
Investigation of the biophysical properties of a fluorescently 
modified ceramide-1-phosphate

Carolyn M. Shirey1, Katherine E. Ward1, and Robert V. Stahelin1,2,*

1Department of Chemistry and Biochemistry and the Harper Cancer Research Institute, 
University of Notre Dame, Notre Dame, IN 46556

2Department of Biochemistry and Molecular Biology, Indiana University School of Medicine-South 
Bend, South Bend, IN 46617

Abstract

Ceramide-1-phosphate (C1P) is an important signaling sphingolipid and a metabolite of ceramide. 

C1P contains an anionic phosphomonoester head group and has been shown to regulate 

physiological and pathophysiological processes such as cell proliferation, inflammation, apoptosis, 

phagocytosis, and macrophage chemotaxis. Despite this mechanistic information on its role in 

intra- and intercellular communication, little information is available on the biophysical properties 

of C1P in biological membranes and how it interacts with effector proteins. Fluorescently labeled 

lipids have been a useful tool to understand the membrane behavior properties of lipids such as 

phosphatidylserine, cholesterol, and some phosphoinositides. However, to the best of our 

knowledge, fluorescently labeled C1P hasn’t been implemented to investigate its ability to serve as 

a mimetic of endogenous C1P in cells or untagged C1P in in vitro experiments. Cellular and in 
vitro assays demonstrate TopFluor-C1P harbors a fluorescent group that is fully buried in the 

hydrocarbon core and fluoresces across the spectrum of physiological pH values. Moreover, 

TopFluor-C1P didn’t affect cellular toxicity at concentrations employed, was as effective as 

unlabeled C1P in recruiting an established protein effector to intracellular membranes, and its 

subcellular localization recapitulated what is known for endogenous C1P. Notably, the diffusion 

coefficient of TopFluor-C1P was slower than that of TopFluor-phosphatidylserine or TopFluor-

cholesterol in the plasma membrane and similar to that of other fluorescently labeled sphingolipids 

including ceramide and sphingomyelin. These studies demonstrate that TopFluor-C1P should be a 

reliable mimetic of C1P to study C1P membrane biophysical properties and C1P interactions with 

proteins.
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1. Introduction

Sphingolipids play roles in cell signaling and membrane trafficking (Gault et al., 2010, 

Hannun and Obeid, 2011) with main players including sphingosine, sphingosine-1-

phosphate (S1P), ceramide, and ceramide-1-phosphate (C1P). C1P has been implicated in 

several intra- and extracellular events including cell proliferation (Gangoiti et al., 2010, 

Gangoiti et al., 2008b, Gomez-Munoz et al., 2010), phagocytosis (Hinkovska-Galcheva et 

al., 2005), inflammation (Arana et al., 2010, Gomez-Munoz et al., 2013, Gomez-Munoz et 

al., 2010), tumor metastasis (Gangoiti et al., 2008a), and migration of macrophages (Ouro et 

al., 2014), pre-adipocytes, human monocytes (Arana et al., 2013), and human pancreatic 

cancer cells (Rivera et al., 2016). C1P is generated in mammalian cells at the trans Golgi 

network (TGN) by the enzyme ceramide kinase (Cerk) (Lamour et al., 2007), where it has 

been shown to activate the enzyme cytosolic phospholipase A2α (Lamour et al., 2009). C1P 

that is synthesized in the TGN is trafficked to the plasma membrane through a vesicular 

pathway (Boath et al., 2008) and via a putative C1P transport protein (Simanshu et al., 

2013). Disruption of the C1P transport to the plasma membrane led to an increase in the 

TGN/endosome/nuclear fraction of C1P and a decrease in the C1P in the plasma membrane 

(Simanshu et al., 2013). The increased C1P in the TGN significantly impacted synthesis of 

eicosanoids through cPLA2α activation (Simanshu et al., 2013). Despite the identification of 

C1P binding proteins such as cPLA2α (Subramanian et al., 2005, Subramanian et al., 2007, 

Ward et al., 2013) and more recently Annexin A2 (Hankins et al., 2013), diacylglycerol 

kinase γ (Takeshita et al., 2014), Tumor Necrosis Factor-α converting enzyme (TACE) 

(Lamour et al., 2011) and prostaglandin D synthase (Bidlingmaier et al., 2016), there are still 

many gaps to fill in our understanding of C1P signaling and identification of binding 

partners.

The physical properties of C1P in membranes of mixed lipid compositions are also not well 

understood. C1P is an anionic phosphomonoester and will form a spontaneous monolayer on 

water despite its anionic charge (Kooijman et al., 2008). When C1P is fully hydrated it is 

able to form a bilayer with a crystalline state at low temperatures, a gel phase at ~45°C and a 

transition to fluid phase at ~65°C (Kooijman et al., 2008). In addition, calcium is able to 

bind to the C1P head group (Kooijman et al., 2009) somewhat akin to Ca2+-

phosphatidylserine interactions (Verdaguer et al., 1999), which could be an important factor 

in recruitment of some binding proteins such as Annexin A2 (Hankins et al., 2013). C1P has 

two ionizable groups on its phosphate head group suggesting the local membrane 

environment and pH can influence its overall charge. The pKA2 of C1P is 7.39 in membrane 

containing phosphatidylcholine, while the introduction of phosphatidylethanolamine (PE) to 

the membranes significantly lowered the pKA2 to 6.64 (Kooijman et al., 2008). This has also 

been observed for the phosphate head group of phosphatidic acid when PE is found in 

membranes and is attributed to an electrostatic/hydrogen bond switch (Kooijman et al., 

