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ABSTRACT 

 

 Fungal invasive infections of humans are now called “hidden killers”. The rising costs of 

treatment are associated with inappropriate therapy, defined as delayed intervention, inadequate 

dosage, or administration of an antifungal to which an isolate was considered drug resistant. 

Treatment failure is commonly due to resistance to triazoles in multi-drug resistant (MDR) fungi. 

For life-threatening fungal infections, such as those caused by Candida albicans, overexpression 

of MDR1, which encodes an MDR efflux pump of the major facilitator superfamily, often 

confers resistance to chemically unrelated substances, including the most commonly used azole 

antifungals. Further, gain-of-function mutations in the fungal zinc-cluster transcription factor 

MRR1 are responsible for MDR1 overexpression. I used standardized assays with C. albicans 

and A. fumigatus to determine berberine susceptibilities.  Interestingly, I found that MDR 

resistant isolates of C. albicans were hypersusceptible to berberine. Strains lacking MDR1 or its 

transcriptional regulator MRR1 were not hypersusceptible to berberine. I demonstrated that MDR 

isolates accumulated berberine intracellularly. Microarray comparisons showed an extensive 

upregulation of MDR1 as well as other importers of the drug: H
+
 antiporter DHA1 family of 

polyamine transporters in an azole resistant strain. Substrates of polyamine transporters inhibited 

berberine activity, and a transporter kinase mutant was resistant to berberine. I propose that these 

upregulated transporters augment berberine accumulation.  A berberine derivative selectively 
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accumulated in mitochondria.  By Gene Set Enrichment Analysis (GSEA), I found mitochondrial 

genes were affected by berberine treatment. I then showed biochemically that berberine damages 

C. albicans mitochondria. This report is the first to demonstrate that overexpression of the MDR1 

transporter renders the susceptibility to berberine in C. albicans. As a conclusion, I demonstrate 

an experimental proof of principle that MDR C. albicans isolates are hypersusceptible to 

berberine and that berberine accumulates intracellularly via Mdr1p and other transporters.  I 

recommend identifying berberine derivatives that are even more active in treating MDR fungal 

infections.   
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CHAPTER I-INTRODUCTION 

 

 

1.1 Current status of fungal infections 

Fungal infections have risen sharply over the past few decades due to the rapid emergence of 

the HIV/AIDS pandemic, immunosuppressive cancer chemotherapy, and immunosuppression 

following organ and bone marrow transplantation. Invasive fungal infections deserve greater 

concern because of their extremely high mortality rates [2, 3]. More than 90% of these infections 

are caused by species of Candida, Cryptococcus, Aspergillus, and Pneumocystis [4]. Candida 

species rank among the top four causes of bacterial/fungal nosocomial infectious diseases in 

humans, resulting in 46-75% mortality, and A. fumigatus is the most deadly and frequent mold 

infection of humans [4]. Globally cryptococcal meningitis in HIV/AIDS patients is estimated at 1 

million cases, while Cryptococcus gattii is an emerging pathogen of apparently healthy people [4, 

5]. The greatest threat to life includes those pathogens that cause blood stream infections (BSI). 

Invasive pathogens are acquired through inhalation of fungal-laden aerosols or reside as normal 

microbiota of mucosal tissues. Better and more appropriate diagnostic methods are needed in 

order to promote therapeutic interventions and reduce mortality rates.  

Invasive Candidiasis (IC) is the most common fungal BSI caused by several species of the 

genus Candida. The frequency of various species has changed during the last three decades due 

to the introduction of triazole anti-fungal drugs [6-8]. Currently, C. albicans is the leading cause 

of IC, whereas other infections caused by Candida species have been increasing. These include 

C. glabrata, C. krusei, and C. parapsilosis, which are inherently more resistant to trizoles such as 

fluconazole. Other Candida species are more rarely associated with disease, such as Candida 
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dubliniensis which predominantly infects HIV patients, and Candida lusitaniae and Candida 

guilliermondii, which are responsible for <2% of infections in the US [9]. In spite of therapeutic 

efforts, candidiasis is still found globally [10-12], and the lack of rapid diagnostic tests and 

delayed treatment results in an increased length of stay in the hospital, which explains the 

excessive costs in treating IC patients [13]. The median total hospital charge is $44,696 - 

$77,534 per patient, and the cost-burden of fungal infections in the US is more than two billion 

per year; the rising costs are also associated with inappropriate therapy [14, 15] defined in part as 

the use of an antifungal to which the isolate is resistant.  

Unfortunately, there are no vaccines against any fungal pathogen [4]. Moreover, most patients 

with invasive fungal infections are immunocompromised, the immune system cannot effectively 

assist in the clearance of fungal pathogens. Thus, the success of treatment is more dependent on 

the efficacy of antifungal drugs. However, antifungal drugs have had very limited impact in 

reducing the incidence of fungal infections as well as the high mortality rates [4].   

1.2 Current therapeutics for treating fungal diseases  

Antifungal drugs that are currently used include the inhibitors of ergosterol synthesis (azoles), 

β-1,3-glucan synthesis (echinocandins), and those that disrupt membranes by binding to 

ergosterol (polyenes,  amphotericin B) [4, 16]. These antifungals exploit the differences between 

host and fungal cells. The biosynthesis of ergosterol (an essential process for growth of fungi) 

(Figure 1.1) is a major target of antifungal agents. The allylamines act as noncompetitive 

inhibitors of squalene epoxidase encoded by ERG1. These include terbinafine, which is used as a 

topical agent against dermatophytes. The morpholines, including fenpropimorph, which is 



 

3 

 

generally used as an agricultural fungicide, inhibit two enzymes in the ergosterol biosynthesis 

pathway, the C-14 sterol reductase, encoded by ERG24, and a C-8 sterol isomerase, encoded by 

ERG2, The azoles are the largest class of antifungal agents, consisting of two subclasses, 

triazoles and imidazoles. The target of azoles is Erg11p, which is a fungal cytochrome P450-

dependent lanosterol 14-α-demethylase that converts lanosterol to ergosterol. Toxic sterols 

accumulate during azole treatment that are not functional, but which lead to growth inhibition. 

Azoles such as fluconazole are effective against a broad spectrum of fungal pathogens, which is 

now the most widely used antifungal agent due to its low toxicity, oral administration, and 

effectiveness in both mucosal and systemic candidiasis. 

Polyenes are amphoteric and disrupt membrane fluidity by binding to plasma membrane 

ergosterol. Mammalian cell membranes consist of cholesterol as the major membrane sterol, 

whereas fungal cell membranes depend on ergosterol as the major membrane sterol. The 

polyenes are fungicidal agents forming channels that result in cation loss while disrupting 

membrane functions [17]. Amphotericin B, the most effective polyene, is used almost 

exclusively to treat systemic candidiasis. However, Amphotericin B can cause nephrotoxicity 

and other toxic effects, which are associated with nonspecific binding of polyenes to cholesterol. 

Newer liposomal formulations of amphotericin B have decreased toxicity, but their clinical 

application has been limited to some extent by their increased costs. 
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Figure 1.1. The ergosterol biosynthetic pathway. Azoles target ERG11 (red circle). 
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A structural difference between fungal cells and mammalian cells is the presence of a cell wall 

in fungal cells.  The fungal cell wall is composed of chitin, mannoproteins, and glucans [18, 19]. 

These components are interconnected through β-1,3- and β-1,6-glucans. The newer class of anti-

fungals is the echinocandins that inhibit the biosynthesis of cell wall β-1,3 glucan. In fact, it took 

30 years for the development of Caspofungin, the first echinocandin to progress from bench-to-

bedside [20]. Caspofungin is fungicidal and effective against many fungal pathogens but not C. 

neoformans and in some cases, not A. fumigatus. In adition, it is only available for intravenous 

administration and is very costly. 

  Thus, the limitation of antifungals is further confounded by many side effects exhibited by the 

patient and economic considerations [21]. Amphotericin B has inherent problems of toxicity and 

has drug-drug interaction with triazoles. Further, fungistatic triazoles select for drug resistant 

strains [22, 23]. 

1.3 Current antifungal drug discovery 

Progress has been made in the development of new triazoles. Enhanced activity has been 

observed with two of the newer triazoles, posaconazole and voriconazole [22], with a high 

antifungal efficacy and low toxicity. Other triazoles are also in development, including 

abaconazole and ravuconazole. As mentioned above, the lipid formulation of amphotericin B 

was developed to achieve better absorption. This modification appropriately has reduced toxicity 

but has increased cost. In addition, the echinocandins represent the first class of antifungals that 

act against a specific component of fungal pathogens. Unlike triazoles that notoriously cause 

drug-drug interactions and toxicity, the echinocandins have a much better safety profile. 
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Table 1. Antifungal drugs 
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However, the anti-fungal pipeline has slowed down considerably due to the current economic 

situation and perceptions that fungal infections are infrequent.  Thus, there is an apparent 

reduced commitment to the development of new anti-fungal compounds. Moreover, the new 

antifungals are mostly remodeled older versions, and the availability of new drugs does not 

address the potential emergence of resistance [2, 22, 24, 25]. There is an urgent need to identify 

new drug targets and therefore new antifungal drugs to provide more therapeutic options. 

Traditional drug discovery is based on the paradigm that the targets must be growth essential 

gene products. However, recent studies suggest that compounds that inhibit virulence factors 

should also be considered as potential targets for new antifungal drug discovery [26]. Anti-

virulence drugs could be useful in preventing mycotic diseases, based on numerous studies of 

fungal pathogenesis [27, 28]. The past decades have witnessed a tremendous increase in our 

understanding of fungal virulence factors contributing to mucosal and systemic candidiasis [27, 

29-33].  In fact, only a very small number of fungal genomes have been exploited to identify 

potential targets for new drug discovery. Ideally, the targets should be absent in humans in order 

to avoid toxicity, contribute to virulence and the disease process, and useful for high-throughput 

screening. The utilization of fungal genomic databases provides advantages that have not been 

extensively used. For example, the genome sequence of Candida albicans (SC5314) is almost 

complete and publically available.  More than 80 other fungal genomes have been reported [34]. 

Fungal-specific genes that are absent from the human genome and whose products might be 

targeted for antifungal therapy can be identified, the function of those targets can also be 

determined. Attempts to increase functional annotation  of genes from C. albicans has been 

facilitated by the identification of orthologs in “model” fungi, including Saccharomyces 
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cerevisiae, Schizosaccharomyces pombe, Aspergillus niger, Magnaporthe grisea, and 

Neurospora crassa [35].  For example, FKS1, which encodes a 1, 3-beta-glucan synthase, the 

target of echinocandins, was identified as a significant candidate, along with other fungal cell 

wall genes, such as CHS1, CHS2, CHS5 and CHS8 that encode chitin synthases. Additionally, 

numerous transporter genes are highly enriched in the fungal genome, such as the drug 

transporter, MDR1; the polyamine transporters, TPO1, TPO2, TPO3 and TPO4; and the 

oligopeptide transporters, OPT1-OPT7[35].  

Insight into pathogenesis can be determined by comparing the genomes of C. albicans to S. 

cerevisiae. Many of the C. albicans–specific genes encode proteins that are responsive to 

changes in the environment [27, 35]. Also, the ALS gene family encodes large cell-surface 

glycoproteins that function in host–pathogen interactions [36-38]. Notably, a vaccine exploiting 

one of the Als proteins is now in a clinical trial (www.novadigm.net). It is worth mentioning that 

C. albicans does not share all the catabolic enzymes with S. cerevisiae, including those involved 

in the catabolism of fatty acids and ketone bodies in the peroxisome. Beta-oxidation in fungi is 

predominantly peroxisomal (Figure 1.2), with more enzymes participating in the process in C. 

albicans than in S. cerevisiae [1, 39, 40]. There are also dramatic differences in mitochondria. In 

particular, S. cerevisiae lacks a mitochondrial Complex I, which is the initial enzyme complex of 

the respiration electron transport chain [1, 41, 42]. However, translation into clinical 

interventions to prevent or treat fungal infections has lagged behind our knowledge of the disease 

mechanisms. 

 

http://www.novadigm.net/
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Figure 1.2. Beta-oxidation, Glyoxylate cycle and TCA cycle in C.albicans. Left, 

peroxisomal pathway; right, mitochondrial pathway. 
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1.4 Antifungal drug resistance 

The most recent of the triazoles offer improvements over the initial compounds such as 

fluconazole. Toxicity has also improved with the advent of echinocandins. However, clinical 

cure and survival rates are clearly not improved in patients with fungal infections treated with 

newer agents [43-47]. An ideal antifungal compound should demonstrate broad efficacy against 

diverse fungal pathogens, be non-toxic, cause little resistance, have fungicidal activity, and be 

cost-effective. However, none of the current drugs can fulfill these criteria. Amphotericin B is 

fungicidal and usually broadly active, but it is toxic and costly. The triazoles can induce drug-

drug interactions, are fungistatic, and because of the latter property, often select for drug resistant 

fungal isolates. The echinocandins are relatively broad spectrum, have no safety issues, but 

resistance to echinocandins is frequently reported [48, 49]. As a result, we are not yet able to 

treat these infections with any reliable and generally accepted strategy. The triazoles (Figure 1.3) 

are currently the first line therapeutic intervention for fungal infections. However, widespread 

and repeated use of azoles, paticularly fluconazole, has led to the rapid development of 

antifungal drug resistance [16, 24]. Drug resistance, especially Multidrug Resistance (MDR), to 

triazoles is a common feature of several Candida species.  

Drug resistance leads to ineffective and inappropriate therapy associated with prolonged 

illness, increased morbidity, severe side effects, reinfection,  increased cost, as well as lost 

productivity or even death [50]. Drug resistance occurs during treatment of all microbial 

infections, including those caused by bacteria, viruses, fungi, and parasites. Antimicrobial drugs 

have been successfully used to treat patients with infectious diseases. Penicillin was first 
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Figure 1.3.  Structures of selected triazoles. 
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introduced therapeutically about 70 years ago. Deaths due to infectious diseases declined during 

the first eight decades of the 20th century because more than 150 drugs were developed for 

combating infectious diseases [51-53]. However, mortality has recently been increasing, which is 

mainly due to the emergence of novel diseases, such as HIV/AIDS, as well as drug resistance [52, 

54, 55]. Over time, many infectious organisms have become resistant to the drugs designed to 

kill them, making the products less effective.  

Overuse and misuse of antibiotics have given rise to pathogens that are resistant to the 

majority of frequently prescribed antibiotics. Serious epidemics of infectious diseases are 

associated with more frequent drug resistance, especially after the 1940s, during which 

antibiotics were mass-produced. The first drug resistant pathogen was Staphylococcus aureus, 

which occurred only four years after drug companies began mass-producing penicillin [56]. Drug 

resistance spreads fast, due to the rapid transmissibility of resistant bacteria, as well as the 

tremendously increased mobility of human populations. In 1994, strains that were resistant to all 

available drugs were identified among clinical isolates [57, 58]. The global increase in drug 

resistance has created a serious public health problem. Moreover, widespread use of 

antimicrobial drugs is thought to have spurred evolutionarily adaptations that help the microbes 

to survive from drugs but ultimately result in the increased difficulty in treating infections as 

well as an increased risk of acquiring drug resistant organisms in a hospital.  

A key factor of drug resistance is the ability of infectious organisms to adapt quickly to new 

drugs, which is also true for fungal cells. When fungi are exposed to an antifungal compound, 

they are under "selective pressure" that allows only resistant forms to survive and reproduce. 

Drug resistance to nearly all of the antifungal drugs is well-documented but has occured 
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primarily to azoles [59, 60]. Due to the fungistatic nature of the azoles, it is difficult to eradicate 

all cells of the pathogen, particularly in an immunocompromised host. The Clinical and 

Laboratory Standards Institute (CLSI) Subcommittee for Antifungal Susceptibility Testing has 

established standard breakpoints for fluconazole susceptibility [61]. For fluconazole, an isolate is 

considered sensitive with a minimum inhibitory concentration (MIC) <8 μg/ml; an isolate is 

resistant with an MIC ≥64 μg/ml; and an isolate with an MIC between 8 and 64 μg/ml is 

considered susceptible-dose dependent. A recent study on triazole susceptibility with 256,882 

and 197,619 isolates in 10 years from 41 countries highlights several important trends. Although 

the overall susceptibility of Candida isolates remains high for triazoles, a trend toward an 

increased frequency of resistance is observed in North America [62]. Moreover, in other clinical 

studies, fluconazole-resistant C. albicans was isolated from patients who had never been exposed 

to fluconazole [63] and frequently, clinical isolates that are resistant to fluconazole demonstrate 

cross-resistance to the other azoles or even polyenes as well [17, 64-66].  

