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SUMMARY OF THE THESIS
.- - -- ~-

Candida albieans and few other Candida species are often present as benign

commensals in healthy individuals. However, in immunocompromised patients

suffering from infection by HIV, cancer treatment, natural immunodeficiency and

diabetes, they become opportunistic pathogens causing superficial, as well as severe,

life-threatening systemic infections (Pfaller et al., 1998b, Pfaller et al., 1998a, Kruppa,

2009). There are relatively few classes of antifungal drugs available to combat invasive

Candida infections such as azoles, polyenes, echinocandins, pyrimidines, and

allylamines (Akins, 2005). Emergence of clinical strains resistant to the existing

antifungal drugs has further compounded the problem (Boschman et al., 1998,

Powderly, 1994). Amphotericin B, a frontline polyene macrolide antifungal, is

considered the gold standard for the treatment of most life-threatening systemic fungal

infections because of its broad antifungal spectrum and fungicidal activity (Baginski et

al., 2005). Amphotericin B (AmB) binds to ergosterol, the principal sterol in the fungal

plasma membrane. The incidence of invasive, and often fatal, Candida infections is

becoming more common with increasing number of clinical isolates resistant to

amphotericin B (AmB) and its lipid formulations, frequently resulting in treatment

failures (Sterling & Merz, 1998). Hence, in this project attempts have been made to

identify and characterize genes and regulatory pathway(s) that are involved in the AmB

resistance at the molecular level in S. eerevisiae and C. albieans with the rationale that

a better understanding of molecular basis of AmB resistance is likely to help in devising

strategies to minimize development of AmB resistance during therapy.

Preliminary studies on AmB susceptibility by microbiological techniques such

as streaking and replica plating as well as viability testing by XTT [2,3-bis(2-methoxy-

4-nitro-5-sulfophenyl)-2H-tetrazolium- 5-carboxanilide sodium salt] reduction assay

were performed for C. lusitaniae and C. albieans strains which revealed that these

strains were phenotypically resistant to higher concentration of AmB at high cell

density. Since farnesol, a quorum sensing molecule of C. albieans, accumulates in a

cell-density dependent manner (Hornby et al., 2001), we tested its effect on AmB

resistance of C. albieans strain SC5314, S. eerevisiae strain FY4, C. lusitaniae AmB

susceptible strain CLI (MIC of 1-2Jlg/ml)and AmB resistant strain CL6 (MIC of 16-32

Jlg /ml). Presence of famesol increased AmB resistance 2 to 8-fold depending on the

species/strain, indicating importance of farnesol in mediating AmB resistance. Thus, a
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in AmB resistance could involve PDR5 gene function. Further, gene expression studies

by Northem blot analysis and quantitative Real-Time PCR showed upregulation of

PDR5 by famesol and downregulation of this gene by AmB. PDR5 gene is under the

control of two transcriptional regulators PDRl and PDR3. PDR3 gene was

overexpressed in the presence of famesol whereas its level was decreased in presence of

AmB. Taken together, these results show that famesol upregulates the expression of

PDR5 gene though overexpression of one of its transcription regulator PDR3

suggesting that probably famesol mediated AmB drug resistance involves signal that is

sensed by PDR3. Consistent with these results, PDRlIPDR3 double deletion strain did

not show increase in AmB MIC compared to single PDRl or single PDR3 deletion

strains in presence of famesol, confirming the involvement of PDRl and PDR3 in

famesol mediated AmB resistance.

Apart from PDR5 and PDR3, other genes involved in either phospholipid

transport such as PDRl6, PDRl7 and RSBl or in drug efflux such as SNQ2 and YORl

were also upregulated in the presence of famesol indicating the possible involvement of

these genes in famesol mediated increase in AmB MIC. Comparison of expression

profiles of WT and PDR5 delete strain by quantitative real time PCR suggested that

overexpression of PDRl, PDR3 and PDRl6 compensates for PDR5 deletion in PDR5

delete strain (which showed a higher AmB resistance compared to WT strain). Thus, it

appeared that PDRl6 is the key gene mediating increase in AmB resistance, but its

deletion did not affect AmB resistance. It is possible that absence of PDRl6 is

compensated by PDRl7, which is a close homolog of PDRl6. Deletion of PDRl7

resulted in lower AmB MIC which was further decreased in the presence of famesol.

