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1.	List	of	abbreviations	
 
 
(125l)INA: Iodonaphthalene-1-azide 
4-PBA: 4-Phenylbutyrate 
ABC: ATP-binding cassette 
ABCB11: Bile-salt export pump (BSEP) 
ABCC1: Multidrug resistance protein (MRP1) 
ABCG2: Breast Cancer Resistance Protein  
ADME: Absorption, distribution, metabolism, elimination 
ALL: Acute lymphoblastic leukemia 
AM: Acetoxymethylester 
AML: Acute myeloid leukemia 
ANOVA: Analysis of variance 
APL: Acute promyelocytic leukemia 
apoA-I: Apolipoprotein A-1 
ATRA: All-trans-retinoic acid 
BeFx: Beryllium-fluoride 
BSA: Bovine serum albumin 
BXP-21: Anti-ABCG2 antibody (western blot) 
Calcein-AM: Calcein acetoxymethylester 
CF: Cystic fibrosis 
CFTR: Cystic fibrosis transmembrane conductance regulator (ABCC7) 
CNS: Central nervous system 
Cryo-EM: Cryo-electron microscopy 
CsA: Cyclosporine A 
DEER: Double electron-electron resonance 
DMEM: Dulbecco’s modified Eagle’s medium 
DPH: 1,6-Diphenyl-1,3,5-hexatriene 
DTT: L-dithiothreitol 
E1S: Estrone-3-sulfate 
ECD: Extracellular domain 
EGTA: Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetra acetic acid 
EM: Electron microscopy 
EPR: Electron paramagnetic resonance 
Fab: Antigen-binding fragment 
FCS: Fetal calf serum 
FRET: Förster resonance energy transfer 
FSC: Forward scatter 
G-1: Anti-Pgp antibody (western blot) 
GAMIG: Goat anti-mouse immunoglobulin 
GLOBOCAN: Global Cancer Statistics Database 
HDL: High-density lipoprotein 
IAAP: (125I)-iodoarylazidoprazosine 
IC50: Half-inhibitory concentration 
ICL: Intra-cytosolic loop 
INFα-2a: Interferon alpha-2a 
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KA: Apparent affinity for MgATP 
KD: Binding affinity 
LogPow: Octanol-water partition coefficient 
LRET: Luminescence resonance energy transfer 
mAb: Monoclonal antibody 
MDR: Multidrug resistance 
MDR1: Gene coding human P-glycoprotein 
MFI0: Mean fluorescence intensity in the absence of inhibitors 
MFIinh: Mean fluorescence intensity in the presence of inhibitors 
MTX: Mitoxantrone 
NBD: Nucleotide-binding domain 
NBS: Nucleotide-binding site 
NEM: N-ethylmaleimide 
NSCLC: Non-small cell lung cancer 
PBS: Phosphate-buffered saline  
PC: Phosphatidylcholine 
Pgp: P-glycoprotein 
PI: Propidium iodide 
Pi: Inorganic phosphate 
PMSF: Phenylmethanesulfonylfluoride 
PPAR: Peroxisome proliferator activated receptor 
PPi: Pyrophosphate  
PXE: Pseudoxanthoma elasticum 
RAR-RXR: Retinoic acid - retinoid X receptor 
SB: Sleeping Beauty transposon vector 
SCLC: Small cell lung cancer 
SDS: Sodium dodecyl sulphate 
Sf9: Spodoptera frugiperda insect ovary cells 
SLO: Streptolysin-O toxin 
SSC: Side scatter 
TAF: Transport activity factor 
TM: Transmembrane helix 
TMA-DPH: (1-(4-Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene 
TMD: Transmembrane domain 
TMEP: Tris-Mannitol-EGTA-PMSF solution 
VDR: Vitamin D receptor 
Vi: Sodium-orthovanadate (Vanadate) 
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2. Introduction	-	The	mysterious	multidrug	resistance	
phenomenon 

 
Cancer is undoubtedly one of the leading causes of death worldwide. According to 

Global Cancer Statistics database (GLOBOCAN), in 2018 nearly 9.6 million patients died in 

cancer and the estimated number of new cases is more than 18 million per year (1). Numerous 

therapeutic modalities are available for the routine therapy of tumors including surgery, 

radiotherapy, immunotherapy, chemotherapy and the novel and promising chimeric antigen 

receptor (CAR) expressing T-cell therapy (2). Chemotherapy is primarily used in the 

treatment of patients with non-solid tumors (e.g., leukemia, lymphoma) or in cases when 

metastases appear. During chemotherapy, clinical oncologists often face the emergence of 

drug resistance. Following the promising results of the initial phase of chemotherapy, cancers 

gradually become resistant to several anti-neoplastic agents, including drugs they have never 

been exposed to. Numerous cellular processes can lead to chemotherapy resistance. Since 

anticancer drugs often target proteins involved in cell cycle regulation or apoptosis, 

alterations of these mechanisms may result in chemotherapy resistance (3). The success of 

chemotherapy also depends on the effective concentration of the drug(s) at the target site that 

is determined by many factors including their absorption, distribution and metabolism (4). In 

addition, at the level of the targeted tumor cells, the cellular uptake and the efflux of the drugs 

are of crucial importance in determining the efficiency of the treatment (5-9).  

One of the major causes of cellular drug resistance is the over-expression of certain 

members of the ATP-binding cassette (ABC) transporter superfamily in tumor cells including 

P-glycoprotein (Pgp, ABCB1, MDR1), Multidrug Resistance Protein 1 (ABCC1, MRP1), and 

Breast Cancer Resistance Protein (ABCG2, BCRP) (10). These multidrug transporter proteins 

have exceptionally wide substrate specificity, as they can recognize and export the majority of 

anticancer drugs from the tumor cells. The phenomenon when tumor cells acquire cross-

resistance against multiple agents is termed multidrug resistance (MDR). MDR is believed to 

be responsible for nearly 50% of ineffective tumor chemotherapies (11) and this ratio is even 

higher (up to 90%) in case of metastatic cancers (12). 

In the 1970s, before the discovery of multidrug transporters, numerous hypotheses were 

formulated regarding the molecular basis of MDR. In a study from Keld Danø et al., 

daunorubicin resistant tumor cells were developed by stepwise selection in the presence of 

daunorubicin (13). They found that the daunorubicin uptake of intact resistant cells was 

significantly lower as compared to sensitive cells, while the isolated nuclei exhibited similar 
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daunorubicin uptake suggesting that the nuclear binding capacity did not change. This 

suggests that the expression of a membrane transporter or changes in the membrane structure 

might account for this phenomenon (14). Interestingly, addition of inhibitors of cellular 

metabolism (e.g., 2-deoxy-D-glucose and Na-azide) increased the daunorubicin accumulation 

of the resistant cells supporting the involvement of an active transport mechanism (15). 

Furthermore, co-administration of certain chemically unrelated drugs (e.g., vinblastine, 

vincristine) increased the intracellular accumulation of daunorubicin probably by competitive 

inhibition of its efflux, indicating that the underlying transport mechanism possesses wide 

substrate specificity (15).  

Skovsgaard supposed that this highly pleiotropic nature of the MDR phenotype cannot 

be explained by a classical ATP-dependent efflux mechanism, rather it was the result of the 

decreased influx of drugs due to unspecific changes in the membrane of resistant cells (16). 

However, with cellular DNA transfer technology, it has been shown that transfection of DNA 

fragments from resistant mouse cells to sensitive cells results in MDR phenotype (17). This 

finding strongly supported the idea that a single gene product was responsible for MDR. With 

cell surface carbohydrate labeling and SDS-PAGE experiments carried out on several 

resistant and sensitive cell line pairs a 170 000 Da glycoprotein, exclusively expressed by the 

resistant cells was identified. This protein was named P-glycoprotein (Pgp, permeability 

glycoprotein), referring to the decreased membrane permeability of the expressing cells 

(18,19).  

In further studies by Kartner et al., rabbit antisera and several monoclonal antibodies 

were generated against membrane components of resistant cell lines which specifically 

labeled Pgp (20,21). Western-blot experiments proved a strict correlation between the level of 

Pgp expression and the degree of drug resistance (21,22). The gene coding for the human Pgp 

was also identified and named MDR1 gene in the 1980s (23). Finally, it has been shown that 

transfection of sensitive cells with the MDR1 gene results in MDR phenotype (24).  

Upon further investigation of multidrug resistant cell lines and chemotherapy resistant 

tumor samples, two other drug exporter proteins, ABCG2 and MRP1, were discovered (25). 

The substrate spectra of the above transporters include the majority of chemotherapeutic 

drugs used in cancer treatment (26) and it was also proved that they all belong to the ABC 

protein family. 
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3.	Theoretical	background	
	
3.1.	General	structure	of	ABC	proteins	

ABC proteins form one of the largest and the most versatile protein families. Members 

of the ABC protein family are present in all domains of life, from bacteria to humans. A 

common structural feature of ABC proteins is their unique evolutionary conserved nucleotide-

binding domain (NBD), the so-called “ATP-binding cassette” that consist of several 

conserved amino acid sequence motifs (27). These conserved NBD sequences, among others, 

include the Walker A and B sequences that are present in all ATP-binding proteins and the 

“signature” motif (C-loop) that can only be found in ABC proteins. Functionally active ABC 

proteins possess two NBDs that collectively form two composite nucleotide-binding sites 

(NBSs) in which ATP molecules are “sandwiched” between these conserved motifs (for more 

details see Section 3.3.4). 

Members of the ABC protein family show enormous functional diversity. They are 

involved in several physiological processes including DNA repair, regulation of protein 

synthesis or even RNA processing. However, the majority of them are transmembrane 

proteins that function as channels, channel regulators or active transporters (28-30). 

Considering the direction of transport, ABC transporters can be either exporters or importers 

(31).  

Importer type transporters are present only in archaea and bacteria and they are 

involved in the uptake of nutrients (e.g., carbohydrates) and micronutrients (e.g., vitamins) 

with high specificity (32-34). Prokaryotes also express a large number of exporter type ABC 

proteins. MsbA is a lipid A exporter protein of Gram-negative bacteria (35), the malfunction 

of which can lead to the accumulation of lipopolysaccharides and phospholipids in the 

cytoplasmic membrane of E. coli (36). MsbA displays a significant sequence similarity (30%) 

to LmrA, the multidrug transporter protein of Lactococcus lactis (37,38). Interestingly, the 

substrate specificities of LmrA and Pgp are strikingly similar (39). Expression of LmrA in 

mammalian cells can render the cells resistant to many Pgp substrates (37). This high level of 

sequence- and functional similarity suggests phylogenetic connection between bacterial 

transporters and Pgp (40). Of note, bacterial ABC exporters such as LmrA can also confer 

resistance against several antibiotics (41,42) hampering successful antimicrobial therapy.  
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As opposed to prokaryotic ABC transporters, according to our current knowledge, all 

eukaryotic ABC transporters function as exporters (43). Essentially each organism expresses 

multiple ABC transporters that can mediate various cellular transport processes (44,45).  

The human genome encodes 48 ABC proteins that are classified into seven 

subfamilies from ABCA to ABCG based on their sequence similarity (Fig. 1a) (46). 

Interestingly, members of the ABCE and ABCF subfamilies are soluble proteins that do not 

contain TMDs (47) (Fig. 1b). The majority of them are membrane transporters that need at 

least four domains for transport activity: the two transmembrane domains (TMDs) build up 

the substrate-binding cavity and the substrate translocation pathway through which the 

transport of substrates is realized, while the two NBDs are responsible for the binding and 

hydrolysis of ATP (48). Half-transporters contain only one NBD and one TMD and form 

homodimers (e.g., ABCB7, ABCD1, ABCG2) or heterodimers (e.g., TAP1/TAP2, ABCG5/8) 

in the membrane (Fig. 1b) (49). In contrast, in full transporters all domains are encoded by a 

single gene and they may have been evolved from an ancestral half transporter, by a gene 

duplication event (50,51). Beside the two TMDs and two NBDs several human ABC 

transporters have additional domains, e.g., the extracellular domains (ECD1/2) of ABCA4 

(52), the accessory TMD (TMD0) of MRP1 (ABCC1) (53) or the disordered, regulatory R 

domain of CFTR (ABCC7) (54) (Fig. 1b). 

 

 
Figure 1: Simplified phylogenetic tree of human ABC transporters (a) and schematic representation 
of the structural diversity of human ABC proteins (b) (based on (55) and (56))  
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3.2.	Examples	of	human	ABC	proteins	and	related	diseases	
ABC proteins are involved in many important physiological processes, consequently 

mutations leading to their complete deficiency or decreasing their activity or expression level 

often cause diseases or predispose to certain disorders (Table 1 shows examples of diseases 

linked to mutations of human ABC proteins) (57,58).  

Several ABC proteins, like ABCA1, ABCB4 or ABCD1, play a role in lipid transport 

processes. ABCA1 exports phospholipids and excess cholesterol from the cell membrane and 

loads them to lipid-free apolipoprotein A-1 (apoA-I) to form nascent HDL. Several mutations 

causing the lack of functional ABCA1 expression were identified and found to be associated 

with the rare autosomal disorder called Tangier-disease. Tangier-disease is characterized by a 

strongly reduced high-density lipoprotein (HDL) level in the blood and decreased reverse 

cholesterol transport (59). This leads to the accumulation of cholesterol-esters in peripheral 

reticuloendothelial tissues (e.g., tonsils, lymph nodes, thymus or spleen) leading to 

atherosclerosis and higher incidence of early onset cardiovascular diseases (60-62).  

ABCD1 (ALD) is responsible for the transport of very-long chain fatty acids into the 

peroxisomes for degradation. Loss of function mutations of ABCD1 cause the fatal disorder 

adrenoleukodystrophy, which is identified by the accumulation of very-long chain fatty acids 

in various tissues. The central nervous system (CNS) is particularly affected by ABCD1-

deficiency leading to demyelination and neurodegeneration (63). 

Bile is a complex mixture that includes bile salts, phosphatidylcholine (PC), 

cholesterol and various endobiotic and xenobiotic toxins, each of which is secreted across the 

canalicular membrane of hepatocytes by different ABC transporters. Bile salts are synthesized 

from cholesterol in the hepatocytes and exported to the bile by ABCB11 (bile salt export 

pump, BSEP). Loss of function mutations of ABCB11 lead to the accumulation of toxic bile 

salts inside the hepatocytes resulting in the disease called familial intrahepatic cholestasis type 

II (64-66). ABCB4, similarly to ABCB11, is expressed in the canalicular membrane of 

hepatocytes and flops PC from the inner leaflet of the membrane to the outer leaflet where it 

is extracted by the bile salts to form a mixed micelle that reduces the detergent activity of bile 

salts. Reduced or missing activity of ABCB4 also causes cholestatic liver disease. 

Pseudoxanthoma elasticum (PXE) is a metabolic disorder caused by the inactivating 

mutations of the ABCC6 transporter (67). PXE is characterized by a generalized late-onset 

ectopic calcification of several tissues including the skin, the blood vessels and the eye (68). 

The exact pathomechanism of the disease and the physiological substrate of ABCC6 remained 

unknown until recently. New studies proved that ABCC6 transports ATP through the 
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basolateral membrane of liver cells to liver sinusoids. Subsequently, ATP is converted to 

pyrophosphate (PPi), a well-known inhibitor of calcification, by ectonucleotidase enzymes 

(69). The lack of ABCC6-mediated ATP transport significantly decreases the PPi 

concentrations in the blood leading to the formation of hydroxyapatite precipitates in 

peripheral tissues. It has been shown that ectopic calcification can be prevented by 

pharmacological correction of the plasma membrane expression of misfolded or mislocalized 

ABCC6 mutants with preserved transport activity using the chemical chaperone 4-

phenylbutyrate (4-PBA) (70). In addition, several studies proved that oral PPi administration 

can also inhibit ectopic calcification (70-72).  

 
Table 1: Examples of diseases linked to the mutation of human ABC proteins  

Name Physiological/endogenous substrates Related disease 

ABCA1 (ABC1) Cholesterol, phospholipids Tangier disease * 

ABCA4 (ABCR) Vitamin A derivatives Stargardt disease * 

ABCB1 (MDR1) Non identified Multidrug resistance ** 

ABCB2/3 (TAP1/2) 8-15 amino acid peptides from ER Immunodeficiency * 

ABCB4 (MDR3) Phosphatidylcholine Familiar intrahepatic cholestasis* 

ABCB7 Iron X-linked sideroblastic anemia* 

ABCB11 (BSEP) Bile acids Familial intrahepatic cholestasis type II* 

ABCC1 (MRP1) Leukotriene C4, estrogens, prostaglandins, 
glutathione Multidrug resistance ** 

ABCC2 (MRP2) Bilirubin Dubin-Johnson syndrome * 

ABCC6 ATP Pseudoxanthoma elasticum* 

ABCC7 (CFTR) Cl- Cystic fibrosis * 

ABCC8 (SUR1) K+ Familial hyperinsulinemic hypoglycemia * 

ABCD1 (ALD) Very long chain fatty acids (22 or more 
carbon atoms) Adrenoleukodystrophy * 

ABCG2 (BCRP) Uric acid Multidrug resistance **, Gout* 

ABCG5/8 Cholesterol Sitosterolemia* 

* - due to loss-of-function mutation, ** - due to gain-of-function mutation) (based on (57,58) 
 

Cystic fibrosis (CF) is a multi-organ disease that is linked to the loss-of-function 

mutations of the cystic fibrosis transmembrane conductance regulator protein (CFTR, 

ABCC7). CF is one of the most prevalent ABC-protein related diseases. CFTR is a channel 

protein conducting Cl- ions across epithelial cell membranes. The decreased function or 

expression of CFTR protein may lead to dysregulation of the epithelial fluid transport in many 

organs including the lungs, the pancreas and the intestinal epithelium. One of the major 

symptoms of CF include the serious recurrent respiratory infections caused by the abnormal 
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composition of airway surface liquid and consequential decreased mucociliary clearance. 

(73). In almost 85% of CF cases the deletion of one phenylalanine amino acid at the position 

of 508 is observed that leads to abnormal folding of the protein and its subsequent 

degradation in proteasomes resulting in the lack of functional CFTR chloride channels in the 

apical membrane of epithelial cells (74).  

Beside many anticancer drugs, uric acid is also a substrate of ABCG2 (BCRP) and 

accordingly ABCG2 is involved in intestinal uric acid excretion (75). Certain ABCG2 

mutations, e.g., 141K mutation, decrease the cell surface expression of ABCG2 (76), resulting 

in elevated uric acid blood concentrations (hyperuricemia) and an increased risk of gout, a 

painful inflammatory arthritis characterized by monosodium urate crystal deposition in the 

synovial fluid (77). 

Taken together, the majority of the above discussed diseases are caused by aberrant 

folding of an ABC protein that can lead to proteasomal degradation and strongly reduced cell 

surface expression of the protein (78). Progress in chemical correction of trafficking- or 

folding mutant variants of CFTR and other ABC proteins showed that chemical chaperons, 

(e.g., 4-PBA) can be used generally to improve the function of multiple defective ABC 

proteins (79). Most recently, cryo-electron microscopy (cryo-EM) studies of different 

trafficking-deficient ABC proteins made it possible to obtain structural insights into the action 

of chemical chaperones (78,80). These studies provide foundation for structure-based 

development of novel chemical correctors. 

 

3.3.	P-glycoprotein	and	ABCG2	

3.3.1.	Physiological	tissue	expression	of	Pgp	and	ABCG2	
As it was highlighted in Section 2, human multidrug transporters, including Pgp and 

ABCG2, are frequently expressed in various tumor cells and might be responsible for the 

chemotherapy resistance of tumors. However, Pgp and ABCG2 are also expressed in various 

normal tissues. Several studies have been performed to precisely map their physiological 

expression pattern. Of note, mRNAs of both transporters were detected at low levels in 

numerous tissues, however, only a few tissues showed constitutively high transporter 

expression in the plasma membrane of cells (81,82). It has been shown in Pgp knock-out mice 

that disruption of Pgp expression under physiological circumstances results in no major 

phenotypical effect in mice (83). However, serious neurotoxicity was observed when knock-

out mice were treated with certain Pgp substrate cytotoxic drugs, suggesting that Pgp can 
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protect the central nervous system (CNS) from toxic compounds (84). In accordance with 

their protective role both Pgp and ABCG2 were detected in the luminal membrane of 

endothelial cells, in the blood-brain and blood-testis barriers as well as in the 

syncytiotrophoblasts of placenta (85,86). Both Pgp and ABCG2 show high expression levels 

in the apical membrane of intestinal epithelial cells, hepatocytes and kidney proximal tubule 

cells (87,88). In addition, high ABCG2 and Pgp expression levels were found in different 

stem cell populations, e.g., in hematopoietic stem cells or in stem cell-like cancer cells present 

in different tumor types, and therefore ABCG2 is deemed a ubiquitous stem cell marker (89-

92). 

