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ABSTRACT 

Human p-glycoprotein (P-gp) is an ATP-binding cassette transporter that actively 

transports a diverse set of substrates at the plasma membrane. Specifically, P-gp is expressed most 

highly at important blood tissue barriers on the lumenal side of endothelial cells and secretory 

tissues asymmetrically where it provides generalized protection against xenobiotics due to its 

promiscuous substrate binding pocket. Substrates typically interact with P-gp within the inner 

leaflet of the plasma membrane before being effluxed through large conformation changes driven 

by ATP binding and hydrolysis. Since many small molecule drugs are substrates of P-gp and P-gp 

has the ability to transport chemically and structurally diverse molecules, delivery of bioavailable 

small molecule therapies and treatment of diseases beyond blood-tissue barriers may be difficult. 

In cancer, expression of P-gp may confer a multidrug resistance phenotype due to upregulation of 

the MDR1 gene, which encodes P-gp, in response to treatment with chemotherapies. Treatments 

of diseases beyond blood-tissue barriers and some cancers may be more complex given the 

protective role of P-gp coupled with it promiscuous substrate binding site. 

Many studies of P-gp have been centered around understanding the structure function 

relationship of how P-gp effluxes small molecules across the plasma membrane. Here we have 

used a transient Vaccinia virus expression system to rapidly express many mutants of P-gp in 

human cells for analysis. Transient expression using the Vaccinia system was optimized to produce 

a large amount of protein while avoiding significant cell death. Optimization of the Vaccinia 

expression system has also helped to show that changes in P-gp surface expression are not 

correlated to changes in substrate accumulation within cells expressing P-gp, a topic that has yet 

to be addressed within the field of P-gp study. Reduced surface expression of P-gp to 68% 

maintained the same level of reduced cellular accumulation of two substrates, calcein-AM and 

rhodamine 123, relative to a WT P-gp control. Further study of P-gp mutations revealed a Y998A 

mutation had a 90% reduction of surface expression but the same reduction of cellular 

accumulation of rhodamine 123 further supporting that changes in surface expression do not 

correlate to changes in substrate transport. 

We then sought to demonstrate how flexibility in transmembrane helix (TMH) 12 of P-gp 

affected overall stability and transport ability in vitro. TMH 12 in inward facing conformations 

shows a region of decreased hydrogen bonding in the backbone of the helix leading to a “kink” 
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present in many crystal structures of C. elegans and mouse P-gp as well as in an occluded structure 

of human P-gp. Outward facing crystal structures of C. elegans, mouse, and human P-gp show 

TMH 12 where the backbone of the helix is fully hydrogen bonded and ordered. The change in 

hydrogen bonding pattern and the presence of the kink in TMH 12 suggest the importance of 

flexibility in the function of TMH 12. Clustal Omega was used to align the primary structure of P-

gp between 8 species and a conserved sequence of 996-PDYAKA-1001 was identified aligning 

with the kink observed in crystallographic data. The kinked nature of this region led to our 

development of a rigid poly-alanine mutation and a flexible poly-glycine mutation based on the 

propensity of these amnio acids to form helices. The more flexible poly-glycine mutation obtained 

no significant transport while the poly-alanine mutation maintained some ability to transport 

fluorescent substrate relative to a WT control. Crosslinking of the nucleotide binding domains 

(NBDs) revealed a decrease of NBD dimerization likely correlating to decreased transport. Thus, 

some degree of flexibility within the kink region is critical for substrate transport as rigid and 

flexible mutations of this region abrogate transport of fluorescent substrates. 

While the substrate binding pocket it located towards the interior of P-gp within the lipid 

bilayer, it has been theorized that substrates may interact with P-gp at the lipid-protein interface of 

the inner leaflet near portals for substrate entry formed by pairs of helices either side of the protein. 

To test this hypothesis, aromatic residues on TMH 12 and adjacent elbow helix 2 near the interface 

region of the inner leaflet, that have also been observed to interact with a cyclic peptide in a crystal 

structure of P-gp, were mutated to alanine. Y998, on TMH 12, was shown to interact with the 

cyclic peptide and is ideally located at the protein-lipid interface near a surface formed by elbow 

helix 2 and TMH 9 and was observed to have the largest effect on substrate accumulation. 

Accumulation of fluorescent substrates, relative to WT P-gp, was increased though not all 

substrates were affected similarly. No increase of accumulation was observed with rhodamine 123 

while accumulation of BD-prazosin increased 65% relative to WT P-gp. It is to be expected that 

the large diversity of substrates recognized by P-gp would interact preferentially with carrying 

residues at the protein-lipid interface similar to observations of substrate binding at the substrate 

binding pocket. Variability in accumulation signifies that substrates do interact with P-gp at the 

lipid-protein interface and substrates interact differently at this interface similarly to substrate 

interaction at the substrate biding pocket. 
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 INTRODUCTION TO THE STRUCTURE AND 

FUNCTION OF ABC TRANSPORTERS AND HUMAN P-

GLYCOPROTEIN 

1.1 ABC Transporters 

ATP Binding Cassette (ABC) transporters are integral membrane proteins found in all 

domains of life.1,2 These transporters utilize energy from ATP hydrolysis to transport a wide 

variety of substrates across membranes including ions, amino acids, polypeptides, sugars, lipids, 

metabolites, ligands, xenobiotics, and synthetic small molecules such as those related to drugs, 

pesticides, and so on.3–7 Eukaryotic ABC transports typically consist of two conserved domains in 

pairs: a nucleotide binding domain (NBD) and a transmembrane domain (TMD) though there are 

some exceptions. These four domains do not have to be encoded by the same polypeptide. ABC 

transporter NBDs contain commonly conserved ATP binding motifs, many of which are observed 

in other common ATP binding proteins. TMDs consists of several transmembrane helices that 

form binding sites and channels for substrate transport in ABC transporters. ABC transporters 

undergo large conformational changes from inward to outward or outward to inward facing 

conformations to transport substrate. While many prokaryotic transporters are importers, most 

eukaryotic ABC transporters are exporters.8,9 

1.1.1 Eukaryotic ABC Transporters 

Eukaryotic ABC transporters have been classified into seven ABC transporter families 

from ABCA to ABCG based on domain organizations (Figure 1.1) and primary sequence 

homology.10–15 Members of these families are widely distributed in eukaryotes and can vary 

drastically. ABCE and ABCF, despite being classified as ABC transporters, do not function as 

transporters but are instead involved in other cellular functions, including translational control and 

ribonuclease inhibition.16,17 This is primarily due to the fact that these two families no longer 

contain TMD domains and adopt a NBD-NBD conformation. Organization of ABC domains in a 

NBD-TMD-NBD-TMD or TMD-NBD-TMD-NBD are designated full transporters while 

organization of domains in a NBD-TMD or TMD-NBD designate half transporters.18 Half 

transporters can form homodimers or heterodimers to adopt a full transporter structure.19 A small 
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number of transporters consist of single TMD and NBD domains that come together to form the 

full transporter.9 Unlike bacterial ABC transporters, the majority of eukaryotic transporters are 

exporters.8,9 Eukaryotic transporters are present in virtually all cell types and transport a plethora 

of substrates across cellular and organelle membranes with the likely exception of the nuclear 

membrane. 

1.1.2 Human ABC Transporters 

The human ABC superfamily consists of 49 ABC genes designated into seven subfamilies 

labeled A to G. These genes encode mostly transporters, as exporters, that move a large variety of 

substrates from one side of a membrane to the other.  Substrates range from ions, peptides, amino 

acids, fats, and sugars to metabolites and a large number of hydrophobic compounds. The ABC 

gene family is part of the P-loop containing nucleoside triphosphate hydrolase superfamily (P-loop 

NTPase) which contains a large number of genes associated with nucleotide binding and 

hydrolysis.20,21  

12 genes are associated with subfamily A which make up some of the largest ABC 

transporters with ABCA13 containing 5058 residues.22 ABCA transporters are typically involved 

in lipid trafficking throughout most tissues.23 ABCB contains 11 genes that are unique to mammals. 

Many ABCB transporters confer the multidrug resistance (MDR) phenotype and is thus commonly 

referred to as the MDR family of ABC transporters though they are not the only family to confer 

this phenotype. ABCB1, human P-glycoprotein (P-gp), is the trademark of this family and has 

been heavily implicated in MDR leading it to be one of the most studied ABC transporters and is 

the focus of this thesis. Subfamily C includes 13 genes and is involved in ion transport as well as 

transport of fungal and bacterial toxins. Like the ABCB family, ABCC transporters also display 

the MDR phenotype with the MRP genes ABCC1-5.24 ABCC7 is unique among the ABC 

superfamily in that it is an cAMP-regulated chlorine ion channel and not an active transporter.25 

Deficiencies in ABCC7, also known as CFTR, are directly linked to cystic fibrosis.  

Peroxisomal or ALD transporters make up the ABCD family of ABC transporters.26 This 

family contains 4 genes that encode half transporters that can either homo or heterodimerize to 

make functional full transporters. ABCD transporters primarily transporter fatty acids in 

peroxisomes or lysosomes and are involved in the transport of very long chain fatty acids 

(VLCFA).27  
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ABCE1 is the only member of its ABC transporter family and lacks a transmembrane (TM) 

domain encoding just the NBD domain. ABCE1 binds organic anions and is known more 

commonly as the organic anion-binding protein, OABP. Instead of transporting molecules across 

membranes, ABCE1 instead is part of ribosomal regulation and recycling.28 The 3 genes of the 

ABCF family, like the ABCE family, do not contain TM domains instead only encoding for the 

NBD domains. ABCF genes are upregulated by necrosis factor-α thus it is believed that ABCF 

proteins are involved in inflammatory responses.29  

Finally, the ABCG family encodes 5 genes that are half transporters and primarily transport 

sterols while some family members transporter a larger variety of substrates. ABCG2, or the breast 

cancer resistance protein (BCRP), is the most well known of the ABCG family as it has been 

implicated in acquired MDR phenotypes of some breast cancers.   

Human ABC transporters are critically important in a large variety of physiological functions 

and studying this superfamily is critical for the diseases and MDR phenotypes associated with the 

ABC transporter superfamily. 

1.2 Diseases Associated with Human ABC Transporters 

Human ABC transporters so far have been shown to be involved in many substrate 

transport activities, transporting a large variety of substrates, and are almost ubiquitously found 

throughout tissues in the human body. With 49 genes in the human ABC family there are several 

diseases associated with loss of function either through mutation or loss of expression. Defects in 

14 ABC transporter genes have been associated with human disease. Tangier disease is an 

autosomal genetic disease associated with high-density lipoprotein (HDL) deficiencies, sterol 

deposition in macrophages, and atherosclerosis. Autosomal recessive mutations in ABCA1 have 

been directly linked to Tangier disease and other familial HDL deficiencies.30 ABCA4, a retinoid 

transporter, has been linked to another autosomal recessive disease in Stargardt disease (STGD).31 

Deficiencies in ABCA4 in STGD lead to age-related macular degeneration.32 ABCB2 and ABCB3, 

also known as TAP1/TAP2, are half transporters that heterodimerize to form a full transporter of 

major histocompatibility complex (MHC) molecules.33 Decreased expression of either ABCB2 or 

ABCB3 leads to age related immune deficiencies.34 ABCB4 and ABCB11, transporters of bile-

acids, have been linked to progressive familial intrahepatic cholestasis (PFIC) 3 and 2 

respectively.35,36 Transport of Fe-S clusters at mitochondria has been linked to ABCB7 and as such 
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defects in ABCB7 function or expression lead to iron deficiency related disease.37 Suppression of 

the ABCB7 gene x-linked sideroblasts and anemia.38,39 Dubin-Johnson syndrome, which causes 

black liver due to a buildup of conjugated bilirubin, is caused by mutation in ABCC2, a bile acid 

transporter.40 ABCC6 deficiencies have been linked to cardiovascular disease and 

pseudoxanthoma elasticum.41,42 No known substrate of ABCC6 has been identified which has 

made the underlying cause of the associated disease difficult to determine.43 ABCC7, CFTR, an 

ion channel and not a typically ABC transporter is linked most cases of cystic fibrosis or the 

buildup of fluid in the lungs of patients.44 Decreased transport of VLCFAs into peroxisomes by 

low expressing ABCD1 phenotypes is linked to x-linked adrenoleukodystrophy in both children 

and adults.45 Cholesterol and other sterols are typically excreted in kidneys by ABCG5 and 

ABCG8. Disruption of these genes leads to sitosterolemia where buildup of dietary sterols is 

observed.46 

1.2.1 Multidrug Resistance Associated with ABC Transporters 

Many ABC transporters have the ability to transport a large number of chemically and 

structurally diverse molecules due to highly heterogeneous TMDs allowing for the binding pocket 

of these proteins to be promiscuous.  The most common function of the most promiscuous of the 

ABC transporters is typically linked to a protective roll by effluxing xenobiotics at important 

blood-tissue barriers and excretory organs. A consequence of the protective nature of these 

proteins is that these transporters can affect the pharmacokinetic profile of absorption, distribution, 

metabolism, and excretion (ADME) of many drugs.47 Conversely inhibition or decreased genetic 

expression of these transporters can lead to pharmacokinetic changes and even toxicity due to 

alterations in ADME and drug-drug interactions.48 Many studies done with cell culture models and 

animal models show efflux activity of ABC transporters mediates multidrug resistance.49–51  

P-gp (ABCB1), BCRP (ABCG2), and MRP1 (ABCC1) are the most studied transporters of 

the 49 ABC transporter genes.51 These ABC transporters transport a considerable number of 

pharmacologically important substrates including but not limited to anti-cancer drugs, tyrosine 

kinase inhibitors, steroids, anti-epileptics, analgesics, antibiotics, cholesterol-lowering agents, 

anthelmintics, Ca2+ channel blockers, calmodulin antagonists, cardiac glycosides, HIV protease 

inhibitors, immunosuppressive agents, ionophores and so on.52–54 While P-gp, ABCG2, and MRP1 

are typically most often associated with MDR other ABC transporters, mostly in the ABCA – C 
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families, have also been shown to be able to transport a variety of substrates and have been 

associated with the MDR phenotype.55–58 Occurrence of MDR phenotypes and the difficulty to 

treat disease with therapeutics effluxed by these proteins makes the study of ABC transport 

mediated MDR of great importance. 

1.3 Characterization of P-Glycoprotein 

1.3.1 General Characterization of P-Glycoprotein 

P-glycoprotein is a member of the ABC superfamily of proteins and was the first 

discovered ABC transporter as well as being one of the most studied ABC transporters. It was 

discovered through its contribution to MDR in cultured cancer cells subjected to increasing levels 

of toxic compounds. Specifically, Chinese hamster ovary cells were exposed to increasing levels 

of colchicine until the cells became resistant to a number of chemically and structurally unrelated 

chemotherapeutics thus acquiring MDR.59 Over time, this observed phenotype in MDR CHO cells 

was correlated to expression of a 170 kDa glycoprotein through purification of protein from 

colchicine resistant CHO cells and later became known as P-gp.60 Since P-gp’s discovery an entire 

superfamily of genes have been described.  

