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ABSTRACT 

Targeted Microdomain Cornpetition: Using Homologous Peptides to 
Disnipt P-glycoprotein Function 
Master of Science, 2000 
Michael J. Pickup 
Department of Pharmacology, University of Toronto 

Drug resistance is the most significant block to the effective treatment of 

metastatic cancer. Tumour cell expression of a cell-surface, energy-dependent 

pump called P-glycoprotein (Pgp) is, at least in part, responsible for most cases 

of multidrug resistance (MDR) to anticancer drugs. Pgp acts by purnping a broad 

range of compounds from intracellular cornpartments, thereby protecting them 

from cytotoxic attack. The specific inhibition of Pgp would significantly improve 

the prognosis of patients with tumours expressing the protein. 

In a novel approach coined "Targeted microdomain cornpetition" (TMC), a 

short peptide, homologous to the TM6 region of Pgp was used to inhibit native 

intramolecular protein-protein interactions crucial to the structure, and function of 

the pump. I have shown that expression of the TM6 homologue in MCF-7lAdrR 

cells is able to cause a remarkable inhibition of Pgp. The presented work may be 

a useful starting point for the development of a clinically relevant peptidomimetic 

drug for the treatment of MDR tumours. 
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1 .i Multidrug Resistance 

The administration of cytotoxic drugs is presently the most effective and widely 

employed method in the treatment of disseminated cancers. Although 

chemotherapeutic agents are wrought with specificity problems, it is the 

phenornenon of drug resistance that quite often limits their use. Tumours can be 

intrinsically resistant where the mass is initially refractory to drug challenge, or 

resistance can be rapidly acquired by genetically seiective processes that take place 

within the tumour (Lehnert 1996). Further complicating treatment. many tumours 

exhibit a phenotype known as multi-drug resistance (MDR) whereby an individual 

cancer cell does not respond to a wide range of chemotherapeutic drugs with 

differing chemical structures. and intracellular targets. MDR cells hold an advantage 

over other cancerous cells in the presence of cytotoxic drugs. This advantage, 

whether it is conferred by the expression of specific, or mutant proteins, is passed on 

during mitosis, and when seiected for by chemotherapy, can quickly result in MDR 

tumours. To illustrate, figure 1.1 .1 shows a case history of a tumour that has 

acquired rnulti-drug resistance. Solid tumours are typically noticed, and brought to 

the attention of physicians with a diameter of approximately 1 cm, which is of the 

order of l o g  cells. It is likely with such a large population of tumour cells, that some 

dis play one or more foms of resistance to chemotherapy (multi-drug resistant cells). 

Upon insult with the first round of treatment (A), a drastic reduction in the size of the 

tumour might take place, eradicating most sensitive cells (drug sensitive cells) and 



selecting for MDR cells. The second round of treatment (B) is far less effective since 

most of the tumour is comprised of cells displaying MDR, and without effective 

treatrnent options (C), the tumour becomes quickly uncontrollable. The 

phenomenon of rnultidrug resistance has been studied extensively and several 

mechanisrns have been described that can affect various elements of normal cellular 

machinery ranging from ceil cycle perturbation, alterations in apoptotic vulnerability, 

uptake and efflux of drugs, cellular drug metabolism, intracellular 

cornpartmentalization of drugs, or accelerated repair of drug-induced damage. The 

ultimate goal of MDR research is to improve current chemotherapeutic treatment 

strategies by circumventing drug resistance. Armed with knowledge of the 

mechanisms by which cells become resistant. scientists are able to dissect, and may 

soon be able to control the MDR problem clinically. 
- - -LA -- - - -  . 
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. , 
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Figure 1.7.1. The effect of MDR on tumour treatment (Adapted fmm Kartner and 
Ling (1989)) 



1.2 P-glycoprotein 

The most widely studied, and arguably the most significant mechanism of MDR 

is that involving a phosphorylated glycoprotein known as P-glycoprotein (Pgp). 

Found to be over expressed in MDR cells (Juliano and Ling 1976), Pgp is localized 

mainly at the cell surface (Willingham et al. 1987) where it functions as an ATP- 

dependent dnig efflux pump which acts to keep various chemicals from intracellular 

compartments, thereby effectively separating dnigs from their target sites within 

tumour cells. 

The Pgp gene was cloned from Chinese hamster (Gerlach et al. 1986), mouse 

(Gros et al. i986b) and human (Chen et al. 1986) in parallel. It was found to be a 

member of a multigene MDR family (Riordan and Ling 1985), with three members in 

rodents (mdrl (a.k.a. mdrlb), mdR, mdB (a.k.a. mdrla)), and only two in humans 

(MDRI , MDRP (a.k.a. MDR3))(Chin et al. 1 989; Raymond et al. IWO). Althoug h al1 

Pgp isofoms reveal the same overall structure, and also share considerable amino 

acid identity, transfection experiments suggest that they have distinct functions. 

Biological activity of the mdr? mouse cDNA was tested after transfection into drug- 

sensitive hamster LR73 cells, followed by direct selection in medium containing 

MDR dnigs. Colonies emerged that were resistant to othewise toxic levels of both 

doxorubicin and colchicine and the colonies isolated from this selection showed the 

classical cross-resistance profile of multidnig-resistant cells (Gros et al. 1986b). 

Since the initial cDNA was cloned from drug-sensitive cells, this demonstrated that 

the MDR phenotype may be transferred by transfection of a single gene, and that 

mutations in the gene were not required to confer MDR. hg-sensitive cells 



transfected with mouse mdr2 (as well as human MDR2) failed to display the MDR 

phenotype. Further studies using gene-specific probes capable of distinguishing 

mdrl from mdr2 indicated that, as opposed to mdrl, mdr2 overexpression was not 

consistently associated with the emergence of MDR (Raymond et al., 1 990). Human 

MDRI as well as rodent mdrl, and mdB seem to function as drug-efflux purnps, 

conferring MDR to otherwise drug-sensitive cells (Gros et al. 1986a; Ueda et al. 

1987). The human MDR2 and rodent mdR isofons have been shown not to 

function in MDR, but work as phosphatidyl translocases (Ruetz and Gros 1994; Smit 

et al. 1993; Smith et al. 1994). The chromosomal location of the human P- 

glycoprotein gene (MDRI) has been mapped to 7q21 .l, and it appears to be linked 

closely to other family members on 7q (Callen et al. 1987; Chin et al. 1989). The 

close relationship of MDR genes lead researchers to beiieve the farnily resulted from 

one or more gene duplications (Bell et al. 1987; de Bruijn et al. 1986; Van der Bliek 

et al. 1988). 



1.3 P-glycoprotein as an appropriate target for inhibition 

Although tumours can acquire the ability to overexpress Pgp during selective 

processes that occur with chemotherapeutic treatment, there are also a number of 

tumours that originate at sites where Pgp expression is normal. Primary tumours 

that develop in tissues where Pgp expression is physiologically nomal are 

intrinsically resistant to the broad spectrurn of drugs pumped by the protein, and are 

notoriously dificult to eradicate (Goldstein et al. 1989; Kramer et al. 1993; Huang et 

al. 1992). Thought to be part of a primitive host defence mechanism, Pgp is 

expressed at several sites throughout the body where the effects of noxious 

chernicals may be especially hanful. It has been found at significant levels at the 

lumenal surface of biliary canaliculi (Thalhammer et al. 1994), the brush borders of 

bath small and large intestines (Zacheri et al. 1994), in addition to apical membranes 

of the epithelial cells lining proximal renal tubules (Dutt et al. 1992) where it is 

thought to aid in the excretion of harmful xenobiotics. P-glycoprotein expression at 

the blood-brain barrier (Tatsuta et al. 1992), the blood-testis barrier, and in the 

membranes of several types of hematopoietic cells (Chaudhary and Roninson 1991; 

Chong et al. 1993; Drach et al. 1992) seem to indicate its role in protecting 

vulnerable organs, and tissues where DNA damage might be particulariy damaging 

to the host. 

When contemplating the inhibition of a protein, it is important to consider the 

tisks associated with eliminating its normal function. Since there is no evidence that 

normal Pgp is any different from the Pgp overexpressed in MDR cells, the selective 

inhibition of abhorrent expression seems unlikely. In the case of cancer 



chernotherapy, the modulation of MDR is, in the purest sense, adjunct therapy, and 

phamacokinetic, as well as phamacodynamic drug interactions must be closely 

examined. Because of its implications toward the improved treatment of cancer, the 

employrnent of MDR modulation has enjoyed a relatively rapid launch into clinical 

trials, and a fairly broad base of controlled trials dating back to the late 1980's is 

available. For the most part. vital organs and body compartments are replete with 

backup, and often redundant mechanisrns for dealing with toxic xenobiotics, but for 

the case of cancer chemotherapy, perhaps the most troubling finding is the 

constitutive expression of Pgp in hematopoietic stem cells. Even in the treatment of 

dwg-sensitive tumours, dose-limiting myelosupression is the most common problem 

associated with currently available d rugs. If the susceptibility of m yeloproliferative 

cells to anticancer drugs is increased by the administration of Pgp inhibitors, a 

further dose limitation might result. negating any benefit gained from inhibiting Pgp in 

tumour cells. Indeed. most clinical trials have reported a required dose reduction of 

anticancer dmgs when Pgp modulators are added to the treatment regime (Boote et 

al. 1996; Bartlett et al. 1994; Lum et al. 1992; Erlichman et al. 1993). but new 

findings seem to suggest that the reason for this dose reduction is not due to 

increased rnyelosupression at sirnilar senim concentrations of cytotoxic drug. 

Rather, increased free-drug concentrations are observed when normal doses are 

administered due to a decrease in Pgp mediated hepatic and renal clearance, in 

addition to modulator-associated hyperbilinibinernia (Lurn et al. 2000). These 

results indicate that Pgp modulation might still result in an increased concentration of 



chemotherapeutic dmg seen by tumour cells, while ena bling the administration of 

lower absolute doses to the patient. 



1.4 Structure of P-glycoprotein 

P-glycoprotein is a polytopic membrane protein composed of 1280 amino 

acids, and has an apparent mass of 170 kDa. (Chen et al. 1986). It is organized in 

two tandem "repeats" of 610 amino acids with a 60 amino acid linker region in the 

middle. Each "repeat" contains an N H2-terminal h ydropho bic domain followed by an 

intracellular (hydrophilic) domain. The tandem "repeats" in Pgp are not true repeats, 

since although a high degree of homology exists between the two intracellular 

hydrophilic regions. the transmernbrane portions actually share a very limited 

amount of homology. The term "repeat" is being used in a sense referring to the 

general secondary structure of Pgp. Each hydrophilic segment of the protein 

contains a consensus sequence motif for nucleotide binding (Walker et al.. 1982). 

lncluded in this consensus sequence are two sub-motifs (Gottesman and Pastan 

1998), known as Walker A (GXXXXGKTiS), and Walker B (a series of hydrophobic 

residues possibly involved in homing the nucleotide rnoiety). The presence of two 

such nucleotide binding dornains (NBDI, NBD2) in a protein is indicative of its 

capacity for ATP binding, which is consistent with the known ATP dependence of the 

MDR phenotype in cells expressing Pgp. The transmembrane (TM) domains of P- 

gp are each cornposed of 6 membrane spanning alpha helices labelled TMs 1-6 and 

7-1 2 with the first extracellular loop Üoining TMs 1 and 2) holding 3 N-linked 

glycosylation sites (see figure 1.4.1 ). Sharing a common domain organization, it has 

been classified as a member of the ATP-binding cassette (ABC) superfamily of 

proteins (Higgins 1995). The bdimensional conformation of the protein, deemed 

vital to further understand the mechanism of action, has been the subject of 
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Figure 1.4.7. Diagram of human P-glycoprotein topology 

extensive research. Scientists have used va rious inventive techniques to decipher 

the topology of P-glycoprotein since attempts to produce a high-resolution crystalline 

structure have failed thus far (as with most membrane proteins). Initially, hydropathy 

analysis was used to supply a crude picture of the number of membrane spanning 

alpha helices (Loo and Clarke, 1995b, 1996b, Kast et al. 1996), but inconsistencies 

in results indicated more in-depth work. Further experimentation using epitope 

insertion (Kast et al. 1995), epitope mapping. site-directed mutagenesis and 

oxidative cross-linking (Loo and Clarke 1996a), as well as various analyses of 



mutants were able to further solidify the putative structure of Pgp. One mutational 

experiment involved the generation of a completely functional Cys-less mutant of 

Pgp. Cysteine residues were systematically re-introduced, and their reactivity with 

membrane-pemieant and irnpeneant thiol-specific reagents was characterized. 

The membrane-impeneant reagent only reacted with extracellular cysteines (Loo 

and Clarke 1995b). The topology derived from these studies was consistent with the 

predicted model for Pgp illustrated in figure 1 A.1. 



1.5 Pglycoprotein substrates 

Hundreds of compounds have been identified as substrates for Pgp making it 

a highly unusual ABC transporter. The spectrum of compounds pumped by the 

transporter seems to be one that is difficult to pin down. A "typical" compound in the 

MDR spectrurn is hydrophobic or amphipathic with some planar ring structure, and 

substrates often carry a positive charge at physiological pH. Large, and uncharged 

compounds have also been found to be substrates for Pgp, and as a result, the 

precise determinants for inclusion have yet to be determined. Unfortunately, many 

of the most active naturally derived and synthetic chemotherapeutic agents used in 

the treatment of cancer are pumped, and Pgp expression in tumour cells tends to 

indicate a poor prognosis due to a lack of treatrnent options (Chan et al. 1995; 

Fisher et al. 1996; Leighton and Goldstein 1995; Marie 1995). Table 1.5.1 indicates 

a short list of compounds found to be substrates for Pgp. Note the broad range of 

anti-cancer agents with varying intracellular targets. 