The tissue expression patterns of Pgp and ABCG2, along with in vitro and in vivo 

functional studies suggest that restricting the transmembrane passage of numerous drugs these 

transporters can contribute to the formation of effective pharmacological barriers and thus 

they are important determinants of drug absorption, distribution, excretion and toxicity (93). 

3.3.2.	Structure	of	Pgp	and	ABCG2	
Pgp is a 1280 amino acid long single polypeptide chain consisting of two TMDs, each 

containing 6 transmembrane helices, and two NBDs (18). As opposed to Pgp, ABCG2 is a 

655 amino acid long half-transporter consisting of only one TMD with 6 transmembrane 

helices and one NBD with a reversed NBD-TMD orientation compared to Pgp (Fig. 2a, b). 

Eukaryotic ABC transporters seem to share common major conformational states as it 

was shown in several crystal structures of ABC transporters and indicated by biochemical and 

biophysical experiments (94-97), including the “inward-facing” and “outward-facing” 

conformations. In the inward-facing conformation, Pgp and ABCG2 form an inverted “V”-

shape, with a large cavity in the center that is accessible from the intracellular space (Fig. 2b). 

The inward-facing conformation allows substrates to enter and bind to the drug-binding cavity 

lined by TMD helices. The “outward-facing” conformer is characterized by the close contact 

of the NBDs and opening of the central cavity to the extracellular space (Fig. 2b). The 

proposed role of the outward-facing conformation is the release of substrates to the 

extracellular space (98). 

Membrane topology and structure of Pgp was first studied by electron microscopy 

(EM): an 8Å resolution structure was published that confirmed the predicted membrane 

topology of the transporter possessing two TMDs, each formed by 6 membrane spanning 

alpha helices and two intracellular NBDs (Fig. 2a, b) (99). The first mammalian Pgp X-ray 

crystal structure was reported by Aller et al. in 2009. They described the structure of mouse 

Pgp in ATP-free (apo) inward-facing state, in the presence or absence of bound inhibitors, at 
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3.8-4.4 Å resolution (96,100). The transmembrane alpha helices form two bundles (TMs 1-

3,6,10,11 and TMs 4,5,7-9,12) that surround a large internal cavity open to both the 

cytoplasm and the inner leaflet of the plasma membrane for substrate entry (Fig. 2b).  

 

 
Figure 2: Structure of Pgp and ABCG2. Predicted membrane topology of Pgp and ABCG2 based on 
their amino acid sequences using the OCTOPUS membrane topology predicting tool (a). Cryo-EM 
structures of Pgp and ABCG2 in the nucleotide-free (apo) inward-facing and in the outward-facing ATP-
bound conformations (b) The inward-facing conformation of ABCG2 was visualized in complex with two 
antigen-binding fragments (Fabs) of the monoclonal human-specific, inhibitory antibody 5D3 (101,102) 

 

The first low-resolution ABCG2 structural data came from EM analysis of purified 

proteins in the presence or absence of the substrate mitoxantrone (103,104). Due to the lack of 

ABCG2 crystals, further studies aimed to model the structure of ABCG2 using available high-

resolution inward-facing crystal structures of various ABC transporters. First studies used the 

structures of bacterial multidrug transporters, such as MsbA and Sav1866 (105,106), despite 

their low sequence similarity and known differences in their domain organization, while a 

recent study used the crystal structure of human ABCG5/G8, a close homologue of ABCG2, 

as a template (107). These structural studies showed a compact, inward-facing homodimer 

fold with an apparent large cavity lined by TMD helices, shorter intracellular loops and NBDs 

in close proximity of TMDs. Moreover, distinct structural elements of ABCG fold were 

observed, e.g., the elbow helix parallel with the inner membrane leaflet (Fig. 2b) (107).  
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Until recently, one major caveat of crystallographic studies was that they were only 

able to capture the apo, inward-facing conformation of Pgp and ABCG2. The first outward-

facing Pgp structure (CmABCB1 from Cyanidioschyzon merolae) was published in 2019 

(108). Recently, a large number of new transporter structures were reported that were 

obtained using cryo-EM to provide crucial structural information. Inward- (apo) and outward-

facing (ATP-bound) conformations of Pgp and ABCG2 have been published serving insights 

into nucleotide, substrate- and modulator binding (Table 2, Fig. 2b). Analysis of human Pgp 

and ABCG2 using available high-resolution cryo-EM structures confirmed the anticipated 

conformational changes similar to those observed in other ABC transporters (94,95,109,110). 

 
Table 2: List of currently available Pgp and ABCG2 cryo-EM structures (based on (111)) 
Protein Ligand Orientation Source Resolution PDB ID Ref. 

Pgp UIC2-Fab Inward-facing Mouse/Human 4.14 6FN4 (112) 

Pgp UIC2-Fab, zosuquidar Inward-facing Mouse/Human 3.58 6FN1 (112) 

Pgp UIC2-Fab, taxol Inward-facing Human 3.6 6QEX (101) 

Pgp UIC2-Fab, zosuquidar Inward-facing Mouse/Human 3.9 6QEE (101) 

Pgp ATP Outward-facing Human 3.4 6C0V (113) 

ABCG2 5D3-Fab, cholesterol Inward-facing Human 3.8 5NJ3 (114) 

ABCG2 5D3-Fab, E1S Inward-facing Human 3.58 6HCO (102) 

ABCG2 5D3-Fab, MZ29 Inward-facing Human 3.1 6ETI (115) 

ABCG2 MZ29 Inward-facing Human 3.56 6FFC (115) 

ABCG2 ATP Outward-facing Human 3.09 6HBU (102) 

 
 

Nonetheless, the major conformers represent only snapshots of the whole catalytic 

cycle with multiple different transition states. Importantly, cryo-EM technique can be used for 

structural studies even under active turnover conditions. Cryo-EM allowed for capturing 

multiple different transition states of various ABC transporters and provided unprecedented 

insights into their transport mechanism (116,117).  

3.3.3.	Transmembrane	domains	and	substrate	binding	
Pgp is a full transporter consisting of two TMDs (TMD1 and TMD2), while ABCG2 

is a half transporter that forms a homodimer, as it was already discussed in Section 3.3.2. Pgp 

is thought to have arisen from an ancient half-transporter by a gene duplication event, 

followed by randomly occurring point mutations upon its evolution resulting in a pseudo-

symmetric protein (118). Surprisingly, there is only 59.4% sequence similarity between the 
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two "halves" of mouse Pgp. More specifically, there is 77.3% similarity between the NBDs, 

while the TMDs diverged more, exhibiting only 43.5% sequence similarity (119). The TM 

helices collectively form a large substrate-binding cavity that spans almost the entire width of 

the lipid membrane (Fig. 3a) (101,120). As it is shown in (Fig. 3), both halves of Pgp 

contribute in a pseudo-symmetric fashion to substrate binding, as the contacting amino acid 

residues belong to TM1, TM4, TM5, and TM6 of TMD1 and to TM7, TM10, TM11 and 

TM12 of TMD2. In addition to the aromatic and hydrophobic residues, there are also polar or 

charged side chains on the surface of the substrate-binding cavity. On the other hand, the 

homodimer ABCG2 shows complete axial rotational symmetry, implying that every structural 

element in the protein is found twice. As opposed to Pgp, the substrate-binding cavity of 

ABCG2 is narrower (see Fig. 2b), more hydrophobic and because of the symmetric structure 

of ABCG2 it is delimited by TM helices 1, 2 and 5 from both monomers (Fig. 3b) (114). 

Moreover, a second smaller drug-binding cavity (cavity 2), close to the extracellular gate of 

the translocation apparatus, can be observed in cryo-EM structures of ABCG2 (see Fig. 2b) 

(114). The surface area of cavity 2 is less hydrophobic as compared to cavity 1, probably 

resulting in a lower substrate-binding affinity, and thus it might have a role in the release of 

substrates to the extracellular space (115). Taken together, the structural differences between 

the substrate-binding cavities of Pgp and ABCG2 probably imply different substrate 

translocation mechanisms (121). 

Earlier studies aiming to describe how polyspecific substrate binding is accomplished 

by Pgp and ABCG2 applied photoactive substrate analogs. Photolabeling of Pgp and ABCG2 

with a substrate analog (125I)-iodoarylazidoprazosine (IAAP) or Pgp with propafenone 

derivatives suggested that these ligands were recognized by at least two distinct regions of the 

proteins (122-126). Based on studying the kinetics of Pgp-mediated drug transport, Shapiro et 

al. supposed the presence of three drug-binding sites that were specific to particular 

substrates, namely the H-site (for Hoechst 33342), R-site (for rhodamine 123) and the P-site 

(for prazosin and progesterone) (127,128). On the other hand, radio-ligand saturation studies 

identified four pharmacologically distinct substrate-binding sites in Pgp with complex 

allosteric interactions between them (129).  

Similar to Pgp, studying the kinetics of anthracycline (daunorubicin and doxorubicin) 

transport by ABCG2, the presence of two symmetric binding sites with extensive allosteric 

interactions with other substrates was demonstrated (130). Taken together, these findings 

strongly support the existence of multiple substrate-binding sites in the substrate-binding 



 

17 

cavity of Pgp and ABCG2. However, these kinetic studies could not answer the question 

whether these sites are spatially separated, or they overlap with each other. 

 

 
Figure 3: Interactions of the TMD residues with zosuquidar in Pgp (a) and estrone-3-sulfate (E1S) in 
ABCG2 (b). In panel (a) TM6, TM10, TM12 and the second bound zosuquidar molecule are not shown 
because of steric reasons. Blue dashed lines represent hydrogen bonds, while grey dashed lines show 
hydrophobic interactions. (102,112) 
 

X-ray crystallography and cryo-EM studies of Pgp showed that different drugs bind to 

distinct, but sometimes overlapping sites in a larger binding cavity formed by TM helices 

(112,131,132). In addition to structural data, cysteine mutagenesis experiments were used to 

identify residues involved in substrate binding (133,134). These studies proved that the 

binding sites of several drugs including cyclosporine A, tariquidar or valinomycin spatially 

overlapped in Pgp (132). Furthermore, it has been shown in transport and ATPase activity 

measurements, that drugs can interact with an auxiliary binding site and can be transported, 

when amino acids forming the primary binding site are mutated (122,135-137). These 

findings support the complex and flexible nature of the substrate-binding pocket. According 

to the “substrate-induced fit” mechanism, the complex substrate-binding pocket can 

accommodate structurally different substrate molecules by exposing different amino acid 

residues on the surface of the pocket as a result of substrate-specific rotational and lateral 

movements of the TM segments (138). 

3.3.4.	Nucleotide-binding	domains	and	ATP	binding	
NBDs of ABC transporters are the functional units responsible for ATP binding and 

hydrolysis. Both NBDs of ABC proteins contain a RecA-like domain and a α-helical domain 

(139). The RecA-like subdomain was first identified in RecA, an E. coli protein involved in 

DNA recombination (140). The RecA-like subdomain is formed by the evolutionary 

conserved Walker A and Walker B sequences and it is present in many ATPases and 

molecular motors (141). On the other hand, the α-helical domain, which contains the 
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signature sequence (LSGGQ motif) is characteristic for the NBDs of ABC transporters 

(139). In all ABC transporters, the two NBDs collectively form two nucleotide-binding sites 

(NBS1 and NBS2). Upon ATP binding, the ATP molecules are sandwiched between the 

Walker A and Walker B motifs of one NBD and the signature motif of the contralateral NBD 

(142). Beside the Walker A, Walker B and signature motifs, NBSs of Pgp and ABCG2 are 

characterized by a series of additional evolutionary conserved sequence elements (Table 3 

and Fig. 4). In accordance with their crucial role in ATP binding and hydrolysis, mutations of 

highly conserved residues within these sequence motifs significantly reduce or completely 

abolish ATPase and transport activity, as it was highlighted in many mutagenesis studies 

(143,144). 

The Walker A motif of NBDs is primarily involved in hydrogen-bond formation with 

the beta and gamma phosphates of ATP. Mutation of a conserved Walker A lysine to 

methionine or arginine (in human Pgp: K433M/R, K1076M/R) in one or both NBDs is 

thought to prevent ATP hydrolysis, while it does not circumvent nucleotide binding (145-

147).  

The Walker B motif is believed to play a role in the coordination of Mg2+ needed for 

ATP hydrolysis, however, its exact function in the hydrolysis reaction remains disputed (148). 

Neutralization of the acidic Walker B glutamate – frequently termed as the “catalytic 

glutamate” - in one or both NBSs (E556 and/or E1201 in human Pgp) leads to high-affinity 

binding (trapping) of a single ATP in Pgp (149,150). Similarly to human Pgp, high affinity 

ATP binding was observed in mouse Pgp (Mdr3) with mutant catalytic glutamates at the 

homologous positions (E552Q and E1197Q in NBD1 and NBD2, respectively) (151,152). 

Single amino acid changes at the adjacent positions (D555N or D1200N in human Pgp) also 

resulted in a catalytically dead protein in accordance with the role of these residues in Mg2+ 

binding (153). In ABCG2, homodimers of E211Q Walker B mutant proteins showed no 

transport and ATPase activity (154). 
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Figure 4: Interactions of conserved NBS motifs with ATP in human P-glycoprotein (a) and ABCG2 
(b) represented in available cryo-EM structures. (102,113) (blue dashed line = hydrogen bonds, grey 
dashed line = hydrophobic interactions, * = putative A-loop replacement site in ABCG2). Schematic 
representation of ATP binding by NBS1 in Pgp (c) 

 
The ABC-signature motif or C-loop is unique to ABC transporters and is essential to 

proper ATP binding and NBD-dimer formation. Mutagenesis studies in Pgp showed that C-

loop mutations in one or both NBDs reduce cell surface expression and the mutant variants 

are functionally inactive (155,156).  

In Pgp – along with many other ABC proteins – an aromatic residue (A-loop), usually 

a tyrosine, interacts with the adenosine ring of the nucleotide. According to numerous site-

directed mutagenesis studies, A-loop is identified as a motif needed for proper ATP binding 

(157,158). Mutation of the conserved A-loop tyrosine (Y401 or Y1044 in human Pgp) either 

at one or both NBDs abolishes nucleotide binding and ATPase activity (157,159). According 

to new structural data, the A-loop is missing from ABCG2 and residues in the putative 

replacement site form van der Waals interactions with the nucleobase of ATP (102). 
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Table 3: Conserved NBS motifs/residues and their main functions in human Pgp and ABCG2  

Motif name 
Amino acid position 

     Pgp NBS1                ABCG2 
Proposed function 

A-loop 401 185* Adenosine binding 

Walker A 427-434 80-87 ATP-binding pocket formation 

Q-loop 473-477 126 Inter-domain communication 

Signature 531-536 186-200 Cross-dimer ATP-binding pocket formation 

Walker B 551-556 206-211 ATP-binding pocket formation 

D-loop 559-562 217 Cross-dimer interaction 

His-loop 583-587 243 ATP-dependent switch region 

* = putative A-loop replacement site (based on (160,161) 
 

The interaction between TMDs and NBDs is mediated by intra-cytosolic loop (ICL) 

domains that specifically connect the TMDs to the Q-loops of NBDs (162). Structural data 

showed that the evolutionary conserved Q-loop is positioned in the upper surface of the 

NBDs, strongly interacting with TMD helices (102,163). Moreover, it has been demonstrated 

that Q-loops - similarly to the Walker B motifs - play important roles in the coordination of 

Mg2+ and they are also in contact with the γ-phosphate of ATP (162,164). As a corroborating 

finding, cryo-EM structure of the outward-facing Pgp demonstrated that Q475 and Q1118 

residues reach into the ATP-binding sites and contribute to the closed NBD-dimer interface 

formation (113). 

Pgp and ABCG2 – as primary active transporters – use energy derived from ATP-

hydrolysis to fuel the transport cycle (163). Interestingly, Pgp, ABCG2 and several other 

ABC transporters show weak ATP hydrolysis activity, often termed as “basal” ATPase 

activity even in the absence of substrates, which can be increased several folds by the addition 

of substrates and referred as “substrate-stimulated” ATPase activity. Certain studies linked 

“basal” ATPase activity to the transport of endogenous substrate molecules present in the 

plasma membrane (e.g., cholesterol, phospholipids) (119,165,166). Other explanations 

emphasized that “basal” ATPase activity is necessary for resetting the inward-facing substrate 

binding conformation of the transporter and thus it is an inherent mechanistic property of 

certain ABC transporters (167).  
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3.4.	Catalytic	cycle	and	drug	transport	mechanism	of	Pgp	and	ABCG2	
3.4.1.	Catalytic	cycle	models		

Despite decades of intense research on Pgp and ABCG2 there are still questions 

unanswered regarding the fine details of their catalytic cycles. Partly it is due to experimental 

and instrumental limitations of membrane protein research, e.g., difficulties related to the 

purification and crystallization of large membrane proteins (168). On the other hand, 

computational limitations of molecular dynamics simulations (nanosecond range) make in 

silico analysis restricted to only certain events of the catalytic cycle (169,170). However, 

recent developments in structural biology and spectroscopic techniques (e.g., double electron-

electron resonance (DEER) spectroscopy) helped to better understand the mechanism of these 

enigmatic transporters (101,102,113,171). 

Based on the controversial findings of several biochemical experiments and 

computational simulations, many different models were formulated to describe the catalytic 

cycle of Pgp. These models can be classified in many different ways based on their specific 

features. One way of classification is based on the interactions between the NBDs during the 

catalytic cycle. Certain models predict that NBDs dissociate in the absence of nucleotides 

(e.g., ATP-switch model (172) or the processive clamp model (173)), while other models 

anticipate that the two NBDs remain associated at all steps of the catalytic cycle (e.g., 

alternating catalytic sites model (174), nucleotide occlusion model (175) or the constant 

contact model (176)) (for details see Table 4). Despite their important differences, the 

models describing the molecular details of the catalytic cycle of Pgp share similar steps 

including: (1) binding of two ATP molecules to the inward-facing high-affinity conformer, 

(2) NBD-NBD sandwich dimer formation, (3) conformational remodeling of TMDs leading to 

the low substrate-binding affinity outward-facing conformation, (4) nucleotide hydrolysis at 

the NBDs, (5) release of ADP and inorganic phosphate (Pi) and (6) resulting conformational 

changes in the TMDs and resetting the cycle (102,113,177) (Table 4).  

One of the first catalytic models, the alternating sites model is hinged on the strictly 

alternating nature of ATP hydrolysis by the two NBDs of Pgp (174). The model makes the 

assumption that both NBSs bind ATP with similar affinity and NBSs strongly interact with 

each other and they cannot hydrolyze ATP independently. Following ATP-binding and 

hydrolysis at NBS1, a high-energy conformational state is formed with the bound hydrolysis 

products ADP and Pi. Due to the dissociation of Pi from NBS1 another ATP molecule can 

bind to NBS2, the high energy state relaxes and the drug-binding affinity decreases allowing 

for the efflux of the bound substrate. ATP hydrolysis at NBS2 catalyzes the transport of a 
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second substrate molecule. Of note, in a single cycle two substrate molecules are transported 

and two ATP molecules are hydrolyzed. Proposed functional inter-dependency and strict 

alternation of ATP hydrolysis by NBSs was established relying on experiments using cys-less 

Pgp molecules with a single cysteine residue re-introduced to one of the NBDs and covalently 

labeled with N-ethylmaleimide (NEM) (178). Covalent modification of either NBSs led to 

complete inactivation of the ATPase activity of Pgp molecules. 

