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ABSTRACT 

 

A steady increase in the incidence of fungal infections has been observed over the past 

few decades, and treatment remains challenging especially for immuno-compromised 

populations. Identification of the ideal therapeutic agent to treat fungal infections still remains 

elusive. Such an agent would need to have broad antifungal activity, low rates of resistance and 

minimal adverse effects. Since none of the current drugs fulfill the criteria for an ideal agent, it is 

imperative to identify novel drug candidates. In the course of screening for antifungal 

compounds, a scaffold of synthetic compounds with antifungal activity was discovered. These 

compounds have no structural similarity to any existing antifungal compound. 4 amino-acid 

derived 1,2 benzisothiazolinone derivatives (BD-I-132/DFD-VI-15, BD-I-186, DFD-V-49 and 

DFD-V-66) show anti-fungal activity against Candida sp., Aspergillus fumigatus, Cryptococcus 

neoformans and dermatophytes at MIC-50 concentrations in the range of 0.8-12.5 g/ml. All 

compounds were fungicidal against Candida sp. The compounds also maintained their MIC-50 

values against azole, polyene and echinocandin-resistant strains of Candida sp. The MICs of the 

compounds were also unaffected by strains that over-expressed drug efflux pumps. A genetics 

based approach which involves the use of a homozygous deletion collection of approximately 

4700 Saccharomyces cerevisiae mutants was used to identify potential gene targets of DFD-VI-
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15. All mutants were treated with a) suboptimal levels of compound to identify hypersensitive 

strains and b) fungicidal concentrations of compound to identify resistant strains. 32 mutants 

were found to be hypersensitive compared to parent strain, BY4743. Also, 96 mutants showed 

resistance to this compound. Both clusters identified mutants that were essential to mitochondrial 

function. Saccharomyces and Candida strains (BY4743 and CAF2) were grown in the absence of 

oxygen and found to be insensitive to the compound. Also, both strains were hypersensitive to 

DFD-VI-15 when grown on a non-fermentable carbon source like glycerol. Flowcytometry 

experiments show that DFD-VI-15 treated Candida strains have higher ROS levels when 

compared to non-treated strains. This suggests that the DFD-VI-15 exerts its antifungal effect by 

affecting mitochondrial function. 
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INTRODUCTION 

What drives the need for new anti-fungal drugs? Certainly a lack of efficacy would 

demand new therapeutics, but is there evidence of this? The answer is complex. Treatment 

failures are reported frequently especially among hospitalized patients. Without question, 

candidiasis has a negative effect on the quality of life. Oppositely, at least in the situation of 

nosocomial candidiasis, poor diagnostic tests relate to therapeutic failures. So it may perhaps not 

just be poor drugs, but a lack of sufficient sensitivity and specificity of diagnostic tests that 

complicates patient management. The complexity of nosocomial candidiasis is heightened by the 

fact that it is not a single disease but a continuum that belies many different underlying risk 

factors that may require stratification of patient populations into more or less aggressive 

therapeutic management. In this regard, drug development is part of the ongoing commitment of 

the candida research community to deliver important translational research. This introductory 

chapter addresses some of the concerns that make antifungal therapy challenging and then looks 

into the antifungal drug discovery process as a means to solve some of these challenges.  

 

Epidemiology of global candidiasis 

Candidiasis has been reported from every continent, but variation occurs in the type of 

candidiasis that is reflective mostly of the variable underlying conditions that predispose patients 

to this disease. For example, in countries with a very high incidence of HIV/AIDS, 

oropharyngeal and esophageal candidiasis represent the most common types of candidiasis. 

Certainly, this correlation is not limited to candidiasis since cryptococcosis is still a major health 
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problem on the African continent in the same patient population. In contrast, developed countries 

with effective and available anti-HIV therapies have reduced amounts of oral candidiasis 

associated with HIV/AIDs patients. However, medical advances to prolong life have resulted in 

significant morbidity and mortality associated with nosocomial candidiasis. These are simple 

correlates but at least point to the variations in candidiasis that most resemble some of the 

bacterial pathogens in the breath and severity of disease. Below, I have outlined some of the 

types of candidiasis with an emphasis on the geographical distribution with relation to the global 

burden of this disease. 

 

Mucosal: Oropharyngeal candidiasis (OPC) and vulvovaginal candidiasis (VVC)    

In the HIV/AIDS patient, OPC remains one of the most common types of infection 

world-wide, in developing countries and in both adult and pediatric age groups (7, 38, 48, 72, 80, 

88, 93, 130). OPC is the most frequent fungal infection in South African children and 

adolescents who are HIV positive (95). About 500,000 AIDS orphans exist in South Africa 

alone, many of which are HIV-positive (7). A 13.8% level of oral candidiasis was noted in 87 

pediatric aged individuals from 5 orphanages in South Africa; carriage rates from these 

populations varied from ~ 37.5% to 80%. These data closely parallel a previous study of 

Nigerian children that had a 50% carriage rate (48). In Gabon, Africa, the prevalence of 

HIV/AIDS was 27.7% in a hospital population, and of these patients, oropharyngeal candidiasis 

(37%) was the most common of all opportunistic infections exceeding tuberculosis (14.5%) (80). 

A study in Tanzania, Africa, demonstrated that C. albicans (84.5%) was the most common 

species isolated from 250 HIV-infected patients with orpharyngeal candidiasis (38).  
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Oropharyngeal candidiasis (37%), salmonellosis (18.2%) and tuberculosis (14.5%) were the 

most frequently diagnosed opportunistic infections in HIV/AIDS patients in Gabon, Africa (80). 

In China, the two leading causes of oral disease in HIV/AIDS patients are candidiasis (~66% of 

all patients) followed by herpes simplex at 22% (130). In India, the five leading causes of 

alimentary diseases in HIV/AIDS patients are candidiasis (88%) followed by tuberculosis (57%), 

enteropathogenic Vibrio (47%), cytomegalovirus infection (45%), and cryptosporidial diarrhea 

(43%) (20). Thus, it is seen that in certain settings, candidiasis ranks the highest among 

infections in patient populations.  

The spectrum of mucosal candidiasis also includes vaginal disease. Information on the 

incidence of vulvovaginal candidiasis (VVC) is incomplete as it is not reportable. However, the 

estimate is that VVC caused by Candida species affects about 70-75% of young women of child-

bearing age (most frequent); 40-50% of these individuals will have a recurrence, and 5-8% will 

develop recurrent VVC (RVVC) defined as 4 or more episodes per year (26,108). The point is 

that any discussion of frequency and economic impact of candidiasis must include VVC, RVVC, 

and other types of mucosal infections that are not life-threatening. 

 

Nosocomial candidiasis 

   Nosocomial candidiasis qualifies as a global infectious disease. An increased incidence of 

invasive candidiasis, aspergillosis, and zygomycosis has been reported in tertiary care facilities 

in India (19). Pfaller and Diekema present a very compelling picture of blood-borne candidiasis 

in the USA (90). Depending upon the total nosocomial infection rate (% of all microorganisms), 

valued at 2.5, 5, or 10% and an 8% rate of nosocomial infections caused by Candida species, 
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deaths due to these species range from 2,800 – 11,200 per annum. The incidence of candidemia 

in the USA is highest among the very young (<1 yr old) and patients older than 65 years. Overall 

attributable mortality due to candidemias ranges from 3.4 – 49% (90). Crude mortality incidence 

of nosocomial candidiasis in other global sites was 9.2% (Switzerland), 61.8% (France), and 

42% (Brazil) (11, 40, 104). There are several studies that correlate data on the incidence of 

candidemias, length of hospitalization and mortality to the cost of medical care, which is 

estimated to be almost $2 billion in health care (90, 69). Globally, blood-stream candidiasis is 

more frequently caused now by Candida non-albicans species (NAC) such as C. parapsilosis, 

C.tropicalis and C. glabrata. C.tropicalis is now a frequent agent of blood-stream infections 

(BSI) in both Latin America and the Asia-Pacific region (76). As with OPC, therapeutic 

intervention in nosocomial disease is becoming increasingly complicated by an increase in drug-

resistance, notably among NAC strains (90).  

 

Incidence and health care cost of fungal infections 

Fungal infections have risen sharply over the past few decades.  From 1980-1997,  

mortality due to invasive mycotic disease increased from the 10
th

 most common cause of deaths 

due to infectious disease to 7
th

. The five leading mycoses during this time were candidiasis, 

including invasive candidiasis (IC), invasive aspergillosis (IA), histoplasmosis, cryptococcosis, 

and coccidioidomycosis (90). The increase was at least partially due to the rapid emergence of 

the AIDS pandemic, but other co-morbidities such as immunosuppressive cancer chemotherapy 

and immunosuppression following bone marrow transplantation, surgery, ventilators, and in-
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dwelling central-line catheters were also responsible, especially in patients that developed IC and 

IA infections.  

Candida species rank among the top four causes of bacterial/fungal nosocomial 

infectious diseases in humans, and A. fumigatus is the most deadly and frequent mould infection 

of humans. Pfaller and Diekema followed the incidence of IC and IA from 1996 to 2003 (90). 

Their data are similar to that of other groups in that the incidence of IC has remained steady over 

the past decade, while IA may be decreasing but still remains a common and devastating disease.  

There are several studies that correlate data on the incidence of candidemias, length of 

hospitalization, and mortality with the cost of medical cure. Miller et al (69) compared patient 

data from 2 sites in the US. While there was significant heterogeneity, the median total hospital 

charge was $44,696 - $77,534 per patient. Candidemia thus carries with it a significant financial 

burden estimated at $1.7 billion. Overall, the cost-burden of fungal infections in the US is 

estimated to be $2.6 billion per year, or about 0.24% of the total US health expenditure (125). 

Expense to patients, hospitals and providers is associated with a number of factors, not 

the least of which is length of stay (LOS) in a hospital when an infection develops (131). For 

example, the LOS reported for candidiasis depended upon whether the patient was in an ICU 

(12.7 days) or a non-ICU setting (15.5 days) (81). The reason for the increased LOS seems to 

point to inadequate diagnostic assays. Bacteremia is detected much earlier and at a higher 

frequency than candidemia. Diagnostic assays for candidiasis lack sufficient sensitivity which 

thereby precludes early diagnosis. In ICUs, high-risk patients for candidiasis can be determined 

using predictive outcomes such as APACHE (57). That data has shown that there is a narrow 
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window of opportunity for effective therapy once a blood culture becomes positive. Since LOS is 

longer for candidiasis patients, this obviously results in higher expense for treatment and cure. 

Cost issues are becoming a critical point in the treatment of systemic fungal infections 

after the advent of new generation antifungals. The expenditure on antifungal drugs has risen 

sharply over the last few years and tends now to be as high as those for antibiotics in some 

hospitals, especially in the care of at-risk patients. A study based on data before 1996 estimated 

the cost of an episode of care for candidemia in the US to be between $34,123 (Medicare) and 

$44,536 (private insurance). At that time, the major cost associated with candidemia was that of 

increased hospital stay that accounted for 85-90% of total cost. All patients received 

amphotericin B (71%) or fluconazole (29%) with a cost per treatment of $2471 and $2874 

respectively for Medicare patients (99). In the following years, the newly developed lipid-

associated amphotericin B has shown to be a promising option for the care of invasive fungal 

infections with fewer side effects and decreased nephrotoxicity than with conventional 

amphotericin B (43, 97). But because of the much higher acquisition cost of these new molecules 

(see http://www.doctorfungus.org/thedrugs/cost1.php, 2006 Drug Topics Redbook), many 

questions have arisen concerning the medical and economic benefit of these new treatments. 

Many studies were conducted to assess the most cost-effective therapeutic options in different 

clinical situations. For example, in a pharmaco-economic analysis of liposomal amphotericin B 

versus conventional amphotericin B in the empirical treatment of persistently febrile neutropenic 

patients, Cagnoni showed that the mean cost of medication was significantly greater for patients 

treated with liposomal amphotericin B because of higher dosing regimens and higher drug 

Average Wholesale Price (AWP). But when the costs of the drugs were taken out of the analysis, 

http://www.doctorfungus.org/thedrugs/cost1.php
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hospital costs were lower for patients treated with liposomal amphotericin B, probably because 

the costs induced by nephrotoxicity appeared to be more frequent in patients treated with 

conventional amphotericin B. Based on these results, it has been estimated that the acquisition 

cost of liposomal amphotericin B would have been 50% of the AWP at the time of the study to 

be cost effective (15). However, studies that analyze the cost of drugs need to factor in the cost 

of the illness (117). As explained above, invasive fungal infections are difficult to diagnose and 

affect critically ill patients with poor prognosis. Thus, the global cost of fungal invasive disease 

may be very high. Increased LOS raises not just direct medical costs (room and board, pharmacy 

excluding antifungals, laboratory services, radiology, transfusions, nutrition) but also indirect 

costs (eg. absenteeism) and intangible costs (eg. quality of life) (15, 77, 117). The choice 

between the use of conventional and new formulations of amphotericin B is not the only 

dilemma faced by the clinician. As the armamentarium of antifungals increase, other difficult 

choices have to be made on a daily basis. Facing a case of invasive candidiasis, the clinician can 

use fluconazole, echinocandins, expanded spectrum azoles or new formulations of amphotericin 

B (85). Pharmaco-economic considerations need to be part of the reflection but a single 

conclusion cannot be drawn because of the multiplicity of clinical situations. Many factors are 

involved in choosing a therapy, and among the most important are: the presence or absence of 

neutropenia, the severity of the underlying illness, pre-exposure to antifungals and the risk for 

the patient to develop irreversible nephrotoxicity. A recent study was conducted in Cambodia 

(where cryptococcal meningitis is an important cause of mortality among AIDS patients) to 

assess the cost-effectiveness of a primary prophylaxis with fluconazole. Unlike previous results 

obtained in industrialized countries, this study showed that in a highly endemic area of 
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cryptococcosis and AIDS, prophylaxis is a cost effective strategy to prevent AIDS associated 

cryptococcosis (68). However the acquisition cost of antifungals remains a crucial concern for 

developing countries. Some initiatives have been developed to make existing medicines available 

for the poorest. One example is the Diflucan Partnership Program (DPP) between Pfizer Inc. and 

the South African Ministry of Health to distribute free Diflucan (fluconazole) in the context of a 

high AIDS prevalence (123). But in addition to candidiasis, antifungals are highly essential to 

treat endemic mycoses worldwide. Until now the recommendations for the first line treatment of 

these endemic mycoses were conventional molecules, mainly amphotericin B, itraconazole and 

ketoconazole. But the clinical outcome is not always optimal and some of these diseases, (eg. 

chromoblastomycosis or eumycetoma) respond poorly to medical treatment (66). Studies have 

now shown that more recent antifungals, such as terbinafine, voriconazole and posaconazole may 

be useful for the treatment of these infections (1, 9).  

 

Challenges in the treatment of invasive candidiasis 

The predominant problems in patient management include the lack of high sensitivity and 

rapid diagnostic tools, drug resistance and its impact clinically, toxicity, and last but not least, 

cost. Equally daunting is when does one start and finish therapy? A delay in diagnosis of blood-

borne candidiasis and treatment results in significantly higher attributable mortality. However, 

the early diagnosis of invasive candidiasis remains challenging. Positive cultures from non-

sterile sites may be related to either colonization or infection, and only the recovery of the 

organism by culture from a sterile site such as a blood sample can prove an invasive infection 

(21, 87). Even as blood culture procedures have greatly improved during the last decades with 
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the generalized use of automated broth blood culture systems in most hospitals, sensitivity 

remains too low (around 50%). Optimally, growth should be detected within 24 to 48 h from 

patient specimens. In this regard, the use of specific yeast blood culture systems may be 

beneficial. Despite the high cost, this procedure has proved to enhance the sensitivity for 

fungemia detection and reduce the time to detection (27). In order to improve the diagnostic 

capability of invasive candidiasis, several non-culture methods have been developed within the 

last decades, including detection of (1,3)--D-glucan and detection of fungal DNA (87).  Ideally 

traditional culture methods could be added to one or several non-culture based microbiological 

tools to improve diagnosis, sensitivity and specificity. Because of their very high cost, wide-

spread applications of such procedures have to be considered only in patients in high risk wards. 

Despite the benefit they can offer, these new techniques, especially those based on DNA 

detection, have their limits as they do not easily discriminate colonization from invasive 

candidiasis. Diagnosis based on histopathological samples is often too invasive for critically ill 

patients and hence repeated blood culture sampling using specific media remains essential. Of 

great importance, once a blood culture does become positive for Candida species, immediate 

treatment is essential as the window for cure narrows (84, 96). 

 

Antifungal drugs and resistance 

Antifungal drugs that are currently used in patient treatment of candidiasis include the 

polyene- amphotericin B (AmpB), azoles, and the echinocandins (82). These compounds bind to 

membrane ergosterol (AmpB) and perturb membrane functions, inhibit ergosterol synthesis 

(azoles), or inhibit cell wall β-1,3 glucan synthesis (echinocandins). The standardization of 
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antifungal susceptibility testing especially in regard to Candida species has lead to active 

surveillance for resistance (30, 75, 85, 91). 

