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ABC, ATP-binding cassette; BD-CsA, Bodipy-FL conjugate of cyclosporine A; Boc, tert-

Butyloxycarbonyl; Bodipy NHS ester, Boron, [1-[3-[5-[(3,5-dimethyl-2H-pyrrol-2-ylidene-

.kappa.N)methyl]-1H-pyrrol-2-yl-.kappa.N]-1-oxopropoxy]-2,5-pyrrolidinedionato]difluoro; CsA, 

cyclosporine A; DCM, Dichloromethane; DEA, Diethylamine; DMAP, 4-N,N-Dimethylaminopyridine; 

EDC.HCl, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride; EtOAc, Ethyl acetate; 

Fmoc, Fluorenylmethyloxycarbonyl; Fmoc-OSu, N-(9-Fluorenylmethoxycarbonyloxy) succinimide; 

MeOH, Methanol; NBD-CsA, 7-nitrobenz-2-oxa-1,3-diazol-4-yl conjugate of cyclosporine A; NHS, N-

Hydroxysuccinimide; P-gp, P-glycoprotein; RT, room temperature; TFA, Trifluoroacetic acid; TMD, 
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ABSTRACT 

Fluorescent conjugates of drugs can be used to study cellular functions and pharmacology. These 

compounds interact with proteins as substrates or inhibitors, helping in the development of unique 

fluorescence-based methods to study in vivo localization and molecular mechanisms. P-glycoprotein (P-gp; 

ABCB1) is an ABC transporter that effluxes most anti-cancer drugs from cells, contributing to the 

development of drug resistance. To study the transport function of P-gp, we synthesized a Bodipy-labeled 

fluorescent conjugate of cyclosporine A (BD-CsA). After synthesis and characterization of its chemical 

purity, BD-CsA was compared with the commonly used 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-CsA 

probe. In flow cytometry assays, the fluorescence intensity of BD-CsA was almost 10 times higher than 

that of NBD-CsA, enabling us to use significantly lower concentrations of BD-CsA to achieve the same 

fluorescence levels. We found that BD-CsA is recognized as a transport substrate by both human and mouse 

P-gp. The rate of efflux of BD-CsA by human P-gp is comparable to that of NBD-CsA. The transport of 

BD-CsA was inhibited by tariquidar, with similar IC50 values as for NBD-CsA. BD-CsA and NBD-CsA 

both partially inhibited the ATPase activity of P-gp with similar IC50 values. In silico docking of BD-CsA 

and NBD-CsA to the human P-gp structure indicates that they both bind in the drug-binding pocket with 

similar docking scores and possibly interact with similar residues. Thus, we demonstrate that BD-CsA is a 

sensitive fluorescent substrate of P-gp that can be used to efficiently study the transporter’s localization and 

function in vitro and in vivo. 
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SIGNIFICANCE STATEMENT 

The goal of this study was to develop an effective probe to study drug transport by P-gp. Fluorophore-

conjugated substrates are useful to study the P-gp transport mechanism, structural characteristics, and 

development of its inhibitors. Cyclosporine A (CsA), a cyclic peptide comprised of 11 amino acids, is a 

known substrate of P-gp. P-gp affects CsA pharmacokinetics and interactions with other co-administered 

drugs, especially during transplant surgeries and treatment of autoimmune disorders, when CsA is given as 

an immunosuppressive agent. We synthesized and characterized Bodipy-FL-CsA as an avid fluorescent 

substrate that can be used to study the function of P-gp both in vitro and in vivo. We demonstrate that 

Bodipy-FL-conjugation does not affect the properties of CsA as a P-gp substrate. 
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INTRODUCTION 

 The study of drug resistance mechanisms in cancer cells led to the identification of P-glycoprotein 

(P-gp; ABCB1), an ABC-transporter efflux pump (Juliano and Ling, 1976; Shen et al., 1986). In the last 

three decades, there have been numerous studies to elucidate the functional mechanism and structure of P-

gp, but with limited success. P-gp is a highly conserved protein, with homologs present in various species 

from mice and zebrafish to Caenorhabditis elegans. In humans, P-gp is expressed on the epithelial cells of 

the liver, kidney, placenta, testes, adrenal gland and on endothelial cells of the blood-brain barrier 

(Cascorbi, 2011; Thiebaut et al., 1987). The primary function of this transporter is to efflux toxic 

metabolites and xenobiotics from cells. Due to its functional requirement, P-gp has evolved to be 

polyspecific, with the ability to transport a wide range of amphipathic and hydrophobic compounds. As a 

consequence, P-gp can also transport a variety of anti-cancer drugs out of cells, and its overexpression leads 

to the development of drug resistance (Ambudkar et al., 1999; Chufan et al., 2015; Gutmann et al., 2010). 

 

 Structurally, human P-gp contains two transmembrane domains, each having six transmembrane 

helices and two nucleotide-binding domains, connected by extracellular and intracellular loops. The 

nucleotide-binding domains bind and hydrolyze ATP, which is critical for conformational changes 

associated with the translocation of the substrates across the membrane (Ambudkar et al., 1999; Ambudkar 

et al., 2006; Szollosi et al., 2018). Recently the atomic structures of human P-gp bound to paclitaxel in the 

inward-open (Alam et al., 2019) and ATP-bound E-Q mutant in inward-closed (Kim and Chen, 2018) 

conformations have been reported. 

 

 To understand the mechanism of transport under in vitro and in vivo conditions, various fluorophore 

conjugates of drugs have been utilized that act as substrates of P-gp (Gribar et al., 2000; Sajid et al., 2018; 

Shukla et al., 2011; Strouse et al., 2013; Vahedi et al., 2017). These conjugated substrates are useful to 

study the P-gp transport kinetics by flow cytometry. Cyclosporine A (CsA), an immunosuppressive agent, 

is a cyclic peptide comprised of 11 amino acids (Tanaka et al., 1996; Tedesco and Haragsim, 2012). It is 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2019 as DOI: 10.1124/dmd.119.087734

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 87734 

6 
 

often administered to patients undergoing transplant surgeries or treatment for autoimmune disorders, but 

the dosage must be carefully controlled to avoid side-effects. Although many investigators use CsA as an 

inhibitor or modulator of P-gp, it is also transported by P-gp (Chen et al., 1997; Demeule et al., 1998; Saeki 

et al., 1993). Interestingly, CsA treatment was shown to increase the expression of P-gp in rat tissues (Jette 

et al., 1996), and P-gp is known to affect CsA pharmacokinetics and interactions with other co-administered 

drugs (Barbarino et al., 2013; Dirks et al., 2004; Kelly and Kahan, 2002; Pawarode et al., 2007; Yigitaslan 

et al., 2016). Of all the known substrates of P-gp, CsA is unique, being a large cyclic peptide (~1200 Da). 

Hence, the availability of fluorescent CsA would also help in its characterization, as it is the only 

representative of this class of drugs. 