 
Table 4: Brief overview of the major molecular steps of the different catalytic cycle models (based on 
(179) 

 NBD-dissociation  NBD-association 

Steps 
ATP-Switch 

(172) 

Processive 

clamp (173) 

Alternating sites 

(174) 

Constant contact 

(176) 

Nucleotide 

occlusion (163) 

1 

NBDs: Empty, 

completely separated 

TMDs: Inward open, 

substrate binding 

NBDs: Two 

ATPs bound; 

sandwich dimer 

formed 

NBDs: semi-open dimer 

NBS1: ATP binding 

NBS2: Empty 

TMDs: Inward open, 

substrate bound 

NBDs: Semi-open 

dimer 

NBS1: Occluded ATP-

bound 

NBS2: Empty 

NBDs: Semi-open dimer 

NBS1: Occluded ATP 

NBS2: Loosely bound 

ATP 

TMDs: Inward open 

2 

NBDs: ATP binding, 

dimer formation 

TMDs: Outward open, 

substrate release 

NBS1: ATP 

hydrolysis 

NBS2: ATP binding 

NBS1: Hydrolysis, 

formation of transition 

state 

NBS1:Occluded, 

hydrolysis 

NBS2: Open 

TMDs: Substrate 

binding 

3 

NBDs: Hydrolysis NBS2: ATP 

hydrolysis, Pi 

release 

NBS1: Pi release 

TMDs: Outward open 

NBS1: Pi release, open 

NBS2: ATP binding 

NBS1: Hydrolysis 

NBS2: Occluded 

TMDs: Outward open 

4 

NBDs: ADP, Pi 

release, separated 

NBDs 

TMDs: Inward open 

NBDs: 

Separated, ADP 

release 

NBS1: ADP release 

TMDs: Inward open, 

substrate release 

NBS1: ADP release, 

empty, occluded 

NBS2: ATP occluded 

NBS1: ADP, Pi release 

TMDs: Inward open 

 

Similarly, nucleotide occlusion model also assumes an intimate interaction between 

the NBDs (163). In the beginning of the catalytic cycle, the TMDs are open to the 

cytoplasmic side, while the NBDs are in a semi-open state characterized by a loose binding of 

an ATP molecule at one site and a tight binding of an ATP molecule at the other site. Such 

strong interaction between the ATP molecule and the NBS is termed “nucleotide occlusion” 
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(180). Following substrate binding, the “occluded” ATP is hydrolyzed switching the TMDs 

from an inward-facing state to the outward-facing, low substrate-binding affinity 

conformation. Subsequently, the previously loosely bound ATP gets occluded and 

dissociation of the hydrolysis products from the other site reopens the TMDs to the 

intracellular side.  

The constant contact model proposes that the NBDs stay in close contact throughout 

the whole cycle without dissociation (176). The proximity of NBDs is supported by a series of 

experimental evidences, such as the chemical cross-linking of the signature- and Walker A 

motifs at conditions excluding ATP-hydrolysis (4oC and absence of nucleotides) (156). In the 

constant contact model, no double ATP-bound intermediate can be observed, ATP-hydrolysis 

occurs alternately at each NBSs. ATP-hydrolysis at one site opens up the other site for ATP 

binding and hydrolysis due to specific rotational movements of the RecA-like and α-helical 

domains (176). 

In contrast to the previously described models, X-ray crystallographic and cryo-EM 

structures of Pgp in the inward-facing state demonstrated complete separation of the NBDs 

(96,101,112). In accordance with the above structural data, the ATP-switch model suggests 

that in the initial state of the catalytic cycle NBDs are completely separated without any 

bound nucleotide and the transporter is in an inward-facing conformation (172). Substrate 

binding to the TMDs triggers a low-to-high switch in the nucleotide-binding affinity of NBDs 

resulting in the binding of two ATP molecules. Moreover, as opposed to the previously 

described models, in the ATP-switch model the binding of ATP and not the hydrolysis of it is 

responsible for the reorganization of TMDs to form an outward-facing conformer. Following 

the transport of the bound substrate molecule, both ATP molecules are hydrolyzed. Finally, 

the release of Pi and ADP resets the inward-facing conformation of Pgp. Similar to the ATP-

switch model, the processive clamp model also suggests that hydrolysis of two ATP 

molecules is needed for the transport of a single bound substrate. In the beginning of the 

cycle, two ATP molecules are bound to the transporter leading to the NBD-NBD dimer 

formation and the opening of TMDs to the extracellular space. Sequential hydrolysis of both 

ATP molecules and the dissociation of Pi and ADP leads to the dissociation of the NBD 

dimer and switching of the TMDs back to the inward-facing state (173). 

Interestingly, prevalent catalytic cycle models agreed that the functional activity of 

both catalytic centers is needed for the conformational changes and the transport activity of 

Pgp. As a corroborating evidence, phosphate analogues (e.g., vanadate (Vi), beryllium-

fluoride (BeFx)), which can replace the cleaved gamma phosphate forming a stable Pgp-ADP-
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Vi/BeFx complex at a single NBS, were shown to inactivate Pgp (181). Similarly, covalent 

modification of a single NBS by NEM prevents nucleotide binding and abolishes the ATPase 

activity of Pgp (178). In addition, several studies demonstrated that point mutations in the 

highly conserved key residues (see Section 3.3.4) of a single NBS also completely inactivate 

Pgp (143,146,149,154,155). However, in contrast to these findings, our group demonstrated 

that single Walker A mutant Pgp molecules show significant residual transport and ATPase 

activity when they are studied in their natural plasma membrane environment (177). Since the 

majority of studies reporting the inactivating effect of single catalytic site mutations have 

been performed using heterologous expression systems such as Sf9 (146,182), Saccharomyces 

cerevisiae (183) or purified and reconstituted proteins, it may be that the weak ATPase 

activity of the single Walker A mutants was missed due to the different plasma membrane 

composition of the heterologous expression systems, or artefacts related to the solubilization, 

purification and reconstitution of the proteins (162). On the other hand, the above-mentioned 

chemical modifications not only prevent ATP binding and hydrolysis at one of the NBSs but 

also, they may have more overall effects on the communication between the NBSs of Pgp.  

Taken together, new approaches and experimental systems are required to clarify the 

fine details of the communication between the NBSs upon the catalytic cycle of Pgp 

(163,184). 

3.4.2.	Asymmetry	in	the	nucleotide-binding	sites	
In about half of the human ABC transporters both NBDs are fully functional and either 

identical such as in ABCG2 or highly similar, such as in Pgp. Interestingly, in the other half 

of the human ABC transporters, the sequence of NBS1 has diverged from the consensus 

sequence (185).  

 In several ABC proteins including SUR1, MRP1, CFTR and the main bile acid 

transporter ABCB11, the glutamate residue in the Walker B sequence, often termed as 

“catalytic glutamate”, is replaced with other “non-canonical” amino acids, such as aspartate in 

SUR1 and MRP1, or methionine and serine in ABCB11 and CFTR, respectively (186-188). In 

addition to the lack of “catalytic glutamate”, other non-consensus substitutions occur 

simultaneously in particular conserved residues of the NBS1. For instance, ABCB11 has three 

additional substitutions, one in the Q-loop (E502) and the other two in the signature sequence 

(R1221 and E1223), as it is shown in (Fig. 5). Interestingly, ABCB11 shows a remarkable 

sequence similarity to Pgp and the NBD-NBD interfaces of the two proteins differ only in the 

above mentioned four amino acids (Fig. 5). Interestingly enough, when the amino acid M584 

was substituted with the canonical glutamate, ABCB11 showed transport and ATPase activity 
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comparable to wild-type protein. However, substitution of the other three non-canonical 

amino acids with the canonical ones reduced the transport activity of ABCB11 to about 35% 

of the wild-type protein supporting the crucial role of these amino acids in the catalytic 

mechanism (189).  

Photo-labeling experiments using 8-azido-ATP suggested that ATP remains stably 

bound to the NBS1 for up to several minutes without hydrolysis in CFTR and MRP1 

suggesting that the non-canonical type NBSs are unable to hydrolyze ATP at a rate 

comparable to canonical NBSs (190,191). As opposed to the listed transporters with a 

degenerate site, mutation of the “catalytic glutamate” in human Pgp in one or both NBSs 

(E556 and/or E1201) leads to trapping of ATP at the mutant site(s) and results in the 

inhibition of Pgp activity (149,152).  

 

 
Figure 5: Alignment of Pgp and ABCB11 amino acid sequences using pBLAST. NBD1 (a) and NBD2 
(b) sequences of human Pgp and ABCB11 were aligned, and residues involved in the formation of the 
ATP-binding sites are highlighted: NBS1 (green) and NBS2 (blue). The NBD-NBD interface of Pgp and 
ABCB11 differs only in four amino acids all located to NBS1: M584, E502, R1221 and E1223 in ABCB11 
(highlighted in red). 

 

Interestingly, even symmetrical ABC proteins, like Pgp or ABCG2, may exhibit 

transient functional asymmetry between NBS1 and NBS2. The binding affinity (KD) of 

different nucleotides to Pgp was determined by tryptophan fluorescence quenching 

experiments using purified hamster Pgp molecules. Interestingly enough, the two NBSs of 

hamster Pgp exhibited significantly different KD values (6 µM and 0.74 mM) for ATPγS, a 

non-hydrolysable ATP analogue (175). The high affinity binding of ATPγS at one NBS is 

probably indicative of nucleotide-occlusion. Similarly, such high-affinity ATP binding was 
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observed in catalytically dead Walker B mutant Pgp variants (152). Most recently, Verhalen 

et al. also observed structural asymmetry between the NBSs of mouse Pgp in the vanadate-

trapped transition state applying DEER spectroscopy (192). Using spin labeled Pgp 

molecules, they monitored the conformational changes in the NBSs by measuring the 

distances between specific spin label-pairs. In the vanadate-trapped transition state, a short-

distance component was observed for the spin label pairs monitoring the A-loop of NBS2, 

whereas minor changes in the distance distributions were observed for the equivalent pair at 

NBS1. The emergence of this short distance component was considered indicative of 

nucleotide occlusion, because in case of the double “catalytic glutamate” mutant variant 

(E552Q/E1197Q) this short distance component could be observed in both NBSs (192). This 

structural asymmetry at the A-loop region appeared only in the presence of substrates in 

accordance with the substrate stimulation of the ATPase activity, while it was not observable 

in the absence of substrates or in the presence of inhibitors (193). Molecular dynamic 

simulations also showed a more occluded NBS2 as a result of drug-binding (194). 

Taken together, in the catalytic intermediates of human ABC proteins, the NBDs are 

not strictly symmetrical rather they can be either structurally asymmetric or they possess 

transient functional asymmetry in the absence of structural in-equivalence.  

3.4.3.	Tracking	conformational	changes	of	Pgp	using	conformation	sensitive	antibodies		
 Over the last few decades, several antibodies have been developed against human Pgp. 

Most of the antibodies recognize the extracellular loops connecting the TMDs. Some of these 

antibodies bind to linear epitopes (e.g., MM4.17) (195), while a series of antibodies have 

complex discontinuous epitopes (e.g., MRK16, MRK17, HYB-241, 4E3, 15D3, UIC2) (196-

198). Some members of the latter group (e.g., MRK16, HYB-241 and UIC2) have been 

reported to inhibit the transport activity of Pgp (199-201).  

UIC2 is an IgG2a isotype mouse monoclonal antibody that was developed against 

human Pgp. One of the most remarkable features of the UIC2 antibody is that it can bind to 

Pgp in a conformation-sensitive manner, recognizing the inward-facing, high substrate-

binding affinity conformer (177,202). The conformation-specific binding of UIC2 is 

supported by a series of experimental findings. In intact cells, only a minor fraction of cell 

surface Pgp molecules are UIC2-reactive, while in the presence of certain Pgp substrates or 

modulators (e.g., vincristine, taxol, actinomycin D or cyclosporine A), a 2- to 4-fold increase 

in UIC2-reactivity can be observed that is often referred as “UIC2-shift” (94). Of note, ATP 

depletion switches Pgps into a UIC2-reactive conformation (94), while addition of MgATP to 

permeabilized cells decreases UIC2-reactivity in a concentration-dependent manner (177).  
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Xia et al. crystallized the Fab fragment of UIC2 and determined its crystal structure at 

a 1.65Å resolution (Fig. 6b, c) (203). Their study showed that UIC2-Fab has a positively 

charged surface, similarly to MRK-16 mAb (204), suggesting that the negatively charged 

extracellular loops of Pgp are important in its recognition by these monoclonal antibodies 

(203). Recently, the molecular structure of a chimeric Pgp variant in complex with UIC2-Fab 

was resolved by cryo-EM. It was demonstrated that UIC2-Fab binds to human Pgp with 1:1 

stoichiometry and recognizes the inward-facing conformation of the transporter (Fig. 6a) 

(112). The discontinuous epitope of UIC2 mAb is formed by short peptide sequences in the 

1st, 4th and 6th extracellular loops of the human Pgp (205-207).  

 
Figure 6: UIC2 binding to Pgp. Structure of a human-mouse chimeric Pgp variant in complex with UIC2-
Fab (a). Ribbon representation of UIC2-Fab from the antigen side displaying the antigen-binding regions of 
the light- and heavy chains (b) and the electrostatic potential surface of UIC2-Fab showing the positively 
charged regions (c) (blue color) (203). 
 
3.4.4.	Drug	transport	mechanism	by	Pgp	and	ABCG2	

The molecular details of the substrate translocation process by Pgp and ABCG2 were 

studied using several biochemical and biophysical techniques and have led to the 

development of different transport models.  

Early studies suggested that similarly to ion transporting pumps, Pgp recognizes and 

transports its substrates from the cytoplasm (termed as the “pump” model) (208). However, 

most of the Pgp and ABCG2 substrates are hydrophobic or amphiphilic compounds 

characterized by high logPow values and therefore they can reach significantly higher 
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concentrations within the membrane as compared to the cytoplasm (209). In accordance with 

this, fluorescent Pgp substrates doxorubicin and rhodamine 123 were shown to induce 

specific labelling of Pgp with iodonaphthalene-1-azide ((125l)INA), a photosensitive 

membrane probe, in live cells. Since photoactivation of the probe is triggered by energy 

transfer from doxorubicin or rhodamine 123, this experiment proved that Pgp substrates 

accumulate in the membrane bilayer in the close proximity of the transporter (210). 

Moreover, several studies demonstrated that acetoxymethylester (AM) derivatives of various 

fluorescent calcium and pH indicators (e.g., Fura-2, Indo-1, Fluo-3, BCECF) and fluorescent 

dyes (calcein) can be expelled directly from the plasma membrane by Pgp before they could 

enter the cytosol and undergo hydrolysis by non-specific esterases (211).  

Based on a detailed kinetic analysis, it has been shown that similarly to Pgp, ABCG2 

can expel its substrates (e.g., mitoxantrone) directly from the plasma membrane (212). In 

accordance with this, crystal structure of Pgp and cryo-EM structures of Pgp and ABCG2 

demonstrated the presence of portals through which substrates can reach the substrate-binding 

pocket directly from the inner-leaflet of the membrane thus ensuring a thermodynamically 

favorable access for hydrophobic substrates (101,132,213). 

Two models were formulated to describe the transport of hydrophobic substrates by 

Pgp and ABCG2. The hydrophobic “vacuum cleaner” model supposes that substrates are 

transported from the plasma membrane directly to the extracellular space (214) (Fig. 7), while 

the “flippase” model assumes that substrates are moved from the inner membrane leaflet to 

the outer leaflet from where they can diffuse into the extracellular space or get back to the 

inner leaflet by a spontaneous flip-flop (Fig. 7) (215). Therefore the “flippase” mechanism 

supposes that substrate molecules have a specific localization within each bilayer leaflet, 

rather than being randomly distributed in the hydrophobic core of the membrane (216).  
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Figure 7: Mechanistic models of Pgp-mediated substrate efflux, the “flippase” and the “vacuum 
cleaner” model. Substrate is recognized either from the cytoplasm (1) or from the inner leaflet of the 
membrane (2). Due to the conformational changes mediated by ATP binding and NBD dimer formation (3) 
the binding affinity of the substrate-binding pocket decreases leading to the flipping of the substrate, to the 
outer membrane leaflet (4) or to the export of the substrate to the extracellular milieu. Following ATP-
hydrolysis, the transporter switches back to the inward-open conformation (6). 

 

Currently it is hard to distinguish between the two models experimentally and none of 

them can be ruled out (209). Based on our recent understanding, the hydrophobicity of a 

substrate determines if it is flipped to the outer membrane leaflet or it is directly transported to 

the extracellular space (215). 

3.4.5.	Importance	of	the	membrane	environment	in	modulating	drug	transport	
Transmembrane proteins, Pgp and ABCG2 are in an intimate relationship with the 

surrounding membrane environment. Cryo-EM structures of Pgp and ABCG2 demonstrated 

that some lipid molecules directly interact with the TM helices of both Pgp and ABCG2 

(101,114), forming a lipid belt, and removal of these strongly associated annular lipid 

molecules by detergents leads to the inactivation of the transporters (217-220). 

Cholesterol is one of the major components of mammalian plasma membranes. 

Certain membrane microdomains, such as lipid rafts and caveolae, are selectively enriched in 

cholesterol. Both Pgp and ABCG2 have been reported to reside in cholesterol-rich lipid rafts 

in several cell types (221,222). Of note, cholesterol depletion of mammalian cells 

significantly decreases the drug transport activity of both transporters (223). High membrane 

cholesterol levels were found to potentiate the ATPase and transport activity of ABCG2 

(220). It has been shown that certain Pgp inhibitors (e.g., zosuquidar or tariquidar) did not 

affect the ATPase activity of Pgp when studied in detergent micelles. Moreover, a 30- to 150-
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fold decrease was observed in the apparent affinity of Pgp to its substrate verapamil in 

detergent micelles (224). These findings strongly suggest that membrane-lipid interactions 

with cholesterol and phospholipids are crucial for the functional activity of Pgp and ABCG2 

and changes in these interactions can alter the conformational changes of transporters and 

their substrate or inhibitor binding (225). 

Besides the specific lipid composition of the membrane, its physicochemical 

properties can also affect the function of membrane proteins. As it was mentioned in Section 

3.4.4, Pgp and ABCG2 substrates are mostly hydrophobic molecules with high logPow value. 

Passive diffusion of such molecules through the cell membrane decreases with increasing 

lateral packing-density, which is highly dependent on the lipid composition of the membrane 

(226). It has been demonstrated using chemically unrelated Pgp substrates in different model 

membranes that their membrane partitioning is greatly affected by the acyl chain lengths of 

phospholipids and the lipid phase state (227). Consequently, such changes in the membrane 

can significantly alter drug binding by Pgp and ABCG2. Furthermore, changes in membrane 

fluidity can also affect drug-binding and transport by membrane transporters (228). Several 

surfactant molecules, including Pluronic 85, Tween 20 and 80, Brij-97 and Brij-98 have been 

shown to inhibit Pgp function by altering the membrane fluidity (229). Well-known 

membrane fluidizers, such as benzyl alcohol, inhibited the Pgp-dependent accumulation of 
3H-labeled daunorubicin and vinblastine in bile canalicular membrane vesicles (230). 

Furthermore, membrane fluidization by anesthetics (e.g., diethyl ether, chloroform) or by 

neutral mild detergents inhibited the ATPase activity of Pgp (231).  

Function of Pgp has been studied in various experimental systems: lipid-detergent 

micelles (192), artificial lipid-bilayers (193) or membrane vesicles derived from Pgp-

overexpressing cells (232). These experimental systems might not reflect the physiological 

membrane environment and because of the differences in their physicochemical properties 

(e.g., lateral pressure, curvature, lipid composition) they might lead to conflicting results. Of 

note, in a recent study on mouse Pgp reconstituted in lipid nanodiscs ATP-hydrolysis has 

been described to be responsible for switching Pgp from the outward-facing to the inward-

facing conformation. This observation is further supported by cryo-EM structures of Pgp 

(109,113). However, a recent DEER study on purified mouse Pgp molecules showed that 

ATP-hydrolysis powers the transition from the inward-facing to outward-facing conformation 

(192). 
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Taken together, the function of Pgp and ABCG2 is greatly affected by their membrane 

environment, therefore, model systems where the transporters can be studied in their natural 

membrane environment are of crucial importance (177,233).  

