCA3 was examined by
qPCR. Rat anti HA (Roche, Germany) was used as first antibody in
immunoblot and confocal microscopy for analyzing the ABCA3 protein
expression.

2.2. Addition of propargyl-choline to the medium and click reaction

Bromo salt of propargyl-Cho (N-(2-Hydroxyethyl)-N,N-dimethyl-2-
propyn-1-aminium bromide) was purchased from Jena Bioscience (Cat.
No. CLK-066) and a stock solution was prepared by adding 156.7 μl of
PBS to the solid. The final propargyl-Cho concentration was 50mM. In
each experiment, the cells were seeded in μ-slides (IBIDI, Martinsried,
Germany) with a concentration of 200,000 cells/ml and incubated at
37 °C for 24 h. Afterwards the cells were cooled down to 4 °C for 15min
and propargyl-Cho solved in OptiMEM (ThermoFisher, Waltham, USA)
was added for 30min. First, in concentration-dependent experiments, a
different range of propargyl-Cho was used to optimize the working
concentration for confocal microscopy. A concentration of 125 μM was
chosen for all other experiments. In the ATPase inhibition experiment,
cells were treated with 12.5 mM orthovanadate (Sigma, Taufkirchen,
Germany) for 2 h after labeling and then incubated for 22 h.

To further explore the synthesis and transportation of labeled lipids,
10 μM of miltefosine (Cayman chemical, Michigan, USA) or 10 μM of
MN58b (AOBIOUS, Massachusetts, USA) dissolved in dimethyl sulf-
oxide (DMSO, Sigma) was added after propargyl-Cho incubation at 0 h
or 12 h. In the washout experiments, chemicals were washed off with
37 °C PBS (Sigma) after 12 h and incubated with OptiMEM for another
12 h. The fixation of the cells and the immunofluorescence staining of
ABCA3-HA protein was done as previously described [20].

Prior to performing click chemistry reaction (Fig. 1B), the fixed
samples were treated with 1% saponin (Roth, Mannheim, Germany) to
permeabilize cell membranes. After washing with a buffer containing
3% bovine serum albumin (BSA, Sigma) and 0.1% saponin in PBS, the
cells were treated with 20 μM of 5-carboxytetramethylrhodamine
(TAMRA)-PEG3-Azide (Baseclick GmbH, Neuried, Germany) in DMSO,
128 μM Tris((1-hydroxy-propyl-1H-1,2,3-triazol-4-yl) methyl) amine
(THPTA, Baseclick GmbH), 1mM CuSO4 and 1.2 mM sodium ascorbate
(Sigma) were mixed up in PBS with 0.01% BSA and 0.1% saponin. The
azide-mixture was added to cells with phosphatidyl-propargyl-Cho,
incubated for 30min and washed nine times to remove excess or water
soluble propargyl metabolic intermediates with PBS containing 3% BSA
and. 0.1% saponin [22].

2.3. Cytotoxicity assay

Wild type (WT) A549 ABCA3-HA cells were seeded in 96-well plates
at 50,000 cells per well. After 24 h, 125 μM propargyl-Cho in phenol red
free Roswell Park Memorial Institute (RPMI, Gibco, Darmstadt,
Germany) medium was added and washed out after 30min at 4 °C.
Hereby WT cells without propargyl-Cho were taken as control. Cell
viability was tested by 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium-5-Carboxanilide (XTT, Sigma) in the presence of phenazine
methosulphate (PMS, Sigma).

2.4. Immunostaining and confocal microscopy

ABCA3-HA was labeled with anti-HA antibody (Sigma, 1:200),
washed with 3 times of PBS, then stained with AlexaFluor-488 con-
jugated second antibody (ThermoFisher, 1:200). Calnexin - (Santa Cruz
Biotechnology, Texas, USA, 1:200), GM130 - (Santa Cruz
Biotechnology, 1:200) and EEA1 - (BD Biosciences, New Jersey, USA,
1:200) specific antibodies in combination with according AlexaFluor
conjugated second antibodies were used for endoplasmic reticulum and
Golgi apparatus staining. Fixed and stained cells were mounted prior to

microscopy with a Carl Zeiss LSM800 system. Propargyl-Cho with
TAMRA fluorescein was visualized by excitation filter setting at
561 nm. ABCA3-HA protein stained with Alexa Fluorophore 488 was
excited at 488 nm. Laser power, pinhole, digital gains and offsets re-
mained the same for TAMRA in all confocal images. For fluorescence
intensity calculation, z-stacks with 5 pictures in 0.4 μm intervals were
obtained for each chamber. Experiments were performed in duplicates,
obtaining three z-stacks per well.