 

 In this study, we synthesized a Bodipy-conjugated derivative of CsA (BD-CsA). We show that this 

derivative is a valuable tool to study P-gp transport, as no fluorescent conjugate of CsA is commercially 

available. Previously, the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) conjugate of CsA (NBD-CsA) was 

synthesized and used as a fluorescent substrate (Hartz et al., 2010; Schramm et al., 1995; Storck et al., 2018; 

Wenger, 1986) (Fig. 1). In the last few years, Bodipy-FL conjugates of several substrates have been used 

for characterization of the transport function of wild type as well as P-gp variants (Chearwae et al., 2004; 

Li et al., 2017; Shukla et al., 2011; Vahedi et al., 2018; Weiss et al., 2003); and to assess P-gp’s function at 

the blood-brain barrier using mouse or rat brain capillaries (Hartz et al., 2010). Thus, there was a need for 

a stable derivative of a substrate with a high yield of fluorescence to assess the transport function of P-gp, 

especially in in vivo studies using animal models. Given that CsA is a well-characterized substrate of P-gp, 

we synthesized and characterized BD-CsA as a substrate of P-gp and compared it with NBD-CsA. We 

showed that BD-CsA can be transported by both human and mouse P-gp. The transport was inhibited by 

tariquidar, a known P-gp inhibitor. We also demonstrate that due to its stability and increased fluorescence 

yield compared to that of NBD-CsA, BD-CsA is useful for labeling live cells at significantly lower 

concentrations. 
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MATERIALS AND METHODS 

 

 Chemicals. Bodipy-FL-verapamil (BD-verapamil) was purchased from Setareh Biotech (Eugene, 

OR). NBD-cyclosporine A was generously provided by Drs. Anika Hartz and Björn Bauer, University of 

Kentucky (Lexington, KY). All remaining chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 

and Thermo Fisher Scientific (Grand Island, NY), unless otherwise specified. 

 

 Chemical Synthesis of Bodipy-FL-CsA. A schematic representation of the synthesis of BD-CsA 

is presented in Fig. 2. 

General procedures 

All the analytical HPLCs were run on an Agilent 1200 analytical instrument. Water (A) and acetonitrile (B) 

were used as mobile phases with 0.1% TFA (v/v). LC/MS data were obtained from an Agilent 1200 

analytical HPLC and an Agilent Quadruple 6130 LC/MS. Preparative HPLC was performed using a 

Shimadzu preparative instrument. Chromatographic purifications were carried out using a Teledyne Isco 

flash chromatography system. Analytical HPLC Conditions: I: Column: Agilent Zobrax-SB300 RP; 5.0 

µm; 3.5 × 50 mm; 1.0 mL/min; detection at 220 nm; 50-100% gradient B over 5.0 min and kept at 100% B 

for 5 more min. II: Same column conditions as in I; 70%-100% gradient B over 5 min. III: Same column 

conditions as in I; 50-100% gradient B over 10 min. IV: Column: Waters X Bridge OBD Protein BEH-C4 

RP; 3.5 µm; 300 Å; 4.6 × 50 mm; Solvent A-water; Solvent B: MeOH; Elution rate: 1.5 mL/min: Detection 

at 480 nm; 50%-100% gradient B over 10 min. 

 

Thionation of cyclosporine A acetate; product 2 

Pyridine-P4S10 complex (Bergman et al., 2011) (0.642 g, 1.69 mmol) was added to a solution of the 

cyclosporine A acetate (1, 7.0 g, 5.63 mmol) in anhydrous acetonitrile (50.0 mL) and refluxed for 30.0 min 

under argon. The solution was cooled and concentrated to 15.0 mL and then diluted with 100.0 mL of water 

and extracted with 5 × 20.0 mL of EtOAc. The combined organic extracts were dried (MgSO4), filtered, 
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concentrated and the residue was chromatographed over 330.0 g of pre-packed silica gel column (50.0 

microns). Elution with 1:1 EtOAc/hexanes yielded 7-thioamide (checked by LC/MS) followed by unreacted 

starting material on continued elution with 6:4 EtOAc/hexanes. Yield: 1.2 g (16.8%, 0.95 mmol, colorless 

gum); Recovered SM- 5.0 g (4.03 mmol, 71.2%). HPLC Conditions I – tR – 4.5 min; MS [M+H] 1261.9. 

We observed: (1) the procedure using phosphorous pentasulfide in xylenes (Eberle and Nuninger, 1993) 

repeatedly yielded a mixture of positional isomeric thioamides (Fig. 2, structure 1) 7 (required mono 

thioamide), 4 (unwanted mono thioamide) and 4,7-bis thioamide (major side product) that were difficult to 

separate along with other products and  (2) the above procedure consistently yielded the required 7-isomer 

and occasionally the 4-isomer that could be removed at later stages with ease and no bis isomer was detected 

by LC/MS. The starting material was recovered (70-75%) and recycled. 

 

Coupling of Edman degradation product 2 with D-lysine; Intermediate 3 

EDC.HCl (0.77 g, 4.0 mmol) was added to a mixture of Boc-D-Lys(Fmoc)-OH (1.4 g, 3.0 mmol) and amine 

2 (1.3 g, 1.0 mmol) in anhydrous DCM (20.0 mL) and stirred for 20 h at RT. The reaction mixture was 

concentrated under reduced pressure and the residue was purified over 100.0 g of pre-packed flash silica 

gel column (25-50.0 microns). Elution with 0 to 10% MeOH in DCM eluted the required peptide at 8% 

MeOH concentration. The LC fractions with the pure product were pooled and concentrated to yield the 

fully protected linear peptide as a colorless foam. Yield: 0.97 g (55%, 0.55 mmol); HPLC Conditions: I; tR-

5.3 min; MS [M+Na] 1771.1. 

 

D-Lys8-cyclosporine 5 

Compound 3 (1.94g, 1.5 mmol) was dissolved in a mixture of 0.2 M NaOH in water (22.5 mL), and MeOH 

(25.0 mL) and stirred at RT for 72 h. The solution was concentrated under reduced pressure to 10.0 mL and 

the pH was adjusted with 0.2 M of NaHSO4 to 8.0. Fmoc-OSu (0.68 g, 2.0 mmol) in THF (10 mL) was 

added and stirred at RT for 20 h. The solution was concentrated under reduced pressure to 15.0 mL and 

then the pH was adjusted with 0.2 M NaHSO4 to 3.0. The reaction mixture was diluted with water (50.0 
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mL) and extracted with 5 × 30 mL of DCM. The combined organic layer was washed with water, dried 

(Na2SO4), filtered, concentrated and purified by C18 RP flash silica gel column (120.0 g, Solvent A- Water; 

Solvent B-MeOH; 0 to 100% B over 60 min; Elution rate: 60 mL/min; Detection at 220 nm and 280 nm). 

Fractions with the compound and purity of >90% were (LC/MS) were pooled and concentrated to yield the 

acid 4 as a colorless gum. Yield: 0.98 g, (40%, 0.61 mmol). MS [M+Na] 1622.7.  This acid (150.0 mg, 

0.094 mmol) was dissolved in 50% TFA in DCM (20 mL) and kept at RT for 30 min. All the volatiles were 

removed under reduced pressure and the residue was dried under high vacuum for 2 h. The crude amino 

acid (0.113 g, 0.07 mmol) in anhydrous DCM (300.0 mL), n-propyl phosphonic anhydride (44.5 mg, 50% 

in EtOAc, 90.0 µL, 0.21 mmol) and DMAP (68.0 mg, 0.56 mmol) were stirred under argon for 72 h at RT. 

