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 2 

Abstract 245 words 24 

 Incidences of fluconazole (FLC) resistance among Candida glabrata clinical 25 

isolates is a growing issue in clinics. The pleiotropic drug response (PDR) network in C. 26 

glabrata confers azole resistance and is defined primarily by the Zn2Cys6 zinc cluster-27 

containing transcription factor Pdr1 and target genes such as CDR1, that encodes an 28 

ATP-binding cassette transporter protein thought to act as a FLC efflux pump. Mutations 29 

in the PDR1 gene that render the transcription factor hyperactive are the most common 30 

cause of fluconazole resistance among clinical isolates. The phenothiazine class drug 31 

fluphenazine and a molecular derivative, CWHM-974, which both exhibit antifungal 32 

properties, have been shown to induce the expression of Cdr1 in Candida spp. We have 33 

used a firefly luciferase reporter gene driven by the CDR1 promoter to demonstrate two 34 

distinct patterns of CDR1 promoter activation kinetics: gradual promoter activation 35 

kinetics that occur in response to ergosterol limitations imposed by exposure to azole 36 

and polyene class antifungals and a robust and rapid CDR1 induction occurring in 37 

response to the stress imposed by fluphenazines. We can attribute these different 38 

patterns of CDR1 induction as proceeding through the promoter region of this gene 39 

since this is the only segment of the gene included in the luciferase reporter construct. 40 

Genetic analysis indicates that the signaling pathways responsible for phenothiazine 41 

and azole induction of CDR1 overlap but are not identical. The short time course of 42 

phenothiazine induction suggests that these compounds may act more directly on the 43 

Pdr1 protein to stimulate its activity. 44 

  45 
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Importance 146 words 46 

Candida glabrata has emerged as the second-leading cause of candidiasis due in part 47 

to its ability to acquire high level resistance to azole drugs, a major class of antifungal, 48 

that acts to block the biosynthesis of the fungal sterol ergosterol. The presence of azole 49 

drugs causes the induction of a variety of genes involved in controlling susceptibility to 50 

this drug class including drug transporters and ergosterol biosynthetic genes such as 51 

ERG11.  We found that the presence of azole drugs leads to an induction of genes 52 

encoding drug transporters and ERG11, while exposure of C. glabrata cells to 53 

antifungals of the phenothiazine class of drugs caused a much faster and larger 54 

induction of drug transporters but not ERG11. Coupled with further genetic analyses of 55 

the effects of azole and phenothiazine drugs, our data indicate that these compounds 56 

are sensed and responded to differentially in the yeast cell.  57 

 58 

Introduction 59 

Antifungal resistance among yeast pathogens continues to increase. The limited 60 

number of antifungal drugs primarily being used belong to three classes: azoles, 61 

polyenes, and echinocandins. Azole drugs are routinely used to treat fungal infections, 62 

with fluconazole (FLC) being among the most prescribed antifungal drug globally (1, 2). 63 

Candida glabrata is a human commensal and opportunistic fungal pathogen with a low 64 

intrinsic susceptibility to FLC and a high rate of developing increased resistance to 65 

azole drugs (Recently reviewed in (3)). Azoles, including FLC, inhibit function of the 66 

lanosterol a14-demethylase enzyme encoded by the ERG11 gene, disrupting the 67 

ergosterol biosynthetic pathway and preventing fungal growth (4). The low FLC 68 
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susceptibility of C. glabrata is attributed primarily to the functions of two Zn2Cys6 DNA-69 

binding domain-containing transcription factors, Upc2A and Pdr1. Upc2A is a positive 70 

regulator of genes involved in ergosterol biosynthesis (ERG genes) and induces the 71 

expression of ERG genes in cells experiencing limited ergosterol availability, like that 72 

associated with azole stress (5). Pdr1 induces expression of the ATP-Binding Cassette 73 

(ABC) protein and putative drug efflux pump, Cdr1, as well as other genes in the 74 

pleiotropic drug response (PDR) pathway (6-8). Azole resistance among clinical isolates 75 

of C. glabrata is primarily due to nonsynonymous point mutations in the PDR1 open 76 

reading frame which result in gain-of-function (GOF) Pdr1 isoforms. These GOF forms 77 

of Pdr1 cause constitutive high-level transcription of target genes with a corresponding 78 

decrease in FLC susceptibility (9). More recent data support a link between Upc2A and 79 

the Pdr system at the level of transcriptional control. Upc2A acts to coordinately induce 80 

expression of ERG genes with genes of the Pdr network, such as PDR1 and CDR1, 81 

when ergosterol levels are reduced (10-12).  82 

The limited number of antifungal agents has driven efforts to identify new 83 

therapeutic options for antifungal therapies. Among drugs that have been identified for 84 

their antifungal properties are those belonging to the phenothiazine molecular class 85 