2007). Since PE is an abundant lipid in mammalian cells and found both in the Golgi and 
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plasma membrane where C1P resides, a significant population of the cellular C1P may carry 

a −2 charge at cytoplasmic pH. A small mol% of C1P is sufficient to induce negative 

membrane curvature generation (Kooijman et al., 2008), which is similar to reported effects 

of phosphatidic acid (Kooijman et al., 2005), which is structurally very similar to C1P. The 

cellular role of C1P in membrane curvature changes is still an unexplored area of research, 

however, down regulation of C1P transport from the Golgi to the plasma membrane led to an 

increased fragmentation pattern of the Golgi when C1P levels increased (Simanshu et al., 

2013). Thus, the effects of C1P on membrane structure or the interactions with their effector 

proteins may play a role in membrane curvature changes and/or membrane stability.

Fluorescent labeling of lipids has had significant impact on studying lipid distribution (Kay 

et al., 2012, Maekawa and Fairn, 2014), lipid diffusion rates (Golebiewska et al., 2011, Kay 

et al., 2012), and lipid dynamics via single particle tracking (Kay et al., 2012, Knight and 

Falke, 2009). However, labeling lipids comes with some difficulty, as they could behave 

differently from their parent lipid due to the inherent biophysical properties and location of 

the fluorophore. For example, several lipids have been labeled with NBD on the acyl chain, 

but due to its moderately polar nature it can alter their physical properties, which is most 

well characterized for phosphatidylserine (Kay et al., 2012). The more hydrophilic nature of 

the labelled acyl chain has been shown to change the position of the labeled acyl chain 

towards the membrane interface (Abrams and London, 1993, Chattopadhyay and London, 

1987, Kay et al., 2012). Here we examined a new fluorescent derivative of C1P, TopFluor-

C1P, and examined its use as a fluorescent lipid mimicking unlabeled C1P. We have 

investigated the in vitro and cellular behaviors of TopFluor labeled on the acyl chain tail of 

C1P for accessibility in the lipid bilayer, cellular localization, recruitment of a C1P effector 

protein, and membrane dynamics using fluorescence recovery after photobleaching (FRAP). 

These assays together suggest TopFluor-C1P is a sufficient analog of C1P for the study of 

biochemical and biophysical properties of C1P and its effector proteins in vitro and in cells. 

The studies also provide new knowledge on cellular C1P dynamics demonstrating the 

diffusion coefficient of C1P is less than other important signaling lipids such as PS and 

cholesterol but similar to that of other sphingolipids.

2. Materials and methods

2.1 Chemicals and Reagents

All lipids, including TopFluor-C1P, were obtained from Avanti Polar Lipids (Alabaster, AL). 

A549 cellular transfection reagents, PLUS reagent and Lipofectamine LTX, were from Life 

Technologies (Grand Island, NY). 7-Aminoactinomycin D was acquired from BD 

Biosciences (San Jose, CA). A23187, BAPTA AM, camptothecin, laurdan, and potassium 

iodide were acquired from Sigma-Aldrich (St. Louis, MO).

2.2 Liposome Assays

Liposomes were prepared by adding the required amount of stock lipid (in chloroform) into 

a glass vial and drying under a stream of N2 gas. The dried lipid was re-suspended in 

liposome buffer with different buffering agents to prepare appropriate pH values (25 mM 

HEPES, 25 mM sodium acetate, or 25 mM sodium phosphate containing 140 mM KCl, 0.5 
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mM MgCl2, 15 mM NaCl), followed by vortexing. Large unilamellar vesicles (LUVs) were 

prepared by passing lipids in liposome buffer 50 times through an Avanti® Mini-extruder 

(Avanti Polar Lipids, Alabaster, AL) containing a 100 nm filter pore size. Liposomes were 

prepared at 100 μM concentration with 1% TopFluor-labeled lipid and 99% POPC. LUVs 

were added to a Costar black with clear flat bottom 96-well plate (Corning, Kennebunk, 

ME) to a total volume of 200 μl. For the potassium iodide quenching assay, increasing 

concentrations of KI (0 to 0.5 M) were added to the appropriate wells and fluorescence was 

measured using a SpectraMax M5 microplate reader (Sunnyvale, CA). Fluorescence of 

TopFluor-labeled lipids was excited at 470 nm and emission was measured at 510 nm. 

Fluorescence was measured before (F0) and after (F) the addition of KI. Data was plotted 

F/F0 vs. KI (M). For the laurdan assay, multilamellar vesicles (MLVs) were prepared at 1 

mM with indicated lipid composition. MLVs were added to a 96 well plate and excited at 

340 nm, and emission was measured from 390 to 600 nm. General polarization (GP) was 

measured using the equation, GP = (I435 − I480)/(I435 + I480).

2.3 Surface Plasmon Resonance (SPR) Binding Assay

To gauge the ability of the C2 domain of cPLA2α to bind TopFluor-C1P in liposomes, we 

performed SPR analysis with liposomes containing either POPC:POPE:TopFluor-C1P 

(77:20:3) or POPC:POPE:C1P (77:20:3). Using a Biacore X instrument and a L1 sensor 

chip, liposomes containing the aforementioned compositions were coated on flow channel 

two at ~4000 RU. Flow channels one and two were then coated with 0.1 mg/mL BSA to 

greatly reduce nonspecific binding to the sensor chip surface. Binding experiments with the 

C2 domain were run in 10 mM HEPES, pH 7.4 containing 0.16 M KCl and 1 μM CaCl2. 