The solution was concentrated under reduced pressure and the residue was purified on a flash C18 RP 

column (275.0 g; 25.0 µm; A-water; B-MeOH; Elution rate: 80 mL/min; Detection at 220 nm and 280 nm; 

0-100% B over 100 min). The fraction with the required mass and purity of >90% were pooled and 

concentrated under reduced pressure to 5 as a colorless foam. Yield: 51.6 mg (49%, 0.034 mmol). HPLC 

conditions: III; tR-5.2 min; MS [M+H] 1482.9. 

 

Bodipy Fl - D-Lys8 -Cyclosporine (BD-CsA) 6 

[Nε-Fmoc)-D-Lys8-cyclosporine 5 (100.0 mg; 0.0625 mmol) was dissolved in 50% DEA in acetonitrile 

(20.0 mL) and kept at RT for 30.0 min. All the volatiles were removed under reduced pressure and the 

residue was co-evaporated with toluene (3×10 mL). The deprotected amine (above) in anhydrous DMF (3.0 

mL) was stirred with Bodipy NHS ester obtained from A1 Biochem Labs (Wilmington, NC) (32.3 mg, 0.07 

mmol), under argon protected from light for 24 h. DMF was evaporated under reduced pressure and the 

residue was purified by preparative HPLC [Conditions: Column: Waters Corporation X-Bridge Protein 

BEH-C4 RP; 5.0 µm; 300 Å; 19 × 150 mm; Detection at 480 nm; Solvent A: water; Solvent B: MeOH; 

20% B to 100% over 40.0 min; Elution rate: 30 mL/min]. Fractions with >95% purity were pooled and 

concentrated under reduced pressure at RT to yield the product as a brown gum. Yield: 51.8 mg (52.8%, 

0.033 mmol). Analytical HPLC conditions-iv; tR-4.3 min; MS [M+H] 1534.3. 
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 Cell lines and culture conditions. HeLa cells were obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA). Cells were maintained in Dulbecco’s modified Eagle’s Medium 

(DMEM, Difco) supplemented with 10% Fetal Bovine Serum, 5 mM L-glutamine, 100 units/mL penicillin 

and 100 µg/mL streptomycin at 37°C in 5% CO2. 

 

 Recombinant BacMam and baculovirus generation. The Bac-to-Bac Baculovirus Expression 

System (Life Technologies, Carlsbad, CA) was used to generate recombinant baculovirus and BacMam 

baculovirus, as described previously (Pluchino et al., 2016). Briefly, human MDR1/ABCB1 and mouse 

ABCB1a genes were cloned in pDonr-255 and used for Gateway cloning into pDest-625 (mammalian cell 

expression) and pDest-008 (insect cell expression). pDest clones were transformed in Escherichia coli 

DH10Bac competent cells and used to prepare the recombinant Bacmids for generation of BacMam and 

baculovirus following the manufacturer’s protocol (Gibco, ThermoFisher, Grand Island, NY). 

 

 BacMam baculovirus transduction of HeLa cells and transport of fluorescent substrates. 

HeLa cells were transduced with human P-gp, mouse P-gp, or human ABCG2 BacMam baculovirus, as 

described previously (Sajid et al., 2018; Shukla et al., 2012; Vahedi et al., 2017). Briefly, HeLa cells were 

incubated with the BacMam baculovirus at a selected cell:virus ratio for 4 h. Sodium butyrate (10 mM) was 

added and incubation was continued for an additional 12-16 h at 37°C in 5% CO2. For transport assays of 

P-gp, transduced HeLa cells were trypsinized and resuspended in IMDM medium containing 5% FBS. 3 × 

105 cells were incubated with fluorescent substrates (BD-verapamil, pheophorbide A, BD-CsA or NBD-

CsA) at selected concentrations for 45 min at 37°C. After incubation, cells were washed with cold IMDM 

and re-suspended in cold PBS containing 1% BSA. The transport of substrates was measured by flow 

cytometry using untransduced cells as a control. The mean fluorescence intensity of P-gp-expressing cells 

after subtraction from that of untransduced cells (not expressing P-gp) was taken as 100% efflux. For 

inhibition assays, tariquidar (200 nM for steady-state assay and 0-100 nM for IC50 calculations) was added 
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wherever indicated. Both NBD-CsA and BD-CsA were tested with ABCG2-expressing HeLa cells and 

MRP1-expressing HEK293 cells as described above. To test the transport activity of ABCG2, pheophorbide 

A (a substrate) was used at 2 µM and Ko143 (an inhibitor) at 2.5 µM. HEK-MRP1 and HEK-PCDNA3.1 

(vector control) cell lines were used to determine the transport activity of human MRP1 (Muller et al., 

2002), with calcein-AM/NBD-CsA/BD-CsA (0.25 µM) and the inhibitor MK571 (25 µM). Flow cytometry 

was done using a FACS CANTO II instrument with BD FACSDiva software (BD Biosciences) and spectra 

were collected in the FITC region (Ex. 488 nm, Em. 525 nm). The data were analyzed using FlowJo 

software (Tree Star, Inc. Ashland, OR).  

 

 Time-course of efflux of BD-CsA and NBD-CsA. HeLa cells were transduced with BacMam 

baculovirus as described earlier (Sajid et al., 2018). After trypsinization, cells were resuspended in PBS 

containing 1 mM MgCl2 and 0.1 mM CaCl2. For depletion of ATP, 2-deoxyglucose (20 mM) and sodium 

azide (5 mM) were added and cells were incubated at 37°C for 10 minutes. Substrates (BD-CsA or NBD-

CsA, 0.5 µM) were added to the cells and incubated at 37°C for another 20 minutes to load the cells. After 

incubation, cells were washed with cold PBS/Ca2+/Mg2+ and IMDM+5% FBS (enriched medium) was 

added followed by incubation at 37°C for different time points (0, 1, 2, 5, 10, 20, 30 minutes). Cells were 

washed with cold IMDM and PBS + 1% BSA was added to be used for analysis by flow cytometry. The 

time required for 50% (T1/2 min) efflux of BD-CsA or NBD-CsA was calculated using the GraphPad Prism 

software version 7.0. 

 

 Fluorescence microscopy-based transport assay. Transduction was carried out as described in 

the earlier section using HeLa cells seeded in a 24-well plate format (50000 cells/well). After 20-22 hours, 

cells were washed twice with PBS and fluorescent substrates (BD-CsA or NBD-CsA) were added at 0.5 

µM concentration in 1 mL IMDM containing 5% FBS. Tariquidar (200 nM) was added to the samples 

wherever indicated. Untransduced cells were used as a control. The transport assay was carried out for 45 

minutes at 37°C. Ten minutes before completion of the transport assay, Nucblue Live cell stain (Invitrogen) 
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was added to the cells. The cells were washed with cold PBS thrice and 0.5 mL PBS was added to each 

well. Live cells were visualized in an Evos AMG microscope at 10X magnification in transmitted light (to 

visualize the cells), GFP region (for fluorescence of BD-CsA and NBD-CsA) and UV-Blue region (to 

visualize stained nuclei with Nucblue). 

 

 Preparation of total membranes from High Five insect cells. The ABCB1 gene cloned in 

pDEST-008 was transformed in E. coli DH10Bac cells and bacmids were prepared harboring recombinant 

P-gp with a 6X His-tag and TEV-cleavage site at the C-terminal end, as described previously (Vahedi et 

al., 2017). High Five insect cells (Invitrogen, Carlsbad, CA) were infected with recombinant baculovirus 

carrying P-gp. Membrane vesicles were prepared by hypotonic lysis of the insect cells followed by 

ultracentrifugation to collect the vesicles (Kerr et al., 2001; Ramachandra et al., 1998). 