(13). Fluphenazine (FPZ), a phenothiazine class antipsychotic medication, exhibits 86 

antifungal activity but its effective antifungal dosages exceed concentrations at which it 87 

can be safely used as a therapeutic agent (14). In C. albicans, FPZ induces the 88 

expression of ABC and Major Facilitator Superfamily (MFS) proteins associated with 89 

multi-drug resistance (15, 16). In 2018, Montoya et al tested FPZ derivatives and found 90 

that the analog CWHM-974 (called 974 here) has increased antifungal activity against 91 
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C. albicans compared to FPZ (17). Miron-Ocampo et al  (18) continued investigating the 92 

antifungal properties of FPZ and 974 in Candida species, demonstrating that both FPZ 93 

and 974 are potent inducers of CDR1 in C. albicans and C. glabrata. It was also 94 

demonstrated that at subinhibitory concentrations the fluphenazine-derivatives 95 

antagonize FLC in C. albicans, but not in C. glabrata even though steady-state levels of 96 

Cdr1 protein were observed to increase by western blotting (18).  97 

Here, we demonstrate that exposure of C. glabrata to either FPZ or 974 caused a 98 

strong and rapid transcriptional induction of CDR1 mRNA.  The fluphenazines induced 99 

higher levels of CDR1 expression than FLC. In addition, CDR1 was induced much more 100 

rapidly by the fluphenazines compared to FLC. Genetic analyses indicated that 101 

susceptibility of C. glabrata to these fluphenazine compounds responded to the level of 102 

Pdr1 activity. In contrast to the well-described effect of FLC on ERG gene expression, 103 

the phenothiazines did not significantly impact expression of genes in the ergosterol 104 

biosynthetic pathway. These data argue that activation of the Pdr1-CDR1 pathway by 105 

azole and phenothiazine drugs occurs through both overlapping and distinct 106 

mechanisms.  107 

 108 

Materials/Methods 109 

Strains/media 110 

C. glabrata strains were cultured at 30°C. Unless otherwise stated, cells were 111 

grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) for non-selective 112 

growth and drug treatment. For selective growth, cells were cultured in YPD 113 

supplemented with 50 µg/ml nourseothricin (NAT; Jena Bioscience, Jena, Germany) or 114 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 19, 2024. ; https://doi.org/10.1101/2024.09.19.613905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.19.613905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

complete synthetic medium (CSM) with appropriate amino acids omitted for heterotroph 115 

selection (Difco yeast nitrogen extract without amino acids, amino acid powder from 116 

Sunrise Science Products, 2% glucose). CSM media without methionine and 117 

supplemented with 1 mM estradiol was used to recycle the selection cassette 118 

associated with integration of different PDR1 forms (19). All strains used in this study 119 

are listed in Table 1. CWHM-974 was synthesized as previously reported by the Meyers 120 

lab at St. Louis University (17).  121 

 122 

Luminescence Assay 123 

For analysis of drug-induced CDR1 promoter activation kinetics, a strategy for 124 

one-step measurement of firefly luciferase activity was employed (modified from (20). 125 

For this, a CDR1 promoter-driven firefly luciferase reporter (CDR1-LUC) construct was 126 

integrated into the HO locus of C. glabrata strains analyzed (Figure 1A). The CDR1-127 

LUC construct was flanked by regions of the HO gene (5’ and 3’) for integration. The 128 

CDR1-LUC fusion consisted of the entire intergenic region upstream of the CDR1 start 129 

codon (-1 to -1734), placed upstream of the Photinus pyralis (Firefly) luciferase gene 130 

present in the plasmid pFA6-luc*(-SKL)-HIS3MX6 (Addgene #40233). (Figure 1A). For 131 

analyses of Pdr1-dependent CDR1 promoter activation, isogenic ∆pdr1, wild-type 132 

PDR1, and two GOF forms of PDR1 (R376W and D1082G) strains were derived from 133 

the CDR1-LUC parental strain using a PDR1-recyclable cassette (21) Strains were 134 

precultured overnight in YPD at 30°C and 200 rpm. The next morning, stationary phase 135 

cultures were diluted with fresh YPD to OD600 = 0.2. The diluted cultures were then 136 

grown at 30°C and 200 rpm until they reached mid-log phase growth (OD600 = 0.8). 137 
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Then, 50 µl of cell culture was pipetted into wells of a 96-well plate that contained either 138 

50 µl of untreated YPD or 50 µl of YPD containing a drug at double its minimum 139 

inhibitory concentration (MIC). Thus, at the onset of the experiment each well contained 140 