 

3.5.	Substrate	spectra	and	inhibitors	of	Pgp	and	ABCG2	
Pgp and ABCG2 possess extremely wide and partially overlapping substrate spectra 

involving structurally diverse hydrophobic or amphiphilic compounds in the molecular weight 

range of 300 to 2000 Da. There are many clinically important compounds among their 

substrates such as anticancer drugs, HIV-protease inhibitors, immunosuppressive agents, 

calcium-channel blockers, antibiotics and steroids (examples are shown in Table 5). Pgp and 

ABCG2 can also transport various fluorescent compounds that are frequently used in drug 

accumulation or efflux experiments to assess their transport activity in vitro (Table 5).  

 
Table 5: List of representative substrates of Pgp and ABCG2 (based on (178,227,234-236)) 

Pgp substrates  ABCG2 substrates 
Anticancer drugs Vinca alkaloids (vinblastine, 

vincristine and vinorelbine) 
Anthracyclines (doxorubicin, 
daunorubicin and epirubicin) 
Taxanes (paclitaxel, docetaxel) 
Epipodophyllotoxins (etoposide, 
teniposide) 
Camptothecins (topotecan, 
irinotecan, SN-38, cisplatin 

 Anticancer drugs Mitoxantrone 
Anthracyclines (doxorubicin, 
daunorubicin) (Only R482T mutant) 
Epipodophyllotoxins (etoposide, 
teniposide) 
Camptothecins (topotecan, irinotecan) 
Anthracenes (bisantrene) (Only R482T 
mutant) 

HIV protease 
inhibitors 

Ritonavir, saquinavir, nelfinavir  Carcinogens Aflatoxin B, PhiP 

Antihistamines Terfenadine, fexofenadine  Antiviral drugs Zidovudine, lamivudine 

Immunosuppressive 
agents 

Cyclosporine A, tacrolimus 
(FK506) 

 Fungal toxins Fumitremorgin C, Ko143 

Antiarrhythmics Quinidine, amiodarone, 
propafenone 

 Antihypertensives Reserpine 

Fluorescent 
compounds 

Calcein-AM, Hoechst 33342, 
rhodamine 123 

 Fluorescent 
compounds 

Hoechst 33342, BODIPY-prazosin, 
mitoxantrone 

Tyrosine kinase 
inhibitors 

Imatinib, gefitinib, dasanitib, 
nilotinib, erlotinib 

 Tyrosine kinase 
inhibitors 

Imatinib mesylate, gefitinib, dasanitib 

Calcium-channel 
inhibitors 

Verapamil, nifedipine, azidopine, 
diltiazem 

 HMG CoA 
reductase 
inhibitors 

Rosuvastatin, pravastatin, cerivastatin 

Antibiotics Erythromycin, gramicidin A  Antibiotics Ciprofloxacin, norfloxacin 

Steroids Corticosterone, dexamethasone, 
aldosterone, cortisol 

 Drug conjugates Estron-3-sulfate, Acetaminophen-sulfate, 
Dehydroepiandrosterone sulfate, 
Dinitrophenyl-S-glutathione 

Natural products Curcuminoids, colchicine, 
flavonoids 

 Natural products Curcuminoids, quercetin 
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Interestingly, despite the extremely wide substrate spectrum of Pgp and ABCG2, only 

a few physiologically relevant substrates were identified so far. Of note, ABCG2 can 

transport urate promoting urate excretion in the human kidney and intestine (see Section 3.2) 

(237). Only a few biomolecules are potential endogenous substrates of Pgp, including certain 

phospholipids (e.g., phosphatidylcholine or sphingomyelin) (238,239), hormones, such as 

aldosterone (240) or β-estradiol-17β-D-glucuronide (241) and interleukins (242).  

Due to the strong contribution of Pgp and ABCG2 to the clinical drug resistance, 

numerous studies aimed to identify molecules having potent inhibitory effects on Pgp and/or 

ABCG2 (243). The most important characteristic of the transporter inhibitors is their ability to 

reverse resistance to commonly applied anticancer drugs without severe adverse effects in 

vivo. Eventually, only few drug candidates turned out to be suitable in this respect (Table 6, 

for further details see Section 3.7).  

 
Table 6: List of clinically relevant inhibitors of Pgp and ABCG2 (based on (234,243)) 

Clinically relevant 
Pgp inhibitors 

First generation: 
- Verapamil 
- Cyclosporine A 
- Tamoxifen 

Second generation: 
- PSC833 (valspodar) 
- VX-710 (biricodar) 

Third generation: 
- LY335979 (zosuquidar) 
- XR9576 (tariquidar) 
- GF120918 (elacridar) 
- OC144-093 (ontogeny) 

Clinically relevant 
ABCG2 inhibitors 

- GF120918 (elacridar) 
- Ko143 
- Pantoprazole 
- XR9576 (tariquidar) 
- VX-710 (biricodar) 

 Nevertheless, the classification of compounds interacting with Pgp and/or ABCG2 is 

far more complex and there is no clear distinction between inhibitors and substrates. Several 

molecules that are transported, e.g., cyclosporine A (CsA) for Pgp, also can act as competitive 

inhibitors for other substrates recognizing the same binding-site on the transporter (244). 

Furthermore, extremely high substrate concentrations can similarly lead to the inhibition of 

the transporter (245,246). In addition to competitive inhibitors, a number of Pgp and ABCG2 

inhibitors interact with the transporters at allosteric binding sites (247). Although it is still not 

entirely clear how Pgp and ABCG2 can differentiate between substrates and inhibitors, cryo-

EM structures of Pgp and ABCG2 with bound substrates and inhibitors (Table 2, Fig. 3) 

provided a better understanding of these interactions (101,115,248). According to these 

structures, inhibitor molecules fill up the substrate-binding cavity and form larger number of 

interactions with the drug-binding pocket, as compared to substrates. These high-affinity 

interactions can prevent NBD-dimerization and the subsequent steps of the catalytic cycle in a 



 

33 

competitive manner (101,115). Therefore, binding affinity is a key determinant of substrate-

inhibitor discrimination (101).  

3.6.	Retinoids	and	ABC	transporters	
Retinoids are a large group of biomolecules derived from vitamin A. A series of major 

cellular processes including cell survival, proliferation or differentiation is regulated by 

retinoids. Since retinoids are hydrophobic compounds with an average molecular mass of 300 

Da, they are potential Pgp and/or ABCG2 substrates. 

Retinol (vitamin A) is present in the human plasma at 1-2 µM concentration under 

physiological circumstances (249), while its natural metabolites e.g., retinyl-esters, all-trans-

retinoic acid (ATRA), 13-cis-retinoic acid or 9-cis-retinoic acid are present at significantly 

lower (pM to nM) concentrations (250,251) (Fig. 8). Transcriptionally active retinoids 

regulate the activation of nuclear receptors including RAR-RXR (retinoic acid - retinoid X 

receptor) heterodimer nuclear receptors, PPARs (peroxisome proliferator activated receptors) 

and VDRs (vitamin D receptor, calcitriol receptor) (252-254) (Fig. 8). Because of their major 

role in the regulation of cell proliferation and differentiation, retinoids are routinely applied in 

chemotherapy at supra-physiological concentrations (app. 10-20 µM final plasma 

concentrations) (255-257). ATRA and 13-cis-retinoic acid are primarily used in the 

chemotherapy of neuroblastoma and squamous cell carcinoma. Moreover, they are also 

applied in the therapy of acute promyelocytic leukemia (APL), acute lymphoblastic leukemia 

(ALL), T-cell lymphoma, basal cell carcinoma and prostate cancer (256,258,259). In 

dermatology practice, 13-cis-retinoic acid and ATRA are used for the treatment of acne and 

for metastatic melanoma in combination with INFα-2a (255). Retinyl-esters, like retinyl-

acetate and retinyl-palmitate, are frequently used food additives and they are also applied as 

components of anti-aging cosmetics (260). Furthermore, retinyl-acetate showed promising 

results in the treatment of certain degenerative diseases of the retina (261).  

Despite their well-known physiological role and their importance in anti-cancer 

therapy, little is known about the interaction of retinoids with ABC transporters. Yang et al. 

have proved that stem cells (expressing ABCG2) derived from the umbilical cord can be 

differentiated into neurons and glial cells upon ATRA treatment (262). Hessel and Lampen 

have studied the effect of ATRA on the ABCG2 expression of Caco-2 cells and found that 

ATRA supplementation increased the ABCG2 expression in a time- and concentration-

dependent manner through the activation of RAR/RXR heterodimer nuclear receptors (263). 

Sulová et al. demonstrated that combined treatment of Pgp expressing vincristine resistant 
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L1210/VCR mouse leukemia cells with verapamil and ATRA induces a significant 

downregulation of Pgp expression (264). In another study, human colorectal carcinoma cell 

lines were treated with sub-lethal doses of retinol that led to a 40% decrease in the Pgp 

mRNA levels and increased etoposide sensitivity supporting the role of retinol as an adjuvant 

compound in the combined treatment of Pgp expressing tumors (265).  

 

 
Figure 8: Simplified pathway map of retinoid metabolism in humans. (RAR – Retinoic acid receptor, 
RXR – retinoid X receptor, based on (266)) 
 

Nonetheless, direct interactions of retinoids with Pgp or ABCG2 have not been studied 

so far. According to literature data, several retinoid derivatives exhibit uneven distribution 

between the placenta and the developing embryo, raising the possibility that active 

transporters might be involved in the transport of these compounds (267). Since both Pgp and 

ABCG2 are expressed in the placental syncytiotrophoblasts, together with several other ABC 

transporters, they might have roles in the transport of retinoids and consequently in the 

protection of the fetus from their teratogenic effects by maintaining significantly lower 

retinoid concentrations in the embryonic tissues (268). 

3.7. Clinical aspects of Pgp and ABCG2 
As it was noted previously in Section 3.3.1, Pgp and ABCG2 are expressed in several 

physiological tissue barriers including the blood-brain-, blood-placenta- and blood-testis 

barriers, intestinal epithelium and liver where they have substantial effect on the absorption, 

distribution, metabolism and elimination (ADME) of numerous chemotherapeutic drugs and 



 

35 

drug candidates (269). Moreover, both Pgp and ABCG2 are frequently expressed in tumor 

cells decreasing the efficacy of anti-cancer chemotherapy.  

Certain cancer types are intrinsically chemotherapy resistant, because they originate 

from Pgp and/or ABCG2 expressing tissues, e.g., colon- or hepatocellular cancers (270). In 

some tumors, the resistant sub-populations of tumor cells are selected out by the drug 

treatment itself. Another scenario of acquired drug resistance when Pgp/ABCG2 expression is 

induced in non-expressing tumor cells by mutations or changes in the tumor 

microenvironment (271).  

In order to generally understand how the expression of Pgp and ABCG2 is linked to 

the phenomenon of clinical drug resistance, the expression levels of the transporters were 

studied in various tumor samples (120). Pgp expression was first detected in human leukemic 

cells from acute myeloid leukemia (AML) patients, and it was found to be an adverse 

prognostic factor for complete remission and survival in adults. Similarly, the expression of 

ABCG2 correlated with poor prognosis in AML as well as in ALL patients (272). Of note, 

solid tumors generally display heterogeneous ABC transporter expression patterns. 

Nonetheless, simultaneous expression of Pgp and ABCG2 was demonstrated in ovarian 

cancer (273), small cell lung cancer (SCLC) (274) and non-small cell lung cancer (NSCLC) 

(275), tumors of the CNS, breast cancer and many other solid tumor types (276,277). 

Several studies found remarkable increase in the expression of Pgp and ABCG2 in 

patient samples after chemotherapy. As it was demonstrated in a breast cancer meta-analysis, 

more than 40% of breast cancers showed increased plasma membrane Pgp expression post-

therapy (278). Another study carried out on AML patients demonstrated a significant increase 

of Pgp positivity from 24% in treatment-naïve patients to 67% in relapsed patients (279). 

Similarly, in plasma cell myeloma patients, the fraction of Pgp-positive patient samples 

increased from 6% to 43%, following chemotherapy (280). Significant increase of ABCG2 

expression at both mRNA and protein levels has been found in myeloma and colon cancer 

patients following topotecan or irinotecan therapy (281,282). 

The widespread expression of Pgp and/or ABCG2 in tumor cells and the frequent 

increase of their expression level following chemotherapy suggested that supplementation of 

chemotherapy with Pgp and/or ABCG2 inhibitors may enhance the accumulation of 

anticancer drugs in tumor cells and thus can increase treatment efficacy. Numerous clinical 

trials were designed and performed to test the effects of Pgp and/or ABCG2 modulators (e.g., 

valspodar, tariquidar, zosuquidar, fumitremorgin C) in combination with cytotoxic drugs to 

treat multidrug resistant tumors (see Section 3.5 and Table 6). Unfortunately, first generation 
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Pgp inhibitors (such as verapamil and CsA) exhibited high levels of toxicity and low 

efficiency in reversal of drug resistance. Second generation modulators (such as PSC833 

(valspodar), a non-immunosuppressive derivative of CsA) were generated to increase 

specificity and avoid unwanted toxicity. However, severe adverse effects have emerged upon 

their clinical application because of the overlapping substrate specificity of Pgp and CYP3A4 

P450 cytochrome enzymes (283). Third generation Pgp inhibitors (e.g., LY335979 or 

XR9576) had increased selectivity, compared to previous generations (284), but they also 

failed in clinical trials due to the large number of “off-target” interactions and inhibition of 

Pgp molecules at their physiological expression sites (285). Taken together, the above 

disappointing results led to the conclusion that inhibition of Pgp is probably not a plausible 

strategy to overcome drug resistance in vivo (286,287).  

As an alternative strategy novel classes of anticancer agents can be designed which do 

not interact with Pgp or ABCG2, and thus can evade transporter-mediated efflux (276). 

Another promising therapeutic approach can be the targeted down-regulation of MDR-related 

genes applying repressor peptides or siRNAs (288,289). Detailed understanding of the MDR 

phenomenon may also help us to better target the Achilles heel of therapy resistant tumors. 

Although, overexpression of Pgp generally provides a fitness advantage for tumor cells upon 

chemotherapy, it also makes the cells hypersensitive to certain compounds (290). This 

phenomenon is often referred as “collateral sensitivity” of Pgp-positive tumor cells, and it 

may be exploited for the selective killing of Pgp expressing tumor cells in the future 

(291,292). 

Taken together, despite recent developments in anticancer drug discovery, MDR still 

poses a serious impediment to successful anti-tumor treatment. Understanding the fine details 

of the function and catalytic mechanism of Pgp and ABCG2 is essential for the development 

of new chemotherapeutic protocols to combat MDR. 
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4.	Aims	of	the	study	
 
 Despite the large number of substrates that are recognized by Pgp and ABCG2 

(Section 3.5) only a few endogenous Pgp or ABCG2 substrates were identified so far. 

Retinoids are potential Pgp and/or ABCG2 substrates/modulators because of their highly 

hydrophobic character and molecular weight of app. 300 Da. In view of their physiological 

and clinical significance, we have studied their interaction with Pgp and ABCG2 and aimed to 

answer the following questions: 

• Whether retinoids can interact with Pgp and ABCG2 as substrates or inhibitors? 

• Whether stereo-chemical differences between retinoid derivatives can affect their 

interaction with Pgp and ABCG2? 

• Do retinoids affect the function of Pgp and ABCG2 directly or they act indirectly by 

changing the membrane environment? 

 

In the second part of our work, we investigated various aspects of the functional 

collaboration of the NBSs upon the catalytic cycle of Pgp by studying mutant Pgp variants 

with one intact NBS. We tried to answer the following questions: 

• Whether human Pgp molecules with one intact and one ABCB11-like degenerate NBS 

are functional? 

• Whether mutant Pgp variants that possess a single point mutation in the A-loop 

(Y401A or Y1044A) or in the Walker B sequence (D555N or D1200N) are transport 

competent? 

• Whether the transport deficient mutants have any partial activity including capability 

for nucleotide binding, nucleotide hydrolysis and concomitant conformation changes?  
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5.	Materials	and	methods	
 
5.1.	Chemicals	

All chemicals, cell culture media and supplements were purchased from Sigma-

Aldrich (Budapest, Hungary). Fluorescent dyes including calcein acetoxymethylester 

(calcein-AM), mitoxantrone, Hoechst 33342 and Alexa 647 succinimidyl ester (A647) were 

purchased from Life Technologies Inc. (Carlsbad, CA, USA). All-trans-4-oxo-retinoic acid 

was kindly provided by DSM Nutritional products (Basel, Switzerland). UIC2, 5D3 and 15D3 

mAbs were prepared from hybridoma supernatants using affinity chromatography and were 

>97% pure by SDS/PAGE. The UIC2 and 15D3 producing hybridoma cell lines were 

obtained from the American Type Culture Collections (Manassas, VA, USA), while the 5D3 

hybridoma was a kind gift of Brain P. Sorrentino (Division of Experimental Hematology, 

Department of Hematology/Oncology, St. Jude Children’s Research Hospital, Memphis, 

Tennessee, USA). Antibodies were labeled with A647 and were separated from the 

unconjugated dye by gel filtration on a Sephadex G-50 column. The dye-to-protein labeling 

ratio (F/P) was around 2 for each antibody preparation. Stock solutions of transporter 

substrates, modulators including calcein-AM, CsA, mitoxantrone, quercetin, tariquidar and 

retinoid derivatives were prepared in dimethyl-sulfoxide (DMSO). The final DMSO 

concentration in the samples was always less than 1% (v/v) and it did not have any effect on 

the activity of the transporters. 

5.2.	Cell	lines	
The NIH 3T3 mouse fibroblast cell line and its wild-type human Pgp expressing 

counterpart (NIH 3T3 MDR1 G185) was a kind gift from Michael Gottesman (National 

Institutes of Health, Bethesda, MD). The MDCK II (Madin-Darby canine kidney) cell line 

and its ABCG2 transfected counterpart were kindly provided by Balázs Sarkadi (Institute of 

Enzymology, Research Center for Natural Sciences, Eötvös Loránd Research Network, 

Budapest). All cell lines were grown as monolayer cultures in Dulbecco’s modified Eagle’s 

medium (DMEM). Cell culture media were supplemented with 10% heat-inactivated fetal calf 

serum, 2 mM L-glutamine and 0.1 mg/ml penicillin-streptomycin cocktail. Cells were 

checked regularly for mycoplasma infection by the MycoAlert® mycoplasma detection kit 

(Lonza Rockland Inc., Rockland, ME, USA) and were found to be negative. 

5.3.	Vector	constructs	
 Sleeping Beauty (SB) transposon vectors containing wild-type human ABCB1 cDNA 

and its different mutant forms were constructed. Site-directed mutagenesis was performed 
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using the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, 

CA, USA) on the pAcUW-LMDR1 vector carrying the wild-type human ABCB1 cDNA. 

Mutations were generated according to the manufacturer’s instructions. Full-length ABCB1 

cDNAs were sequenced and mutations were confirmed in all SB constructs. 

5.4.	Establishment	of	transgenic	cell	lines	
NIH 3T3 cells stably expressing the wild-type or the mutant Pgp variants were 

established by the SB transposon-based gene delivery system, using the 100-fold hyperactive 

SB transposase. Cells were co-transfected with the SB transposase and SB transposon vector 

constructs using Lipofectamine2000 reagent (Life Technologies, Carlsbad, CA, USA) in 

accordance with the manufacturer’s instructions. Briefly, 3 × 105 cells were seeded in 6-well-

plates, 24 hours later cells were transfected with 2 μg vector DNA per well in a 10:1 ratio, for 

the SB transposon and transposase constructs. 48 hours after the transfection, transgene 

positive cells were sorted by flow cytometry (Becton Dickinson FACSAria III Cell Sorter 

(Becton Dickinson, Mountain View, CA, USA)) based on the cell surface expression of wild-

type and mutant Pgp variants using the MRK16 (Abnova GmbH Heidelberg, Germany) or 

15D3 anti-Pgp mAbs. The vector constructs and the transgenic cell lines were generated by 

Dóra Türk and Gergely Szakács (Institute of Enzymology, Research Center for Natural 

Sciences, Eötvös Loránd Research Network, Budapest). The sorting procedure was repeated 2 

weeks after transfection in our lab to obtain homogeneously expressing cell populations.  