Anthracyclines Topotecan 
Doxoru bicin Mitomycin C 
Daunoru bicin Other Cytotoxic agents 
Epinibicin Colchicine 
Idam bicin Emetine 

Epipodophyllotoxins Pu romycin 
Etoposide Mitoxantrone 
Teniposide Linear and Cyclic peptides 

Paclitaxel NAc-Leu-Leu-norLeu-al 
Vinca alkaloids NAc-Leu-Leu-Met-al 

Vin blastine Leu peptin 
Vincristhe Pepstatin A 
Vinorel bine Grarnicidin D 

Steroids 
Aldosterone 
Dexamethasone 

HIV protease inhibitors 
Ritonavir 
1 ndinavir 
Saqu inavir 

Miscellaneous 
Rhodamine 123 
Hoechst 33342 
Triton X-100 
Prenyl-Cys methyl esters 
calcein acetoxymethylester 

Actinomycin D Nonactin 
Table 1.5.7. Partial iist of kno wn substrates for P-giycoprotein 



1.6 Inhibition of P-glycoprotein 

The discovery of the Pgp transporter as a mechanism for dmg resistance has 

stimulated efforts to discover modulators in the hope of improving anticancer 

therapy. Inhibitors of Pgp are termed "chemosensitizersn for their ability to re- 

sensitize cells to the effects of cytotoxic drugs. Chemosensitizers can inhibit P- 

glycoprotein function by mechanisrns including the alteration of substrate 

recognition, inhibition of ATP binding or hydrolysis, and by blocking the coupling of 

ATP hydrolysis to su bstrate translocation. The antagonism of the Pgp-drug 

interaction, by competitive or non-cumpetitive inhibition, is however, by far the most 

cornmon action of existing chemosensitizers. In the early stages, large-scale 

screening assays were employed to determine the effectiveness of potential 

chemosensitizing agents. Several existing drugs that were previously developed for 

very different reasons were discovered to have significant impact on Pgp function, 

and the importance of previous roles seemed minimal in their mechanisrns of MDR 

reversal. Most chemosensitizing cornpounds effectively alter MDR function at in 

vitro concentrations between 2-1 0 PM, regardless of the required therapeutic 

concentrations for their original roles (Ford and Hait 1990). As expected, the 

heterogeneity of Pgp substrates is mirored in the list of cornpounds that have been 

shown to modulate Pgp function (see table 1.6.1) (Ford and Hait l99O;l993). 

Verapamil, an effective anti-hypertensive drug was first found to profoundly inhibit P- 

glycoprotein by a competitive mechanism (Tsunio et al. 1981 ). but the cardiac 

effects due to the potent calcium channel blockade limit its usefulness as adjunct 

therapy in cancer (Pennock et al. 1991). It does, however. remain an important in 



vitro research tool to which new chemosensitizers are compared for their ability to 

inhibit Pgp. Cyclosporin A (CSA), a potent imrnunosupressant, also inhibits Pgp 

activity, but the plasma concentration required to achieve Pgp inhibition is sufficient 

to enhance the myeloid, renal, neural and hepatic toxicity seen when cytotoxic drugs 

are administered. Nevertheless, successful traiment of childhood resistant 

retinoblastoma (RB) by using short, high-dose CSA infusions in conjunction with 

vincristine administration (Chan et al. 1996) has fuelled research objectives to derive 

a more potent, specific, and effective rnodulator of Pgp activity. Ironically, in the 

case of RB, some turnours that remain resistant to cyclosporin combination 

chemotherapy appear to do so because of elevated expression of another MOR 

pump called the multidrug resistance protein (MRP), and MRP-mediated MDR may 

be of primary importance in other tumours (Chan et al, 1997). Clearly, there is a 

need for adjunct therapies that are directed specifically at inhibiting the actions of 

Pgp and MRP to allow a greater efficacy for conventional chemotherapeutic agents. 

Second generation chemosensitizers have been derived based on the chemical 

Verapamil RU486 Pipecolinates 
Dexverapamil Cyclosporin A Fluorocyclopropyldi benzosu berane 
Nifedipine SDZ PSC 833 Triazinoaminopiperidine 
Diltiazem FK506 Thioxanthenes 
Niguldpine Rapamycin Erythromycin 
Dihydropyridine Chloroquine Val inomycin 
analogs Quinidine Ceftriaxone 
Thioridazine Quinine l traconazole 
Trifluoperazine Dipyridamole N-Acetyldaunoru bicin 
Chlorpromazine Quinoline Vindoline 
Benzquinamide ReserpineNohimbine L-Hisîidinol 
Progesterone Amiodarone Tween 80 
Tamoxife n Acridonecarboxamides Solutrol HS 
Megestrol acetate Amido-keto 
Ta bie 1.6.7. Partial list of P-giycoprotein modula tors 



structures of CSA and verapamil. An analog of CSA (SDZ PSC 833) with virtually 

no immunosu ppressive activity (Jachez et al. 1 993) is currently undergoing clinical 

trials as a chemosensitizer to be used in the treatrnent of MDR tumours (Boesch et 

al. 1991). It has also been discovered that the R-enantiomer of verapamil 

(dexverapamil) confers less calcium channel inhibition, but retains the Pgp 

modulation effects (Gruber et al. 1988). 



1.7 Mechanism of action of P-glycoprotein 

When first discovered in CHO cells that were selected for resistance to 

Colchicine (Juliano and Ling, 1976), the 170kD overexpressed protein was 

implicated in a significant decrease in what was thought to be the rate of permeation 

of the plasma membrane by drugs. The observed permeability changes to a set of 

pleiotropic compounds led researchers to dub the new peptide P-glycoprotein. 

Since the mid seventies. various theories conceming the mechanism of action have 

fallen in and out of favour, and although the details are wnsistently argued, the 

general consensus is that Pgp reduces intracellular substrate concentrations by an 

energy-dependent transport process. 

It has been often theorized that the transmembrane helices form a central 

pore through which substrate molecules may travel as they cross the membrane 

(Raviv et al. 1990). This theory was further substantiated when a very low-resolution 

structure (1 A = 1 nm) was derived from corn puter-aided electron microscopy and 

single-particle image analysis (Rosenberg et al. 1997) (see figure 1.5.1 ). A toroidal 

structure was obtained with six-fold symmetry and a diarneter of -10 nm. The 

putative aqueous central pore, rneasuring -5 nrn (P) is cleariy evident bound 

presumably by transmembrane domains (TMD). The growing evidence surrounding 

the 30 structure of functional Pgp has incited the development of several theories to 

explain the actual pumping mechanism of the protein. One problem with the "central 

poren theory is that the details surrounding the coupling of ATP hydrolysis to drug 

transport are unclear. An altemate model that has gained acceptance describes 



View perpendicular to the 
extracellular surface of the 
lipid bilayer 

B 
Side view of Pgp; the 
horizontal lines represent 
the approximate position 
of the lipid bilayer. The 
arrow indicates the 
opening providing access 

A B from the lipid phase to 
the aqueous core of Pgp 

Figure 7.7.7. Lo w-resolution 3dimensional vie ws of native P-glycoprotein by EM 
(frorn Rosenberg, et al. 199 7, used by permission) 

Pgp as a "drug flippase" (Higgins and Gottesman 1992) whereby substrates are 

"flipped" from the inner leaflet to the outer leaflet of the membrane in a mechanism 

similar to that employed by structures known as phospholipid translocators. In this 

mechanism, dnigs do not reach the cytoplasm, and are essentially mopped up, or 

vacuumed (as has become the popular terni) from the hydrophobic interior of the 

lipid bilayer. There are several lines of evidence that seem to suggest the vacuum 

cleaner mode1 is the most likely means by which Pgp interacts with substrate 

molecules. Since the majority of Pgp substrates are hydrophobic, these molecules 

will spend more time within the lipid environment of the membrane on their way to 

the cytoplasm, and will therefore be more apt to interact with the drug-association 

site that putatively exists within the transmembrane domains of Pgp. Kinetic 

analyses seem to suggest that Pgp affects drug accumulation more quickly than 

time allows substrates to reach the cytoplasm, yet only as quickly as significant 

amounts arrive in the membrane (Stein et al. 1994). Further evidence for the 



vacuum cleaner model relates to the use of dyes that only Ruoresce following 

modification that takes place in the cytoplasm. Calcein acetoxy-methyl (AM) ester 

(a substrate for Pgp) only becomes fluorescent when the AM groups are cleaved by 

intracellular esterases. Moreover, the free calcein moiety is neither a substrate for 

Pgp, nor is it appreciably hydrophobic, which gives nse to its effective sequestration 

within the cell once cleavage has taken place. P-glycoprotein has been shown to 

dramatically decrease the accumulation of the fluorescent dye, calcein when MDR 

cells are incubated with calcein-AM, suggesting that substrate molecules are 

removed prior to their ever reaching the cytoplasm. 

l nvestigators are still debating whether su bstrates contact Pgp via the 

hydrophobic inner leaflet of the plasma membrane. or the cytoplasm, but the 

requirement of ATP hydrolysis in the pumping mechanism is rather less ambiguous. 

Pgp exhibits both basal and drug-stimulated ATPase activities hydrolysing 1.65 pmoi 

ATPlminlmg protein basally (S harom et al. 1995), with drug-stimulated activity 

varying between 5 and 22 pmol ATPlminlrng protein, depending on the substrate 

(Ramachandra et al. 1998; Urbatsch et al. 1994; Ambudkar 1995; Shapiro and Ling, 

1994). The basal activity is believed to be due to the pumping of endogenous lipids. 

steroids, and hydrophobic peptides; however, some uncoupled ATPase activity is 

also apparent. The coupling of ATP hydrolysis to drug-pumping activity has been 

studied extensively using various methods interferhg with the process. Vanadate- 

induced trapping of nucleotides has allowed scientists to dissect the mechanism by 

which ATP is hydrolysed by Pgp, giving insight as to the significance of the two 

intracellular nucleotide-binding domains. Sodium ortho-vanadate, an analog of 



inorganic phosphate, foms a stable, noncovalent complex with MgADP at the 

catalytic site of Pgp and inhibits further ATPase activity. When MgADP-vanadate is 

bound, Pgp resembles the normal MgADP-Pi catalytic transition state, and the 

relative stability of the complex has permitted further investigation of the 

conformational changes that take place during the pumping process. Vanadate wiil 

bind at either the N- or C-terminal NBD, but it is not found at both sites in a given 

molecule, and once bound, al1 further ATPase activity of Pgp is halted (Urbatsch et 

al. 1995a; 1 995b). These findings suggest that both NBDs are catalytically active, 

and the disruption of one site is sufficient to render Pgp inactive. Analogous to other 

ATPases, a photochernical cleavage occurs at a peptide bond in the Walker A 

consensus sequence when the vanadate-trapped molecule (Pgp-MgADP-Vanadate) 

is exposed to ultraviolet light. Analysis of resultant protein fragments has bolstered 

eariier findings by showing that cleavage occurs at one site, or the other, but not 

both (Hrycyna et al. 1998). Consistent with these results, another study showed that 

mutations in either of the two NBDs abolished vanadate-induced trapping of ADP at 

both sites (Urbatsch et al. 1998). 

Several attempts have been made to pin down the stoichiornetry of ATP 

hydrolysis coupling to substrate transport, and reported values have ranged quite 

significantly. The generally accepted figure is currently between 1 and 3 molecules 

of ATP hydrolysed per substrate molecule pumped (Eytan et al. 1996; Shapiro and 

Ling 1998; Ambudkar et al. 1997), which is in the same range as ion-translocating 

purnps. A model of the catalytic cycle of Pgp based on stoichiometric data, and 

evidence derived from studying the vanadate-trapped intermediate has emerged 



which accounts for the altemating, two-step rnechanism of the nucleotide utilization 

sites (Senior et al. 1995; Senior and Bhagat 1998; Sauna and Ambudkar 2000), 

conformational shifts (Wang et al. 1997; Dey et al. j997), and observed changes in 

substrate affinities at the various stages of the cycle (see figure 1.7.2). Refet-ring to 

figure 1.7.2, hydrophobic domains are depicted by the two interlocked rectangles 

containing the putative drug binding sites. The "on" site is shown at the inner leaflet 

of the bilayer, and the "off" site at the outer leaflet (labelled ovals). Nucleotide 

binding domains (NBDs) are shown protruding from the cytoplasmic face of Pgp. 

ATP binding to the NB0 is presumed to be independent from drug binding, but is 

ATP + s 
I 

io, - 
II 

ADP 

6 - 
IV 

Figure 7.7.2 The A TP hydrolysis cycle of P-glycoprotein (Adapted from Sa m a  and 
Ambudkar, 2000) 



shown as a single step (1). ATP is hydrolysed in step II of the process, effecting a 

conformational change that decreases the affinity of the "onn site (shaded diamond) 

for substrate molecules, which results in its transfer to the "off' site. The "on" site 

then remains at low affinity for drug binding until hydrolysis of a second ATP 

molecule takes place. Upon phosphate release in step III, the substrate is permitted 

to exit the "off" site (either to the exoplasmic space, or to the outer leafiet of the lipid 

bilayer). Hydrolysis of a second ATP molecule effects a conformational change 

restoring the high affinity state of the "on" site. 