100 µl of culture at an OD600 = 0.4. For wells containing drug, the final concentration 141 

was equal to the MIC of the corresponding drug. During the experiment, plates were 142 

incubated at 30°C without shaking. 143 

At each time point analyzed for luciferase expression, the OD600 and 144 

luminescence measurements were acquired in duplicate from two independent wells for 145 

each condition. Prior to the addition of D-luciferin substrate to wells, OD600 was 146 

measured using a SpectraMax iD3 plate reader (Molecular Devices, San Jose, CA) set 147 

to measure absorbance (ABS) at wavelength 600. Subsequently, 100 µl of 1 mM D-148 

luciferin potassium salt (Perkin Elmer, Waltham, MA) in 0.1M sodium citrate buffer (pH 149 

5) was pipetted into the appropriate culture wells. The plate was then immediately 150 

measured for luminescence at all wavelengths using a SpectraMax iD3 plate reader 151 

with integration time set to one second for each well. The luminescence measurements 152 

are expressed as relative light units (RLU) and were normalized by dividing the 153 

luminescence value given by the luminometer by the well-specific OD600, which yielded 154 

the OD-adjusted RLU measurements used for calculating the fold induction. Data 155 

represented in the associated graphs are the average of two independent biological 156 

replicates each with a minimum of two technical replicates.  157 

 158 

Spot Dilution Assay 159 
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C. glabrata strains were grown to mid-log phase and spotted in ten-fold serial 160 

dilutions on YPD agar plates containing the indicated concentrations of fluconazole 161 

(LKT Laboratories), fluphenazine (Sigma-Aldrich), or CMHW-974 (17, (18). Plates were 162 

incubated at 30°C for 24 to 48 hours prior to imaging. 163 

 164 

RT-qPCR assay 165 

To analyze transcriptional activation of azole-induced genes in wild-type and 166 

deletion mutants, samples containing six OD600 units of mid-log phase cells were 167 

acquired prior to drug exposure and the specified time points after addition of drugs to 168 

the cultures. Total RNA was extracted from cell samples using Trizole (Invitrogen 169 

#15596026) and chloroform. For RNA purification, a RNeasy Mini Kit (Qiagen #74104) 170 

was used, and cDNA was generated from 0.5 µg of purified RNA using an iScript cDNA 171 

Synthesis Kit (Bio-Rad #1708890). iTaq Universal SYBR Green Supermix (Bio-Rad 172 

#1725151) was used for qPCR, and transcript levels of target genes were normalized to 173 

18s rRNA transcript levels. The ∆∆CT method was used to calculate fold change in 174 

transcript levels between pretreatment and treatment samples. All data presented are 175 

the averaged result of two biological replicates each with two technical replicates, for a 176 

total of four replicates. Statistical analysis was performed using a one-way ANOVA with 177 

Tukey’s or Dunnett’s multiple comparison test.   178 

 179 

RESULTS 180 

The kinetics of CDR1 induction by fluphenazines are distinct from other 181 

antifungal drugs. Earlier work demonstrated that exposure of C. glabrata cells to either 182 
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FPZ or 974 led to the rapid increase in levels of the Cdr1 ABC transporter protein as 183 

measured by western blotting with anti-Cdr1 antiserum (18, 22). Analyses of FLC 184 

induction of CDR1, both at the transcription and protein level (22), indicated that the 185 

response to this drug required a longer period of drug exposure to see full induction. To 186 

facilitate comparison of FLC, FPZ, and 974-mediated induction of CDR1, we prepared a 187 

translational fusion between a firefly luciferase (LUC) gene and the CDR1 promoter. 188 

This CDR1-LUC fusion gene was then integrated into the C. glabrata genome at the HO 189 

locus (Figure 1A). This reporter gene allowed use of a 96-well format for rapid assay of 190 

CDR1 promoter activation over time as well as with a variety of different antifungal 191 

drugs. We used this strain containing the CDR1-LUC fusion gene to compare the 192 

induction time courses for three different azole drugs (FLC; voriconazole, VOR; 193 

itraconazole, ITC), amphotericin B (AmB), caspofungin (CAS) as well as the two 194 

phenothiazine derivatives. The levels of CDR1-driven luciferase activities were 195 

measured for all these different conditions and are shown in Figure 1B. 196 

Both fluphenazines triggered a very rapid and large (~8-fold) induction of CDR1-197 