One of the main discoveries of the last few decades in the antifungal field was the 

development of new azoles, and principally fluconazole. With a high efficacy against yeast, 

especially Candida albicans, and low toxicity, this drug was to revolutionize the therapeutic 

approach of candidiasis which also included prophylaxis (6). But, several years of extensive use 

of fluconazole may have been responsible for an evolution in invasive fungal infection 

epidemiology. The main changes reported are: a decrease in invasive candidiasis in transplant 

recipients, a reversal of the proportion of yeast/mould invasive infections, an increase in yeast 

infections caused by non–albicans species especially among patients with hematological 

malignancy and, as a potential corollary, an emergence of fungi with reduced susceptibility to 

fluconazole (17, 37, 60). But the real impact of fluconazole use on these changes is very difficult 

to assess. Consistent trends are not easy to highlight as the epidemiology of invasive fungal 

infections is difficult to study. The first reason for such issues concerns diagnostic difficulties, as 

described above, which are probably responsible for an underestimation of the rate of invasive 

fungal infections. To better study this problem post mortem studies are of high interest. But post-

mortem studies are limited as the autopsies have decreased in many hospitals due to financial, 

human resource and policy constraints. Two studies performed by the same team at two different 

periods in the same university hospital showed that after a decreasing trend, prevalence of 

invasive Candida infections increased again (34, 61). The second reason concerns the 

heterogeneity of the patient populations in terms of demography, underlying disease, and 

medical practices as seen from single-center studies. The multi-center studies are of interest and 
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several large studies based on surveillance networks provides a large amount of data showing 

that the incidence of invasive candidiasis, species distribution, and susceptibility to antifungal 

agents are highly variable between different patient populations, medical practices, hospitals, 

regions, and even countries (46, 58, 74, 85, 90).  

On the more specific issues of the risk of emerging resistance, a large study was recently 

published on a 10.5 year surveillance of susceptibility of Candida species to fluconazole and 

voriconazole. With 256,882 and 197,619 isolates from 41 countries, analyzed for fluconazole 

and voriconazole susceptibility, this study highlights a few important trends. First, the overall 

susceptibility of Candida isolates remains high for fluconazole and voriconazole (90.2% and 

95% of isolates). C. albicans remains highly susceptible to both azoles, but a higher rate of 

resistance was observed in North America. This study reported a slight trend toward an 

increasing resistance, in some regions, of non Candida species like C. tropicalis and C. 

parapsilosis. Also observed was the world wide emergence of less common and less susceptible, 

or resistant, Candida species, like C. krusei (92). 

Despite the power of this large cohort, this global analysis of susceptibility profiles did 

not take clinical data into account. A multi-center study with a systematic record of events taking 

place within 30 days prior to the candidemia showed that recent exposure to caspofungin or 

fluconazole was associated with changes in the epidemiology of the infection (67). For both 

drugs, pre-exposure was associated with a decreased prevalence of C. albicans in favor of less 

drug-susceptible species: C. glabrata and C. krusei after fluconazole, C. parapsilosis and, to a 

lesser extent, C. glabrata and C. krusei after caspofungin. This study illustrates that antifungal 

use may have a direct impact on the epidemiology of invasive fungal infections. Since the launch 
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of caspofungin, studies have already reported the risk of emergence of C. parapsilosis, known 

for its reduced susceptibility to echinocandins (29,114). 

These data demonstrate the need to perform prospective epidemiological surveillance 

including clinical data, antifungal pre-exposure and treatment. This kind of surveillance will be 

of high interest at local, national and international levels for the development of practical 

guidelines. This will then pave the way for better, cost effective methods of antifungal therapy 

and use. 

In spite of the fact that AmpB is considered to be broadly active against Candida species, 

there are data to suggest a less-than optimal activity against the non-albicans species, C. rugosa, 

C. krusei, C. guilliermondii and C. lusitaniae that ranged from 5-20% of isolates (59). This 

concern is amplified considerably from the availability of drug resistance data to the triazoles 

(and to a lesser extent, echinocandins) among Candida species as well as A. fumigatus (89, 111). 

Resistance to both azoles and echinocandins was most prominent among isolates of C. glabrata. 

The highest resistance rates were to echinocandins (16.7%), fluconazole (16.7%), posaconazole 

(5.0%), and voriconazole (11.1%) among isolates from the 20- to 39-year age group (89). The 

percentage resistance among C. glabrata isolates has been reported to be as high as 18% in 

North America strains (88). Failure rates of these agents, including voriconazole and caspofungin 

are high—in the range of 60% to 70% in allogeneic human stem cell transplant (HSCT) 

recipients and 30% of patients with advanced AIDS (8, 114). In the case of C. parapsilosis and 

C. guilliermondii, elevated MICs are observed and in cases of esophagitis, candidemia, and 

endocarditis caused by this species, caspofungin resistance has emerged (88, 90, 91, 93, 114). 

Cross-resistance among Candida species to triazoles, defined as resistance that develops during 
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therapy with one triazole that results in resistance to a second triazole that the strain has not seen 

previously, has been reported. It is now a fact that therapeutic intervention in candidemia is 

becoming increasingly complicated by an increase in drug-resistant strains (28). As resistance 

varies among species but is much higher in Candida non-albicans species, the role of species 

identification and antifungal sensitivity assays cannot be understated. With this in mind, the 

search for novel antifungal agents therefore should look to novel targets or pathways to solve the 

problem of resistance to existing drugs and antifungal mechanisms.  

 

Risk assessment 

Strategies to minimize blood-borne fungal diseases include risk factor assessment with an 

increasing interest in anti-fungal prophylaxis of high risk patients and surveillance of drug 

resistance (30, 75, 85). During the past two decades, there has been an increase in the number 

and severity of critically ill patients, especially with protracted neutropenia, extensive use of 

invasive medical devices, wider use of broad spectrum antimicrobial agents, extensive use of 

corticosteroids and, more recently, development of new immunosuppressive agents (T cell 

immune-suppressants). All these factors contribute to the overall risk of invasive fungal 

infections (21, 37, 119). Also, despite these new tools, the sensitivity of the diagnosis remains 

low. For this reason, high-risk populations have to be identified and individual patients with an 

even higher risk in these populations need to be recognized.  

Colonization of skin and mucosa by Candida sp. is the first step to development of 

infection. Candida sp., especially C. albicans, may be present as a commensal on digestive and 

vaginal mucosa in healthy subjects. T lymphocytes play a crucial role in the control of the 
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pathogenicity in skin and mucosa and many factors may disrupt this balance: disequilibrium of 

bacteria flora due to antibiotic treatment, mucosal damage, lack of control by CD4+ 

lymphocytes, as occurs during HIV/AIDS, or after treatment with anti-CD52 monoclonal 

antibody that is used in the treatment of chronic lymphocytic leukemia (CLL), high levels of 

glucose due to diabetes, or estrogen treatment (116). It is important to note that the evolution 

from colonization to infection is a continuum; consequently to distinguish between colonization 

and infection remains a difficult issue. Invasion is also highly facilitated in case of epithelium 

damage (surgery, catheters etc.). During invasion, macrophages and neutrophils are recruited to 

the site of infection for phagocytosis and killing of Candida while contributing to cytokine 

production. Severe invasive Candida infections may occur in patients with abnormal neutrophil 

recruitment, neutrophil dysfunction or severe neutropenia. The most common acquired cause of 

defective neutrophil recruitment is treatment with glucocorticosteroids or other 

immunosuppressive agents (116).  All of these risk factors may be less specific but their 

knowledge allows targeting of high risk populations. The differential role of T lymphocytes and 

macrophages during the course of Candida infection explains why as macrophage function is 

preserved during HIV infection, patients suffering from HIV/AIDS are exposed to superficial 

candidiasis (oropharyngeal candidiasis) rather than disseminated visceral candidiasis. Patients at 

risk for invasive candidiasis are patients with a recent history of neutropenia, allogeneic HSCT, 

prolonged use of corticosteroids, treatment with other recognized T cell immunosuppressants, or 

inherited severe immunodeficiency (21). Among these populations, some patients accumulate 

several associated risk factors like broad spectrum anti-bacterial drugs, previous colonization, 

indwelling catheters, total parenteral nutrition, prior surgery (especially gastrointestinal), renal 
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failure and/or hemodialysis, and mechanical ventilation. Other factors have also been shown to 

increase the risk of acquiring candidemia: age (neonates/premature infants and patients greater 

than 70 year of age), malnutrition, prolonged hospital stay (especially in the intensive care unit) 

and, of course, severity of underlying disease which is linked to many of the previous factors 

(90, 116). Patients with several risk factors can be targeted for more specific diagnostic tests and 

considered for prophylaxis or for empirical treatment if invasive candidiasis is suspected but not 

proven (85).  

 

Anti-fungal drug discovery 

It is quite clear that progress towards the identification of new classes of antifungals has 

been slow. Drugs that are currently used in the clinic target genes involved in ergosterol 

synthesis, membrane ergosterol, or β-1,3 glucan synthesis, representing about 0.0004% of the 

entire genome of C. albicans. New drugs are remodeled triazoles or echinocandins. The same 

paucity in drug discovery is witnessed in anti-bacterial drug development, such that phrases like 

―bad bugs-no drugs‖ now reflect the current scenario where pathogens resistant to nearly all 

available anti-bacterial drugs are being encountered both in hospital and community settings 

(10). 

The reasons for the lack of new drug classes and the use of remodeled ones are 

numerous. They include the costs of research and development, loss of patent rights, reduced 

capital venture, and the belief that drugs which cure in short term are in general not as lucrative 

as those that require use for extended periods of time. 
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In this section, I have organized drug discovery into two approaches, each of which 

begins with a different initial focus. The first of these approaches might be referred to as 

―classical‖ or ―traditional‖ whereby a putative new anti-fungal is identified from large compound 

libraries that are used in screens against an array of species. The second approach seeks a target 

that is broadly represented in many fungal pathogens and is important to growth or virulence of 

fungi but not found in human cells. This approach relies upon genomic database searches of 

fungal pathogens and when possible functional annotation. If the other features mentioned above 

are indicated but without functional annotation, then the putative target requires verification as 

being important to growth or for disease to occur. The so-called ‗anti-virulence‘ drugs (18) have 

gained a conceptual foothold in the anti-bacterial drug discovery paradigm but seem to be less 

represented in the fungal literature. Below, both models of drug discovery are described in some 

detail (Figure 1.1). This does not mean to imply that both approaches cannot be integrated. In 

fact, the examples given below indicate otherwise. Thus, compounds of interest can be used in 

screens of genetic mutants to define a mechanism of action (MOA) of a new anti-microbial that 

displays in vitro activity to target organisms. Genetic screens utilize the power of several S. 

cerevisiae mutant libraries to look for potential target genes or pathways. As for similar libraries 

in human pathogenic fungi, methods have evolved that utilize either conditional or heterozygotic 

mutants that display a phenotype referred to as haploinsufficiency (HI). Such mutant collections 

exist in S. cerevisiae with the advantage of total or near total genome coverage (4700-6000 

mutants). 

 

a) Classical/Traditional approach (compound based) 
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Figure 1.1. The 2 approaches to antifungal drug discovery. (Left) The traditional or classical 

pathway begins with compound libraries that are screened against a panel of fungal species. 

Active compounds are selected, optimized for activity, tested for in vitro toxicity, and the best 

lead optimized compounds are selected for further study. (Right) Genomic approaches begin 

with deletion collections of mutants that can provide full coverage of the genome or partial sets 

as in the case of growth essential genes. The deletion collections are referred to as ‗HIP‘ or 

‗HOP‘ reflecting the nature of the set of mutants. A combination of both approaches can be used 

where mutants of genes of interest are screened against compound libraries to identify ‗hit‘ 

compounds (Left-pointing vertical arrow). Similarly, compounds identified by classical methods 

can be tested against sets of mutants to identify mechanistic pathways and/or genetic target(s) 

(Right-pointing vertical arrow).  
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The two requisites for this approach are a suitable compound library and pathogens (or a 

target) of interest. Of these, finding an appropriate compound library can be a challenge. I have 

been fortunate enough to collaborate with a medicinal chemist who provides me with a library of 

novel synthetic compounds that belong to various structural scaffolds for screening purposes.  

The National Institutes of Health now provides a list of centers (Molecular Libraries 

Program Centers Network, MLPCN) that are available for many types of assay developments 

including those that assess anti-infective activity.  The assays are robust and can consist of 

libraries of ~200,000 to 300,000 compounds for high throughput screens (HTS).  More 

information on the MLPCN can be found at http://mli.nih.gov/mli/mlpcn/. Funding with a 

specific center is possible once collaborations or potential collaborations are defined. The 

Helmholtz Center for Infection Research in Germany is one of three centers that will soon begin 

a coordinated effort for academic screening platforms in Europe called EU-OPENSCREEN 

(http://www.helmholtz-hzi.de/en/).  

Target-based screens (eg. cell enzymes) have fallen in popularity whereas cell-based 

phenotypic screens are preferred for several reasons. One important factor is that hit compounds 

by their inhibitory activity must be permeable to the test organism(s). In contrast, for target-

based screens, permeability to the compound would have to be determined eventually. Also, cell-

based screens are rather straightforward and require only the selection of broad pathogen 

representation, including C. albicans and Candida non-albicans species. Certainly among others, 

A. fumigatus, Cryptococcus neoformans, dimorphic and endemic fungal pathogens, and rare 

pathogens such as Fusarium species and others may be included.  

 

http://mli.nih.gov/mli/mlpcn/
http://www.helmholtz-hzi.de/en/
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Compound libraries   

There are two types of compound libraries: synthetic and natural. Natural libraries are 

structurally diverse and have been evolutionarily selected (12). Historically, most drugs evolved 

from natural compounds or derivatives of natural products. With the advent of high throughput 

screening methods, there has been a gradual decline in research relating to screening of natural 

compounds over the past decade. However, the use of newer technologies for natural compound 

screening and the tapping of new biological resources provide exciting new opportunities for 

natural product drug discovery (64). Synthetic libraries use combinatorial chemistry to 

synthesize thousands to millions of ligands which provides endless possibilities of structures. 

Within synthetic libraries, there are three main types as described by Drewry and Young (24). 

They are focused, targeted, and primary screening libraries. A focused library is based on a lead 

molecule and is designed for a known molecular target while a targeted library identifies a 

particular class of proteins (e.g. kinases). Finally, a primary screening library is structurally 

diverse and used to screen against targets with little known information to search for a new lead 

compound (24). Once an active compound is identified, it will undergo lead optimization where 

modifications are made to the compound but the core scaffold remains unchanged. The modified 

compounds will then be used for susceptibility testing to determine if the activity has changed. 

The goal of lead optimization is to find a compound with the lowest possible minimum 

inhibitory concentration (MIC) against a panel of fungal pathogens. In the process of selecting 

hits based on MIC measurements, it is also important to determine if the compounds are 

fungicidal or fungistatic, with the former being of more interest. This is because recurrent 

infections can occur when treatment with a static antifungal is stopped.  Fungicidal compounds 
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are particularly useful in immune-compromised patients since their immune system may not be 

able to eradicate the fungal pathogen entirely (16). Of the commonly used antifungals, 

amphotericin B and the echinocandins exhibit fungicidal activity while the triazoles and 

flucytosine are fungistatic drugs (62).  

 

Toxicity studies 

Active compounds from the screening process must go through a preliminary stage of 

toxicity assessment. The toxicity tests are done in vitro with standard mammalian cell lines to 

determine if the compounds have toxicity. More elaborate toxicity testing and in vivo studies in 

animal models are reserved for later stages of the drug development process. The cell line is 

selected based on the assumption that organs like the liver and kidney that are involved in drug 

metabolism and excretion may be most exposed to the damaging effects of the compound. In 

addition, endothelial cell lines may also be tested to look for toxicity in blood vessels after 

systemic administration or absorption. Toxicity tests measure viability on prolonged exposure to 

various concentrations of compounds. The neutral red uptake assay is one such test. This assay 

measures cell viability and is one of the most commonly used toxicity tests (100). Viable cells 

bind and incorporate the dye which concentrates in cell lysosomes. Upon extraction with 

acidified ethanol, dye content is measured by spectrophotometry. Another toxicity test, the MTT 

[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (71), is based on the 

ability of mitochondrial reductase (which is only active in living cells) to reduce MTT to a purple 

formazan dye and the results are then read by spectrophotometry. Other assays to test drug 

toxicity include trypan blue and lactate dehydrogenase release (118). It is also important to use at 
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least two distinct tests to accurately determine toxicity if the compounds target organelles 

involved in measuring viability in one of these tests. Based on results from MIC measurements, 

lead optimization and toxicity testing, a structure-activity relationship (SAR) can be charted 

between the organism and compounds of the active structural scaffold. This is then instrumental 

in the identification and evaluation of the target site/pathway. 

 

MOA Studies 

The determination of mechanism of action (MOA) of novel compounds is probably the 

most challenging aspect of drug discovery. Once an active compound has been identified, it is 

important to ascertain if the mechanism of action may be related to pathways inhibited by 

already existing antifungals. To validate that the new active compounds are active against targets 

other than those already used in the clinic, one approach is to screen a number of azole and 

echinocandin resistant C. albicans and C. glabrata strains that either have mutations or over-

express their target genes. If these mutants are in fact sensitive to the compound, then the MOA 

is very likely different for these compounds as compared to current drugs.   

Another method to gain information on the MOA is to measure the effect of the active 

compound on macromolecular synthesis. In this case, cells are pulse-labeled with radio-labeled 

precursors (glucose, leucine, uridine etc.) and incorporation is observed (56). If incorporation of 

a precursor is inhibited in compound treated cells, then it is most likely involved in the inhibition 

of that pathway (e.g. β-1,3-glucan synthesis).  