Human P-gp is encoded by the ABCB1 gene and contains 1280 amino acids in its most 

common isoform. Its domain structure follows the NBD-TMD-NBD-TMD form where the two 

halves of the P-gp protein are homologous (Figure 1.2). Homogeneity between the halves of the 

protein follows a likely gene duplication event which resulted in the creation of the ABCB1 gene.61 

The NBDs are cytosolic facing while the TMDs, each containing 6 TM helices, span the plasma 

membrane. Substrates of P-gp are effluxed into extra-cellular space through large dynamic 

conformational changes driven by the NBDs and hydrolysis of ATP. Localization of P-gp is 

observed at several organs and barriers in the body including kidney, liver, gastrointestinal tract, 

and epithelial cells including blood-tissue barriers such as the blood brain barrier (BBB).62 P-gp is 

asymmetrically trafficked in these tissues and primarily resides on the lumenal side of these tissues 

to help in secretion or protection from xenobiotics.63 

P-gp has many post translational modifications involved in cell surface tracking, protease 

protection, and degradation. After translation, P-gp is approximately 145 kDa before being post-

translationally modified and trafficked to the membrane. Protein kinase (PK) A, PKC, and the 
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proto-oncogene PIM-1 phosphorylate P-gp at S661, S667, S671, and S683 allowing for proper 

cellular trafficking. Mutations at these residues lead to decreased surface expression and an 

increase of degradation products in surface expression assays and immunoblots.64–67 N-

glycosylation occurs on the first extracellular loop at Asn 91, 94, and 99 and protect from 

proteolysis in the ER during maturation.68 Several lysine residues also become ubiquitinated as 

part of protein degradation.69 

Quality of P-gp crystal structures have improved significantly over the past few years with 

improved techniques using both X-ray crystallography and more recently cryo-electron 

microscopy (Cryo-EM). Initially many human crystal structures were based on and fitted to M. 

musculus as mouse P-gp (mP-gp) has a sequence identity of 87% to human P-gp (P-gp). The most 

reliable crystal structures now are human P-gp in the closed, outward facing conformation and a 

mouse-human chimera in the open, inward conformation both in nanodisks with cryo-EM.70–72 

These improved structures along with biochemical data collected in the past 4 decades have 

significantly strengthened our understanding of the structure function relationship of P-gp. 

1.3.2 Expression and Localization of P-Glycoprotein in Human Tissues 

P-gp is expressed typically on the apical membrane side of endothelial, epithelial, and 

secretory tissues and normally acts to stop the absorption of xenobiotics.11,62 This protects tissues 

and organs from potential harm, but also can make it difficult to administer small molecule 

therapies. Expression of P-gp is observed in the liver, lung, kidney, intestines, and at important 

blood-tissue barriers such as the BBB. Other blood tissue barriers include the blood-testis barrier 

and blood-placenta barrier. Tight junctions in endothelial cells do not allow molecules to pass 

directly from the blood to tissue thus expression of P-gp and other ABC transporters along with 

these tight junctions form a selective barrier that molecules must pass through to reach protected 

tissue.73 Expression of P-gp directly affects the pharmacokinetics of many therapies as expression 

in the intestines affects oral bioavailability, expression in the lungs affects pulmonary/ nasal 

bioavailability, expression in the kidneys affects the rate at which drugs are secreted, and 

expression at blood-tissue barriers affects absorption of drugs across those barriers.74–76  
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1.3.3 Secondary Structure Organization of P-Glycoprotein 

As previously described, P-gp’s domain organization is TMD-NBD-TMD-NBD organized 

to form two homologous halves of the protein. These domains are not discretely organized in the 

crystal structures of P-gp but instead are intricately combined for close interactions between 

domains and even mixing of secondary structures between tertiary domains. ATP binding drives 

interaction between the two NBDs as the Walker A motif of one of the nucleotides interacts with 

the ABC signature motif of the other in binding ATP.77 NBDs directly interact with the TMDs 

through 4 intracellular helices (IH).78 IH1 forms from an intracellular loop between TM segments 

2 and 3 and IH3 forms from an intracellular loop between TM segments 7 and 8 and both IH1 and 

3 contact NBD1. Conversely IH2 and 4 are formed from intracellular loops between Tm segments 

4 & 5 and 10 & 11 respectively and contact NBD2. Mutations in 3 of these 4 helices can cause a 

decrease in ATPase activity and transport kinetics.79 Unlike many integral TM helices, P-gp’s TM 

helices extend beyond the plasma membrane and into the cytoplasm and partially into extracellular 

space.52 The extension of these TM helices beyond the plasma membrane are commonly referred 

to as intracellular domains (ICD) 1 & 2 and extracellular domains (ECD) 1 & 2. 

TMDs refer to the 12 TM helices that span the plasma membrane and bundle together to 

form the substrate binding pocket. 6 helices come from each of the two homologous halves of P-

gp but intertwine to create the two TMDs. Helices 1, 2, 3, 10, 11, and 6 form TMD1 while helices 

7, 8, 9, 4, 5, and 12 form TMD2.80 Intertwined mixing of TM helices likely permits communication 

and signal transduction between the two homologous halves.81 Based on inward, open crystal 

structures we observe two drug entry gates on either side of the protein between helices 4 and 6 on 

TMD1 and 10 and 12 on TMD2.52 During drug transport the TMDs undergo significant 

conformational changes and completely reorder to form a surface facing extracellular space.82 

Reordering of the TMD helices is directly correlated to NBD dimerization between the un-

dimerized inward facing (IF) conformation where NBDs are separated by a significant distance 

and a binding surface is exposed towards the inside of the cell  and outward facing (OF) driven by 

NBD dimerization where the inward binding surface becomes outward facing and exposed to 

extracellular space.81 
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1.3.4 Nucleotide Binding Domain Motifs and Transmembrane Domain Structure 

NBD structures between different ABC transporters tend to be highly conserved and 

typically have high degrees of percent similarity even outside specific conserved nucleotide 

binding structures.2 The NBD structure of P-gp and other ABC transporters are part of the P-loop 

containing NTPase superfamily and have a RecA-type binding core which consists of six-stranded 

β-sheet core surrounded by four α-helices (Figure 1.3 A).83 Eukaryotic ABC transporter NBDs add 

prosthetic groups to these RecA-type cores in their complete structures.84 NBDs contain many 

similar motifs to other NTP binding cores including the Walker A and B motifs, the A, D, and Q-

loops as well as the H-switch and including the ABC specific signature binding motif (Figure 1.3 

B). The signature motif is highly conserved in ABC transporters and has the consensus sequence 

of LSGGQ.85 

Nucleotide binding is primarily directed by interaction with the phosphate-coordinating 

Walker A, P-loop, and the A-loop (Figure 1.3 C).83 Aromatic π-π interactions between the 

nucleotide base and A-loop is observed. Lysine from the P-loop and the Walker B motif coordinate 

a Mg2+ ion with a glutamine from the Q loop that also senses the γ-phosphate. Catalytic glutamate 

immediately follows the Walker B motif, and the histidine of the H-switch stabilizes the transition 

state of NTP hydrolysis. D-loop residues likely have help position water in the nucleophilic attack 

of the γ-phosphate. Finally, the signature motif of the opposite NBD contributes to ATP-induced-

dimerization of the two NBDs (Figure 1.3 D). Since there are two NBDs in P-gp, as in most ABC 

transporters, there are two binding sties for ATP as each NBD contains all the previously described 

structural motifs used in ATP binding. 

ABC transporters are least conserved in their TMDs as seen in the varying number of 

helices making up TMDs between ABC families as wells as the low sequence identity between 

the same gene of even closely related species. In comparison, NBDs are highly conserved due to 

the very specific function of ATP hydrolysis versus the much more ambiguous nature of substrate 

binding at the TMDs. P-gp contains 6 TM helices in each TMD for a total of 12 TM helices. TMD 

1 and 2 comprise helices from both halves of the protein and adopt many conformations of which 

IF, occluded, and OF conformations are well described. 70,80,86 IF allows for substrate binding as 

the TMDs open towards the cytosolic side of the membrane.87 The TMDs in the occluded state are 

more tightly packed and most notably TMHs 4 and 10 are bent significantly towards each other to 

occlude the binding pocket from substrate entry.88 Finally, the OF conformation changes the 
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conformation of the TMDs so that the binding pocket becomes solvent exposed to extracellular 

space allowing for substrate to diffuse out of the cell.70 TMD structure is constantly changing to 

sample a large range of conformations and is likely a factor in the promiscuity of P-gp to transport 

many different substrates. Large sampling of conformational states is supported by relatively high 

basal levels of ATPase activity observed even when no substrate is present.89 

1.3.5 ATP Binding and Nucleotide Binding Domain Dimerization 

ATP binding induces NBD dimerization and does so asymmetrically such that ATP is 

sandwiched between both NBDs but only one ATP at one of the two nucleotide binding sites (NBS) 

is in catalytic contact with both NBDs simultaneously. Dimerization has been confirmed 

biochemically through crosslinking of the two NBDs under various conditions. Crosslinking 

residues near the Walker A and signature motifs caused complete loss of ATPase activity while 

incubation with ATP beforehand inhibited crosslinking allowing for normal ATPase activity.90 

ATP hydrolysis is also asymmetrical and has been shown biochemically through mutations 

of many residues in the nucleotide binding motifs.77,91 Mutating residues at one NBS did not 

abolish ATPase activity at the other NBS. Biophysical techniques such as attenuated total 

reflection infrared spectroscopy have also been used to more directly observe the asymmetrical 

nature of the NBDs in P-gp.92 Interestingly, symmetrical mutations between the NBDs did not lead 

to the same effects on ATPase activity and vanadate trapping which led to the discover of the 

NBDs being structurally similar but functionally different.92 Double electron-electron resonance, 

through substitutions of residues on opposing NBDs, has shown a “two-stroke” hydrolysis of ATPs 

where one ATP is discretely hydrolyzed followed by the second ATP before release of ADP and 

Pi from the NBDs.81 Through we know ATP hydrolysis is coupled to substrate efflux the exact 

mechanism of ATP hydrolysis and TMD conformational changes has not been fully elucidated. 

1.3.6 P-glycoprotein Substrate Binding Sites 

Many techniques have been utilized to determine how substrates bind and interact with P-

gp. Early biochemical techniques used site-directed mutagenesis to determine residues important 

in substrate binding, ATPase activity, and enzyme kinetics.93–95 These techniques revealed at least 

two distinct binding sites correlated to rhodamine 123 and Hoechst 33342 binding.86,94 Further 
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analysis using mutagenesis revealed how prazosin bound in a third distinct site and how prazosin 

binding could modulate ATPase activity in combination with rhodamine and Hoechst 33342 

binding.96 Further investigation of the substrate binding pockets of P-gp revealed substrates could 

bind in many unique orientations not congruent with previously defined binding sites and that the 

substrate binding pocket of P-gp should be considered a large hydrophobic binding pocket with 

the ability to bind substrates in many different orientations and conformations.86,97–99 Interestingly, 

it was also observed that substrates can bind multiply to the substrate binding pocket.88,99 In the IF 

conformation, measurements of crystallographic data from mP-gp reveal a binding pocket that is 

roughly 6000 Å3 in size.86 The ability of P-gp to bind substrates in multiple orientations, locations, 

and multiply results in the large promiscuity seen in substrate recognition by P-gp. This 

promiscuity makes P-gp an important but difficult target for study in the delivery of small molecule 

drugs. 

1.3.7 Substrates and Inhibitors of P-Glycoprotein 

P-glycoprotein recognizes a large variety of substrates and inhibitors that are chemically 

and structurally different.86,100 Commonly studied substrates of P-gp include anticancer agents 

such as anthracyclines, camptothecins, epipodophyllotoxins, taxanes, tyrosine kinase inhibitors, 

and vinca alkaloids.100–103 Many other small molecules are also transported such as antiarrhythmic, 

antibacterial, anticonvulsant, antidepressant, antiemetic, antihypertensive, anti-inflammatory, 

antiparasitic, antiviral, immunosuppressant, opioids, steroids, and so on.74 P-gp substrate 

recognition is not limited to small molecules as it can also bind with and transport organic cations, 

lipids, carbohydrates, amino acids, and to a limited extent small peptides.3,74,104,105 Efforts to 

predict substrate recognition have determined some features that are common between small 

molecule substrates. Molecules containing two to three electron-donating groups separated by 2.5 

or 4.6 Å, a log-P value > 2.9 (lipophilicity), and the presence of a tertiary amine are common 

candidates for recognition and transport by P-gp.74,106 

Several known substrates were found to be inhibitors of P-gp ATPase activity and substrate 

transport and were the first substrates investigated as inhibitors of P-gp for a clinical setting for 

cancer: amiodarone, cyclosporine A, quinidine, and verapamil.107 Promising results in vitro were 

not observed in a clinical setting as there were off-target effects and no observable reverse of drug 

resistance.108 Second generation inhibitors had no better outcomes due to more off target 
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interactions. For example, vaslpodar is a potent inhibitor of P-gp but also is an inhibitor for 

cytochrome p450.109 Third generation inhibitors were the first designed specifically to inhibit P-

gp. These include biricodar, elacridar, dofequidar, tariquidar, and zosuquidar. However, 

coadministration of these inhibitors with other small molecule drugs did not lead to better clinical 

outcomes and also had many off-target effects likely due to inhibition of endogenous P-gp 

increasing toxicity in certain tissues.107 

1.3.8 Mechanism of P-Glycoprotein Efflux and Substrate Transduction 

How P-gp transports substrates across the plasma membrane has been heavily debated 

since its discovery. Much effort has been put into determining structure function relationships of 

P-gp using many different techniques from mutagenesis to double electron-electron resonance to 

crystallographic data.82,88,110 However, exactly how ATP hydrolysis and substrate transport is 

coupled has remained elusive. As more experiments have been carried out an emerging consensus 

on the basic mechanism of ATP hydrolysis and substrate transport is generally accepted.111 High 

concentrations of cytosolic ATP, ~1-3 mM, likely induces an ATP or ADP·Pi bound outward 

facing conformation. Release of ADP·Pi induces a conformational change that results in an open 

inward conformation at which point the drug binding pocket becomes available for substrate 

binding. Substrate and ATP can then bind and P-gp adopts an occluded conformation where the 

drug binding pocket becomes occluded.88 Asymmetric hydrolysis of ATP or further rearrangement 

of the TMDs produces the outward facing structure of P-gp exposing the drug binding pocket to 

extracellular space where substrate can be effluxed. 

 Substrate transduction through P-gp in the transport cycle can be demonstrated through 

recent high resolution cryo-EM structures of human P-gp. Recent advancements in cryo-EM have 

greatly expanded our ability to understand the mechanism of substrate transport as new techniques 

have allowed the first high resolution cryo-EM structures of human P-gp to be solved specifically 

for the outward and occluded conformations of P-gp.70,88,112 A cyclic peptide has been observed 

interacting with TMH 12 and EH 2 at the protein lipid interface on an exterior surface of P-gp that 

likely acts as a pre-binding site.113 Though it has not been observed this interaction is possible on 

the opposing homologous half of P-gp with TMH 6 and EH 1. Substrates can then enter P-gp 

through portals made by TMHs 4 & 6 and 10 & 12 and bind to the substrate binding pocket at the 

apex of the TMDs.114 TMHs 4 and 10 then undergo large conformational changes occluding the 
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drug binding pocket.88 Conformational changes in TMHs 4 and 10 also reveal an access tunnel 

extending from the substrate binding pocket towards the inner leaflet formed by TMHs 5, 7, 8, 9, 

and 12. In the transition from the IF conformation to occluded state, the formation of the access 

tunnel by TMHs 4 and 10 may provide a pathway for substrate to enter the substrate binding pocket. 

There is an opening in the access tunnel in the inner leaflet adjacent to TMH 12 further suggesting 

a possible translocation pathway for substrates between IF and occluded conformations. 