Triple deletion mutant of PDR5, PDRl6 and PDRl7 displayed enhanced sensitivity to

AmB with or without famesol indicating that PDRl7 and PDRl6 (through independent

study as described in chapter 5) together with PDR5 are critical for AmB resistance, in

particular famesol mediated AmB resistance.

The above studies in S. eerevisiae were further extended to Candida albieans, to

gain insight into the complex AmB drug resistance phenomenon of this pathogenic

yeast. CDRl (PDR5 homologue in C. albieans) deletion and overexpression strains of

C. albieans were constructed, and tested for their AmB resistance. Through dilution

spotting and sensititre YeastOne microdilution assay it was observed that CaRl delete



of CDRland CDR2 were checked. Northem blot as well as qRT-PCR analysis detected

upregulation of these genes in the presence of famesol by -5 fold, similar to that of

PDR5 in S. eerevisiae. TACl, transcriptional regulator of CDRl/CDR2, was also

overexpressed in presence of famesol indicating that TACl was involved in this

process. Consistent with this, deletion of TACl abolished famesol mediated increase in

AmB resistance. These results show AmB resistance mechanisms are likely to be

similar in S. eerevisiae and C. albieans.

Various studies have suggested possible role of PDRl, PDR3 and PDR5 in

modulating transbilayer lipid translocation and net lipid accumulation within the cell

(Decottignies et al., 1998, Kean et al., 1997, Mahe et al., 1996, Kihara & Igarashi,

2004). In C. albieans, ABC transporters Cdr1p and Cdr2p are mainly responsible for

the maintenance of the assymetric distribution of phospholipids and that altering the

membrane environment by changing the membrane lipids alter the functioning of ABC

transporters which are membrane proteins (Mukhopadhyay et al., 2004, Smriti et al.,

1999). Thus we checked the effect of famesol on functioning of Pdr5p/Cdr1p efflux

pumps. Measurement of Pdr5/Cdr1p-mediated energy-dependent efflux of rhodamine 6

G in famesol treated strains of C. albieans, C. lusitaniae and S. eerevisiae indicated

reduced efficiency of efflux pumps in presence of famesol inspite of PDR5/ CDRl

overexpression in presence of famesol. The reduced functionality of Pdr5p in the

presence of famesol was not a consequence of an effect on protein expression levels.

Moreover, it was observed that famesol did not affect the efficient trafficking of Pdr5p

to the plasma membrane. This indicated changes in membrane chemical-structural

properties, since Pdr5p/Cdr1P are sensitive to changes in the membrane environment.

Since alterations of the membrane composition leads to changes in fluidity and stability

of the membrane (Younsi et al., 2000), we measured the steady-state fluorescence

anisotropies of TMA-DPH in C. albieans strain for changes in membrane fluidity at

different concentration of famesol. A dose-dependent increase in membrane fluidity



in the presence of famesol, thus implying decreased membrane order or enhanced

fluidity of the membranes. Efflux assays together with fluorescence anisotropy

measurements suggests that there are changes in structural properties of the membrane

in the presence of famesol, which could be in the form of changes in sterol /

phospholipid ratios. These changes might be because of alteration in phospholipid

synthesis or due to modulation in phospholipid transportation/translocation between

transmembrane bilayer, which also might affect AmB resistance. Addition of famesol

resulted in changes in total phospholipid content as well as changes in individual

phospholipid levels, probably affecting asymmetric distribution of phospholipids in

plasma membrane and hence affecting the plasma membrane function.

Studies from other groups have shown that Cdrlp is sensitive to changes in the

membrane environment and both ergosterol and sphingolipids, the constituents of

membrane lipid raft are essential for proper targeting of CdrIP to membrane and for its

proper functioning (Mukhopadhyay et al., 2004, Pasrija et al., 2008). Our results also

indicated that the efficiency. of Pdr5/Cdrlp-mediated energy-dependent efflux of

rhodamine 6G is reduced in famesol treated strains. Thus, we examined the role of

sphingolipids on famesol mediated increase in AmB resistance. Mutants impaired in

IPTl, FENl and SUR4 of sphingolipid biosynthesis pathway were tested for their AmB

and famesol sensitivity as well as for their role in famesol mediated AmB tolerance.