The observed broad substrate specificity of P-glycoprotein has driven 

researchers to define the important stnictures within the native conformation 

responsible for drug association. It is thought that once the drug-binding pocket is 

characterized, molecules can be derived which specifically bind, block, or alter this 

site and render Pg p inactive. Va rious experiments using p hotolabeled analogs of 

substrates (Ambudkar et al. 1997; Bruggemann et al. 1992; Greenberger 1993; 

Greenberger et al. 1990; Morris et al. 1994), have helped to locate major sites of 

drug interactions within the protein. Further experiments examining eng ineered and 

naturally derived mutants have also been crucial (Taguchi et al. 1997a.b; Welker et 

al. 1995; Loo and Clarke 1993a. 1994a, 1994b. 1995a; Currier et al. 1992; Choi et 

al. 1989; Kioka et al. 1989; Safa et al. 1990; Shoshani et al. 1998; Chen et al 1997; 

Hoof et al. 1994; Hafkemeyer et al 1998). The studies involving Pgp mutants have 

shown alterations in substrate specificity and indicate that residues throughout the 

molecule seem to be somewhat involved in drug interactions, with some areas being 

more significant than others. 



A thiol-reactive substrate, dibrornobimane (dl3Bn) was used in conjunction 

with cysteine-scanning mutagenesis and the measurement of stimulated ATPase 

activity to predict residues that may be involved in a putative drug-binding pocket of 

Pgp (Loo and Clarke, 1997, 1999). A profound decrease in stimulated ATPase 

activity was observed when dBBn was reacted with cysteine residues introduced into 

TMs 6.1 1, and 12. Moreover, substrates such as verapamil. vinblastine and 

colchicine were able to protect mutants from dBBn binding, and the associated 

reduction in stimulated ATPase activity. Evidence obtained by disulfide cross-linking 

analysis was able to show that the residues implicated in the drug-binding pocket 

actually do lie close to each other in the tertiary stnicture of Pgp (Loo and Clarke 

2000). 



1.8 f argeted Microdomain Cornpetition 

Before defining the concept of targeted microdomain cornpetition (TMC), it is 

necessary to review the four levels of protein structure since each provides 

important groundwork for understanding the plausibility of the theory. Proteins 

essentially consist of long chains of amino acids joined by peptide bonds. The 

primary stnicture of a protein is determined by the sequence of amino acids dictated 

by the mRNA from which it is translated. Every protein has a different amino acid 

sequence, and the primary structure of a polypeptide can be thought of as a 

molecular code that specifically identifies a particular protein. Further structural 

classification involves the folding of the protein backbone into distinct, regular 

configurations such as a-helices, p-sheets, and turns. The arrangement of 

polypeptides into ordered secondary structures is based on bond angles determined 

by the primary structure. as well as stabilizing hydrogen bonds to maintain relative 

rigidity. Secondary structure tends to orient amino acid side chains such that they 

protrude at regular intervals from the backbone, thereby displaying their individuality 

and assuring specificity in higher structures. The tertiary structure of a protein is 

detemined by the manner in which secondary structures, as well as random 

segments interact with one another to form the basic shape of the protein molecule. 

The main forces that govem the associations of secondary structures are 

hydrophobic interactions that tend to hide polar side chains from non-polar 

environments and vice versa. Very weak van der Waals forces as well as strong 

disulfide bonds and the occasional salt bridge further stabilize tertiary structures. In 



the case of multi-subunit, as well as interacting proteins, quatemary structure 

describes the interactions that occur between proteins to affect their apposition. 

The interactions involved in tertiary and quatemary structure are dependent 

on the very precise fitting of both molecular size and charge of the amino acid side 

chains that make up the interface. Protein function is dependent on the correct 

folding of a polypeptide to achieve its native structure, a process that involves 

intramolecular protein-protein self-associations. Function may also depend on self- 

assembly of polypeptide subunits to form an active protein complex, or on 

association with other proteins for regulation. The functions of plasma membrane 

proteins (which, in addition to Pgp, might include other pharmacologically important 

receptors, pumps, carriers and channels) depend on protein-protein interactions 

mediated by their various domains. In the case of the TM domains, specific 

interactions between TM segments (usually a-helices) within a protein may be 

required for its functional intramolecular self-assem bly (to form a pore, or other 

functionally significant structure in a polytopic protein), and further interactions 

between specific TM a-helices of identical or different subunits may be required to 

fonn functional complexes (between single-spanning or polytopic proteins). Thus, 

certain TM a-helices must "recognizen one another to form energetically stabilized 

recognition complexes, or "microdomains." 

Along with a protein's dependency on structure for function, the energetically 

stabilized precision fitting of protein-protein interactions will be exploited by the TMC 

concept. The term microdomain is being used to refer to discrete segments or 

domains that are involved in tertiary intra-rnolecular interactions. In targeted 



microdomain competition, a functionally important association is identified, and a 

homologue of one of the interacting parties is overexpressed in the environment of 

the native microdomain. 

The principle of TMC is illustrated in figurel.8.1. Here is shown a 

hypothetical polytopic cell surface membrane receptor. One possible inter-helical 

association is shown diagrammatically as a jagged "molecular fit" between TM6 and 

TM7. All such associations are "loose" in the sense of being microswpically 

reversible and in equilibrium with a dissociated state. The possible disniption of 

further association by competition with an excess of a free hydrophobic peptide 

homologue (TM6) is shown. This disruption may have functional consequences for 

ligand-binding andlor subsequent signal transduction. The example deliberately 

depicts a 7-spanning membrane receptor rather than the IZspanning Pgp. to 

deliver TM6 homologue 
oligopeptide inhibitor to 
membrane bilayer 

corn petitive disniption of 
intramolecular association within 
the transmembrane domain 

Figure 1.8.1. Illustration of the Targeted Microdomain Cornpetition concept 



emphasize the potential universality of the principle of TMC. Furthermore, insertion 

of a competitive peptide need not be between a-helices that are adjacent in the 

protein's primary amino acid sequence as depicted, a scenario which may be 

relatively unlikely due to steric constraints. Interactions that are more likely to be 

amenable to targeting would be those between more distant a-helices brought 

together by tertiary folding, and quatemary associations, such as dimerkation, which 

often are a requirement for function. 

This approach to the modulation of Pgp function is a significant improvement 

upon current methods due to the inherent sequence-derived specificity. The 

inserted homologue, while specifically disrupting Pgp, will be relatively benign with 

respect to other cellular structures and processes. As with al1 pharmacologie 

approaches to medicine, specificity is the ultimate endpoint in the development of 

drugs because it allows a seamless integration into current treatment regimes. 

Since the modulation of Pgp is wnsidered to be an adjunct to cancer chemotherapy, 

specificity becomes of paramount importance in view of the sheer number of drugs 

that must already be administered. Furthemore, since the in vivo MDR phenotype 

may be due to the dynamic, and wide range employment of several MDR 

mechanisms, numerous adjuncts may be required to significantly chemosensitize 

these tumours, and the specificity of each compound must be optimized to reduce 

the nsk of amplifying adverse drug reactions. 



1.9 The TM6 microdomain 

The TM6 microdomain was chosen on the basis of evidence in the literature 

that alludes to its potential involvement in a drug-binding site (Devine et al. 1992; 

Dey et al. 1997; Greenberger et al. 1993; Loo and Clarke 1993b. 1994b. 1997, 1999; 

Ma et al. 1997; Pascaud et al. 1 W8), as well as a functional interaction that may 

occur with TM12. A conformational shift has been suggested to take place at the 

time of ATP hydrolysis at the interface between TM6 and TM1 2 implying a crucial 

communication with the NBDs, and a possible role in the drug-purnping mechanisrn 

(Loo and Clarke 1997). Prelirninary growth-inhibition experiments using synthetic 

peptides (N. Kartner, unpublished data) also indicated that the TM6 microdomain 

showed enonous potential for cornpetition. Recently, it has been suggested that 

TM6 is involved in a more complex interacting web of transmernbrane a-helices that 

may hold the rnolecule in a functional conformation (Loo and Clarke 2000). 

As mentioned earlier, the regions of Pgp that are involved in drug-association 

have been narrowed down. Studies using photolabeled analogs of dnig substrates 

such as [3~]azidopine (Greenberger et al. 1990; Bruggernann et al. 1992; Morris et 

al. 1994), [1251]iodoarylazidoprazosin (Greenberger 1993; Moms et al. 1994), and 6- 

0-[[2-3-(4-azido-3-[1*~l]iodop hen yl)proponamido] ethyllfors kolin (Morris et al. 1 994) 

have suggested that the Pgp-substrate associations take place mainly in the regions 

of TM6 and TM12. Given that both TM6 and TM12 are each responsible for 

connecting a transrnernbrane domain to a nucleotide binding domain. in addition to 

the mounting evidence indicating the importance of these two transmernbrane 

segments in dnig associations, further research was conducted to determine their 3- 



dimensional proximity, and putative interacting residues. It was thought that TM6 

(residues 331-351 ) and TM12 (residues 974-994) formed a dynamic interaction 

capable of conformational shifts, which were somehow involved in the drug-pumping 

mechanism of Pgp. Based on ernpirical data that suggests most membrane- 

spanning helix-helix interactions are arranged in the form of a left handed coiled-coil, 

and the cross-linking results from a previous experiment (Loo and Clarke 1996a), 

Loo and Clarke (1 997) examined the proximity of suspected neighbounhg residues 

at the TM6/TM12 interface. Putative overlapping amino acids were mutated to 

cysteine residues in a pair-wise fashion, then oxidized and tested for decreased 

rnobility on SDS-PAGE (an indication of cross-linking ). Four of six hypothesized 

pairs were cross-linked, indicating a strong possibility that a close relationship 

existed between TM6 and TM12, and that this relationship was in the form of a left- 

handed coiled-coil. Further testing revealed that three mutants (L332CIL975CP 

G346C/G989C, F343ClM986C) lost their ability to be cross-linked in the presence of 

drug substrates. One postulated mechanism that accounts for this anomaly is that a 

change occurs upon dwg binding, or ATP hydrolysis thereby shifting the 

appositional conformation of the two cysteines, and making cross-linking impossible. 

Altematively, the substrate-binding pocket may lie within, or close to the interface, 

and the physical presence of substrate is sufficient to block the interaction. In 

another observation. one pair of mutated cysteine residues absolutely required the 

presence of ATP in order for significant cross-linking to take place. The authors 

hypothesized that a conformational shift between the two transmembrane regions 

probably took place during the hydrolysis of ATP that changed the proximity of the 



L332CIL975C pair. A final noteworthy finding of this cross-linking experiment that 

further bolstered the shift hypothesis was that a significant reduction of verapamil- 

stimulated ATPase activity was observed when the P350CIS993C mutant was 

immobilized by oxidation. The verapamil-stimulated ATPase activity was completely 

rescued by breaking the disulfide bond with dithiothreitol (DTT), thereby restoring the 

flexibility of the TM6RM12 interaction. Further evidence for the role of TM6 as a 

major determinant of tertiary structure is described in a recent publication by Loo 

and Clarke (Loo and Clarke 2000). Data from disulfide cross-linking analyses of 

mutant Pgp molecules with systematically introduced cysteine residues has 

suggested a novel packing formation of the transrnembrane domains (see figure 

1.9.1). The complex web of interactions proposed to take place between TMs 

4,5,6,10,11, and 12 may be central to the drug-interaction capabilities of the protein. 

TM6 in particular. is suggested to interact closely with TMs 10,11, and 12, 

suggesting its importance for maintaining the tertiary structure of the molecule. 

Figure 7.9.1. Pgp TM packhg (adapted fmm Loo and Clarke, 2000) 



Perhaps most influential to the choice of TM6 as an initial target was provided 

by preliminary work with synthetic peptides homologous to the 1 2 transmem brane 

segments of Pgp (Kartner, unpublished data). MCF-7/Adr cells were grown in 3 FM 

doxorubicin, where a slight inhibition of growth was observed, but changes in cell 

morphology were not evident. Resistant cells can grow under these conditions oniy 

because the Pgp that they overexpress continuously pumps the drug out of the cells, 

maintaining a just-tolerable steady-state intracellular concentration. This is a 

sensitive assay for Pgp in hibition, since reduction of its transport function would be 

evident in reduced cell proliferation. The Pgp TM 21-mers were tested individually in 

the growth in hibition assay to determine whether doxoru bicin-mediated cell-death 

wuld be potentiated. Delivery was accomplished by mixing dried peptides with 

mixed phospholipids under nitrogen, and then sonicating the residue into culture 

medium (100 pglml phospholipid, 4 peptides final concentration). Cells were 

seeded at low density and overlaid with media, prepared as above, containing, 

separately, each of the 12 Pgp TM peptides and 3 doxonibicin, and with control 

media. Results after 48 h of growth are shown in figure 1.9.2. 

For peptides from the first TM domain (TM1 -TM6) of Pgp, TM1 to TM5 had no 

effect. In contrast, TM6 completely in hibited cell proliferation in the presence of 

doxorubicin (there is no effect with TM6 in the absence of doxorubicin). All of the 

peptides from the second TM domain (TM7-TM12) had some effect on cell growth in 

the presence of doxorubicin, but only TM12 showed an inhibitory effect less than or 

equal to 50% of the control (cells with doxonibicin and liposomes alone added). 

Thus, TM6 and TM1 2 (indicated with asterisks) appear to have significant effects 



" 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
Transmembrane helk (from N to C terminus) 

Figure 1.9.2. Growth inhibition assay resuHs 

on Pgp function when delivered to cells in liposomes. 



1.1 0 Detailed hypothesis and Objective 

To further characterize the effects of the peptide homologues on Pgp 

function, toward the ultirnate goal of producing lead compounds for the development 

of peptidomimetic dnigs, a relatively rapid and inexpensive (compared with synthetic 

peptide synthesis) expression system was required. Peptide expression 

experiments were deemed to be more practical than those using synthetic peptides 

since problems associated with synthesis, delivery, and mutagenesis were avoided. 