Rearrangement of TMHs 4, 9, and 10 with TMH 12 rearranging to occupy the substrate binding 

pocket produces the outward facing conformation allowing for substrate efflux.70,88  

Pre-binding of substrate at the lipid-protein interface is the only observation that has yet to 

be validated using biochemical or biophysical means and has only been observed in 

crystallographic data. Further understanding of how substrates first interact with P-gp at the lipid- 

protein interface would help in understanding how substrates are recognized by P-gp. Rational 

drug design could then be used to create drugs that have poor affinity for pre-binding interactions 

with P-gp potentially reducing efflux by P-gp which would be useful in treating MDR diseases or 

diseases that are beyond blood-tissue barriers. 

1.4 Blood-Tissue Barriers and ABC Transporter Mediated Multidrug Resistance 

1.4.1 P-Glycoprotein Expression at Blood-Tissue Barriers 

P-glycoprotein is expressed at many blood-tissue barriers including the BBB. The BBB is 

a physical barrier formed by blood brain capillary endothelial cells that are conjoined through tight 

junctions forming a barrier that molecules must pass through to reach brain tissue. The role of the 

BBB is to maintain homeostasis of the brain and the function of the central nervous system by 

protecting them from potentially harmful and toxic xenobiotics.  

A factor in maintaining the function of the BBB is the expression of several ABC 

transporters on the apical side of the capillary endothelial cells facing the lumen of the capillary.115 

Discovery of the importance of P-gp at the BBB was accidental when studying the two mdr1 genes 

in knockout mice. P-gp deficient mice were more susceptible to many drugs and an increased 

accumulation of drugs in brain tissue was observed.116 Further investigation led to the creation of 

Abcb1ab-/- mouse line used to study the role of P-gp at the BBB. Abcb1ab-/- mice were 

embryonically viable with no obvious defects and grew to maturity with no observed 
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developmental issues. Routine treatment of the mice cages with ivermectin, a common pesticide 

and neurotoxin, revealed the increased susceptibility to certain neurotoxic chemicals thus showing 

the importance of P-gp expression and its role at the BBB.116,117 

Further study of P-gp and ABC transporter expression at the BBB revealed that many 

therapeutics developed for diseases that lie beyond the barrier were substrates of P-gp and had 

altered absorption into brain tissue due to the expression of P-gp.118 Many therapeutics for CNS 

infections, HIV, epilepsy, schizophrenia, brain cancers, and so on have since been shown to be 

affected by expression of P-gp leading to research in strategies to increase drug delivery.119,120 

While many ABC transporters are expressed at the BBB, P-gp has been shown to have the largest 

effect of the expressed ABC transporters in efflux therapeutics at the BBB.115 Thus research into 

the structure and function of P-gp in relation to the BBB remains important in treating diseases of 

the brain and central nervous system. 

1.4.2 Acquired Multidrug Resistance in Cancer 

A common and unfortunate outcome of long-term chemotherapy is accrued MDR to 

several chemically and structurally unrelated chemotherapeutics.121 Despite major efforts to 

combat MDR, many patients with metastatic cancer will be overcome by their cancer due to the 

lack of response to chemotherapeutic treatment. Observations of MDR were first made in HeLa 

cells grown in selection media containing actinomycin D which later became resistant to a number 

of other unrelated drugs.122 Initial observations were later confirmed in several cell lines from 

Chinese hamster cell cultures grown in increasing concentrations of actinomycin D. These new 

cell lines became resistant to several anticancer drugs including daunomycin, vincristine, and 

vinblastine.123 It was later verified that expression of P-gp was responsible for the acquired MDR 

in cells grown in selection media as well as in some patients displaying MDR cancer.124–126 

Overexpression of P-gp has been reported in leukemias, kidney, colon, breast, carcinoid 

tumors, adrenal, pancreas, lung cancers and more in relation to MDR.127–131 P-gp expression 

confers MDR in cancer to a large number of unrelated anti-cancer drugs including anthracyclines, 

camptothecins, epipodophyllotoxins, taxanes, tyrosine kinase inhibitors, and vinca alkaloids.100–

103 As such, many poor outcomes in patients with expression of P-gp has been observed. For 

example, patients with expression of P-gp in non-small cell and small cell lung carcinomas have 

shown resistance to treatment with paclitaxel and cyclophosphamide, cis-platin, doxorubicin, and 
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vincristine, respectively.132 Numerous more studies show that expression of P-gp through 

increased detection of mRNA confers MDR and poor outcomes to responses with 

chemotherapy.127–129  

As such, much effort has been devoted to researching MDR in cancer and developing 

methodologies for circumventing P-gp. Thus, continued research into the structure and function of 

P-gp is important for developing new methodologies in defeating acquired MDR in cancer. 
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Figure 1.1: Domain Organization of the ABC Transporter Subfamilies 

Subfamilies are partially characterized by the organization of their NBDs and/or TMDs. ABC 

transporter subfamilies A, B, C, and G can form full transporters with two NBDs and TMDs. 

Subfamilies B, D, and G can form half transporters with each contains one NBD and TMD. Finally, 

subfamilies A, E, and F contain members that are only comprised of one or two NBDs and are not 

traditional ABC transporters of substrates. 

 

 

  



 

 

30 

 

 

 

Figure 1.2: Crystal Structures of Open and Closed P-glycoprotein Show Nucleotide Domain 

Dimerization and TMD Reordering 

P-glycoprotein adopts many conformations during NBD dimerization and reorganization of the 

TMDs during substrate efflux. (A) NBDs have been observed to be significantly distant when not 

ATP or ADP•Pi bound leading to an open, inward conformation giving access to substrate entry 

at the protein interface at the inner leaflet. (B) ATP or ADP•Pi bound conformations have the two 

NBDs in close proximity due to ATP induced dimerization. In this state a surface of the TMDs are 

facing extracellular space allowing substrate to diffuse out of the cell. It should be noted that these 

are only snapshots of the protein structure and that P-gp is highly dynamic in organization of its 

TMDs and NBDs depending on combinations of ATP, ADP•Pi, and substrate bound states. (PDB: 

4F4C(A) and 6C0V(B)) 
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Figure 1.3: Nucleotide Binding Domain Structure of ABC Transporters 

NBD of ABC transporters, nucleotide binding site formation, and NBD dimerization from PDB: 

3RLF. (A) The NBD consists of a RecA-type ATP binding core with adjacent prosthetic groups. 

(B) Primary sequence arrangement of the ATP binding motifs observed in ABC transporters. (C) 

Organization of structural motifs involved with ATP and Mg2+ binding and catalysis of ATP 

hydrolyzation. (D) View from the membrane of NBD dimerization captured by a nonhydrolyzable 

ATP analog demonstrating how ATP is bound between two NBDs. Republished with permission 

of Annual Review of Biochemistry, from Structural and Mechanistic Principles of ABC 

Transporters, C. Thomas and R. Tampé, 89, 2020; permission conveyed through Copyright 

Clearance Center, Inc. 
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Table 1.1: P-glycoprotein Transports Common Therapeutic Drugs that are Structurally and 

Functionally Different 

 

P-gp has been shown to be able to transport a large variety of structurally and functionally different 

molecules including common classes of therapeutics. The promiscuity of P-gp increases the 

difficulty of treating diseases that are beyond barriers where P-gp is expressed or cells that have 

developed P-gp mediated MDR. 
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Figure 1.4: Substrate Transduction Pathway During the Catalytic ATP Hydrolysis Cycle of P-

Glycoprotein 

Substrate from the inner leaflet interacts with TMH 12 and EH 2 at the lipid-protein interface. 

Substrate can then occupy the substrate binding pocket at the apex of the IF structure. Large 

conformational changes by TMHs 4 and 10 then occlude the substrate binding pocket in an 

intermediate step. Finally, ATP hydrolysis drives large conformational changes in TMHs 4, 10, 

and 9 while TMH 12 reorders to occupy the substrate binding pocket to expose and efflux substrate 

into extracellular space. PDB: 5KPI (inward), 7A6C (occluded), and 6C0V (outward) 
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 OPTIMIZING THE VACCINIA VIRUS EXPRESSION 

SYSTEM FOR HUMAN P-GLYCOPROTEIN AND DEMONSTRATING 

REDUCTION OF P-GLYCOPROTEIN SURFACE EXPRESSION IS NOT 

CORRELATED TO INCREASED CELLULAR ACCUMULATION OF 

SUBSTRATE  

2.1 Introduction 

Expression of P-glycoprotein was achieved using the Vaccinia virus expression system in 

HeLa cells as previously described.1 This system produces high expression of protein quickly in 

live cells and allows for modification of the expressing plasmid easily and quickly without having 

to create a new virus which can be a slow process as seen with baculoviruses and lentiviruses often 

used for protein expression.2 Also, other expression systems including E. coli and yeast have not 

yielded significantly functional and structurally identical P-gp as observed in mammalian cells.2 

More recently, baculoviruses have been used successfully and more often for expression of P-gp 

in mammalian cells versus traditional use in insect cells which can be used to make membranes 

and purify P-gp but are not consistent with mammalian expressed P-gp in live cell assays. Transient 

expression of P-gp is also possible but produces low levels of protein expression not sufficient for 

use in large biochemical assays. 

Infection of cells with Vaccinia virus, vTF7-3, produces a recombinant T7 RNA 

polymerase that is used to transcribe mRNA from a co-transfected plasmid.3–5 Transfected plasmid 

contains the MDR1 cDNA in the pTM1 vector backbone which contains key features to achieve 

high levels of transient protein expression in mammalian cells. A T7 promoter region precedes the 

MDR1 gene allowing for T7 RNA polymerase binding and transcription of the gene. Transcription 

occurs in the cytoplasm as viral expression of T7 RNA polymerase and transfection with plasmid 

DNA does not penetrate the nucleus of eukaryotic cells.3,5 As such, posttranscriptional 

modifications are not added to the produced mRNA of the MDR1 gene however the pTM1 vector 

contains two other key features which significantly improve the number of translations each 

mRNA strand goes through. First is a sequence of base pairs that follows the MDR1 gene which 

adds a poly-A tail to the mRNA to stabilize its structure and prevent degradation, and an internal 

ribosomal entry site (IRES) that immediately precedes the MDR1 gene. IRES features are RNA 

elements that increase translation by binding directly to the 40S subunit of ribosomes often by 
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recruiting eukaryotic initiation factors.6 The IRES feature was initially discovered in poliovirus 

and encephalomyocarditis virus and has since been used to greatly increase translation in 

molecular genetics.7,8 The transfection/ infection protocol of the Vaccinia virus expression system 

thus produces large quantities of protein quickly and in mammalian cells which allows us to study 

P-gp effectively. 

Optimization of the Vaccinia virus protocol is important to produce WT and mutant P-gp 

reliably and with consistency. Following previously reported methods that reported 24 hours to 

yield cells that were expressing P-gp and could be used for flow cytometry were not consistent 

with early results obtained (data not shown). Infection with a recombinant Vaccinia virus will 

eventually lead to cell death affecting and skewing results with a large population of pre-apoptotic 

cells. Amounts of transfection reagent are also important to optimize as the reagent interacts 

directly with the cellular plasma membrane which can be solubilized, at high concentrations, 

making accumulation of fluorescent substrates difficult and unreliable as permeabilization of the 

membrane allows substrate to leak into or out of cells. 

One aspect of many studies involving P-gp in live cell assays that is often not reported or 

usually not taken into consideration are changes in surface expression due to some alteration, often 

mutagenesis or deletions, of the MDR1 gene. One study mutated 15 conserved phenylalanine 

residues to tyrosine and reported a 50% increase in surface expression followed by transport 

analysis using a series of fluorescent substrates.9 Changes in mutant P-gp transport of fluorescent 

substrates relative to WT P-gp was not correlated to the observed change in surface expression 

while both sets of cells expressing WT and mutant P-gp were directly compared. Not taking surface 

expression into consideration is common as there is an assumption in the field of many ABC 

transporters that expression above some minimum amount and longer duration of the assay is 

enough to confer full transport of substrate. This assumption is based on much observed 

biochemical data that shows mutant P-gp with varying levels of expression, both more and less 

than WT P-gp in the same expression system, transporting substrate at similar levels relative to 

WT P-gp though there are changes in kinetic data with varying levels of P-gp expression.10 How 

changes in surface expression affect fluorescent substrate accumulation has not been formally 

studied, thus it becomes important to show that low expression of some mutants of P-gp do not 

necessarily correlate changes in expression to changes in substrate accumulation given sufficient 

time incubation time to reach equilibrium. To this end, we have shown that cells with decreased 
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cell surface expression of WT P-gp have similar levels of cellular accumulation of fluorescent 

substrate at equilibrium as cells with full expression of WT P-gp. Decoupling surface expression 

from cellular accumulation allows for the direct comparison of mutant P-gps that have higher or 

lower cell surface expression. 

2.2 Materials and Methods 

2.2.1 Materials 

HeLa adenocarcinoma epithelial cells were purchased from ATCC (Manassas, VA). 

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose and phenol red, 

penicillin/streptomycin, and phosphate buffer saline (PBS) were purchased from Corning Inc. 

(Corning, NY). Lipofectin™ transfection reagent, Opti-MEM™ reduced serum media with no 

phenol red, Calcein-AM, Rhodamine 123, and UIC2 monoclonal ABCB1 antibody were 

purchased from ThermoFisher Scientific (Waltham, MA). Fetal Bovine Serum (FBS) and 

Newborn Calf Serum (NCS) were purchased from R&D Systems (Minneapolis, MN). Subcloning 

Efficiency™ DH5α Competent Cells were purchased from Invitrogen™ (Carlsbad, CA). vTF7-3, 

Vaccinia Virus with the T7 RNA Polymerase reporter gene, was obtained through the NIH AIDS 

Reagent Program, Division of AIDS, NIAID, NIH: vTF7-3 from Dr. Tom Fuerst and Dr. Bernard 

Moss.7 Basal Medium Eagle with Earle’s salts and L-glutamine, and GF 120918 (Elacridar) were 

purchased from Sigma-Aldrich (St. Louis, MO). GlutaMAX™ supplement and TrypLE™ Express 

Enzyme with phenol red were purchased from Gibco™ (Grans Island, NY). C219, MRK16, and 

UIC2 monoclonal antibodies for (ABCB1) P-gp were a kind gift from Dr. Michael M. Gottesman 

(National Cancer Institute, NIH, Bethesda, MD). Mouse IgG2a κ isotype control and FITC-α-

mouse antibodies were purchased from BD Biosciences (San Jose, Ca). All other common 

chemicals and solvents were purchased from either ThermoFisher Scientific or Sigma-Aldrich. 

2.2.2 HeLa Cell Culture and Expression of P-Glycoprotein using a Vaccinia Virus 

Expression System 

HeLa cells in monolayer were maintained at 37° C in a 5% CO2 environment and 

continuously cultured in DMEM containing 2 mM L-glutamine, 10 % fetal bovine serum, 50 

units/mL of penicillin and 50 µg/mL streptomycin.8 
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Optimization of the Vaccinia virus expression system was carried out to determine the ideal 

conditions for in vitro assays using live cells expressing P-gp. A plasmid containing a T7 promoter 

followed by an internal ribosome entry site immediately before the ABCB1 gene, pTM1-MDR, is 

used in conjunction with a recombinant Vaccinia virus expressing a T7 RNA polymerase, vTF7-

3, to express protein in cells.7 Transfection/ infection of DNA and virus was modified from a 

previously described method to optimize expression of P-gp.1 Amounts of vTF7-3, pTM1-MDR, 

transfection reagent, and incubation time were varied in determination of optimized conditions. 