Increasing concentrations of the C2 domain were injected over both flow cell 1 and flow cell 

2 for both lipid conditions to monitor the association and dissociation phase of liposome 

binding. Flow channel 1 was then subtracted out from flow channel 2 for each protein 

concentration to account for any nonspecific association with the sensor chip surface. The 

saturation response (RU) was determined following subtraction of the control flow cell. The 

saturation response (RU) was then plotted versus C2 domain concentration in order to 

determine the apparent Kd value by a nonlinear least-squares analysis of the binding 

isotherm using an equation, Req= Rmax/(1 + Kd/C).

2.4 Cell Culture, Transfection, and Cell Treatments

A549 lung adenocarcinoma cells were grown in 50:50 DMEM:RPMI supplemented with 

10% FBS and 1% penicillin-streptomycin at 37°C with 5% CO2. For imaging experiments, 

cells were seeded in Nunc Lab-Tek™ II 8-well imaging plates (Fisher Scientific) in growth 

medium and grown to ~60–70% confluency. Cells were then transfected with 1 μg of DNA 

using PLUS reagent and lipofectamine LTX according to the manufactures’ protocol (Life 

Technologies, Grand Island, NY) and replaced with Opti-MEM growth medium. 18 hours 

post-transfection, cells were treated with lipid or vehicle and imaged 1 hour later. Lipid was 

prepared by adding the required amount of stock lipid into a glass vial and dried under a 

stream of N2. Lipid was re-suspended in a solution of ethanol:dodecane (98:2) (Wijesinghe 

et al., 2009) to a concentration of 100 μM, followed by sonication for ten cycles of 10 s on, 

10 s off, followed by incubation in 37°C for 20 minutes. Lipids were added to cells in 8-well 
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imaging plates to a final concentration of 1 μM. For vehicle experiments, cells were treated 

with an equivalent volume of ethanol:dodecane (98:2).

2.5 Confocal Microscopy – Colocalization and FRAP

Cells were imaged using confocal microscopy (Zeiss LSM 710) using an oil 63× 1.4 

numerical aperture objective. For organelle colocalization experiments, mTurquoise2 

constructs were excited with a 434 nm laser line and emission collected using cyan 

fluorescent protein (CFP) emission from 450–510 nm, and TopFluor-C1P excitation was at 

488 nm with emission measured using green fluorescent protein (GFP) settings from 510 – 

600 nm. Colocalization experiments were measured using the Zeiss LSM software for 

determination of the Mander’s overlap coefficient by outlining transfected cells of interest in 

the image. Values greater than 0.6 indicate colocalization between the two fluorophores. For 

% translocation assays, cells were counted in 3 separate experiments, where 20–70 cells 

were counted in each experiment. For cPLA2α experiments inducing translocation with C1P, 

A23187 dissolved in DMSO, was added to cells at a final concentration of 10 μM.

Fluorescence recovery after photo-bleaching (FRAP) experiments bleached a circular region 

of interest (ROI) of 2.2 μm diameter. After 3 pre-bleach scans, the ROI was bleached for 10 

iterations at 488 nm with 100% laser power. The post-bleach profile was scanned for 30 

seconds. Fluorescence data was extrapolated using ImageJ software to measure fluorescence 

in the bleached area over time. The mobile fraction was measured using the following 

equation where F1 is normalized to 1 for the pre-bleach scans. The diffusion coefficient was 

measured using a simplified equation described by Kang, M, et al. (Kang et al., 2010) where 

the nominal bleach region, rn, is kept constant among all samples, and the re is determined 

from accurate measurements of t1/2, and the half width at 14% of bleaching depth from the 

top. These measurements were determined from ImageJ analysis of the bleach depth profile 

in fluorescence intensity of the ROI immediately following the pre-bleach scans.

2.6 Toxicity Assay

Cells were seeded in growth medium at 5 × 104 cells per 15 × 60 mm dish. 24 hours prior to 

experiment, cells were washed with PBS and replaced with 50:50 DMEM:RPMI and 

appropriate dishes were treated with 35 μM camptothecin. Two hours prior to staining, cells 

were treated with 1 μM lipid. Cells were washed with PBS, treated with 0.5 mL Trypsin for 

3–5 minutes at 37°C and collected via centrifugation. Cells were washed twice with PBS 

and re-suspended in 300 μl 1X Binding Buffer. Appropriate dishes were treated with 7-

Aminoactinomycin D (7-AAD) according to manufacture’s protocol. Cells were collected 

using the FC500 flow cytometer (Beckman) and analyzed using FlowJo software. 7-AAD 

was excited at 488 nm and emission collected between 660–690 nm.
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2.7 Statistical Analysis

Student’s t-test was used for statistical analysis, and p < 0.05 was used as the significance 

threshold.

