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Abstract A series of fluorescent phosphatidylserine and
phosphatidylcholine derivatives were prepared and evalu-
ated by cell microscopy for ability to translocate across
mammalian plasma membranes via the putative amino-
phospholipid flippase. Phosphatidylserine derivatives, with
either a neutral 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) or
a coumarin fluorophore appended to the 2-acyl chain,
entered the cytosol of all three cell lines tested and control
experiments showed that the translocation was due to
flippase activity. In contrast, a phosphatidylserine conjugate
containing a charged and polar carboxyfluorescein was not
translocated and remained in the cell plasma membrane.
The phosphatidylserine-coumarin derivative exhibits bright
fluorescence and higher photostability than the NBD
analogues, and thus is a promising new fluorescent probe
for extended-imaging studies of flippase action in living
cells using laser confocal microscopes.

Keywords Fluorescent probes - Cell microscopy -
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Introduction

The distribution of phospholipids across the plasma
membrane of mammalian cells is asymmetric. The zwitter-
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ionic phospholipids, phosphatidylcholine (PC) and sphin-
gomyelin (SM), are enriched in the outer leaflet of the
bilayer membrane, while the aminophospholipids phospha-
tidylserine (PS) and phosphatidylethanolamine (PE) are
located on the cytoplasmic leaflet [1, 2]. This asymmetric
distribution is critical for various biological functions
including clearance of apoptotic cells [3], signal transduc-
tion [4] and blood clotting [5, 6]. Maintenance of
phospholipid distribution requires the concerted action of
several membrane transport proteins called phospholipid
translocases. These translocases can be divided into three
categories: bi-directional non-energy dependent “scram-
blases”, and energy dependent “translocases” that move
phospholipids toward or away from the inner leaflet of the
membrane [7-10]. One of the most studied translocases is
the aminophospholipid flippase, which selectively trans-
ports PS, and to a much lesser extent PE, to the inner leaflet
in the plasma membrane of human erythrocytes and most
nucleated cells. Until recently, it has proven difficult to
reconstitute this putative transport system in artificial
membranes and most studies in the literature have
employed intact cells [11-14].

Substrate selectivity studies of the aminophospholipid
flippase indicate a strong preference for the phosphatidyl-
serine head group structure, with insensitivity to the
composition of the acyl chains [15, 16]. Synthetic PS
derivatives with acyl chains of varying length are accepted,
as are derivatives containing spin or fluorescent probes in
this lipophilic region [15-20]. The most studied fluorescent
substrate for the aminophospholipid flippase is compound
1, a PS derivative with a 2-acyl chain containing a small
and uncharged 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)
fluorophore [21, 22]. While PS-NBD conjugates are
valuable for spectroscopy experiments and “‘single-acquisi-
tion” fluorescence microscopy studies, they have several
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photophysical limitations. The emission band of the
NBD fluorophore is quite broad, which discourages
multicolor imaging. The quantum yield changes sub-
stantially with solvent polarity and the fluorophore self-
quenches upon aggregation [23]. In addition, the fluo-
rophore readily photobleaches, which means that PS-
NBD conjugates are not suitable for intravital microscopy
or long-term image acquisition studies using high inten-
sity confocal microscopes [24]. It is clear that future
studies of phospholipid translocase activity in living cells
and tissue would be greatly facilitated by the development
of new, high performance, fluorescently labeled PS
substrates for the aminophospholipid flippase, that are
compatible with confocal one-photon and two-photon
microscopy methods.

The goal of this present study was to determine if the
putative aminophospholipid flippase(s) in nucleated
mammalian cells could translocate phosphatidylserine
derivatives with attached fluorophores that were slightly
larger and more polar than NBD. This information
would help to define the promiscuity of the amino-
phospholipid flippase and guide the development of
more useful, fluorescent PS substrates. Recently, we
reported new synthetic chemistry methods that efficient-
ly attach a fluorophore to the end of the 2-acyl chain of
a glycerophospholipid [25], and here we have employed
this chemistry to prepare PS and PC derivatives 2—7 with
three different fluorophores; NBD, coumarin, and carbox-
yfluorescein (Scheme 1). Using cell microscopy, we find
that the endogenous aminophospholipid flippase activity
in three different mammalian cell lines readily translocates
the PS derivatives 2 and 4 with neutral NBD and coumarin
fluorophores, respectively, but not the PS derivative 6 with
a charged and highly polar carboxyfluorescein fluoro-
phore. The coumarin fluorophore is quite bright and can
be observed selectively in the blue channel of fluorescent
microscopes and flow cytometers. Thus, fluorescent PS-
coumarin conjugate 4 is a new translocation substrate for
the aminophospholipid flippase and should be useful in
modern confocal microscopy studies.

