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Abstract 

)f6stract 

Toxic compounds such as drugs are used to treat many diseases by killing the harmful target 

cells, which can be either foreign pathogenic organisms or the tumor cells of the patients. 

However, both prokaryotic and eukaryotic cells can acquire the ability to become resistant to 

toxic compounds through the phenomenon of Multidrug (MDR) or Pleiotropic drug resistance 

(PDR). MDR is characterized by the cross-resistance of cells to a large number of structurally 

and functionally unrelated cytotoxic compounds. The pathogenic yeast, Candida albicans can 

also acquire MDR, making it a valuable tool in the study of this phenomenon so that we may 

gain insights into the mechanisms behind MDR in pathogenic fungi and in higher eukaryotes. 

A common feature underlying acquisition of MDR in azole resistant clinical C. albicans 

isolate is the over-expression of genes encoding plasma membrane A TP-binding cassette 

(ABC) drug efflux pump, CDR1 (Candida drug resistance 1) that causes :he expulsion of 

drugs from within the cell and, as a result, survival in the presence of these drugs. 

Research to overcome this problem in candidiasis chemotherapy has been focused mainly on 

two areas: (1) development of Cdrl p modulators/inhibitors, (2) advanced and sensitive 

detection of CDR1 mRNA or Cdrlp and its expression regubtion. However, recent 

understanding of the transcriptional regulation of efflux pump CDR 1 , provides new and 

effective avenues for the development of broad-spectrum fungicides in contrast to indirect 

intervention via inhibition of the energy supply for drug efflux by modulators/inhibitors. 

The main focus of this study was, however, in processes different from the classical 

transcriptional control as majority of studies to date focus on the transcriptional regulation of 

CDR1 and relevance of the post-transcriptional events associated with it are poorly 

understood. Evidences from our present studies suggests that post-transcriptional regulation in 

the form of increased CDR1 mRNA stability in addition to its enhanced transcription 

activation is also a key mechanism, indicating that steady-state level of CDR1 mRNA as 

determined by both its synthesis as well as degradation plays an important role in determining 

the azole resistance in clinical C. albicans isolates. 

In essence, it is tempting to suggest that CDR1 3'UTR may function as a destabilizing element 

as (1) 3'UTRs have been characterized as important determinants ofmRNA decay, (2) several 

trans-acting factors (RNA-binding proteins) have been shown to bind these regions and playa 

important role in the modulation of the half-life of corresponding transcript. Therefore, 
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understanding the biological function and importance of these regions in the context of CDR1 

mRNA will provide insights on the molecular mechanism of mRNA stability in the 

development of MDR of C. albicans. Our present study reveals that differential RNA-protein 

interaction(s) and poly(A) tail length of CDR1 3'UTR rather than cis-acting sequences within 

the CDR1 3'UTR itself are important determinant of observed differential mRNA decay in 

azole-susceptible and -resistant isolates. 

Since enhanced transcriptional activation and mRNA stability are the key mechanisms for 

CDR1 over-expression in azole-resistant clinical isolates, thereby new therapeutic approaches 

in combating MDR can be devised to effectively down-regulate CDR1 by targeting its 

mRNA. 
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1. INTRODUCTION 

Fungal infections in humans range from superficial and cutaneous to deeply invasive and 

disseminated forms (Table 1). Though these pathogenic fungi have a worldwide distribution, 

particular species may predominate in certain geographical areas. Among them infections 

due to Candida and Aspergillus spp. are the most common. Essentially, this rise in the 

infections is observed to occur predominantly in people whose immune system is 

compromised (due to AIDS, organ transplantation or cancer chemotherapy), who have been 

treated with broad-spectrum antifungal drugs, or who have been subject to invasive 

procedures (like catheters and prosthetic devices) . 

. ~ 
Table 1. Common fungal pathogens * ~~ ': 

FUNGI TYPE SITES OF INFECTION 

Aspergillus fumigatus filamentous 

Candida albicans dimorphic 

Cryptococcus neoformans true yeast 

Histoplasma capsulatum dimorphic 

Coccidiodes immitis dimorphic 

Blastomyces dermatidis dimorphic 

Paracoccidiodes brasiliensis dimorphic 

Rhizopus arrhizus filamentous 

·Compiled from Maricha! et ai., 1999. 

1.1 Candida and Candidiasis ~~ 
~- . ~~ 

lungs( aspergillosis), systemic 

lungs, systemic candidiasis 

meningitis 

lung infections 

lung infections 

lung infections 

lung infections 

lungs,rhinocerebral, systemic 

The history of Candidiasis dates back to the fourth century BC when Hippocrates described 

oral apthae in two patients with severe underlying disease in his book Epidemics. The genus 

Candida is composed of an extremely heterologous group of organisms that mainly grow as 

yeast. C. albicans is the species most frequently associated with fungal infections in humans 

(Vanden Bossche et ai., 1998). C. albicans accounts for majority of the systemic infections 

with mortality rates ranging from 50% to 100%. This pathogen is the most common cause of 
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septicemia in western hospitals, and accounts for development of oropharyngeal and clinical 

thrush in >80% of the HIV -infected population. Candida spp. rank fifth among causes of 

nosocomial bloodstream infections. Not only are the bloodstream infections with C. albicans 

and non-albicans species occurring more frequently, but the relative proportion due to non

albicans species is increasing, including species such as C. glabrata, C. krusei, C. 

parasilopsis, C. tropicalis, C. lusitaniae and (Table 2). 

Table 2. Species commonly causing invasive Candidiasis * 

SPECIES . FREQUENCY 

Candida albicans 50% 

Candida tropicalis 15-30% 

Candida glabrata 15-30% 

Candida parasilopsis 15-30% 

Candida krusei ~1% 

Candida lusitaniae ~1% 

• From: http://www.doctorfungus.orglindex.htm 

Cornmon risk factors for blood-stream candidiasis include extremes of age (low-birth-weight 

infants and the elderly), immunosupression, malignancy with leukopaenia, major surgery, or 

trauma, exposure to multiple antibacterial agents, central venous catheterization as well as 

parenteral nutrition (Odds, 1988). Other factors contributing to development of Candida 

infection are listed in Table 3. 

Table 3. Factors contributing to development of Candida infection in hosts * 

,/ Exposure to the fungus 

,/ Inoculum delivered during the exposure 

,/ Virulence of the fungus 

,/ Host's immune status 

,/ Underlying disease 

,/ Immunosuppressive therapy 

,/ Prior exposure to the fungus 

• Compiled from Odds, 1988. 
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Although a potential pathogen, C. aibicans is present as a commensal organism in many, if 

not most, healthy individuals, where it may be found on the skin and in the oral cavity, 

gastrointestinal tract and vagina. C. aibicans, the principal infectious agent of human 

infection, is oval yeast of 2-6 11M in diameter. It exists as diploid, asexual polymorphic yeast 

with various biochemical abilities, both assimilative and fermentative, but lacks any proper 

sexual stage as well as carotenoid pigments. This medically significant fungus has the ability 

to undergo phenotypic switching and has 8 chromosomes (Odds, 1988; Prasad, 1991). 

1.2 What is antifungal drug resistance? 

From a clinical perspective, drug resistance may be defined as the persistence or progression 

of an infection despite appropriate drug therapy. The clinical outcome of treatment depends 

not only on the susceptibility of the pathogen to a given drug but also on many other factors 

including pharmacokinetics, drug interactions, immune status, and patient compliance, as 

well as several specific conditions such as the occurrence of biofilms on surfaces of catheters 

and prosthetic valves (White et ai., 1998). Antifungal drug resistance has been classified as 

either primary, when a fungus is resistant to a drug prior to any exposure, or secondary, when 

an initially sensitive fungus becomes resistant after exposure to the drug (Rex et ai., 1995; 

White et ai., 1998). ....' . ~ • 
The therapeutic options for treating fungal infections, often caused by the emerging new 

pathogens whose incidence has increased due to the AIDS pandemic and use of 

immunosuppressive drugs in transplant and cancer patients, are limited by the relatively low 

number and structural variety of antifungals (Kolaczkowski & Goffeau, 1997). Only a few 

classes of antifungal agents are available to treat these infections. Figure 1 depicts the sites of 

action of some of the common antifungals. Most commonly used antifungals inhibit the 

ergosterol biosynthetic pathway and chiefly includes azoles, allylamines and morpho lines 

and others such as polyenes and 5-FC impair membrane barrier function and macromolecule 

synthesis respectively (Vanden Bossche et ai., 1989; Williams and Wilkins, 2004). 

3 
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CELL WALL SYNTHESIS 

Nikkomycins 
Echlnocandins 

/ 

Polyoxins 

ERGOSTEROL 
SYNTHESIS 

Azoles 
Allylaminesi 
Thiocarbamates 
Morphines 

NUCLEAR 
DIVISION 

Griseofulvin 
Benomyl 

PROTEIN SYNTHESIS 

Blasticidin, Sinefungin 

Figure 1. Site and mechanism of action of different classes of drugs on a typical fungal cell. 
(Courtesy: Adopteei from Georgopapadakou and Walsh, 1994). 

1.4 Multi!!rug resistance (MDR) 

In the 1990s, drug resistance has become an important problem in a variety of infectious 

diseases including human immunodeficiency virus (HIV) infection, tuberculosis, and other 

bacterial infections which have profound effects on human health. At the same time, there 

have been dramatic increases in the incidence of fungal infections, which are probably the 

result of alteration:; in immune status associated with the AIDS epidemic, cancer 

chemotherapy, and organ and bone marrow transplantation. The rise in the incidence fungal 

infections has exacerbated the need for the next generation of antifungal agents, since many 

of the currently available drugs have undesirable side effects, are ineffective against new or 

reemerging fungi, or lead to the rapid development of resistance. Although extremely rare 10 

years ago, antifungal drug resistance is quickly becoming a major problem in certain 

populations, especially those infected with HIV, in whom drug resistance of the agent causing 

oropharyngeal candidiasi~; is a major problem (Graybill, 1988; Vanden Bossche et aI., 1994). 
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For instance, 33% of late-stage AIDS patients in one study had drug-resistant strains of C. 

aibicans in their oral cavities (Law et ai., 1994). C. aibicans cells have evolved elaborate 

molecular mechanisms to protect themselves from injuries caused by environmental exposure 

to toxic compounds of different structure and functions. One of these mechanisms termed 

multidrug resistance (MDR) or pleiotropic drug resistance also operates in a wide variety of 

cell types including bacteria, protozoan, fungi and mammalian cells (Balzi and Goffeau, 

1994 and 1995; Gottesman et ai., 1995 and 1996). 

MDR can develop after sequential or simultaneous exposure to all the different drugs to 

which the cell or microorganism is resistant. However it may also develop surprisingly 

before exposure to many of the compounds to which the cell or microorganism is found to be 

resistant. It generally involves a network of membrane-associated transporters acting as 

multidrug efflux pumps and transcription factors regulating the expression of these pumps. 

These multidrug efflux systems present a disturbing clinical threat, since the acquisition of 

such a single system by a cell may decrease its susceptibility to a broad spectrum of 

chemotherapeutic drugs. The development of drug resistance is a frequent impediment to the 

effective treatment of infectious and malignant diseases (Van denbroucke-Grauls, 1993; 

Sternberg, 1994; Peters, 1996). A primary goal in the study of chemotherapy is to understand 

how cells can become drug resistant by lowering the intracellular concentration of drugs or 

altering the ability of the drugs to affect their targets. Mechanisms of multi drug resistance are 

opportunistic in their manipulation of the normal pathways of cellular homeostasis. Several 

alterations in the cell take place resulting in drug resistance. 

A drug-resistant, pathogenic fungus is an organism, according to Kerridge (1985 and 1986) 

that will grow and produce clinical symptoms of disease in the presence of the drug at the 

maximal concentration, at the site of infection. 

From a mycological viewpoint different classifications of resistance are made. 

1.4.1 Intrinsic resistance 

A species is regarded as intrinsically resistant when it is not included in the normal spectrum 

of a given antifungal compound. Primary or innate resistance is characteristics of any species 

and is not dependent upon previous exposure to the drug. For example, Candida krusei can 

be regarded as intrinsically resistant to fluconazole and C. parapsiiosis to Amphotericin B. 

5 
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1.4.2 Acquired resistance 

Acquired resistance is found in isolates belonging to a species which is nonnally susceptible 

to the compound. Alternately, resistance can develop in previously susceptible isolates 

during or after antifungal drug exposure (Klepser et al., 1997). Acquired resistance is also 

tenned as secondary resistance and is most familiar in the setting of HIV-infected patients 

with oropharyngeal candidiasis due to C. albicans who receive multiple courses of azole 

antifungal therapy. 

1.4.3 Selective resistance 

When a patient is colonized with multiple species or strains, during treatment the most 

sensitive isolates are eradicated favoring the growth and selection of less sensitive or 

resistant isolates. This type of resistance is called selective resistance. 

1.4.4 Phenotypic resistance 

This occurs when a strain develops a progressive increase in resistance during continued 

incubation in the presence of antifungal compound. 

1.4.5 Genotypic resistance 

It is a feature of the clone and is inherited by daughter cells. 

1.5 Mechanisms of resistance to antifungals 

Although the molecular basis of drug resistance III Candida is not very clear, evidence 

accumulated so far suggests that MDR is a multifactorial phenomenon where a combination 

of mechanisms could contribute to drug resistance (White, 1997a; Franz et al., 1998a; Lopez

Ribot et aI., 1998). A schematic representation of the known molecular mechanisms of 

antifungal drug resistance in pathogenic fungi is depicted in Figure 2 and Table 4. 

Azoles are most commonly used to treat the fungal infection. But how azoles enter 

susceptible fungal cells is not known, although their relative hydrophobicity may facilitate 

entry by passive diffusion. Once inside the cells, azoles interact with the 14u-DM enzyme in 

the ergosterol biosynthetic pathway, allowing precursors to be incorporated into newly 

synthesized regions of plasma membrane (Barrett-Bee and Dixon, 1995). Not all of the azole 

e:ntering the cell remains there, because two low-level active efflux systems, the ABC 

transporters and the major facilitators, pump free drug from the cell. 



......... __ - Substrate 

~;-: 
By-Pass Pathway 

I 5 
Inactive Drug 

Altered Drug Target 

Figure 2. Mechanisms of azole resistance in fungi. 
(1) changes in cell wall/plasma membrane leading to impaired azole uptake. 
(2) efflux of drugs mediated by the ABC or the MFS class of efflux pumps. 
(3) over-expression of the drug target or of the efflux pumps. 
(4) mutation in the drug target (p450l4DM) does not allow the drug to bind due to low affinity. 
(5) activation of alternate pathways such as ~5 ,6-desaturase. 

(6) sequestration of the drug into an organelle-like vacuole by organellar pump. 
(7) chromosome alterations or changes in chromosome number as a means to maintain more 

copies of the required gene. 
(8) modification of azoles (CYP52) to an inactive form. 
(Courtesy: modified from Prasad et aI. , 2000) . 
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Table 4. Molecular Mechanisms leading to antifungal resistance * 

Alterations in drug import by change in sterol components of the plasma 
membrane 

Alterations in intracellular drug processing 
Modification 

Degradation 
Genetic changes in target enzyme, ERGll including: 

Point mutations 
Over -expressi on 
Gene amplification (leads to over-expression) 
Gene conversion or mitotic recombination 

Alterations in other enzymes in ergosterol biosynthetic pathway 
Increased efflux of drug due to: 

ABC transporters (CDR genes) 
Facilitator 

Courtsey: White et at., 1998. 

Although the molecular basis of drug resistance in Candida is not very clear, accumulated 

evidences suggests that MDR is a multi-factorial phenomenon where various different type 

of resistance mechanisms are known to be present in different supplementing combinations 

(White et at., 1998). These chiefly include reduction in the import of drug into the cell; 

modification or degradation of the drug once it is inside the cell; changes in the interaction of 

the drug with the target enzyme; changes in other enzymes in the same biosynthetic pathway; 

and an increased efflux of the drug from the cell (Prasad et al., 2000a and 2002) . Some of 

the well-known mechanisms of resistance in Candida are discussed below which have been 

broadly divided into azole and non-azole mediated resistance. 

1.5.1 Mechanisms of azole resistance 

Azole antifungal agents are by far the most commonly used drugs to treat infections caused 

by C. albicans. The target for azole antifungal agents in yeast is a cytochrome P-4S0. This 

enzyme is involved in the 14a-demethylation of lanosterol which is an important step in the 

biosynthesis of ergosterol. Azole drugs interact in the active site of the target enzyme by 

binding to the heme moiety, acting as competitive inhibitors of the substrate. Figure 2 depicts 

molecular mechanisms of azole resistance that are commonly present in the pathogenic yeast 

C. albicans which include increased over-expression of multidrug transporters, mutations in 

7 
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lanosterol demethylase that reduce azole binding and increased expreSSIOn of ERG11 

(Bossche et aI., 1987; Vanden Bossche et al., 1994a and 1994b; Vanden Bossche and 

Koymans, 1998; Marichal, 1999). Additional known mechanisms have also been 

demonstrated to participate in azole resistance in C. albicans clinical isolates. These include 

decreased import, alterations in other enzymes in ergosterol biosynthetic pathway, 

chromosomal alterations, modification or degradation of the drug and transcriptional 

regulators. Nevertheless, other unknown mechanisms of azole resistance may still be found 

in clinical isolates. In the following sections these mechanisms have been discussed in detail. 

1.5.1.1 Permeability resistance 

Defects in drug import are a common mechanism of drug resistance. Many hydrophilic 

drugs, for example the anticancer antimetabolite methotrexate, cannot easily diffuse through 

the plasma membrane and have to use specific transporters for this purpose. Alterations in 

these transporters often lead to reduced influx of drugs. In the case of methotrexate, 

resistance is found to be associated with alterations in the folate transporter (Skovsgaard et 

al., 1994). 

Decreased toxicity can also be caused due to changes in the lipid composition of the 

membranes leading to a decrease in permeability. The decreased permeability and fluidity of 

the membranes result from cis- to trans-isomerization of their saturated fatty acids. 

Resistance to the polyene systemic antifungal such as amphotericin B, which interacts with 

membrane ergosterol to form pores in membrane results in most cases, from defects in the 

ergosterol biosynthetic pathway, leading to a decreased ergosterol levels in the plasma 

membrane (Kelly et aI., 1997). Several studies have demonstrated that when the ergosterol 

component of the plasma membrane is eliminated or reduced in favor of other sterol 

components such as 14a-methyl sterols, there are concomitant permeability changes in the 

plasma membrane and a lack of fluidity (Bossche et aI., 1987). These changes may lower the 

capacity of azole drugs to enter the cell. Most amphotericin B resistant isolates contain 

abnormally low number of ergosterol molecules in their plasma membrane thereby limiting 

the number of available binding sites for the polyene and thus preventing the membrane 

damage. Existence of other mechanisms of polyene resistance not linked to sterol alterations 

has also been suggested (Joseph-Home and Hollomon, 1997). Another kind of permeability 
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barrier in C. albicans involves fonnation of biofilms, which are large masses of cells. They 

have taken center stage with the increasing recognition of their role in human infections. In 

the protected microenvironment ofbiofilms, the pathogens are more resistant to antimicrobial 

therapies (Reynolds and Fink, 2001). 

However reduction of membrane penneability due to changes in the membrane biophysical 

properties is not a very efficient way of resistance unless it is accompanied by another 

resistance mechanism, such as active efflux or enzymatic activation, which often is the case. 

1.5.1.2 Efflux mediated resistance 

In addition to an alteration or an over-expression of 14a-Ianosterol 

demethylase involved in sterol biosynthesis, azole resistance in C. albicans is 

also elicited by other mechanisms like the reduced intracellular drug 

accumulation of drugs due to drug efflux pumps. The most intriguing aspect 

of these transporters generally relates to their lack of specificity, wherein a single transporter 

can recognize a variety of unrelated xenobiotics. It is apparent from a host of studies that 

drug transporters of yeasts, similar to its homologues in mammalian system, are capable of 

transporting substrates that are structurally diverse. It is suggested that ABC transporters are 

primarily involved in protection against exogenous toxic compounds, whereas MFS 

transporters may have evolved primarily as a mechanism to secrete endogenous toxic 

metabolites (Del Sorbo et al., 2000). The characterization of ABC proteins e.g. CDR1 

(Prasad et aI., 1995), CDR2 (Sanglard et al., 1997), and of CaMDR1 (Fling et aI., 1991; Ben

Yaacov et al., 1994), a MFS transporter, as efflux pumps of C. albicans, and their over

expression in certain instances of azole resistant isolates has confinned that these transporters 

represent another mechanism involved in the MDR scenario of C. albicans. 

1.5.1.2.1 ABC transporters 

The most intensively investigated MDR ABC transporters in this respect are the mammalian 

ABC transporter protein P-gp. Since the substrates of P-gps and many related transporters are 

hydrophobic they tend to accumulate in membranes. Several lines of evidence suggest that P

gp somehow can directly recognize and export from the cell membrane the variety of 

compounds to which it mediates resistance. Studies on mechanisms of MDR transporter 
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functioning have proposed that P-gp recognizes the drugs as they enter the membrane lipid 

phase in the manner of a hydrophobic vacuum cleaner model (Raviv et aI., 1990; 

Kolaczkowski and Goffeau, 1997). Another idea is that the transporter is essentially a 

"flippase" that detects drug within the inner leaflet of the plasma membrane and "flips" it 

into the outer leaflet (from which it can diffuse away from the cell) or directly into the 

extracellular space Their substrate specificity profiles include a huge variety of hydrophobic 

compounds ranging from peptides and steroid hormones to anticancer drugs. Resulting from 

the explosion of sequence information, it is now known that ATP-hinding ~assettes (ABC)-, 

ATPases constitute one of the largest and most highly conserved superfamilies and are found 

in all organisms organisms (Higgins, 1992 and 1993; Ambudkar and Gottesman, 1998; 

Holland and Blight, 1999). The fact that these transporters are structurally and functionally 

conserved throughout evolution indicates that these proteins could be involved in performing 

some indispensable functions in the cell. Some of the important physiological functions 

attributable to ABC proteins known to date include roles in absorption, excretion, signal 

transduction, bacterial pathogenesis and most importantly in drug and antibiotic resistance 

(Kerridge, 1986; Prasad et al., 2000a and 2000b). 

The drug efflux pump encoded by CDR1 of C. albicans was the first ABC efflux pump 

implicated in conferring resistance to cycloheximide in a PDR5 disruptant hypersensitive 

strain of S. cerevisiae (Prasad et aI., 1995). CDR1 encodes a 1501 amino acid long protein 

(169.9 kDa) whose predicted structural organization is characterized by two homologous 

halves, each comprising a hydrophobic region with a set of six transmembrane stretches, 

preceded by a hydrophilic nucleotide binding fold (Figure 3). The structure is identical to that 

of the S. cerevisiae ABC proteins Pdr5p and Snq2p. It mirrors the architecture of the yeast a

mating pheromone transporter Ste6, as well as mammalian drug resistance P-glycoprotein (P

gp or MDRl) and cystic fibrosis factor CFTR (Dassa and Bouige, 2001). The significance of 

inversion of domains in some of the ABC drug transporters is not understood and may be 

related to their physiological functions. Cdrl p is remarkably similar to Pdr5p of S. cerevisiae. 

The similarity is not limited to only the A TP binding motif but is conserved along the entire 

length of the protein. Despite the high homology between CDR1 and PDR5, and their 

encoded products, some functional features tend to distinguish them. For example, while 
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single or low copies of CDR] are sufficient to increase drug resistance in S. cerevisiae, 

multiple copies of PDR5 are required to yield a similar level of drug resistance. 

That efflux pumps other than CDR] could be contributing to drug resistance became 

apparent after isolation of its close homolog CDR2. CDR2 exhibits 84 % identity with Cdrlp 

and confers resistance to fluconazole and several other drugs (Sanglard et aI., 1997). In spite 

of close identity between CDR] and CDR2, their flanking promoter regions exhibit 

considerable divergence. Interestingly the promoter of both the genes, though a close 

homolog of PDR5, lacks the characteristic PDRIIPDR3 transcription factor binding sites, 

which further suggests divergence in the regulation between close homologs of the two 

yeasts (Prasad et aI., 1995). 

Since azole resistance appears to be a multi-factorial phenomenon this led to search of more 

homologs of known CDRs. Using PCR-based cloning, other homologs of CDR] and CDR2 

namely CDR3, CDR4, and CDR5, were identified (Alarco et aI., 1997; Balan et aI., 1997; 

Franz et al., 1998a and 1998b; Sanglard et aI., 1998a and 1999). Cdr3p and Cdr4p show the 

highest homology to Cdrl p and Cdr2p; however, compared to Cdrl p and Cdr2p which are> 

90% similar, Cdr3p and Cdr4p are only 75% similar to Cdrlp and Cdr2p. Interestingly over

expression of CDR3 and deletion of CDR3 and CDR4 could only affect drug susceptibilities 

(Alarco et al., 1997; Franz et al., 1998a and 1998b). Why some of the known Cdrp's are 

unable to elicit a multi drug resistance phenomenon is not yet clear. 

1.5.1.2.2 Major facilitators 

The major facilitator (MFS) proteins that are involved in symport, antiport, or uniport of 

various substrates, have been found to be ubiquitously present from bacteria to higher 

eukaryotes. These proteins are proton motive force (PMF)-dependent antiporters which 

efflux out substrates in exchange of one or more H+ ion. The MFS has originally been 

defined as a superfamily of permeases that are characterized by two structural units of six 

transmembrane spanning a-helical segments, linked by a cytoplasmic loop (Figure 4). 

These transporters have been classified into five distinct clusters or families of membrane 

transport proteins within the MFS involved in (i) drug resistance, (ii) sugar uptake, (iii) 

uptake of Krebs cycle intermediates, (iv) phosphate ester/phosphate antiport and (v) 

oligosaccharide uptake (Saier and Reizer, 1991; Marger and Saier, 1993; Paulsen et al., 

1996). On the basis of hydropathy and phylogenetic analyses, MFS drug efflux proteins 
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which have mor~ than 100 members. can be divided into two distinct groups containing 

either 12 or 14 TMS (Irans Membrane .segments) (Paulsen et aI., 1996). 

CaMDRl (previcusly known as BEN!) and FLUI are the two MFS genes identified in C. 

albicans. CaMDRl was initially identified as a gene, which conferred resistance to tubulin 

binding agent be 10myl and tetrahydrofolate reductase inhibitor methotrexate (Fling et a/ .. 

1991; Ben-Yaaeo \' et £I/.. 1994). 

Correlation, not cause. It is important to note that the efflux pumps (discussed above), 

including the CDR genes and the MDRI gene, show an increased expression that correlates 

with resistance in clinical isolates of C. albicans. Mutant strains of C. albicalls and S. 

cerevisiae with di~:ruptions in these genes are hyper-susceptible to azole and other drugs, and 

over-expreSSIOn 0' these genes in S. cerevi,'iae can cause an increased resistance. However, 

there is no definitive proof that over-expression of these genes in C. alb/cans results in a 

drug-resistant phenotype. 

1.5.1.3 Molecular alteratiomi in other ERG genes 

Modifications :,n the ergosterol biosynthetic pathway are likely to generate cross resistance to 

a large number of mreIated drugs. In addition to the alterations in lanosterol demethylase, a 

common mechanisn of resistance is an alteration in other enzymes of the same biosynthetic 

pathway. A ddeclive lanosterol demcthylase will result in the accumulation of 14cx

methylfecosterol and 14a-methylergosta-8,24(28)-dien-3-~,6-a diol. Presence of 140.

methylfecosterol can modify the membrane function and fluidity. Cells with this sterol 

product have an inc reased sensitivity to oxygen-dependent microbicidal systems of the ho~t. 

This diol causes growth arrest in S. cerevislae but is tolerated in C. alhicans. The tOXIC 

effects of this diol i~; eliminated by a mutation in ERG3. To date ERGI. ERG2, ERG3, ERG4, 

ERG7, ERG6, ERell, ERG24, ERG25 and ERG26 have been cloned from C. alhicans, 

ERG3 and ERGII rave been cloned from C. glabrata, and ERGII has been cloned from C. 

krllsei (Burgener-Kairuz et at., 1994). The ERG3 and ERGII genes of C. glahrata have bee;l 

studied in some det,,!il. The double deletion mutant of ERG3 and ERG 11 in C. glabrata has 

been shown to be a(:("obically viable, accumulates 14-a-methylfecosterol and lanosterol and 

is resistant to azoles md AmB (Geber et aI., 1995). 
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Another well ctaracterized mechanism of azole resIstance in both S. ccrc)'isiae and C. 

albicans is conferred by loss-of-function mutations in sterol ~5.6-desaturase (Kelly et aI., 

1997). A defect ill this enzyme leads to the accumulation of 14a-methylfecosterol instead of 

14a-methylergost1-8, 24(28)-dien-3-~,6-a dio!. Accumulation of suffieient amounts of 14a

methylfecosterol compensates for ergosterol in the membranes and thus contributes to az,)\e 

resistance in C. :t!bicans (Vanden Bossche and Koymans, 1998; White et al., 1998; 

(Ghannoum and Rice, 1999). Because of the lack of ergosterol in their membranes, these 

isolates were cros~-resistant to AmB. In S. cerevisiae, the ~56-desaturase defect can also 

suppress the lethality resulting from the inactivation of CYP5IAI and is also linked 10 

acquisition of resi:;tance to azole derivatives (Kelly et al., 1997). C. glabrata strains 

produced under labc1ratory conditions lacking functional ERG 3 and CYP51 A I genes showed 

similar phenotypes (Geber et al., 1995). 

Azoles also inhibit he cytochrome P450-catalyzed ~ 22 -desaturase enzyme. ~ 22 -destaurase 

(CYP6I and also ERG5) and its homologues have also been identified 111 C. albicans and 

Schizosaccharomyces pombe. It has been hypothesized that an increase of this non-essential 

enzyme would captUl e sufficient azole to prevent the inhibition of the 14a-demethylation 

reaction. So far, however, no biochemical evidence has been presented to support this 

hypothesis (Marichal Lt af., 1999). 

1.5.1.4 lWolecular alterations of ERG11 

As discussed above the predominant target site of the azole drugs is the heme protein, 

lanosterol demethylase also called CYP5I A I (encoded by ERG II) which cocatalyzes 

cytochrome P450 depetdent 14a-demethylation of lanosterol (Ghannoum and Rice, 1999). 

Inhibition of 14a-demel hylatiol1 leads to the depletiol1 of ergosterol and accumulation of 

sterol precursors, including 14a-methylated sterols (lanosterol, 4, 14-dimethylzymosterol, 

and 24-methylenedihydrolanosterol), resulting in the fonnation of plasma membrane with 

altered structure and func\ ion. 

Several lines of evidence implicate a modification in the quantity or quality of 14a

demethylase in the expression of resistance to azole antifungal agents. Several genetic 

alterations like point mut<ttions, over-expression of the gene, gene amplification and gene 

conversion have been identified in ERG II of C. albicans. 
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Point mutatiolls 

Alteration of the affinity of azole derivatives for CYP51AI, which has been described in 

different post-reatment yeast isolates of C. albicans (Bossche, 1994) is another important 

mechanism of resistance. A survey of resistant and sensitive clinical C. albicans isolmes has 

identified different point mutations that are associated with azole-resistant isolates. Sequence 

data identified Y132H (tyrosine 132 is replaced by a histidine), T135A (threonine 315 is 

replaced by alanine) or R476K (arginine 476 is replaced by lysine) mutations that decrease 

the affinity of the target for an azole derivative. It has been shown that R467K alone is 

sufficient to cause azole resistance (Marichal, 1999). 

Another significant change observed in the ERG 11 gene of the resistant isolate was reported 

by White, 19Q8, namely loss of allelic variation in the ERG 11 promoter and in the 

downstream TlIRI gene (which encodes homosenne kinase, which is involved in threonine 

synthesis). Point mutations in ERG 11 have been developed in laboratory strains also that 

result in azole resistance. Although these changes may account for resistance development, 

they are n01 the only factors involved (Ghannoum and Rice, 1999). 

Over-expre<,s;o II 

Over-expression of CYP5IA1 as a resistance factor has been mentioned for a few C. albicans 

and C. glabrat:l Isolates and has been implicated as a mechanism of resistance to azole 

antifungals (V,mden Bossche and KOymans, 1998; Ghannoum and Rice, 1999). 'Over

expression of CYP51A 1 in C. albicans resistant isolates has been measured and was up to 

three times hifher than could be measured in azole susceptible isolates, thus probably 

accounting for a minor effect on the development of resistance. However, some C. alhicans 

strains have up to a IO-fold increase in CYP51 Al mRNA. Over-expression of CYP51 A 1 can 

be achieved by gene amplification. as shown in a C. glabrata isolate resistant to azole 

derivatives (Marichal et aI., 1997). Hybridization experiments on chromosomal blots indicate 

that this increase in copy number is due to amplification of the entire chromosome containing 

the CYP5IA1 gene. Azoie dependent upregulation of £"RG11 has been described in several 

different clinica isolates of C. albicClIlS (Sanglard et aI., 1995; AlbeI1son et aI., 1996; White 

et al., 1997). BJt it is difficult to assess the contribution of ERG1I over-expression to a 

resistant phenot>pe, since these limited cases of over-expression have always accompanied 

other alteration~; associated with resistance including mutations in ERG 11 and over-

14 
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expression of efflux pumps. Hence over-expression of the target enzyme plays only a limited 

role in clinical resistance to the azoles. 

Azole dependent up-regulation is not limited to ERG 11 and also involves upregulation of 

other ERG genes upstream and downstream of ERG 11. Likewise ERG 11 upregulation was 

also not limited to azole drugs and ERG 11 was also inducible by drugs that target other 

enzymes of the ergcsterol biosynthetic pathway (Morita and Nozawa, 1985; Barrett-Bee and 

Dixon, 1995). Thes;? data suggest a common global ERG upregulation e.g. in response to 

ergosterol depletion. 

1.5.1.5 Nucleo-cytoplasmic interactions as determinants of drug resistance 

Another class of prcteins which are involved in pleiotropic drug resistance in yeast are the 

transcription regulators (Balzi and Goffeau, 1994 and 1995). In S. cerevisiae severa: 

regulatory protems (Pdr 1 p. Pdr3p, and Yap 1 p) controlling expression of multiple drug 

resistance genes of the ABC transporters and MF superfamilies are knO\vn and mutations in 

these regulators tha' result in upregulation of their respective target genes have been 

identified. Various g,:netic regulators connecting PDR regulators to drug pumps have been 

uncovered. As a first example, the regulators PDR1, PDR3, PDR7 and PDR9 have been 

shown to control transcription of the multi drug transporter gene PDR5, encoding an ABC 

protein (Balzi and Goffeau, 1995). yAP 1 targets include the cadmium resistance ABC 

transporter gene rCF r, as well as a number of genes involved in response to oxidative stress 

such as GSH1, encoding y-glutamylcysteine synthase, TRX2, one of the two genes encoding 

for thioredoxin, and GLR 1, encoding glutathione reductase. Several polymorphic mutant 

alleles of PDRl gene ,vhich display altered drug resistance profiles have been isolated (Choi 

et aI., 1988; Subik et al., 1986: Carvajal et of., 1997). 

Recently functional homologs of these regulators have also been found in C. olbicans. Over

expression of YAP 1 homologue CAP 1 in S. cerevisiae resulted in resistance of the 

transforrnants against luconazole and other drugs that was mediated by the transcriptional 

activation of the FIR I gene encoding a major facilitator homologous to the C. alhicans 

CaMDR1 gene (Alm"co et al., 1997). Over-expression of a mutated form of CAP 1, but not 

wild type CAP 1 in CAI4 resulted in actintion of the CaMDR1 gene and concomitantly 

resistance against fluconazole and several other drugs, suggesting the possibility that similar 
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mutations might also be responsible for CaMDRI activation in fluconazole resistant clinical 

C. alhieans Isolates. On the other hand, disruption of the CAP 1 gene in the CaMDRl over

expressing FR2 strain did not suppress but further increased the level of CaMDRl 

expression, and it was therefOle recognized as a negative regulator CaMDRl gene. Similarly 

the C. albieans transcriptional regulator FCRl was identified by functional complementation 

of pdrl/pdr3 mutant (Talibi a'ld Raymond, 1999). Over-expression of FCRl in this strain 

resulted in fluconazole reSj:starce that was mediated by the transcriptional activation of the 

ABC transporter PDR5. In contrast disruption of FeRl in C. alhieans resulted in a 

hyperresistance against fluconamle, demonstrating that similarly to CAP l, FCRl behaved as 

a transcriptional activator when overexpressed in S. cerevisiae but acted as a negative 

regulator of drug resistance in C. albieam'. The transcriptional targets of FCRl have not been 

reported. 

So far, none of the transcriptiol111 regulators of drug resistance identified in C. a/hieans has 

been shown to be involved in tre development of fluconazole resistance in clinical isolates 

and it was suggested that mutati Jns in the regulatory region of the multiple drug resistance 

genes themselves may be respom:ible for their over-expression in resistant isolates. This lack 

of knowledge about the molecul,r changes leading to activation of multiple drug reslstance 

genes in clinical C. albieans strain is due to the fact that wild type C. albicans strains is not 

easily accessible to genetic manipulation. However, using MPA R technique (mycophenolic 

acid). Wirsching et al. (2000) ha\e shown that CaMDRl regulation in fluconazole resistant 

lsolates that over-express CaMDR I involves trans-regulatory factor. It is likely that such a 

mechanism is of general relevance and may be present in other fluconazole resistant C. 

albieans strains. The unraveling of this unexpectedly large pleiotropic network for multidrug 

resistance control should have implications for the development of new fungicides. 

1.5.2 Mechanisms ofnon-azole mediated resistance 

1.5.2.1 Resistance to 5-flucytosine 

Primary resistance to 5-FC is a common phenomenon, Resistance may occur due to the 

deficiency or lack of enzymes invoLed m the uptake or metabolism of 5-FC, or may be due 

to the deregulation of the pyrimidine biosynthetic pathway. whose products can compete 

with the fluorinated metabolites of 5-FC (Kerridge and Whelan, 1984). Detailed 
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investigations on the molecular mechanisms of resistance to 5-FC have shown that intrin.~ic 

resistance in fungi can be due to a defect in cytosine permease (with the exception of C. 

albicans), while acquired resistance results from a failure to metabolize 5-FC to 5-FUTP mld 

5-F dUMP, or from the loss of feedback control of pyrimidine biosynthesis. 

1.5.2.2 Resistance 10 polyenec." 

Polyene resistance .1as not been a major clinical problem to date, although polyene resistant 

isolates have been i:;olated and characterized. Acquired resistance to AmB is often associated 

with alteration of membrane lipids. especially sterols. Most polyene resistant clinical 

Candida isolates ha,e a greatly reduced ergosterol content in their membranes (Hitchcock ct 

a/., 1987; White et (//., 1998). There is evidence to suggest that alterations in the membran'~ 

structure or in the sterol-to-phospholipid ratio in the membrane may be associated with 

resistance. Recently, clinical isolates of C. albicans resistant to AmB were described lacking 

ergosterol and accumulating 3-~-ergosta-7 ,22-dienol and 3-~-ergosta-8-enol, typical for a 

defect in the sterol L~ 56 desaturase system (Kelly et af., 1997). Such a defect is known in 

laboratory yeasts (s. cerel'isiae) harbouring a defect in the Ll56 desaturase gene ERG3 (Kelly 

et al., 1994; Geber et a/. , 1995). 

1.5.2.3 Resistance tOfJllylamines 

Squalene epoxidase (product of the ERG I gene) is the target enzyme of the allylamines 

naftifine and terbinafine (Favre et af., 1999). Both are used mainly to treat dennatophytosis. 

The gene encoding sqlalene epoxidase (ERG}) has been cloned in S. cerevisiae. Deletion of 

this gene affected via Jility of S. cerevisiae during aerobic growth. Resistance of yeasts to 

allylamines has been r :ported only rarely however, the potential to develop resistance by the 

action of multidrug eft1ux transporters does exist. For example, the over-expression in S. 

cerevisiae of the C. alhicans CDR} and CDR2 genes, and of the CaMDR I gene, can confer 

resistance to terbinafine (Sanglard et a/., 1997), showing that this compound is a substrate for 

these transporters. MClreover, deletion of the CDR} gene in C. albicans renders cells 

hypersusceptible to thl~ same drug (Sanglard et a/., 1996). Several C. albicClns isolates 

resistant to azole antifungal agents are also less susceptible to terbinafine. Since such isolates 

are resistant to azoIc derivatives by the mechanism of multidrug efflux transporter gene over-
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expreSSIOn, the cross-resistance to terbinafine could perhaps be explained by this 

phenoml;:non. 

1.5.2.4 Resistance to morpholines 

Amorolfine is the only morpho line derivative in clinical use. It inhibits at least two enzymes 

in the post lanosterol ergosterol biosynthesis pathway, 1114 -reductase (product of the ERG 24 

gene) and ""g7-isomerase (product of the ERG2 gene). Acquired resistance to rnorpholine 

derivatives has not been reported so far in yeast pathogens and this is probably due to the 

limited usc of this antifungal for the treatment of superficial fungal infections. However, 

resistance to morpho line derivatives in S. ccrel'isiae can be by the over-expres~,ion of the 

ERG24 or ERG4 (sterol C-24 (28) reductase) genes (White el al., 1998). Moreover, recent 

work has pointed out that amoroltine. like terbinafine, could be a substrate of multidrug 

efflux transporters of the ABC -family. This was concluded from results showing that: (i) 

over-expr .?ssion of the C. albicans CDR] and CDR2 genes in S. cerevisiae could render cells 

resistant to amorolfine (Sanglard el al.. 1997), (ii) C. albicans multidrug transp0l1er mutants 

were hypersusceptible to this antifungal agent (Sanglard et aI., 1996), and (iii) C. albicans 

clinical isolates resistant to azole antifungal agents over-expressing the CDR] and CDR2 

genes were less susceptible to amorolfine (D. Sanglard, unpublished results). Therefore, the 

potential for developing resistance to this agent do exist. 

1.5.2.5 Resistance to 1,3-f3-glucan ft,ynthase inhibitors 

In S. cerevisiae. ~-(L3)-glucan synthase is a multienzyme complex with l:WO subunits 

encodec by the FKS] and FKS2 genes. Deletion of both gel1l~s in this yeast results in a lethal 

phenotype (Douglas el al.. 1997 ; Kelly et aI., 2000; Douglas, 2001). Resistance to these 

compOl.nds is possible, since spontaneous mutants resistant to the echinocardin L-733560 

have been isolated in l'itro in S. cerevisiae (Douglas et aI., 1997; Douglas, 2001) and in C. 

albica/is (Kurtz et al., 1996). The mechanism of resistance in these two yeast species is 

thought to be a lower af1inity of echinocandin to the ~-(1 ,3)-glucan synthase produced in 

these nutants. Resistance to echinocandin may not be relevant in clinical situations, since it 

was shown that C. albicans resistant mutants exhibited attenuated virulence in animal 

experi.11ents (Kurtz et al., 1996). 

1 Q 
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1.6 Strategies to combat MDR 

Considerable eVIdence has accumulated indicating that the multidrug emux pumps (mainly 

CDRIICDR2 and CdvlDRl) plays a role in the development of simultaneous resistance to 

multiple antifungal drugs in clinical C albicans isolates. In recent years, research to 

overcome this barrie' in treatment of fungal infections has been focused mainly on two areas: 

(1) advanced and sensitive detection of multidrug emux pumps mRNA or protein and its 

expression regulati01 (2' development of inhibitors/modulators of these multidrug emU)<: 

pumps. While the stl dies dealing with development of modulatorslinhibitors have an indireCT 

intervention via mhibition of the energy supply for drug efflux, recent understanding of the 

transcriptional regulation of plasma membrane efflux pumps provides effective and direct 

avenue for the development of broad-spectrum fungicides. Thereby discerning the MOR 

regulatory net\vo:~k could help us to hit back the problem of MOR. 

In the following section, an overview of regulation for controlling expression of MDR genes 

is presented. 

1.7 Regulation of MDR genes 

The term 'gene expression' refers to all processes that are needed to convert the genetic 

information contained in a gene to produce a functional protein. Regulation of gene 

expression in an eubryotic cell is a seri,::s of complex control mechanism, starting with the 

activation and nuclear transport of the transcription factors, transcription in the nucleus, 

followed by modific1tion and splicing of the transcript, export of the mRNA from the 

nucleus to the cytoplasm, cytoplasmic distribution of the mRNA, and finally, translation to 

protein (Figure 5). Subsequently the activity, multimerization and degradation of the 

functional protein are likewise tightly regulated. 

1.7.1 Regulation of Human multidrug resistance type 1 gene (hMDRI) 

The hMDR 1 gene encodes a 1,280 amino acid protein. termed P-glycoprotein (P-gp). P

glycoproteins were fit'st discovered by Juliano and Ling in 1976 as large cell membrane 

proteins which an:: oVt~r-expressed in cancer cells and conferred resistance to a diverse array 

of hydrophobic drugs. P-glycoprotein (P-gp) is a 170 kOa A TP-dependent membrane-bound 

transporter that is kno Ivn to confer resistance to a variety of structurally unrelated, clinically 
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important antineoplastic agents (Childs and Ling 1994; Fardel et at. 1996; Sharom, 1997). P

gp is encoded by the mdr 1 genes, which includes MDRI in humans and mdr 1 a and mdr 1 b in 

rodents. 

Over-expression of the mdrl gene product(s) has been implicated as a primary mechanism of 

tumor drug resistance (Riordan et at., 1985; Shen et at., 1986; Lum and Gosland, 1995), 

particularly in tumors arising from tissues which normally express P-gp (e.g., the liver, 

kidney, intestine and blood-brain barrier). Several observations suggest a role for the MDRI 

gene in both intrinsic, transiently induced or acquired drug resistance (Figure 6). Amongst 

the higher eukaryotes though the expression of P-gp has been frequently examined, 

regulatory mechanisms of this gene product are complex and still poorly understood. 

Evidence from numerous studies indicate that expression and activity of P-gp can be 

controlled either pre- or post-transcriptionally by a myriad of environmental influences. For 

instance, protein kinase C activators which increase P-gp activity and drug resistance have 

been found to enhance mdr 1 gene expression via both transcriptional and translational 

pathways (Chaudhary and Roninson, 1992). Modulation in protein stability, plasma 

membrane incorporation, mRNA stability and processing gene transcription and gene 

amplification have each been reported for P-gp (Shen et aI., 1986; Gottesman et at., 1995; 

Sharom, 1997). Of these, alterations in P-gp expression that occur at the level of mRNA are 

perhaps the most frequently observed. The increase in MDRI mRNA levels in tumor cells 

can occur via gene amplification of the MDRI gene during selection of cells for resistance to 

a single agent, enhanced MDRI transcription rates, transcriptional induction by transcription 

factors and upon prolonged cellular exposure to several cytotoxic drug agents and by 

stabilization of the MDRI mRNA. 

1. 7.1.1 Gene rearrangement 

A t(4q;7q) translocation in an adriamycin-selected human cell line resulted in a hybrid 

mRNA containing sequences from both MDRI and a novel gene normally located on 

chromosome 4. This gene rearrangement resulted in the activation of MDRI expression 

mediated by promoter sequences found within the translocated chromosome 4 DNA. 

Additional gene rearrangements have been identified in other MDR cell lines and in some 
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Figure 6. Modes of drug resistance in tumor cells. 
Tumor cell populations are indicated by colored geometries. Black arrows indicate the 
passage of time over which drug is administered. 
(A) Intrinsic drug resistance. The tumor is predominantly resistant to drug treatment, 
perhaps due to inherent properties of the tumor cells (red circles). 
(B) Constitutive (acquired) resistance. Within the population of tumor cells there exists, in 
addition to drug-sensitive cells (blue squares), a subpopulation of cells that, by virtue of 
mutation, have acquired an MDR phenotype (red circles). These MDR cells survive initial 
therapy and repopulate as a resistant tumor. 
(C) Transient (acquired) resistance. A subset of cells (red checked squares) within the tumor 
cell population are able to survive drug treatment temporarily by over-expressing the MDRI 
gene (Courtesy: Scotto and Johnson, 2001). 
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patient tumors, suggesting that this may be a frequent mechanism for over-expression of 

otherwise silent P-gp genes in acquired drug resistance. 

1. 7.1.2 Gene amplification 

Several studies have identified amplified MDRI DNA sequences from multidrug resistant 

cell lines (Meyers et al., 1985; Fojo et al., 1987; Scotto et aI., 1988). The elevated 4.5-kb 

MDRI messenger RNA levels during selection of human KB carcinoma cells as well as other 

multidrug-resistant sublines of human leukemia and ovarian carcinoma cells selected in 

colchicine, vinblastine, or adriamycin is associated with amplification of the MDRI DNA 

sequences (Shen et aI., 1986). Increase in MDRI mRNA expression can also precede gene 

amplification (Shen et al., 1986). 

1. 7.1.3 Transcriptional regulation 

1. 7.1.3.1 Cis-element and cognate binding factors 

The MDRI gene contains at least two promoter regions (Veda et al., 1987a; 1987b; 

Rothenberg et al., 1989). Veda et al. (1987a; 1987b) demonstrated that MDRI transcription 

can be initiated from major downstream promoter (at positions -136 to -140) or from a minor 

upstream promoter (at positions -155 to -180) which was found to be the case in colchicines-, 

but not doxorubicin- or vinblastine-selected KB cells. The major downstream promoter is 

used in most of the normal tissues. 

""- MDRI belongs to a group of protein-encoding genes that lack a consensus T AT A box within 
"'-

c~ the proximal promoter region and this has been associated with the diversity of transcription 

r::::. sites in eukaryotic cells (Maniatis et aI., 1987). Instead, basal transcription is directed by an -~:.<). initiator (1m) sequence that encompasses the transcription start site (+ 1) and most likely acts --£. as the position of nucleation of the RNA Pol II preinitiation complex (Figure 7). The first 

identification of an 1m element in the MDRI promoter came from in vitro studies, which 

~ showed that sequences from -132 to +82 were sufficient for accurate initiation and deletion of 
i..fi 

sequences downstream of +5 decreased elongation of correctly initiated transcripts to 
I....." ..... 

~ 
undetectable levels (Cornwell, 1990). Subsequently, transient transfection studies indicated 

\;:" that sequences between -6 and + 11 were sufficient for proper initiation of transcription in 

vivo (Van Groenigen et al., 1993; Madden et al., 1993). Like most other "TATA-Iess" genes, 
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the MDRI promoter also includes both an inverted CCAAT element (-82 to -73) (Goldsmith 

et al., 1993) and a GC-rich element (-56 to -43) that have been shown to interact with 

members of the Spl family of transcription factors (Cornwell and Smith, 1993a; Thayer et 

aI., 1996; Sundseth et al., 1997). Transfection analyses of promoter constructs mutated in one 

or both of these elements indicate the involvement of the two elements in the constitutive 

(i.e., operative under normal growth conditions) expression of MDRI in some cell lines. 

A second GC-rich element has been identified (-110 to -103) that is unable to interact with 

Spl and may be the site for an unidentified protein complex (Cornwell and Smith, 1993a). 

Interestingly, immediately downstream and overlapping this GC-rich region is an inverted 

MED-l element (Multiple start site Element Downstream 1; iMED; Figure 7), which was 

first described in the hamster MDRI homolog, pgpl, and shown to be involved in the 

activation of that gene in drug-resistant cells (Thayer, 1999). 

