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Abstract 

P-glycoprotein (Pgp) is an ATP Binding Cassette (ABC) transporter that functions as 

a multidrug efflux pump, and contributes to multidrug resistance in cancer and other 

diseases. Pgp operates through a poorly understood ATP-dependent polyspecific 

transport mechanism that allows it to bind and transport a wide variety of structurally 

unrelated drugs. Understanding Pgp drug binding and transport would allow rational 

design of novel Pgp inhibitors and provide a better understanding of the general ABC 

transport mechanism. In this work, Pgp was genetically modified to build two new tools 

for biophysical studies: a tryptophan (Trp)-less Pgp that can be used for site-specific Trp 

fluorescence studies of Pgp drug binding sites, and a cysteine (Cys)-less Pgp that can be 

labeled with spectroscopic probes for measuring the intramolecular distances needed to 

identify distinct Pgp protein conformations. Initial efforts to replace the eleven 

endogenous Pgp Trps with another aromatic amino acid demonstrated that multiple Trps 

could be removed from Pgp while maintaining protein function, but also suggested that 

aromatic residues are not always the best Trp replacements. Therefore, a directed 

evolution procedure was developed to determine which amino acids could replace each 

endogenous Pgp Trp. Site-saturation mutagenesis simultaneously replaced blocks of 3 or 

4 Pgp Trps with the 19 other amino acids. The mutants were subjected to a stringent 

selection in yeast to determine which amino acids could replace each Trp. These mutants 

were then combined into full-length Pgp Trp mutants and re-selected. This approach 

successfully identified several Trp-less and minimal Trp Pgp mutants, which contain one 

or two native Trps in positions suitable for drug binding studies. Similarly, directed 
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evolution was used to remove Cys residues from a codon optimized Pgp gene that was 

previously designed and characterized. Directed evolution revealed that the preferred 

amino acid substitutions were location specific and generally biased towards non-

conserved amino acids such as glycine and proline. While this work successfully 

produced two new tools for studying Pgp, it also demonstrates that removing conserved 

amino acids, such as Trp and Cys, from a protein is highly dependent on the local 

environment of the residue being replaced. 

  



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

viii 
 

List of Tables 

Table 2.1: Yield and ATPase activity of Wt and Trp mutant proteins ........................ 80 

Table 2.2: Drug-stimulated ATPase activity of Wt and Trp Mutant proteins............. 82 

Table 2.3: Summary of Trp mutant transformations and recovery after selection. .... 87 

Table 2.4: Frequency of C-terminal Trp substitutions. ............................................... 88 

Table 2.5: Trp substitutions comprising each unique full-length Trp mutants ........... 92 

  



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

ix 
 

List of Figures 

Figure 1.1: P-glycoprotein functions as a multidrug efflux pump. ............................. 21 

Figure 1.2: The high resolution structures of Pgp. ...................................................... 22 

Figure 1.3: Pgp intracellular loops connect each TMD to both NBDs. ...................... 23 

Figure 1.4: The NBD dimer forms two composite nucleotide binding sites: ............. 24 

Figure 1.5: Pgp transports structurally unrelated compounds. .................................... 25 

Figure 1.6: Pgp structures reveal selectivity of substrate binding. .............................. 26 

Figure 1.7: Bacterial ABC transporters occupy multiple conformations. ................... 27 

Figure 1.8: The outward-facing conformation exposes substrates to the extracellular 

environment. ................................................................................................................ 28 

Figure 1.9: Electron microscopy reveals Pgp structural changes................................ 29 

Figure 1.10: A model of the Pgp drug transport mechanism. ..................................... 30 

Figure 2.1: Location of the eleven endogenous Trps in Pgp. ...................................... 74 

Figure 2.2: Alignment of selected Pgp orthologs at Trp positions W44 and W694. .. 75 

Figure 2.3: Expression and function of single Trp mutants in yeast. .......................... 76 

Figure 2.4: Fungicidal resistance profiles of single Trp mutant expressing yeast 

strains .......................................................................................................................... 77 

Figure 2.5: Functionality of combined Trp mutations. ............................................... 78 

Figure 2.6: Purification of Wt and Trp mutant Pgp from S. cerevisiae. ..................... 79 

Figure 2.7: Drug stimulate/inhibited ATPase activity of purified Trp mutant protein.

 ..................................................................................................................................... 81 

Figure 2.8: Intrinsic Trp fluorescence of Wt and mutant Pgp. .................................... 83 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

x 
 

Figure 2.9: Design of Pgp Trp blocks for directed evolution...................................... 84 

Figure 2.10: Strategy for site-saturation mutagenesis and construction of Trp mutants 

for directed evolution. ................................................................................................. 85 

Figure 2.11: Schematic for expression and selection of active Trp mutant blocks. .... 86 

Figure 2.12: Distribution of amino acid substitutions at extracellular and membrane 

bound Trp locations. .................................................................................................... 89 

Figure 2.13: Cytoplasmic membrane interface Trp substitutions. .............................. 90 

Figure 2.14: Distribution of amino acid substitutions for intracellular Pgp Trps. ...... 91 

Figure 2.15: Western blot analysis of selected full-length Pgp Trp mutants. ............. 94 

Figure 2.16: Comparison of W158 and W799 orientation in the ICLs. ...................... 95 

Figure 3.1: Location of the nine native Cys residues in Pgp..................................... 117 

Figure 3.2: Strategy for site-saturation mutagenesis of Pgp Cys residues by 

recombinant PCR. ..................................................................................................... 118 

Figure 3.3: Frequency of NBD1/Linker amino acid substitutions. ........................... 119 

Figure 3.4: Frequency of NBD2 amino acid substitutions. ....................................... 120 

Figure 3.5: Expression and function of combined NBD1/Linker and NBD2 Cys 

mutants. ..................................................................................................................... 121 

Figure 3.6: Expression and function of Cys-less and minimal Cys Opti-Pgp mutants.

 ................................................................................................................................... 122 

Figure 3.7: Coomassie stained gel of purified Cys mutants:..................................... 123 

  



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

xi 
 

List of Abbreviations 

 

ABC  ATP Binding Cassette 

Cys  Cysteine 

DDM  n-Dodecyl-β-D-maltopyranoside 

ECL  Extracellular Loop 

ICL  Intracellular Loop 

NATA  N-acetyl-L-tryptophanamide 

NBD  Nucleotide Binding Domain 

Pgp  P-glycoprotein 

POPC  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

SAR  Structure Activity Relationship  

TM  Transmembrane  

TMD  Transmembrane Domain 

Trp   Tryptophan 

Wt   Wild-type 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

1 
 

1. Chapter I: Introduction 

1.1. P-glycoprotein and Human Disease 

1.1.1. Resistance to chemotherapeutic cancer treatments 

Cancer is the second leading cause of adult deaths, accounting for one quarter of US 

deaths each year (1, 2). Between 1977 and 2007 the five-year cancer survival rate 

increased from 49% to 67%, because of improved detection technologies and treatment 

protocols that include better chemotherapeutic agents (2). Since Goodman and Gilman’s 

first use of alkylating agents to treat non-Hodgkin’s lymphoma in the 1940’s, it has been 

known that cancers often become resistant to chemotherapeutic treatments, leading to 

cancer relapse and death (3). Chemotherapeutic resistance remains a major barrier to 

improving the cancer survival rate, despite treatment advances that have been developed 

over the last four decades, such as combination and targeted drug therapies (3, 4). 

Extensive research has identified many factors, both internal and external to cancer 

cells, which contribute to chemotherapeutic resistance. Physiological and 

pharmacokinetic processes that affect drug absorption, distribution, metabolism, and 

excretion can limit the patient’s tolerated drug dosage and drug availability at a tumor site 

(5). Properties of the tumor microenvironment such as vasculature organization, 

interstitial matrix composition, and metabolic status can reduce drug distribution within 

the tumor, decreasing therapeutic effectiveness (6-8). Cancer cells can achieve anticancer 

drug resistance through a variety of mechanisms that limit intracellular drug 
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concentration or alter cellular responses to drugs. Intracellular accumulation of active 

drug can be prevented through increased drug efflux, decreased drug import, and 

increased drug metabolism or inactivation (9-13). Additionally, drug cytotoxicity can be 

limited through aberrant regulation of cellular processes such as DNA damage repair, cell 

cycle progression, and apoptosis (14, 15). Many components of drug resistance are not 

limited to a single drug or class of drugs. Instead, these mechanisms can render a cancer 

cell resistant to many structurally and mechanistically unrelated drugs; a phenomenon 

known as multidrug resistance. The first molecular component of multidrug resistance to 

be identified and isolated was a glycosylated membrane protein, known as P-glycoprotein 

(Pgp), that was thought to affect drug permeability of cells through an energetic process 

(16-19). Further work established that Pgp is a multidrug efflux pump that can actively 

transport anticancer drugs and other compounds out of cells, limiting intracellular drug 

accumulation (20). Since the discovery of Pgp, nearly four decades of research has 

established that Pgp mediated efflux is not only an important contributor to the multidrug 

resistant phenotype of cancer cells, but it also limits the treatment of other human 

diseases. However, a means to prevent Pgp mediated multidrug resistance is not available 

and the Pgp mediated efflux mechanism is not fully understood. The primary objective of 

this research is to develop tools for in depth studies of Pgp, allowing for a more complete 

understanding of how to modulate its function in patients. 

1.1.2. P-glycoprotein mediated drug resistance in cancer 

Pgp is a member of the ATP Binding Cassette (ABC) transporter superfamily (21). 

Pgp, like other full-sized ABC transporters, consists of two homologous halves each 
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containing a transmembrane domain (TMD) and a nucleotide binding domain (NBD) 

(22-24). Pgp functions as a multidrug efflux pump through interdomain communication 

between the four protein domains. The TMDs can bind a wide array of structurally 

unrelated compounds and transport them from the lipid bilayer to the extracellular 

environment by using power provided from ATP binding and hydrolysis in the NBDs 

(Figure 1.1)(25-27). Pgp substrates include drugs from several important classes of 

antineoplastic agents such as vinca alkaloids, anthracyclines, and taxanes (27). When Pgp 

is overexpressed in cancer cells, it can prevent intracellular accumulation of these 

compounds at cytotoxic concentrations, and cause a multidrug resistance phenotype (28). 

Pgp is expressed in a variety of cancers including: leukemias, breast, lung, cervical, 

and brain (29). In multiple studies, Pgp expression increased in samples from cancers 

recurring after initial antineoplastic treatment, relative to pre-treatment samples (29). 

Additionally, acute Pgp expression following initial treatment has been documented (30). 

Studies of Pgp expressing and non-expressing samples from breast cancer and leukemia 

patients have demonstrated that Pgp expression is correlated to treatment efficacy and is a 

prognostic indicator of relapse-free survival (31-34). However, the exact contribution of 

Pgp to multidrug  resistance has remained difficult to quantitate from patient samples, 

due to non-standard sample collection and analysis and the presence of multiple 

resistance mechanisms within the same sample (34, 35). In vivo imaging of patients using 

a labeled Pgp substrate, technetium 99mSestabimi, has correlated Pgp expression with 

substrate efflux from tumors, but Sestabimi has also been found to be a substrate of 

multidrug resistance associated protein 1 (MRP1, ABCC1), another ABC multidrug 
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transporter (10, 36, 37). In the future, improved analytical procedures and more specific 

probes for in vivo imaging may determine the full impact of Pgp on cancer treatment. 

1.1.3. Physiological P-glycoprotein function 

Pgp mediated drug transport within the body also contributes to treatment resistance 

of cancer and other diseases. Pgp is found in many human tissues including important 

barrier sites for regulating drug pharmacokinetics such as: intestinal epithelium, proximal 

tubule of the kidney, liver, placenta, bone marrow, and capillary endothelium of the brain 

and testes (the blood-brain and blood-testis barriers)(38-40).  At these sites, Pgp is 

expressed on the apical cell surface, indicating a secretory function. Many physiological 

functions have been proposed for Pgp given its diverse expression pattern and range of 

endogenous and exogenous transport substrates. However, studies of Pgp knockout mice 

have substantiated the widely held view that Pgp’s primary function is to protect sensitive 

tissues from environmental toxins (41). Pgp-deficient mice exhibit normal development, 

viability, and fertility, but these mice have altered pharmacokinetic responses to 

administered drugs (42). When compared to wild-type mice, Pgp-deficient mice exhibit 

decreased biliary and intestinal drug excretion, as well as increased tissue and plasma 

drug concentrations (42-44). Increased drug distribution is most prominent in the brain 

where Pgp has been established as a key component of the blood brain barrier (45). Pgp 

deficient animals can have brain drug concentrations in excess of 30 fold higher than that 

of wild-type (Pgp expressing) animals, and can be 100 fold more sensitive to the effects 

of neurotoxic drugs (46, 47). Taken together, studies of drug distribution in Pgp-deficient 

mice demonstrate that Pgp serves to prevent accumulation of xenobiotic compounds.  
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While Pgp may protect the body, it is also a critical determinant for the bioavailability 

of drugs that are Pgp substrates. Besides anticancer drugs, Pgp also transports many other 

drugs used to treat a variety of diseases including: HIV protease inhibitors, antiepileptics, 

antibiotics, antivirals, calcium channel blockers, and steroids (27, 48). Because Pgp is 

important for clearance of these drugs from the body, Pgp may also hinder treatment of 

disease by preventing drugs from reaching the target tissue, particularly drugs that must 

cross the blood brain barrier (45).  

1.1.4. Clinical inhibition of P-glycoprotein  

Less than a decade after the discovery of Pgp as a drug resistance mechanism, 

investigators initiated the first clinical trials to study potential Pgp inhibitors in order to 

improve the efficacy of chemotherapeutic cancer treatment (34). The first generation of 

inhibitors consisted of drugs, such as verapamil and cyclosporin A, that were already 

clinically approved for other uses and were also known Pgp transport inhibitors (34). 

Clinical trials with first generation Pgp inhibitors generally failed due to poor efficacy or 

inherent toxicity of the compounds at the concentration needed for effective Pgp 

inhibition (35). However, addition of cyclosporin to the treatment regimen for acute 

myeloid leukemia did improve the prognosis for patients in a phase III clinical trial (49). 

This positive result provided support for developing a second generation of novel Pgp 

inhibitors. The second generation inhibitors were chemically modified first generation 

inhibitors, such as the cyclosporin analog PSC-833, which did not have the inherent 

toxicity of the parent drugs (34). However, clinical trials of these compounds either failed 

to show a significant benefit to patients or were terminated early due to patient safety 
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concerns (35). While second generation inhibitors were not inherently toxic, they did 

induce toxicity to anticancer drugs by inhibiting drug clearance from the body, and 

causing liver complications by inhibiting other ABC transporters (34, 50). These Pgp 

inhibitors were also found to inhibit Cytochrome P450 (CYP) 3A4 mixed oxidase, which 

is involved in phase I metabolism of more than half of currently used drugs, including 

anticancer drugs and many drugs that are also Pgp transport substrates (12, 35). Second 

generation Pgp inhibitor failures demonstrated the need for higher affinity, Pgp specific 

inhibitors in order to avoid problems associated with non-specific inhibition of other 

ABC transporters or drug clearance mechanisms.  

A third generation of Pgp inhibitors was generated by combinatorial chemistry as an 

attempt to avoid the toxicities associated with the first two generation of inhibitors (50). 

This set of inhibitors included tariquidar, laniquidar, zosuquidar, and CBT-I. Tariquidar 

was highly anticipated because it had 100-fold higher affinity for Pgp than other 

inhibitors, and a single dose provided extended Pgp inhibition over a period of time (51). 

Phase-III trials with tariquidar were terminated before completion due to patient safety 

issues. Laniquidar completed phase-II trials in combination with taxanes for breast 

cancer, but the results have never been released (http://clinicaltrials.gov). Zosuquidar was 

found to be safe in phase-II trials, but did not improve the prognosis of breast cancer 

patients (52). CBT-1 recently completed a phase-II clinical trial, and did provide some 

patient benefit (53). While third generation inhibitors have not yielded the anticipated 

results, investigators have learned more about what biochemical properties will constitute 

an effective inhibitor, and how to design better clinical trials to test future compounds. 
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1.1.5. Future design and development of P-glycoprotein inhibitors 

Pgp and other multidrug transporters have been appropriately described as a ‘double 

edged sword’, because of their dual role in cancer chemotherapy (54). While they do 

protect cancer cells from the cytotoxic effects of cancer chemotherapy, their role in drug 

pharmacokinetics also protects sensitive tissues in the body from the toxicity of 

anticancer drugs. This dichotomy has become very apparent in the search for a safe and 

effective Pgp inhibitor. 30 years of efforts and more than 20 phase-III clinical trials have 

created pessimism about whether Pgp can be clinically inhibited. Some of these failures 

can be attributed to poor clinical trial design, but others can be attributed to lacking a full 

understanding of Pgp mediated efflux. Often these trials enrolled small numbers of 

patients with a specific type of cancer that may or may not overexpress Pgp (34, 35). In 

the future, clinical trials that test for inhibition in patients with a variety of cancer types 

and include a direct method to measure drug accumulation in tumors may reveal that Pgp 

inhibition provides a true benefit for a subset of patients (35, 50). Systemic Pgp inhibition 

can cause issues with drug toxicity while trying to treat tumors in the body, but it can also 

be advantageous under the correct circumstances. Treatment of central nervous system 

tumors and disorders, such as epilepsy and infection, are impaired by Pgp drug exclusion 

at the blood brain barrier. In these situations, a potent Pgp inhibitor may provide the drug 

penetration needed to effectively target a protected tissue (35). Therefore, future drug 

development for Pgp inhibitors will need to account for both sides of the ‘double edged 

sword.’ Although not currently available, advances in nanotechnology may eventually 

allow for targeted drug delivery to a tumor site or a specific tissue (55, 56). Targeted 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

8 
 

delivery, in combination with a powerful Pgp inhibitor, may in fact allow Pgp specific 

inhibition at a selected site without the complications associated with systemic Pgp 

inhibition. 

Development of successful inhibitors for Pgp, or other related ABC transporters, will 

depend on identifying compounds that can be easily administered, are highly specific for 

the targeted transporter, and minimize the interference of pharmacokinetic processes in 

the body. Investigators have attempted to use computational methods, such as structure 

activity relationships (SARs), to predict inhibitor structures based on molecules that are 

known to interact with Pgp (57, 58). These studies produced the second generation Pgp 

inhibitors, and guided the combinatorial chemistry and screening approaches that created 

the third generation of inhibitors (50). However, these types of approaches may not 

account for the full complexity of Pgp interactions with transport substrates and 

inhibitors, such as diffusion through the lipid bilayer and the presence of multiple 

substrate binding sites. Instead, future drug development could be guided by structure 

based drug design followed by high throughput screening of potential inhibitors.  