3. Results

3.1 Biophysical properties of TopFluor-C1P as a fluorescent analog of C1P

TopFluor is a fluorescent molecule characterized by its dipyrromethene boron difluoride 

moiety, which has been covalently attached to different lipid molecules, including the C11 

acyl chain tail of C1P as shown in figure 1A. To first assess the fluorescence of TopFluor 

C1P, we monitored the fluorescence emission profile of 1 mol% TopFluor C1P in liposomes 

containing 99 mol% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) at pH 7.5 

(Figure 1B). TopFluor-C1P exhibited an emission maxima at ~510 nm when exited at 470 

nm. In order to determine if the fluorescence properties of TopFlour-C1P differed when the 

pH of the solution changed, we examined the fluorescence emission profile of 1 mol% 

TopFluor-C1P in buffers with pH values of 4 to 7.5 (Figures 1B and S1A). This is an 

important assessment and control for potential cellular studies with TopFluor-C1P, as when 

TopFluor-C1P is added to cell culture, it may encounter lower pH environments if it’s 

incorporated into the endosomal/lysosomal pathway. As expected, the TopFluor-C1P 

emission spectra behaved similarly from pH 4 to pH 7.5 suggesting the TopFluor 

fluorescence won’t be suppressed in the more acidic physiological environment. The 

TopFluor fluorescence with respect to pH dependency was similar in POPC or DOPC 

vesicles (Figures 1B and S1A).

To determine if TopFluor-C1P could recapitulate C1P in liposomes to support binding of a 

known C1P effector protein, we employed SPR analysis for the C2 domain of cPLA2α 
(Stahelin et al., 2007, Subramanian et al., 2005, Ward et al., 2013). Liposomes containing 

either 3 mol% TopFluor-C1P or 3 mol% C1P were used to test C2 domain binding at 

varying concentrations of protein. SPR sensorgrams for C2 domain association with each 

liposome following subtraction of a control flow cell are shown in the supplemental data 

(Figure S2). Determination of the apparent Kd value from a non-linear least squares analysis 

of the saturation response (RU) versus C2 domain concentrations yielded an apparent Kd for 

of 730 ± 140 nM for TopFluor-C1P containing liposomes and 230 ± 50 nM for C1P 

containing liposomes (Figure S2). TopFluor-C1P supports binding of the C2 domain to a 

similar magnitude to that of unlabeled C1P.

We also examined the TopFluor-C1P emission spectra at increasing concentrations of 

TopFluor-C1P (1–50 mol%) in the liposomes (Figure 1C). The fluorescence emission signal 

increased at ~510 nm from 1–10 mol% TopFluor-C1P in the liposomes, however, the 

emission spectra shifted and fluorescence emission decreased at 25 and 50 mol% TopFluor-

C1P (Figures 1C and S1B). The decrease in emission spectra above 10 mol% TopFluor-C1P 

in liposomes is most likely due to self-quenching of the fluorophore. Notably a similar trend 

was detected for TopFluor-C1P in either POPC or DOPC vesicles (Figures 1C and S1B).

To investigate if the fluidity of membranes with TopFluor-C1P and native C1P were similar, 

a laurdan assay was employed. The general polarization (GP) was analyzed using the 
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intensity values at 435 nm and 480 nm, rather than the traditional 440 nm and 490 nm, to 

avoid emission shift overlap from the fluorescent TopFluor-C1P. GP values range from −1 to 

+1, where a more positive value indicates a very rigid membrane and a more negative value 

a more fluid membrane. POPC and C1P MLVs displayed a GP value between 0 and −0.1. 

These data are consistent with previously published data showing a GP value of ~ −0.5 for 5 

mol% C1P (Stock et al., 2012). However, MLVs containing TopFluor-C1P showed 

significantly increased GP values: 0.2, 0.58, and 0.65, for 1, 3, and 5 mol% respectively, 

indicating that TopFluor-C1P creates a more rigid and ordered membrane structure.

To further assess the physical properties of the TopFluor moiety on C1P, we performed a 

potassium iodide quenching assay to determine if the TopFluor moiety was near the 

membrane-water interface. For these experiments, we compared TopFluor-C1P to TopFluor-

PS as Kay and colleagues elegantly compared TopFluor-PS and NBD-PS to show the 

TopFluor probe was more hydrophobic, sat at the interior of the membrane, and was not 

quenched by potassium iodide (Kay et al., 2012). In the iodide assay, the fluorescent probe 

will be quenched when exposed to aqueous medium at increasing concentration of iodide. In 

contrast, if the probe is not quenched, it sits tightly within the hydrophobic core of the lipid 

bilayer. As shown in figure 1E, as increasing concentrations of potassium iodide were added 

we observed little change in the fluorescence emission of TopFluor-PS or TopFluor-C1P 

(Figure 1E). Fluorescence was measured before (F0) and after (F) the addition of KI to yield 

the data plotted as F/F0 vs. KI concentration in Figure 1E.

3.2 TopFluor-C1P cellular toxicity

To assess if exogenously added TopFluor-C1P was toxic to cells, we performed assessment 

of cellular death using flow cytometry. 7-AAD, which stains dead cells, was used to measure 

the percentage of cells that were dead or dying after no treatment, treatment with 

camptothecin, treatment with vehicle (ethanol:dodecane 98:2), or treatment with TopFluor-

C1P. 7-AAD stained cells were gated based on their staining of 7-AAD and quantified based 

on percentage of cell death. Camptothecin treated cells were used as a positive control to 

ensure cell death was possible within our experimental procedures (Figure 1F) and induced 

nearly 30% cell death under these conditions. We didn’t observe a significant increase in cell 

death when cells were exogenously treated with TopFluor-C1P versus 18:1/16:0 C1P 

compared to untreated cells (Figure 1F). Additionally, the vehicle (added at less than 1% of 

total volume) control seems to play no significant role in cell viability with these 

experiments (Figure 1F).