Compounds that are inhibitory to S. cerevisiae have an inherent advantage. It provides a 

way in which the cell target(s), and hence MOA can be identified by using mutant libraries 
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grown in the presence of active compounds. There are three types of yeast libraries, each 

consisting of 4,700 to 6000 mutants representing the entire genome of yeast constructed in a 

diploid background, including: 1) null strains lacking both copies of genes that may be 

hypersensitive or resistant; 2) strains that are hemizygotic and display a haploinsufficiency (HI) 

that reveal sensitivity to compounds, and; 3) strains that over express targets; here strains that 

exhibit a resistance phenotype would be of interest. Each of these libraries is available through 

the European Saccharomyces cerevisiae archive for functional analysis (EUROSCARF). Link: 

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html. Every mutant in the library can be 

screened in 96-well microtiter plates or agar plate assays after addition of the active compound. 

The mutants that are sensitive or resistant to the compound are compiled and the genes are 

grouped into functional categories to identify a target or pathway using algorithms such as 

Funspec (http://funspec.med.utoronto.ca/) or Gene Ontology (GO) 

(http://www.geneontology.org/). Screening of mutants can also be achieved in batch cultures. 

Since each strain is specifically bar-coded, it enables identification of sensitive or resistant 

strains. In a study by Arita et al (3), the non-essential haploid gene knockout stains in S. 

cerevisiae were screened with nickel sulfate. A total of 149 sensitive strains were found in the 

screen (3.1% of all strains). The genes were then clustered on the basis of functional categories. 

As expected, mutations involved in the homeostasis of metal ions were represented among 

hypersensitive strains (3). The authors also constructed a protein interactome map to chart out 

potential interactions (protein-protein, DNA-protein etc) that may be important for drug 

inhibition. 

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html
http://funspec.med.utoronto.ca/
http://www.geneontology.org/
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While the phenotype of strains could be easily identified by the use of one or more of 

such libraries, there are inherent problems with each library. For example, happloinsufficiency 

assays may be unable to detect hypersensitivity if 50% of a gene product is able to compensate 

for fitness defects. Null mutants of growth essential genes are not among the pool for screens. 

However, non-essential genes of sensitive nulls identify genes that buffer the drug target or 

target pathway and are therefore required for growth in the presence of the active compound 

(107). Also, in S. cerevisiae, 15% of strains that over express genes exhibit toxicity to that gene 

product, which is manifested as retarded growth (109). 

 

Comparative expression profiling 

Genes that are up or down-regulated on exposure to a compound may be involved in the 

target pathway. In order to study this, a microarray analysis is done between a non-treated strain 

and a strain exposed to sub-optimal levels of the compound. The resulting change in expression 

profiles of genes can be grouped to identify potential targets or pathways (65). It is also possible 

to look for changes over time and concentration gradients that may then give a better picture of 

transcriptional changes that are important for activity of the compound.  

A combination of approaches is vital to gain information about pathways that may be 

involved in the anti-infective activity of the compound. Genes that show consistent changes in 

multiple screens (as shown by the areas of overlap in Figure 1.2) will most likely be related to 

the target pathway of the compound. 

 

b) Genomics based approaches (target based) 
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Figure 1.2. Integration of approaches include macromolecular synthesis inhibition, microarray 

(MA), Saccharomyces deletion sets (HIP/HOP) and over-expression screens (OE) to identify 

targets of novel active compounds. The genes that belong to common areas in the diagram 

indicate probable target(s) of the compound under study. 
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For pathogenic fungi like C. albicans, a number of efforts have resulted in the 

development of mutant libraries that have been exploited in proof-of-principle experiments to 

assess sensitivity to compounds or identify other phenotypes such as genes required for 

morphogenesis. Importantly, genomic sequence data for several Candida species allows the 

identification of potential targets (122). In this regard, genomic based approaches with potential 

for antifungal drug discovery initially focused on developing libraries of C. albicans mutants in 

essential growth genes (33, 103). To do this, a genetic comparison of C. albicans genes sharing 

homology to essential genes of S. cerevisiae (32) was done. This revealed 864 C. albicans genes 

with significant homology. Next came the arduous task of making C. albicans conditional 

mutants, and of this pool of genes, 823 mutants were constructed.  To construct specific gene-

deleted mutants, one allele was replaced using a PCR-generated disruption cassette containing a 

selectable marker. Two distinct bar codes (up and down tags) were flanked by two primer pairs 

that permitted PCR amplification of bar codes and therefore, identification of each mutant. For 

the second allele, bar-coded strains were then PCR-amplified to introduce the regulatable 

tetracycline promoter to generate conditional mutants. This functional genome approach was 

referred to as GRACE (gene replacement and conditional expression). In this way, 567 essential 

genes of C. albicans were identified (103). Of all the S. cerevisiae essential gene sets, only 61% 

were found to be essential in C. albicans. Of importance, whole cell assays with conditionally 

regulated strains enables compound screening of any target that is among the essential gene set 

of strains (103). 

Following this approach, Xu et al (126) described the construction of a library of 2868 

heterozygous deletion mutants (~45% of the C. albicans genome). The concept described for 
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constructing this mutant set was similar to the above except that the mutants were not 

conditionally expressed. All strains were then used in screens of 35 known or novel compounds 

to identify chemically induced haploinsufficiency (HI), an assay also referred to as the C. 

albicans fitness test (CaFT). Here, sensitive or resistant strains can be determined by relative 

amounts of their specific barcodes in batch cultures of mutants (126). The authors conclude that 

the CaFT facilitates a pathogen-focused approach to new antifungal discovery. This application 

had been applied initially to S. cerevisiae as mentioned above and resulted in the identification of 

novel cell interactions as well as the chemical core structure of inhibitors of ERG24 (4, 5, 33).  

An extension of this principle has been demonstrated in studies to define the MOA of 

guanosine 5‘-monophosphate synthase inhibitors in C. albicans (GMPS, encoded by the C. 

albicans GUA1) and A. fumigatus (102). Of approximately 2868 heterozygous deletion strains, 

one corresponding to the gua1 null was hypersensitive to the test compound (ECC1385), which 

additionally inhibited the in vitro activity of the C. albicans GMP synthase. Also, fitness 

profiling has been used to identify the active component (parnafungins) from natural products of 

a Fusarium culture and show that the target was mRNA processing (49, 86).  

More recently, a library of 3633 tagged, heterozygous transposon mutants of C. albicans 

were screened for HI in varied growth conditions that included susceptibility to chemically 

diverse compounds (79). For instance, the target of brefelden (an inhibitor of protein transport 

from ER to Golgi) was identified as Sec7p, while a C. albicans-specific target (Tfp1p) was 

identified as the target for a novel compound (79). Thus, proof of principle indicates the utility of 

tagged mutant libraries, even though only partial ones are available at this time for screening of 

potential anti-fungal compounds. The examples given above indicate the utility of mutant 
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libraries in identifying novel targets. These assays require intense labor and high cost to develop. 

However, toxicity issues and a lack of in vivo efficacy can still prevent the compound from 

advancing to full therapeutic potential (102). This points to the risks that are inherent to the drug 

discovery process at every step. 

The Saccharomyces deletion collections have been used extensively to evaluate responses 

to a variety of environmental and chemical stressors. Data is available from screening the 

collections (approximately 6000 strains) to more than 700 different treatment conditions (44). It 

is now possible to have fitness maps (of each mutant in the collection) to a wide variety of 

conditions. This can be highly beneficial in identifying possible modes of action of new 

compounds by comparing fitness profiles. This concept is called co-inhibition. The co-inhibition 

profile of a new active compound to a known treatment will determine the extent to which the 

mechanisms of action are related. The higher the co-inhibition score, the closer the association 

between target pathways. Co-inhibition profiles can also be compared among compounds that 

belong to the same structural scaffold to look for SARs that may not be evident by MIC 

screening alone. Similarly, the functional closeness of 2 genes can be analyzed by comparing 

fitness profiles of their mutants against many tested conditions. This is called co-fitness. Co-

fitness scores can be used to: identify genes that may be related to the target pathway of the 

treatment compound, understand functional roles of related genes in specific conditions, and 

identify essential complexes. With the vast amount of data available from these screens, it is 

possible to build interaction profiles between already existing co-fitness/co-inhibition profiles 

and that of the test compound (Figure 1.3). This may help in the identification of drug target  
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Figure 1.3. The use of interaction profiles to determine active scaffolds and drug targets. A 

specific phenotypic interaction between gene ‗g‘ and compound ‗c‘ is used as the basis for this 

interaction profile. Compounds that have high co-inhibition scores with compound ‗c‘ and other 

compounds that have the same phenotypic interaction with gene ‗g‘ are compared for structural 

relatedness to identify active scaffolds or possible target sites (Right side of figure). Similarly, 

genes that have high co-fitness scores with gene ‗g‘ and other genes that have the same 

phenotypic interaction with compound ‗c‘ are compared to look for functional relatedness to 

identify target genes or pathways (Left side of figure). Also, the interaction between compounds 

with high co-inhibition scores with compound ‗c‘, and gene ‗g‘ is evaluated. Similarly, the 

interaction between genes that have high co-fitness scores with gene ‗g‘, and compound ‗c‘ can 

be determined (Dotted arrows). 
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pathways, associated pathways, related treatments and, conditional relationships between 

compounds and genes that cannot be determined by evaluating individual fitness profiles. 

New antifungal drugs in development 

The discovery and development of antifungal drugs has been a long and interesting 

journey beginning with the FDA approval of amphotericin B in the 1950s. The number of 

therapeutic agents against fungal pathogens witnessed a dramatic leap with the development of 

azole drugs in the 1980s and the introduction of liposomal amphotericin formulations in the 

1990s. Echinocandins, the newest addition to the arsenal of antifungals, (introduced in 2001) has 

been successfully added to the therapeutic choices for invasive infections. Despite the fact that 

three classes of drugs (polyenes, azoles and echinocandins) are currently available for treatment 

of invasive fungal infections, for reasons explained above, new antifungal agents and classes are 

the need of the hour. With this in mind, drugs are being developed to target new pathways or 

work on existing targets. New compounds that belong to already existing antifungal classes look 

for structural modifications that decrease toxicity and increase bio-availability and effectiveness. 

New azoles:  A new triazole agent, albaconazole is currently being developed for use 

against Candida, Cryptococcus and Aspergillus spp. (82, 110). Isavuconazole or BAL4815, also 

a modified triazole is in clinical development (Phase III) for use in treating aspergillosis and 

zygomycosis and has been shown to be more effective than voriconazole and itraconazole 

against Candida spp. (25, 106). The study of structure-activity (SAR) relationships in azole 

derivatives has yielded new data on compounds with MICs in the range of nanograms/mL (35). 

These compounds act by optimizing the interaction of molecules to the active site of CYP51 in 
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Candida albicans. Molecular modeling methods combined with the study of active derivatives 

are now being used to chart out interactions between active site and potential compounds with 

better antifungal profiles (36). Although many such molecules or derivatives of triazoles are now 

being investigated for in vitro activity, there is a scarcity of data showing definitive advantages 

compared to existing drugs in clinical trials (82). 

New polyenes: The use of liposomal formulations and lipid complexes of amphotericin B 

significantly reduces renal toxicity. A new cochleate formulation has shown efficacy in animal 

models of candidiasis and aspergillosis (22, 82, 105, 129). The use of lipid nanoparticles (LNPs), 

another method to deliver amphotericin B shows promise because it significantly reduces 

toxicity and increases the antifungal activity (50, 82). A liposomal formulation of nystatin is also 

being investigated (2, 82). A novel polyene, SPK-843 was shown to have better efficacy than 

established polyenes in a murine model of pulmonary aspergillosis (25, 52). Recent studies 

investigating the use of aerosolized liposomal amphotericin B and aerosolized voriconazole for 

the treatment of invasive pulmonary aspergillosis also look promising (101, 113). 

New echinocandins: The currently used echinocandins (caspofungin, micafungin and 

anidulafungin) are still relatively new and studies relating to their in vivo efficacy are ongoing 

(82). Aminocandin (IP960/HMR3270), a new echinocandin is under clinical development for use 

against Candida spp. and filamentous fungi (31, 120, 121).  

Other agents in development: T-2307 is a novel arylamide that is active against 

Candida, Cryptococcus and Aspergillus spp. It is hypothesized that the mechanism of action may 

be related to mitochondrial functions specific to fungal cells (70, 127). Icofungipen (PLD-118) is 

a beta amino acid that is active against Candida spp. by inhibiting isoleucyl-tRNA synthetase in 
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protein biosynthesis. In vivo activity of this compound against azole-resistant strains has also 

been demonstrated in murine models (41). Nikkomycin Z, a compound that competitively 

inhibits chitin synthase in the fungal cell wall was first identified in the 1970s (14). Both in vitro 

and in vivo activity has been shown in models of coccidioidomycosis and blastomycosis (42). 

Recently, there has been renewed interest in chitin synthase inhibitors and many natural 

compounds belonging to the same class have been identified (54, 55, 128). Sordarins work by 

inhibition of elongation factor-2 during protein synthesis (23, 51). Sordarin derivatives were 

shown to have efficacy in various animal models and are active against Candida albicans (39, 

53, 78).  Miltefosine is an alkyl phosphocholine that acts by the inhibition of lysophospholipases. 

It has broad-spectrum antifungal activity and is active in vivo in a murine model of disseminated 

cryptococcosis (124). MGCD290, a Hos2 fungal histone deacetylase (HDAC) inhibitor has 

shown to work synergistically with azoles against the majority of clinical isolates, including 

azole-resistant yeasts and molds (94). FK506 and cyclosporine A are calcineurin inhibitors that 

are fungicidal and show synergy with fluconazole by preventing the growth of azole resistant 

strains in biofilms (115). 75-4590, a pyridobenzimidazole is active against Candida spp. by 

inhibition of beta-1,6 glucan synthesis in the fungal cell wall (56). Analysis of resistant genetic 

mutants in Saccharomyces cerevisiae showed that the target was Kre6p, a beta-1,6 glucan 

synthase (73). There is evidence that monoclonal antibodies that inhibit heat shock protein 90 

when used in combination with amphotericin B or caspofungin leads to significant clinical 

improvement in cases of invasive candidiasis (45, 83). Studies have shown that Als1p, a cell 

surface adherence protein is effective in protecting mice against disseminated candidiasis by 
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enhancing cell mediated immunity (47, 112). Beta glucan conjugates confer protection in murine 

models and are also being investigated as potential vaccine candidates in the future (13). 

 

Summary  

The routes to anti-fungal drug discovery are fraught with speed-bumps, one of which is 

shared toxicity of lead compounds to the fungus and mammals. This fact almost always prevents 

movement of potential compounds to the user list of therapies. Obviously, there are other 

reasons, such as good in vitro but negligent or minimal in vivo efficacy. However, additional 

conceptual problems create stops in the drug discovery process. For example, the emphasis on 

the potential of a specific compound or family of compounds is that they must be broad in 

specificity and directed against essential gene products. This raises two important questions. 

First, why is there a need for broad-specificity? Compounds that act only on Candida species and 

C. neoformans would be efficacious, marketable and useful in the treatment of the leading types 

of fungal diseases. This includes oropharyngeal, vaginal or recurrent vaginal infections and 

cryptococcal infections. It is known that in developing countries the major nosocomial infections 

are those in HIV/AIDS patients that include the above-mentioned pathogens. Here, the activity 

against Aspergillus fumigatus would be of less consequence. Insistence that new compounds 

have to kill every fungal pathogen is certainly not the case with the echinocandins, of which C. 

neoformans lacks the drug target. There is now an emphasis in anti-bacterial drug discovery to 

develop drugs against specific types of resistant bacteria. In the case of antifungal drug 

discovery, I feel there is a need to target specific patient populations. Also, it seems that many of 
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the new agents are targeted against specific combinations of pathogens. The numbers on 

incidence and costs to treat fungal infections readily suggests that a market exists.   

Second, why do compounds have to target essential gene products? Sufficient examples 

of broad-functions and fungal-specific targets that are critical to virulence are known, one 

example being the two-component histidine kinases (HKs). Antibacterial compounds that target 

HK proteins that regulate biofilm formation in Staphylococcus epidermidis (98) is one of many 

―anti-virulence therapies‖ or therapies directed at virulence factors or regulators of virulence 

(18). Data from our lab and that of many other labs have defined the role of fungal HKs as 

critical to growth and virulence (63). First identified in C. albicans, HKs have since been 

validated in important cell functions in C. glabrata, C. lusitaniae, C. neoformans, Penicillium 

marneffeii, A. fumigatus, Blastomyces dermatitidis, and at least found in the genomes of H. 

capsulatum, Paracoccidioides brasiliensis, and Coccidioides immitis. Functional roles of HKs in 

these organisms include dimorphism, growth, adaptation to stress, cell wall biosynthesis, biofilm 

formation, expression of immune proteins, triazole tolerance, and, at least in 4 of these 

organisms, virulence.  

To conclude, it is important to understand that risk factors play a role in fungal disease 

progression. This will help stratify patients based on disease susceptibility and severity, and will 

also pave the way for effectively selecting drug targets and candidates that will best serve the 

needs of the patient population that suffer from these fungal infections. 
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SPECIAL NOTE ON THE SYNTHESIS OF BENZISOTHIAZOLINONE DERIVATIVES 

 The benzisothiazolinone derivatives were synthesized by Dr. William Groutas and his 

laboratory at Wichita State University, Kansas. Initially, many small molecules belonging to 

varying structural scaffolds were tested for activity against Candida sp. The compounds were 

screened by my laboratory at Georgetown University and the active compounds were reported. 