According to Richard Callaghan and colleagues, structure based Pgp inhibitor design will 

only be successful, based on the successful development of other drugs, if three things are 

available, “(1) high resolution protein structures, (2) detailed information on substrate 

binding site(s), and (3) an understanding of the protein-substrate interactions” (50). The 

goal of this work is to generate tools that can be used in conjunction with the Pgp crystal 

structure to study polyspecific drug binding in Pgp, and determine how the domains of 

Pgp work together to transport so many different compounds. 
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1.2. P-glycoprotein Structure and Mechanism 

1.2.1. P-glycoprotein structure 

Geoffrey Chang and colleagues, in collaboration with our lab, successfully solved a 

high resolution crystal structure of mouse Pgp (mdr1a), representing the first high 

resolution structure of a eukaryotic ABC transporter (22). The 3.8 Å structure reveals the 

architecture of Pgp in an apo state (nucleotide free)(Figure 1.2). The twelve 

transmembrane (TM) helices, six from each TMD, form a large cavity where transport 

substrates can bind (22, 59). The TM helices extend into the cytoplasmic space forming 

four intracellular loops (ICLs) that make intimate contacts with the NBDs through short 

connecting helices (Figures 1.2 and 1.3). In this structure the protein domains are 

organized into an inward-facing conformation. The central cavity is exposed to the lipid 

bilayer and cytoplasm, but closed to the extracellular environment. The NBDs are 

separated from one another by approximately 30 Å.  

The organization of the TMDs in this structure reveals several possible clues about 

the Pgp transport mechanism. TM helices 1, 2, 3, and 6 from TMD1 are grouped with 

helices 10 and 11 from TMD2 (Figure 1.3). On the opposite side, helices 4 and 5 from 

TMD1 are grouped with helices 7, 8, 9, and 12 from TMD2. This arrangement allows 

each TMD to have direct contact with both NBDs, and may explain how nucleotide 

binding induced NBD movements could cause large scale rearrangements of the TMDs 

during drug transport. Furthermore, this helical arrangement forms a large gap between 

TM helix 4 and TM helix 6, as well as between TM helix 10 and TM helix 12 (Figure 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

10 
 

1.3), which may provide an opening for substrates to enter the central cavity of the 

protein. This Pgp structure represents a revolutionary step towards understanding the 

structure-function relationship of Pgp. However, additional structures of Pgp in the 

nucleotide bound state, possibly at higher resolution, would guide biochemical and 

biophysical studies of Pgp even further. 

1.2.2. NBDs dimerize to bind and hydrolyze ATP 

Early work recognized that Pgp mediated multidrug resistance is an energetic process 

(18). Biochemical studies demonstrate that Pgp contains two catalytically active 

nucleotide binding sites, but these sites do not function independently of one another (60, 

61). ATP is the preferred nucleotide for hydrolysis, but Pgp binds ATP with relatively 

low affinity (62). Pgp has a low basal rate of ATP hydrolysis that can be stimulated by 

transport substrates (62). Each Pgp NBD contains a Walker A and Walker B motif, which 

are indicative of nucleotide binding and hydrolysis. Both Pgp NBDs also contain other 

conserved motifs for nucleotide binding and hydrolysis including the ‘LSGGQ’ 

consensus motif, which is present in all members of the ABC transporter superfamily, an 

A-loop that coordinates with the adenine ring through π bond stacking, and the Q-loop, 

which contains a conserved glutamine residue that may be important for NBD-TMD 

communication (21, 27, 63). Cysteine cross-linking suggested that the Walker A 

sequence in one NBD is directly opposed to the ‘LSGGQ’ sequence in the opposite NBD. 

Structural studies of bacterial ABC transporters confirmed this arrangement (64-66). The 

isolated NBDs from the bacterial ABC transporter MJ0796 have been crystallized with 

both nucleotide binding sites occupied by ATP (Figure 1.4) (65). In this structure, the 
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NBDs are dimerized in a ‘head to tail’ arrangement. The Walker A and Walker B 

sequences from one NBD are directly opposed to the ‘LSGGQ’ sequence in the second 

NBD, forming a composite nucleotide binding site from elements of both NBDs (Figure 

1.4). The A-loop and Walker motifs from one NBD interact with the adenine ring, the 

alpha, beta, and gamma phosphates, and coordinate the Mg2+ and water molecule. The 

‘LSGGQ’ sequence from the other NBD interacts mostly with the gamma phosphate. 

This and additional studies provide evidence to support the hypothesis that NBD 

dimerization, mediated by ATP binding, is the mechanical force needed for drug 

transport in the TMDs (67). 

1.2.3. TMDs bind a vast array of structurally unrelated compounds 

The polyspecific nature of Pgp transport substrate binding sets it apart from most 

other membrane bound transporters. Pgp can bind and transport many endogenous and 

exogenous compounds including organic compounds, peptides, and lipids (27, 48, 68). 

The molecular weight of these compounds ranges from 250 g/mole to upwards of 4000 

g/mole. While Pgp substrates are structurally diverse, they are generally hydrophobic, 

and neutral or cationic in nature (Figure 1.5). Transport substrate binding occurs in the 

central cavity formed by the TMDs (22, 59, 69). This cavity is large enough to allow 

simultaneous binding of two or more compounds that likely bind through an induced fit 

mechanism (22, 70, 71). Competitive binding experiments have demonstrated the 

presence of three or more distinct binding sites, or pockets, within the TMDs, and 

indicate that binding to these sites can be cooperative (72, 73). The ‘R-site,’ which has 

high affinity for rhodamine 123, and the ‘H-site,’ which binds Hoechst 33342, appear to 
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participate in drug transport (73). These sites exhibit cooperative binding, as binding at 

one of the sites stimulates transport at the other site. A third site, named the ‘P-site’ 

because it binds prazosin, does not participate in drug transport but does regulate the R- 

and H-sites (74). Additional studies have mapped the interactions of other drugs, 

including vinblastine and paclitaxel, and suggest up to seven distinct binding sites may 

exist in Pgp (72). However, the spatial organization of binding and the manner by which 

these sites interact with one another within the protein remains unclear. 

The variable nature of substrate binding in Pgp was demonstrated in the Pgp crystal 

structure (22). Pgp was co-crystallized with two inhibitory compounds, QZ59-SSS and 

QZ59-RRR. These compounds are stereoisomers of one another, but bound to Pgp in 

different orientations, locations, and stoichiometries in the co-crystal structures (Figure 

1.6). Two molecules of QZ59-SSS are bound to the protein, whereas only one molecule 

of QZ59-RRR is present. QZ59-RRR is bound in the center of the lipid bilayer, while 

QZ59-SSS is bound to sites above and below this middle site. Binding at these three sites 

appears to be mediated by different subsets of aromatic and hydrophobic residues lining 

the central cavity, suggesting that Pgp substrate polyspecificity may be achieved through 

varying subsets of residues that interact with bound molecules (75). 

1.2.4. Structural studies reveal distinct ABC transporter conformations 

To date, Pgp has only been crystallized in a single inward-facing, nucleotide free 

conformation (22). However, bacterial ABC transporters, homologous with Pgp, have 

been crystallized in other conformations and in the presence of nucleotide. Two 
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nucleotide-free (apo) structures of MsbA, a lipid A transporter in gram negative bacteria, 

have been solved (Figures 1.7 A and B) (66). Both structures are consistent with an 

inward-facing structure, as seen with Pgp, where the substrate binding sites are closed to 

the external environment (Figure 1.8). However, the two apo structures differ in the 

distance that separates the NBDs. One is a closed conformation where the NBDs are 

close together, while the second structure is in an open conformation with the NBDs 

separated by approximately 50 Å, similar to the Pgp structure. While the biological 

relevance of these open and closed conformations has not been determined, these 

structures have allowed speculation that the large scale NBD movements are needed for 

MsbA and Pgp to accommodate loading of very large substrates into the central cavity. 

MsbA and Sav1866, an ABC transporter from Staphylococcus aureus, have also been 

crystallized in a nucleotide bound, outward-facing conformation (Figures 1.7 C and D) 

(64, 66, 76). In these structures, the NBDs are dimerized with nucleotide occupying both 

binding sites. However, Sav1866 structures are nearly identical whether ADP or AMP-

PNP, an ATP analog, were bound to the structure (64, 76). The outward-facing 

conformation describes the TMDs being arranged such that the central substrate binding 

cavity is exposed to the extracellular environment, but closed to the inner membrane 

leaflet and cytoplasm (Figure 1.8). This conformation likely allows bound substrates to 

be released into the environment.  

Nucleotide induced structural changes have also been observed in Pgp through low 

resolution electron microscopy images (Figure 1.9) (77, 78). Two dimensional Pgp 
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crystals were generated in the absence of any nucleotides. Then, various nucleotide 

species were added to the crystallized protein. In these images Pgp has a rectangular 

shape with an area of low density in the center of the protein. Addition of nucleotides 

alone, or addition of nucleotides with vanadate, which mimics a transition state of ATP 

hydrolysis, produced noticeable density changes in the protein (Figure 1.9). The ADP 

bound protein more closely resembles the nucleotide free protein than the other 

nucleotide bound proteins. While structural differences produced by different nucleotide 

species are difficult to discern at this low resolution, it is apparent that addition of 

nucleotide causes a large conformation change in the protein. The structures of nucleotide 

free and nucleotide bound Pgp are consistent with high resolution bacterial ABC 

transporter structures and the predicted role of NBD dimerization in the Pgp transport 

mechanism. 

Structural studies of Pgp and related proteins have suggested a set of possible 

conformations, formed by Pgp during the drug transport cycle, which must be explored 

through biochemical and biophysical studies. Sav1866 and MsbA are homologous with 

Pgp, but some differences between the proteins may lead to variations in the 

conformations that are adopted by Pgp. These bacterial proteins are ‘half sized’ ABC 

transporters that are composed of one TMD and one NBD, but function as a homodimer. 

Pgp is a ‘full sized’ ABC transporter with the first TMD and NBD connected to the 

second TMD and NBD by a short linker. Therefore, asymmetries between the two halves 

of Pgp or presence of the linker may cause Pgp conformations to differ from those of its 

bacterial homologues. Additionally, direct comparison between the crystal structures of 
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Pgp and bacterial transporters reveals some slight differences in the arrangement of the 

TM helices (79). A surprising result of Sav1866 structural studies is that the 

conformations of ADP bound and AMP-PNP bound protein were nearly identical, which 

would not be predicted from hypothesized mechanisms of ABC transporters or electron 

microscopy studies (67, 78). Given the difficulty of crystallizing membrane proteins, it is 

possible that the conditions required for crystallization may limit the number of 

conformations that ABC transporters can adopt in crystal structures, or crystal packing 

forces may introduce non-native conformations. Therefore, it is important that studies of 

Pgp in solution be used to understand the range of conformations that are formed by Pgp 

during its drug transport cycle, and how these conformations change in response to 

nucleotides and transport substrates. 

1.2.5. The Pgp transport mechanism remains poorly understood 

A widely held view is that Pgp functions as a multidrug transporter through a 

‘hydrophobic vacuum cleaner’ transport mechanism (27). As potential substrates diffuse 

through the lipid bilayer of the plasma membrane, they can center the central cavity of 

Pgp. Then the drugs are extruded into the extracellular environment through an ATP 

dependent mechanism. While the exact steps of this process are not understood, it is clear 

that Pgp substrate transport relies on two separate but interdependent cycles: 1) substrate 

binding and transport in the TMDS and 2) nucleotide binding, hydrolysis, and release in 

the NBDs (Figure 1.10). While the details can vary, most investigators agree that ABC 

transporters function through an alternating access mechanism with the protein cycling 
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between inward-facing and outward-facing conformations, which is a commonly 

hypothesized mechanism among membrane transporters (80).   

Pgp substrate transport likely begins with the TMDs arranged in an inward-facing 

conformation so that the central substrate binding cavity is exposed to the inner 

membrane leaflet and cytoplasm (Figure 1.10 A and B). In this conformation, potential 

transport substrates are free to diffuse from the lipid bilayer and bind to the polyspecific 

binding sites within the central cavity. Nucleotide induced NBD movements then cause 

TMD rearrangements that lead to formation of an outward-facing conformation, which 

exposes the bound substrates to the extracellular environment where they can be released 

(Figure 1.10 C).  During the transition from an inward-facing to an outward-facing 

conformation, rotation of the TM helices may alter amino acid side chain interactions 

with the bound substrate, changing the substrate affinity (75, 81). With the substrate 

released, the TMDs can be reset to an inward-facing conformation, beginning a new 

transport cycle. While Pgp is predicted to assume inward and outward-facing 

conformations, the exact TM helix rearrangements required for this transition have not 

been described in detail. Also, it remains unclear whether the transitions from the 

outward-facing to the inward-facing conformation uses the same intermediate 

conformations required to change the TMDs from the inward-facing conformation to 

outward-facing conformation, or if it proceeds through a separate pathway. Mapping the 

exact TM helix movements and TMD conformations required for drug transport may 

present an opportunity to design Pgp specific inhibitors that target an individual step in 

the Pgp transport cycle. 
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Many details of how the TMDs function in Pgp mediated transport will require 

further in-depth studies, but it is equally important to understand the role of the NBDs in 

the drug transport cycle. Although experimental conditions often begin with a nucleotide 

free protein, it is likely that at least one nucleotide binding site is always occupied by 

ATP in the inward-facing protein conformation, at intracellular ATP concentrations 

(Figure 1.10A and B)(62). According to the ‘ATP Switch’ model for ABC transporters, 

binding of ATP to both nucleotide binding sites induces NBD dimerization, and switches 

the protein from an inward-facing to outward-facing conformation (Figure 1.10C)(67). 

Following formation of the NBD dimer, one of the bound ATP molecules becomes 

occluded and subsequently hydrolyzed (Figure 1.10D)(82). Finally, hydrolysis and 

release of nucleotide is sufficient to reset the protein for the next transport cycle (Figure 

1.10E)(83). NBD dimerization has been implicated as the key force that drives 

conformational changes in the TMDs. However, the range of movements that the NBDs 

can adopt in response to binding of a specific nucleotide species (ATP, ADP, or the 

transition state analog ATP + Vanadate) have not been fully resolved. High resolution 

structures suggest that the NBDs may have both parallel and perpendicular movements, 

with respect to one another (66). High resolution structures and experimental results 

indicate that the NBDs can fully dissociate after ATP hydrolysis. However, other 

evidence supports a constant contact model, which involves the NBDs always being in 

contact at one of the two composite nucleotide binding sites and ATP hydrolysis 

alternating between the two binding sites (66, 84-86). Developing a clear understanding 

of the relationship between NBD movements and ATP binding, hydrolysis, and release 
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will be essential for understanding how ATP provides the power for active transport of 

substrates by the TMDs. Additionally, understanding the sequence of events that occur 

with the NBDs during the transport cycle will create new strategies for inhibiting Pgp. 

Most attempts to inhibit Pgp have been focused on developing inhibitors that bind to the 

TMDs, but directly inhibiting the NBDs could be another viable option (50). 

Much remains to be learned about the mechanism of Pgp, but it has become clear that 

interdomain communication is an important aspect of Pgp drug transport. Biochemical 

studies have demonstrated that nucleotide binding and hydrolysis in the NBDs causes 

structural changes in the TMDs (87, 88), but these changes are not well defined. 

Conversely, substrate binding in the TMDs can modulate the NBDs. Compounds that 

bind to the TMDs can either stimulate or inhibit the rate of ATP hydrolysis, possibly by 

regulating the rate of NBD association (89). However, it is not known how substrate 

binding induced changes in the TMDs are transmitted to the NBDs. Furthermore, the 

lipid environment surrounding the protein can modulate both ATP binding and hydrolysis 

in the NBDs and transport substrate binding in the TMDs (90-92).  Understanding how 

the domains of Pgp are inter-dependent and regulated by one another and the surrounding 

environment will offer valuable insights into the Pgp transport mechanism and how to 

control it. 

1.3. Purpose of Study 

Nearly four decades of work has demonstrated the importance of Pgp in the treatment 

of cancer and other diseases. However, a clinically safe and effective Pgp inhibitor has 
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remained elusive. Multiple generations of inhibitors have identified important hurdles 

that must be overcome, but have also demonstrated that the correct inhibitor could offer a 

therapeutic advantage for the treatment of human disease. Developing a Pgp inhibitor that 

is specific, effective, and can be safely delivered will be aided by a detailed 

understanding of Pgp structure and mechanism. Additionally, understanding the Pgp 

mechanism and finding ways to inhibit it also has broader implications towards 

understanding the general mechanism of ABC transporters. Pgp is the founding member 

of the ABC transporter superfamily, which includes 47 other human transporters and 

transporters in every kingdom of life (21). Many of these ABC transporters also have 

roles in the pathology and treatment of disease. A detailed understanding of Pgp will not 

only provide opportunities for informed design of a new generation of improved Pgp 

inhibitors, but will also offer valuable new insights into this important family of proteins. 

To this end, this study seeks to develop tools that will further the analysis of Pgp and 

its polyspecific drug transport mechanism. Chapter II details the steps taken to remove 

endogenous tryptophans from Pgp with the goal of constructing a Pgp protein with 

minimal intrinsic tryptophan fluorescence that can be used as a template for site-specific 

tryptophan fluorescence spectroscopy. In Part I of Chapter II, single tryptophans were 

replaced with conserved amino acids, and the proteins were assayed for expression and 

function, through in vivo testing in Saccharomyces cerevisiae, to determine the effects of 

removing single endogenous tryptophans. Then, selected tryptophan mutations were 

combined and the resulting proteins were purified. Characterization of these proteins 

demonstrated that multiple tryptophans could be removed from Pgp while maintaining 
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full protein function, but reducing intrinsic Pgp fluorescence. Part II of Chapter II 

expands upon the results of Part I by using site saturation mutagenesis, in combination 

with directed evolution, to simultaneously replace endogenous Pgp tryptophans with 

every amino acid and select for active mutants. Directed evolution of Pgp successfully 

produced multiple fully tryptophan-less proteins while demonstrating that conserved 

amino acids are not always the optimal replacement for tryptophan. Single tryptophans 

can now be re-introduced into one of the tryptophan-less Pgp constructs, and the 

fluorescence of the inserted tryptophans can be used to map substrate binding sites in the 

TMDs and measure drug binding kinetics of Pgp. 