To generate Sf9 (Spodoptera frugiperda insect ovary) cells overexpressing human Pgp 

or ABCG2, cDNAs of the transporters were cloned into recombinant baculovirus transfer 

vectors. Sf9 insect ovarian cells were cultured in spinner flasks and surface attached cells 

were infected with the baculoviruses (293). Virus infected Sf9 cells were harvested 72 h after 

infection. Pgp and ABCG2 expressing Sf9 cells were established by Ágnes Telbisz (Institute 

of Enzymology, Research Center for Natural Sciences, Eötvös Loránd Research Network, 

Budapest).  

5.5.	Substrate	accumulation	tests	
Calcein-AM was applied to measure the effects of retinoids on the transport activity of 

Pgp, while ABCG2-mediated transport was measured in mitoxantrone accumulation tests. 

Cells were harvested and washed three times in PBS containing 7 mM glucose (gl-PBS). Cells 

(5 × 105 cells/ml in gl-PBS) were pre-incubated in the presence or absence of the tested 

retinoids at different concentrations or specific inhibitors of Pgp (10 μM cyclosporine A) and 

ABCG2 (2 μM Ko143) for 20 min at 37 °C and then stained with 5 μM mitoxantrone for 
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40 min or 0.5 μM calcein-AM for 20 min. Cells were washed and then stored on ice until flow 

cytometric measurement.  

For the measurement of transport activity of mutant Pgp variants, we performed 

calcein-AM as well as Hoechst 33342 accumulation tests. Hoechst 33342 accumulation 

experiments were carried out in HEPES buffer (20 mM HEPES, 123 mM NaCl, 5 mM KCl, 

1.5 mM MgCl2, 1 mM CaCl2) containing 7 mM glucose (gl-HEPES). Cells (5 × 105 cells/ml in 

gl-HEPES) were pre-incubated in the presence or absence of 1 μM tariquidar, a specific Pgp 

inhibitor, for 20 min at 37 °C and then stained with different concentrations of Hoechst 33342 

for 30 min. Samples were washed once with ice-cold HEPES buffer containing 0.5% FBS. 

Calcein-AM, mitoxantrone or Hoechst 33342 stained cells were kept on ice until flow 

cytometric measurement. Dead cells were excluded from the analysis on the basis of 

propidium iodide (PI) staining.  

The calcein-AM and Hoechst 33342 transport activity of the wild-type and mutant Pgp 

variants were described by the Transport Activity Factor (TAF) calculated according to the 

following formula:  

    𝑇𝐴𝐹 = ("#$!"#%"#$$)
"#$!"#

 

where MFIinh and MFI0 are the mean fluorescence intensity values measured in the presence 

and absence of Pgp inhibitors, respectively. 

5.6.	Membrane	preparations	
For ATPase activity measurements we used membrane samples derived from Sf9 

(Spodoptera frugiperda) insect ovarian cells expressing human Pgp or ABCG2 and 

membrane preparations from NIH 3T3 cells expressing wild-type or mutant Pgp variants. Sf9 

or NIH 3T3 cells were harvested and cell membranes were isolated by differential 

centrifugation. Cell debris and nuclei were sedimented at 500 × g for 10 min at 4 °C. 

Membrane fractions were isolated with centrifugation at 12000 × g for 60 min at 4 °C. 

Membrane pellets were re-suspended in TMEP solution (50 mM Tris, pH=7.0 with HCl), 

supplemented with 50 mM mannitol, 2 mM EGTA, 0.5 mM phenylmethylsulphonyl fluoride 

(PMSF) and protease inhibitor cocktail (Sigma-Aldrich, Budapest). The protein concentration 

of the membrane samples was determined by the Lowry method (294). The ABCG2 

expressing Sf9 membrane samples were loaded with cholesterol by cholesterol-methyl-beta-

cyclodextrin complex (Chol-RAMEB) in order to obtain high specific ATPase activity of the 

transporter (295,296). Membrane samples were stored at −80 °C until use. The transporter 
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expression of membrane samples (5 μg membrane protein/slot) was routinely checked by 

immunoblot as described in Section 5.7. 

5.7.	Western	blot	analysis	
Sf9 or NIH 3T3 cell membrane samples (2.5 or 5 μg/slot) were subjected to SDS-

polyacrylamide gel electrophoresis on 8% polyacrylamide gel and were electro-blotted to 

0.45 μm pore size nitrocellulose membrane (GE Healthcare Life Sciences, Little Chalfont, 

Buckinghamshire, UK). Pgp expression was detected using the G-1 monoclonal anti-Pgp 

mAb (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), while ABCG2 was detected by 

the BXP-21 monoclonal anti-ABCG2 mAb (Santa Cruz Biotechnology Inc., Santa Cruz, CA, 

USA), at 1:5,000 dilution. As a secondary antibody, a goat anti-mouse HRP-conjugated IgG 

mAb (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was applied, at 1:5,000 dilution. 

5.8.	ATPase	activity	measurements	
The vanadate-sensitive ATPase activity of wild-type and mutant Pgps and ABCG2 

was determined by a colorimetric assay. Specific ATPase activity of the transporters was 

calculated from the amount of released Pi. The ATPase reaction was started with the addition 

of 3.2 mM MgATP. After 25 min incubation at 37 °C, the reaction was stopped by 40 μl 5% 

SDS, then the samples were incubated with 105 μl color reagent at room temperature for 

30 min as described in (297). The absorbance of the samples was measured at 700 nm using a 

BioTek Synergy HT plate reader (BioTek Instruments, Winooski, VT, USA).  

The half-inhibitory doses (IC50) of retinoids were determined by fitting the dose-

response relationships with a four-parameter sigmoidal curve, where Amax and Amin are the 

ATPase activities measured at zero and at infinitely high inhibitor concentrations, 

respectively, n is the Hill coefficient and x is the concentration of the inhibitor:  

          𝑦 = 𝐴'() +
*%&'+*%!"

,+,-()*'+)*,-.$)"
 

Upon studying the kinetics of inhibition of the substrate-stimulated ATPase activity by 

retinoids data points were fitted with a modified form of the Michaelis-Menten equation, 

which includes the Hill coefficient, n: 

    𝑣 = .$+(.%&'%.$)/0"

0"+10
 

where v0 is the basal ATPase activity measured in the absence of the stimulatory substrate, 

while vmax is the maximal extent of ATPase stimulation and KM is the Michaelis constant (i.e., 

the substrate concentration at which the reaction rate is half of vmax). 
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5.9.	Cellular	uptake	of	retinoids	and	transporter	inhibitors	
NIH 3T3 cells (1 × 106 cells/ml) in gl-PBS containing 1% bovine serum albumin 

(BSA) were incubated with retinoids or transporter ligands (quercetin, cyclosporine A, 

Ko143) applied at different concentrations (1, 10 and 100 μM) for 30 min at 37 °C. After 

incubation, the cells were pelleted by centrifugation at 400 × g and supernatants were 

collected. The cellular uptake of the examined compounds was determined by calculating the 

ratio of the absorbances measured in the supernatants at their absorption maximum before and 

after incubation with cells. Absorbances were determined using a NanoDrop 1000 UV/VIS 

Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). 

5.10.	Fluorescence	anisotropy	measurements	
Transporter expressing and non-expressing NIH 3T3 and MDCK cells (1 × 106 

cells/ml in Hank’s buffer (0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM 

KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4, 4.2 mM NaHCO3, 7 mM glucose)) were pre-treated 

with 100 μM of various retinoid derivatives for 10 min at 37 °C and then further incubated 

with 2 μM diphenylhexatriene (DPH) or 2 μM 1-[4-(trimethylammonium)phenyl]-6-phenyl-

1,3,5-hexatriene (TMA-DPH) at room temperature, in dark for 20 min. Steady-state 

fluorescence anisotropy measurements were carried out at 37 °C using a Horiba Jobin Yvon 

Fluorolog-3 (Yvon Horiba, Edison, NJ, USA) spectrofluorometer equipped with a 

thermostated cell holder.  

The fluorescence of DPH and TMA-DPH was excited at 358 nm and their emission 

was measured at 427 nm. The steady-state fluorescence anisotropy of the dyes was calculated 

using the formula: 

    𝑟 = $11%2$12
$11+32$12

 

where IVV and IVH are the vertically and horizontally polarized components of the 

fluorescence intensities, respectively, excited by vertically polarized light and G is a 

correction factor compensating for the unequal sensitivity of the detection system for 

vertically and horizontally polarized light. There is an inverse correlation between membrane 

fluidity and fluorescence anisotropy: the lower the anisotropy value, the higher the membrane 

fluidity; hence, the increase of fluorescence anisotropy is indicative of lower fluidity and 

higher structural order within the membrane (298). 
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5.11.	Cytotoxicity	assays	using	Alamar	Blue	

Pgp-negative, wild-type or mutant Pgp expressing NIH 3T3 cells were seeded in 96-

well plates at a cell density of 5 × 103 cells/well. 24 hours later, the tested compound (e.g., 

retinyl-acetate or vinblastine) was added to the wells at different concentrations and the plates 

were further incubated for 72 h at 37oC. The cell viability was determined using the Alamar 

Blue assay (Serotec, UK) measuring the 530/590 nm fluorescence intensity of the dye in an 

automated BioTek Synergy HT plate reader (BioTek Instruments, Winooski, VT, USA). The 

fluorescence intensities of the samples were normalized to the fluorescence of the untreated 

control samples and were plotted as a function of retinyl-acetate or vinblastine concentrations.  

5.12.	Cell	permeabilization	with	streptolysin-O	
Streptolysin-O (SLO) (Sigma-Aldrich, Budapest, Hungary) is an exotoxin of 

Streptococcus pyogenes. It binds to the plasma membrane of cells and forms ring-structured 

toxin hexamers making the plasma membrane permeable for small water-soluble molecules 

including nucleotides (299). Cell suspensions (1 × 107 cells/ml) were treated with 20 μg/ml 

(app. 300 U/ml) SLO in PBS in the presence of 1% BSA, 10 mM DTT, 100 μg/ml PMSF and 

protease inhibitor cocktail (Sigma-Aldrich, Budapest) at 37 °C for 30 min in PBS (allowing 

permeabilization of 50–70% of cells). The reaction was stopped with 10 ml of 37 °C PBS and 

the cells were centrifuged for 5 min at 525 × g at 4oC. Unbound toxin was removed by 

washing the cells 3 times with PBS and the cell pellet was re-suspended in PBS.  

5.13.	Measurements	of	the	apparent	ATP-binding	affinity	of	Pgp	
SLO permeabilized NIH 3T3 cells (1 × 106 cells/ml) expressing wild-type or mutant 

Pgp variants were pre-incubated with nucleotides added in a broad concentration range for 

20 min, in the presence or absence of 0.5 mM vanadate, and then further incubated with 

10 μg/ml A647-conjugated UIC2 monoclonal antibody for another 30 min (all treatments 

were carried out at 37 °C). UIC2 mAb binding to Pgp is a reversible reaction in the presence 

of MgATP, thus, UIC2 was applied at quazi saturating concentrations. The UIC2-A647 

fluorescence intensity of the cells was measured by flow cytometry and plotted as a function 

of the nucleotide concentration. To determine the apparent affinity of Pgp to nucleotides (KA), 

data points were fitted with the four-parameter Hill function, where Fmin and Fmax values were 

the minimum and maximum fluorescence intensities:         

      𝐹 = #%!"/13
"+#%&'/4"

13
"+4"
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5.14.	UIC2-reactivity	assay	

Intact wild-type, E556M, quadruple mutant, different Walker B and A-loop mutant 

Pgp expressing NIH 3T3 cells (5 × 105 cells/ml) were treated with 10 μM CsA in gl-PBS for 

30 min at 37°C. Alternatively, cells were ATP depleted by Na-azide (10 mM) and 2-deoxy-D-

glucose (8 mM) treatment for 30 min at 37°C in glucose-free PBS. UIC2-A647 (10 μg/ml) or 

the conformation insensitive 15D3-A647 (30 μg/ml) antibodies were added directly without 

washing step and samples were further incubated for another 30 min at 37°C. Cells were 

washed twice with ice-cold gl-PBS and then re-suspended in ice-cold gl-PBS (for ATP-

depleted cells glucose-free PBS was used) before flow cytometric analysis. UIC2-reactivity 

(i.e., the percentage of cell surface Pgp molecules in a UIC2-reactive conformation) was 

calculated as a ratio of the F/P-corrected UIC2 and 15D3 signals.  

5.15.	Measurement	of	the	kinetics	of	UIC2	dissociation	

Wild-type and mutant Pgp expressing NIH 3T3 cells were harvested and washed three 

times in gl-PBS. Subsequently, cells were permeabilized with SLO toxin for 30 min at 37 oC 

as described in Section 5.12 and were washed three times with ice-cold PBS to remove the 

nucleotides from the cells. Permeabilized cells were labeled with 10 µg/ml UIC2-A647 Fab 

fragments for 20 min at 37 oC and after washing twice with excess volume of gl-PBS they 

were kept on ice until flow cytometric analysis. Before measurement, cells (2 × 105 cells/ml) 

were mixed with 10 ml of pre-warmed 37 oC PBS containing different concentrations of 

MgATP and/or 40 µM verapamil. Fluorescence intensities were measured continuously at 

37oC for 15 min with a Becton Dickinson FACSAria III Cell Sorter (Becton Dickinson, 

Mountain View, CA, USA). Mean values of UIC2-Fab fluorescence intensities were averaged 

for 20 s intervals. 

5.16.	Flow	cytometry	
Calcein-AM, mitoxantrone and Hoechst 33342 accumulation measurements were 

carried out on a Becton Dickinson FACSAria III Cell Sorter (Becton Dickinson, Mountain 

View, CA, USA). Calcein was excited by the 488 nm line of a solid-state laser and the emitted 

light was detected using a 502 nm dichroic mirror and a 530/30 nm band-pass filter. 

Mitoxantrone was excited with a 631 nm solid state laser end emitted fluorescence intensity 

was detected using a 685/15 band-pass filter. Hoechst 33342 was excited with a 365 nm UV 

laser and the blue intensity of the dye was recorded using a 445/40 band pass filter. PI was 
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excited by the 562 nm line of a solid-state laser and the emitted light was detected applying a 

590 nm dichroic mirror and a 595/50 nm band-pass filter.  

UIC2-A647 labeling of permeabilized cells was measured by using a Becton 

Dickinson FACSArray flow cytometer (Becton Dickinson, Mountain View, CA, USA). A 

635 nm laser was used for the excitation of A647 dye and fluorescence values were detected 

in the red channel (661/16 nm) while the 532 nm laser was used for the excitation of PI 

(detected at 585/42 nm).  

UIC2-dissociation was measured with the Becton Dickinson FACSAria III Cell Sorter. 

Alexa647 conjugated UIC2 was excited with a 631 nm solid state laser and fluorescence 

intensities were detected using a 660/20 band pass filter while PI was excited with a 562 laser 

and emitted light was detected applying a 590 nm dichroic mirror and a 595/50 nm band-pass 

filter. For the continuous monitoring of UIC2 dissociation, the sample injection chamber was 

kept at 37 °C.  

In all flow-cytometric measurements cell debris was excluded from the analysis on the 

basis of FSC and SSC signals. Cytofluorimetric data were analyzed by using FCS Express 4 

Research Edition (De Novo Software, Glendale, CA, USA). 

5.17.	Statistical	analysis	
Data were analyzed using SigmaStat (version 3.1, SPSS Inc., Chicago, IL, USA) and 

are presented as means ± SD. Comparison of two groups was carried out by unpaired t-test, 

while in the case of three or more groups, statistical significance was assessed using analysis 

of variance (ANOVA). For post hoc pair-wise comparison of the treatment groups with 

identical variances, the Holm-Sidak multiple comparison test was applied, while groups with 

unequal variances were analyzed by Dunnett T3 post hoc test. Differences were considered 

significant at P < 0.05. Dose-response curves were fitted using SigmaPlot 12.0 (SPSS Inc., 

Chicago, IL, USA). 

!  
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6.	Results		
 
6.1.	Interactions	of	retinoids	with	Pgp	and	ABCG2	
6.1.1.	Retinoid	derivatives	inhibit	Pgp-	and	ABCG2-mediated	substrate	transport	

We have studied the effects of various retinoid derivatives (see Table 7 for the 

complete list of applied retinoids) on the drug transport activity of Pgp and ABCG2 using the 

NIH 3T3/NIH 3T3 MDR1 and MDCK/MDCK ABCG2 cell line pairs. The Pgp-positive NIH 

3T3 MDR1 and the ABCG2-positive MDCK ABCG2 cell lines showed high transporter 

expression levels as it was demonstrated by direct immunofluorescence staining applying the 

15D3-A647 anti-Pgp and 5D3-A647 anti-ABCG2 monoclonal antibodies (Fig. 9a). 

 

 
Figure 9: Effect of retinoid derivatives on the transport activity of Pgp (b) expressed in NIH 3T3 cells 
and ABCG2 (c) expressed in MDCK cells. The expression levels of the transporters were determined by 
direct immunofluorescence using the 15D3-A647 (for Pgp) and 5D3-A647 (for ABCG2) monoclonal 
antibodies (white histograms – Pgp/ABCG2 negative cells, grey histograms – Pgp/ABCG2 positive cells) 
(a). Cells were pre-treated with retinoids or transporter inhibitors CsA and Ko143 for 20 min at 37 oC and 
then the NIH 3T3/NIH 3T3 MDR1 cell line pair was stained with 0.5 µM calcein-AM for 20 min at 37 oC, 
while the MDCK/MDCK ABCG2 cell line pair was stained with 5 µM mitoxantrone for 40 min at 37°C. 
The calcein and mitoxantrone accumulation of the transporter expressing cells is shown as a percentage of 
the transporter negative cells. Mean ± SD values of three independent experiments are shown (b, c) (* — 
significant difference compared to the control, P < 0.05 by ANOVA, Holm-Sidak post-hoc analysis).  
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Calcein-AM and mitoxantrone accumulation assays were used to study the transport 

function of Pgp and ABCG2, respectively. Our results showed that retinol, 13-cis-retinoic 

acid and retinyl-acetate increased the cellular accumulation of the fluorescent transporter 

substrates in a concentration dependent manner in both transporter-expressing cell lines (Fig. 

9b and c). Applied at supra-physiological concentrations (25-100 µM, Fig. 9b, c), the effect 

of retinoid derivatives retinol, 13-cis-retinoic acid and retinyl-acetate was comparable to that 

of the Pgp- or ABCG2-specific inhibitors (Fig. 9b and c). 

 
Figure 10: Effects of retinoid derivatives on the calcein (a) and mitoxantrone (c) accumulation and 
viability (b, d) of Pgp- and ABCG2-negative NIH 3T3 and MDCK cells. Cells were pre-treated with 
retinoids added at 50 µM for 20 min at 37°C. Subsequently, NIH 3T3 cells were stained with 0.5 µM 
calcein-AM, for 20 min, while MDCK cells were stained with 5 µM mitoxantrone, for 40 min at 37oC. Cell 
viability was determined on the basis of propidium iodide (PI) exclusion. 
 

The increased accumulation of the fluorescent dyes cannot be attributed to the 

cytotoxic effect of retinoid derivatives, as treatment of transporter non-expressing NIH 3T3 

and MDCK cells with different retinoid derivatives, added at 50 µM concentration, did not 

decrease the viability of cells significantly (Fig. 10b and d). In addition, retinoids did not 

have significant effect on the intracellular accumulation of calcein or mitoxantrone by the 

transporter non-expressing control cells supporting that the above observed effects are 

explained by the inhibition of the transporters (Fig. 10a and c).  
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6.1.2.	 Retinoids	 inhibit	 Pgp-	 and	 ABCG2-mediated	 basal-	 and	 substrate-
stimulated	ATPase	activity	

In further experiments, instead of intact cells, we used membrane preparations to avoid 

or reduce isomerization of retinoids to other derivatives by cellular metabolism (300). We 

studied the effects of retinoids on the ATPase activity of Pgp and ABCG2 using Sf9 

membrane samples. Sf9 cells are ideal for these studies, because they express endogenous 

ATPase proteins at relatively low levels, while we can achieve high expression of the 

transgenes using the baculovirus expression system (297). Due to the high expression of 

human Pgp or ABCG2 demonstrated in Western blot experiments (Fig. 11), our Sf9 cell 

membrane preparations showed high specific ATPase activities (Fig. 12).  