 The evolution of drug resistance in fungi may include the following mechanisms (Figure 1.4). 

(A) Mutational alterations of the target protein, for example, ERG11 mutations. C. albicans 

strains defective in ERG3 are also resistant to azoles and amphotericin B as well [17, 67-69].
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Figure 1.4.  Stress response pathways that confer azole resistance and tolerance. 
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(B) Overexpression of the ATP-binding cassette (ABC) transporter efflux pump CDR gene 

family [17, 23, 69-71]. (C) Overexpression of the major facilitator efflux pump gene MDR1 [17, 

23, 70-74]. (D) Target gene amplifications through isochromosome formations [71, 75, 76]. (E) 

Growth in biofilms which reduces penetration of antifungal drugs [77-79]. (F) Induction of stress 

response pathways [2, 3, 16, 80-82]. 

Changes in the ergosterol biosynthetic pathway are a frequent cause of resistance. Particularly, 

mutations of Erg11p may change the three-dimensional structure of a target enzyme, which 

results in a decreased affinity for azoles. Numerous ERG11 point mutations have been identified 

in resistant isolates [83-85]. Overexpression of ERG11 can also lead to resistance due to the 

increased production of the target enzyme, lanosterol demethylase. Up-regulation of ERG11 is 

often found in conjunction with other resistance mechanisms [83]. Ergosterol biosynthesis is 

controlled by the zinc cluster transcription factor Upc2p in C. albicans [86, 87]. Disruption of 

UPC2 in a wild-type strain conferred hypersusceptibility to azoles, terbinafine, as well as 

fenpropimorph, whereas the overexpression of UPC2 conferred resistance to ketoconazole and 

fluphenazine [86, 87].  

Reduced intracellular accumulation of drugs by genes encoding drug transporters is a 

prominent mechanism of resistance in Candida strains. As described above, two types of efflux 

transporters, the ABC transporter family and the major facilitator superfamily (MFS) can cause 

drug resistance. Altered expression of these transporters accounts for the majority of clinical C. 

albicans isolates that were azole resistant [23, 24, 69, 71, 72]. ABC transporters are relatively 

conserved in all organisms. The multidrug resistance (MDR) ABC transporters have evolved to 

transport a wide variety of compounds. The most well characterized ABC MDR transporter is 
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the mammalian P-glycoprotein, which confers resistance in cancer cells to chemotherapeutic 

drugs [88]. The ABC multidrug transporters in C. albicans were named the Candida Drug 

Resistance (CDR) transporters, of which CDR1 and CDR2 have been implicated in azole 

resistance. CDR1 was found to be expressed in both susceptible and resistant isolates, but 

expression was increased in resistant isolates [17, 23, 69, 83]. Expression of CDR2 was also 

increased in resistant isolates. However, disruption of CDR2 in a resistant strain of C. albicans 

had little effect on the susceptibility to azole drugs [89]. TAC1 (transcriptional activator of CDR 

genes), a gene encoding a zinc cluster protein, regulates upregulation of CDRs [89-92]. 

Mutational inactivation of TAC1 in resistant isolates caused hypersusceptibility to fluconazole 

[89-92]. An N977D mutation in the C-terminal activation domain was found in one allele of 

TAC1 in the susceptible isolate, whereas the resistant isolate possessed two copies of the mutated 

allele. Loss of heterozygosity can also cause overexpression of CDR transporters [92].  

While ABC transporters, such as Cdr1p and Cdr2p, depend on ATP as an energy source, 

MDR1, encoding Mdr1p, is a member of the MFS transporters that use the proton gradient across 

the cytoplasmic membrane to supply energy for transport [16, 93]. Mdr1p exports a variety of 

structurally unrelated compounds, such as fluconazole, benomyl, cerulenin, brefeldin A, 

methotrexate, cycloheximide and 4-nitroquinoline-N-oxide [17, 94-96]. In drug-susceptible C. 

albicans strains, MDR1 is expressed at low levels. However, clinical isolates consistently 

overexpressed MDR1 when the patient was treated with fluconazole with an increased dose from 

100mg/day to 800mg/day [17, 23, 70]. Deletion of MDR1 in these resistant isolates reversed the 

drug resistance phenotype [74, 97]. Moreover, engineered overexpression of MDR1 increased 

resistance [97, 98]. Unlike CDR1 and CDR2, MDR1 overexpression results from gain-of-
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function mutations in the transcription factor Mrr1p (Figure 1.5) [94, 99]. It is worth mentioning 

that MDR1 has been identified as fungal specific and therefore absent in both humans and mice 

[35]. 

Among the current antifungal drugs, resistance to fluconazole as well as other triazoles among 

the Candida spp reveals common mechanisms, including overexpression of efflux pumps, 

overexpression or mutation of the Erg11p target, and mutations of Erg3p. Mutations in 

transcription factors, Upc2p, Tac1p and Mrr1p, result in overexpression of ERG11 and the efflux 

pumps CDR1 and MDR1, respectively. Intrinsic azole resistance is seen for C. glabrata or C. 

krusei. In fact, fluconazole is not used in the treatment of aspergillosis since the pathogen is 

inherently resistant [100]. However, micafungin resistance in C. albicans and especially C. 

glabrata is associated with mutations in the β-1, 3 glucan synthase gene which results in a 

reduction in binding efficiency of the drug to the enzyme [49, 68, 101].  
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Figure 1.5.  Overexpression of the drug transporter MDR1 confers azole resistance. 

Azoles (represented by fluconazole) are the most commonly used antifungals. The 

cellular target is Erg11p of ergosterol biosynthesis pathway. MDR1 overexpression is 

one of the major MDR mechanisms in C.albicans. In addition, MDR1 overexpression is 

regulated by the transcription factor MRR1.  
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1.5 Combating Drug Resistant Fungi 

The emergence and global spread of drug resistant microbial pathogens presents challenges to 

the studies of resistance mechanisms, stress response genes, and especially epidemiology and 

infection control. Extensive studies on mechanisms of drug resistance may indicate that drug 

resistance is hard to be avoided. So, the preferred idea is to slow the evolution of resistance by 

reducing the unnecessary use of drugs. In fact, preventive and diagnostic development as well as 

using drugs more appropriately can greatly decrease the spread of drug resistance. Meanwhile, 

new drug discovery continues. Unfortunately, pathogens have evolved sophisticated mechanisms 

that allow the rapid development of resistance. While new drug development requires at least ten 

years of research and clinical trials, costing billions of dollars, many bacterial pathogens become 

resistant to a new drug within a short time. As with the development of anti-bacterial antibiotics, 

as mentioned above, the anti-fungal pipeline has slowed down considerably due to the current 

drug development situation. The slowdown is also a direct result of the belief that the 

infrequency of fungal infections does not justify the investment in the development of new anti-

fungal compounds [22]. Moreover, the majority of the new anti-fungal drugs are remodeled older 

versions that do not address the potential emergence of resistance. Towards solving the current 

drug resistance problem, a straightforward strategy is to modulate resistance systems, and thus 

reverse resistance. In combating fungal drug resistance, drug combinations modulating both drug 

transporters and stress response pathways have been extensively studied [102].  

Fungi inhabit a wide range of environments, which change as the pathogen colonizes and 

spreads within a host. These environmental changes lead to physiological stress, from factors 
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such as temperature, pH, and osmosis. Fungal cells have evolved stress responses to survive [16, 

81, 103]. Stress could also come from the administration of antifungal drugs. The stress signal 

transduction networks can be incredibly diverse. For example, C. glabrata adapts to fluconazole 

differently than C. albicans if mitochondrial damage is initiated in either organism [1, 104]. Thus, 

targeted therapies may not totally prevent the activation of stress response pathways in multiple 

pathogens [105, 106]. Practically, the concept of combination therapy to optimize effect is not 

novel and has been extensively applied for treating diverse pathogens and diseases, such as 

cancers [107, 108], HIV/AIDS [109, 110], and some microbial infections [111-114]. As 

microorganisms use a variety of mechanisms to evade killing by drugs, it could be highly 

beneficial to employ drug combinations to enhance killing and reduce drug resistance. 

Increased expression of drug efflux pumps in the cell plasma membrane is widely recognized 

as the major cause of high-level azole resistance of C. albicans. An important approach to 

counter this is to develop inhibitors of drug efflux transporters [102, 115, 116]. A specific efflux 

pump inhibitor may not inhibit cell growth but might sensitize the fungal cells to a lower level of 

antifungal drugs. Using heterologous expression of fungal efflux pumps, several compounds 

have been identified, such as tacrolimus (FK506), milbemycins, enniatins and beauvericin, as 

specific ABC transporter inhibitors [102]. While not all of these inhibitors are suitable for 

clinical application, they may be helpful as model compounds. In order to identify more specific 

inhibitors, a flow cytometry high throughput assay was established based upon the  accumulation 

of fluorescent pump substrates rhodamine 6G or Nile Red [117]. From 1,200 compounds, nine 

were identified as hits, including clorgyline, an inhibitor of the C. albicans ABC efflux pumps 

[117]. Each reversed fluconazole resistance due to overexpression of fungal ABC transporters. 
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The azole antifungals including fluconazole are fungistatic due to the nature of the ergosterol 

synthesis pathway and the effect of stress responses.  For example, calcium influence azole 

tolerance through the calcium-regulated serine/threonine protein phosphatase, calcineurin, which 

is activated in response to several stress conditions [2, 49, 118]. It also plays an important role in 

C. albicans for survival during membrane stress [2].  Calcineurin is a heterodimer protein 

complex composed of a catalytic subunit A and a regulatory subunit B. During membrane stress, 

such as azole treatment, the catalytic subunit is bound by Ca
2+

-calmodulin, which activates 

phosphatase activity and regulates gene expression via the transcriptional regulator, Crz1p [2, 

119-122]. In response to Ca
2+

 or stress conditions, Crz1p translocates from the cytoplasm to the 

nucleus in a Ca
2+ 

and calcineurin dependent manner. Deletion of either the C. albicans 

calcineurin catalytic subunit (CNA1) or regulatory subunit B (CNB1) results in attenuated 

virulence in a murine model of systemic candidiasis and increased sensitivity to azole drugs, as 

well as many other stress conditions, including cation stress, alkaline pH, endoplasmic reticulum 

stress and cell wall stress [2, 49, 121-129]. Pharmacological modulation of calcineurin can be 

achieved by using the natural product cyclosporin A or FK506, which target the immunophilin 

Cpr1p and FKBP12, respectively. The drug-protein complex inhibits the activity of calcineurin 

[2]. If C. albicans calcineurin activity is inhibited, the fungistatic fluconazole becomes fungicidal. 

Moreover, cyclosporin A and FK506 act synergistically with fluconazole [126]. The synergistic 

effect of calcineurin inhibitors has also been shown with other azoles [126], as well as 

compounds targeting other steps in the ergosterol biosynthesis pathway [130]. More interestingly, 

the calcineurin signaling pathway has a conserved role in fungal biology. The calcineurin 

pathway is also intimately involved in the stress response and pathogenesis of other fungal 
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pathogens of humans, including Cryptococcus neoformans, Aspergillus fumigatus and other non-

albicans Candida species [22]. Thus, synergism was also seen with C. tropicalis, C. parapsilosis, 

C. neoformans and A. fumigatus [2, 126, 130-136]. However, calcineurin is highly conserved 

and both cyclosporin A and FK506 are used as immunosuppressive agents that clearly limit their 

clinical potential in combination therapy against fungal infections. Instead, more fungal-specific 

and less host immunosuppressive calcineurin inhibitors have been identified as an adjunct for 

combination antifungal therapy, such as a non-immunosuppressive analogue of FK506, L-

685,818 [130, 137]. Thus, the exploitation of fungal calcineurin and the molecular identification 

of its fungal-specific downstream effectors holds great promise for the future development of 

novel antifungal agents. For instance, recent studies demonstrated that the deletion of RTA2 in C. 

albicans increased susceptibility to azoles [82, 138]. RTA2 was found to be involved in Ca
2+

 

activated calcineurin pathway and responsible for the development of calcineurin-mediated azole 

resistance [82, 138]. Inhibitors of Rta2p could potentially be used in synergy with azoles. 

Although inhibiting human calcineurin suppresses the immune system, which hampers its 

clinical application for an invasive fungal infection, recent studies suggest alternative 

mechanisms to inhibit calcineurin activity. Calcineurin is a client protein of the molecular 

chaperone heat shock protein 90, which facilitates the rapid evolution of resistance to 

fluconazole in S. cerevisiae and C. albicans [80]. Recent studies have also revealed that 

modulating the Hsp90 function can overcome antifungal resistance through calcineurin [16, 139]. 

Hsp90 helps proteins to fold and function properly under stress, by directly interacting with 

many proteins [140]. Hsp90 physically interacts with and stabilizes the catalytic subunit of 

calcineurin for activation [139]. Azole treatments activate calcineurin-dependent stress responses 
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in C. albicans, and the inhibition of Hsp90 abrogates this activation [141]. In a murine model of 

disseminated C. albicans infection, the genetic inhibition of fungal HSP90 expression reduced 

virulence and enhanced the therapeutic efficacy of fluconazole [142]. In S. cerevisiae, Hsp90 

potentiates the rapid emergence of fluconazole resistance, which involves alterations in the 

ergosterol biosynthetic pathway, whereas resistance due to overexpression of pumps is Hsp90-

independent [80]. The Hsp90 function is conserved in the pathogenic yeast C. albicans, as 

suppressing Hsp90 function abolished the emergence of azole resistance [80]. Thus, the 

modulation of fungal Hsp90 provides a promising strategy to potentiate the antifungal activity of 

azoles. Geldanamycin, an Hsp90 inhibitor, binds to the ATP-binding pocket and results in 

degradation of client proteins. An attractive feature is that Hsp90 inhibitors are well tolerated in 

humans and several Hsp90 inhibitors have been developed in clinical trials as antineoplastic 

agents, such as the analogs of geldanamycin, 17-AAG and 17-DMAG [16]. Potent synergism 

was observed by combining Hsp90 inhibitors and azoles in C. albicans and A. fumigatus [80]. In 

a Galleria mellonella animal model of C. albicans pathogenesis, therapeutic benefits were 

demonstrated using the combination of 17-AAG and fluconazole [142]. These findings are 

consistent with the studies on calcineurin inhibitors, showing synergistic antifungal activity with 

azoles against C. albicans as stated above.  

It is noteworthy that other than responding to membrane damage, calcineurin and Hsp90 also 

play a key role in echinocandin resistance [141]. Although the echinocandins have been 

approved in the clinic for only a short time, resistant isolates have been well-documented [143, 

144]. Unlike the azoles, multidrug transporters have a minor role in echinocandin resistance, 

whereas the best-characterized mechanism of echinocandin resistance is the mutation of the drug 
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target Fks1p. A series of C. glabrata bloodstream isolates with elevated echinocandin tolerance 

were examined for mutations in FKS1 and all of these isolates possess mutations in the ‘hot-spot’ 

regions [49]. Indeed, the pharmacological or genetic inhibition of calcineurin or Hsp90 function 

impaired the tolerance of C. albicans and C. glabrata to the echinocandins [49, 141]. Moreover, 

Hsp90 inhibitors are synergistic with echinocandins against resistant isolates [141]. Therefore, 

Hsp90 inhibitors not only prevent fungal pathogens from developing resistance, but restore drug 

susceptibility in the resistant isolates to both azoles and echinocandins. In addition, Hsp90 

inhibitors also control formation of biofılms [145] and in vivo, both Hsp90 inhibitors and genetic 

modulation of Hsp90 attenuate fungal virulence [142]. Overall, the modulation of fungal Hsp90 

provides a new therapeutic strategy for fungal infections, particularly by combination with 

existing antifungals. Although similar chaperone proteins are found in humans, more specific 

inhibitors are sought. Also, a recombinant antibody against C. albicans Hsp90, in combination 

with amphotericin B, increased fungal clearance and reduced mortality in patients with invasive 

candidiasis [146]. Further, efungumab, a human antibody fragment against Hsp90, increased the 

susceptibility of  Candida species to caspofungin [147]. 

Hsp90, which mediates extensive connectivity in signaling networks and cellular circuitry, 

interacts dynamically with client proteins regulating a wide range of cellular functions [148-150]. 