Additionally, a sensitive, quantitative assay to determine alterations in Pgp function 

would be necessary to deduce the effects of the various peptides expressed. Based 

on preliminary experiments suggesting the susceptibility of P-glycoproteins TM6 

interactions to cornpetition, 1 plan to show by a Row cytometric assay, that 

expression of a peptide homologous to TM6, targeted to the plasma membrane of 

MCF7iAdr cells, is able to disrupt Pgp function by a TMC mechanism. 

Evidence examined in section 1.9 suggests an important association of TM6 

with TM1 2. Figure 1.1 0.1 (top panel) portrays native reversible intrarnolecular 

interactions that occur at the TM6KM12 interface. The bottom panel of figure 1.1 0.1 

depicts the hypothesized effect when large numbers of a TM6 homologue are added 

to the membrane environment. Dismption of the native TM6 microdomain (by TM6 

homologues) in significant numbers of Pgp molecules would be sufficient to alter the 

MDR phenotype of Pgp-expressing cells (like MCF7lAdr). 



Figure 1.7 0.7. illustration of hypothesis: TM6-media ted targeted microdomain 
comp e tition 



2 Materials and Methods 

2.1 Engineering The TM6 Insert 

The TM6 insert has a sizeable 5' synthetic extension, which was ordered in 

two parts because of length limitations of oligonucleotide synthesis. Because of the 

added manipulation required to join the two lengths that fomed the 5' extension, the 

TM6 construct (shown in figure 2.1.4) was prepared using a modified three-step 

PCR approach. All synthetic oligonucleotides were ordered from ACGT Corporation. 

Toronto, Ontario. The first step was required to join the two halves of the 5' 

extension, and arnplify the joined product. The first half at 91 bases, overlapped the 

second 87 base oligonucleotide by 20 bases. The two synthetic oligonucleotides 

were placed in a PCR reaction where they were to anneal and extend. Primers for 

the amplification of the product of the initial extension were also placed in the 

reaction. Figure 2.1.1 shows the protocol for the PCR reaction, PCRI . A "hot start" 

was used for this, and al1 subsequent PCR reactions whereby, al1 the components 

were brought up to 95°C prior to the addition of the DNA polymerase. A 

proofreading DNA polymerase with 3'-5' exonuclease activity (VentR DNA 

polymerase (NEB)) was used for al1 PCR reactions to ensure a high degree of 

accuracy, as well as to obtain products with blunt ends. The arnplified product was 

run adjacent the 1 kb marker DNA ladder (Canadian Life Technologies/Gibco-BRL) 

on a 2% agarose gel (BioShop) at 100 V, and a clean 158 bp band was excised from 

the gel and extracted using the Qiagen quick gel extraction kit. 



1-58 pg HSS1 (91 bases) 
1.58 pg HSS2 (87 bases) 
1.50 pg TMG-up (18 bases) 
1 S O  pg TM6-dn (20 bases) 
2 0  FI MgSO, (1 OOmM) 
10.0 pi Thermopol'" Reaction Buffer (1OX) 
3.0 pl dNTPs (20mM) 
1 .O pl ventRrV DNA potymerase 

HSS1 (91 bases; 5-33 
A T  CGC GGC CGC GCC GCC ACC A T G  A T C  A T C  A T G  G A G  CTG GCG GCC TGG T G C  CGC TGG GGG T T C  

CTC C T C  GCC CTC CTG CCC CCC GGA A T C  GC 

HSS2 (87 bases; 5-37 
TGA GAG G A C  CAA C G T  GGT GCC GCC GGC G T A  G T C  TGG C A C  G T C  G T A  TGG G T A  GCC GCC TTG GGT 
GCC CGC G A T  T C C  GGG GGG CAG GAG 

TM6-UP (1 8 bases; 5-3') 
A T C  GCG GCC GCG CCG CCA 

TMG-DN (20 bases; 5'3') 
TGA GAG G A C  CAA GGT GGT GC 

Figure 2.1.1 PCR7 - Extension and Amplification of the TM6 5'synthetic region 

A second PCR (PCR2) was used to amplQ the putative 126bp TM6 region of Pgp. 

The PCR product was extracted from a 2% agarose gel using the same Qiagen 

quick gel extraction kit. The template for the second PCR was obtained from a 

pVL1393-Pgp plasmid (kindly supplied by Richard Callaghan, ICRF, Oxford, UK) 

that already contained the full-length Pgp cDNA (see figure 2.1.2). 

1 .S pl TM6 Temp-UP (1 8 bases) 
1.0 pi TM6-15dn (35 bases) 
20 cd MgSO, (1 00 rn hl) 
10.0 pl Thermopol" Reaction Bufier (10X) 
i.OpiVentRN1"DNApaîymsue 
0.5 pg pcDNA3iMOR1 (Template) 
79.5 pl ddH:O 
ioo pi TOTAL REACTION VOLUME 

T M  Temp-UP (1 8 bases; 53') 
A C C  ACC T T G  G T C  C T C  T C A  

TM6 - 1 SDN (35 bases; 5-3') 
GAT CTC GAG TCA TGC T C C  T C T  T G C  A T T  T G C  A A A  T C  

Figure 2.1.2. PCR2 - TM6 Template amplification 



In the third and final step, the extracted fragments from PCRs 1 and 2 were placed 

in another PCR reaction (PCR3) along with prirners for the 5' and 3' sequences of 

the full insert (see figure 2.1.3). 

TMô-DN (20 bases; 5-3') 
TGA GAG GAC CAA G G t  G G T  GC 

TM6-15dn (35 bases; 5-3') 
GAT CTC GAG T C A  T G C  T'CC TCT TGC ATT TGC A A A  TG 

3.0 pl TM6 template h m  PCR2 (126 bases) 
2 0  pl S-synthetic wtension h m  PCRl (158 ba 
1.50 pi TMGdn (20 bases) 
2.0 HI TM6- 1 5dn (35 bases) 
;.O pl M g S ,  ;;GÛmiH) 
10.0 p1 Thermapol'" Reaction Buffer (10X) 
20 pl dNTPs (20mM) 
1.0 pl VentR" DNA polyrnerase 
77.5 pl ddH,O - - 
100 pl TOTAL REACTION VOLUME 

Figure 2.7.3. PCR3 - Amplification of the complete TM6 insert 

The insert encoded a site for the Notl restriction endonuclease 

(GC&GGCCGC), a Kozak sequence (GCCGCCACC; to ensure optimal eucaryotic 

expression; Kozak, 1987, 1990), followed by the start codon (ATG), a cleavable 

hydrophobic signal sequence taken from the neu oncogene ATCATCATGGAGC- 

TGGCGGCCTGGTGCCGCTGGGGGTTCCTCCTCGCCCTCCTGCCCCCCGGMT 

CGCGGGCACCCAA; Bargrnann, et al. 1986), a flexible coupling region (FCR) 

coding for two glycine residues (GGCGGC), and an epitope tag specific for the 

hemaglutinin antibody (HA.ll; TACCCATACGACGTGC-CAGACTACGCC; 

Bosshart, et al. 1994). The epitope tag was followed by another FCR (GGCGGC), 

and the cDNA encoding the putative sixth transmembrane segment of Pgp. The 

stop codon followed (TGA), and an Xhol site (WTCGAG) was placed at the end of 

the insert to support directional cloning (see figure 2.1.4 for the complete sequence). 



C R W G F L L A L L P P G I A G  

T Q G G Y P Y D V P D Y A G G T  

T L V L S G E Y S I G Q V L T V  

F F S V L I G A F S V G Q A S P  

Figure 2.1.4 TM6 insert (284bp. 83aa) 



2,2 Vectors 

The TM6 insert was cloned into several vectors for different reasons. Cloning 

procedures for each vector were similar, and will be discussed later. The first vector, 

pcDNA3 (Invitrogen) (see figure 2.2.1) was chosen initially because of its properties 

as a constitutive mammalian expression vector. Like many other vectors from 

Figure 2.2.7. pcDNA3 vector map (O Copyright (7993) invitrogen Corporation. Ali 
rights reserved. Used bypemission) 

I nvitrogen, pcDNA3 contains a multiple cloning site (MCS) to support directional 

cloning, and the ability to cut and transfer the same insert into other lnvitrogen 

vectors, as well as other desirable features like a Cytomegalovirus (CMV) enhancer- 

promoter for high-level expression. A second vector, pcDNA6NS-His (Invitrogen) 

(see figure 2.2.2), was employed for the rapid generation of stable cell lines because 

of its blasticidin resistance gene. Blasticidin is a very potent nucleoside antibiotic, 



Figure 2.2.2. pcDNAGN5-His vector map (O Copyright (1 998-2000) lnvitrogen 
Corporation. A il ights reserved. Used by permission. Use of this 
vector re quires a license from in vitrogen) 

Figure 2.2.3. p CR@Blunt vector map (O Copyright (1 996) lnvitrogen Corporation. 
Ali rights reserved. Used by permission) 



which kills 100% of Blasticidin-sensitive mammalian cells within a few days of 

treatment. Another vector, pCR@Blunt (see figure 2.2.3) was used for rapid blunt 

end cloning of inserts for the purposes of sequencing. Finally, an inducible 

mammalian expression systern was chosen for the majority of transient transfection 

experiments. Provided by Invitrogen, the Ecdysone-lnducible Expression system 

afforded the ability to assay near-internai controls with low-level basal expression. 

The plND vector is a component of the Ecdysone inducible mammalian expression 

system, which enables tightly controlled expression of the TM6 construct. The mm- 
\ \ 1:. Cells express RXR 

and VgEcR from 
PV~RXR 

2. Addition of ligand 
induces binding of the 
heterodimer to the hybrid 
ecdysone response 
element on plND. 

Transcription is activated 
from the minimal heat 
shock promoter via the 
VPI 6 tramactivation 
domain in the modified 
ecdysone receptor 

Figure 2.2.4. Description of the Ecdysone-Inducible Mammalian Expression System 
(Adapted fmm product instruction manual (Invitrogen)) 



Figure 2.2.5. Vector maps for Ecdysone Marnmalian Expression System 
components (O Copyright (1  996) lnvitrogen Corporation. All rights 
reserved. Used by permission) 

system is comprised of two vectors: one to express a heterodimeric receptor 

(pVgRXR), which is made up of the retinoid X receptor (RXR) and the ecdysone 

receptor (VgEcR). The other (pIND) contains a response elernent for the 

heterodimeric receptor, and is capable of expressing a particular gene of interest. In 

an attempt to irnprove absolute expression levels, a third vector was used, which is 

exactly the same as plND, but contains three SPI binding sites. These sites allow 



the binding of the SPI transcription factor, and plND(SP1) is capable of increasing 

expression levels up to five fold over plND (see figures 2.2.4 and 2.2.5 for illustration 

of the concept and vector maps, respectively). 



2.3 CloningiTransformation 

Once the final 284 bp insert from PCR3 was complete, it was cloned using 

pCR@Blunt in order to quickly produce large quantities of pure DNA for the 

purposes of sequencing . The pCR@Blunt system is designed to clone blunt-ended, 

unpurified PCR products with a low background of non-recombinants. Direct 

selection occurs when ligation of a blunt PCR fragment disrupts the lethal lad-ccdS 

gene fusion, so that only positive recombinants are permitted to grow. AI1 reagents 

for this entire cloning procedure were provided in the Zero-Blunt kit supplied by 

Invitrogen. The 10 pl ligation reaction (25 ng pCR@Blunt, -3 pg PCR product, 1 pl 

10X ligation buffer, 4U T4DNA Ligase, 5 pl ddH20) was incubated at 16OC for 1 h, 

after which, one 50 aliquot of One Shot TOP10 competent cells was transfomed 

using the heat-shock rnethod described in the protocol supplied with the kit. Briefly. 

2 pl of ligation mix was added to the competent cells and incubated on ice for 30 

min. The cells were then subjected to a 45 sec. incubation at 4Z°C, after which they 

were quickly retumed to the ice. Exactly 2 min. later, 250 37°C SOC medium was 

added, and the via1 was shaken (225 rpm) for 1 h at 37OC. Transfomants were 

plated at varying densities on low salt (86 mM NaCl vs. 172 mM NaCI) Luria-Bertani 

(LB) (Bacto-Agar) plates containing 25 cig/ml Zeocin, inverted, and grown overnight 

at 37OC. Low salt LB plates were poured less than one week ptior to use, due to the 

inherent instability of Zeocin. From the plates, six colonies were chosen and used to 

inoculate 5 ml Iow sait LB (containing 25 pglrnl Zeocin) cultures, which were grown 

ovemight at 37OC, 225 rpm. Samples of the 6 chosen colonies were also streaked 

onto a new LWZeocin plate, and grown ovemight at 37OC. Plasmid DNA was 



extracted and purified from the 5 ml cultures using the QlAprep Spin Miniprep Kit 

(Qiagen), and a 1 pl sample was run on a 0.8% agarose gel to visualize purity, and 

estirnate concentration. The plasmid DNA obtained from each colony was then cut 

with EcoRl (as per the Zero-Blunt protocol) in order to determine whether 

recombination had taken place. The six digestions (2 cil plasmid DNA, 2 pl 10XNEB 

EcoRI Buffer, 1 pl EcoRl (New England Biolabs), 15 ddH20) were incubated at 

37°C for 3 h, and then run on a 3% agarose gel (see figure 2.3.1). DNA derived 

from colony #3 was sent for sequencing to the HSC Biotechnology Service Centre. 