Functional disruption of iMED, either through mutation of the element or the use of a 

transcriptional decoy to sequester iMED-binding proteins, led to a decrease in constitutive 

MDRI transcription in human neuroblastoma (Thayer, 1999) and leukemia (Marthinet et ai., 
2000) cell lines; whether this element is also involved in induction of MDRI transcription in 

resistant cells is under investigation. Consensus binding sites for AP-l, CEBP and Y -box 

proteins in the 5' flanking region of MDRI genes have also been identified (Silverman and 

Schrenk, 1997). Potential transcriptional regulatory elements found within the MDRI gene 

includes several heat shock consensus elements, evidenced by an enhancement of MDRI 

mRNA after heat shock treatment and a phorbol ester response element (Angel et aI., 1987; 

Chin et al., 1990a). The mouse and hamster mdr promoter DNA sequences differ 

significantly from that of the human. This difference is generally thought to be the reason for 

the enhanced responsiveness of the rodent promoters to certain kinds of environmental 

stresses. The murine promoters contain both TAT A and CAAT boxes as well as putative SP-

1, AP-l and AP-2 sites (Hsu et aI., 1990; Raymond et al., 1990; Ikeguchi et al., 1991; Cohen 

et aI., 1991). 

Studies show that there IS more than one mdrla promoter, which, in combination with 

alternative polyadenylation sites, may account for the multiplicity of mdrla transcripts 

observed in mouse cells (Hsu et aI., 1990). In addition, elevated P-gp expression has been 

observed in the gravid mouse uterus which suggests hormonal influence on expression 
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(Arceci et at., 1988 and 1990). Interestingly, the mdr 1 b promoter which drives P-gp 

expression in the adrenal and secretory glands of the endometrium, contains a progesterone 

response element (Cohen et at., 1991). 

1.7.1.3.2 Transcriptional Inducers of hMDRl 

By far, the most studied regulation of MDRI is at the level of transcriptional induction. From 

the earliest studies of P-glycoprotein function and regulation, it has been suggested that P

gp is a 'stress-response gene' since its activity can be modulated by environmental adversity 

(Scotto and Egan, 1998). MDRI mRNA level is have been show to be enhanced by various 

factors, including hormones and environmental circumstances. Induction is seen after heat 

shock, treatment by heavy metal (Chin et at., 1990a), differentiation agents such as sodium 

butyrate and retinoic acid, or chemotherapeutic agents (Scotto and Egan, 1998), or III 

response to carcinogens in the liver (Fairchild et at., 1987; Burt and Thorgeirsson, 1988; 

Bradley et at., 1992). Treatment with cytotoxic agents (Fardel et ai., 1996a), ultraviolet 

radiation, or partial hepatectomy has also been shown to increase MDRI expression in both 

rodent and human cell lines (Thorgeirsson et ai., 1987; Burt and Thorgeirsson, 1988; 

Mickley et at., 1989; Chin et ai., 1990b; Marino et aI., 1990; Uchiumi et ai., 1993; 

Chaudhary and Roninson, 1993). Cadmium chloride and sodium arsenite can also induce 

MDRI mRNA (Chin et at., 1990a and 1992) and the induction was found to be sensitive to 

actinomycin D, therefore it requires synthesis of RNA (Chin et aI., 1990b). The effects of the 

increase in MDRI expression seen following exposure to anti-neopiastic agents, including 

those which are not P-gp substrates, persisted for several weeks following removal of the 

drug (Chaudhary and Roninson, 1993). There have been reports that non-specific protein 

kinase inhibitors block drug-mediated MDRI induction. However, recent work by Parissenti 

et al. (1999) showed no apparent change in P-gp levels or cellular sensitivity by inhibition of 

PKA activity to block MDRI gene expression in adriamycin-resistant MCF-7 breast cancer 

cells. MDR-CAT reporter gene constructs have demonstrated that mutant Ras as well as both 

mutant and wild type p53 genes may stimulate the MDRI promoter (Chin et at., 1992; Zhou 

and Kuo, 1998). There are also suggestions of transcriptional regulation of MDRI by the c

Raf signal transduction pathway (Cornwell and Smith, 1993b). 
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Figure 7. Un translated 5' regulatory region of the human MDRI gene showing 
promoter elements. 
All elements and DNA-binding factors involved in the transcriptional regulation of MDRl 
represented in the figure are discussed in the text. Arrow over the initiator window indicate 
the major transcription start sites. See text for detail. (Courtesy: Scotto and Johnson, 2001). 
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Figure 8. Schematic of the MDRI enhanceosome, which includes the transcription factors 
NF-Y, Spl, and PCAF. 
See text for detail. (Courtesy: Scotto and Johnson, 2001) . 



Introduction 

Furthermore, there are also evidences that MDRl mRNA may be co-induced by 2,3,7,8-

TCDD, which is also a potent inducer of the CYP4501 gene family (Burt and Thorgeirsson, 

1988). In addition, treatment of human colon cancer cell lines with differentiating agents 

such as dimethyl sulfoxide or sodium butyrate has been show to elevate MDRl gene 

expression (Mickley et al., 1989). Recent studies indicate that the signals from all of these 

divergent stimuli converge on a region of the MDRl promoter that we refer to as the MDRl 

enhanceosome (Jin, 1998; Hu et al., 2000 and unpublished work) (Figure 8). This region 

includes binding sites for the trimeric transcription factor NF-Y and the Sp family of GC 

binding transcription factors. Together, these DNA-binding proteins recruit the histone 

acetyltransferase PCAF to the MDRl promoter, resulting in the acetylation of promoter

proximal histones and subsequent transcriptional activation that is likely mediated by further 

chromatin remodeling. Although the mechanism by which each agent transduces the signal 

that results in promoter activation has yet to be determined, the role of the MDRl 

enhanceosome in the regulation of transcription by a variety of stimuli makes it an attractive 

target for therapeutic intervention. 

1. 7.1.4 Post-transcriptional regulation: evidence for increased MDRl mRNA stability 

While much of the focus on understanding the normal regulation of MDRl gene expression 

in tissues is at the transcriptional level, there is growing evidence that suggests enhanced 

mRNA stability plays a key role in this regulation, most especially in those tissues which 

normally express the MDRl mRNA. The observed association between the localization of 

the MDRl gene product, P-gp, to the lumenal surface of hepatocytes, and the enhanced P-gp 

expression during rat liver carcinogenesis (Fairchild et aI., 1987; Thorgeirsson et aI., 1987; 

Nakatsukasa et aI., 1992; Bradley et aI., 1992) which correlated with the process of tumor 

progression (Bradley et aI., 1992; Nakatsukasa et al., 1992) has prompted studies on the 

regulation of P-gp in the liver as a model system to identify possible triggers whereby the P

gp system is dysregulated. Several important studies using the rat liver system led to the 

realization that mRNA stability was involved in P-gp over-expression. First, results by Lee et 

al. (1993) using gene specific probes generated fiom the 3'UTRs of each rat P-gp gene 

demonstrated that only one member of the P-gp gene family, class II P-gp, was strongly 

induced when hepatocytes were grown in primary culture. In addition, this over-expression 

24 



Introduction 

paralleled that of the cytoskeletal genes: actin and tubulin and suggested a possible common 

regulatory mechanism in primary rat hepatocytes. Second, the class II P-gp, which is 

expressed at a very low level in normal liver, has also been shown to be over-expressed in 

several models of rat liver carcinogenesis. By nuclear run on assays and mRNA decay 

studies, it was demonstrated that an increased rnRNA stability is the major mechanism 

involved in the increased expression of class II P-gp. Moreover, studies using various drugs 

also indicate that the integrity of the cytoskeleton is important for the maintenance of high 

expression of class II P-gp. Disruption of the cytoskeleton in cultured hepatocytes with 

cytochalasin D did not affect the transcriptional activity of the class II P-gp gene but rapidly 

destabilized its rnRNA. It is possible that an association between class II P-gp RNA and 

cytoskeletal elements may underlie the mechanism that regulates class II P-gp mRNA 

stability (Lee et ai., 1993). Perhaps the strongest evidence which supports mRNA stability 

came from the follow-up studies by Lee et ai. (1993) where they directly measured the in 

vivo mRNA half-life and performed nuclear run analysis of class II P-gp mRNA and a 

diverse group of unrelated genes which they have previously determined to be over

expressed in primary monolayer of adult rat hepatocytes during culturing (Lee et at., 1993). 

Interestingly, in 1998 their published results showed that these same transcripts were also 

over-expressed and stabilized in primary liver cancers and transplantable tumors (Lee et ai., 

1998). Their findings led them to suggest that increased mRNA stability is a primary 

mechanism contributing to over-expression of P-gp and other genes in rat liver tumors. 

Although this study focused on the rat counterpart of MDRl, it adds support to the 

knowledge that MDRI mRNA stability, although it still remains less characterized, may be a 

potential mechanism of MDRI mRNA over-expression in human liver tumors. An important 

point emerged from this study is the observed global mRNA stabilization of other genes 

besides MDRI. Does stabilization of the mRNA represent a characteristic mechanism for up

regulation of P-gp and other genes in rat liver tumors? If so, does this same mechanism 

operate in the human liver system? However, to date, no current knowledge of the human 

MDRI mRNA stabilization in vivo has been shown. However, several liver cancer cell lines, 

such as the human hepatoma line (HepG2) are now available to address this issue. 

1. 7.1.5 Determinants of MDRI mRNA Stability/decay 
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1. 7.1.5.1 Cis-elements: RNA sequences 

Specific cis-elements contribute to the steady-state level ofmRNA by promoting degradation 

or stabilization (Klausner et al., 1993; Ross 1996). Sequences that function as determinants 

to promote MDRI mRNA degradation have been identified in all regions of the transcript, 

such as the 5' Untranslated region (5' UTR), the protein coding region, and the 3' 

Untranslated region (3'UTR) (Figure 9). Among these, best characterized regions of MDRJ 

mRNA stability are located in the 3'-untranslated region. In fact, 3'UTR can direct mRNA 

decay independent to that of the remaining regions of the mRNA (Ross, 1996). 3'UTRs 

consist of sequence motifs which were found to be important in cellular processes such as 

sub-cellular localization, translation efficiency and mRNA stability (Ross, 1996). 

Interestingly, length of 3'- as well as 5'-UTR varies as a function of species (Figure 10). The 

3'UTR of the human multidrug resistance type 1 (hMDRl) mRNA is approximately 380 

nucleotides long and is very AU-rich (70%). The MDRI 3'UTR shares sequence similarities 

to the 3'UTRs of rapidly degraded mRNAs. By far, the best characterized mRNA decay 

determinants are adenylate-uridylate (AU) sequences in the 3'UTR. A large number of 

unstable mRNAs have been shown to have AU-rich sequences contained in their 3'UTRs 

(Rajagopalan and Malter, 1997; Maurer et al., 1999; Bloch, 1999). 

However, not all sequences have comparable destabilizing effects on reported mRNAs. 

MDRI mRNA contains AU sequences which are similar to rapidly degrading mRNAs of the 

c-myc, clos and the lymphokines. A destabilizing function for MDRI has been proposed 

(Marino et aI., 1990; Chen and Shyu, 1994) and previously published work has provided the 

first test of this hypothesis. Other studies suggested that the MDRI mRNA decays with a 

half-life of 10 hours or longer (Muller et aI., 1995). 

Previously published work of Prokipcak et al. (1999) has shown that the MDRI 3 'UTR does 

not behave as a classic ARE cis-element i.e. it does not function as an active mRNA 

destabilizer in human hepatoma cell line, HepG2. MDRI mRNA has an intermediate half life 

(8 h) compared to that of the c-myc (30 min) or GAPDH mRNA (> 24 hr). Furthermore, this 

half-life was prolonged (>20 h) upon exposure to cycloheximide, a protein synthesis 

inhibitor, suggesting the requirement of protein synthesis. Using B-globin chimeric mRNAs, 

whereby the 3'UTR of c-myc or MDRI was fused to the B-globin coding region, it was 
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Figure 9. The generic structure of a eukaryotic mRNA, illustrating some post-
transcriptional regulatory elements that affect gene expression. 
Abbreviations (from 5' to 3'): UTR, UnTranslated Region; m7G, 7-methyl-Guanosine cap; 
hairpin, hairpin-like secondary structures; uORF, upstream Open Reading Frame; IRES, 
internal ribosome entry site; CPE, Cytoplasmic Polyadenylation Element; AAUAAA, 
polyadenylation signal (Courtesy: Mignone et. al., 2002). 
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demonstrated that the c-myc 3'UTR, as predicted, destabilized the globin mRNA. However, 

the MDRI 3'UTR had no effect on the stability of the globin mRNA. 

1.7.1.5.2 Trans-acting factors: RNA-binding proteins 

The cis determinants discussed above playa role in determining the stability or decay of 

most mRNAs. However, a number of studies have show that although these elements may 

target an mRNA for degradation there are cases whereby a stimulus (such as a drug, 

hormone, intracellular factors) can in fact modulate the inherent mRNA half-life (Williams et 

al., 1993; Tian et al., 1998; Bloch, 1999; Blaxall et al., 2000; Liu et al., 2000). In majority of 

the studies to date, it has been shown that RNA-binding proteins form the primary means of 

regulating this half-life by their ability to bind to these elements or structures (Siomi and 

Dreyfuss, 1997). The nuclear RNA processing reactions mediated by interactions between 

proteins and relatively short cis-acting elements can be found almost anywhere along the 

RNA. However, an overriding majority of these interactions which regulate mRNA 

expression in the cytoplasm is regulated via the 3'UTRs (Cusack, 1999). 

Competition analysis showed that the MDRI 3'UTR had a five fold lower affinity for AU

binding proteins which are known to interact with c-myc AU-rich 3'UTR (Prokipcak et aI., 

1999). Overall the data suggest an association between the affinity of AU-binding proteins to 

the 3'UTR and the degree of MDRI mRNA stability. Thus, stability of the MDRI mRNA is 

the result of the interaction between specific cis-elements in its 3'UTR and trans-acting 

factors (RNA-binding proteins). The uniqueness of this interaction may contribute in part to 

the observed differences in mRNA half-life between MDRI and other genes bearing similar 

cis elements. 

1.7.2 Regulation of MDR in S. cerevisiae 

Molecular mechanism underlying the up-regulation of PDR genes in the development of 

multi drug resistance is well described in the baker's yeast S. cerevisiae, wherein several drug 

extrusion pumps like PDR5 Celeiotropic Drug Resistance), SNQ2 (Sensitivity to 4-

Nitroquinoline N-oxide) and YORI (Yeast Oligomycin Resistance), etc. have been implicated 

in the development of drug resistance. In S. cerevisiae MDR is known as PDR O~leiotropic 

Drug Resistance). Three networks of genes, PDR (Eleiotropic Drug Resistance), YRR (Yeast 
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Reveromycin A Resistance) and YAP (Yeast AP-l like factor) are mainly involved in 

multidrug resistance. More recently a repressor of grug resistance 1 (RDRI) has also been 

identified. Over-expression of yeast multidrug extrusion pumps results from over-production, 

genetic alterations (Y AP network) and or spontaneous point mutations (PDR network) in 

regulatory factors governing their expression. Some drug efflux transporters are also induced 

in the Msn2p-dependent manner (Wolfger et aI., 2004). Msn2p is the Cys2His2 Zn finger 

protein acting as a regulator in the general stress response pathway (Martinez-Pastor et al. 

1996). The major determinants of multidrug resistance in S. cerevisiae involve the 

transcriptional regulator PDRI and PDR3, which control the expression of ABC pumps, 

MFS transporters and other genes. Spontaneous dominant mutations which activate the 

master transcription regulators Pdrl p and Pdr3p result in spectacular multidrug resistance 

phenotypes (Balzi & Goffeau, 1995) which either actively extrude drugs out of the cell 

(Kolaczkowski & Goffeau, 1997) or modify their passive diffusion into the cell by altering 

the lipid composition of the cell bilayer. 

1.7.2.1 The PDR network 

The PDRI and PDR3 genes encode highly homologous transcription factors involved in the 

control of multidrug resistance in the yeast S. cerevisiae. Both genes belong to the family of 

Gal4p-like proteins characterized by the N-terminal DNA binding domain of the Zn(II)2-Cys6 

binuclear cluster DNA-binding motif with the consensus sequence of CySX2CysX6CySXs_ 

12CysX2CySX6_SCys (Delahodde et aI., 1995). They recognize the consensus sequence 

5'TCCGCGGA3' designated as PDRE (PDR Responsive Element) present in the promoters 

of target genes. The target genes code for the A TP binding cassette (ABC) transporters 

(PDR5, SNQ2, YORI, PDRIO, PDRII, PDRI5, BATJ) and the transporters (HXT9, HXTII, 

FLRJ) belonging to the major facilitator super-family (MFS) (Figure 11). Their over

expression due to mutations either in the PDRI or PDR3 genes results in the increased efflux 

of cytotoxic compounds from the cells and establishment of multidrug resistance. The PDR 

network is currently known to comprise 10 transcription factors regulating about 70 different 

target genes. In this network, the Pdrlp transcription factor has the largest set (about 30) of 

potential targets. 

Despite their structural (36% identity, 57% similarity over the entire amino acid sequence) 

and global functional similarities, Pdrl p and Pdr3p play distinct roles. Disruption of PDRI 
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Figure 11. The PDR network. 
Genes in the centerline represent target genes of transcriptional regulators depicted above and 
below. Note that the cartoon only lists genes of the ABC family. The yeast PDR network also 
contains non-ABC genes whose function has not established in many cases (see text for details). 
Red lines indicate a negative regulatory impact, while black lines ending with an arrow indicate 
positive regulation (Courtesy: Jungwirth and Kuchler, 2006). 
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has a more pronounced effect on drug sensitivity than disruption of PDR3. However, 

sensitivity to a set of drugs, such as rhodamine 6G or diazoborine (Kolaczkowska & Goffeau, 

1999) is more affected by the inactivation of the PDR3 gene. The role of PDR1 is well 

documented by genetic experiments showing that the PDR1 locus is associated with 

resistance to more than 20 structurally unrelated inhibitors of both cytoplasmic and 

mitochondrial function (Kolaczkowska & Goffeau, 1999) or with permeability to small 

molecules like estradiol. Single point mutations in the PDR1 locus (pdr 1-2, pdr 1-3, pdr 1-6, 

pdrl-7, pdrl-8) increase to various extents the mRNA level of downstream target genes, 

such as PDR5, SNQ2, YOR1, PDR10, PDR15 and the newly identified PDR16. Similarly, 

PDR3 mutant alleles (pdr3-2 to pdr3-1 0) have been shown to activate the expression of the 

PDR5, SNQ2, PDR15 and PDR3 genes (Kolaczkowska and Goffeau, 1999). 

Recent DNA microarray analysis has shown that the transcription levels of several soluble 

proteins (which functions not obviously related to cellular efflux of drugs) are also regulated 

by PDRlIPDR3 genes. This signifies the universal role of Pdrlp and Pdr3p in regulating 

varied physiological functions of S. cerevisiae. Remarkably, Pdrl p and Pdr3p can positively 

or negatively regulate expression of target genes, implying that additional factors modulate 

their activity (Martens et al., 1996; Saleh et aI., 1997). 

1.7.2.1.1 Molecular mechanism of PDR network activation upon exposure to antifungal drug 

In S. cerevisiae, mutation of a single nucleotide in the genes encoding the transcription 

factors Pdrl p or Pdr3p could initiate multi drug resistance; these factors control the 

expression of several ABC efflux pumps (Carvajal et al., 1997; Nourani et aI., 1997; DeRisi 

et aI., 2000). Rapid and transient activation of drug-efflux genes is also observed8 when 

fungi are treated with high concentrations of antifungal drugs. Thakur et al. (2008) find that 

various antifungal drugs and other xenobiotics (alien substances) can bind directly to a 

hydrophobic domain (XBD) in Pdrlp and Pdr3p, and that this binding leads to drug

dependent activation of drug-efflux genes. Thakur et al. (2008) make another intriguing 

observation: deletion of the gene encoding the GallI protein decreases drug-dependent 

expression of Pdr5p and other drug-efflux pumps. GallI p is one of the 20 subunits of the 

yeast Mediator complex, which recruits the RNA polymerase II machinery for the 

transcription of specific sets of genes. Thakur and colleagues (2008) show that the activation 
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Figure 12. Transcriptional activation of PDR network upon exposure to antifungal 
drug. 
(1) Within a fungal cell, an antifungal drug might bind to the XBD domain of the 
transcription factors Pdrl plPdr3p, which associate with the promoter sequence for drug
efflux genes such as PDR5. 
(2) This would allow the binding of the GallI p subunit of the Mediator complex through its 
KIX domain to the drug-PdrllPdr3p-DNA complex. The Mediator complex would then 
facilitate. 
(3) recruitment of RNA polymerase II (Pol II) and 
(4) increased transcription of PDR5. PDR5 is one of a family of genes that encode drug
efflux pumps such as ABC transporters. 
(5) At the cell membrane, these pumps allow the efflux of the antifungal drug, thus 
diminishing the fungal cell's susceptibility to the toxic compound. 
(Courtesy: Goffaeu, 2008). 
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domain of Pdrl p/Prd3p at their carboxyl termini interacts with the KIX domain of GallI p, 

and that this interaction is enhanced by antifungal drugs (Figure 12). 

More over, they show that the yeast KIX domain is structurally similar to its mammalian 

counterpart, which can also bind to yeast Pdrl p. Mammalian KIX domains interact with 

specific transcription factors known as nuclear receptors, which affect cholesterol 

biosynthesis and other aspects of lipid homeostasis. Similarly, in yeast, several aspects of 

lipid homeostasis depend on Pdrl p/Pdr3p (DeRisi et aI., 2000), and this process is now 

shown to be regulated by the KIX domain (Thakur et al., 2008). With the discovery of the 

involvement of new molecular domains (XBD in Pdrlp/Pdr3p and KIX in Gaillp) in the 

pathway leading to antifungal-drug resistance, Thakur and colleagues (2008) argue that there 

is now reason to redirect the long-standing search for small molecules that inactivate 

resistance (Lamping et aI., 2007). But finding such small molecules to prevent drug

Pdrlp/Pdr3p interaction might be difficult, because this interaction is of limited specificity. 

Nonetheless, the successful use of the oestrogen-receptor antagonist tamoxifen in the 

treatment of breast cancer indicates that small molecules antagonizing oestrogen-PXR 

interaction could be found. The similarity between drug-Pdrl p/Pdr3p interaction and 

oestrogen-PXR interaction gives reason to believe that drug-Pdrlp/Pdr3p interaction could 

also be blocked with small molecules. And a broad screen, which is not restricted to the 

blockage of drug-Pdrlp/Pdr3p interaction but can detect any inhibitor molecule that reduces 

Pdrl/Pdr3p activity, has already been reported by Kozovska and Subik (2003). 

1.7.2.1.2 Other PDR regulators 

Pdrl p is post-transcriptionally regulated by Pdrl3p, which is the unique yeast member of the 

Hsp70 protein family (Kolaczkowska and Goffeau, 1999). Pdrl3p regulates the function of 

Pdrlp but not ofPdr3p (Figure 11). Over-production or gain-of-function mutation (S295F) of 

Pdr13p elevates Pdrl p wild-type activity. Yeast cells carrying inactivated PDRJ3 gene 

exhibit cold-sensitive growth defect. Phenotype analysis of the strain lacking the PDR13 

gene shows its possible connection with the general-stress response system. In the pdr 13 

knockout strain, the induced expression of several genes containing STRE elements being 

under the control of the general stress response factors Msn2p and Msn4p, is observed. 

Tested genes include CITl (cytoplasmic catalase), HSP 12 (heat shock protein) as well as 
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CUP I (metalothionine). PDR6 gene has recently been shown to be a member of an important 

RanBP7/importin-BICselp superfamily of Ran GTP-binding proteins. Since these proteins 

are involved in nuclear transport, Pdr6p is implicated to be a novel candidate protein 

involved in the regulation of nuclear transport of transcription factors involved in multidrug 

resistance (Capieaux et ai., 1991; Gorlich et at., 1997; Pennisi, 1998). Two loci, PDR7 and 

PDR9, both localized on chromosome II, were reported to affect the transcription of the 

PDR5 gene (Dextar et at., 1994). Mutants of both genes, isolated as spontaneous suppressors 

of the hypersensitive pdr I knockout derivative restore resistance to cycloheximide and 

sulfometuron methyl. Since these genes have not yet been identified within the sequence of 

chromosome II, it is difficult to predict their role within the PDR network. 

Genomic approaches uncovered another zinc finger regulator, Pdr8p, as involved in the PDR 

network (Hikkel et at., 2003). Pdr8p mediates resistance to ketoconazole and oligomycin, 

operating mainly through Yrrlp and its respective target genes. Recently another 

transcription factor, Rdrlp (Repressor of grug resistance 1; YOR380W), belonging to the 

Gal4 family of zinc cluster proteins has been identified to be a repressor of PDR5 gene via 

PDRE, a cis-regulatory element also shared by PDRIIPDR3 (Hellauer et at., 2002). 

I1rdr I I I1rdr I strain has increased resistance to cycloheximide, as expected from the over

expression of PDR5. In addition, the activity of a PDR5-tacZ reporter is increased in I1rdrl 

strain. Also it has been shown that Rdrlp interacts with the PDREs and mutations known to 

reduce binding of PdrllPdr3p abolished the induction observed in the I1rdrl strain (Hellauer 

et at., 2002). Heterodimers of Rdrlp with Pdrlp or Pdr3p compete with Pdrlp/Pdr3p for 

binding to PDREs (Hellauer et ai., 2002). Akache and Turcotte (2002) have done by the 

phenotypic analysis of 33 genes encoding yeast zinc cluster proteins in order to better 

understand their functional role in MDR phenomenon. In this endeavor, they have identified 

that deletion mutants of nine such genes- RDSI, UPC2, STB5, ECM22, HAL9, YILI30W, 

YKL222C, RDS2, and RDS3, are either resistant or sensitive to at least one drug. Of these 

deletion of STB5 greatly decreased RNA levels of SNQ2 and PDRl6 (and to lesser extent 

PDR5), thereby suggesting that Stb5p activates the expression of MDR genes (Akache et ai., 

2004). Stb5p activates transcription by binding to PDREs, the same elements found to be 

critical for Pdrlp and Pdr3p activity. Stb5p acts predominantly within a Pdrlp heterodimer, 
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while no interactions occur with Pdr3p or YrrIp, the latter is only present as a homodimer 

(Akache and Turcotte, 2002; Akache et aI., 2004). 

Recently, yet another novel zinc finger regulator, Warlp, was identified as the mam 

modulator of weak acid stress adaptation through transcriptional control of PDRI2 (Kren et 

al., 2003). Warlp controls a rather small regulon (Schuller et al., 2004), forms homodimers, 

is activated by stress-triggered hyper-phosphorylation (Frohner et aI., unpublished 

observations), and decorates a cis-acting weak acid response element in the PDR12 promotor 

(Kren et al., 2003, Schuller et ai., 2004). Ecm22p and Umc2p are members of the 

Zn(II)2Cys6 transcription factors involved in regulation of membrane sterol homeostasis 

(Crowley et al., 1998; Vik and Rine, 2001) through control of ABC transporters. Based on 

genome-wide transcriptional profiling of a Upc2-1 gain-of-function mutant strain that 

exhibits aerobic sterol influx, PDR11 and A US1 were identified as major determinants 

required for uptake of free sterols under conditions of impaired ergosterol biosynthesis 

(Wilcox et al., 2002). 

The ABC transporter Pdrl5p is induced upon various stresses, including heat shock, high 

osmolarity and weak acid stress in an Msn2p-dependent manner (Wolfger et aI., 2004). The 

Cys2His2 zinc finger protein Msn2p, a master regulator of general stress response pathway, 

modulates a large set of genes in response to a variety of different environmental stimuli 

(Gasch et aI., 2000). Interestingly, Pdr15p stress induction requires Msn2p (Wolfger et aI., 

2004), but bypasses upstream components of the HOG pathway (Seet and Pawson, 2004), 

suggesting the existence of a novel as yet undisclosed HOG signaling branch converging at 

the downstream Msn2p regulator (Wolfger et aI., 2004). 

Moreover, Pdrl5p levels are strongly elevated in cells undergoing diauxic shift, while 

expression of Pdr5p almost completely disappears (Marnnun et al., 2004; Wolfger et aI., 

2004). Thus, Pdrl5p and Pdr5p may perform non-overlapping functions related to 

detoxification in different growth phases or under certain metabolic conditions. 

1.7.2.2 YRR1 and YRM network 

Yrr 1 was recently identified as a Zn2Cys6 transcription factor involved in control of the PDR 

phenomenon (Cui et al., 1998). It was isolated by reveromycin A resistance screening (Cui et 

al., 1998). Gain-of-function mutations in its activation domain confer high level resistance to 
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the cell cycle inhibitor reveromycin A, to the DNA-damaging agent 4-nitroquinoline-N-oxide 

and to oligomycin (Zhang et al., 2001; Le Crom et aI., 2002). YRRI deletion leads to 

hypersensitivity to 4-nitroquinoline-N-oxide (4-NQO) and oligomycin but not to 

cycloheximide (Cui et al., 1998). SNQ2 gene is involve,d in YRRI-mediated NQO resistance, 

as suggested by observations that SNQ2 confers resistance to 4-NQO (Decottignies et aI., 

1998; Servos et aI., 1993). Promoter deletions have also demonstrated that Yrrlp interacts 

with the promoter region of SNQ2 (Zhang et aI., 2001). Yrrl affects oligomycin resistance by 

activating YORI expression via a region in the YORI promoter that is very similar, but not 

identical, to the PDRE elements recognized by Pdr 1 /Pdr3 and RDRI (Zhang et al., 2001). 

Thus, YRRI is involved in complex PDR network regulation, directly activating SNQ2 and 

YORl, both of which are common targets of Pdrl p, Pdr3p and another regulator of MDR, 

Yaplp. As Pdrlp activates Yrrlp (Zhang et aI., 2001), it seems highly likely that YRRI plays 

a major role in PDR regulation network. An intricate interplay of cross-regulation links 

YRRl, PDRl, and PDR3. PDRI regulates PDR3 and YRRl, both of which regulate their own 

expression (Delahodde et aI., 1995; Zhang et al., 2001), see Figure 13. In addition, different 

post-translational processes, including nuclear targeting or heterodimer formation (Mamnun 

et aI., 2002), may be involved in different regulatory pathways. 

Genome-wide analyses have established that the sets of target genes directly regulated by 

these three transcription factors display considerable overlap (DeRisi et aI., 2000; Devaux et 

al., 2001; Le Crom et aI., 2002). Most of these co-regulated genes encode for proteins 

involved in the structural organization of the plasma membrane. These proteins include ABC 

and MFS transporters, together with proteins involved in the control of specific steps in lipid 

biosynthesis. Accordingly, the drug resistance phenotypes conferred by the gain-of-function 

mutations for the three transcription factors reflect changes in plasma membrane 

composition. Thus, discrete changes in plasma membrane properties can be accomplished 

through sophisticated cross-regulations between several transcription factors, not all of which 

have been identified (Akache & Turcotte, 2002; Moye-Rowley, 2002). 

YRM 1 (Yeast Reveromycin resistance Modulator) encodes another Zn(II)2Cys6 regulator 

acting as a specific inhibitor of Yrrlp.\ In the absence of Yrrlp, Yrmlp activates the 

transcription of most genes regulated by Yrrl p, reflecting the high level of complexity of the 

regulatory processes controlling drug resistance phenotypes in yeast (Lucau-Danila et aI., 
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All the regulated genes found to be activated by Yrrlp fall into the three main 
characterized functional groups: MFS permease, ABC transporter, and metabolic genes. 
For all these genes, the consensus PDRE sequence is shown as an open circle. Most of 
these genes are also regulated by Pdrl p, Pdr3p, and Yap 1 p. These transcription factors 
control the expression of other transcription factors (dotted arrows) or, in some cases, 
their own expression (YRRI and PDR3). Finally, the most common drugs used (4-NQO 
and oligomycin) are marked next to the genes associated with specific resistance. 
(Courtesy: Le Crom et at. , 2002) . 
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2003). YRM1 is homologous (41 % identities) to YRR1. The degree of similarity is higher in 

the zinc finger domain, but the two proteins display considerable similarity throughout the 

entire length of their sequences. The sequences in the Cys regions are quasi-identical 

suggesting that the two factors recognize similar DNA binding motifs. 

Microarray experiments were carried out to determine whether Yrm1 was a transcription 

factor and to identify the corresponding direct target genes. The situation turned out to be 

more complex than expected: Yrm1 acts as a transcription factor and interacts with the 

promoter of the target genes only in the absence of Yrr 1. The sets of target genes directly 

regulated by YRR1 or YRM1 are similar, but not identical (Figure 14). Alternative promoter 

occupancy thus plays a key role in this cross-regulation adding a new degree of complexity to 

the cell drug response (Akache & Turcotte, 2002). 

1.7.2.3 YAP network 

Yap 1 p, the first member of the family of Yaps to be described, was initially identified by its 

ability to bind and activate the SV-40 AP-l recognition element (ARE: TGACTAA). Based 

on its ARE binding capacity, this factor was purified as 90Kda protein and the corresponding 

gene was cloned by screening a Agt 11 library with a monoclonal antibody against Yap 1 p 

(Harshman et ai., 1988). Subsequently this gene was also found in multi-copy transformants 

resistant to the iron chelators 1,1 O-phenanthroline and I-nitroso-2-naphtol (Schnell et ai., 

1992) as well as to a variety of drugs including 4-nitroquinoline-N-oxide, N-methyl-N-nitro

N-itrosoguanine, triaziquone, sulphomethuron methyl and cycloheximide, the locus being 

historically designated PARI1SNQ3/PDR4 (Hertle et ai., 1991; Hussain and Lenard, 1991; 

Haase et aI., 1992). Yap 1 p have also been implicated in ABC gene regulation, although their 

precise role in PDR or stress response has not been unraveled so far (Moye-Rowley, 2003; 

Rodrigues-Pousada et aI., 2004). Yaplp decorates promoters of SNQ2 and YCFl to 

modulate their expression (Moye-Rowley et ai., 1989; Wemmie et aI., 1994). 

Notably, another member of the b-ZIP family, Yap8p, also participates III arsenite 

detoxification by regulating Y cfl p expression (Wu et ai., 1993; Bobrowicz et ai., 1997). 

Interestingly, recent studies revealed a link between Yap 1 p and the aging process, because 

over-expression of YAP 1 significantly improves survival during chronological aging in yeast 

cells (Herker et ai., 2004), possibly through Y cfl p expression regulation (Jungwirth et ai., 
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Figure 14. The yeast multidrug resistance phenomenon is controlled by a pair of 
paralogous transcription factors, which are themselves interconnected. 
The square plus indicates transcriptional regulation whereas the circle minus 
indicates post-transcriptional regulation. PDRlIPDR3 were the first example of 
paralogous transcription factors acting on the drug resistance phenotype to be 
identified. They positively regulate a set of genes, most of which encode for plasma 
membrane proteins (3, 4), but they also regulate the expression of YRRl. The target 
genes directly regulated by YRRlIYRMl and by PDRlIPDR3 are indicated by a 
black square (right). The genes directly regulated by PDR8 and by YRRlIYRMl are 
indicated by black triangles. Note that FLRl is regulated by YRRl only. 
(Courtesy: Lucau-Danila et aI., 2003). 
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unpublished data). Besides YAP1, a second gene, YAP2, conferring resistance to 1,10-

phenanthroline in transformed cells over-expressing a multicopy yeast library, was also 

described (Bossier et al., 1993). This gene encodes a 45 KDa protein that also binds the ARE 

cis-acting element. Sequence homologies identified it as CAD1, due to the acquisition of 

cadmium resistance in cells over-expressing a multi-copy genomic library (Hirata et aI., 

1994). Later, it was shown that these cells gain resistance to cycloheximide (Bossier et aI., 

1993; Wu et al., 1993). The sequence of the YAP 1 and YAP2 genes revealed the presence of a 

bZip family domain in the N-terminus homologous to the true budding yeast AP-l factor 

Gcn4p and to c-Jun in mammalian counterpart. Six more factors of b-Zip family YAP3-8 

homologous to the YAP1 and YAP2 was identified by sequence alignment. The Yap family 

binding site Was thus subsequently characterized as TTAC/GTAA (Fernandes et aI., 1997) 

for Yaplp-Yap4p. So far the corresponding binding site for Yap5p-Yap8p has not been 

characterized, although incase ofYap8p it appears to be TTAATAA (Wysocki et al., 2004). 

1.7.2.3.1 YAP network and its interaction with PDR 

Yaplp seems to be involved in stress-dependent activation of certain PDR genes, which 

suggests a functional interplay between YAP and PDR networks in S. cerevisiae (Wu et al., 

1993). The PDR5 and SNQ2 genes, possess, in addition to PDRE, YAP response elements 

(YRE) in their promoters (Miyahara et al., 1996; Fernandes et aI., 1997). The presence of a 

functional YAP 1 gene was reported to be required for the expression of SNQ2 stimulated by 

external stress conditions (Wolfger et al., 1997). Thus, at least one PDR target gene, SNQ2, 

could be under the control of the general stress response pathway via Yap 1 p. 

On the other hand, a S. cerevisiae strain overproducing Cap 1 p, the homologue of Yap 1 p 

from C. albicans or its truncated version, not only shows dramatically enhanced mRNA level 

of the MFS transporter-FLR1 but also slightly elevated level of the PDR5 transcript. Thus, it 

seems that Yaplp could contribute to the control of 4-NQO and cycloheximide resistance via 

genes encoding ABC transporters, such as SNQ2 and PDR5 and/or MFS transporters (Figure 

15). The YAP1-mediated diazoborine and 4-NQO resistance are mainly dependent on the 

PDR3 gene (Wendler et al., 1997). Furthermore the double pdrl pdr3 knockout strain is 

hypersensitive to diazoborine even when YAP 1 is over-expressed, demonstrating a 

requirement of intact PDR1 and PDR3 loci for Y API-mediated resistance to that drug 
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Figure 15. A schematic diagram showing the cross talk between the Y API and PDR 
networks in S. cerevisiae. 
Yapl-mediated resistance to 1, lO-phenanthroline, cycloheximide, and probably cadmium 
is independent from PDRl or PDR3. In contrast, Yapl-mediated resistance to diazaborine 
and 4-NQO is exerted mainly via PDR3. The contribution of PDRl to diazaborine 
resistance may be either direct or indirect through PDR3. 
(Courtesy: Wendler et aI., 1997). 



Table 5: Trans-regulatory factors controlling the PDR in S. cerevisae. 

TFs Description Target genes Functions 

Pdrl Zn(II)2Cys6 PDR3, PDR5, PDRIO,PDRI5, PDRI6, IPTGI, SNQ2, Activation of PDR genes 
YORI, HXT9, HXTll 

Pdr3 Zn(II)2Cys6 PDR3, PDR5, PDRI5, PDRlO, SNQ2, YORI, HXT9, Activation of PDR genes 
HXTll 

Pdr8 Zn(II)2Cys6 PDRI5, YORI Regulation ofPDR 

Pdrl3 HSP 70 PDRI Post-translational Pdr1 p regulation 
homologue 

Stb5 Zn(JI)2Cys6 PDR5,SNQ2 Regulation of PDR, Pdr 1 p-heterodimer 

Warl Zn(II)2Cys6 PDR12 Regulation of weak acid stress response 

Ecm22/ Zn(II)2Cys6 PDRII, AUSI Regulation of sterol biosynthesis 
Upc2 

Rdrl Zn(II)2Cys6 PDR5, PDRI5, PSDRI6, PH084, YOR049C Repressor of drug resistance genes 

Yrrl Zn(U)2Cys6 SNQ2, YORI, FLRI, AZRI, SNG 1, YLLo56C, YLR346C, Activation of PDR and repressor of Yrml 
YRMI 

Yrml Zn(H)2Cys6 YRRI, SNQ2, YORI, AZRI, SNGI, PDRI6, TP04 Activation of PDR and repressor of Yrmi 

Yapll bZip PDR5, SNQ2, YORI, YCFI, TRX2, GSHI, GLRI, FLRI, Oxidative stress and heavy metal stress 
Yap8 ATRI response 

Msn2 Cys2His2 PDRI5 Regulation of general stress response 

Nggl -- PDRI,PDR3 Inhibition ofPDRlp activity 
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(Wendler et aI., 1997). This, together with the observation that Yaplp indirectly affects 

diazoborine resistance suggests the existence of a Yap 1 p-dependent activation of Pdr3p (but 

much less of Pdrl p) rather than direct Yap 1 p binding to the gene( s) responsible for multidrug 

resistance. 

1. 7.2.3.2 Complex interplay among MDR regulators in S. cerevisiae 

The Gal4p family of yeast zinc cluster proteins comprises regulators of MDR genes in S. 

cerevisiae as described above. These zinc cluster proteins contribute differently to the 

regulation of specific PDR genes. For example, induced-expression of FLRl, a gene involved 

in PDR (Alarco et aI., 1997), is dependent on Pdr3p but not Pdrlp (Broco et at., 1997). 

Conversely, a deletion of Pdrlp greatly diminishes expression of PDR5 while removal of 

Pdr3p has marginal effects (Mah€: et aI., 1996). Moreover, deletion of PDRl or PDR3 results 

in increased or decreased expression of PDRl5 (a homologue of PDR5), respectively 

(Wolfger et aI., 1997). This pattern of regulation is further complicated by the fact that Pdr3p 

undergoes positive auto-regulation (Delahodde et aI., 1995), while expression of YRRl is 

under the control of Pdrlp/Pdr3p and itself (Zhang et aI., 2001). Growth conditions also 

modulate Pdr3p expression (Mamnun et aI., 2004). Moreover, activity ofYrrlp is negatively 

regulated by over-expression of the zinc cluster protein Yrml p (Lucau-Danila et aI., 2003). 

The observation that zinc cluster proteins form various combinations of dimers will be 

invaluable in better understanding the complex regulation of PDR genes. Different 

combinations of PDRl or PDR3 homo- and hetero-dimers may regulate the expression of 

different genes, which might help explain how these two proteins act differently. For 

example, Pdrl p and Pdr3p bind as homo- or hetero-dimers to pleiotropic drug response 

elements (PDREs) found in promoters of target genes. Pleiotropic drug response elements 

(PDREs) present in the promoters of their target genes, ABC transporters, as well as in the 

PDR3 promoter have been shown to be important in the regulation of these genes. Pdrl p, 

Pdr3p, Stb5p, and Rdrl p all act through this element, with Pdrl p, Pdr3p, and Stb5p able to 

bind to an everted repeat CCGCGG. Characterization of PDREs in the PDR3 promoter 

indicates its auto-regulation. Even though they act through the same element, all these zinc 

cluster proteins may perform different functions. 

To better understand the interplay among these activators, Akache et al.(2004) performed 

native co-immunoprecipitation experiments using strains expressing tagged zinc cluster 
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Figure 16. A schematic diagram of interactions among zinc cluster PDR regulator of S. 
cerevisiae. 
Arrows indicate zinc cluster protein interactions identified. rhoo denotes petite mutant. See text 
for detail (Courtesy: modified from Akache et aI. , 2000) . 
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proteins from their natural chromosomal locations as well as glutathione S-transferase pull

down assays and reveals that Stb5p was found predominantly as a Pdr 1 p heterodimer and 

shows little homodimerization. No interactions of Stb5p with Pdr3p or Yrrlp was detected. 

In contrast to Stb5p, Yrrlp is only detected as a homodimer. Importantly, the purified DNA 

binding domains of Stb5p and Pdrlp were also bound to a PDRE as heterodimers in vitro. 

These results indicates that the DNA binding domains of Pdrl p and Stb5p are sufficient for 

heterodimerization. The interactions among these various transcriptional activators are 

summarized in Figure 16. 

In conclusion, these results demonstrate that the four zinc cluster protein activators of MDR 

genes do not act individually. Instead, there is existence of a complex interplay among these 

activators as they form various populations of homo- and hetero-dimers (Figure 16). There 

may be differences in the binding specificity or activity of each of these populations, 

allowing for a very specific and varied expression of genes involved in PDR. Pdrlp was the 

only protein able to show multiple interactions indicating that it is similar to mammalian 

nuclear receptor RXR in its ability to recruit various partners. With at least four different zinc 

cluster proteins regulating the expression of PDR genes via different PDREs, the cellular 

ability to respond to drugs is much more adaptable and flexible to fine tune the regulation of 

MDR genes. 

1.7.3 Regulation of MDR in C. albicans 

C. albicans also harbors Pdr5p-like ABC pumps i.e. CDRl, CDR2 and Flrlp-like MFS 

transporters i.e. CaMDRl. Hence it would appear that there would be some similarity in the 

transcription regulatory factors governing multi drug resistance between C. albicans and S. 

cerevisiae. However this does not appear to be the case as reports show that regulation of 

expression is quite different in both the strains. In C. albicans at least two mechanisms lead 

to clinical fluconazole resistance: alteration of the drug target (lanosterol 14-a demethylase) 

as reviewed in a previous section and a decrease of drug accumulation associated with over·· 

expression of multidrug ABC transporters, such as CDRl, CDR2 or the MFS transporter 

BENr/CaMDRl, see Figure 2 (Fling et al., 1991; Sanglard et al., 1995 and 1997). The latter 

mechanism seems to be responsible for an early response developing rapidly after exposure 

to fluconazole, whereas genetic alterations in target genes and/or trans-acting regulatory 
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factors are also observed in long tenn treatment (Franz et al., 1998a). Several trans-acting 

factors of C. albicans identified by functional complementation in I1PDRIII1PDR3 S. 

cerevisiae strains were unable to regulate the MDR genes expression in C. albicans (Talibi 

and Raymond, 1999). Yeast to hyphal transition has been associated to the virulence of C. 

albicans and several regulatory pathways involved in yeast to hyphal transition (EFG] , 

CPHl, TVPl, NRGl) has been established, however no direct evidence for the evolvement 

of these regulatory pathways in CDR] regulation has been established yet. 

1.7.3.1 ERGll 

Mechanisms of resistance to the azole antifungal agents that have been described for C. 

albicans include increased expression of the ERG]] gene encoding 14-a lanosterol 

demethylase. Mutations in ERG]] that interfere with the ability of the azole to bind to its 

target can also confer resistance (White, 1997b; Franz et al., 1998a; Sanglard et aI., 1999b; 

Kelly et aI., 1999a and 1999b; Lamb et al., 2000; Kakeya et aI., 2000; Perea et al., 2001). 

Previous studies have shown that ERG]] transcript levels vary depending on the growth state 

of the culture in both S. cerevisiae and C. albicans (Turi and Loper, 1992; Krishnamurthy et 

al., 1998; Henry et al., 2000; Lyons and White, 2000) and in response to azole antifungals 

(i.e., fluconazole, itraconazole, and ketoconazole), wild-type C. albicans strains over-express 

ERG]] and other genes involved in ergosterol biosynthesis (De Backer et aI., 2001; Copping 

et aI., 2005; Liu et al., 2005). In a previous study of transcriptional regulation of the ERG 11 

promoter, the full-length C. albicans ERG 11 promoter was fused to the luciferase reporter 

gene (Rluc) from Renilla reniformis (PR1uc) shows maximal induction under azole drug 

pressure, but not during logarithmic growth but as cells apprQach stlltionary phase, probably 

because the cells have exhausted sterol stores, such as lipid droplets, at this time (Song et al., 

2004). This effect was observed for several azole drugs as well as for fenpropimorph and 

terbinafine, suggesting that it is related to ergosterol depletion more than any specific 

intennediate in the ergosterol pathway. The high levels of azole induction as cells approach 

stationary phase were observed only when the cells were grown under continuous drug 

pressure. The ERG 11 promoter activity was shown to parallel nascent sterol synthesis and to 

be inversely proportionate to total ergosterol levels. Overall, it appears that the ERG} 1 

promoter is activated in response to sterol depletion in the cell, regardless of the mechanism 

of that depletion (Song et aI., 2004). Subsequent 5'-deletions and linker scan mutations of 
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ERG 11 promoter localized the region important for azole induction to a segment from bp -

224 to -251 upstream of the start codon, specifically two 7 -bp sequences separated by 13 bp, 

see Figure 17 A (Oliver et aI., 2007). These sequences form an imperfect inverted repeat and 

has homology to the §terol response ~lement (SRE; TCGTATA) from S. cerevisiae and was 

regulated by the transcription factor Upc2p, which has been implicated in sterol regulation in 

both S. cerevisiae and C. albicans (Oliver et al., 2007). This region was recognized by the 

transcription factor Upc2p and functions as an enhancer of transcription, as it can be placed 

upstream of a heterologous promoter in either direction, resulting in the azole induction of 

that promoter (Oliver et al., 2007). This promoter constructs are not azole inducible in the 

/1upc2/ /1upc2 homozygous deletion, demonstrating that Upc2p controls the azole induction 

of ERG 11. These results identify an azole-responsive enhancer element (ARE) in the ERG 11 

promoter that was controlled by the Upc2p transcription factor. No other ARE was present in 

the ERG 11 promoter. The activity of the ARE was UPC2 dependent, suggesting that Upc2p 

regulates ERG genes through direct binding to these ARE (Oliver et aI., 2007). Thus, this 

ARE and Upc2p were necessary and sufficient for azole induction of ERG 11. 

Regarding the C. albicans transcription factor Upc2p (!lQtake fontrol 2.), which regulates 

sterol metabolism, has been identified and characterized (MacPherson et aI., 2005; Silver et 

al., 2004; White and Silver, 2005) based on its homology to the known S. cerevisiae factors 

Upc2p and Ecm22p. Gene deletion of UPC2 in C. albicans results in significant increases in 

drug susceptibility to azoles and other ~rgosterol Qiosynthesis inhibitor§ (EBls) (Silver et al., 

2004; MacPherson et al., 2005; White and Silver, 2005). The /1upc2//1upc2 homozygous 

deletion strain also shows reduced accumulation of radio-labeled cholesterol and reduced 

cellular ergosterol levels. Northern blot analysis of mRNA hybridized with several genes in 

the ergosterol pathway, including ERG 11, demonstrated that azole induction of these genes 

did not occur in the !J.upc2//1upc2 strain (Silver et al., 2004). Finally, the DNA binding 

domain (DBD) of the C. albicans Upc2p was shown to bind to a region of the ERG2 gene 

containing a sequence with homology to the sterol response element (SRE) previously 

identified in S. cerevisiae (MacPherson et aI., 2005). This suggests that Upc2p is an 

important transcription factor in the cell's response to azole drugs because of its role in the 

regulation of sterol metabolism. 
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Recent genome-wide location profiling identifies the in vivo transcriptional targets ofUpc2p, 

which includes 12 genes involved in ergosterol biosynthesis (NCP1, ERGll, ERG2 and 

others), 18 genes encoding ribosomal subunits (RPS30, RPL32, RPL12, and others), 3 genes 

encoding drug transporters (CDR1, MDR1, and YOR1), 4 genes encoding transcription 

factors (IN02, ACE2, SUTl and UPC2) , and 6 genes involved in sulfur amino acid 

metabolism (MET6, SAM2, SAH1, and others) (Znaidi et at., 2008). Bioinformatics analyses 

suggested that Upc2p binds to the DNA motif 5'-VNCGBDTR that includes the previously 

characterized Upc2p binding site 5'-TCGTATA (Znaidi et at., 2008). Northern blot analysis 

showed that increased binding correlates with increased expression for the analyzed Upc2p 

targets (ERGll, MDR1, CDR 1 , YOR1, SUTl, SMF12 and CBPl). The analysis of ERGll, 

MDRl, and CDR1 transcripts in wild-type and !':!,.upc2/ !':!,.upc2 strains grown under Upc2p

activating conditions (lovastatin treatment and hypoxia) showed that Upc2p regulates its 

targets in a complex manner, acting as an activator or as a repressor depending upon the 

target and the activating condition (Znaidi et at., 2008). Taken together, these results indicate 

that Upc2p is a key regulator of ergosterol metabolism and contribute to azole resistance by 

regulating the expression of drug efflux pump-encoding genes as well as its own 

transcription by an auto-regulatory mechanism in addition to ergosterol biosynthesis genes. 