Materials and Methods
Materials

Culture media and bovine serum albumin (BSA) were
purchased from Sigma Aldrich (St. Louis, MO). ER Tracker
Red and Mito Tracker Red were purchased from Invitrogen
(Carlsbad, CA). PS-NBD probe 1 was purchased from
Avanti Polar Lipids (Alabaster, AL). Compounds 2—5 were
prepared by the methods described previously [25]. V79
(ATCC: CCL-93), CHO (ATCC: CCL-61), and AS549
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(ATCC: CCL-185) cells were certified and obtained from
the ATCC.

Synthesis

PS-carboxyfluorescein (6). To a solution of 8 [25] (0.04 g,
0.04 mmol) in CHCl; (10 mL) was added DBU (100 uL)
and the reaction was stirred for 30 min at ambient
temperature. Fluorescein isothiocyanate (FITC) (0.02 g,
0.05 mmol) was then added and the resulting mixture was
allowed to stir overnight. The solvent was then evaporated
and the crude residue purified using flash chromatography
(4:1 CHCI3:MeOH eluent system) to afford the protected
PS-carboxyfluorescein (31 mg, 67%) as an orange solid: 'H
NMR (2:1 CDCl5:CD;0D) 6 0.68 (t, J=6.9 Hz, 3H), 1.07
(m, 38H), 1.22 (s, 9H), 1.26 (s, 9H), 1.41 (m, 6H), 2.11 (m,
4H), 3.43 (m, 2H), 3.75 (m, 2H), 3.91 (m, 4H), 4.06 (m,
1H), 4.17 (m, 2H), 5.01 (m, 1H), 6.41 (m, 2H), 6.50 (s,
2H), 6.86 (d, J=8.4 Hz, 2H), 6.94 (d, /=8.4 Hz, 1H), 7.85
(m, 2H). '*C NMR (2:1 CDCl5:CD50D) & 14.0, 22.7, 24.7,
249, 26.8, 27.8, 28.2, 28.9, 29.2, 29.3, 29.4, 29.5, 29.7,
29.7, 31.9, 34.1, 44.7, 55.0, 62.5, 63.8, 65.7, 70.3, 77.6,
80.2, 82.6, 103.1, 114.3, 131.0, 140.5, 169.7, 173.6, 173.9,
180.7. LRMS (FAB_) calcd for C64H93N3017PS_ (M_):
1238.6 found 1238.7. A solution of protected PS-
carboxyfluorescein (0.02 g, 0.02 mmol) CH,Cl, (4 mL)
and TFA (2 mL) was allowed to stir at room
temperature for 12 h. The reaction was then concentrat-
ed to a crude residue which was taken up in 2:1 CHCl;:
MeOH and washed with saturated NaHCO; and water.
The organic layer was then concentrated and purified
using flash chromatography (65:25:4 CHCl;:MeOH:H,0)
to afford 6 (15 mg, 85%): R~0.05, Dittmer-Lester and
ninhydrin stain positive. The NMR spectrum extremely
broadened due to extensive aggregation in deuterated
solvents; however, the PS headgroup was clearly depro-
tected because the #-Bu singlets at 1.20-1.30 ppm were
absent. HRMS (FAB") calcd for CssH;7N3;015PS™ (M)
1082.4818, found 1082.4785.