Sequencing was perfomed using the M l 3  fomvard and reverse priming sites that 

flank the insert location. 
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Figure 2.3.1 - pCR@BlunVTMG recombinants (€CORI Digest) 

Once the sequence was verified, a large-scale plasmid maxi-prep was 

performed. A sample of colony #3 was used to inoculate a 100 ml volume of low- 

salt LB medium wntaining 25 rig/rnl Zeocin. The culture was incubated in the 

shaker at 225 rpm and 37°C ovemight, DNA was extracted, and purified using a 

QiagenB Plasrnid Maxi Kit. The insert was excised from the plasmid using 

restriction endonucleases specific for the engineered Notl, and Xhol sites in the 

insert. Approxirnately 2 pg of supercoiled pCR@Blunt/TMG DNA was digested in a 



20 reaction volume containing 1 Notl (1 OUIpl), 1 pl Xhol (20 UIpl) (Both 

enzymes obtained from New England Biolabs Inc.), 2 PI 10X bovine serum albumin 

(BSA), 2 PI IOX New England Buffer #3 (NEB3) for 3 h at 37OC. The entire reaction 

was then run on a 2% agarose gel, and the resultant 284 bp product was excised 

from the gel, and purified using the Qiagen quickgel extraction kit. This product was 

used as the insert for subcloning into the rernaining three vectors. 

The procedure for subcloning the TM6 construct into pcDNA3, pcDNA6NS- 

His, plND and plNDI(SP1) was identical. and will be discussed together. Stock 

vector was cut with Notl, and Xhol in a double digest at 37OC for 3 hours (2 pg stock 

vector DNA, 1 pl Notl (1 O UIpI), 1 cil Xhol (20 UIpI), 2 pl 10X bovine serum albumin 

(BSA), 2 PI 10X New England Buffer #3 (enzymes, BSA, buffer from New England 

Biolabs Inc.), 12 pl ddHzO) to ensure directional cloning of the TM6 insert. After 

digestion, the enzymes were removed from the reaction using the QlAquick Spin 

PCR purification kit (Qiagen), and a ligation reaction was set up. The ligation (25 ng 

cut vector, 3.5 pg cut TM6 insert (from pCR@Blunt), 2 pl 5X ligase buffer, 1 U 

T4DNA ligase (Ligase and buffer from Life TechnologieslGibco-BRL), 1 pl ddH20) 

was incubated at 16°C ovemight, and diluted 10X with ddH20 prior to transformation 

of electrocompetent DH5a E-Coli by electroporation. 

Electrocompetent cells were prepared by çtreaking frozen stock DH5a E. Coli 

ont0 a fresh LB (Bacto-Agar) plate, and incubating ovemight at 37°C. A single 

colony was chosen frorn the streaked plate, and used to inoculate a 100 ml volume 

of LB medium, which was shaken ovemight at 37OC, 225 rpm. The 100 ml culture 

was used to inoculate a 1 L flask of LB, which was shaken at 37OC, 225 rpm until 



A600 approached 1 .O (as measured on a Beckman DU 520 UVNis 

Spectrophotorneter). The flask was then chilled on ice for 30 min., and centrifuged 

in a cold rotor at 4000 g for 15 min., after which, the supernatant was discarded. 

The cells were resuspended in a total of 1 L of cold, sterile ddH20, centrifuged as 

before, and resuspended in 0.5 L of cold, sterile ddH20. Another centrifugation (as 

before) was followed by resuspension in 20 ml of cold, sterile 10% glycerol, and yet 

another centrifugation. Finally, the cells were resuspended in 3 ml of cold, sterile 

10% glycerol, and dispensed into 40 PI aliquots for freezing at -80°C for later use. 

For each construct, a 40 pl volume of electrocompetent E.Coli DH5a cells was mixed 

with 5 pl 10X diluted Iigation mixture, and placed into a BTX electroporation cuvette 

with a 1 mm gap. The BioRAD GenePULSER Il was set to pulse at 1.8 kV, 200 R, 

25 pF, and the time constant was recorded within 44.5 ms for each transformation. 

lmmediately after pulsing, the cells were suspended in 1 ml SOC media. and 

incubated at 37°C 225 rpm for 1 h prior to plating on LB (Bacto-Agar) plates 

wntaining 50 rg/ml Ampicillin. Plates were grown ovemight at 37OC, five colonies 

were chosen for each constmct, streaked on a secondary plate, and 5 ml cultures of 

each colony were grown ovemight (LBIAmp) at 37°C. 225 rpm. The following 

morning, plasmid mini preps were performed, and the resultant DNA was digested 

with Notl, Xhol (0.5 Notl, 0.5 IJ Xhol, 2 PI IOXBSA, 2 pl 10XNEB3 (Notl, Xhol, 

BSA, NE63 al1 from New England Biolabs 0 Inc.), 2 pg mini prep DNA, 13 ddHzO). 

Digested DNA was run on a 2% agarose gel for approximately 25 min. at 100 V in 

order to determine whether recombination of the TM6 insert had taken place (see 

figure 2.3.2). 
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Figure 2.3.2 Mini-prep DNA: A - pcDNA3/TMG, B - pcDNA 6NS-Hf lM6,  
C - plNDflM6, D - plND(SP7)lTMô digested with Notl, Xhol 



lnserts were recovered from some clones, and colonies #4 from pcDNA3TTM6. #3 

from pcDNA6N5-HisTTM6, #1 from plNDKM6, and #3 from plND(SP1)TTMG were 

chosen for large-scale cloning. A 100 ml volume of LBIAmp was inoculated with 

bacteria from the chosen colonies using the secondary plates as a source. The 

cultures were grown overnight at 37OC, 225 rpm, and DNA was extracted the next 

day using a Qiagen EndoFree Plasmid Maxi Kit. The concentration of DNA obtained 

from the maxi prep was adjuçted to 1 pg/cil with endotoxin-free TE buffer (Qiagen) by 

measuring 0D260 on a Beckman DU 520 UVNis Spectrophotometer 

([DNA]rg/pI=OD260 x 0.05pglpI x (dilution factor 1 :50, or 0.05)). A srnall aliquot from 

each clone was sent to the HSC Biotechnology Service Centre for automated 

sequencing. Sequencing was performed using the BGH reverse priming site 

downstream from the insert location in al1 four vectors. 



2.4 Tissue Culture 

Since the TMC concept is an amino-acid sequence specific method of 

modulating Pgp function, and cDNA encoding the TM6 region of human Pgp was 

used to produce the constructs, the selection of a multidrug resistant cell line 

expressing human Pgp was critical. The multidrug resistant human breast cancer 

cell line MCF7lAdr (kindly provided by Richard Callaghan, ICRF, Oxford, UK) was 

chosen for al1 Pgp functional experiments. MCF7 (the parent line - ATCC HTB-22) 

was derived from the pleural effusion of a Caucasian female, age 69 with primary 

breast adenocarcinoma. The cells retain several characteristics of differentiated 

mammary epithelial cells, including morphology. The multidrug resistant derivative, 

MCF7lAdr was produced by growing MCF7 cells in the presence of the cytotoxic 

dnig - Adriamycin (Doxorubicin). Cultured with increasing dmg concentrations, 

MCF7lAdr cells display an MDR phenotype that is several fold more resistant than 

any cells found in MDR tumours. Their use in the evaluation of Pgp modulators is 

well docurnented, appearing in numerous studies at the forefront of MDR research. 

Cetls were maintained in selective minimum essential medium with Earle's 

salts, L-glutamine, and non-essential amino acids (MEM); containing 3 

doxoru bicin (Sigma/Aldrich). Corn plete medium was prepared by dissolving 1 

package of MEM (Canadian Life Technologies/Gibco-BRL) in 889 ml ddH20, then 

adding 2.2 g sodium bicarbonate (Anachernia Science), 10 mg insulin 

(SigmalAldnch), 10 ml 100 mM Sodium Pyruvate (Canadian Life 

TechnologieslGibco-BRL). The solution was then filtered through a bottle-top 500ml 

0.22 prn Steritop disposable vacuum filtration unit (Milipore) into two autoclaved 



media bottles (450 ml per bottle). 50 ml fetal bovine serum (FBS) (Canadian Life 

TechnologieslGibco-ML) was added to bring the total volume to 500 ml per bottle. 

Serum-Free medium was prepared in a sirnilar fashion, except in place of the FBS, 

an extra 50 ml ddHzO was added per bottle pnor to filtration. 

THAWNG CELLS: Cells obtained from the source were thawed quickly in a 37°C 

water bath, and placed in a T25 tissue culture Rask (FalconIBecton Dickinson) in a 

total of 4 ml complete medium. The vented flask was placed in a Sanyo incubator at 

37°C. 5% COz, and grown ovemight. The medium was replaced after one day to 

eliminate traces of cryoprotectant (DMSO) that may affect cell growth, as well as to 

rernove cells that died during the freezinglthawing process, or failed to adhere to the 

tissue culture flask. Medium was aspirated from the flask. and cells were washed in 

5ml phosphate buffered saline (PBS)(University of Toronto media preparation 

facility) prior to adding 4 ml fresh complete medium. After allowing the cells to reach 

approxirnately 90% confluence, they were transferred to a T75 tissue culture Rask 

(Coming) in order to grow larger quantities. 

PASSAGlNG CELLS: Cells were stripped from flasks with IXTrypsin-EDTA. Trypsin 

was prepared from stock powder (Canadian Life TechnologiesIGibco-BRL), which 

was reconstituted with 20ml sterile ddH20 to produce a 1 OX solution. 5 ml 10X 

Trypsin was added to 45ml sterile citrate saline solution (prepared by the University 

of Toronto media preparation facility). Liquid 1X Trypsin-EDTA was placed in a 

37°C water bath in order to wam it to the temperature of the cells. Medium was 

completely aspirated from the Rask, and 3 ml (125) or 5 ml m5) I X  Trypsin-EDTA 

was added to the culture flask. Trypsin was then quickly removed frorn the flask by 



aspiration, before incubation at 37OC for 2-3 min (or until cells detached). 4 ml 

complete medium was added to the trypsinized cells in order to inhibit the enzyme, 

and resuspend cells prior to their transfer into a new flask. For the purposes of 

maintenance, the cells were split at a 1 :5 ratio in order to preserve a 3-4 day 

passaging schedule. 

FREEZING CELLS: Aliquots were frozen by detaching cells from a T75 flask, and 

resuspending them in 2 ml 5% DMSO culture medium solution. 1 ml aliquots were 

placed in 1.5 ml Nalgene cryogenic vials. A slow freezing process was 

accomplished by placing the vials in a Stratagene StrataCooler Cryo Preservation 

Module to prevent water cryçtal formation and improve survival rates upon thawing. 

The StrataCooler was then placed at -80°C overnight after which, the vials were 

transferred to liquid nitrogen (-1 85°C) (Themolyne Locator Jr. Cryo Biological 

Storage System) for indefinite storage. 



2.5 TM6 variant synthetic peptide delivery 

With the goal of determining whether more soluble synthetic peptide derivatives 

of Pgp TM6 that might be delivered in aqueous solution without the use of liposomes 

would have an inhibitory effect on Pgp. a preliminary experiment was attempted. 

Synthetic peptide variants (obtained from Chiron Mimotopes) of the TM6 region of 

Pgp (listed in table 2.5.1) were diluted to 4pM in PBSIglucose, and incubated with 

trypsinized MCF7lAdr cells for 30 min at room temperature pnor to staining with 

calcein AM (see section 2.1 O), and assaying Pgp function by fiow cytometry. 

KKYS IGQVLTVFFSVLIGAFSVGK Synthetic TM6 peptide 1 (underlined) with 2 K-residues 
1 added to the N-terminus, and 1 K- 1 

KGQVLTVFFSV 1 More soluble derivative of P6T10 1 
GQVLTVFFSV 

residue added to the C-terminus. 
More soluble derivative of TM6 
10-mer truncated TM6 peptide 

CGT1 O 

Table 2.5.1. List of synthetic peptide sequences 

KG1 ILRKIFT - - - 1 0-mer truncated homologue of 
CFTR TM6 



2.6 Transient Transfection Optirniration 

A senes of transfection optimization experirnents was performed in order to 

determine the most efficient rnethod of transfection for MCF7lAdr cells. Since no 

protocol/efficiency data were available from transfection reagent manufacturers for 

multidrug-resistant MCF7 cells, it was determined that several systems must be 

assayed for their relative success rates. A control vector, pcDNA3lLacZ (Invitrogen) 

was used to quantify initial transfection efficiency. After transfection with 

pcDNA3ILac2, the putative transfectants were fixed and stained with Xgal in order to 

visualize the number of cells expressing significant levels of the reporter gene - P- 

galactosidase. Cells were fixed by first aspirating growth media from transfectant 

wells, then washing twice with an appropriate amount (1 ml for 12-well plates) of 

PBS to remove dead cells, and traces of serum-containing media. 500 pi of the 

fixing solution (2% fonaldehyde, 0.2% glutaraldehyde in PBS) was gently layered 

on top of the washed cells, and allowed to incubate at room temperature for 10 min. 

After washing twice with PBS, 500 of the staining solution (0.5 ml 20 mgfml X-Gal 

(vector biosystems) in dimethylfomamide, 0.1 ml 0.4 M potassium 

ferrocyanidelferricyanide, 0.1 ml 200 mM magnesium chloride, PBS to 10 ml) was 

added to the wells, and left overnight at room temperature before observations were 

recorded. Stained, transfected cells appeared blue under the light microscope, 

which facilitated a straightfonivard approximation of transfection efficiency by 

differential cell counting . 