2.5. Quantification of fluorescence intensity

The quantification of fluorescence intensity inside the vesicles was
done as previously described [20]. The Fiji-Plugin “Particle_in_Cell-3D”
[24] was used for fluorescence measuring. Fluorescence intensity in
twenty randomly chosen vesicles was analyzed with the plugin. Four
parameters were analyzed: fluorescence intensity in all selected ve-
sicles, fluorescence intensity in filled vesicles, percentage of filled ve-
sicles and vesicle volume. For analyzing the fluorescence intensity in
the cytosol outside of vesicles, twenty regions of interest with the same
size (1 μM2) were randomly selected without overlay with any
ABCA3+ vesicles (Fig. S1).

2.6. Phosphatidylcholine mass spectrometry

The phospholipids were extracted by adding methanol to the cells.
After extraction and centrifugation an aliquot of the supernatant was
injected into a triple quadrupole mass spectrometer (4000QTRAP, AB
Sciex Germany GmbH, Darmstadt, Germany) by continuous direct in-
jection at a low rate of 10 μl/min. The mass spectrometer was operated
in precursor-ion-scan, selecting for a target fragment of m/z=184 Da
for phosphatidylcholines or m/z= 208 Da for propargyl-Cho in the
mass range from 400 to 1000 Da as described [22].

2.7. Statistics

Means and standard deviations of lipids intensities, percentage of
filled vesicles and volume of vesicles were calculated with Excel.
Significance of differences between two groups were calculated with
student t-test. One-way or two-way ANOVA with Tukey, Dunnett or
Sidak correction of multiple comparisons test were conducted among
more than two groups with GraphPad Prism.

3. Results

3.1. Propargyl-Cho incorporated into choline phospholipids in A549 cells

First, we determined whether propargyl-Cho was incorporated into
Cho phospholipids within our A549 ATII cell model stably transfected
with ABCA3-HA. Mass spectrometry of propargyl-Cho head phospho-
lipids detected at m/z 208 in labeled cells showed similar chromato-
graphy pattern with Cho head phospholipids at m/z 184 in untreated
cells (Fig. 2A). Incorporation of propargyl-Cho into sphingomyelins was
also identified (data not show). Afterwards, labeled cells were pro-
cessed with click chemistry reaction to attach fluorescent azide and
were visualized by confocal microscopy. Lipids signal was apparent
inside ABCA3+ vesicles and cell plasma, without association to the
nuclei (Fig. 2B). Labeled lipids could also be observed outside of ve-
sicles in the cytosol. Co-localization of lipids and the markers of ER,
Golgi and early endosomes were found (Fig. S3). Propargyl-Cho la-
beling was not cytotoxic to cells (Fig. S2A).

3.2. Concentration dependent incorporation of propargyl-Cho in WT
ABCA3-HA cells

The average fluorescence intensities in the analyzed vesicles in-
creased accordingly to the concentrations of propargyl-Cho (Fig. 3A).
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Average intensity in filled vesicles treated with 50 μM propargyl-Cho
was 34.1% of that with 250 μM propargyl-Cho (Fig. 3B). At lower
concentration of propargyl-Cho, fluorescence intensity outside of
ABCA3+ vesicles appeared to be lower than inside, however not at
high concentration (Fig. 3C). 99.8% of chosen vesicles were filled with
labeled lipids when treated with 250 μM propargyl-Cho for 24 h, but
only 63.9% for 50 μM propargyl-Cho (Fig. 3D). Increasing concentra-
tion of propargyl-Cho did not influence the volume of ABCA3+ vesicles
in the cells (Fig. 3E).

3.3. Time dependent incorporation of propargyl-Cho in WT ABCA3-HA
cells

When treated with 125 μM propargyl-Cho, the lipid fluorescence
intensity in ABCA3+ vesicles increased gradually within 24 h and re-
mained stable over 48 h (Fig. 4A, B). At this concentration of propargyl-
Cho the accumulation of fluorescence intensity was higher inside than
outside the ABCA3+ vesicles for up to 48 h (Fig. 4C). After 24 h, lipids
could be easily observed within the ABCA3+ vesicles (white arrow,
Fig. 4A). The percentage of filled vesicles similarly increased over time
reaching a plateau after 24 h, when all chosen vesicles were filled with

Fig. 2. Incorporation of propargyl-Cho into Cho phospholipids in A549 WT ABCA3-HA cells. (A) Lipid spectrum of cells treated with propargyl-Cho. Upper panel:
molecular species of phosphatidylcholine. Lower panel: phosphatidyl-propargyl-Cho. Specific mass peaks of lipid species as examples of successful incorporation
were marked by arrows. PIS: precursor-ion-scan. Cps: counts-per-second. (B) Confocal microscopy images of propargyl-Cho treated cells after click reaction. ABCA3-
HA protein was stained with anti-HA antibody and according Alexa Fluor 488 secondary antibody. The fluorescence intensity of propargyl-Cho inside ABCA3+
vesicles was uniform and strong, while lipids signal outside of vesicles in the cytoplasm was weak but non-negligible. Scale bar: 5 μm.
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detectable labeled choline phospholipids. Vesicle volume did not
change with time (Fig. 4D, E).