HeLa cells were grown to 70 – 80% confluency in T-25 cell culture flasks before transfection/ 

infection. Transfection was carried out by combining 1 – 5 µg of DNA with Lipofectin™ in a 1:3 

ratio yielding 5 – 25 µg of lipid added to 1 mL opti-MEM in a polystyrene conical tube and 

incubated at room temperature for 30 minutes. vTF7-3 at a multiplicity of infection (MOI) of 3 – 

8 was added to 0.5 mL opti-MEM immediately before infection. Cells were washed once with PBS 

before the DNA-lipid mixture and virus were then added to T-25 flasks containing HeLa cells. 

Cells were incubated for 4 hours at 37° C in 5% CO2 after which 5 mL of complete media were 

added to the T-25 culture flasks. Cells were incubated for a total of 24 hours before trypsinization 

and collection for cell surface expression assays. Cells were harvested 12 hours post transfection/ 

infection for transport assays. 

2.2.3 Surface Expression and Cellular Accumulation of Fluorescent Substrates by Flow 

Cytometry 

P-gp expressing HeLa cells from the Vaccinia virus expression system were collected and 

counted. Cells were resuspended in BME (1% BME powder, 7.5% (w/v) NaHCO4, 5% NCS, pH 

7.4, filter sterilized (0.22 µm filter)) at a concentration of 2.5 x 105 cells per sample. For cell 

surface expression 2.5 x105 cells were incubated in BME with 1.5 µg of either the Mrk16 or UIC2 

antibody to measure surface expression of P-gp or with 3 µg of IgG2a kappa isotype antibody as a 

negative control. Samples were incubated at 37° C for 30 minutes before being spun at 500 xg and 

the supernatant removed. Pelleted cells were then incubated with 2.5 µg of FITC conjugated α-

mouse antibody for an additional 30 min before being spun at 500 xg, the supernatant removed, 

and pellets stored on ice. Samples were then resuspended in 400 µL PBS and run on a BD Accuri™ 

flow cytometer with a 20 mW 488 nm solid state blue excitation laser and data was collected on 

the FL1 detector (530/30 nm).  
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For cellular accumulation of fluorescent substrates 2.5 x 105 cells per sample were incubated 

with one of the following fluorescent substrates either in the presence of absence of 1µM GF 

120198 which is an inhibitor of P-gp. Samples incubated with GF 120198 are P-gp inhibited, 

negative controls with high levels of basal fluorescent substrate accumulation while samples 

incubated without GF120198 show uninhibited P-gp activity on substrate efflux and lower levels 

of fluorescent substrate accumulation. Calcein-AM (0.0625 µM) or rhodamine 123 (0.5 µM)  were 

all incubated with cells in the presence or absence of GF 120198 at 0.5 µM, unless otherwise noted, 

for 30 minutes at 37° C except for calcein-AM which was incubated for 10 minutes at 37° C. All 

samples were spun at 500 xg to pellet the cells before a second incubation with BME again with 

or without GF 120198. Calcein-AM samples do not need a second incubation as 

(acetyloxy)methoxy groups are cleaved by nonspecific esterases and is no longer cell permeable. 

Samples are then resuspended in 400 µL PBS and data collected on a BD Accuri™ flow cytometer 

on the FL1 channel.  

Data were gated on forward scatter (FSC) and side scatter (SSC) based on pTM1 empty 

vector transfected/ infected HeLa cells. Mean fluorescent intensities (MFI) were measured by the 

BD Accuri™ software and normalized on the IgG2a isotype control or GF 120198 control for each 

set of samples in each of the assays. Normalized data for mutant P-gp was then compared to wild-

type (WT) P-gp to get a measure of %WT. 

2.3 Results and Discussion 

2.3.1 Optimizing the Vaccinia Virus Expression System for P-Glycoprotein Expression in 

HeLa Cells 

Four major factors were tested in optimizing the Vaccinia virus expression system for 

expressing P-gp in HeLa cells. Each factor was changed independently to determine which 

condition was best to achieve maximum P-gp expression while minimizing the population of cells 

not expressing P-gp. Multiplicity of infection measures the ratio of viral particles to cells and 

determines how many cells are infected with at least one viral particle which follows a Poisson 

distribution. MOIs of 3, 5, and 8 were tested as they confer 95%, 99.3%, and 99.9% likelihood that 

each cell will be infected with at least one viral particle. When comparing cell surface expression, 

there is no major difference between the amount of P-gp being expressed in the population of cells 

expressing P-gp as they all reached a similar level of fluorescence. A difference in the population 
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of cells expressing P-gp versus not expressing P-gp is observed though. MOIs of 3 showed an 

increased number of cells not expressing P-gp compared to MOIs of 5 and 8 which had similar 

levels of cells expressing P-gp through comparison of peaks with similar fluorescence to control 

IgG2a labeled cells (Figure 2.1 A). It follows that the difference between an MOI of 5 and 8 is not 

significant as only 0.6% more cells would theoretically be infected at an MOI of 8 which is 60 

cells in a count of 10,000. Next the amount of plasmid DNA was varied in each run at 1, 3, and 5 

µg. While the amount of DNA does directly not impact the rate at which cells are transfected, the 

copies of plasmid per cell could have a potential effect on protein expression. 3 and 5 µg of DNA 

were similar in surface expression of P-gp while 1 µg had a larger population of cells that did not 

express P-gp and less overall surface expression (Figure 2.1 B).  

By far the largest changes in surface expression came with the ratio of transfection reagent 

to DNA. Increasing the transfection reagent ratio from 1:1 to 3:1 transfection reagent to DNA 

significantly improved surface expression of P-gp (Figure 2.1 C). Further experiments to increase 

the ratio to 5:1 and greater resulted in higher expression, maximized at 5:1, but ratios of 5:1 and 

greater resulted in loss of accumulation of fluorescent substrates. Increasing the amount of 

transfection reagent in solution likely began to disrupt membranes permeability allowing for 

significantly increased passive diffusion across the membrane making those samples unusable for 

determining effects of mutations in P-gp on transport of fluorescent substrates. The incubation 

time after the addition of virus and transfection reagents was significant for surface expression. 

Initially maximal expression for flow cytometry was reported to be 24 hours post-transfection/ 

infection.1 Repeating 24-hour timing yield high expression of P-gp in cells however cells were 

apoptotic and unable to be used in flow cytometry assays. Reducing incubation time to 12 hours 

yielded high levels of expression while maintaining cell viability. Taking all the data collected we 

determined that a MOI of 5 and a transfection reagent to lipid ratio of 3:1 with 3 µg of DNA 

incubated for 12 hours expressed active P-gp at high levels with good cell viability without 

disrupting the membrane. 

2.3.2 Reduction in Surface Expression of P-Glycoprotein is Not Correlated to Changes in 

Cellular Accumulation of Substrates 

To deconvolute the relation of total surface expression to cellular accumulation of 

fluorescent substrates, a direct comparison was made between cells expressing different levels of 
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P-gp to their ability to transport fluorescent substrates. Cell surface expression was varied by 

reducing the amount of incubation time. A common method to reduce protein expression in 

transient transfection-based systems is to reduce the amount of DNA added, however reduction in 

DNA amount only reduced the population of cells expressing P-gp and not total surface expression 

using the Vaccinia virus expression system (data not shown). This is likely due to the high number 

of mRNA copies produced by T7 RNA polymerase as it is constitutively active for the duration of 

the incubation period and the high number of translations of each mRNA molecule. Reducing 

incubation time in half from 10 hours to 5 hours reduced cell surface expression of P-gp to 33 ± 

1.0% measured with the UIC2 antibody (Figure 2.2 B). Flow cytometry was then used to determine 

the ability of reduced cell surface expression cells to transport calcein-AM and rhodamine 123 

relative to control cells with high cell surface expression. Cells with low cell surface expression 

were able to transport calcein-AM at 100.5 ± 3.4% and rhodamine 123 at 95.9 ± 1.3% (Figure 2.2 

A). With no to small differences in ability to transport substrate it follows that changes in cell 

surface expression do not correlate significantly to changes in cellular accumulation of fluorescent 

substrates allowing for comparisons of control WT P-gp to P-gp mutants with different levels of 

surface expression.  

Reduction of surface expression did not change the ability to transport fluorescent substrate 

is significant for analyzing mutants such as MDR Y998A. Surface expression of MDR Y998A is 

10.6 ± 0.4% of WT while transport of rhodamine 123 is 98.8 ± 2.7% of WT. While surface 

expression is significantly different compared to relative expression of WT P-gp, the ability to 

transport rhodamine 123 is not. Reduction of surface expression not affecting transport in this 

setting confirm the significance seen in MDR Y998A as this mutant’s ability to transport other 

fluorescent substrates is significantly different to WT P-gp. This is the first time, to our knowledge, 

that anyone has directly shown that surface expression of P-gp is not directly correlated to the 

ability to transport fluorescent substrates relative to other cells with differing cell surface 

expressions in cellular accumulation assays that allow for adequate incubation time to reach 

equilibrium. There is still the possibility that reduction of cell surface expression below some 

critical value may impact transport ability and substrate accumulations however, that value was 

not reached in this or subsequent results. Also, the ability of differing levels of P-gp surface 

expression may be a function of time which was not tested here. In conclusion, there is no 

significant correlation between accumulation of fluorescent substrate and cell surface expression 
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if a minimum amount of surface expression is achieved with adequate amount of time for the 

system to reach equilibrium.  
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Figure 2.1: Conditions for Optimizing Expression of P-glycoprotein in HeLa Cells Using a 

Vaccinia Virus Expression System 

Multiplicity of infection, amount of plasmid DNA, and ratio of Lipofectin™ were varied to 

determine optimal infection/ transfection conditions for HeLa cells at 70-80% confluency in a T-

25 cell culture flask. Surface expression was measured using a monoclonal antibody, Mrk16, and 

maximal surface expression for each condition was determined on the maximal increase of mean 

fluorescence intensity compared to negative control cells labeled with IgG2a antibody. (A) MOI 

was varied at 3 (light blue), 5 (dark blue), and 8 (green). (B) Amount of pTM1 WT MDR plasmid 

was varied at 1 (dark blue), 3 (light blue), and 5 (green) µg. (C) The ratio of Lipofectin™ to 

plasmid was varied at 1:1 (dark blue), 2:1 (light blue), and 3:1 (green). Optimized conditions for 

expression were determined to be a MOI of 5, 3 µg plasmid, and a 3:1 ratio of Lipofectin™ to 

plasmid for a 70-80% confluent T-25 cell culture flask. 
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Figure 2.2: Surface Expression and Cellular Accumulation of Fluorescent Substrates in Cells 

with Reduced Surface Expression of P-Glycoprotein 

Reduced surface expression was achieved by reducing the amount of time cells were incubated 

post transfection/ infection. (A) Measure of cellular accumulation of either calcein-AM or 

rhodamine 123 in cells with reduced surface expression of 32 ± 0.97% of P-gp in fully expressing 

cells. Neither substrate was shown to be effluxed less when cells were expressing lower levels of 

P-gp. Calcein-AM and rhodamine 123 were not significantly different from full transport by fully 

expressed WT P-gp. (B) Reduced surface expression of P-gp measured by UIC2. Cells were 

transfected/ infected and incubated afterwards for either 12 or 6 hours. Surface expression of P-gp 

at 6 hours was 32 ± 1.0% that of surface expression at 12 hours. Surface expression was 

significantly reduced (p<0.0001). 
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 FLEXIBILITY OF TRANSMEMBRANE HELIX 12 IN 

HUMAN P-GLYOPROTEIN FACILITATES SUBSTRATE TRANSPORT 

ACROSS MEMBRANES 

3.1 Introduction 

P-gp consists of two distinct types of domains, the nucleotide binding domains, and the 

helical transmembrane domains. The NBDs are highly conserved between all ABC transporters 

and fall into a larger super family of P-loop NTPases.1,2 TMDs, however, are not nearly as 

conserved as the NBDs because the number and orientation of the TM helices varies greatly 

between ABC transporters.3 This variability has made it difficult to compare TMDs between ABC 

transporters as variability includes: import versus export functionality, specific versus 

promiscuous substrate binding sites, number of TM helices ranging from 8 to 16, and very low 

sequence identity between even closely related ABC transporters.4 Of particular interest of helices 

in the TMDs are helices 4 & 6 and 10 & 12, which are thought to form the two “gates” for drug 

entry into the large substrate binding pocket.5 These helices are less bulky due to the presence of 

smaller side chain amino acids allowing for tighter packing when the TMDs undergo 

conformational changes for substrate transport.6 Of these helices, it has been observed that 

transmembrane helix (TMH) 12 is of particular interest due to involvement in substrate transport 

as suggested by photocrosslinking of substrates to residues on TMH 12. 

Murine P-gp and human P-gp have a high degree of sequence identity and similarity at 87% 

and 94%, respectively, and models of both murine and human P-gp are often used in conjunction 

to determine structural and functional features.7 TM helices of P-gp are interesting since, unlike 

many other TM helices, they are of significant length, 36 – 59 amino acids, extending well into 

the cytoplasm.4 Helices of this length tend to have breaks in their H-bonding pattern and bend 

slightly. Of interest is a kink caused by residues in TM helix 12 of P-gp. This kink is commonly 

observed as an unordered break in the TMH 12 α-helix in inward facing conformations (Figure 3.1 

A). In outward facing conformations TMH 12 adopts a fully ordered helix but one that is not fully 

straight (Figure 3.1 B). Though TMH 12 contains a proline, P996, previous mutations of all 13 

prolines in the TMDs to alanine showed no significant changes in either ATPase activity or 

substrate transport.8 It is likely that P996 contributes to the observed kink in TMH 12 but is not 

decisive for the function of P-gp.  
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The large conformational change required for TMH 12 to reorder itself is observable when 

comparing multiple crystal structures. Crystal structures of murine P-gp were crystalized under 

multiple conditions including catalytically active or inactive, presence of heavy metals during 

crystal formation, and deletion of a linker region that resulted in similar inward facing structures 

of good resolution.9 These structures, while similar, show varying degrees of NBD center of 

gravity separation at 46 Å and 60 Å and show significant effects on helix tilt and helix rotation on 

some TMHs when superimposing equivalent helices together.9 The most significant changes 

occurred on TMH 12 where helix rotation and tilt varied by 24.4º and 26.5º respectively in 

compared structures relative to other helices which had small changes in rotation and tilt.9 Such 

significant changes in orientation and conformation must be due to inherent flexibility in the TMH 

12 structure. 

TMH12 has also been shown to be important for conformational changes in the TMDs and 

NBD dimerization in substrate transport and ATPase activity stimulated by substrate binding and 

transport.10 Mutations and deletions in substrate binding site residues on TMH 12, such as F978A, 

affected ATPase activity and transport of substrates.11 Substrates known to bind surfaces of the 

substrate binding pocket and that have been shown to not directly interact with F978A are still 

affected by the mutation.12 Rhodamine 123, which has a well-defined binding site not associated 

with F978, is not transported by mutations at that location.12 From this and other similar 

biochemical work, it was concluded that TMH12 has a significant role in coupling drug binding 

and ATPase activity.13–15 

TMH 12 has been shown to be flexible in undergoing large tilt and rotational movements. 