Based on this information, Dr. Groutas and his lab undertook the task of optimizing the activity 

of these compounds. They have also synthesized compounds to study the structure-activity 

relationships (SAR) for each of the active compounds. The first manuscript has described the 

synthesis of one of the 4 active compounds. It is important to state here that all work relating to 

the synthesis and optimization of the active compounds was conceived and done by Dr. Groutas 

and his lab. The first manuscript is related to the synthesis and antifungal activity of BD-I-132. 

Subsequently, in the second manuscript, I have described my work relating to the 

characterization of this compound as an antifungal agent. In the final manuscript, my work on 

the identification of potential genetic targets of this antifungal compound has been described.   
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ABSTRACT 

        A new series of broad-spectrum antifungal agents based on the 1, 2-benzisothiazolin-2(3H)-

one scaffold is reported. Preliminary structure-activity relationship studies have established the 

importance of the presence of the heterocyclic ring, a methyl group, and a phenyl ring for the 

optimal manifestation of antifungal activity. The compounds were screened against strain CAF-2 

(Candida albicans) and RC-201, a clinical isolate of Candida glabrata in accordance with the 

guidelines in CSLI document M27-A3 (broth microdilution method). The most active 

compound, BD-I-132 was then screened against other species of Candida, namely Candida 

tropicalis, Candida parapsilosis, Candida lusitaniae, Candida guillermondii and Candida 

apicola and found to be active. The compound was also active against 2 species of Cryptococcus 

neoformans (H-99 and JEC-21). This compound was also tested against Aspergillus fumigatus 

(AF-298) and dermatophyte species (Trichophyton rubrum, Trichophyton mentagrophytes, 

Epidermophyton floccosum and Microsporum canis) according to the guidelines in CLSI 

document M38-A2. The compound showed activity against all strains tested with minimum 

inhibitory concentrations (MIC-50) ranging between 0.8-12.5 g/ml. Based on this observation, 

structure-activity relationship (SAR) studies are being done to identify the most active 

compounds that can be generated from this structural scaffold. Importantly, this may lead to the 

development of a new class of drugs that have a broad range of activity against fungal pathogens. 
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INTRODUCTION 

  Invasive fungal infections are an important health problem and the leading cause of 

morbidity and mortality in immune-suppressed patients (14). Current therapy for fungal 

infections involves the use of polyenes, azoles, echinocandins, allylamines, and antimetabolites 

(1, 5, 10).
 
These agents exert their antifungal effects through different mechanisms: polyenes, 

such as amphotericin B, compromise membrane integrity and alter membrane permeability by 

binding to fungal cell membrane sterols (ergosterol); azoles block the production of ergosterol, 

an essential membrane constituent, by inhibiting lanosterol C-14α-demethylase (8, 12); 

echinocandins arrest fungal cell wall synthesis by inhibiting 1,3-β-D-glucan synthase
 
(3, 4); 

allylamines block the biosynthesis of fungal cell wall sterols through the inhibition of squalene 

epoxidase; and antimetabolites, such as 5-fluorocytosine, interfere with DNA and RNA 

synthesis. The use of these agents is plagued by toxicity, limited efficacy, and the emergence of 

resistance. Consequently, there is a pressing need for new and effective antifungal therapeutics 

that are fungicidal, fungal-specific, and have a broad spectrum of activity (2, 6, 11, 13). 

Screening of a subset of compounds from an in-house library of compounds resulted in 

the identification of compound 1 (Figure 2.1) that exhibited noteworthy antifungal activity 

against Candida species. Based on this observation, structure-activity relationship (SAR) studies 

aimed at delineating the structural elements in compound 1 responsible for its antifungal activity 

and identifying drug-like antifungal compounds that display optimal potency, selectivity, 

pharmacokinetics and oral bioavailability, were undertaken. We describe herein preliminary  
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Figure 2.1. Compounds used for the preliminary evaluation of structure activity relationships 

(SAR) of the benzisothiazolinone structural scaffold with activity against Candida species.  
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results related to the development of antifungal agents based on the 1, 2-benzisothiazolin-2(3H)-

one scaffold as seen in structure ( I) (Table 2.1).       

 

Chemistry      

Compounds 7-25 were readily synthesized as shown in Schemes 1 and 2 (Figure 2.2). 

The 1, 2-benzisothiazole-3(2H)-one N-carboxymethyl intermediate (Scheme 1) was prepared by 

treating 1, 2-benzisothiazole-3(2H)-one with sodium hydride in acetonitrile, followed by 

evaporation of the solvent and addition of trifluoroethanol and t-butyl bromoacetate. This 

protocol ensured near exclusive formation of the N-alkylated product which was treated with 

trifluoroacetic acid to yield the desired intermediate. Subsequent coupling with an array of 

structurally-diverse amines yielded the desired compounds. Compounds 15 and 17 were prepared 

by refluxing dithiosalicylic acid with carbonyl diimidazole in dry tetrahydrofuran followed by 

the addition of triethylamine and (DL) alanine methyl ester hydrochloride (Scheme 2). The 

resulting diester was then treated with bromine followed by triethylamine to yield the 1, 2-

benzisothiazolin-2(3H)-one-derived methyl ester which was hydrolyzed to the acid with LiOH in 

aqueous THF. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDCI)-mediated coupling with 

an array of amines yielded the final products. 

 

Biology 

The synthesized compounds were initially screened against C. albicans (CAF-2) and C. 

glabrata (RC-201, clinical strain), and the results are shown in Table 2.2. The most active 

compound 16 was also screened against other fungal pathogens (Table 2.3).  
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Table 2.1. Compounds used for evaluation of preliminary structure activity relationships (SAR) 

of the benzisothiazolinone structural scaffold (I) with activity against Candida species. 
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Figure 2.2. Schemes for compound synthesis. Scheme 1 was used for the general synthesis of 

compounds belonging to structural scaffold (I). Scheme 2 was used for the synthesis of 

compounds 15 and 17. 
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Scheme 1 

 

 

 

Scheme 2 
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Table 2.2. MIC-50 values of Compounds 7-25 against C. albicans (CAF-2) and C. glabrata 

(RC-201, clinical strain) 
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Table 2.3. MIC-50 values of BD-I-132, fluconazole and ketoconazole against fungal pathogens 
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MATERIALS AND METHODS 

 

General  

The 
1
H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. 

Melting points were determined on a Mel-Temp apparatus and are uncorrected. Reagents and 

solvents were purchased from various chemical suppliers (Aldrich, Acros Organics, TCI 

America, and Bachem). Silica gel (230-450 mesh) used for flash chromatography was purchased 

from Sorbent Technologies (Atlanta, GA). Thin layer chromatography was performed using 

Analtech silica gel plates. The TLC plates were visualized using iodine and/or UV light. 

  

(N-carboxymethyl)-1, 2-benzisothiazolin-3(2H)-one   

A solution of 1, 2-benzisothiazolin-3-one (15.1 g; 100 mmol) in dry acetonitrile (120 mL) 

cooled in an ice-bath was treated with 60% w/w sodium hydride (4.8 g; 120 mmol). After the 

mixture was stirred for 15 min in the ice-bath, the solvent was removed on the rotovac. The 

residue was again placed in an ice-bath and 2, 2, 2-trifluoroethanol (150 mmol) was added, 

followed by t-butyl bromoacetate (19.8 g; 100 mmol). The ice-bath was removed and the 

reaction mixture was refluxed for 1 h. The solvent was removed on the rotary evaporator. Ethyl 

acetate (200 mL) was added and the resulting solution was washed with 5% aqueous HCl (2 × 75 

mL), 5% aqueous NaHCO3 (75 mL) and brine (75 mL). The organic layer was dried over 

anhydrous Na2SO4 and the drying agent and solvent were removed, yielding the t-butyl ester as a 

yellow oil (20.5 g; 77% yield) which was used in the next step without further purification. 
1
H 

NMR (CDCl3): δ 1.51 (s, 9H), 4.57 (s, 2H), 7.20-8.29 (m, 4H). 
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A solution of the above ester (20.5 g; 77 mmol) in dry CH2Cl2 (200 mL) was treated with 

trifluoroacetic acid (TFA) (260 mL).The reaction mixture was stirred for 3 h at room temperature 

and the solvent was removed on the rotary evaporator. The residue was washed with ethyl ether 

(3 × 75 mL). Residual ethyl ether was removed under vacuum to yield the desired product as a 

white solid (11.2 g; 69% yield), mp 229-230 
o
C. 

1
H NMR (CDCl3): δ 4.57 (s, 2H), 7.40-8.12 (m, 

4H). 

 

Representative syntheses 

Compound 6: To a stirred solution of 1,2-benzisothiazolin-3(2H)-one (1.51 g; 10 mmol) 

and 1-(2-furyl)ethanol (1.12 g; 10 mmol) in dry THF (25 mL) was added triphenylphosphine 

(5.24 g; 20 mmol), followed by the dropwise addition of a solution of diethylazodicarboxylate 

(DEAD) (97%; 3.60 g; 20 mmol) in 10 mL THF. The reaction mixture was stirred at room 

temperature for 4 h. The solvent was removed and the crude product was purified using flash 

chromatography (silica gel/hexane/ethyl acetate) to give pure compound 6 as a yellow solid (0.50 

g; 20 %), mp 
o
C ??.  

1
H NMR (CDCl3): δ 1.74 (d, J = 6.2 Hz, 3H), 6.04 (q, J = 6.5 Hz, 1H), 6.37-

6.41 (m, 2H), 7.35-7.58 (m, 4H), 8.02-8.06 (m, 1H).  

Compound 7: A solution of (N-carboxymethyl)-1, 2-benzisothiazolin-3(2H)-one (0.5 g; 

2.39 mmol) in dry DMF (5 mL) was treated with 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDCI) (0.5 g; 2.63 mmol) with stirring. After stirring for 15 min, 

aniline (0.23 g; 2.39 mmol) was added and the reaction mixture was stirred overnight. The 

solvent was removed in vacuo, ethyl acetate (50 mL) was added and the solution was washed 

with 5% HCl (30 mL), 5% NaHCO3 (30 mL) and brine (30 mL). The organic layer was dried 
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over anhydrous sodium sulfate. Removal of the solvent left a solid residue which was washed 

with diethyl ether (3 x 20 mL), leaving a white solid (0.20 g; 29% yield), mp 204-206 
o
C. 

1
H 

NMR (CDCl3): δ 4.71 (s, 2H), 7.0-8.0 (m, 9H), 9.0 (t, 1H). 

Compound 19: To a stirred solution of (N-carboxymethyl)-1, 2-benzisothiazolin-3(2H)-

one (0.42 g; 2 mmol) in 6 mL DMF was added EDCI (0.46 g; 2.4 mmol). After stirring for 15 

min, diethylamine (0.15 g; 2 mmol) was added and the resulting solution was stirred overnight. 

The solvent was removed in vacuo and the residue was taken up ethyl acetate (30 mL). Water 

(20 mL) was added and the the two layers separated. The organic layer was washed with 5% HCl 

(3 x 20 mL), saturated NaHCO3 (3 x 20 mL) and brine (20 mL). The organic layer was dried 

over anhydrous sodium sulfate. The drying agent was filtered and the solvent was removed, 

leaving a crude product was purified using flash chromatography (silica gel/ethyl 

acetate/hexanes) to give pure compound 19 as a yellow oil (0.20 g; 38% yield). 
1
H NMR 

(CDCl3): δ 1.15 (t, J = 6.2 Hz, 3H), 1.26 (t, J = 6.2 Hz, 3H), 3.36-4.44 (m, 4H), 4.70 (s, 2H), 

7.35-7.42 (m, 1H), 7.54-7.62 (m, 2H), 8.01-8.05 (m, 1H).  

Compound 8:
 
mp 157-159 

o
C. 

1
H NMR (DMSO-d6): δ 3.7 (s, 3H), 4.75 (s, 2H), 7.2-8.5 

(m, 9H), 10.8 (s, 1H).    

Compound 9: mp 219-220 
o
C. 

 1
H NMR (DMSO-d6): δ 3.82 (s, 3H), 4.85 (s, 2H), 7.43-

8.35 (m, 8H), 10.9 (s, 1H).  

Compound 10: yellow solid (11% yield), mp 114-115 
o
C. 

1
H NMR (CDCl3): δ 3.31 (s, 

3H), 4.37 (s, 2H), 7.32-7.61 (m, 8H), 8.00 (d, J = 8.8 Hz, 1H). 

Compound 11: mp 185-187 
o
C. 

1
H NMR (DMSO-d6): δ 4.29 (d, 2H), 4.55 (s, 2H), 7.2-

8.0 (m, 9H), 8.7 (t, 1H). 
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Compound 12: mp 149-150 
o
C.  

1
H NMR (DMSO-d6): δ 3.77 (s, 3H), 4.29 (d, 2H), 4.55 

(s, 2H), 6.8-8.0 (m, 9H), 8.7 (t, 1H). 

Compound 13:  
1
H NMR (CDCl3): δ 

Compound 14: 
1
H NMR (CDCl3): δ 

Compound 15: white solid (190 mg; 24% yield), mp 148-149 
o
C 

1
H NMR (CDCl3): δ 

1.66 (d, J=7.6 Hz, 3H), 4.37 (dd, J=13.6, 5.3 Hz, 1H), 4.49 (dd, J=13.6, 5.3 Hz, 1H), 5.43 (q, 

J=6.4 Hz, 1H), 7.05 (s, 1H), 7.19-7.32 (m, 5H), 7.36 (t, J=7.0 Hz, 1H), 7.55-7.64 (m, 2H), 7.91 

(d, J=6.9Hz, 1H). 

Compound 16: oil, 
1
H NMR (DMSO-d6): δ 3.00 (s, 3H), 4.60-4.77 (m, 4H), 7.19-7.42 

(m, 6H), 7.49-7.63 (m, 2H), 7.96-8.06 (m, 1H). 

Compound 17: yellow oil (120 mg; 20% yield) 
1
H NMR (CDCl3): δ 1.53 (dd, J=22.1, 

3.7Hz, 3H), 3.05 (d, J=14.7 Hz, 3H), 4.5-4.7 (m, 2H), 5.9 (m, 1H), 7.18-7.5 (m, 7H), 7.59-7.64 

(m, 2H), 7.9-8.2 (m, 1H). 

Compound 18: colorless oil (58% yield). 
1
H NMR (CDCl3): δ 1.12-1.25 (m, 3H), 3.35-

3.50 (m, 2H), 4.60-4.71 (m, 3H), 4.78 (s, 1H), 7.20-7.41 (m, 6H), 7.49-7.62 (m, 2H), 7.96-8.04 

(m, 1H). 

Compound 19: yellow oil (200mg; 38% yield)
 1

H NMR (CDCl3): δ 1.18-1.20 (t, 3H), 

2.02-2.34 (t, 3H), 3.38-3.5 (m, 4H), 4.7 (s, 2H), 7.39-7.42 (t, 1H), 7.5-7.68 (m, 2H), 8.05 (d, 1H). 

Compound 20: BD-G-S1) 
1
H NMR (CDCl3): δ 

Compound 21: BD-G-R1) 
1
H NMR (CDCl3): δ 

Compound 22: mp 173-174 
o
C. 

1
H NMR (CDCl3): δ 2.75-2.82 (t, 2H), 3.43-3.58 (q, 

2H), 4.50 (s, 2H), 6.50 (s, 1H), 7.10-8.12 (m, 9H). 
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Compound 23: mp mp 204-205 
o
C. 

1
H NMR (DMSO-d6): δ 1.80 (s, 6H), 1.93 (s, 6H), 

2.0 (s, 3H), 4.4 (s, 2H), 7.30-8.00 (m, 5H). 

Compound 24: 
1
H NMR (CDCl3): δ 

Compound 25: mp 187-189 
o
C.  

1
H NMR (DMSO-d6): δ 2.2-3.4 (m, 4H), 3.2-3.25 (m, 

4H), 3.5-3.6 (t, 4H), 4.82-4.89 (d, 2H), 7.3-8.03 (m, 4H), 8.90-9.00 (t, 1H). 

Compound 1: To a solution of dithiosalicylic acid (1.53 g; 5 mmol) in 10 mL THF and 6 

mL DMF was added dropwise a suspension of carbonyl diimidazole (CDI) (1.70 g; 10 mmol) in 

10 mL THF. The reaction was stirred at room temperature for 20 min and refluxed for 20 min. 

After the reaction was cooled to room temperature, (DL) alanine methyl ester hydrochloride 

(1.40 g; 10 mmol) and triethylamine (1.5 mL; 12 mmol) were added. The resulting reaction 

mixture was stirred at room temperature for 2 days. The solvent was removed and the residue 

was taken up with 50 mL ethyl acetate and 20 mL water. The organic layer was washed with 5% 

HCl (3 x 30 mL), saturated NaHCO3 (3 x 30 mL) and brine (30 mL). The organic layer was dried 

over anhydrous sodium sulfate. The drying agent and solvent were removed, leaving an 

intermediate (1.8 g; 76% yield).  