 

 ATPase assay. ATP hydrolysis was measured using membrane vesicles of High Five insect cells 

expressing P-gp, as described previously (Sajid et al., 2018). Membrane vesicles (10 µg protein per 100 µL 

reaction volume) were incubated in the presence or absence of 0.3 mM sodium orthovanadate in ATPase 

assay buffer (50 mM MES-Tris pH 6.8, 50 mM KCl, 10 mM MgCl2, 5 mM NaN3, 1 mM EGTA, 1 mM 

ouabain, and 2 mM DTT). Basal ATPase activity was measured in the presence of DMSO, while drug-

modulated activity was measured in the presence of selected drugs (drug stocks prepared at a 100X 

concentration in DMSO). The reaction was started at 37°C by addition of 5 mM ATP and stopped by the 

addition of 2.5% SDS after 20 min incubation. The level of generated inorganic phosphate was quantified 

with a colorimetric method (Ramachandra et al., 1998; Vahedi et al., 2017). The vanadate-sensitive ATPase 

activities were determined and plotted with GraphPad Prism software (version 7). 

 

 In silico modeling. The recently published ligand (paclitaxel)-bound human P-gp structure (PDB 

ID:6QEX) (Alam et al., 2019), was used for docking of CsA, NBD-CsA, and BD-CsA with AudoDock 

Vina. For this, the transporter and ligands were prepared using the MGL tools software package (Scripps 
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Research Institute, (Sanner, 1999; Trott and Olson, 2010). Because AudoDock Vina does not have a 

Forcefield for boron and given that the Bodipy moiety in BD-CsA has boron in its structure, this atom was 

treated as carbon for docking purposes. Close examination of published cryo-EM and X-ray structures of 

mouse and human P-gp (Alam et al., 2019; Alam et al., 2018; Nicklisch et al., 2016; Szewczyk et al., 2015), 

as well as our docking experiments allowed us to identify 36 residues that interact with ligands in the drug-

binding site. The side chains of these 36 residues, all located in the drug-binding pocket in the 

transmembrane region of P-gp were set as flexible. Those residues were L65, M68, M69, F72, Q195, W232, 

F303, I306, Y307, Y310, F314, F336, L339, I340, F343, Q347, N721, Q725, F728, F732, F759, F770, 

F938, F942, Q946, M949, Y953, F957, L975, F978, V982, F983, M986, Q990, F993, F994. The receptor 

grid was centered at x=19, y=53 and z=3 and a box with inner box dimensions 40 Å x 40 Å x 44 Å was 

used to search for all the possible binding poses within the transmembrane region of the protein. The 

exhaustiveness level was set at 100 to ensure that the global minimum of the scoring function would be 

found considering the large box size and the number of flexible residues. 
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RESULTS 

 Chemical synthesis of BD-CsA. To develop an efficient and unique probe as a P-gp substrate, we 

decided to prepare a Bodipy-FL labeled compound. Previously, NBD-CsA was synthesized as a fluorescent 

probe (Wenger, 1988), which was used as a reference in this study. The chemical structures of CsA, NBD-

CsA and BD-CsA are shown in Fig. 1. Fig. 2 shows a schematic representation of the synthesis of BD-CsA. 

Commercially available CsA was converted to intermediate 2 as detailed in the literature (Eberle and 

Nuninger, 1993), except for step b. Thioamide formation was accomplished using the pyridine-P4S10 

complex (Bergman et al., 2011), instead of phosphorous pentasulfide, yielding a much cleaner reaction 

product (see experimental details). Intermediate 2 was converted to 3 using standard peptide coupling 

conditions. Deprotection of 3 and reprotection of e-amine of the lysine residue resulted in 4, which was 

subjected to intramolecular cyclization to yield the required D-Lysine8-cyclosporine protected as its Fmoc-

derivative 5. Removal of the protecting group from 5 followed by conjugation with Bodipy-NHS ester 

yielded the labeled CsA derivative 6 after preparative HPLC (Supplementary Figs. S1 and S2). The use of 

Fmoc protection of the e-amine of D-lysine allows the introduction of a fluorescent group at the final step. 

This change offers the flexibility of conjugation to the fluorescent group or to other groups and simplifies 

the final purification.  

 

 Comparison of the fluorescence intensities of BD-CsA and NBD-CsA. CsA has been widely 

used in studies of P-gp as an inhibitor or modulator of activity. Even though cyclosporine A is transported 

by P-gp, because of its relatively high affinity and slow efflux rate, it is often used as an inhibitor of transport 

(Demeule et al., 1999; Jouan et al., 2016; Muzi et al., 2009). In the past, several groups have characterized 

the transport of NBD-CsA as a P-gp substrate (Chufan et al., 2013; Masereeuw et al., 2000; Miller, 2014; 

Ott et al., 2010; Sajid et al., 2018; Schramm et al., 1995; Vahedi et al., 2017). In the present study, we 

compared BD-CsA and NBD-CsA transport by human P-gp expressed on the surface of HeLa cells. HeLa 

cells were transduced with BacMam baculovirus expressing human P-gp and untransduced HeLa cells not 
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expressing detectable levels of P-gp were used as a control. First, the fluorescence intensities of both BD-

CsA and NBD-CsA were compared using a concentration gradient of both the probes in the untransduced 

cells. We found that under the same flow cytometry voltage settings, the intensity of BD-CsA was almost 

10 times higher than that of NBD-CsA, with 0.5 µM of NBD-CsA showing the same fluorescence intensity 

as that of 0.05 µM of BD-CsA (Fig. 3A). The P-gp-expressing cells efflux these substrates, thus resulting 

in decreased fluorescence intensity. Next, we calculated the efflux at different concentrations of both 

probes. As shown in Fig. 3B, the efflux (the difference between the fluorescence intensities of untransduced 

cells and cells expressing P-gp) was linear, in the range of 0 - 0.5 µM BD-CsA and NBD-CsA. There was 

significant efflux for BD-CsA but not NBD-CsA below 0.5 µM. Thus, in subsequent assays, we used 0.5 

µM of both the probes to compare their characteristics. Our results showed that BD-CsA has a higher 

fluorescence yield that can be used to develop more sensitive assays, which is critical in animal studies 

where lower doses of BD-CsA can be helpful to avoid toxicity.  

 

 BD-CsA and NBD-CsA are transported by both human and mouse P-gp. Using the BacMam 

baculovirus transduction system, the efflux of NBD-CsA and BD-CsA was compared using HeLa cells 

transduced with human P-gp (ABCB1). We found that human P-gp was able to efflux both NBD-CsA and 

BD-CsA with similar efficiency. BD-verapamil was used as positive control for transport and the 

representative transport profiles of BD-verapamil, NBD-CsA and BD-CsA are shown in Fig. 4. As shown 

in the histograms, the substrates were transported by P-gp (blue traces) leading to a decreased fluorescence 

in the cell as compared to untransduced cells (red traces). 