3.3 TopFluor-C1P cellular localization and activation of cPLA2α

C1P was shown to be synthesized in the TGN and then transported to the plasma membrane 

but may also be found at low levels in endosomes and nuclear membranes (Simanshu et al., 

2013). In order to determine the cellular distribution of TopFluor-C1P, we treated A549 cells 

with TopFluor-C1P or vehicle control and imaged cells expressing various organelle and 

membrane markers one hour after lipid or vehicle treatment (Figure 2). Using Mander’s 

correlation coefficient at a cutoff of above 0.6 indicating colocalization (Zinchuk et al., 

2007), we determined that TopFluor-C1P co-localized with the Golgi and plasma membrane, 

but not significantly with the mitochondria, peroxisome, tubulin, endoplasmic reticulum 
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(ER), or nucleus. The distribution of TopFluor-C1P was similar to that known for 

endogenous C1P in mammalian cells (Simanshu et al., 2013). Similar cellular distribution 

was observed with either ultra pure H2O or ethanol:dodecane (98:2) as the TopFluor-C1P 

delivery vehicle (Figure S3).

C1P has previously been shown to activate cytosolic phospholipase A2α (cPLA2α) in a 

calcium dependent manner (Subramanian et al., 2005). In addition, cPLA2α associates with 

C1P using a cluster of cationic residues (Stahelin et al., 2007, Ward et al., 2013) that are 

important for the C1P-dependent translocation of cPLA2α (Lamour et al., 2009, Ward et al., 

2013). Thus, we employed cellular translocation assays of cPLA2α to assess the ability of 

TopFluor-C1P to recruit a C1P protein effector to the membrane when compared to C1P 

without a fluorescent tag. As shown in figure 3, we first assessed the number of cells 

displaying detectable translocation by performing 3 independent experiments with 20–70 

cells assessed per experiment. Four different treatment regimens (with or without the 

calcium ionophore A23187) were used: no treatment (with or without A23187), vehicle 

(with or without A23187), C1P (with or without A23187), or TopFluor-C1P (with or without 

A23187). As previously reported (Lamour et al., 2009), A23187 was sufficient to induce 

cPLA2α translocation to internal membranes in >40% of cells. No significant translocation 

was detectable with vehicle in the absence of A23187. C1P in combination with A23187 

induced a statistically significant increase in the translocation efficiency (>70% of cells) of 

cPLA2α as previously reported (Ward et al., 2013). Notably, the TopFluor-C1P was able to 

induce significant cPLA2α translocation in the presence of A23187 indicating the TopFluor-

C1P was able to mimic C1P in the cPLA2α cellular membrane binding mechanism.

To further validate the localization of TopFluor-C1P with respect to cPLA2α, we performed 

colocalization analysis of either cPLA2α or the isolated C2 domain with TopFluor-C1P. 

Cells were treated with A23187 and TopFluor-C1P to monitor the translocation of mCherry-

cPLA2α or mCherry-cPLA2α-C2. The Mander’s overlap coefficient analysis indicated 

TopFluor-C1P co-localized with cPLA2α or the isolated C2 domain above the 0.6 coefficient 

threshold (Figure 3B and C). Note the lower but statistically significant Mander’s coefficient 

for this analysis isn’t unexpected as the whole cell was analyzed and TopFluor-C1P has a 

significant localization to the plasma membrane, whereas cPLA2α and C2 domain 

membrane translocation is restricted to internal membranes.

3.4 Membrane Dynamics of TopFluor-C1P

Little is known regarding the membrane dynamics of C1P in cellular membranes and how its 

lipid dynamics compare to those of other more well characterized lipids. We employed 

FRAP to determine the diffusion coefficient and mobile fraction of TopFluor-C1P in the 

plasma membrane and the Golgi of A549 cells. We also determined the diffusion coefficient 

for TopFluor-PS, TopFluor-cholesterol, TopFluor-phosphatidylcholine (PC), TopFluor-

Ceramide, and TopFluor-Sphingomyelin as cellular diffusion of some of these lipids has 

been investigated previously (Kay et al., 2012, Maekawa and Fairn, 2014, Ries et al., 2009).

We performed FRAP using a ROI of 2.2 μm diameter in the plasma membrane or the Golgi 

(TopFluor-C1P only) where after 3 pre-bleach scans, the ROI was bleached for 10 iterations 

at 488 nm with 100% laser power. The post-bleach profile was then scanned for 30 seconds 

Shirey et al. Page 8

Chem Phys Lipids. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for each lipid treatment. This allowed us to determine the diffusion coefficient and mobile 

fraction (see methods) for each fluorescently labeled lipid. As previously reported, 

TopFluor-PS (0.48 ± 0.06 μm2/s) and TopFluor-cholesterol (0.55 ± 0.11 μm2/s) (See table 1) 

had a similar diffusion coefficient in the plasma membrane (Kay et al., 2012, Maekawa and 

Fairn, 2014, Ries et al., 2009), 0.49 μm2/s and 0.33 μm2/s, respectively. Some differences 

may be expected due to different cell lines employed and the use of Bodipy-cholesterol in 

the prior work (Ries et al., 2009). In contrast to TopFluor-PS and TopFluor-cholesterol, 

TopFluor-C1P exhibited an even slower diffusion coefficient of 0.28 ± 0.07 μm2/s TopFluor-

PC also displayed a slower dissociation rate in the plasma membrane (0.31 ± 0.04 μm2/s) 

similar to that of TopFluor-C1P. TopFluor-ceramide and TopFluor-sphingomyelin, which 

display more structure similarity to TopFluor-C1P displayed even slower diffusion 

coefficients, 0.22 ± 0.02 μm2/s and 0.18 ± 0.01 μm2/s, respectively.