The directed evolution approach described in Chapter II was also used to remove 

native cysteines from a codon optimized Pgp gene (Opti-Pgp), which we previously 

constructed and characterized (93). Chapter III describes the preference for non-

conserved amino acid substitutions for cysteines in the NBDs of Pgp, construction and 

functional analyses of minimal cysteine and fully cysteine-less Pgp proteins, as well as 

purification and characterization of selected cysteine mutant proteins. This work 

represents the first practical application of Opti-Pgp. These mutant proteins were found to 

be as active as Opti-Pgp, and could be purified in high quantities. The resulting cysteine-

less protein will be used to re-introduce cysteines at strategic sites in the protein for 

covalent attachment of spectroscopic probes. Pairs of these inserted cysteines can be 

labeled with probes and used to measure intramolecular distances within the protein, 

which will determine specific Pgp conformations and how these conformations change in 

response to binding of nucleotide and transport substrates. 
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1.4. Figures 

 

Figure 1.1: P-glycoprotein functions as a multidrug efflux pump. The two 

homologous halves of Pgp each contain a transmembrane domain (TMD) and a 

nucleotide binding domain (NBD). The TMDs can bind a wide variety of compounds, 

including drugs, in the lipid bilayer or cytoplasm, and transport them to the extracellular 

environment through an ATP dependent mechanism.  
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Figure 1.2: The high resolution structures of Pgp. The 3.8 Å Pgp crystal structure is 

shown in two views with the N-terminal and C-terminal halves of the protein shaded in 

blue and green respectively. Pgp is arranged in a nucleotide free, inward facing 

conformation with the NBDs separated by ~30 Å. The 6 transmembrane (TM) helices 

from each TMD extend through the lipid bilayer (dashed lines) forming extracellular 

loops (ECLs) and intracellular loops (ICLs).   
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Figure 1.3: Pgp intracellular loops connect each TMD to both NBDs.The Pgp crystal 

structure is shown with the N-terminal TMD and NBD shaded blue. Transmembrane 

(TM) helices 2 and 3 from the N-terminal TMD form intracellular loop (ICL) 1, which 

associates with NBD1. TM helices 4 and 5, also from the N-terminal TMD, form ICL 2 

that associates with NBD2. TM helices 8 and 9, and 10 and 11 from the C-terminal TMD 

also form two ICLs with the same NBD associations. This arrangement may explain how 

NBD movements could cause large scale TMD rearrangements.  
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Figure 1.4: The NBD dimer forms two composite nucleotide binding sites: (A) The 

isolated NBDs of the bacterial ABC transporter MJ0796 are dimerized with a molecule of 

ATP bound to both of the nucleotide binding sites. (B) Each nucleotide binding site is a 

composite of elements from both NBDs. The Walker A (yellow) and Walker B (orange) 

motifs, and the conserved aromatic residue (red) from one NBD (blue), and the ‘LSGGQ’ 

motif (violet) from the second NBD (green) bind the same molecule of ATP. 
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Figure 1.5: Pgp transports structurally unrelated compounds. Examples of Pgp 

transport substrates include:  anticancer drugs such as, doxorubicin, paclitaxel, 

vinblastine and imatinib; digoxin, a cardiac glycoside, FK506, an immunosuppressant, 

valinomycin, an ionophore, and saquinavir, a HIV protease inhibitor.   
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Figure 1.6: Pgp structures reveal selectivity of substrate binding. Pgp has been co-

crystallized with two stereoisometric compounds. (A) One molecule of QZ59-RRR is 

bound to the TMDs in the center of the lipid bilayer. (B) Two molecules of QZ59-SSS 

occupy an upper and lower site in the protein. QZ59-RRR (C) and QZ59-SSS (D) are 

chemically identical except for the orientation of isopropyl groups at three chiral centers.  
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Figure 1.7: Bacterial ABC transporters occupy multiple conformations. MsbA has 
been crystallized in ‘open’ (A) and ‘closed’ (B) nucleotide free, inward-facing 
conformations. The open conformation is similar to the Pgp structure (Figure 1.1) with 
the NBDs separated by ~50 Å, while the NBDs in the closed conformation are close 
together but not dimerized. Taken from (66). MsbA has also been crystalized in a 
nucleotide bound outward-facing conformation. (C) and (D) represent two views of the 
outward-facing conformation, rotated by 90°. The TMDs are arranged so that substrates 
bound in the central cavity of the TMDs would be exposed to the extracellular 
environment. The NBDs are dimerized with two molecules of AMP-PNP (red), an ATP 
analog, bound at the interface.   
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Figure 1.8: The outward-facing conformation exposes substrates to the extracellular 

environment. (A) The Pgp inward facing conformation is shown from the extracellular 

side of the protein looking down into the TMDs. The N-terminal and C-terminal TM 

helices are shaded in blue and green, respectively. The TM helices are numbered in order 

from N-terminal to C-terminal. The molecular surface of the central cavity is shown in 

grey. In this conformation the TM helices and ECLs are angled towards each other 

closing the central cavity to the extracellular environment. (B) The MsbA outward-facing 

conformation is shown in the same orientation with the MsbA monomers shaded in blue 

and green. In this conformation, the TM helices angle away from the center of the 

protein, exposing the central cavity. 
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Figure 1.9: Electron microscopy reveals Pgp structural changes. Projection images of 

Pgp obtained by electron microscopy. In each image, one molecule of Pgp is outlined by 

a white oval. The nucleotide-free image has a rectangular shape with an area of low 

density in the center of the protein (black arrowhead). With the addition of nucleotide, the 

area of low density is reduced and the protein assumes a kinked shape (white 

arrowheads). Taken from (78).  



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

30 
 

 

 

Figure 1.10: A model of the Pgp drug transport mechanism. Based on structural 

studies, Pgp likely cycles between inward-facing and outward-facing conformations. In 

the inward facing conformation (B), substrates in the lipid bilayer or cytoplasm can bind 

to sub-pockets within the central cavity formed by the TMDs. Then nucleotide binding 

induced NBD dimerization causes TMD rearrangement to an outward-facing 

conformation where substrates can be released (C). ATP hydrolysis and release then 

resets the protein for another transport cycle (D and E).  
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2. Chapter II: Construction of a tryptophan-less Pgp 

reveals a bias towards non-conserved amino acids 

2.1. Introduction 

Understanding how Pgp accomplishes polyspecific substrate binding and how 

binding modulates Pgp function is necessary for structure based Pgp inhibitor design (as 

outlined in Chapter I). Competitive binding and covalent labeling studies have identified 

at least three, and possibly up to seven, distinct substrate binding sites within Pgp, and 

determined that Pgp can simultaneously bind multiple drugs through cooperative 

interactions (Section 1.2.3)(1-3). While these studies have described the pharmacological 

nature of Pgp drug binding, much more work is needed to determine the physical location 

of these sites within Pgp and the spatial interactions of bound drugs and inhibitors. The 

approximate binding locations of rhodamine and verapamil have been identified through 

covalent crosslinking with thiol reactive analogs of these compounds. However, these 

analogs may not accurately represent binding of the parent drugs, given the highly 

sensitive nature of Pgp for minor chemical differences between compounds (4, 5).The co-

crystal structures of Pgp with the QZ59-RRR and QZ59-SSS cyclic inhibitors suggest 

that at least three binding sub-pockets are formed by subsets of amino acid residues lining 

the central cavity (Section 1.2.3 and Figure 1.6) (6). Yet, little else is known about the 

spatial organization of Pgp substrate binding sites in solution, or the kinetics of binding 

during the Pgp transport cycle. Mapping the binding sites and cooperative interactions for 

a variety of transport substrates and inhibitors will provide new strategies for improving 
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Pgp inhibition by identifying agonistic and antagonistic effects upon binding of multiple 

compounds. Previous work has demonstrated that Pgp inhibition can be enhanced when 

two inhibitory molecules are tethered together, and that the tether length affects efficacy 

(7). If such an approach can be combined with a complete understanding of drug binding 

locations and kinetics, then novel high affinity Pgp inhibitors can be designed and tested.  

Site-specific tryptophan (Trp) fluorescence spectroscopy has been used to study 

substrate binding and explore the catalytic cycle for a variety of membrane proteins by 

monitoring fluorescence changes of Trps genetically inserted at predetermined locations 

(8-10). Trp has several advantages over other extrinsic, covalently attached fluorophores 

for drug binding studies with Pgp. Trp fluorescence is sensitive to changes in its 

immediate environment, such as binding of a drug, and can also serve as the donor 

molecule for fluorescence resonance energy transfer (FRET) measurements. The light 

absorption spectra of multiple Pgp transport substrates and inhibitors, such as rhodamine 

123, Hoechst 33342, and prazosin, overlap with the emission spectrum of Trp, making 

them FRET acceptors for Trp fluorescence. Also, Trp is small, relative to other 

fluorophores, and would have minimal interference with the protein structure and 

function. Trp is a standard amino acid that can be added to a protein by site-directed 

mutagenesis, removing the uncertainty of labeling efficiency and stoichiometry. These 

properties are favorable for Pgp, because substrate binding occurs in the central cavity of 

the TMDs, which may not be accessible to extrinsic fluorophores and may not tolerate 

the steric hindrances of large fluorophores. However, site-directed Trp fluorescence has 
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been precluded from use with Pgp due to the high intrinsic fluorescence contributed by 

eleven endogenous Trps (Figure 2.1).  

Sharom and colleagues previously used this intrinsic Trp fluorescence to study Pgp, 

and could achieve 20 to 50% quenching with various drugs (11). However, eight Pgp 

Trps are located in or near the membrane bound portions of the protein, and close enough 

to the bound drugs to possibly be quenched by FRET (Figure 2.1). Therefore, it is 

difficult to determine which and how many Trps were responsible for the observed drug 

binding induced Trp quenching. Two Trps (W228 and W311) are located in the 

hydrophobic core of the lipid bilayer. Six more Trps are located at the membrane water 

interface; W132 is at the cytoplasmic membrane interface along with W44, W694, and 

W704, located in the elbow helices that parallel the membrane, while W208 and W851 

are located in extracellular loops close to the outer membrane interface. The three 

remaining Trps are located in the intracellular portions of the protein, distal to where drug 

binding occurs in the TMDs. W158 and W799 are located within the intracellular loops 

(ICLs) that extend from the TMDs and make contact with the NBDs, and W1104 is in the 

C-terminal NBD (NBD2). In order to fully exploit the advantages of site-directed Trp 

fluorescence, the intrinsic Trp fluorescence in Pgp must be reduced or eliminated before 

strategically placed Trps can be used to localize the discrete drug binding sites and 

measure binding affinities.  

Trp is the least frequent but most conserved residue in proteins, suggesting that it can 

often have essential roles in maintaining protein structure and function (12). The Trp side 
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chain contains an aromatic indole ring, making it the largest of the twenty standard amino 

acids, and allowing it to interact with neighboring residues through multiple non-covalent 

forces. The large hydrophobic ring can maintain hydrophobic interactions and participate 

in π-π bonding, while the pyrole nitrogen can form hydrogen bonds and gives tryptophan 

some degree of hydrophilic nature when present at the membrane-water interface (13, 

14). Trps have often been successfully substituted by the other two aromatic amino acids, 

tyrosine and phenylalanine. This strategy has produced multiple Trp-less proteins, 

including membrane transporters (8, 15, 16). However, aromatic amino acid substitutions 

may not be the optimal method for Trp replacement in other situations. Previously, a Trp-

less Pgp was constructed by replacing all eleven Trps with phenylalanine, but this protein 

exhibited minimal function and impaired expression, making it unusable as a tool for 

further studies (17). This chapter details the steps that were taken to evaluate Pgp Trps in 

order to determine which Trps could be replaced and what amino acids were the best Trp 

substitutes.  

In Part I of this chapter, the endogenous Pgp Trps were analyzed to identify which 

Trps could be replaced without impairing protein expression or function. Each Trp was 

replaced, separately, by another aromatic amino acid except where sequence alignments 

with orthologous proteins suggested a non-aromatic residue. Then the mutants with a 

single Trp replaced were analyzed for function and expression in Saccharomyces 

cerevisiae. Mutant function was assessed by the ability to convey fungicidal resistance to 

the yeast, and complementation for Ste6, a homologous pheromone transporter required 

for yeast mating. Then mutants deemed to be active through stringent evaluation in yeast 
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were combined into multi-Trp mutant proteins and purified. The purified proteins were 

characterized for catalytic activity in drug stimulated ATPase assays, with multiple drugs, 

and for changes in intrinsic protein fluorescence. Overall, we found that no single Trp is 

necessary for Pgp function, and that active individual Trp mutations, identified by 

stringent evaluation, could be combined into one protein. These combined Trp 

substitutions maintained full protein function, and decreased intrinsic Trp fluorescence.  

The results of Part I demonstrated that multiple Pgp Trps could be successfully 

removed, but also suggested that aromatic amino acids may not be the ideal substitute at 

several Pgp Trp locations. In the context of a large integral membrane protein, Trps can 

be found in a variety of local environments, as demonstrated by the Pgp structure (Figure 

2.1). Trps can be buried within the lipid bilayer, at the inner or outer membrane water 

interface, or within the water soluble portions of the protein, suggesting that one amino 

acid may not always be the best Trp replacement. Therefore, Part II of this chapter 

(section 2.3) details the development and use of a directed evolution procedure for 

replacing the endogenous Pgp Trps. Directed evolution is the process of selecting for 

traits that are not found in nature, and has been used to engineer proteins with specific 

properties, such as thermostability, enantioselectivity, and high affinity antibodies (18-

21). In this study, we designed a directed evolution strategy to select for active Trp-less 

Pgp proteins. Site-saturation mutagenesis replaced Pgp Trps with each of the 20 standard 

amino acids. Then, the directed evolution constructs were expressed in S. cerevisiae for 

selection of active Trp mutants by fungicidal resistance and complementation for Ste6. 

The Pgp Trps were initially replaced in three blocks, and then the active blocks were 
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combined into full-length Pgp mutants that were subjected to a second round of selection. 

In the end, this strategy produced multiple Trp-less and minimal-Trp mutants. 

Surprisingly, directed evolution revealed a large bias towards non-conservative Trp 

mutations at the endogenous Pgp Trp positions. These results suggest that determining 

the ‘best’ amino acid substitution for a residue in a membrane protein is highly dependent 

on the local environment of the residue. 

2.2. Part I: P-glycoprotein is fully active after multiple 

tryptophan substitutions 

(Part I and related figures was taken directly from the manuscript, “P-glycoprotein is 

fully active after multiple tryptophan substitutions,” by Swartz, D.J., Weber, J., and 

Urbatsch, I.L.; submitted for publication on July 23, 2012) 

2.2.1. Materials and methods 

Materials 

FK506 and valinomycin were purchased from A.G. Scientific (San Diego, CA). 

Fluconazole was from LKT Laboratories (Saint Paul, MN). Doxorubicin, verapamil, 

cyclosporin A, and ATP were from Sigma Aldrich (Saint Louis, MO). E. coli lipids 

(Polar Extract) were purchased from Avanti (Alabaster, AL), n-Dodecyl-β-D-

maltopyranoside (DDM) was from Inalco (Italy). 
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Mutant construction and analysis in S. cerevisiae 

Wt mouse Pgp (mdr3, abcb1a) in the pVT expression vector (pVT-mdr3.5)(22, 23) 

served as a template throughout this study. Individual Trp mutations were introduced by 

QuickChange (Stratagene) site-directed mutagenesis using oligonucleotides containing 

the Trp mutation and silent mutations to identify the mutants by restriction enzyme 

digestion. To generate the two Trp pair mutants, W311Y was added to W228F and 

W694L was added to W1104Y by site-directed mutagenesis. Then W228F/W311Y was 

added to W694L/W1104Y by subcloning with SacI sites that flank W228F and W311Y 

to form the quadruple mutant W228F/W311Y/W694L/W1104Y (Quad). Mutant 

constructs were confirmed by DNA sequencing of the entire Pgp open reading frame. 

Wild-type abcb1 (Wt) and Trp mutants were then transformed into S. cerevisiae, JPY201 

(MATa ura3 ∆ste6::HIS3), cells for expression and functional assays that were performed 

essentially as previously described (23-26).  

Large scale Trp mutant expression and purification 

For protein purification, Wt and mutant plasmids were transformed into strain 

BY4743 (relevant phenotype: MAT a/α ura3∆0)(27), for increased biomass production 

versus JPY201 cells (provided by Dr. Brandt L. Schneider), and grown in 15 L fermentor 

cultures (BioFlow IV, New Brunswick) containing uracil-deficient medium 

supplemented with 7.5% glycerol, as a chemical chaperone, to enhance Pgp expression 

(28). Cells were harvested during log-phase growth (A280= 6-7) yielding 60-90 g cells per 

fermentor culture. Microsomal membranes were prepared as described for Pichia 

pastoris cells (26). Wt and mutant Pgp proteins were extracted in 0.6% DDM and 
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purified with successive nickel affinity, DE-52 anion exchange, and size exclusion 

chromatography steps, as previously described for P. pastoris expressed Pgp (25, 26). 

Protein concentration of Pgp containing fractions was determined by UV spectroscopy at 

280 nm using the extinction coefficient of 1.28 per mg/ml. Wt and mutant proteins were 

further quantitated by resolving increasing protein amounts on Coomassie stained SDS-

PAGE gels and compared to a BSA standard using ImageJ (http://rsbweb.nih.gov/). 

ATPase Assays  

For ATPase activity measurements, we modified the malachite green assay for 

detection of inorganic phosphate (Pi) release (29, 30) for use with small volumes in a 96 

well plate format as follows: Wt and mutant proteins in 0.1% DDM were activated with 

10 mM DTT for 10 min on ice, and then mixed with an equal volume of 2% E. coli lipids 

and incubated at RT for 15 minutes (26). Then, 0.1 µg activated protein was added to 

wells of a 96 well plate containing 10 µl of 10 mM ATP cocktail (10 mM ATP, 10 mM 

MgSO4 in 50 mM Tris-Cl buffer pH 7.5) with a 2-fold serial dilution of verapamil, 

FK506, valinomycin, or cyclosporin A with 150 µM verapamil, pre-warmed to 37°C. 