Based on vector constnict sizes of 5712 bp (pcDNA3KM6). 8476 bp 

(pcDNAGN5-HisTTMG), and the proposed cotransfection of pVgRXR (8803 bp) with 



either plNDlTM6 (5308 bp) or plND(SP1)TTMG (5366 bp), Superfect transfection 

reagent (Qiagen) was chosen as the first candidate. Superfect ernploys non- 

liposome, activated dendrirner technology, which interacts with DNA in a similar 

fashion to that of histones found associated with condensed DNA in eukaryotic 

nuclei. It was thought that the large, and multiple vector transfections would benefit 

from the small complexes formed with Superfect, resulting in efficient transport to the 

nucleus, as well as reduced transfection reagent-mediated cytotoxicity. Despite 

several atternpts at transfecting pcDNA3ILacZ at varying DNA, and Superfect 

concentrations, as well as seeding densities and time until fixing, the best results 

ranged from 2.5% efficiency. Various lipid transfection reagents (Lipofectin, 

LipofectAM l NE (Canadian Life Technologies/Gibco-BRL)) were then attempted in 

order to improve results with no significant increase in transfection efficiency, until 

the effectiveness of LipofectAMI NE PLUS (Canadian Life Technologies/Gibco-BRL) 

was assayed. The optimized parameters from these experiments suggested that 

cells should be transfected (in 

4 LipofectAM INE reagent, 6 

12-well plate) at 80% confluence with 1 pg total DNA, 

pl PLUS reagent. Fixed and stained 22 h post 

transfection, efficiencies ranged consistently between 17.23% after counting a total 

of 500 cells. The exact transfection protocol will be discussed in section 2.7. A new 

product, LipofectAMINE-2000 (LF2000) amved on the market during the latter 

stages of the transfection work. and was assayed for its ability to efficiently transfect 

MCF71Adr cells. It was found to give results similar to those with LipofectAMlNE 

PLUS, but was significantly more robust, and much easier to use. In 12-well plates, 



little difference was observed using amounts of pcDNA3/LacZ DNA from 1.5-2.5 

pg/well, and LF2000 ranging between 4 and 6 r l /~el l .  



2.7 Transient Transfection with pcDNA3ITM6 

Since the pcDNA3TTMG construct was ready first, initial transient transfection 

experiments were performed using this DNA. Cells were seeded 1 day prior to 

transfection at a density that would result in approximately 80% confluence the 

following moming. To ensure this, cells from a confluent -5 flask were trypsinized, 

and resuspended in 4ml cornplete media. From experience, it was determined that 

freshly trypsinized cells multiplied approximately 1.2 fold over a single night (taking 

into account cells lost in the process). The surface area of a single well in a 12-well 

plate is 3.8 cm2 (F 1 .l cm), so the number of cells seeded was as follows: 4 ml 

(from 100% confluent T75) X (3.8ff5) (the ratio of surface areas) X 0.8 (the required 

confluence) 1 1.2 (the predetenined rate of cell multiplication) = 135 Each well 

for the transfection was filled with 2 ml complete medium, and 135 of the 4 ml cell 

suspension (from the confluent T75 flask). The seeded 12-well plates were then 

incubated at 37*C, 5% CO2 overnight to recover for transfection the following day. 

The optirnized parameters were used to transfect the cells with LipofectAMl NE 

PLUS reagent. Duplicate wells were transfected in serum-free medium with 

pcDNA3 vector alone, pcDNA3TTM6, and pcDNA3iLacZ using the protocol outlined 

by the manufacturer. Briefly, per well to be transfected, 1 pg of DNA was allowed to 

pre-complex with 6 PLUS reagent in a 1.5 ml microtube diluted with 50 serum- 

free medium for 15 min. at room temperature. While the DNA was cornplexing with 

PLUS reagent, 4 pl LipofectAMlNE reagent was diluted with 50 serum-free 

medium in a second 1.5ml microtube for each well to be transfected. The diluted 

LipofectAMlNE was then transferred to the tube containing the diluted, pre- 



complexed DNNPLUS, which was incubated at room temperature for 15 min. while 

LipofectAMINE-DNA/PLUS complexes formed. During this second incubation, 

growth medium was aspirated from the wells to be transfected, and washed once 

with 1 ml warmed (37°C) PBS. The PBS was replaced with 400 warmed serum- 

free medium in preparation for transfection. The transfection complexes were then 

gently transferred to their appropriate wells. and incubated at 37OC. 5% COz. 5 h 

post-transfection, the serum-free media containing DNA complexes was replaced 

with 2 ml serum-containing growth medium, and incubated at 37OC. 5% CO2 for 22 h 

prior to assaying for Pgp function or LacZ expression. 



2.8 Stable Transfection with pcDNA6N5-His/TMG 

In an attempt to improve upon results from transient transfections, the 

generation of a stable line was attempted using pcDNAGKM6. The vector confers 

Blasticidin resistance to transfected mamrnalian cells. ln ordet to determine the 

amount of Blasticidin to use during the selection process, Blasticidin-sensitive 

untransfected cells were exposed to varying concentrations of the dnig. Cells were 

seeded at 80% confiuence in a 12-well plate (as described above), and the following 

day, Blasticidin was added to the wells in duplicate at concentrations of 

0.5,1,1.5,2,2.5,3,4,6, and 10 pglrnl. Media were replaced every 3d day, and wells 

were observed daily in order to quantify cell death. After 4 days. it was clear that the 

required concentration was in the range of 2-2.5 pglml, and a further titration of 

these concentrations was performed using a similar method, exposing cells to 2.0, 

2.1,2.2,2.3, and 2.4 pglml Blasticidin. After 9 days, the lowest concentration of 

Blasticidin that resuited in 100% cell death was determined to be 2.1 pglml. Cells 

were seeded in 85 mm tissue culture plates (r = 4.25cm) such that 80% confiuence 

would be achieved for transfection. Using a calculation similar to the described in 

section 2.7,2 ml of the 4 ml cell suspension from a 100% confluent T75 ffask was 

added to 8 ml complete growth medium in each 85 mm plate, and incubated at 

37OC, 5% CO2 for transfection the following day. Since the cost to optimize 

transfection parameters for 85mm plates was deemed prohibitive, the amounts 

suggested by the manufacturer of LipofectAMlNE PLUS were used, with the 

exception of the volume of LipofectAMlNE reagent. Based on of the optimized 

parameters for the 12-well plates, a higher volume of LipofectAMINE was indicated, 



and the second plate was transfected with 1.5X the recommended volume. The 

transfection was performed in a similar fashion to the one described above, 

augmenting the volumes of reagents and DNA to account for the increased plate 

size. For each plate. 4 pg of DNA was allowed to pre-complex with 20 PLUS 

reagent in a 2.0 ml microtube diluted with 726 pl serum-free medium for 15 min. at 

room temperature. While the DNA was complexing with PLUS reagent, 30 and 45 

LipofectAMlNE reagent was diluted with 720 and 705 pl senirn-free medium 

respectively for each plate to be transfected. The diluted LipofectAMlNE was then 

transferred to the tube wntaining the diluted, pre-complexed DNNPLUS, which was 

incubated at room temperature for 1 5 min. while LipofectAMINE-DNNPLUS 

complexes formed. During this second incubation, growth medium was aspirated 

from the two 85 mm plates. and washed gently with 5 ml of warmed (37OC) PBS. 

The PBS was replaced with 5 ml warmed serum-free medium in preparation for 

transfection. The transfection complexes were then gently transferred to the plates, 

and incubated at 37%, 5% CO2. 5 h post-transfection, the serurn-free medium 

containing DNA complexes was replaced with 8ml serum-containing growth medium, 

and incubated at 37OC, 5% CO2 for 48 h. The medium was then replaced with fresh 

complete medium containing 2.1 pg/mI Blasticidin, and the cells were observed daily 

for developing colonies, replacing medium every 3 days. Small foci were observed 

developing in both plates, and on day 15,48 colonies were picked, and transferred 

to separate wells of two 24-well plates. To pick a colony, the cells of a single colony 

were gently scraped (under light microscopy) using a plastic 200 cil pipet tip. Once 

the cells had detached, they were quickly aspirated into the pipet tip, and transferred 



to a well (containing 0.5 ml complete growth medium and 2.1 pg/rnl Blasticidin) in the 

24-well plate. After choosing 3-4 colonies, the media in the transfectant plate was 

replaced to remove any floating cells missed during colony aspiration. The 24-weII 

plates were incubated at 37*C, 5% CO2, replacing selective media every 3-4 days 

until colonies had grown to an appreciable size. Since some colonies failed to grow, 

only 38 colonies remained to be expanded. After 8 days, the wells were trypsinized, 

and each colony was transferred to a well in a 12-well plate. The colonies were 

expanded to fil1 T25 tissue culture fiasks, at which time they were assayed for Pgp 

fu nction . 



2.9 Inducible Transient Transfection 

The ecdysone inducible mamrnalian expression system (Invitrogen). as described in 

section 2.2, requires the cotransfection of pVgRXR, with either plNDTTM6 or 

plND(SP1)iTMG to effect the expression of the heterodimeric receptor (which binds 

the inducing agent, Ponasterone A), and the inducible expression of a gene of 

interest (the TM6 construct). Ponasterone A is a steroid hormone analog of 

ecdysone. capable (when bound to the heterodimeric receptor) of activating 

expression of the gene inserted into plND or plND(SP1). Since cotransfection of two 

vectors was deemed to be significantly different from the single-vector transfection 

described in section 2.7, another set of optimization experirnents was performed 

using plNDILacZ, and the resultant expression of P-galactosidase as a marker of 

transfection effkiency. The optimization experiments were performed in a similar 

fashion to those described in section 2.6, with the added complications of titrating 

the concentration of Ponasterone required, as well as the time after transfection that 

cells should be exposed to the inducing agent. Results showed that the highest 

efficiency obtained was in the range of 16~20% with induction. Without induction, 

only 2-5% of transfected cells stained blue, indicating that a high degree of 

controlled expression was attainable in MCF7lAdr cells. Arrned with the optimized 

parameters, the cotransfection of pVgRXR, and plND/TMG was performed using 

LipofectAMlNE PLUS. Cells were seeded in a 12-well plate such that they would 

reach -80% confluence for transfection the following day. The protocol previously 

described in section 2.7 was applied using the DNA and reagent amounts listed in 

table 2.9.1. Wells 9-1 1 were reserved for control experiments characterizing the 



effects of verapamil, Blasticidin, and Ponasterone, on Pgp function (further 

discussed in section 2.9). Well 12 was left untransfected, and untreated to 

determine the baseline autofluorescence of MCF7iAdr cells during FACS analysis. 

L 
Table 

0.7pg 0.7p(i 4p1 6p1 
0.7pg 0 . 7 ~ 9  4p1 6p1 
0.7pg 0.7pg 4p1 6p1 i 

0.7pg 0.7pg 4pl 6u1 
0.7pg 0.7pg 4p1 6p1 
0.7pg 0.7pg 4pl 6p1 
0 . 7 ~ 9  0.7pg 4p1 6p1 
0.7pg 0.7~9 4pl 6p1 

2.9.1. DNA amounts and reagent volumes for cotransfecfion of pVgRXR and 

9 hours post-transfection, Ponasterone A was added to wells 1, 3, 5 and 7 to a 

concentration of 8 and incubated at 37°C. 5% CO2 for 22 h prior to assaying Pgp 

function (wells 1-6), or staining for p-galactosidase expression. 



2.1 0 Calcein Staining 

As a measurement of P-glycoprotein function, cells were stained using the 

Vybrant Multidrug resistance assay kit (Molecular Probes). The method was 

developed by Tiberghien and Loor (1996), and uses a fluorogenic dye - calcein AM 

(see figure 2.1 0.1 ), which is hydrophobic, and rapidly crosses the plasma membrane 

of Pgp negative cells. Since calcein AM is a su bstrate for Pgp, its entry into cells 

expressing functional Pgp is greatly reduced. Cells expressing non-functional Pgp, 

inhibited Pgp, as well as other non-MDR cells allow calcein AM to access the 

intracellular compartment where it is exposed to intracellular esterases. 

Endogenous esterases cleave the ester-linked acetoxy-methyl groups from the 

molecule, thereby transforming calcein AM into calcein. 

Figure 2.7 0.1. Molecular structure of calcein-AM 

Calcein is a highly fluorescent rnolecule (see figure 2.1 0.2 for absorption/emission 

spectra), which is retained in the cytosol because it is no longer a Pgp substrate, 

and its charged, hydrophilic properties make it difficult to cross the plasma 

membrane passively. 
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Figure 2.7 0.2. Absorption and fluorescence emission spectra of calcein 

The intensity of calcein fluorescence in the intracellular cornpartment can therefore 

be used as a quantitative measurement of Pgp inhibition in MDR cells (see figure 

2.10.3 for illustration of the concept). 