 
 

Figure 11: Western blot of membrane samples prepared from Sf9 cells expressing wild-type human 
Pgp and ABCG2. Non-transfected Sf9 membrane sample is shown as a control. Preparation of membrane 
samples was carried out as described in (Section 5.6). 5 µg protein was used per slot. The immunoblot was 
developed by the human Pgp-specific mouse monoclonal antibody (G-1) and ABCG2-specific monoclonal 
antibody BXP-21. 
 

We measured the effects of the retinoids on the basal and the substrate-stimulated 

ATPase activity of the transporters, using a method developed by Sarkadi et al., based on the 

colorimetric measurement of Pi released in the ATPase reaction (see Section 5.6 and 5.8) 

(297). Previously, using Pgp and ABCG2 expressing Sf9 cell membrane preparations, we 

determined the substrate concentrations required to reach maximum ATPase stimulation (Fig. 

12a and b). According to these experiments, we treated the cells with 40 µM verapamil that 

stimulated the ATPase activity of Pgp by 3-4-fold (approximately to 20-30 nmol Pi/mg 

protein/min) (Fig. 12c, d, e), while 10 µM quercetin induced about a 2-3-fold stimulation of 

ABCG2 activity up to 60-70 nmol Pi/mg protein/min (Fig. 12f, g, h).  
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Figure 12: Dose-response curves demonstrating the effects of retinoids on the ATPase activity of Pgp 
(c, d, e) and ABCG2 (f, g, h). Pgp and ABCG2 expressing Sf9 cell membrane preparations were pre-
treated with retinoids for 10 min at 37 oC and then further incubated in the presence of 3 mM MgATP for 
25 min. The substrate-dependent ATPase activity of Pgp was measured in the presence of 40 µM verapamil 
(a) while substrate-stimulated ATPase activity of ABCG2 was measured in the presence of 10 µM 
quercetin (b). Representative graphs are shown out of three independent experiments performed in 
triplicates (mean ± SD). The dose-response curves were fitted with a four-parameter sigmoidal dose-
response curve (see Section 5.8). The mean IC50 values are shown in Table 7 (R2≥0.98, where R2 is the 
coefficient of determination).  
  

Retinyl-acetate slightly increased the basal ATPase activity of Pgp (showing maximal 

stimulation at 10 µM conc.) indicating that it is probably transported by Pgp (Fig. 12e). 

However, we did not see significant difference in the cytotoxic effect of retinyl-acetate 

between Pgp-positive and Pgp-negative NIH 3T3 cells (Fig. 13) suggesting that it is not 

transported by Pgp or alternatively the rate of its Pgp-mediated transport is below the 

sensitivity of the cytotoxicity assay.  
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Figure 13: Cytotoxic effect of retinyl-acetate on Pgp-positive and Pgp-negative NIH 3T3 cells. Alamar 
Blue based in vitro cytotoxicity assay was performed as previously described (301) (see Section 5.11). 
Cells were seeded in 96-well plates at a cell density of 5 × 103 cells/well. 24 hours later retinyl-acetate was 
added at different concentrations and the plates were further incubated for 72 h at 37 °C. The cell viability 
was determined by measuring the 530/590 nm fluorescence intensity of the dye in an automated microplate 
reader. The Alamar Blue fluorescence intensity of the samples was normalized to the fluorescence of the 
retinyl-acetate untreated sample and plotted as a function of retinyl-acetate concentration. Data points are 
means of eight parallel samples (mean ± SD). 

 

In good agreement with the results of calcein-AM and mitoxantrone accumulation 

studies (see Fig. 9), retinyl-acetate decreased the substrate-stimulated ATPase activity of both 

Pgp and ABCG2 (Fig. 12e and h). Additionally, retinol and 13-cis-retinoic acid exhibited a 

pronounced concentration-dependent inhibitory effect on both the basal- and the verapamil-

stimulated ATPase activity of the transporters (Fig. 12c, d and f, g). Based on the dose-

response curves obtained, we calculated the IC50 values of the particular retinoids for the 

basal and the substrate-stimulated ATPase activities of both transporters (Table 7). Other 

physiologically relevant retinoid derivatives (e.g., retinyl-propionate, retinyl-palmitate or all-

trans-4-oxo-retinoic acid) did not have any effect on the transport and ATPase activity of Pgp 

and ABCG2 (Table 7). 

We have found that 9-cis-retinoic acid and ATRA did not show any inhibitory effect 

on Pgp and ABCG2. Interestingly, their stereoisomer, 13-cis-retinoic acid inhibited the basal- 

and the substrate-stimulated ATPase activities of both transporters in a concentration-

dependent manner (Fig. 12d, g). Since inhibitors and substrates supposed to reach the drug 

binding pocket of the transporters directly from the plasma membrane, low membrane 

partitioning of the compounds could explain the lack of effects.  
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Table 7: Effects of retinoid derivatives on the ATPase activity of Pgp and ABCG2.  

      IC50 values (µM)       

Drug  Pgp  ABCG2 

  Basal activity Stimulated activity  Basal activity Stimulated activity 

Retinol  23.5±4 27.9±0.7   31.6±4.2  95.2±10.6  

All-trans-retinoic acid  No effect No effect  No effect No effect 

9-cis-retinoic acid  No effect No effect  No effect No effect 

13-cis-retinoic acid  60.5±11.4  26.8±2   70.6±9  76.5±2.3  

All-trans-4-oxo-retinoic acid  No effect Weak inhibition  
at high conc. 

 No effect No effect 

Retinyl-acetate  36.8±4  19.1±5  18.9±4 70.4±7.3  

Retinyl-propionate  No effect No effect  No effect No effect 

Retinyl-palmitate   No effect No effect   No effect No effect 

The IC50 values were calculated by fitting the dose-response curves with a four-parameter logistic function 
(R2≥0.98) 
 
 

However, the octanol-water partition coefficients (LogPow, Table 8) describing the 

hydrophobicity of the compounds were found to be quite similar and remarkably high for all 

examined retinoids. According to literature data, the shape and size of the molecules can also 

have impact on their membrane partitioning serving an explanation for the observed 

differences. Since the intracellular concentration of drugs is dependent on their membrane 

permeability, we estimated the fraction of retinoids accumulated by the cells measuring the 

absorbance of retinoids in the supernatant before and after incubation with Pgp-negative NIH 

3T3 cells (Fig. 14). We observed a significant correlation between the LogPow value and the 

cellular accumulation of retinoids and Pgp/ABCG2 modulators (Fig. 14b and Table 8). We 

did not measure significant differences in the cellular accumulation of 9-cis-retinoic acid, 

ATRA and 13-cis-retinoic acid in accordance with their identical LogPow values (Fig. 14a).  
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Table 8: Octanol-water partition coefficients (LogPow values) of the studied retinoid derivatives.  

Drug  LogPow  Reference 

Quercetin                   1.8                          (302) 

Cyclosporine A  2.9  (303) 

Ko143  3.5  CID 10322450 

Retinol  5.7  CID 445354 

All-trans-retinoic acid  6.3  CID 444795 

9-cis-retinoic acid  6.3  CID 449171 

13-cis-retinoic acid  6.3  CID 5282379 

All-trans-4-oxo-retinoic acid  4.8  CID 6437063 

Retinyl-acetate  6.3  CID 638034 

Retinyl-propionate  6.9  CID 73818855 

Retinyl-palmitate  13.6  CID 5280531 

The values were collected from the National Center for Biotechnology Information. PubChem Compound 
Database Identification (CID) values are listed in the table. 
 
 

 
Figure 14: Cellular uptake of retinoids and transporter modulators. Samples containing retinoids or 
transporter inhibitors were incubated with NIH 3T3 cells (1 × 106/ml) for 30 min at 37°C. Subsequently, 
cells were pelleted by centrifugation at 400 × g for 5 min and supernatants were collected. The cellular 
uptake was determined by calculating the ratio of the absorbances measured in the supernatants at the 
absorption maximum of the examined compound before and after the incubation with cells (n = 3, mean ± 
SD) (a). Correlation plot of LogPow values and measured cellular uptakes at different retinoid 
concentrations with calculated Pearson’s correlation values (R) (b). 
   

6.1.3.	Inhibitory	retinoids	decrease	membrane	fluidity	in	the	acyl-chain	region	of	
the	membrane		

 In view of the hydrophobic character of the studied retinoids (Table 8 and Fig. 14), as 

well as the intimate association of Pgp and ABCG2 with the lipid bilayer in which they are 

embedded and from which they can harvest their substrates (see Fig. 7 and Section 3.4.5), we 

examined the effects of retinoids on the fluidity and packing order of the membrane 
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(230,231). In order to study the effects of retinoids on the membrane fluidity we carried out 

fluorescence anisotropy measurements using the membrane specific probes, DPH and TMA-

DPH. DPH is an apolar molecule that accumulates in the inner acyl-chain region of the 

membrane, while TMA-DPH is a positively charged derivative of DPH (304) that is anchored 

at the lipid/water interface of the membrane. Therefore, using TMA-DPH and DPH the 

fluidity is estimated in a slightly different depths of the membrane, since the average 

fluorophore of TMA-DPH is about 3–4 Å closer to the membrane surface as compared to 

DPH (305,306). Membrane fluidity and fluorescence anisotropy values of DPH and TMA-

DPH show an inverse correlation: higher membrane fluidity results in decreased fluorescence 

anisotropy values due to the increased rotational and vibrational freedom of the dye in the 

plane of the membrane, while increased anisotropy is indicative of decreased membrane 

fluidity (305). 

Pgp and ABCG2 expressing and non-expressing NIH 3T3 and MDCK cells were 

treated with DPH and TMA-DPH as described in Section 5.10. The fluorescence anisotropy 

value of DPH was in the range of 0.14 and 0.18 under steady-state conditions (Fig. 15a, b) in 

both cell line pairs indicative of high structural order within the membrane, while the 

fluorescence anisotropy of TMA-DPH varied between 0.28 and 0.30 (Fig. 15c, d), suggesting 

lower order in the superficial regions of the membrane. The measured anisotropy values were 

found to be similar in drug sensitive and resistant cell lines in agreement with previous data 

(307).  

Interestingly, retinol, 13-cis-retinoic acid and retinyl-acetate, the retinoids that were 

proved to be capable of transporter inhibition in ATPase and drug transport assays, increased 

the DPH fluorescence anisotropy values significantly in both NIH 3T3 and MDCK cells, 

while other examined retinoids did not alter the DPH anisotropy values significantly (Fig. 

15a, b). Retinol and 13-cis-retinoic acid modified the DPH anisotropy similarly in the 

transporter expressing and non-expressing cell lines suggesting that Pgp and ABCG2 do not 

alter their membrane distribution. In contrast, retinyl-acetate had significantly lower effect on 

the DPH fluorescence anisotropy of Pgp-positive cells as compared to the Pgp-negative NIH 

3T3 cells (Fig. 15a) apparently because of its Pgp-mediated transport (Fig. 15a).  

Membrane fluidity in the hydrophilic head-group region was unaffected by retinoids, 

as it was indicated by the similar TMA-DPH fluorescence anisotropy values with the 

exception of retinyl-palmitate that decreased the TMA-DPH fluorescence anisotropy 

significantly in the NIH 3T3 cell pair. In control experiments, CsA, a competitive Pgp-

specific modulator had no effect on DPH and TMA-DPH anisotropies (Fig. 15), supporting 
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that it does not affect the membrane structure, rather it can act directly through binding to the 

drug-binding pocket of the transporter. 

 
Figure 15: Effects of retinoids on the DPH (a, b) and TMA-DPH (c, d) fluorescence anisotropies 
measured in Pgp-positive and negative NIH 3T3 cells (a, c) and ABCG2-positive and negative MDCK 
cells (b, d). Cells were pre-treated with retinoids applied at 100 µM concentration or transporter inhibitors 
(10 µM CsA or 2 µM Ko143) for 10 min at 37 oC and then further incubated with 2 µM DPH or TMA-
DPH for another 20 min at room temperature in dark. Fluorescence anisotropy values were measured at 37 
oC. Significant differences as compared to control are shown by ***: P<0.001, **: P<0.01, *: P<0.05. 
Significant difference between transporter expressing and non-expressing cells is shown by †: P<0.05 (n = 
3, mean ± SD, ANOVA, Holm-Sidak post-hoc analysis). 
 
 

6.1.4.	Retinoids	hamper	substrate	stimulation	of	Pgp	and	ABCG2	ATPase	activity	
through	mixed-type	inhibition		

The inhibitory effect of retinoids observed in the previous experiments may be 

attributed to a competitive mechanism due to the direct interaction of retinoids with the 

substrate-binding site(s) of the transporters or to an allosteric effect probably related to 

structural changes of the plasma membrane brought about by certain retinoids. To gain insight 

into the action mechanism of retinoids, we analyzed how the kinetic parameters (KM and vmax) 

of the substrate-stimulated ATPase activity were influenced by retinol and 13-cis-retinoic 

acid, the retinoid derivatives that were found to be effective Pgp and ABCG2 inhibitors in 

both ATPase and drug transport measurements. The ATPase activity of Pgp and ABCG2 was 
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stimulated by increasing concentrations of verapamil and quercetin in the presence of 

different concentrations of retinol and 13-cis-retinoic acid. Dose-response curves obtained by 

fitting the data points with a modified Michaelis-Menten equation showed that retinol 

increased the KM and decreased the vmax values of both transporters (Fig. 16a and c, Fig. 17a, 

b, e and f) suggesting a mixed-type inhibition.  

 
Figure 16: Inhibition of the substrate-stimulated ATPase activity of Pgp and ABCG2 by retinol (a, c) 
and 13-cis-retinoic acid (b, d) applied at different concentrations. The ATPase activity of Pgp was 
stimulated by increasing concentrations of verapamil, while ABCG2 was activated by quercetin. A 
representative data set is shown out of three independent experiments performed in triplicate (mean ± SD). 
The curves were obtained by fitting the data points to a modified form of the Michaelis-Menten equation 
(see Section 5.8, (R2≥0.95)). 
 

13-cis-retinoic acid treatment also resulted in a mixed-type inhibition of ABCG2 (Fig. 

16d, Fig. 17g and h), however, in case of Pgp, it did not induce a statistically 

significant increase of KM, while decreased the vmax (Fig. 16b, Fig. 17c and d) suggesting a 

non-competitive inhibition of Pgp.  



 

56 

 
Figure 17: Changes of apparent KM and vmax values of Pgp (a, b, c, d) and ABCG2 ATPase activity (e, 
f, g, h) in response to retinol (a, b, e, f) and 13-cis-retinoic acid (c, d, g, h) treatment. The apparent KM 
and vmax values were obtained by fitting the data points using a modified form of the Michaelis-Menten 
equation. The ATPase activity of Pgp and ABCG2 was stimulated by increasing concentrations of 
verapamil and quercetin, respectively. (* = Significant difference compared to control (n = 3, mean ± SEM, 
ANOVA, Holm-Sidak post-hoc analysis, P < 0.05)).  
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6.2.	Studying	the	catalytic	cycle	of	Pgp	using	ATP-binding	site	mutants		

6.2.1.	Quadruple	mutant	Pgps	with	a	non-canonical	NBS1	escape	conformational	

lock	

 As it was discussed in Section 3.4.2, several ABC exporters carry a degenerate NBS 

that is unable to hydrolyze ATP at a rate sufficient for maintaining transport activity. A 

hallmark of a degenerate NBS is the lack of the “catalytic glutamate” in the Walker B motif. 

Pgp has two canonical NBSs, and mutation of the “catalytic glutamate” (E556) in NBS1 

makes it transport-incompetent. In contrast, the closely related bile salt export pump ABCB11 

(BSEP), which shares 49% sequence identity with human Pgp, naturally contains a 

methionine in the place of “catalytic glutamate”. The NBD-NBD interfaces of Pgp and 

ABCB11 differ only in four amino acid residues, all within NBS1 (see Fig. 5). To study the 

role of the four non-canonical amino acids in the degenerate NBS1 of ABCB11, we have 

introduced the corresponding mutations into the NBS1 of human Pgp. First, we engineered a 

Pgp variant containing the E556M mutation of the “catalytic glutamate”. To fully mimic 

NBS1 of ABCB11 in the context of Pgp, we have generated a “quadruple mutant” that also 

contains the three additional diverging amino acid residues (S474E, G1178R and Q1180E).  

 
Figure 18: Cell surface expression of Pgp variants in NIH 3T3 cells. Cells were labeled for 30 min at 37 
oC with 15D3-A647 anti-Pgp antibody (Mean ± SD, out of n=5 independent measurements) Significant 
differences as compared to wild-type Pgp expressing NIH 3T3 cells are shown by ***: P<0.001, ANOVA, 
Holm-Sidak post hoc analysis). 

 

All Pgp variants showed comparable cell surface expression in NIH 3T3 cells, as 

measured in direct immunofluorescence labeling experiments using the conformation 

insensitive 15D3 antibody. The E556M and the quadruple mutant expressing cells showed 

app. 20% higher Pgp expression level as compared to wild-type Pgp expressing cells (Fig. 18) 
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indicating that the mutations do not have any effect on the stability and intracellular 

trafficking of the transporters.  

To evaluate the conformational flexibility of single and quadruple mutant Pgps, we 

performed UIC2 staining experiments in the presence of a Pgp inhibitor CsA (10 µM) or 

following ATP depletion of cells (Fig. 19). Wild-type Pgps showed low UIC2-reactivity in 

untreated cells as only a minor fraction (app. 20%) of cell surface Pgps were labeled with the 

conformation-sensitive UIC2 antibody (Fig. 19). On the other hand, depletion of ATP 

resulted in UIC2 labeling of all cell surface Pgp molecules in accordance with previous data 

showing that UIC2 mAb has high affinity for the nucleotide-free conformation of Pgp 

(112,177,308). CsA treatment also stabilized the UIC2-reactive conformation of wild-type 

Pgps. 

 
Figure 19: Conformational response of wild-type and mutant Pgp molecules to CsA treatment and 
ATP depletion as visualized by UIC2-reactivity. NIH 3T3 cells expressing the Pgp variants were labeled 
with Alexa 647 conjugated UIC2 or 15D3 mAbs (with comparable dye to antibody ratio (F/P)). The 
percentage of UIC2-bound Pgp conformers was calculated relative to the total cell surface Pgp expression 
levels determined by 15D3 labeling (mean ± SD of n = 3-5 independent experiments). Significant 
differences compared to wild-type Pgp are shown by *** (p<0.001, ANOVA, Holm-Sidak post hoc 
analysis).  

 
Single E556M mutant Pgps showed a remarkably different behavior as compared to 

wild-type Pgps. In untreated cells, only app. 5% of cell surface Pgps were in a UIC2-reactive 

conformation and CsA treatment could only moderately increase their UIC2-reactivity (up to 

20%, Fig. 19). Since the reactivity of nucleotide-bound Pgps to UIC2 is generally low, these 

data can be explained by tight ATP binding, that results in the arrest of transporter molecules 

in a UIC2-dim conformation. Interestingly, quadruple mutant Pgps showed very similar 

UIC2-reactivity pattern to wild-type (Fig. 19). In untreated cells, app. 20% of cell surface 
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Pgps were in the UIC2-reactive inward-facing conformation and practically the whole cell 

surface Pgp pool switched to the inward-facing UIC2-reactive conformation in response to 

CsA treatment (Fig. 19). These results strongly suggest that quadruple mutants can avoid the 

conformational lock that is observed in single E556M mutant Pgps. Notably, each Pgp variant 

showed high UIC2-reactivity in response to ATP depletion, suggesting that they adopt a 

similar conformation in the absence of ATP (Fig. 19). 