We also determined the mobile fraction of each lipid in the FRAP experiments (See table 2). 

All four fluorescently labeled lipids had a mobile fraction of greater than 75% in the plasma 

membrane. TopFluor-cholesterol and TopFluor-PC were nearly fully mobile with a mobile 

fraction near 1 while TopFluor-PS and TopFluor-C1P had mobile fractions of 0.85 ± 0.07 

and 0.83 ± 0.12, respectively. Similarly, TopFluor-ceramide and TopFluor-sphingomyelin 

had mobile fractions of 0.78 ± 0.07 and 0.76 ± 0.09, respectively. We also attempted to 

measure the diffusion coefficient of TopFluor-C1P in the Golgi membrane, however, this 

was difficult as only ~15% of TopFluor-C1P was mobile in the Golgi.

4. Discussion

4.1 Biophysical properties of TopFluor-C1P

Fluorescent probes have been valuable tools to study lipid biophysics and lipid dynamics in 

biological systems (Maekawa and Fairn, 2014). Fluorescently labeling lipids is a challenging 

task as head group labeling may affect binding and specificity of peripheral proteins while 

acyl chain labeling may alter lipid packing in the hydrophobic environment (Abrams and 

London, 1993, Chattopadhyay and London, 1987). The goal has been to find a probe that is 

sensitive for desired fluorescence experiments but does not significantly perturb the 

membrane. Recently, the TopFluor fluorescent label has become available on several 

glycerophospholipids, sterols, and sphingolipids and has been shown to be superior to the 

NBD label for studying PS in vitro and in cells (Kay et al., 2012). Here, using an array of in 
vitro and cellular imaging techniques, we have found that TopFluor-C1P successfully 

mimics unlabeled C1P in lipid-protein interaction, subcellular distribution, and further is not 

toxic to a human cancer cell line. We also found that TopFluor-C1P diffusion in the plasma 

membrane of A549 cells is similar to other sphingolipids.

Fluorescence experiments at different pH values, meant to represent the pH values found 

from the cellular cytoplasm down to the acidic pH of the lysosomes, demonstrated TopFluor-

C1P robustly fluoresces over a wide physiological pH range. This was also investigated 

because Kooijman and colleagues hypothesized that C1P binds to proteins in both a pH and 

calcium dependent manner (Kooijman et al., 2008, Kooijman et al., 2009), which affects the 

microenvironment and could affect fluorescence, but our data indicate TopFluor-C1P should 

be stable under these different conditions.
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The fluorescent label on TopFluor-C1P, which is not readily accessible at the membrane-

water interface, seems to be buried in the hydrocarbon core similar to the TopFluor-PS 

shown in figure 1 and in previous work (Kay et al., 2012). TopFluor-C1P also displays 

typical fluorescence spectra patterns when varying the C1P mol% in liposomes. At 

TopFluor-C1P concentrations above 10% we observed a self-quenching event, which is 

typical of Top-Fluor labeled lipids (Kay et al., 2012). This might be explained by the 

observation that at increasing concentrations of C1P, there is a phase change and formation 

of non-lamellar structure (Kooijman et al., 2008). Additionally, quenching can result from 

transient excited state interactions, which commonly occurs in high loading concentrations 

of a fluorophore (Ogawa et al., 2009). Since C1P is thought to be a minor component of 

lipid membranes, and a small mol% of C1P (1–3 mol%) is sufficient to recruit protein 

effectors to liposomes (Hankins et al., 2013, Lamour et al., 2011, Ward et al., 2013), it’s 

recommended to study TopFluor-C1P under 5 mol% in liposomes. TopFluor-C1P also seems 

to be a valuable probe because of its hydrophobic character and ability to tightly fit within 

membranes with little disruption. This was shown with iodide quenching assays, where at 

increasing concentration of iodide (Figure 1E), the fluorophore was not significantly 

quenched. This means the fluorophore is able to sit tightly within he hydrophobic core of the 

membrane without forcing the acyl chain to migrate towards the membrane-water interface. 

This also suggests that TopFluor-C1P does not affect the head group orientation of C1P in 

membranes, allowing head group recognition and binding of proteins to remain unaltered 

(Figures 1C and 3).