Figure 2.70.3. illustration of the Vybrant MDR assay kit (Adapted from product 
instruction manual, Molecular Probes) 

Since induced cells are exposed to Ponasterone A, and stable transfectants are 

grown in the presence of Blasticidin, it was necessary to determine the effects of 

these compounds on calcein accumulation within MCF7/Adr cells. Their potential 

modulation of Pgp function via cornpetition for substrate binding was important to 



characterize prior to gleaning any meaningful results from TM6 transfection 

experiments. To determine whether Blasticidin or Ponasterone A had any effect on 

calcein accumulation, untransfected cells from a confluent well in a 12-well plate 

were suspended in 500 pl growth medium. The cell suspension was incubated in 

the presence of 10 times the concentration used for selection or induction (i.e. 21 

pg/ml Blasticidin and 80 Ponasterone A) for 30 min at 37°C prior to staining with 

calcein AM. Verapamil, a known inhibitor of Pgp was included with the Vybrant 

multidrug resistance assay kit, and was used as a positive control for in hibited Pgp 

function in MCF7/Adr cells. A 500 suspension of cells from a confluent well in a 

12-well plate was incubated in the presence of 20 rig/ml verapamil for 15 min. at 

37°C prior to staining with calcein-AM and quantiQing intracellular calcein 

accumulation by fiow cytometry. To stain with calcein AM. the cells to be assayed 

were trypsinized, suspended in 500 pl growth medium and placed in a 6 ml 

polystyrene tube. Stock 1 mM calcein AM was diluted to a wncentration of 7.5 ,uM, 

in PBS and 1 pl from the diluted solution was added to each 500 cell suspension 

to be tested, resulting in a 15 nM concentration of calcein AM. The tubes were 

incubated at 37OC for 15 minutes, after which, they were washed thoroughly by 

spinning at 300 g for 5 min. at 4°C in a Beckman GS-15R centrifuge, discarding the 

supernatant, and resuspending the pelleted cells in 500 pl cold growth medium. The 

cells were washed 3 times, and placed on ice until being analyzed by fiow cytometry. 



2.1 1 Flow Cytometry 

The Becton Dickinson FACSCalibur flow cytometer in the University of Toronto 

Faculty of Medicine flow cytometry and ce11 sorting facility was used to quantify, on a 

per ceIl basis, fluorescence intensity of cells at the emission wavelength of calcein. 

The cytometer excites fluorophores with a 488 nm blue laser, and detects emitted 

fluorescence at various wavelengths using a complex series of mirrors and filters. 

Calcein is excited rnaximally at 514 nm, with 92% maximal absorption at 488 nm 

(the wavelength of the excitation laser). The FLl detector is set to quantify 

fluorescence between 51 5 nm and 545 nm. Since 515 nm corresponds to 99% 

maximal emission of calcein, data from FL1 was collected as fluorescence due to 

calcein excitation. For each sample, up to 10,000 events from a hornogeneous 

population of cells (as determined by forward and side scatter) were collected. 

Gated data obtained frorn FLI were plotted on a histogram. adjusting FLI signal 

amplification such that baseline fluorescence equalled zero. Once the detector 

amplification was set to the determined level (using calcein-stained, untransfected 

control cells), further adjustment was not performed for the remainder of the 

expenment. 



3 Results 

3.1 Synthetic TM6 variant results 

The synthetic TM6 peptide. P6TX24, was designed to test whether soluble 

derivatives of Pgp TM6. which might be delivered in aqueous solution without the 

use of liposomes, would have an inhibitory effect on Pgp. P6TX24 was 

rnarginally soluble in OMS0 and, unlike the full-length TM6 peptide (used in 

preliminary growth inhibition assays), it did not precipitate when diluted into 

aqueous solution to 4 Significant inhibition of Pgp using this peptide (when 

compared with DMSO-incubated controlç) was observed (as shown in figure 

3.1.1 ). W hile Pgp inhibition with the 1 0-mer truncated TM6 peptide (P6T10) was 

not as potent at 4 PM as for the full length P6FX24. it had good solubility in 

- O 1 2 3 4 
log,, fluorescence intensity 

Figure 3.7.1. Synthetic peptide TM6 variant t7ow cytometry resufis (Calcein- 
stained) 

aqueous solution. A more soluble derivative of P6T10 with an N-terminal lysine 

residue (P6IX1 1 ) caused the cumplete loss of inhibitory activity of the truncated 

TM6 peptide. When a truncated peptide (C6T10) homologous to the TM6 



sequence of CFTR (CFTR is an ABC transporter that has gross structural 

homology with Pgp), no increase in intracellular calcein accumulation was 

observed, with results virtually identical to those obtained with PGTXI 1, or 

solvent vehicle (DMSO) alone. 



3.2 Pgp cornpetition control results 

Calcein-stained, untreated MCF7/Adr cells were assayed for their 

accumulation profile of the fiuorophore. The data are displayed as a histogram 

(see figure 3.2.1 ). The X-axis represents fluorescence intensity information 

gathered by the FL1 detector in units and the Y-axis shows cell counts. Cells 

treated with Blasticidin (see figure 3.2.2), and Ponasterone A (see figure 3.2.3) 

were stained with calcein, and compared to the untreated group for significant 

differences in accumulation. As a positive control, MCF7lAdr cells were treated 

with 20pM verapamil (see figure 3.2.4), and analyzed in a sirnilar fashion. 

1 oJ 1 O' 1Q 1 O' 1 O" 
FL1 FLUORESCENCE INTENSITY 

AL1 Ml 
TotalEvents 9482 59 

% of gated events 100 0.62 

Figure 3.2.1. Calcein-stained, untreated control MCF7IAdr cells 

A two-sample t-test was applied to the data, comparing mean 

fluorescence intensities from experimental populations with that of the control 

group. No significant difference from untreated controls was detected for the 

Blasticidin-treated group (P0.766, p=0.444), 99%CI (-0.520, 0.960); or the 

Ponasterone A-treated group (k0.230, p=O.818), 99%CI (-0.61 3,0.733). 



IO' 1 0, 1 O' 1 O' 
FL1 FLUORESCENCE INTENSITY 

ALL Mt 
Total Events 9558 66 

% of gated events 100 0.69 

Figure 3.2.2. Calcein-stained, Blasticidin-treated MCF7/Adr cells 

1 o0 I o1 I O= 1 o3 IO' 
FL1 FLUORESCENCE INTENSITY 

AL1 M l  
TotalEvents 9634 75 

% of gated events 100 0.78 

Figure 3.2.3. Calcein-sfained, Ponasterone A-treated MCFZAdr cells 

The mean fluorescence intensity of cells treated with verapamil was, 

however significantly difFerent from controls (e234.76, p<0.0001). This 

experiment shows that Pgp expression in MCF7lAdr cells is susceptible to 

verapamil reversal; in addition. it presents the effectiveness of the calcein assay 

for monitoring Pgp function. 



1 O' 1 O? 1 0' IO' 
FLl FLUORESCENCE INTENSITY 

ALL Ml 
Total Events 9580 9543 

% of gated events 100 99.61 

Figure 3.2.4. Calcein-stained, veraparnil-treated MCF7/Adr celis (positive control 
for Pgp inhibition) 

The control experiments with Ponasterone A. and Blasticidin, showing no 

significant alteration in calcein accumulation permitted the use of these 

wmpounds in further experiments, while maintaining confidence that their use 

would not confound results. 



3.3 plNDlTM6 - Inducible Transient Transfections 

Calcein accumulation, measured by flow cytometry was used to evaluate 

Pgp function in induced (with Ponasterone A) as well as uninduced cells 

transiently CO-transfected with the plNDITM6, and pVgRXR vectors. As 

described above, intracellular calcein accumulation was measured on FL1 as an 

indication of Pgp inhibition. Experimental transfectants were compared with the 

mock-transfected group (transfected with pVg RXR, and pl N D on1 y) (see figure 

3.3.1) to detenine whether a shift in Pgp functional activity had taken place. 

lnduced transfectants were also compared to uninduced transfectants in order to 

specifically evaluate the effects of induced expression of the TM6 peptide on Pgp 

function. A marker, M l  demarcates an arbitrary population of cells displaying 

1 ou 1 O' 1 oz 1@ 
FL1 FLUORESCENCE INTENSITY 

ALL 
Total Events 8315 

% of gated events 100 
Mean 4.76 

Geometnc Mean 3.64 
CV 275.35 

Median 3.52 
Peak 286 

Figure 3.3.7. Mock transfectants stained with calcein 



"high" fluorescence. Sample populations were compared to the control group 

with respect to the proportion of cells lying within the M l  boundary. 

Since transient transfection efficiencies were estimated in the range of 16- 

20%, a shift in the fluorescence of the entire population of cells was not 

expected. Rather, a secondary peak (presumably the transfected population) in 

the "high" fluorescence range was considered a significant result. Based on 

optimization experiments (see section 2.9), the uninduced group of plNDiTM6 

trançfectants (see figure 3.3.2) was expected to display 2-5% leaky translation of 

the TM6 construct. 

1 o1 1 oz 1 O= I o4 
F L1 FLUORESCENCE INTENSITY 

ALL Mi  M2 
Total Events 7545 685 6879 

%ofgatedevents 100 9.08 91.17 
Mean 11.9 80.76 5.05 

Geornetric Mean 5.62 48.47 4.55 
CV 291.55 110.67 47.48 

Median 4.87 37-86 4.53 
Peak 219 25 219 

Figure 3.3.2. Calcein-stained TM 6 trans fe ctan ts, uninduced 



Statistical analysis of the proportion of cells displaying "h igh" fluorescence 

as compared to the mock-transfected control group was performed. A significant 

difference from wntrols (z =23.75, pc0.0001), 99%CI (0.073, 0.090) was 

observed in uninduced TM6 transfectants with approxirnately 9% of cells falling 

within M l .  

For induced TM6 transfectants (see figure 3.3.3), a significant difference in 

the proportion of uhigh"Auorescing cells from rnock-transfected controls was 

observed (z =37.414, p<0.0001), 9g0hCI (0.161, 0.1 84). Moreover, when 

compared to the uninduced group, induced transfectants had a significantly 

greater proportion of cells (z =16.325, p<0.0001), 99% CI (0.077, 0.1 O6), 

1 o0 I o1 1 oz I o3 1 0' 
FL1 FLUORESCENCE INTENSITY 

ALL M l  M2 
Total Events 7580 1379 6214 

Oh of gated events 100 18.19 81.98 
Mean 31.04 145.55 5.59 

Geometric Mean 8.9 99.63 5.21 
CV 234.51 78.56 38.95 

Median 5.83 119.71 5.23 
Peak 248 31 248 

Figure 3.3.3. Calcein-stained TM6 transfectants, induced 



1 O" 1 O '  1 O' 10" 1 O' 
FL1 FLUORESCENCE INTENSITY 

Figure 3.3.4. lnduced TM6 transfectants over Mock-transfected controls 

displaying "high" fluorescence. To illustrate the dramatic change in the 

population of induced transfectants, an overlay of figures 3.3.3 and 3.3.1 was 

prepared. Figure 3.3.4 clearly shows the alteration in calcein accumulation 

between induced transfectants and mock-transfected controls. 

The data shown above are results from experiments where optimal 

transfection efficiency was achieved. This series of experiments was repeated 

approximately 40 times resulting in only a few sets of interpretable data, due 

largely to the preponderance of low transfections effkiencies. Fluorescence 

profile data gathered from the interpretable experiments where sufficiently high 

transfection efficiency was achieved are listed in table 3.3.1. 



Table 3.3.1. Positive results gathered from al/ inducible transfection 
expenments. Shown are the percent of high fluorescing cells with 
respect to the entire population. Tnnsfecfion rficiency was 
estimated based on paralle1 expenments transfecting the Lac2 
gene, and differen tial counting of cells stained for pgala ctosidase 
activity. P-values were computed from the z-sta tistic comparing 
sample proportions of high fluorescing cells from uninduced 
transfe ctants with those from induced transfectants. 

# Mock 
(% of total) 

Uninduced 
(% of total) 

1 (shown) 
2 
3 

9.07 
6.67 
8.1 1 

0.93 
0.68 
0.57 

Induced 
(% of total) . 

Estimated 
Transfection 
Efficiency (%) 

18.19 
1 O. 1 6 
12.09 

19 

1 
0.0001 

12 0.0001 
12 0.0001 



3.4 pcDNA6NS-His/TM6 Stable Transfectants 

Once the pcDNAGN5-HisTTM6 foci had been amplified to fiIl T25 tissue culture 

flasks, a sample from each was assayed for Pgp function using calcein 

accumulation as a marker. The distribution of fluorescence intensities den'ved 

from transfectant colonies (see figure 3.4.2) was compared to that of 

untransfected controls (see figure 3.4.1 ). 

-1 oO 1 o1 1 O= i O= 1 O' 
FLI FLUORESCENCE INTENSHTY 

AL1 M l  
Total Events 10271 120 

Oh of gated events 100 1.17 

Figure 3.4.7. Calcein-stained untransfected control for stable transfectants 

A two-sarnple t-test statistical analy& was performed cornparing sarnple means 

from stable transfectant populations with that of the untransfected control group. 

One pcDNA6N5-HisTTM6 transfected colony showed a significant increase in 

fluorescence intensity (k22.862, p<0.0001), indicating a decrease in functional 

Pgp activity. The colony assayed in figure 3.4.2 was subsequently lost due to 

bacterial contamination prior to determin ing expression levels of the TM6 

peptide, or Pgp. These results may be insignifiant since individual cells express 

varying levels of Pgp, and the selected colony may have been derived from a cell 

with low Pgp expression. The observed findings therefore. may have resulted 



from the low Pgp compliment of the selected colony rather than an increased 

Pgp inhibition due to TM6 overexpression. 

1 0' 1 of 1 o3 1 O' 
FL1 FLUORESCENCE INTENSITY 

ALL M l  
Total Events 11 172 1696 

Ohofgatedevents 100 15.18 

Figure 3.4.2. Caicein-stained pcDNA6N5-HisfTM6 stable transfectants 

An overlay (see figure 3.4.3) of figures 3.4.2 and 3.4.1 illustrates the dramatic 

shift in calcein accumulation displayed by the stable transfectant population. 