More recently, using genome-wide gene expression profiling, it has been shown that UPC2 

and other genes involved in ergosterol biosynthesis were coordinately up-regulated with 

ERG 11 in a fluconazole-resistant clinical isolate compared with a matched susceptible isolate 

from the same patient (Dunkel et at., 2008). Sequence analysis of the UPC2 alleles of these 

isolates revealed that the resistant isolate contained a single-nucleotide substitution in one 

UPC2 allele that resulted in a G648D exchange in the encoded protein (Dunkel et at., 2008). 

Introduction of this mutated allele into a drug-susceptible strain resulted in constitutive up

regulation of ERG 11 and increased resistance to fluconazole (Dunkel et al., 2008). Thus it has 

been shown for the first time that a gain-of-function mutation in UPC2 leads to the increased 

expression of ERG 11 and imparts resistance to fluconazole in clinical isolates of C. albicans 

(Dunkel et al., 2008). More recently, UPC2 promoter was cloned upstream of a luciferase 

reporter gene (Rluc) by Hoot et al. (2008). PCaupcrRluc activity was induced in response to 

ergosterol biosynthesis inhibitors and in response to anaerobicity. Under both conditions, 

induction correlates with the magnitude of sterol depletion (Hoot et al., 2008). Azole 
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inducibility in the parental strain was approximately 100-fold, and in a /).upc2//).upc2 

homozygous deletion strain was l7-fold, suggesting that, in addition to auto-regulation, 

CaUPC2 transcription is controlled by a novel, Upc2p-independent mechanism(s) (Hoot et 

aI., 2008). Curiously, basal PCaupc2-Rluc activity was fivefold higher in the deletion strain, 

which may be an indirect consequence of the lower sterol level in this strain, or a direct 

consequence of repression by an auto-regulatory mechanism (Hoot et aI., 2008). These 

results suggest that transcriptional regulation of CaUPC2 expression is important in the 

response to antifungal drugs, and that this regulation occurs through Upc2p-dependent as 

well as novel Upc2p-independent mechanisms (Hoot et aI., 2008). 

1. 7.3.2 CaMDRl 

Up-regulation of CaMDRl confers resistance to fluconazole in clinical C. albicans. 

Understanding the transcriptional control of CaMDRl, by both cis- and trans-acting 

effectors, is therefore important for determining how azole resistance and transport 

mechanisms are regulated in C. albicans. CaMDRl expression is controlled by at least two 

regulatory promoter cis-acting regions as reported recently by Harry et al. (2002). Deletion 

of one of these regions abolished benomyl-induced MDRI expreSSIOn III a C. albicans 

laboratory strain indicating that this region affects the activities of corresponding 

transcription factors. Recently, Riggle and Kumamoto (2006) exploited the PCaMDRI-yEGFP 

reporter system to identify MDRE (Multidrug Response ~lement) which is 80 bp upstream of 

TAT A box. Finer deletion of MDRE abolishes its trans-activation and factor binding ability 

thereby indicating its importance in CaMDRl transcription activation. Efforts of other group 

(Hiller et al., 2006; Rognon et ai., 2006) have also led to the identification of various other 

cis-acting elements such as fu02 Responsive ~lement (HRE; -561 to -520 with respect to the 

ATG start codon) and Benomyl Responsive ~lement (BRE; -296 to -260 with respect to the 

A TG start codon) in CaMDRl promoter region mediating its up-regulation in AS isolates and 

its constitutive activation in AR isolates, see Figure 17B. Two potential binding sites 

(TT AG/CTAA) for the bZip transcription factor Cap 1 p (Candida AP-l protein) lie within the 

HRE and inactivation of CAP 1 abolished the transient response to H202 (Rognon et aI., 

2006). Sequence analysis of the CaMDRl regulatory region in two pairs of matched 

fluconazole-susceptible and resistant isolates did not reveal any promoter (cis-) mutations in 
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the resistant isolates. However, integration of P CaMDRI-GFP (CaMDRI promoter from the 

fluconazole-susceptible strain CAI4) to an ectopic locus into the genome of the clinical 

resistant isolates exhibited a fluorescent phenotype, whereas trans formants of the 

corresponding susceptible isolates did not express the GFP gene (Wirsching et at., 2000). 

These results demonstrate that the CaMDRI promoter was activated by trans-regulatory 

factor(s) that was mutated in fluconazole-resistant isolates, resulting in deregulated, 

constitutive CaMDRI expression and this is likely to be true also for other fluconazole

resistant C. albicans isolates and other genes encoding efflux pumps as also reported by 

Riggle and Kumamoto (2006). 

Trans-acting factors regulating CaMDRI were reported recently. One of the cellular MDR 

determinants in C. albicans is the CAP 1 gene encoding an AP-l like regulatory protein, 

[homologous to the YAP 1 (Yeast activator protein)], was cloned by functional 

complementation of MDRIIMDR3 drug susceptible strain of S. cerevisiae (Alarco et al., 

1997). Deletion of CAPlin C. albicans results in hypersensitivity to a limited number of 

drugs and oxidants, indicating its involvement in multidrug resistance and oxidative stress 

response (Alarco & Raymond 1999). The pleiotropic phenotype of Caplp is likely to result 

from modulation of target genes including CaYCFI, CaTRX2, MDRI (a MFS), CaGSHI, 

CaGLRI and possibly the CIP2 gene, which has a putative YRE element in its promoter ( 

Park et al., 1998; Alarco & Raymond 1999). The truncated CAP 1 gene, lacking the C

terminus, over-expresses the CaYCFI, CaTRX2, CaTRRI and MDRI genes and results in 

hyper-resistance phenotype. The observation that the hyperactive truncated Cap 1 p does not 

display increased resistance to ketoconazole and fluphenazine, two well known substrates of 

the Cdrl p ABC transporter, suggests that the CDRI gene is not likely to be a target for 

Caplp. Caplp acts as a positive regulator of the FLRI gene expression in S. cerevisiae. 

However, inactivation of Cap 1 p in a C. albicans wild type strain as well as in a fluconazole 

resistant strain does not affect susceptibility of those cells to fluconazole and other antifungal 

agents like cerulenin or brefeldin A (Alarco et al., 1997; Alarco & Raymond, 1999). 

Furthermore, the disruption of CAPlin C. albicans results in up-regulation of the CaMDRI 

gene, indicated that in C. albicans Caplp acts as a negative transcription factor of CaMDRI 

expression and that it is not responsible for the stable fluconazole resistance phenotype 

(Alarco and Raymond, 1999). 
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Recently, by genome-wide gene expression analysis Morschhauser et al. (2007) identified a 

zinc cluster transcription factor, designated as MRRI (Multidrug Resistance Regulator 1), 

that was coordinately up-regulated with MDRI in drug-resistant, clinical C. albicans isolates. 

Inactivation of MRRI in two such drug-resistant isolates abolished both MDRI expression 

and multidrug resistance. Subsequent sequence analysis (Morschhauser et al., 2007) reveals 

the existence of homozygous hyperactive MRRI alleles (P683S exchange in one isolate and a 

G997V substitution in the other isolate) causing the MDRI over-expression in resistant 

isolates. Introduction of these mutated alleles into a drug-susceptible C. albicans strain 

resulted in constitutive MDRI over-expression and multidrug resistance. Many of the Mrr1p 

target genes encode oxido-reductases, whose up-regulation in fluconazole-resistant isolates 

may help to prevent cell damage resulting from the generation of toxic molecules in the 

presence of fluconazole and there by contribute to drug resistance (Morschhauser et aI., 

2007). 

1.7.3.3 CDR1 / CDR2 

Candida grug resistance gene 1 (CDR]) was cloned by functional complementation of a 

PDR5 null mutant strain of S. cerevisiae. Introduction of the CDRI gene into this 

cycloheximide and azole susceptible PDR5 null mutant of S. cerevisiae resulted in drug 

resistant phenotype to the drugs tested (Prasad et aI., 1995). Northern blotting analyses 

revealed enhanced level of CDRI transcript in azole resistant clinical isolates of C. albicans 

and its in vitro activation was demonstrated by elevated temperature, human steroid 

hormones and drugs including azoles (Krishnamurthy et al., 1998). Several elements of CDR 

genes are important for the regulation of CDRI and CDR2, see Figure 18. In-silico analysis 

revealed the presence of several putative stress inducible cis-regulatory elements (HSE, 

MDR-NF1IYB-1, AP-1 etc) in the CDRI promoter (Table 6). 

Both SRE 1 and SRE2 were specific for steroids, as they did not respond to other drugs, such 

as cycloheximide, miconazole and terbinafine. In silica analysis of SRE 112 with the promoter 

sequence of MDR (CDR2 and PDR5) and non-MDR (HSP90) steroid responsive genes 

revealed a similarity with respect to conservation of three 5 bp stretches (AAGAA, CCGAA 

and ATTGG) (Karnani et al., 2004). Using a CDRlIluciferase fusion in an integrative 

plasmid, de Micheli et al. (2002) analysed the upstream regulatory region of CDRI. A basal 
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Table 6: Putative cis-acting elements identified in CDR1 promoter. 

Sequence Name Consensus Sequence present * Comments 
sequence <Ie 

1. General promoter and 
enhancer element 

TATA box TATATT TATATA (-59) involved in basal machinery 
Inverted CCAA T box ATTGG ATTGG(-603) involved in basal machinery 
CCAATbox CCAAT CCAAT involved in basal machinery 

2. Specific promoter and 
enhancer element 

ERE TGACCT TGACCC (-884) Estrogen receptor binding site 
PRE AGAACA AGAACA (-465) Progesterone receptor binding site 
HSEI TTCCCGAA TTCCCGAA (-259) Heat shock factor binding site 
HSEII TTCTTGAA TCTTGAA (-128) Heat shock factor binding site 
PhRE TGTAAACA TGTAAAGC (-979) Pheromone responsive 
GRE TGTTCT TGTTCC (-994,-340) General stress response element 
pHRE TGGGGT TGGG-T (-596,-378) pH response element 
YAP 1 TTACTAA TTACTCA (-166,-1137) Oxidative stress response 
AP-l TGACTC TGACCC ( -884) UV stress 
CPHI TGAAACA TGAAACT Involved in morphogenesis 
MDR-NF-l CTGATTGG CTGATTGAG (-271) Drug responsive 

* Position shown in parenthesis are relative to transcription start point (TSP) of CDR1. 
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Figure 18. Untranslated 51-regulatory region of the CDR1 gene showing identified promoter 
elements and cognate bi,nding factors. 
Positions are relative to the TSP (Iranscription ~tart £oint), which is represented by the bent arrow. 
Abbreviations: 
NRE : ~egative Regulatory Element; NREBP: ~egative Regulatory Element Binding £rotein 
ORE : Qrug Responsive Element; TAC 1: Iranscription Activator of f;DR genes 
SRR : ~teroid Responsive Region; SREBP : ~teroid Responsive Element Binding £rotein 
SRE 1 : ~teroid Responsive Element 1; SRE2 : ~teroid Responsive Element 2 
MSE : Mid ~porulation Element; CaNDT80 : Transcription Activator of f;DR genes 
Inset blot shows the TSP that has been mapped by primer extension analysis as depicted by asterisk. 
EP : Extension producT; OA TC : Sequencing marker (Courtesy: Puri et aI., 1999), 
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response element (BRE) has been identified between nt -860 and -810 in the CDR1 promoter. 

The BRE regulates basal expression of CDR1 (de Micheli et aI., 2002). Another BRE 

(located between -243 and -234) and a gegative regulatory ~lement (NRE) located within the 

-289 region have been reported in CDR1 (Puri et al., 1999; Gaur et aI., 2004). In, silico 

analysis reveals that NRE (-ccaaCTGATTGAaact-) harbors A TTGA which shows significant 

homology with MDR-NFlIYB-1 binding site (ATTGG) in human MDR1 promoter (inverted 

CCAAT) that is known for its involvement in basal as well as stress induced expression of 

human MDR1 (Hu et ai. 2000). A purified ~55 kDa nuclear protein was specifically found to 

bind to NRE, this report describes purification of the first transacting protein of CDR1 

promoter which may control its basal expression (Gaur et al., 2004). Recently, a common 

drug responsive element called DRE1/2, which was located between -397 to -376 bp and -

303 to -280 bp in CDR1 promoter (from TSP) was identified, see Figure 17C. (de Michelli et 

aI., 2002). DRE sequence (5'-CGGAA/TATCGGATA-3') was present in the promoters of 

both CDR1 and CDR2 and has been found to be crucial for the up-regulation of these genes 

in azole-resistant strains as well as for the transient up-regulation of both genes in the 

presence of different drugs such as 13-estradiol, progesterone, or fluphenazine in azole

susceptible strains (de Michelli et al., 2002). However, sequential or internal deletion of DRE 

did not completely abolish the stress responsiveness of CDR1 promoter (de Michelli et aI., 

2002). Recently, Looi et al. (2005) has identified the several hotspot point mutations in 

CDR1 promoter of the resistant clinical isolates compared to the susceptible isolates at 39, 49 

and 151 nucleotides upstream from the A TG start codon. 

Trans-acting factors regulating CDR1 and CDR2 were reported recently. Three C. albicans 

genes, designated FCR (!lufonazole resistance), have been isolated by their ability to 

complement the fluconazole hypersensitivity of a S. cerevisiae mutant lacking the 

transcription factors Pdrl p and Pdr3p. Over-expression of any of the three FCR genes in the 

I1pdr 1 I1pdr 3 mutant resulted in increased resistance of the cells to fluconazole and 

cycloheximide and increased expression of drug efflux transporter PDR5, whose transcription 

is under the control of Pdrlp and Pdr3p. Deletion of PDR5 in the I1pdr111pdrJ strain 

completely abrogated the ability of the three FCR genes to confer fluconazole resistance, 

demonstrating that PDR5 is required for FCR-mediated fluconazole resistance in S. 

cerevisiae (Talibi and Raymond 1999). FCR1 gene (Ca019.6817) encodes a putative 517-
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amino-acid protein with an N-tenninal Zn2C6-type zinc finger motif homologous to that 

found in fungal zinc cluster proteins, including S. cerevisiae Pdrlp and Pdr3p. Interestingly, 

inactivation of C. albicans Fcrlp, (ortholog of PdrlpIPdr3p of S. cerevisiae) results in 

fluconazole resistance (Talibi & Raymond 1999). C. albicans I:!.fcrlll:!.fcr1 knock-out 

derivative displays increased resistance to fluconazole and to drugs known to be transported 

by Cdrlp and Cdrlp. This hyper-resistance could be reversed to wild-type levels by re

introduction of FCR1 into the I:!.fcr111:!.fcr1 mutant indicating Fcrlp as repressor of CDR1 in 

C. albicans (Talibi and Raymond, 1999). However, one cannot exclude that hyperactive, 

gain-of-function alleles of Fcrlp (and/or Fcr2p, Fcr3p) could result in constitutive expression 

of a set of genes implicated in fluconazole resistance and MDR similarly, as in S. cerevisiae. 

Alternatively, other regulatory factors or alterations in cis-acting DNA sequences of the 

Yap 1 p target genes FCR1 or CAP 1, could contribute to the development of MDR. Therefore, 

detailed characterization of Fcrlp, its target genes as well as the molecular mechanisms 

leading to aberrant up-regulation of MDR1 and CDR1 genes is needed for the understanding 

of multi drug resistance in C. albicans and fluconazole resistance in clinical isolates 

(Kolaczkowska & Goffeau, 1999). According to a recent report by Shen et al. (2007), Fcrlp 

inhibits development of fluconazole resistance in C. albicans by abolishing CDR1 function. 

Chen et al. (2003, unpublished data) has also identified another regulator of C. albicans 

tenned as Repressor of .Efflux rump (REP2). Over-expression of REP2 leads to six fold 

increase in the ~-galactosidase activity of the PcDRrlacZ construct in S. cerevisiae. 

Furthennore, I:!.rep2/ !:!.rep2 mutant of C. albicans appears to be more susceptible to antifungal 

drugs than the parental strain. Quantitative real-time PCR reveals the decreased CDR1 

expression in !1rep2/ !1rep2 mutant in the presence of azole. Recently, Chen et al. (2004) 

described another potential activator of CDR1 identified by screening of a C. albicans 

genomic library expressed in a S. cerevisiae strain, which contained a P CDRI-IacZ fusion. 

This factor, CaNDT80 (Non DiIyrosine 80), is a homolog to a meiosis-specific transcription 

factor in S. cerevisiae (Chen et al., 2004). Deletion of CaNDT80 in C. albicans conferred 

hypersensitivity to azoles and decreased the inducible expression of CDR1. Interestingly, the 

global repressor, Ihymidine !!Qtake 1 (Tup1) acts as a negative regulator of CDR1 expression 

(Murad et al., 2001; Yang et al., 2006). A recent genome wide location profiling (ChIP-chip) 

show that a TF of the zinc cluster family, !lQtake fontrol ~ (Upc2) which regulates ERG 
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genes, also targets CDR1 (Znaidi et al., 2008). Recently, another transcription factor 

belonging to the family of zinc-finger proteins with a Zn2Cys6 motif namely TAC1 

(Iranscriptional ~ctivator of CDR) was identfied (Coste et al., 2004). Tac1 p is a 980 amino

acid protein of the Zn2-Cys6 family, it contains a typical DNA binding domain and an 

activation domain rich in acidic residues at the C-terminus. Tac1 p binds to the DRE, which 

contains two CGG triplets typical of the DNA-binding sites of Zn2Cys6 transcription factors 

(Coste et al. 2004). Tac1p is responsible for transient up-regulation of both CDR genes in 

azole-susceptible strains in the presence of inducers (Coste et al., 2004). Till now, only 

Tac 1 p has been experimentally proved to function as a transcriptional activator of C. 

albicans drug efflux transporter genes, such as CDR1 and CDR2 (Coste et al., 2004). 

Interestingly, TAC1 locus is on chromosome 5 and is located close to (within ~14 kb) the 

mating-type-like (MTL) locus where ERGJ1 is also located. Previous studies reported a 

strong correlation between homozygosity at the mating-type locus and azole resistance in a 

number of clinical isolates (Rustad et aI., 2002). In a previous study, Coste et al. (2004) 

showed that a clinical azole-resistant strain (DSY296) that is homozygous at the mating-type 

locus contains a TAC1 allele that is sufficient to confer fluconazole resistance to a laboratory 

strain lacking TAC1. This type of allele was defined as 'hyperactive' because it caused 

constitutive high expression of CDR1 and CDR2 in a f:.tac1!f:.tac1 mutant. In contrast, TAC1 

alleles of the matched azole-susceptible clinical strain (DSY294) or of a laboratory strain 

(CAF2-1), which are strains heterozygous at the mating-type locus, were not able to confer 

azole resistance to a f:.tac1! Mac1 mutant. These alleles were defined as 'wild-type' alleles. 

Analysis of TAC1 alleles of matched azole-susceptib1e and azole-resistant clinical C. 

albicans reveals a single point mutation (N977D) in both hyperactive TAC1 alleles, which is 

sufficient to confer hyperactivity as measured by up-regulation of CDR1 and CDR2 and 

levels of drug resistance (Coste et al., 2006). These hyperactive alleles carrying this mutation 

are co-dominant with other wild-type alleles such that only strains homozygous for 

hyperactive alleles show high expression levels of CDR1 and CDR2. Later it has been shown 

that homozygosity at MTL accompanies the acquisition of TAC1 homozygosity by either 

through mitotic recombination between copies of chromosome 5 or through the presence of 

extra copies of chromosome 5 harboring a gain-of-function TAC1 allele and loss of 
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Figure 19. MDR regulatory circuit . 
. Identified transcription factor( s) factor and corresponding target genes of MDR regulatory circuit are shown. See text for details. 

(A) s. cerevisiae (B) c. albicans. 
Abbreviations: N-Nucleus; ER-Endoplasmic reticulum; V- Vacuole; M-Mitochondrion; G-Golgi bodies. 
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chromosome 5 with the wild-type TA C1 allele (Coste et al., 2006), but MTL homozygosity 

itself does not contribute to the azole resistance phenotype (Coste et ai., 2006). 

Recently, genome-wide location (ChIP-chip) analysis (a procedure combining chromatin 

immuno-precipitation with hybridization to DNA intergenic micro arrays) eight genes were 

identified, whose expression was modulated in the four azole-resistant clinical isolates in a 

TAC1-dependent manner and whose promoters were bound by Tac1p, qualifying them as 

direct Tac1p targets: CDR1, CDR2, GPX1 (putative glutathione peroxidase), LCB4 (putative 

sphingosine kinase), RTA3 (putative phospholipid flippase) and orf19.1887 (putative lipase), 

as well as IFU5 and orf19.4898 of unknown function (Liu et ai., 2007). In a separate study, it 

was shown that PDR16, encoding a putative phosphatidylinositol transfer protein 

contributing to clinical azole resistance, is also a target of Tac1 p (Saidane et al., 2006; Znaidi 

et al., 2007). Interestingly, all of these Tac 1 p-regulated genes contain a putative DRE in their 

promoters. These results show that Tac1 p binds under non-activating conditions to the 

promoters of its targets, including to its own promoter. Role of Tac1 p in regulating lipid 

metabolism (mobilization and trafficking) and oxidative stress response in C. albicans has 

also been proposed (Liu et al., 2007). 

Therefore, observations from these studies suggest that multiple cis-elements and cognate 

binding activators/ repressors regulate the expression of MDR network in S. cerevisiae and 

C. albicans (Figure 19). 

1.8 Aims and scope of the present work 

The most well-characterized and frequently over-expreSSIOn of the multidrug resistance 

protein in azole resistant clinical C. albicans isolate is Candida drug resistance 1 protein 

(Cdrlp), encoded by the CDR1 gene, belonging to ATP-binding cassette (ABC) family 

(Figure 20). Research to overcome this barrier in treatment has been focused mainly on two 

areas: (1) advanced, sensitive detection of CDR1 mRNA or Cdrlp and its expression 

regulation (2) development of Cdrl p modulators/inhibitors. 

Keeping in view the importance of CDR1 in development of drug resistance, in this study we 

undertook the first possibility to dissect the molecular mechanisms of CDR1 expression in 

matched set of isolates, i.e. sensitive and resistant versions of the same strain, as determined 

by RFLP or karyotyping (Figure 21). CDR1 gene is not detectably expressed in azole-
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Figure 20. Molecular mechanisms of azole resistance in clinical isolates of C. albicans. 
In a susceptible cell, azole drugs enter the cell through an unknown mechanism, perhaps by 
passive diffusion. The azole then inhibits Ergll (red circle), blocking the formation of 
ergosterol. Two types of efflux pumps are expressed at low levels. The CDR proteins are ABC 
transporters with both a membrane protein (green tubes) and two ABC domains (green circle). 
The MDR protein is a MFS with a membrane pore (red tubes). In a "model" resistant cell, the 
azoles also enter the cell through an unknown mechanism. The azoles drugs are less effective 
against Erg11 for two rea30ns; the enzymes has been modified by specific point mutations (dark 
circle in pink circle) and the enzyme is over-expressed. Modification in other enzymes in the 
ergosterol biosynthetic pathway contribute to azole resistance (dark slices in blue spheres). The 
sterol components of the plasma membrane are modified (dark orange of membrane). Finally. 
the azoles are removed fmm the cell by over-expression of the CDR genes (ABC transporters) 
and MDR (MFS). The CDR genes are effective against many azole drugs, while MDR appears 
to be specific for fluconazole. 
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Figure 21. CARE-2 hybridization pattern of multiple successive oral C. albicans isolates 
(used in this study) from two different HIV+-AIDS patients. 
DNA Fingerprinting patterns shows no alteration in genomic organisation in matched AS and 
AR isolates. The positions of reference molecular size markers (in kb) are shown to the left of 
each blot. (A) Gu4 versus Gu4 and (B) DSY294 versus DSY296. 
(Courtesy: Franz et aI., 1999 and Boerlin et aI., 1996.) 
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susceptible isolates but is strongly activated after the development of azole resistance and 

also up-regulated by transient drug inductions (Krishnamurthy et aI., 1998). CDR] over

expression correlates well with increasing azole MICs in resistant clinical isolates. The 

comparison of CDR] gene expression in matched azole susceptible and -resistant isolates has 

proved to be a powerful tool to identify the resistance mechanisms of clinical C. albicans 

isolates. This is required because C. albicans is mostly clonal; that is, it grows vegetatively 

without sexual reproduction, indicating that mating is not a common event (Pujol et al., 

1993). Most strains of C. albicans contain a large number of balanced lethals (recessive null 

mutations) in which the cell relies on one functional copy of the gene for activity (Whelan 

and SolI, 1982). These recessive lethal mutations could not persist in a population that mated 

frequently. The clonal nature of C. albicans makes it imperative that matched sets of 

sensitive and resistant versions of a single strain should be characterized when determining 

the molecular mechanisms of resistance. 

Specific aims: 

Regulating gene expression from DNA to protein is a complex multi-stage process with 

multiple control mechanisms (Figure 5). Transcriptional regulation has been considered the 

major control point of protein production in eukaryotic cells; however, there is growing 

evidence of pivotal post-transcriptional regulation for many genes. The mRNA level of 

particular gene is undoubtedly determined by the balance between synthesis and degradation. 

This has prompted us to do extensive investigations to elucidate the possibility as well as 

mechanism controlling mRNA stability/turnover along with transcriptional control of CDR]. 

Over-expression of the CDR] drug efflux pump has been demonstrated by the increased 

mRNA levels which can be due to: 

1. Increased CDR] transcription from endogenous copies of gene due to mutation( s) in the 

CDR] promoter or alterations in the levels or activity of corresponding transcriptional 

activator(s) that interact with the CDR] promoter that might result in deregulated CDR] 

expression and ultimately increased CDR] mRNA level in AR isolates. 

2. Molecular changes associate with possible CDR] mRNA decay i.e. increased half-life of 

the CDR] mRNA as a result of a mutation(s) in the 3'UTR of the mRNA. 
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The mam aim of the present study was to characterize the possibility of above said 

mechanism of differential expression regulation of CDR1 in two different clinical matched 

pairs of AS and AR isolates viz. Gu4 versus GuS and DSY294 versus DSY296 as well as 

between uninduced and transiently induced resistance (lR) of AS isolates viz. Gu4 versus 

Gu4-IR and DSY294 versus DSY294-IR. 

The work in the thesis is embodied in two chapters: 

1. Transcriptional activation and increased mRNA stability contribute to over-expression of 

CDR1 in azole-resistant C. albicans. 

2. Differential RNA-protein interaction and poly(A) tail length contributes to increased 

CDR1 mRNA stability in azole resistant clinical isolates of C. albicans. 

In the emerging scenario of increased incidence of development of drug resistance in C. 

albicans, it is pre-requisite to understand the molecular basis leading to MDR. Hence, a 

complete knowledge of physiological regulation of MDR is a key to design strategies for the 

prevention of MDR and improve the therapeutic efficacy of drugs widely used to combat 

these fungal infections. Our following study would pave the way for further investigation, if 

CDR1 dependent transcriptional and post-transcriptional processes can become potential 

novel targets for a new class of antifungal agents. 
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9rlaterialS and 9rlethods 

2. MATERIALS AND METHODS 

2.1 MATERIALS 

RNAse A, Sephadex G-50, DEPC (Diethyl Pyrocarbonate), Phenol, Agarose, Rubidium 

Chloride, Calcium Chloride Sodium dodecyl sulphate (SDS), MOPS (3-[N-morpholino]-

2-hydroxypropane sulphonic acid), Formamide, Trizma base, EDTA, Boric acid, 

glycerol, 2-mercaptoethanol, DMSO, TEMED, ammOnIum persulphate, Urea, 

acrylamide, bis-acrylamide, Brilliant Blue G, Coomassie Blue, BSA, 

Bathocuproienedisulfonate (BCS), Sorbitol, and protease inhibitors: PMSF, leupeptin, 

pepstatin A, aprotinin were obtained from Sigma Chemical Co. (St. Louis, Mo., USA). 

Megaprime DNA labeling system and PCR amplification kit were procured from 

Amersham Pharmacia Biotech, USA and Roche, respectively. Molecular weight markers, 

restriction Endonuclease, DNA-modifying enzymes, Taq DNA polymerase, ultra pure 

deoxyribonucleotides (dA TP, dGTP, dCTP and dTTP) for PCR and ribonucleotides 

(ATP, CTP, GTP and UTP) for TRO and in vitro transcription were purchased from New 

England Biolabs (NEB Inc), USA. Moloney murine leukemia virus (M-MuLV) reverse 

transcriptase (RT), proteinase K, T7 promoter primer, Sp6 promoter primer, IPTG, X

GAL were obtained from MBI Fermentas. Proof-reading Pfu DNA polymerase and 

Phusion™ high fidelity DNA polymerase (catalogue # F530S) were obtained from MBI 

Fermentas and New England Biolabs (NEB Inc), USA respectively. All PCR 

amplifications were done in a eppendorf thermal cycler. Radio-labeled [a)2p] dA TP, [a-

32p] dATP, [?_32p]dATP, [5,6-3H] uridine, [a_32P]UTP and C4C]arginine were obtained 

from Amersham Biotech and Bhabha Atomic Research Center (B.A.R.C.), India. 

Riboprobe® in vitro transcription systems (catalogue # P1460) and pGEM®T-Easy vector 

system II used for T/A DNA cloning purpose was purchased from Promega, Madison, 

WI. Plasmid backbone pBS-KS (+) used for cloning purpose was purchased from 

Stratagene. High molecular weight protein marker was obtained from Amersham 

Biosciences, Buckinghamshire, U.K Zymolyase lOOT was from Seikagaku Corporation, 

Japan. Nourseothricin was obtained from Werner Bioagents (Jena, Germany). Thiolutin 

(CP-4092) was a generous gift £tom Pfizer, Inc., Groton CT. Polyclonal anti-Cdr! p 

antibody was custom synthesized from Covance Research Products Inc, P A, USA. PM

ATPase antibody were kindly provided by R. Serrano. Glass beads (0.45mm diameter) 
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were obtained from Braun Co.,Germany. Media chemicals -YEPD broth (Yeast extract 

Peptone Dextrose), YEPD agar, LB broth and LB agar were obtained from HiMedia 

(Mumbai, India) and Difco, BD Biosciences, NJ, USA. Ethanol was obtained from 

Merck Chemicals, Mumbai, India. All other routinely used Molecular Biology (MB) 

grade chemicals (Tris, sodium chloride, glycine, potassium acetate, sodium carbonate, 

magnesium chloride, sodium hydroxide pellets, methanol, glacial acetic acid) used in this 

study were obtained from Qualigens, India. a-amanitin was procured from Boehringer 

Mannheim GmbH, Mannheim, Germany. Fluconazole was kindly provided by Ranbaxy 

Laboratories, New Delhi, India. Ketoconazole and itraconazole were provided by Dupont 

(Wilmington, Del.). Fluphenazine, progesterone, B-estradiol, cycloheximide, miconazole, 

Rhodamine6G (R6G), 1, 10-phenanthroline, actinomycin D, terbinafine, and clotrimazole 

were purchased obtained from Sigma Chemical Co. (St. Louis, MO), USA. Bacterial 

plasmid DNA extraction kits and Yeast Genomic DNA extraction, Gel elution and PCR 

purification kit were obtained from were obtained from Qiagen, Germany. 

2.2 RESISTOTYPING 

At least two different methods were used for characterizing the drug resistance profile of 

the yeast strains used in this study. These can be listed as follows: 

1. Spot test 

2. Antifungal susceptibility testing using NCCLS method M27 A 

Following is a detailed description of these different methods and the drugs along with 

their respective solvents used in this study are listed in Appendix V. 

2.2.1 Spot test. C. albicans strains were grown overnight on YEPD plates at 30°C. Cells 

were then suspended in normal saline to 0.1 OD (A6oo). Five microlitres of five fold serial 

dilutions of each yeast culture were spotted on to YEPD plates in the absence (control) 

and presence of the drugs. Growth differences were recorded following incubation of the 

plates for 48 h at 30°C (Mukhopadhyay et ai., 2002). All clinical C. albicans isolates 

were tested for fluconazole, itraconazole, clotrimazole, ketoconazole, miconazole, 

terbinafine and cycloheximide. Growth was not affected by the presence of the any 

solvents used for the drugs. 

2.2.2 Antifungal susceptibility testing using NCCLS method M27 A. The relative 

azole susceptibility of Candida isolates used in this study was essentially determined 
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using NCCLS 27A method (Martins and Rex, 1997; Rex et at., 1997; Espinell-Ingroff et 

at., 1998) by modified microdilution test (Talibi and Raymond, 1999) in YEPD. Cells 

were grown for 48 h at 30°C to obtain single colonies which were resuspended in a 0.9 % 

nonnal saline solution to give an optical density at 600nm (OD600) of 0.1. The cells were 

then diluted 100 folds in 0.9% saline. The diluted cell suspensions were added to round 

bottomed 96-well microtiter plates (lOO Ill/well) in wells containing equal volumes of 

medium (lOO Ill/well) with different concentrations of drugs. Drug free control was also 

included. The plates were incubated at 30°C for 48 h. The Minimum inhibitory 

concentration (MIC) end point results were evaluated both visually and by monitoring the 

cell density at OD620 in a micro-plate reader (Bio-Rad model 550, USA) set at 620 nm. 

MICso was recorded as the lowest concentration of the drug, which gave > 80 % 

inhibition of growth compared to that of the drug-free growth control. Figure 22 depicts 

the scheme for microdilution based susceptibility testing. 

a) Drug dilut:ions 
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b) Visual scoring of grovvth 

0 Optically clear (no turbidity) 

1 Slightly hazy (some turbidity) 

2 prominent decrease in turbidity 

3 slight reduction in turbidity 

4 no reduction in. turbidity 

Figure 22. Antifungal susceptibility testing. 
(A) Scheme: From a stock solution of drug, doubling dilutions of drugs are prepared in RPMI or 
YEPD media [see 'Methods '] to which 0.1 ml of inoculum is added at a final concentration of 2x 103 

cells/ ml. Well 12 of each row is the growth control and contain inoculum without drug. Column 11 
has no drug/ no inoculum and represents the medium control. (B) The MIC may be determined by the 
eye by scoring turbidity or may be checked spectrophotometrically at Atil9 using a microtiter plate 
scanner. 

2.3 STRAINS, PLASMIDS AND CULTURE MEDIA 

Escherichia coli DH-5a was used as a host for plasmid constructions and propagation. E. 

coli was cultured in LB (Luria-Bertani) broth or on LB plates, supplemented with 

ampicillin (lOO Ilglml) for the transfonnants. All the bacterial strains were grown at 
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37°C. C. albicans strains used in this study were maintained on YEPD. When grown on 

solid media, 2.5% (wlv) bacto-agar was added to the media. The detailed composition of 

the respective media used is given in Appendix I. All strains were stored as frozen stocks 

with 15% glycerol at -80°C. Before each experiment, C. albicans strains were freshly 

revived on YEPD plates from corresponding glycerol stock. All the yeast strains were 

grown at 30°C. Tables 9 and 10 show a complete list of all the plasmids and strains used 

in this study. 

2.4 OLIGONUCLEOTIDES 

Oligonucleotides used for probe preparation (SouthernlNorthem blotting), Sequencing, 

Site directed mutagenesis, DNA-EMSA and for making different clones were 

commercially custom synthesized from Sigma-Aldrich Company, USA. Table 8 shows a 

complete list of all the oligonucleotides used in this study. 

2.5 MOLECULAR BIOLOGY METHODS 

2.5.1 Preparation of gene fragments and gene probes 

Genomic DNA from C. albicans isolates was extracted as described ahead and used as a 

template for amplification of the gene fragments to be used for cloning and probe 

purpose. PCR was carried out with a high-fidelity Plu DNA polymerase with the gene 

specific primers (Listed in Table 8). Amplicons were purified with a QIA quick PCR 

purification/Gel elution kit (Qiagen, Germany) and were used subsequently as per their 

requirement. 

2.5.2 Plasmid constructions 

The recombinant transcriptional/translational fusion constructs harboring GFPIlacZ 

reporter under control of the CDR] promoter for the integration into the genome of 

clinical C. albicans isolates were constructed as follow: 

2.5.2.1 Construction of pCPG1: Substitution of a C. albicans adapted GFP reporter 

(Morschhauser et al., 1998) for the lacZ reporter in pCPLI (described ahead) generated 

pCPG 1. The GFP reporter gene down-stream to the transcriptional control of CDR] 

promoter was cloned in pCPLI by exploiting convenient restriction site. A 5.4 Kb vector 

back bone having CDR] promoter was taken out by digesting vector pCPL! with 
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Table 8. List of the primers used for peR amplification of gene specific regions. 
1;; 

S. No. PRIMERS DIRECTION SEQUENCE (5'---------3') " , ,. 

" , '. 

CDR1 ORF primers for ]!!obe amplification 

1. KMl F CTTTTCCACTGGTAACTACT 

2. KM2 R CAATAAACCTGCTGACGAG 

CDR1 oromoter primers 

3. CDRIF F GATCGGGCCCTCGTTACTCAATAAGTAT 

4. CDRIR R A GCTCTCGAGTTCTTTTTGACCTTTTAAAG 

5. CDRlF-RML F GCTTCGCCTCAACTTCTTATAAAGTTTTGAAAG 

6. CDRlR-RML R CGTGGTATTCATTAATGGAATGGTTTTCTGAAG 

CDR1 downstream region primers 

7. CDR29 F AATTCTGCAGTTTGTTTTTTGACATGGTGGTATC 

8. CDR30 R TCGTGCCGCGGAACACTTTTTCTTTCTAATTATAA 

9. CDR32 (CT-CDRI-F) F ATTTGGTACCATACATTAAATTTGCTGGTGGG 

10. CDR3l R GTTTGGATCCTTTCTTATTTTTTTTCTCTCTGTTACCC 

11. CT-CDRI-R R GTTTCTCGAGTTTCTTATTTTTTTTCTCTCTGTTACCC 

Sequencing primers 

12. T7 F TAATACGACTCACTATAGGG 

13. SP6 F ATTTAGGTGACACTATAG 

14. lacZ-F-RML F GCATTCGAATTCAGTGCTTTGCG 

15. lacZ-R-RML R ACTGTATCCTACGAAGTTACCATTGACCC 

16. TAcrrF-RML F CTGGAAATCTGGAAATCTGG 

Site directed mutaKenesis ]!!imers 

17. A-del pCPL52 F GAGAGAAAAAAAATAAGAAACTCGAGATGAACATGACTGA 
AAAAATTCAAAC 
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18. A-del pCPLS2 R GTTTGAATTTTTTCAGTCATGTTCATCTCGAGTTTCTTATTTT 
TTTTCTCTC 

19. A-XhoI del pCPLS2 F GTAACAGAGAGAAAAAAAATAAGAAAATGAACATGACTGA 
AAAAA TTCAAAC 

20. A-XhoI del pCPLS2 R GTTTGAATTTTTTCAGTCATGTTCATTTTCTTATTTTTTTTCT 
CTCTGTTAC 

2l. lacZ-F -Pad F GATTGAACCACTAAATTAGTTAATTAAGGATCTAAATTCTG 
GAAATCTGGAAATCTGG 

22. lacZ-R-PacI R CCAGATTTCCAGATTTCCAGAATTTAGATCCTTAATTAACTA 
ATTTAGTGGTTCAATC 

23. lacZ-F-MluI F GATTCATCCCATTCATTCCATCATAAAATACGCGTCGTCAA 
AACTAGAGAATAATAAAG 

24. lacZ-R-MluI R CTTTATTATTCTCTAGTTTTGACGACGCGTATTTTATGATGG 
AATGAATGGGATGAATC 

RT-PCRprimersfor 3'-RACE ofCDR1 

25. CT-CDRI-F F ATTTGGTACCATACATTAAATTTGCTGGTGGG 

26. CT-CDRI-R R GTTTCTCGAGTTTCTTATTTTTTTTCTCTCTGTTACCC 

27. Oligo(dThs AP R GATCAAA-CTCGAG-CCGCGG-TCT AGATTTTTTTTTTTTTTTTTTCb 

28. AP-RML R GATCAAACTCGAG-CCGCGG-TCTAGA 

29. Oligo(dC9T6) AP R GATCAAACTCGAG-CCGCGG-TCTAGACCCCCCCCCTTTTTT 

CDR1 3 'UTR primers 

30. Gu41DSY2941296- F GATCTTAATTAAATTAAACAGTTTGTTTTTTGACATGG 
UTR-F-PacI 

3l. GuS-UTR-F-PacI F GATCTTAATTAAATTTAAACAGTTTGTCTTTTGACATGG 

32. Gu4IDSY296-UTR- R GATCACGCGTAAAAACAGGTATAAATATATTTATG R-MluI 

33. GuSIDSY294-UTR-
R-MluI 

F GATCACGCGTCAAATTACTAATATTATTAATATTAAAAAAC 

ACT1 specific primers 

34. ACT23 F GACATAACAATGGTACCGTATAATTC 

35. ACT34 R CGGACGATATGGGCCCAATCTGGCATCAC 

36. CT-ACTl-F F GTTAGAAAAGAATTATACGG 
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I CT-ACTl-R R I GAAACATTTGTGGTGAACAATGG 

"Restriction sites introduced into the primers are underlined, while the flanking bases are written in italics. 

b Oligo( dT)18 AP primer possessing an additional and non specific nucleotide at 3' -end is written in bold. 
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Table 9. List of plasmids used in this study. 

1. pBS-KS (+) Plasmid Bluescript II KS+ vector Stratagene 

2. pGEM®T-Easy Plasmid backbone used for T/A DNA cloning purpose Prom ega 

3. pUC18 Small, high copy number plasmid MEl, Femlentas 

4. pS12-35 Plasmid harboring the whole CDR] gene Prasad et al. (1995) 

5. pACTl Plasmid harboring ACT] gene of S. cerevisisae Gift by Anand Bachhawat 

6. Plasmid harboring caSATl marker 
Dr. Joachim Morschhiiuser, 

pSATl Germany 

7. 
Plasmid harboring PMDRrGFP fusion for ACTllocus Dr. Joachim Morschhiiuser, 

pMPG2 integration Germany 

8. Plasmid harboring lacZ reporter gene 
Dr. Joachim Morschhiiuser, 

pLACZ6 Germany 

9. Plasmid harboring GFP reporter and caSATl marker Dr. Joachim Morschhiiuser, 
pADHIG3 Germany 

10. 
Plasmid harboring P cDRrGFP fusion for ACT! 

Gaur et al. (2005) pCPGl locus integration 

11. 
Plasmid harboring P cDRrGFP fusion for CDR] locus This study 

pCPG3 integration 

12. 
Plasmid harboring CDRl-GFP fusion for CDRl locus 

This study 
pCPG2 integration 

13. 
Plasmid harboring P cDRr1acZ fusion for ACTllocus 

Gaur et al. (2005) pCPLl integration (SC5314 PCDd 

14. 
Plasmid harboring PcDRrlacZfusion for ACTllocus 

Gaur et al. (2005) pCPL4 integration (Gu4 PCDR1 ) 

15. 
Plasmid harboring P cDRr1acZ fusion for ACT! locus Gaur et al. (2005) 

pCPL5 integration (GuS PCDR1 ) 

16. 
Plasmid harboring P CDRr lacZ fusion for CDRl locus 

This study pCPL51 integration 

17. 
Plasmid harboring CDRl-IacZ fusion for CDRl locus 

This study pCPL52 integration 

18. 
Plasmid harboring CDR]-lacZ fusion for CDR] locus 

This study pCPL62 integration (' A' deleted) 

19. 
Plasmid harboring CDRl-lacZ fusion for CDR] locus 

This study pCPL62 integration (' A + XhoI' deleted) 

20. Gu4-3'UTR-RT Plasmid harboring 3'RACE product ofGu4 isolate This study 

21. Gu5-3'UTR-RT 
Plasmid harboring 3'RACE product of GuS isolate This study 

22. 
Plasmid harboring 3'RACE product ofDSY294 

This study DSY294-3 'UTR-RT isolate 

23. DSY296-3 'UTR-RT 
Plasmid harboring 3'RACE product of DSY296 isolate This study 

24. Gu4-3'UTR 
Plasmid harboring CDR] 3'UTR ofGu4 isolate This study 

25. Gu5-3'UTR 
Plasmid harboring CDRl 3'UTR of GuS isolate This study 

26. DSY294-3'UTR 
Plasmid harboring CDR] 3'UTR ofDSY294 isolate This study 
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27. DSY296-3'UTR Plasmid harboring CDRl 3'UTR ofDSY296 isolate 
This study 

28. pCPL53 Plasmid harboring P cDRr1acZ-T ACTI with Pad site 
introduced 

This study 

29. pCPL54 Plasmid harboring PcDRrlacZ- TACTI with PacIJMluI 
sites introduced 

This study 

30. pCPL54-Gu4-3 'UTR Plasmid harboring PcDRrlacZ-CDRl 3'UTR ofGu4 
isolate This study 

3l. pCPL54-Gu5-3 'UTR Plasmid harboring P cDRrlacZ-CDRl 3'UTR of Gu5 
isolate This study 

32. pCPL54-DSY294-3 'UTR Plasmid harboring PcDRrlacZ-CDRI 3'UTR of 
DSY294 isolate 

This study 

33. pCPL54-DSY296-3 'UTR Plasmid harboring PcDRrlacZ-CDRI 3'UTR of 
DSY296 isolate This study 

34. pGu4-poly' A' Plasmid harboring poly 'A-tailed' RT-PCR product of 
Gu4 isolate This study 

35. pGu5-poly' A' Plasmid harboring poly 'A-tailed' RT-PCR product of 
Gu5 isolate This study 

36. pDSY294-poly' A' Plasmid harboring poly' A-tailed' RT-PCR product of 
DSY294 isolate This study 

37. pDSY296-poly' A' Plasmid harboring poly 'A-tailed' RT-PCR product of 
DSY296 isolate This study 

38. pGu4-FPZ-poly' A' Pl.as~d harboring fluphenazine inducible poly 'A-
tailed RT-PCR product of Gu4 isolate 

This study 

39. pGu4-Pro-poly' A' Plas~d harboring progesterone inducible poly' A-
tailed RT-PCR product ofGu4 isolate This study 

40. pGu4-Il-Est-poly' A' Plasmid harboring B-estradiol inducible poly 'A-tailed' 
RT-PCR product ofGu4 isolate This study 

4l. pDSY294-FPZ-poly' A' Pl.as~d harboring fluphenazine inducible poly 'A-
tailed RT-PCR product of DSY294 isolate This study 

42. pDSY294-Pro-poly' A' PI.as~d harboring progesterone inducible poly 'A-
tailed RT-PCR product of DSY294 isolate This study 

43. pDSY294-6-Est-poly' A' Plasmid harboring B-estradiol inducible poly 'A-tailed' 
RT-PCR product of DSY294 isolate This study 
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Table 10. List of C. albieans strains used in this study. 

S. No. STRAIN GENOTYPE / DESCRIPTION SOURCE· 

1. SCS314 URA 3IURA 3 ATCC 

2. Dr. Joachim Morschhauser, 
Gu4 Fluconazole-Susceptible Clinical isolate Germany 

3. Gu4Gl P cDRrGFP integrated at CDRl locus This study 

4. Gu4G2 P cDRrCDR1-GFP integrated at CDRl locus This study 

5. Gu4Ll P CDR r lacZ integrated at ACT] locus This study 

6. Gu4L2 P cDRr1acZ integrated at CDRl locus This study 

7. Gu4L3 P cDRrCDR1-lacZ integrated at CDRl locus This study 

8. GuS Fluconazole-Resistant Clinical isolate 
Dr. Joachim Morschhauser, 

Germany 

9. GuSGl P cDRrGFP integrated at CDRl locus This study 

10. GuSG2 PcDRrCDR1-GFP integrated at CDR 1 locus This study 

11. GuSLl P cDRr1acZ integrated at ACT] locus This study 

12. GuSL2 P cDRr1acZ integrated at CDRl locus This study 

13. GuSL3 P cDRrCDR1-lacZ integrated at CDRl locus This study 

14. DSY294 Fluconazole-Susceptible Clinical isolate Dr. Dominique Sanglard, 
Switzerland 

15. DSY294Gl PcDRrGFP integrated at CDR 1 locus This study 

16. DSY294G2 PcDRrCDR1-GFP integrated at CDR 1 locus This study 

l7. DSY294L1 P cDRr1acZ integrated at ACT] locus This study 

18. DSY294L2 P cDRr1acZ integrated at CDR 1 locus This study 

19. DSY294L3 P cDRrCDR1-lacZ integrated at CDRl locus This study 

20. DSY296 Fluconazole-Resistant Clinical isolate Dr. Dominique Sanglard, 
Switzerland 

21. DSY296Gl PcDRrGFP integrated at CDR 1 locus This study 

22. DSY294G2 PcDRrCDR1-GFP integrated at CDR 1 locus This study 

23. DSY296L1 P cDRr1acZ integrated at ACTllocus This study 
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24. DSY296L2 P cDRr1acZ integrated at CDRl locus This study 

25. DSY296L3 P cDRrCDRl-lacZ integrated at CDRl locus This study 

26. Gu4L2-CUN PcDRrlacZ -CDRl 3'UTRN integrated at CDRllocus This study 

27. Gu4L2-CUS PcDRrlacZ -CDRl 3'UTRs integrated at CDRllocus This study 

28. Gu5L2-CUN PcDRrlacZ -CDRl 3'UTRN integrated at CDRllocus 
This study 

29. Gu5L2-CUS P cDRr1acZ -CDRl 3'UTRs integrated at CDRl locus This study 

30. DSY294L2-CUN PcDRrlacZ -CDRl 3' UTRN integrated at CDRllocus This study 

31. DSY294L2-CUS PcDRrlacZ -CDRl 3'UTRs integrated at CDRllocus This study 

32. DSY296L2-CUN PcDRrlacZ -CDRl 3'UTRN integrated at CDRllocus This study 

33. DSY296L2-CUS PcDRrlacZ -CDRl 3'UTRs integrated at CDRllocus This study 

The superscript 'N' and'S' in designated constructs stand for Native and Swapped CDRl 3'UTR respectively. 



Materials and Methods 

XhoIlPstl, C-tenninal GFP having ACTl tennination and SAT1 gene (~3.0 Kb) was 

excised by digesting vector pADHl G3 with NcoIlPstl and ~250 bps of N-tenninal GFP 

was obtained from pGFP68 by SaiIlNcol digestion. The N-tenninal OFP fragment, C

tenninal GFP with SATl gene and the XhoIlPstl digested vector backbone was ligated to 

generate the final clone pCPG 1 (Gaur et ai., 2005). Kpnl-SacII linearized, gel-pUlified 

fragment containing the P CDRl-OFP fusion, were used to transfonn the clinical C. 

aibicans isolates. The flanking ACT1 sequences served for genomic integration of the 

transcriptional reporter fusion at the ACTllocus and the dominant caSAT1 marker (Reuss 

et ai., 2004) was used to select nourseothricin-resistant (NouR
) transfonnants. 

2.5.2.2 Construction of pCPG2: Plasmid pCPG2, which contains the GFP reporter gene 

fused in translational frame with the last codon of the CDR1 ORF was constructed as 

follows. The 250 bp of C-tenninal region of CDR1 was amplified from SC5314 genomic 

DNA with the primers CDR32 and CDR31, digested at the introduced Kpnl and BamHI 

sites, and ligated together with a BamHI-Pstl fragment from pADHIG3 (Hiller et ai., 

2006) containing OFP, the ACTl transcription tennination sequence, and the caSATl 

marker into the KpnV Pst! digested (2.9 kb) vector backbone of pCPL51 to generate the 

final clone pCPG2 (6.5 kb). Kpnl-SacII linearized, gel-purified fragment (CT-CDRl-

OFP-CaSAT1-3'UTR) (see Figure 25), were used to transfonn the clinical C. aibicans 

isolates. The flanking CDR1 sequences in all these plasmids served for genomic 

integration of the reporter fusions at the native CDR1 locus and the dominant caSATl 

marker (Reuss et ai., 2004) was used to select nourseothricin-resistant (NouR) 

transfonnants. 