4.2 TopFluor-C1P cellular and trafficking data

In mammalian cells, ceramide is trafficked from the ER to the TGN (Hanada, 2006), where 

it is converted to C1P by ceramide kinase (Lamour et al., 2007). From the TGN, C1P is 

trafficked to the plasma membrane by the recently discovered CPTP protein (Simanshu et 

al., 2013). We performed organelle co-localization analysis to determine where TopFluor-

C1P localized within the A549 cells. Our findings indicate TopFluor-C1P was found 

predominately at the Golgi and the plasma membrane, consistent with previous studies on 

C1P localization (Simanshu et al., 2013). How TopFluor-C1P is trafficked from the plasma 

membrane to the Golgi of a mammalian cell from a microemulsion/organic solvent solution 

addition is still unknown. We speculate that high concentrations of C1P in the plasma 

membrane may trigger a retrograde transport of C1P through CPTP from the plasma 

membrane to the TGN. Silencing of CPTP previously lead to accumulation of C1P in the 

TGN (Simanshu et al., 2013) but it is unknown how cellular membranes and trafficking 

mechanisms respond when the C1P levels in the plasma membrane rise about those typically 

found in healthy cells. There also could be alternative lipid transport proteins of vesicular 

trafficking mechanisms for C1P that have yet to be elucidated.

Extensive work has previously described that C1P binds and activates cPLA2α in a calcium-

dependent manner (Subramanian et al., 2005). cPLA2α activity liberates arachidonic acid 

and activates the COX2 pathway involved inflammation. Eicosanoids are further 

metabolized by downstream enzymes such as prostaglandin synthase D, which may also 

interact with C1P in the Golgi (Bidlingmaier et al., 2016). Here we show that TopFluor-C1P 

can recruit cPLA2α or its isolated N-terminal C2 domain, which harbors the primary C1P 
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interaction site (Lamour et al., 2009, Stahelin et al., 2007, Ward et al., 2013). SPR 

experiments for the C2 domain displayed binding for TopFluor-C1P or C1P in POPC 

vesicles to be similar (~2.5-fold weaker for TopFluor-C1P). The modest difference in 

affinity for the two C1P molecules embedded in liposomes is still unknown, but TopFluor-

C1P did cause membranes to be more rigid compared to native C1P as evidenced from the 

laurdan assay. This difference in membrane rigidity between labeled and unlabeled C1P may 

help explain the ~2.5-fold difference in the apparent Kd for the cPLA2α C2 domain. Since 

TopFluor-C1P mimicked unlabeled C1P in A549 cells, it strongly suggests TopFluor-C1P 

can recapitulate C1P in recruitment of some C1P effector proteins. The C2 domain of C1P is 

thought to bind to cPLA2α through head group recognition at the conserved RxRH sequence 

in the C2 domain (Ward et al., 2013), but the mechanisms of how other C1P binding proteins 

such as Annexin A2 (Hankins et al., 2013) or TACE (Lamour et al., 2011) bind C1P is 

unknown. This suggests further studies are needed to decipher if C1P can interact with 

binding effectors that harborg different modes of C1P recognition.

4.3 TopFluor diffusion coefficients and interactions at the plasma membrane

FRAP experiments were employed to investigate the diffusion coefficient of Topfluor-C1P 

in the plasma membrane and Golgi membranes. TopFluor-C1P is much more dynamic at the 

plasma membrane than at the Golgi, with an almost 2-fold increase in the mobile fraction. 

By taking a further look into TopFluor-C1P at the plasma membrane, we calculated the 

diffusion coefficient of TopFluor-C1P, TopFluor-cholesterol, TopFluor-PC, TopFluor-PS, 

TopFluor-ceramide, and TopFluor-sphingomyelin. TopFluor-C1P had a diffusion coefficient 

slower than that of PS or cholesterol, and notably TopFluor-PS and TopFluor-cholesterol had 

similar diffusion coefficients as reported previously (Kay et al., 2012). Interestingly, 

TopFluor-PC also had a slower diffusion coefficient than PS or cholesterol in the plasma 

membrane but to the best of our knowledge, fluorescent PC dynamics in the plasma 

membrane aren’t well studied. What is clear is that TopFluor-C1P has as slower diffusion 

coefficient in the plasma membrane than other anionic lipids such as PS (Kay et al., 2012, 

Maekawa and Fairn, 2014) and PI(4,5)P2 (Golebiewska et al., 2011) which are known to 

have hundreds of effectors proteins (Moravcevic et al., 2012, Stahelin et al., 2014). 

TopFluor-C1P had more comparable diffusion coefficient values with Topfluor-ceramide and 

TopFluor-sphingomyelin, which are known to have spontaneous movement into micrometric 

domains (Tyteca et al., 2010). This slower diffusion coefficient of TopFluor-C1P compared 

to glycerophopholipids is consistent with the sphingosine backbone on C1P, as ceramide and 

sphingomyelin have been implicated in membrane raft (Castro et al., 2014, Rog and 

Vattulainen, 2014) and gel-like domain structures (Taniguchi et al., 2006). Our data also 

coincide with previous studies showing higher mobility for NBD-cholesterol than NBD-

ceramide (Oghalai et al., 1999). Importantly, TopFluor-C1P was shown to increase the 

rigidity of membrane in vitro compared to unlabeled C1P so its important to consider that 

TopFlour-C1P may be more readily incorporated into raft-like regions of the plasma 

membrane compared to native C1P.

Since TopFluor-C1P recruited cPLA2α to the Golgi, we also hypothesize that TopFluor-C1P 

should be successfully transported by CPTP (Simanshu et al., 2013) from the TGN to the 

plasma membrane in cells. It was previously shown by Zhai et al. that the human glycolipid 
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transfer protein, with structural similarity to CPTP, was successful in transfer of BODIPY-

GalCer (Zhai et al., 2013) in a similar manner to GalCer. If CPTP is able to transport 

TopFluor-C1P from the TGN to the plasma membrane, this may contribute to the restoration 

of some of the TopFluor-C1P in the plasma membrane following photobleaching.