3.4. Cho phospholipids in the cells decrease when treated with ATPase
inhibitor

We examined if the transport of phosphatidyl-propargyl-Cho into
LBs was ATP dependent. After treatment with the ATPase inhibitor
orthovanadate, the fluorescence intensity in filled vesicles was de-
creased compared to non-treated cells while the volume of the orga-
nelles stayed the same (Fig. 5). The lipids intensity outside of vesicles
decreased also. (Fig. 5B).

3.5. Fluorescence intensity inside vesicles indicates the transport function of
ABCA3

The time curve of propargyl-Cho accumulation in ABCA3+ vesicles
must reflect both the synthesis and transport process of labeled lipids.
To assess the contribution of these two processes over time, we used a
choline kinase inhibitor MN58b [25], or miltefosine (MLF), which was
determined to be a substrate of ABCA3 in human macrophages [26]
(Fig. 6A). Both the presence of MLF or MN58b for 24 h reduced by 68%
phosphatidyl-propargyl-Cho in ABCA3+ vesicles compared to control.
Lipid intensity and the percentage of filled vesicles were irreversibly
decreased after washing out of MN58b at 12 h. While in the case of
MLF, washing out restored vesicles filling with fluorescent lipids

Fig. 3. Concentration dependent incorporation of propargyl-Cho. (A) A549 cells were pulse-labeled with varying concentration of propargyl-Cho. The lipids intensity
in cells (both inside and outside of ABCA3+ vesicles) increased with increasing propargyl-Cho concentration. Scale bar: 5 μM. (B) Relative fluorescence intensity in
filled vesicles. The fluorescence intensities at 10 μM and 50 μM propargyl-Cho were 6.8% and 34.1% of the intensity at 250 μM respectively. (C) Fluorescence
intensity inside and outside of vesicles. Difference between intensities inside and outside of the vesicles only existed when cells were treated with 50 μM propargyl-
Cho. (D) The percentage of filled vesicles increased with higher concentration of propargyl-Cho. (E) The ratio of volume was compared to the mean volume of
untreated cells. *P < 0.0332, **P < 0.0021, *** P < 0.0002, **** P < 0.0001.
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(0–12 h vs. 0–24 h, Fig. 6). Addition of MN58b after 12 h did not in-
fluence fluorescence intensity and portion of filled vesicles anymore
(12–24 h MN58b). MLF treatment from 12 to 24 h however reduced
fluorescence intensity inside vesicles to 26% of the control. The addi-
tion of these two compounds did not influence the vesicle volume. The
concentrations of MLF and MN58b used in the experiments were not
toxic for the cells (Fig. S2B). These data suggested that inhibition of Cho
phospholipids synthesis during the first 12 h after pulse-labeling re-
duced total amount of labeled PC and does not play a role during the

later phase, when primarily lipids uptake in ABCA3+ vesicles occurs.

3.6. Deviation of transport function between N568D, L1580P and WT
ABCA3

To further differentiate ABCA3-dependent phospholipid transport
function, we introduced site directed mutations into ABCA3. p.N568D
is a mutant located in the Walker A motif of the nucleotide binding
domain 1 (NBD1), and p.L1580P is located close to NBD2. Both