ATPase reactions were stopped at times ranging from 0 to 30 minutes by the addition of 

100 µl cold 0.4 N H2SO4 containing 0.05 % DDM, and the 96 well plates were 

transferred to ice. Pi was measured by adding 100 µl of a stock color development 

solution to give a final concentration of 0.73% ammonium molybdate, 0.9 N H2SO4, 

0.056% polyvinyl alcohol, and 0.011% malachite green in each sample well. Samples 

were then incubated at RT for 20 min and the absorbance of each sample was measure at 

610 nm in a microplate reader (Benchmark Plus, BioRad). Mock samples containing 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

46 
 

buffer and lipids without any added Pgp were subtracted as background values, and 

inorganic phosphate standards (from 0.5 to 10 nmol) served as internal controls. 

Statistical analysis  

Significant differences in the yeast functional assays were determined using Student’s 

t-test with p=0.05 as the rejection limit. The ATPase activities for stimulatory compounds 

were analyzed by nonlinear regression analysis using the equation V= Vbas+ 

(Vmax×Sb)/(Sb+Ksb), where S is the concentration of stimulatory drug, V is the rate of 

ATP hydrolysis, Vbas is the ATPase activity in the absence of drug, Vmax is the 

maximum drug stimulated ATPase activity, Ks is the concentration of drug required for 

half-maximal stimulation, and b is the Hill coefficient. Cyclosporin A inhibition was 

analyzed using the equation V= Vbas-((Vbas-Imax)×Ib)/(Kib+Ib) where I is the inhibitor 

concentration, Imax is the maximal inhibited ATPase activity, and Ki is the inhibitor 

concentration required for half-maximal inhibition. The Hill coefficient for a given drug 

was similar between Wt and mutant proteins and was between ~1 for verapamil, FK506, 

and cyclosporin A, and ~2 for valinomycin. For each data fit, R2 was greater than 0.97 

and each of the parameters was statistically significant (p<0.05). Wt and mutant Ks 

values were compared by Student’s t-test. All statistical analyses were performed with 

Sigmaplot 11. 

Tryptophan fluorescence  

Pgp intrinsic Trp fluorescence was measured by diluting purified proteins to 100 nM 

with purification buffer (20 mM HEPES, 50 mM NaCl, 10% glycerol, 0.1% DDM, pH 
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7.4) and measuring the steady state fluorescence emission from 310-410 nm with an 

excitation wavelength of 295 nm in a Fluorolog-3 spectrofluorometer (Horiba) at room 

temperature. Emission spectra were corrected by comparing the technical spectra of 

tyrosine and tryptophan with the corrected spectra as given by Eftink (31).  

2.2.2. Results 

Single Trp mutant expression  

Our first objective was to mutate each of the eleven Pgp Trps, and determine how 

removing individual Trps affects protein expression and function. First, we compared 

Pgp amino acid sequences from different species to identify Trp substitutions that may 

preserve function. Human and mouse Pgp were aligned with orthologous Pgp sequences, 

having greater than 70% sequence identity, from the Ensembl database (http://ensembl.org) 

(32). Nine of the eleven Trps were completely conserved across the 45 aligned orthologs. 

At W44, we found that Trp was replaced by arginine in guinea pig (Cavia porcellus), 

cysteine in chicken (Gallus gallus), and threonine in frog (Xenopus laevis) Pgp (Figure 

2.2A). We chose arginine to replace W44 since guinea pig is the closest relative to mouse 

and human. At W694, phenylalanine occurs in opossum (Monodelphis domestica) and 

frog, and leucine is present in chicken and turkey (Meleagris gallopavo) (Figure 2.2B). 

We chose leucine to replace this Trp because ABCB4, a Pgp paralog, in mouse and 

several of its orthologous sequences also have leucine instead of Trp at W694. For the 

remaining six Trps located in the lipid bilayer or at the membrane interface (Figure 2.1), 

we chose tyrosine to replace Trp because membrane snorkeling preferences predict that it 
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interacts more favorably with the lipid bilayer than phenylalanine (13, 14, 33). The two 

Trps in the coupling helices (W158 and W799) were replaced by phenylalanine, found in 

the related bacterial ABC transporters MsbA and Sav1866 (34, 35), and W1104 in NBD2 

was replaced by a tyrosine.  

Each of these single mutants was transformed into S. cerevisiae for analysis of protein 

expression and function. Western blots revealed that the mutants were abundantly 

expressed as a full-length protein, at levels similar to or greater than Wt Pgp, except 

W228Y (Figure 2.3A). W228Y exhibited severely diminished levels of full-length 

protein and accumulation of a degradation product with an approximate molecular weight 

of 50 kDa. This result was reproducible with multiple clones of the mutant suggesting 

that tyrosine at this position adversely affects protein synthesis, folding, or trafficking. 

Subsequently, we replaced this membrane bound Trp (Figure 2.1) with phenylalanine, 

and found that the more hydrophobic W228F mutation is well expressed when compared 

to Wt Pgp (data not shown). Together, these data suggests that no single endogenous Trp 

was critical for Pgp expression. 

Single Trp mutant function 

Previous work has demonstrated that when Pgp is expressed in S. cerevisiae, it can 

convey fungicidal resistance to the yeast cells (24). Furthermore, Pgp can complement for 

Ste6, the a-factor pheromone transporter required for mating, and restore mating in 

otherwise sterile Ste6 null yeast (23). When the yeast strains expressing mutant Pgp were 

exposed to FK506, only three mutants (W44R, W208Y, and W851Y) had relative 
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growths rates that were significantly less than strains expressing Wt (* in Figure 2.3B, 

p<0.05). However, the mating efficiencies were severely impaired (<40% of Wt) in five 

of the mutants (Figure 2.3C) with W208Y showing low functionality in both assays. 

W311Y and W1104Y performed well at levels similar to Wt in both the mating and 

FK506 resistance assays while W228F and W694L outperformed Wt in mating efficiency 

by approximately two-fold and maintained high levels of FK506 resistance. Interestingly, 

W44R had opposing effects in the two assays. This mutant significantly outperformed Wt 

in mating efficiency but had significantly impaired FK506 resistance. Overall, the 

combined results of these two functional assays identified a set of single Trp mutants 

(W228F, W311Y, W694L, and W1104Y) that likely preserve Pgp function at the plasma 

membrane based on FK506 transport (a macrocyclic lactone, MW of 804 g/mol) and 

export of yeast a-factor (a farnesylated dodecapeptide), compounds with vastly different 

sizes and structures (36). 

The differing performance of mutants with the two transport substrates suggested that 

some Trp mutations may not simply impair the protein, but may alter its specificity for 

some substrates. We further explored this possibility by subjecting the yeast strains to 

growth in three additional fungicidal drugs, valinomycin (1,111 g/mol), fluconazole (306 

g/mol), and doxorubicin (544 g/mol), that represent a structurally diverse set of 

compounds. Most mutants retained some level of resistance (>50%) against these drugs 

except for W158F, which behaved similar to the vector control in fluconazole (<20% 

growth, Figure 2.4). Again, W694L and W1104Y, maintained a high level of activity 

(>70%) across all transport substrates assayed (Figure 2.4, see also Figure 2.3B, C). 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

50 
 

W228F and W311Y retained significant levels of drug resistance in all but one of the 

drugs (doxorubicin or fluconazole, respectively). Interestingly, W44R and W851Y, 

which were significantly impaired in FK506 (Figure 2.3B) but mated efficiently (Figure 

2.3C), also maintained high levels of resistance against all three additional drugs.  

Together, these data indicate that the ability to mate (Figure 2.3C) is a stringent first test 

for function. However, drug resistance profiles may be altered in individual mutants and 

should be tested to confirm that polyspecificity, a hallmark of Pgp function, is 

maintained.  

Functionality of combined Trp mutations 

Our second objective was to determine how Pgp would be affected when multiple 

single Trp substitutions were combined into the same protein. Based on the functional 

data we first paired W228F/W311Y as well as W694L/W1104, because each of these 

single mutants were statistically equivalent to Wt in both the FK506 assay and the mating 

assay (Figures 2.3B and C). Coincidentally, these four Trps have previously been 

predicted to be major contributors to the Trp fluorescence lifetimes of Pgp (37). Then 

W228F/W311Y was added to W694L/W1104Y to form the quadruple mutant 

W228F/W311Y/W694L/W1104Y (Quad). The pair and quad mutants exhibited 

expression levels similar to Wt (data not shown), maintained high levels of FK506 

resistance (Figure 2.5A), and outperformed Wt in mating efficiency, similar to the 

respective single mutants (Figure 2.5B).These data suggest that the double and quad 

mutants combine the properties of the single mutants, or in other words the combinations 

were successful because we started with fully active single mutants.  
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As proof of principle, we also combined W132Y, W158F, and W311Y (N-triple 

mutant). All three individual mutants were highly resistant to FK506 (Figure 2.3B), but 

W132Y and W158F had significantly lower mating efficiencies than Wt. Additionally, 

each mutant showed significantly reduced resistance to one of the other drugs (W132Y to 

valinomycin, W158F to fluconazole, and W311Y to doxorubicin, see Figure 2.4). 

Combining these mutations completely ablated FK506 resistance (Figure 2.5A), even 

though protein expression was not impaired (data not shown). The N-triple mutant strain 

was also sterile in the yeast mating assay (Figure 2.5B) as expected from the low mating 

efficiencies of the respective W132Y and W158F mutants. The stark functional contrast 

between the N-triple mutant and Quad mutant demonstrates the importance of thoroughly 

testing individual Trp mutations before attempting to use them to construct a low-

tryptophan Pgp protein that is functional.  

Functionality of purified double and quad Trp mutations  

Our third objective was to examine the function of the combined pair and Quad 

mutants and their interaction with drug substrates at the purified protein level. Wt and the 

combination mutants were purified from S. cerevisiae fermentor cultures following 

essentially the same procedures we previously described for purification of Pgp from 

Pichia pastoris yeast (see Experimental Procedures). The last step involved size 

exclusion chromatography to remove residual contaminants, and exchange the proteins 

into a defined buffer for further biochemical and biophysical studies. Wt and mutant 

proteins all eluted as a sharp peak consistent with monomeric protein (25), well separated 

from smaller molecular weight proteins (labeled “impurities” in Figure 2.6A).  
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Coomassie-stained SDS-gels revealed that Wt and each mutant protein were purified to 

near homogeneity (Figure 2.6B). Mutant protein yields were consistent with the Wt Pgp 

yield of 1.3 mg Pgp/ fermentor culture (Table 2.1), which is somewhat lower than from 

Pichia pastoris (25). However, the protein purity was excellent and the protein quantity is 

sufficient for biochemical and biophysical studies.  

The drug stimulated ATPase activity of the purified proteins was evaluated, as this 

has long been a standard measure of in vitro Pgp function (26, 38). The maximum 

verapamil-stimulated ATPase activity of the purified pair and quad mutants was very 

similar to Wt Pgp, with verapamil providing a 5-fold stimulation in ATPase activity 

(Table 2.1).  Half-maximal stimulatory concentration for verapamil ranged from 9 to 16 

µM for Wt and the mutants (Fig. 6A, Table 2.2), not significantly different in a two tail t-

test (p<0.05), and was in the same range as previously published (25).  Maximum 

stimulation of ATPase activity by valinomycin and FK506 was lower than with 

verapamil, about 4-fold and 3-fold over basal activity (in the absence of drug), and 

occurred at a concentration of 70 µM and 20 µM, respectively (Figures 2.7B and C). 

Again, the half-maximal stimulatory concentrations for valinomycin and FK506 of Wt 

and the mutants proteins were not significantly different in the two tail test (p<0.05, 

Table 2.2). Inhibition of verapamil-stimulated ATPase activity by the 

immunosuppressant cyclosporin A was also comparable for the Wt and mutant proteins, 

with half-maximal inhibition seen at 10-15 µM (p<0.05 Figure 2.7D). Together these data 

indicate that the mutants were indistinguishable from Wt Pgp in terms of yield, purity and 

their affinities for substrates and inhibitors in the purified proteins. 
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Intrinsic tryptophan fluorescence of Wt and mutant proteins 

The goal of removing Pgp Trps was to minimize intrinsic protein fluorescence, but 

also to determine the contribution of certain Trps to the Pgp fluorescence signal. Trp 

fluorescence spectra of Wt and mutant Pgp proteins are shown in Figure 2.8. The Wt 

emission spectrum was shifted to shorter wavelengths (maximum at 327 nm) when 

compared to the tryptophan analog NATA (356 nm), as previously reported, suggesting 

that the native tryptophans are mostly in a hydrophobic environment (11). Assuming a 

quantum yield of 0.13 for NATA (39), the average quantum yield of the eleven Wt Trps 

was estimated to be 0.17. The Wt emission maximum at 327 nm did not shift 

significantly when two or four Trps were removed (Figure 2.8). However, the emission 

intensity did decrease with subsequent removal of Trps. The W228F/W311Y and 

W694L/W1104Y mutations contributed to approximately 10% and 15% decreases in 

emission, respectively, while the Quad mutant emission was approximately 35% less than 

Wt. Overall, the intrinsic fluorescent signal decreased proportionately with the number of 

Trps removed. Removing four of the eleven endogenous Trps resulted in a 1/3 reduction 

in intrinsic fluorescence. Taking into account the rather high average quantum yield, the 

data suggest that most, if not all Trp residues contribute to the intrinsic Pgp fluorescence, 

in contrast to a previous report concluding that the intrinsic fluorescence arises from a 

few emitters (25). Overall, our data suggest that each Trp probably contributes equally to 

the total fluorescence. 
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2.2.3. Discussion 

Most Trps are highly conserved among Pgp species suggesting a role of Trps in 

maintaining the structural stability of the protein, the architecture of the drug binding 

sites and/or specific interactions  with hydrophobic drug substrates (40, 41). This study 

addresses two basic questions: A) Can every one of the eleven native Trps in Pgp be 

substituted while retaining function? B) Can multiple Trp substitutions be combined into 

a low-Trp Pgp (several Trps replaced) that is fully functional and expressed at wild-type 

levels? To answer these questions we chose “traditional” substitutions (tyrosine and 

phenylalanine) with respect to the particular location within the membrane and in 

intracellular domains (Figure 2.1), or amino acids found in Pgp orthologs (W44R and 

W694L). Only four single Trp mutants fully retained their ability to convey resistance 

against a diverse set of antifungal drugs and to complement for Ste6, the yeast a-factor 

pheromone transporter required for mating (Figures 2.3 and 2.4). Among them were 

W228F and W311Y located within the membrane bilayer, W694L at the beginning of the 

elbow helix situated at the intracellular membrane interface, and W1104Y in NBD2. 

Those could be combined into pair (W228F/W311Y and W694L/W1104Y) and 

quadruple (W228F/W311Y/W694L/W1104Y) mutants that were fully active in yeast 

assays (Figure 2.5). Furthermore the pair and quad mutants could be purified to 

homogeneity in yields similar to Wt protein, and displayed drug-stimulated ATPase 

activity with binding affinities indistinguishable from Wt Pgp (Tables 2.1 and 2.2). The 

intrinsic Trp fluorescence of the pair and quad mutants was reduced approximately 

proportionally to the number of Trps removed with ~35% reduction achieved in the quad 
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mutant. Together these findings provide convincing evidence that polyspecificity for 

diverse transport substrates was preserved when fully active single Trp mutants were 

combined into a low-Trp Pgp.   

This study also shed some light into those Trp residues that cannot be simply replaced 

by an aromatic amino acid without adversely affecting protein expression, folding and/or 

function. Strikingly, several single Trp mutants retained high levels of drug resistance 

against FK506 (and other drugs) but showed severely impaired mating efficiency (Figure 

2.3A vs. B). Examples are W132Y and W704Y, situated at the cytoplasmic membrane 

interface, as well as W159F and W799F, located in the coupling helices that connect the 

TMDs to the NBDs. It is worth mentioning that in drug resistance assays, yeast cells are 

continuously exposed over a prolonged time (>24h) to the drug that may act in the 

manner of chemical chaperones and enhance folding and trafficking of the mutant 

proteins to the cell surface (42-44). In contrast, mating is dependent on secretion of a-

factor pheromone and only mutants that traffic normally to the cell surface and retain 

their ability to export the pheromone will attract α-tester cells and mate efficiently. The 

latter may account for the more stringent discrimination of mutant function seen in 

mating assays. Biophysical studies suggest tyrosine is a good substitute at the membrane 

surface because, like Trp, it can orient its polar side chain towards the polar phospholipid 

head groups of the membrane bilayer (‘snorkeling’ effect) and anchor helices in the 

membrane (13, 14, 33, 40). However for some tyrosine substitutions, interactions with 

the membrane interface alone may not fully account for the diverse phenotypes observed. 

For example, in the inside-facing conformation of the Pgp crystal structure the indole side 
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chain of W132 points to the inside of the drug binding cavity and may thereby interact 

not only with the lipid interface but also directly contact  some substrates by participating 

in H-bonding, cation-bonding, and aromatic stacking interactions. Effects on substrate 

specificity similar to W132Y were previously observed for tyrosine as well as 

phenylalanine substitutions of Trps located in the TMDs of the related multidrug ABC 

transporters MRP1, MRP2 and MRP3 (41, 45-47). Another example is W704 that is 

situated at the turn of the elbow helix and the first α-helix of TMD2, and is next to a 

proline residue, a known helix breaker.  Possibly, a tyrosine substitution at this position 

may experience additional stereochemical constraints leading to slight folding defects 

that can be ‘rescued’ by some drugs (in resistance assays) but are detectable in mating 

assays. Stereochemical constrains also may apply to Trps W208 and W851 located in the 

two very short extracellular loops. W208Y was not only severely impaired in mating but 

also showed significantly reduced resistance to two of the drugs, FK506 and doxorubicin, 

while W851Y maintained mating efficiency similar to Wt but was significantly reduced 

in FK506 resistance. The W208Y defects point to a severe interference with the 

architecture of the drug binding sites that could not be rescued by FK506 or doxorubicin. 

Possibly, a smaller amino acid substitution (Ala, Gly) may better fit the constraints of 

these short loops, as has been seen for Trp substitutions W361A and W459A at the 

extracellular membrane surface in MRP1 (41).  

Interestingly, W228F showed about two-fold increased mating efficiency and high 

drug resistance against all but one drug while a tyrosine substitution W228Y severely 

impaired expression (Figures 2.3 and 2.4), consistent with its location within the lipid 
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bilayer and the indole side chain buried into the hydrocarbon phase of the membrane, not 

snorkeling (Figure 2.1). W228 is located in the fourth TM-helix that crosses over and 

connects to the second NBD, a contact thought to be critical for proper folding and 

assembly (48, 49). Thus, phenylalanine may have more closely mimicked the amino acid 

interactions required for proper helix packing of the mouse Pgp than tyrosine. All 

together, these data suggest that tyrosine is not always a good substitute for Trps in 

membrane domains but local constraints and/or substrate-specific functional restrictions 

may confine the performance of mutants. 