 The mouse homolog of human P-gp (mdr1a) has 87% sequence identity. For comparison of 

transport profiles, mouse P-gp was expressed by using BacMam baculovirus on the surface of HeLa cells 

and a transport assay was carried out. As shown in Supplemental Fig. S3, mouse P-gp transports both BD-

CsA and NBD-CsA at similar levels as human P-gp. Transport of BD-verapamil as a control is also shown. 

Since, BD-CsA is transported by human and mouse P-gp to the same extent, subsequent experiments were 

carried out with only human P-gp. We also tested the specificity of these substrates for two other major 
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ABC drug transporters, MRP1 and ABCG2. As shown in Supplementary Figure S4, ABCG2 does not efflux 

either BD-CsA or NBD-CsA, though normal efflux of its substrate pheophorbide A was observed. These 

data are consistent with an earlier report showing lack of transport of NBD-CsA by ABCG2 (Ejendal and 

Hrycyna, 2005). MRP1 shows marginal efflux of both BD-CsA and NBD-CsA, indicating that fluorescent 

conjugates of CsA are poor substrates of MRP1, as compared to calcein-AM, a known substrate.  

 

 Comparison of the rate of efflux of BD-CsA and NBD-CsA by P-gp. After confirming that BD-

CsA and NBD-CsA are transported by P-gp in a steady-state assay, we compared the rate of efflux for both 

the compounds. HeLa cells were first depleted of ATP, as described in Materials and Methods, followed 

by loading with fluorescent substrates under ATP-depleted conditions. Due to the depletion of ATP, P-gp 

was not active and both the substrates diffused in the cells to reach an equilibrium. A time-course efflux 

assay (0-30 min) was performed after addition of glucose-containing IMDM medium. Fluorescence 

intensity at time 0 (no efflux) was taken as 100% and relative efflux at indicated time points was calculated 

as described in the Methods Section. As shown in Fig. 5, the percent remaining BD-CsA and NBD-CsA 

(minimum remaining in cells) at 30 min are almost the same (BD-CsA= 15.3 ± 7.8 and NBD-CsA= 17.3 ± 

4.9; mean ±SD from three independent experiments), and both BD-CsA and NBD-CsA are effluxed at a 

similar rate by P-gp with T1/2 of 5.5 ± 1.5 and 3.4 ± 0.7 minutes, respectively. As expected, untransduced 

cells did not show significant efflux of either substrate (blue and red dashed lines in Fig. 5), showing that 

the efflux is due specifically to P-gp activity.   

 

 Tariquidar inhibits transport of NBD-CsA and BD-CsA by P-gp. Transport of substrates by P-

gp is inhibited by tariquidar (originally known as XR9576) (Martin et al., 1999). To compare the inhibition 

of efflux of BD-CsA and NBD-CsA by P-gp, tariquidar (200 nM) was added during the transport assay. 

Fig. 6 (A, B) shows that there is no efflux of either of the compounds in the presence of tariquidar. 

Subsequently, to test the kinetics of inhibition, tariquidar was used at different concentrations ranging from 

0 - 100 nM. IC50 values were calculated from the curve generated using a variable slope non-linear 
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regression curve fit. The efflux of both the compounds was inhibited by tariquidar with comparable IC50 

values of 21.6 ± 0.6 nM for BD-CsA and 25.8 ± 1.5 nM for NBD-CsA (Fig. 6C). Complete inhibition of 

transport was observed at >100 nM tariquidar. 

 

 Monitoring the BD-CsA efflux from HeLa cells in a monolayer by fluorescence microscopy. 

To label the cells with BD-CsA and NBD-CsA and visualize the efflux, HeLa cells transduced with 

BacMam baculovirus expressing human P-gp were plated in 24-well plates. The monolayer of HeLa cells 

was incubated with BD-CsA and NBD-CsA for 45 min and nuclei were stained with NucBlue. The 

fluorescence intensity of the cells due to the presence of NBD-CsA and BD-CsA was determined by using 

a fluorescence microscope. Untransduced cells showed a higher level of staining with both BD-CsA (Fig. 

7) and NBD-CsA (Fig. 8), whereas cells expressing P-gp showed negligible intracellular fluorescence due 

to their efflux. To further substantiate these results, tariquidar was used to block the transport function of 

P-gp. As evident, the addition of tariquidar increases the cellular fluorescence intensity of both BD-CsA 

and NBD-CsA, showing efflux of these compounds specifically by P-gp (Figs. 7 and 8). 

 

 Effect of BD-CsA and NBD-CsA on ATPase activity. Substrates of P-gp usually affect the ability 

of the protein to hydrolyze ATP. Some substrates facilitate the ATPase activity, while some inhibit it or 

have no effect. In our previous studies, we have shown that CsA partially inhibits the ATPase activity of P-

gp (Kerr et al., 2001; Sajid et al., 2018; Vahedi et al., 2017). Here, we investigated whether BD-CsA 

modulates ATPase activity in the same way as NBD-CsA. An ATPase assay was carried out using 

increasing concentrations of the substrates incubated with the protein at 37°C and ATP hydrolysis was 

measured in a colorimetric assay. As shown in Supplemental Fig. S5, both BD-CsA and NBD-CsA inhibit 

the activity of P-gp ATPase to a similar extent, with maximum inhibition observed to be almost 60% at 2.5 

µM and comparable IC50 values of 30 ± 2.9 nM for BD-CsA and 17 ± 2.6 nM for NBD-CsA. Thus, the BD-

conjugated probe shows properties similar to those of NBD-conjugated CsA. 
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 Transport of BD-CsA and NBD-CsA by P-gp mutants. In our previous studies, we generated 

two mutants of P-gp named 15Y and TMH1,7. The 15Y mutant has fifteen conserved residues in the drug-

binding pocket substituted with tyrosine. These mutations affect the transport of large (>1000 Daltons) 

substrates only, including NBD-CsA, by 15Y mutant P-gp (Vahedi et al., 2017). The TMH1,7 mutant 

harbors twelve mutations, six in both transmembrane helices 1 and 7, which leads to loss of polyspecificity 

of the transporter, as it can transport only three out of twenty-five substrates (Sajid et al., 2018), including 

NBD-CsA. We tested whether these mutants recognize BD-CsA in the same way as NBD-CsA. As shown 

in Fig. 9A, the 15Y mutant does not efflux either BD-CsA or NBD-CsA (same fluorescence as untransduced 

cells), while TMH1,7 efficiently effluxes both of the probes (>75% efficiency as compared to wild-type P-

gp) (Fig. 9B). Thus, BD conjugation does not affect the recognition of CsA by P-gp mutants. 

 

 Docking of CsA, NBD-CsA, and BD-CsA in the drug-binding pocket of P-gp. To compare the 

interaction of NBD-CsA and BD-CsA with P-gp, we docked these two molecules and CsA (parent 

unconjugated compound) in the drug-binding pocket. These studies were carried out with the recently 

published structure of ligand (Taxol)-bound P-gp (PDB ID:6QEX) as a template. For the purpose of 

docking, we defined a box that included all the residues in the drug-binding pocket within the 

transmembrane region of P-gp. AutoDock Vina generated a total of nine different poses (Fig. 10). By 

examining the group of docking poses, we found that for both BD- and NBD-CsA, often the fluorophore 

was oriented to the lower cytoplasmic side of the cavity, towards the intracellular region. Table S1 shows 

the docking scores for all three ligands. We found that all the poses (for CsA and fluorophore-conjugated 

CsA) had comparable docking scores for the lowest energy pose (-14.5 kcal/mol). Particularly for CsA, the 

two lowest energy poses had identical docking scores. However, these poses differed significantly in the 

relative orientation of CsA, even though they shared many of the interacting residues (data-not-shown). 