To a chilled solution of this intermediate (1.8 g; 3.78 mmol) in 25 mL methylene chloride 

was added bromine (0.60 g; 3.78 mmol). The reaction was stirred for 30 min and then treated 

with triethylamine (0.77 g; 7.5 mmol). The reaction was allowed to warm to room temperature 

and then refluxed for 30 min. The reaction mixture was cooled to room temperature and washed 

with brine (2 x 15 mL). The organic layer was dried over anhydrous sodium sulfate. The drying 

agent was filtered and the solvent was removed under vacuum, leaving compound 1 as a yellow 
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oil (1.8 g; 100% yield). 
1
H NMR (CDCl3): δ 1.70 (d, J = 7.8 Hz, 3H), 3.77 (s, 3H), 5.50 (q, J = 

8.2 Hz, 1H), 7.42 (t, J = 7.2 Hz, 1H), 7.56-7.66 (m, 2H), 8.09 (d, J = 8.8 Hz, 1H).  

Compound 3: Compound 1 (2.37g; 10 mmol) was dissolved in 15 mL 1, 4-dioxane and 

treated with 20 mL 1 M LiOH at 0 
o
C for 1 h. The solution was neutralized and the solvent was 

removed. The residue was adjusted to pH 1, forming a precipitate which was collected using 

vacuum filtration and washed with diethyl ether to give pure compound 3 as a gray solid (1.73 g; 

77% yield), mp 201-202 
o
C. 

1
H NMR (DMSO-d6): δ 1.57 (d, J = 6.0 Hz, 3H), 5.14 (q, J = 6.5 

Hz, 1H), 7.45 (t, J = 6.2 Hz, 1H), 7.70 (t, J = 6.0 Hz, 1H), 7.88 (d, J = 6.5 Hz, 1H), 7.97 (d, J = 

6.5 Hz, 1H).  

Compound 15: This was synthesized using a similar procedure as that used in the 

synthesis of compound 7. White solid (24% yield), mp 148-149 
o
C. 

1
H NMR (CDCl3): δ 1.66 (d, 

J = 7.6 Hz, 3H), 4.37 (dd, J = 13.6, 5.3 Hz, 1H), 4.49 (dd, J = 13.6, 5.3 Hz, 1H), 5.43 (q, J = 6.5 

Hz, 1H), 7.05 (s, 1H), 7.19-7.32 (m, 5H), 7.36 (t, J = 7.0 Hz, 1H), 7.55-7.64 (m, 2H), 7.91 (d, J = 

6.9 Hz, 1H).  

 

Biology 

Strains: For screening experiments, CAF2 (C. albicans) and RC-201, a clinical strain of 

C. glabrata (received from the Laboratory of Clinical Microbiology and Immunology, 

Georgetown University Hospital) was used. This strain of C. glabrata is azole-sensitive. For 

further testing the following clinical strains were used- C. lusitaniae (RC-301), C. guillermondii 

(RC-401), C. tropicalis (RC-501), C. parapsilosis (RC-601) and C. apicola (RC-701). AF-294 

was used to test for activity against A. fumigatus and, H-99 and JEC-21 strains were used to test 
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for activity against C. neoformans. Strains of Trichophyton rubrum (#22403), Trichophyton 

mentagrophytes (#22402), Epidermophyton floccosum (#1252) and Microsporum canis (#22349) 

from the Center for Medical Mycology, Case Western Reserve University were used to test for 

activity against dermatophytes. 

MIC-50 determination (broth microdilution method): The MIC-50 of Candida sp., 

and C. neoformans were determined in accordance with the guidelines in CSLI standard M27-

A3. Compound 16 was tested against A. fumigatus (AF-298) and dermatophyte species according 

to the guidelines in CLSI document M38-A2. The plates were read after 24h for Candida sp., 

48h for Aspergillus sp., 72h for Cryptococcus sp. and 5-7 days for dermatophyte sp. 

 

RESULTS AND DISCUSSSION 

 The structure of the hit (compound 1, Figure 2.1) was probed using an iterative approach 

involving structural changes and in vitro screening. The importance of the α-methyl group was 

quickly established by demonstrating that compound 2 is devoid of antifungal activity. The 

parent heterocycle, 1, 2-benzisothiazole-3(2H)-one, also lacks antifungal activity, suggesting that 

the presence of the heterocyclic ring is necessary but not sufficient for the manifestation of 

antifungal activity. This is clearly evidenced by the lack of activity by the corresponding 

isoindolin-1-one carboxymethyl methyl ester 4 (Figure 2.1). This is further supported by the 

observation that compound 16 (Table 2.1) exhibits potent antifungal activity, while the 

corresponding acyclic compound 5 (Figure 2.1) is inactive. The individual enantiomers of 1 were 

also synthesized and shown to be both active, however, the (L) enantiomer was more potent than 

the (D) enantiomer (MICs 1.6 μg/mL and 3.2 μg/mL, respectively). Furthermore, replacement of 
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the ester group by a furan ring yielded compound 6 (Figure 2.1), which was also active (MIC-50 

6.4 μg/mL). The lack of activity shown by compound 3 (Figure 2.1) is likely due to poor 

permeability. Taken together, these early observations attested to the importance of the 

heterocyclic ring and the α-methyl group for optimal interaction with the receptor. The identity 

of the receptor has not been determined as yet.  

The labile nature of the ester group necessitated its replacement by a more robust and 

synthetically tractable functionality. Thus, a series of amides was synthesized (Compounds 7-25) 

and then screened against C. albicans and C. glabrata (Table 2.2).  

Initial screening was done with two species of Candida to look for activity against the 

two most medically important species. Infections by C. albicans are most prevalent, while 

infections by C. glabrata have been increasing in prevalence over the past 10-15 years. 

Furthermore, C. glabrata has intrinsic drug resistance against azole drugs, which is a major 

problem in hospitals. The following inferences can be drawn by inspection of the results shown 

in Table 2.2: (a) multiple compounds derived from scaffold (I) have noteworthy antifungal 

activity against both C. albicans and C. glabrata;  (b) antifungal activity is much higher for 

compounds having an R3 = benzyl (compounds 11-15, Table 2.2) and even higher when R2 = 

methyl and R3 = benzyl (compound 16, Table 2.2); (c) replacement of the methyl group with a 

hydrogen (compound 11) or ethyl group (compound 18) reduces activity, suggesting that R2 

engages in a favorable hydrophobic interaction in a cavity that can best accommodate a methyl 

group; (d) substitution of the benzyl group with either an alkyl (compound 19) or a heterocyclic 

aromatic (compound 24) abolishes antifungal activity. Likewise, extending the aliphatic chain 

(compound 22) or extending the aliphatic chain and replacing the phenyl ring with a morpholine 
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ring (compound 25) also abolishes antifungal activity; (e) interestingly, when R3 is the highly 

hydrophobic adamantyl group, activity is regained. Taken together, these observations suggest 

that the interaction of (I) with its receptor involves a specific hydrophobic interaction with the 

methyl group and a π-π or cation-π interaction with the phenyl ring. The hydrophobic 

interactions were further probed using chiral compounds 20 and 21 (Table 2.2), however, no 

significant effect on antifungal activity was observed (compare compounds 20-21 and compound 

11, Table 2.2).     

The antifungal activity of compound 16 was investigated against a panel of fungi of 

clinical relevance. Compound 16 exhibited a broad range of activity against Cryptococcus, 

Candida and Aspergillus (Table 2.3). This is a significant finding since most existing antifungal 

agents with these properties have resistance or toxicity issues. This compound showed activity 

against all strains tested with minimum inhibitory concentrations (MIC-50) ranging between 0.8-

12.5 g/ml. The MIC-50 values of BD-I-132 are shown in comparison to fluconazole and 

ketoconazole (Table 2.3) to highlight some important differences. The MIC values are higher for 

BD-I-132 as compared to the azole drugs against Candida albicans and dermatophyte species. 

However, we see that this compound has better in vitro activity against non-albicans Candida 

(NAC) species. It is known that the NAC species have increased in incidence over the past 

decade and contribute to the trend of azole resistance in hospitals (7, 9). Also, dermatophyte 

species are the second most common cause of fungemia in patients with hematological 

malignancies and are characterized by resistance to amphotericin and echinocandins (9). It is also 

seen that MIC values of azole drugs vary considerably between species and organisms. In the 

case of BD-I-132, the MIC-50 values remain relatively unchanged (0.8-3.2 g/ml) except in the 
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case of Aspergillus fumigatus where the in vitro activity is still better than that of fluconazole 

(12.5 vs 16g/ml). This compound is an ideal candidate for further development in terms of 

structure-activity relationships (SAR) and biological studies due to its broad spectrum of activity 

against a variety of fungal pathogens.  

Ongoing research is focused on the optimization of potency, selectivity, toxicity, and drug-

like characteristics of BD-I-132. Concurrently, studies are being conducted to evaluate the 

biological activity of this compound and determine the nature of antifungal activity (fungistatic vs 

fungicidal), activity against resistant strains and possible synergy with currently used antifungal 

agents.   

 To conclude, we have identified a new class of antifungal agents based on the 1, 2-

benzisothiazole-3(2H)-one scaffold with activity against a broad range of fungal organisms. Of 

these compounds, BD-I-132 seems to be the most promising in terms of SAR optimization and 

biological activity. We hope to use this information to develop compounds that may potentially be 

used for the treatment of fungal infections in the clinic.  
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SPECIAL NOTE ON THE SAR OF BENZISOTHIAZOLINONE DERIVATIVES 

  

As stated in the prior chapter, optimization of the active compounds belonging to the 

benzisothiazolinone scaffold led to the identification of BD-I-132 with potent antifungal activity. 

Similar optimizations have yielded 3 other compounds with comparable antifungal profiles. They 

are BD-I-186, DFD-V-66 and DFD-V-49 (Figure 3.1). BD-I-132 was re-synthesized to confirm 

activity and relabeled as DFD-VI-15. All subsequent experiments in this manuscript were 

conducted with the re-synthesized compound and hence BD-I-132 from the prior chapter will 

now be referred to as DFD-VI-15. For all practical considerations, BD-I-132 and DFD-VI-15 are 

the same compound. Manuscripts with details on the identification and synthesis of the 3 

compounds, namely BD-I-186, DFD-V-66 and DFD-V-49 are now in preparation. 
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Figure 3.1. Benzisothiazolinone derivatives with the best antifungal activity profiles. BD-I-132 

or DFD-VI-15, BD-I-186, DFD-V-66 and DFD-V-49.  
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ABSTRACT 

 In the course of screening for antifungal compounds in accordance with the guidelines in 

CSLI document M27-A3 and M38-A2 (broth microdilution method), 4 synthetic compounds 

belonging to the benzisothiazolinone scaffold were discovered to have potent antifungal activity. 

These compounds have no structural similarity to known antifungal compounds. The compounds 

(DFD-VI-15, BD-I-186, DFD-V-49 and DFD-V-66) show antifungal activity against Candida 

sp., Aspergillus fumigatus, Cryptococcus neoformans and dermatophyte species at MIC-50 

concentrations in the range of 0.8-12.5 g/ml. The in vitro toxicity of these compounds was 

determined with neutral red and MTT assays in human hepatic cell lines Huh7 and HepG2 and 

were found to be relatively non-toxic. All compounds were fungicidal against Candida sp. Time-

kill assays confirmed the fungicidal activity of the compounds. The compounds also maintained 

their MIC-50 values against azole, polyene and echinocandin-resistant strains of Candida 

albicans and Candida glabrata. The MICs of the compounds were also unaffected by strains that 

over-expressed drug efflux pumps. Checkerboard assays were done in combination with 

currently used antifungals and no antagonistic interactions were noted. Preliminary results show 

in vitro synergy between 2 combinations, namely BD-I-186 and micafungin, and DFD-V-66 and 

amphotericin B. The compounds were screened against C. albicans mutants of the mitogen-

activated protein kinase (MAPK) pathway, histidine kinase (HK) mutants; and GOA31, a mutant 

with defects in growth and adaptation to oxidative stress. Candida albicans histidine kinase 

mutant, CHK21 was resistant to BD-I-186. GOA31, a mutant known to have mitochondrial 

defects was hypersensitive to DFD-VI-15. In summary, we have identified a series of synthetic 
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compounds that have potent fungicidal activity and are active against strains that are resistant to 

available antifungals.  

 

INTRODUCTION 

Fungal infections are a leading cause of nosocomial infections both in the United States 

and worldwide and, are a leading cause of mortality in hospital intensive care units (7, 9, 17, 38, 

40). Over the past two decades, there is increasing evidence of fungal infections in immuno-

compromised populations, including HIV/AIDS patients and patients with malignancies, on 

chemotherapy or on immuno-suppressive therapy following organ transplantation (10, 29, 43, 

45). There is also evidence that fungal strains resistant to the major classes of antifungal drugs 

have now emerged both in community and hospital settings (41).   

Current antifungal compounds act in a number of different ways: binding to ergosterol 

with disruption of the cell membrane (amphotericin B) (13); blocking ergosterol biosynthesis 

(azoles) (21); inhibiting DNA and RNA synthesis (nucleoside analogs) (6) or mitotic spindle 

formation (griseofulvin) (1); and blocking cell wall synthesis by inhibition of beta glucan 

synthase (echinocandins) (42). Although the number of antifungal compounds has increased, 

mortality rates in neutropenic patients with invasive fungal infections are still unacceptably high 

(16). Thus, the search for new antifungal compounds continues. An ideal antifungal agent would 

have broad antifungal activity, low rates of resistance, and limited drug-drug interactions. We 

have identified 4 synthetic compounds belonging to the benzisothiazolinone scaffold that have 

no structural similarity to any known antifungal compound and are active against Candida sp., 
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Aspergillus fumigatus, Cryptococcus neoformans and dermatophyte strains. The compounds 

DFD-VI-15, BD-I-186, DFD-V-66 and DFD-V-49 are shown in Figure 4.1. 

 

MATERIALS AND METHODS 

 

Strains: For screening experiments with the synthetic compound library, Candida 

albicans strain, CAF2 (26) and a clinical strain of Candida glabrata (RC-201, received from 

Clinical Microbiology Lab, Georgetown University Hospital) were used. This strain of C. 

glabrata is azole-sensitive. For further testing the following clinical strains were used- C. 

lusitaniae (RC-301), C. guillermondii (RC-401), C. tropicalis (RC-501), C. parapsilosis (RC-

601) and C. apicola (RC-701) (Table 4.1). The compounds were tested for activity against 

Aspergillus fumigates (AF-294) and Cryptococcus neoformans strains (H-99 and JEC-21). 

Candida strains resistant to azoles, echinocandins and polyenes were used (details and references 

in Table 4.5 and Table 4.6). Strains of Trichophyton rubrum (#22403), Trichophyton 

mentagrophytes (#22402), Epidermophyton floccosum (#1252) and Microsporum canis (#22349) 

from the Center for Medical Mycology, Case Western Reserve University were tested for 

compound activity against dermatophytes (Table 4.2). Candida albicans MAPK and HK mutants 

(26) were obtained from frozen stocks in our laboratory.  

MIC determination (broth microdilution method): The MIC-50 of Candida sp., 

Candida HK mutants, GOA31, Cryptococcus neoformans, Aspergillus fumigatus and 

dermatophytes were determined by following the guidelines in CSLI standard M27-A3 and CLSI 

M38-A2. 1000 cells in RPMI were added to each well of the 96 well microtiter plate to a final  
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Figure 4.1. Benzisothiazolinone derivatives with antifungal activity. DFD-VI-15, BD-I-186, 

DFD-V-66 and DFD-V-49 are shown.  
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volume of 100 L in RPMI. The plates were read after 24 h for Candida sp., 48 h for Aspergillus 

sp., 72 h for Cryptococcus sp. and 5-7 days for dermatophytes. Growth curves were plotted by 

measuring OD595 of the test plate every half hour for 48 h after addition of the compound.  

MFC determination: The in vitro fungicidal activities (MFC) were determined by 

subculturing 10 l from each microtiter plate well that showed complete inhibition in the MIC 

experiment, on yeast-peptone-dextrose (YPD) plates. The plates were incubated at 30°C for 48 h. 

The MFC was determined to be the lowest drug concentration that resulted either in no growth or 

in fewer than five colonies. If the ratio of the MFC to the MIC-50 concentration was < 4, the 

compound was designated fungicidal; 4 or greater was designated as fungistatic. 

Time Kill Assays: Strains at log growth phase were used to prepare suspensions of 10
4
 

cells/ml in 10 ml of RPMI and defined concentrations of the active compounds were added. 100 

l of samples were taken after mixing every hour for 14 hours and the samples were re-plated 

and incubated for 24-48h at 30°C. The viable cell concentration was calculated from the number 

of CFUs after 48 h (20). The maximum kill rate was calculated for 2 h time periods from the 

time kill experiments (34). 

Toxicity Assays: The neutral red cell viability assay and the MTT assays were conducted 

with the active compounds at defined concentrations in human hepatoma cell lines, Huh7 and 

HepG2, as described by Repetto et al (39) and Mosmann et al (33) respectively. The cell 

cytotoxicity (CC-50) concentrations were calculated for the HepG2 cell line. 

 Synergy experiments: In vitro interactions between two compounds were determined 

with a checkerboard assay method (5). The fractional inhibitory concentration index (FICI) 
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values were calculated and classified as: follows: antagonism >2, additive 0.5-2 and synergy < 

0.5. Interactions between the 4 compounds and known antifungal classes were determined. 

 

RESULTS 

Antifungal activity of the benzisothiazolinone derivatives: The 4 compounds (DFD-

VI-15, BD-I-186, DFD-V-66 and DFD-V-49) were screened against a variety of fungal species 

of medical importance and found to be active (Table 4.1). The compounds were fungicidal 

toward Candida and Cryptococcus species at concentrations < 5 g/ml. However, only DFD-V- 

66 was fungicidal against Aspergillus fumigatus. The compounds had the same MIC-50 against 

Candida strains (0.8-3.2 g/ml) even though some of the strains (eg. C.parapsilosis and 

C.guillermondii) are intrinsically resistant to azoles, echinocandins, or polyenes. The activity of 

the compounds against dermatophyte strains are shown in Table 4.2. 