W158 and W799 are situated at the tip of the coupling helices that embed into a 

groove on the NBDs. These are distant from the drug binding sites but may be important 

in stabilizing the hairpin structure of the coupling helices for proper connection. A 

phenylalanine is found at the homologous positions of the related bacterial ABC 

transporters MsbA and Sav1866 (34, 35).  However, phenylalanine substitutions of W158 

and W799 in Pgp led to severely impaired mating efficiencies; furthermore, W158F also 

completely lost drug resistance to fluconazole. It is currently not well understood how 

coupling signals are transmitted between NBDs and TMDs and whether they differ 

between ABC proteins transporting different substrates. Likely, testing different types of 

amino acids followed by extensive substrate screening will be necessary to identify 

appropriate substitutions in Pgp that fully retain the function of Trps in these helices.   

Finally, it is appropriate to comment on the tryptophan-less Pgp protein that was 

previously constructed by replacing all eleven endogenous Trps with phenylalanine 
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(Mdr3F1-11) (17). That protein exhibited altered drug resistance patterns in mammalian 

cells. It also did not confer FK506 resistance nor could it functionally complement Ste6, 

perhaps due to severely compromised protein expression in yeast, and has not been 

deployed in Trp fluorescence studies. Chimeric constructs between Wt and the Mdr3F1-11 

mutant suggested that reduced activity was not caused by loss of any uniquely important 

Trp but rather a cumulative loss of several Trps. Interestingly, several studies on 

gradient-driven transporters showed that those proteins are much more tolerant to the 

straight-forward strategy of replacing Trp by phenylalanine.  Successful examples are the 

outer membrane protein A (five Trps replaced)(50), the lac permease (six Trps 

replaced)(16) and the Na+/H+ antiporter NhaA from E. coli (six Trps replaced)(8), and the 

human sodium/glucose cotransporter SGLT1 (13 replaced and one was essential for 

function)(15). In contrast, for Pgp the current study highlights the importance of 

thoroughly testing individual Trp substitutions before attempting to combine mutations 

into a low-tryptophan Pgp protein that is functional. This was exemplified in the N-triple 

mutant, a combination of W132Y, W158F and W311Y substitutions that individually 

were all highly resistant to FK506, but each mutant showed significantly reduced 

resistance to one of the other drugs and W132Y and W158F also showed impaired 

mating efficiencies; this N-triple combination completely lost function (Figure 2.5). In 

stark contrast, combining W228F, W311Y, W694L, and W1104Y, which each 

maintained high activity in FK506 resistance and mating assays resulted in a fully active 

protein that could be purified in sufficient quantities and biochemically characterized 

(Figures 2.6 and 2.7). The purified pair (W228F / W311Y and W694L / W1104Y) and 
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Quad (W228F / W311Y / W694L / W1104Y) mutants exhibited levels of drug stimulated 

ATPase activity similar to Wt Pgp with multiple drugs, confirming that as a whole 

polyspecificity was maintained in these mutants.  Trp removal that did not incur loss of 

function has been reported for only a few membrane proteins (8, 15, 16, 50) and is a 

challenging task especially for complex systems such as mammalian ABC transporters 

(41). While the intrinsic fluorescence of the Quad mutant remains too high to be used for 

site-specific Trp fluorescence studies, this protein can serve as template for testing and 

combining additional Trp mutations to further reduce the intrinsic Trp fluorescence while 

maintaining Pgp function.  

2.3. Part II: Directed evolution of Pgp Trps identifies 

location-specific non-conservative Trp replacements 

2.3.1. Materials and methods 

Materials 

Valinomycin was purchased from A.G. Scientific (San Diego, CA). Fluconazole was 

from LKT Laboratories (Saint Paul, MN). Doxorubicin, verapamil, and nystatin were 

from Sigma Aldrich (Saint Louis, MO)  

Mutant construction and expression 

Wt mouse Pgp (mdr3, abcb1a) in the pVT expression vector (pVT-mdr3.5) served as 

the starting template for all mutants in this study (22, 23). The Trps from each of the 

three blocks (Figure 2.9) were replaced by a recombinant PCR method using site-
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saturation mutagenic oligonucleotides containing the Trp+ and Trp– degenerate codons at 

each of the Trp positions (Figure 2.10A) (51). First, overlapping mutant fragments were 

generated through a standard PCR protocol with mutagenic primers at each Trp position 

and non-mutagenic flanking primers, using Phusion Hot Start II polymerase 

(Thermofisher) (Figure 2.10B). These fragments were gel purified, quantified, and used 

in equal ratios for the second “anneal and fill” PCR reaction, which contained no 

additional PCR primers, to extend the fragments from the overlapping sequences. Then, 

flanking primers were used to amplify the full length Trp mutant blocks in a final PCR 

reaction. The flanking primers extended the mutant blocks ~100 bp beyond the respective 

restriction sites for re-introduction into pVT-mdr3 plasmid by homologous recombination 

in S. cerevisiae (51). For recombination, pVTmdr3 was digested with the appropriate 

restriction enzymes for each block (Figure 1.9), gel purified, mixed with a two-fold 

excess of the Trp mutant block PCR product and co-transformed into S. cerevisiae, strain 

JPY201(MATa ura3 ∆ste6::HIS3), by electroporation (Figure 2.10B) (23, 24). The 

pVTmdr3 plasmid used for recombination was modified by adding an in-frame stop 

codon and PmeI restriction site to the portions of mdr1a replaced by the Trp mutant 

blocks to prevent contamination from undigested plasmid DNA.  

Trp mutant selection and identification 

Following electroporation, the transformants were incubated at 30°C in liquid 

medium for 4-6 hours, allowing recombination and protein expression to occur. Then, the 

transformants were plated on uracil deficient medium alone, to estimate the total number 

of transformants in each sample, or medium containing 150 µM fluconazole to begin 
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mutant selection (Figure 2.11). Colonies from fluconazole plates were combined into 

mass population cultures and used to inoculate 15 ml cultures containing fungicidal 

compounds. The Trp mutant expressing yeast were successively passaged through 15 mL 

cultures containing 2.5 µM nystatin, 150 µM fluconazole, 2.5 µM nystatin again, and 

finally 10 µM doxorubicin with 50 µM valinomycin by growing each culture to density 

in a shaking incubator and using it to inoculate the next successive culture in the selection 

process (Figure 2.11). Yeast cells from the final drug selection step with doxorubicin and 

valinomycin were then transferred into fresh, drug-free media before being mated with an 

α-type yeast strain (DC17) to test for complementation of Ste6 as previously described 

(Figure 2.11) (23-25).  

Mutant isolation and identification 

4 to 5 single yeast colonies from samples that successfully mated (mating efficiency 

was equal to or greater than Wt Pgp expressing yeast) were picked into 100 µl sterile 

water and 20 µl diluted cells was used for colony PCR while another aliquot of cells was 

spotted on uracil deficient agar plates to preserve each colony. For colony PCR, the 

diluted yeast cells were mixed with the same flanking primers as were used to construct 

the mutant (Figure 2.10B) and standard PCR reagents containing Phire Hot Start II 

polymerase (Thermofisher). PCR reactions were incubated for 5 minutes at 98°C to 

denature the yeast cells, before proceeding through 35 replication cycles. PCR products 

were analyzed agarose gel electrophoresis and submitted for DNA sequencing to identify 

each Trp mutation in the mutant block. Plasmid DNA from unique mutants was extracted 
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from 10 ml yeast cultures, propagated in E. coli (XL10Gold, Stratagene), and purified for 

use as PCR templates to assemble the full-length Trp mutants.  

2.3.2. Results 

Trp mutant library construction and screening 

The objective of this study was to replace the eleven highly conserved Pgp Trps with 

every amino acid and determine which amino acid substitutions could generate a fully 

active Trp-less Pgp, using site-saturation mutagenesis and a stringent selection procedure. 

Ideally, all eleven native Trp positions would be mutated simultaneously to account for 

potential interactions between Trp substitutions, but this approach is prohibited by the 

extremely large number of potential Trp mutant combinations (1911=1.2×1014 

combinations). Instead, Trps were simultaneously replaced in blocks of 4, 3, and 4 Trps 

that are flanked by unique restriction sites: a N-terminal block consisting of W44, W132, 

W158, and W208, a central block containing W228, W311, and W694, and the C-

terminal block with W704, W799, W851, and W1104, reducing the required number of 

mutants (194= 1.3×105 combinations per block of 4 Trps)(Figures 2.9). Site-saturation 

mutagenesis allowed every amino acid, except Trp, to be expressed at each Trp site by 

replacing the Trp codon (TGG) with a mixture of three degenerate codons (Trp–) 

containing: VNN that does not contain thymine in the first position (also does not code 

for Cys, Phe, or Tyr), NHN that excludes guanine from the middle position (does not 

code for Arg, Cys, or Gly), and NNH that does not allow guanine at the third position 

(does not code for Met)(Figure 2.10A). In parallel, each Trp codon was also replaced by a 
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fully degenerate codon (NNN) that allowed all 20 amino acids, including Trp, to be 

expressed (Trp+)(Figure 2.10A). Oligonucleotide pairs containing the degenerate codons 

were incorporated into the mouse Pgp gene (mdr1a) by the recombinant PCR strategy 

outlined in Figure 2.10B. The mutant PCR libraries were directly transformed into S. 

cerevisiae through homologous recombination to select for active mutants by Pgp’s 

ability to convey fungicidal resistance to yeast, and to restore yeast mating by 

complementing for Ste6, a Pgp yeast homologue that functions as an a-factor pheromone 

transporter required for mating (Figure 2.11)(23, 52). Fungicidal resistance selection was 

achieved through successive passages in different fungicidal drugs (nystatin, fluconazole, 

valinomycin, and doxorubicin) (Figure 2.11). Doxorubicin and valinomycin are 

individually fungicidal at higher concentrations (25 µM and 100 µM respectively; see 

Figure 2.4), but initial testing found that co-administration of these two drugs produced a 

synergistic fungicidal effect at reduced concentrations. Following drug selection, 

surviving cells were mated to select for single colonies that could transport a-factor 

pheromone (a farnesylated dodecapeptide) and restore mating in the otherwise sterile 

yeast. (36). Yeast mating is by itself a stringent test of Pgp mutant function as 

demonstrated in Chapter II Part I (section 2.2). Yeast strains carrying empty pVT vector 

(vector control) or Wt pVTmdr1a were cultured in parallel with the Trp mutant 

transformants, and the absence of vector control yeast strains after mating demonstrated 

the efficacy of the Trp mutant selection procedure.  

Single colonies from yeast populations that successfully mated (i.e., exhibited mating 

efficiencies equal to or greater than Wt Pgp expressing yeast) were amplified by colony 
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PCR and sequenced to identify unique Trp mutants in the population (see Methods; 

section 2.3.1). For this study, unique mutants are defined as having a distinct combination 

of codons across the Trp sites in a Trp mutant block, within the same transformation 

sample. Each selection sample began with 5,000-10,000 individual transformants, but 

sequencing of multiple single colonies from successful mating samples revealed that the 

samples were generally homogeneous for a single mutant plasmid, demonstrating the 

efficacy of the selection procedure. In total, approximately 150,000 transformants 

carrying the N-terminal Trp block entered the selection process, and 88 unique mutants 

were recovered from individual yeast colonies after mating (Table 2.3 and Figure 2.11). 

For the central block, 67 unique mutants were recovered from approximately one million 

transformants, and 56 of these mutants did not contain Trp at any of the three native Trp 

positions (Table 2.3). While selection of mutants for the N-terminal and central blocks 

primarily relied on Trp– site-saturation mutagenesis codons (no Trp allowed, Figure 

2.10A), the C-terminal block was highly dependent on the fully degenerate Trp+ libraries 

due to the inefficient recovery of unique Trp– mutant colonies; only two unique mutants 

were recovered from 100,000 Trp– transformants (Table 2.3). Even with Trp+ libraries, 

this block required more than one million transformants to obtain 36 unique mutants 

(Table 2.3). These 36 mutant combinations included 20 reversions to Trp at W704 and 23 

reversions to Trp at W799 (Table 2.4). The C-terminal Trp block required more than one 

million transformants to identify 36 unique mutants, with only 7 of these being Trp-free 

(Table 2.3)., suggesting that Trp replacements may be limited for one or more of these 

Trps (Figure 2.10 and Table 2.3). These data suggest that the yeast selection developed 
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for this study serves as a powerful means to disclose the few specific substitutions that 

preserve function at each site, and suggest that regions of greater stringency exist in the 

protein. 

Identification of Trp substitutions 

The frequency of amino acid substitutions found by directed evolution is summarized 

in Figures 2.12 thru 2.14, and is grouped by location in the tertiary Pgp structure rather 

than by location in the mutant blocks. For W208 and W851, both located in short 

extracellular loops, Pro was the most prominent amino acid substitution occurring at 28% 

and 50%, respectively (Figure 2.12A). W208 was also replaced by the non-polar amino 

acids Gly (18%) and Ala (12%). W851 substitutions also contained many Trp revertants 

(19%), as well as Thr (11%) and Arg (11%). Modeling a POPC lipid membrane into the 

Pgp structure revealed that these two Trps are at the membrane-water interface 

suggesting that amino acid substitutions for these Trps may be restricted by both 

stereochemical constraints imposed by the short loops and interactions with the 

phospholipid groups of the lipid bilayer. This may explain why a helix breaking residue 

(Pro), the smallest amino acids (Gly and Ala), a polar residue (Ser) and a positively 

charged amino acid (Arg) are all found at the same Trp positions. 

W228, located in the hydrophobic core of the membrane, was most frequently 

replaced by Gly (31%) and Ala (19%) (Figure 2.12). Interestingly, 14% of mutants 

reverted to Trp at this position, while another 7% contained the hydrophobic aromat Phe. 

These amino acid preferences are consistent with the W228 indole side chain being 
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buried in the hydrocarbon chains of the phospholipid bilayer, as observed in the crystal 

structure of Pgp (Figure 2.12B). W311, also in the lipid bilayer, was most frequently 

replaced by the non-polar amino acids Gly (27%) and Pro (13%). Unique mutants also 

contained various other non-polar amino acids, including Ala (9%), Val (9%), and Leu 

(10%), at this position along with the basic amino acids Arg (10%) and His (7%). In the 

inward-facing Pgp structure, W311 is oriented towards the central substrate binding 

cavity and may directly interact with some transport substrates (Figure 2.12 B). In this 

case, the preferred W311 substitutions suggest that contact with substrates occurs 

primarily by hydrophobic interaction and cation-bonding rather than aromatic π bond 

stacking, as the other aromats Tyr and Phe are nearly absent from the W311 mutants. 

 W44, W694, and W704 are each located at the cytoplasmic membrane interface in 

short elbow helices that are oriented in the plane of the membrane, but the distribution of 

amino acid substitutions differed slightly between these Trp positions (Figure 2.13). Gly 

was the most frequent substitution for W44 (27%), along with Ala, Pro, and Arg, which 

were each present in approximately 10% of mutants. For W694, the majority of 

substitutions clustered around the non-polar residues Gly, Leu, and Pro, with each 

representing approximately 20%, along with Val (13%). Pro was the most frequent 

substitution for W704, but more than 50% of W704 mutants reverted back to Trp 

indicating that this Trp was difficult to replace. Elbow helices such as the ones containing 

these three Trps are found to occur in other ABC transporters, and similar structures exist 

in other membrane proteins, including large conductance mechanosensitive channels 

(MscL)(34, 35, 53). Studies of these interfacial helices in MscL suggest that they are 
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important for anchoring the TM helices in the membrane while the TM helices undergo 

large conformational changes, and have identified a highly conserved aromatic amino 

acid in the interfacial helices that can only be substituted by a non-polar residue, 

consistent with the data in this study (53, 54). 

W132, also close to the cytoplasmic membrane interface, was replaced by Pro (29%) 

and glycine (14%). Also, the polar Gln (9%) and basic Arg (8%) were observed at lower 

frequencies (Figure 2.13). Aromatic substitutions at this Trp position were negligible. In 

the inward-facing Pgp crystal structure, this Trp side chain is oriented towards the inside 

of the protein, and may interact with both the lipid interface and some bound transport 

substrates. The preference for Pro and Gly at this Trp position would suggest that these 

interactions are primarily hydrophobic. 

The two Trps in the ICLs displayed distinct differences in substitution patterns among 

the unique mutants. W158 was replaced most frequently by Ala (26%) and Gly (16%). 

The remaining W158 substitutions were distributed across a variety of non-polar, polar, 

and charged amino acids, while aromatic substitutions were nearly absent (Figure 2.14). 

In contrast, the majority of unique mutants reverted to Trp at W799 (64%), while Pro 

(14%) constituted the other prominent amino acid at this position. These two Trps occupy 

equivalent positions in the two halves of Pgp, but these data suggest that their local 

environment may dictate the stringency for Trp replacement (Figure 2.14B, and section 

2.3.3). The final intracellular Trp, W1104, in NBD2 displayed the most flexibility for Trp 

substitutions, with Gly being the only amino acid that accounted for more than 20% of 
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unique mutants. W1104 is towards the periphery of the NBD and not close to the 

nucleotide binding site or the protein surfaces that interact in dimerized NBDs, which 

may explain the diversity of amino acids that were permitted at this position.  

Assembly of full-length Trp mutants 

After obtaining a library of unique mutants for each Trp position, we next focused on 

combining these mutants into full-length Pgp Trp mutant constructs. The unique N-

terminal, central, and C-terminal Trp mutants were combined by recombinant PCR, 

transformed into yeast by homologous recombination, and passed through the same 

selection process as the individual mutant blocks (Figure 2.11) to identify active full-

length Trp mutants. Fifteen unique mutants containing two or less Trps were isolated 

from screening approximately one million transformants. These mutants included three 

completely Trp-less Pgp constructs and twelve minimal-Trp mutants with one or two 

Trps retained in the gene (Table 2.5). This set of mutants also contained a W704 deletion 

mutant with all three nucleotides in the Trp codon deleted from the plasmid. The majority 

of minimal-Trp mutants retained Trp at either W704 or W799 or both positions (Table 

2.5). Interestingly, many of the substitutions identified in the full-length mutants were not 

the most frequent substitutions found in the individual Trp mutant blocks, suggesting that 

preferred substitutions at a Trp position may be partially determined by the substitutions 

at neighboring Trp positions (Table 2.5 and Figures 2.12 thru 2.14).  