Systematic approaches have revealed that Hsp90 interacts with approximately 10% of the 

proteome in S. cerevisiae [148, 149], while in C. albicans, more than 200 Hsp90 genetic 

interactors have been identified under specific conditions [150]. These data thus suggest that 

Hsp90 may promote adaptation to diverse stresses via distinct regulators in addition to 

calcineurin [151]. In fact, depletion of C. albicans Hsp90 resulted in the destabilization of 
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Mkc1p, a component of the protein kinase C (PKC)-activated mitogen  protein kinase (MAPK) 

signaling cascade, which regulates cell wall integrity during growth and morphogenesis [152]. 

Deletion of the C. albicans PKC1 resulted in fungicidal activity for fluconazole and attenuated 

virulence in a murine model of systemic candidiasis [152]. Moreover, three compounds targeting 

the PKC signaling pathway had synergistic effects with fluconazole [152]. Thus, Hsp90 regulates 

responses to azoles via the novel client protein Mkc1p of the PKC signaling pathway in addition 

to calcineurin. These findings provide another powerful strategy for the treatment of fungal 

diseases by targeting PKC and suggest that compromising PKC function may have therapeutic 

benefits in combination with azoles.  

Recent studies applying reverse genetics have identified AGE3, encoding an ADP ribosylation 

factor (ARF) GTPase-activating effector protein, in regulating fluconazole resistance and 

virulence of C. albicans [153]. Likewise, the deletion of AGE3 abrogates resistance to azole 

drugs, and the pharmacological inhibition of ARF cycling with brefeldin A promotes fluconazole 

fungicidal activity against azole resistant isolates [153]. The effects of ARF signaling on azole 

resistance are distinct from the Hsp90-calcineurin pathway [153], suggesting a promising idea 

for a new combinatorial therapy for C. albicans infections. A mechanism was also proposed that 

incorrect vesicle trafficking due to dysfunctional ARF activity might result in mislocalization of 

drug pumps other than CDR1 and MDR1 [153]. Overall, targeting ARF cycling has potential for 

antifungal therapies. 

Triazole resistance often occurs as a result of the upregulation of multidrug efflux transporters 

of two gene families, the ABC transporters and the MFS.  C. albicans has two CDR genes CDR1 

and CDR2 and a single MDR1 gene that is not related to MFS genes of other organisms. The 
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CDRs utilize ATP as energy source, whereas the MFS proteins transport small solutes in 

response to chemiosmotic ion gradients [154]. Thus, depletion of energy with impaired 

mitochondria is assumed to promote drug activity. However, an association of decreased 

fluconazole susceptibility with mitochondrial dysfunction in C. albicans has been reported by 

several laboratories [104, 155-157]. Among them, Ferrari et al. demonstrated that a 

mitochondrial deficiency in C. glabrata strain BPY41 caused resistance to azoles associated with 

the upregulation of ABC transporter genes CgCDR1, CgCDR2, and CgSNQ2 [104]. While 

displaying a growth defect in vitro, strain BYP41 (a petite mutant) was more virulent in mouse 

infections. Likewise, in S. cerevisiae, dysfunctional mitochondria activate the pleiotropic drug 

resistance pathway for adaptation [158]. Strikingly, I have observed that mitochondrial 

dysfunction, especially related to energy production, can potentiate azole susceptibility in C. 

albicans [1]. Mitochondria are the major sites of ATP formation via the electron transport chain 

(ETC) (Figure 1.6). Antifungal drugs such as azoles also induce a stress response, and it appears 

that mitochondria are part of the adaptation network. In C. albicans, a major difference from S. 

cerevisiae and C. glabrata is the lack of mitochondrial Complex I (CI).  



 

33 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6.  The mitochondrial electron transport chain. 
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Numerous CI mutants, including the NDH51 and GOA1 (encoding a CI 51kDa core 

component and a fungal specific protein regulating CI function, respectively) knockout strains 

showed increased susceptibility to various azoles [1] (Figure 1.7). A mechanism was proposed 

that relates to the inactivation of transporter genes and the downregulation of ergosterol 

biosynthesis. Thus, combination therapy with an antimitochondrial compound could be effective 

in extending the usefulness of the triazole antifungal drugs. I observed that the ETC inhibitors 

increased fluconazole susceptibility. Of the CI inhibitors, C12E8 and Piericidin A increased  

fluconazole susceptibility most significantly [1]. Conceivably, specific antifungal drugs that 

target mitochondria could act in synergy with triazoles.  These studies suggest that the functions 

of mitochondria are complex. In contrast to antifungal drugs that target cell membranes, only 

increased sensitivity along with impaired mitochondria has been observed with agents that target 

the cell wall in C. albicans, C. parapsilosis, and S. cerevisiae [156, 159-161]. S. cerevisiae 

mitochondrial mutants that are respiratory deficient are hypersensitive to the echinocandin drug 

caspofungin [162]. In C. parapsilosis, treatment with inhibitors of the mitochondrial respiratory 

pathways resulted in increased susceptibility to caspofungin [159]. A strong association of 

mitochondria functions in lipid homeostasis was suggested [162]. Thus, the C. albicans SAM37 

mutant lacking the mitochondrial outer membrane sorting and assembly machinery complex 

subunit is hypersensitive to caspofungin, while the complex is required for both mitochondrial 

phospholipid biosynthesis and cell wall integrity [162]. Impaired mitochondrial functions could 

lead to changes in the lipid composition of the plasma membrane, and mitochondrial 

phospholipid biosynthesis might also be required for activation of the PKC-dependent cell wall 
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Figure 1.7.  The growth of wild type (SC5314 and SN250) and CI mutants of C. 

albicans are shown with their susceptibilities to fluconazole [1]. (Left panel): YPD 

lacking fluconazole (middle panel), and on YP-glycerol (right panel).  Of the 12 CI 

mutants, 10 have increased susceptibility to fluconazole and 9 are also growth-defective on 

YP-glycerol.  Two strains (orf19.3611 and orf19.3290) have wild type susceptibilities to 

fluconazole and are able to grow on YP-glycerol.  Growth of the two resistant mutants on 

YP-glycerol indicates that their corresponding genes are probably not part of the 

respiratory pathway of mitochondria.   
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integrity pathway [163]. However, the exact mechanism remains to be determined. An important 

point is that there are many fungal-specific mitochondrial proteins without human orthologs. 

Collectively, these data indicate that mitochondria, which contribute to the pathogenicity and 

drug tolerance of human fungal pathogens, are potential targets for antifungal drug discovery. 

In addition, other stress response pathways are also implicated regulation of drug resistance in 

fungi. Histone deacetylases and histone acetyltransferases, which are broadly recognized for 

their role in chromatin structure and gene expression, play a key role in maintaining tolerance 

and resistance to azole drugs. The histone deacetylases inhibitor trichostatin A enhances the 

sensitivity of C. albicans to azoles by modulating the function of efflux pumps [164]. In 

addition, amiodarone, which could trigger a cytosolic H
+ 

/ Ca
2+

 surge, is synergistic with azoles 

given the fact that azoles also impair V-ATPase function [165]. Co-inhibitory effects with 

therapeutic benefits achieved by dual inhibitors of ergosterol biosynthesis have also been 

identified. Synergism of multiple triazoles and terbinafine against C. albicans was observed 

[166-168]. Meanwhile, the HMG-CoA reductase inhibitors, such as fluvastatin and lovastatin, 

have been reported to cooperate with azoles against C. albicans [169, 170]. And finally, using a 

high-throughput synergy screening strategy or a bioinformatics driven approach with 

chemogenomic profiles, compounds were also identified with potential to overcome antifungal 

resistance, such as alverine citrate, latrunculin A, wortmannin, and beauvericin [170, 171].  

In conclusion, given the limited success of current antifungal treatment for many systemic 

fungal infections and the emergence of drug resistance, combinatorial drug approaches may 

provide promising therapeutics by either potentiating activity of azoles or candins, and in some 

cases rendering azoles fungicidal rather than fungistatic. From the pathogen's perspective, using 
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two or more drugs with synergistic effects achieves killing in a shorter time and also impedes the 

evolution of drug resistance. It is very likely that additional mechanisms for modulating fitness 

landscapes will continue to be revealed. For instance, the high osmolarity glycerol (HOG) 

mitogen-activated protein kinase (MAPK) pathway, which senses and adapts cells to oxidative 

and osmotic stresses, was also found to be involved in azole tolerance [3, 172], implying that 

compounds targeting this pathway might exhibit a synergetic antifungal effect with azoles. 

Indeed, a large-scale study examining the phenotypic consequences of 143 transcriptional 

regulator mutants in C. albicans showed that more than 20% of these mutants had altered 

fluconazole susceptibility [173], indicating that a large number of transcriptional responses are 

required for survival during drug stress. However, the challenge remains that the majority of the 

targets mentioned above are highly conserved between fungi and humans, particularly relevant 

for the Hsp90 inhibitors and the calcineurin inhibitors. Although there is considerable progress in 

the development of effective combination strategies, few studies have shown a clear therapeutic 

benefit for the treatment of fungal disease. Thus, another major challenge is to translate these 

findings to preclinical studies as a prelude to clinical testing.  

Finally, current strategies of drug discovery still fail to address the emergence of multidrug 

resistance, as the rapidity of microbial evolution far exceeds that of drug development. We 

believe there is a great need to explore novel strategies for antifungal drug discovery, especially 

to eradicate multidrug resistance. Given the fact that reduced intracellular accumulation of drugs 

by transporters is a prominent mechanism of resistance in fungi, a great question to ask is ‘Can 

overexpression of drug transporters always be beneficial to pathogens?’ My thesis research is 

designed to answer this question. My hope is to promote the study of drug resistance and 
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mitochondrial inhibitors, not only in fungal cells but also in the broader context of human disease. 

Ultimately, together with the insights into signaling networks and stress responses, new 

approaches may be suggested for the treatment of many life-threatening diseases.  
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CHAPTER II-MATERIALS AND METHODS 

 

2.1 Strains and strain maintenance 

All strains used in the present study are listed in Appendix 2. The strains were maintained as 

frozen stocks in 96-well plates and propagated on yeast extract-peptone-dextrose (YPD) agar 

when needed (1% yeast extract, 2% peptone, 2% glucose, 2% agar).  

 

2.2 Antifungal susceptibility testing 

Drug susceptibility testing was carried out in flat bottom, 96-well microtiter plates (Greiner 

Bio One) using the broth microdilution protocol according to the Clinical and Laboratory 

Standards Institute M-27A methods [174]. Growth of all strains was evaluated and reported as % 

of untreated cells [1]. In brief, overnight cultures were prepared in YPD, washed, and ~10
3
 

cells/100 µl were inoculated into microtiter wells. Growth was evaluated by measuring OD595 

after 24 h of incubation at 30°C.  Experiments were repeated at least three times. MIC 

determinations were also done with lab stock cultures of azole susceptible and resistant strains. 

For these experiments, the compounds were tested at the indicated concentrations. Strains were 

grown as described above. Relative growth was calculated based on OD595 data and visualized 

using a heatmap. 

 

2.3 Drop plate assays 

Growth inhibition was visualized by plating 5 µl of ten-fold serial dilutions of cells onto YPD 

agar plates containing compounds at the indicated concentrations. Cells were grown overnight in 
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YPD broth at 30°C, washed with saline, and standardized by hemacytometer counts.  Plates were 

photographed and evaluated after 48 h of incubation at 30°C. For non-glucose utilization, 

glucose in yeast extract-peptone agar was replaced with 2% citrate, glycerol, lactate, or ethanol.  

 

2.4 Drug accumulation assays  

Strains were grown at 30°C overnight in YPD medium and washed twice with phosphate-

buffered saline (PBS) (pH 7.0). Cells were diluted with RPMI 1640 medium (2% glucose 

without bicarbonate and buffered with 0.165 M MOPS to pH 7.0) to 10
8
 cells/ml, as determined 

by hemocytometer and confirmed by plate count. Berberine was added at the indicated 

concentration. 1-ml of each sample was removed after incubation at 200 rpm (30°C) for 0, 15, 30, 

45 or 60 min, centrifuged, washed, and suspended in 1 ml PBS. 200 μl of cell suspensions were 

transferred into 96-well microplates with clear bottoms (Greiner, Germany) to measure 

fluorescence intensity. To measure requirement for proton gradients, one set of a cell 

suspensions was treated with 20 μg/ml carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or 

not treated for 30 min before introducing the indicated compounds. 

 

2.5 RNA preparation and microarray 

Strains were grown at 30°C overnight in YPD medium and washed twice with PBS (pH 7.0). 

Cells were suspended in RPMI 1640 medium. For drug treatment experiments, both CaS and 

CaMDR cells were treated with 10 μg/ml berberine for 60 min. As previously described [175], 

total RNA was extracted, and the integrity and purity of total RNA were assessed using an 

Agilent Bioanalyzer (Agilent Technologies) and OD260/280. One-color microarray-based gene 
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expression analysis was done using the Agilent Low Input Quick Amp Labeling kit. cDNA 

synthesis was carried out using 100 ng total RNA, according to the manufacturer’s instructions. 

Hybridization was carried out for 17 h in an Agilent SureHyb hybridization chamber and the 

microarrays were scanned with an Agilent SCAN Microarray Scanner System using the 

AgilentHD_GX_1-color protocol. The microarrays used in this study were designed from 

assembly 21 of the C. albicans genome using the eArray from Agilent Technologies (design ID 

017942). A total of 6101 genes (including 12 mitochondrial genes) are represented by two sets of 

probes, both spotted in duplicate. Probes were randomly distributed. Eight copies of each array 

were printed on a single slide (8×15,000) and hybridized individually. For each microarray 

analysis, three independent biological replicates were performed. Tiff format image files were 

analyzed by Agilent Feature Extraction software. Cyanine 3 intensities were then logarithmically 

transformed and statistically normalized. BRB Array-Tools was then used for the differential test.  

In this analysis, I adopted the cutoff for the parametric p-value <0.05 and |fold change| > 2 to 

determine the significant gene lists, and use False discovery rate (FDR) as a reference. Genes 

that were up- or downregulated 2.0 fold were selected and considered to be differentially 

expressed. Gene ontology analysis was performed at the Candida genome database (CGD, 

www.candidagenome.org). GSEA analysis [176, 177] was performed using the weighted 

enrichment statistics on 8123 gene sets each containing 5–500 genes (CGD, 

www.candidagenome.org). Statistical significance was estimated from 1000 permutations. 

Enrichment maps were constructed with Cytoscape 2.8.3 (http://www.cytoscape.org) and the 

Enrichment Map v1.2 plug-in using the default settings (http://www.baderlab.org/Software).  

 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.cytoscape.org/
http://www.baderlab.org/Software/EnrichmentMap
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2.6 Quantitative real-time PCR  

I used previously published methods for these experiments [41]. Approximately 1 µg of the 

total RNA was subjected to first-strand cDNA synthesis (QuantiTect Reverse Transcription, 

Qiagen). Real-time PCR assays were performed with 20-µl reaction volumes that contained 1x 

iQ SyBR green Supermix (Bio-Rad), including a 0.2 µM concentration of each primer and 8 µl 

of a 1:8 dilution of each cDNA from each strain. The transcription level of each gene was 

normalized to 18S rRNA levels. Data are presented as the means ± standard deviations (SD) 

from three biological replicates. The 2
–ΔΔCT

 (where CT is the threshold cycle) method of analysis 

was used to determine the fold change in gene transcription. The primers used for real-time PCR 

expression analysis were the following: for 18S rRNA, CGCAAGGCTGAAACTTAAAGG 

(forward) and AGCAGACAAATCACTCCACC (reverse); For MRR1, ACA CCC AGG GCT 

AGT ATA GAC (forward) and ACG ACA TCT CCA GAA ACA GAC (reverse). 

 

2.7 ROS assays 

As previously described [41], intracellular ROS production was detected by staining cells with 

the ROS-sensitive fluorescent dye DCFDA (2,7-dichlorofluoresceindiacetate; Sigma). Cells from 

25-ml cultures grown at 30°C overnight in YPD medium were collected and washed twice with 

PBS. The pellets were suspended to 10
6
 cells in 10 ml of PBS plus 2% glucose and treated with 

or without 10 μM DCFDA for 30 min at 37°C in the dark. Cells from each sample were collected 

and washed twice with PBS after staining. The cells were suspended in PBS plus 2% glucose and 

treated with berberine at the indicated concentrations for 60 min 30 °C. The fluorescent intensity 

was measured using a FACScan flow cytometer (Becton Dickinson). Propidium iodide (PI) was 
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added to each sample to detect dead cells. The mean fluorescence for ROS was quantified only 

in live cells.  