 Growth curves and Time-kill experiments: Growth curves for 48 h were plotted, and 

the compounds were found to inhibit the strains in a concentration dependent manner. The 

growth curve of DFD-VI-15 with CAF2 is shown in Figure 4.2. Growth curves of the other 

compound treated strains showed similar trends. The time-kill plot of DFD-VI-15 with CAF2 is 

shown in Figure 4.3. The kill rate is defined as the reduction in the logarithm of the colony count 

divided by exposure time compared to the growth control (34). Based on the information in 

Figure 4.3, kill rates were calculated for each 2 h time period. The kill rates against CAF2 were 

plotted for different concentrations of DFD-VI-15 (Figure 4.4). DFD-VI-15 was fungicidal at 4 

times the MIC-50 concentration. The maximum killing rate is seen after 4 h at concentrations 

greater than 2 times the MIC-50 concentration. The maximum kill rate of DFD-VI-15 was  
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Table 4.1. MIC-50 of the 4 compounds against strains of Candida, Aspergillus fumigatus and 

Cryptococcus neoformans. The fungistatic compounds are marked in grey boxes. The fungicidal 

compounds are shown in green. The activities of the compounds are also compared to 

fluconazole (azole), micafungin (echinocandin) and amphotericin B (polyene).  
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Table 4.2. MIC-50 of the 4 compounds against dermatophyte strains in g/ml. The antifungal 

activity of the compounds is also compared to ketoconazole. 
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Strains DFD-VI-15 BD-I-186  DFD-V-66  DFD-V-49 Ketoconazole 

Trichophyton 

rubrum 

(#22403) 

 

3.2 

Fungicidal 

3.2 

Fungistatic 

 3.2 

Fungicidal 

 3.2 

Fungicidal 

0.5 

Fungistatic 

Trichophyton 

mentagrophytes 

(#22402) 

 

3.2 

Fungicidal 

3.2 

Fungicidal 

 3.2 

Fungicidal 

 3.2 

Fungicidal 

0.25 

Fungistatic 

Epidermophyton 

floccosum 

(#1252) 

 

3.2 

Fungicidal 

0.8 

Fungicidal 

 3.2 

Fungistatic 

 12 

Fungicidal 

0.13 

Fungistatic 

Microsporum 

canis 

(#22349) 

0.8 

Fungicidal 

0.8 

Fungistatic 

 3.2 

Fungistatic 

 3.2 

Fungicidal 

0.5 

Fungicidal 
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Figure 4.2. 48 h growth curve of DFD-VI-15 with CAF2. A concentration dependent inhibition 

is seen with DFD-VI-15. The OD595 at 24 h for 1.6 g/ml (MIC-50) of DFD-VI-15 is half that of 

untreated CAF2. Complete inhibition of growth was seen at 6.4 g/ml (4X MIC-50 

concentration). 
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Figure 4.3.  Time kill experiments with DFD-VI-15 and CAF2. The time related killing activity 

of DFD-VI-15 is plotted. At concentrations of 3.2 g/ml and 6.4 g/ml, there is complete killing 

within 12 h. Also, the killing activity begins as early as 2 h from the time of exposure to DFD-

VI-15.  
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Figure 4.4.  The maximum kill rate is plotted for different concentrations of DFD-VI-15 against 

CAF2. The maximum kill-rates were seen at 3.2 g/ml and 6.4 g/ml after 4 h of exposure to 

DFD-VI-15. 
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compared to that of fluconazole, micafungin and amphotericin B and found to be highly 

fungicidal (Table 4.3). 

 Toxicity Assays: The cell cytotoxicity (CC-50) is the concentration of compound that 

inhibits growth of 50% of the cell line used at the defined time point. CC-50 of the compounds 

was calculated for the HepG2 cell line at 24, 48 and 72 h (Figure 4.5) for both toxicity assays. 

The CC-50 values were 10 times the MIC-50 concentrations for DFD-VI-15 and higher for the 

other 2 compounds. BD-I-186 and DFD-V-49 had CC-50 values > 100 g/ml in both cell lines. 

Similar results were seen in the Huh7 cell line.  

Checkerboard assays: Based on FICI calculations, compounds DFD-V-66 and BD-I-

186 had synergistic interactions with amphotericin B and micafungin respectively (Table 4.4). 

All of the remaining interactions were additive. There were no antagonistic interactions between 

the active compounds and azoles, polyenes or echinocandins.  

Drug resistant strains: Azole resistant strains and the corresponding parental strains 

(azole-susceptible) were screened against the compounds (Table 4.5). Strains were selected to 

represent resistance mechanisms that are commonly found in clinically resistant isolates. The 

MIC-50 values of the compounds remained unchanged when challenged by resistant strains. 

Similar results were found when the compounds were tested against echinocandin and polyene 

resistant isolates (Table 4.6). Resistance mechanisms include mutation of the target gene, over-

expression of the target gene and over-expression of drug efflux pumps. The fact that these 

resistant strains have minimal effect on these compounds seems to indicate that they may be 

acting by a novel antifungal mechanism. 
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Table 4.3.  The maximum kill rates for DFD-VI-15, BD-I-186, DFD-V-66, DFD-V-49, 

fluconazole, micafungin and amphotericin B against CAF2 are compared. The 

benzisothiazolinone derivatives have comparable maximum kill rates to currently used fungicidal 

agents.   
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Compounds KRmax (/h)* 

DFD-VI-15 0.85  0.05 

BD-I-186 0.75 + 0.07 

DFD-V-66 0.80 + 0.03 

DFD-V-49 0.67 + 0.08 

Fluconazole 0.25 + 0.10 

Micafungin 0.90  0.04 

Amphotericin B 0.80 + 0.08 

 

*KRmax is the maximum kill rate observed within the first 24 h of compound treatment 
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Figure 4.5.  The cell cytotoxicity (CC-50) concentrations of DFD-VI-15, BD-I-186, DFD-V-66 

and DFD-V-49 by Neutral red assay and the MTT assay. 
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Table 4.4.  Checkerboard experiments. The in vitro interactions of the active compounds with 

fluconazole, micafungin and amphotericin B are evaluated. The FICI values are calculated and 

the interactions are grouped. BD-I-186 has a synergistic interaction with micafungin and DFD-

V-66 has a synergistic interaction with Amphotericn B. All other interactions were additive. No 

antagonistic interactions were seen. 
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Compounds 

Fluconazole  

(Azole) 

Micafungin 

(Echinocandin) 

 Amphotericin B 

(polyene) 

DFD-VI-15 
ADDITIVE 

1.0 

ADDITIVE 

0.5 
 

ADDITIVE 

0.6 

     

BD-I-186 
ADDITIVE 

1.5 

SYNERGY 

0.3 
 

ADDITIVE 

1.3 

     

DFD-V-66 
ADDITIVE 

1.2 

ADDITIVE 

0.8 
 

ADDITIVE 

1.0 

     

DFD-V-49 
ADDITIVE 

1.0 

ADDITIVE 

1.0 
 

SYNERGY 

0.25 

 

 

FICI INTERACTION 

>2 ANTAGONISM 

0.5-2 ADDITIVE 

<0.5 SYNERGY 
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Table 4.5.  Activity against azole resistant strains of Candida. The strain names, references, 

mechanism of resistance and MIC-50 ranges in g/ml for the benzisothiazolinone derivatives 

(BZT compounds) and fluconazole are shown. 
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STRAIN Mechanism of 

Resistance 

MIC-50 

BZT compounds 

MIC-50 

Fluconazole 

Reference 

CAF2/SC5314 Wild type strains 1.6 0.2 - 

95-68 CDR over-expressor 1.6-3.2 >64 (27) 

FH5 CDR over-expressor 1.6 64 (28) 

96-25 MDR + erg11 over-

expressor 

1.6 32 (27) 

C17 (12-99) CDR + MDR + erg11 

over-expressor 

1.6-3.2 >64 (27) 

DSY1764 erg11/erg11erg3/erg3 1.6-3.2 >128 (11) 

DSY296 TAC1-3/TAC1-4 

ERG11-3/ERG11-4 

1.6-3.2 >64 (12) 

B4 Mrr1p mutation 

(G878E/G878E) 

1.6-3.2 12.5 (14, 32) 

CAAL-61 AA changes in erg11 

G307S, Y447H 

1.6-3.2 >64 (31) 

CAAL-74 AA changes in erg11 

Y132F, G448V 

1.6-3.2 >64 (31) 

CAAL-75 AA changes in erg11 

Y132H, K143R 

1.6-3.2 >64 (31) 

 

AA: aminoacid 
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Table 4.6.  Activity against echinocandin and polyene resistant strains of C. albicans and C. 

glabrata. The strain names, references, mechanisms of resistance and MIC-50 ranges in g/ml 

for the benzisothiazolinone scaffold (BZT Compounds), micafungin and amphotericin B are 

shown. 
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Strain Mechanism of 

Resistance 

MIC-50 

BZT compounds 

MIC-50 

Micafungin/ 

AmB* 

Reference 

CAF2/SC5314 Wild type strains 1.6 0.016/0.25* (26) 

DSP11 AA changes in FKS1 

S645F 

3.2 2 (37) 

DSP12 AA changes in FKS1 

S645Y 

3.2 2 (37) 

DSP14 AA changes in FKS1 

F641S 

3.2 >2 (37) 

DSP15 AA changes in FKS1 

S645P 

3.2 2 (37) 

C. glabrata Clinical strain 0.8-3.2 0.016/0.25* - 

DSP16 AA changes in FKS2 

S663P 

1.6-3.2 1 (37) 

DSP17 AA changes in FKS1 

S645P 

1.6-3.2 >2 (37) 

DSP18 AA changes in FKS1 

F659V 

0.8-3.2 >2 (37) 

DSP19 AA changes in FKS2 

S663P 

1.6-3.2 >2 (37) 

DSP20 AA changes in FKS1 

D666E 

1.6-3.2 1 (37) 

Strain 21230 erg6 mutation 1.6-6.4 1.6* (44) 

  

AA: amino-acid 

DSP 11-15: C. albicans strains 

DSP 16-20 and Strain 21230: C. glabrata strains 
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Screening of Candida genetic mutants: Candida albicans mitogen-activated protein 

kinase (MAPK) and histidine kinase (HK) mutants (A) were tested against the compounds 

(Table 4.7). CHK21 (chk1/chk1) was resistant to BD-I-186. CHK11 (chk1/CHK1) and CHK23 

(chk1/CHK1, reintregrant) showed higher MIC-50 values than CAF2 against the same 

compound. Also, other mutants associated with MAPK pathways in Candida were tested and 3 

mutant strains (sho, mkc and chk sho) showed MICs higher than CAF2 with BD-I-186. No 

differences in MIC were seen in the cek mutants. 

Candida albicans mutants, GOA31 and GOA32 have defects in growth and adaptation to 

oxidant stress (4). GOA31 (goa1/goa1) was hypersensitive to DFD-VI-15 with an MIC-50 of 0.4 

g/ml (Table 4.7). This strain has defects in mitochondrial function specially with regard to the 

functioning of Complex I of the electron transport chain (25). No changes in MICs were seen 

with the other combinations.  

 

DISCUSSION 

Many drugs are currently being developed for the treatment of fungal infections. 

However, most of them belong to the same class of compounds that are currently in use (35). 

Thus, the complications and inadequacies associated with current drugs (eg. toxicity, drug-drug 

interactions and resistance) may be only minimally reduced by the release of these new agents. 

Small molecule screening is an effective way to identify classes of compounds with activity 

against fungal pathogens. The process is relatively simple and involves the identification of 

active structural scaffolds and their optimization. Small molecules can also be used to identify  
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Table 4.7.  Activity against C. albicans genetic mutants. CHK21 is resistant to BD-I-186. 

GOA31 is hypersensitive to DFD-VI-15 compared to CAF2. 
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STRAIN MIC-50 

BD-I-186 

MIC-50 

DFD-VI-15 

Reference 

CAF2/SC5314 1.6 1.6 (26) 

CHK21 (chk1/chk1) >50 1.6 (8) 

CHK11 (chk1/CHK1) 12.5 1.6 (8) 

CHK23 (chk1/CHK1) 

reintegrant 

25 1.6 (8) 

sho 3.2 1.6 (30) 

mkc 3.2 1.6 (30) 

chk sho 6.4 1 (30) 

cek1 1.6 >2 (30) 

cek2 1.6 >2 (30) 

GOA31 (goa1/goa1) 1.6 0.4 (4) 

GOA32 (goa1/GOA1) 1.6 0.8 (4) 
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new antifungal targets or pathways which may then lead to the development of molecules that 

are designed to affect these targets. 

 The results of this study show that benzisothiazolinone compounds are fungicidal at low 

concentrations against a broad range of clinically important fungi. Thus, it has great potential in 

terms of drug development. Some important properties of these compounds are noted in Table 

4.1. The compounds have a narrow range of MIC-50 values against both yeasts and filamentous 

fungi. This is in contrast to fluconazole which exhibits a broad range of MIC-50 values 

depending on the fungal strains and species. Also, azole drugs are fungistatic in nature and this 

has lead to lack of clearance and development of resistance in immune-compromised populations 

(15, 19). The compounds in this study showed fungicidal activity against all of the strains tested 

with the exception of A. fumigatus. However, the MIC-50 value against this pathogen was lower 

than that of fluconazole. C. parapsilosis and C. guillermondii have lesser susceptibility to 

echinocandin drugs. The MIC-50 values of the compounds did not differ for these species as 

compared to CAF2. Also, echinocandins have no activity against C. neoformans because they 

lack the target, beta 1,3 glucan in their cell walls. The activity against dermatophyte species 

(Table 4.2) is of great significance. Cutaneous mycoses are the most common infections in 

humans and are also known to cause invasive infections in immuno-compromised populations 

(36). A comparison of maximum kill rates in Table 4.3 shows that the compounds are 

comparable to micafungin and amphotericin B in their fungicidal activity. It was also seen that 

DFD-VI-15 begins to act by killing cells as early as 2 h after treatment (Figure 4.4). 
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Additionally, the effect of 2 h of treatment at 3.6 g/ml and 6.4 g/ml led to potent fungicidal 

effects in the absence of compound after 12 h (Figure 4.3). 

 The toxicity profiles show that these compounds are relatively non-toxic to hepatoma cell 

lines up to 10 times the MIC-50 concentrations. Compounds BD-I-186 and DFD-V-49 showed 

no toxicity after 72 h of compound treatment (CC-50>100 g/ml). The variation seen in 24 h 

toxicities for DFD-VI-15 between the 2 assays will be discussed later. Although further toxicity 

screens (both in vitro and in vivo) are warranted before any determination can be made on the 

safety of these compounds, the lack of any obvious cytotoxicity in human cell lines is an 

indication that these compounds may be specifically active against fungal pathogens. 

 Over the past decade, there has been increasing interest in combination therapy to combat 

fungal infections (2, 3). Checkerboard experiments showed 2 combinations that acted 

synergistically (Table 4.4). The fact that there is in vitro synergy between a compound from the 

new class and an existing antifungal drug and, the apparent lack of any antagonistic interactions 

makes these compounds potentially suitable for combination therapy. 

The compounds were tested against resistant strains of C. albicans and C. glabrata. The 

mechanisms of resistance against azoles involve the following: up-regulation of drug efflux 

pumps (CDR and MDR), increased cellular content of the target gene - Erg11, decreased affinity 

to the target enzyme Erg11p and inactivation of the ergosterol pathway by deletion of Erg3p (11, 

12,14, 18, 27, 28, 31, 32). The strains shown in Figure 4.5 represent all of the above-mentioned 

mechanisms. The MIC-50 values against these strains were significantly higher for azoles while 

there was no change to the MIC-50 values for the benzisothiazolinone compounds. Similarly, in 

Figure 4.6, Candida strains resistant to a) echinocandins due to mutations in the target genes, 
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FKS1 and FKS2 (37) and b) polyenes due to mutation in the erg6 gene (44) were tested. Here 

again, the MICs of the compounds were unchanged. These results are important for 3 distinct 

reasons. The benzisothiazolinone compounds will be invaluable in the clinic because of their 

activity against drug resistant strains. These compounds do not exhibit profiles similar to existing 

antifungals in terms of activity or resistance and hence, are unlikely to work by the same 

mechanism of action. The compounds are not affected by CDR or MDR drug efflux pumps as 

seen by their activity against strains that over-expressed these transporters. 

The MAPK pathway is a signal transduction pathway that is critical to the adaptation of 

fungi to their environment. For pathogenic fungi affecting humans, the MAPK pathway is 

associated with expression of virulence factors, morphogenesis, adaptation to stress, and drug 

resistance (30). In Candida albicans, MAPK pathways and their functions include: Cek1 

involved in growth and cell wall assembly, Cek2 for mating, Mkc1 for cell wall integrity and 

adaptation to stress, and Hog1 for cell wall functions and stress adaptation. Chk1p is a histidine 

kinase protein of C. albicans (26) that does not belong to any particular MAPK pathway. The 

histidine kinase pathway in Candida is involved in a variety of important functions like quorum 

sensing and, cell wall mannan and glucan biosynthesis (22, 23, 24). The resistance of the 

histidine kinase mutant, CHK21 to BD-I-186 is highly significant. This result indicates that the 

Candida histidine kinase gene is essential to antifungal activity and may be related to its 

mechanism of action. It has been shown that the CHK1 mutant has significantly lower 

glucan linkages compared to CAF2 (22). This may also explain the synergistic interaction 

of BD-I-186 with micafungin, an echinocandin that targets  1,3 glucan synthesis (Table 4.4). 
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The hypersensitivity of GOA31 to DFD-VI-15 points to pathways of oxidant adaptation 

that relate to mitochondrial function (4, 25). The GOA1 mutant has defects in Complex I of the 

electron transport chain which then leads to the accumulation of reactive oxygen species. This 

initiates increased cell death via apoptotic pathways (25). The MTT toxicity assay which is a 

measure of mitochondrial activity showed a lower CC-50 as compared to the neutral red assay 

which is a measure of lysosomal function (Figure 4.5). These data seem to suggest that DFD-VI-

15 may act by interfering with the adaptive response of Candida cells to oxidative stress which 

in turn is orchestrated by the mitochondria. 