Fig. 4. Time dependent incorporation of propargyl-Cho. (A) A549 cells were treated with the same concentration of propargyl-Cho (125 μM) but incubated for
different time courses. At 24 h, lipids accumulation in ABCA3+ vesicles could be observed as shown with white arrow (iv). Scale bar: 5 μM. (B) The lipids intensity in
the vesicles increased from 12 to 24 h. Measured intensity at 48 h was set to 1. (C) The lipids intensity outside and inside of the vesicles changed over time. Intensity
outside of vesicles at 48 h was set as 1. Higher intensities inside ABCA3+ vesicles than outside was observed after 24 h. (D) The percentage of filled vesicles increased
over time. All analyzed vesicles were filled with labeled lipids after 24 h. (E) The vesicles volume did not change during the time course.
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mutations were found in patients who suffered from neonatal surfactant
deficiency [27] and dependently reported to impair ATPase function of
the transporter [9,11]. Both the ABCA3-N568D and ABCA3-L1580P
vesicles were smaller than those in WT ABCA3 expressing cells
(Fig. 7E). The time curve of incorporation and transportation of pro-
pargyl-Cho lipids into ABCA3+ vesicles were similar between WT and
mutant ABCA3 up to 12 h. In mutated cells almost no further accu-
mulation of phosphatidyl-propargyl-Cho in ABCA3+ vesicles occurred,
whereas in WT intensity increased further (Fig. 7A, B). After 24 h,
fluorescence intensities between WT or mutant vesicles did not differ
outside of ABCA3+vesicles, whereas intensity inside was higher in WT
than mutants (Fig. 7C).

4. Discussion

Metabolic labeling of the Cho head group phospholipids with pro-
pargyl-Cho and its visualization by click chemistry at certain time
points (here after 24 h) represents a simple, direct and non-radioactive
method to specifically analyze the role of ABCA3 transport function in
Cho phospholipid metabolism. We found that fluorescence intensity
inside vesicles indicated the transport function of ABCA3 specifically,
and helped to define the transport function deviation of two ABCA3
mutants from the WT.

In biochemical studies of lung phosphocholine physiology, various
choline analogues have been investigated for metabolic labeling. For
example, [3H] choline was utilized as a precursor to label PC for
studying the synthesis [28], transport [29], secretion and clearance of
surfactant in ATII cells [30,31]. Unlike this Cho analogue, propargyl-
Cho is non-radioactive and has been utilized in Cho phospholipids la-
beling in vitro in cell models, in vivo in mouse models, ex vivo in oral
biopsy tissue [22,23,32], and also in plants and Streptococcus pneumo-
niae [33,34]. Propargyl-Cho showed incorporation into phospholipids
efficiently in all cases, without interfering normal lipid metabolism or
cell physiology. Here we confirmed the integration of propargyl-Cho by

lipids mass spectrometry. Similarly, fluorescence intensities in
ABCA3+ vesicles in cells treated with 250 μM propargyl-Cho were 2.9-
fold higher than in cells treated with 50 μM. This is in accordance with
the results from Jao et al., who described an increase of replaced Cho
detected by mass spectrometry less than three times with five times the
amount of propargyl-Cho.

Since choline phospholipids are important components for all bio-
membranes in the cell, the background interference from labeling of
Cho head phospholipids of other membranes in the cell should not be
ignored (Fig. S1). Besides consistent settings for fluorescence acquiring
at confocal microscopy, assessment of propargyl-Cho lipids intensity
outside of ABCA3+ vesicles while analyzing the intensity changes in-
side of vesicles helped to minimize the interference of background
staining.

During pulse-labeling with propargyl-Cho, the Cho analogue was
transported actively and rapidly into the cells and used for newly
synthesized lipids. Thus, we hypothesized that the phosphatidyl-pro-
pargyl-Cho inside ABCA3+ vesicles at 24 h was synthesized during the
previous 12 h. To verify this, we inhibited the phosphorylation of pro-
pargyl-Cho with the specific CK inhibitor, MN58b [25,35]. Although in
Kennedy pathway of PC synthesis the activation of phosphocholine into
cytidine-diphosphocholine by phosphocholine cytidylyltransferase is
the rate limiting step, the phosphorylation of Cho by choline kinase
could also regulate PC biosynthesis [36,37]. Inhibition of choline kinase
12 h after propargyl-Cho labeling did not influence the final amount of
lipids transported into ABCA3+ vesicles (Fig. 6). Thus, intensity
changes specifically quantified in ABCA3+ vesicles at 24 h may re-
present transport function of the transporter alone.

Furthermore, we found that Cho phospholipids inside ABCA3+
vesicles were decreased in ABCA3+ vesicles of p.N568D and p.L1580P
mutants, but not in the cell plasma. These results also demonstrate that
phosphatidyl-propargyl-Cho is specifically transported into vesicles by
ABCA3, since the ATP-dependent transport activity was reduced in
mutants of ABCA3. Whereas Matsumura et al. previously assessed and

Fig. 5. Phosphatidyl-propargyl-Cho in cells decreased when treated with ATPase inhibitor. (A) 2 h after pulse-labeling with 125 μM propargyl-Cho, cells were
incubated with or without 12.5 mM orthovanadate for 22 h. −V, without orthovanadate. +V, with orthovanadate. Scale bar: 5 μM. (B) The fluorescence intensity
was decreased inside and outside the vesicles when treated with orthovanadate. (C) The percentage of filled vesicles was reduced by 50% when treated with
orthovanadate. (D) Vesicle volume did not differ between orthovanadate-treated or non-treated cells.
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showed that ATP hydrolysis and binding activity of p.N568D and
p.L1580P mutants were decreased [11], we directly demonstrated im-
paired Cho phospholipids transport function of these two mutants.