 

2.8 Mitochondrial membrane potential 

Mitochondrial membrane potential was determined by staining cells with Rhodamine 123 

[178]. Cells from 25-ml cultures grown at 30°C overnight in YPD medium were collected and 

washed twice with RPMI 1640 medium. The pellets were suspended in RPMI 1640 medium to 

10
6 

cells/ml. Berberine was added at the indicated concentrations. After 1 h incubation, the 

samples were treated with or without 10 μg/ml Rhodamine 123 for 15 min at 37°C in the dark. 

Cell fluorescence in the absence of Rhodamine 123 was used to verify that background 

fluorescence was similar among strains. Cells from each sample were collected and washed 

twice with PBS after staining. Fluorescence was measured using a FACScan flow cytometer 

(Becton Dickinson). 

 

2.9 Oxygen consumption rate 

Oxygen consumption was measured polarographically using a Clark-type electrode 

(Hansatech Instruments).  Cells were grown overnight at 30°C in 20 ml of YPD broth and diluted 

in fresh YPD broth the next day for an additional 4 h until exponential growth was achieved.  

Cells were then centrifuged, washed with PBS, suspended in RPMI 1640, and then treated with 

10 µg/ml berberine for 2 h. Cells were collected, washed with PBS, and suspended in 2 ml of 

YPD broth before loading into a sealed 1.5-ml glass chamber. The oxygen concentration in the 
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chamber was monitored over a 5-10 min period. The respiratory rate was calculated as the 

consumption of oxygen per min per ml of cell suspension normalized by OD600 value. 

 

2.10 Protoplast and mitochondrial preparations 

Cells were grown in 250 ml of YPD broth overnight at 30°C, then centrifuged, washed, and 

suspended in 100 ml RPMI 1640 medium. After incubation with or without 20 µg/ml berberine 

for 1 h, cells were harvested by centrifugation (5,000 rpm for 10 min), and washed sequentially 

with 50 ml of cold water and buffer A (1 M sorbitol,10 mM MgCl2, 50 mM Tris-HCl [pH 7.8]). 

Protoplasts were made by digesting the cell wall with Zymolase 20T (Seikagaku Biobusiness, 

Inc.) for 1h at 30°C. The mitochondrial fraction was obtained by Percoll-density-gradient 

centrifugation as described previously [41]. In detail, cells were suspended in buffer A (50 ml) 

supplemented with 30 mM dithiothreitol (DTT) for 15 min at room temperature with shaking 

(100 rpm) and then collected and suspended in 15 ml of buffer A with 1 mM DTT containing 

100 mg of Zymolyase 20T per 15 g of pelleted cells. Shake cultures (100 rpm) were incubated at 

30°C for 60 min or until 90% of cells were converted into spheroplasts (as determined by light 

microscopy). Digestion was stopped by adding 15 ml of ice-cold buffer A. Then spheroplasts 

were washed twice with buffer A. Crude preparations of mitochondria were isolated as follows: 

spheroplasts were suspended in 10 ml of cold buffer B (0.6 M mannitol, 1 mM EDTA, 0.5% 

bovine serum albumin [BSA], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 mM Tris-HCl 

[pH, 7.4]) and then broken mechanically using a Dounce homogenizer on an ice bath. Cell debris 

was removed by low-speed centrifugation (1,000 × g for 10 min). The supernatants containing 

mitochondria were centrifuged at 10,500 × g for 10 min, and the pellet was washed twice with 20 
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ml of ice-cold buffer C (0.6 M mannitol, 1 mM EDTA, 1% BSA, 10 mM Tris-HCl [pH 7.0]). 

Mitochondria were suspended in 1 ml of buffer D (0.6 M mannitol, 10 mM Tris-HCl, [pH 7.0]), 

and the protein content was determined by the Biuret method. 

Mitochondria purification was performed using a two-step gradient. Two milliliters of PB1 

buffer (0.3 M mannitol, 10 mM TES [N-tris (hydroxymethyl) methyl-2-aminoethanesulfonic 

acid], 0.1% [wt/vol] BSA, pH 7.5) containing 30% (vol/vol) Percoll was placed at the bottom of 

a centrifugation tube (Beckman, Inc.). Then, 2 ml of PB2 buffer (0.3 M sucrose, 10 mM TES, 

0.1% [wt/vol] BSA, pH 7.5) containing 20% Percoll (vol/vol) was layered on top of the PB1 

buffer. The crude mitochondrial preparation was layered on top of the gradient, which was then 

centrifuged at 40,000 × g for 45 min at 4°C. A whitish band (purified mitochondria) was 

collected from the interface of the Percoll gradients. Purified mitochondria were washed twice by 

centrifugation in 3 ml of PB1 buffer for 10 min at 12,600 × g. Mitochondrial pellets were 

suspended in 1 ml of cold S1 buffer (272 mM sucrose, 40 mM HEPES, 150 mM KCl, pH 7.5), 

incubated on ice for 15 min, diluted with 5 ml of S2 buffer (40 mM HEPES, 150 mM KCl, pH 

7.5), and centrifuged at 100,000 × g for 30 min. The pellets were suspended in cold S3 buffer 

(solubilization medium; 750 mM 6-aminohexanoic acid [ε-amino-n-caproic acid], 50 mM bis-

Tris-HCl, 0.5 mM EDTA, pH 7.0) at a concentration of 2 mg of protein/ml. Freshly prepared 10% 

(wt/vol) n-dodecyl-β-d-maltoside (DMM) in water (200 μl) was added at a ratio of 1 g of 

detergent to 1 g of protein.  
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2.11 Fluorescent staining and microscopy 

Cells were incubated in YPD medium at 30°C for 4 h in shake culture. Following a wash with 

PBS buffer (pH 7.0), the cells were incubated with the compound NSC156627 at 4 μg/ml for 30 

min and mitochondria were then stained with 0.1 μM MitoTracker Red FM (Invitrogen). For 

fluorescence microscopy analysis, cells were visualized under 100× oil magnification using a 

Zeiss LSM510 confocal fluorescence microscope. 
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CHAPTER III-RESULTS 

 

Part 1:  C. albicans overexpressing MDR1 exhibit highly increased susceptibility to a 

natural product, berberine 

As stated previously, Candida species have emerged as the third most common pathogens of 

nosocomial bloodstream infections, nearly 50% of which prove fatal [3, 4, 179]. The cost in the 

US of treating these infections is ~ $2.0 billion per year [14, 15]. The incidence of candidiasis 

has increased sharply over the past few decades primarily due to medical interventions such as 

cancer chemotherapy, surgery, organ/bone marrow transplantation, indwelling devices, and the 

AIDS pandemic[180]. Current therapies have led to only modest success in reducing the high 

mortality rates, in part due to their toxicity, a narrow spectrum of activity, or, in the case of the 

fungistatic triazoles, the selection of drug-resistant isolates caused by an overdependence on 

triazoles as therapies [22].  Novel strategies to overcome drug resistance need to be developed. 

Advances have been made to deploy inhibitors of drug efflux pumps, such as milbemycin [181-

184] or inhibitors of stress response pathways as combinational therapy to restore azole 

susceptibility [2, 80]. Constitutive overexpression of genes encoding drug transporters such as 

the ABC (ATP-binding Cassette) transporters, CDR1, CDR2 (Candida Drug Resistance) and an 

MFS (Major Facilitator Superfamily) transporter, MDR1 (Multi-Drug Resistance), play key roles 

in azole resistance as deduced by their high level of expression in the majority of azole-resistant 

clinical C. albicans isolates[17, 24].  
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Figure 3.1. Structure of berberine. 
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As mentioned, MDR1 encoding Mdr1p uses the proton gradient across the cytoplasmic 

membrane as a source of energy for efflux [17, 23, 73, 94]. Enhanced expression of Mdr1p has 

been extensively correlated with resistance to a variety of structurally unrelated compounds, such 

as fluconazole and cerulenin [95, 96]. Unlike CDR1 and CDR2, CaMDR1 overexpression results 

from gain-of-function mutations in the transcription factor Mrr1p [94]. The development of new 

antifungal therapeutics is crucial. Unfortunately, the antifungal pipeline has slowed down 

considerably [22]. Most new triazoles are remodeled older versions that do not address the 

emergence of resistance.  

3.1.1 Berberine shows broad-spectrum antifungal activity 

The natural product berberine (Figure 3.1) is an isoquinoline alkaloid isolated from many 

ubiquitous plant species, such as Hydrastis canadensis (goldenseal), Coptis chinensis (Coptis or 

goldenthread) and Berberis vulgaris (barberry). It has a long history of medicinal use in both 

Ayurvedic and traditional Chinese medicine with demonstrated significant antimicrobial, 

antitumor, anti-inflammatory, antidiabetes and cholesterol-lowering activities in clinical 

applications [185-194]. It is well known as a non-prescription drug to treat diarrhea [195]. For 

fungal pathogens, berberine is active against Candida species [196-198], but the compound has 

not been evaluated extensively in pathogenic fungi and the diseases they cause. With this regard, 

I measured its antifungal activity on a range of yeast pathogens, including C. albicans, clinical 

isolates of C. guilliermondii, C. glabrata, C. tropicalis, C. parapsilosis, C. lusitaniae, C. apicola, 

C. krusei, and two C. neoformans isolates (Table 2). I determined that berberine was active 

against most of these common invasive fungal pathogens at reasonable concentrations, including 

a C. krusei strain, which is highly resistant to fluconazole (Table 2).  
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Table 2. Berberine is active against various fungal pathogens with low toxicity in 

human cells. MIC values of indicated compounds are shown against a variety of fungal 

pathogens, including itraconazole-resistant A. fumigatus. Toxicity was evaluated with three 

human cells lines. FLC, fluconazole; ITC, itraconazole.  
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Markedly, berberine strongly inhibited a number of itraconazole resistant A. fumigatus, the chief 

cause of invasive aspergillosis (IA).  Patients with IA have more than a 90% mortality [199]. A. 

fumigatus is intrinsically resistant to fluconazole, while drug-resistant A. fumigatus strains are 

resistant to itraconazole MIC> 100μg/ml (Table 2).  

 

3.1.2 C. albicans overexpressing MDR1 is hypersensitive to berberine  

To determine if berberine is active against fluconazole resistant strains from patients, I 

screened 47 isolates of C. albicans, many of which have mutations in ERG11 which encodes the 

target protein or overexpress drug efflux transporters (Figure 3.2). As expected, strains with 

ERG11 mutations or overexpression of transporter (drug efflux) genes, either CDR1/2 and/or 

MDR1, showed high levels of fluconazole resistance. These strains grew at 32 μg/ml fluconazole 

or higher (Figure 3.2). Most isolates were susceptible to micafungin at 0.02-0.08 µg/ml.  

Berberine had potent antifungal activity against most of the clinical isolates at a dosage of 8-32 

µg/ml.  Interestingly, I found that many fluconazole-resistant C. albicans strains failed to grow 

even at 2 µg/ml of berberine (Figure 3.2). Those strains which were inhibited strongly by 

berberine uniformly displayed fluconazole resistance associated with MDR1 overexpression. 

This data indicated that berberine may have an MDR1-overexpression-selective inhibitory 

property.    
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Figure 3.2. The activity of berberine compared to fluconazole and micafungin in 47 

isolates of C. albicans, many with drug resistance phenotypes. The relative growth was 

calculated by normalizing OD595 after 24 h and relative to the DMSO only control wells. 

Susceptibility profiles are indicated as color changes from no growth (black) to growth 

(yellow) for each inhibitor (average of three independent experiments). MDR1 

overexpressing isolates (in red rectangle) are hypersusceptible to berberine although 

resistant to fluconazole. Right: strains are clustered according to their susceptibility, 

source, and/or resistance mechanisms.  
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3.1.3 Inhibition by berberine correlates with intracellular accumulation 

The hypersusceptibility of these strains to berberine seems counterintuitive as CaMdr1p is a 

multidrug transporter that causes efflux of a variety of structurally unrelated compounds, such as 

fluconazole, cerulenin and benomyl [94, 97].  Conversely, our data indicate that efflux of 

berberine by CaMdr1p seemed unlikely since MDR strains were hypersusceptible to berberine. I 

hypothesized that enhanced antifungal activity resulted from increased intracellular accumulation 

of berberine in MDR1 overexpressed isolates. To test this hypothesis, I compared intracellular 

levels of berberine with the MIC50 values of all isolates described above.  After a 1 h incubation 

with 20 μg/ml berberine, isolates that showed increased susceptibility to berberine had 

accumulated more intracellular berberine, suggesting a significant correlation (R
2
=0.9316) 

between berberine uptake and susceptibility (Figure 3.3).  
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Figure 3.3. A scatter plot of intracellular berberine accumulation and MIC50 values of 

47 clinical isolates represented in Figure 1b. The x axis represents the MIC50 values of 

each isolate in μg/ml, and the y axis indicates relative accumulation of berberine 

normalized to the measurement of fluorescence of CaMDR (average of three independent 

experiments). The MDR1 overexpressing strains are indicated in red. Each point in the 

scatter plot represents one isolate. R square represents the Pearson correlation of MIC50 and 

accumulation. 
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3.1.4 Berberine activity is facilitated by MDR1 overexpression 

I determined if berberine activity and uptake were MDR1-dependent by comparing the drug 

susceptibility of a matched pair of fluconazole-susceptible (strain CaS) and fluconazole-resistant 

(CaMDR) clinical C. albicans isolates (Figure 3.4).  CaS has minimal levels of MDR1 and was 

initially isolated from an HIV patient with oral candidiasis, while strain CaMDR was isolated 

from the same patient after a two-year treatment with fluconazole and overexpressed MDR1 [94, 

97].  CaMDR demonstrated a multidrug resistant phenotype, it was resistant to both fluconazole 

(Figure 3.4) and cerulenin (Figure 3.5) due to high levels of MDR1 expression. Deletion of 

MDR1 from CaMDR, strain CamdrΔ, reversed the fluconazole and cerulenin resistant phenotype, 

while deletion of MRR1 (CamrrΔ), an activated transcription factor conferring MDR1 

overexpression in CaMDR, lead to a greater fluconazole and cerulenin susceptibility (Figure 3.4 

and 3.5), consistent with previous findings that MDR1 overexpression due to MRR1 gain of 

expression contributes to fluconazole resistance in CaMDR [74, 94].  Both null mutants were 

susceptible to fluconazole, whereas resistance was partially recovered in the MDR1 reconstituted 

strain [188] (Figure 3.4).  In addition, MDR1 transporter activity correlated better with 

susceptibility to cerulenin, which is a Camdr1p specific substrate, as CamdrΔ and CamrrΔ 

completely lost their resistance to cerulenin (Figure 3.5). Intriguingly, the pattern of berberine 

susceptibility was the precise inverse. Berberine showed significantly elevated activity against 

strains CaMDR and CamdrΔ+MDR compared to CaS (Figure 3.6).  
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Figure 3.4. MDR1 overexpression confers fluconazole resistance. Relative growth of 

strains CaMDR (MDR1 overexpression) and CamdrΔ+MDR (reconstituted from CamdrΔ 

with MDR1) are resistance to fluconazole, while CaS, CamdrΔ (MDR1 null derived from 

CaMDR), and CamrrΔ (the regulator of MDR1, MRR1 null derived from CaMDR) are 

more susceptibile to fluconazole. Relative growth is calculated by normalizing OD595 of 

cultures to the no drug control wells after 24 h growth (Mean ± s.d. of three independent 

experiments).  
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Figure 3.5. Strains CaMDR and to a lesser extent, CamdrΔ+MDR, are resistant to 

cerulenin compared to CaS, Camdr, and CamrrΔ. All strains were grown in the 

presence of varying concentrations of cerulenin and growth recorded as a % of control 

cultures (mean ± s.d., n=3).  
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Figure 3.6. Fluconazole-resistant strains are, conversely, hypersusceptible to 

berberine.  Data are presented as the percentage of growth compared with untreated cells 

(mean ± s.d. of three independent experiments).  
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To determine if susceptibility is associated with intracellular accumulation in these strains, the 

accumulation was evaluated in each strain over time. I observed that CaMDR and 

CamdrΔ+MDR accumulated 70% more berberine than strains deleted of MDR1 or MRR1 

(Figure 3.7). As CaMdr1p utilizes the proton gradient across the plasma membrane as energy for 

transport [102, 200], I also explored whether berberine uptake was driven by a proton gradient. 