 In conclusion, we have identified a series of small molecules that belong to the 

benzisothiazolinone scaffold with potent fungicidal activity and are active against drug resistant 

strains. We hope to use this information to characterize a unique fungal target and develop drugs 

that may help treat resistant fungal infections. 
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ABSTRACT 

In the course of screening for antifungal compounds, we have identified a novel small 

molecule benzisothiazolinone derivative, DFD-VI-15, that is active against a range of fungal 

pathogens. Compound DFD-VI-15 is active against Candida sp., Aspergillus fumigatus, 

Cryptococcus neoformans and dermatophyte species at MIC-50 concentrations in the range of 

0.8-12.5 g/ml. This compound is active against drug resistant strains of Candida sp. In order to 

determine if the compound affects protein or RNA synthesis, isotope incorporated precursors 

(
3
H-leucine, 

3
H-uridine) were incubated with compound treated and untreated cells of Candida 

albicans (CAF2). No difference in protein or RNA incorporation was seen. A genetics based 

approach which involves the use of a homozygous deletion collection of approximately 4700 

Saccharomyces cerevisiae mutants was then used to identify potential gene targets. All mutants 

were treated with a) suboptimal levels of compound to identify hypersensitive strains and b) 

fungicidal concentrations of compound to identify resistant strains. 32 mutants were found to be 

hypersensitive compared to parent strain, BY4743. Also, 96 mutants showed resistance to this 

compound. Both clusters identified mutants with defects in mitochondrial function. 

Saccharomyces and Candida strains (BY4743 and CAF2) were then grown in the absence of 

oxygen and found to be insensitive to the compound. Both strains were hypersensitive to DFD-

VI-15 when grown on a non-fermentable carbon source like glycerol. Flow cytometry 

experiments show that compound treated Candida strains have higher ROS levels when 

compared to non treated strains. This suggests that the DFD-VI-15 exerts its antifungal effect by 

affecting mitochondrial function which then leads to the accumulation of reactive oxygen 

species. 
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INTRODUCTION 

 Fungal infections are a significant threat to immunocompromised populations (36, 40). 

Despite the fact that many molecules with antifungal properties have been identified, only a 

limited number of agents are currently available for the treatment of cutaneous and invasive 

fungal infections. Additionally, treatment of immunocompromised patients can be quite complex 

and require the involvement of multidiscliplary medical teams that practice integrative 

management practices that are both, difficult and expensive (16). Fungal infections have been on 

the rise for the past 2 decades (3). This is directly attributable to the increase in susceptible 

populations due to AIDS, cancer chemotherapy or transplant related immunosuppressive 

treatment (15). There is increasing evidence of emerging resistance to existing antifungals by a 

variety of mechanisms that include a) decreased intracellular drug concentration by activation of 

efflux systems or decreased drug penetration, b) modification of target site, c) upregulation of 

target enzyme and, d) development of bypass pathways (41). There is also growing concern over 

the changing epidemiology of Candida infections where drug sensitive strains are being replaced 

by less susceptible strains and species in hospital settings (3).  

 Small molecule high throughput screening for antimicrobial drug discovery is an easy 

and effective method to identify potential anti-infectives. In the processing of screening for 

antifungal agents, a set of benzisothiazolinone derivatives were found to have potent activity 

against a broad range of fungal pathogens (for details on activity, please refer to prior chapters). 

The compounds were fungicidal and were active against drug resistant strains of Candida. 

However, the underlying mechanism of action of these compounds is unknown.  
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The present study was designed to investigate the antifungal activity of one of these 

compounds, DFD-VI-15 to Candida albicans. DFD-VI-15 is active against Candida sp., 

Aspergillus sp., Cryptococcus neoformans and dermatophyte species at MIC-50 concentrations 

in the range of 0.8-12.5 g/ml. This compound is also active against drug resistant strains of 

Candida sp (see previous paper). Effects of DFD-VI-15 on protein and RNA incorporation, and 

genetic mutants of Saccharomyces cerevisiae were evaluated to identify potential antifungal 

targets.  

Radio-isotope labelled precursors of proteins and RNA were added to growing cells of 

Candida albicans (CAF2) to determine if there was a difference in incorporation between 

compound-treated and untreated samples. If the compound affected the synthesis of either of 

these macromolecules, the difference would be detected from the levels of isotope incorporation 

(51).  

Gene deletion libraries of Saccharomyces cerevisiae are used extensively to identify 

mechanistic pathways of a wide variety of antibacterial and cancer chemotherapeutic agents (5, 

19, 25, 45). These assays help identify drug target candidates, genes involved in buffering drug 

target pathways and also help define the general response of yeast cells to small molecule 

inhibitors. In this study, a collection of homozygous deletion mutants (both copies deleted for 

each non-essential gene) were tested against 2 concentrations of DFD-VI-15. A sub-optimal 

concentration was used to identify hypersensitive mutants and a fungicidal concentration was 

used to identify resistant mutants. Cluster analysis of hypersensitive and resistant mutants 

separately identified genes relating to mitochondrial functions.  
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MATERIALS AND METHODS 

 

Strains: The homozygous deletion collection of Saccharomyces cerevisiae was a gift 

from Dr. Anne Rosenwald, Department of Biology, Georgetown University. This collection was 

provided by Open Biosytems (YSC 1056, Yeast Homozygous Diploid Collection). BY4743 

(4741/4742) is the background for this collection.  

Macromolecular synthesis studies: The assay procedures were conducted based on the 

methods described by Yamaguchi et al (51) with some modifications. Exponentially growing C. 

albicans yeast cells (CAF2) were suspended in RPMI1640 medium to OD595=0.6. After the 

compound and radio-labeled precursor were added, the reaction tubes were incubated at 30°C 

with occasional shaking. After 1 and 3 h of incubation, samples were taken for evaluation. The 

precursor used and the preparation methods for each fraction were as follows, and the 

radioactivity of each fraction was counted by liquid scintillation.  

(a) Leucine (protein precursor): [
3
H]-leucine was added to cell suspensions at a 2.0 

μCi/ml, and 1 ml samples were taken at each point. Harvested cells were suspended in 2 ml of 

5% trichloroacetic acid (TCA) and heated at 90°C for 30 minutes. After the reaction, the 

insoluble material was collected on Millipore 0.45  filters, which were washed with water and 

95% ethanol 3 times 2 minutes apart and then dried to obtain the protein fraction.  

(b) Uridine (RNA precursor): [
3
H]-uridine was added to the cell suspensions at 4.0 

μCi/ml, and 2 ml samples were taken at each time point. For each sample, 2 ml of ice cold 10 % 

TCA was added and the mixture was incubated on ice for 1 h. Insoluble material was collected 
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on Millipore 0.45  filters, which were washed with 5 % TCA and 95% ethanol 3 times 2 

minutes apart and then dried to obtain the RNA fraction.  

Genetic Screens 

S. cerevisiae screens for hypersensitivity with DFD-VI-15: 96-well master plates 

containing individual deletion strains were transferred from frozen stocks and grown in 100 μl of 

YPD (10 g yeast extract, 20 g peptone, 20 g dextrose, 20 g agar/liter) in 96 well plates. After 16 

h, the master plates were replated on to secondary plates containing liquid YPD by a pin 

replicator. After 1 h, strains from the secondary plate were printed on to solid YPD plates with 

and without compound (6 g/ml). The plates were read at 24, 48 and 72 h and the diameter of the 

spots were compared visually to evaluate hypersensitivity to the compound. The screen was 

performed in triplicate with fresh liquid cultures.  A secondary screen was done with the 

hypersensitive mutants to determine MIC-50 (CLSI M27-A3) in YPD media to rule out slow 

growers that may show up as false positives in the screen.  

S. cerevisiae screens for resistance with DFD-VI-15: 96-well master plates containing 

individual deletion strains were transferred from frozen stocks and grown in 100 μl of YPD. 

After 16 h, the master plates were replated on to new secondary plates containing liquid YPD by 

a pin replicator. After 1 h, strains from the secondary plate were transferred to tertiary liquid 

YPD plates with and without compound. The concentration of DFD-VI-15 used was 12 g/ml. 

This concentration was fungicidal for BY4743. The plates were read at 24 and 48 h. The resistant 

mutants were identified visually as those that grow in the presence of DFD-VI-15. The screen 

was performed in triplicate with fresh liquid cultures.  
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Data analysis: The program, FunSpec was used to identify the functional categories that 

were represented by the list of proteins whose absence renders cells sensitive or resistant to 

DFD-VI-15. The list of the gene deletion products sensitive and resistant to DFD-VI-15 were 

imported into FunSpec, and based on prior knowledge, data were integrated in Munich 

Information Center for Protein Sequences (MIPS) functional categories (42). The p-values in 

FunSpec represent the probability that the intersection of a given list with any functional 

category occurs by chance. 

Drop plates of CAF2 and BY4743 with DFD-VI-15 under aerobic and anaerobic 

conditions: According to the method of Chauhan et al. (13), the sensitivity of CAF2 and 

BY4743 to DFD-VI-15 was tested by plating serial dilutions of 5 × 10
1
 to 5 × 10

6
 cells (each in a 

total of 5 μl) onto YPD agar plates containing 6, 12 or 24 g/ml of the compound. Yeast cells 

were obtained from overnight cultures grown in YPD broth at 30°C, washed with saline, and 

standardized by hemacytometer counts. The growth of each strain was evaluated for sensitivities 

after 48 h of incubation at 30°C. Strains were also evaluated for their growth on YPG (yeast 

peptone glycerol) agar containing 1% yeast, 2% peptone and 2% glycerol and, in anaerobic 

conditions (using Anaerobic Packs) with and without the presence of DFD-VI-15.  

Flow cytometry assays of ROS: Intracellular ROS production was detected by staining 

cells with the fluorescent dye DCFDA (2‘-7‘–dichlorofluorescein diacetate; Sigma) using a 

FACScan flowcytometer (488 nm; Becton Dickinson). CAF2 cells were grown at 30°C 

overnight in YPD medium. After 16 h, the pellets were collected and suspended to 1 X 10
6
 cells 

in 1 ml of YPD and separated in to 3 tubes. Two of the tubes were treated with 12g/ml and 24 

g/ml of DFD-VI-15 for 4 h. The third tube was used as the untreated control. After 4 h, cells 
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were collected from each condition and washed twice with PBS. The pellets were suspended to 1 

X 10
6
 cells in 1 ml of PBS and treated with or without 50 M DCFDA for 1 h at 30°C in the 

dark. Cell fluorescence in the absence of DCFDA was used to verify that background 

fluorescence was similar for treated and untreated strains. Cells that were treated with DCFDA 

were then collected and washed twice with PBS. Then, propidium iodide (PI) was added to each 

sample to measure the percentage of dead cells prior to the DCDFA assays. The mean 

fluorescence for ROS was quantified only in live and standard-sized cells. 

 

RESULTS 

Radiolabelled incorporation of macromolecule precursors: Evaluation of the 

incorporation of radioactive precursors to Candida albicans CAF2 cells show that while there is 

a time dependent uptake of the radiolabelled precursors, no difference is seen between DFD-VI-

15 treated and untreated samples (Figure 5.1 and Figure 5.2). Thus, there is no inhibition of 

protein or RNA synthesis on treatment with DFD-VI-15.   

Identification of S. cerevisiae mutants that were sensitive to DFD-VI-15: DFD-VI-15 

sensitive strains were identified by screening the BY4743 S. cerevisiae strain and all of its 

double-gene deletion mutants corresponding to the complete set of 4700+ nonessential yeast 

genes with 6 g/ml of compound. Three replicates of the whole screen were done with fresh 

liquid master culture plates in 96 well plates. Images of each plate were compiled and sensitive 

mutant strains were visually identified (Figure 5.3). Strains were labeled sensitive to DFD-VI-

15 if compound treatment inhibited its growth. This analysis identified 89 genes whose gene 

deletion caused sensitivity to DFD-VI-15. A secondary screen was performed to determine the  
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Figure 5.1: Effect of DFD-VI-15 on protein synthesis. The incorporation of radiolabelled 
3
H-

leucine is seen in both compound treated and untreated strains at 1 and 3 h. The concentrations of 

DFD-VI-15 used were 0.5, 1 and 2 g/ml. There was no difference seen in incorporation 

between treated and non-treated samples. DFD-VI-15 does not inhibit protein synthesis. 
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Figure 5.2: Effect of DFD-VI-15 on protein synthesis. The incorporation of radiolabelled 
3
H-

uridine is seen in both compound treated and untreated strains at 1 and 3 h. The concentrations of 

DFD-VI-15 used were 0.5, 1 and 2 g/ml. There was no difference seen in incorporation 

between treated and non-treated samples. DFD-VI-15 does not inhibit RNA synthesis. 
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Figure 5.3: S. cerevisiae genomic phenotypic screen with DFD-VI-15. Representative plates 

of the YPD-agar plates containing no compound (untreated) and 6 g/ml of DFD-VI-15 (treated) 

spotted with 96 S. cerevisiae gene deletion mutant strains used in the genomic phenotypic screen. 

C1 well from Plate #335 and H3 well from Plate #346 (marked in red boxes) show compound 

sensitive deletion strains of genes YDR008C and ARO2 respectively. 
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MIC-50 measurements of the 89 mutants against DFD-VI-15. Only 32 genes showed MIC-50 

values less than that of BY4743, < 6 g/ml (Supplementary Figure 1). 

Functional categories represented with proteins whose absence rendered cells 

sensitive to DFD-VI-15: In order to obtain a better understanding of the mechanism by which 

DFD-VI-15 inhibits and kills yeast cells, the global response upon exposure to the compound 

was assessed. Functional categories represented in the list of proteins whose absence renders 

cells sensitive to DFD-VI-15 were identified using FunSpec. Table 5.1 lists the 8 functional 

categories. They include tetracyclic and pentacyclic triterpenes metabolism, metabolism of 

serine, biosynthesis of tryptophan, polyphosphoinositol mediated signal transduction, isoleucine 

metabolism, mitochondrial functions, metabolism of pyruvates and homeostasis of metal ions. 

The MIPS phenotypic clusters identified 4 genes with respiratory deficiency (Table 5.2). MIPS 

subcellular localization clusters idenfied 3 genes that belonged to the mitochondrial matrix 

(Table 5.3). Also, the MIPS protein complex clusters identified 2 genes that were part of 

mitochondrial ribosomal small subunits (Table 5.4). On further evaluation, it was found that 14 

of the 31 mutants identified had one of the following mitochondrial defects: decreased rate of 

respiratory growth, absent respiratory growth, abnormal mitochondrial morphology or decreased 

oxidative stress resistance (Table 5.5). 

Identification of S. cerevisiae mutants that were resistant to DFD-VI-15: DFD-VI-15 

resistant strains were identified by screening the collection with 12 g/ml. Three replicates of the 

whole screen were done with fresh liquid master culture plates in 96 well plates. A total of 4  
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Table 5.1: MIPS Functional Classification. Functional categories represented in the list of 

proteins whose absence renders cells sensitive to DFD-VI-15 were identified using FunSpec. 

They include tetracyclic and pentacyclic triterpenes metabolism, metabolism of serine, 

biosynthesis of tryptophan, polyphosphoinositol mediated signal transduction, isoleucine 

metabolism, mitochondrial functions, metabolism of pyruvates and homeostasis of metal ions. 
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Table 5.2: MIPS phenotypes. Phenotypic categories represented in the list of proteins whose 

absence renders cells sensitive to DFD-VI-15 were identified using FunSpec. They include 

nystatin resistance and respiratory deficiency. 
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Table 5.3: MIPS subcellular localization. Organelle based categories represented in the list of 

proteins whose absence renders cells sensitive to DFD-VI-15 were identified using FunSpec. 

They include endoplasmic reticulum membrane  and mitochondrial matrix. 
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Table 5.4: MIPS protein complexes. Protein complex categories represented in the list of 

proteins whose absence renders cells sensitive to DFD-VI-15 were identified using FunSpec. 

They include 7 protein complex clusters of which 2 genes PET123 and MRP51 represented 

mitochondrial ribosomal small subunit protein complexes. 
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Table 5.5. Hypersensitive mutants related to mitochondrial function. 14 of the 32 mutants 

identified had one of the following mitochondrial defects: decreased rate of respiratory growth, 

absent respiratory growth, abnormal mitochondrial morphology or decreased oxidative stress 

resistance. The functions and mitochondrial defects of each mutant are shown. 
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mutants showed resistance at 24 h and 96 strains showed resistance at 48 h (Supplementary 

Figure 2). Of the 4 genes, one was not annotated by Saccharomyces genome database (SGD). 

The remaining three mutants had deletions of genes CNE1, HLJ1 and ACE2. The MIC-50 values 

and functions of the 3 mutants are shown in Table 5.6. 