PC-carboxyfluorescein (7). To a solution of 9 [25]
(0.04 g, 0.04 mmol) in CHCI; (10 mL) was added DBU
(100 pL) and the reaction was stirred for 30 min at ambient
temperature. FITC (0.02 g, 0.06 mmol) was then added and
the resulting mixture was allowed to stir overnight. The
solvent was removed using reduced pressure and the crude
residue purified using flash chromatography (65:30:5
CHCI3:MeOH:H,O eluent system) to afford PC-
carboxyfluorescein (31 mg, 65%) as an orange solid: 'H
NMR (2:1 CDCl5:CD;0D) 6 0.63 (t, J=6.9 Hz, 3H), 1.05
(m, 34H), 1.48 (m, 6H), 2.08 (m, 4H), 2.98 (s, 9H), 3.09
(m, 2H), 3.39 (m, 2H), 3.77 (t, J=6.3 Hz, 2H), 3.92 (dd, J=
12.3 Hz, 6.9 Hz, 1H), 4.03 (m, 2H), 4.17 (dd, J=12.3 Hz,
3.3 Hz, 1H), 4.99 (m, 1H), 6.35 (m, 2H), 6.45 (m, 2H), 6.56



J Fluoresc (2012) 22:93-101

95

(m, 2H), 6.87 (m, 1H), 7.70 (m, 1H), 8.02 (s, 1H). °C
NMR (2:1 CDCl;:CD3;0D) & 13.7, 19.0, 22.4, 23.5, 24.6,
26.2, 26.7, 28.6, 28.7, 28.8, 28.9, 29.1, 29.2, 29.2, 29.3,
29.4, 31.6, 32.3, 33.8, 33.9, 37.8, 44.3, 53.8, 54.2, 58.9,
62.3, 63.4, 66.1, 70.0, 70.1, 102.6, 111.3, 114.6, 125.5,
129.5, 141.0, 153.9, 165.9, 170.2, 173.3, 173.7, 180.5.
HRMS (FAB") caled for Cs;Hg4N;0,3PS (M+H")
1082.5541, found 1082.5544.

Coumarin triazole dye (10). The known precursor 3-
azidocoumarin dye [26] (21 mg, 80 umol) and I-octyne
(27 mg, 240 pumol) were dissolved in dichloromethane
(4 mL) and mixed with an aqueous solution (4 mL) of
CuS0O4*5H,0 (11 mg) and sodium L-ascorbate (13 mg). The
reaction was allowed to stir overnight at room temperature
and monitored by TLC. After completion the reaction was
extracted with chloroform and washed with EDTA to remove
the copper salts. The organic phase was evaporated and
subjected to flash chromatography (0-3% MeOH in CHCl;)
to yield 10 as a dark yellow oil (24.3 mg, 82%). 'H-NMR
(CDCl5): 6 0.89 (t, J=7.2 Hz, 3 H), 1.24 (t, J=7.1 Hz, 6 H),
1.36 (m, 6 H), 1.73 (m, 2 H), 2.78 (t, J/=7.8 Hz, 2 H), 3.45
(q, /=72 Hz, 4 H), 6.55 (d, J/=2.4 Hz, 1 H), 6.67 (dd, J=
8.9, 2.4 Hz, 1 H), 7.40 (d, J/=8.9 Hz, 1 H), 8.28 (s, 1 H),
8.37 (s, 1 H). *C NMR (CDCl;) & 12.6, 14.2, 22.7, 25.9,
29.1, 29.5, 31.8, 45.2, 97.2, 107.4, 110.2, 117.5, 121.80,
130.1, 134.5, 148.5, 151.6, 155.1,157.3.

HRMS (ESI) caled for C,;HyoN,0, (M+H") 369.2285,
found 369.2290. UV-Vis: A, (abs, CHCl3)=415 nm, (em,
CHCIL3)=461 nm, log ¢ (415 nm, CHCl;)=4.56, ¢ (ex
341 nm, CHCI3)=0.46+5%, in reference to Coumarin 6
(CHCl3, ©=0.93). AL (abs, ethanol)=410 nm, (em,
EtOH)=480 nm, ® (ex 357 nm, EtOH)=0.44+5%, in
reference to Coumarin 6 (EtOH, ®=0.87), A, (abs, 1:1
water:EtOH)=420 nm, (em, 1:1 water: EtOH)=490 nm, ¢
(ex 357 nm, 1:1 water: EtOH)=0.38+5%, in reference to
Coumarin 6 (EtOH, $=0.87).

Fluorescent Phospholipid Preparation
The fluorescent phospholipids were dissolved in 2:1

CHCI3:MeOH mixture and dried by vacuum. The film
was resuspended in TES Buffer (5 mM TES, 145 mM

NaCl, pH 7.4) to give a stock probe concentration of 1 mM.