2.5.2.3 Construction of pCPG3: To integrate the PcDRrOFP transcriptional fusion at 

CDR1 locus, vector pCPG3 was constructed. A CDR1 downstream fragment was then 

amplified from genomic DNA of strain SC5314 with the primers with the PstVSacIl 

digested plasmid vectors pCPGl (described above) to generate pCPG3. CDR29 and 

CDR30. The PCR product was digested at the introduced Pstl and Sadl sites and ligated 

Apal-SacII linearized, gel-purified fragment containing the P CDR1-GFP fusion (see Figure 

25), was used to transfonn the clinical C. aibicans isolates. The flanking CDR1 

sequences in all these plasmids served for genomic integration of the reporter fusions at 

the native CDR 1 locus and the dominant caSAT1 marker (Reuss et ai., 2004) was used to 

select nourseothricin-resistant (NouR
) transfonnants. 

2.5.2.4 Construction ofpCPLl: For construction ofpCPLI, an Xhol-Pstl fragment from 

plasmid pMEP2LACZ2 (Biswas and Morschhiiuser, 2005) containing the Streptococcus 
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thermophilus lacZ gene (Uhl and Johnson, 2001), the transcription termination sequence 

of the C albicans ACTl gene, and the URA3 selection marker was first ligated between 

flanking A CTl sequences of plasmid pMPG2 (Hiller et al., 2006) to obtain pLACZ6. An 

XhoI-PstI fragment containing the caSAT1 selection marker (Reuss et aI., 2004) was then 

substituted for the Sall-PstI fragment containing the URA3 marker to generate pLACZ7. 

A KpnI-ApaI fragment containing 0.6 kb of the A CTl coding region was PCR amplified 

from genomic DNA of C albicans strain SC5314 with the primers ACT23 (KpnI and 

ApaI sites introduced into the primers during synthesis, Table 8). In addition, an ApaI-

XhoI fragment containing 1196 bp of CDR1 upstream sequences was amplified from 

SC5314 genomic DNA with the primers CDRIF and CDRIR (sites introduced into the 

primers during synthesis, Table 8). The ACT1 fragment and the CDR1 promoter fragment 

were ligated together into the KpnVXhoI digested vector pLACZ7 to generate pCPL1, 

which contains the lacZ reporter gene under the transcriptional control of the CDR1 

promoter (Gaur et aI., 2005). KpnI-SacII linearized, gel-purified fragment containing the 

P CDRI-IacZ fusion, were used to transform the clinical C albicans isolates. The flanking 

ACT1 sequences served for genomic integration of the transcriptional reporter fusion at 

the A CTl locus and the dominant caSA Tl marker (Reuss et al., 2004) was used to select 

nourseothricin-resistant (NouR
) transformants. 

2.5.2.5 Construction of pCPL4/pCPL5: A 1196 bp CDR1 promoter fragment was first 

PCR amplified from the genomic DNA of isolates Gu4/Gu5 with the primers CDRIF and 

CDRIR digested at the introduced ApaI and XhoI sites, 600 bp of 3'ACT1 sequence was 

also amplified from Gu5 genomic DNA by using ACT23 and ACT34 primers and 

digested with KpnIlApaI restriction enzymes (sites introduced into the primers during 

synthesis), and ligated with KpnIlXhoI digested pCPLI to generate the clone pCPL5. 

KpnI-SacII linearized, gel-purified fragment containing the P cDRI-IacZ fusion (see Figure 

31), were used to transform the clinical C albicans isolates. The flanking A CTl 

sequences served for genomic integration of the transcriptional reporter fusion at the 

ACT1 locus and the dominant caSAT1 marker (Reuss et al., 2004) was used to select 

nourseothricin-resistant (NouR
) transformants. Notably, plasmid pCPLI/pCPG 1 harbors 

the CDR1 promoter isolated from SC5314 genomic DNA. 

2.5.2.6 Construction of pCPL51: To integrate the PCDRI-IacZ transcriptional fusion at 

CDR1 locus, vector pCPL51 was constructed. A CDR1 downstream fragment was then 

amplified from genomic DNA of strain SC5314 with the primers CDR29 and CDR30. 

The PCR product was digested at the introduced PstI and SadI sites and ligated with the 
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PstVSacII digested plasmid vectors pCPL5 (described above) to generate pCPL51. ApaI-

SadI linearized, gel-purified fragment containing the P cDRJ-IacZ fusion (see Figure 28), 

was used to transform the clinical C. albicans isolates. The flanking CDR1 sequences in 

all these plasmids served for genomic integration of the reporter fusions at the native 

CDR1 locus and the dominant caSATl marker (Reuss et al., 2004) was used to select 

nourseothricin-resistant (NouR
) transformants. 

2.5.2.7 Construction of pCPL52/pCPL62: To generate pCPL52, in which the lacZ 

reporter gene instead of GFP is fused in translational frame to the CDR1 ORF, the C

terminal part of CDR1 was PCR amplified from SC5314 genomic DNA with the primers 

CDR32 and CT-CDR1-R-RML, digested at the introduced KpnI and XhoI sites, and 

ligated into the KpnVXhoI digested pCPL51 (described above). To ensure in frame 

translational fusion of the CDR1 ORF with lacZ, pCPL62 was generated in which an 

additonal 'A' in pCPL52 before the lacZ A TG, was removed by site directed mutagenesis 

employing A-del pCPL52-F and A-del pCPL52-R primers. KpnI-SadI linearized, gel

purified fragment (CT-CDR1-lacZ-CaSATl-3'UTR, see Figure 28) were used to 

transform the clinical C. albicans isolates. The flanking CDR1 sequences in all these 

plasmids served for genomic integration of the reporter fusions at the native CDR1 locus 

and the dominant caSAT1 marker (Reuss et ai., 2004) was used to select nourseothricin

resistant (NouR
) transformants. 

2.5.2.8 Construction of pCPL53/pCPL54: Plasmid pCPL51 (described above) 

harboring P cDRr1acZ was used for cloning of mapped CDR1 3'UTR in transcriptional 

fusion with heterologous lacZ reporter. For this purpose, sequences at the junctions of 

lacZ-TAcTi and TAcTrcaSAT1 were mutated sequentially by introducing Pad and MluI 

sites at these corresponding junctions (lacZ-TAcTJ and TACTI-caSATl) using lacZ-F-Pad-

RMLllacZ-R-Pad-RML and lacZ-F-MluI-RMLllacZ-R-MluI-RML primers (see Table 8) 

by QuikChange Site directed mutagenesis system (Stratagene, La Jolla, Calif.) to 

generate the plasmid pCPL53-RML (with Pad site only) and pCPL54-RML (with both 

Pad and MluI sites) respectively. Mapped CDR1 3'UTR fragment of each isolate was 

excised from their corresponding 3 'UTR harBoring pGEM@ T -Easy vector clones 

(described ahead, see Table 8), by digestion at Pad and MluI sites (sites introduced in 

primers during the synthesis), and further subcloned in PacVMluI digested pCPL54-RML 

to generate pCPL54-Gu4/Gu5-3'UTR-RML and pCPL54-DSY294/DSY296-3'UTR

RML (see Table 8). ApaI-SacII linearized, gel-purified fragment containing the PCDRJ-

lacZ-CDR1 3'UTR reporter fusion (see Figure 45), were used to transform the clinical C. 
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albicans isolates. The flanking CDR1 sequences in these plasmids served for genomic 

integration of the transcriptional reporter fusions at the native CDR1 locus, and the 

dominant caSATl marker (Reuss et al., 2004) was used to select nourseothricin-resistant 

(NouR
) transformants. All constructs were confirmed by appropriate restriction digestion 

analysis as well as by sequencing. 

2.5.3 DNA sequencing 

Sequencing reaction: For denatured template preparation, 1.2 pmole of plasmid DNA 

(1 0 ~g) was taken and 1 0 ~l sterile water was added to make the volume to 20 ~l. To this, 

2 ~l of 2 M NaOH and 1 ~l of 4 mM EDTA was added and the mix was incubated at 

37°C for 30 min. After the incubation, 3 ~l of sodium acetate (pH 7.2), 7 ~l of sterile 

water and 75 ~l of 100 % ethanol was added and the contents were mixed by short 

centrifugation and kept at -20°C for overnight. The mix was centrifuged the next day at 

15,000 rpm for 15 min and after decanting the supernatant the DNA pellet was washed 

with 200 ~l of 70% ethanol. The pellet was dried in the speedvac after the wash. For 

annealing reaction, 1 pm of the primer, 2 ~l of the reaction buffer and 7 ~l of sterile water 

was added to the denatured DNA template. This was incubated at 80°C for 5 min and 

then at 37°C for 10 min for annealing the primer with the DNA template. For labeling 

reaction, a mix of 1 ~l of 0.1 M DTT, 0.5 ~l (10 ~Ci/~l) [u}2p]dATP, 0.25 ~l dGTP 

labeling mix, 1.75 ~l dilution buffer and 0.25 ~l of sequenase enzyme was prepared, 

mixed with the annealed DNA and incubated at 25°C for 5 min. For termination reaction, 

eppendorf tubes were labeled as G, A, T and C and kept in ice before adding the 

termination mix. 2.5 ~1 of ddGTP, 2.5 ~1 of ddATP, 2.5 ~1 of ddTTP and 2.5 ~l of ddCTP 

were added to the respective labeled tubes. The tubes were prewarmed at 37°C for 2 min. 

3.5 ~l of labeling reaction was added to each tube and the tubes were incubated at 37°C 

for 5 min. To stop the reaction 4 ~l of stop solution was added. The mix could be stored 

at -200 e till further use. The samples were heated at 90° C and chilled on ice before 

loading them on a sequencing gel. 

2.5.4 Bacterial miniprep plasmid DNA isolation 

3 ml of bacterial culture (harboring the desired plasmid) was harvested at 6,000 rpm for 5 

min. Plasmid DNA was isolated using alkaline lysis method (0.2N NaOH and 1.0% SDS) 
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(Sambrook et ai., 1989). Contaminating proteins and E.coli genomic DNA were removed 

by extraction with phenol: chloroform: isoamyl alcohol (25:24:1) twice. The DNA was 

precipitated with 2.5 volumes of chilled ethanol plus one-tenth volume sodium acetate 

(pH 5.2). Precipitated DNA pellet was subjected to 70% ethanol wash and then dried 

under vacuum and finally resuspended in 50 III of TE buffer (10 mM Tris-Cl, 1 mM 

EDTA[pH 8.0]). 

2.5.5 Yeast genomic DNA isolation 

2.5.5.1 Protocol I. Yeast genomic DNA which was to be used as PCR template was 

prepared from overnight cultures of clinical C. aibicans isolates grown in 10 ml of YEPD 

for 12-16 hours, harvested at 3000 rpm for 5 min and were resuspended in 1 ml of SOE 

(1 M Sorbitol and 0.1 M EDT A). SOE was then added to the cells to make final volume 

500 III and 20 III of 10mg/ml solution of Zymolyase lOOT was added and the tubes 

incubated at 37°C. The tubes were then turned upside down gently after every 15 min. 

The contents of the tube were then centrifuged at 2000 rpm for 1 min until the cells were 

just pelleted. The supernatant was discarded and the cells were resuspended by vortexing 

thoroughly for 1 min in 500 III of 50 mM Tris, 20mM EDTA mix. 50 III of 10 % SDS 

was added to the above suspension and incubated at 65°C for 30 min. Then, 200 III of 

cold 5 M potassium acetate was added and the tubes were chilled on ice for 60 min after 

vortexing to mix the contents. After incubation on ice the cell suspension was centrifuged 

for 5 min at 4°C. The supernatant was recovered in fresh tubes after centrifugation and 1 

volume of isopropanol was added. The tubes were inverted several times to get a pellet of 

DNA. Eventually centrifuging briefly pelleted the DNA down. The pellet was semi-dried 

in a speed vac and resuspended in 150111 of T IOE I. The tubes were kept at 65°C till the 

DNA dissolved completely. 1.5111 of RNase A solution (10 mg/ml) was added and the 

tubes were incubated at 37°C for 30 min. The tubes were chilled on ice and then 

centrifuged for 5 min at 4°C. The supernatant was transferred to fresh tubes and the DNA 

was precipitated with 2.5 volumes of ethanol and 1110 volumes of 3 M sodium acetate 

(pH 5.2). The DNA pellet was washed with 70% ethanol and dried in a speedvac. The 

DNA pellet was finally resuspended in 100-200 III of TIOEI (10 mM Tris and 1 mM 

EDTA; pH 8.0) after the RNase treatment with subsequent phenol chloroform step. The 

DNA was stored in aliquots at -20°C until further use. 
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2.5.5.2 Protocol II (Miniprep). Yeast Genomic DNA was isolated as described by 

Hoffinan and Winston (1987) with certain modifications. Yeast cultures (Wild type/ 

transformants) were grown overnight to saturation in 10 ml of YEPD media at 30°C. 

Cells were pellet down at 1,500 rpm for 2 min, resuspended in 0.5 ml of sterile distilled 

water and transfered to 1.5 ml tube. Again cells were pellet down at maximum speed 

(14,000 rpm) for 5 sec. Supernatant was discarded and pellet was briefly vortexed in the 

residual water. In the following order, 200 fll of yeast lysis buffer (Appendix III), 200 fll 

of phenol:chloroform:isoamyl alcohol (25:24:1) and 0.3 g of acid-washed glass beads 

(Sigma) were added. Cells were lysed on cell disruptor for 10 min and spin for 5 min in a 

microfuge at 10,000 rpm at 4°C. Upper aqueous phase was transferred to a fresh 2 ml 

tube and 10 fll of 4M ammonium acetate and 1.5 ml of 100% ethanol was added, and 

mixed by inversion. The DNA was allowed to precipitate for 5 minutes at room temp and 

again spin at maximum speed (14,000 rpm) for 5 min in a microfuge at 4°C. Supernatant 

was discarded and genomic DNA pellet was washed twice with Iml of 70% ethanol. 

Pellet was semidried in a vacuum dryer for 5 min at 60°C and resuspended in 100 fll of 

TIOEJ (10 mM Tris, 1 mM EDTA [pH 8.0]). 5 fll of 10 mg/ml RNase A (Sigma) was 

added and incubated at 37°C until the pellet is completly dissolved. Occasionally cellular 

debris remains in the samples, but it does not interfere with subsequent analyses. 

Expected genomic DNA yield ranges from 0.5-1 flg per fll of sample. Approximately 15-

20 fll of this DNA was used for Southern analysis. 

2.5.6 Yeast transformation procedures 

2.5.6.1 LiAc method: The primary cultures of clinical C. albicans isolates were grown in 

10 ml of YEPD medium overnight. From the saturated culture an aliquot was inoculated 

in 50 ml YEPD to an initial OD600 of 0.4. The culture was allowed to grow till an OD600 

of 1.6 was reached. After the required OD600 was reached, the cells were harvested in a 

sterile 50 ml centrifuge tube at 5000 rpm for 5 min. The cells were resuspended in 1 ml 

of 100 mM LiAc (lithium acetate) and were transferred to a 1.5 ml eppendorf tube. The 

cells were pelleted at top speed and LiAc was removed with a micropipette. Finally, the 

cells were resuspended to a final volume of 500 fll in 100 mM LiAc. This cell suspension 

was vortexed and 50 III samples were transferred to labeled microfuge tubes. After 

pelleting the cells and removing the LiAc, the basic transformation mix components were 
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added in the given order: 240 J.!l PEG (50% w/v), 36 J.!l 1M LiAc, 15 J.!l of 10 mg/ml of 

salmon sperm DNA (denatured) + 65 J.!l of DNA (1-4 J.!g of linearized DNA fragment). 

The contents of the tube were mixed vigorously until the cell pellet had been mixed 

completely (usually takes about a minute) and was incubated at 30°C for 30 min. Heat 

shock was given to the cells at 42°C for 25 min after which the cells were centrifuged at 

6000 rpm for 15s. The transformation mix was removed with pipette and the cells were 

resuspended in 1 ml of YEPD and allow it to grow at 30°C for 4-5 h. The cells were 

dissolved in minimum volume of YEPD and plated on the YEPD agar plates containing 

200 J.!g/ml of nourseothricin for selection. Next day the colonies were streaked on YEPD 

plates containing 100 J.!g/ml of nourseothricin and also inoculated for genomic DNA 

isolation. 

2.5.6.2 Electroporation: The cells were grown in 10 ml of YEPD media over night at 

30°C for primary culture. For secondary, 1 and 5 J.!l of primary culture was inoculated in 

50 ml ofYEPD media and allow it to grow for 14 h (mid-log phase) and then harvested at 

3000 rpm for 5 min after checking the OD600 (1.6-1.8) of the cells. The pellet was 

resuspended in 8 ml of ice cold sterile MQ water, 1 ml of lOx TIOE\ (1OmM Tris and 1 

mM EDTA; pH 8.0) and Iml of 1M LiAc. The cells were kept at 30°C for Ih shaking 

and then added 250 J.!l of 1 M DTT and kept it again at 30°C for 30 min in a shaking 

incubator. The cells were washed with ice cold MQ water twice at 3000 rpm for 5 min. 

The pellet was resuspended in 25 ml of 1M sorbitol and after centrifugation the 

supernatant was discarded and the pellet was dissolved in minimum volume of sorbitol 

left in the tube. 40J.!1 of the electro competent cells were taken for electroporation using 

Biorad Genepulser XL™ in 0.2 cm cuvette and mixed with the 5 J.!l (approximately 1 Ilg) 

linearized gel eluted DNA. The cells were dissolved in 1 ml of 1M sorbitol after giving 

electric pulse at 1.5 kV (Reuss et ai., 2004). After centrifugation the cells were dissolved 

in Iml of YEPD and allow it to grow at 30°C for 4-5 h. The cells were dissolved in 

minimum volume of YEPD and plated on the YEPD agar plates containing 200 J.!g/ml of 

nourseothricin for selection (Reuss et ai., 2004). Nourseothricin resistant (NouR
) 

transformants were picked and streaked on YEPD plates containing 100 J.!g/ml of 

nourseothricin and also inoculated for genomic DNA isolation. Single copy integration of 

each construct at the desired locus was confirmed by Southern hybridization with gene 

specific probes. 
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2.5.7 Southern blot hybridization 

5-10 Ilg of genomic DNA or total yeast DNA was digested with the appropriate enzyme 

(usually 10-20 U of enzyme) and loaded on 1 % agarose gel (Tris-acetatel EDT A buffer). 

For the transfer of DNA from the agarose gel to the membrane, the gel was treated with 

250 mM HCI for 10-15 min and then rinsed with water. It was then treated with 

denaturation solution (0.5 N NaOH, 1.5 M NaCI) twice for 15 min with gentle shaking 

and then rinsed with water. The gel was then neutralized in neutralization solution (0.5 M 

Tris-HCI, [pH 7.5], 3M NaCI). The DNA was blotted overnight from the gel by capillary 

transfer to the nylon membrane (Hybond-N+, Amersham), using 20xSSC buffer. The 

DNA was UV crosslinked to the membrane as per the manufacturer's instructions and 

used for pre-hybridization. Pre-hybridization was done in a hybridization bottle at 65°C 

for 4h in the prehybridization solution (Appendix IV). Probes were [a}2P]dATP labeled 

using the Megaprime DNA labeling system (Amersham Pharmacia Biotech) according to 

the manufacturer's instructions as shown below: 

DNA Mix (D): 

Template DNA 

Primers 

Water 

25-50 ng 

5 III 

to make up the final volume to 18 III 

The above contents are denatured for 10 min at 100°C. 

Reaction Mix (R): 

dCTP, dGTP and dTTP 

Reaction buffer 

The denatured D and R are mixed and to this is added 2 III Klenow and 3 III [a_32p] 

dATP and incubated at 37°C for 30 min and the radiolabeled probe purified using 

Sephadex G-50. For hybridization, 106cpm/ ml of radiolabeled probe was added and the 

membrane was left in hybridization solution overnight. After hybridization the unbound 

probe was removed by washing the membrane washed once for 5 min in 2x wash 

solution (2x SSC, 0.1 % SDS) followed by washes in 1 xSSC and 0.1 x SSC at 65°C. 

Finally, the membrane was exposed on X-ray film with two intensifying screens 

containing cassettes at -80°C. 
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2.5.8 Fluorescence microscopy and flow cytometry 

2.5.8.1 Fluorescence microscopy. The strains were grown overnight in YEPD liquid 

medium and aliquots were spotted on microscope slides. Fluorescence microscopy was 

perfonned with a Zeiss Axiolab microscope equipped for epifluorescence microscopy 

with a SOW mercury high-pressure bulb and the Zeiss fluorescein-specific filter set 09. 

Imaging scans were acquired with an Argon laser of 488 nm wavelength and 

corresponding filter settings for green fluorescent protein (GFP) and parallel transmission 

Images. 

2.5.8.2 Confocal microscopy. For Confocal microscopy, the cells were placed on the 

glass slides and directly viewed with a Bio-Rad confocal microscope (Radiance 2100, 

AGR, 3Q/BLD; Bio-Rad, UK) under a 100x oil immersion objective (Shukla et ai., 

2003). 

2.5.8.3 Fluorescence-activated cell sorter (FACS) analysis. FACS analysis was 

perfonned using a F ACSCalibur flow cytometer (Becton-Dickinson Immunocytometry 

Systems, San Jose, Calif.) equipped with an argon laser emitting at 488 nm. Fluorescence 

was measured on the FL1 fluorescence channel equipped with a 530 nm bandpass filter. 

A total of twenty thousand events were counted at the low flow rate. Fluorescence data 

were collected using logarithmic amplifiers. Data analysis was perfonned with Cell Quest 

software (Becton Dickinson Immunocytometry Systems). The mean fluorescence 

intensity was calculated using the histogram stat program (Shukla et ai., 2003). Averages 

and standard deviations were calculated from three independent experiments. 

Fluorescence averages were divided by the fluorescence of the parental strain (negative 

control) to yield fluorescence increase over control (FlOC) values. 

2.5.9 fi-galactosidase assays 

B-galactosidase assays were perfonned as described earlier (Uhl and Johnson, 2001; Li et 

ai., 2004; Gaur et ai., 2005). 

2.5.9.1 Qualitative assay. Qualitative assay were perfonned by visual screening of lacZ 

reporter harboring single copy integrated C. albicans transfonnants. 5 III of (1 x 106
) mid

exponential-phase cells for each sample were streaked onto the X-Gal-modified minimal 

media (XMM) plates. 1.70 g yeast nitrogen base without amino acids or ammonium 

sulfate, 20 g glucose, 5 g ammonium sulfate, and 20 g agar were dissolved in 930 ml H20 

for preparation of the plates. After autoclaving, 70 ml of 1M potassium phosphate, pH 7.0 

and 2.0 ml of a 20 mg/ml X-Gal solution were added (Uhl and Johnson, 2001). 
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2.5.9.2 Quantitative assay. For quantitative liquid assay, duplicate samples of cells for 

three independent experiments were used. For this, 1 ml of exponential grown cell 

culture in YEPD was pelleted and resuspended in an equal volume of Z-buffer (Appendix 

VI) (Uhl and Johnson, 2001) and placed on ice. The OD600 was determined for each 

sample. 100 III of resuspended cells were added to the Z-buffer to a final volume of 

1.0 ml and permeabilized with 15 III of 0.1 % SDS and 30 III chloroform by vortexing for 

15 sec. Permeablized cells were equilibrated at 37°C for 15 min and then 0.2 ml of 

ONPG (4 mglml) (Appendix VI) was added incubated at 37°C till the hydrolyzed pale 

yellow product of O-nitrophenol is released. Reaction was stopped by addition of 0.5 ml 

of 1 M Na2C03 and centrifuged for 5 min at 10,000xg to pellet down the cell debris. O.D. 

of the supernatant was measured at 420 nm. Units of activity were determined by the 

standard equation given by Ausubel et al. (1987) and is expressed in Miller Units per mg 

of protein. Miller units are arbitrary units. 

U= 
1000 x OD420 

t x v x OD6oo 

Where, t is time of reaction (in min) and v is volume of culture used in assay (in ml). 

2.5.10 Measurement of growth rate 

The strains were grown in YEPD media for 24 hand 5xl06 cells (Optical density A600 = 

0.1) were inoculated into the fresh media. Growth was followed for further 24-48 hand 

measured turbidometrically using Shimadzu UV 1201 spectrophotometer at 600 nm. 

Generation time was calculated as follows: 

Generation time (g) = 0.301 (tz-tJl 

10glO Bt - 10glO Bo 

Where, 

g = generation time 

B t = optical density at time t2 

Bo = optical density at time t\ 

t\ = initial time 

t2 = final time and, 
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d.t 

2.5.11 Growth curve versus 6-galactosidase activity 

Materials and Methods 

Cells were resuspended to an OD600 of 0.1 in YEPD broth and incubated in shaker at 200 

rpm at 30°C. OD600 readings were taken at regular interval along with 13-galactosidase 

liquid assay as described above. A line graph was plotted to show the growth rate and 

histogram was plotted at the corresponding time point of growth to determine the 13-

galactosidase reporter activity in Miller Units per mg of protein. 

2.5.12 Protein sample prepration 

2.5.12.1 Crude and plasma membrane protein isolation. The isolation of crude and 

plasma membrane for western blot analysis was carried essentially as described before 

(Sessions and Horwitz, 1983). Protein estimation was done by diluting appropriate 

aliquots to 100 III with MQ water followed by addition of 1 ml of Bradford reagent and 

OD was recorded after 5 min at 595 nm (Bradford, 1976) as well as by Bicinchoninic 

(BCA) acid protein determination kit (sigma). 

2.5.12.2 Whole cell extract prepration. Cell lysis and preparation of crude protein 

extract for Western blot analysis were performed by alkaline extraction procedure as 

described elsewhere (Hiller et al., 2006) except that protocol was scaled up for a large 

amount of cells and that sample buffer excludes the bromophenol blue (as it interferes 

with the subsequent protein quantitation). Briefly, cells (5 OD6oo) were resuspended in an 

eppendorftube with 500 III water and 150 III of a solution containing 1.85 M NaOH and 

7.5% 13-mercaptoethanol. This mixture was incubated on ice for 10 min. Proteins were 

next precipitated with 150 III of a 50% trichloroacidic acid solution and the suspension 

was left on ice for another 10 min. Precipitated proteins were sedimented by a 

centrifugation step at maximal speed in a microfuge for 15 min. The sediment was 

resuspended in 50 III of loading buffer (40 mM Tris-HCl [pH 6.8], 8 M urea, 5% SDS, 

0.1 M EDT A, 1 % 13-mercaptoethanol and 0.1 mg/ml bromophenol blue) and incubated at 

37°C for 10 min. Non-solubilized material was cleared by a centrifugation step for 10 

min. The whole cell extract was aliquoted and stored at -80°C. All centrifugation steps 

were carried out at 4°C. Protein content of whole cell extract preparation were estimated 

by Bradford's method (Bradford, 1976) and Bicinchoninic (BCA) acid protein 

determination kit (Sigma). Integrity of extract was also checked on the 8% SDS-PAGE. 
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2.5.12.3 Crude Nuclear Extract preparation. Nuclear extracts for DNaseI foot-printing 

assay and EMSA were prepared from clinical C. albicans cells as described earlier (Gaur 

et al., 2004) with slight modifications. For primary culture, C. albicans cells were grown 

in 10 ml ofYEPD at 30°C. After 16 hours of growth, the culture was diluted (0.5%) into 

100 ml of fresh media as a secondary culture and then grown to a density of 2xl07 

cells/ml. The cells were then harvested at 3000 rpm for 5 min. The cell pellet was 

weighed and resuspended in 2 volumes of Zymolyase buffer (50 mM Tris-HCI [pH 7.5], 

10 mM MgCh, 1M Sorbitol and 30 mM DTT). To this cell suspension 100 units of 

Zymolyase was added and incubated at 30°C for 2-3 hours. Sphaeroplast formation was 

checked by taking OD at 595 nm that upon addition of water became one-tenth of the 

initial absorbance of the cells. The cells were then harvested at 3000 rpm for 5 min and 

the pellet was resuspended in one volume oflysis buffer (50 mM Tris-HCI [pH 7.5], 10 

mM MgS04, 1 mM EDT A, 10 mM potassium acetate, 1 mM DTT and 1 mM PMSF) and 

pellet resuspension was homogenized with 20 strokes of a tight-fitting glass Dounce 

homogenizer to lyse the cells. The lysate was centrifuged at 1000 rpm for 10 min and the 

supernatant was again centrifuged at 2000 rpm for 20 min to pellet the nuclei. The 

nuclear pellet hence obtained was resuspended in minimum volume of nuclear extraction 

buffer (20 mM HEPES [pH 7.0], 20% glycerol, 400 mM NaCI, 1.5 mM MgCh, 1 mM 

EDTA, I mM DTT and 0.5 mM PMSF) and incubated on ice for Ih. This was followed 

by centrifugation at 8000 rpm for 20 min. The supernatant thus obtained was dialyzed in 

presence of a low salt buffer (20 mM NaCl) for 6-8 hours at 4°C. The dialyzed nuclear 

extract was ali quoted and stored at -80°C. All centrifugation steps were carried out at 

4°C. Before using for DNaseI footprinting assay and EMSA, the protein content of 

nuclear extract preparation were estimated by Bradford's method (Bradford, 1976) and 

Bicinchoninic (BCA) acid protein determination kit (Sigma). Integrity of nuclear extract 

was also checked on the 8% SDS-PAGE. 

2.5.12.4 Crude whole cell extract preparation. Crude whole cellular protein 

preparation used for RNA-.Electrophoretic Mobility .s.hift Assay (R-EMSA) was done 

with RNase free diethyl pyrocarbonate (DEPC) treated H20. C. albicans cells were 

grown in 10 ml of YEPD at 30°C. After 24 hours of growth, the culture was diluted 

(0.5%) into 100 ml of fresh YEPD media as a secondary culture and then grown to mid

logarithmically phase. Aliquot of yeast cells (~1 x 108 per ml) were then harvested at 3000 

rpm for 5 min. The cell pellet was weighed and resuspended in 2 volumes of Zymolyase 
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buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgCb, 1 M Sorbitol and 30 mM DTT). To 

this cell suspension, 100 units of Zyrnolyase was added and incubated at 30°C for 2-3 

hours. Sphaeroplast formation was checked by taking OD at 595 nrn which upon addition 

of water became one-tenth of the initial absorbance of the cells. The cells were then 

harvested at 3000 rpm for 5 min and the pellet was resuspended in one volume of lysis 

buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgS04, 1 mM EDTA, 10 mM potassium 

acetate, 1 mM DTT and 1 mM PMSF) and pellet resuspension was homogenized with 25 

strokes of a tight-fitting glass Dounce homogenizer to lyse the cells. The lysate was 

centrifuged at 1000 rpm for 10 min and supernatant obtained was dialyzed in presence of 

a low salt buffer (20 mM NaCl) for 6-8 hours at 4°C. Protein content of the cellular 

extract preparation were estimated by Bradford's method and Bicinchoninic (BCA) acid 

protein determination kit (Sigma). Integrity of cellular extract was also checked on the 

8% SDS-PAGE. The dialyzed cellular extract was ali quoted and stored at -80°C till 

further use. 

2.5.13 Protein estimation 

2.5.13.1 Bradford's method. Soluble protein was determined by the Commassie blue 

method of Bradford (1976) using bovine serum albumin (BSA) as standard. This method 

involves the binding of Coomassie Brilliant Blue G-50 to protein, causing a shift in the 

absorption maximum at 595 nrn, which is monitored. The colored reagent is prepared by 

dissolving 100 mg of Coomassie Brilliant Blue G-50 in 50 ml of 95% ethanol to which 

100 ml of 85% (v/v) orthophosphoric acid was added, and the volume made up to 1 liter. 

Standard protein solution (BSA) was prepared containing 10 to 1 00 ~g of protein in a 100 

~l volume was dispensed into separate tubes. The volume in the test tube was adjusted to 

1 00 ~l by the addition of distilled water, 5 ml of coloring reagent was added to the test 

tubes and the contents were mixed by vortexing. The absorbance at 595 nrn was 

measured after 2 minutes. A standard graph was made using 1 mglml BSA solution. The 

amount of protein in the sample was estimated by extrapolating the value of the 

absorbance of the sample from the standard graph. 

2.5.13.2 Bicinchoninic acid assay (BCA). Protein samples were also quantified by 

Bicinchoninic acid (BCA) protein determination kit (Sigma) as per manufacturer's 

recommendation. 
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2.5.14 Protein gel electrophoresis (SDS-PAGE) 

SDS-polyacrylamide gel electrophoresis was perfonned as described by Laemmli (1970). 

A 5-12% polyacrylamide gel was run at 80-120 V for 2 hours in Bio-Rad Mini Gel 

apparatus (Appendix II). The samples were prepared according to the method of Holzer 

and Hammes (1989). Protein aliquots were mixed with 5x samples loading buffer and 

incubated at 90°C for 10 min. After electrophoresis, the gel was visualized by silver 

staining (Blum et at., 1987). 

2.5.15 Western blot analyses 

Total protein (approximately 20-40 ).tg) in the protein preprations were resolved by 10% 

(w/v) SDS-PAGE in a Mini-PROTEAN II electrophoresis cell (Bio-Rad) and was 

followed by transferred to nitrocellulose membranes by Western blotting using a Bio-Rad 

Mini Trans-Blot electrophoretic transfer cell according to the manufacturer's instructions. 

After transfer, membrane was stained by Ponceau reagent (0.25% Ponceau S in 40% 

methanol and 15% acetic acid) for 5 min to verify that protein extracts were evenly 

transferred. For Western blots, membranes were incubated with a 1:5000 dilution of 

monoclonal anti-GFP antibody (JL-8) (BD Biosciences, Clontech), 1 :500 dilution of 

polyclonal anti-Cdrl p antibody or 1: 1 000 dilution of polyclonal anti-Pma1 p (plasma 

membrane ATPase) antibody (Appendix IV). Immunoreactivity was detected using 

horseradish peroxidase-labeled secondary antibody with a dilution of 1 :5000 (goat anti

mouse antibody for GFP and goat anti-rabbit antibody for Cdrlp and Pma1p) using the 

enhanced chemiluminescence assay system (ECL kit, Amersham Biosciences, Arlington 

Heights, IL, USA). 

2.5.16 Transcription Run On (TRO) analysis 

Transcription Run-On experiments were perfonned as described previously (Lyons and 

White, 2000; Garcia-Martinez et at., 2004) with the following modifications. A 

schematic representation of TRO is shown in Figure 23. Briefly, cells were grown at 

30°C in YEPD with agitation until the culture reached an OD600 of 1.0. An aliquot of 

yeast cells (6 x 108 per ml) was used to perfonn TRO. Transcriptional inhibitory potential 

of thiolutin was evaluated by treating the AS/ AR isolates with an optimized thiolutin 

concentration (40 ).tg/ml) and either alone or along with CDR1 inducer, fluphenazine (10 

).tg/ml) for 60 min. For CDR1 induced conditions, cells were treated with inducers -

fluphenazine (10 ).tg/ml), progesterone (1 mM) and ~-estradiol (1 mM) for 30 min. The 
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Figure 23. Schematic representation ofthe Nuclear run-on transcription assay. 
Nuclear run-on transcription assay employed for the detection of transcription rate of particular 
gene is described. Briefly, nuclei was isolated from either uninduced or induced (at the indicated 
time after addition of inducers) as described under Materials and Methods. In vivo transcription 
was reinitiated, nascent RNA was labeled with [a-32P]UTP to elongate already halted RNA 
transcripts. The total labeled nuclear run-on RNA were subsequently used as probes in reverse 
Northern hybridizations with the gene specific DNA (X, Y and Z in this case), which were 
immobilized by dot blotting on a charged nylon membranes (Hybond-N+; Amersham Pharmacia 
Biotech) using a dot blot assembly apparatus. After removal of unhybridized RNAs, the labeled 
RNAs complementary to blotted DNA were revealed by PhosphorImager scanner (FLA-5000, 
FLA5000 Fuji phosphorimager) and hybridization signal intensities of nuclear RNA were 
quantified using densitometry scanning of phospho rim ages. In the TRO scheme shown above, 'Y' 
gene exhibited an increased transcription rate as compared with the 'X' and 'Z'. 
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final concentration used is given in parenthesis. Subsequently, untreated/treated cells 

were centrifuged for 5 min at 4,000xg and resuspended in 5 ml of cold TMN (10 mM 

Tris, 100 mM N aCI, 5 mM MgCh; pH 7.4). The cells were again centrifuged for 5 min at 

4,000xg and the cell pellet was resuspended in 900 I.tI of sterile cold DEPC treated water. 

Then the cell suspension was transferred to a fresh micro centrifuge tube containing 50 )ll 

of 10% N-Iauryl sarcosine sodium sulfate (sarkosyl) and was incubated for 20 min on ice. 

After the permeabilization step, cells were recovered by low-speed centrifugation at 

6,000 rpm for 2 min at 4°C and the supernatant was removed. In vivo transcription was 

reinitiated by resuspending the permeabilized cell fraction in 120 )ll of 2.5x transcription 

buffer (50 mM Tris-HCI [pH 7.7], 500 mM KCI, 80 mM MgCh), 16 )ll of AGC mix (10 

mM each of ATP, GTP and CTP), 6)l1 ofDTT (0.1 M), 1 U of RNase inhibitor per )ll, 10 

mM phosphocreatine, 1.2 )lg of creatine phosphokinase per )ll and 15 )ll of [u}2P]UTP 

(3000 Ci/mmol, 1 0 )lCi/)lI). Cells were maintained on ice at all times. The final volume 

was adjusted to 300 )ll with DEPC treated water and the mix was incubated for 15 min at 

30°C to allow transcription elongation. The reaction was stopped by adding 1 ml of ice 

cold DEPC treated water to the mix. Cells were recovered by centrifugation to remove 

non-incorporated radioactive nucleotides. Total RNA was isolated using the Trizole 

reagent (Sigma) as per the manufacturer's specifications except that 200 )ll of ice-cold 

acid-washed 0·4-0·6 mm diameter glass beads (Sigma, St. Louis, MO, USA) were also 

used for efficient and complete lysis of permeabilized cells. Isolated total labeled RNA 

was again precipitated by adding 2.5 M NH4-acetate and an equal volume of isopropanol. 

The mixture was stored overnight at -20°C. To pellet the RNA, tubes were centrifuged at 

14,000 rpm for 15 min in the micro-centrifuge. The isopropanol was removed, and the 

labeled RNA pellet was washed twice with 70% ethanol, dried and resuspended in 100 )ll 

of DEPC treated water. This double precipitation of RNA was used to minimize DNA 

contamination. Total extracted RNA was spectrophotometrically quantified. An aliquot 

was used for specific radioactivity determination in a Tri-CARB 2900 TR Liquid 

scintillation analyzer (Packard instrument Co., Inc. USA). All of the in vivo labeled RNA 

of each isolate (~2-2.5xl06 cpm) was subsequently used for reverse Northern 

hybridization with a dot blotted Nylon membrane (Hybond-N+; Amersham Pharmacia 

Biotech) containing PCR amplified gene specific N-terminal CDR 1 sequences 

(nucleotides -242 to +256 from the TSP), plasmid pACTI (positive control) and 

pBlueScript-KS(+) (negative control) as probes, as per the manufacturer's 

recommendation. Northern blots were scanned with a PhosphorImager scanner (FLA-
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5000, FLA5000 Fuji phosphorimager). Signal intensities of hybridized nuclear RNA 

were quantified and subsequently normalized to the actin intensities using densitometry 

scanmng. 

2.5.17 mRNA chase assay 

2.5.17.1 Screening of transcription inhibitors. To identify and determine the in vivo 

potency of various transcription inhibitors in clinical C. albicans isolates, inhibition in de 

novo biosynthesis of RNA was measured. Transcription inhibitors- actinomycin D, 1,10-

phenanthroline, a-amanitin and thiolutin were added individually to a 5 ml of mid-log 

phase (OD600~ 1.0) cultures grown in a defined SD-URA- media. Radio-labeled uridine 

([ 5,6-3H], 32 Ci/mmol) was added to a final concentration of 1 00 ~Ci/ml to each culture, 

incubated at 30°C for 60 min and subsequently inhibitors were added in a concentration 

dependent manner (described infigure legend). For thiolutin treatment, cells were treated 

with a 150 ~M concentration of the copper chelator bathocuprioinedisulphonic acid 

(BCS) and incubated at 37°C for 10 min at 200 rpm. Subsequently, thiolutin was added 

along with 150 nM CUS04. Addition of BCS and CUS04 was found to enhance the 

response of the cells to thiolutin (Setiadi et af., 2006). Transcription shut off was 

monitored 60 min after the inhibitor addition. For this purpose, 500 ~l samples of each 

culture were collected and cold trichloroacetic acid (TCA) was added to a final 

concentration of 11.5% (w/v). After incubation on ice for 5 min, the samples were 

centrifuged at 13,000 rpm and the TCA-precipitated counts for each concentration were 

quantified in a in a Tri-CARB 2900 TR Liquid scintillation analyzer (Packard instrument 

Co., Inc. USA). Radioactive counts were normalized to that of solvent control of 

corresponding transcription inhibitors and plotted as % inhibition of radiolabeled uri dine 

incorporation during de novo RNA synthesis with respect to untreated sample (assuming 

100% incorporation) on a line graph. 

2.5.17.2 Thiolutin treatment arrest transcription. Transcriptional inhibitory potential 

of thiolutin was evaluated by monitoring the R6G efflux as well as expression activity of 

indicator gene, CDR1. Glucose-mediated efflux of R6G (described ahead), fluorescence 

microscopy/flow cytometry, B-galactosidase reporter and TRO assays, were carried out 

by standard protocols as described earlier except that AS/ AR isolates were treated with 

an optimized thiolutin concentration (40 ~g/ml) and either alone or along with CDR1 

inducer, fluphenazine (1 0 ~g/ml) for 60 min. The final concentration used is given in 

parenthesis. 
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2.5.17.3 Total RNA isolation. For this, all experiments were done with DEPC treated 

H20 and chemicals. Total RNA from clinical C. albicans isolates was isolated as 

described below. 

2.5.17.3.1 Protocol I (TeES method). The cells were harvested at 2500 rpm for 10 min 

at 4°C and resuspended in 1 ml of ice cold DEPC MQ H20 and divided into two 

eppendorfs. They were centrifuged for 1 min at 10,000 rpm and were then resuspended in 

150 III TCES and 150 III phenol:chloroform:isoamyl alcohol. 0.3 ml of ice cold glass 

beads (0.5 mm) were added into the mixture and vortexed for 2-3 min. 200 III TCES and 

200 III phenol: chloroform: isoamyl alcohol was added into the above mixture and 

vortexed for another min. The above mixture was centrifuged for 1 min. The upper clear 

phase was collected and precipitated it with 2.5 volumes of ice cold absolute ethanol for 1 

h at -20°C. Tubes were centrifuged for 15 min at 4°C at highest speed. The pellet was 

resuspended in 250 III DEPC MQ H20 and heated at 56°C to dissolve the insoluble 

material like the carbohydrates. The mixture was centrifuged at highest speed for 15 min 

to remove insoluble materials. The supernatant was pooled in one tube and precipitated 

with 1/1Oth vol. of N a-acetate and 2.5 volumes of ice cold absolute ethanol. The tube was 

kept at -20°C for minimum of 30 min and centrifuged for 15 min at 4°C. The pellet was 

washed with 70% ethanol and was dried in speedvac for 3 min after draining alcohol 

properly. Resuspended the pellet in 100 III of 50% formamide and stored at -80°C till 

further use. The RNA content was measured at A260 (diluted 1000 times), [A26o = 40 Ilg 

ofRNAlml]. 

2.5.17.3.2 Protocol II (TRI® Reagent method). Total RNA from clinical matched pair 

of C. albicans isolates was prepared from mid-logarithmically grown phase cells. In a 

standard preparation, 10 ml of cells, optical density at 600 nm (OD600) of 1.0, were 

pelleted and washed with 10 ml of ice-cold H20 and spun at 5000 rpm. The pellet was 

resuspended in 1.0 ml of TRI® Reagent (Sigma) and 0.3 ml of ice-cold acid-washed 0·4-

0·6 mm diameter glass beads (Sigma, St. Louis, MO, USA) were added and vortexed for 

5 min. Chloroform (0.2 ml) without isoamyl alcohol was added and the tubes were 

shaken vigorously for 15 s. The samples were incubated at room temperature for 15 min, 

followed by centrifuge at 12,000 x g for 15 min at 4°C. The upper colorless aqueous 

phase was transferred to a new tube and 0.5 ml of isopropanol was added. The tubes were 

incubated at room temperature for 10 min, followed by centrifugation at 12,000 x g for 

10 min and the pellet washed with 75% ethanol and recentrifuged. The pellet was air 
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dried and resuspended in 100 JlI of H20. For this preparation, all experiments were done 

with DEPC treated H20. DNA free RNA was prepared by treating total RNA with DNase 

RQl (promega). The OD26o and OD280 were measured, and the integrity of the total RNA 

was visualized by subjecting 2-5 JlI of the sample to electrophoresis through a denaturing 

1 % agarosel2.2 M formaldehyde gel. The total RNA preparation isolated was stored at -

80°C till further use. 

2.5.17.4 Northern blot hybridization. For Northern analysis standard protocol was used 

(Sambrook et ai., 1989). The electrophoresed RNA was visualized on UV 

transilluminator. Northern transfer was performed overnight as given in standard 

laboratory protocol (Sambrook et al., 1989) using Hybond™-N+ nylon membrane 

(Amersham). RNA was fixed by UV cross linking (Arnersham) as per the manufacturer's 

instructions. Membrane-bound RNA was stained with methylene blue before 

hybridization to check rRNA bands for equal loading. The pre-hybridization and 

hybridization was carried out as described in Southern blot hybridization except for the 

temperature which was 42°C for Northern hybridization. Membranes were pre-hybridized 

for at-least 30 min in a church buffer containing 7% SDS, 0.3 M Sodium phosphate 

buffer (pH 7.0) and 1 mM EDTA at 42°C .. The CDRlIACT] probes used were generated 

by PCR amplification of plasmid pS12-35 (harboring the whole CDR] gene) and SC5314 

genomic DNA. Gene specific primers used for preparing probes specific for CDR]IACT] 

are listed in Table 8. The sizes of the amplified PCR products were checked by agarose 

gel electrophoresis and purified from the gel using the Gel elution kit (Qiagen, Germany). 

The probes were then radiolabeled with [a}2P]dATP using Megaprime DNA labeling 

system (Amersham Pharmacia Biotech) for Northern blot hybridization. The purified 

labeled probes were added into the pre-hybridization buffer and left for hybridization for 

12-16 hrs at 42°C. Quantification and Relative intensities (RI) of CDR] mRNA signals in 

Northern hybridizations were quantitated by exposure of the hybridized membrane in a 

FLA-5000 Fuji PhosphorImager system. The membranes were subsequently deprobed 

and rehybridized with the ACT] probe to monitor equal RNA loading and transfer. 

2.5.17.5 Thiolutin Chase assay. In order to measure the CDR] mRNA half-life, a potent 

in vivo transcriptional inhibitor of C. albicans, thiolutin, was used as described earlier 

(Kebaara et ai., 2006; Setiadi et ai., 2006). AS and AR isolates of C. albicans were 

incubated with an optimized concentration (40 Jlg/ml) of thiolutin (as described earlier). 

For this purpose, cultures were treated with 150 JlM of the copper chelator 
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Bathocuprioinedisulphonic acid (BCS) and incubated at 30°C for additional 10 min at 

200 rpm. Transcription was subsequently shut off by the addition of 150 nM of CUS04 

and 40 )lg/ml of thiolutin. Addition of BCS and CUS04 was found to enhance the 

response of the cells to thiolutin (Setiadi et aI., 2006). For induction experiments, AS 

isolates were treated with inducers for 30 min, prior to thiolutin addition. Briefly, 100 ml 

of cells were grown to an OD600 of 1.0 at 30°C. Aliquots of cells were taken at the 

indicated times after transcriptional shutoff. Total RNA was isolated using Ambion's 

RiboPure ™ -Yeast RNA isolation kit (catalogue # 1926) as per the manufacturer's 

instructions. For Northern blots, approximately 20 )lg of total RNA from the above 

samples were hybridized with probes derived from gene-specific sequences of the CDR1 

gene as described above. Hybridization signal intensity was quantified with a 

PhosphorImager scanner (FLA-5000, FLA5000 Fuji phosphorimager) and was 

normalized to the band intensity at time To and plotted as a line graph. 

2.5.18 Protein chase assay 

2.5.18.1 Cycloheximide treatment arrest translation. For chase assay, effective 

cycloheximide concentration to inhibit the de novo protein synthesis in clinical matched 

AS and AR isolates was determined. For this purpose, cycloheximide was added to a 5 

ml overnight mid-log phase grown cultures (OD600~1.0) in a concentration dependent 

manner (0-100 mM). After 5 min of cycloheximide addition, radio-labeled [14C] arginine 

(32Ci/mmol) was added to a final concentration of 100 )lCi/ml to each culture and 

incubated further at 30°C. After 1 h of treatment, cells were washed with 0.05% tween-80 

solution and subsequently resuspended in 100 )ll of same solution. This suspension was 

added to 2 ml. of scintillation cocktail-O (SRL, Mumbai) and counts were measured in a 

Tri-CARB 2900 TR Liquid scintillation analyzer (Packard instrument Co., Inc. USA). 

Radioactive counts were plotted as a % inhibition of radiolabeled arginine incorporation 

during de novo protein synthesis with respect to that untreated sample (assuming 100% 

incorporation) on a line graph. 

2.5.18.2 Cycloheximide Chase assay. Cdr! p degradation was studied using 

cycloheximide chase as described earlier (Gardner et al., 2000) with certain 

modifications. Briefly, yeast strains were grown in 30 ml of YEPD media to an 

approximate optical density (OD6oo) of 1.0-1.5. For chase experiment, cell growth is 

adjusted to approximately 10 A6oo/ml. After adding cycloheximide with a final 

concentration of 75mM (determined empirically in a pilot scale experiment as described 
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earlier). Approximately 30 A600 of cells were withdrawn at the 0,30,60,90,120,180 and 

300 min. after tanslational arrest by cycloheximide, resuspended in sodium azide solution 

(NaN3) at a final concentration of 1mM (to instantly kill the cells), centrifuged and kept 

the pellet at -80°C until processed further. One of the no-drug samples was also 

immediately lysed for the zero time point. Cell lysis and preparation of crude protein 

extract were performed by alkaline extraction procedure as described earlier. Briefly, 

aliquots of mid-log phase grown cells withdrawn after translational shutoff at the 

indicated times were lysed in solution containing 1.85 M NaOH and 7.5% B-

mercaptoethanol. Crude proteins isolated were precipitated with 50% trichloroacetic acid 

and sedimented. The sediment was resuspended in loading buffer (40 mM Tris-HCl [pH 

6.8], 8 M urea, 5% SDS, 0.1 M EDT A, 1 % B-mercaptoethanol) and incubated at 37°C for 

10 min. Non-solubilized material was cleared by a centrifugation step and solubilized 

Crude protein extracts were quantitated by Bicinchoninic acid (BCA) protein 

determination kit (Sigma). Approximately 20 and 30 Ilg protein for AR and AS isolates, 

respectively, in the lysates (~10-15Ill of 100 III final volume) were resolved by 10% (w/v) 

SDS-PAGE in a Mini-PROTEAN II electrophoresis cell (Bio-Rad) and followed by 

transfer to nitrocellulose membrane for Western blotting (as described earlier) using Bio

Rad Mini Trans-Blot electrophoretic transfer cell according to the manufacturer's 

instructions. Immunodetected Cdrl p signal intensity was quantified with a 

PhosphorImager scanner (FLA-5000, FLA5000 Fuji phosphorimager) and was 

normalized to the band intensity at time To and plotted as a line graph. 