Our results are comparable to those studies where TopF-PC labeling
was used [20]. Both methods were designed to quantify the PC in-
corporated by ABCA3 in lamellar bodies and give similar results. The
incorporation of propargyl-Cho and TopF-PC into ABCA3+ vesicles
were time and concentration dependent with an identical pattern, and
the analog phospholipids inside ABCA3+ vesicles decreased when a
damaging mutation was introduced. However, some facts of TopF-PC
labeling should not be ignored. 1) Unclear metabolic labelling of TopF-
PC inside the cells. The molecular weight of TopF-PC is 910 g/mol,
while that of normal PC in surfactant is between 700 and 800 g/mol
[16]. Whether the larger size and the structure difference from un-
labeled PC would influence the PC metabolism remains to be eluci-
dated. 2) Labeled lipids were supplied as part of liposomes to the cells.
How these are internalized and routed to their biopath in the cells need
to be clarified. 3) Whether the fluorophore labeled lipids transported by
ABCA3 are directly coming from the liposomes or from digested and
remodified lipids is unknown. Metabolic labeling of Cho phospholipids
circumvents some of these problems.

As it is necessary to fix the cells before conducting the azide-fluor-
ophore click reaction, it is not possible to observe the movement of
labeled lipids between membranes with live cell imaging. While
TopFluor phospholipids were employed to study the movement of

phosphatidylserine in the plasma membrane [38], combining that label
with the methods used here, could be a complementary option in the
future.

Due to the lack of primary human alveolar type II cell cultures and
antibodies for untagged ABCA3 protein immunofluorescence staining,
we used A549 cells stably over expressing ABCA3-HA. Whereas the
genotype background and cellular phenotype of A549 cells are different
from ATII cells [39,40], there was no evidences regarding an ABCA3-
driven alteration of the biogenesis of the lamellar bodies, and their
morphological appearance. Isolated ATII cells or human induced plur-
ipotent stem cells (IPS) likely are better models to investigate the ma-
turation, secretion and recycling of surfactant and lamellar bodies in
the future. Further exploring the role of ABCA3 for the transport of
cholesterol, phosphoethanolamine and other non-choline phospholipids
of interest necessitate the utilization of additional labels.

Apart from interstitial lung diseases, ABCA3 was also found to play
a role in drug resistance in leukemia and lymphoma [41–43]. Incuba-
tion with different cytostatic drugs led to an up-regulation of ABCA3
expression in human leukemia cells [41]. Our data shows that milte-
fosine, a previously reported potential substrate of ABCA3 [26], could
competitively inhibit the lipid transport function of ABCA3 and as such
way might be useful in cancer treatment. As miltefosine is available as
oral drug for treatment of cutaneous leishmaniasis, it could be in-
vestigated as an adjunct treatment in drug resistant leukemia.

Fig. 6. Fluorescence intensity inside vesicles decreased when treated with ABCA3 substrate miltefosine (MLF) or choline kinase inhibitor MN58b. (A) Workflow. Cells
were treated with 10 μM MLF or MN58b at 0 h or 12 h and fixed at 24 h after the addition of propargyl-Cho (0–24 h, 12–24 h). In washout experiments, chemicals
were washed out with PBS after 12 h (0−12 h). (B, C) In the presence of MLF, the lipids intensity in vesicles decreased to 32.5% (0–24 h) and 73.5% (12–24 h) of non-
treated (nt). When MLF was washed off after 12 h, lipids intensity was decreased to 66.5% (0–12 h). Treatment with MN58b decreased the intensity to 32.7% of nt
during 0–24 h, while it had no effects during 12–24 h. Neither the lipids intensity nor the percentage of filled vesicles increased after washing out of MN58b (0–12 h).
(D) The volume of vesicles was unchanged between treated and control groups.
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5. Conclusion

Here we provided a novel assay for the quantification of ABCA3
transport function in the Cho phospholipid metabolism of LBs by using
the fluorescence intensity of propargyl-Cho labeled lipids inside
ABCA3+ vesicles. The method also allows the analysis of spatial dis-
tribution of metabolically labeled Cho phospholipids in cellular orga-
nelles.
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