The  high resolution atomic structure of human P-gp in the presence of paclitaxel (Taxol) revealed a 

structure in which the ligand could be fitted to the density in more than one orientation, supporting the 

possibility of different binding modes for the same molecule within the binding site of P-gp, due to the 
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flexible nature of the transmembrane region (Alam et al., 2019). This could also be the case for CsA and 

other molecules. We then focused on the pose with the lowest energy score for each of the molecules. As 

expected by the large size of the ligand, several amino acids of P-gp are close enough to interact with the 

ligands (Table S2). Although the relative orientation of the ligands is not the same, they all interact 

comparably well with residues in the drug-binding pocket of P-gp. We also wish to point out that boron 

was replaced with carbon in the bodipy group for docking of BD-CsA. Although the substitution of boron 

with carbon has been used by others (Bonacorso et al., 2018; Naaresh Reddy and Giri, 2016; Verwilst et 

al., 2017; Zhao et al., 2017) and us (Fig. 10), the interaction of boron compared to carbon in the BD-CsA 

with residues in the drug-binding pocket of P-gp might be somewhat different. Resolution of the atomic 

structure of P-gp bound to BD-CsA would help to resolve this issue. 
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DISCUSSION 

 

 With the availability of a vast number of fluorescence-based technologies, the use of fluorescent 

probes in the development of sensitive as well as quantitative assays has become common. These assays 

can be utilized to measure multiple types of readouts using techniques such as flow cytometry, microscopy, 

and spectroscopy. Fluorescently-labeled drugs and chemicals are useful for in vitro assays to study the 

functions of proteins, cellular signaling pathways, cell division, labeling of organelles, metabolic functions, 

nucleotide labeling, etc. These probes are used for in vivo research applications as well, such as live cell 

labeling, intravital imaging, labeling of organs in animal models, localization of tumors, stones or infections 

and labeling of transporters at the blood-brain barrier.  

 

 As P-gp is associated with the development of multidrug resistance in cancer, understanding its 

function is essential. Additionally, P-gp is a highly conserved protein across several species with homologs 

present in popular animal models such as the mouse (87% identity with Mdr1a) and zebrafish (64% identity 

with Abcb4). There are several in vitro and in vivo techniques that can be used to study different aspects of 

P-gp, such as expression, topology, transport mechanism, and ATP hydrolysis. As these methods can be 

applied to a broad range of species to study P-gp, the synthesis of relevant fluorescent substrate probes 

plays an important part in elucidating the function of this transporter. 

 

 CsA, being a cyclic peptide of ~1200 Da, is a unique substrate of P-gp. Therefore, synthesizing its 

fluorescent conjugate is valuable. Additionally, as P-gp substrates, fluorescent compounds can be useful to 

study the drug pharmacokinetics, biodistribution, cytotoxicity, and characterization of drug-resistant cancer 

cell lines. CsA conjugated to an NBD fluorophore has been used as a P-gp substrate in only a limited 

number of studies. We developed a simplified approach for the synthesis of Bodipy-FL-CsA. Our approach 

has the advantage that the fluorophore is conjugated during the last synthesis step, allowing the option of 

introducing other functionalities at the D8-Lysine if needed, by a simple amide formation. During synthesis 
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of the CsA conjugates, we made two significant modifications to the reported synthesis of D8-Lys-

cyclosporine (Eberle and Nuninger, 1993). Thionation, employing the pyridine-phosphorous pentasulfide 

complex (Fig. 2, step b), resulted in a much cleaner thioamide product as compared to the reported 

procedure. During the cyclization step k, the e-amine of D-Lysine was protected, as its Fmoc derivative 

provided a UV-positive chromophore, thereby making the separation of the required product easier by using 

column chromatography.  

 

 In this study, we used Bodipy-FL, a well-characterized fluorophore, and compared it with NBD, 

both covalently linked to CsA, a P-gp substrate. Both fluorescent moieties can be excited and detected with 

similar filter settings (NBDex=468 nm and NBDem=538 nm; BDex=470 nm and BDem=520 nm), but BD-

CsA has sharper emission spectra as compared to NBD-CsA (Fig. S6). The Bodipy fluorescent group has 

a number of advantageous optical properties over NBD. It’s long excited-state half-life is useful for 

fluorescence polarization studies (Ulrich et al., 2008). It has a higher extinction coefficient and quantum 

yield (extinction coefficient >80,000 cm-1M-1, ϕ ~1.0, independent of the solvent), it is more stable, has a 

smaller Stokes shift and is relatively easier to synthesize as a conjugated probe (Johnson et al., 1991). In 

comparison, the NBD moiety has a relatively low extinction coefficient and quantum yield (>22,000 cm-

1M-1, ϕ ~0.018, in water but increases to 0.3-0.4 in organic solvents). Thus, BD-conjugated chemicals or 

drugs are brighter and show less-to-no background noise. In addition, the BD conjugate does not affect the 

permeability of associated molecules across biological membranes. These properties are particularly useful 

for in vivo experiments. In past studies, NBD-CsA has been used to study P-gp function in renal tubules 

and brain capillaries (blood-brain barrier) (Miller, 2014; Ott et al., 2010). It would be beneficial to compare 

such studies with BD-CsA, with better fluorescence that allows the use of lower concentrations. 

 

 We utilized HeLa cells expressing P-gp after transduction with the BacMam baculovirus to study 

the transport of BD-CsA. Flow cytometry and microscopy-based assays were employed to compare the 

kinetics of transport of BD-CsA with NBD-CsA and its inhibition by tariquidar. We show that BD-CsA is 
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a much better probe in terms of its fluorescence intensity, requiring a lower concentration of the compound. 

Thus, BD-CsA can be used to label live cells, as shown in microscopy-based assays, using concentrations 

an order of magnitude lower than those of NBD-CsA. The kinetics of transport show that BD-CsA is 

efficiently exported out of the cells by P-gp with a T1/2 of 5.5 minutes, which is comparable to the NBD-

CsA T1/2 of 3.4 minutes. 

 

 In our recent studies, we characterized the transport profile of P-gp mutants with altered properties. 

We found that 15Y P-gp mutant P-gp could not transport large substrates such as NBD-CsA, while TMH1,7 

mutant P-gp could transport only three of the substrates tested, including NBD-CsA (Sajid et al., 2018; 

Vahedi et al., 2017). In this study, we observed that the 15Y mutant failed to transport BD-CsA, whereas 

the TMH1,7 mutant transported it to same extent as NBD-CsA (Fig. 9). Thus, BD-CsA can be used for 

characterization of P-gp mutants with substitutions in the drug-binding pocket to understand the transport 

mechanism. 