Nucleotide binding to the NBDs triggers conformational changes in the TMD regions 

of the transporter due to allosteric coupling. Therefore, analysis of UIC2-reactivity can be 

used for the detection of NBD conformational changes. Using SLO-permeabilized cells, we 

could systematically change the intracellular ATP concentration while maintaining the natural 

membrane environment of Pgp molecules. In the presence of increasing concentrations of 

MgATP or MgATP/vanadate, we determined dose-response curves for the different Pgp 

variants (Fig. 20). In accordance with an ATP-regulated switch in the TMD conformation, 

increasing MgATP concentrations decreased UIC2 staining. The apparent affinity of MgATP 

for wild-type Pgp (Fig. 20a, d) (KA=1.56 ± 0.46 mM) was found to be 3-4-fold lower than the 

reported KM values for ATP hydrolysis (KM = 0.3 - 0.5 mM) (309). Phosphate analogues such 

as vanadate (Vi) are known to trap ABC transporters in a post-hydrolytic state by forming a 

ternary complex (Pgp-ADP-Vi) replacing the cleaved gamma phosphate after ATP 

hydrolysis. Vi treatment increased the apparent nucleotide affinity of wild-type Pgp by 2-3 

orders of magnitude (KA = 0.081 ± 0.014 mM) (181). 

As opposed to wild-type Pgp, the E556M variant exhibited similarly high apparent 

affinities for ATP in the absence (KA = 0.077 ± 0.02 mM) or presence (KA = 0.027 ± 0.001 

mM) of vanadate (Fig. 20b, d), indicating that the lack of the “catalytic glutamate” results in 

a state with a tightly bound nucleotide. However, ATP binding was less tight in the quadruple 

mutant as compared to the single mutant Pgp as it was indicated by the elevated KA value (KA 

= 1.12 ± 0.6 mM; Fig. 20d). In contrast to the single mutant, quadruple mutant Pgps showed 

increased apparent ATP-binding affinity in the presence of Vi (KA = 0.38 ± 0.001 mM) 

similarly to wild-type Pgps, consistent with the ATP hydrolysis activity of the quadruple 

mutant at least at its intact NBS (Fig. 20c, d).  
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Figure 20: MgATP dependence of UIC2 binding. NIH 3T3 cells expressing wild-type, E556M and 
quadruple mutant Pgps were permeabilized with SLO toxin to allow for changing intracellular nucleotide 
concentrations. Different concentrations of MgATP were added to the cells for 30 min at 37oC with or 
without 0.5 mM vanadate (Vi). After incubation with nucleotides 10 µg/ml UIC2-A647 was added to the 
samples for 30 min at 37oC. Dose-response curves of UIC2 binding, with increasing concentrations of 
MgATP in the absence or presence of Vi, were obtained for wild-type (a), E556M- (b) and quadruple 
mutant (c) variants by fitting the data points to a four-parameter Hill-function (see Section 5.13). Mean 
apparent nucleotide affinity (KA) values are summarized in panel (d) (n = 5-6, mean ± SD, unpaired t-test 
(two-tailed); ***p<0.001, **p<0.01).	
 
6.2.2.	Quadruple	mutant	Pgps	regain	their	transport	and	ATPase	activity	

In the following experiments, we aimed to examine the functional activity of mutant 

Pgps applying ATPase activity and drug accumulation measurements.  

Membranes isolated from NIH 3T3 cells expressing wild-type and mutant Pgps 

showed similarly high expression levels as it was demonstrated in our western blot 

experiments (Fig. 21a). Wild-type Pgps showed the expected basal ATPase activity, which 

was stimulated about 4-fold by the addition of verapamil. Strikingly, the quadruple mutant 

showed a low steady state ATPase activity (Fig. 21b) that could be stimulated by verapamil. 

Although the basal ATPase activity was significantly reduced, the degree of stimulation by 

verapamil was almost identical to wild-type, showing that substrate-stimulation of the ATPase 

activity was restored in the quadruple mutant (Fig. 21b, c). In contrast, the “catalytic 

glutamate” mutant (E556M) showed no significant basal or verapamil-stimulated ATPase 

activity (Fig. 21b).  
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Figure 21: Effects of E556M and E556M/S474E/G1178R/1180E mutations on the basal and 
verapamil-stimulated ATPase activity of Pgp. Pgp expression level of the membrane samples (5 μg 
membrane protein/slot) was checked by immunoblot using the G-1 anti-Pgp mAb and C-2 anti-actin mAb 
(a).Wild-type-, single- and quadruple mutant Pgp expressing and Pgp negative NIH 3T3 cell membrane 
preparations (15 µg/sample) were incubated in the presence of 3 mM MgATP for 25 min. The substrate-
dependent ATPase activity of Pgp was measured in the presence of increasing concentrations of verapamil 
(b) (n = 5, mean ± SD, ANOVA, Dunnett T3 post hoc test, significant differences compared to untreated 
NIH 3T3 control membrane are shown by ***: P<0.001, **: P<0.01, *: P<0.05; significant differences 
between verapamil treated and untreated samples are presented as †††: P<0.001, ††: P<0.01, †: P<0.05). 
Wild-type and quadruple mutant Pgps show similar relative changes in their ATPase activity in the 
presence of different verapamil concentrations (c).  
 

To answer the question whether quadruple mutant Pgps are able to couple their 

ATPase activity to uphill drug transport, we performed calcein and Hoechst 33342 

accumulation experiments using intact cells (see Section 5.5). To quantify the transport 

activity of the different Pgp variants, we calculated TAF values corresponding to the 

normalized tariquidar dependent increase of Hoechst 33342 or calcein fluorescence intensities 

(see Section 5.5). As expected, the TAF value was close to 0 in cells devoid of Pgp, while 

expression of wild-type Pgp effectively prevented the intracellular accumulation of Hoechst 

33342 and calcein (Fig. 22) resulting in elevated TAF values. The E556M mutant did not 

show any transport activity in agreement with the loss of steady state ATPase activity and the 

reduced conformational flexibility. In sharp contrast, the quadruple mutant was able to limit 

Hoechst 33342 and calcein accumulation, though not as efficiently as wild-type Pgp. These 

data clearly demonstrate that despite the absence of the “catalytic glutamate”, the quadruple 

mutant regained the ability to efflux Hoechst 33342 and calcein. At higher concentrations of 

Hoechst 33342 (> 1 µM) and calcein-AM (> 0.1 µM), TAF values decreased in a substrate 

concentration dependent manner in accordance with the gradual saturation of the transport 

capacity of Pgps (Fig. 22) (310). The ratios of the TAF values between wild-type and 

quadruple mutant are comparable for both Hoechst 33342 and calcein-AM and are 
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concentration independent, suggesting that transport specificity is unchanged for these two 

substrates.  

 
Figure 22: Transport activity of Pgp variants. Pgp dependent (a) Hoechst 33342 and (b) calcein-AM 
transport were quantified by the transport activity factor (TAF) as it was described in Section 5.5. NIH 3T3 
cells expressing Pgp variants were stained with Hoechst 33342 or calcein-AM, in the absence or presence 
of a Pgp inhibitor tariquidar, for 30 min at 37 oC. Mean ± SD values of three independent experiments are 
shown. Significant differences as compared to Pgp-negative cells: ***: P<0.001, **: P<0.01 (ANOVA, 
Holm-Sidak post hoc analysis).  
 

6.2.3.	Vanadate	increases	the	apparent	ATP-binding	affinity	of	single	A-loop	and	

Walker	B	mutants	

Previous studies, performed on purified proteins or heterologous expression systems, 

demonstrated that point mutations introduced into key residues of the A-loop (Y401A and/or 

Y1044A) or Walker B sequences (D555N and/or D1200N) inactivate Pgp either present in 

one or both NBSs (see Section 3.3.4) (153,157). To study the conformational activity of these 

Pgp variants, we carried out UIC2-labeling experiments using intact mammalian cells.  

As a first step, using 15D3 antibody, we have determined the cell surface expression 

of the mutant Pgp variants in NIH 3T3 cells (Fig. 23). All Pgp variants showed comparable 

cell surface expression in NIH 3T3 cells and only D1200N Walker B mutant expressing cells 

showed app. 25% higher Pgp expression level as compared to wild-type Pgp expressing cells 

(Fig. 23) indicating that, similarly to E556M and the “quadruple” mutations (see Fig. 18), A-

loop and Walker B mutations did not have any effect on the stability and intracellular 

trafficking of the transporters.  
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Figure 23: Cell surface expression of A-loop and Walker B mutant Pgp variants in NIH 3T3 cells. 
Cells were labeled with 15D3-A647 anti-Pgp antibody for 30 min at 37 oC and subsequently were stained 
with PI to exclude dead cells from the analysis. Bars represent means ± SD of n=3 independent 
experiments. Significant differences as compared to wild-type Pgp expressing NIH 3T3 cells are shown by 
***: P<0.001 (ANOVA, Holm-Sidak post hoc analysis). 

 

In good accordance with literature data, wild-type Pgps preferred the UIC2-

nonreactive conformation(s) and switched to the UIC2-reactive inward-facing conformation 

in the presence of CsA or in response to ATP depletion (Fig. 24). In contrast to it the A-loop 

tyrosine and Walker B aspartate mutants exhibited high UIC2-reactivity, which was not 

increased further by ATP depletion or CsA treatment (Fig. 24). These results support the idea 

that the above mutations favor the ATP-free UIC2-reactive conformation of Pgp in live cells. 
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Figure 24: UIC2-reactivity of Walker B and A-loop mutants expressed in NIH 3T3 cells. Cells were 
pre-treated with 10 µM CsA for 10 min or with 10 mM Na-azide and 8 mM 2-deoxy-D-glucose for 30 min 
at 37 oC and were labeled with 10 µg/ml UIC2-A647 or 30 µg/ml 15D3-A647. The percentage of UIC2-
bound conformers was calculated relative to the total cell surface Pgp expression levels determined by 
15D3 labeling. Bars represent mean ± SD values of n= 3 independent experiments. Significant differences 
as compared to untreated cells are shown by *: P<0.05 (ANOVA, Holm-Sidak post hoc analysis).  
 
 
 
Table 9: Apparent ATP-binding affinities (KA) of single A-loop (Y401A, Y1044A), single Walker B 
(D555N, D1200N) and Y401A/Y1044A, D555N/D1200N double mutant Pgps.  

Pgp variant 
Apparent ATP-
binding affinity 

(KA; mM) 

Apparent ATP-
binding affinity in the 

presence of Vi 
(KA; mM) 

Wild-type 1.62±0.36 0.08±0.01* 

Y401A ≥10 1.80±0.19* 

Y1044A ≥10 6.49±1.75* 

Y401A/Y1044A ≥40 ≥40 

D555N ≥40 3.48±1.41* 

D1200N ≥40 9.62±0.48* 

D555N/D1200 ≥40 ≥40 

Dose-response curves of UIC2 binding, with increasing concentrations of MgATP in the absence or 
presence of vanadate (Vi), were fitted with a four-parameter Hill function to obtain KA values. (KA ± SD; n 
= 3, unpaired t-test (two-tailed), significant differences between Vi treated and untreated samples are 
shown by *: p<0.05). 
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To further study the effects of A-loop and Walker B mutations on ATP binding to 

Pgp, we determined the apparent ATP affinity (KA) of the mutant Pgp variants measuring the 

ATP-dependence of UIC2-reactivity in the presence or absence of Vi (Table 9). We proved 

that single A-loop (Y401A or Y1044A) and single Walker B mutant (D555N or D1200N) 

Pgps exhibited significantly higher KA values as compared to wild-type (KA app. 10 mM for 

single A-loop, ≥40 mM for single Walker B mutants), in accordance with literature data 

(157,311). Interestingly, Vi treatment decreased the KA values of single A-loop and Walker B 

mutants suggesting that they were capable of ATP hydrolysis at least at their intact NBS 

(Table 9). On the other hand, we did not observe any change in response to Vi treatment in 

case of double mutants (Y401A/Y1044A and D555N/D1200N, respectively) suggesting that 

they were unable to hydrolyze ATP (Table 9). 

 
6.2.4.	Single	A-loop	mutant	Pgps	can	hydrolyze	ATP	and	transport	substrates	

 To further study the effect of the mutations on the functional activity of Pgp, we 

carried out ATPase activity measurements using membrane preparations derived from NIH 

3T3 cells expressing wild-type and the mutant Pgp variants at similarly high level (Fig. 23). 

Wild-type Pgp expressing NIH 3T3 cell membrane samples (Fig. 25) exhibited weak basal 

ATPase activity (app. 2 mmol Pi/mg protein/min) that was increased about 3-fold by 

verapamil treatment (Fig. 25). Single A-loop and single Walker B mutant Pgps showed even 

weaker basal ATPase activity (app. 0.5-1 mmol Pi/mg protein/min). Interestingly, addition of 

40 µM verapamil brought about a two-fold stimulation in the ATPase activity of the Y401A 

mutant (Fig. 25), in accordance with the results of Vi trapping experiments (Table 9). 

Although, the C-terminal A-loop mutant (Y1044A) also showed some specific ATPase 

activity, we could not detect its significant stimulation by verapamil (Fig. 25). Membrane 

samples expressing double mutant Pgp variants (Y401A/Y1044A or D555N/D1200N) did not 

show any detectable ATPase activity in agreement with the extremely weak ATP-binding 

affinity of these Pgp variants (compare Fig. 25 and Table 9). 
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Figure 25: Effects of single- and double A-loop and Walker B mutations on the basal- and verapamil-
stimulated ATPase activity of Pgp. Membrane samples were incubated in the absence or presence of 
verapamil and 3mM MgATP for 25 min at 37 oC (n = 3, mean ± SD, ANOVA, Dunnett T3 post hoc 
analysis, significant differences as compared to Pgp-negative NIH 3T3 membrane samples are shown by 
***: P<0.001, *: P<0.05, significant differences between verapamil treated and untreated samples are 
indicated by †††: P<0.001, †: P<0.05).	
 

In further experiments, we have studied how the different mutations of these key 

residues affect the transport activity of Pgp. By measuring the intracellular accumulation of 

calcein, we observed about 60% and 40% residual transport activity as compared to wild-type 

Pgp in case of Y401A and Y1044A single A-loop mutants, respectively (Fig. 26).  

	
Figure 26: Transport activity of mutant Pgp variants. Pgp dependent calcein-AM transport was 
described by the transport activity factor (Section 5.5) (n = 3, mean ± SD, ANOVA, Holm-Sidak post hoc 
analysis, significant differences as compared to wild-type expressing NIH 3T3 cells are shown by ***: 
P<0.001).  
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Walker B aspartate mutant variants and the Y401A/Y1044A double A-loop mutant did 

not show any detectable calcein-AM transport in accordance with their weak ATP-binding 

affinity and low ATP hydrolysis rate at physiological MgATP concentrations (compare Fig. 

25, 26 and Table 9). Similarly, in cytotoxicity assays using a Pgp substrate vinblastine, we 

demonstrated that single A-loop mutants showed significantly increased IC50 values as 

compared to Pgp negative cells in accordance with their pronounced transport activity (Fig. 

27a) On the other hand, Walker B mutants were unable to protect cells from the cytotoxic 

effect of vinblastine (Fig. 27b). 
 

 

 
Figure 27: Cytotoxic effect of vinblastine in Pgp-negative, wild-type and A-loop (a) or Walker B (b) 
mutant Pgp expressing NIH 3T3 cells. Alamar Blue based in vitro cytotoxicity assays were performed as 
previously described (see Section 5.11 and 6.2). The Alamar Blue fluorescence intensity of the samples 
was normalized to the fluorescence of the vinblastine untreated sample and plotted as a function of 
vinblastine concentration. Data points are means of eight parallel samples (± SD). IC50 values were 
calculated by fitting the dose-response curves from three independent experiments. Significant differences 
compared to Pgp-negative NIH 3T3 cells are shown by ***: P<0.001, **: P<0.01, ANOVA, Dunnett T3 
post hoc analysis). 
 
6.2.5.	 Single	 A-loop	 and	 Walker	 B	 mutant	 Pgps	 are	 able	 to	 pass	 on	 several	

conformational	cycles	

According to our previous results, UIC2 binding to Pgp is reversible and the 

dissociation of the antibody can be stimulated by MgATP and Pgp substrates (177). In the 

following experiments, we analyzed the kinetics of UIC2 dissociation using UIC2-Fab 

fragments and SLO toxin permeabilized NIH 3T3 cells expressing wild-type and mutant Pgp 

variants (Fig. 28). In the absence of MgATP, we did not observe significant UIC2 

dissociation (Fig. 28). However, in response to MgATP treatment, we measured significant 

  
Pgp 

negative 
Wild-type Y401A Y1044A 

Y401A/ 

Y1044A 
D555N D1200N 

D555N/ 

D1200N 

IC50 (nM)  1.68±0.18 13.76±2.83*** 5.25±0.2*** 2.7±0.42** 1.55±0.21 1.76±0.09 1.53±0.37 1.65±0.2 
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UIC2-Fab dissociation in case of single A-loop (Fig. 28c, d) and Walker B mutants (Fig. 28f, 

g), similarly to wild-type Pgps. In accordance with the substrate stimulation of Pgp activity, 

verapamil treatment significantly increased the rate of UIC2-Fab dissociation in case of the 

wild-type (Fig. 28a) and the transport competent mutant Pgp variants (for Y401A see Fig. 

28c, for Y1044A see Fig. 28d). In case of the quadruple mutant, characterized in Sections 7.1 

and 7.2, we also observed elevated UIC2-Fab dissociation, in the presence of verapamil (Fig. 

28b). Of note, the ATPase- and transport-function deficient double Walker B and A-loop 

mutants did not show significant UIC2-Fab dissociation (Fig. 28e, h). Although, Pgp can bind 

ATP even in the absence of Mg2+ ions and can switch into a UIC2-dim state, ATP-hydrolysis 

is completely inhibited and the catalytic cycle is blocked at this condition (177). Interestingly, 

in the absence of Mg2+, addition of ATP did not induce significant UIC2-Fab dissociation in 

wild-type Pgp expressing cells (Fig. 28a) suggesting that Pgps should hydrolyze ATP and 

pass on many conformational cycles to lose the bound UIC2-Fab. 	

	
Figure 28: UIC2-Fab dissociation curves of wild-type (a), quadruple (b), single- (c, d, f, g) and double 
(e, h) Walker B and A-loop mutant Pgps expressed in NIH 3T3 cells. Cells were permeabilized with 
SLO toxin (as described in Section 5.12), washed three times with ice-cold PBS to remove the nucleotides 
and then labeled with 10 µg/ml UIC2-A647 Fab fragments and PI. Cells were kept on ice until flow 
cytometry measurements. UIC2-Fab dissociation was followed by measuring the UIC2-A647 fluorescence 
intensity of cells at 37oC for 15 min, in the absence or presence of 3 mM ATP (a, b) or 10 mM ATP (c-h), 
with or without Mg2+ and 40 µM verapamil. Mean values of UIC2-A647 fluorescence intensities were 
averaged for 20 s intervals (see Section 5.15). Representative graphs from three independent experiments 
are shown.  
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7.	Discussion	
 

7.1.	Discussion	I	

We have studied the possible interactions between Pgp or ABCG2 and several 

physiologically relevant retinoid derivatives including all-trans-retinoic acid, 13-cis-retinoic 

acid, retinol and certain retinoid metabolites (Fig. 8, Table 7).  

We have proved that retinol, 13-cis-retinoic acid and retinyl-acetate are effective 

inhibitors of Pgp- and ABCG2-mediated substrate transport Fig. 9a, b). The highly lipophilic 

character of the examined retinoid derivatives (Table 7) as well as their possible 

bioconversion by cellular enzymes renders the assessing of binding and transport of retinoids 

by membrane transporters difficult in live cells (Fig. 8) (209). Therefore, we carried out 

ATPase activity measurements using Pgp and ABCG2 expressing Sf9 cell membrane 

preparations. ATPase activity measurements confirmed the inhibitory effect of retinol, 13-cis-

retinoic acid and retinyl-acetate (Fig. 12). Interestingly, these experiments also demonstrated 

that retinyl-acetate had a weak stimulatory effect on the basal ATPase activity of Pgp at 

approx. 10 µM concentration (Fig. 12e) indicating that retinyl-acetate might be a substrate of 

Pgp. In line with these observations, our DPH anisotropy measurements also indicated altered 

membrane distribution of retinyl-acetate in Pgp-positive cells (Fig. 15a). Nevertheless, we 

observed identical cytotoxicity profiles of retinyl-acetate in Pgp-positive and negative cells 

(Fig. 13) suggesting that even if it is really transported by Pgp, its active efflux is negligible 

as compared to its passive membrane permeation.  