It is also important in TMD and NBD coupling. TMH 12 also has an unordered region in inward 

facing conformations become ordered in outward facing conformations. Thus, it is likely that 

changes in flexibility of TMH 12 will significantly affect substrate transport in vitro. If the helix 

is more rigid, then it follows that the structure would still transduce a signal to hydrolyze ATP 

upon substrate binding but would likely not to be able to adopt conformational flexibility required 

substrate binding leading to decreased transport of substrate. If the helix is made more flexible, 

then the ability of the helix to transduce a coupling signal to the NBDs would be compromised and 

substrate stimulated ATP hydrolysis would decrease leading to a decrease in substrate transport.  

To test this hypothesis, sequence alignment was performed with Clustal Omega between 

significantly different species and it was determined that there is a conserved PDYAKA sequence 
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at 996-1001 which corresponded to the unordered region of TMH 12 (Table 3.1). 996-1001 were 

mutated to alanine or glycine to either stiffen TMH 12 or to make it more flexible based on the 

propensity of alanine and glycine to form α-helices.16 Both mutations were evaluated on the ability 

to transport a variety of substrates in mutant P-gp expressing HeLa cells. 

3.2 Materials and Methods 

3.2.1 Materials 

All oligonucleotides were designed in-house and purchased from Integrated DNA 

Technologies (Coralville, IA). In-Fusion® HD Cloning Kit was purchased from Takara Bio Inc. 

(Moutain View, Ca).  HeLa adenocarcinoma epithelial cells were purchased from ATCC 

(Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose and phenol 

red, penicillin/streptomycin, and phosphate buffer saline (PBS) were purchased from Corning Inc. 

(Corning, NY). Lipofectin™ transfection reagent, Opti-MEM™ reduced serum media with no 

phenol red, pFastBac HTA vector, Calcein-AM, Rhodamine 123, UIC2 monoclonal ABCB1 

antibody, SuperSignal™ West Pico Plus chemiluminescent substrate, DH10Bac competent cells, 

and LDS 751 were purchased from ThermoFisher Scientific (Waltham, MA). Nitrocellulose 

membrane, 0.2 µm, was purchased from Cytiva Life Sciences (Marlborough, MA). Fetal Bovine 

Serum (FBS) and Newborn Calf Serum (NCS) were purchased from R&D Systems (Minneapolis, 

MN). Q5® site-directed mutagenesis kit and restriction enzymes, NdeI and XhoI, were purchased 

from New England Biolabs Inc. (Ipswich, MA). Subcloning Efficiency™ DH5α Competent Cells 

were purchased from Invitrogen™ (Carlsbad, CA). vTF7-3, Vaccinia Virus with the T7 RNA 

Polymerase reporter gene, was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: vTF7-3 from Dr. Tom Fuerst and Dr. Bernard Moss.9 Basal Medium Eagle 

with Earle’s salts and L-glutamine, ammonium persulfate, and GF 120918 (Elacridar) were 

purchased from Sigma-Aldrich (St. Louis, MO). Bodipy(BD)-FL-Verapamil, BD-FL-Prazosin, 

and 3,3’-diethyloxacarbocyanine iodide (DiOC2) were purchased from Setareh Biotech (Eugene, 

OR). Spondoptera frugiperda (Sf9) cells, and ESF 921 insect cell culture media were purchased 

from Expression Systems (Davis, CA). GlutaMAX™ supplement and TrypLE™ Express Enzyme 

with phenol red were purchased from Gibco™ (Grans Island, NY). Acryl/Bis 29:1, 30% solution 

was purchased from VWR International (Radnor, PA). N,N,N’,N’-methylethylenediamine 
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(TEMED) was purchased from Acros Organics BVBA (Fair Lawn, NJ). C219, MRK16, and UIC2 

monoclonal antibodies for (ABCB1) P-gp were a kind gift from Dr. Michael M. Gottesman 

(National Cancer Institute, NIH, Bethesda, MD). Mouse IgG2a κ isotype control and FITC-α-

mouse antibodies were purchased from BD Biosciences (San Jose, Ca). All other common 

chemicals and solvents were purchased from either ThermoFisher Scientific or Sigma-Aldrich. 

3.2.2 Cell Culture 

HeLa cells in monolayer were maintained at 37° C in a 5% CO2 environment and 

continuously cultured in DMEM containing 2 mM L-glutamine, 10 % fetal bovine serum, 50 

units/mL of penicillin and 50 µg/mL streptomycin.10 Sf9 insect cells in suspension were 

maintained at 27° C and shaken at 230 RPM and continuously cultured in ESF 921 protein free 

media.11 

3.2.3 Baculovirus Expression of P-glycoprotein in Insect Cells and Crude Membrane 

Preparation 

cDNA encoding human P-gp was subcloned into a modified pFastBac HTA vector. Briefly, 

the pFastBac HTA vector was modified to remove an ATG start codon and an intrinsic sequence 

for a 6-histidine (His6) tag. Both motifs were unneeded as the cDNA contained both the intrinsic 

start codon and a C-terminal His6 tag. Modifications were made through deletion using inverse 

polymerase chain reaction (PCR) with primers designed for the Q5 mutagenesis kit. P-gp cDNA 

was inserted using the In-Fusion cloning system through linearization of vector by NcoI and XhoI, 

amplification of the gene of interest with primers that overlap with both vector and insert at the 

restriction sites used for linearization, and incubation with the In-Fusion protein which removes 3’ 

nucleotides through 3’-5 exonuclease activity to allow vector and insert to anneal together. 

Insertion of the gene was confirmed with bidirectional dye terminating sequencing, i.e. Sanger 

sequencing. pFastbac constructs were transformed with DH10Bac competent cells to produce 

bacmid which was then subsequently transfected into Sf9 insect cells for Baculovirus construction. 

Protein was expressed in Sf9 insect cells infected with Baculovirus and infected cells were 

harvested and pelleted 40-48 hours post-infection, flash frozen, and stored at -80° C. Crude 

membranes were prepared from these pellets as previously described with slight modifications.12,13 

Thawed pellets were resuspended in homogenization buffer (50 mM Tris HCl pH 7.5, 50 mM 
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mannitol, 2.00 mM EGTA, 1% Aprotinin, 2.00 mM AEBSF) at 2 mL of homogenization buffer 

per 50 mL of cell culture for 30 minutes on ice before homogenization using a Dounce 

homogenizer with the tight fitting pestle 40x. Homogenized cells were then spun at 500 xg for 10 

minutes to pellet large cellular debris and nuclei and the supernatant was further spun at 100,000 

xg for 1 hour at 4° C. Membrane pellets were then resuspended in resuspension buffer 

(homogenization buffer, 10% glycerol) at 750 µL per 50 mL of initial insect cell culture through 

decreasing gauges (20, 22, and 25 gauge) of blunted syringe needles before being flash frozen at -

80° C. Concentration of protein in crude membranes was determined by a modified Lowry assay 

using Coomassie reagent as a protein dye and bovine serum albumin as a standard (BSA).14 

3.2.4 SDS-PAGE and Immunoblotting 

Crude membranes overexpressing P-gp were loaded at 1 µg onto a 7.5% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel with a thickness of 0.75 mm. Gels 

were then western blotted through transfer to nitrocellulose membranes (0.22 µm) before 

immunoblotting with antibodies. Nitrocellulose membranes were blocked with 20% (w/v) non-fat 

dry milk in PBS (2.70 mM KCl, 137 mM NaCl, 4.00 mM Na2HPO4, 1.80 mM KH2PO4, pH 7.4) 

with 0.05% (v/v) Tween-20 (PBST) at 4° C overnight or room temperature for 3 hours. Membranes 

are then washed 3 times with PBST and then incubated with primary antibody, C219 (1:8000), 

prepared in 5% (w/v) non-fat dry milk in PBST at 4° C overnight or 3 hours at room temperature. 

Membranes were washed again 3 times with PBST and finally incubate with secondary antibody, 

α-mouse-HRP (1:4000), prepared in 5% (w/v) non-fat dry milk for 1 hour at room temperature 

before being washed with PBST 3 times for final preparation for imaging of the membrane. 

Enhanced chemiluminescence with SuperSignal™ West Pico Chemiluminescent substate is used 

to visual antibody bound protein on the gel and is visualized on a GeneGnome XRQ. 

3.2.5 Expression of P-glycoprotein using a Vaccinia Virus Expression System 

pTM1-MDR was obtained from a previously described preparation and this same 

preparation was used to clone a cys-less (CL) MDR1 gene into pTM1 to create pTM1-CLMDR.15 

Importantly, the MDR1 gene is inserted at the 3’ end of the encephalomyocarditis virus internal 

ribosome entry site (IRES) and is further preceded by a T7 promoter region in the pTM1 vector. 
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Subsequent mutations were constructed using a Q5® mutagenesis kit for site directed mutagenesis 

and introduction of one or many amino acid mutations (Table 3.2). P-gp was then expressed in 

HeLa cells using a modified Vaccinia virus expression system as previously described.16 HeLa 

cells were cultured to be in mid-log phase (70 – 80% confluency) at the time of transfection/ 

infection. For T-75 culture flasks, HeLa cells were seeded at 1.5 x 106 cells 20-24 hours before the 

beginning of transfection/ infection to reach the desired confluency. Transfection solution was 

prepared 30 minutes prior to infection through the addition of 9 µg of pTM1-MDR construct with 

27 µL of Lipofectin™ (1 mg/mL), a ratio of 1:3 DNA to transfection reagent, in 3mL of opti-

MEM in a polystyrene conical tube. Polystyrene is desired over polypropylene as the DNA-lipid 

complex can interact with the plastic and reduce the amount of DNA-lipid mixture in solution. A 

modified Vaccinia virus expressing T7 RNA polymerase, vTF7-3, was added to 1 mL opti-MEM 

per T-75 flasks to the desired multiplicity of infection (MOI) of 5. Cells were washed once with 

PBS before the transfection solution and vTF7-3 solution were added to the culture flask and then 

incubated at 37° C in 5% CO2. Complete medium was added to the flasks up to the normal working 

volume of 12 mL 3 hours post-transfection/ infection. Cells were incubated at 37° C in 5% CO2 

for a total of 10 hours before being washed with PBS and detached with TrypLE™ and collected 

with PBS. 

3.2.6 Determination of Cell Surface Expression and Fluorescent Substrate Accumulation 

by Flow Cytometry 

P-gp expressing HeLa cells from the Vaccinia virus expression system were collected and 

counted. Cells were resuspended in BME (1% BME powder, 7.5% (w/v) NaHCO4, 5% NCS, pH 

7.4, filter sterilized (0.22 µm filter)) at a concentration of 2.5 x 105 cells per sample. For cell 

surface expression 2.5 x105 cells were incubated in BME with 1.5 µg of either the Mrk16 or UIC2 

antibody to measure surface expression of P-gp or with 3 µg of IgG2a kappa isotype antibody as a 

negative control. Samples were incubated at 37° C for 30 minutes before being spun at 500 xg and 

the supernatant removed. Pelleted cells were then incubated with 2.5 µg of FITC conjugated α-

mouse antibody for an additional 30 min before being spun at 500 xg, the supernatant removed, 

and pellets stored on ice. Samples were then resuspended in 400 µL PBS and run on a BD Accuri™ 

flow cytometer with a 20 mW 488 nm solid state blue excitation laser and data was collected on 

the FL1 detector (530/30 nm).  
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For cellular accumulation of fluorescent substrates 2.5 x 105 cells per sample were 

incubated with one of the following fluorescent substrates either in the presence of absence of 1µM 

GF 120918 which is an inhibitor of P-gp. Samples incubated with GF 120918 are P-gp inhibited, 

negative controls with high levels of basal fluorescent substrate accumulation while samples 

incubated without GF120918 show uninhibited P-gp activity on substrate efflux and lower levels 

of fluorescent substrate accumulation. Calcein-AM (0.0625 µM), rhodamine 123, BD-verapamil, 

BD-prazosin, DiOC2 (0.125 µM), and LDS751 were all incubated with cells in the presence or 

absence of GF 120918 at 0.5 µM, unless otherwise noted, for 30 minutes at 37° C except for 

calcein-AM which was incubated for 10 minutes at 37° C. All samples were spun at 500 xg to 

pellet the cells before a second incubation with BME again with or without GF 120918. Calcein-

AM samples do not need a second incubation as (acetyloxy)methoxy groups are cleaved by 

nonspecific esterases and is no longer cell permeable. Samples are then resuspended in 400 µL 

PBS and data collected on a BD Accuri™ flow cytometer on the FL1 channel except for LDS751 

which is collected on the FL3 channel (>670 nm).  

Data were gated on forward scatter (FSC) and side scatter (SSC) based on pTM1 empty vector 

transfected/ infected HeLa cells. Mean fluorescent intensities (MFI) were measured by the BD 

Accuri™ software and normalized on the IgG2a isotype control or GF 120918 control for each set 

of samples in each of the assays. Normalized data for mutant P-gp was then compared to wild-type 

(WT) P-gp to get a measure of %WT. 

3.3 Results 

To test for alterations in overall P-gp conformations due to changes in flexibility of TMH 

12 near the kink region PDYAKA996-1000AAAAAA (KinkA) and PDYAKA996-

1000GGGGGG (KinkG). The KinkA and KinkG mutation were made to modulate flexibility in 

TMH 12 as the Ala mutation will make the helix more rigid and the Gly mutation will make the 

helix more flexible due to the propensity of Ala and Gly to form helices. These mutations were 

introduced to cysteine-less P-gp (CL-P-gp) L531C/ C1074. Introduction of a cysteine in the 

signature motif of NBD1 at position 531 can crosslink in the presence of Cu(II) phenanthroline 

with an endogenous cysteine in the Walker A motif of NBD2 at position 1074 when the two NBDs 

dimerize.25 Changes in dimerization can then be correlated to changes in the likelihood of 

mutations to change the conformational states P-gp can adopt. Crosslinked NBDs in P-gp are less 
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mobile in SDS-PAGE, about a 15 – 20 kDa increase in apparent size, and qualitatively can be a 

measure for the likelihood of P-gp NBDs to dimerize. Less dimerization of the NBDs can correlate 

to less sampling of conformations in the outward facing state relating decreased transport of 

substrate. It should also be noted that P-gp is not glycosylated in insect cell expression and the 

comparison of un-crosslinked to crosslinked NBDs is roughly the difference in apparent size of 

145 to 160 kDa respectively.  

2.5 µg of control membranes were prepared with CL-P-gp L531C/ C1074 and crosslinked 

and were shown to have a high degree of dimerization though not all of the protein is dimerized 

(Figure3.2). In comparison 5 µg of both the KinkA and KinkG mutations had a higher degree of 

un-crosslinked NBDs as the density of the bands around 145 kDa were darker than bands visible 

at around 160 kDa. Increasing the amount of protein loaded worsens streaking making evaluation 

of crosslinked to un-crosslinked difficult. Streaking was likely observed due to crosslinking 

between P-gp molecules and aggregate protein formation. Accumulation of signal near the top of 

gel images is likely observed from crosslinking between molecules of P-gp creating large 

molecular weight structures with low to no mobility and aggregates of protein due to the need to 

load a relatively large amount of protein for western blotting. 

Next, the Vaccinia virus expression system was used to express WT P-gp, P-gp KinkA, 

and P-gp KinkG in HeLa cells. HeLa cells were chosen due to no detectable cell surface expression 

of endogenous P-gp (data not shown) meaning any observable transport is directly correlated to 

expression of P-gp from the Vaccinia virus expression system. Cellular accumulation of 

fluorescent substrates was measured with six structurally and chemically different molecules: 

calcein-AM, rhodamine 123, BD-verapamil, BD-prazosin, DiOC2, and LDS 751. The ability of 

P-gp variants to transport fluorescent substrates to reduce cellular accumulation was normalized 

to results from WT P-gp and reported as %WT. Normalization was carried out to determine change 

in MFI by subtracting MFI of uninhibited P-gp expressing cells from inhibited P-gp expressing 

cells. Changes in the change of MFI can then be calculated as a %WT when divided by the change 

in MFI of WT P-gp expressing cells.  