Exposure to 20 μg/ml of the uncoupling agent carbonyl-cyanide-m-chlorophenylhydrazone 

(CCCP) abolished accumulation of berberine by CaMDR (Figure 3.8), suggesting that the 

proton gradient played an important role in the uptake of berberine. Moreover, berberine 

accumulation was concentration-dependent in CaMDR (Figure 3.9). Collectively, while MDR 

transporters expel substrates like fluconazole and cerulenin, I found that berberine had greater 

activity against MDR C. albicans. The observation correlated with a much higher accumulation 

of berberine in strains that overexpress MDR1.  
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Figure 3.7. Increased accumulation of berberine in the MDR1 overexpressing strain 

CaMDR is abolished in the MRR1 knockout, a null strain lacking the MRR1 gain-of-

function allele that is a known regulator of MDR1. Cell samples were removed at 0, 15, 

30, 45, and 60 min and each was normalized to an equivalent number of CaMDR cells at 

60 min. The value of CaMDR at 60 min was designated 100%. Mean values from three 

independent experiments are shown. Error bars indicate standard deviation.  
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Figure 3.8. Berberine accumulation is proton gradient dependent. CaMDR was treated 

with CCCP (20 μg/ml) for 30 min, then removed before berberine was added. Data are 

presented as the percentage of accumulation compared with untreated CaMDR cells at 60 

min (mean ± s.d. of three independent experiments). The value of untreated CaMDR at 60 

min is taken as 100%.   
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Figure 3.9. Intracellular accumulation of berberine is dose dependent. Samples of CaMDR 

were incubated with various concentrations of berberine and sampled 0, 15, 30, 45, and 60 

min following addition of the drug. Values were normalized to cells incubated for 60 min 

with 16 μg/ml berberine. Accumulation rates (V) were calculated based on three 

independent experiments. V= % accumulation of berberine/ h; S= concentration of 

berberine (μg/ml) 
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Part 2:  MRR1 regulation of MDR1 and polyamine transporters confers the 

hypersusceptibility of berberine  

 

A major mechanism causing high level drug resistance in C. albicans is the constitutive 

upregulation of genes encoding efflux pumps that actively transport fluconazole and many other 

structurally unrelated toxic compounds out of the cell. Two types of efflux pumps have been 

identified including the CDR1 and CDR2 genes that encode ABC transporters, whereas MDR1 

encodes a MFS transporter. MDR1 is expressed at non-detectable levels in drug-susceptible C. 

albicans strains, but its expression can be induced in the presence of certain toxic compounds, 

like fluconazole, benomyl, hydrogen peroxide, or diamide [94, 99, 201-204]. However, the 

physiological function of the Mdr1 efflux pump is not known. C. albicans patient isolates that 

have been investigated contain gain-of-function mutations in MRR1 that render the transcription 

factor constitutively active and cause upregulation of the MDR1 efflux pump and thus multidrug 

resistance [94, 203]. Although other factors affect MDR1 expression, the zinc cluster 

transcription factor Mrr1p plays a central role in the regulation [203]. A mutated, constitutively 

active Mrr1p by itself upregulates MDR1 and confers drug resistance [94, 203]. Four major 

mutational hot spots have been identified. One lies between amino acid positions 335 and 381 as 

defined by the mutations (K335N, Q350L, T360I, and T381I). The second is defined by a cluster 

of mutations (R873T, G878E, A880E, W893R, and T896I) in a small stretch between amino 

acids 873 and 896. Two common mutations are located at positions 997 and 998 (G997V and 

L998F), and a third at position 683 (P683H substitutions or a P683S exchange) [99]. Most drug-

resistant strains that overexpress MDR1 are homozygous for constitutively active MRR1 alleles, 
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because the loss of heterozygosity further increases drug resistance once a gain-of-function 

mutation in Mrr1p has been acquired [99]. Mrr1 is essential for both the environmentally 

inducible expression of MDR1 and the constitutive overexpression of the efflux pump in drug-

resistant strains. The induction of MDR1 expression by toxic chemicals also requires Mrr1p 

[203]. Transcriptional profiling of in vivo DNA binding studies showed that a constitutively 

active Mrr1p binds to and upregulates numerous direct target genes in addition to MDR1 [94].  

 

3.2.1 Berberine uptake is regulated by the transcription factor MRR1 

It is noteworthy that in the preceding experiments, disruption of MDR1 did not completely 

restore berberine susceptibility to that of strain CaS (Figure 3.6).  However, strain CamrrΔ was 

similarly susceptible as CaS to berberine (Figure 3.6). Also, like CaS, CamrrΔ accumulated 20% 

less berberine than CamdrΔ (Figure 3.7), indicating that in addition to MDR1, MRR1 may 

regulate other genes that contribute to berberine susceptibility.   

To test this hypothesis, I first investigated the effect of forced MDR1 overexpression in drug-

susceptible C. albicans laboratory strains [97]. It was reported that under a strong ADH1 

promoter, a higher level of Mdr1p was detected compared to the wild type strain, although the 

protein level was still lower than clinical MDR1 overexpressed isolates [97]. Compared to 

control strains, overexpressing MDR1 from a  strong ADH1 promoter in the wild type strain 

SC5314 or CaS largely reduced susceptibility to cerulenin (Figure 3.10), demonstrating that 

overexpression of MDR1 alone is sufficient to confer increased resistance in C. albicans. 

Consistent with previous data [97], only a slight reduction in susceptibility to fluconazole was 
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observed in the same set of strains expressing MDR1 from the ADH1 promoter (Figure 3.11), 

suggesting that MDR1 overexpression in these strains had only a minimal effect on their 

susceptibilities to fluconazole. In contrast, forced MDR1 overexpression resulted in a small 

increase in susceptibility to berberine (Figure 3.12). Although the ADH1 promoter is a strong 

promoter, it does not necessarily lead to correspondingly high protein levels. Thus, the 

expression of the MDR1 gene from the ADH1 promoter only slightly enhanced fluconazole 

resistance and reduced berberine susceptibility. This modest effect likely reflects the observation 

that the amount of Mdr1p in cells expressing MDR1 from the ADH1 promoter was significantly 

lower than in the clinical isolates that overexpressed the endogenous MDR1 alleles [97]. In 

addition, this observation also suggested that additional genes were concomitantly upregulated 

together with MDR1 in the drug-resistant clinical C. albicans isolates, and the optimal function 

of the Mdr1p efflux pump might actually depend on other cellular alterations in drug-resistant 

clinical isolates. However, a direct comparison of CamdrΔ, in which the overexpressed 

endogenous MDR1 alleles had been deleted from CaMDR, and the strain CamdrΔ+MDR, 

expressing the PADH1-MDR1 fusion in CamdrΔ, showed significant differences of berberine 

susceptibility (Figure 3.6), demonstrating that the Mdr1p function at least partially contributes to 

this phenotype.  
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Figure 3.10. Forced MDR1 overexpression confers cerulenin resistance. Growth of 

strains SC5314 (wild type) and SC5314+ADH1MDR1 (MDR1 expression under the ADH1 

promoter in SC5314), CaS and CaS +ADH1MDR1 (MDR1 expression under the ADH1 

promoter in CaS). Relative growth is calculated by normalizing the OD595 of 24 h cultures  

to the no drug controls (Mean ± s.d. of three independent experiments).  
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Figure 3.11. Forced MDR1 overexpression confers minimal fluconazole resistance. 

Relative growth of strains SC5314 (wild type) and SC5314+ADH1MDR1 (MDR1 expression 

under the ADH1 promoter in SC5314), CaS and CaS +ADH1MDR1 (MDR1 expression 

under the ADH1 promoter in CaS). Relative growth is calculated by normalizing OD595 of 

cultures after 24 h growth to the no drug controls (Mean ± s.d. of three independent 

experiments).  
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Figure 3.12. Forced MDR1 overexpression confers minimal change of berberine 

susceptibility. Relative growth of strains SC5314 (wild type) and SC5314+ADH1MDR1 

(MDR1 expression under the ADH1 promoter in SC5314), CaS and CaS +ADH1MDR1 

(MDR1 expression under the ADH1 promoter in CaS). Relative growth is calculated by 

normalizing OD595 of cultures after 24 h growth to the no drug controls (Mean ± s.d. of 

three independent experiments).  
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The data indicate that MRR1 may play a central role in regulating the increased berberine 

susceptibility by upregulating MDR1 and other genes. A high level of of MRR1 expression 

compared to CaS and CamrrΔ was observed (Figure 3.13). In addition, the expression of the 

activated allele of MRR1, by itself, is sufficient to confer resistance to fluconazole (Figure 3.14) 

and cerulenin (Figure 3.15) but resulted in hypersusceptibility to berberine (Figure 3.16), 

indicating that Mrr1p does play a central role in response to berberine. As described above, 

besides MDR1, other genes are regulated by Mrr1p [94, 203]. Therefore, it is very likely that 

mechanisms in addition to the MDR1 transporter are also involved in the regulation of berberine 

activity. 
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Figure 3.13. Relative expression levels of MRR1 by qRT-PCR (Mean ± s.d. of three 

independent experiments). N.D., not detected.  
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Figure 3.14. MRR1 gain-of-function mutation confers fluconazole resistance. The 

strain (mrr1Δ+MRR1*) contains the constitutively activated MRR1 (G997V) and is 

resistant to fluconazole, while the wild type (MRR1) and mrr1 null are sensitive to 

fluconazole.  
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Figure 3.15. A gain-of-function in MRR1 confers cerulenin resistance. Data are 

presented as the percent growth relative to the absence of drug. Strain mrr1Δ+MRR1* 

(containing a mutated and overexpressed MRR1) is resistant to cerulenin compared to the 

mrr1Δ null mutant and a wild type strain, SC5314, containing the non-mutated MRR1 

(mean ± s.d. of three independent experiments).  
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Figure 3.16. MRR1 gain-of-function mutation confers hypersusceptibility to 

berberine. Data are presented as the percentage of growth compared with untreated cells 

(mean ± s.d. of three independent experiments).  
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3.2.2 Microarray analysis suggest that polyamine transporters may influence berberine 

activity 

To address the role of additional genes in berberine susceptibility, I initially compared CaS 

and CaMDR strains by microarray analysis. A total of 409 genes were downregulated in CaMDR 

compared to CaS (Figure 3.17), while upregulation of 452 genes was detected in CaMDR, 

including MDR1 and MRR1 (Figure 3.18) (cut-off of 2.0 fold, P-value <0.05 and FDR<0.2, n=3). 

Of the downregulated genes, 20% were cell cycle genes (Figure 3.17), in agreement with the 

observation of a fitness defect in strains containing the hyperactive Mrr1p [204]. Consistent with 

previous data [94, 203], a large number of genes with oxidoreductive functions (15%, GOID: 

16491, P-value 1.17×10
-10

), such as IFD6, orf19.7306 and CSH1 (all belonging to the aldo-keto 

reductase family), were upregulated together with MDR1. These genes are involved in the 

regulation of intracellular redox homeostasis and intracellular levels of reactive oxygen species 

(ROS). However, the precise function of these genes is currently unknown, and their potential 

involvement in an oxidative stress response remains speculative [94].  

Moreover, fifty genes in addition to MDR1 with transmembrane transporter activity were 

upregulated (11%, GOID: 22804, P-value 9.38×10
-8

) (Figure 3.18). Strikingly, among these 

transporters, amine/polyamine transmembrane transporters were highly enriched (Figure 3.18), 

the majority of which serve as importers for essential nutrients. Notably, many of the 

amine/polyamine transporters are regulated by Mrr1p [203].  
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Figure 3.17. Microarray analysis of CaMDR/CaS (downregulated genes in CaMDR). 

Data are presented as a pie chart of functional gene categories (Gene Ontology Term 

analysis) of downregulated genes in CaMDR compared to CaS. A total of 409 genes were 

downregulated (cut-off of 2.0 fold, P-value <0.05 and FDR<0.2 of three independent 

experiments).  

 



 

95 

  

 

 

 

 

 

 

 



 

96 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. 452 upregulated genes in CaMDR presented as a pie chart including 

transmembrane transporters (11%), of which, 5% are polyamine transporters.  
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3.2.3 The polyamine transporters 

Various membrane-bound transport proteins belonging to ABC or MFS families have been 

well described for both C. albicans and S. cerevisiae [154, 205, 206]. These transporters are 

involved in the uptake of amino acids, peptides, sugar molecules, as well as the efflux of 

antifungal drugs [207]. Polyamines (such as putrescine, spermidine, and spermine) are essential 

organic cations required for protein and nucleic acid synthesis and therefore cell growth [208]. 

They are among the major polycations in cells and can bind to intracellular polyanions such as 

nucleic acids and ATP to modulate their function [209]. The polyamine content of cells is 

regulated by biosynthesis, degradation, and transport. Putrescine is a diamine precursor of the 

larger molecules spermidine and spermine that are synthesized by the aminopropyl transferases 

spermidine and spermine synthases, respectively [208, 209]. However, much less is known about 

polyamine transporter proteins and their regulation in C. albicans compared to S. cerevisiae, in 

which the TPO (Transporter of POlyamines) genes have important roles in detoxification and 

polyamine excretion [210]. Of these TPO genes, scTPO1 encodes a transporter that catalyzes the 

uptake of polyamines at alkaline pH and excretion at acidic pH [211]; scTPO2 is specific for 

spermine and localizes to the plasma membrane; scTPO2 has a paralog, scTPO3, that arose by 

whole genome duplication [210]; and scTPO4 recognizes spermine, putrescine, and spermidine. 

Spermine uptake in yeast is thought to be regulated by phosphorylation and dephosphorylation 

ofserine/threonine protein kinases such as scPTK1 and scPTK2 (polyamine transport kinases 1 

and 2) [209]. In the case of scTPO1, phosphorylation enhances activity and sorting to the plasma 

membrane [212].  
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Table 3. The DHA1 family of S. cerevisiae (left) and C. albicans (right). Orthologs of 

the latter species are indicated according to the Candida Genome Database. 
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It is noteworthy that the four TPO genes belong to the MFS transporter family. More 

specifically, they have been classified in the Drug: H+ Antiporter-1 (12-transmembrane Spanner; 

DHA1) family of MFS [210]. In S. cerevisiae, the DHA1 family is comprised of 12 genes 

involved in various biological processes: AQR1, QDR1, QDR2, QDR3, FLR1, DTR1, TPO1, 

TPO2, TPO3, TPO4, HOL1, and YHK8, of which subCluster 1 is represented by the S. cerevisiae 

genes AQR1, QDR1, QDR2, QDR3 and DTR1 and subCluster 2 by TPO1, TPO2, TPO3, TPO4, 

HOL1 and FLR1 [210]. Aqr1p has been implicated in the excretion of excess amino acids, and 

Qdr2p in the import of potassium ions [213, 214], whereas Dtr1p functions in spore wall 

synthesis [215]. In the subcluster 2 of the DHA1 family, the TPO genes dominate. Tpo1-4p are 

membrane proteins involved in the export of polyamines as mentioned above. Most importantly, 

the scFLR1 encodes an MFS multidrug resistant transporter that confers resistance to fluconazole, 

4-nitroquinoline-N-oxide, cycloheximide and the fungicide benomyl. In C. albicans, the ortholog 

of scFLR1is caMDR1. ScFLR1 is structurally closely related to the TPO family members, 

scTPO1-TPO4, therefore, caMDR1 and polyamine transporters are very likely related [210]. In 

fact, ten of the S. cerevisiae DHA1 genes have C. albicans orthologs, including the TPO1-TPO4 

(Table 3).  

Fungal cells tightly regulate polyamine homeostasis with polyamine transport (both uptake 

and efflux) [208]. Polyamine uptake is repressed by high intracellular levels of polyamines [208]. 