Interestingly enough, 13-cis-retinoic acid had a pronounced inhibitory effect on the 

ATPase and transport activity of both Pgp and ABCG2, while its stereoisomers ATRA and 9-

cis-retinoic acid did not modify the functional activity of the transporters (Fig. 9 and Table 

7). Considering the wide substrate specificity of Pgp and ABCG2, this stereospecific 

interaction is striking and might provide previously unknown details of drug recognition and 

binding by Pgp and ABCG2 and probably by other multidrug transporters. In fact, it has been 

shown in several publications that stereo-selective differences can be observed in the 

interaction of certain modulators with Pgp. High-resolution X-ray crystal structures of mouse 

Pgp demonstrated that stereoisomers of a cyclic oligopeptide, QZ59-RRR and QZ59-SSS, 

interact with Pgp differently: QZ59-RRR binds to Pgp at only one site located at the center of 

the drug-binding pocket, while QZ59-SSS binds at two distinct sites (96). Similarly, cis- and 
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trans-stereoisomers of flupentixol have been shown to display stereochemical differences in 

their Pgp modulatory effects. Although both flupentixol stereoisomers inhibit Pgp-mediated 

drug transport and reverse drug resistance, they have opposite effects on the rate of ATP 

hydrolysis and photo-affinity labeling of Pgp with the substrate analogue, [125I]IAAP (312). 

Additionally, stereospecific differences have been found between the two epimers of 

ginsenoside Rh2 and their de-glycosylation metabolites. 20(S)-ginsenoside Rh2 reverses Pgp-

mediated drug resistance in Caco-2 cells in a concentration dependent manner, while 20(R)-

ginsenoside Rh2-dependent MDR-reversal is only observed at lower concentrations (313). 

Taken together, previous studies observed stereospecific differences between ligands in their 

mode of interaction with Pgp. In contrast, we observed that the recognition of certain retinoids 

by Pgp and ABCG2 is stereo-selective.  

Stereo-selective recognition of the ligands may occur at the level of the drug-binding 

site(s) or allosteric site(s) of the transporter or alternatively, at the level of the plasma 

membrane from where substrates and modulators can reach the drug binding pocket. We 

observed high cellular accumulation of the tested retinoids in NIH 3T3 cells (Fig. 14) that 

exhibited strong correlation with their LogPow values (Table 8). Since the retinoid 

stereoisomers showed similar cellular accumulation and LogPow values suggesting similar 

extent of membrane partitioning, it seems likely that distinct intramembrane localization of 

the stereoisomers can explain their different behavior. In agreement with this hypothesis, cis 

and trans isomers of zeaxanthin have been observed to display different orientations in 

dimyristoyl phosphatidylcholine bilayer membranes. Interestingly, these stereoisomers 

modified the biophysical properties of the membrane including hydrophobicity, membrane 

order and membrane fluidity at different depths of the membrane (314). In agreement with 

this finding, we observed that retinol, 13-cis-retinoic acid and retinyl-acetate, the retinoid 

derivatives acting as potent inhibitors of Pgp and ABCG2, selectively decreased the 

membrane fluidity and increased the packing density of the inner hydrophobic region of the 

membrane, as it was indicated by DPH anisotropy measurements. On the other hand, non-

inhibitory retinoids e.g., ATRA or 9-cis-retinoic acid did not alter DPH anisotropy (Fig. 15). 

These results imply that the trans-membrane orientation of the retinoic acid stereoisomers is 

different. Differences in the net length of their isoprene tail depending on the presence and 

position of the kink introduced by the cis double bond might explain their different 

orientation. This observation is in good agreement with publications emphasizing the role of 

membrane-mediated substrate and modulator interactions in the determination of the substrate 

spectrum of Pgp and ABCG2 (315). 
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To analyze the interactions of retinol and 13-cis-retinoic acid with the transporters in 

more detail, we studied their effects of on the kinetic parameters (KM and vmax) of the 

substrate-stimulated ATPase activity of Pgp and ABCG2 (Fig. 16 and 17). For stimulation of 

ATPase activity, we applied verapamil (316,317) and quercetin (318) that are well-known 

transported substrates of Pgp and ABCG2, respectively. Therefore, changes in the kinetic 

parameters of ATPase stimulation in response to retinoids truly represent alterations in 

substrate binding/transport by the transporters. The apparent increase of the KM values of 

verapamil and quercetin in the presence of increasing concentrations of retinol seems to 

indicate direct interactions of retinol with both transporters (Fig. 16 and 17). 13-cis-retinoic 

acid increased the KM of quercetin stimulation in ABCG2 while leaving the KM of verapamil 

stimulation unaltered in Pgp (Fig. 17c). In addition, retinol and 13-cis-retinoic acid decreased 

the vmax value of both transporters (Fig. 16 and 17), that can be attributed to a non-

competitive inhibition of the transporters or alternatively to a decreased effective 

concentration of the substrates (verapamil/quercetin) in the plasma membrane. In previous 

studies it has been proposed that changes in membrane fluidity, lipid composition or 

membrane packing density can significantly alter the conformational flexibility, and 

consequently, functional activity of Pgp (319,320). Additionally, local concentration of Pgp 

and ABCG2 substrates within the membrane and their accessibility to the drug binding site(s) 

might also be altered by changes in the membrane structure (209,227). However, further 

studies are required to fully understand these details. 

As it was highlighted previously, retinol and its natural derivatives reach nano-molar 

concentrations under physiological circumstances in human tissues (Section 3.6), however, in 

our study half-inhibitory concentrations of retinoids were found to be between 20-70 µM 

(Table 7). This remarkable difference makes it unlikely that retinoids inhibit Pgp and ABCG2 

in vivo under physiological conditions (321). However, retinoid therapy or retinol 

supplementation can significantly increase the concentration of retinoids in the blood or in 

case of oral administration in the intestinal epithelium that may inhibit Pgp or ABCG2 

expressed in physiological barriers (255-257,322). Inhibition of Pgp and ABCG2 caused by 

retinoid therapy may also affect the pharmacokinetics of other co-administered 

chemotherapeutic drugs. The above effects should be considered upon therapeutic application 

of retinoids to avoid the possibility of drug-drug interactions occurring at the level of Pgp or 

ABCG2. 

In conclusion, the different intramembrane orientation of certain retinoid 

stereoisomers might be important in their selective recognition by Pgp and ABCG2.  
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7.2.	Discussion	II	

Biochemical and biophysical experiments, as well as X-ray crystallography structures 

and recent cryo-EM data, demonstrated that Pgp undergoes a series of conformation changes 

in an ATP binding and hydrolysis dependent manner to transport its substrates. ATP 

hydrolysis by the NBDs converts the chemical energy stored in the phosphate bonds of ATP 

into NBD motions that are propagated to the TMDs through a conformational cross-talk. 

Evidence for the inter-domain cross-talk come from i) crystal structures showing correlated 

conformational changes in TMDs and NBDs (96,108,112,113); ii) substrate-stimulated 

ATPase activity, revealing that substrate-induced conformational changes in the TMDs are 

propagated to the NBDs (297,323); iii) biochemical experiments showing that substrate 

binding to the TMDs results in conformational changes of the NBDs (109,324,325). Our 

observations support that nucleotides are the main determinants of the Pgp conformation, as 

nucleotide binding (ATP, ADP or ADP + Vi) shapes the transporter conformation in a 

mutation dependent manner, while all Pgp variants were equally well recognized by the UIC2 

antibody in the absence of nucleotides. ATP is the primary nucleotide controlling Pgp 

conformation in well-energized cells, because its intracellular concentration is an order of 

magnitude higher than the ADP concentration and typically 10-fold above the KD of ATP for 

Pgp (175). In agreement with our data, luminescence resonance energy transfer (LRET) 

(109), Förster resonance energy transfer (FRET) (326) and EPR (192) experiments showed 

that the NBDs assume larger inter-domain distances and flexibility in the absence of ATP. 

Pgp has two canonical ATP-binding sites each being capable to bind and hydrolyze 

ATP to fuel the transport cycle (see Section 3.4.2). Opposed to Pgp, several ABC proteins 

including CFTR, SUR1 and ABCB11 possess only one canonical ATP-binding site, while in 

their NBS1 the “catalytic glutamate” necessary for efficient ATP hydrolysis is missing. The 

exact role of the “catalytic glutamate” in ATP hydrolysis is still not completely understood. A 

direct contact between the negatively charged “catalytic glutamate” and the negatively 

charged phosphate moieties of ATP seems unlikely, suggesting the indirect role of “catalytic 

glutamate” in ATP hydrolysis. A nucleophilic attack on the phosphate atoms leading to bond 

breakage between the β and γ-phosphate of ATP may be mediated by an activated OH-

 nucleophile generated with the contribution from residue E556 (327,328). When we have 

replaced the “catalytic glutamate” in the NBS1 of human Pgp with methionine (E556M), 

similarly to ABCB11, we have found that Pgp became conformationally trapped, transport 
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incompetent and ATP hydrolysis deficient (Figs 19-22), confirming earlier findings 

(325,329).  

The NBD-NBD interface of ABC transporters exhibits a remarkable level of amino 

acid sequence conservation demonstrating the critical role of the conserved NBD sequences in 

ATP binding and hydrolysis (see Section 3.3.4). Sequence alignment of ABCB11 and Pgp 

revealed that besides the “catalytic glutamate” three other amino acid residues of the NBD-

NBD interfaces differ between Pgp and ABCB11 and all of them belong to NBS1 (Fig. 5). 

Generating a quadruple mutant Pgp, we have mimicked the complete non-canonical NBS1 of 

ABCB11 and studied it in the context of Pgp. Strikingly, in case of the “quadruple mutant” 

Pgp, we have observed restored conformational dynamics (Figs 19, 20), substrate-stimulated 

ATPase activity (Fig. 21) and transport function (Fig. 22). The above data suggest that 

quadruple mutant Pgps can avoid the high-affinity ATP binding and trapping which is 

observed in the E556M “catalytic glutamate” mutant Pgp variant (Fig. 19 and 20). Binding of 

ATP to the “quadruple mutant” was weaker (Fig. 20), as hydration of the phosphate atoms 

increased, and the NBD separation was more pronounced as it was demonstrated in molecular 

dynamic simulations (data not shown). Importantly, the alignment of the Walker A and 

signature sequence α-helices and therefore their dipoles deviate in the quadruple mutant from 

the optimal alignment of wild-type Pgp, while the increased NBD separation reduces the 

extent of ATP interaction with both NBDs. We can infer from these data that the ABCB11-

like NBS1 of the “quadruple mutant” allows for ATP binding, but it prevents occlusion 

through altered interactions, thereby avoiding strong binding of ATP.  

The quadruple mutant Pgp is reminiscent of ABC transporters possessing a degenerate 

NBS. Although the degenerate NBS of such ABC transporters is inactive, it has been shown 

to be important in the formation of the NBD dimer and play a regulatory role in the catalytic 

cycle (330,331). This notion has been validated for the ABCB11-like NBS1 in our molecular 

dynamic simulations (data not shown). Further studies may clarify whether ATP remains 

loosely bound to the degenerate NBS1 throughout the whole catalytic cycle keeping the two 

NBDs in close contact, or alternatively whether ATP dissociates without hydrolysis from the 

degenerate site in every cycle, as it was proposed for the yeast Pdr5 transporter (332,333).  

In our further experiments, we studied single and double Walker B aspartate and A-

loop tyrosine mutant Pgp variants and portrayed their conformational dynamics, transport and 

ATPase activity.  

It has been proposed in several studies that mutations of the Walker B aspartate or the 

A-loop tyrosine lead to the inactivation of the transporter either the mutation is present in one 
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or in both NBSs (151,153,157,158,329). Our results proved that double mutant Pgps 

(Y401A/Y1044A or D555N/D1200N) did not show any transport and ATPase activity (Fig. 

25-27) and they were locked in a UIC2-reactive conformation either in the presence or 

absence of MgATP and substrates (Fig. 24 and Table 9).  

Interestingly, single A-loop tyrosine mutant Pgp variants showed significant verapamil 

stimulated ATPase activity and transport function, while single Walker B aspartate mutants 

did not show any measurable transport and ATPase activity (Fig. 25-27), probably because of 

their very weak ATP-binding affinity (Table 9). Further studying the conformational activity 

of single Walker B aspartate mutants, we have found that they are not conformationally 

locked, they can switch into a UIC2-dim outward-facing conformation in an MgATP 

concentration dependent manner, although at much higher ATP concentrations as compared 

to wild-type (Table 9). In addition, Vi treatment increased their apparent ATP-binding 

affinity about 5 to 10-fold supporting that they can hydrolyze ATP at least at their intact 

NBD. Similar to wild-type Pgp and the transport competent mutant variants, single Walker B 

aspartate mutants also showed ATP hydrolysis dependent UIC2 dissociation in permeabilized 

NIH 3T3 cells (Fig. 28), further supporting that they can pass on several conformational 

cycles, albeit at a low turnover rate, not sufficient for measurable drug transport (Fig. 26 and 

27). 

It was described earlier that ABC transporters are enormously sensitive to their 

membrane microenvironment and changes in membrane properties can affect their functional 

activity (Section 3.4.5). In previous studies reporting the inactivating effect of single Walker 

B and A-loop mutations, heterologous expression systems (e.g., Sf9 or Saccharomyces 

cerevisiae cells) or purified and reconstituted proteins were used for the functional 

characterization (296). In contrast, we have targeted the different Pgp variants in their natural 

plasma membrane environment in mammalian cells. Plasma membrane of insect cells (e.g., 

Sf9) or lower eukaryotic organisms (e.g., Saccharomyces cerevisiae) contains significantly 

lower amounts of cholesterol as compared to mammalian cells (296,334), probably explaining 

the different results.  

Our results regarding the functional activity of Pgp variants with one intact catalytic 

center including A-loop (Y401A or Y1044A), Walker A (K433M or K1076M) (177) and 

quadruple mutant Pgp challenge models assuming strictly alternating catalysis (174,175), 

proposing the continuous switching of ATP hydrolysis between the two NBSs (335). 

Assuming strict alternation between NBS1 and NBS2, in Pgp molecules with a single intact 

NBS, every second ATP-hydrolysis event would occur at the inactive NBS leading to 
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inhibition of the catalytic cycle. Our data also argue against a model which predicts that a 

second ATP hydrolysis event in the second NBS is needed to reset Pgp to start a new 

transport cycle. Taken together, the functional activity of mutant Pgp variants with one intact 

catalytic center supports random recruitment of the two catalytic centers for ATP hydrolysis 

in Pgp (177).  

!  
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8.	Summary	
	

8.1.	Summary	of	results	

In the first part of our work, we studied the effects of various retinoids on the 

transport- and ATPase activity of Pgp and ABCG2. We have found the followings: 

1. Certain retinoids including retinol, 13-cis-retinoic acid and retinyl-acetate inhibit the 

ATPase and the transport activity of Pgp and ABCG2 in a concentration-dependent 

manner. 

2. Other investigated retinoids (all-trans-retinoic acid, 9-cis-retinoic acid, 9-cis-4-oxo-

retinoic acid, retinyl-propionate and retinyl-palmitate) did not have any effect on the 

functional activity of Pgp and ABCG2. 

3. Retinoids that inhibit Pgp preferentially accumulate within the hydrophobic core of 

the membrane and decrease the membrane fluidity based on our DPH and TMA-DPH 

fluorescence anisotropy measurements. 

4. Intramembrane distribution might be an important factor in the recognition of 

retinoids by ABC transporters. 

5. Retinoid therapy may result in Pgp and ABCG2 inhibition that may change the 

pharmacokinetics of other co-administered drugs. 

In the second part of our work, we investigated the functional cooperation between the 

nucleotide binding sites of Pgp by studying the functional and conformational activity of Pgp 

variants carrying mutations in one or both catalytic sites. We came to the following 

conclusions: 

1. Exchange of the “catalytic glutamate” to methionine (E556M) in the NBS1 of 

human Pgp results in a catalytically inactive transporter variant.  

2. Simultaneous introduction of three other amino acid changes resulting in an 

ABCB11-like NBS1 leads to rescue of conformational response and ATPase and 

transport function of Pgp. 

3. Simultaneous mutation of the A-loop tyrosine in both NBSs of Pgp leads to a 

catalytically dead protein showing no conformational and functional activity, while 

single A-loop mutants are functionally active. 

4. Simultaneous mutation of the Walker B aspartate in both NBSs of Pgp results in a 

completely dead protein, while single mutants can possess ATP binding and 
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hydrolysis dependent conformational cycles at low turnover rate, not sufficient for 

measurable drug transport. 

5. Catalytic activity of single A-loop mutant Pgps and Pgp molecules harboring an 

ABCB11-like degenerate NBS1 suggests that a single intact ATP-binding site might 

be sufficient for maintaining steady state ATPase activity and uphill substrate 

transport in Pgp. 

6. Our results support the random recruitment of the two catalytic centers for ATP 

hydrolysis in Pgp.  

 
 
8.2.	Eredmények	összefoglalása	

Munkánk első részében különböző retinoid származékok a Pgp és ABCG2 transzport 

és ATPáz aktivitására kifejtett hatását vizsgáltuk, melynek során az alábbi következtetésekre 

jutottunk: 

1. Egyes retinoid származékok (retinol, 13-cisz-retinsav, retinil-acetát) koncentráció-

függő módon gátolják a Pgp és az ABCG2 transzport és ATPáz aktivitását.  

2. A többi vizsgált retinoid (all-transz-retinsav, 9-cisz-retinsav, 9-cisz-4-oxo-retinsav, 

retinil-propionát és retinil-palmitát) nem befolyásolta a Pgp és az ABCG2 funkcionális 

aktivitását. 

3. DPH és TMA-DPH fluoreszcencia anizotrópia méréseink alapján a Pgp-t és 

ABCG2-t gátló retinoid származékok elsősorban a membrán belső, hidrofób rétegében 

halmozódnak fel és ott lokálisan csökkentik a membrán fluiditását.  

4. A retinoidok ABC transzporterek általi felismerését és megkötését befolyásolja 

membránon belüli elhelyezkedésük.  

5. A retinoid terápia gátolhatja a szöveti barrierekben kifejeződő Pgp és ABCG2 

molekulákat, ami megváltoztathatja az együttesen alkalmazott egyéb gyógyszerek 

farmakokinetikáját.  
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Munkánk második felében a Pgp két nukleotid-kötőhelye közötti funkcionális 

együttműködést tanulmányoztuk egyik vagy mindkét oldali kötőhelyben mutációt hordozó 

Pgp variánsok konformáció változásait és katalitikus aktivitását vizsgálva. Kísérleteink 

alapján az alábbi következtetéseket vontuk le: 

1. A „katalitikus glutamát” metioninra történő cseréje (E556M) a Pgp N-terminális 

ATP-kötőhelyében mérhető transzport és ATPáz aktivitással nem rendelkező fehérjét 

eredményez.  

2. Az E556M mutáció mellett, az ABCB11-re jellemző másik 3 aminosav szimultán 

cseréje a Pgp N-terminális ATP-kötőhelyében konformáció változásokra képes és 

mérhető transzport és ATPáz aktivitással rendelkező fehérje változatot eredményez.  

3. Az A-hurok tirozin szimultán mutációja mindkét nukleotid kötőhelyben 

katalitikusan inaktív és konformáció változásra is képtelen Pgp variánsokat 

eredményez, míg a féloldali mutánsok funkcióképesek. 

4. A Walker B aszparaginsav szimultán mutációja mindkét nukleotid kötőhelyben 

katalitikusan inaktív és konformáció változásra is képtelen Pgp variánsokat 

eredményez, míg a féloldali mutánsok képesek ATP kötés és hidrolízis függő 

konformáció változásokra, azonban mérhető transzport aktivitással nem rendelkeznek.  

5. A féloldali A-hurok mutáns és az ABCB11-szerű degenerált N-terminális ATP-

kötőhellyel rendelkező Pgp-k működőképessége arra utal, hogy egy intakt ATP-

kötőhely elégséges a Pgp katalitikus aktivitásához. 

6. Eredményeink támogatják azokat a katalitikus ciklus modelleket, amelyek a két 

katalitikus centrum random elköteleződését feltételezik az ATP hidrolízis irányában. 	
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