2.5.19 Glucose mediated Rhodamine 6G efflux 

R6G efflux. was carried out by standard protocols as described previously (Shukla et aI., 

2003). Approximately 107 cells from a culture grown overnight were inoculated in 50 ml 

of YEPD and grown for 3-4 h at 30°C. The cells were pelleted and washed three times 

with phosphate-buffered saline (PBS) without glucose. The cells were subsequently 

resuspended as a 2% cell suspension in PBS and pre-loaded with R6G to a final 

concentration of 10 IlM under energy-depleted conditions and incubated for 2 h at 30°C. 

Cell samples were pre-incubated at 30°C with CDR] inducers, fluphenazine (10 Ilglml), 

progesterone (1 mM) and B-estradiol (1 mM) alone or along with the transcription 

inhibitor, thiolutin (or a drug solvent control only) for 30-60 min before the addition of 

glucose. The final concentration used is given in parenthesis. The cells were then washed 

and resuspended in PBS with 2% glucose. An aliquot of 1 ml was taken after 30 min and 
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centrifuged at 9,000 xg for 2 min. The absorbance of the supernatant was measured at 527 

nm. 

2.5.20 Reverse transcription-3'RACE-Nested PCR of CDR1 

The nucleotide sequence of the oligonucleotide primers used for the reverse transcription-

3'RACE-nested PCR were selected based on the published sequences of CDR] (GenBank 

accession number X 77589) (Prasad et at., 1995). Total RNA isolated from each isolate 

using the Trizole reagent (Sigma) as per the manufacturer's specifications was enriched 

with poly(At (polyadenylated) mRNA using the Oligotex mRNA Mini Kit protocol 

(Qiagen) and used subsequently for performing the reverse transcription-3'RACE 

reaction as described elsewhere (Gerads and Ernst, 1998). For a typical 3' RACE reaction, 

cDNA synthesize from ca. 0.1 /-lg of poly(At RNA was placed in a 0.5 ml reaction tube 

with 1 /-lM of oligo(dT)18 anchor primer stock and the volume was adjusted to 11 /-ll with 

DEPC treated water (Figure 42a, step 1). The mixture was incubated for 10 min at 70°C 

and chilled on ice for 1 min, after which the remainder of the reaction mixture was added 

from a master mix to the reaction tube in order for each reaction to contain a 1 mM 

concentration each of dATP, dCTP, dGTP and dTTP; 40U of RNase inhibitor (MBI, 

fermentas) in a buffer consisting of 50 mM Tris-HCl (pH 8.3), 50 mM KC1, 4 mM MgCb 

and 10 mM DTT. After brief mixing, the reaction was incubated for 10 min at 37°C 

followed by addition of 40U ofM-MuLV reverse transcriptase (MBI, fermentas). Finally, 

the reaction was incubated at 37°C for 60 min and then stopped by heating at 70°C for 10 

min followed by chilling on ice for 1 min. The synthesized cDNA was purified from 

unincorporated dNTPs, oligo(dT)18 anchor primer and proteins by using Oligotex mRNA 

Mini Kit (Qiagen). Amplification of CDR] mRNA specific 3'-end of each isolate was 

performed (Figure 42a, step 2) using corresponding appropriate dilution of cDNA as 

template (determined empirically for CDR] gene to give a product in the linear range, 

generally 1 :4) and 1 /-lM of each CDR] specific forward primer CT-CDR]-F 

(corresponding to position 4271-4293 in the CDR] genomic sequence) and reverse PCR

anchor primer as mentioned in Table 8. (PCR parameters: initial denaturation of 95°C for 

5 min followed by 35 cycles denaturation at 95°C for 30 s, annealing at 55°C for 40 s, 

elongation at noc for 40 s and final extension at noc for 10 min). As a positive control, 

CDRl specific forward primer CT-CDRl-F and reverse primer CT-CDRl-R 

(corresponding to position 4475-4503 in the CDRl genomic sequence) was also used (see 

Figure 41). The negative control (without RT) established that the PCR products 
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generated in the RT-PCR were not due to genomic DNA contamination (see Figure 41). 

RT-PCR product of each isolate was electrophoresed on a 1.2% agarose gel in Ix TAE. 

The purified 3' RACE product (Qiagen PCR clean up kit) of each isolate was cloned 

directly in pGEM@ T-Easy vector using T/A cloning kit (promega) as per the 

manufacturer's recommendations and sequenced (Figure 42a, step 3). The corresponding 

clone of each isolate was used as templates for a second Nested PCR amplification of 

CDR1 (Figure 42a, step 4) with forward and reverse primer (UTR-F-PacI and UTR-R

MluI, see Table 8) specific to each isolate (PCR parameters: initial denaturation of 95°C 

followed by 30 cycles denaturation at 95°C for 30 s, annealing at 55°C for 30 s, 

elongation at 72°C for 30 s and final extension at 72°C for 10 min). The resulting PCR

amplified fragments (now exactly and specific to mapped 3'UTR CDR1 of each isolates) 

was purified (Qiagen PCR clean up kit) and further subcloned in pGEM@ T-Easy vector 

(Figure 42a, step 5a) generating CDR1 3'UTR specific clones of each isolate as 

mentioned in Table 9. All the cloned PCR amplified products were confirmed by 

appropriate restriction digestion analysis and sequenced further to determine the exact 

and precise CDR1 3'UTR (Figure 42a, step 5b). 

2.5.21 Custom service nucleotide sequencing 

Multiples of 3'UTR specific clone of each isolate were sequenced directly by extension 

from both sense and anti-sense strands using T7 promoter/T7 promoter primer and SP6 

promoter/ SP6 promoter primer (see Table 8) by exploiting Big dye terminator chemistry 

and automated DNA sequencer (ABI Prism 3100). Reproducibility of the sequencing was 

confirmed by processing all samples at least twice. 

2.5.22 Multiple sequence alignment, in silico analysis and computerized secondary 

structure predictions of CDR13'UTR 

Multiple sequence alignment of mapped CDR1 3'UTR for both matched pair of isolates 

was done using the ClustalW (version 1.83) program (Thompson et ai., 1994). In silico 

analysis of 3'UTR for prediction of putative regulatory site was carried out by UTRscan 

(UTResources) program (Pesole and Liuni, 1999; Pesole et ai., 2002). We used 'mfold' 

(version 3.0) algorithm created by Zucker et ai. (1999) for in silico computer predictions 

of the secondary structure of 3'UTR by minimization of the free energy-based method 

Zucker et ai. (1999). The folding temperature was fixed at 37°C and ionic conditions 
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were 1M NaCl without constraints, and no limit in the maximum distance between paired 

bases. 

2.5.23 RNA-Electrophoretic Mobility §.hift Assay (R-EMSA) 

2.5.23.1 Crude whole cell extract preparation. Crude whole cellular protein 

preparation used for RNA-Electrophoretic Mobility ~hift Assay (R-EMSA) was done 

with RNase free DEPC treated H20 as described earlier. 

2.5.23.2 Radiolabeling of RNA probes. To generate riboprobes, plasmid harboring 

mapped 3' UTR of each isolate (see Table 9) was linearized with PacVMluI (depending 

upon the direction of cloning) for in vitro run-off transcription. Transcription reactions 

were usually performed at 37°C for 1 h in a final reaction volume of 20 ilL containing 1 

Ilg of a linearized DNA template, 2.5 mm of each rNTP, 50 IlCi of [a}2p] UTP (37 

Ci/mmol; Amersham Biosciences), 10 mM DTT, 40 U of ribonuclease inhibitor, 1 x 

transcription optimized buffer and 20 U of T7/Sp6 RNA polymerase as per 

manufacturer's recommendations (Promega). Finally, RNase-free DNaseI (5 units) was 

added to each reaction and the mixture was further incubated at 37°C for an additional 15 

min to remove the DNA template. Labeled riboprobes were purified by Sephadex G-50 

microcolumn filtration. An aliquot was used for specific radioactivity determination in a 

Tri-CARB 2900 TR Liquid scintillation analyzer (Packard instrument Co., Inc. USA) and 

used directly in RNA mobility-shift assays after dilution at ~ 50,000 cprn//-ll. 

2.5.23.3 R-EMSA. For R-EMSA, binding reactions were carried out with 30 /-lg of 

cellular extract and 1.5x 105 cpm of [a}2P]UTP body-labeled riboprobe (as described 

above) and incubated at room temperature for 30 min in 1 x binding buffer (25 mM 

HEPES-KOH [pH 7.5], 50 mM KCl, 1 mM DTT, 1 mM EDTA, 5% glycerol, 10 Ilg of E. 

coli tRNA and 40 U of RNase inhibitor) in a final reaction volume of 30 III to allow the 

formation of RNA-protein complexes (Thomson et ai., 1999). RNA-protein complexes 

were resolved at 200 V for 3 h at 4°C on pre-electrophoresed 5% non-denaturing (29:1 

acrylamide: bis-acrylarnide) PAGE gel in 0.5x TBE buffer (45 mm Tris-borate, 1 rnrn 

EDT A [pH 8.0]), vacuum-dried and quantified by scanning in a PhosphorImager scanner 

(FLA-5000, FLA5000 Fuji phosphorimager). 

2.5.24 £olyAdenylation Test (PAT)-Poly(A) tail length analysis 
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A new and improved variation of 3' RACE polyadenylation test (PAT) involving G

tailing of mRNA (Kusov et ai., 2001), was employed to show both the presence of a 

polyA tail and its length as described diagrammatically in Figure 50a. 

2.5.24.1 Guanylation of mRNA. The purified poly(A)+-enriched mRNA (as described 

earlier) was used directly for polyguanylation using yeast poly(A) polymerase (PAP) 

(Catalog#E74225Y; Amersham Pharmacia BiotechlUS Biochemicals) as per 

manufacturer's recommendations. To abolish the higher ordered secondary structure at 

the 3'-end of mRNA, samples (0.1 /lg) were heated at 65°C for 5 min and immediately 

placed on ice. They were incubated for 1 h at 37°C with 600 U of PAP and 0.5 mM GTP 

in a 25 /ll reaction mixture containing 20 mM Tris-HCI [pH 7.0], 50 mM KCI, 0.7 mM 

MnCh, 0.2 mM EDT A, 100 /lglml BSA and 10% glycerol. Additional 300 U of PAP was 

further added and incubation was continued for an additional 1 h. The reaction was 

terminated by heat treatment at 65°C for 10 min, chilled on ice and kept at -80°C till 

further use. 

2.5.24.2 RT-PCR. Polyguanylated mRNA (as described above) was applied directly for 

RT-PCR analysis using hot start conditions (65°C, 30 s). The first strand cDNAsynthesis 

(RT, 42°C for 1 h) was primed by oligo(dC9T6)-anchor primer (1 /lM). As specificity 

control, oligo(dT)18-anchor primer was also used as described in Figure 41. The RT 

reaction was stopped by denaturation at 70°C for 10 min; the purified cDNA product (1:4 

dilution) was used for PCR amplification with 1 /lM of each CDRl specific forward 

primer (CT-CDR1-F/uTR-F-PacI) and reverse anchor primer as mentioned in Table 8 

(parameters: initial denaturation of 95°C for 5 min followed by 35 cycles denaturation at 

95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for I min and final 

extension at 72°C for 10 min). The PCR products were gel-purified (Gel extraction kit, 

Qiagen) and used for cloning into T/A cloning vector (pGEM® T-Easy) as recommended 

by the manufacturer (promega). Approximately 8-10 clones from at least three 

independent RT-PCR reactions of each isolate were sequenced. For induction 

experiments, PAT assay was carried out as described above except that AS isolates were 

treated with inducers for 30 min and the induced poly(At-enriched mRNA fractions 

were used as template for polyguanylation and subsequent RT-PCR analysis. 

2.5.25 Drug susceptibility and other functional parameters for induced AS isolates 

The susceptibilities of AS isolates to different drugs in the presence of CDRl inducers

fluphenazine (FPZ), progesterone (PRG) and B-estradiol (B-EST) were tested by spot 
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assay, as described earlier. Glucose-mediated efflux of R6G, Northern, and B

galactosidase assays, were carried out by standard protocols as described above except 

that each AS isolates were treated for 30 min with inducers-FPZ (10 J.lg/ml) , PRG (1 

mM) and B-EST (1 mM). The final concentration used is given in parenthesis. 
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Results and Discuss'ion 

~su{ts aruf (})iscussion 

3.1 Transcriptional activation and increased mRNA stability contribute to over

expression of CDR1 in azole-resistant Candida albicans 

3.1.1 Review of literature 

Resistance of the human fungal pathogen Candida albicans to azole antifungals is often 

caused by increased expression of genes encoding multidrug efflux pumps, the ATP

binding cassette (ABC) transporters CDR1 and CDR2 and/or the major facilitator 

CaMDR1 (Prasad et al., 1995; Sanglard et al., 1995 and 1997; White, 1997; White et al., 

1998; Franz et al., 1998; Lopez-Ribot et al., 1998; Wirsching et al., 2000; Sanglard and 

Odds, 2002; Akins, 2005; Riggle and Kumamoto, 2006). However, the molecular 

mechanisms leading to the constitutive over-expression of efflux pump encoding genes in 

drug-resistant, clinical C. albicans isolates are only beginning to be understood. 

Especially the regulation of CDR1 expression has been studied by many groups 

(Krishnamurthy et al., 1998; Puri et al., 1999; de Micheli et al., 2002; Gaur et al., 2004; 

Kamani et al., 2004; Coste et al. 2004; Chen et al., 2004; Gaur et al., 2005; Coste et al. 

2006). Various unrelated stresses, including elevated temperature or the presence of 

drugs and steroids, induce a transient transcriptional activation of CDR1 in drug

susceptible C. albicans strains (Krishnamurthy et al., 1998). Several cis-elements in the 

CDR1 upstream region that affect basal as well as induced CDR1 expression have been 

identified. Puri et al. (1999) identified four Upstream Activating .s.equences (UAS) and 

four Upstream Repressing .s.equences (URS) in the 5' non-coding region of CDR1. A 

Basal Regulatory Element (BRE) and a Negative Regulatory Element (NRE), in the 

proximal region of the promoter, have also been characterized and implicated in the basal 

expression of CDR1 (Gaur et al., 2004 and 2005). A specific .s.teroid Responsive Region 

(SRR) in the distal part of the CDR1 promoter, consisting of two progesterone responsive 

sequences and one p-estradiol responsive sequence has been shown to contribute 

exclusively to steroid responsiveness of CDR1 (Kamani et al., 2004). Another Basal 

Expression Element (BEE) in the CDR1 upstream region and a Drug-Response Element 

(DRE), which is present in the upstream region of CDR1 and CDR2, have been identified 
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by de Micheli et al. (2002) The DRE was found to mediate both the transient up

regulation of CDR1 and CDR2 by steroid hormones and drugs as well as their 

constitutive over-expression in a resistant strain (de Micheli et aI., 2002). 

Coste et al. (2004) identified a transcription factor, TAC1 (Transcriptional Activator of 

CDR genes), that binds to the DRE in the CDR1 and CDR2 promoters. Inactivation of 

TAC1 resulted in the loss of fluphenazine-induced up-regulation of CDR1 and CDR2, 

with little impact on basal expression levels, and also abrogated the constitutive over

expression of these efflux pumps in a drug-resistant strain (de Micheli et al., 2002; Coste 

et al., 2004; 2006). CaNdt80p, a homolog of the meiosis-specific transcription factor 

Ndt80p of S. cerevisiae, is another positive regulator of CDR1. Deletion of CaNDT80 

abolished the induced expression of CDR1 and increased the sensitivity of C. albicans to 

antifungals (Chen et al., 2004). Interestingly, the global repressor CaTuplp acts as a 

negative regulator of CDR1 expression (Murad et aI., 2001; Yang et aI., 2006). 

Although transcriptional regulation is considered to be the key step accounting for 

complex basal and induced patterns of CDR1 expression, the possibility of post

transcriptional control of CDR1 expression, which could also affect drug resistance, still 

remains to be explored. The high amounts of Cdr! p, which correlate with high CDR1 

mRNA levels, in azole-resistant C. albicans strains may not only be due to increased 

CDR1 transcription but could also be caused by increased stability of its mRNA and 

protein. It is therefore of interest to compare (i) CDR1 transcription initiation rates, (ii) 

CDR1 mRNA stability and (iii) Cdr! protein stability in drug-susceptible and CDR1 

over-expressing, drug-resistant C. albicans strains. In this study, we have addressed these 

issues by exploiting two pairs of matched azole-susceptible (AS) and CDR1 over

expressing, azole-resistant (AR) isolates. By using transcriptional and translational 

reporter gene fusions, transcriptional run-on, thiolutin and cycloheximide chase assays, 

we demonstrate that CDR1 over-expression in C. albicans is caused by an increase in its 

transcriptional initiation rate and by increased mRNA stability. 

3.1 2 Results 

3.1.2.1 Expression of transcriptional and translational GFP reporter fusions in AS 

and AR isolates. 
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Figure 24. Drug resistance and CDR1 expression profiling of clinical AS and AR 
isolates. 
Drug resistance profiles of the clinical matched pair C. albicans isolates were determined by 
the (A) Broth microdilution and (B) Spot assays. The MICso (defined as the lowest drug 
concentration that gave >80% inhibition of growth compared to the growth of the drug-free 
controls) was determined by the broth microdilution method and was evaluated both visually 
and by reading the absorbance at 620 nm in a microplate reader. In the spot assay, 5 )11 of 
fivefold serial dilutions of each yeast culture (A6oo=0.1) was spotted onto YEPD plates in the 
absence (control) and the presence of the fluconazole (2 )1g/ml). (C) Expression levels of 
CDR1 mRNA in AS and AR isolates. Total RNA from the both the matched pair of isolates 
was prepared by TRI®Reagent (Sigma). The RNA samples were electrophoresed, stained 
with ethidium bromide to monitor equal loading of the RNA and subsequently blotted onto a 
charged nylon membrane. The blot was hybridized with [a-32P]dA TP labeled CDR1 specific 
probe. After hybridization, relative intensities of CDR1 mRNA signals were quantitated by 
exposure of the hybridized membrane in a PhosphorImager scanner (FLA-5000, FLA5000 
Fuji phosphorimager). 
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Figure 25. Schematic depiction of GFP reporter fusion constructs and their integration in 
AS and AR isolates. 
(A) Structure of the DNA cassettes which were used to integrate the transcriptional (P cDRrGFP, 
top) and translational (PcDRrCDR1-GFP, bottom) GFP reporter fusions into the CDR1 locus of 
the clinical C. albicans isolates (middle). The CDR1 and GFP coding regions are represented by 
white and green arrows respectively, the caSATl marker by the grey arrow, and the transcription 
termination sequence of the ACT1 gene (TACT!) by the filled circle. CDR] upstream and 
downstream regions are represented by solid lines, the CDR1 promoter (P CDRl) is symbolized by 
the bent arrow. Only relevant restriction sites are shown. (B) Chromosomal DNA from C. 
albicans transformants was isolated as described under Material and Methods. Genomic DNA 
(~10 Ilg) ofPcDRrGFP (left blot: Lanes 2,3-Gu4Gl; Lanes 4,5-Gu5Gl; Lanes 6,7-DSY294Gl; 
Lanes 8,9- DSY296G 1; Lanes 1,1 O-control SC5314 strain) and P cDRrCDR1-GFP (right blot: 
Lanes 1,2-Gu4G2; Lanes 3,4-Gu5G2; Lanes 5,6-DSY294G2; Lanes 7,8-DSY296G2) reporter 
transformants were digested with BglII, separated on a 1% (w/v) agarose gel, transfelTed by 
vacuum blotting onto a nylon membrane and fixed by UV cross-linking. Probe labeling, 
hybridization, washing and signal detection were performed as described previously. Single copy 
integration of each construct at the desired locus was confirmed with gene specific probe 
indicated by a thick line. The size of the hybridizing fragments are indicated on right side of the 
each blot. Lane M, nucleotide size marker (1 kb Marker). 



Results and Discussion 

To analyze the molecular basis of CDRl upregulation in azole-resistant, clinical C. 

albicans isolates in more detail, we employed two matched pairs of azole-susceptible 

(AS) and azole-resistant (AR) isolates. The resistant isolates Gu5 and DSY296, which 

were obtained after fluconazole therapy of oropharyngeal candidiasis in two different 

HIV positive patients, were shown by DNA fingerprinting to be highly related to the 

susceptible isolates Gu4 and DSY294, respectively, which were recovered from earlier 

infection episodes in the same patients (Sanglard et aI., 1995; Boerlin et al., 1996; Franz 

et al., 1999). It was recently shown that a mutation in the transcription factor TACl is 

responsible for CDRl and CDR2 upregulation in DSY296 (Coste et aI., 2006). However, 

it has not yet been explored if other mechanisms contribute to the over-expression of the 

efflux pumps in these isolates. 

We compared the expression of two different GFP reporter fusions in these isolates, one 

in which GFP was expressed from the CDRl promoter (P CDRI-GFP) and in another 

where GFP was fused in frame to the last codon of the CDRl ORF and expressed from 

the CDRl promoter (PcDRI-CDR1-GFP) (see Materials and Methods and Figure 25A). 

The reporter fusions were integrated at the native CDRl locus and two transformants of 

each of the four parental strains were used for further analysis (Figure 25B). The reporter 

strains were designated as Gu4G 1 (P cDRrGFP), Gu4G2 (P CDRI-CDR1-GFP); Gu5G 1 

(P CDRI-GFP), Gu5G2 (P cDRI-CDR1-GFP); DSY294G 1 (P CDRI-GFP), DSY294G2 (P CDRl-

CDR1-GFP); DSY296G 1 (P CDRI-GFP) and DSY296G2 (P cDRI-CDR1-GFP). 

Expression of the PCDRI-GFP transcriptional and PcDR1-CDR1-GFP translational fusions 

in cells grown to the mid-exponential phase (OD600 ~ 1.0) was detected by epifluorescence 

microscopy (Figure 26A) and quantified by FACS analysis (Figure 26B). As expected, 

the fluorescence intensities of the AR reporter fusion strains were higher than those of the 

corresponding AS strains (2.5-fold for Gu5G 1 versus Gu4G 1, 19-fold for Gu5G2 versus 

Gu4G2; 6-fold for DSY296Gl versus DSY294Gl, and 80-fold for DSY296G2 versus 

DSY294G2), confirming the previously reported increased CDRl transcript and Cdr! p 

protein levels in the AR isolates (Sanglard et aI., 1995; Franz et aI., 1999; Coste et aI., 

2006). Interestingly, however, expression of the P cDRrCDR1-GFP translational fusion 

resulted in much lower fluorescence than expression of the P CDRI-GFP transcriptional 

fusion in AS isolates (6-fold for Gu4G2 versus Gu4G 1 and 13-fold for DSY294G2 
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Figure 26. Expression of GFP reporter fusion integrants in AS and AR isolates. 
(A) Nomarski and corresponding fluorescence micrographs of transformants containing 
the chromosomally integrated P cDRrGFP (left) and P cDRrCDR1-GFP (right) reporter 
fusions. 
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Figure 31. Expression of GFP reporter fusion integrants in AS and AR isolates. 
(B) Cells of the reporter strains grown to exponential phase in YEPD medium were diluted to a density of2x107 cells per ml in PBS (PH 
7.0) and a total of twenty thousand events were analysed by flow cytometry. The parental strains of the transformants, which do not 
contain GFP, were used as a negative control. The mean fluorescence intensity is shown for each population of cells (bottom panel) 
after normalizing with their corresponding negative controls. Since the normalized mean fluorescence intensity of 'DSY294G2' was a 
negative value, we have taken it as '1 .0' for calculating the fold change for this particular strain. 

10 ' 



A. 

Gu4G2 DSY294G2 

GuSG2 ~ 

.~lf 
DSY296G2 

. . . 
Nomarski Fluorescence Nomarski Fluorescence 

B. 

Cdrlp-GFP --+ - '---200 Kd 

'-- -30 Kd GFP--+ .", _ 
~--------------~ 

--
Pmaip--+I --- ___ I 

1234567 1 234567 

a) Gu isolates b) DSY isolates 

Figure 27. Localization of Cdrlp and Immunodetection of GFP in reporter fusion 
transformants. 
(A) Nomarski (left) and corresponding confocal (right) pictures of the transformants 
harboring the chromosomally integrated P cDRrCDRI-GFP (translational fusion) reporter 
construct are shown which indicate the proper plasma membrane localization of chimeric 
Cdrlp in clinical C. albicans isolates. The cells were viewed directly on a glass slide with a 
IOOx oil immersion objective. (B) The Western blot analyses were done with an anti-GFP 
monoclonal antibody on both the transcriptional and translational fusion integrants. Equal 
loading of protein was assessed by using an anti-Pmal p polyclonal antibody. 
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versus DSY294G 1), whereas the two types of reporter fusions produced comparable 

fluorescence in AR isolates. Of note, SC5314-derived CDRI promoter showed sequence 

differences from the CDRI promoters in the matched AS or AR isolates (at nucleotide 

positions -21, -150, -171, -215, -238, -315, -368, -381, -418 and -455 relative to the TSP) 

which have been used in this study (unpublished observation). These differences, 

however, did not affect the B-galactosidase reporter activity of integrated cassettes 

derived either from pCPLI (Gaur et al., 2005) which harbors the SC5314 CDRI 

promoter or from pCPL4 or pCPL5 which harbor Gu4- and Gu5-derived CDRI promoter, 

respectively (unpublished observation). Notably, confocal microscopy confirmed that the 

Cdrl p-GFP fusion protein was correctly localized to the cell membrane in all reporter 

strains expressing the translational fusion (Figure 27 A). Immunoreactive bands of the 

expected sizes were observed in whole cell extracts and plasma membrane preparations 

of the PCDRJ-GFP and PcDRJ-CDRI-GFP reporter strains, respectively, after Western 

immunoblotting with an anti-GFP antibody (Figure 27B). 

3.1.2.2 Expression of transcriptional and translational lacZ reporter fusions in AS 

and AR isolates. 

To rule out that the reduced expression of the PcDRJ-CDRI-GFP translational fusion in 

AS isolates was an artifact intrinsic to the Cdrl p-GFP fusion protein, we used a codon

optimized lacZ (Uhl and Johnson, 2001) as an alternative reporter gene. As for GFP, 

transcriptional (P cDRrlacZ) and translational (P cDRrCDRl-IacZ) lacZ reporter fusions 

were generated and integrated at the native CDRI locus of the AS and AR isolates (see 

Materials and Methods and Figure 28A and B). The expression of Cdrl p in the P CDRr 

CDRl-lacZ construct was unaffected by its fusion to lacZ as tested by Western blotting 

with an anti-Cdrlp antibody (Figure 29). Two transformants of each parental strain 

containing a single copy of the reporter fusion were used for further analysis. The 

reporter strains were designated as Gu4L2 (PcDRJ-lacZ), Gu4L3 (PcDRJ-CDRl-lacZ); 

Gu5L2 (PcDRJ-lacZ), Gu5L3 (PcDRrCDRl-lacZ); DSY294L2 (PcDRJ-lacZ), DSY294L3 

(PcDRJ-CDRl-lacZ); DSY296L2 (PcDRJ-lacZ) and DSY296L3 (PcDRrCDRl-lacZ). 

Expression of the lacZ reporter gene in various strains was assessed by comparing the 

intensity of the blue color produced by cells grown on agar plates containing the indicator 
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Figure 28. Schematic depiction of lacZ reporter fusion constructs and their integration in 
AS and AR isolates. 
(A) Structure of the DNA cassettes which were used to integrate the transcriptional (P CDRr 
lacZ, top) and translational (P cDRrCDR1-lacZ, bottom) lacZ reporter fusions into the CDR1 
locus of the clinical C. albicans isolates (middle). The CDR1 and lacZ coding regions are 
represented by white and blue arrows respectively, the caSAT1 marker by the grey arrow, and 
the transcription termination sequence of the ACT1 gene (TACT]) by the filled circle. CDR1 
upstream and downstream regions are represented by solid lines, the CDR1 promoter (P CDRl) is 
symbolized by the bent arrow. Only relevant restriction sites are shown. (B) Chromosomal 
DNA from C. albicans transformants was isolated as described under Material and Methods. 
Genomic DNA (~1 0 /lg) of P cDRrlacZ (left blot: Lanes 1,2-Gu4L2; Lanes 3,4-Gu5L2; Lanes 
5,6-DSY294L2; Lanes 7,8-DSY296L2; Lane 9-control SC5314 strain) and PcDRrCDR1-lacZ 
(right blot: Lanes 1,2-Gu4L3; Lanes 3,4-Gu5L3; Lanes 5,6-DSY294L3; Lanes 7,8-
DSY296L3) reporter transformants were digested with BglII, separated on a 1 % (w/v) agarose 
gel, transferred by vacuum blotting onto a nylon membrane and fixed by UV cross-linking. 
Probe labeling, hybridization, washing and signal detection were performed as described 
previously. Single copy integration of each construct at the desired locus was confirmed with 
gene specific probe indicated by a thick line. The size of the hybridizing fragments are 
indicated on right side of the each blot. Lane M, nucleotide size marker (1 kb Marker). 



- 270 Kd 
-170 Kd 

a) Gu isolates b) DSY isolates 

Figure 29. Immunodetection of Cdrl p in lacZ reporter fusion transformants. 
Western blot analyses were done by anti-Cdrl p polyclonal antibody with crude protein extract of 
wild type, lacZ transcriptional (P cDRrlacZ) and translational (P cDRI-CDRl-lacZ) fusion 
integrants in both AS and AR isolates. For AR isolates ~20 Ilg, while for AS isolates ~30 Ilg 
(because of relatively low expression of Cdrl p) of crude extract was loaded and separated by 
SDS-PAGE. Immunoreactive bands corresponding to Cdrlp and Cdrlp-lacZ correlates to wild 
type and translationally fused CDRl allele respectively. An equal loading and transfer of protein 
was assessed by deprobing and subsequently reprobing the immunoblot with anti-Pmal p 
polyclonal antibody. 
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dye X-Gal (Figure 30A) and was quantified by detennining B-galactosidase activities in 

liquid assays (Figure 30B). The lacZ reporter study confinned the results obtained with 

GFP. Higher lacZ expression levels were observed in transfonnants of the AR isolates than 

in transfonnants of the AS isolates (1.4-fold for Gu5L2 versus Gu4 L2, 37-fold for Gu5L3 

versus Gu4L3, 5.6-fold for DSY296L2 versus DSY294L2, and 13-fold for DSY296L3 

versus DSY294L3). In addition, while the transcriptional and translational fusions yielded 

comparable activities in the AR isolates, expression of the translational fusion was much 

lower than that of the transcriptional fusion in the AS isolates (26-fold for Gu4L3 versus 

Gu4L2 and 2-fold for DSY294L3 versus DSY294L2). Of note, the integration of PCDR1-

lacZ reporter fusion constructs at the ectopic ACT] locus (Figure 31A and B). resulted in 

comparable B-galactosidase activity as that of native CDR] locus integrants (Figure 32A 

and B). Additionally, the tagging of PCDR1 as well as PcDR1-CDR] with GFPIlacZ did not 

alter the drug resistance profiling of AS and AR isolates which ruled out that the GFPIlacZ 

fusions caused any selective impact on Cdr 1 p functionality on either AS and AR isolates 

(Figure 33). 

3.1.2.3 Growth phase versus 6-galactosidase reporter activity. 

To investigate whether the observed differences in the expression of transcriptional and 

translational reporter gene fusions in AS and AR isolates depended on the growth phase, 

we quantitatively monitored B-galactosidase activities in the lacZ reporter strains at 

various times during growth in batch cultures. As can be seen in Figure 34A and C, the 

lower reporter expression levels of the translational P cDRI-CDR]-lacZ fusion as compared 

with the transcriptional P cDRr1acZ fusion in the AS isolates were observed at all growth 

stages In contrast, both types of reporter fusion produced comparable B-galactosidase 

activities in the AR isolates throughout growth (Figure 34B and D). 

Taken together, exploitation of reporter fusions and their expression analysis indicated 

that increase in CDR] expression levels in the AR isolates as compared to the 

corresponding AS isolates is contributed either by affecting CDR] promoter activity, 

mRNA stability, translational efficiency, or protein stability. Therefore, we perfonned 

further experiments on the native CDR] (endogenous gene) to get a real insight if 
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Figure 31. Schematic depiction of CDRl promoter-lacZ transcriptional reporter fusion 
constructs and their integration at ACTl and CDRllocus in AS and AR isolates. 
(A) Structure of the DNA cassettes which were used to integrate CDR1 promoter lacZ 
transcriptional reporter fusions (P CDRrlacZ) at ACT 1 (left) and CDR1 locus (right) of the clinical C. 
albicans isolates. The ACT] and CDR1 coding regions are represented by white arrow, while lacZ 
coding regions by blue arrows respectively, the caSAT1 marker by the grey arrow, and the 
transcription termination sequence of the ACT1 gene (TACT!) by the filled circle. ACT1 and CDR1 
upstream and downstream regions are represented by solid lines, ACT1 (PACT!) and CDR1 (P CDRl) 
promoter is symbolized by the bent arrow. Only relevant restriction sites are shown. (B) 
Chromosomal DNA from C. albicans transformants was isolated as described under Material and 
Methods. Genomic DNA (~lO /lg) of PCDRrlacZ integrants at ACT1 locus (left blot: Lanes 1,2-
Gu4Ll; Lanes 3,4-Gu5Ll; Lanes 5,6-DSY294Ll; Lanes 7,8-DSY296Ll; Lane 9-control SC5314 
strain) and at CDR1 locus (right blot: Lanes 1,2-Gu4L2; Lanes 3,4-Gu5L2; Lanes 5,6-DSY294L2; 
Lanes 7,8-DSY296L2) reporter transform ants were digested with BglII, separated on a 1% (w/v) 
agarose gel, transferred by vacuum blotting onto a nylon membrane and fixed by UV cross-linking. 
Probe labeling, hybridization, washing and signal detection were performed as described 
previously. Single copy integration of each construct at the desired locus was confirmed with gene 
specific probe indicated by a thick line. The size of the hybridizing fragments are indicated on left / 
right side of the each blot. Lane M, nucleotide size marker (l kb Marker). 
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Figure 32. Qualitative and quantitative assay of ~-galactosidase activity of lacZ reporter 
fusion integrants at ACTl or CDR 1 locus in AS and AR isolates. 
(A) Transfonnants harboring the chromosomally integrated transcriptional fusion (P CDRr 
lacZ) at ACTl (left) and CDR). locus (right) and their corresponding parental strain (without 
lacZ) were streaked on minimal media plate containing X-gal and photographed after 3 days 
growth at 30°C. The positions of the individual strains on the plates are shown in the scheme 
(middle). (8) The transcriptional reporter fusion (P CDRf"·lacZ) transfonnants integrated at the 
ACTl and CDR] locus were designated as Gu4Ll, Gu5Ll, DSY294Ll, DSY296Ll and 
Gu4L2, Gu5L2, DSY294L2, DSY296L2 respectively. ~-galactosidase quantitative reporter 
activities of each transfonnants were detennined as described in Materials and Methods. The 
values are means ± Standard Deviations (indicated by the bars) of three independent 
experiments with duplicate rnea~:urements of two independent clones. AS and AR stands for 
azole-susceptible and azole-resistant isolates. Empty and filled bars indicate lacZ 
transcriptional (P cDRrlacZ) fusion transfonnants at ACTl and CDR] locus respectively in 
both AS and AR backgrounds. 
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Figure 33, Drug resistance profiles of the C. albicans wild type, transcriptional and 
translational reporter (GFP/lacZ) fusion transformants in both AS and AR isolates, 
Drug resistance profiling was detennined by the spot assay which were done as described 
previously. In the spot assay,S III of fivefold serial dilutions of each yeast culture (A600 = 0.1) was 
spotted onto YEPD plates in the absence (control) and the presence of the following drugs·· 
Nourseothricin (200 Ilg/ml), Itraconazole (0.025 Ilg/ml), Clotrimazole (0.025 Ilg/ml) , 
Fluconazole (2 Ilg/ml) , Ketoconazole (0.025 Ilg/ml), Miconazole (0.05 Ilg/ml) and Terbinafine 
(0.1 Ilg/ml). Growth differences were evaluated by using drug-free controls following incubation 
of the plates for 48 h at 30°C. Growth was not affected by the presence of the solvents used for 
the drugs (data not shown). (A) Gu4 (B) GuS (C) DSY294 (D) DSY296 isolates and their 
transformant derivatives. Nourseothricin has been used as a transformants control. Itraconazole, 
Clotrimazole, Fluconazole, Ketoconazole, Miconazole and Terbinafine are well known substrates 
of CDR 1 (Kohli et aI., 2001 and 2002). 



Results and Discussion 

transcriptional/post-transcriptional control mechanisms are involved in the up-regulation 

of CDR1 expression in AR isolates. 

3.1.2.4 Transcriptional rate of CDR1 is increased in AR isolates. 

We first tested whether the transcription rate of CDR1 was elevated in the AR isolates. 

For this purpose, transcription run-on assays were performed. Both AS and AR isolates 

were grown to an OD6oo of ~1.0 and the cells were permeabilized with the detergent N

lauryl sarcosine sodium sulfate (sarkosyl) for the isolation of intact nuclei (Lyons and 

White, 2000; Garcia-Martinez et al., 2004). The subsequent incubation of isolated nuclei 

with transcription buffer and radio-labeled [a}2P]UTP reinitiated the transcription (see 

Material and Methods). The in vivo labeled nascent RNAs were then used as probes in 

reverse Northern hybridizations with dot blotted CDR1 specific PCR amplified DNA. As 

controls, pACT! plasmid DNA, containing the constitutively expressed ACT] gene, and 

the empty vector pBluescript were also dotted onto the membranes. As shown in Figures 

35A and B, the AR isolates exhibited an increased transcription rate of CDR1 as 

compared with the AS isolates (5-fold for Gu5 versus Gu4 and 7-fold for DSY296 versus 

DSY294). 

3.1.2.5 CDR1 mRNA stability is increased in AR isolates. 

To investigate if in addition to the increased transcription rates post-transcriptional events 

also contribute to the higher CDR1 expression in drug resistant strains, we determined 

CDR1 mRNA stability in the AS and AR isolates. To this end, we exploited an effective 

sulphur containing purine analogue, thiolutin, as a potent inhibitor of de novo 

transcription to determine mRNA stability in C. albicans (Kebaara et ai., 2006; Setiadi et 

ai., 2006). Thiolutin affected 3H-Uridine incorporation into nascent RNAs, in a 

concentration dependent manner. About 40 ~g/ml of thiolutin inhibited ~95% of the 3H_ 

Uridine incorporation in total RNA (Figure 36A). Methylene blue staining revealed no 

decline in cell viability of AS and AR isolates treated with 40 ~g/ml thiolutin, although 

growth was inhibited to a certain extent (Figure 36B). This optimized thiolutin 

concentration was subsequently used for the mRNA chase assays. Total RNA was 

isolated at different time points after transcriptional inhibition with thiolutin and analysed 
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Figure 34. p-galactosidase reporter activity of lacZ reporter fusion integrants of AS and AR 
isolates during growth phase. 
Transcriptional fusion (P cDRrlacZ) and translational fusion (P CDRI_CDR1-IacZ) reporter 
transformants of each isolates were grown from an initial OD600 of 0.1 in YEPD broth and 
withdrawn at the indicated time points of growth for p-galactosidase reporter activity (A, B, C, 
D). The inset depicts growth curves of the P cDRr1acZ ( ~) and P cDRrCDR1-IacZ ( ---- ) 
reporter transformants in AS and AR isolates. Negative control parental strain (without lacZ 
fusion constructs) reporter activity value was always below 0.5 Miller Units and it was subtracted 
from the reporter activity of each corresponding transcriptional and translational fusion 
transformants. The values are means ± Standard Deviations (indicated by the bars) of three 
independent experiments with duplicate measurements of two independent clones. (A) Gu4 
transformants (B) Gu5 transform ants (C) DSY294 transformants (D) DSY296 transformants. 
Empty and filled bars indicate transcriptional (P cDRrlacZ) and translational fusion (P cDRrCDR1-
lacZ) transformants in both AS and AR backgrounds. 
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Figure 35. Transcription Run-On (TRO) analysis of AS and AR isolates. 
(A) Approximately 2 flg each of CDR], pACT! and empty vector pBlueScript-KS (+) DNA 
was blotted and immobilized on charged nylon membranes (Hybond-N\ Amersham 
Pharmacia Biotech) using a dot blot assembly apparatus. The blots were probed with total 
labeled nuclear run-on RNA as described in Materials and Methods. Hybridization signal 
intensities of nuclear RNA were quantified using densitometry scanning of phosphorimages. 
DNA from a pBlueScript-KS (+) plasmid was used as negative control for non-specific binding 
of nuclear RNA to a random DNA fragment. Signal intensities of each isolate was subtracted 
from the negative control and subsequently normalized to the intensity corresponding to their 
AS isolate. ARIAS ratio indicates the normalized nuclear RNA intensity between AR and AS 
isolates. (B) Relative intensity of CDR] with respect to actin RNA of each isolate is plotted. 
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Figure 36. Effect of thiolutin on in vivo RNA synthesis and growth of clinical C. albicans 
isolates. 
(A) Radio-labeled uridine was added to the cultures in mid-exponential growth phase as 
described under Material and Methods. Thiolutin was added at a linear concentration ranging 
from 0 to 50 /-lg/ml. Negative control includes no thilutin addition to cultures. RNA synthesis 
was followed by measuring in vivo incorporation of radiolabeled uridine by quantifying the 
TeA-precipitable counts in Liquid Scintillation analyzer, normalized with the corresponding 
untreated cells (which was considered as 100%), expressed as a percentage of maximum and 
plotted as a line graph. (B) Growth curves of cultures, which remained untreated (closed 
square and triangle for AS and AR respectively) or after addition of thiolutin (open square 
and triangle for AS and AR respectively) at the indicated time. The time points of thiolutin 
addition are marked by arrows. Growth was not affected by the presence of the solvents used 
for the inhibitors (data not shown). (a) Gu4/Gu5 (b) DSY294/DSY296. 
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Figure 37. CDR1 mRNA decay assay. 

---. >180 

Exponentially growing cultures of C albicans were incubated with the optimized thiolutin 
concentration (40 Ilg/ml) to inhibit ongoing in vivo transcription. Total RNA was isolated at the 
indicated times thereafter and fractionated on a 1 % (w/v) agarose 2.2 M formaldehyde 
denaturing gel. (A) The gel was stained with ethidium bromide before blotting to monitor equal 
loading of the RNA and subsequently blotted onto a charged nylon membrane. The blot was 
hybridized with a CDR] specific probe. Time points in minutes are indicated below each 
phosphorimage. (B) The hybridization signals were quantified using densitometry scanning in a 
phosphorimager. Signal intensity at each time point was normalized to that of time To 
(expressed in percentage) and plotted as described in Materials and Methods. 
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by RNA gel blots (Figure 37 A). After probing the blots with a CDR1 specific probe, 

hybridization signals were quantified by densitometry scanning in a phoshorimager. 

Figure 37B depicts a typical CDR1 mRNA decay profile in the AS and AR isolates over a 

300 min period from one of these experiments. CDR1 mRNA could be detected in both 

AS isolates Gu4 and DSY294 at time To and the signal intensity diminished progressively 

with time (mRNA half-life was approximately 60 minutes). The turnover of the CDR1 

transcript occurred much more slowly in the AR isolates Gu5 and DSY296, with a half

life of > 180 minutes. These results demonstrated that the CDR1 mRNA stability was 

increased in the AR isolates as compared to the AS isolates. 

3.1.2.6 Cdr! protein stability does not differ in AS and AR isolates. 

To test whether increased protein stability might also contribute to the high Cdrlp levels 

in AR isolates, cycloheximide chase assays were performed. Cycloheximide is a 

translation elongation inhibitor in eukaryotes and a previous study reports that 25mM of 

cycloheximide is an efficient inhibitor and upto 0.4% of de novo total protein synthesis 

blockage has been reported in a clinical susceptible isolate IFM 40009 (ATCC48130) 

(lmanishi et ai., 2004). Therefore it was important to determine the effective 

cycloheximide concentration for de novo total protein synthesis inhibition in these 

isolates. For this purpose, we used 0 to 100 mM of cycloheximide concentration range 

and checked its effect on the inhibition of labeled amino acid incorporation. At 75 mM of 

cycloheximide concentration, there was an 85% and 80% inhibition in the incorporation 

of labeled amino acid into the nascent protein synthesized in AS and AR isolates, 

respectively (Figure 38). Of note, extent of inhibition was much more pronounced in AS 

isolates than AR isolates below the concentration of 75 mM. This observation in 

agreement with the fact that cycloheximide is a substrate for Cdrlp and its over

expression in AR isolates ensures its efficient efflux. Total crude protein extracts were 

isolated at different times after treatment of the cells with an optimized concentration (75 

mM) of cycloheximide (as described above) and analysed by Western immunoblotting 

with a rabbit polyclonal anti-Cdrlp antibody. Figure 39A shows the Western blot of the 

decay experiment while Figure 39B shows the quantitative decay profile. The half-life of 

Cdr 1 p was similar in AS and AR isolates and was calculated to be approximately 90 min. 
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Figure 38. Cycloheximide effect on in vivo protein synthesis. 
Radio-labeled arginine was added to the cultures in mid-exponential growth phase as 
described under Material and Methods. Cycloheximide was added at a linear concentration 
ranging from 0 to 100 mM. Negative control includes no cycloheximide addition to cultures. 
Aliquots of cells were collected after 1 h of treatment and protein synthesis inhibition was 
followed by measuring in vivo incorporation of radio-labeled arginine by quantifying the 
detergent lysed cell counts in Liquid Scintillation analyzer. Radioactive counts were plotted 
as a % inhibition of radio-labeled incorporation, normalized with the corresponding 
untreated cells (assuming 100% incorporation) expressed as a percentage of maximum and 
plotted as a line graph. 
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Figure 39. Cdrlp decay assay. 
(A) Exponentially grown cultures of C. albicans were translationally halted at 30°C by addition 
of 75 mM of cycloheximide for lh. Whole cell extracts were prepared at the indicated times after 
cycloheximide treatment. For AR isolates ~20 flg, while for AS isolates ~30 flg (because of 
relatively low expression of Cdr! p) of crude extract for each time was loaded and separated by 
SDS-PAGE. An equal loading of protein was assessed from coomassie stained gel. Cdr! p was 
detected using a polyclonal anti-Cdr! p antibody. The Cdr! p specific bands were subsequently 
quantified by densitometry scanning in a phosphorimager. (B) Band intensities (represented as a 
percentage of the value at time To) for each isolate were plotted against the chased time. 
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3.1.3 Discussion 

In this study, we used two pairs of matched azole-susceptible (AS) and azole-resistant 

(AR) C. albicans clinical isolates to study the mechanisms of CDR] over-expression in 

AR isolates. Our results demonstrate that both increased transcriptional activation and 

enhanced mRNA stability contribute to the increased CDR] expression in these drug 

resistant isolates. Interestingly, we found that in the AS isolates reporter fusions with the 

CDR] coding region were expressed at lower levels than fusions in which the reporter 

genes were directly fused to the CDR] promoter, whereas in the AR isolates the two 

types of reporter fusions were expressed at comparable levels. This would mean that 

sequences in the CDR] coding region can also contribute to the increased CDR] 

expression in AR isolates. 

It has been shown previously that CDR] over-expression in C. albicans is caused by an 

increased CDR] transcription rate in AR isolates as compared with AS isolates (24). Our 

transcription run-on experiments confirmed that the transcriptional initiation rate from the 

CDR] promoter was 5- to 7-fold higher in the AR isolates than in the AS isolates used in 

the present study (Figure 35). The CDR] upstream region contains many sequence 

elements which are involved in the regulation of CDR] expression (Puri et al., 1999; de 

Micheli et ai., 2002; Kamani et ai., 2004; Gaur et al., 2004 and 2005), however, no 

sequence differences were found in the CDR] upstream region of these matched pairs of 

AS and AR isolates (de Micheli et ai., 2002; Gaur et al., 2005 and Figure 40). In line 

with this, it has recently been shown that a gain-of-function mutation in the transcription 

factor TAC], which controls CDR] expression, causes CDR] up-regulation in the AR 

isolate DSY296 (Coste et al., 2004). In order to evaluate if in addition to transcriptional 

activation of CDR], differential mRNA and protein stability also contribute to the 

enhanced Cdrl p levels in AR isolates, we performed thiolutin and cycloheximide chase 

assays and observed that the up-regulation of CDR] mRNA in AR isolates was due to an 

increase in mRNA half-life (> 180 min), which was approximately 3-fold higher than in 

AS isolates (Figure 37). In contrast, no difference in Cdrlp protein stability was observed 

between AS and AR isolates (Figure 39). There are examples in other organisms where 

over-expression of efflux pumps can be caused by increased mRNA stability. An increase 

in the mRNA half-life of MDR] (a CDR] homologue in humans) has been shown to 
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Figure 40. Pair-wise seque, ce alignment and analysis of CDR1 5'UTR. 
Alignment of CDR1 5'UT,: (66 bases) from the two matched pairs of clinical isolates was 
obtained using the Clustat W program (version 1.83). Conserved residues are indicated by 
asterisks. Ellipses denote t . e AU-rich elements ('A UUUA '). Continuous underlines denote the 
polyuridine (polyU) rich t act respectively. Numbers at the right are relative to the 'A UG' 
translational start codon (co sidered as position + 1). 
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contribute to doxorubicin and colchicine resistance in the myelogenous leukemic cell line 

K562 (Yague et aI., 2003). An enhanced mRNA stability of bmr3 encoding a MultiDrug 

Transporter (MDT) also leads to an MDR. phenotype in Bacillus subtilis (Ohki et aI., 

2004). In addition, the reported MDR phenotype of Entamoeba histolytica trophozoites is 

also caused by transcriptional activation rNieto et aI., 2005) as well as an increase in 

mRNA stability of the EhPgp5 gene (Lopeil-Camarillo et al., 2003). 

Notably though, cis-determinants locate<!l in the 3'UTR regulate the degradation of 

mRNA (Ross, 1996). Among these cis elements, AURE (Adenylate-Uridylate Rich 

Element) motifs of 3' UTR involved in destabilization of their corresponding mRN As are 

of prime importance (Ross, 1996; Prokipcak et al., 1999; Lopez-Camarillo et aI., 2003). 

Several reports have also suggested a relationship between the relative affinity of a given 

RNA for RNA-binding protein(s), and the stability of an mRNA containing these 

sequences (Ross, 1996; Prokipcak et al., 1f)99). Our preliminary results reveal that CDR1 

3'UTR is ~ 78% AU-rich, and also posseses several putative consensus binding sequences 

for regulatory RNA-binding protein(s). Tl1erefore, any contribution of CDR1 3' UTR cis 

elements and of the mutation or alteration in trans-acting regulatory factor(s) 

corresponding to these conserved element~ in determining mRNA stability between AS 

and AR isolates requires an in-depth analysis. 