 

 In silico docking experiments show that both BD- and NBD-CsA bind to the substrate-binding 

pocket in the transmembrane region of P-gp, interacting with a number of residues (Table S2). We found 

that the docking scores are comparable for CsA, BD-CsA and NBD-CsA, and conjugation of either 

fluorophore does not interfere with the binding and transport of CsA by P-gp (Table S1 and Fig. 10). We 

found that for residues within 5Å of the ligand (Fig. 10 and Supplemental Tables S1 and S2), interaction 

with the ligand increased with the increase in molecular weight of the molecule. This included- 34 residues 

for CsA, 42 residues for NBD-CsA and 46 residues for BD-CsA. In addition, most of the residues that 

interacted with the parent CsA moiety were shared by all three molecules, whereas the residues that interact 

with the NBD or BD fluorophores were different. 
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 In conclusion, we synthesized a Bodipy-FL conjugate of CsA and demonstrated that it is a stable 

probe with high fluorescence yield for monitoring the transport function of P-gp. It has the potential to 

become the probe-of-choice for in vivo experiments in animal models including the mouse and zebrafish. 
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LEGENDS FOR FIGURES 

Fig. 1. Chemical structures of cyclosporine A and its NBD- and Bodipy-fluorescent conjugates: 

Diagrams showing chemical structures, formula and molecular weights of cyclosporine A, NBD-

cyclosporine A and BD-cyclosporine A. The fluorescent conjugate was linked to the D-Lys8 residue of a 

cyclosporine A cyclic peptide. 

Fig. 2. Scheme for the synthesis of Bodipy-FL-cyclosporine A. (a) Pyridine, Ac2O, DMAP, 20 h, RT; 

(b) P4S10-Pyridine complex, CH3CN, reflux, 30 min; (c) BnBr, 1,8-Diazabicyclo(5,4,0)-undec-7-ene, 

DCM, 2 h; (d) 6N HCl, CH3CN, RT, 1 h; (e) PhNCS, CH3CN, RT, 2 h; (f) 6N HCl, CH3CN, RT, 4 h; (g) 

Boc-D-Lys(Fmoc)-OH, EDC.HCl, DCM, RT, 20 h; (h) 0.2 N NaOH, MeOH, RT, 72 h; (i) Fmoc-OSu, 

THF, RT, 20 h; (j) 50% TFA in DCM, 30 min: (k) n-Propylphosphonic anhydride, DMAP, DCM, 72 h; 

(l) 50% DEA in CH3CN, RT, 30 min; (m) Bodipy-NHS ester, DMF, RT, 20 h. 

Fig. 3. Kinetics of BD-CsA and NBD-CsA accumulation and efflux: HeLa cells were transduced with 

BacMam baculovirus to express P-gp and untransduced cells were used as a control. Cells were incubated 

with different concentrations of BD-CsA and NBD-CsA (0-0.5 µM) (A) Comparison of fluorescence 

intensity of BD-CsA with NBD-CsA in untransduced cells. The fluorescence intensity is proportional to 

the concentration of the substrates but is much higher for BD-CsA as compared to NBD-CsA. (B) Efflux 

of BD-CsA and NBD-CsA calculated by subtracting fluorescence of cells expressing P-gp from that of 

untransduced cells. The efflux was linear with increasing concentrations of both the substrates, but more 

significant at 0.5 µM. All the experiments were repeated three times and error bars show standard errors. 

Fig. 4. BD-CsA is a substrate of human P-gp: HeLa cells were transduced with BacMam baculovirus to 

express P-gp and untransduced cells were used as a control. Cells were incubated with BD-CsA or NBD-

CsA (0.5 µM, each) for 45 minutes at 37°C and fluorescence was measured using flow cytometry. 

Histogram traces show the transport of substrates by human P-gp, (A) BD-verapamil, (B) BD-CsA and 

(C) NBD-CsA. The efflux by P-gp was assayed by comparing the fluorescence intensity of cells 

expressing P-gp (blue traces) with those that do not express P-gp (untransduced cells, red traces). 
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Fig. 5. The rate of efflux by human P-gp is similar for BD-CsA and NBD-CsA: Time-dependent 

efflux of BD-CsA (blue circles) with NBD-CsA (red squares). Fluorescence intensity of untransduced and 

cells expressing human P-gp at the 0-time point was taken as 100% and relative fluorescence was 

calculated for 30 minutes. A similar extent of efflux from P-gp-expressing cells was observed for both 

BD-CsA and NBD-CsA with T1/2 of 5.5 ± 1.5 and 3.4 ± 0.7 minutes, respectively. Untransduced cells did 

not show significant efflux of either substrate (blue and red dashed lines). The mean values from three 

independent experiments are given and error bars show SD. 

Fig. 6. Inhibition of BD-CsA and NBD-CsA transport by tariquidar: Histogram traces showing the 

steady-state efflux of BD-CsA (A) and NBD-CsA (B) by P-gp (blue traces), and inhibition of efflux by 

tariquidar (200 nM) (grey traces). The fluorescence intensity was compared with the cells not expressing 

P-gp (untransduced, red traces). (C) Graph plot showing the tariquidar concentration-dependent inhibition 

of efflux by P-gp and comparison of BD-CsA (blue circles) with NBD-CsA (red squares). The IC50 for 

tariquidar was 21.6±0.6 nM for BD-CsA and 25.8±1.5 nM for NBD-CsA. The experiment was repeated 

three times and error bars show standard errors. 

Fig. 7. Monitoring Transport of BD-CsA by fluorescence microscopy: HeLa cells expressing P-gp 

were used for labeling with BD-CsA and assess its export by P-gp. After transduction with BacMam 

baculovirus in 24-well plates, cells in monolayer were incubated with BD-CsA and NucBlue stain 

(nuclear staining); and visualized using a phase-contrast microscope. Untransduced HeLa cells not 

expressing P-gp are on the left, HeLa cells expressing P-gp in the center, and HeLa cells expressing P-gp 

in the presence of 200 nM tariquidar (P-gp inhibitor) are on the right. All three sets were analyzed in 

transmitted light (top row), NucBlue stained UV region for visualization of the nucleus (middle row), and 

BD-CsA (0.5 µM) stained GFP region (bottom row). All images were taken at 10 X magnification and the 

bars show 200 µm. 

Fig. 8. Monitoring Transport of NBD-CsA by fluorescence microscopy: HeLa cells transduced with 

P-gp were used for labeling with NBD-CsA and to measure its export by P-gp. After transduction in 24-

well plates, cells in monolayer were incubated with 0.5 µM NBD-CsA and NucBlue stains (nuclear 
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staining) and visualized using a phase-contrast microscope. Untransduced HeLa cells not expressing P-gp 

are on the left, HeLa cells expressing P-gp are in the center, and HeLa cells expressing P-gp with 200 nM 

tariquidar (P-gp inhibitor) are on the right. All three sets were analyzed in transmitted light (top row), 

NucBlue stained UV region for visualization of the nucleus (middle row), and NBD-CsA (0.5 µM) 

stained GFP region (bottom row). All images were taken at 10 X magnification and the bars indicate 200 

µm. 

Fig. 9. Transport of BD-CsA and NBD-CsA by P-gp mutants: Transport of NBD-CsA (A and B, left 

panels) and BD-CsA (A and B, right panels) by 15Y and TMH 1,7 P-gp mutants. In previous studies, we 

showed that NBD-CsA is not transported by 15Y (Vahedi et al., 2017), but it is transported by TMH 1,7 

mutant P-gp (Sajid et al., 2018). As compared to untransduced cells (not expressing P-gp, orange traces), 

the fluorescence intensity of HeLa cells expressing P-gp (blue traces) was taken as 100% and relative 

transport by mutant P-gp (red traces) was calculated. 