5. Conclusions

In closing, TopFluor-C1P is a valuable lipid mimetic that can be further utilized to study 

many important biophysical and cellular questions regarding C1P properties in membranes 

and its role in lipid-lipid and lipid-protein interactions. The bilayer leaflet distribution of 

TopFluor-C1P is unknown in the plasma membrane and TopFluor-C1P may be a favorable 

tool to study C1P dynamics across the plasma membrane interface, somewhat akin to what 

has been done to study PS movement and asymmetry (Daleke, 2007).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biophysical Properties of TopFluor-C1P
A) The structures of C1P (d18:0/16:0) (top) and TopFluor-C1P (bottom), which harbors a 

dipyrromethene boron difluoride (TopFluor) moiety at the tail end of the amine-linked acyl 

chain, are shown in their fully protonated state. B) The emission spectra (excitation at 470 

nm and emission 490–600 nm) of 100 nm liposomes containing 1% TopFluor-C1P and 99% 

POPC at varying physiological pH values are shown. RFU = relative fluorescence unit. C) 

Increasing mol% of TopFluor-C1P was incorporated into POPC vesicles and the emission 

spectra (490–600 nm) was collected following excitation at 470 nm. D) The general 

polarization (GP) values from a laurdan assay containing MLVs with the indicated lipid 

concentrations in POPC. GP was measured using the equation, GP = (I435 − I480)/(I435 + 

I480). MLVs were excited at 340 nm and the emission was measured from 390 to 600 nm. E) 

A potassium iodide quenching assay was performed for liposomes containing either 1 mol% 

TopFluor-C1P or 1 mol% TopFluor-PS in DOPC vesicles. The emission (510 nm) was 

collected following excitation at 470 nm and the data were plotted as a ratio of (F/F0) versus 

the concentration of potassium iodide. F0 = fluorescence before KI addition, F = 

fluorescence after KI addition. F) Flow cytometry using the dye 7-AAD was employed to 

assess cell death for A549 cells treated with nothing, camptothecin, TopFluor-C1P or vehicle 

control. * p < 0.05. TF = TopFluor.
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Figure 2. Cellular distribution of TopFluor-C1P in A549 cells
A) A549 cells were transfected with mTurquiose2 organelle specific markers (cyan) to 

investigate the cellular distribution of TopFluor-C1P (green). 1 μM TopFluor-C1P was added 

to cells 1 hour prior to imaging. Representative images for the mTurquiose2 and TopFluor 

channels are shown for each cellular marker. Scale bar = 10 μm. B) Cellular images were 

analyzed for colocalization using Mander’s overlap coefficient. Significant colocalization is 

above 0.6 and data shown is ± standard error of the mean (SEM).
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Figure 3. Translocation and colocalization of cPLA2α with C1P and TopFluor-C1P
A) A549 cells expressing cPLA2α were assessed for translocation to intracellular 

membranes following treatment with or without the calcium ionophore A23187. In addition 

to A23187, cells were either treated with vehicle control, C1P, or TopFluor-C1P. The 

percentage of cells exhibiting cPLA2α translocation from the cytosol to the Golgi were 

counted. In three separate experiments, 20–70 cells were counted for each condition to 

display the average ± SEM. B) Colocalization analysis was performed for the entire cell 

image using TopFluor-C1P with both mCherry fusion constructs of full length and the 

isolated C2 domain of cPLA2α. C) Several representative images are displayed with the 

addition of 10 μM A23187 between C1P treated cells and TopFluor-C1P treated cells. The 

merged images display colocalization with TopFluor-C1P when A23187 is added to cells to 

promote binding and translocation of cPLA2α. Scale bar = 10 μm. * Indicates p <0.05 

statistical significance.

Shirey et al. Page 18

Chem Phys Lipids. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Fluorescence Recovery After Photo-bleaching (FRAP) with TopFluor lipids
A) The diffusion coefficient was determined from three independent experiments for each 

TopFluor lipid shown in the plasma membrane of A549 cells. B) The mobile fraction of the 

four different TopFluor lipids was calculated from photo bleaching of a 1.1 μm radius circle 

at the plasma membrane followed by analysis in ImageJ and Kaleidagraph. C) Mobile 

fraction of TopFluor-C1P after FRAP at the plasma membrane or Golgi of A549 cells. D) A 

normalized fluorescence versus time plot is shown for the FRAP of TopFluor-C1P in the 

plasma membrane of A549 cells.
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Table 1

Diffusion coefficient of different TopFluor lipids in the plasma membrane of A549 cells.

Diffusion Coeff. (μm2/s) Average SEM

TopFluor-PS 0.48 0.06

TopFluor-C1P 0.28 0.07

TopFluor-Chol 0.55 0.11

TopFluor-PC 0.31 0.04

TopFluor-Ceramide 0.22 0.02

TopFluor-Sphingomyelin 0.18 0.01
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Table 2

Mobile fraction of different TopFluor lipids in the plasma membrane of A549 cells.

Mobile Fraction Average SEM

TopFluor-PS 0.85 0.07

TopFluor-C1P 0.83 0.12

TopFluor-Chol 0.97 0.13

TopFluor-PC 1.01 0.09

TopFluor-Ceramide 0.78 0.07

TopFluor-Sphingomyelin 0.76 0.09
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