Cells expressing P-gp were incubated with fluorescent substrate and either a P-gp inhibitor, 

GF 120918, to measure full accumulation of substrate or DMSO to measure possible transport of 

substrate. Both Kink mutations resulted in severely decreased transport with KinkA having some 

ability to transport substrates while KinkG had almost no ability to transport substrates. The P-gp 
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KinkA mutation show similar decrease in activity for all substrates. Calcein-AM, rhodamine 123, 

and BD-verapamil were all transported between 50 – 60% of WT while BD-prazosin, DiOC2, and 

LDS 751 were <25% of WT. All substrates were not transported by P-gp KinkG except DiOC2 

which significantly had similar %WT transport, 16.2 ± 4.7 %WT, to P-gp KinkA, 14.9 ± 3.7 %WT 

(Figure 3.3). 

Single mutations were made for each residue in the kink region of TMH 12 to confirm that 

a single mutation was not the cause of the dramatic loss of activity: P996G, D997A, Y998A, and 

K1000A were subcloned (Table 3.3). P996 was mutated to glycine to determine if increased 

flexibility at the pro position would affect activity as previous work has shown that the P996A 

mutation does not decrease ATPase activity or substrate transport.8 P996G, D997A, and K1000A 

did not show significant decreases in transport of any of the tested substrates relative to WT 

transport. There were significant decreases in transport of calcein-am, BD-verapamil, BD-prazosin, 

DiOC2, and LDS 751 for the Y998A mutation. However, comparing the profile of decreases in 

substrate transport does not match the decreases observed in either KinkA or KinkG transport. 

This is most obvious with no decrease in transport of rhodamine 123, 98.8 ± 2.8 %WT for Y998A, 

showing that other factors, such as the flexibility of the helix, are the cause of decreased transport 

seen in the kink mutations (Figure 3.3 and Table 4.2). 

Surface expression was measured for both mutations relative to maximal WT surface 

expression with the UIC2 monoclonal antibody. UIC2 recognizes 3 of the 4 extracellular loops of 

P-gp while the structure is in an outward facing conformation and is a conformationally dependent 

antibody. Both P-gp KinkA and P-gp KinkG had significantly decreased surface expression at 12.7 

± 3.1 %WT and 7.6 ± 4.0 %WT respectively (Figure 3.4). Even with significantly reduced surface 

expression in P-gp Kink mutations results can still be considered significant as data has shown that 

surface expression above some undetermined minimal amount is enough to convey full transport 

over the temporal duration of the experiment as shown with reduced surface expression of WT P-

gp in reduced surface expression experiments (Chapter 2). Comparing surface of single mutations 

in the kink region reveals that a Y998 mutation likely causes the significant loss of expression as 

Y998A is expressed at 10.6 ± 0.4 %WT (Figure 3.5). Reduced expression is also observed with 

mutations at positions P996, D997, and K1000 though mutations at these residues did not reduce 

expression to the same levels as Y998A. 
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3.4 Discussion 

Both mutations in TMH 12 were designed to alter the flexibility present in the helix as seen 

in comparisons between multiple x-ray structures of P-gp where the helix is observed to make 

substantial changes in its orientation. Mutations were placed in a conserved region of TMH 12 that 

potentially acts like a hinge in the reordering of the structure at it samples different conformations 

through its transport cycle. Introduction of a series of alanine should stiffen the helix making it 

more ordered which should match conformations of TMH 12 seen in outward facing structures. A 

more ordered helix likely helps with signal transduction between the TMDs and the NBDs that 

have been significantly hypothesized in the field of P-gp research.26 Introduction of a series of 

glycine should be much more flexible as there are many more acceptable phi-psi angles that 

glycine can adopt which is why it is not often seen in α-helices. A less ordered and flexible helix 

likely cannot significantly be involved in signal transduction and potentially would have difficulty 

in being part of the process in NBD dimerization after substrate binding. Recently solved cryo-

EM structures of inhibitor bound human P-gp have revealed that TMH 12 likely occupies the drug 

binding pocket in the outward facing conformation which signifies that the unordered to ordered 

structure of TMH 12 from inward to outward facing is important for substrate efflux.11,27 Again, 

this emphasizes that multiple mutations to glycine would have difficulty in becoming an ordered 

helix capable of displacing substrate and is one explanation why no observable transport was seen 

with the P-gp KinkG mutation. 

We observed significant decreases in transport of fluorescent substrates relative to WT in 

P-gp KinkA, but this decrease was interestingly not even across all substrates. Initial thoughts were 

that mutations in TMH 12 being part of a substrate entry gate would affect all substrates in a similar 

way as they would interact with TMH 12 as the moved to the substrate binding pocket, but this 

was not the case. One possibility is substrates interact unevenly with the drug entry gates and favor 

one gate over the other. Substrates that interact more with the gate formed by TMH 4 and 6 are 

likely to be less affected by changes in TMH 12. A second possibility is that where substrates bind 

in the binding pocket induces NBD dimerization differently. Potentially one region of substrate 

binding may induce crosstalk between the TMDs and NBDs more significantly through TMH 12 

than another helix thus substrates that bind that region will be transported less. 

P-gp KinkA had significant reduction in surface expression but results of reduced surface 

expression experiments and Y998A results showing 10.6 ± 0.4 %WT surface expression suggests 
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the surface expression levels measured were enough to convey full transport of substrate. While 

P-gp Y998A mutations did not transport all substrates comparable to WT P-gp, rhodamine 123 

was still transported at near 100 %WT demonstrating the ability of a low expressing P-gp mutant 

to transport substrate to the same ability of WT P-gp. Other mutations in the kink region, 996-

1001, did not significantly impact the ability of the protein to transport substrate. This signifies 

that Y998 is not solely responsible for loss in transport ability. This confirms that changes in 

flexibility of TMH 12 in P-gp KinkA change how substrates are transported. In comparison, P-gp 

KinkG had surface expression that was not significantly above P-gp non-expressing cells, negative 

control, leading to the possibility that there is low to no expression of P-gp KinkG. However, since 

UIC2 is a conformationally dependent antibody it is possible that due to the increased flexibility 

of the P-gp KinkG mutation the protein does not adopt the correct conformation for UIC2 binding. 

Some significant transport of DiOC2 was measured at 16.2 ± 4.7 %WT suggesting that reduced 

sampling of outward facing conformations is a likely cause of the lack of transport seen with other 

substrates. 

As such stiffening of TMH 12 by a series of alanine mutations significantly reduced 

transport of substrates in an uneven amount. Conformational changes in TMH 12 have been 

implicated in the efflux of substrates through movement to occupy the binding pocket. BD-

prazosin, DiOC2, and LDS 751 relied more heavily on the more flexible nature of TMH 12 in WT 

P-gp to be transported than calcein-AM, rhodamine 123, and BD-verapamil which were more 

readily transported by P-gp KinkA in comparison. Increased flexibility and loss of the helix to 

adopt a ordered helix to fill the drug binding pocket could be the cause of loss of transport seen 

with P-gp KinkG, however since the mutant was poorly expressed it cannot be fully confirmed 

that loss of rigidity in TMH 12 was the cause of loss of transport. 

3.5 Future Directions 

DiOC2 was transported by a similar amount in both P-gp KinkA and KinkG. Since %WT 

expression was low for both mutations, ~3-15 %WT, and KinkG had little to no ability to 

transport other substrates, there might be another transport mechanism of P-gp that is showing 

minimal amounts of substrate transport for both mutations. One possibility could be that the full 

transport cycle does not need to be complete for substrate transport of DiOC2. This would be 

easy to test by making a catalytically inactive form of P-gp that is unable to hydrolyze ATP. A 
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glutamate immediately following the Walker A motif is responsible for ATP hydrolysis. 

Mutating E556 and E1201 to glutamine makes P-gp unable to hydrolyze ATP and unable to 

transport substrate. If P-gp E556Q/ E1201Q has no transport of DiOC2 relative to WT P-gp then 

P-gp KinkA and KinkG do indeed have some ability to transport DiOC2 that is independent of 

TMH 12 structure. However, if similar levels of transport of DiOC2 is observed then a small 

amount of DiOC2 is being transported by P-gp in a manner independent of the transport cycle 

which has not been observed before. 
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Figure 3.1: P-Glycoprotein TMH 12 is Kinked in an Open, Inward Facing Conformation and 

Ordered in a Closed, Outward Facing Conformation 

In substrate free structures, P-gp TMH 12 contains an area that is unordered. (A) The open inward 

structure shows TMH 12 (blue) with a conserved sequence (magenta) that is unordered and breaks 

the α-helix. (B) The closed outward structure shows TMH 12 with the conserved sequence that is 

ordered completing the backbone H-bonding structure of the helix. PDB: 5KPI (A) and 6C0V (B) 
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Table 3.1: Sequence Alignment of P-Glycoprotein from Different Species to Find Conserved 

Sequences in TMH 12. 

 

Eight species were aligned using Clustal Omega to determine conserved sequences in the TMDs 

of P-gp: H. sapien (Human), M. mulata (Rhesus macaque), M. fascicularis (Crab-eating macaque), 

M. musculus (House mouse), R. norvegicus (Brown rat), C. griseus (Chinese hamster), G. gallus 

(Red junglefowl), and C. elegans (Roundworm). While the sequences were similar among closely 

related species, only a single motif in TMH 12 was conserved in all eight. A PDYAKA motif was 

observed with the only synonymous difference occurring between Asp and Glu in the C. elegans 

sequence. 
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Table 3.2: Mutagenesis Primers for Crosslinking and Kink Mutations 

 

Primers were designed as end to end primers for use in a Q5® mutagenesis kit. Sequences align 

with cDNA for the WT MDR gene. 

 

  

Name Primer

MDR L531C 5'-AGGGGCCCAGTGCAGTGGTGGGC-3'

MDR L531C R 5'-CTCTCTCCAACCAGGGTGTCAAATTTATGAG-3'

MDR A1074C 5'-CAGCAGTGGCTGTGGGAAGAGCACAGTGG-3'

MDR A1074C R 5'-CCCACCAGAGCCAGCGTC-3'

MDR 996-1001A 5'-TGCCGCAGCCAAAATATCAGCAGCC-3'

MDR 996-1001A R 5'-GCGGCAGCAGCAAATGAACTGACTTGC-3'

MDR 996-1001G 5'-GGCGGAGGCAAAATATCAGCAGCCCAC-3'

MDR 996-1001G R 5'-ACCGCCACCAGCAAATGAACTGACTTG-3'

MDR P996A 5'-TTCATTTGCTGCTGACTATGCCAAAGC-3'

MDR P996G 5'-TTCATTTGCTGGTGACTATGCCAAAGCCAAAATATCAGCAG-3'

MDR P996A or G R 5'-CTGACTTGCCCCACGGCC-3'

MDR D997A 5'-ATTTGCTCCTGCCTATGCCAAAG-3'

MDR D997A R 5'-GAACTGACTTGCCCCACG-3'

MDR Y998A 5'-TGCTCCTGACGCTGCCAAAGCCAAAATATC-3'

MDR Y998A R 5'-AATGAACTGACTTGCCCC-3'

MDR K1000A 5'-TGACTATGCCGCAGCCAAAATATC-3'

MDR K1000A R 5'-GGAGCAAATGAACTGACTTG-3'
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Figure 3.2: Immunoblot of Crosslinked NBDs of P-gp Show P-gp Kink Mutations Have Less 

Dimerization of their NBDs 

Crosslinking was performed in mutant CL P-gp containing opposing L531C and 1074C cysteines 

that can be crosslinked with copper phenanthroline when NBDs dimerize which will migrate 

slower in SDS-PAGE and is indicated with the top arrow. The bottom arrow corresponds to un-

crosslinked P-gp. Lane 1-3 are un-crosslinked, and Lane 1 contains 2.5 µg CL P-gp L531C/1074C 

(control), Lane 2 contains 2.5 µg CL P-gp L531C/1074C KinkA, and Lane 3 contains 2.5 µg CL 

P-gp L531C/1074C KinkG. Lane 4-6 are crosslinked, and Lane 4 contains 2.5 µg CL P-gp 

L531C/1074C, Lane 5 contains 5 µg CL P-gp L531C/1074C KinkA, and Lane 6 contains 5 µg CL 

P-gp L531C/1074C KinkG. More total protein is loaded for the kink mutations as the crosslinked 

bands tend to be very faint. 1:4000 C219 was used to label P-gp and 1:8000 α-mouse-HRP was 

used for detection with chemiluminescence. A is normally exposed and an increased amount of 

crosslinked P-gp is observed for the control lane 4. (B) Overexposure is required to observe 

crosslinking in Lanes 5 and 6 where is can be seen that for both Kink mutations less crosslinking 

is observed relative to the Lane 4 control. 
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Figure 3.3: %WT Transport of Fluorescent Substrates by P-Glycoprotein KinkA and KinkG 

Transport of fluorescent substrate by P-gp KinkA and P-gp KinkG was measured against transport 

by WT P-gp. Substrates were incubated with P-gp expressing cells at 0.5 µM (rhodamine 123, BD-

verapamil, BD-prazosin, LDS 751) except for calcein-AM (0.0625 µM) and DiOC2 (0.125 µM) 

in the presence or absence of P-gp inhibitor GF120918. MFI data was collected and normalized 

before comparison with WT P-gp to determine %WT transport. P-gp KinkA transported calcein-

AM at 58.7 ± 3.7 %WT, rhodamine 123 at 53.6 ± 3.4 %WT, BD-Verapamil at 54.9 ± 10.3 %WT, 

BD-prazosin at 23.9 ± 6.1 %WT, DiOC2 at 14.9 ± 3.7 %WT, and LDS 751 at 10.2 ± 4.0 %WT. 

P-gp KinkG transported calcein-AM at 6.6 ± 4.2 %WT, rhodamine 123 at -4.7 ± 5.3 %WT, BD-

Verapamil at 4.6 ± 10.3 %WT, BD-prazosin at 2.2 ± 9.0 %WT, DiOC2 at 16.2 ± 4.7 %WT, and 

LDS 751 at -6.3 ± 3.4 %WT. *** p < 0.0001, ** p < 0.005, * p< 0.05, ns not significant. 
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Table 3.3: Transport of Fluorescent Substrates by Single Mutations in the Kink Region of 

Transmembrane Helix 12 

 

Transport of fluorescent substrate by single mutations in the kink region was measured against 

transport by WT P-gp. Substrates were incubated with P-gp expressing cells at 0.5 µM (rhodamine 

123, BD-verapamil, BD-prazosin, LDS 751) except for calcein-AM (0.0625 µM) and DiOC2 

(0.125 µM) in the presence or absence of P-gp inhibitor GF120918. MFI data was collected and 

normalized before comparison with WT P-gp to determine %WT transport. Error is reported as 

standard deviations. 