Fig. 10. Docking of CsA, BD-CsA and NBD-CsA in the drug-binding pocket of human P-gp: 

Cartoon representation of the transmembrane region of human P-gp (PDB ID:6QEX) in the inward-open 

conformation, and docked ligands (A) CsA, (B) BD-CsA and (C) NBD-CsA. Transmembrane helices 9-

12 were removed for clarity. The fluorophore is highlighted in blue (bodipy) and red (NBD), while the 

CsA backbone is black. Docking of ligands using the Autodock Vina program and the cryo-EM structure 

of human P-gp was performed as described in the Materials and Methods section. The image was 

prepared using Pymol. 
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Molecular formula: 
C71H119N15O15 
Mol. Wt: 1421.90

Molecular formula: 
C62H111N11O12  
Mol. Wt: 1202.61

Cyclosporine A NBD-cyclosporine A  Bodipy-cyclosporine 
(D-Lys8 ) (D-Lys8)

Figure 1

Molecular formula: 
C79H131BF2N14O13 

Mol. Wt: 1533.81
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Figure 6
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HeLa with P-gpUntransduced HeLa cells HeLa with P-gp + Tariquidar
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HeLa with P-gpUntransduced HeLa cells HeLa with P-gp + Tariquidar
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Figure 9
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Figure 10
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Table S1: Docking scores of the 9 lowest energy poses of CsA, NBD-CsA and BD-CsA docked into 
human P-gp structure (6QEX.pdb). 

Docking energy (kcal/mol) 

Docking pose 

number 
CsA NBD-CsA BD-CsA 

1 -14.5 -14.5 -14.5

2 -14.5 -13.8 -13.8

3 -14.2 -13.8 -13.2

4 -14.1 -13.8 -12.2

5 -13.5 -13.8 -12.1

6 -13.3 -13.8 -12.1

7 -13.2 -13.7 -12.1

8 -13.2 -13.7 -12

9 -13.2 -13.6 -11.9

Autodock Vina program was used for docking ligands in the drug-binding pocket of human P-gp as 
described in the Materials and Methods Section. 
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Table S2: List of amino acid residues present within a 5Å distance of CsA, NBD-CsA and BD-CsA 
in pose 1 obtained by docking in the drug-binding pocket of human P-gp structure (6QEX.pdb).  

Residues within 5Å of 
pose 1 for CsA 

Residues within 5Å of 
pose 1 for NBD-CsA 

Residues within 5Å of 
pose 1 for BD-CsA 

LEU 65 LEU 65 LEU 65 

MET 68 MET 68 MET 68 

MET 69 MET 69 MET 69 

PHE 72 GLN 195 MET 192 

TRP 232 TRP 232 GLN 195 

ALA 302 PHE 239 SER 196 

PHE 303 ASN 296 THR 199 

ILE 306 PHE 303 SER 228 

TYR 307 ILE 306 ALA 229 

TYR 310 TYR 307 TRP 232 

PHE 336 TYR 310 ALA 233 

LEU 339 PHE 336 LEU 236 

ILE 340 LEU 339 ILE 299 

PHE 343 ILE 340 PHE 303 

GLN 347 PHE 343 ILE 306 

GLN 725 SER 344 TYR 307 

PHE 728 GLN 347 TYR 310 

PHE 732 ASN 721 PHE 336 

GLU 875 GLY 722 LEU 339 

MET 876 LEU 724 ILE 340 

LEU 879 GLN 725 PHE 343 

GLN 946 PHE 728 SER 344 
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MET 949 PHE 770 GLN 347 

TYR 950 GLN 773 ASN 721 

TYR 953 SER 831 GLY 722 

PHE 957 ALA 834 LEU 724 

LEU 975 VAL 835 GLN 725 

PHE 978 GLN 838 PHE 728 

SER 979 ASN 842 SER 766 

VAL 982 GLU 875 PHE 770 

PHE 983 MET 876 GLN 773 

MET 986 MET 949 GLN 838 

ALA 987 TYR 953 ASN 842 

GLN 990 SER 979 GLU 875 

PHE 983 MET 876 

MET 986 LEU 879 

ALA 987 GLN 946 

GLN 990 MET 949 

VAL 991 TYR 953 

PHE 994 VAL 982 

ALA 995 PHE 983 

PRO 996 MET 986 

ALA 987 

GLN 990 

VAL 991 

PHE 994 
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HPLC trace of 6

Figure S1. HPLC trace of purified BD-CsA: Histogram showing the HPLC trace of compound 
6,referring to BD-CsA purity.
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Mass spectrum of 6
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Figure S2. Mass spectrum of BD-CsA: Histogram showing MS spectra of compound 6, purified 
as BD-CsA. The single peak at 1534.3 Da indicates compound purity. 
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Figure S3. BD-CsA is a substrate for mouse P-gp: HeLa cells were transduced with BacMam 
baculovirus to express mouse P-gp and untransduced cells were used as a control. Cells were 
incubated with BD-CsA or NBD-CsA (0.5 µM, each) for 45 minutes at 37°C and fluorescence was 
measured using flow cytometry. Histogram traces show the transport of substrates by mouse P-gp, 
(A) BD-verapamil, (B) BD-CsA and (C) NBD-CsA. The efflux by P-gp was assayed by comparing 
the fluorescence intensity of cells expressing P-gp (blue traces) with those that do not express P-
gp (untransduced cells, red traces).  
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Figure S4. Efflux of BD-CsA and NBD-CsA by human ABCG2 and MRP1: (A-C) HeLa cells were 
transduced with BacMam baculovirus to express human ABCG2 and untransduced cells were used as 
a control. Cells were incubated with BD-CsA, NBD-CsA (0.5 µM, each) or pheophorbide A (2 µM) for 
45 minutes at 37°C and fluorescence was measured using flow cytometry. Histogram traces show the 
transport of substrates by ABCG2, (A) BD-CsA, (B) NBD-CsA and (C) Pheophorbide A (known 
ABCG2 substrate). The ABCG2 inhibitor Ko143 (2.5 µM) was used to indicate the specificity of 
ABCG2. (D-F) HEK-cells transfected with MRP1 or PCDNA3.1 (vector control) were used. Histogram 
traces show the transport activity of MRP1 with (D) BD-CsA, (E) NBD-CsA and (F) calcein-AM (known 
MRP1 substrate). The MRP1 inhibitor MK571 was used at 25 µM.  The efflux was assayed by 
comparing the fluorescence intensity of cells expressing the transporter (blue traces) with control 
(untransduced or parental) cells (red traces). The traces of cells expressing the transporters in the 
presence of inhibitors are shown in grey. 
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Figure S5. Effect of BD-CsA and NBD-CsA on ATPase activity of P-gp: ATPase 
activity of human P-gp was assayed in insect cell membrane vesicles and the effect 
of BD-CsA or NBD-CsA at indicated concentrations was measured as described in 
the Materials and Methods.  Both compounds partially inhibited the ATPase activity 
with IC50 of 30±2.9 nM for BD-CsA and 17±2.6 nM for NBD-CsA. 
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Figure S6. Fluorescence emission spectra of BD-CsA and NBD-CsA: Histogram 
showing the fluorescence emission spectra of BD-CsA (blue circles) and NBD-CsA 
(red squares), with excitation at 460 nm. 
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