Strains deleted in FENl and SUR4 were hypersensitive to AmB compared to WT

control, and famesol did not increase the resistance of these strains to AmB indicating

that sphingolipids are critical for famesol mediated increase in AmB resistance. To

further confirm the importance of sphingolipids, the effect of a sphingolipid

biosynthesis inhibitor on AmB resistance and famesol effect on the same was tested

with wild-type strains of C. albieans, S. eerevisiae and C. lusitaniae. The results

suggest that famesol mediated increase in AmB resistance requires sphingolipid

biosynthesis. It is likely that perturbation of sphingolipids may affect AmB binding to

ergosterol and thus AmB resistance of cells.

Since effect of famesol on AmB MIC is not mediated through any known

mechanisms of AmB resistance, besides screening mutants, in a simultaneous effort

through an overexpression approach using S. eerevisiae overexpression library, PDRl6

'"gene which encodes a protein involved in phosphatidylinositol transfer, a!?d whose



1999). Also, overexpression of PDR16 increases azole resistance in C. albieans

(Saidane et al., 2006). To check the effect of overexpression and deletion of PDRl6 in

C. albieans on AmB drug resistance, PDRl6 overexpression and deletion strains were

constructed and subjected to dilution spotting. Results show that overexpression of

PDR16 in C. albieans confers two fold increased AmB resistance as compared with

WT, a result similar to the one obtained upon PDR16 overexpression in S. eerevisiae.

These results indicate that an increased dosage of Pdrl6p leads to AmB resistance in

both species. Many C. albieans azole resistant clinical isolates overexpress CDRl and

CDR2 and it has been shown in some studies that these strains also overexpress PDRl6

gene. Expression levels of CDRl when checked in pdr l6~ and PDRl6 overexpression

strains showed -3-4 fold higher transcript level in PDRl6 overexpression strain

compared to WT control and pdr16~strains. We also observed an upregulation in

expression of TACl in PDR16 overexpression strain.

there was 2- fold higher CDRl expression) thereby reflecting altered physical state of

the membrane and lipid composition. This was further confirmed by increased passive

rhodamine 6 G uptake in to the cells by PDRl6 overexpression strain. Steady-state

fluorescence anisotropies measurements of TMA-DPH in PDR16 overexpression strain

for change in membrane fluidity displayed enhanced membrane fluidity compared to

WT control. In view of this, overall sterol and phospholipid content when measured in

PDRl6 overexpression strain revealed that there was no significant change in

phospholipid content of this strain compared to wild type though at individual

phospholipid level, phosphatidylserine showed decreased content and inositol

phosphosphingolipid displayed increased content in overexpression strain compared to

:;WT suggesting these changes to affect the asymmetrical distribution of phospholipids
",
~'in plasma membrane. There was significant increase in total free sterol in PDRl6
W at ,"-. 3 .U&!
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overexpression strain pointing to the possibility that increased accumulation of free

sterols was resulting in enhanced membrane fluidity in this strain. However, changes in

membrane fluidity per se, may not influence AmB resistance, since such changes

brought about by benzyl alcohol, a membrane fluidizer, does not change AmB

resistance. Together, these data suggests that PDR16 gene mediates AmB resistance

through overexpression wherein there is changes in membrane lipid composition and

local rearrangement of the membrane components thereby affecting AmB interaction

with ergosterol.

To conclude, this study has led to the identification of a novel role of C.

albieans' quorum sensing molecule, famesol in AmB resistance. Presence of famesol

increases AmB resistance of S. eerevisiae and Candida species by about 2-8 fold. This

increase in AmB resistance by famesol is not mediated through any known mechanism

of AmB resistance but involves a novel mechanism implicating PDR genes in AmB

resistance. Effect of famesol on AmB resistance involves changes in phospholipid

assymetrical distribution mediated by upregulation of PDR and CDR genes in S.

cerevisiae and C. albieans, respectively. Famesol increases phospholipid and

sphingolipid levels in cells, affecting membrane properties and organisation, which in

turn possibly affects AmB interaction with ergosterol. This study has also revealed a

critical role for sphingolipid in famesol mediated AmB resistance. Apart from these,

our study also reveals a direct role for Pdr16p, a phospholipid translocator, in increasing

AmB resistance in S. eerevisiae and C. albieans; overexpression of PDR16 leads to

increase in sterol content and changes in phospholipid composition, which presumably

affects binding of AmB to ergosterol.