  

Substrate

F994A P996G D997A Y998A K1000A

Calcein-AM 98.4 ± 0.7 100.8 ± 1.3 92.6 ± 3.3 72.5 ± 1.7 100.3 ± 7.7

Rhodamine 123 98.0 ± 1.1 96.6 ± 3.1 98.1 ± 1.2 98.8 ± 2.7 99.4 ± 3.5

BD-Verapamil 70.4 ± 6.8 100.3 ± 4.2 102.7 ± 0.7 83.1 ± 2.7 92.5 ± 7.2

BD-Prazsosin 90.0 ± 4.0 102.2 ± 7.1 99.3 ± 7.2 45.8 ± 5.0 106.7 ± 11.2

DiOC2 99.6 ± 2.0 97.2 ± 2.8 99.9 ± 7.2 84.9 ± 3.9 104.8 ± 6.2

LDS 751 87.9 ± 1.9 103.2 ± 2.1 107.5 ± 4.5 74.1 ± 5.0 101.5 ± 9.2

%WT P-gp Transport Normalized
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Figure 3.4: Surface Expression of KinkA and KinkG Variants are Significantly Reduced from 

WT P-Glycoprotein Expression 

Surface expression of KinkA and KinkG mutations are significantly reduced from WT P-gp 

expression Surface expression was measured using UIC2 monoclonal antibody and a secondary 

FITC antibody. Expression for P-gp KinkA was reduced to 12.7 ± 3.1 %WT and P-gp KinkG was 

reduced to 7.6 ± 4.0 %WT. Though both mutants had significant decreases in expression it has 

been shown that low levels of expression do not significantly reduce transport ability at these levels 

which has been confirmed with reduced expression of WT P-gp experiments as well as cellular 

accumulation experiments performed with P-gp Y998A which has similar levels of expression to 

the KinkA mutation but has similar levels of transport of rhodamine 123 compared to WT P-gp 

with high levels of relative expression. 
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Figure 3.5: UIC2 Labeled Cell Surface Expression of TMH 12 Kink Single Mutations 

Single mutations of the mutated kink residues were expressed, and their cell surface expression 

was measured relative to control WT expression to determine effects of single mutations on 

changes in surface expression of the TMH 12 kink mutations. F994A was measured at 106.7 ± 

4.7 %WT, P996G at 59.6 ± 4.4 %WT, D997A at 70.7 ± 0.4 %WT, Y998A at 10.6 ± 0.4 %WT, 

and K1000A at 85.4 ± 7.6 %WT. 
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 AROMATIC RESIDUES ON AND NEAR 

TRANSMEMBRANE HELIX 12 OF HUMAN P-GLYCOPROTEIN 

INTERACT WITH SUBSTRATES AT A PRE-BINDING SITE AT THE 

PROTEIN LIPID INTERFACE 

4.1 Introduction 

Crystallographic data have identified portals on either side of P-glycoprotein in the inward 

facing conformation that are proposed to allow for substrate and inhibitor entry to the drug binding 

pocket from the plasma membrane of cells.1,2 TM helices 4 and 6 and TM helices 10 and 12 make 

up these drug entry portals as observed in various crystal structures of P-gp from C. elegans, mouse, 

and human homologues.3 Many residues have been identified as part of the drug binding pocket, 

which has expanded from canonical R and H binding sites to a large hydrophobic pocket that spans 

roughly 6000 Å3.4–7 Many crystal structures and biochemical data have investigated which residues 

in P-gp interact with various structurally and chemically different molecules that have been 

identified as substrates of P-gp and have identified the drug binding pocket primarily composing 

of residues near the apex of the two TMDs.3,8 NMR studies with lipids and substrates has shown 

that many substrates have a high affinity for the interface region of lipids and lipid membranes.9 

Drug entry portals in the inward facing structure of P-gp confirm that substrates can enter from the 

inner leaflet, but there is no space for substrate entry at the outer leaflet.1 The exact transduction 

pathway for how substrates enter the drug binding pocket from the inner leaflet and which residues 

substrates interact with along that pathway has not been fully elucidated as little research has been 

done in pre-binding events that occur before substrate binding. 

Prebinding events would be consistent with substrates interacting with residues and 

secondary structures on P-gp before directly binding to the drug binding site. Recent cryo-EM 

structures of ATP occluded human P-gp shows an access tunnel extending from the drug binding 

pocket to an area adjacent and formed partially by TMH 12 near the inner leaflet interface region 

of the plasma membrane (Figure 4.1 B).10 While the portal to the tunnel is too small for substrates 

to enter in the occluded state, it gives insight to a potential pathway substrate may follow when 

moving to the binding pocket. P-gp samples many conformational states during drug binding as 

seen in multiple various NBD separated structures of mP-gp and other human homologues.11 As 

pre-occluded states are sampled, the access tunnel may begin to be formed providing a pathway 
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for substrates to be transposed from the inner leaflet to the substrate binding pocket before large 

conformational changes expose substrate to extracellular space at which point substrate becomes 

solvent exposed and has a reduced affinity for P-gp in the new conformation.12 

Recently a crystal structure of P-gp has been solved that shows QZ-Val, a cyclic peptide, 

bound to the exterior of P-gp at the inner leaflet-protein interface (Figure 4.1 A).13 This cyclic 

peptide was shown to make significant contact with residues on TMH 12 and elbow helix (EH) 2. 

There are two elbow helices that are present on the C-terminal side of each homologous half that 

sit directly at the cytosolic interface region of the plasma membrane. Bound cyclic peptide 

observed on the exterior of P-gp was shown to interact with TMHs 9 and 12 and EH 2 which 

formed a surface facing away from P-gp with which substrates could potentially bind. Residues 

F994 and Y998 (TMH 12) and W698 (EH 2) were identified to be within close contact with the 

cyclic peptide. This observation is in conjunction with observed lower affinity vs higher affinity 

“On-sites” within a bacterial P-gp homolog using electron paramagnetic resonance where the 

lower affinity on-site potentially correlates to a prebinding or recognition site for substrates of P-

gp.14,15 

Aromatic residues in the binding site of P-gp have been shown to be significant in substrate 

binding through mutagenesis.16 Many substrates of P-gp tend to be relatively hydrophobic or have 

regions of high hydrophobicity for drugability purposes leading to the importance of hydrophobic 

interactions with the drug binding pocket.17 Residues facing the substrate binding pocket in inward 

facing crystal structures tend to be more hydrophobic and aromatic, and are shown to interact with 

substrates in substrate bound crystal structures.1,18 The propensity of substrates and inhibitors to 

interact with hydrophobic and aromatic residues in crystallographic data suggest that hydrophobic 

and aromatic residues are good candidates for study. Thus, particular interest was put towards 

studying F994 and Y998 on TMH 12 and W698 and the adjacent phenylalanine, F697, on EH 2. 

Adjacent TMH 9 that also forms this surface was not investigated here as residues on this helix 

are primarily small and hydrophobic only lending dispersion forces for substrate interactions. 

Mutagenesis of these residues to alanine was performed and the resulting proteins were utilized in 

cellular accumulation assays of fluorescent substrates to elucidate the importance of exterior 

residues as a potential prebinding or pre-recognition site for substrates and inhibitors at the protein-

lipid interface region of P-gp. Mutagenesis revealed significant changes in transport relative to 

WT at position Y998 with smaller changes in transport for some substrates at F994 and F697. 
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Interestingly not all substrates were affected similarly by mutagenesis leading to the possibility of 

some substrates requiring interaction with certain residues to achieve full WT transport. 

4.2 Materials and Methods 

4.2.1 Materials 

All oligonucleotides were designed in-house and purchased from Integrated DNA 

Technologies (Coralville, IA). HeLa adenocarcinoma epithelial cells were purchased from ATCC 

(Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose and phenol 

red, penicillin/streptomycin, and phosphate buffer saline (PBS) were purchased from Corning Inc. 

(Corning, NY). Lipofectin™ transfection reagent, Opti-MEM™ reduced serum media with no 

phenol red, Calcein-AM, Rhodamine 123, UIC2 monoclonal ABCB1 antibody, and LDS 751 were 

purchased from ThermoFisher Scientific (Waltham, MA). Fetal Bovine Serum (FBS) and 

Newborn Calf Serum (NCS) were purchased from R&D Systems (Minneapolis, MN). Q5® site-

directed mutagenesis kit was purchased from New England Biolabs Inc. (Ipswich, MA). 

Subcloning Efficiency™ DH5α Competent Cells were purchased from Invitrogen™ (Carlsbad, 

CA). vTF7-3, Vaccinia Virus with the T7 RNA Polymerase reporter gene, was obtained through 

the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: vTF7-3 from Dr. Tom Fuerst 

and Dr. Bernard Moss.9 Basal Medium Eagle with Earle’s salts and L-glutamine, ammonium 

persulfate, and GF 120918 (Elacridar) were purchased from Sigma-Aldrich (St. Louis, MO). 

Bodipy(BD)-FL-Verapamil, BD-FL-Prazosin, and 3,3’-diethyloxacarbocyanine iodide (DiOC2) 

were purchased from Setareh Biotech (Eugene, OR). GlutaMAX™ supplement and TrypLE™ 

Express Enzyme with phenol red were purchased from Gibco™ (Grans Island, NY). MRK16 was 

a kind gift from Dr. Michael M. Gottesman (National Cancer Institute, NIH, Bethesda, MD). 

Mouse IgG2a κ isotype control and FITC-α-mouse antibodies were purchased from BD 

Biosciences (San Jose, Ca). All other common chemicals and solvents were purchased from either 

ThermoFisher Scientific or Sigma-Aldrich. 
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4.2.2 HeLa Cell Culture and Expression of P-Glycoprotein using a Vaccinia Virus 

Expression System 

HeLa cells in monolayer were maintained at 37° C in a 5% CO2 environment and 

continuously cultured in DMEM containing 2 mM L-glutamine, 10 % fetal bovine serum, 50 

units/mL of penicillin and 50 µg/mL streptomycin.20  

pTM1-MDR was obtained from a previously described preparation.21 Importantly, the 

MDR1 gene is inserted at the 3’ end of the encephalomyocarditis virus internal ribosome entry site 

(IRES) and is further preceded by a T7 promoter region in the pTM1 vector. Subsequent mutations 

were constructed using a Q5® mutagenesis kit for site directed mutagenesis and introduction of 

one or many amino acid mutations. P-gp was then expressed in HeLa cells using a modified 

Vaccinia virus expression system as previously described.22 HeLa cells were cultured to be in mid-

log phase (70 – 80% confluency) at the time of transfection/ infection. For T-75 culture flasks, 

HeLa cells were seeded at 1.5 x 106 cells 20-24 hours before the beginning of transfection/ 

infection to reach the desired confluency. Transfection solution was prepared 30 minutes prior to 

infection through the addition of 9 µg of pTM1-MDR construct with 27 µL of Lipofectin™ (1 

mg/mL), a ratio of 1:3 DNA to transfection reagent, in 3mL of opti-MEM in a polystyrene conical 

tube. Polystyrene is desired over polypropylene as the DNA-lipid complex can interact with the 

plastic and reduce the amount of DNA-lipid mixture in solution. A modified Vaccinia virus 

expressing T7 RNA polymerase, vTF7-3, was added to 1 mL opti-MEM per T-75 flasks to the 

desired multiplicity of infection (MOI) of 5. Cells were washed once with PBS before the 

transfection solution and vTF7-3 solution were added to the culture flask and then incubated at 37° 

C in 5% CO2. Complete medium was added to the flasks up to the normal working volume of 12 

mL 3 hours post-transfection/ infection. Cells were incubated at 37° C in 5% CO2 for a total of 10 

hours before being washed with PBS and detached with TrypLE™ and collected with PBS. Cells 

were then used for P-gp surface expression or cellular accumulation assays. 

4.2.3 Surface Expression and Cellular Accumulation of Fluorescent Substrates by Flow 

Cytometry 

P-gp expressing HeLa cells from the Vaccinia virus expression system were collected and 

counted. Cells were resuspended in BME (1% BME powder, 7.5% (w/v) NaHCO4, 5% NCS, pH 

7.4, filter sterilized (0.22 µm filter)) at a concentration of 2.5 x 105 cells per sample. For cell 
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surface expression 2.5 x105 cells were incubated in BME with 1.5 µg of either the Mrk16 or UIC2 

antibody to measure surface expression of P-gp or with 3 µg of IgG2a kappa isotype antibody as a 

negative control. Samples were incubated at 37° C for 30 minutes before being spun at 500 xg and 

the supernatant removed. Pelleted cells were then incubated with 2.5 µg of FITC conjugated α-

mouse antibody for an additional 30 min before being spun at 500 xg, the supernatant removed, 

and pellets stored on ice. Samples were then resuspended in 400 µL PBS and run on a BD Accuri™ 

flow cytometer with a 20 mW 488 nm solid state blue excitation laser and data was collected on 

the FL1 detector (530/30 nm).  

For cellular accumulation of fluorescent substrates 2.5 x 105 cells per sample were incubated 

with one of the following fluorescent substrates either in the presence of absence of 1µM GF 

120198 which is an inhibitor of P-gp. Samples incubated with GF 120198 are P-gp inhibited, 

negative controls with high levels of basal fluorescent substrate accumulation while samples 

incubated without GF120198 show uninhibited P-gp activity on substrate efflux and lower levels 

of fluorescent substrate accumulation. Calcein-AM (0.0625 µM), rhodamine 123, BD-verapamil, 

BD-prazosin, DiOC2 (0.125 µM), and LDS751 were all incubated with cells in the presence or 

absence of GF 120198 at 0.5 µM, unless otherwise noted, for 30 minutes at 37° C except for 

calcein-AM which was incubated for 10 minutes at 37° C. All samples were spun at 500 xg to 

pellet the cells before a second incubation with BME again with or without GF 120198. Calcein-

AM samples do not need a second incubation as (acetyloxy)methoxy groups are cleaved by 

nonspecific esterases and is no longer cell permeable. Samples are then resuspended in 400 µL 

PBS and data collected on a BD Accuri™ flow cytometer on the FL1 channel except for LDS751 

which is collected on the FL3 channel (>670 nm).  

Data were gated on forward scatter (FSC) and side scatter (SSC) based on pTM1 empty 

vector transfected/ infected HeLa cells. Mean fluorescent intensities (MFI) were measured by the 

BD Accuri™ software and normalized on the IgG2a isotype control or GF 120198 control for each 

set of samples in each of the assays. Normalized data for mutant P-gp was then compared to wild-

type (WT) P-gp to get a measure of %WT. 

4.3 Results 

To test for prebinding events near the substrate portal adjacent to TMH 12, WT P-gp was 

mutated to substitute aromatic residues known to interact with a cyclic peptide that bound the 
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exterior of the protein. These aromatic residues were mutated to alanine including F994 (TMH 12), 

Y998 (TMH12), and W698 (EH 2) along with the adjacent phenylalanine adjacent to W698 at 

position 697 that likely could also make prebinding interactions with substrates with slightly 

altered rotational conformation of EH 2. These mutations were made in pTM1 WT MDR for use 

in expression with the Vaccinia virus expression system in HeLa cells. Cellular accumulation of 

fluorescent substrates was measured with six structurally and chemically different molecules: 

calcein-AM, rhodamine 123, BD-verapamil, BD-prazosin, DiOC2, and LDS 751. The ability of 

P-gp variants to transport fluorescent substrates to reduce cellular accumulation was normalized 

to results from WT P-gp and reported as % WT. Cells expressing P-gp were incubated with 

fluorescent substrate and either a P-gp inhibitor, GF 120918, to measure full accumulation of 

substrate or DMSO to measure transport of fluorescent substrate.  