Our results with the reporter fusion transformants also suggest that sequences in the 

CDR1 coding region could also be an important contributor for increased CDR1 

expression in AR isolates. In this contextt it should be mentioned that Synonymous (S-
I 

SNPs) and Non-Synonymous Nucleotide Polymorphisms (NS-SNPs) have been observed 

in the CDR1 coding region, but so far none of these has been linked to CDR1 over

expression (Holmes et aI., 2006; Haque el al., 2007). Our present study did not consider 

the role of these allelic differences in sustained over-expression of CDR1 in AR isolates. 

However, a recent study has reported that a silent polymorphism does not influence the 

human P-gp/MDR1 mRNA and protein expression, but affects post-translational events 

in terms of timing of co-translational folding and membrane insertion (Wang et al., 2005; 

Kimchi-Sarfaty et al., 2007). 

In conclusion, our results demonstrate for the first time that CDR1 is regulated by both 

transcriptional as well as post-transcriptional events. Our finding that the acquisition of 
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azole resistance involves transcriptional activation as well as decreased mRNA turnover 

opens up new possibilities for treatment regimes to circumvent MDR in C. albicans. In 

this context, it is worth mentioning that the intervention of over-expressing MDRI in 

multidrug-resistant (MDR) cell lines by verapamil (Muller et al., 1995) and 

ecteinascidin-743 (E-743) (Scotto and Johnson, 2001) has been reported to be due to the 

transcriptional down-regulation of the gene . 

./ The work presented in this chapter has been published as 

"Transcriptional activation and increased mRNA stability 

contribute to over-expression of CDR1 in azole-resistant Candida 

albicans" in Antimicrobial Agents and Chemotherapy (2008) 52: 1481-

1492. 
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Results and Discussion 

~su{ts and (})iscussion 

3.2 Differential RNA-protein interaction and poly(A) tail length contributes to 

increased CDR1 mRNA stability in azole resistant clinical isolates of Candida 

albicans 

3.2.1 Review of literature 

One of the major mechanisms of Multidrug resistance (MDR) phenotype in Azole

Resistant (AR) C. afbicans clinical isolates is characterized by the over-expression of 

genes encoding ATP Binding Cassette (ABC) such as CDR lICDR2) , (Prasad et af., 

1995; Sanglard et aI., 1995 and 1997; White, 1997; White et af., 1998; Franz et aI., 1998; 

Lopez-Ribot et af., 1998; Sanglard and Odds, 2002; Akins, 2005; Manoharlal et af., 

2008) or Major Facilitators (MFS) Superfamily such as CaMDR1 multidrug transporters 

(Wirsching et aI., 2000; Riggle and Kumamoto, 2006; Pasrija et af., 2007). Once 

acquired, MDR is a stable phenotype that is maintained in azole resistant clinical isolates 

even in the absence of selection pressure by the drugs (White et aI., 1997 and 1997a). 

This implies that certain genetic alterations take place in the azole-susceptible (AS) 

isolates resulting in constitutive over-expression of the drug efflux pumps encoding genes 

in AR isolates. Thus what leads to and regulate over-expression of MDR genes in AR 

isolates is very critical in designing strategies for therapeutic interventions. 

The regulation of CDR1 has been extensively studied by several groups. It is shown that 

CDR1 harbors various consensus (Spl, AP-l, V-box) as well as specific Basal (BRE), 

Negative (NRE) and Drug/Steroid Response Element (DRE and SRE) in the 5' flanking 

region (Puri et af., 1999; de Micheli et aI., 2002; Kamani et aI., 2004; Gaur et af., 2004 

and 2005). Trans-acting factors regulating CDR1 have also been identified. For example, 

Non D([yrosine 80 (CaNDT80) a homolog to a meiosis specific transcription factor (TF) 

in S. cerevisiae has been identified as a potential activator of CDR1 (Chen et aI., 2004). 

Coste et af. (2004) identified a TF, Iranscriptional Activator of CDR genes (TAC]) that 

binds to the Drug Response Element (DRE) in both the CDR1 and CDR2 promoters. 

Interestingly, TF belonging to the zinc cluster family, Elufonazole Resistance 1 (FCR]), 

(Talibi and Raymond, 1999; Shen et af., 2007) as well as the global repressor, 

89 



Results and Discussion 

Ihymidine !!Qtake 1 (Tupl) acts as a negative regulator of CDRI expression (Murad et 

aI., 2001; Yang et ai., 2006). A recent genome wide location profiling (ChIP-chip) show 

that a TF of the zinc cluster family, !lQtake ~ontrol2 (Upc2) which regulates ERG genes, 

also targets CDRI (Znaidi et aI., 2008). Efforts of several groups have also led to the 

identification of various cis-acting elements such as fu02 Responsive ~lement (HRE) 

and Benomyl Responsive ~lement (BRE) in CaMDRI promoter region mediating its up

regulation in AS isolates and its constitutive activation in AR isolates (Hiller et ai., 2006; 

Rognon et aI., 2006). Recently a zinc cluster TF, designated as Multidrug Resistance 

Regulator 1 (MRRI) has been identified which is linked to the activation of CaMDRI 

expression (Morschhauser et ai., 2007). 

It is thus apparent that transcriptional regulation plays an important role in the 

mechanism underlying the over-expression of MDR genes, however, the relevance of the 

post-transcriptional events associated with it are poorly understood. By employing two 

pairs of matched C. aibicans clinical isolates in which azole resistance is developed due 

to the over-expression of CDRI during prolonged azole therapy, we have recently shown 

that the high mRNA levels in AR isolates is predominantly contributed both by its 

enhanced transcription activation and mRNA stability (Manoharlal et ai., 2008). In this 

study, we further dissected the molecular basis of CDRI mRNA turnover. For this, we 

have identified and characterized the complete 3'-end of the CDRI mRNA by the 3'

Rapid Amplification of ~DNA ~nds (3' RACE)-PCR method and compared the sequence 

and structure motifs in these matched isolates. Our observations with B,NA

~lectrophoretic Mobility ~hift Assay (R-EMSA) confirmed the existence of differential 

interaction of RNA-binding protein(s) to the 3'UTR of CDRI between AS and AR 

isolates. Interestingly, there is distinct increase in poly(A) tail in AR isolates which 

probably also contribute to enhanced mRNA stability (Manoharlal et aI., 2008), of 

CDRI. Notably, we also show that rapid and transient in vitro induced over-expression of 

CDRI is only contributed by transcriptional activation without affecting its mRNA 

stability and poly(A) tail length. 

3.2.2 RESULTS 

We have recently analyzed two pairs of fluconazole-resistant C. aibicans strains isolated 

from recurrent episodes of oropharyngeal candidiasis (OPC) in two different human 
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immunodeficiency virus-positive (HIV+) AIDS patients (Manoharlal et al., 2008). The 

CARE-2 fingerprint patterns of these isolates demonstrated that in both the patients, 

stable azole resistance phenotype in AR isolates (Gu5 and DSY296) was developed from 

previously susceptible strains (Gu4 and DSY294) (Boerlin et a!., 1996; Franz et al., 

1999) (Figure 21). The AR in these isolates was predominantly due to the sustained 

over-expression of major efflux pump protein encoding gene CDR] (Figure 24). Our 

recent study on molecular characterization of CDR] and its products (mRNAIprotein) in 

these clinical isolates suggested that the expression of the MDR phenotype is regulated 

by enhanced transcription activation as well as mRNA stability of CDR] transcript 

(Manoharlal et a!., 2008). In this study, we further explored the cause(s) of enhanced 

mRNA stability of CDR] in AR isolates. 

3.2.2.1 3'UTR of CDRl mRNA display length heterogeneity. 

As an initial step to study the post-transcriptional mechanisms involving enhanced CDR] 

mRNA stability, transcription termination sites of CDR] in AS and AR isolates were 

determined by the 3' RACE method. For this, RT-PCR products of CDR] of each isolate 

was generated (Figure 42A, step 1 and 2) using the CDR] specific forward primer, CT

CDR]-F and oligo(dT)JS anchor primer (see Table 8), cloned directly into pGEM®T-Easy 

vector (Promega) and sequenced (Figure 42A, step 3). To further confirm the RT-PCR 

specificity, subsequent second round of Nested PCR of corresponding CDR] 3'UTR 

harboring clones (Figure 42A, step 3) was performed with 3'UTR specific primer for 

each isolate(Figure 42A, step 4) (see Table 8). 3'UTR products specific to CDR] for each 

isolate were amplified and further sub cloned into pGEM®T-Easy vector (Figure 42A, 

step 5a). Direct sequencing (Figure 42A, step 5b) of multiples of 3'UTR specific clones 

of AS and AR isolates confirmed and revealed exact transcription termination sites of 

CDR] (Figure 42B). For the matched isolates-Gu4/Gu5 and DSY294/DSY296, 3'UTR 

length was mapped to 1371163 bases and 1621137 bases, respectively (position relative to 

'UAA'stop codon). 

3.2.2.2 CDRl3'UTR sequences reveal polymorphism. 
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Figure 41. RT -PCR analysis of CDR1 in clinical C. a/bieans isolates. 

- 250 bp 

(A) Total RNA isolation. RNA isolated from was fractionated (~1O flg) on 1% (w/v) agarose, 
2.2 M formaldehyde denaturing gels and stained with 0·5 flg/ml of ethidium bromide. (B) 
Assessment of genomic DNA contamination in poly-A + RNA preparations. Total RNA 
isolated was differentially enriched for poly-A + RNA as described under Material and 
Methods. Reverse transcription PCR reactions were performed with ~5 flg of poly-A + RNA. 
15 fll of PCR reaction was electrophoresed on a 2% agarose gel and stained with O· 5 flg/ml of 
ethidium bromide. Lanes: M, 100 bp size marker; Lanes 1-4: Gu4; Lanes 5-8: GuS; Lanes 9-
12: DSY294 and Lanes 13-16: DSY296. Lanes 1,5,9,13: PCR reaction (with internal primers 
CDR32 and CDR31; see table) with genomic DNA (positive control); Lanes 2,6,10,14: 
without genomic DNA (negative control); Lanes 3,7,11,15: without Reverse Transcriptase 
(no-RT, negative control); Lanes 4,8,12,16: with RT. (C) cDNA Synthesis. cDNA (~10 fll of 
each reaction) prepared from 0.5 flg poly-A + RNA in the presence of oligo( dT) 18 anchor
primer was separated on a 0·8% agarose gel and stained with 0·5 flg/ml ethidium bromide. 
Lanes: M, 100 bp size marker; Lanes: M, 100 bp size marker; Lanes 1-4: Gu4; Lanes 5-8: 
GuS; Lanes 9-12: DSY294 and Lanes 13-16: DSY296. Lanes 1,5,9,13: RT-reaction without 
poly-A+ RNA (negative control); Lanes 2,6,10,14: without oligo(dT)IS anchor primer 
(negative control); Lanes 3,7,11,15: without Reverse Transcriptase (no-RT, negative control); 
Lanes 4,8,12,16: cDNA smear visualized with R T. 
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Figure 42. Determination of termination sites of CDR1 mRNA by 3'RACE method. 
(A) 3'RACE strategy employed for the detection of CDR] 3'UTR length is detailed under 
Materials and Methods. Briefly, the purified poly(At-enriched mRNA samples from clinical C. 
albicans isolates were PCR amplified. Following electrophoresis, the amplified PCR products 
were visualized by staining with ethidium bromide (shown by thick arrow) and cloned. To confirm 
the RT-PCR specificity, another round of 3' UTR specific Nested PCR amplification of each 
isolate was performed. The locations of DNA size markers (bp) are marked on the left side of the 
gel (lane M). C. albicans isolates are marked above the gels. (B) Schematic representations of the 
mapped 3 'UTR of CDR]. The open box and wavy lines represent CDR] coding and poly(A) tail 
harboring 3'-end region respectively, while thick lines indicate the mapped 3'UTR length in AS 
and AR isolates. The numbers on top of thick lines indicate length of 3' UTR in each isolates. 
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Since differences in sequence at the 3'UTR could be involved in polyadenylation site 

selection (Edwalds-Gilbert et aI., 1997), and mRNA stability (Russell et aI., 1998), we 

did a comparative in silico analysis of mapped 3'UTR fragments of CDR1 of AS and AR 

isolates and analyzed its relevant sequence features. 3'UTR sequence alignment of CDR1 

revealed polymorphism at position -7U, U19C and C64U (Figure 43A, open box, where 

the base[ s] before and after the number is the sequence from Gu4 and GuS isolates, 

respectively) and an additional extended 26 and 25 base 'AU' (Adenylate-Uridylate) rich 

stretch at 3'-end for only GuS (AR) and DSY294 (AS) isolates, respectively (Figure 

43A). 3'UTR of CDRI is ~ 78% AU-rich, represents several putative consensus sequences 

for cytoplasmic RNA-binding protein(s) (Figure 43B) and has perfect AU-rich elements 

('AURE') (Figure 43A, ellipses box). The 'AURE' motifs are characterized by the 

presence of the consensus sequence 'AUUUA' and have been reported to be involved in 

destabilization of their corresponding mRNAs (Trzaska and Dastych, 2005). The 

presence of one perfect (UAGU) and two degenerate (AlCAUAAA, AAUAAAlU) yeast 

polyadenylation signals (Figure 43A, shadow box) suggests that mRNA variants could 

influence the CDR1 mRNA steady-state levels, as has been reported for other cells 

(Higgins, 1991; Edwalds-Gilbert et aI., 1997; Wickens et aI., 1997). A polyuridine 

(poly'U') rich and Cytoplasmic Polyadenylation Element ('CPE') tract were also 

predicted (Figure 43A, Continuous and dis-continuous underlines, respectively). All 

nucleotide positions are relative to 'UAA' translational stop codon (considered as + 1). 

Notably, alignment of the full-length 3'UTR of CDR1 with other 3'UTR sequences (163 

bp's were randomly selected as the common length) of MDR genes of C. albicans (such 

as CDR2, CaMDRI and ERG11) revealed a high degree of polymorphism (Figure 44). 

3.2.2.3 3'VTR of CDR1 mRNA forms altered secondary structures. 

As noted above, the observed polymorphism may affect secondary structures of 3 'UTR of 

LlJRI. This possibility was explored by carrying out putative folding analyses (Figure 

43C). Folding pattern prediction with nearest neighbor rules showed the co-existence of 

several possible Gibbs free energy of secondary structure conformations. The structure 

which displayed highest free energy value is expected to make the most stable 

arrangement. The free energy values for CDR1 3 'UTR secondary structure were different 
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Figure 43. Sequence and Structure analysis of CDR1 3'UTR. 
(A) Alignment of CDR] 3'UTR from the two matched pairs of clinical isolates obtained using the 
ClustalW program. Conserved residues are indicated by asterisks. Mismatched residues are 
represented by open boxes. Gaps (marked with dashes) have been introduced to maximize the 
alignments. Continuous and dis-continuous underlines denote the polypyrimidine (Py) and 
cytoplasmic polyadenylation element (CPE) tract respectively. Eukaryotic poly(A) signal is 
indicated by shadowbox. Ellipses denote the AU-rich elements ('AAUAAA'). Numbers at the 
right are relative to the 'UAA' translational stop codon (considered as position + i). 
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Figure 43. Sequence and Structure analysis of CDR1 3'UTR. 
(8) Schematic representation of the predicted regulatory motifs in the 3'UTR are marked in boxes. 
(C) Predicted Secondary structure of CDR] 3'UTR. Only the top-scoring conformation displaying 
highest free-energy value for each isolate are shown. Solid boxes indicate non canonical G·U 
wobbles base pairing. Oval boxes mark polymorphic nucleotides. Brackets mark AU-rich elements 
CAURE") and polyadenylation signal ('PAS'). Patterned box mark 'UAA' translational stop 
codon. 3'-dangling indicates poly(A)n addition site. Abbreviations: M-Multibranch loop (9F); H
Hairpin loop (0); IL-Internal Loop (0); BL-Bulge Loop (n); S-Stacks (=). 
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Figure 44. Multiple sequence alignment of mapped CDR1 3'UTR with other MDR 
genes of C. albicans. 
Alignment of SC5314 CDR1 3'UTR with 163 bases of 3'-regions of CDR2, MDR1 and 
ERGll was performed using the ClustalW (version 1.83) program. Conserved residues are 
indicated by asterisks. Gaps (marked with dashes) have been introduced to maximize the 
alignments, Numbers at the right are relative to the 'UAA' translational stop codon 
(considered as position + 1). 
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between AS and AR isolates (~G = -22 and -27.7 kcallmol for Gu4/Gu5, while ~G = -

28.3 and -24.2 kcallmol for DSY2941DSY296, respectively). Interestingly, 'AURE' 

motifs (AAUUUA) detected were located either in exposed hairpin or interior loop, while 

predicted polyadenylation signals resided in exposed sites of the molecule. Based on the 

predicted secondary structure, CDR1-3'UTR displayed differences between AS and AR 

isolates. 

3.2.2.4 3'UTR swapping does not affect p-galactosidase reporter activity. 

The sequence and structure analyses of3'UTR of CDR1 suggested that the polymorphism 

as well as differential secondary structure between AS and AR isolates might contribute 

to the observed enhanced mRNA stability. To obtain direct evidence, we tested whether 

the CDR1 3'UTR from AS isolates will have any destabilizing effect in AR isolates and 

vice versa. For this purpose, expression vectors harboring PCDRI-IacZ-CDR1 3'UTR 

chimeric transcriptional reporter fusions were constructed (Figure 45A, see Materials and 

Methods). The linearised cassette harboring CDR1 3'UTR of each isolate was integrated 

into native CDR1 genomic locus as well as into their corresponding matched isolates. 

Single copy integration of each construct was confirmed by Southern hybridization 

(Figure 45B). Two representative Nourseothricin resistant (NouR
) transformants of each 

parental strain containing a single integrated copy of the reporter fusion were used for 

further analysis. The resulting reporter strains were designated as Gu4L2-CUN (PCDRI-

lacZ-3'UTRN
), Gu4L2-CUS (PcDRI-IacZ-3'UTRs); Gu5L2-CUN (PcDRI-IacZ-3'UTRN

), 

Gu5L2-CUS (PcDRI-IacZ-3'UTRs); DSY294L2-CUN (PcDRI-IacZ-3'UTRN), DSY294L2-

CUS (PcDRrlacZ-3'UTRs); DSY296L2-CUN (PcDRI-IacZ-3'UTRN) and DSY296L2-CUS 

(PcDRrlacZ-3'UTRs). The superscript 'N' and'S' in designated constructs stand for 

native and swapped 3'UTR reporter constructs, respectively. 

Expression of the lacZ reporter gene in the various strains was qualitatively assessed by 

comparing the intensity of the blue color produced by cells grown on agar plates 

containing the indicator dye 5-bromo-4-chloro-3-indolyl-~-D-galactopyranoside (Figure 

46A) and was quantitated by measuring the ~-galactosidase reporter activity in liquid 

assays (Figure 46B). Two observations emerged from these results. Firstly, ~

galactosidase activity observed in native as well as swapped 3'UTR transformants of each 
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Figure 45. Schematic depiction of lacZ reporter fusion constructs and their integration 
in AS and AR isolates. 
(A) Structure of the DNA cassettes that were used to integrate the P CDRrlacZ-3 'UTR N 
(Native) and P CDRrlacZ-3'UTRs (Swapped) reporter fusions into the CDR] locus of the 
clinical C. albicans isolates (middle). The CDR] and lacZ coding regions are represented by 
white and blue arrows respectively, the caSAT] marker by grey arrow, and 3'UTR of CDR] 
by the filled circle. CDR] upstream and downstream regions are represented by solid lines, 
the CDR] promoter (P CDRf) is symbolized by the bent arrow. The straight arrow indicates the 
direction of transcription. The probe used to verify the correct integration is indicated by a 
thick line. Only relevant restriction sites are shown. (B) Chromosomal DNA from C. albicans 
transformants was isolated as described previously. Genomic DNA (~1 0 flg) of native (left 
blot: Lanes 1,2-Gu4L2N; Lanes 3,4-Gu5L2N; Lanes 5,6-DSY294L2N; Lanes 7,8-
DSY296L2N) and swapped (right blot: Lanes 1,2-Gu4L2s; Lanes 3,4-Gu5L2s; Lanes 5,6-
DSY294L2s; Lanes 7,8-DSY296L2S) 3'UTR reporter transform ants were digested with BglII, 
separated on a 1 % (w/v) agarose gel, transferred by vacuum blotting onto a nylon membrane 
and fixed by UV cross-linking. Probe labeling, hybridization, washing and signal detection 
were performed as described previously. Single copy integration of each construct at the 
desired locus was confirmed with gene specific probe indicated by a thick line. The size of 
the hybridizing fragments and locations of DNA standards (kb) are indicated on centre and 
left / right side of the each blot respectively. Lane M, nucleotide size marker (l kb Marker). 
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Figure 46. Qualitative and quantitative assay of p-galactosidase activity of lacZ reporter 
fusion integrants in AS and AR isolates. 
(A) Transfonnants harboring the chromosomally integrated P cDRrlacZ-3 'UTR" (Native, left) 
and P cDRrlacZ-3'UTRs (Swapped, right) and their corresponding parental strain (without lacZ) 
were streaked on minimal media plate containing X-gal and photographed after 3 days of 
growth at 30°C. The positions )f the individual strains on the plates are shown in the scheme 
(middle). (B) ~-galactosidase quantitative reporter activities of each transfonnants were 
detennined as described under Materials and Methods. The reported quantities are mean 
values ± Standard Deviations (il1dicated by error bars) of three independent experiments with 
duplicate measurements of two independent clones. Empty and filled bars indicate P CDR J-IacZ-
3'UTR" (Native) and P cDRrlac2'-3'UTRs (Swapped) 3'UTR reporter fusion transfonnants in 
both AS and AR backgrounds. 



Table 11. Table depicting the quantitative ~-galactosidase activity of native and 
swapped 3'UTR-lacZ reporter fusion integrants in AS and AR isolates. 

Average p-galactosidase activity 
Strains (Miller Units/mg of protein) Fold induction 

Native 3'UTR AR vis AS Native vis Swapped 

Gu4L2-CUN 109 ± 14.2 G"4L2-CU1 G"4L2-CUj-
3.22 0.69 

Gu5L2-CUN 351.6 ± 45 Gu5L2-CUN Gu4L2-CUS 

DSY294L2-CUN 81.9 ± 25.4 DSY294L2-CU1 G"5L2-CUj-
4.44 0.96 

DSY296L2-CUN 364.6±21.1 DSY296L2-CUN Gu5L2-CUS 

Swapped 3'UTR DSY294L2-CU~} 
1.07 

Gu4L2-CUS 156.3 ± 26.1 G"4L2-CUJ- DSY294L2-CUS 
2.33 

Gu5L2-CUS 364.9 ± 31.1 Gu5L2-CUS DSY296L2-CUN} 
1.23 

DSY294L2-CUS 76.5 ± 25.5 DSY294L2-CU} DSY296L2-CUS 
3.86 

DSY296L2-CUS 295.6 ± 21.4 DSY296L2-CUS 
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Figure 47, Drug resistance profiles of the wild type, native and swapped transcriptional 
reporter fusion transformants in AS and AR isolates. 
Drug resistance profiling was determined by the spot assay as described previously. In the spot 
assay,S III of fivefold serial dilutions of each yeast culture (A6oo=0.1) was spotted onto YEPD 
plates in the absence (control) and the presence of the following drugs - nourseothricin (200 
Ilg/ml), itraconazole (0.025 Ilg/ml), clotrimazole (0.025 Ilg/ml) , fluconazole (2 Ilg/ml), 
ketoconazole (0.025 Ilg/ml), miconazole (0.05 Ilg/ml) and terbinafine (0.1 Ilg/ml). Growth 
differences were evaluated by using drug-free controls following incubation of the plates for 48 h 
at 30°C. Growth was not affected by the presence of the solvents used for the drugs (data not 
shown). (A) Gu4/Gu5 and (B) DSY294/DSY296 isolates and their transformant derivatives. 
Nourseothricin has been used as a transformants control. ltraconazole, clotrimazole, fluconazole, 
ketoconazole, miconazole and terbinafine are well known substrates of CDR] (Kohli et aI., 2001 
and 2002). 
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AR isolate was always higher than their corresponding AS reporter transfonnants (see 

Table 12: 3.22 fold for GuSL2-CUN versus Gu4L2-CUN, 2.33 fold for GuSL2-CUS 

versus Gu4L2-CUS; 4.44 fold for DSY296L2-CUN versus DSY294L2-CUN and 3.86 

fold for DSY296L2-CUS versus DSY294L2-CUS). Secondly, the reporter activity of the 

3'UTR native transfonnants of each AS and AR isolates was comparable to their 

corresponding swapped reporter fusion transfonnants (Gu4L2-CUN versus Gu4L2-CUS, 

GuSL2-CUN versus GuSL2-CUS; DSY294L2-CUN versus DSY294L2-CUS and 

DSY296L2-CUN versus DSY294L2-CUS). Thus swapping of CDR1 3'UTR of AS and 

AR isolates does not affect the reporter activity. In another set of experiments, we tagged 

P CDRI-lacZ with either native (CDRl) or heterologus (A CTl) 3 'UTR (Manoharlal et al., 

2008), and observed comparable B-galactosidase reporter activity (See Figure 30 versus 

Figure 46). Of note, none of the parent strains exhibited any reporter activity under 

similar experimental conditions (Figure 46A). Additionally, the tagging of P cDRrlacZ 

with CDR1 3'UTR and its swapping also did not alter the drug resistance profiling of AS 

and AR isolates (Figure 47). Taken together, these results suggests that 3'UTR sequence 

of AS and AR isolates do not contribute to transcriptional or post-transcriptional control 

ofCDR1. 

3.2.2.5 RNA-EMSA reveals reduced protein binding in AR isolates. 

Relatively longer half-life of CDR1 transcript in AR isolates (~3 folds) could be due to 

differential affinity of RNA binding protein(s) to the 3'UTR. To investigate the role of 

CDR1 mRNA binding regulatory proteins, RNA-!~lectrophoretic Mobility .s.hift Assays 

(R-EMSA) was perfonned using the 3'UTR fragments as RNA probes. The results 

showed that 3'UTR of CDR1 transcripts fonned two RNA-protein complexes (Cl and 

C2) in both AS (Figure 48A, lanes-2, and 6) and AR isolates (Figure 48A, lanes-4 and 8). 

Band intensity of each complex for AR isolates was nonnalized to that of corresponding 

AS isolates and plotted as described under Materials and Methods. Figure S2B shows the 

intensities of RNA-protein complex Cl and C2 which were ~66% and Sl% (for GuS) and 

~60% and 40% (for DSY296), lower than the corresponding complex intensity of AS 

isolates (Gu4 and DSY294 respectively). An equal amount of crude protein extract used 
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Figure 48. Differential RNA-protein complex(es) formation at 3'UTR mRNA of CDRJ. 
(A) [a_32p] UTP labeled riboprobes of each isolate were incubated with the corresponding 30 ).lg of 
cellular extracts, as described under Materials and Methods. Lanes 1, 3, Sand 7- free probe; lanes 
2, 4, 6 and 8- radiolabeled riboprobe incubated with cellular extracts of Gu4, GuS, DSY294 and 
DSY296 respectively. Abbreviations- FP: Free Probe; Cl: RNA-Protein Complex 1, C2: RNA-
Protein Complex 2; 0: Origin of gel. (B) RNA-protein complex( es) signal intensity from a typical 
gel shift assay were quantitated using Phosphorlmager scanner, normalized with the corresponding 
AS isolates (considered as 100%), expressed as a percentage of maximum and plotted as a line 
graph (Gu4 vis GuS and DSY294 vis DSY296). 
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Figure 49. Assessing of integrity and equal loading of crude protein extract used 
for R-EMSA by (A) Silver staining of 8% SDS-PAGE as well as by (B) Western blot 
analyses using anti-Pmal p polyclonal antibody both AS and AR isolates respectively. 
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for R-EMSA was assessed by Western blot analyses using an anti-Pmalp polyclonal 

antibody for both AS and AR isolates (Figure 49). 

3.2.2.6 CDR1 mRNA poly(A) tail is longer in AR isolates. 

As poly(A) tail removal is a critical step in the 3'-exonuclease mediated decay pathway 

(Ross, 1996; McCarthy, 1998), we investigated the polyadenylation state of CDR] 

mRNA between AS and AR isolates. For this, we employed PAT assay (Kusov et al., 

2001) to assess the polyadenylation state of mRNA between AS and AR isolates. We 

adopted a recently described PCR-based PAT assay where the 3'-end of the mRNA is 

polyguanylated using poly(A) polymerase (Figure 50A, step 1) as described under 

Materials and Methods. With this step, a poly(A)-oligo(G) junction is generated which 

serves as specific target for the amplification of the 3'-end of the transcriptome with the 

universal reverse oligo(dC9T6) anchor primer and a gene-specific forward primer (Figure 

50A, step 2a & b). Considering the resolution of the gel and the intrinsic width of the 

band (Figure 50B), it was observed that CDR] PAT-PCR products from AS and AR 

isolates were of heterogeneous sizes, ranging between 300 and 525 bp. Since the 

amplified products derived from the region between 5' and the 3'-end of the transcript 

were of - 470 bp, it corresponded to poly(A) tail length of - 30 to - 50 A's .RT-PCR 

products were cloned and sequenced (Figure 50A, step 3) for the accurate measurement 

of the poly(A) tail length (Kusov et aI., 2001). Chromatogram analysis of cloned PAT

PCR products of each AS and AR isolate confirmed precisely that the poly(A) tail length 

was relatively shorter with ~24-26 adenylic residues in AS isolates, in contrast to ~33-35 

residues in AR isolates (Figures 50C and D). It should be mentioned that a minimum of 

10 random clones were subjected to sequencing to arrive at exact length of poly(A) tail. 

A maximum variation of 2 bases was observed between different clones. 

3.2.2.7 Short term in vitro induced over-expression of CDR1 display enhanced drug 

resistance. 

In the following, we explored the regulatory mechanisms controlling the expression of 

CDR] mRNA when induced in vitro by short exposure of drug/steroids. To address this 

issue, the AS isolates were spotted on YEPD plates containing drugs-fluconazole, 
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1 
Primer # 1 AGCTCAAACT AG 

2b. PCR amplification 
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Figure 50. Polyadenylation test (PAT) of CDR1 mRNA. 
(A) Schematic representation of the modified PAT assay. In step 1, purified mRNA is polyguanylated using PAP and GTP. In step 
2a, the guanylated mRNA is reverse transcribed using anti-sense primer, 0Iigo(dC9T6)AP (primer#l). In step 2b, the RT product is 
amplified by PCR with CDRl specific sense primer, CT-CDRl-F-RML (primer#2) and anti-sense anchor primer, AP-RML 
(primer#3). (B) Specific amplification ofpolyguanylated mRNA. According to the scheme on top, poly(At- enriched mRNA were 
subjected to the PAP reaction with GTP and subsequently to 3' RACE-RT-PCR specific amplification of CDRl. The RT-PCR 
product smear following electrophoresis through 1.2% agarose gel, were visualized by staining with ethidium bromide (shown by 
an arrow). (C) Representative chromatogram of cloned polyadenylated fragments obtained from each AS and AR isolate is shown. 
Open box sequence represents the oligo(C)-poly(T) junction. Continuous underline sequences denotes the poly'T' tract 
(complementary to polyadenylated sequence). (D) Table depicting the representative poly(A) tail length of CDRl in both AS and 
AR isolates. 
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ketoconazole, miconazole and cycloheximide in the presence of CDR1 inducers such as 

fluphenazine, progesterone and f3-estradiol (de Micheli et al., 2002; Karababa et ai., 

2004). A relatively increased drug resistance in Gu4-IR (for Gu4-induced resistance) and 

DSY294-IR (for DSY294-induced resistance) in the presence of all the tested inducers 

was observed after 48 hr of incubation at 30°C (Figure 51A). Notably, inducers alone did 

not have any effect on the growth of the AS isolates (Figure 51A). The increased efflux 

of a well known substrate of CDR1, Rhodamine-6G (R6G) (Shukla et al., 2003), in 

induced AS cells corroborated the drug spot results (Figure 51 B). Northern blot analysis 

and subsequent quantification of CDR1 transcript confirmed its higher amount in both 

Gu4-IR and DSY294-IR isolates (Figure 51C). Increased Cdrlp level was also observed 

in plasma membrane preparations of Gu4-IR and DSY294-IR in contrast to uninduced 

AS isolates after Western immunoblotting with anti-CDR1 polyclonal antibody (Figure 

51 D). Thus our results established an increase in steady state CDR1 mRNA levels to be 

one of the reasons of the observed increases in drug resistance and enhanced efflux of 

R6G in Gu4-IR and DSY294-IR. Of note, no difference in drug resistance profiling and 

R6G efflux for both uninduced and induced AR isolates was observed, indicating no over 

and above increase of basal CDR1 expression (Figures 52 A and B). 

3.2.2.8 Induced up-regulation of CDR1 is mediated by its enhanced transcriptional 

activation. 

To determine whether induced CDR1 mRNA up-regulation was due to transcriptional 

activation, we performed f3-galactosidase reporter assay in which a CDR1 promoter 

fragment was placed upstream of the lacZ reporter gene (as described under Materials 

and Methods). Interestingly, f3-galactosidase activity observed in both induced AS 

isolates (Gu4-IR and DSY294-IR) was relatively higher than their corresponding 

untreated counterpart (4.5, 4.6 and 5.4 fold for Gu4 and 3.3, 7.6 and 6.6 fold for DSY294 

in the presence of fluphenazine, progesterone and f3-estradiol respectively, Figure 53), 

indicating that CDR1 inducers up regulate the activity of CDR1 promoter by 

transcriptional activation. To validate this further, transcription run-on assays were 

performed as described under Materials and Methods. For controls, pACTI plasmid 

DNA, containing the constitutively expressed ACT] gene, and the empty vector 
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Figure 51. Inducibility of AS "isolates. 
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(A) Drug susceptibility testing. Drug susceptibilities with the inducers (FPZ, PRO and ~-EST) were 
measured by spot assays either alone or in the presence of the indicated drugs as described under 
Material and Methods. The fim}) drug concentrations used (the solvent used is given in parenthesis) 
were FLC 2 )1g/ml (water), KET 0.05 )1g/ml (methanol), MIC 0.1 )1g/ml (methanol) and CYC 300 
)1g/ml (water). Susceptibilities to various drugs were checked in YEPD. In the spot assay,S )11 of 
fivefold serial dilutions of each yeast culture (A6oo=0.1) was spotted onto YEPD plates in the 
absence (control) and the presence of the indicated drugs. (B) R60 efflux assay. The assay was 
performed essentially as described under Materials and Methods. The results are shown as relative 
fold induction of R60 efflux from induced AS isolates as compared to uninduced cells. The 
quantities reported are mean values ± Standard Deviations (indicated by error bars) of three 
independent experiments. The efflux of R60 is shown by open (for Ou4) and filled bars (for 
DSY294) respectively. The inset shows the extracellular concentration of R60 in the presence and 
absence of glucose. (C) Northern blot analysis. Northern blots were carried out employing standard 
protocols (Sambrook et al., 1989). Equal loading of RNA was assessed by rRNA bands. The 
membranes were subsequently deprobed and rehybridized with the ACT] probe to monitor further 
equal RNA loading and transfer. (D) Immunodetection of Cdrl p in induced AS isolates. 
Exponentially grown cultures of both AS isolates (Ou4 and DSY294) were treated with CDR1 
inducers- fluphenazine, progesterone and ~-estradiol for 30 min. Approximately 30 )1g of whole cell 
extracts of both uninduced and induced AS isolates were separated on 10% SDS-PAOE. Cdrl p was 

I 

detected using a polyclonal anti -Cdr! p antibody. An equal loading of protein was assessed from 
colloidal Coomassie blue 0250 sdtined gel (data not shown) as well as by stripping and subsequent 

I 

re-probing of the blot with anti-Pmalp polyclonal antibody (lower panel). The position of the 
immunoreactive bands corresponding to Cdrl p and Pma! p on the blot is marked by an arrow. 
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Fig;ure 52. Non-inducibility of AR isolates. 
(A) Drug susceptibility testing. Drug susceptibilities with the inducers (FPZ, PRG and ~-EST) were 
measured by spot assays either alone or in the presence of the indicated drugs as described 
previously. The final drug concentrations used (the solvent used is given in parenthesis) were FLC 2 
Ilg/ml (water), KET 0.05 Ilg/ml (methanol), MIC 0.1 Ilg/ml (methanol) and CYC 300 Ilg/ml 
(water). Susceptibilities to various drugs were checked in YEPD. In the spot assay,S III of fivefold 
serial dilutions of each yeast culture (A6oo=0.1) was spotted onto YEPD plates in the absence 
(control) and the presence of the indicated drugs. 
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Figure 52. Non-inducibility of AR isolates. 
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(B) R6G efflux assay. The assay was performed essentially as described under Materials and 
Methods. The results are shown as relative fold induction of R6G efflux from induced AS 
isolates as compared to uninduced cells. The quantities reported are mean values ± Standard 
Deviations (indicated by error bars) of three independent experiments. The eff1ux of R6G is 
shown by open (for GuS) and filled bars (for DSY296) respectively. The inset shows the 
extracellular concentration of R6G in the presence and absence of glucose. 
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Figure 53. Analysis of CDR1 promoter driven p-galactosidase reporter activity in induced 
AS isolates. 
~·-galactosidase reporter activity driven by the CDRJ promoter was measured for control and 
induced AS isolates as described previously. Induced ~-galactosidase reporter activity was 
normalized to that of corresponding untreated cells (considered as 'J '), and represented as fold 
induction of reporter activity. Results are expressed as the Mean ± Standard Deviations 
(indicated by error bars) of three independent experiments. (A) Gu4 and (B) DSY294 isolates. 



Results and Discussion 

pBluescript, pBS-KS(+) were also dotted onto the membranes. As shown in Figures 54, 

the induced AS isolates exhibited an increased transcription rate of CDR1 when 

compared with the untreated AS isolates (10, 12.3 and 12.2 fold for Gu4-IR and 24.2, 

23.9 and 20.1 fold for DSY294-IR in the presence of fluphenazine, progesterone and B

estradiol respectively). 

3.2.2.9 Rapid acquired resistance in induced AS isolates is due to transiently 

enhanced CDR1 transcription rate. 

To compare the stability of the resistance phenotype between AR and induced AS 

isolates, both Gu4-IR and DSY294-IR isolates were subjected to Northern blot analysis 

after treatment with the inducers at indicated time points. Unlike in AR isolates (White et 

al., 1997; White, 1997a; Manoharlal et aI., 2008), the CDR1 mRNA levels in both the 

induced isolates reduced with time (Figure 55A). These findings also corresponded with 

the loss of CDR1 promoter driven B-galactosidase reporter activity indicating that 

enhanced CDR1 transcription rate in AS isolates in response to inducers is time 

dependent (Figure 55B). As seen in Figure 55e too, each of the induced resistant isolate 

lost transcription activation with time, but the isolates did so at various rates for each 

inducer. Time dependent transcription run on assay further confirmed that transiently 

enhanced CDR1 transcription rate is indeed at least one of the reason for rapid acquired 

resistance in both the induced AS. 

3.2.2.10 Transient induction of CDR1 is not mediated by an increase in its mRNA 

stability or poly(A) tail length. 

We determined the CDR1 mRNA half life and length of poly(A) tail in Gu4-IR and 

DSY294-IR isolates in order to analyze the role of these mechanisms, if any, in induced 

expression of CDR1. Total RNA was isolated at different time points after transcription 

inhibition by thiolutin in induced AS isolates and was analysed by RNA gel blots (Figure 

56A). After probing the blots with a CDR1 specific probe, hybridization signals were 

quantified by densitometry scanning in a phoshorimager. CDR1 mRNA could be detected 

in both induced AS isolates (Gu4 and DSY294) at time To (Figure 56B) and the signal 

intensity diminished progressively with time (mRNA half-life was approximately 60 

97 
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Figure 54. TRO analysis of induced AS isolates. 
Approximately 2 /lg (each) of CDR], pACT!, and empty vector pBlueScript-KS(+) DNA was 
blotted and immobilized on charged nylon membranes (Hybond-N+; Amersham Pharmacia 
Biotech) using a dot blot assembly apparatus. Nuclei were collected and nascent RNA was 
labeled with [a_32p] UTP to elongate RNA transcripts. The blots were probed with total labeled 
nuclear run-on RNA as described under Materials and Methods. Hybridization signal intensities 
of nuclear RNA were quantified using densitometry scanning of phosphorimages. DNA from a 
Non-recombinant pBlueScript-KS(+) plasmid was used as a negative control to determine 
background and non-specific binding of labeled nuclear RNA to a random DNA fragment. 
Signal intensities for each isolate were subtracted from the negative control values and 
subsequently normalized to the intensity corresponding to their untreated counterpart 
(considered as '] '). Relative intensity of CDR] with respect to corresponding actin RNA for 
each isolate, is also plotted (A) Gu4 and (B) DSY294 isolates. 
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Figure 55. Time course of CDR1 expression in AS isolates after exposure to inducers. 

+ ~-EST 

(A) AS isolates (Gu4 and DSY294) were exposed to inducers over a time interval of 0-120 min. 
Total RNA was extracted from AS isolates exposed to inducers at the indicated time points. Culture, 
treatment of cells, RNA extraction and Northern blot were performed as described under Materials 
and Methods. Equal RNA loading and transfer of RNA was assessed by rRNA bands as well as by 
subsequently deprobing and rehybridiztion of membranes with the ACTJ probe. (B) ~-galactosidase 
reporter analysis of AS isolates over a time interval of 0-120 min after exposure to inducers. Data 
represents the fold induction of CDRJ promoter driven reporter activity as compared to untreated 
cells (considered as 'J ') from three independent experiments. 
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Figure 55. Time course of CDRI expression in AS isolates after exposure to inducers. 
(C) Nuclear run-on transcription assays were done on nuclei isolated from both AS isolates at the indicated times after addition of 
inducers as described above. The labeled RNA from each indicated time point was hybridized to the pACT! and CDR1 specific PCR 
amplicon, which were immobilized by dot blotting on a nylon membrane. Signal intensities for each isolate were subtracted from the 
negative control values and subsequently normalized to the intensity corresponding to their untreated counterpart, which was considered 
as '1'. The relative intensity of CDR1 with respect to corresponding actin RNA for each isolate at each time point was also plotted. 
(a) Gu4-IR (b) DSY294-IR. 



Results and Discussion 

minutes). PAT analysis of bot~ the induced AS isolates also did not show any change in 

poly(A) tail length as compa)ed to untreated cells (Figure 57). Interestingly, Gu4-IR 

isolate restores the 3'UTR lenbh similar to that of GuS isolates (Figure 58). However, 

clinical significance of this iJcreased 3 'UTR length in Gu4-IR isolate remains to be 
~ 

established. 

3.2.3 Discussion 

In many azole resistant clinic~l isolates of C. albicans, a positive correlation between 

resistance and CDR] over-exp~ession has been reported by several independent research 

groups. (White, 1997a; Franz ~t aI., 1998; Lopez-Ribot et aI., 1998; White et aI., 1998; 

Franz et al., 1999; de Micheli et aI., 2002; Chen et aI., 2004; Coste et al. 2004; Gaur et 

al., 2005; Manoharlal et aI., 2008). Various other studies have dissected the cis-acting 
I 

elements in promoter region (Puri et aI., 1999; de Micheli et aI., 2002; Karnani et aI., 
I 

2004; Gaur et aI., 2004 and 20P5), and transcription factor(s) (Chen et al., 2004; Coste et 

al. 2004; Znaidi et aI., 2008), that could contribute to differential CDR] mRNA 
I 

expression between AS and tR isolates. We have recently observed that along with 

increased transcriptional actiytion, enhanced mRNA stability also contributes to the 

sustained CDR] over-expression in AR isolates (Manoharlal et aI., 2008). In the present 

study, we evaluate the cause Jf this increased mRNA stability of CDR] in AR isolates. 

By employing 3' RACE methld (Figure 42A), we mapped and observed variation in the 
I 

length of 3'UTR of CDR] (Figure 42B). Notably, heterogeneous products at 3'-ends 
I 

observed were not specific to AS or AR isolates as each isolate has its own 3 'UTR length 
I 

irrespective of the level of CDR] expression (Figure 43A). Existence of this 
I 

heterogeneity at 3'-end of CDR] can be explained by the alternative usage of several 

polyadenylation signals (FiguJe 43A and B), as has been well documented for other MDR 
I 

genes (Hsu et al., 1990; Edwa:lds-Gilbert et al., 1997). For example, mouse mdr] a (Hsu 

et al., 1990), and EhPgp5 imRNA of Entamoeba histolytica trophozoites (Lopez

Camarillo et al., 2003), show length variations at their 3'-ends which has been suggested 
I 

to influence their mRNA half-lives. Notably, several other yeast genes also produce 

multiple transcripts with diffdrent 3'-ends as a result of carbon source regulated choice 
I 

between alternative polyadeny}ation sites (Sparks et aI., 1998). 

98 



A. Gu4 
Un 

I 4 6 tll2 (min) 

CDRl---'l_ ,. I--+~ 60 
~:;;:;;;;;,;;;::;;,;;;;~;;;;;:;::::;:;:;:::! 

~: ~=:lr':"¥'%%¥':":K:r:'=::~f~_tj 
min, of chase 0 60 120 180 240 300 

+ FPZ I 2 4 6 

CDR1---'1:~_ 
28 S 
18 S 

min. of chase 0 60 120 180 240 300 

4 6 

-----28·S~ 

18 S---. 
min. of chase 0 60 120 180 240 300 

+ P-EST I 4 6 

CDR 1---. I <IIIIIIIIIIIII> --
28 S 
18 S 

min. of chase 0 60 120 180 240 300 

B. 100 --+-Un 
-a-+ FPZ 

----6- + PROG 

~+f3-EST 

o 60 120 180 240 300 

Time (min) after transcriptional arrest 

DSY294 
Un 

6 
tl/2 (min) 

4 

1--+~60 CDR1---.~I_~ __ ··_~_~_· ___ ~_! __________ ~ 
28 S---. 
18 S---. 

min. of chase 0 60 120 180 240 
+ FPZ I 2 3 4 5 

CDRl---.I.,·,· _ ~ 
28 S---. 
18 S---' 

min. of chase 0 60 120 180 240 

+ PRG I 4 

_ (,.Qftl~I! • . r •• ,:tIfl!iW_ 

28 S---. 
18 S---' 

300 
6 

@#t. 

300 

6 

min. of chase 0 60 120 180 240 300 

+ p-EST I 2 3 4 5 6 

CDR1---'f.v.' • ., ~., 
28 S 
18 S 

min. of chase 0 60 120 180 240 300 

100 --+-Un 

1--+~60 

-a-+ FPZ 

c: 80 
.~ 

E 
(1) .... 
« 60 

~ 
E 

;;:: 40 
C) 
I..J 

20 ~ I 

----6- + PROG 

~+f3-EST 

0+1--~--~----~--~--~ 
o 60 120 180 240 300 

Time (min) after transcriptional arrest 



Figure 56. CDR1 mRNA decay assay of induced AS isolates. 
Exponentially growing cultures of C. albicans were treated with inducers (as mentioned under Materials and Methods) and 
subsequently incubated with the optimized thiolutin concentration (40 IJ.g/ml) to inhibit ongoing in vivo transcription. Total RNA was 
isolated at the times indicated thereafter and fractionated on a 1 % (wt/vol) agarose-2.2 M formaldehyde denaturing gel. (A) The gel was 
stained with ethidium bromide before blotting to monitor equal loading of the RNA and subsequently blotted onto a charged nylon 
membrane. The blot was hybridized with [a-32P]dA TP labeled CDR] specific probe. Time points in minutes are indicated below each 
phosphorimage. (B) The hybridization signals were quantified using densitometry scanning in a PhosphorImager scanner. The signal 
intensity at each time point was normalized to that of time To (expressed as a percentage) and plotted as a line graph. t1/2, half-life. 
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Figure 57. Polyadenylation test (PAT) of CDR1 mRNA in induced AS isolates. 
(A) PAT assay was carried out as described earlier. Briefly, induced purified poly(At -enriched 
mRNA of both AS isolates were polyguanylated using PAP and GTP and reverse transcribed 
using anti-sense primer, 0Iigo(dC9T6)AP-RML. In subsequent step, the RT products were 
amplified by PCR with CDRl specific sense primer, CT-CDRl-F-RML and anti-sense anchor 
primer, AP-RML. The RT-PCR product following electrophoresis through 1.2% agarose gel, 
were visualized by staining with ethidium bromide (shown by an arrow). C. albicans isolates are 
given above the gel. Lane M, nucleotide size marker (PCR Marker). DNA standards are indicated 
on the left (lane M). (B) Sequences of cloned polyadenylated fragments obtained from each 
isolate. Open box sequence represent anti-sense primer, oligo( dC9 T 6)AP-RML used to generate 
them. Continuous underline sequences denotes the poly'T' tract (complementary to 
polyadenylated sequence). (C) Table depicting the representative poly(A) tail length of CDRl in 
both the induced AS isolates. 
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Figure 58. Increment in CDR1 3'UTR length of induced Gu4 isolate. 
PAT assay was carried out as described in Materials and Methods. Sequences of cloned 
polyadenylated fragments obtained for each tested inducers, Open box sequence represent 
anti-sense primer, oligo( dC9 T 6)AP-RML used to generate them, Continuous underline 
sequences denotes the poly'T' tract (complementary to polyadenylated sequence). Dotted 
underline sequences represent the increased 3'UTR length of CDR1 upon induction. 
Interestingly, induced Gu4 isolate restores the 3'UTR length similar to that of GuS isolates. 



Results and Discussion 

3'UTR of CDR1 is ~ 78% AU-rich and showed sequence polymorphism between AS and 

AR isolates (Figure 43A). Changes in rate of turnover and RNA cleavage can be affected 

by these 3'UTR secondary structure motifs and their corresponding RNA-binding 

protein(s). In silico analysis and secondary structure prediction suggests the existence of 

exposed polypyrimidine (Py) tract, AURE and a CPE motif (Figure 43C). In other 

organisms, Py-tract and AURE binding proteins (AUBP) are known to be involved in 

mRNA stability, whereas CPE-motif interacting proteins target specific mRNAs to 

cytoplasmic polyadenylation, producing the translational activation of the transcripts 

(Czyzyk-Krzeska et aI., 1994; Irwin et aI., 1997; Hake et aI., 1998; Tillmar et aI., 2002). 

These signals in CDR1 3'UTR could also constitute a potential target site for RNA 

binding protein(s). It needs to be mentioned that the prediction of the stable secondary 

structures does not necessarily imply their involvement in the regulation of CDR1 mRNA 

stability, which otherwise are known to playa key role as revealed in higher eukaryotes 

(Ross, 1996). However, these predictions do indicate differential RBP-RNA binding in 

AS and AR isolates which could be due to difference in the regulatory RNA motifs they 

recognize. To experimentally test the proposed mRNA destabilizing activity of the 

predicted CDR1 3'UTR regulatory motifs, expression vectors harboring heterologus and 

codon-optimized Streptococcus thermophilus lacZ reporter coding region (Uhl and 

Johnson, 2001), in transcriptional fusion with 3'UTR of either AS or AR isolates were 

constructed (Figure 45A). Interestingly, swapping of 3'UTR between AS or AR isolates 

had no effect on lacZ reporter activity (Figure 46A and B) indicating that CDR1 3'UTR is 

not sufficient to affect either transcription or mRNA stability. Our results are in 

agreement with mammalian MDR1-3'UTR (Prokipcak et aI., 1999), and EhPgp5-3'UTR 

(Lopez-Camarillo et aI., 2003), which also harbour putative regulatory RNA motifs, but 

do not behave as active destabilizing elements for their corresponding mRNA's. The 

regulatory RNA motifs residing in 3'UTRs control mRNA stability and in some cases 

mRNA nuclear export, cytoplasmic localization, translation efficacy, polyadenylation and 

translation control through 3 'UTR sequence-binding proteins, see Figure 59 (De Maria 

and Brewer, 1996; Shalgi et aI., 2005). 