Therefore, if berberine utilizes polyamine transporters to enter cells, it is expected that C. 

albicans cells grown in the presence of high concentrations of polyamines would have reduced 

susceptibility to berberine. Growth in the presence of 1 and 2 mM of spermidine led to reduced 

activity of berberine (Figure 3.19), implicating polyamine transporters in the uptake of berberine. 
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As described above, the scPTK2 encodes a putative serine/threonine protein kinase that enhances 

spermine uptake [216]. If berberine utilizes polyamine transporters to enter cells, it is expected 

that the C. albicans PTK2 mutant, which possesses reduced polyamine uptake, would have 

reduced susceptibility to berberine. I confirmed that the null mutant of caPTK2 conferred 

increased resistance to berberine (Figure 3.20) without changing the transcription level of MDR1 

(data not shown). I anticipated that CaMDR1 would exhibit similar functional characteristics in 

polyamine transport in spite of the fact that substrate specificity varies. In fact, CaMDR was 

more resistant to spermine compared to CamdrΔ (Figure 3.21), suggesting that CaMdr1p may 

act in the efflux of excess polyamines. In addition, the ortholog of MDR1 in 

Schizosaccharomyces pombe (SPAC17C9.16c) encodes a putative polyamine transport protein 

(http://www.pombase.org). Collectively, these results indicate that activated Mrr1p promotes 

expression of MDR1 and multiple polyamine transmembrane transporter genes, which together 

lead to hypersusceptibility of CaMDR to berberine. However, whether CaMdr1p transports 

berberine directly remains to be determined. The possibility of additional berberine importers 

deserves further investigation.    
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Figure 3.19. Spermidine reduces berberine activity. Spermidine (1 and 2 mM), a 

substrate for polyamine transporters, increases the resistance of C. albicans SC5314 to 

berberine. Data represent the mean ± s.d. of three independent experiments.  
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Figure 3.20. The ptk2 null mutant is resistant to berberine, compared to wild type C. 

albicans SC5314. Upper panel, relative growth shows the mutant (ptk2Δ) is resistant to 

berberine (mean ± s.d., n=3). Lower panel, drop plate assays (ten-fold serial dilutions of 

each strain). A representative graph of three independent experiments is shown. 
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Figure 3.21. Susceptibility to spermine. Camdr1Δ is more susceptible to spermidine 

associated to the MDR1 knockout. Mean values from three independent experiments are 

shown. Error bars indicate standard deviation. 
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   Part 3:  Berberine compromises mitochondria function and induces ROS production 

 

Our study reveals a novel function of MDR1 in raising the susceptibility of drug-resistant 

fungal pathogens to a natural product, berberine. Thus, the drug resistance phenotype conferred 

by gain-of-function of the transcription factor MRR1 and therefore MDR1 overexpression could 

be harnessed through the use of MDR1-facilitated cytotoxic agents like berberine for effective 

antifungal strategies.  There is a need for a paradigm shift to limit the evolutionary pressure on 

drug targets and create drugs that are less likely to be made ineffective by fungal pathogen 

evolution. Target identification is probably the most challenging aspect of drug discovery. 

Mechanism of action studies are of huge benefit that could lead to increased compound potency. 

Berberine has a wide range of biochemical and pharmacological effects. It is a nonprescription 

oral drug with few side effects commonly used to treat gut infections and diarrhea [195]. It also 

has therapeutic potential to reduce cholesterol [193, 194] as well as to treat diabetes [217, 218] 

and cancer [190, 219-224] in humans. However, there have been a variety of mechanisms 

reported. Briefly, berberine could induce G1 arrest and apoptosis in cancer cells, which is 

probably accompanied by increased levels of Ca
+2

 production and ROS [220, 221, 225]. 

Berberine inhibits MEK/ERK activation in smooth muscle cells, and blocks c-Fos, Cyclin D1 

and PDGFA expression [226], and also induces apoptosis via regulation of various cytokines and 

inhibition of cyclooxygenase-2 (COX-2) and Mcl-1 [227, 228]. In addition, berberine activates 

the AMP-activated protein kinase (AMPK) signaling pathway and improves insulin sensitivity in 

rodent models of insulin resistance [218]. Interestingly, many of the initial studies suggest a 

possible role of mitochondria in berberine-induced apoptosis through up-regulation of p53, 
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alterations in the Bcl-2/Bax ratio, ROS production, and a decrease in mitochondrial membrane 

potential [220, 229-232]. 

 

3.3.1 Transcriptome analysis demonstrates mitochondrial genes are largely affected by 

berberine 

I thus attempted to clarify the antifungal mechanism of berberine in C. albicans initially with 

the transcriptome analyses of both CaS and CaMDR treated with berberine.  Genes that are up or 

down-regulated on exposure to a compound may be involved in a target pathway. As the C. 

albicans genome sequence is available and partially functionally annotated [233-236], global 

changes in gene expression associated with berberine treatment can be investigated. In CaMDR 

treated with berberine for 60 min, 6.6% of the genome (429 genes) was differentially expressed 

compared to that of CaS, in which 2.3% of the genome (152 genes) was differentially expressed 

(cut-off of 2.0 fold, P-value <0.05 and FDR<0.2, n=3). There are more genes changes in CaMDR, 

which is consistent with the observation that CaMDR is more susceptible to berberine than CaS 

(see below). 
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Figure 3.22. GSEA analysis of microarray data showing gene networks that are 

upregulated (red) or downregulated (blue) in CaMDR or CaS treated with berberine. 

The genes are ordered according to their relative ratio of up- or downregulation. Gene 

names are taken from the Candida Genome Database (www.candidagenome.org), and their 

orf19 names are given.  The most prominent networks are composed of mitochondrial 

genes, circled in red. 
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3.3.2 GSEA analysis illustrates berberine inhibited and induced gene sets 

To identify the cellular pathways affected by berberine in C. albicans, I performed Gene Set 

Enrichment Analysis (GSEA) to compare the expression ranked gene lists from the transcript 

profiles of both isolates according to the change in their expression to a predefined database of 

8123 gene sets [177, 237]. Basically, GSEA asks if a specific gene set is enriched in the up-

regulated genes or the down-regulated genes of the ranked list [177, 237]. The custom database 

of 8123 gene sets are annotated using GO categories and protein interaction data from CGD 

(http://www.candidagenome.org), SGD (http://www.yeastgenome.org), the most recently 

published C. albicans transcriptional profiling and ChIP-chip experiments, the transcription 

factor  motif database, as well as S. cerevisiae genetic association data. GSEA thus produces 

networks of gene sets that share significant overlaps with each other. The networks that were 

most significantly enriched (p-value<0.005, FDR<25%) were further visualized using Cytoscape 

(Figure 3.22). GSEA patterns revealed that berberine caused an upregulation of mitochondrial 

respiration/Electron Transport Chain (ETC) genes (Figure 3.22 and 3.23).  
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Figure 3.23. Mitochondrial respiration genes are induced by berberine treatment. 

Example enrichment plots for selected upregulated gene sets are presented. On the X-axis, 

genes are plotted according to their expression level, from the up-regulated genes on the 

left side, to the down-regulated genes on right. Individual genes are shown by black 

vertical lines. The cumulative enrichment score is plotted on the Y-axis. A positive 

normalized enrichment score (ES) indicates enrichment in the up-regulated genes, while a 

negative ES indicates enriched genes in the down-regulated group.  
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Mitochondria retain many vestiges of their bacterial ancestry, including an independent genome 

(the mtDNA). However, billions of years of expansive and reductive evolution rendered most of 

their genes to the nuclear genome within eukaryotic cells [238]. As shown in Figure 1.5, the 

heart of mitochondria is the ETC dependent respiratory pathway, which is the core machinery for 

oxidative phosphorylation [238]. The respiratory chain is composed of five macromolecular 

complexes to catalyse electron transfer from reducing equivalents to molecular oxygen. The 

synthesis of ATP in respiring organisms is coupled to the flow of electrons through the electron 

transport chain to a terminal electron acceptor, by which a proton gradient is created [238]. C. 

albicans possesses a complete mitochondrial electron transport chain mediated by CI-CV. This 

process is performed by the cyanide-sensitive and cytochrome-involved respiratory pathway. 

However, in addition to this conventional pathway, C. albicans also possesses an alternative 

cyanide-resistant respiratory pathway mediated by alternative oxidase (AOX), which is not 

coupled to ATP synthesis [239]. AOX is encoded by a gene family with two members, AOX1 

and AOX2. Interestingly, I found that the vast majority of ETC genes, as well as both AOX genes, 

are induced by berberine treatment (Figure 3.24), whereas those that were down regulated were 

associated with mitochondrial organization/ribosome biogenesis (Figure 3.22 and 3.25), 

suggesting berberine impacts mitochondrial function in C.albicans. 
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Figure 3.24. ETC genes are induced by berberine treatment of CaS or CaMDR.  Data 

are coded by a blue (2-fold downregulation) to yellow (2-fold upregulation) scale by 

comparing treated cells with untreated cells in three independent experiments. Genes are 

clustered by respiration functional groups. Gene names are taken from the Candida 

Genome Database (www.candidagenome.org) and their orf19 names are given.  

 

http://www.candidagenome.org/
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Figure 3.25. Mitochondrial organization genes are inhibited by berberine treatment. 

Enrichment plots for selected downregulated gene sets are presented.  
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3.3.3 Berberine and a related derivative accumulate in mitochondria 

Berberine is a positively charged isoquinolinium molecule, which may exhibit a strong affinity 

for the negatively charged mitochondrial matrix. Further, I demonstrate that CCCP prevents 

berberine accumulation. Therefore, it’s possible that the effects of berberine on mitochondrial 

genes may be a downstream effect of selective accumulation and inhibition of mitochondrial 

functions. To test this hypothesis, CaS and CaMDR cells were incubated with berberine and 

mitochondria were isolated on a percoll gradient.  Berberine was measured by its fluorescence and 

normalized to mitochondrial protein. I found that berberine indeed accumulated in mitochondria 

of CaMDR to a higher level than CaS (Figure 3.26). As further evidence, I examined the cellular 

distribution of NSC156627, the fluorescence of which was strong enough to be visualized by 

confocal microscopy. NSC156627 fluorescence (yellow) was mainly seen overlapping with the 

mitochondrial specific probe, Mitotracker (red), indicating that NSC156627 preferentially 

localized in mitochondria (Figure 3.27). Although weak fluorescence can be detected in the 

cytoplasm, these data suggest berberine physical interactions predominately with mitochondria. 
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Figure 3.26. Berberine accumulates in mitochondria. Berberine accumulation in percoll 

gradient purified mitochondria is shown. Fluorescence was measured and normalized to 

protein concentrations (μg/ml) (mean ± s.d., n=3). The value of CaMDR is presented as 

100%. 
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Figure 3.27. NSC156627, a berberine derivative, preferentially accumulates in 

mitochondria of SC5314. A representative image is shown with mitochondria labeled 

with mitochondrial probe Mitotracker (red) and NSC156627 (yellow) photographed at the 

same magnification. 
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3.3.4 Berberine impairs mitochondrial functions and induces ROS 

In addition to mitochondrial respiration, C. albicans is known to produce ethanol via 

fermentation during growth in vitro and in the infected host [240]. Fermentation is critical for 

growth under anaerobic conditions. Production of ethanol by C. albicans in the gastrointestinal 

tract can be clinically relevant [241]. If mitochondrial respiration is inhibited, it is assumed that 

C. albicans can survive by fermentation of fermentable carbon sources including glucose. 

However, growth is highly reduced on non-fermentable carbon sources in the absence of 

functional mitochondria. For example, mitochondrial respiratory mutants fail to grown on 

glycerol [27, 42, 242]. In fact, berberine exhibited a greater inhibition on non-fermentable carbon 

sources, such as glycerol, ethanol, acetate and citrate, compared to glucose, indicating that 

respiration was compromised by berberine treatment (Figure 3.28). I consequently attempted to 

determine if berberine directly inhibited mitochondrial respiration. The effect of berberine on 

mitochondrial oxygen consumption with glucose as a substrate was measured. Berberine 

decreases respiration in strains SC5314, CaS, and CaMDR (Figure 3.29). Consistent with the 

data presented above on mitochondrial accumulation, the decrease is more evident in CaMDR.  
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Figure 3.28. Berberine is more active against cells growing on non-fermentable 

carbon sources. Ten-fold serial dilutions of C. albicans CaMDR cells were spotted on 

yeast extract-peptone agar containing glucose, acetate, citrate, ethanol or glycerol as carbon 

source in the absence (right) or presence (left) of berberine (10μg/ml). A representative 

image of three independent experiments is shown. 
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Figure 3.29. Berberine inhibits oxygen consumption in C. albicans. Respiratory activity 

of untreated or treated cultures with berberine (16μg/ml) was measured and normalized to 

OD600 value of cells (mean ± s.d., n=3). 
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Figure 3.30. Berberine treatment reduces mitochondrial membrane potential (MMP) 

of CaS and CaMDR cells. Greater inhibition was seen in CaMDR. MMP was measured 

using rhodamine 123 in cells treated with berberine at the indicated concentrations. 

Fluorescence intensity was monitored by flow cytometry and normalized with control 

samples. Data are presented as the percentage of control (mean ± s.d., n=3). 
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The results suggest an effect on the electron transfer chain and possible interference in the 

mitochondrial phosphorylation system. Mitochondrial membrane potential is a key indicator of 

mitochondrial function and cellular viability, as it reflects the transportation of protons across the 

inner membrane during the process of electron transport and oxidative phosphorylation [238, 

243]. The presence of the electrochemical gradient in the mitochondria can be  probed with 

Rhodamine123 [178]. I studied whether berberine could alter membrane potential in C. albicans. 

Berberine significantly impaired mitochondrial membrane potential and, consistent with the 

above data, the impact in CaMDR was greater (Figure 3.30). 
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Figure 3.31. Berberine induces ROS production. Cells were treated with berberine at the 

indicated concentrations. ROS levels were measured using 2',7'-Dichlorodihydrofluorescein 

diacetate (DCFDA) by flow cytometry and are shown as fold changes relative to the 

untreated control (mean ± s.d., n=3).  
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Figure 3.32. Berberine-induced ROS elevation and its reversal by NAC. CaMDR cells 

were incubated with or without berberine (16 μg/ml) for 1 h. Cells were also pretreated with 

3 mM NAC for 1 h, followed by berberine (16 μg/ml) for 1 h. ROS levels were measured 

using DCFDA by flow cytometry and shown as fold change (mean ± s.d., n=3). 
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To determine whether berberine induces oxidative stress, ROS was measured using the 

fluorescent probe 2',7'-Dichlorodihydrofluorescein diacetate (DCFDA) by flow cytometry. 

Fluorescence was higher in the presence of berberine compared with the control and was 

berberine concentration dependent (Figure 3.31). The fluorescence of the probe decreased when 

the anti-oxidant agent, N-acetyl cysteine (NAC), was added to the system (Figure 3.32).  

In addition, consistent with this hypothesis, I found that sensitivity to berberine was reduced 

by the anti-oxidant agents of ascorbic acid and NAC (Figure 3.33). Collectively, these data 

suggest that the antifungal mechanism of berberine is related to upregulated ROS production in 

association with mitochondrial dysfunction.  However, I do not exclude the possibility that 

berberine, like many drugs, has multiple cellular targets, given the fact that berberine exhibits a 

wide spectrum of biological activities.  

 

Conclusion 

The emergence of multidrug resistance is a global problem that renders current drugs 

ineffective, which is exacerbated by the shrinking industrial pipeline of antimicrobial agents.  

The findings reported here may represent a novel strategy to overcome multidrug resistance, not 

only in fungal pathogens but also in bacterial pathogens or even other human diseases such as 

drug resistant cancers. Meanwhile, our data provide a unique paradigm to explore the function of 

distinct drug importers, such as the polyamine transporters, which are also involved in histatin 5 

uptake [208]. Beyond these observations, a major translational implication of our data is 

applying berberine as a lead compound to develop new antifungal agents in the treatment of life-
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threatening fungal infections. Structure-activity relationships of compounds possessing a similar 

skeleton of quaternary protoberberine alkaloids should be pursued.  