Cell Culture

Monolayer cultures of V79 cells were grown in DMEM
media supplemented with 10% fetal bovine serum (FBS),
penicillin, streptomycin, and 2.25 mM L-glutamine. Mono-
layer cultures of CHO and A549 cells were grown in
HF-12 K media supplemented with 10% fetal bovine
serum (FBS), penicillin, streptomycin, and 2.25 mM L-
glutamine. Cells were grown in plastic culture flasks at

37°C in 5% CO, atmosphere, passed in 1:5 dilutions and
seeded at 1:4 dilutions on chambered coverslips for
microscopy studies.

Cell Microscopy

Brightfield and fluorescence microscopy was performed on a
Nikon TE-2000U epifluorescence microscope equipped with
filters that allowed detection of each probe. Filter sets were
obtained from Nikon and included UV-2E/C filter (ex: 340/80,

Fig. 1 Internalization of phospholipid NBD derivatives in eukaryotic
cells. Cells were incubated with 10 uM of either 1 (a), 2 (b), or 3 (¢)
at 37°C for 1 h, then washed and imaged at 60X
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em: 435/85), EN GFP HQ filter (ex: 450/90, em: 500/50), Cy3
filter (ex: 535/50 nm, em: 610/75), and Cy?5 filter (ex: 620/60,
em: 700/75). Fluorescence images were captured using
Metamorph software (Universal) and analyzed using /mageJ
1.40.

For probe translocation studies, cells were seeded on
chambered coverslips at a 1:4 dilution following passage.
Cells were grown to 80% confluency. The old media was
removed and replaced with serum free media. The
fluorescent phospholipids were added to the cells at a final
concentration of 10 uM. The mixture was incubated at 37°
C for 1 h followed by three washes with serum free media
and then analysis by fluorescence microscopy.

Metabolic Stability of Fluorescent Probes

Probes 6 and 7 were added to separate samples of cells to
give a final concentration of 10 uM. In each case, cells

were incubated at 37°C for 15 min then trypsinized. The
cells were transferred to an eppendorf tube and centrifuged
for 1 min at 5000 g. The supernatant was removed and the
fluorescent pellet was resuspended in 50 uL of H,O, then
transferred to 500 uL of 3% BSA and allowed to incubate
on ice for 5 min. Following incubation and BSA-mediated
extraction of all the fluorescent probe from the cells, the
mixture was centrifuged for 30 s at 12000 g and the pellet
was discarded. The supernatant containing the BSA and
all of the extracted probe was added to MeOH:CHCl; (2:1,
v/v), vortexed, and allowed to incubate in the dark at room
temperature for 30 min. After incubation, the solution was
centrifuged for 10 min at 2000 g, which allowed
separation of the solvent layers. The cellular phospholipid
components in the organic layer were analyzed by thin-
layer chromatography using CHCIl;:MeOH:H,0 (65:25:4
by volume) as the eluent and fluorescence emission to
visualize the plate. Comparison of the chromatogram with

Scheme 1 Structures of fluorescent PS and PC conjugates and synthetic intermediates
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a control plate containing pure material showed that cell
incubation produced negligible (< 10%) loss in probe
purity.

Aminophospholipid Flippase Inhibition Studies

ATP depletion was achieved by incubating cells in 0.1%
sodium azide and 50 mM 2’-deoxyglucose in glucose
free media for 30 min at 37°C. Cells were then treated
with 10 uM of fluorescent phospholipid probe and
incubated for 30 min at 37°C. After incubation, the
cells were washed three times with serum free media
and imaged by fluorescence microscopy. Chemical
inhibition of aminophospholipid flippase activity was
achieved by treating cells with 10 mM of iodoacetamide
in serum free media followed by incubation at 37°C for
30 min. The media was removed and 10 puM of
phospholipid probe was introduced and the cells
incubated at 37°C for 1 h. After incubation, cells were
washed three times with serum free media and imaged
by fluorescence microscopy.