A correlation between relative affinity of 3'UTR for RNA-binding protein(s) and mRNA 

stability has been documented in several studies (Wang et aI., 1995; Ross, 1996; 
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McCarthy, 1998). Existence of this correlation also suggests that rather than existence of 

'all or none rule' phenomenon, interaction between 3'UTRs and proteins may be altered 

in either way, and subtle shifts in affinity may be associated with alteration in mRNA 

half-life. 

ribosome 
occupancy: 

ribosome 
density 

. 

poly(A) state 

Figure 59. Correlation among various mRNA stability determinants. 
Solid and dashed lines represent correlation among various determinants of mRNA stability. 
Green lines represent positive correlations; red lines represent negative correlations and black 
lines indicate no simple correlation. See text for detail. 

Our R-EMSA results also supports this hypothesis as decreased affinity of 3'UTR of AR 

isolates (Figures 48A and B) for the trans-regulatory factor(s) is correlated with relative 

long half-life of CDR1 mRNA. However, the identity, relative expression level, 

functional role and precise corresponding binding sites of CDR1 3'UTR mRNA

interacting protein(s) in both AS and AR isolates remains to be characterized. 

The mRNA abundance is also affected by a concerted interplay of key factors such as the 

activities of poly(A) polymerase, deadenylases, and poly(A) binding proteins (Zhao et 

ai., 1999). The pre-mRNAs are polyadenylated in a reaction involving 3'-endonucleolytic 

cleavage followed by poly(A) tail synthesis (Zhao et ai., 1999). Poly(A) tail is also 

considered as a strong modulator of mRNA stability and its length is subjected to cellular 

control throughout the life span of the mRNA (Figure 60) (Wickens et ai., 1997; 

McCarthy, 1998). It is well known that longer poly(A) tails provide higher stability to 

mRNA and promote a more efficient translation (Ross, 1996). 

Our PAT assay in the present study shows that CDR1 mRNA has 30-35% longer poly(A) 

tail in AR isolates as compared to their respective AS isolates (Figure 50C and D), 
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suggesting polyadenylation and deadenylation events occurring at different rates could 

affect CDR1 

mRNA 

Coding sequence Poly-A tail 
$; mJuilliiBBihf.lUIUI 

• · • · • .. 
Degradation + 

Deadenylation 
enzyme 

IUUUtJ19tJiiHi W• 

...... .,., ... ........... 
Figure 60. Shortening of poly(A) length targets the mRNA for its destruction. 
Cartoon of mRNA senescence when the poly(A) tail is progressively shortened before 
degradation. See text for detail. 

mRNA half-life. This finding is important since relatively longer poly(A) tail of EhPgp5 

mRNA is associated with its enhanced half-life in E. histolytica trophozoites grown in the 

presence of emetine (Lopez-Camarillo et aI., 2003). Interestingly, this increased poly(A) 

tail length has been associated to an induced nuclear poly(A) polymerase (EhPAP) 

expression (Garcia-Vivas et al., 2005). C. albicans PAP 1 (CaP AP 1) is located within the 

Mating TYPe-Like (MTL) locus, where TAC1 and its linkage with the locus in 

determining its hyperactivity has been established (Coste et aI., 2006). It has been 

recently shown that a hyperactive allele of TAC1 is responsible for CDR1 as well as 

CDR2 up-regulation in DSY296 (Coste et aI., 2006). However, it has not yet been 

explored if hyperactive TAC1 allele contribute to the differential transcript stability and 

poly(A) tail length of CDR1 in these isolates. The existence of a link between hyperactive 

TAC1 allele, CaPAP1 and MDR is thus an exciting possibility that needs to be explored. 

It would also be interesting to see if the increase in poly(A) tail length in AR isolates is 

specific to CDR1 transcript or it is a general feature of mRNA population of MDR related 

genes. 

MDR can also be acquired if C. albicans cells are exposed to the CDR1 inducers for a 

short time (Karababa et aI., 2004; Larsen et al., 2006). We observed that AS isolates, if 
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Figure 61. Hypothetical model of differential CDR1 mRNA expression in AS and AR isolates. 
(A) An enhanced transcription of CDR] gene occurs in both AR isolates (Gu5 and DSY296) due to prolonged azole exposure. (B) in 
nuclei and cytoplasm, mRNA processing and decay mechanisms influence the CDR] mRNA half-life. AR isolates (Gu5 and DSY296) 
have relatively low binding affinity for certain unidentified RNA binding protein(s) that might prevent rapid mRNA turnover of CDR] 
than their corresponding AS isolates (Gu4 and DSY294). (C) Additionally, AR isolates possess certain putative response factors and 
polyadenylation proteins, which could promote an efficient polymerization of poly(A) tails, resulting in a longer poly(A) tail and 
increased mRNA stability than corresponding AS isolates. Wavy lines denote the CDR] mRNA, and thejilled circle represents the 'UAA' 
translational stop codon. ORF, open readingframe; Cl: RNA-Protein Complex], C2: RNA-Protein Complex 2. 



Results and Discussion 

exposed to fluphenazine and steroids become resistant to antifungal drugs, with a 

concomitant increase in CDR1 mRNA. This in vitro rapid acquired resistance phenotype 

is transient and temporal in nature. Our results demonstrate that C. albicans develops an 

unstable in vitro resistance to antifungals via transcription activation. In contrast, in vivo 

stable resistant developed in AR isolates is contributed by both enhanced transcription 

rate and mRNA stability of CDR1. Our working hypothesis thus assumes that in contrast 

to AS isolates, AR isolates obtained after prolonged fluconazole therapy have increase 

transcription of CDR1 and maintain longer poly(A) tails, contributing to enhanced mRNA 

stability (Figure 61). The characterization of the 3' non-coding region of CDR1 should 

lead to an understanding of the mechanism underlying MDR and should also be useful 

for the development of antisense oligonucleotides strategy that can be exploited as a 

mean to combat MDR in C. albicans . 

./ Part of this section was presented as an oral presentation 

"Transcriptional and post-transcriptional regulation of CDR1 mRNA 

in multidrug resistance of Candida albicans" at the 9th American 

Society for Microbiology Conference on Candida and Candidiasis held 

on 24th_28th March, 2008 in New Jersey, USA. 

I AMERICAN 
SOCIETY FOR 
MICROBIOLOGY 
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Summary 
Oral infections of the pathogenic yeast Candida albicans are one of the most frequent and 

serious life-threatening problems in human immunodeficiency virus-infected patients 

(Graybill, 1988; Vanden Bossche et aI., 1994). Oral candidiasis has been controlled 

largely by use of the systemic azole drug fluconazole and topical azole and polyene drugs 

(Vanden Bossche et al., 1989; Williams and Wilkins, 2004). However, the use and 

occasional over-use of fluconazole has resulted in the emergence of azole-resistant strains 

of C. albicans (Sanglard et al., 1995; White et al., 1998; Franz et al., 1999). Factors 

contributing to the development of clinical resistance in patients are numerous and include 

the extent of immuno-suppression, the level of exposure to azole drugs, and intrinsic 

resistant of the fungus to antifungal drugs (White et al., 1998; Akins, 2005). To date, four 

molecular resistance mechanisms have been identified in the development of azole 

resistance in clinical C. albicans isolates: (i) increased cellular content of the azole target 

encoded by ERG11; (ii) the decreased affinity of Ergllp to azoles by mutation(s) in 

ERG 11; (iii) alteration in ergosterol biosynthetic pathway and (iv) failure of azoles to 

accumulate inside the cells (Sanglard et al., 1998). Among these mechanisms, the last is 

the most commonly observed and involves the consistent up-regulation of MDR genes 

responsible for their drug-resistant phenotype: CDR1 and CDR2 (encoding homologous 

transporters of the ATP binding cassette family functioning as multidrug efflux pumps and 

phospholipid flippases) (Prasad et al., 1995; Sanglard et al., 1995 and 1997), MDR1 

(encoding a multi drug transporter of the major facilitator super-family) (Sanglard et al., 

1995; Franz et al., 1998), ERG11 (Oliver et al., 2007; Hoot et al., 2008) and PDR16 

(encoding a phospholipid transfer protein) (Saidane et al., 2006; Znaidi et al., 2007). 

Constitutive and stable over-expression of these drug resistance genes (CDR1, CDR2, 

MDR1, ERG11 and PDR16) in clinical C. albicans isolates have been shown to be 

regulated at the level of transcription (Lyons and White, 2000; Coste et al. 2004; Hiller et 

al., 2006; Rognon et aI., 2006; Znaidi et al., 2007; Oliver et al., 2007; Morschhauser et 

al., 2007; Hoot et al., 2008). Understanding the transcriptional control of these genes by 

both cis- and trans-acting effectors, is therefore important for determining how azole 

resistance mechanisms are regulated. So far, regulatory aspects of CDR1 has been studied 

extensively by several research groups. It has been shown that basal as well as induced 
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transcription activation of CDR1 is controlled largely by various cis-acting" consensus 

(SpI, AP-l, Y-box) and specific [Basal (BRE) (de Micheli et al. 2002), Negative (NRE) 

(Gaur et al., 2004 and 2005) and Drug/Steroid Response Element (DRE and SRE) (De 

Micheli et al. 2002; Kamani et al., 2004) elements as well as by trans-acting factors 

[CaNDT80 (Chen et al., 2004), TAC1 (Coste et al., 2004), FCR1 (Talibi and Raymond, 

1999; Shen et aI., 2007), Upc2 (Znaidi et al., 2008) and Tup1 (Murad et aI., 2001)] in their 

5' flanking region. Transcriptional regulatory cis-acting elements fu02 (HRE)/Benomyl 

(BRE) Responsive Element (Rognon et al., 2006) and more recently a zinc cluster TF, 

designated as MRR1 (Multidrug Resistance Regulator 1) has also been identified for 

CaMDR1 promoter region (Morschhauser et al., 2007). Recent studies have also shown 

the CaUPC2 dependent Azole-Responsive Enhancer element (ARE), and a perfect .sterol 

Response Element (SRE: TCGTATA) residing in ERG 11 promoter are crucial for its 

transcription activation (Oliver et al., 2007). CaUPC2 itself is also reported 0 be 

transcriptionally induced in response to antifungal drugs and anaerobicity through Upc2p

dependent and -independent mechanisms (Hoot et al., 2008). It is thus apparent that 

transcriptional regulation plays an important role in the mechanism underlying the over

expression of MDR genes. However, the relevance of the post-transcriptional events 

associated with it is relatively poorly understood. 

In this study, we evaluate the molecular mechanisms that contribute to the maintenance of 

constitutively high CDR1 transcript levels in two matched pairs of azole-susceptible (AS) 

and azole-resistant (AR) clinical isolates of C. albicans. 

• Expression analysis of reporter constructs of GFP and lacZ fused either to the 

CDR1 promoter (PcDRrGFP1lacZ; transcriptional fusion) or to the CDR1 ORF 

(P cDR1-CDR1-GFPllacZ; translational fusion) integrated at the native CDR1 locus 

indicates that expression of the two reporter genes as transcriptional fusion in the 

AR isolates is higher than in matched AS isolates. However, the fold difference in 

the reporter activity between the AS and the AR isolates is even higher for the 

translational fusions, indicating that the sequences within the CDR1 coding region 

also contribute to its increased expression in AR isolates. 
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• Further analysis of these observations by TRO assays demonstrated a ~5-7 fold 

difference in the transcription initiation rates in the AR isolates as compared to 

their respective matched AS isolates (5-fold for Gu5 versus Gu4 and 7-fold for 

DSY296 versus DSY294). 

• Measurement of mRNA stability using thiolutin as a transcription inhibitor showed 

that the half-life of CDR1 mRNA in the AR isolates was 3-fold higher than in the 

corresponding AS isolates. The turnover of the CDR1 transcript occurred much 

more slowly in the AR isolates (half-life >180 minutes) in contrast to AS isolates 

(half-life ~ 60 minutes). 

• Cycloheximide chase assays reveals Cdrl p stability does not differ in AS and AR 

isolates. The half-life of Cdrlp was similar in AS and AR isolates and was 

calculated to be approximately 90 min. 

7'akgn togetlier; our resufts demonstrate tliat 60tli increased transcription and enlianced 

m1?J{;4 sta6ifity contri6ute to tlie O1Jer-e.:qJression of OD1?) in azote-resistant C. a(6icans 

isofates. 

• It became apparent now that the regulatory elements are mostly embedded in the 

non-coding part of the genomes. Among non-coding regions, the 5'- and 3'

Unlranslated Regions (5'-UTR and 3'-UTR) of eukaryotic mRNAs contain 

sequence motifs crucial for many aspects of transcriptional and post-transcriptional 

gene regulation respectively. To identify the critical control regions involved in 

CDR1 transcription control, 5' upstream proximal stretch of the CDR1 promoter 

was dissected. Sequence analysis of 5'-UTR of CDR1 promoter reveals identical 

promoter sequence rules out the cis-mutation in 5'-UTR, thereby suggesting the 

possible role of mutation(s) in trans-regulatory factor(s) in matched set of AS and 

AR isolates. Our hypothesis is also in agreement with the existence of hyperactive 

allele of TAC1 that has been shown to be responsible for CDR1 as well as CDR2 

up-regulation in AR isolate (DSY296). 
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• To evaluate the post-transcriptional control point involving CDR1 mRNA stability, 

the complete 3'-end of the CDR1 mRNA was mapped by 3'-Rapid Amplification 

of ~DNA Ends (3' RACE)-PCR method. 3'UTR of CDR1 mRNA display length 

heterogeneity. For the matched isolates-Gu4/Gu5 and DSY294/DSY296, 3'UTR 

length was mapped to 1371163 bases and 1621137 bases, respectively (position 

relative to 'UAA' stop codon). 

• Subsequent characterization of mapped 3 'UTR of CDR1 reveals that it was ~ 78% 

AU-rich, possessed perfect destabilizing AU-rich elements ('AURE'), 

heterogeneous polyadenylation sites, and had several putative consensus sequences 

for cytoplasmic RNA-binding proteins(s). 

• Comparison of the sequence and structure motifs of 3 'UTR of CDR1 in reveal 

polymorphism at position -7U, U19C and C64U (where the base[s] before and after 

the number is the sequence from Gu4 and Gu5 isolates, respectively) and an 

additional extended 26 and 25 base 'AU' (Adenylate-Uridylate) rich stretch at 3'

end for only Gu5 (AR) and DSY294 (AS) isolates, respectively. 

• Swapping of heterologous and chimeric lacZ-CDR1 3'UTR transcriptional reporter 

fusion did not alter the 13-galactosidase reporter activity in AS and AR isolates, 

indicating that cis-acting sequences within the CDR1 3 'UTR itself are not sufficient 

to confer the observed differential mRNA decay. 

• RNA-Electrophoretic Mobility .shift Assay showed reduced binding of trans-

regulatory factor(s) in AR isolates. Signal intensities of two RNA-protein complex 

'C1' and 'C2' (~66% and 51% for Gu5 and ~60% and 40% for DSY296) was 

lower than the corresponding complex intensity of AS isolates (Gu4 and DSY294 

respectively). 
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• peR-based PAT (Polyadenylation Test) assay establish relatively longer poly (A) 

tail length of CDRl mRNA in AR isolates. Poly(A) tail length of the CDRl mRNA 

of AR isolates was ~35% to 50% hyperadenylated compared with AS isolates. 

7'ali.!n together, our resufts suggested tfiat enfianced (}IYI(l m!J?SV;4 sta6ifity in;4 (j( isoCates 

resufts mainEy from tfie reduced interaction of!J?SV;4 6inding trans-reguCatory factor(s) to 

corresponding 3 "U7'(j(and fiyper-adenyCation of its transcript. 

• Short term in vitro induced over-expression of CDRl display enhanced efflux of 

R6G and drug resistance in AS isolates and this rapid acquired resistance III 

induced AS isolates is due to transiently enhanced transcription rate of CDRl. 

• Transient drug resistance III AS isolates induced by drug and steroids is not 

mediated by an increase in CDRl mRNA stability or its 3'UTR polyadenylation. 

Thus, AR and transiently induced AS adopt different strategies for maintaining 

high expression level of CDRl. 

Puture perspectives 

crtie designi11{j of anti-sense o{igon ucCo tides, tfiat wire dicit specific effects 6y promoting tfie rapid 

desta6iCization of tfie OIYRJ mCRJ'{}I can 6e used eitfier in tfiose }Ie]( isoCates wfiicfi fiave mCRJ'{}I 

sta6iCity as tfieir primary mechanism of (}De](J over-e)(JJression, or as a com6inationa{ treatment 

aCongside otfier conventiona{ anti-MVe]( tfierapies. crtius, our 06servations acquire greater cCinica{ 

significance as transcriptiona{ and post-transcriptiona{ reguCatory patfiway of ()DCf?) in patfiogenic 

yeasts C. a{6icans can serve as an attractive antifunga{ drU[J target in circumvention of mu{tidrU[J 

resistance. Of note, due to simiCar eUk,gryotic structura{ organization of funga{ and mamma{ian ce{fs, 

future prospects of tfiese potentia{ antifunga{ dfUfJ directed against C. a{6icans wi{{ depend on 

e{ucidating tfieir fiigfify specificity towards C. a{6icans MVe](pfienomenon onfy. 
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Appendices 

Jlppentfues 

APPENDIX I: Culture Media 

1. YEPD (Yeast Extract Peptone Dextrose) 

Yeast extract 

D-glucose 2 

2. YNB (Yeast Nitrogen Base) 

,Concentration (gtJ QQml) " 
" ~"j:i);;>t?*w"'+> ,»:~ 

Yeast Nitrogen Base (w/o a.a.) 0.67 

Bacto agar (when required) 2.5 

:~:~'Ct 
Uracil 30 ).1g/ml 

3. LB (Luria Bertini Broth): Bacterial culture media 

Tryptone 

Sodium chloride 
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4. SD Drop out mix 

Amino acid Amount (in gm) 

Trytophan 2.0 

Arginine 1.0 

Tyrosine 1.5 

Valine 7.5 

Phenylalanine 2.5 

Aspartic acid 1.8 

Serine 1.8 

Uracil 1.0 

5. SD-URA media 

~Concentyation;tgll OOml) "At): 
, ,,~ " 

Yeast Nitrogen Base (w/o aa) 0.67 

Ura- amino acid dropout 0.2 
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APPENDIX II: Gel Electrophoresis solutions 
1. SOX T AE (pH 8.0) 

Tris-base 242 9 

0.5M EDTA (pH 8.0) 100 ml 

2. lOX TBE (pH 8.0) 

g/ litre ", s " ' ", 
, " 

Tris-base 108 

0.5M EDTA (pH 8.0) 40 ml 

3. 1 % Agarose 

Volume foY' 50 ml 
;>lj~ " ,J ' 

1% agarose 0.5 9 

4. S % Polyacrylamide Gel (PAGE) (for EMSA) 

,V~llIme foY 50' ml ,::' ,(, ~r 1,~1", 
_ "":< v vv~v v < D 

30 % Polyacrylamide 8.25 ml 

10 % APS 500 JlI 

M.Q. water 38.25 ml 
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6. 8 % Polyacrylamide Gel (PAGE) 

30 % Polyacrylamide 13.3 ml 

10 % SOS 500 III 

TEMEO 

7. 10% Polyacrylamide Gel (PAGE) 

30 % Polyacrylamide 16.7 ml 

TEMEO 



APPENDIX III: Yeast Lysis Buffer (TENTS Buffer) 

1 M Tris (pH 7.5) 1 ml 

5 M NaCI 2 ml 

10% SDS 10 ml 

APPENDIX IV: Hybridization solutions 

1. Southern Hybridization 

Pre-Hyb/ Hybridization solution 

Denhardt's solution 5X 

Salmon Sperm DNA 100 ).lg/ml 

100X Denhardt's Solution 

Ficoll 2 % (w/v) 

tlyi;5yronl~Q~~;;":'f~tb " 
:':' ,~h:3JdL0" ,~;,; /: 

2. Northern Hybridization 

Pre-Hyb/ Hybridization solution 

10% SDS 7 ml 

Salmon Sperm DNA 100 ).lg/ml 
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3. Western Hybridization 

Transfer Buffer (For 1000 ml) 

Glycine 14.4 9 (198 mM) 

Blocking Buffer (For 10 ml) 

Phosphate buffer saline-Tween80 (PBS-T) 10 ml 

Phosphate buffer saline-Tween80 (PBS-T) 10 ml 

Polyclonal Anti-Cdr1 p antibody 1 :500 
0.~-·"r~'" , ;::»olycI0' 
., ." .. ~ ",,~ ~:~';~'~'i ,<, , 
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APPENDIX V: 
Solvents for Drugs 

a-amanitin Methanol 

Actinomycin 0 Methanol 

Cycloheximide Water 

Fluphenazine Water 

Ketoconazole Methanol 

Nourseothricin Water 

Rhodamine6G (R6G) DMSO 

Thiolutin DMSO 



APPENDIX VI: Molecular Biology solutions / Buffers 

I. Crude nuclear extract preparation 

1. Zymolyase Buffer 

1 M SOmM Tris-CI (pH 7.5) 2.5 ml 

1M OTT 1.5 ml 

M.Q. water 20 ml 

2. Lysis Buffer 

1 M Tris-CI (pH 7.5) 1 ml 

~~';'~ 

3M Potassium acetate 

100mM PMSF 

M.Q. water 18.66 ml 

3. Nuclear Lysis Buffer 

1 M HEPES (pH 8.0) 

O.SM EOTA 

1 OOmM PMSF 
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4. Dialysis Buffer 

1 M HEPES (pH 8.0) 

5M NaCl 

100mM PMSF 

II. DNA-protein Binding Buffer: 

1. for DNase I Footprinting 

5X Binding Buffer (For 1 m/) 

:a~Q~m:~:~1t~i! 
/,~A'·~'~F~(.~~ 

5M NaCI 

10 mM EDTA 

200 mM MgCI
2 

M.Q. water 

5X Binding Buffer 

Poly dl-dC ( Stock 1119/111) 

M.Q. water 

2.SX *DNA Mix Buffer 

Appendices 

20 ml 

4 ml 

5 ml 

Volume <~: ~ , 
y ( y) 

, y ~ ,I ' 

50 III 

20 III (final 1 X) 
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M.Q. water upto 45 ~d 

2. for DNA-EMSA 

500 mM NaCI 

10 mM EDTA 0.3 /-ll 

~?J:,~t 
100 mM MgCI

2 0.75/-l1 

;~~~I~ . 
Nuclear extracts 

3. for RNA-EMSA 

1 M KCI 

10 mM EDTA 

E. coli tRNA (Stock 10 /-lg//-ll) 

Crude cellular extracts 



III. Reporter assay huffer: for fJ-galactosidase activity 

1. Z-Buffer (pH 7.0) 

KCI 0.75g 

~-mercaptoethanol 2.7 ml 

F~~'~~~~~~!FzJ 

2. O-Nitrophenyl ~-D-galactopyronoside (ONPG) Buffer 

ONPG 40 mg (4 mg/ml) 
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Publications 

~6tications 

This thesis is based on the following original published / unpublished research article. 

1. Thiolutin as a potent transcription inhibitor of pathogenic yeast Candida albicans. 

2. Transcriptional activation and increased mRNA stability contribute to over-expression 

of CDR1 in azole-resistant Candida albicans 

3. Differential RNA-Protein interaction and poly(A) tail length contributes to increased 

CDR1 mRNA stability in azole resistant clinical isolates of Candida albicans 
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Abstract 

Resistance to azole antifungal drugs in clinical isolates of the human fungal pathogen Candida albicans is often caused by con
stitutive overexpression of the CDR1 gene, which encodes a multidrug efflux pump of the ABC transporter superfamily. To under
stand the relevance of a recently identified negative regulatory element (NRE) in the CDR1 promoter for the control of CDR1 
expression in the clinical scenario, we investigated the effect of mutation or deletion of the NRE on CDR1 expression in two matched 
pairs of azole-sensitive and resistant clinical isolates of C. albicans. Expression of GFP or lacZ reporter genes from the wild type 
CDR1 promoter was much higher in the azole-resistant C. albicans isolates than in the azole-susceptible isolates, reflecting the 
known differences in CDR1 expression in these strains. Deletion or mutation of the NRE resulted in enhanced reporter gene expres
sion in azole-sensitive strains, but did not further increase the already high CDR1 promoter activity in the azole-resistant strains. In 
agreement with these findings, electrophoretic mobility shift assays showed a reduced binding to the NRE of nuclear extracts from 
the resistant C. albicans isolates as compared with extracts from the sensitive isolates. These results demonstrate that the NRE is 
involved in maintaining CDR1 expression at basal levels and that this repression is overcome in azole-resistant clinical C. albicans 
isolates, resulting in constitutive CDR1 overexpression and concomitant drug resistance. 
© 2005 Elsevier Inc. All rights reserved. 

Keywords: Candida albicans; CDR/; Multidrug resistance; Promoter; Regulation 

Azole-resistant clinical Candida albicans isolates fre
quently exhibit reduced intracellular drug accumulation 
that correlates with enhanced expression of certain mul
tiple drug resistance genes, the ATP-binding cassette 
(ABC) transporters, CDR1 and CDR2, and the major 
facilitator, CaMDR1 [1-5]. Fluconazole resistance is 
usually a stable phenotype that is maintained in the ab
sence of selection pressure by the drug. This implies that 
certain genetic alterations have occurred in the resistant 
isolates that result in a constitutive overexpression of 

• Corresponding author. Fax: +91 II 2671 7081, +91 II 2616 5886. 
E-mail address:rp47@hotmail.com (R. Prasad). 

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved. 
doi: 10.1016/j.bbrc.2005.04.113 

genes that encode the drug efflux pump proteins. Earlier 
studies suggested that CDR1 is a highly regulatable 
gene, which is activated by several stresses like drugs, 
higher temperatures, and human steroids [6]. In silico 
analysis of the CDR1 promoter region revealed the pres
ence of several putative stress inducible cis-regulatory 
elements (HSE, MDR-NF1/YB-l, AP-l, etc.) [7]. Pro
moter deletion analyses and electrophoretic mobility 
shift assays (EMSAs) with CDR1 promoter fragments 
confirmed the presence of a steroid responsive region 
(SRR) in the distal part of the promoter [8]. Deletion 
analysis within the SRR further delimited these steroid 
responsive sequences to two distinct elements, viz., 
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SREI and SRE2. Comparison of SREI/2 with the 
promoter sequence of MDR (CDR2 and PDR5) and 
non-MDR (HSP90) steroid responsive genes revealed 
a similarity with respect to conservation of three 5 bp 
stretches (AAGAA, CCGAA, and ATTGG) [8]. In 
addition, a common drug/steroid responsive element 
has also been identified in the CDR] and CDR2 promot
ers of C. albicans [9]. 

in two matched pairs of azole-susceptible/-resistant clin
ical C. albicans isolates in which drug resistance corre
lated with the stable CDR] overexpression [4,15]. 

Materials and methods 

The transcriptional activation of CDR] in the devel
opment of azole resistance is well known [4,6]. However, 
the mechanisms by which CDR] levels are altered in 
clinical resistant isolates are only partially understood 
[4]. CDR] expression in azole-resistant clinical isolates 
of C. albicans could be increased due to mutations in 
the promoter region of the gene, alterations in trans-reg-
ulatory factors controlling its expression, or molecular 
changes taking place during mRNA processing [10-
13]. We had earlier identified a negative regulatory ele
ment (NRE) at positions -272 to -265 upstream of 
the transcriptional start point of CDR] [14]. Mutation 
or deletion of this sequence, 5'-CTGATTGA-3', re
sulted in an activation of the CDR] promoter. A puri
fied 55 kDa nuclear protein (NREBP) was shown to 
specifically bind to the NRE [14]. Considering the 
importance of the NRE in controlling expression of 
CDR], in this study, we explored its clinical relevance. 
For this purpose, we investigated the role of the NRE 

Strains and media. All plasmids were maintained in Escherichia coli 
DH-Scc E. coli was cultured in LB (Luria-Bertani) broth or on LB 
plates, supplemented with ampicillin (0.1 mg/ml). C. albicans strains 
used in this study (Table I) were maintained on YEPD (yeast extract 
1%, bactopeptone 2%, and glucose 2%). When grown on solid media, 
2.S% agar was added to the liquid media. 

Plasmid construction and yeast transformation. Plasmids pCPLl, 
pCPLM, pCPLD, pCPG 1, pCPGM, and pCPGD contain lacZ or 
GFP reporter genes under control of the wild type CDR] promoter or 
derivatives in which the NRE was mutated or deleted (see Figs. lA and 
B). The flanking A CTI sequences in these plasm ids serve for genomic 
integration of the reporter fusions into the A CTI locus of clinical C. 
albicans isolates and the dominant caSAT1 marker was used to select 
nourseothricin-resistant transformants. For construction of pCPLl, an 
XhoI-PstI fragment from plasmid pMEP2LACZ2 [16] containing the 
Streptococcus thermophilus lacZ gene [17], the transcription termina
tion sequence of the C. albicans ACTI gene, and the URA3 selection 
marker was first ligated between flanking ACT] sequences of plasmid 
pMPG2 (S. Stahl and 1. Morschhauser, unpublished) to obtain 
pLACZ6. An XhoI-PstI fragment containing the caSA T] selection 
marker [18] was then substituted for the Sall-PstI fragment containing 
the URA3 marker to generate pLACZ7. A KpnI-ApaI fragment con
taining O.S kb of the ACTI coding region was PCR amplified from 
genomic DNA of C. albicans strain SCS314 with the primers ACT23 

Table I 
C. albicans strains used in this study 

Strain 

Gu4 
NGY4G 
NGY4MG 
NGY4DG 
NGY4L 
NGY4ML 
NGY4DL 
GuS 
NGYSG 
NGYSMG 
NGYSDG 
NGYSL 
NGYSML 
NGY5DL 
DSY294 
NGY294G 
NGY294MG 
NGY294DG 
NGY294L 
NGY294ML 
NGY294DL 
DSY296 
NGY296G 
NGY296MG 
NGY296DG 
NGY296L 
NGY296ML 
NGY296DL 

Description 

Fluconazole-susceptible clinical isolate 
CDR1p-GFP (wild type) integrated in Gu4 at ACTI locus 
CDR1p-GFP (NREmut) integrated in Gu4 at A CT1 locus 
CDR1p-GFP (NREdel) integrated in Gu4 at A CT1 locus 
CDR1p-lacZ (wild type) integrated in Gu4 at ACT1locus 
CDR1p-lacZ (NREmut) integrated in Gu4 at ACTI locus 
CDR1p-lacZ (NREdel) integrated in Gu4 at ACT1locus 
Fluconazole-resistant clinical isolate 
CDR1p-GFP (wild type) integrated in Gu5 at ACTI locus 
CDR1p-GFP (NREmut) integrated in Gu5 at ACTI locus 
CDR1p-GFP (NREdel) integrated in Gu5 at ACTI locus 
CDR1p-lacZ (wild type) integrated in Gu5 at A CTI locus 
CDR1p-lacZ (NREmut) integrated in Gu5 at A CTI locus 
CDR1p-lacZ (NREdel) integrated in Gu5 at ACTI locus 
Fluconazole-susceptible clinical isolate 
CDR1p-GFP (wild type) integrated in DSY294 at ACTI locus 
CDR1p-GFP (NREmut) integrated in DSY294 at A CTI locus 
CDR1p-GFP (NREdele) integrated in DSY294 at ACTI locus 
CDR1p-lacZ (wild type) integrated in DSY294 at ACT] locus 
CDR1p-lacZ (NREmut) integrated in DSY294 at ACTI locus 
CDR1p-lacZ (NREdel) integrated in DSY294 at ACTI locus 
Fluconazole-resistant clinical isolate 
CDR1p-GFP (wild type) integrated in DSY296 at ACTI locus 
CDR1p-GFP (NREmut) integrated in DSY296 at ACTI locus 
CDR1p-GFP (NREdel) integrated in DSY296 at ACTI locus 
CDR1p-lacZ (wild type) integrated in DSY296 at ACT1 locus 
CDR1p-lacZ (NREmut) integrated in DSY296 at ACT1locus 
CDR1p-lacZ (NREdel) integrated in DSY296 at ACTI locus 

Source 

Franz et al. [IS] 
This study 
This study 
This study 
This study 
This study 
This study 
Franz et al. [15] 
This study 
This study 
This study 
This study 
This study 
This study 
Sanglard et al. [4] 
This study 
This study 
This study 
This study 
This study 
This study 
Sanglard et al. [4] 
This study 
This study 
This study 
This study 
This study 
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Fig. I. Integration of CDRlp-GFP and CDRlp-lacZ fusions into the genome of clinical C. albicans isolates. (A) Structure of the DNA fragments 
used for integration of CDRlp-GFP or CDRlp-lacZ reporter fusions at the A CTI locus of the clinical C. albicans isolates. The genomic A CTllocus 
is represented by an open bar, the straight arrow indicating the direction of transcription. The dark arrow represents the CDRI promoter. The probe 
used to verify the correct integration is indicated by the thick line. Relevant restriction sites are shown. (8) Schematic representation of the CDRI 
promoter-reporter gene constructs. The crossed and open boxes indicate the mutation and deletion, respectively, of the NRE in the CDRI promoter. 
The names of the plasmids harboring the reporter fusions are shown on the left. (C,D) Southern hybridization of BgnI-digested genomic DNA of the 
parental clinical C. albicans isolates and transformants containing the various CDRlp-GFP (C) and CDRlp-lacZ (D) reporter fusions with the 
ACTI-specific probe shown in (A). The sizes of the hybridizing fragments are given on the left side of the blots. The appearance of a 3.1 kb BgnI 
fragment in the transformants in addition to the 3.9 kb wild type A CTI fragment confirms correct integration of the reporter gene fusions in one of 
the ACTI alleles. 

(5'-GACATAACAATGGTACCGTATAATTC-3') and ACT34 (5'
CGGACGA T ATGGGCCCAATCTGGCA TCAC-3') (the introduced 
KpnI and ApaI restriction sites are underlined). In addition, an ApaI-
XhoI fragment containing 1196 bp of CDRI upstream sequences was 
amplified from SC5314 genomic DNA with the primers CDRIF (5'
GATCGGGCCCTCGTTACTCAATAAGTAT-3') and CDRIR (5'
AGCTCTCGAGTTCTTTTTGACCTTTTAAAG-3'). The A CTI 
fragment and the CDRI promoter fragment were ligated together into 
the KpnI/XhoI-digested vector pLACZ7 to generate pCPLI, which 
contains the lacZ reporter gene under control of the wild type CDRI 

promoter. Substitution of a C. albicans-adapted GFP gene [19J for the 
lacZ gene generated pCPG I. A mutation (CTGATTGA to 
CCCCGGGG) or deletion of the NRE was introduced in pCPL! and 
pCPG I by site directed mutagenesis using the primer pairs FMF/FMR 
and FDLF/FDLR for NRE mutation and deletion, respectively [14]. 
The resulting plasmids were named pCPLM (NRE mutated), pCPLD 
(NRE deleted), pCPGM (NRE mutated), and pCPGD (NRE deleted). 
All constructs were confirmed by sequencing. The gel-purified KpnI-
SadI fragments from pCPL!, pCPGI, pCPLM, pCPLD, pCPGM, 
and pCPGD, containing the CDRlp-lacZ and CDRlp-GFP fusions 
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(see Fig. IA), were used to transform the fluconazole-susceptible,' 
clinical C. albicans isolates Gu4 and DSY294 as well as the corre-, 
sponding fluconazole-resistant matched isolates Gu5 and DSY296, 
Transformations were performed as described earlier [14,18] and 
transformants were selected on YPD agar plates containing 200 ).Ig/ml 
of nourseothricin after 24 h of incubation at 30°C. 

Microscopy. The strains were grown overnight in YPD liquid 
medium and aliquots were spotted on microscopic slides. Fluorescerice 
was detected with a Zeiss Axiolab microscope equipped for epifluo
rescence microscopy with a 5-W mercury high-pressure bulb and ;the 
Zeiss fluorescein-specific filter set 09 [8, II]. .' 

{3-Galactosidase assays. ~-Galactosidase assays were performe'cl as 
described by Uhl and Johnson [17]. Visual screening was carried o~t by 
streaking the C. albicans strains onto minimal media plates containing 
X-Gal. For plates, 1.70 g yeast nitrogen base without amino adds or 
ammonium sulfate, 20 g glucose, 5 g ammonium sulfate, and 20 g agar 
were dissolved in 930 ml H 20. After autoclaving, 70 ml of I M 
potassium phosphate, pH 7.0, and 2.0 ml of a 20 mg/ml X-G~I solu
tion were added [17]. 

F or liquid assays, I ml of cell culture was pelleted and the cells were 
resuspended in an equal volume of lacZ buffer and placed on ice. The 
OD600 was determined for each sample [17]. Then 100).11 of cells was 
added to the lacZ buffer to a final volume of 1.0 ml and the cells were 
permeabilized with 15 ).II of 0.1% SDS and 30).11 chloroform. Cells were 
equilibrated at 37°C for 15 min and then 0.2 ml of ONPG ~(4 mg/ml) 
was added, and the cells were mixed and incubated at 37°C: Reactions 
were stopped by addition of 0.5 ml of I M Na2CO, and centrifuged for 
5 min at 1O,000g and the OD of the samples was measured at 420 and 
550 nm. Units of activity were determined by the standard equation 
given by Ausubel [17). 

Electrophoretic mobility shift assay. The EMSA was performed 
essentially as reported earlier [14]. The double stranded oligonucleotide 
harboring the NRE, generated by annealing of complementary strands 
(NREI: 5'-GATCTGCCAACTGATTGAGGTTGA~3', NRE2: 
5'-GATCTCAACCTCAATCAGTTGGCA-3'), was end labeled with 
[y_,2pjA TP and incubated with 30).lg of nuclear extracts isolated from 
each susceptible and resistant isolate for 20 min at ro0m temperature 
[14]. The protein content of nuclear extracts for each,isolate was esti
mated by Bradsford method and also checked on1'~odium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-P~~E) [14). 

Results 

Expression of CDRlp-GFP reporter fus~ons in matched 
azole-susceptible and resistant clinical c.: albicans isolates 

I , 
In order to explore the significance <;,f the NRE in the 

regulation of CDRl expression in drug-resistant clinical 
isolates of C. albicans, we monitored ,the activity of the 
wild type CDRl promoter and derivatives in which the 
NRE was either mutated or deleted in two matched 
azole-susceptible and resistant ~linic~l C. albicans isolate 
pairs using GFP as a reporter gene. The wild type CDRl 
promoter was amplified from the cQ'mmonly used azole
susceptible C. albicans model strain SCS314 (CDRlp-
GFP, wild type) and an NRE mutation (CDRlp-GFP, 
NREmut) or deletion (CDRlp~.GFP, NREdel) was 
introduced by site directed mutagenesis (see Materials 
and methods). To avoid recombination between the 
cloned CDRl promoters and th~ resident CDRl pro
moter of the host strains, the reporter fusions were inte-

grated at the ACTllocus (see Fig. lA). Nourseothricin
resistant transform ants of the azole-susceptible C. 
albicans isolates Gu4 and DSY294, and of the corre
sponding matched, azole-resistant isolates GuS and 
DSY296, respectively [4,lS], were selected using the re
cently developed dominant selection marker caSATl 
[18]. Single copy integration was confirmed by Southern 
hybridization (Fig. 1 C) and the resulting reporter strains 
were designated as NGY4G (CDRlp-GFP, wild type), 
NGY4MG (CDRlp-GFP, NREmut), NGY4DG 
(CDRlp-GFP, NREdel), NGYSG (CDRlp-GFP, wild 
type), NGYSMG (CDRlp-GFP, NREmut), NGYSDG 
(CDRlp-GFP NREdel), NGY294G (CDRlp-GFP, wild 
type), NGY294MG (CDRlp-GFP, NREmut), 
NGY294DG (CDRlp-GFP, NREdel), NGY296G 
(CDRlp-GFP, wild type), NGY296MG (CDRlp-GFP, 
NREmut), and NGY296DG (CDRlp-GFP, NREdel) 
(see Table 1 for details). No growth differences were ob
served between transformants and their respective 
parental strains in the absence of nourseothricin (data 
not shown). 

The expression of the CDRlp-GFP fusions was ana
lyzed by epifluorescence microscopy of cells grown to 
mid-log phase (OD600 = 1.0) in YPD liquid medium. 
Two transformants of each strain were analyzed. As 
shown in Fig. 2, all transformants of susceptible 
(Gu4 and DSY294) and resistant (GuS and DSY296) 
isolates (NGY4G, NGY294G, NGYSG, and 
NGY296G) containing the wild type CDRlp-GFP fu
sion showed a green fluorescent phenotype, but the 
fluorescence intensity of the cells was much higher in 
azole-resistant strains (NGYSG and NGY296G) as 
compared with their matched sensitive counterparts 
(NGY4G and NGY294G). This observation is in 
agreement with the previously described increased 
CDRl transcript levels in the resistant isolates [4, IS]. 
The fact that the CDRl promoter from the azole-sus
ceptible C. albicans strain SCS314 displayed stronger 
activity in resistant isolates than in the matched sensi
tive isolates demonstrated that in both resistant isolates 
CDRl overexpression was caused by alterations in 
trans-regulatory factors [20,21]. Interestingly, in the 
<:lzole-susceptible strains expressing GFP from CDRl 
promoters in which the NRE was mutated or deleted 
(NGY4MG, NGY4DG and NGY294MG, 
NGY294DG), the intensity of fluorescence was found 
to be much stronger than in the corresponding strains 
that expressed GFP from the wild type CDRl pro
moter (NGY4G and NGY294G). These results 
matched well with our previous CDRl promoter dele
tion analysis in which NRE deletion/mutation led to 
derepression of Renilla luciferase reporter activity in a 
C. albicans laboratory strain [14]. In contrast, mutation 
or deletion of the NRE did not result in a further in
crease in the fluorescence intensity of azole-resistant 
strains expressing the CDRlp-GFP fusions (Fig. 2). 
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NGY4MG NGY5MG NGY294MG NGY296MG 

NGY4DG 

Fig. 2. Expression of the GFP reporter gene from wild type as well as NRE mutated and deleted CDRI promoters in azole-susceptible and resistant 
C. albicans isolates. Phase contrast (left) and corresponding fluorescence (right) micrographs of representative transformants harboring the 
chromosomally integrated CDRlp-GFP fusions. 

Azole-resistant C. albicans isolates overcome the negative 
effect of the NRE on CDR] expression 

The activity of the various CDR] promoter deriva
tives in the clinical C. albicans isolates was confirmed 
using lacZ instead of GFP as a reporter gene in plate 
and liquid assays [17]. For this purpose, the lacZ gene 
from S. thermophilus [17] was fused to the wild type 
CDR] promoter (CDRlp-lacZ, wild type) and the 
derivatives in which the NRE was mutated (CDRlp-
lacZ, NREmut) or deleted (CDRlp-lacZ, NREdel) 
(see Materials and methods). The CDRlp-lacZ reporter 
constructs were integrated at the A CTl locus of the 
two pairs of matched azole-susceptible and resistant 
isolates in the same way as the CDRlp-GFP fusions 
(see Figs. 1A and B). Single copy integration was con
firmed by Southern hybridization (Fig. ID) and the 
resulting reporter strains were designated as NGY4L 
(CDRlp-lacZ, wild type), NGY4ML (CDRlp-lacZ, 
NREmut), NGY4DL (CDRlp-lacZ, NREdel), 
NGY5L (CDRlp-lacZ, wild type), NGY5ML 
(CDRlp-lacZ, NREmut), NGY5DL (CDRlp-lacZ, 
NREdel), NGY294L (CDRlp-lacZ, wild type), 
NGY294ML (CDRlp-lacZ, NREmut), NGY294DL 
(CDRlp-lacZ, NREde1), NGY296L (CDRlp-lacZ, 
wild type), NGY296ML (CDRlp-lacZ, NREmut), 
and NGY296DL (CDRlp-lacZ, NREdel), respectively 
(see Table 1 for details). 

Expression of the CDRlp-lacZ reporter fusions was 
first qualitatively observed by streaking two transfor
mants of each strain and the parental control (without 
lacZ) on X-Gal plates. All transformants of resistant 
strains exhibited a dark colored phenotype after 48 h 
incubation at 30°C, demonstrating high lacZ expres
sion, whereas transformants of the sensitive isolates 

showed a less intense staining, indicative of a compara
bly lower lacZ expression (Fig. 3A, left panel). How
ever, the sensitive strains exhibited an increased 
staining when the NRE was mutated or deleted in 
the CDRlp-lacZ reporter fusion (Fig. 3A, middle and 
right panels). 

For better comparison of CDRl promoter activities, 
expression of the CDRlp-lacZ fusions was quantified in 
liquid ~-galactosidase assays. As depicted in Fig. 3B, 
lacZ expression from the wild type CDRl promoter 
was about fivefold higher in transform ants of the resis
tant isolate Gu5 (NGY5L) than in transformants of the 
matched susceptible isolate Gu4 (NGY4L) and approx
imately 21-fold higher in transformants of the resistant 
isolate DSY296 (NGY296L) than in transformants of 
the corresponding susceptible isolate DSY294 
(NGY294L), which exhibited the lowest basal CDRl 
expression levels. In agreement with the results ob
tained with the GFP reporter gene, mutation as well 
as deletion of the NRE from the CD Rl promoter re
sulted in higher CDRlp-lacZ expression levels in trans
formants of the susceptible isolates, but not in 
transformants of the resistant isolates. The ~-galactosi
dase activity in the Gu4 transformants NGY4ML 
(NREmut) and NGY4DL (NREdel) was about three
fold higher than in NGY4L (wild type), and the 
DSY294 transformants NGY294ML (NREmut) and 
NGY294DL (NREdel) exhibited approximately nine
fold higher lacZ expression levels than NGY294L (wild 
type). Altogether, these results demonstrate that the 
NRE is involved in maintaining CDRl expression at 
basal levels in azole-susceptible C. albicans isolates 
and that this inhibitory function is overcome in some 
way in azole-resistant isolates, resulting in constitutive 
CDRl overexpression. 
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Fig. 3. Effect of mutation or deletion of the NRE in the CDR1 promoter on ~-galactosidase activity in clinical isolates of C. albicans. (A) 
Transformants harboring the chromosomally integrated CDR1p-lacZ fusions and their parental strains (without lacZ) were streaked on minimal 
media plates containing X-gal and photographed after 48 h of growth at 30°C (upper panels). The positions of the individual strains on the plates are 
shown in the scheme below. (B) ~-Galactosidase activities of strains harboring the various CDR1p-IacZ reporter fusions were determined as described 
in Materials and methods. The values are means ± SD (indicated by the bars) of three independent experiments with duplicate measurements with two 
independent clones. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) 

Azole-resistant C. albicans isolates display reduced 
binding of NRE-binding protein (NREBP) to the CDR] 
promoter 

Since mutation as well as deletion of the NRE re
sulted in enhanced CDR] promoter activity only in 
azole-susceptible isolates, we hypothesized that the 
NRE-binding protein keeps CDR] expression down
regulated in susceptible isolates but may fail to do so 
in azole-resistant isolates, resulting in derepression of 
the CDR] promoter. Therefore, we performed electro
phoretic mobility shift assays (EMSAs) with a radioac
tively labeled synthetic double stranded oligonucleotide 
harboring the NRE and equal amounts of nuclear ex
tract proteins isolated from the fluconazole-susceptible 
(Gu4 and DSY294) and resistant (GuS and DSY296) 

C. albicans isolates. As shown in Fig. 4, a single, spe
cific DNA-protein complex was formed with nuclear 
extracts from sensitive and resistant isolates. However, 
the signal intensity of the shifted DNA fragment was 
strongly reduced when the nuclear extracts from the 
azole-resistant isolates GuS and DSY296 were used in 
the binding reaction as compared with the signal inten
sity of the corresponding complex formed with nuclear 
extracts from the azole-susceptible isolates Gu4 and 
DSY294. 

Discussion 

In this study, we have explored the clinical relevance 
of a negative regulatory element (NRE) which we had 
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NREBP 

Fig. 4. Differential interaction of NREBP with NRE of CDR1 in 
clinical isolates. EMSAs were performed using a synthetic double 
stranded oligonucleotide (annealed) harboring the NRE as [y-32pJA TP 
labeled probe and 30 Ilg of nuclear extract isolated from each drug
susceptible (Gu4 and DSY294) and resistant (Gu5 and DSY296) 
isolates. FP: free probe (without protein). 

earlier identified in the CDR1 promoter region [14]. For 
this purpose, two different reporter genes, GFP and 
laeZ, were placed under the control of the CDR1 pro
moter from an azole-susceptible C. albieans str'ain and 
integrated at an ectopic locus in the genome of two pairs 
of matched clinical C. albieans isolates in which stable 
CDR1 overexpression coincided with azole resistance. 
We observed that the reporter genes were expressed at 
higher levels in the azole-resistant strains as compared 
with the corresponding sensitive strains, although the 
CDR1 promoter fragment controlling their expression 
was the same in all cases. This result demonstrated that 
in both resistant isolates the CDR1 promoter was upreg
ulated by alterations in trans-regulatory factors. In 
agreement with this, sequence analysis of the CDR1 up
stream region (1-196 bp from AT G) did not reveal any 
differences in isolates Gu4 and Gu5 (data not shown), 
and no mutations in the regulatory region of CDR1 
had been detected by others in the second pair of isolates 
used in our present study, DSY294/DSY296 [9]. Coste 
et al. recently reported that a mutated allele of the 
transcriptional activator of CDR genes (T A Cl) is 
responsible for CDR1 and CDR2 overexpression in the 
azole-resistant isolate DSY296 [22]. 

Mutation and deletion of the NRE gave further in
sight into its role in the control of CDR1 expression in 
the clinical C. albieans isolates. Deletion or mutation 
of the NRE resulted in activation of the CDR1 promoter 
in the azole-susceptible isolates, but did not further en-

hance the constitutively elevated CDR1 promoter activ
ity in the azole-resistant isolates. From these results we 
conclude that the NRE is involved in maintaining 
CDR1 expression at basal levels in the absence of induc
ing conditions and that the NRE-mediated repression is 
overcome in azole-resistant clinical C. albieans isolates, 
resulting in constitutive CDR1 overexpression. A 
",55 kDa protein from nuclear extracts was previously 
found to specifically bind to and protect the NRE from 
DNaseI digestion in in vitro experiments. In the present 
study, we observed reduced binding to a CDR1 pro
moter fragment comprising the NRE of nuclear extracts 
from the azole-resistant isolates as compared with ex
tracts from the azole-sensitive isolates. Furthermore, 
DNaseI footprinting revealed no protection of the 
NRE by nuclear extracts from resistant isolates (data 
not shown). Taken together, these results suggest that 
in azole-sensitive C. albieans strains the NREBP is 
bound to the NRE and functions as a transcriptional 
repressor to keep CDR1 expression at basal levels. In 
azole-resistant isolates binding of the NREBP to the 
CDR1 promoter is impaired, resulting in activation of 
CDR1 expression. Whether the reduced binding of the 
NREBP to the NRE is caused by decreased NREBP lev
els, altered cellular localization, or protein modification 
remains to be established. However, the recent findings 
by Coste et al. [22] imply that at least in the clinical iso
late DSY296 the transcriptional activator Tac1 p may be 
involved in overcoming the NRE-mediated repression. 