A final important point resides in the potential of mitochondria as a target for new antifungal 

drug discovery, given the fact that fungal mitochondria possess distinct features that differ from 

human mitochondria and the dramatic affects that occur as a result of their dysfunction [1, 41, 

163]. Our long term objective is to validate the importance of mitochondria as targets for 

antifungal drug discovery. Much is known on mitochondria as drug targets for intervention 

against human disease, including cancers, neurodegeneration, and diabetes. But infectious 

diseases caused by fungi have not received similar attention until recently.  
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Figure 3.33. Berberine activity is reversed by anti-ROS compounds. CaMDR was 

spotted on YPD agar containing berberine (16 μg/ml) or berberine with anti-ROS 

compounds such as NAC (20 mM) and ascorbic acid (20 mM). Ten-fold serial dilutions of 

cells were spotted. A representative mage of three independent experiments is shown. 
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CHAPTER 4-DISCUSSION 

 

The incidence of candidiasis has increased sharply over the past few decades primarily due to 

medical interventions such as cancer chemotherapy, surgery, organ/bone marrow transplantation, 

indwelling devices, and the AIDS pandemic. Invasive fungal infections cause substantial 

mortality that is equal to or even higher than tuberculosis or malaria, respectively [4]. The cost of 

treating invasive blood-borne candidiasis is about $2 billion in the USA. In spite of the high 

incidence and costs of medical care, new antifungal drug discovery has been nearly absent. The 

antifungal drug pipeline has slowed down considerably over the past few decades. Moreover, 

current antifungal drugs are either toxic to the patient, have a narrow spectrum, or cause the 

selection of multidrug resistant isolates. Infections caused by drug resistant isolates of human 

fungal pathogens continue to increase globally. Genes encoding multidrug transporters, both 

ABC (ATP-binding cassette) and MFS (major facilitator superfamilies), play key roles in 

antifungal resistance. For example, in our study, the C. albicans MDR1 encodes a non-specific 

drug transporter, expelling multiple compounds including fluconazole. Upregulation of CaMDR1 

expression occurs mainly by gain-of-function mutations in the transcription factor Mrr1p. 

Current antifungal drugs fail to adequately address the emergence of multidrug resistance. 

I demonstrate that berberine shows broad antifungal activity against clinical isolates, including 

multidrug resistant A. fumigatus strains, which are highly resistant to itraconazole. From a 

collection of more than 40 multidrug resistant clinical isolates, I found selectively heightened 

sensitivity (~20 fold) of MDR1 overexpressing strains to berberine, due to increased intracellular 

accumulation. I investigated the mechanism of MDR1 facilitated uptake of berberine, which is 

regulated by Mrr1p (Figure 4.1). 
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An important point resides in the possibility that Mdr1p mediates the direct influx of berberine. 

ScTPO1, encoding a polyamine transporter of the DHA1 family has been identified to catalyze 

uptake of polyamines at high pH and excretion at lower pH [212]. It is possible that Mdr1p 

mediates bi-directional transport according to different subtracts. However, a crystal structure 

and detailed functional studies of this transporter is needed considering several indirect effects of 

overexpression or deletion of CaMdr1p can be imagined such as co-expression of other genes 

regulated by Mrr1p, modification of membrane permeability, and induction of berberine-influx 

symporters.  

In the present work, I demonstrate that berberine inhibits the growth of many fungal pathogens. 

I also proposed the mechanism of actions. It appears that berberine interacts with mitochondria 

and produces significant inhibition of fungal mitochondrial function, including important 

parameters of mitochondrial membrane potential and oxygen consumption [41]. The broad 

consequences of mitochondrial dysfunction in fungal pathogenesis are not well understood. Yet 

recent reports indicate the important roles of several mitochondrial proteins in growth, 

morphogenesis and virulence of C. albicans [27, 41, 42, 242, 244]. Although I did not 

specifically identify the molecular target of berberine, it’s very likely that berberine could inhibit 

the activity of the Complex I (NADH dehydrogenase), as shown in human cells [218]. However, 

the ‘more biologically available CI inhibitor, dihydroberberine’, is inactive against C.albicans. 

ROS are generally considered as by-products of mitochondrial redox reactions, particularly 

complexes I and III [245]. This physiological process is normally kept in check by a diversified 

set of antioxidant defenses [245]. In healthy cells, ROS is buffered by numerous stress responses, 

such as the anti-ROS enzymes, superoxide dismutase and catalase. However, interruptions to the 
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respiratory chain can therefore destroy the hemostasis of oxidative stress, which leads to cell 

apoptosis and many other damage signals. I also observed that several mitochondrial mutants, 

such as the goa1 and ndh51 null mutants showed increased resistance to berberine compared to 

the wild type control (data not shown). The resistance is presumably due to the feedback effect 

of reduced anti-ROS factors in the mitochondrial mutants. Certain classes of mitochondria 

targeting drugs present a promising avenue for further research, including berberine reported 

here. This will presumably lead to the generation of highly specific agents that enter fungal 

mitochondrial cells exclusively. The selective targeting of fungal cells with mitochondria 

targeting agents should attract great interest.  

Infections caused by multi-drug resistant isolates of human fungal pathogens continue to 

increase globally [16, 65, 102]. Multi-drug resistance also occurs widely in bacteria such as 

MRSA, MDR-TB, in the parasite Plasmodium falciparum, and as a complication of anti-cancer 

chemotherapy. Current strategies of drug discovery fail to address the emergence of multidrug 

resistance, as the rapidity of microbial evolution far exceeds that of drug development. Our data 

suggest a novel strategy to eradicate multi-drug resistance as overexpression of multidrug 

resistant transporters promotes activity of berberine. Our data point to distinct features of 

multidrug resistant transporters that require more studies. However, questions remain. For 

instance, is this effect specific to berberine or berberine analogs? What is the potential of 

mitochondrial proteins as antifungal drug targets? Below, I will further speculate on answers to 

these questions.  
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Figure 4.1. Scheme of berberine activity. (A) Berberine is a potent antifungal 

compound against wild type C. albicans strains with low level MDR1 expression. (B) 

MDR1 overexpressing strains demonstrate enhanced accumulation of berberine. MDR1 

overexpression raises the antifungal activity of berberine due to its increased 

accumulation. Moreover, berberine targets fungal mitochondria, inhibits mitochondrial 

function and induces ROS production. 
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Part 1:  The specificity of similar quaternary protoberberine alkaloids 

 

Is the activity of berberine specific to this compound? If not, how important is the berberine 

structure? 

 The plant alkaloids represent a very extensive group of secondary metabolites with diverse 

structures. The isoquinolines are one of the largest groups of alkaloids [246]. The strong 

physiological effects of some alkaloids provide opportunities for utilizing them therapeutically. 

The quaternary protoberberine isoquinoline alkaloids represent approximately 25% of all the 

currently known alkaloids. Like berberine, each quaternary protoberberine alkaloid (QPA) has a 

protoberberine skeleton of 5,6-dihydrodibenzo [a,g] quinolizinium (C17H14N
+
) [246]. Other 

representatives of the QPA include other well-known alkaloids, such as palmatine, jatrorrhizine, 

and columbamine, as well as berberrubine, pseudopalmatine, pseudojatrorrhizine [246]. 

Palmatine, jatrorrhizine and columbamine have similar antifungal activities as berberine, 

suggesting the tetracyclic isoquinoline skeleton, but not specific side chains, confer their activity 

against CaMDR (data not shown). These properties present opportunities for berberine as a new 

lead compound for antifungal agent discovery, particularly against MDR strains.  

It’s widely accepted that multiple biological activities of QPAs are derived from the polarized 

iminium bond and relatively planar skeleton [246]. Further, berberine is suggested to accumulate 

primarily in mitochondria at lower concentrations, due to the positively charged isoquinolinium 

skeleton [247]. The activity of the iminium structure in the QPAs was evaluated in both 

tetrahydro- and dihydro-protoberberine (Figure 4.2). Dihydroberberine (canadine) is known as 
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Figure 4.2. Structures of berberine derivatives. Right: top to bottom, structures of 

tetrahydroberberine dihydroberberine, berberine and dehydroberberine (NSC156624); Left, 

the skeletons of each compound. From top to the bottom, antifungal activity increases. 
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the immediate precursor of berberine during biosynthesis, of which canadine is oxidized to yield 

the quaternary isoquinolinium system of berberine. Interestingly, introduction of either two or 

four atoms of hydrogen to ring C of berberine abolished all antifungal activity, even against 

CaMDR. Surprisingly, dihydroberberine had elevated mitochondria related activity in human 

cells compared to berberine [218], but was inactive against fungal cells. This observation 

suggests that the conjugate rigid structure formed by the iminium bond of ring C is crucial for 

activity. QPAs possess a relatively planar structure, which is disarranged by the partially 

saturated ring B, resulting in very small interplanar angles between the aromatic rings [246]. It is 

therefore of interest to investigate the contribution of the stereo-structure of QPA. I examined the 

antifungal activity of dehydro-berberine (Figure 4.2). This semi-synthetic compound possesses 

more planar structure than berberine. As a result, MDR1 overexpression potentiated activity was 

observed, but the activity was eight times stronger (data not shown).  

Thus, planarity could also contribute to activity. Collectively, I assume that owing to the 

presence of the polarized iminium bond, conjugate ring C, and the relative planar structure, 

berberine exhibited much stronger antifungal activity against MDR1-overexpressed strains of C. 

albicans. Therefore, I believe that the MDR1 facilitated activity is structurally based. However, 

the ultimate skeleton that mediates this activity remains to be determined.  
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Part 2:  Are mitochondria potential antifungal targets? 

The canonical view of mitochondria, as bean-shaped organelles, was initially introduced with 

seminal electron microscopy studies in the 1950s [248]. These studies described double lipid 

membranes and characteristic inner membrane folds termed cristae, which protrude into the 

matrix and accommodate the respiratory chain complexes [248, 249]. Other studies then revealed 

that mitochondria contain their own genome and protein synthesis machinery, although most 

mitochondrial proteins are encoded by nuclear genes and are imported into the organelle, while 

the mitochondrial genome contains some genes required for respiration [238, 245, 249, 250]. 

Recent studies have led to the observation that the mitochondria are indeed highly dynamic and 

possess a range of morphologies [248, 250]. From small spheres or short rods, mitochondria can 

form dynamic tubular networks that continually change their shape and frequently fuse and 

divide [249, 250].  

Great progress has been made to identify the mitochondrial proteome, with more than 1000 

proteins assigned to this compartment [238]. Among these, the nuclear-encoded proteins can be 

imported into the mitochondria where they reside permanently or transiently to carry out 

functions [251]. The most prominent role for mitochondria is to provide energy in the form of 

ATP produced from oxidative phosphorylation [248, 249, 252]. Furthermore, mitochondria are 

involved in numerous catabolic and metabolic reactions, such the citric acid cycle, β-oxidation of 

fatty acids, metabolism of phospholipids as well as mtDNA replication, transcription and 

translation [245, 248, 249, 253]. In addition, mitochondria regulate cell survival and death, as 

well as the ageing process [253-255]. On the other hand, mitochondria are indispensable as a 

source of energy for the survival of eukaryotic cells. Moreover, levels of cell reactive oxygen 
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species (ROS) have been intricately linked to the functions of mitochondria [243]. Accordingly, 

a large number of signal proteins, metabolites, and inhibitors have been discovered to act on 

mitochondria for the intervention against human diseases, including cancers, neurodegeneration, 

and diabetes [243, 245, 251, 256, 257]. 

S. cerevisiae is an excellent model organism to study mitochondrial biogenesis and function. 

As S. cerevisiae is a facultative anaerobic yeast, only a few mitochondrial proteins are essential 

for viability in this organism [258]. Further, the yeast deletion mutant collection represents a 

quantitative tool for systematically measuring the contribution to most genes in the yeast genome 

[259, 260]. About half of all mitochondrial-related proteins are required for respiratory activity. 

Their functions include oxidative phosphorylation and the tricarboxylic acid (TCA) cycle, 

mitochondrial biogenesis and protein transport, ion homeostasis, and the metabolism of vitamins 

[260]. Hundreds of human orthologs of yeast genes involved in mitochondria functions have also 

been identified. However, mitochondrial functions beyond conserved activities have remained 

unclear in human fungal pathogens. Yet, recent reports demonstrate the crucial roles of several 

mitochondrial proteins in growth, morphogenesis, drug resistance, and virulence of C. albicans 

[1, 27, 29, 41, 162, 163, 244]. I also identified mitochondrial inhibitors as antifungal compounds 

that have encouraged a focus upon mitochondrial proteins to validate their importance as targets 

for antifungal drug discovery.  

As stated previously, the discovery of novel antifungal targets and drugs is crucial. Are there 

differences between human and fungal mitochondria? The paradigm is that specificity is lacking, 

which I show is not so. Recent data suggest that there are distinct features for fungal 

mitochondria. For example, C. albicans possesses the mitochondrial alternate oxidases and 
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specific mitochondrial proteins, such as Goa1p [27]. Therefore, mitochondria targeted 

compounds offer a promising approach to combat fungal infections. Further investigation of 

fungal mitochondrial functions, as well as the discovery of fungal specific proteins, will provide 

the opportunities for screening or rationally designing new antifungal drugs. 

Fungal mitochondria and virulence 

Either reduced or increased virulence due to dysfunctional mitochondria has been reported [27, 

104]. Likewise, specific fungal mitochondrial mutations lead to either reduced or increased 

resistance to antifungal drugs [1, 49, 104, 155, 261]. It becomes more controversial due to the 

lack of mitochondrial complex I in certain fungi, such as C. glabrata. However, recent studies, at 

least in C. albicans, intend to support the fact that compromised mitochondrial function leads to 

hypovirulence of C. albicans, as well as reduced drug tolerance [1, 29, 41, 261]. For example, 

inactivation of the mitochondrial protein Goa1p, which regulates respiratory complex I, results in 

attenuated virulence in the mouse model of systemic candidiasis [27]. Moreover, large-scale C. 

albicans deletion studies reveal a number of mitochondrial genes that are required for virulence 

[29]. The attenuated virulence of mutants with dysfunctional mitochondria is probably due to 

hypersensitivity to oxidative stress, reduced fitness, and/or apoptosis [27, 244]. In support, 

mitochondria related pathways are required to survive under oxidative stress in C. albicans, C. 

neoformans and A. fumigatus [27, 42, 262, 263]. 

Although there are still very few mitochondrial factors that have been studied in C. albicans 

and any other human fungal pathogen, these data support the idea that mitochondrial function is 

required for virulence. With these in mind, the so-called ‘Anti-virulence’ drugs have gained 
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attractive points, obtaining a conceptual foothold in the anti-bacterial drug discovery paradigm 

[264, 265]. In this case, the targets may not be growth-essential, but proven to be required for 

virulence.  

Exploiting mitochondria fission and fusion 

Although mitochondrial morphologies vary widely among different cell types, it is apparent 

that they are far from mono-forms in live cells [249, 266]. Their shapes change continually 

through the dynamic actions of fission, fusion, and motility to ensure mitochondrial quality and 

proper function [249, 266]. The internal structure of mitochondria can also change in response to 

the physiological state [248]. At a high fusion-to-fission level, mitochondria form long tubular 

networks and become highly interconnected, whereas with a low fusion-to-fission ratio, 

numerous mitochondria are present as small spheres or short rods, also called 'fragmented 

mitochondria' [249, 266]. Mitochondrial fission and fusion processes regulate organelle 

connectivity and copy number in live cells and are mediated by large guanosine triphosphatases 

(GTPases) that are conserved between yeast, flies, and mammals [249, 266, 267].  

Mitochondrial morphological dynamics are important for their functions, by enabling content 

exchange and to prevent the accumulation of defective mitochondria. Mitochondrial fission is 

essential for cell growth, while fusion allows mitochondria to compensate for defects by sharing 

components and maintaining energy production during stress [248, 249, 266]. The highly 

dynamic mitochondrial fusion and fission cycle thus creates and maintains balance by 

compensating and eliminating damage [248, 249, 266]. Meanwhile, mitochondrial dynamics help 

maximize the capacity for oxidative phosphorylation under stress conditions [248, 249, 266]. 
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Failure to adapt to stress responses may lead to apoptosis and cell death. Therefore, the fission 

and fusion processes can be exploited for the drug target discovery. 

Are there fungal specific fission/fusion factors that can be exploited as targets? The core 

components that mediate mitochondrial fusion and fission are best understood in yeast. The 

Dnm1/Fis1/Mdv1 machinery is thought to be of major importance for yeast mitochondrial 

division [268]. Fission is mediated by a cytosolic dynamin family member DNM1. Yeast share 

with mammals its core function but have distinct accessory proteins [248, 266, 268, 269]. The 

recruitment of Dnm1p to yeast mitochondrial fission sites involves FIS1, encoding a 

mitochondrial integral outer membrane protein [270], which binds to Dnm1p through the 

molecular adaptors, encoded by MDV1 or CAF4 [271]. For these purposes, mammalian cells 

utilize Mid49, Mid51, and Mff instead [266, 269]. No homologues of MDV1 and CAF4 are 

currently known. Fusion between mitochondrial outer membranes is mediated by scFZO1, 

encoding an outer membrane mitofusin, and scMGM1, encoding a dynamin-related protein [272]. 