Functional categories represented with proteins whose absence rendered cells 

resistant to DFD-VI-15: 96 mutants were identified as resistant to DFD-VI-15. Using the 

Funspec program, 3 functional categories were identified (Table 5.7). They include assembly of 

protein complexes, electron transport and membrane-associated energy conservation and, 

proteasomal degradation pathways. MIPS subcellular localization identified a single cluster of 8 

genes that belong to the mitochondrial inner membrane (Table 5.8). 3 clusters of genes that 

belong to protein complexes that are part of mitochondrial processing, cytochrome bc1 

(Complex III) and cytochrome c oxidase (Complex IV) were also identified (Table 5.9). 

Drop-plate experiments: BY4743 and CAF2 were inhibited in a dose dependent manner 

by DFD-VI-15 (Figure 5.4). The MIC-50 of DFD-VI-15 with CAF2 in YPD medium was 12 

g/ml and the MIC-50 of the compound with BY4743 was 6 g/ml. Thus, the 2 concentrations 

of compound used against both strains were standardized to 1X and 2X MIC-50.  Both strains 

showed hypersensitivity when grown on a non-fermentable carbon source like YPG. 

Interestingly, the inhibitory effect of DFD-VI-15 was lost when the strains were grown in the 

absence of oxygen. 
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Table 5.6: The functions and MIC-50 values of the 3 mutants that were resistant to DFD-VI-15 

at 24 h are shown. The MIC-50 against BY4743 was 6 g/ml. 
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Table 5.7: MIPS Functional Classification. Functional categories represented in the list of 

proteins whose absence renders cells resistant to DFD-VI-15 were identified using FunSpec. 

They include assembly of protein complexes, electron transport and membrane-associated 

energy conservation and, proteasomal degradation pathways. 
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Table 5.8: MIPS subcellular localization. Organelle based categories represented in the list of 

proteins whose absence renders cells resistant to DFD-VI-15 were identified using FunSpec. 

They include one category belonging to the mitochondrial inner membrane. 
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Table 5.9: MIPS protein complexes. Protein complex categories represented in the list of 

proteins whose absence renders cells resistant to DFD-VI-15 were identified using FunSpec. 

They include 3 protein complex clusters of which all 3 belonged to mitochondrial complexes, 

namely mitochondrial processing complex, complexIII and complex IV of the ETC. 
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Figure 5.4. Drop-plate assays with DFD-VI-15.  Both CAF2 and BY4743 were inhibited by the 

compound in a dose dependent manner. The concentrations of DFD-VI-15 used were 6, 12 and 

24 g/ml. Both strains showed hypersensitivity with the compound on YPG media. The 

antifungal effects of the compound were lost when the strains were grown anerobically (An).   
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ROS production is increased in CAF2 cells treated with DFD-VI-15: Mitochondrial 

dysfunction is associated with an increase in ROS (1, 8, 10, 32, 39). Quantitative flowcytometry 

experiments to measure the total amount of intracellular ROS were done to determine if 

treatment with DFD-VI-15 lead to mitochondrial dysfunction. Once DCFDA diffuses into the 

cell, it is hydrolyzed into 2‘,7‘-dichlorofluorescien (DCFH) by esterases and accumulates in  

viable cells. It was seen that compound treated cells had significantly higher levels of ROS than 

untreated cells (Table 5.10). GOA31, a Candida albicans mutant strain with defects in 

mitochondrial function and higher ROS levels (31) was used for comparative purposes.  

 

DISCUSSION 

 The use of yeast deletion collections has significantly enhanced the study of 

chemical-genetic interactions in yeast. It is now possible to study multiple treatment conditions 

and compare the genetic relatedness of these treatments (24). Conversely, it is also possible to 

compare genes based on their chemical interaction profiles. In particular, this has lead to a better 

understanding of the effect of environmental stressors and small molecule inhibitors on yeast 

biology. For the same reason, the role of gene deletion collections in the identification of gene 

targets or mechanistic pathways cannot be over-emphasized. In yeast, studies with gene deletion 

collections have been used to identify target pathways of new agents (7) and also understand 

inhibitory pathways to known toxic agents like nickel (4). In this study, 4700+ mutants were 

tested for sensitivity or resistance to Compound DFD-VI-15. Both, hypersensitive and resistant 

sets of mutants identified gene clusters that were related to mitochondrial functions. 

Interestingly, GOA31 a Candida albicans mutant with a defect in Complex I of the electron  
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Table 5.10: ROS measurements. The mean fluorescence of DCFDA was compared between 

non-treated, compound treated (12 and 24 g/ml of DFD-VI-15) cells of CAF2 and GOA31. 

There is significantly higher fluorescence in treated compared to untreated strains.This shows 

that there is a higher accumulation of intracellular ROS on treatment with DFD-VI-15. GOA31 

was used as positive control. 
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*statistically significant (p< 0.01) 

p-value calculated by unmatched t-test 

SD- standard deviation 
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transport chain (ETC) in mitochondria (6, 31) was also hypersensitive to DFD-VI-15 (see 

previous chapter).  

Mitochondria, in addition to being the energy centers for eukaryotic cells, are also 

involved in multiple cell signaling cascades (34). Their functions include amino acid, lipid, and 

iron metabolism (20, 38, 48). They are also associated with transporter functions, protein 

degradation, programmed cell death, signaling, cell division, growth and numerous other 

processes (17). The role of mitochondria in human fungal pathogens has been studied 

extensively in Candida albicans, Candida glabrata, and Candida parapsilosis (22, 29, 43). In 

Candida, the mitochondria play important roles in morphogenesis, adaptive responses to oxidant 

stress, and anti-fungal drug resistance and sensitivity (6, 11, 27, 30, 52). There are also important 

differences between mitochondria in mammalian cells and Candida species. Oxidative 

phosphorylation in yeast is highly branched compared to mammalian cells and involves many 

redundant pathways (23). For example, the alternative oxidase pathway (AOX) and the parallel 

pathway (PAR) found in Candida are absent in human cells. Thus, mitochondrial genes or 

pathways can be potential antifungal targets for novel drug discovery (33). Current drugs that 

work by affecting mitochondrial function include anti-tumor agents, immunosuprresants, anti-

virals, potassium channel openers and anesthetics (46). 

Many antifungal agents are now known to work through mechanisms that involve the 

mitochondria. Here, it may be significant to highlight some of these agents and mechanisms that are 

important to antifungal activity.  

Plagiochin E, produced by the liverwort, Marchantia polymorpha induced apoptosis in C. 

albicans through a metacaspase-dependent apoptotic pathway (50). PLE was believed to cause 
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mitochondrial dysfunction by enhancing mitochondrial membrane potential while decreasing ATP 

levels. The decrease in ATP levels was believed to be the result of inhibition of mitochondrial 

dehydrogenases.  

CTBT [7-chlorotetrazolo(5,1-c) benzo (1,2,4) triazine] enhances the activity of several anti-

mycotics like 5-fluorocytosine and azoles. The activity of the compound was dependent on molecular 

oxygen, an effect that was also exhibited by DFD-VI-15. Using a library of S. cerevisiae mutants, CTBT 

was postulated to increase oxidant sensitivity that resulted in transcriptional changes of genes involved 

in DNA repair and mitochondrial function such as SOD2 (7).  

The target of histatin 5, a human basic salivary peptide that has demonstrated anti-fungal 

activity, was initially shown to be the energized mitochondria (21, 28). This hypothesis was based upon 

changes in mitochondrial membrane potential as well as the co-localization of tagged-histatin 5 with 

mitotracker, a mitochondrial stain.  

C. parapsilosis isolates often have reduced susceptibility to echinocandins. 3 clinical isolates of 

this species, each of which had a mean MIC50 of 2 μg/ml to caspofungin (an echinocandin) demonstrated 

an increased sensitivity when assayed with antimycin A (inhibitor of Comple III of the ETC) and 

BHAM (inhibitor of the alternative oxidase pathway) (11). Neither respiratory inhibitor was effective 

when used alone with caspofungin. These data indicate that concurrent inhibition of Complex III and the 

alternative oxidase pathway (AOX) results in increased echinocandin sensitivity. 

To study the effect of fluconazole resistance, Kaur et al examined a library of C. glabrata with 

9,216 random insertion mutants (27). Increased susceptibility was shown in two mutants lacking ABC 

transporters, while a third mutant was defective in RTG2, which is associated with retrograde signaling 

from mitochondria to the nucleus. Of 24 other mutants with altered susceptibilities, representing a 
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variety of cell functions, one set was defective in mitochondrial assembly and organization. 

Correspondingly, these mutants had very high levels of resistance to fluconazole due to increased 

expression of CDR1 and CDR2 pumps (44). Oppositely, reversible switching of petite mutants to strains 

that grow normally resulted in increased susceptibility to fluconazole and a corresponding decrease in 

pump expression. Bouchara et al (9) have also described a C. glabrata mutant that grew as small 

colonies (strain 1084-S). This strain had greater sensitivity to amphotericin B but was resistant to 

ketoconazole and fluconazole. Further analysis demonstrated alterations in mitochondria that were 

equated with a petite mutation. The AOX pathway of C. albicans and fluconazole sensitivity was 

evaluated by using inhibitors with or without fluconazole (52). Cyanide treatment (inhibition of 

Complex IV) decreased susceptibility, while SHAM (inhibitor of AOX) increased susceptibility to 

fluconazole. The combination of SHAM and fluconazole synergized killing of the organism, likely 

through an accumulation of ROS. In our study, clustering of 4 genetic mutants that belong to the 

ergosterol biosynthetic pathway was seen in the hypersensitive screens. The 4 genes namely ERG3, 

ERG4, ERG6 and ERG24 are downstream of the azole target, ERG11. It has been previously shown that 

over-expression or mutations of ERG11 does not change the MIC-50 of this compound to Candida 

strains (previous chapter). However, strains with deletions of ERG6 and ERG24 are known to have 

respiratory growth defects (Table 5.1). Hence, this cluster may also be related to mitochondrial 

pathways albeit by indirect mechanisms. 

Of note, the resistant cluster identified a Saccharomyces deletion mutant of ACE2, a transcription 

factor that is important for the expression of early G1-specific genes. A Candida mutant of ACE2 was 

shown to be required for filamentation in hypoxic conditions and also showed resistance to Antimycin A 

(37). Additional evidence of an association between filamentation and respiration was seen in NDH51, a 
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C. albicans mutant defective in filamentation that had increased expression of several proteins in the 

respiratory pathway (35, 47). 

Drop-plate assays showed hypersensitivity of both Saccharomyces and Candida strains when 

grown in non-fermentative carbon sources like YPG. Also, there was a loss of activity when treated 

strains were grown in the absence of oxygen. To determine if the compound affected mitochondrial 

function, flowcytometry experiments were done to measure intracellular ROS. The increased levels of 

ROS seen in compound treated strains may occur in the absence of mitochondrial damage. However, 

when this data is considered together with drop plate inhibition results, it is likely that DFD-VI-15 

induced mitochondrial damage may be the source for the increased ROS. The effect of 2 compounds, 

Plagiochin (49) and Retigeric acid B (12) on C. albicans show similar mechanistic profiles. They both 

caused hyperpolarization of the mitochondrial membrane, thereby causing accumulation of ROS which 

then lead to death of the cells, probably via apoptotic pathways. Hog1 mutants that belong to mitogen-

activated protein kinase (MAPK) pathways showed decreased mitochondrial membrane potential, higher 

respiratory rates and higher levels of ROS (2). A strain (P5) recovered after serial passage through 

murine spleens by intravenous inoculation showed reduced size, increased respiratory rates and 

resistance to endogenously produced superoxide (14). The lack of change in the respiratory rate on 

addition of FCCP showed that the ETC was uncoupled in this mutant. Similarly, many respiratory 

mutants of Cryptococcos neoformans were rendered hypersensitive upon treatment with cobalt chloride 

(a compound that mimcs hypoxic conditions). These mutants also showed increased levels of 

intracellular ROS (26). Thus, increased intracellular ROS has a strong association to drug treatment- or 

mutant-related mitochondrial dysfunction in yeast.  
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In the infectious process, oxidative stress is an important barrier when Candida cells first 

encounter neutrophils in the blood stream. However, once infections are established in the kidney, 

oxidative killing is no longer a significant threat (18). For the drug discovery process, this means that 

compounds that target mitochondrial pathways/genes and enhance intracellular ROS production may act 

as potent antifungal agents for the treatment of systemic infections. We hope to further study and 

confirm the mitochondrial dysfunction relating to the antifungal use of DFD-VI-15. This will involve 

screening of over-expression collections, use of ETC inhibitors and the reversal of compound activity 

with the use of anti-oxidants. The benzisothiazolinone molecules have a broad range of activity against 

fungal pathogens and are relatively non-toxic to human tissues. This makes them ideal candidates for the 

antifungal drug discovery process. The identification of a novel mechanistic pathway/target will only 

add to the benefits of this novel class of compounds.  
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Supplementary Figure 1: List of hypersensitive mutants 

Plate+Well ID ORF Name Gene deleted 

302G12 YLR11W 
 

303E2 YML008C ERG6 

306F6 YOR290C SNF2 

321D9 YDR207C UME6 

322D4 YPL091W GLR1 

325C5 YGL012W ERG4 

325G6 YNL229C URE2 

326C11 YKL212W SAC1 

329C6 YMR072 ABF2 

330E4 YMR312W ELP6 

331A8 YML122C 
 

332E1 YJL056C ZAP1 

335C1 YDR008C 
 

338D8 YOR158W PET123 

341C7 YDR007W TRP1 

344B4 YPR024W YME1 

344F4 YPR024W YME1 

344F11 YPR067W ISA2 

345C12 YDL020C RPN4 

345G2 YDL081C RPP1A 

346H3 YGL148W ARO2 

348C4 YAL024C LTE1 

370G1 YGR219W 
 

371D9 YPL118W MRP51 

372B8 YLR240W VPS34 

372C7 YGL071W AFT1 

372E12 YBR171W SEC66 

380A7 YER086W ILV1 

380D6 YGL026C TRP5 

380F4 YHR025W THR1 

372B2 YNL280C ERG24 

302D10 YLR056W ERG3 
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Supplementary Figure 2: List of resistant mutants 

Plate ID Well ID ORF Name Gene deleted 

301 C11 YAL021C CCR4 

303 D7 YML014W TRM9 

304 A12 YMR161W HLJ1 

312 A2 YEL043W   

  B1 YEL054C RPL12A 

  B7 YEL062W NPR2 

315 B11 YCL010C SGF29 

316 A10 YLR168C UPS2 

  C11 YLR207W HRD3 

  F2 YKL023W    

  G7 YKL048C ELM1 

  G10 YKL053W   

317 A4 YKL073W LHS1 

  E6 YKL138C MRPL31 

318 H7 YOR258W HNT3 

319 D3 YJL166W QCR8 

  D10 YJL154C UPS35 

320 A8 YLR384C IKI3 

321 C9 YDR184C ATC1 

  D6 YDR200C VPS64 

323 B1 YPR106W ISR1 

  F4 YPR191W QCR2 

325 E10 YGL072C 

 326 A2 YNL199C GCR2 

  A12 YNL183C NPR1 

  C12 YKL213C DOA1 

  G12 YDR244W PEX5 

329 B12 YMR067C UBX4 

  G12 YOL121C RPS19A 

330 B3 YHL025W SNF6 

  G12 YML102C-A 

 331 E3 YPR018W RLF2 

  F9 YPR053C 

 332 A1 YPR096C 

   A3 YPR098C 
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  C3 YJL093C TOK1 

335 E11 YBR277C 

   E12 YBR278W DPB3 

  G2 YBR298C MAL31 

  H2 YCR036W RBK1 

  H6 YCR050C 

   H12 YCR066W RAD18 

336 A1 YCR068W ATG15 

  A10 YCR086W CSM1 

  A11 YCR087C-A LUG1 

  A12 YCR087W 

   E7 YJL004C SYS1 

337 A1 YDL136W RPL35B 

  D3 YDL190C UFD2 

  D10 YGR037C ACB1 

  F2 YGR064W 

 338 A1 YCR045C RRT12 

  B2 YNL054W VAC7 

  H2 YOR309C 

   H4 YPL017C IRC15 

340 A1 YBR037C PET161 

  D8 YIL110W HPM1 

  F9 YIL148W RPL40A 

  H11 YIR009W MSL1 

342 A1 YGR110W CLD1 

  A5 YGR248W SOL4 

  C3 YJL206C 

   C12 YKR010C TOF2 

  H10 YDR074W TPS2 

344 C10 YJL042W MHP1 

  C12 YJL078C PRY3 

  F12 YPR078C 

   G1 YBR084W MIS1 

345 E12 YDL065C PEX19 

  G1 YDL080C THI3 

346 A2 YDR452W PPN1 

  A3 YDR453C TSA2 

  E3 YDR525W 
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  E12 YGL107C RMD9 

347 A2 YGL161C YIP5 

  A8 YGL168W HUR1 

  A9 YGL170C SPO74 

  C1 YER115C SPR6 

  G1 YER181C 

 348 B3 YDL039C PRM7 

  F12 YML073C RPL6A 

  G4 YNL033W 

   G12 YNL220W ADE12 

370 B2 YDR197W CBS2 

  B11 YDR332W IRC3 

  C1 YDL107W MSS2 

  G12 YLR038C COX12 

  H11 YJR077C MIR1 

371 B2 YMR256C COX7 

  B9 YHL038C CBP2 

380 A12 YMR300C ADE4 

  C12 YDR234W LYS4 

381 A11 YLR406C RPL31B 

301 A10 YAL058W CNE1 

304 A10 YMR158W-A     

315 G12 YLR131C ACE2 

 