The two EH 2 mutants, W698A and F697A, were tested for their ability to transport 

substrates (Table 4.2). While QZ-Val had potential interactions with W698 in a crystal structure 

W698A did not significantly affect transport of the tested substrates relative to WT P-gp. The 

greatest decrease in transport was seen with calcein-AM at 94.3 ± 0.4% which is not significantly 

reduced from full transport. Interestingly there was a slight increase in transport of BD-prazosin 

to 107.8 ± 1.8% relative to WT P-gp transport of the same substrate. F697A had a greater impact 

on transport than W698A. The largest decreases in activity with F697A were with BD-Verapamil 

and BD-prazosin which were decreased to 89.9± 4.4% and 89.3 ± 1.7% of WT transport. While 

the slight variances in transport could yield to the importance of substrate interactions in 

prebinding events with EH 2, changes in transport were not significant enough to conclude that 

aromatic residues play a large role in substrate prebinding events. 

Mutation of aromatic residues on TMH 12 proved to be more significant in affecting 

transport of substrate (Table 4.2). There were moderate decreases in transport of BD-prazosin and 

LDS 751 at 90.0 ± 4.0% and 87.9 ± 1.9% of WT transport respectively in the F994A mutation. A 

more significant decrease in F994A transport was seen with BD-verapamil which decreased to 

70.4 ± 6.8% of WT transport. The largest effects in transport for the most substrates came with the 

Y998A mutation. Transport was significantly decreased to 72.5 ± 1.7% for calcein-AM, 83.1 ± 

2.7% for BD-verapamil, 45.8 ± 5.0% for BD-prazosin, 84.9 ± 3.9% for DiOC2, and 74.1 ± 5.0% 

for LDS 751 with the Y998A mutation. While Y998A had the greatest effect on most of the 

substrates there was no significant decrease in transport of rhodamine 123 relative to WT as 
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transport remained at 98.8 ± 2.7% which is not significantly different from cells expressing WT 

P-gp. 

Finally, surface expression was measured for each of the mutants to determine if there were 

any significant changes relative to WT P-gp surface expression (Figure 4.2). UIC2 is a monoclonal 

antibody used to determine functional cell surface expression as it binds three extracellular loops 

of P-gp in a conformationally dependent manner.23,24 F697A and W698A had reduced surface 

expression at 87.8 ± 2.3% and 74.6 ± 8.5% of WT P-gp surface expression. In contrast, F994A 

increased surface expression to 106.7 ± 4.7% WT P-gp surface expression. Y998A had 

significantly reduced surface expression of 10.6 ± 0.4% of WT surface expression. However, 

reduction in surface expression is not directly correlated to reduction of transport of fluorescent 

substrates as previously shown with reduced surface expression of WT P-gp (Chapter 2). Surface 

expression of WT P-gp was reduced to roughly 32% of full surface expression with no significant 

change in transport of either calcein-AM or rhodamine 123. Reduction in surface expression not 

resulting in reduction of transport ability can also be seen in the Y998A mutation as its surface 

expression is severely reduced relative to WT but was still able to transport rhodamine 123 at the 

same levels of WT P-gp. 

4.4 Discussion 

The substrate binding site of P-gp sits at the vertex of the TMDs towards the outer leaflet 

in the open inward conformation and studies have shown that substrate enters the substrate binding 

pocket from the inner leaflet of the plasma membrane. It follows that there must be some pathway 

that substrates follow in the process of substrate transport. Recently described crystal structures of 

P-gp in different conformations give some insight as to a possible pathway. First, a crystal structure 

of P-gp in an open conformation has shown that a cyclic peptide can interact with TMH 12 and 

EH 2 at the lipid-protein interface and provides insight to a potential pre binding site.13 To study 

potential pre binding events, mutations of aromatic residues on TMH 12 and EH 2 were made and 

it was observed that some of these residues have a role in substrate prebinding events especially 

Y998. Mutating Y998 significantly reduced transport of several substrates signaling the 

importance of Y998 in interacting with these substrates at the protein lipid interface. Y998 is 

positioned facing outward in all solved structures of human P-gp near the interface region of the 

inner leaflet and has not been previously associated with substrate binding. This region forms a 
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potential surface for substrate prebinding with TMH 11, TMH 12, and EH 2. Interestingly not all 

substrates had reduced transport as rhodamine 123 was transported at similar levels to WT P-gp. 

This indicates that either substrates can bind this potential prebinding surface in many orientations 

and do not need to contact Y998 or that substrates could potentially have a preference for which 

portal they enter the substrate binding pocket through as the there is also a portal on the other 

homologous half of P-gp formed by TMHs 4 and 6. 

There is further support that residues on TMH 12 and EH 2 are important in pre-binding 

events as there is an access tunnel to the binding pocket adjacent to TMH 12 and EH 2 that is 

formed in an occluded conformation of P-gp where the NBDs become dimerized and the binding 

pocket is occluded from further substrate binding.10 The occluded structure of P-gp has been shown 

to bind substrate in the substrate binding pocket but has also shown inhibitors of P-gp binding into 

the access tunnel. Thus, we propose that pre-binding events help recognize substrate to increase 

interaction with the protein before following the access tunnel as P-gp undergoes conformational 

changes from an inward facing to occluded state. Though mutating residues on TMH 12 and EH 

2 can reduce substrate recognition, transport remains relatively high either through random 

interactions of substrate with the protein or potential interaction of substrate with the other 

substrate entry portal. It is possible that pre-binding events at the lipid-protein interface mostly 

increase the rate of substrate transport but are likely not necessary for some minimal amount of 

transport due to random interactions of substrate with the protein which would eventually lead to 

a substrate bound state. 

It is also interesting to note the severe decrease in surface expression of Y998 which was 

reduced to near 10% of WT P-gp while the other mutants were expressed much closer to WT P-

gp surface expression. It has been shown that this decrease in surface expression is not correlated 

to a decrease in transport as seen with cellular accumulation assays with WT P-gp that is being 

fully expressed. Some evidence points to phosphorylation being an important factor in maturation 

and cell trafficking of P-gp specifically with Pim-1 kinase.25 There is the possibility that Y998 

may also be a potential site for phosphorylation though there is no current evidence that shows that 

Y998 is phosphorylated during maturation of the protein.  

Y998A also had full transport of rhodamine 123 at its reduced surface expression. This can 

be interpreted as rhodamine 123 having no interaction with TMH 12 and EH 2 in its transport cycle 

with P-gp leading to either interaction with the other substrate portal between TMHs 4 and 6 or 
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altered binding near TMH 12 and EH 2. Substrates of P-gp have been shown to be able to bind the 

substrate binding pocket in multiple orientations, interacting with multiple different residues. A 

similar occurrence could be happening at these pre-binding sites as that would help with the 

promiscuity of the protein allowing for transport of many chemically and structurally different 

molecules.  

In conclusion, reduction of transport observed with residues on TMH 12 and EH 2 supports 

the hypothesis that this region is important for pre-binding substrate recognition events at the lipid-

protein interface of P-gp. Analysis of recent crystal structures supports substrates interacting with 

TMH 12 and EH 2 as seen with cyclic peptide bound P-gp.13 An observed access tunnel in occluded 

structures of P-gp adjacent to TMH 12 also suggest a potential pathway that substrates can follow 

to access the drug binding pocket from a pre-binding pocket on TMH 12 and EH 2 during 

conformational changes in the transport cycle.10 Finally, large conformational changes rearrange 

the TMDs so that the substrate binding pocket becomes solvent exposed and substrate is effluxed.12 

The significance of the data shown suggests substrate interaction at the lipid-protein interface of 

TMH 12 and EH 2. An inward facing conformation of P-gp, PDB: 5KPI, show F994 and F697 

turned away from Y998 while an outward facing conformation, PDB: 6C0V, shows F994 and 

F697 oriented towards Y998 allowing for potential increased aromatic interactions with substrate. 

Thus, it is possible that there exists a pre-binding site in the outward facing conformation that 

stages substrate for the next catalytic transport cycle and changes in conformation towards inward 

facing, with the rearrangement of F994 and F697, facilitate substrate transduction towards the 

substrate binding pocket in a revised transport cycle (Figure 4.3). The data shown here brings new 

potential to understanding substrate interactions with P-gp at the lipid-protein interface and how 

substrate enters the substrate binding pocket from the inner leaflet of the plasma membrane which 

has yet to be investigated thoroughly within the field of P-gp. 

4.5 Future Directions 

P-gp has been shown to be phosphorylated at S661, S667, S671, and S683 but the function 

of this phosphorylation has not been elucidated.26 Deletion mutations of these residues, which are 

in the linker region between NBD1 and TMD2, had no effect on surface expression and activity in 

cells transiently expressing deletion mutants of P-gp.27 However, another kinase, Pim-1, that also 

phosphorylates at S683 decreases cell surface expression, glycosylation, and increase degradation 
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when inhibited in cells that are endogenously expressing P-gp.25 Since there is some indication 

that phosphorylation is tied to P-gp maturation for cell surface expression then there is a possibility 

that Y998 may also be a residue important in phosphorylation and further posttranslational 

modifications. Structural significance versus posttranslational modification could be ruled out 

through mutagenesis of Y998F to determine if mutagenesis away from an aromatic residue was 

the cause for reduced surface expression. If Y998F is still observed to have reduced surface 

expression, then further studies into posttranslational modifications could be carried out to 

determine the significance of Y998 in P-gp maturation. 

Additionally, the significance of prebinding sites near the portal formed by TMH 10 and 

12 could also hold for the portal formed by TMH 4 and 6. There are several aromatic residues on 

TMH 6 and EH 1 that are in similar spatial positions to their counterparts studied here on TMH 12 

and EH 2. F355 is positioned on TMH 6 at the same position Y998 is on TMH 12 and thus may 

have similar effects on substrate transport. Additionally, F193 and F194 on TMH 3 and F40 and 

Y42 on EH 1 may make significant contacts with substrates at a prebinding site formed by TMH 

3 and 6 and EH 1 at the interface region of the inner leaflet. Determination of the significance of 

these residues near the portal formed by TMHs 4 and 6 would expand understanding of how 

substrates first interact and are recognized by P-gp. By extension, double and higher ordered 

mutations of aromatic residues can yield greater understanding of the cumulative effects of these 

residues and such high ordered mutations of aforementioned single mutations should be considered 

for future study. Photocrosslinking or other chemical methods of covalently modifying Y998 can 

also help directly elucidate the significance of Y998 in substrate pre-binding. 
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Figure 4.1: QZ-Val Bound P-Glycoprotein at the Lipid-Protein Interface and Elacridar Bound P-

Glycoprotein at the Substrate Binding Pocket and Access Tunnel 

Substrate bound structures of P-gp in the inward facing and occluded states show substrate pre-

binding interactions and substrate interactions in the access tunnel to the substrate binding pocket. 

(A) A cyclic valine peptide (magenta) is shown bound to the lipid-protein interface of an inward 

facing structure of P-gp. The peptide is making significant contacts with residues on TMH 12 and 

EH 2. (B) Elacridar is shown to bind the substrate binding pocket (green) as well as an access 

tunnel (cyan) running from near TMH 12 to the substrate binding pocket simultaneously in an 

occluded conformation of P-gp. These structures suggest that there may be a transduction pathway 

from pre-binding with TMH 12 to the substrate binding pocket as P-gp undergoes conformational 

sampling during substrate binding. PDB: 4Q9J (A) and 7A6C (B) 
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Table 4.1: Mutagenesis Primers for alteration of Aromatic Residues on EH2 and TMH 12 

 

Primers were designed as end to end primers for use in a Q5® mutagenesis kit. Sequences align 

with cDNA for the WT MDR gene. 

  

Name Primer

MDR F697 5'-TCCAGTTTCCGCTTGGAGGATTATG-3'

MDR F697 R 5'-GGTATACTTTCATCCAGAG-3'

MDR W698A 5'-AGTTTCCTTTGCGAGGATTATGAAGC-3'

MDR W698A R 5'-GGAGGTATACTTTCATCC-3'

MDR F994A 5'-AGTCAGTTCAGCTGCTCCTGACTATGCCAAAGCCAAAATATCAGC-3'

MDR F994A R 5'-TGCCCCACGGCCATGGCA-3'

MDR Y998A 5'-TGCTCCTGACGCTGCCAAAGCCAAAATATC-3'

MDR Y998A R 5'-AATGAACTGACTTGCCCC-3'



 

 

89 

 

 

 

 

 

 

Table 4.2: Cellular Accumulation of Fluorescent Substrates with Various Aromatic Mutations in 

P-Glycoprotein TMH 12 and EH 2 

 

Cellular accumulation assays were performed to determine percent transport of WT P-gp with 

mutations on EH 2 of F697A and W698A and on TMH 12 at positions F994A and Y998A. 

Mutations were selected based on previously solved crystal structures were a cyclic peptide was 

shown to interact directly with these residues. Data was collected in triplicate using flow cytometry 

measuring mean fluorescence intensity on the FL1 or FL3 detectors. Data was then normalized 

and calculated as a percent of WT transport. Most significant changes occurred with the Y998A 

and F994A. Significant transport was determined to be a 10% decrease or more of WT transport. 

 

 

 

  

Substrate

F697A W698A F994A Y998A

Calcein-AM 93.8 ± 2.3 94.3 ± 0.4 98.4 ± 0.7 72.5 ± 1.7

Rhodamine 123 95.0 ± 1.8 95.0 ± 2.1 98.0 ± 1.1 98.8 ± 2.7

BD-Verapamil 89.9 ± 4.4 95.5 ± 0.3 70.4 ± 6.8 83.1 ± 2.7

BD-Prazsosin 89.3 ± 1.7 107.8 ± 1.8 90.0 ± 4.0 45.8 ± 5.0

DiOC2 101.3 ± 3.2 98.9 ± 0.9 99.6 ± 2.0 84.9 ± 3.9

LDS 751 95.1 ± 1.3 99.6 ± 10.3 87.9 ± 1.9 74.1 ± 5.0

%WT P-gp Transport Normalized
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Figure 4.2: UIC2 Labeled Surface Expression of P-glycoprotein TMH 12 and EH 2 Aromatic 

Residues 

Surface expression for aromatic mutants of P-gp were measured using the monoclonal antibody 

UIC2. UIC2 is a conformational antibody that recognizes three extracellular loops of P-gp in an 

outward facing conformation. Surface expression was normalized to expression of WT P-gp 

expressed simultaneously with aromatic mutants. F697A was expressed at 87.8 ± 2.3 %WT, 

W698A at 74.6 ± 8.5 %WT, F994A at 106.7 ± 4.7 %WT, and Y998A at 10.6 ± 0.4 %WT. F994A 

is not significantly different from 100 %WT expression while F697A, W698A, and Y998A are 

significantly different. * p<0.01 **p<0.0001 
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Figure 4.3: Revised Substrate Transduction Pathway Showing Staging of Second Substrate at the 

Protein-Lipid Interface of the Outward Facing Conformation 

Substrate from the inner leaflet interacts with TMH 12 and EH 2 at the lipid-protein interface. 

Substrate can then occupy the substrate binding pocket at the apex of the IF structure. Large 

conformational changes by TMHs 4 and 10 then occlude the substrate binding pocket in an 

intermediate step. ATP hydrolysis drives large conformational changes in TMHs 4, 10, and 9 while 

TMH 12 reorders to occupy the substrate binding pocket to expose and efflux substrate into 

extracellular space. The orientation of residues at the protein-lipid interface then potentially allow 

for new substrate (navy) to be staged for the next catalytic transport cycle. PDB: 5KPI (inward), 

7A6C (occluded), and 6C0V (outward) 
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