Mitofusins are required on adjacent mitochondria during the fusion process, while the 

membrane-anchored dynamin family members are essential for fusion of the mitochondrial inner 

membranes in yeast as well as cristae maintenance [273]. Interestingly, in yeast, the scUGO1 

encodes an outer membrane protein that physically links Fzo1 and Mgm1, and again, no 

mammalian ortholog has been discovered [248]. In addition, a mitochondrial division protein 

(Mdv1p) that is required to recruit Dnm1p to the mitochondrial membrane, lacks a vertebrate 

ortholog [274]. Further, mitochondrial fission and fusion machineries can be regulated by 

proteolysis or posttranslational modifications [248, 266, 267, 272]. 
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Large-scale visual screens for aberrant mitochondrial morphology in yeast have yielded 

numerous factors of interest other than the core fusion and fission components [258, 272], which 

suggest that many cellular pathways indeed influence mitochondrial morphology and inheritance, 

including ergosterol biosynthesis, mitochondrial transportation, actin cytoskeleton,  and vesicular 

trafficking. The fact that all strains with downregulated ergosterol biosynthetic enzymes are 

affected in mitochondrial morphology points to a crucial role of lipids for mitochondrial 

structure [258]. Therefore, inhibitors of mitochondrial fission and fusion could possibly enhance 

activity of azoles. Thus, it is conceivable that although the function of core components have 

been highly conserved from yeast to humans, different accessory proteins exist that assemble and 

regulate the fusion and fission machineries, which offers the opportunity to exploit fungal 

specific proteins for target and drug development.  

Recent studies of the Vancouver Island and North American outbreaks of hypervirulent 

Cryptococcus gattii demonstrated that the hypervirulence was associated with more efficient 

mitochondrial function via a change of mitochondrial morphology toward the tubular shape 

[275-277]. However, the detailed mechanism remains to be determined. To date, nothing in 

fission and fusion has been done in the pathogen C. albicans.  It seems likely that additional, yet 

unknown components might be involved. 

Exploiting the respiratory chain  

Many important biological processes involve redox reactions, almost all of which  ultimately 

feed into the respiratory chain [238]. Classically, Complexes I and II transfer two electrons from 

NADH and FADH2, respectively, to the mobile electron carrier coenzyme Q, providing 
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connections to the TCA cycle. Complex III then receives two electrons from the reduced 

coenzyme Q and provides individual electrons to cytochrome c. Complex IV terminates the 

respiratory chain by accepting electrons from cytochrome c and reduces oxygen to water. 

Coupling the electron transportation, the formation of a proton gradient is used for ATP 

synthesis by the F1F0-ATPase (Complex V). Therefore, the respiratory chain is key to the 

network of cellular metabolism, cell growth, and cell death.  

Modest respiratory chain inhibition could be used for therapeutic purposes. Several previous 

observations have suggested that the inhibition of the respiratory chain can be beneficial in 

certain situations. For example, metformin, the most commonly prescribed medication for type 2 

diabetes mellitus, inhibits complex I, but the side effect of metformin treatment leads to lactic 

acidosis. The dilemma between therapeutic effects on pathogens and toxic effects to the host by 

inhibitors of respiration can be avoided by exploiting either fungal specific targets or fungal 

mitochondrial specific uptake. In fact, many pathways connected to the respiratory chain are still 

undiscovered. For example, complex I is the largest and entry enzyme of the respiratory chain 

and has a key role in energy production via the coupling of NADH: ubiquinone electron transfer. 

C. albicans complex I contains several fungal specific subunits, the functions of which have not 

been illustrated. Recently, the crystal structure of the entire complex I have been elucidated [278]. 

This progress will promote functional studies of the subunits, including the fungal-specific 

complex I subunits that could be used as drug targets. In addition, I have recently identified 

Goa1p as a CTG clade-pecific protein of C. albicans that is required for the pathogenesis. It 

translocates from the cytoplasm to mitochondria during stress and regulates complex I function 
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of the electron transport chain [27, 41]. Our research should be focused upon more mitochondrial 

proteins that are unique to the fungal pathogens, as attack points in preventing fungal disease.  

Exploiting the contact between mitochondria and other organelles 

The cytoplasm of eukaryotic cells is divided into membrane-bound compartments to provide 

specialized functions. It is clear that the interface between organelles has diverse roles. Proper 

contacts create functional networks for all organelles, including mitochondrial contacts with 

endoplasmic reticulum (ER), peroxisome and lysosome. Thus, the functions via the contacts, 

such as lipid biosynthesis, Ca
2+

 signaling, mitochondrial dynamics and quality control are 

intimately entwined. It is compelling that modulation of the fungal specific structural proteins of 

the mitochondrial contacts might result in damaged cells. 

The largest of the membrane-bound organelles is the ER,  with many important cellular 

functions such as proteins secretions, intracellular storage sites for Ca
2+

, and many biosynthetic 

enzymes that are involved in the lipid biosynthesis [279]. The ER forms contact sites with 

mitochondria to synergize additional functions. These contacts are involved in the regulation of 

lipid synthesis, Ca
2+

 signaling, intracellular trafficking and the regulation of mitochondrial 

biogenesis. For instance, two phospholipids, phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE), are coordinated by enzymes that are localized at the ER–

mitochondria interface [280]. Further, in yeast, an ER–mitochondria tethering complex has been 

identified to coordinate phospholipid synthesis between both membranes. Mutants with disrupted 

ER genes lead to impaired mitochondrial dynamics and morphology [258, 279]. Being important 

for a functional conversion of PS to PC, the ER–mitochondria encounter structure in yeast 



 

159 

 

consists of a four-protein complex, including Mmm1p (maintenance of mitochondrial 

morphology protein), Mdm10p (mitochondrial distribution and morphology protein), Mdm12p, 

and Mdm34p, all of which colocalize on mitochondria [281]. Notably, a mamanlian homologue 

of this protein compex has not yet been identified, and in C.albicans, the orthologs of MMM1, 

MDM10, MDM12 and MDM34 are orf19.4187, caMDM10, orf19.6900 and caMDM34, 

respectively. It’s noteworthy that a conditional mutant of MMM1 displayed a dramatic avirulence 

phenotype [282]. 

Mitophagy is an essential, conserved degradation pathway that controls the mitochondrial 

quality and might be exploited in drug discovery. It begins with fusion of the double-membraned 

autophagosomes with lysosomes, and degradation of the autophagic contents, including 

dysfunctional mitochondria [283]. Pharmacological approaches to upregulate or inhibit this 

pathway are currently receiving considerable attention in human medicine. Moreover, it is 

possible that pharmacological agents that increase autophagy may be effective for treating 

certain intracellular bacterial and viral infections [283]. Its role as a drug target has received 

modest interest in treating fungal pathogens [284-286]. In fact, the best known autophagy and 

mitophagy modulator, rapamycin, was first identified as an antifungal compound [287]. In 

addition, the target of rapamycin, TOR, was first identified in yeast [288], which may encourage 

exploiting mitophagy and autophagy for target discovery. In addition to rapamycin, Torin 1 and 

PP242, as well as drugs of related pathways, like nocodazole, bafilomycin A1 and chloroquine 

may be useful inhibitors of fungal infections [283]. Fungal specific inhibitors deserve further 

investigation. 
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Contacts between mitochondria and peroxisomes are less clear. However, the pathogenesis of 

candidiasis is related to peroxisomes, which house important carbon metabolic pathways, 

including gluconeogenesis, β-oxidation of fatty acids, and the glyoxylate cycle [289-291]. 

Intriguingly, our microarray data indicate a possible role for Goa1p with acetyl CoA shuttling 

between peroxisomes and mitochondria and the regulation of carbon pathways of peroxisomes, 

such as β-oxidation, gluconeogenesis, and the glyoxylate pathway [1].  

Conclusion and perspective 

There are three fundamental reasons to support mitochondrial functions as promising targets 

for antifungal therapy. First, mitochondrial proteins are required for virulence, adaptive ROS 

stress responses, cell growth, and energy production. Second, mitochondrial proteins are required 

for resistance to many current antifungal drugs, which offers the opportunity to potentiate current 

therapy [1]. Third, there are distinct fungal mitochondrial pathways and proteins. 

Further studies on fungal mitochondrial functions, including all those mentioned above, could 

lead to the development of promising drug targets. Predictions can be made based on extensive 

studies in the model yeast, S. cerevisiae. The identified genes from S. cerevisiae can be the 

starting point to explore mitochondrial mutants in human fungal pathogens and their virulence. 

However, I have to consider the fact that S. cerevisiae has a strikingly different respiratory chain 

compared to C. albicans. The model yeast lacks the respiratory complex I and the alternative 

respiratory pathways. Therefore, our understanding of pathogen-specific roles of this organelle in 

human fungal pathogens is still very limited.  
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I have suggested specific proteins, involved in mitochondrial morphology, dynamics and 

networks, which deserve further investigation for virulence and diverse mitochondrial functions. 

These could provide a list of potentially attractive ways to disrupt cell growth for antifungal drug 

development. However, we note that the complexity of mitochondria is far greater than we could 

have imagined. For instance, mitochondrial biogenesis requires replication of the mitochondrial 

genome, synthesis of lipids to build double membranes, and recruitment of around 1,000 proteins 

that are encoded in the nuclear genome [249]. The cytosolic precursors are directed into the 

mitochondria by signal sequences.  In the outer and inner mitochondrial membranes, the 

molecular machines serve as the gateway for protein import under tight regulatory control to 

ensure timely activity and functional distribution [292]. On reaching the matrix, the precursors 

are cleaved by the mitochondrial processing peptidase and undergo folding and assembly to 

functional enzyme complexes [293].  

Finally, it will be important to address the significance of mitochondrial functions as dynamics 

and networks. For example, the calcium ion regulates various cellular processes by activating or 

inhibiting cellular signaling pathways and Ca
2+

-regulated proteins. Unlike the ER, mitochondria 

possess a low level of Ca
2+

 and the excessive accumulation of Ca
2+

 by mitochondria may trigger 

apoptosis [294]. However, it’s important for mitochondrial function that Ca
2+

 is released from 

the ER to mitochondria at contact sites [279]. The release provides a high local concentration of 

Ca
2+

 for mitochondrial membrane proteins that require Ca
2+

 binding for their functions. The 

network is also seen as mitochondrial division is stimulated by changes in Ca
2+

 concentrations 

[279]. Thus, the regulation and balance require networks of ER and mitochondria as well as 

control of mitochondrial dynamics for their functions.  
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The proposed fungal mitochondrial functions that could be explored as drug targets have been 

included in Figure 4.3. I believe an explosion of interest in this area will promote the future 

antifungal development. 
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Figure 4.3. Mitochondrial functions that can be exploited as antifungal targets. 
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Appendix Table 1 Abbreviations 

 

ABC, ATP-binding cassette 

BSI, blood stream infections 

CCCP, carbonyl cyanide m-chlorophenyl hydrazone 

CGD, the Candida genome database ( www.candidagenome.org) 

CI, mitochondrial Complex I 

CLSI, the Clinical and Laboratory Standards Institute 

DCFDA, 2,7-dichlorofluoresceindiacetate 

DHA1, the Drug: H+ Antiporter-1 (12-transmembrane Spanner) 

ETC, the electron transport chain 

FDR, False discovery rate 

GSEA, Gene Set Enrichment Analysis  

HOG, the high osmolarity glycerol 

IC, Invasive Candidiasis 

MAPK, the protein kinase C-activated mitogen protein kinase 

MDR, multi-drug resistant 

MFS, the major facilitator superfamily 

MIC, minimum inhibitory concentration 

MMP, mitochondrial membrane potential 

NAC, N-acetyl cysteine 

PBS, phosphate-buffered saline 
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PI, propidium iodide 

ROS, reactive oxygen species 

TCA, the tricarboxylic acid cycle 

TPO, Transporter of POlyamines 

YPD, yeast extract-peptone-dextrose 
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Appendix Table 2 Strains used in this study 

 

Lab code strain Phenotype reference 

RAC1 SC5314 Azole sensitive [295] 

RAC2  Azole resistance, mechanism uncharacterized Our lab 

RAC3 TW1 Azole sensitive [23] 

RAC4  Azole resistance, mechanism uncharacterized Our lab 

RAC5  Azole resistance, mechanism uncharacterized Our lab 

RAC6  Azole resistance, mechanism uncharacterized Our lab 

RAC7  Azole resistance, mechanism uncharacterized Our lab 

RAC13 95-68 Azole resistance,CDR1/2 overexpression [70] 

RAC14 96-25 Azole resistance,MDR1 overexpression [70] 

RAC15 CAAL61 Azole resistance, ERG11 mutations [296] 

RAC16 CAAL74 Azole resistance, ERG11 mutations [296] 

RAC17 CAAL75 Azole resistance, ERG11 mutations [296] 

RAC18 DSY294 Azole sensitive [90] 

RAC19 DSY296 Azole resistance,CDR1/2 overexpression [90] 

RAC20 DSY3606 Azole resistance,CDR1/2 overexpression [90] 

RAC21 DSY3706 Azole sensitive [90] 

RAC22 DSY3986 Azole sensitive [90] 

RAC23 DSY3987 Azole resistance,CDR1/2 overexpression [90] 

RAC24 DSY3988 Azole sensitive [90] 

RAC25 FH1 Azole sensitive [297] 

RAC26 FH5 Azole resistance,CDR1/2 overexpression [297] 

RAC27 FHB1 Azole sensitive [297] 

RAC28 FHB3 Azole resistance,CDR1/2 overexpression [297] 

RAC29 CaS Azole sensitive [97] 

RAC30 CaMDR Azole resistance,MDR1 overexpression [97] 

RAC32 MR5457 Azole sensitive [89] 

RAC33 MR5674 Azole resistance,CDR1/2 overexpression [89] 

RAC38 TW14 Azole resistance,MDR1 overexpression [23] 

RAC39 TW16 
Azole resistance, CDR1,MDR1 

overexpression 

[23] 

RAC40 TW17 
Azole resistance, CDR1,MDR1 

overexpression 

[23] 

RAC41 TW2 Azole resistance,MDR1 overexpression [23] 

RAC42 TW4 Azole resistance,MDR1 overexpression [23] 

RAC43 TW12 Azole resistance,MDR1 overexpression [23] 

RAC44 TW8 Azole resistance,MDR1 overexpression [23] 

RAC45 TW9 Azole resistance,MDR1 overexpression [23] 
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RAC46 TW15 Azole resistance,MDR1 overexpression [23] 

RAC47 TW3 Azole resistance,MDR1 overexpression [23] 

RAC48 TW5 Azole resistance,MDR1 overexpression [23] 

RAC49 TW11 Azole resistance,MDR1 overexpression [23] 

RAC50 TW7 Azole resistance,MDR1 overexpression [23] 

RAC51 TW13 Azole resistance,MDR1 overexpression [23] 

RAC52  Azole resistance,CDR1/2 overexpression Our lab 

RAC53  Echinocandin resistance Our lab 

RAC54  Echinocandin resistance Our lab 

RAC55  Echinocandin resistance Our lab 

RAC56  Echinocandin resistance Our lab 

RAC57  Echinocandin resistance Our lab 
 

 

strain Genotype reference 

CaS G2, clinical isolate, fluconazole susceptible [97] 

CaMDR G5, clinical isolate matched CaS, fluconazole-resistant, 

MDR1 overexpression 

[97] 

CamdrΔ G5M432,  mdr1Δ::FRT/mdr1Δ::FRT [97] 

CamdrΔ+MDR 
G5M432MDR1E4A,  ADH1/adh1::PADH1-MDR1-

caSAT1 
[97] 

CamrrΔ G5MRR1M4A,  mrr1Δ::FRT/mrr1Δ::FRT [94] 

mrr1Δ SCMRR1M4A,  mrr1Δ::FRT/mrr1Δ::FRT [94] 

mrr1Δ+MRR1* SCMRR1M4K5A, mrr1/MRR1*-caSAT1 [94] 

SC5314+ 

ADH1MDR1 
SCMDR1E4A, ADH1/adh1::PADH1-MDR1-caSAT1 [97] 

CaS+ 

ADH1MDR1 
G2MDR1E4A, ADH1/adh1::PADH1-MDR1-caSAT1 [97] 
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