The plasmid DNA from these mutants was isolated and re-transformed into naïve 

JPY201 yeast cells for analysis of protein expression. The mutant expressing yeast were 
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grown in liquid culture, and microsomal membranes were isolated and analyzed by 

Western blot using the monoclonal anti-Pgp antibody C219 (Figure 2.15)(25). Each of 

the mutants tested was found to be expressed as full-length Pgp. Mutant protein 

expression was generally lower than Wt Pgp, but the mutants are expressed in quantities 

suitable for purification. In future experiments, the Trp-less and selected minimal-Trp 

Pgp mutant proteins will be purified from large scale yeast fermentor cultures and 

characterized for catalytic activity and Trp fluorescence. While the goal of this study was 

to produce a Trp-less Pgp for site-specific Trp fluorescence studies, the minimal-Trp 

mutants may also be useful for Trp fluorescence drug binding studies with Pgp, as the 

retained Trps are close to the central cavity where drug binding occurs (Figure 2.1).  

2.3.3. Discussion 

In this study, directed evolution was employed to replace each native Pgp Trp with 

every amino acid and select for active mutants in yeast, with the goal of obtaining Trp-

less or minimal-Trp Pgps that maintained Pgp substrate polyspecificity. Expression in 

yeast allowed for the selection of mutants by Pgp induced fungicidal resistance, against 

multiple fungicidal compounds, and restoration of yeast mating, by complementation for 

Ste6 a-factor transport (a farnesylated dodecapeptide) (36). Yeast mating, the final step in 

mutant selection, is an especially important tool for identification of functional Pgp 

mutants. While mutant expressing yeast cells could achieve some level of fungicidal 

resistance through intrinsic yeast drug resistance mechanisms, restoration of mating in 

Ste6 null yeast is solely dependent on the presence of active Pgp (23, 24). Transformation 

of Trp mutant PCR libraries by homologous recombination provided a large pool of 
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unique Trp mutants within a transformed yeast sample (5,000-10,000 transformants), but 

samples that completed the selection process were generally homogenous for a single Trp 

mutant, suggesting that selection was effective for removing unfavorable combinations of 

Trp mutations. The efficacy of the selection procedure was also demonstrated by the 

efficiency of recovering unique mutants from the selection samples. 150,000 N-terminal 

block transformants were required to identify 88 unique Trp-free mutants, but more than 

one million C-terminal transformants produced 36 unique mutants, with only a handful of 

these being Trp-free (Table 2.3). These results demonstrate that directed evolution not 

only successfully generated active Pgp Trp mutants, but also identified endogenous Pgp 

Trp positions where substitutions are not well tolerated.  

Multiple Trps have been removed from membrane proteins by substitution with 

aromatic amino acids, Phe and Tyr, but the Trp-less Pgp constructed with Phe mutations 

and the results of Chapter II Part I suggested that aromatic amino acids may not be the 

ideal substitute for several Pgp Trps (8, 15-17). The unique mutants isolated from this 

study confirmed this observation, since tyrosine and phenylalanine infrequently occurred 

at most of the Pgp Trp locations (Figures 2.12 thru 2.14). Instead, the unique Trp block 

mutants revealed location specific preferences for Trp substitutions. While the Trp 

substitutions were primarily non-polar residues, the most frequently occurring amino 

acids differed between Trp positions. These amino acid preferences may not have been 

readily predicted from the chemical structure of Trp, or from amino acid substitution 

matrices, but they are logical choices for the local environment of each endogenous Trp 

(12). For example, the side chains of Gly, the smallest amino acid, and Pro are not 
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structurally similar to Trp, but studies of membrane protein topology have found that 

these amino acids are localized to similar regions as Trp in TM helices (14, 55). The 

prevalence of Leu at W694 in an elbow helix (Figure 2.12) further confirms the observed 

preferences for non-polar amino acids. Alignment of orthologous Pgp sequences found 

that Leu and Phe were the only amino acids, besides Trp, that occurred at W694 (Figure 

2.2). Accordingly, yeast functional assays in Chapter II Part I demonstrated that the 

W694L Pgp mutant was fully active alone or when combined with other Trp mutations 

(Figures 2.3 and 2.4). Additionally, structural studies of Pgp and related ABC 

transporters suggest that Pgp is a highly dynamic protein capable of large conformational 

changes (6, 35). Therefore, small amino acids such as Gly or Ala in TM helices or in 

short extracellular loops may be favored because they do not introduce additional steric 

hindrances or may actually increase protein flexibility. Overall, the Trp mutant 

preferences suggest that the best replacement for an amino acid residue may not only 

depend on the chemical structure of the residue, but also on the local context of the 

residue in the protein.  

Inclusion of a fully degenerate NNN codon (Trp+), which allowed reversion to Trp,  

in site-saturation mutagenesis revealed that amino acid substitutions could directly 

compete with Trp in the selection process, because Trp-free mutants could be recovered 

from Trp+ mutant samples (Table 2.3). However the use of Trp+ also demonstrated that 

some Trp positions have a higher stringency for Trp replacement. The C-terminal block 

of Trp mutants exhibited the lowest rate of recovery for unique mutants and a high 

frequency of Trp reversions at W704 and W799 (Tables 2.3 and 2.4). A careful 
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inspection of the Pgp crystal structure suggests that this increased stringency may be due 

to the microenvironment of these two Trps. W704 is located in a hinge that connects the 

C-terminal elbow helix to the first C-terminal TM helix. In this position, the indole side 

chain is oriented to the inside of this hinge and is in close proximity to a Pro residue, 

suggesting that this Trp is subject to very specific structural constraints (Figure 2.13B). 

W799 is located in a short connecting helix that forms part of an ICL and is in a similar 

location as W158, which could be replaced by multiple amino acids (Figure 2.14). A 

close inspection of the residues surrounding these two Trps reveals that the side chain of 

W158 is perpendicular to the TM helices forming the ICL, but the side chain of W799 is 

sandwiched between the two TM helices (Figure 2.16). Consequently, W158 is in a 

relatively open space that could accommodate a variety of amino acid side chains, while 

the residues surrounding W799 may severely limit the amino acid possibilities that could 

fit within this pocket. The mutational analysis of W704 and W799 demonstrates how the 

local context of a Trp can contribute to its highly conserved nature, but also demonstrates 

the power of directed evolution to detect the lone amino acid (Pro) that could 

accommodate the specific requirements for these two Trps.  

Combining the unique Trp mutants from each block into full-length Pgp Trp mutants 

successfully produced multiple Trp-less and minimal Trp mutants. Interestingly, the 

substitutions at each Trp site in the full length mutants were often not the most frequently 

occurring substitutions at the same positions in the individual blocks (Table 2.5). This 

may be explained by the location of Trps in the tertiary protein structure. The Trp mutant 

blocks were constructed by mutating Trps in the order that they occur in the primary 
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sequence. Consequently, Trps mutated in separate blocks may be closer together in the 

tertiary structure than Trps mutated in the same block, for example the membrane bound 

and extracellular Trps (Figure 2.12B). This suggests that some cooperation may exist 

between mutations, and should be accounted for in future mutagenesis studies such as 

this one. While infrequently occurring Trps appear in the final full-length mutants, 

Western blot analysis does confirm that these mutants are expressed as full-length protein 

(Figure 2.15). In ongoing work, these mutants will be purified and characterized to 

determine which Trp mutations provide the highest quality tools for future Trp 

fluorescence studies.  

  



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

74 
 

 

2.4. Figures and Tables 

 

Figure 2.1: Location of the eleven endogenous Trps in Pgp. Pgp crystal structure with 

the N-terminal and C-terminal homologous protein halves shaded in blue and green, 

respectively, and the Trps highlighted in red spheres. Dashed lines indicate the 

approximate boundaries of the lipid bilayer; ICL, intracellular loops; TMD, 

transmembrane domain; NBD1 and NBD1, N-terminal and C-terminal nucleotide binding 

domains, respectively. Images were rendered in PyMol (www.pymol.org) using PDB: 

3G5U. 
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Figure 2.2: Alignment of selected Pgp orthologs at Trp positions W44 and W694. (A) 

Alignment of human and mouse Pgp with orthologous sequences that do not have Trp at 

the Trp 44 position. (B) Alignment of human and mouse Pgp and their paralog, ABCB4, 

with orthologs that have a non-conserved amino acid at W694. Residues are shaded 

according to the BLOSUM-62 matrix. Consensus residues are shaded in dark blue, and 

amino acids with a positive score for substitution with the consensus are shaded light blue 

(12). Alignments were generated in Clustal X and modified with Jalview (56, 57) 
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Figure 2.3: Expression and function of single Trp mutants in yeast. (A) 15 µg of 

crude microsomal membrane protein from yeast expressing Wt Pgp, empty vector 

(negative control), and each Trp mutant was analyzed by Western blot using the C219 

anti-Pgp antibody. Protein MW marker positions are indicated in kDa. (B) Fungicidal 

resistance was measured by growing mutant expressing yeast and control strains in the 

absence or presence of 60 µM FK506 and measuring the OD600 at 24 to 25 hours. 

Relative growth is the OD600 of cells grown in drug/ the OD600 of cells grown in drug-free 

medium. Bars represent the mean relative growth ± SEM of triplicate samples from three 

or more independent experiments normalized to the relative growth of yeast expressing 

Wt Pgp. (C) Mating efficiency of Trp mutants was determined by mating the a-type Trp 

mutant expressing cells with an α-type tester strain and plating on minimal media 

selective for diploids. Relative mating efficiency is the number of diploid cells divided by 

the total number of cells, then divided by the mating efficiency of Wt expressing yeast. 

Bars indicate the mean relative drug resistance ± SEM from four independent 

experiments. (*) indicate samples that were significantly different than Wt with p<0.05. 
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Figure 2.4: Fungicidal resistance profiles of single Trp mutant expressing yeast 

strains. Mutant and control strains were analyzed for resistance to 75 µM (A) 

valinomycin, 65 µM fluconazole (B), and 25 µM doxorubicin (C) as in Figure 2.3B. Bars 

indicate the mean relative growth ± SEM of duplicate samples from four independent 

experiments, normalized to Wt relative growth. (*) indicate mutants that were 

significantly different than Wt (p<0.05). 
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Figure 2.5: Functionality of combined Trp mutations. (A) Relative resistance of 

mutant and control strains to 60 µM FK506. Bars indicate the mean relative growth ± 

SEM of triplicate samples, normalized to Wt, from five independent experiments. (B) 

Relative mating efficiency ± SEM of five independent experiments. (*) indicate samples 

that are significantly different than Wt (p<0.05). N-triple mutant: 

W132Y/W158Y/W311Y; Quad mutant: W228F/W311Y/W694L/W1104Y. 
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Figure 2.6: Purification of Wt and Trp mutant Pgp from S. cerevisiae. (A) Two 

milligrams (500 µl) of purified, detergent soluble proteins were loaded on a Superose 6B 

column (10x300 mm, GE Healthcare) and resolved in buffers containing 20 mM Hepes-

NaOH pH 7.4, 10% glycerol, 50 mM NaCl, 1 mM DTT and 0.1% DDM as described 

(25). A representative of four independent runs is shown for WT-Pgp and the mutant 

proteins. The Pgp peak at ~15.3 ml indicates an apparent size of ~200 kDa when 

compared to molecular mass markers resolved under identical buffer conditions (25). The 

calculated molecular mass of monomeric Pgp (including the His6-tag) is 142 kDa, the 

predicted detergent micelle size for DDM is about 70 kDa. (B) 1, 2, and 3 µg of Wt and 

mutant proteins were resolved on a 10% SDS-PAGE and stained with Coomassie blue. 

Protein MW marker positions are shown in kDa. 
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Table 2.1: Yield and ATPase activity of Wt and Trp mutant proteins 

 
Yield 

(mg/ fermentor 
culture) 

ATPase 

Activity
a 

(µmole Pi mg-1 min-

1) 

Wt 1.3 0.49 ± 0.02 

W228F/W31
1Y 

1.5 0.54 ± 0.03 

W694L/W11
04Y 

1.4 0.30 ± 0.01 

Quad 1.1 0.63 ± 0.08 

 

a) Maximum drug-stimulated ATPase activity in the presence of 125 µM verapamil 

 (mean ± SEM) 
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Figure 2.7: Drug stimulate/inhibited ATPase activity of purified Trp mutant 

protein. Wt and mutant proteins were assayed for ATPase activity in increasing 

concentrations of verapamil (A), valinomycin (B), FK506 (C), and cyclosporin A with 

150 µM verapamil (D). Data points indicate the average specific activity from multiple 

time points ± SEM from at least four independent experiments, relative to the maximum 

Wt activity. Where not visible, error bars are smaller than the symbols. Lines represent 

non-linear regression analysis of the data points with a hill equation. R2 values for the 

data fits were between 0.97 and 0.99. Kinetic parameters of the data fits are given in 

Table 2.2  
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Figure 2.8: Intrinsic Trp fluorescence of Wt and mutant Pgp. 100 nM purified Pgp in 

0.1% DDM solutions were excited at 295 nm and the fluorescent emission spectra were 

collected from 310-410 nm. Lines represent the average corrected emission spectra from 

three independent samples normalized to the maximum emission of Wt Pgp. The 

emission maxima all four proteins occurred between 325 and 228 nm. For comparison, 

the emission spectra of a 1µM solution of the Trp analog NATA is also shown 
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Figure 2.9: Design of Pgp Trp blocks for directed evolution. (A) Site saturation 

mutagenesis was used to mutate each of the endogenous Pgp Trps to every amino acid 

except Trp (Z) for directed evolutionary selection of active mutants. (B) Trps were 

mutated in three sets, the N-terminal, Central, and C-terminal Trp blocks, because the 

eleven Trps cannot be mutated simultaneously due to the extreme number of possible 

combinations. The restriction endonuclease names at the ends of each block represent the 

intervening sequence of the Pgp plasmid that was removed for reintroduction of the 

mutagenized gene fragment. 
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Figure 2.10: Strategy for site-saturation mutagenesis and construction of Trp 

mutants for directed evolution. (A) Site-saturation mutagenesis replaced Pgp Trps with 

two types of degenerate codons. The Trp+ PCR primers contain a fully degenerate (NNN) 

codon that allows Trp to be replaced by any of the 20 amino acids. The Trp– primers 

contain an equimolar mixture of degenerate codons that exclude Trp, by disallowing 

thymine from the first codon position and guanine from the second and third positions. 

(B) The degenerate codons were added to the mouse Pgp gene (mdr1a) by recombinant 

PCR (The N-terminal Trp block is shown as an example). The mutagenic PCR primers 

(red arrows) and flanking primers (black arrows) generated individual overlapping 

fragments that were then gel purified and annealed in a second PCR reaction to extend 

the fragments. A final PCR reaction containing the flanking primers amplified the full 

length Trp mutant block. The blocks extend ~100 bp beyond the respective restriction 

sites to allow for homologous recombination with the digested plasmid in yeast. To 

prevent background contamination from uncut plasmid, a Stop codon and PmeI site were 

added to the region of mdr1a being replaced. 
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Figure 2.11: Schematic for expression and selection of active Trp mutant blocks. 

Following electroporation, Trp mutant expressing S. cerevisiae were plated on uracil 

deficient medium with or without fluconazole. Colonies from the fluconazole containing 

plates were combined into mass population stock cultures and used to inoculate 15 ml 

liquid culture for selection by fungicidal resistance. At each step, the cultures were grown 

to density in a shaking incubator and used to inoculate the culture for the next selection 

step. After growing to density in the final selection culture, containing doxorubicin and 

valinomycin, the cells were exchanged into fresh media and mated with an α-type yeast 

strain to test for Ste6 complementation. Colony PCR was used to amplify the mutant 

DNA from colonies of samples that successfully mated for DNA sequencing.  
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Table 2.3: Summary of Trp mutant transformations and recovery after selection. 

Construct Codon Transformants
a 

Unique
b 

Trp-free
c 

N-terminal 
Trp+ 50,000 25 25 
Trp– 100,000 63 63 

Central 
Trp+ 100,000 14 3 
Trp– 900,000 53 53 

C-terminal 
Trp+ >1,000,000 34 5 
Trp– 100,000 2 2 

 

a) Total number of transformed yeast cells that entered the section process estimated by 

plating a fraction of each electroporation sample on drug-free uracil deficient medium 

(selective only for the presence of the Ura3 marker carried on the plasmid). 

 

b) Unique mutants identified by DNA sequencing of diploid colonies after yeast mating. 

 

c) Number of unique mutants that did not contain Trp at any of the Trp positions in the 

mutant block. 
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Table 2.4: Frequency of C-terminal Trp substitutions.  

 
*Red shading indicates the most frequent substitution at each Trp position. 
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Figure 2.12: Distribution of amino acid substitutions at extracellular and membrane 

bound Trp locations. (A) Frequency that each amino acid occurred in unique mutants at 

Trp position W208, from the N-terminal block, W228 and W311, from the central block, 

and W851 from the C-terminal block. Labels above bars indicate the most abundant 

amino acid mutation for each Trp position. (B) The TMDs from the crystal structure of 

Pgp modeled with POPC lipids (stick structures) to simulate Pgp in a lipid bilayer using 

Orientation of Proteins in Membrane (OPM) (Provided by Dr. R. Bryan Sutton) (58). 

W208, from TMD1 (blue), and W851, from TMD2 (green) are located at the extracellular 

membrane water interface, while W228 and W311 are in the lipid bilayer. 
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Figure 2.13: Cytoplasmic membrane interface Trp substitutions. (A) Distribution of 

amino acid substitutions for W44 and W132, from the N-terminal mutant block, W694 

from the Central block, and W704 from the C-terminal mutant block. Labels above bars 

indicate the highest frequency mutation for the respective Trp position. (B) Two views of 

the Pgp TMDs showing the positions of W44 and W132 from TMD1 (left) and W694 

and W704 from TMD2 (right) from the structure of Pgp modeled in a lipid bilayer. 
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Figure 2.14: Distribution of amino acid substitutions for intracellular Pgp Trps.  