a Brightfield Fluorescence

A549

Results and Discussion
Synthetic Chemistry and Fluorophore Photostability

The syntheses of NBD and coumarin conjugates 2—5 have
been recently reported [25]. The new carboxyfluorescein
probes 6 and 7 were prepared from the protected PS and PC
precursors 8 and 9 by first removing the Fmoc protecting
group and reacting the liberated amine with fluorescein
isothiocyanate, followed by removal of the remaining
protecting groups in the case of 6 [25]. Coumarins are
well-known as bright and relatively stable blue-emitting
fluorescencent dyes [27], and the 3-triazole-coumarin
fluorophore in probes 4 and 5 has been utilized several
times in recent years for various chemical biology studies
[26, 28] and also for two-photon microscopy [29, 30]. To
quantify these favorable photophysical properties we
prepared the organic soluble, non self-aggregating control
dye 10 and found that it is very weakly solvatochromatic,
with a large Stokes shift, and that its quantum yield hardly
changes with solvent polarity. For example, the relevant

Brightfield Fluorescence

b E:

Fig. 2 Internalization of PS-coumarin probe 4 (a) and membrane localization of PC-coumarin probe 5 (b) in three mammalian cell lines. Probe 4 or §
(10 uM) were incubated with mammalian cells at 37°C for 1 h, then washed and imaged at 60X
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photophysical properties in chloroform are A, 415 nm, log
€ 4.56, A\ep, 461 nm, ® 0.46, and in 1:1 water:ethanol are
Aabs 420 nm, log ¢ 4.55, Aey 490 nm, & 0.38. A
photostability study in ethanol solvent found that the
absorption spectrum of coumarin dye 10 was unaffected
by 30 min of intense irradiation from a 150 W Xenon lamp,
whereas the same conditions lead to significant photo-
bleaching of the NBD dye 3. The superior photostability of
the coumarin fluorophore was also apparent from the
greatly decreased rates of photobleaching observed during
the following cell microscopy studies.

Fluorescent Microscopy of Phospholipid Translocation

Fluorescence microscopy was used to evaluate the ability of
each phosphoplipid probe to penetrate three eukaryotic cell
lines: Chinese hamster lung fibroblasts (V79), Chinese
hamster ovary cells (CHO), and human lung carcinoma cells
(A549). Control studies using the commercially available PS-
NBD probe 1 showed that each cell line exhibited amino-
phospholipid flippase activity and was able to transport 1

a Brightfield Fluorescence
I
: 4
V79
A549
CHO

into the cytosol (see for example Fig. 1a). Not surprisingly,
the structurally similar PS-NBD probe 2 with a triazole
linker was also internalized (Fig. 1b), whereas the PC-NBD
probe 3 remained in the cell plasma membrane (Fig. 1c),
which agrees with the known selectivity of the amino-
phospholipid flippase to not translocate PC derivatives [31].
The same phospholipid head group selectivity was obtained
with coumarin probes 4 and 5. As shown in Fig. 2, PS-
coumarin 4 was strongly internalized after incubation for 1 h
at 37°C; whereas, PC-coumarin 5 remained concentrated at
the plasma membrane. With each cell line, the rate and extent
of cell internalization of PS-coumarin 4 was similar to that
observed with PS-NBD probes 1 and 2. As expected for
amphiphilic compounds, it was possible to remove the
probes 1-5 from inside the cells and also the plasma
membrane by a back extraction process that washed the
stained cells with excess BSA solution. The intracellular
distribution of probe 4 appeared to be cell line dependent.
Separate colocalization experiments with ER Tracker Red
and Mito Tracker Red indicated that 4 preferred the
endoplasmic reticulum in A549 cells, the mitochondria in

b Brightfield Fluorescence

Fig. 3 Plasma membrane localization of carboxyfluorescein probes 6 (a) and 7 (b). Separate samples of the probes (10 M) were incubated with

mammalian cells at 37°C for 1 h, then washed and imaged at 60X
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Fluorescence
< L J

Brightfield

NG

A549

CHO

Fig. 4 Inhibition of PS-coumarin probe 4 translocation by ATP
depletion. Cells were incubated with 50 mM 2'-deoxyglucose and
0.1% sodium azide in glucose free media for 30 min at 37°C then
treated with 10 pM of 4. After incubation at 37°C for 30 min, cells
were washed and imaged at 60X

CHO cells, and a mixture of both organelle locations in V79
cells (Supplemental Information). A possible explanation
for the difference in staining patterns is different rates
of intracellular metabolism of the PS-coumarin 4;
specifically, decarboxylation of the PS head group to form
a PE head group [18, 32]. In the case of the A549 cells,
treatment with PS-coumarin 4 also produced punctate
staining in the cytosol, suggesting partial localization in
endosomes (Supplemental Information). In addition to the
normal endogenous mechanisms for probe uptake by
endocytosis, it is possible that flippase-mediated transport
of the probe from the outer to the inner leaflet of the
plasma membrane can generate invaginations in the
membrane resulting in endocytic vesicles [33].