1 o" 1 o1 1 oz 1 O= 1 O* 
FL1 FLUORESCENCE INTENSfTY 

Figure 3.4.3. Stable transfectants over untransfected controls 



4 Discussion 

4.1 Discussion of Results 

In an effort to provide experimental support for the principle of TMC in the 

inhibition of Pgp function, 1 have tested homologous peptides derived from Pgp 

TM6, and have stably and transiently expressed a TM6 construct in MDR calls. I 

have used primarily a calcein based fiow cytometric assay to assess the results 

of my experiments. 

A full-length TM6 peptide with added lysine residues for increased 

solubility (P6TX24) effected a significant increase in calcein accumulation in 

MCF7tAdr cells, indicating an inhibitory effect on Pgp. The truncated 10-mer, 

P6T10 displayed intenediate calcein accumulation, suggesting that perhaps a 

slight adjustrnent in length could achieve similar Pgp inhibition to that with 

P6TX24, while maintaining the solubility properties of the 1 0-mer. The finding 

that was most interesting from this experiment, however. was the complete loss 

of-inhibitory activity of PGTXI 1. In an effort to increase solubility, this derivative 

of P6T10 had a lysine residue added to the N-terminus. P6T10 putatively inserts 

itself deep within the TM domain, equidistant from the aqueous phases of the 

cytoplasmic and exoplasmic wmpartments. lntroducing a non-homologous 

lysine residue rnay cause sufficient steric hindrance to abolish the ability of the 

peptide to compete with native protein-protein interactions in the same 

microdomain. Furthenore, when the same assay was perfoned using a 

truncated peptide (C6T10) homologous to the TM6 sequence of CFTR, no 

increase in intracellular calcein accumulation was observed, with results virtually 



identical to those obtained with P6TX1 ? , or solvent vehicle (DMSO) alone. This 

is further evidence that the peptide inhibition is highly sequence specific, 

consistent with the proposed TMC mechanism of action. Because of the 

prohibitive expense of preparing a series of peptides to explore further the nature 

of the interaction of the TM6 homologues with Pgp, I decided instead to take a 

more practical molecular biological approach. This consisted of expressing a 

TM6 construct in MDR cells and assaying the effect of its expression using the 

calcein fiow cytometric assay. This system, once firmly established, would 

permit easy manipulation to produce variants of TM6, allowing a dissection of the 

features of the dornain that are required for its interaction with Pgp. 

The Ecdysone inducible mammalian expression system provided an ability 

to assay for minor changes in Pgp function due only to the increased expression 

of the TM6 construct. Used alone, the inducing agent Ponasterone A, had no 

effect on Pgp, which enabled its use as an innocuous agent with respect to the 

highly sensitive calcein assay for Pgp function. Due to the high accuracy of the 

flow cytometric assay, which was able to quantify on a per-ceil basis, the 

intracellular fiuorescence due to calcein accumulation in thousands of cells, small 

changes in the population's fluorescence profile could be detected. Cells 

expressing high levels of functionai Pgp were able to reduce cellular entry of 

calcein AM, and maintain low levels of intracellular calcein fluorescence. On the 

other hand, cells with reduced Pgp function (as illustrated by verapamil treatment 

in figure 3.2.4) showed significant increases in calcein accumulation, which was 

directly attributable to the reduced extrusion of the calcein AM moiety by Pgp. 



Since statistical inference drawn from such large numbers of cells (>7500) 

is very sensitive to small changes in the population fluorescence profile, care was 

taken to present 99% confidence intewals depicting the size of the change, 

rather than just p-values which merely suggest the existence of a change. 

lnduced transfectants showed a significantly higher proportion of cells displaying 

high fluorescence over uninduced transfectants, which is consistent with the 

hypothesized inhibitory effect on Pgp when the TM6 homologue is 

overexpressed. Results from a TM6 homologue stable transfectant colony were 

also positive for a sig nificant increase in Pg p-mediated calcein accumulation, 

adding further support to the notion that TM6 can inhibit Pgp; however, unlike 

transient transfection experiments where the entire population of transfected cells 

was assayed, stable transfectants are derived frorn single cells surviving and 

proliferating in the selective agent (Blasticidin) and this presents a special 

problem of interpretation. The clonal population of stable transfectant cells 

assayed for Pgp function does not necessariiy have the same level of Pgp 

expression as the parent population, and without quantifying these levels, results 

are supportive, but at the sarne time must be regarded as equivocal. 



4.2 Limitations of the study 

A major limitation of the study relates to Pgp's lack of substrate specificity. 

In fact, if a compound is highly hydrophobic, it is very likely to be a substrate for 

Pgp pumping activity. Indeed, the engineered TM6 peptide is a highly 

hydrophobic integral membrane protein wmposed of >42% hydrophobic amino 

acids, and rnay very well be pumped in a similar fashion to other Pgp substrates. 

The observed reduction in Pgp function upon TM6 homologue expression may 

therefore be a result of classical competition for substrate binding, rather than the 

hypothesized microdomain competition process. Circumstantial evidence 

against classical competition by the TM6 peptide exists in that the most active 

competitive peptide inhibitors of Pgp are very short (3-4mers) (Sharom et al. 

1996)' when compared to the much longer peptide expressed in this study. 

Furthemore, prelirninary growth inhibition experiments perfomed with full length 

TM peptides (see figure 1.9.2) show that while TM6 is inhibitory, TMI-TM5 have 

no effect. These peptides are the same length, have similar hydrophobicities and 

even sirnilar amino acid composition, but lack the sequence specificity of TM6. It 

seems likely, therefore, that specific amino acid sequence is a most crucial factor 

in the action of TM6, fuither support for the notion that it acts via a TMC 

mechanism, rather than as a competitive substrate for a rather promiscuous 

"hydrophobic vacuum cleanef. Further experiments characterîzing the TM6 

interaction with full-length Pgp. and the associated structural disruption are 

required, however, in order to completely dismiss the possibility of classical 

corn petition. 



The study employed the drug-resistant MCF7lAdr cell line, a fibroblast-like 

line for which specific transfection protocols are absent. Attempts were made to 

optimize transfection, but experiments were significantly hindered by varying, and 

typically low efficiencies. Work presented in this thesis represents a very small 

subset of transfection experiments that were performed. Attempts to procure an 

altemate ceIl line expressing human Pgp, able to give more predictable 

transfection efficiencies, were unsuccessful; however, the advantages to adding 

another cell line would be two-fold. First, the daunting task of transfecting 

transfection-resistant cells mig ht be alleviated, and second, on a more theoretical 

note, the ability to show a similar effect in an altemate cell line would add to the 

overall significance of the results. 

Due rnainly to the problems with transfection described above. 1 was 

unable ta show expression of the TM6 construct by Western blot. The lack of 

TM6 expression data for transiently and especially stably transfected cells makes 

interpretation difficult. After post-translational cleavage of the signal sequence, 

the TM6 peptide is very small with a molecular weight of only 5.8 kD. Numerous 

attempts were made to visualize TM6 expression by Western blot using purified 

polyclonal ra bbit-anti-HA. 1 1 (BABCO) as the primary antibody, but optimization 

of the protocol was hindered by the limited number of samples from transfections 

with efficiencies higher than 10%. 

Based on these limitations of the presented work, unqualified support of 

the hypothesis is not available, however evidence from inducible transient 

transfections seems to indicate a significant effect worthy of fu rther investigation. 



4.4 Rationale and potential universality of the TMC concept 

Recent advances in rnolecular biology have uncovered numerous targets 

for pharmacological intervention, but approaches leading toward the systematic, 

rational design of drugs have been somewhat slower to emerge. The TMC 

concept, as described here, is an example of a novel approach to the 

development of a peptidomimetic lead compound to inhibit the role of P- 

glycoprotein as a mediator of multidrug resistance. TMC rnay prove. however, to 

be a valuable technique for modulating the function of any number of proteins 

involved in disease. The pharmacological manipulation of peptide hormone 

responses, allergic and inflammatory reactions, as well as addictive behaviour 

and schizophrenia are a few areas of research that may benefit from TMC 

investigation. Apart from its potential wide-ranging relevance in medicine, TMC 

may also prove to be an important tool in pure scientific exploration, aiding the 

further characterization of the basic principles that govern functional intra-. as 

well as inter-molecular protein interactions. 

The presented work began as an extrapolation of experiments inhibiting 

homodirnerization of the single membrane-spanning alpha helix of glycophorin A 

(GpA). Lemmon et al. (1 992) showed that the addition of a synthetic oligopeptide 

homologous to the transmembrane domain of GpA is able to disrupt stable 

homodirnerization via cornpetitive peptide-protein heterodimer fonation. 

Furthemore, various other peptides with similar composition, but non-identical 

sequences had no effect on normal homodimer fonation. Extension of the 

concept to the perturbation of native, tertiary structural associations in polytopic 



membrane proteins (like Pgp) seemed viable, so long as covalent, strong ionic, 

or steric constraints were not present in the target helices. The use of TMC to 

functionally disrupt a medically relevant target such a Pgp appeared to be a 

practical consequence of TMC-mediated structural interference. Preliminary 

experiments (detailed in section 1.9) demonstrating the effects of various 

synthetic oligopeptides in growth-inhibition assays led to the selection of the TM6 

microdomain of Pgp as an appropriate target for cornpetition. Coincidentally, 

work characterizing the tertiary structural interactions of TM6 as vital to Pgp 

function seemed in line with Our findings, more circurnstantial evidence to support 

that Our observations are indeed the result of a TMC rnechanism of inhibition. 

Although discussion so far has concentrated on microdomains involving 

helix-helix interactions within the lipid bilayer, a further extension of the TMC 

concept to soluble moieties does not seem unreasonable. Many protein 

interactions occur within the cytosol, and in the extracellular milieu, where, at 

least for the latter, access by drugs is relatively unrestricted. In an experiment 

using a technique similar to TMC, Krupnick et al. (1 994) were able to identify the 

cytoplasmic components of the retinal protein, Rhodopsin, involved in its 

interaction with Arrestin. Synthetic peptides homologous to the 3* cytoplasmic 

loop of Rhodopsin were able to inhibit Arrestin binding with an ICS0 of 34pM, thus 

significantly narrowing-down the residues associating at the Arrestin-Rhodopsin 

interface. Inhibition of G-protein coupling to receptors has also been shown to 

take place when the receptors 3d cytoplasmic loop is expressed independently 

(Hawes et al. 1994, Luttrell et al. 1993). 



4.5 Recommendations for future studies 

Future studies should start by ratifying the limitations of the work that has 

been performed. Perhaps most importantly, the correlation between TM6 

expression, and Pgp inhibition should be quantified by either Western blot, or 2- 

colour flow cytornetric analysis. The extracellular HA.ll epitope tag engineered 

into the TM6 construct allows antibody binding without cell perrneabilization. 

This is advantageous in that a secondary antibody. conjugated to a fluorophore 

with an emission wavelength different from that of calcein (such as CY5; abs,, 

650nm; emmm,670nm) could be used to probe live cells, and TM6 expression 

could be quantified in parallel with calcein accumulation. In this respect, cells 

that express TM6 could be isolated from those that do not, and specifically 

assayed for Pgp function enabling a quantitative (dose-response-type) 

correlation between amounts of TM6 expression, and Pgp inhibition. 

As mentioned earlier, the selection of (an) alternate cell line(s) expressing 

human Pgp, without the .inherent problems of transfection resistance associated 

with MCF7/Adr cells may significantly ease the technical struggle 1 enwuntered, 

as well as show that the observed response is not cell-type specific. A stable 

CHO line expressing human Pgp might be an appropriate starting point, although 

it rnay have to be developed from "scratchn since numerous attempts to procure 

such a line from researchers in the field proved fniitless. While discussing the 

addition of another cell line, it would also be useful to test the effects of the 

current TM6 construct in cells expressing non-human Pgp, or nonPgp-mediated 



MDR (e.g. MRP). The hypothesized sequence specificity of the TMC concept 

could thereby be characterized. 

Toward the goal of detenining the mechanism by which the TM6 

homologue inhibits Pgp function (TMC vs. competitive substrate binding), direct 

evidence of disrupted Pgp structure would be most valuable. Using the 

technique of comparative limited proteolysis (similar to studies by Zhang et al. 

1998), characterizing distinct protease susceptibilities of Pgp with and without 

TM6 homologue expression, altered conformations and. therefore, disrupted Pgp 

structure might be deduced. Co-immunoprecipitation of the TM6 peptide and 

Pgp with antibody directed toward the HA.ll epitope tag might be another way to 

show a close, stable association similar to the one hypothesized by TMC. 

The o~jective of this study was to produce a phamacologically active lead 

compound for the development of a peptidomimetic dnig to modulate Pgp 

function. The transfection experiments employed allow the inexpensive and 

relatively simple modification of expressed peptides through alteration of 

transfected DNA by site directed mutagenesis. Experiments to determine the 

minimal functional peptide sequence required to inhibit Pgp activity via the TMC 

mechanism are indicated if a practical lead cornpound is to be reached. Based 

on results with synthetic peptide variants of TM6, reductive mutagenesis of the 

TM6 construct (which includes su bstantial intra- and extra-cellular portions 

flanking the native TM6) may lead to the required minimalized sequence for 

peptidomimetic development. TMC represents a new approach to rational drug 

design. Being sequence-based, it is amenable to data mining strategies based 



on the recently completed first phase of the human genome project. While Pgp 

may be a good system for demonstrating proof of principle, the real value of TMC 

will become apparent in other systems where good inhibitors are lacking and 

options for functional manipulation are much more limited. Futhennore, the 

sequence specific targeting of TMC holds the promise that it may provide future 

therapies with fewer side effects than those presently in use. 
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