 (A) Frequency of amino acid substitutions for W158, from the N-terminal mutant block, 

and W799 and W1104, from the C-terminal block. Bar labels indicate the amino acid that 

occurs most frequently at that Trp position among the unique Trp mutants from each 

block. (B) W158, from the N-terminal half of Pgp (blue) and W799, from the C-terminal 

half (green) are located in two of the ICLs, formed by TM helices that extend through the 

lipid bilayer and contact the NBDs. W1104 is located in the C-terminal NBD.  
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Figure 2.15: Western blot analysis of selected full-length Pgp Trp mutants. 15 µg of 

crude microsomal protein from yeast expressing Wt Pgp, pVT vector only (mock 

sample), or one of the full-length Trp mutants from Table 2.4 was analyzed for protein 

expression by Western blot using the C219 anti-Pgp antibody. Mutant names correspond 

to the mutants listed in Table 2.5. Each mutant was expressed as a full-length protein 

when compared to Wt Pgp. 
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Figure 2.16: Comparison of W158 and W799 orientation in the ICLs. W158 and 

W799 are located in short connecting helices that connect two TM helices in an ICL. The 

side chain of W158 (left) is perpendicular to the two TM helices (black) that form the 

ICL, but W799 (right) is sandwiched between the two TM helices. This arrangement may 

limit which amino acid can substitute for W799. 
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3. Chapter III: A fully functional cysteine-less Pgp built 

by directed evolution in a codon optimized gene 

3.1. Introduction 

Pgp and related ABC transporters have been crystallized in inward-facing and 

outward-facing conformations, which suggest an alternating access transport mechanism 

(Sections 1.2.4 and 1.2.5), but these conformations have not been fully defined in 

solution. Luminescence resonance energy transfer (LRET) can be used to measure 

intramolecular distances in a membrane protein, such as Pgp, to define protein 

conformations and determine how these conformations change in response to stimuli, 

such as nucleotide binding (1, 2). LRET experiments generally rely on incorporation of 

the luminescent donor molecule and the acceptor fluorophore by covalent attachment to 

cysteines (Cys) introduced at strategic sites in the protein. In Pgp, such studies would 

require a Cys-less protein for introduction of site-specific cysteine residues, as Pgp 

contains multiple native cysteines that are susceptible to covalent modification (3, 4). 

Previously, two Cys-less human Pgp proteins were generated by replacing each native 

Cys with alanine or serine (4, 5). These two Cys-less proteins were found to be functional 

in mammalian cells, but did exhibit differences in drug binding and drug-stimulated 

ATPase activity when compared to each other or wild-type (Wt) human Pgp. Cys-less 

human Pgps have been extensively used for covalent crosslinking and substrate binding 

studies in cell membranes. However, expression and large scale purification of human 
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Cys-less Pgp from yeast yields low quantities of an inferior protein when compared to 

mouse Pgp (mdr1a), limiting its application to biochemical and biophysical studies that 

require significant amounts of highly purified protein (6, 7). A Cys-less mouse Pgp 

protein was subsequently constructed to avoid this limitation by replacing each Cys with 

alanine (8). While catalytically active Cys-less mouse Pgp can be purified from yeast, it 

is inactive with in vivo yeast fungicidal resistance assays, preventing rapid bulk screening 

for active Pgp mutants without protein purification (see Results section). Therefore, we 

examined what steps could be taken to generate a new fully functional, highly expressed 

mouse Cys-less Pgp that will serve as an improved tool for biophysical studies of the Pgp 

transport mechanism. 

Cys-less proteins have been created for a variety of membrane transporters by the 

common strategy of replacing native Cys residues with alanine or serine, but replacement 

of native Cys can often result in partial or complete loss of protein expression and/or 

function, as with Pgp (9-13). A study by Ullman and colleagues demonstrated that site-

saturation mutagenesis could be used to identify functional Cys substitutes, from a pool 

of mutants, to replace individual Cys residues that could not be successfully substituted 

by alanine or serine (14). Their work suggests that alanine and serine are not always the 

ideal Cys replacement. Mouse Pgp contains nine native Cys residues (2 more than human 

Pgp), with three located in the TMDs, three in the N-terminal NBD, and three in the C-

terminal NBD (Figure 3.1). Our study expands on their observations by using a directed 

evolutionary approach to replace the six Cys residues in the two NBDs with all twenty 

standard amino acids and select for active mutants. Mutants were constructed using the 
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codon optimized Pgp (Opti-Pgp) gene that we previously found to increase yield and 

quality of Pgp expressed in yeast (15). We identified multiple NBD-Cys mutants that 

were as active as Opti-Pgp and maintained Pgp substrate polyspecificity, but contained 

non-conservative substitutions at each of the six sites. Then, we systematically removed 

the remaining three Cys residues from the TMDs. Characterization of these mutants in 

yeast functional assays and as purified proteins revealed that the resulting Cys-less and 

minimal-Cys mutants maintained full activity and expression. Overall, these novel 

cysteine substitutions combined with the advantages provided by Opti-Pgp produced a 

Cys-less Pgp that will be a valuable new tool for studying the Pgp mechanism. 

3.2. Materials and methods 

Materials 

FK506, cyclosporin A, doxorubicin, and valinomycin were purchased from A.G. 

Scientific (San Diego, CA). Fluconazole was from LKT Laboratories (Saint Paul, MN). 

Verapamil, nystatin, and ATP were from Sigma Aldrich (Saint Louis, MO). E. coli lipids 

(Polar Extract) were purchased from Avanti (Alabaster, AL), n-Dodecyl-β-D-

maltopyranoside (DDM) was from Inalco (Italy). 

Mutant construction and selection 

All mutants in this study used codon optimized mouse Pgp (mdr1a, mdr3), previously 

cloned into the pVT expression vector (pVT-Opti-mdr3), as the starting template (15). 

The three Cys residues in the N-terminal NBD and linker (NBD1/Linker) (C427, C638, 

and C669) were replaced with a fully degenerate codon by site saturation mutagenesis 
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using a recombinant PCR method (Figure 3.2) (16). First, mutagenic PCR primers 

containing the degenerate codon and non-mutagenic flanking primers were used to 

amplify four individual fragments that overlapped at the three Cys sites. The fragments 

were gel purified, combined in equal ratios, and extended in a second PCR reaction that 

contained no additional PCR primers. Then flanking primers were used to amplify the 

full-length construct. The flanking primers extended the construct approximately 100 bp 

beyond an upstream AflII restriction site and a downstream EcoRI restriction site to 

allow for homologous recombination with digested pVT-Opti-mdr3 plasmid in yeast 

(17). The C-terminal NBD cysteine residues (NBD2) (C1070, C1121, and C1223) were 

replaced with degenerate codons in a second construct using flanking primers that 

overlapped SpeI and AgeI restriction sites for homologous recombination (Figure 3.2). 

The NBD1/Linker and NBD2 mutant constructs were co-transformed with their 

respective digested pVT-Opti-mdr3 plasmids into S. cerevisiae JPY201 (MATa ura3 

∆ste6::HIS3) cells by electroporation. Then, mutant expression and selection was 

performed using the same procedure as was described in Chapter II for removal of Trp 

residues (Section 2.3.1 and Figure 2.11). Cys-mutant constructs were PCR amplified 

from single colonies of samples with mating efficiencies equal to or greater than Wt Pgp 

expressing yeast, and sequenced to identify what amino acids had replaced each Cys 

residue. Colonies picked for sequencing were maintained on uracil deficient agar plates 

and stored at 4°C to serve as stocks for further analysis of individual mutants. 

Select NBD1/Linker and NBD2 Cys constructs were combined into the same plasmid 

by homologous recombination in yeast. Plasmids containing N-NBD Cys mutations were 
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extracted from yeast, propagated in XL10 Gold E. coli cells (Stratagene), and purified 

using a standard kit (Promega). The NBD1/Linker mutant plasmids were digested with 

SpeI and XhoI and co-transformed into yeast with pooled PCR products of NBD2 Cys 

mutants amplified by primers that extended beyond the SpeI site, upstream of C1070, and 

the XhoI site, downstream of C1223. Presence of NBD2 mutants in the resulting yeast 

colonies was confirmed by absence of PstI restriction endonuclease activity at a PstI site 

that is removed by C1070 mutagenesis. 

Analysis of Cys mutant expression and function 

For Western Blot analysis, microsomal membranes were prepared from 10 ml yeast 

cultures, and 15 µg of crude microsomal membrane protein was resolved on SDS-PAGE 

gels and immunoblotted using the monoclonal C219 antibody as previously described (6). 

To assess mutant function, yeast fungicidal resistance assays were performed as 

previously described (15, 18). Briefly, yeast cultures were grown overnight in uracil 

deficient medium, diluted to OD600= 0.05 in YPD medium, and seeded into 96 well plates 

containing YPD alone or YPD plus 65 µM FK506, 100µM valinomycin or 25µM 

doxorubicin. Samples were grown in triplicate at 30°C for 30 hours, and yeast cell 

growth was monitored at two hour increments by measuring the OD600 in a microplate 

reader (Benchmark Plus, BioRad). 

Opti-Pgp and Cys mutant purification 

For large-scale protein purification, JPY201 cells expressing Opti-Pgp and mutant 

constructs were grown in 14 L fermentor cultures (BioFlow IV, New Brunswick) of 
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uracil deficient medium and harvested during log-phase growth. Cells were processed for 

microsomal membranes as previously described except the NaCl concentration of the 

wash buffer was increased to 500 mM to further increase final protein purity (6, 15). Pgp 

was extracted in 0.6% DDM and purified by nickel affinity chromatography and size 

exclusion chromatography (SEC) as previously described for P. pastoris expressed Pgp, 

except the NaCl concentration of the SEC buffer was increased from 50 mM to 250 mM 

to increase protein stability and purity (6, 15). Pgp concentrations in resulting fractions 

were calculated from the UV absorbance at 280 nm (A280) using the calculated extinction 

coefficient of 1.28 per mg/ml. Opti-Pgp and Cys mutants were resolved on SDS-PAGE 

gels, stained with Coomassie Blue, and quantitated using ImageJ (http://rsbweb.nih.gov).  

3.3.  Results 

Substitution of intracellular Pgp Cys residues 

Our first objective in this study was to replace all six cytoplasmic Cys residues with 

every amino acid by site-saturation mutagenesis, and determine which amino acid 

substitutions were most likely to maintain full Pgp function (Figure 3.1). Ideally, these 

six Cys residues would be replaced simultaneously to account for structural distortions 

within the domains, as well as interdomain communication. However, the large number 

of possible combinations (206= 6.4× 107 combinations) is impractical to screen. Instead, 

the Cys were replaced in two groups: the three Cys in NBD1 and the adjacent linker 

(NBD1/Linker) (C427, C638, and C669), and the three Cys in NBD2 (C1070, C1121, 

and C1223), reducing the required number of mutants (203= 8000 combination per block 
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of three) (Figure 3.1). Site-saturation mutagenesis replaced each Cys codon with a fully 

degenerate codon that allowed all 20 amino acids, including Cys, to be expressed at each 

endogenous Cys position, using a recombinant PCR approach (Figure 3.2). Opti-Pgp was 

chosen as the template for Cys replacement because this codon-optimized Pgp was 

previously shown to enhance yeast expression and production of a high quality Pgp 

protein that was functionally identical to Wt Pgp (15). Mutant PCR libraries were 

transformed into S. cerevisiae by homologous recombination to select for active mutants 

by successive passages in different fungicidal drugs and a mating assay to test for Ste6 

complementation, as described in Methods and Chapter II Part II (Figure 2.11). In total, 

approximately 75,000 transformants carrying the NBD1/Linker Cys mutants and 75,000 

transformants carrying the NBD2 Cys mutants passed through the selection process. 

From these, 25 unique NBD1/Linker and 24 unique NBD2 Cys mutants were recovered 

after yeast mating. Unique mutants are defined as having a distinct combination of 

codons across the Cys sites (Figure 3.3). Amino acid substitution frequencies of the 

unique Cys mutants are summarized in Figure 3.3 and 3.4, and discussed below.  

C427, located in the Walker A motif of NBD1, was most often replaced by Gly and 

Ser with frequencies of 24% and 20%, respectively (Figure 3.3). The small non-polar 

residues Ala (12%) and Val (8%) along with polar Thr (8%) were also present but at 

lesser frequencies. Similarly, C1070, in the NBD2 Walker A motif, unique mutants 

predominately contained Gly (37%), Ser (25%), and Val (8%), but Ala and Thr were less 

frequent (4%) (Figure 3.4). The Walker A motif is a glycine rich sequence that connects 

an alpha helix to a beta strand, and forms a flexible loop that wraps around the 
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phosphates of bound ATP and positions the γ-phosphate for hydrolysis (Figure 1.4) (19). 

The small side chains of Gly and Ser may maintain the required flexibility of this loop.  

The two Cys positions in the linker region, C638 and C669, contained a high 

proportion of Cys reversions (14% and 20%, respectively). C638 was most frequently 

replaced by Gly (24%), Ser (16%), and Pro (12%) (Figure 3.3). Ala (8%) and Val (8%) 

were also present at this position. C669 mutants contained a different profile of 

substitutions with Gly, Ala, Pro, and Thr each occurring at 12-16% (Figure 3.3). Serine 

was absent from these mutants. The linker is a highly flexible region that connects NBD1 

to the C-terminal TMD which may explain a bias towards small non-polar and polar 

residues. No structural information is available for these two Cys residues as the linker 

region was not resolved in the Pgp crystal structure (20). 

C1121 in NBD2 displayed a clear preference for Arg (38%) while Thr (13%), Ser 

(8%), Gly (8%) and Asn (8%) occurred at lower frequencies (Figure 3.4). In the Pgp 

crystal structure, C1121 is located at the surface of NBD2, and in close proximity to the 

ICL that connects the N-terminal TMD to NBD2 (Figure 3.4B). C1121 faces a Gln and a 

Glu on the ICL helix, which may explain the bias for the positively charged Arg 

substitution. For C1223, also in NBD2, Gly was the most common substitution (25%) 

while Ala, Val, Ile, Ser, Thr, and Arg all substituted at frequencies of 8-12% (Figure 3.4). 

C1223 lies within a beta sheet in the core of NBD2, where space restrictions may favor 

small hydrophobic or polar substitutes, with Arg being an exception.  
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Combined NBD1/Linker and NBD2 Cys mutations 

Before combining the NBD1/Linker and NBD2 mutations into the same protein, 

preliminary drug resistance assays were used to assess the function of the unique mutants 

recovered from the Cys mutant selection. A random set of 18 unique NBD1/Linker 

mutants (without Cys) and 19 unique NBD2 mutants (containing a few Cys reversions at 

C1121 and C1223) were tested for resistance to three structurally diverse fungicidal 

compounds, FK506 (804 g/mol), valinomycin (1,111 g/mol) and doxorubicin (544 

g/mol), using stocks of single colonies retained from the mating assay (data not 

shown)(see Methods). In general, most mutants were highly resistant to FK506, which 

was not part of the drug selection procedure (Figure 2.11), achieving more than 80% 

growth when compared to yeast expressing Opti-Pgp. Mutants were also resistant to 

valinomycin with some exceptions. The most pronounced differences were seen with 

doxorubicin, as some mutants performed better than Opti-Pgp while others only achieved 

40-60% resistance when compared to Opti-Pgp. Importantly, all mutants were resistant to 

FK506, a drug that was not part of the selection procedure, validating the selection 

scheme that was used to identify the unique NBD1/Linker and NBD2 mutants.  

The eight NBD1/Linker mutants and eight NBD2 mutants that maintained the highest 

levels of resistance against the three fungicides in the preliminary screen were chosen to 

be combined into the same construct. For this, PCR amplified NBD2 mutant fragments 

were pooled and inserted into the eight NBD1/Linker mutant plasmids by homologous 

recombination, giving 64 possible combination (8×8)(see Methods for details). 42 single 

colonies were initially screened in fungicidal resistance assays, and then plasmids from 
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the 19 most active combination mutants were extracted to identify the Cys substitutions, 

and transformed into naïve yeast. Drug resistance and expression profiles of the most 

active combinations are shown in Figure 3.5. Overall, expression levels of the combined 

NBD1/Linker-NBD2 Cys mutants were similar to Opti-Pgp (Figure 3.5A). Most mutant 

combination retained high levels of drug resistance against valinomycin and FK506 (at 

least 80% growth compared to Opti-Pgp)(Figure 3.5B) However, differences were 

observed in resistance profiles with doxorubicin. Some mutants (E2, E7, and particularly 

H7) were fully active in all three drugs, but several other mutants grew slower in 

doxorubicin, only reaching 40-60% of Opti-Pgp growth after 24 hours (Figure 3.5B). 

Several combinations of substitutions were independently identified twice in this screen 

(A9, B1, B7, D7, E2, and E7), and F1 and H7 occurred three times. These results 

demonstrate that random recombination of NBD1/Linker and NBD2 Cys substitutions, 

identified by directed evolution, and screening of a subset of these mutant combinations 

successfully identified a Pgp protein that is highly active even with six Cys removed.  

 Construction of a Cys-less Opti-Pgp 

After obtaining an active Pgp with the six intracellular Cys removed, our next 

objective was to remove the three TMD Cys residues (C133, C732, 952; Figure 3.1), 

individually and successively, in order to generate proteins retaining one or two Cys for 

labeling with Cys-reactive probes for biophysical studies, and to generate a fully Cys-less 

protein (named Cl-Opti-Pgp). Each Cys was replaced by Ala in the H7 NBD Cys mutant 

(with six Cys removed) and expressed in yeast for analysis of protein expression and 

function (Figure 3.6). Western blot analysis revealed that each additional Cys mutation 
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maintained abundant expression of full-length Pgp when compared to Opti-Pgp and H7 

(6 intracellular Cys removed)(Figure 3.6A). Mutant function was then tested by 

fungicidal resistance against FK506, valinomycin, and doxorubicin (Figure 3.6B). Each 

individual and double TMD Cys mutation maintained high levels of resistance to each 

drug when compared to Opti-Pgp and H7. When all three TMD Cys mutations were 

combined to form a fully Cys-less Opti-Pgp (Cl-Opti-Pgp), the resulting protein exhibited 

at least 80% relative resistance in all three drugs, when compared to Opti-Pgp. For 

comparison, the mouse Cys-less Pgp made by replacing all nine Cys with Ala in a Wt 

Pgp background (all-Ala-Cys-less) was also expressed in yeast and included in this assay 

(8). The all-Ala-Cys-less could only achieve partial resistance against valinomycin and 

growth was completely inhibited with FK506 and doxorubicin, demonstrating the value 

of the Cl-Opti-Pgp that was generated in this study. 