Identical fluorescence microscopy analysis of cells
treated separately with carboxyfluorescein conjugates 6
and 7 indicated that they are not substrates for the
aminophosphalipid flippase. When incubated at 37°C for
1 h, both 6 and 7 localized to the plasma membranes of all
three cell types (Fig. 3). Back extraction of the probes by
washing with a solution of BSA allowed thin layer

chromatography analysis of probe biochemical stability
and showed that the recovered probes had not undergone
any substantial metabolic decomposition. The lack of
flippase promoted translocation with PS-carboxyfluorescein
probe 6 is attributed to the charge and hydrophilicity of the
attached carboxyfluorescein dye. The size of the dye is not
likely a major factor since PS conjugates with attached
lipophilic pyrene fluorophores have been reported to
translocate across mammalian plasma membranes [32, 34].

Fluorescent Microscopy of Inhibited Phospholipid
Translocation

Cell entry of PS-NBD probes 1, 2 and PS-coumarin probe 4
was greatly inhibited when the incubation was conducted at
4°C, evidence that the membrane translocation is due to an
active transport mechanism. Two sets of additional micros-
copy experiments were conducted to demonstrate that the
selective cell entry of PS-coumarin probe 4 was due to
putative aminophospholipid flippase activity, and not a
chemical process such as probe hydrolysis. There is

Fluorescence

Brightfield
A

A549

CHO

Fig. 5 Inhibition of PS-coumarin probe 4 translocation by covalent
sulthydryl modification. Cells were incubated with 10 mM of
iodoacetamide in media at 37°C for 30 min, then treated with
10 uM of 4. After incubation at 37°C for 30 min, cells were washed
and imaged at 60X

@ Springer



100

J Fluoresc (2012) 22:93-101

growing evidence that the aminophospholipid flippase is a
P4 ATPase, and cell culture conditions that deplete ATP
levels are known to inhibit translocation [11, 14, 35, 36]. As
shown in Fig. 4, incubating separate samples of the three
cell lines with a mixture of 2'-deoxyglucose and sodium
azide for 30 min at 37°C (standard conditions to achieve
intracellular ATP depletion) prior to the addition of PS-
coumarin 4 prevented translocation of 4 such that most of
the fluorescent signal remained concentrated in the plasma
membrane. A second set of experiments inhibited probe
translocation activity by direct chemical treatment. It is
known that the aminophospholipid flippase is inhibited by
sulfhydryl reactive reagents [37], and as shown in Fig. 5,
pre-treatment of the three cell lines with iodoacetamide
(10 uM) prevented cell entry of PS-coumarin probe 4 after
a subsequent incubation at 37°C for 1 h.

Conclusion

The new fluorescent PS-coumarin probe 4 readily enters the
cytosol of all three mammalian cell lines that were tested, and
there is strong evidence that the process is due to selective
translocation by the endogenous aminophospholipid flippase
in the cell plasma membrane. PS-coumarin 4 exhibits bright
fluorescence and much better photostability than the com-
mercially available PS-NBD 1. Thus, it should be useful as a
blue-emitting fluorescent translocation substrate for extended-
imaging studies of flippase action in living cells using laser
confocal microscopy. Furthermore, PS-coumarin 4 may have
value as an energy donor in FRET experiments with NBD
acceptor probes [38]. The PS-carboxyfluorescein probe 6 is
not a translocation substrate, indicating that the amino-
phospholipid flippase does not translocate PS derivatives
with charged and highly polar groups attached to the 2-acyl
chain. Together, these results suggest that the flippase
catalyzed translocation process does not involve phospholipid
passage through a non-selective hydrophilic channel. This
mechanistic picture is in agreement with the latest literature
suggesting that the flippase is a P4 ATPase, perhaps
associated with other proteins [11, 12, 39].
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