In silico analysis revealed that the NRE (5'-CTGA 
TTGA-3') of CDR1 harbors ATTGA and shows signifi
cant homology with an inverted CCAAT element (ICE), 
also known as the Y-box (ATTGA), which is present in 
the promoter region of several genes including human 
MDR1 and topoisomerase IIcr (topo IIcr) that have been 
shown to be involved in the development of drug resis
tance in human cancer cells [23,24]. Interestingly, point 
mutation in the ICE of the topo IIcr promoter resulted 
in a significant increase in its transcriptional activity in 
drug-sensitive CEM cells (a human leukemia cell line) 
which was not the case in drug-resistant cells [23]. In 
addition, in EMSAs the element was recognized by a 
protein complex that was present at reduced levels in 
drug-resistant cell lines, suggesting a negative regulatory 
role of the ICE in transcriptional activation of human 
topo IIcr [23], similar to the proposed role of the NRE 
in the C. albieans CDR1 promoter. 

Of note, the transcriptional activation of PDR5 of 
S. eerevisiae, a close homologue of Cdr! p, is simulta
neously controlled by both transcriptional activators 
(PDR1 and PDR3) and a repressor (RDRJ) [25-28]. 
PDR1 and PDR3 are considered as the master regula
tors in S. eerevesiae, because mutations in their activa
tion domain generated hyperactive alleles [29,30]. 
Interestingly, the activators (PDR1 and PDR3) and 
repressor (RDR1) in S. eerevesiae recognize a common 
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cis-regulatory element (PDRE) and contribute to the 
expression of PDR5 [25,31]. Transcriptional regulation 
of CDR1 also appears to be the result of a combinatorial 
effect of positive and negative regulatory factors. Coste 
et al. [22] also suggested that in addition to TAC1 other 
regulators of CDR1 may exist. One such regulator, 
CaNDT80, was recently identified by Chen et al. [32]. 
Inactivation of CaNDT80 did not completely abolish 
the drug-induced upregulation of CDR1, implying the 
involvement of other regulators which may contribute 
to the overexpression of CDR1. The CDR1 regulatory 
region contains multiple upstream activating (UAS) 
and repressing sequences (URS), which may interact 
with trans-regulatory factors and control CDR1 expres
sion [7,8]. That CDR1 expression is also under negative 
control is supported by transcription profiling studies 
with strains deleted for the global repressors TVP 1, 
MIG1, and NRG1, in which CDR1 expression was in
creased [33]. Our present study suggests that the 
NREBP is a transcriptional repressor that is involved 
in the control of CDR1 expression. 
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Many azole-resistant (AR) clinical isolates of Candida albicans display increased expression of the drug 
transporters CDRl and CDR2. In this study, we evaluate the molecular mechanisms that contribute to the 
maintenance of constitutively high CDRl transcript levels in two matched pairs of azole-susceptible (AS) and 
AR clinical isolates of C. albicans. To address this, we use reporter constructs of GFP and lacZ fused either to 
the CDR] promoter (P CIJRJ-GFP/lacZ; transcriptional fusion) or to the CDRl open reading frame (P CDR}-
CDRJ-GFP/lacZ; translational fusion) integrated at the native CDRllocus. It is observed that expression of the 
two reporter genes as a transcriptional fusion in the AR isolates is higher than that in matched AS isolates. 
However, the difference in the reporter activity between the AS and AR isolates is even greater for the 
translational fusions, indicating that the sequences within the CDRl coding region also contribute to its 
increased expression in AR isolates. Further analysis of these observations by transcription run-on assays 
demonstrated a -5- to 7-fold difference in the transcription initiation rates for the AR isolates from those for 
their respective matched AS isolates. Measurement of mRNA stability showed that the half-life of CDR] mRNA 
in the AR isolates was threefold higher than that in the corresponding AS isolates. Our results demonstrate 
that both increased CDRl transcription and enhanced CDRl mRNA stability contribute to the overexpression 
of CDR1 in AR C. albicans isolates. 

Resistance of the human fungal pathogen Candida albicans 
to azole antifungals is often caused by increased expression of 
genes encoding multidrug efflux pumps, the ATP-binding cas
sette transporter genes CDR1 and CDR2 and/or the major 
facilitator gene CaMDR! (1,7,23,29,34,36,37,38,44,45,46). 
However, the molecular mechanisms leading to the constitu
tive overexpression of efflux pump-encoding genes in drug
resistant, clinical C. albicans isolates are only beginning to be 
understood. In particular, the regulation of CDR! expression 
has been studied by many groups (2, 3, 4, 5, 10, 11, 17, 20. 32). 
Various unrelated stresses, including elevated temperature or 
the presence of drugs and steroids. induce a transient tran
scriptional activation of CDR1 in drug-susceptible C. alNealIs 
strains (20). Several cis elements in the CDR1 upstream region 
that afrect basal as well as induced CDR] expression have been 
identified. Puri et al. (32) identified four upstream activating 
sequences and four upstream repressing sequences in the 5' 
noncoding region of CDRI. A basal regulatory element and a 
negative regulatory element, in the proximal region of the 
promoter, have also been characterized and implicated in the 
basal expression of CDR] (10, 11). A specific steroid-respon
sive region in the distal part of the CDR] promoter, consisting 
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of two progesterone-responsive sequences and one ~-estradiol
responsive sequence, has been shown to contribute exclusively 
to steroid responsiveness of CDR] (17). Another basal expres
sion element in the CDIV upstream region and a drug re-
sponse element (DRE), which is present in the upstream re
gion of CDR] and CDR2, have been identified by de Micheli et 
al. (5). The DRE was found to mediate both the transient 
upregulation of CDR! and CDR2 by steroid hormones and 
drugs and their constitutive overexpression in a resistant strain 
(5). 

Coste et a1. identified a transcription factor, TACl (transcrip
tional activator of CDR genes), that binds to the DRE in the 
CDR! and CDR2 promoters (3). Inactivation of TAC I resulted in 
the loss of fluphenazine-induced upregulation of CDR] and 
CDR2, with little impact on basal expression levels, and also 
abrogated the constitutive overexpression of these efflux pumps in 
a drug-resistant strain (3, 4, 5). CaNdt80p, a homolog of the 
meiosis-specific transcription factor Ndt80p of Saccharomyces 
cerevisiae, is another positive regulator of CDR!. Deletion of 
CaNDTBO abolished the induced expression of CDIV and in
creased the sensitivity of C. albicans to antifungals (2). Interest
ingly. the global repressor CaTuplp acts as a negative regulator of 
CDR! expression (26, 48). 
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Although transcriptional regulation is considered to be the 
key step accounting for complex basal and induced patterns of 
CDR1 expression, the possibility of posttranscriptional control 
of CDR! expression, which could also affect drug resistance, 
still remains to be explored. The large amounts of Cdrlp, 
which correlate with high CDR! mRNA levels, in azole-resis
tant (AR) C. albicans strains not only may be due to increased 
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CDRl transcription but could also be caused by increased 
stability of its mRNA and protein. It is therefore of interest to 
compare the following: (i) CDR1 transcription initiation rates, 
(ii) CDR1 mRNA stability, and (iii) Cdrl protein stability in 
drug-susceptible and CDRl-overexpressing, drug-resistant C. 
albicans strains. In this study, we have addressed these issues 
by exploiting two pairs of matched azole-susceptible (AS) and 
CDRl-overexpressing, AR isolates. By using transcriptional 
and translational reporter gene fusions, transcriptional run-on 
(TRO), thiolutin, and cycloheximide chase assays, we demon
strate that CDRl overexpression in C. albicalls is caused by an 
increase in its transcriptional initiation rate and by increased 
mRNA stability. 

MATERIALS AND METHODS 

Materials. Medium chcmicals were ohtaincd from HiMedia (Mumhai, India). 
Restriction cndonuclease. DNA·modifying enzymes, ultra·pure deoxyrihonucle
otides (dATP. dGTP. dCTP. and dTTP) for pCR, and rihonuckolides (ATp. 
Cfp. GTp. and UTP) for TRO wcre purchased from New Engl<lnLl Biola!>s 
(NEB, Inc.). Thiolutin (CPA092) was a generous gift fro III Pfizer, Inc .. Groton, 
CT. Radiolabcled [S.6-3H]uridine, fa-32P]dATp. and fa-32PJUTP were ohtaincd 
from Amersham Biotech and Bhabha Atomic Research Center, India. Polyc1onal 
anti-Cdrl p antibody was custom synthesized from Covance Research Products, 
Inc .. PA. Oligonucleotidcs used were commercially synthesizcd from Sigma
Aldrich. All molecular biology-grade chemicals used in this study were obtaincd 
from Sigma Chemical Co. (St. Louis, MO), and routinely uscd chemicals (Tris, 
sodium chloride, glycine, potassium acetilte, sodium carbonate, magnesium chlo
ridc, sodium hydroxide pellets. methanol, glacial acetic acid, urea. sodium do
dc~yl sulfate [SDS], formamide, and ethanol) were obtained from Oualigcns and 
Merck, Mumbai. India. 

Bacterial and }'east strains and growth media. Escherichia coli DB5" was used 
as a host for plasmid constructions anLl propagation. C. a/birans strains used in 
this study are listed in Table 1. C. a/himlls strains were maintained on yeast 
extract-peptone-dextrose (YEpD) medium. All strains were stored as frozen 
stocks with 15% glycerol at -8UOC. Before each experiment. cells were freshly 
revived on YEPD plates from this stock. 

Plasmid construction. All primers and plasmids used in this study are listed in 
Table 2, Plasmids pCPL5! and pCPG3, harboring the I' cDur/IICZ and P CD/U-

GFP transcriptional fusions. were constructed as follows. A CDR1 promotcr 
fragment was first amplified from genomic DNA of isolate GuS with the primers 
CDR1F and CDR1R, digested at the introduccd Apal and Xhol sit,,,. and 
substituted for the CDR1 promoter fragment in the previously described plasmid 
pCPL] (11) to generate pCPL5. A CDR1 downstrcam fragment was then am
plificd from genomic DNA of strain SC5314 with the primers CDR29 and 
CDR30. Thc PCR produ,·t was digested at the intmduccd Pst! and Saell sites 
and ligated with the Pstl/SacIl-digested plasmid vectors pCPL5 and pCPGl (11) 
to gcnerate pCPL51 and pCPG3, respectively. Notably, plasmid pCPG I harbors 
thc CDR! promoter isolated from SC5314 genomic DNA, which has been used 
in our previous studies (11). The SC5314-derived CDR! promoter showed se
quence differences from the CDR! promuters in the matched AS or AR isolates 
(at nucleotide positions -21, -150, -171, -21S. -23~, --315, -368. -381. 
-418. and -45S relative to the transcription start point) which have been used 
in this study (unpublished observation). These differences. however, did not 
affect the i3-galactosidase reporter activity of integrated cassettes derived dthcr 
from pCI'Ll (11), which harbors the SC5314 CDR! promoter. or from pCPL4 or 
pCPLS, which harbor the Gu4- or GuS-derived CDR! prnmoter, respectively 
(data not shown). Plasmid pCPG2. which contains the GFP reporter gene fused 
in frame with the last codon of the CDR! open reading frame (ORF), was 
constructed as follows. The C-terminal region of CDR1 was amplified from 
SC5314 genomic DNA with the primers CDR32 and CDR31, digested at the 
introduced Kpnl and BamHI sites, and ligated together with a BamHI-Pstl 
fragment from pADHIG3 (14) containing GFP. the ACTl transcription termi
nation sequence, and the Ca5ATl marker into the Kpnl/Pstl-digested pCpL5!. 
To generate pepL52. in which the /acZ reporter gene instead of (iFf' is fused in 
frame to the CDR! ORF, the C-terminal part of CDR] was PCR amplified from 
SC5314 genomic DNA with the primers CDR32 and CT-CDRI-R-RML. di
gested at the introduced Kpnl and Xhol sites. and ligated into the Kpnl/Xhol
digested pCPL51. To ensure in-frame translational fusion of the CDR1 ORF 
with /aeZ, pCPL62 was generated, in which an additional "A" in pCPL52 before 
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TABLE 1. C albical1s strains used 

Strain Description Reference 

Gu4 Fluconazole-susceptible clinical Franz et a1. (6) 
isolate 

Gu4Gl PC'JJurGFP integrated at This study 
CDRllocus 

Gu4G2 PcDRrCDRl-GFP integrated This study 
at CDRl locus 

Gu4L2 PcDurlacZ integrated at CDRl This study 
locus 

G1l4L3 PclJRrCDRl-lucZ integrated at This study 
CDRllocus 

GuS Fluconazole-resistant clinical Franz et al. (0) 
isolate 

GuSGl P CDurGFP integrated at This study 
CDR] locus 

Gu5G2 PcDRrCDR]-GFP integrated This study 
at CDRl locus 

G1l5L2 P eLJR r1acZ integrated at CDRl This study 
locus 

GuSL:l P CDJo-CDRl-lacZ integrated at This study 
CDRllocus 

DSY294 Fluconazole-susceptible clinical Sanglard et a!. (38) 
isolate 

DSY294Gl PcDRrGFP integrated at This study 
CDRllocus 

DSY294G2 PC'[JRrCDRl-GFP integrated This study 
at CDR] locus 

DSY294L2 PcDHrlacZ integrated at CDR] This study 
locus 

DSY294L3 PcDurCDRl-lacZ integrated at This study 
CDRllocus 

DSY29CJ Fluconazole-resistant clinical Sanglard et al. (38) 
isolate 

DSY296Gl P CIJRrGFP integrated at This study 
CDRl locus 

DSY296G2 P CIJHrCDRI-GFP integrated This study 
at CDR] locus 

DSY296L2 PcDHrlucZ integrated at CDRl This study 
locus 

DSY296L3 PcDllrCDR1-lacZ integrated at This study 
CDRl locus 

the /acZ ATG was removed by site-directed mutagenesis employing the A-del 
pCPL52-F and A-del pCPL52-R primers. All constructs were confirmed by 
appropriate restriction dig~st ion analysis and by sequencing. The flanking CDR1 
sequenccs in all of these plasmids served for genomic integration of the reporter 
fusions at the native CDR! locus of clinical C. a!bicans isolates, and the dominant 
CaSAT! marker (33) was used to select nourseothricin-resistant (Nou') trans
formants. Briefly. for the elcetroporation. S fll (approximatdy 1 flg) of the 
lin,'arized DNA fragmcnts were mLxed with 40 fll of cleetrocompctcnt cells (33) 
and eicctroporated using a Bio-Rad Genepulscr XL system (O.2-cm cuvette, 1.S 
kV). After clectroporation, C. a/bicans transform ants were washed with 1 ml of 
I. M sorbitol. resuspended in 1 rnl YEPD medium, incubated for 3 to 4 h with 
shaking at 30'C prior to plating on YEPD plates containing 200 flg/ml of 
nourseothricin. and grO\\11 at 3lJ'C (33). Nou' transformants were picked up after 
24 h of grnwth, and single-copy integration of each construct at the desired locus 
was conijrmcd by Southern hybridization with genc-speeific probes (data not 
shown). 

Fluorescence microscopy and flow cytometry of the cells. Thc strains were 
grown overnight in YEPD liquid mcdium, and aliquots were spotted on micro
scope slides. Fluorescence microscopy was performed with a Zeiss Axiolab mi
croscope cquipped for epiftuoresccnce microscopy with a 50-W mercury high
pressurc bulb and the Zeiss fluorescein-specific filter set 09. Imaging scans were 
acquired with an Argon laser of 488-nm wavelength and corresponding lilter 
settings [or grecn fluorescent protein (GFP) and parallel transmission images. 
For confocal microscopy, the cells were placed on glass slides and directly viewed 
with a Bio-Rad confocal microscope (Radiance 2100, AGR, 3Q/BLD; Bio-Rad. 
United Kingdom) under a 100x oil immersion llbjective (41). Fluorescence-
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TABLE 2. Plasm ids and oligonucleotides used 

Name Description 

Plasmid vector used for cloning purpose 
Plasmid harboring ACT] gene 
Plasmid harboring caSAT! marker 
Plasmid harboring lacZ reporter gene 

Source (reference) or sequence" 

Stratagene 
Gifl from Anand Bachhawat 
Reuss et a!. (33) 
Gaur et a!. (11) 

Plasmids 
pBS-KS(+) 
pAC'Tl 
pSATl 
pLACZr, 
pADHlG3 Plasmid harboring GFP reporter gene and caSAT! 

marker 
Hiller ct a!. (14) 

pCPGl 

pCPG3 

pCPG2 

Plasmid harboring PcDRrGFP fusion for ACT! 
locus integration 

Plasmid harboring PcDRrGFP fusion for CDR] 
locus integration 

Plasmid harboring CDRl-GFP fusion for CDRl 
locus integration 

Plasmid harboring PClJRrlacZ fusion for ACT! 
locus integration 

Plasmid harboring PcDRrlacZ fusion for CDRl 
locus integration 

Plasmid harboring CDRl-IacZ fusion for CDR] 
locus integration 

Gaur et a!. (11) 

This study 

Prasad et al. (30) 

Gaur et a!. (11) 

This study 

This study 

pCPL! 

pCPLSI 

pCPL'52 

pCPL62 Plasmid harboring in frame Cj)R]-lacZ fusion for 
CDR! locus integration 

This study 

Oligonucleotides 
CDR1F 
CDR1R 
CDRl-F-RML 
CDRI-R-RML 
CDR29 

Forward primer for CDRl promoter amplification 
Reverse primer for CDR! promoter amplification 
Forward primer for CDR] promoter amplification 
Reverse primer for CDR] promoter amplification 
FOlward primer for amplification of CDR! 

5'-GATCGGGCCCTCGITACTCAATAAGTAT-3' 
5 '-AGCTCTCGAGITCITITfGACC1TITAAAG-3 , 
5'-GCITCGCCTCAACITCTTATAAAGTITfGAAAG-3' 
5'-CGTGGTATTCAITAATGGAATGGTITfCTGAAG-3' 
5'-AA7TCTGCAGTITGlll I IIGACATGGTGGTATC-3' 

CDR30 

CDR32 

CDR31 

CT-CDR1-R-RML 

downstream region 
Reverse primer for amplification of CDR] 

downstream region 
FOlward primer for amplification of CDR] C

terminal region 
Reverse primer for amplification of CDR] C

terminal region 
Reverse primer for amplification of CDR] C

terminal region 
Forward primer for in-frame translational fusion 

of CDR1-ORF with lacZ 

5 '-TCGTGCCGCGGAACACTTTITCTITCTAAITATAA-3 , 

5' -A T1TGGT ACCA T ACA IT AAA TITGCTGGTGGG-3' 

5'-GTTTGGATCCTITCITAI I II I I IICTCTCTGITACC 
C-3' 

5'-GTITCTCGAGTITCTTAII [I I I IICTCTC'TGITACC 
C-3' 

A-del pCPL52-F 

A-del pCPL'i2-R 

KMI 

Reverse primer for in-frame translational fusion of 
CDR]-ORF with lacZ 

5' -GAGAGAAAAAAAAT AAGAAACTCGAGATGAACAT 
GACTGAAAAAA ITCAAAC-3' 

5'-GTITGAATflTrfCAGTCATGITCATCTCGAGTITCT 
TAl II I 1 I ITCTCTC-3' 

5'-CITTTCCACT'GGTAACTACT-3' 

KM2 

Forward primer for amplification of CDR] N
terminal region 

Reverse primer for amplification of CDR] N
terminal region 

5' -CAATAAACCTGCTGACGAG-3' 

" Restriction sites introduced into the primers arc underlined, while the flanking bases are written in italics. 

activated cell sorter (FACS) analysis was performed using a FACSCalibur flow 
cytometer (Becton-Dickinson Immunocytometry Systems, San Jose. CAl 
equipped with an argon laser emitting at 488 nm. Fluorescence was measured on 
the FLl fluorescence channel equipped with a :;30-nm bandpass filter. A total of 
20,000 events were counted at the low flow rate. Fluorescence data were col
lected using logarithmic amplifiers. Data analysis was performed using (,c1IQuesl 
software (Becton Dickinsun ImmunoL),tometry Systems). Thc mean nuorcscence 
intensity was calculated using the histogram statistics program. 

Immunodetection of GFP in AS and AR reporter strains. Purified plasma 
membrane (PM) and crude-extract fractions of (jfj' reporter strains were pre
pared as described previously (13. 41). For Western blots. membranes were 
incubated with a 1:5,000 dilulion of monoclonal anti-GFP antibody (JL-8) (BD 
Biosciences, Clontech) or a 1:1,000 dilution of polyclonal anti-Pmalp (plasma 
membrane ATPase) antibody. Immunoreactivity was ddected using horseradish 
peroxidase-labeled secondary antibodies at a dilution of 1:5,UOU (goat antimouse 
antibody for GFP and goat antirabbit antibody for Pmalp) using the enhanced 
chemiluminescence assay system (ECL kit; Amersham Biosciences. Arlington 
Heights, IL). 

J3-Galactosidase assays. [3-Galaetosidase assays were performed using e1upli
catc samples of cells from three independent experiments as described previously 

(11. 21. 42). [3-Galactosidase activity was determined by the standard equation 
(11, 2!. 42) and is expressed in Miller units per mg of protein (Miller units are 
arbitrary units): [3-galactosidase activity (Miller units) = [00420 X 1.000]1 
[00""" X I X ,'J, where t is time of reaction expressed in min. v is volume of 
culture used in the assay, expressed in ml. and 00420 and 00"00 arc optical 
densities at 420 anel 600 nm, respectively. 

TRO analysis. TRO experiments were performed as described previously (8, 
24) with the following modifications. Cclls wcre grown at 30°C in YEPD with 
agitation until the culture reached an OD(,nn l)f 1.0. An aliquot of yeast cells 
(6 X JOS per ml) was used to perform TRO. The cdls were centrifuged for 5 min 
at 4,()OO X g and resuspended in 5 ml o[ cold TMN (10 mM Tris. 100 mM NaC!. 
S mM MgClo; pH 7.4). The cells were again centrifugc'd for 5 min at 4.000 X 1(, 

and the cdl pellet was resuspended in <)()Ol-'I of sterik cold dicthyl pyrocarhonate 
(DEPC)-treatcd water. Next. the cdl slIspension was traosferred to a fresh 
microcentrifuge tulle containing 50 1-'1 of 10% N-Iauryl sarcosine sodium sulfate 
(sarkosyl) and Was incubated for 20 min on icc. After the pcrmeabilization step, 
cells were recovered by low-speed centrifugation at 0.000 rpm for 2 min at 4"C 
and the supernatant was removed. In vivo transcription was reinitiatcd by resus
pending the permcabijjzed cdl fraction in 1201-'1 of 2.5x transcription buffer (50 
mM Tris-HCllpH 7.7J, 500 111M KCI, 80 mM MgC!o), 16 ILl of AGC mix (10 mM 
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each of ATP, GTP, and L'TP) , 6 f.t1 of dithiothreitol (0.1 M). I U of RNase 
inhibitor per fl.1, 10 mM phosphocreatine, 1.2 fl.g of creatine phosphokinase per 
fl.1, and 15 fl.1 of [a-32PjUTP (3.000 Ci/mmol. 10 fl.Ci/fl.I). Cells were maintained 
on ice at all times. The final volume was adjusted to 300 fl.1 with DEPC-treated 
water, and the mix was incubated for 15 min at 30°C to allow transcription 
elongation. The reaction was stopped by adding 1 ml of ice-cold DEPC-treated 
water to the mix. Cells were recovered by centrifugation to remove nonincorpo
rated radioactive nucleotides. Total RNA was isolated using the Trizole reagent 
(Sigma) as per the manufacturer's specific(ltions except that 200 fl.1 of ice-cold 
acid-washed 0.4- to 0.6-mm-diameter glass beads (Sigma, SI. Louis, MO) were 
also used for efficient and complete lysis of permeabilized cells. Isolated total 
labeled RNA was again precipitated by adding 2.5 M NH4 acetate and an equal 
volume of isopropanol. The mixture was stored overnight at - 20°C. To pellet the 
RNA tubes were centrifuged at 14,000 rpm for 15 min in the microcentrifuge. 
The isopropanol was removed. and the labeled RNA pellet was washed twice 
with 70% ethanol, dried, and resuspended in 100 fl.1 of DE PC-treated water. This 
double precipitation of RNA was used to minimize DNA contamination. Total 
extracted RNA was spectrophotometrically quantified. An aliquot was used for 
specific radioactivity determination in a Tri-CARB 2900 TR liquid scintillation 
analyzer (Packard instrument Co., Inc.). All of the in vivo-labeled RNA of each 
isolate (---2 x IO" to 2.5 X 10" cpm) was subsequently used for reverse Northern 
hybridization with a dot blotted Nylon membrane (Hybond-Y": Amersham 
Pharmacia Biotech) containing PCR-amplified gene-specific N-terminal CDR] 
sequences (nucleotides -242 to +256 from the transcription start point), plas
mid pACT! (positive control). and pBlueScript-KS( +) (negative control) as 
probes, as per the manufacturer's recommendation. Northern blots were scanned 
with a phosphorimager scanner (FLA-5000 Fuji phosphorimager). Signal inten
sities of hybridized nuclear RNA were quantified and subsequently normalized 
to the actin intensities using densitometry scanning. 

Thiolutin chase assay, In order to measure the CDR] mRNA half-life, a 
potent in vivo transcriptional inhibitor of C. aibicolls. thiolutin, was used (lg, 40). 
AS and AR isolates of C. albicans were incubated with an optimized concentra
tion (40 fl.g/ml) of thiolutin (data not shown). For this purpose. cultures were 
treated with 150 fl.M of the copper chelator bathocuprioinedisulphonic acid and 
incubated at 30°C for an additional 10 min at 200 rpm. Transcription was 
subsequently shut off by the addition of 150 nM of CUS04 and 40 fl.g/ml of 
thiolutin. Addition of bathocuprioinedisulphonic acid and CuSO" was found to 
enhance the response of the cells to thiolutin (40). Briefly. 100 ml of tells were 
grown to an OD"oo of 1.0 at 300C. Aliquots of cells were taken at the indicated 
times after transcriptional shutoff. Total RNA was isolated using Ambion's 
RiboPure-Yeast RNA isolation kit (catalog no. 1926) as per the manufacturer's 
instructions. For Northern blots, approximately 20 fl.g of total RNA from the 
above samples was hybridized with probes derived from gene-specific sequente, 
of the CDR] gene. Hybridization signal intensity was quantified with it phosphor
imager and was normalized to the band intensity at time 7" and plotted as a line 
graph. 

Cycloheximide chase assay. Cycloheximide chase assays were performed as 
described earlier (9) with certain modilications that included the use or an 
optimized concentration of cycloheximide (16) (data not shown) and the alkaline 
extraction procedure used for the preparation of crude protein extract (13). 
Briefly, aliquots of mid-Iog-phase-grown cells were withdrawn for analysis after 
translational shutoff at the indicated times and lysed in solution containing 1.85 
M NaOH and 7.5'7c. [:l-mercaptoethanol. Crude proteins isolated were precipi
tated with 50% trichloroacetic acid and sedimented. The sediment was resus
pended in loading buffer (40 mM Tris-HCI [pH 6.8].8 M urea. 5% SDS. 0.1 IV! 
EDTA, 1% [:l-mereaptoethanol, and 0.1 lllg/mi bromophenol blue) and incu
bated at 37°C for 10 min. Nonsolubilized material was cleared by a centrifugation 
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step, and solubilized proteins (approximately 20 and 30 fl.g for AR and AS 
isolates, respectively) were separated by ](l'Yc SDS-polyacrylamide gel electro
phoresis and transferred to a nitrocellulose membrane for Western blotting. 
Immunodetected Cdrlp signal intensity was quantified with a phosphorimager 
and was normalized to the band intensity at time T" and plotted as a line graph. 

RESULTS 

Expression of transcriptional and translational GFP re
porter fusions in AS and AR isolates. To analyze the molecular 
basis of CDR] upregulation in azole-resistant, clinical C. albi-
cans isolates in more detail, we employed two matched pairs of 
AS and AR isolates. The resistant isolates GuS and DSY296, 
which were obtained after l1uconazolc therapy for oropharyn
geal candidiasis in two different human immunodeficiency vi
rus-positive patients, were shown by DNA fingerprinting to be 
highly related to the susceptible isolates Gu4 and DSY294, 
respectively, which were recovered from earlier infection epi
sodes in the same patients (6, 38). It was recently shown that a 
mutation in the transcription factor TAC] is responsible for 
CDR] and CDR2 upregulation in DSY296 (4). However, it has 
not yet been explored if other mechanisms contribute to the 
overexpression of the e1I1ux pumps in these isolates. 

We compared the expression of two different GFP reporter 
fusions in these isolates, one in which GFP was expressed from 
the CDR1 promoter (P cIJN.rGFP) and another where GFP was 
fused in frame to the last codon of the CDR] ORF and ex
pressed from the CDR] promoter (PcDRrCDRJ-GFP) (see 
Materials and Methods) (Fig. lA), The reporter fusions were 
integrated at the native CDR 1 locus, and two transform ants of 
each of the four parental strains were used for further analysis, 
The reporter strains were designated Gu4Gl (P CI>RrGFP) 
and Gu4G2 (PCDRl-CDR]-GFP); GuSGl (PcDRrGFP) and 
GuSG2 (PcDR1 -CDR1-GFP); DSY294Gl (PcDRrGFP) and 
DSY294G2 (PcDRrCDRI-GFP); and DSY296GI (PcDRr 
GFP) and DSY296G2 (PcrJR rCDRI-GFP), 

Expression of the PClJRrGFP transcriptional and P CDRr 
CDRI-GFP translational fusions in cells grown to mid-expo
nential phase (OD6 ()(1 of -1.0) was detected by epifluorescence 
microscopy (Fig. 1 B) and quantified by FACS analysis (Fig. 
IC). As expected, the fluorescence intensities of the AR 
reporter fusion strains were higher than those of the corre
sponding AS strains (2.S-fold for GuSGl versus Gu4G 1, 19-
fold for GuSG2 versus Gu4G2; 6-fold for DSY296Gl versus 
DSY294Gl; and 80-fold for DSY296G2 versus DSY294G2), 
confirming the previously reported increased CDR] transcript 
and Cdrlp protein levels in the AR isolates (4, 6, 38). Inter-

FIG. 1. Schematic depiction of GFP reporter fusion integrants and their expression in AS and AR isolates. (A) Structure of the DNA cassettes 
which were used to integrate the transcriptional (PcDRrGFP, top) and translational (PCf)fV-CDR]-GFP, bottom) GFP reporter fusions into the 
CDR] locus of the clinical C. albicans isolates (middle). The CDR1 and GFP coding regions arc represented by white and green arrows, 
respectively, the CaS'ATl marker by the gray arrow, and the transcription termination sequence of theACTl gene Cl~cTl) by the filled circle. CDRZ 
upstream and downstream regions are represented by solid lines, and the CDR] promoter (PeDR ,) is symbolized by the bent arrow. Only relevant 
restriction sites are shown. (B) Nomarski and corresponding fluorescence micrographs of transi'ormants containing the chromosomally integrated 
P cDRrGFP (left) or P cDlv-CDR1-GFP (right) reporter fusion. (C) Cells of the reporter strains grown to exponential phase in YEPD medium were 
diluted to a density of 2 x 107 cells per ml in phosphate-buffered saline (pH 7.0), and a total of 20,000 events were analyzed by flow cytometry. 
The parental strains of the transformants, which do not contain GFP, were used as a negative control. The mean Iluorescence intensity is shown 
for each population of cells (bottom panel) after normalization with values for their corresponding negative controls. Since the normalized mean 
fluorescence intensity of DSY294G2 was a negative value, we de~ignated it "1.0'" for calculating the degree of change for this particular strain. 
a.u., arbitrary units. 
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A) Gu4G2 DSY:294G2 
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FIG, 2. Localization of Cdr]p and immunodetection of GFP in 
reporter fusion transform ants. (A) Nomarski (left) and corresponding 
confocal (right) pictures of the transformants harboring the chromo
somally integrated PCJ)f~rCDRJ-GFP (translational fusion) reporter 
construct are shown which indicate the proper plasma membrane lo
calization of chimeric Cdrl p in clinical C. albicalls isolates. The cells 
were viewed directly on a glass slide with a lOOX oil immersion ob· 
jective. (B) The Western blot analyses were done with an anti-GFP 
monoclonal antibody on both the transcriptional and translational 
fusion integrants. Equal loading of protein was assessed by using an 
anti·Pmal p polyclonal antibody. 

estingly, however, expression of the Pc]wrCDRI-GF? trans
lational fusion resulted in much lower lluorescence than ex· 
pression of the P cDRrGFP transcriptional fusion in AS 
isolates (6-fold for Gu4G2 versus Gu4Gl and 13-fold for 
DSY294G2 versus DSY294Gl), whereas the two types of rc
porter fusions produced comparable lluorescence in AR iso
lates. Notably, confocal microscopy confirmed that the Cdrlp
GFP fusion protein was correctly localized to the cell 
membrane in all reporter strains expressing the translational 
fusion (Fig. 2A). Immunoreactive bands of the expected sizes 
were observed in whole-cell extracts and plasma membrane 
preparations of the P CDR1-GFP and P CDR1-CDRI-Gf<J> re
porter strains, respectively, after Western immunoblotting with 
an anti-GFP antibody (Fig. 2B). Additionally, the tagging of 
P CDRI and P cDRrCDR1 with GF? did not alter the drug re
sistance profiles of AS and AR isolates, which ruled out that 
the GF? fusions caused any selective impact on Cdrlp func
tionality for either AS or AR isolates (data not shown). 

Expression of transcriptional and translational lacZ re
porter fusions in AS and AR isolates. To rule out that the 
reduced expression of the P cDRrCDRI-GFP translational fu
sion in AS isolates was an artifact intrinsic to the Cdrl p-G FP 
fusion protein, we used codon-optimized lacZ (42) as an alter
native reporter gene. As for GF?, transcriptional (P CDlV-lacZ) 
and translational (P cDlu-CDRl-laeZ) lacZ reporter fusions 
were generated and integrated at the native CDRI locus of the 
AS and AR isolates (see Materials and Methods) (Fig. 3A). 
The expression of Cdrlp in the PcDRrCDRI-lacZ construct 
was unaffected by its fusion to laeZ as tested by Western 
blotting with an anti-Cdrlp antibody (data not shown). Two 

ANTIMICROB. AGENTS OIEMOTHER. 
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FIG. 3. Schematic depiction of IacZ reporter fusion integrants and qual
itative and quantitative assay of [3-galactosidase activity in AS and AR iso
lates. (A) Structure of the DNA cassettes which were used to integrate the 
transcriptional (P enR ,-lacZ, top) and tTanslational (P cDRrCD R I-lacZ, bot
tom) laeZ reporter fusions into the CDR] locus of the clinical C. albicans 
isolates (middle). TIle CDR] and lacZ coding regions are represented by 
white and blue arrows, respectively, the CaSATl marker by the gray ,UTOW, 

and the transcription temlination sequence of theACTl gene (TAcn) by the 
filled circle. CDRl upstream and do"mstream regions are represented by 
solid lines. and the CDRl promoter (P CDIll) is symbolized by the bent arrow. 
Only relevant restric1ion sites are shown. (B) Transfornlants harboring chro
mosomally integrated P C1>R,-IaCZ (transcriptional fusion, left) and P CDR'-
CDR]·lacZ (translational fusion, right) and their corresponding parental 
strain (without lacZ) were streaked on minimal medium plates containing 
5-bromo-4·chloro-3-indolyl-[3-D-galactopyranoside and photographed after 3 
days' growth at 30°C. The positions of the individual strains on the plates are 
shown in the scheme (middle). (C) j3-Galactosidase quantitative reporter 
activities of each transformant were determined as described previously (11, 
21,42). The values are means:: standard deviations (indicated by the bars) 
of three independent experiments with duplicate measurements of two inde
pendent clones. Empty and filled bars indicate transcriptional (P C/Jl~ ,-lacZ) 
and translational fusion (PcoRrCDR]-lacZ) transformants in both A':> and 
AR backgrounds. 

transformants of each parental strain containing a single copy 
of the reporter fusion were used for further analysis. The 
reporter strains were designated Gu4L2 (P cDRr1acZ) and 
Gu4L3 (P cDlu-CDRl-lacZ); Gu5L2 (P cDRr1acZ) and Gu5L3 
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FIG. 4. jj-Galactosidase reporter activity of laeZ reporter fusion integrants of AS and AR isolates during growth phase. Transcriptional fusion 
(P cDRr1acZ) and translational fusion (P cDRrCDRJ -laeZ) reporter transformants of each isolates were grown from an initial 006<)0 of 0.1 in YEPO 
broth and withdrawn at the indicated time points of growth for jj-galactosidase reporter activity (Fig. 4A, B, C, and 0). The inset depicts growth 
curves of the PcDRrlacZ (D) and PcDRrCDRI-lacZ (_) reporter transform ants in AS and AR isolates. The negative-control parental strain 
(without laeZ fusion constructs) reporter activity value was always below 0.5 Miller units, and it was subtracted from the reporter activity of each 
corresponding transcriptional and translational fusion transform ant. The values are means ± standard deviations (indicated by the bars) for three 
independent experiments with duplicate measurements of two independent clones. Gu4 transform ants (A). GuS transformants (B), OSY294 
transformants (C), and DSY296 transformants (D) were analyzed. Empty and filled hars indicate transcriptional (PcDRrlacZ) and translational 
fusion (PcDlwCDRJ-IaeZ) transform ants in both AS and AR backgrounds. 

(P cDlu-CDRl-lacZ); DSY294L2 (P cm<rlacZ) and DSY294L3 
(P cDI?I-CDRl-lacZ); and DSY296L2 (P coRr1acZ) and 
DSY296L3 (P cDR,-CDRI-lacZ). 

Expression of the lacZ reporter gene in various strains was 
assessed by comparing the intensity of the blue color produced 
by cells grown on agar plates containing the indicator dye 
5-bromo-4-chloro-3-indolyl-f3-D-galactopyranoside (Fig. 3B) 
and was quantified by determining f3-galactosidase activities in 
liquid assays (Fig. 3C). The lacZ reporter study confirmed the 
results obtained with GFP. Higher lacZ expression levels were 
observed in transformants of the AR isolates than in transfor
mants of the AS isolates (l.4-fold for Gu5L2 versus Gu4L2, 

37-fold for GuSL3 versus Gu4L3, 5.6-fold for DSY296L2 ver
sus DSY294L2, and 13-fold for DSY296L3 versus DSY294L3). 
In addition, while the transcriptional and translational fusions 
yielded comparable activities in the AR isolates, expression of 
the translational fusion was much lower than that of the tran
scriptional fusion in the AS isolates (26-fold for Gu4L3 versus 
Gu4L2 and 2-fold for DSY294L3 versus DSY294L2). Of note, 
the integration of P cl.>Rr1acZ reporter fusion constructs at the 
ectopicACTllocus resulted in f3-galactosidase activity compa
rable to that of native CDR I locus integrants (data not shown). 

Growth phase versus ~~-galactosidase reporter activity. To 
investigate whether the observed differences in the expression 
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FIG. 5. TRO analysis of AS and AR isolates. (A) Approximately 2 fLg (each) of CDRl, pACT], and empty vector pBlueScript·KS( +) DNA 
was blotted and immobilized on charged nylon membranes (Hybond-N 1 ; Amersham Pharmacia Biotech) using a dot blot assembly apparatus. The 
blots were probed with total Jabelcd nuclear run-on RNA as described in Materials and Methods. Hybridization signal intensities of nuclear RNA 
were quanti lied using densitometry scanning of phosphorimages. DNA from a pBlueScript-KS( +) plasmid was used as a negative control for 
nonspecilic binding of nuclear RNA to a random DNA fI'<lgment. Signal intensities for each isolate were subtracted from the negative control 
values dnd subsequently normalized to the intensity corresponding to their AS isolate. The ARIAS ratio is the normalized nuclear RNA intensity 
between AR and AS isolates. (B) The relative intensity of CDR] with respect to actin RNA of each isolate is plotted. 

of transcriptional and translational reporter gene fusions in AS 
and AR isolates depended on the growth phase, we quantita
tively monitored ~-galactosidase activities in the lacZ reporter 
strains at various times during growth in batch cultures. As can 
be seen in Fig. 4, the low reporter expression levels of the 
translational PCJ)J~rCDR]-lacZ fusion compared with those of 
the transcriptional P CDRl-1acZ fusion in the AS isolates were 
observed at all growth stages (Fig. 4A and C). In contrast, both 
types of reporter fusion produced comparable ~-galactosi

dase activities in the AR isolates throughout growth (Fig. 4B 
and D). 

Taken together, exploitation of reporter fusions and their 
expression analysis indicated that an increase in CDR] expres
sion levels in the AR isolates compared to those in the corre
sponding AS isolates is contributed by affecting either CDR] 
promoter activity, mRNA stability, translational efficiency, or 
protein stability. Therefore, we performed further experiments 
on native CDR] (endogenous gene) to get a real insight into 
whether transcriptional/posttranscriptional control mecha
nisms are involved in the upregulation of CDR] expression in 
AR isolates. 

Transcriptional rate for CDR] is increased in AR isolates. 
We first tested whether the transcription rate for CDRl was 
elevated in the AR isolates. For this purpose, TRO assays were 
performed. Both AS and AR isolates were grown to an OD(,uo 
of -1.0, and the cells were permeabilized with the detergent 
N-lauryl sarcosine sodium sulfate (sarkosyl) for the isolation of 
intact nuclei (8, 24). The subsequent incubation of isolated 
nuclei with transcription buffer and radiolabcled [a_32PjUTP 
reinitiated the transcription (see Materials and Methods). The 

in vivo-labeled nascent RNAs were then used as probes in 
reverse Northern hybridizations with dot blotted CDRl-spe-
cifk PCR-amplified DNA. As controls, pACTl plasmid DNA, 
containing the constitutively expressed ACT] gene, and the 
empty vector pBluescript were also dotted on the membranes. 
As shown in Fig. 5A and B, the AR isolates exhibited an 
increased rate of transcription of CDR] compared with that for 
the AS isolates (fivefold for Gu5 versus Gu4 and sevenfold for 
DSY296 versus DSY294). 

CDR] mRNA stability is increased in AR isolates. To inves
tigate if in addition to the increased transcription rates post
transcriptional events also contribute to the higher level of 
CDR] expression in drug-resistant strains, we determined 
CDR] mRNA stability in the AS and AR isolates. To this end, 
wc cxploited an effective sulfur-containing purine analogue, 
thiolutin, as a potent inhibitor of de novo transcription to 
determine mRNA stability in C. albicalls (18, 40). Thiolutin 
affected [.1HJuridine incorporation into nascent RNAs in a 
concentration-dependent manner. About 40 fLg!ml of thiolutin 
inhibited -~95% of the ["Hjuridine incorporation in total RNA 
(data not shown). Methylene blue staining revealed no decline 
in cell viability of AS and AR isolates treated with 40 fLg!ml 
thiolutin, although growth was inhibited to a certain extent 
(data not shown). This optimized thiolutin concentration was 
subsequently used for the mRNA chase assays. Total RNA was 
isolated at different time points after transcriptional inhibition 
with thiolutin and analyzed by RNA gel blots (Fig. 6A). After 
probing the blots with a CDRI-specific probe, hybridization 
signals were quantified by densitometry scanning in a phosphor
imager. Figure 6B depicts a typical CDR] mRNA decay profile 
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FIG. 6. CDR] mRNA decay assay. Exponentially growing cultures of C. albicans were incubated with the optimized thiolutin concentration (40 
fLg/ml) tu inhibit unguing in vivo transcription. Tutal RNA was isulated at the indicated times thereafter and fractionated on a 1 % (w1/vol) 
agarose-2.2 M furmaldehyde denaturing gel. (A) The gel was stained with ethidium bromide before blotting to monitor equal loading of the RNA 
and subsequently blotted onto a charged nylon membrane. The blot was hybridized with a CDRI-specilic probe. Time points in minutes are 
indicated below each phosphorimage. (B) The hybridization signals were quantified using densitometry scanning in a phosphorimager. The signal 
intensity at each time point was normalized to that of time To (expressed as a percentage) and plotted as described in Materials and Methods. 1112 , 

half-life. 

in the AS and AR isolates over a 300-min period from one of 
these experiments. CDIO mRNA could be detected in both AS 
isolates Gu4 and DSY294 at time 7'0, and the signal intensity 
diminished progressively with time (mRNA half-life was ap
proximately 60 min). The turnover of the CDR1 transcript 
occurred much more slowly in the AR isolates Gu5 and 
DSY296, with a half-life of > 180 min. These results demon
strated that CDR] mRNA stability was increased in the AR 
isolates over that in the AS isolates. 

Cdr! protein stability does not differ in AS and AR isolates, 
To test whether increased protein stability might also contrib
ute to the high Cdrlp levels in AR isolates, cycloheximide 
chase assays were performed. Total crude protein extracts 
were isolated at different times after treatment of the cells with 
an optimized concentration (75 mM) of cycloheximide (16) 
and analyzed by Western immunoblotting with a rabbit poly
clonal anti-Cdrlp antibody. Figure 7A shows the Western blot 
of the decay experiment, while Fig. 7B shows the quantitative 

decay profile. The half-life of Cdrlp was similar in AS and AR 
isolates and was calculated to be approximately 90 min. 

DISCUSSION 

In this study, we used two pairs of matched AS and AR C 
albicans clinical isolates to study the mechanisms of CDR] 
overexpression in AR isolates. Our results demonstrate that 
both increased transcriptional activation and enhanced mRNA 
stability contribute to increased CDR1 expression in these 
drug-resistant isolates. Interestingly, we found that in the AS 
isolates reporter fusions with the CDR] coding region were 
expressed at lower levels than fusions in which the reporter 
genes were directly fused to the CDR1 promoter, whereas in 
the AR isolates the two types of reporter fusions were ex
pressed at comparable levels. This would mean that sequences 
in the CDR] coding region can also contribute to the increased 
CDRl expression in AR isolates. 
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FIG. 7. Cdrlp decay assay. (A) Exponentially grown cultures of C. alhicans were translationally halted at 30°C by addition of 75 mM of 
cycloheximide for! h. Whole-cell extracts were prepared at the indicated times after cycloheximide treatment. For AR isolates, -20 ,....g, and for 
AS isolates, - 30 ,....g (because of relatively low expression of Cdr] p) of crude extract for each time was loaded and separated by SDS-polyacrylamide 
gel electrophoresis. Equal loading of protein was assessed using a Coomassie-stained gel (data not shown). Cdr! p was detected using a polyclonal 
anti-Cdr! p antibody. The Cdr! p-specific bands were subsequently quantified hy densitometry scanning in a phosphorimager. (B) Band intensities 
(represented as percentages of the value at To) for each isolate were plotted against the chased time. f 1l2 , half-life. 

It has been shown previously that CDR] overexpression in C. 
albicalls is caused by an increased CDR] transcription rate ill 
AR isolates compared with that in AS isolates (24). Our TRO 
experiments confirmed that the transcriptional initiation rate 
from the CDR] promoter was five- to sevenfold higher in the 
AR isolates than in the AS isolates used in the present study 
(Fig. 5). The CDR] upstream region contains many sequence 
elements which are involved in the regulation of CDR] expres
sion (5, 10, 11, 17, 32); however, no sequence differences were 
found in the CDR1 upstream region of these matched pairs of 
AS and AR isolates (5, 11; also unpublished observations). In 
line with this, it has recently been shown that a gain-of-function 
mutation in the transcription factor TAC], which controls 
CDRl expression, causes CDR] upregulation in the AR isolate 
DSY296 (4), 

In order to evaluate if, in addition to transcriptional activa
tion of CDRl, differential mRNA and protein stability also 
contribute to the enhanced Cdr! p levels in AR isolates, we 
performed thiolutin and cycloheximide chase assays and ob
served that the up-regulation of CDR1 mRNA in AR isolates 
was due to an increase in the mRNA half-life (>180 min), 
which was approximately threefold greater than that in AS 

isolates (Fig. 6). III contrast, no difference in Cdrlp protein 
stability was observed between AS and AR isolates (Fig. 7). 
There are examples in other organisms where overexpression 
of efflux pumps can be caused by increased mRNA stability. An 
increase in the mRNA half-life of MDRl (a CDR1 homologue 
in humans) has been shown to contribute to doxorubicin and 
colchicine resistance in the myelogenous leukemic cell line 
K562 (47). An enhanced mRNA stability of bmr3, encoding a 
multidrug transporter, also leads to a multidrug-resistant 
(MDR) phenotype in Bacillus subtilis (28). In addition, the 
reported MDR phenotype of Entamoeba histolytica trophozo
ites is also caused by transcriptional activation (27), as well as 
an increase in mRNA stability of the EhPgp5 gene (22). 

Notably, though, cis determinants located in the 3' un trans
lated region (UTR) regulate the degradation of mRNA (35). 
Among these cis elements, adenylate-uridylate-rich-elernent 
motifs of the 3' UTR involved in destabilization of their cor
responding mRNAs are of prime importance (22, 31, 35). 
Several reports have also suggested a relationship between the 
relative afilnity of a given RNA for RNA-binding protein(s) 
and the stability of an mRNA containing these sequences (31, 
35). Our preliminary results reveal that the CDR1 3' UTR is 
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-78% AU rich and also possesses several putative consensus 
binding sequences for a regulatory RNA-binding protein(s). 
Therefore, any contribution of CDR] 3' UTR cis elements and 
of the mutation or alteration in trans-acting regulatory fac
tor(s) corresponding to these conserved elements in detennin
ing mRNA stability between AS and AR isolates requires an 
in-depth analysis. 

Our results with the reporter fusion transformants also sug
gest that sequences in the CDR] coding region could also be an 
important contributor for increased CDR] expression in AR 
isolates. In this context, it should be mentioned that synony
mous and nonsynonymous nucleotide polymorphisms have 
been observed in the CDR] coding region, but so far none of 
these has been linked to CDRl overexpression (12, 15). Our 
present study did not consider the role of these allelic differ
ences in sustained overexpression of ClJRl in AR isolates. 
However, a recent study has reported that a silent polymor
phism does not inlluence human P-gp/MDRl mRNA and pro
tein expression but affects posttranslational events in terms of 
timing of cotranslational folding and membrane insertion 
(19, 43). 

I n conclusion, our results demonstrate for the first time that 
CDR] is regulated by both transcriptional and posttranscrip
tional events. Our finding that the acquisition of azole resis
tance involves transcriptional activation as well as decreased 
mRNA turnover opens up new possibilities for treatment re
gimes to circumvent MDR in C. aliJicans. In this context, it is 
worth mentioning that the intervention of overexpressing 
MDRI in MDR cell lines by verapamil (25) and ecteinascidin 
743 (39) has been reported to be due to the transcriptional 
down-regulation of the gene. 
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Figure 30. Qualitative and quantitative assay of ~-galactosidase activity of lacZ reporter 
fusion integrants in AS and AR isolates. 
(A) Transformants harboring the chromosomally integrated P CDRrlacZ (transcriptional fusion, 
left) and P CDRr CDR l-lacZ (translational fusion, right) and their corresponding parental strain 
(without lacZ) were streaked on minimal media plate containing X-gal and photographed after 
3 days growth at 30°C. The positions of the individual strains on the plates are shown in the 
scheme (middle). (B) ~-galactosidase quantitative reporter activities of each transformants 
were determined as described under Materials and Methods. The values are means ± Standard 
Deviations (indicated by the bars) of three independent experiments with duplicate 
measurements of two independent clones. AS and AR stands for azole-susceptible and azole
resistant isolates. Empty and filled bars indicate transcriptional (P cDRrlacZ) and translational 
fusion (P cDRrCDRl-lacZ) transformants in both AS and AR backgrounds. 
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