Purification of Cys-less and minimal Cys Opti-Pgp proteins 

The H7 NBD Cys mutant, Cl-Opti-Pgp, and mutants with additional TMD Cys 

removed were found to be highly expressed and functional in yeast cells. Therefore, yeast 

strains expressing a subset of these mutants were grown in fermentor cultures and 

purified by nickel affinity chromatography and SEC as previously described (15). 

Purification of Cys mutants produced a relatively pure protein with minimal degradation, 

when compared to purified Opti-Pgp (Figure 3.7). Cl-Opti-Pgp yielded 1.7 mg (.24 mg/ 

10 g yeast cells), after SEC, which is a sufficient quantity for further biochemical 

analysis. These proteins will be further analyzed to determine the effects of Cys 

mutations on the catalytic properties of Pgp, compare the stability of Opti-Pgp with the 
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Cys mutants, and measure the accessibility of TMD Cys to labeling with thiol reactive 

compounds. 

3.4. Discussion 

This study employed directed evolution to identify functional Cys substitutions that 

were then randomly recombined and screened to identify combinations of Cys mutations 

that preserved full Pgp function and expression. We initially focused on removing the six 

intracellular Cys because they have previously been found to be the most accessible for 

labeling with thiol reactive compounds, and because the three Cys in the TMDs are 

located in membrane bound alpha helices, suggesting that they could be easily replaced 

by Ala (Figure 3.1)(3, 4). The end result was a set of Cys-less and minimal Cys Opti-Pgp 

proteins that were fully active in fungicidal resistance assays against multiple fungicidal 

compounds and could be purified in suitable quantities for further biophysical and 

biochemical analyses. Furthermore, comparison of fungicidal resistance profiles for the  

all Ala Cys-less Pgp and the Cl-Opti-Pgp, demonstrated that this novel Cys-less protein 

bypasses the limitations of previously constructed Cys-less Pgp proteins, as it is both 

active in yeast functional assays and can be readily purified (Figures 3.6B and 3.7)(7, 8).  

The site-saturation mutagenesis strategy used in this study replaced each of the six 

intracellular Cys positions with a fully degenerate codon that allowed all twenty standard 

amino acids, including Cys, to be expressed at each of the sites. Although Cys was 

allowed in this strategy, sequencing of unique NBD1/Linker and NBD2 mutants revealed 

that Cys was only abundant at two positions (C638 and C669), suggesting that other 
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amino acids could directly compete with Cys in the mutant selection procedure (Figure 

3.3). Native Cys residues were generally replaced by a variety of conservative and non-

conservative amino acid substitutions. Interestingly, Gly and Ser were the most 

prominent substitutions at multiple native Cys positions, but Gly carries one of the 

highest penalties for Cys replacement in amino acid substitution matrices while in 

contrast, Ser is a conservative substitution (21). The prevalence for Gly substitutions is 

likely dependent on the location of the Cys it is replacing. For example, Gly and Ser most 

frequently replaced both Cys residues in the Walker A motifs (C427 and C1070). While 

these two Cys are highly conserved among Pgp orthologs, Gly and Ser are both naturally 

prevalent at these two positions in other ABC transporters (19). Among the unique 

mutants, Cys substitutions were generally small non-polar or polar amino acids that likely 

maintain or enhance the flexibility of the Cys position. However, C1121 in NBD2 was an 

exception to this trend, as Arg, a positively charged amino acid, was highly preferred at 

this site. The Pgp structure suggests that this Arg would be in close proximity to a Glu 

and a Gln in the ICL from the N-terminal TMD, which may be favored because it would 

strengthen the interaction between the ICL and NBD. Overall, analysis of the unique Cys 

substitutions, demonstrates that directed evolution is a powerful tool for detecting the 

location specific preferences for an amino acid substitution 

Surprisingly, the two native Cys positions that reverted to Cys in a substantial 

percentage of unique mutants are both located in the linker that connects the N-terminal 

NBD to the C-terminal TMD (Figure 3.3). This linker is likely a highly flexible region of 

the protein with little secondary structure and no known specific function in ABC 
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transporters, other than tethering the two halves of the protein together for expression 

(20). The sequence of the linker, including these two Cys positions, is not conserved 

among ABC transporters, or even among Pgp orthologs. Previous work has demonstrated 

that human Pgp maintains some level of drug stimulated ATPase activity when the two 

halves of Pgp are coexpressed without being connected by the linker, but proper protein 

expression is severely impaired (22). The tendency to retain Cys at these two positions 

may indicate that a yet undiscovered function exists for these Cys residues or the linker 

region in mouse Pgp. The fact that Cys reversion occurred to a major extent only at these 

two Cys positions indicates that site-saturation mutagenesis and stringent mutant 

selection was able to detect Cys positions that were more difficult to substitute. 

After obtaining a variety of unique NBD1/Linker and NBD2 Cys mutants, the next 

step was to combine these mutations into functional Cys mutants with all six intracellular 

Cys removed. The unique mutants were screened for function in fungicidal resistance 

assays before recombination and the resulting combined NBD mutants were screened for 

function after recombination by the same resistance assay. These assays tested for 

fungicidal resistance against three fungicidal compounds, FK506, valinomycin, and 

doxorubicin, to assess substrate polyspecificity in the mutants. While the mutants 

generally displayed the same high level of growth in FK506 and valinomycin, 

doxorubicin resistance was much more variable. Some mutants exhibited the same level 

of growth in doxorubicin, FK506 and valinomycin, but other mutants that achieved high 

levels of resistance in FK506 and valinomycin could only achieve 40-60% growth in 

doxorubicin (Figure 3.5B). The differing performance of the mutants between 
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doxorubicin, FK506, and valinomycin may be explained by the mechanisms of action of 

these compounds. FK506, a calcineurin signaling inhibitor, and valinomycin, an 

ionophore, likely have more transitory effects on the physiology of the yeast cells than 

doxorubicin which intercalates into DNA and interferes with DNA replication (23). Even 

at low intracellular doxorubicin concentrations, the effects of doxorubicin could 

accumulate and be transferred through generations of yeast cells. Therefore, doxorubicin 

may be a more sensitive measure of how well Pgp mutants prevent intracellular 

accumulation of drugs than other fungicidal compounds. Mutants such as H7 could be 

independently identified multiple times in the mutant screens, and were highly resistant 

to all three fungicides, demonstrating that recombination of the directed evolution Cys 

mutants provided highly active Cys mutants with the six intracellular Cys removed.  

H7 maintained a high level of drug resistance even when all three additional TMD 

Cys residues were removed to generate a fully Cys-less Pgp (Cl-Opti-Pgp) (Figure 3.6B). 

These same drug assays in combination with purification of Cl-Opti-Pgp and minimal 

Cys mutants confirmed that directed evolution achieved the goal of constructing a Cys-

less Pgp that is active in yeast functional assays and can be purified in large quantities. 

Maintaining activity in yeast functional assays is a critical improvement for Cys-less 

Opti-Pgp. Pgp mediated yeast fungicidal resistance and efficiency of Pgp 

complementation for Ste6 in mating assays have been consistently used to characterize 

Pgp mutants and explore the Pgp mechanism (as demonstrated in Chapter II Part I) (18, 

24, 25). Construction of a Cys-less Pgp that is active in yeast cells will substantially 

increase the efficiency of reintroducing Cys residues into the Cys-less background for 



Texas Tech University Health Sciences Center, Douglas J. Swartz, Dec. 2012 

116 
 

future studies, because yeast functional assays can be used to screen for active mutants in 

bulk without having to first purify the proteins. Then, purification is limited only to the 

most active mutants. 

In summary, this study demonstrated that directed evolution, in combination with 

Opti-Pgp, could successfully construct a Cys-less Pgp that is well expressed, active in 

yeast functional assays, and can be readily purified in large quantities. These combined 

qualities suggest that Cl-Opti-Pgp will be a valuable tool for studies of the Pgp transport 

mechanism. In future experiments, purified Cys-less and minimal Cys Pgp mutants will 

be further characterized to measure the catalytic properties of these proteins, explore the 

accessibility of Cys residues in the TMDs, and determine how Cys substitutions affected 

the overall quality and stability of Pgp.  
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3.5. Figures 

 

Figure 3.1: Location of the nine native Cys residues in Pgp. Pgp Cys residues (red) are 

shown in two views of the Pgp crystal structure (20). C427 is located in the N-terminal 

NBD (NBD1, blue), while C1070, C1121, and C1223 are in the C-terminal NBD (NBD2, 

green). C133, C713, and C952 are located in the membrane bound portion of the TMDs. 

C638 and C669 are not present in the Pgp structure as they are in the flexible linker 

between NBD1 and TMD2 that was not resolved in the Pgp crystal structure. Dashed 

lines indicate the approximate location of the membrane bilayer. 
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Figure 3.2: Strategy for site-saturation mutagenesis of Pgp Cys residues by 

recombinant PCR. Each of the three Cys residues in the N-NBD construct were 

replaced by site-saturation mutagenesis using degenerate codons that allow all twenty 

amino acids to be expressed at each position. First, mutagenic primers at each Cys 

position (red arrows) and non-mutagenic flanking primers (black arrows) were used to 

generate libraries of overlapping fragments that contain any one of the twenty possible 

amino acids (Z) at each native Cys site. The purified fragments were used in a second 

PCR reaction that did not contain additional PCR primers to extend the individual 

fragments. In a final PCR reaction, flanking primers amplified the full length site-

saturation mutagenesis construct. The flanking primers extend the construct beyond the 

AflII and EcoRI restriction sites to allow for homologous recombination with digested 

pVT-Opti-mdr3 plasmid in yeast. The same approach was used to remove the three Cys 

residues in the C-NBD construct using primers that extended past SpeI and AgeI 

restriction sites. 
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Figure 3.3: Frequency of NBD1/Linker amino acid substitutions. (A) The frequency 

of each amino acid found at the three Cys positions in 25 unique NBD1/Linker Cys 

mutants identified from sequencing of yeast colonies after selection. (B) Location of 

C427 (red) in NBD1 (blue) of Pgp. The other amino acids in the Walker A motif are 

shown in yellow. 
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Figure 3.4: Frequency of NBD2 amino acid substitutions. (A) The frequency of each 

amino acid substitution found at the three Cys sites in 24 unique NBD2 Cys mutants. (B) 

Location of the three Cys residues (red) in NBD2 (green). A Glu and Gln, from the N-

terminal ICL (blue), face C1121 which was frequently replaced by the positively charged 

amino acid Arg.  
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Figure 3.5: Expression and function of combined NBD1/Linker and NBD2 Cys 

mutants. Nine low-Cys mutants, identified by screening of recombined NBD1 and 

NBD2 unique mutants, were transformed into fresh yeast cells for analysis of Pgp 

expression and function. (A) 15 µg of crude microsomal membrane protein from each 

mutant expressing yeast strain and yeast expressing Opti-Pgp and empty pVT vector was 

analyzed by Western blot using the Pgp-specific monoclonal antibody C219. Labels 

indicate the well number of the mutants from screening (A9 to H7), and the substitutions 

for the three consecutive Cys positions in NBD1 and NBD2 are given as single letter 

amino acid abbreviation. (B) The same nine mutants were tested for resistance to 100 

µg/ml valinomycin, 50 µg/ml FK506, and 50 µM doxorubicin. Relative resistance was 

calculated from the growth of each sample in drug compared to drug-free medium and 

then normalized to the relative growth of Opti-Pgp expressing yeast (Opti-Pgp=1). Bars 

represent the mean of multiple samples from three independent experiments ± the 

standard deviation. 
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Figure 3.6: Expression and function of Cys-less and minimal Cys Opti-Pgp mutants.  
(A) Western blot analysis of the mutants was done as in Figure 3.4 with 15 µg of 

microsomal membrane protein loaded per lane (B) The Cys-less and minimal Cys mutant 

expressing strains were tested for fungicidal resistance as in Figure 3.4B. H7 has all six 

cytoplasmic Cys removed; C133A contains the two native C713 and C952 in the TMDs; 

C713A retains the two native C133 and C952;  C952 retains the two native C133 and 

C713; while C133A/C952A contains only the one native C713. Cl-Opti-Pgp is fully Cys-

less with all nine Cys removed. All-Ala-CL, with all cysteines mutated to alanine in the 

Wt Pgp background (8), was included for comparison. Bars indicate the mean relative 

growth of samples normalized to the relative growth of Opti-Pgp expressing yeast from 

three independent experiments ± standard deviation, nine independent experiments for 

CL-Opti-Pgp 
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Figure 3.7: Coomassie stained gel of purified Cys mutants: Opti-Pgp, Cl-Opti-Pgp, 

C713A containing the two native C133 and C952 residues, and the low-Cys H7 with the 

six intracellular Cys removed were purified from S. cerevisiae fermentor cultures as 

detailed in Methods. Increasing amounts of each protein were resolved on 10% SDS-

PAGE gels and stained with Coomassie blue. 
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4. Chapter IV: Conclusions and future experiments 

Several important research questions must be answered before the Pgp transport 

mechanism can be fully understood, including: what conformations are formed by Pgp 

during the drug transport, where the drug binding sites are located and how these binding 

sites interact with one another, and how nucleotide binding and hydrolysis mediates drug 

transport in the TMDs. In turn, understanding the Pgp transport mechanism would allow 

the design and development of novel Pgp inhibitors through structure based rational drug 

design. These novel inhibitors could produce the clinically safe and effective Pgp 

inhibitor that has eluded researchers for thirty years. Questions about the Pgp mechanism 

have been asked many times in the four decades since the discovery of Pgp, but have 

never been satisfactorily answered. The goal of this study was to construct two new tools 

that could be used to explore some of these unanswered questions. This project began 

with the simple hypothesis that an active Trp-less Pgp could be made by replacing each 

Trp with a conservative substitution. However, the outcome of this approach suggested 

the need to develop a more powerful strategy that used directed evolution to replace each 

Trp with every amino acid and select for active mutants. Then, directed evolution was 

applied to constructing a Cys-less Pgp, as an independent confirmation of this strategy. 

While directed evolution succeeded on both fronts by identifying Trp-less and Cys-less 

Pgp, it also highlighted broader implications for the results of this work. 
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 Data collected from directed evolution of Trp and Cys in Pgp has raised important 

questions about specific sites in Pgp that should be further investigated. The use of fully 

degenerate codons in site-saturation mutagenesis allowed for Trp or Cys to be retained at 

each site. However, Trp only accounted for the majority of mutants at W704 and W799 

(Figure 2.13 and 2.14), while Cys was only prominent at C638 and C669 (Figure 3.3). 

This suggests that other amino acids could directly compete in the selection process with 

the native residues being replaced at most positions. However, it also identified positions 

where substitutions were much less tolerable.W704 is located at the hinge between the 

elbow helix and the beginning of TM helix 7 (Figure 2.13A). The function of the elbow 

helices in ABC transporters is not known, but the difficulty of replacing this Trp may 

indicate that the arrangement of this hinge region is critical for protein function. 

Similarly, W799 in the ICLs may be important to maintain the proper arrangement of this 

loop structure or its interaction with the NBD. Replacement of the equivalent Trp in the 

N-terminal half of Pgp (W158) with phenylalanine appears to alter Pgp substrate 

specificity (Figure 2.3 and 2.4). Since, W158 and W799 are relatively distant to where 

substrate binding occurs in Pgp, mutation of these Trps would likely only affect substrate 

binding by interfering with interdomain communication between the TMDs and NBDs. 

Similarly, C638 and C669 are located in the linker region of Pgp which does not have a 

defined function. These two Cys positions frequently reverted to Cys even though Cys is 

not conserved in orthologous sequences. In all four cases, these residues are located in 

Pgp structural components with poorly defined functions. Further investigation of the 
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areas surrounding these residues may offer new clues about the interdomain 

communication that occurs in the Pgp drug transport cycle.  

 Comparison of the most frequent amino acids at each Trp site or each Cys site in 

unique directed evolution mutants demonstrates that the most frequent substitutions are 

location specific and generally biased towards non-conserved amino acids. While an 

amino acid such as glycine or proline frequently occurred at multiple Trp or Cys sites, 

these same amino acids were scarce at other sites suggesting that no single amino acid is 

a universally ideal substitute for Trp or Cys. Surprisingly, amino acids that carry the 

lowest penalty for Trp or Cys replacement in substitution matrices, such as tyrosine for 

Trp or alanine for Cys, were generally not frequently occurring at most mutation sites (1). 

In fact, the most prominent Trp or Cys substitutes at some sites, such as proline or 

glycine, also have some of the highest penalties for Trp and Cys replacement (1). Within 

a membrane protein, amino acids can in exist in multiple environments including the 

water soluble intracellular or extracellular regions of the protein, the hydrophobic core of 

the membrane bound protein domains, or the membrane water interface. It is likely that 

standard substitution matrices cannot account for the multiple local environments that can 

surround an amino acid, such as Trp. In certain local environments, substitution by a 

perceived non-conserved amino acid may in fact be favorable under a specific condition. 

Studies designed to explore these distinct membrane protein environments have begun to 

recognize location-specific preferences and properties for amino acid residues (2-5). In 

the future, studies such as these could be coupled with mutagenesis approaches, such as 

the directed evolution methods developed for this project, to produce membrane protein 
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specific substitution matrices that can more accurately account for local environments 

that can bias replacement of a specific amino acid.  

In addition to producing the tools for our immediate use for studying Pgp, the 

directed evolution methods developed in this study can be adapted to make other large 

scale changes in Pgp. For example, directed evolution could be used to determine which 

residues are important for binding a specific substrate. In this scenario, amino acids lining 

the central drug binding cavity could be simultaneously replaced with every amino acid 

and put through a selection to identify mutants that could still transport the given 

substrate. Positions that most frequently reverted to the original amino acid would likely 

represent the amino acids that are most important for binding that specific compound. 

Likewise, directed evolution could be applied to a number of other membrane proteins. 

Active Trp-less and Cys-less proteins have been generated for a variety of membrane 

transporters by conservative amino acid substitutions (6, 7). However, it is likely that 

many more membrane proteins are similar to Pgp in that conserved residues are more 

difficult to replace (8). The results of this study suggest that with an efficient expression 

system and stringent selection strategy, directed evolution could be applied to accomplish 

large scale changes in a variety of proteins. In conclusion, the end result of this work was 

the development of a mutagenesis strategy that could remove two of the most highly 

conserved amino acids from a dynamic membrane protein, thereby providing tools that 

can be used for many studies of Pgp. What is learned from Pgp can not only aid in the 

development of Pgp specific inhibitors, but also be used to study the mechanism of other 

ABC transporters, many of which also have important roles in human disease. 
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