LUC expression after only 30 minutes of exposure. AmB induced 3-fold CDR1-LUC 198 

activity after 1 hour with this level of induction plateauing at 5-fold after 3 hours of AmB 199 

treatment. The azole drugs required almost 3 hours of exposure before reaching a 200 

similar induction level to that seen for AmB. CAS exposure did not lead to any 201 

significant changes in CDR1 expression in this assay. 202 

While these effects on the CDR1-LUC fusion gene were provocative, we wanted 203 

to ensure that the native CDR1 gene also exhibited the rapid induction kinetics seen for 204 

the reporter gene. Additionally, we tested expression of the PDR1 gene that is known to 205 
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be autoregulated (23) and CDR2 as an additional Pdr1 target gene (8). Expression of 206 

these three genes was assessed using RT-qPCR to measure steady-state mRNA after 207 

exposure to FLC or the two phenothiazine drugs (Figure 2). 208 

The wild-type CDR1 gene was rapidly induced upon exposure to either 209 

phenothiazine, rising to more than 20-fold compared to pre-treatment transcript levels 210 

after only 30 minutes of drug challenge. Both the rate and magnitude of induction after 211 

phenothiazine treatment exceeded that seen for FLC exposure which required 2 hours 212 

to cause a 6-fold increase in CDR1 transcript levels. Similar rapid induction kinetics 213 

have been reported for CDR1 mRNA recently (24). Similarly, both PDR1 and CDR2 214 

were rapidly induced by phenothiazine treatment. PDR1 mRNA was increased by 5-fold 215 

during FLC treatment but, as we have seen before (25), CDR2 transcript levels were not 216 

altered by the presence of FLC.  217 

 218 

Resistance to phenothiazines is Pdr1-dependent. The strikingly different 219 

PDR1/CDR1 induction kinetics of the phenothiazines compared to FLC prompted us to 220 

test the effect of PDR1 mutants on phenothiazine susceptibility. As mentioned above, 221 

Pdr1 is required for FLC induction of CDR1 and the most common causes of FLC 222 

resistance in C. glabrata clinical isolates are gain-of-function (GOF) mutants of Pdr1. As 223 

previously described, we prepared isogenic pdr1D strains along with two different GOF 224 

forms of PDR1: R367W and D1082G (9, 26). These strains were then tested for their 225 

ability to grow on rich media containing various concentrations of FLC or the two 226 

phenothiazine drugs (Figure 3A). 227 
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The susceptibility of the PDR1 mutants to phenothiazines was very similar to the 228 

patterns previously observed for fluconazole. Specifically, loss of PDR1 increased 229 

susceptibility to both classes of drugs while the GOF Pdr1 mutants caused a significant 230 

decrease in drug susceptibility. Interestingly, the D1082G form of Pdr1 exhibited a 231 

greater decrease in phenothiazine susceptibility compared to the R376W Pdr1 protein 232 

as we previously reported for FLC susceptibility (26).  233 

We also integrated the CDR1-LUC reporter gene into these strains and 234 

compared azole- and phenothiazine-induced CDR1 activation (Figure 3B). The 235 

presence of PDR1 was required for wild-type induction by all drugs tested. A small 236 

degree of FPZ induction was observed after 3 hours in the pdr1D strain but this 237 

remained at only 10% of that seen in the isogenic wild-type background. Both GOF 238 

forms of Pdr1 drove high, constitutive levels of CDR1-LUC that was not further 239 

increased by drug exposure. As previously seen for FLC, the PDR1 gene is a key 240 

determinant of both phenothiazine-induced CDR1 expression and susceptibility  241 

 242 

Genes impacting Pdr1-mediated FLC susceptibility have similar but not identical 243 

effects on phenothiazine susceptibility. Having confirmed a Pdr1-dependent 244 

mechanism for phenothiazine-induced CDR1 expression and resistance, we examined 245 

the contribution of genes previously identified as being involved in the PDR1-mediated 246 

FLC resistance pathway. We used strains that lacked CDR1, PDR1, or a number of 247 

different proteins that have been implicated in Pdr1-mediated FLC susceptibility. 248 

UPC2A is a transcription factor required for upregulation of genes involved in ergosterol 249 

biosynthesis and functions together with Pdr1 in azole-induced activation of Cdr1 250 
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expression (11, 27). MED15A, a nonessential subunit in the tail of the Mediator 251 

complex, has been demonstrated to interact directly with Pdr1 and is required for Pdr1-252 

directed gene activation and azole resistance (28). Med15 was also found to be 253 

required for Tac1-dependent FPZ induction of CDR1 in C. albicans (29). BRE5 encodes 254 

a protein subunit of a deubiquitinase complex and interacts with Pdr1 as a negative 255 

regulator (30). CNA1 encodes the catalytic subunit of the protein phosphatase 256 

calcineurin that we showed is a positive regulator of Pdr1 (21). In addition to the role of 257 

Cna1 in fluconazole-induced gene expression, it is also notable that a deletion mutant of 258 

calcineurin is hypersusceptible to FPZ in Candida species (31) . Accordingly, CRZ1 was 259 

included in this screen as it encodes the stress-responsive transcription factor that is an 260 

important protein target of calcineurin (reviewed in (32)). To compare the role of the 261 

above set of genes in azole and phenothiazine susceptibility, we used a spot test assay 262 

to analyze the phenotype of single gene deletion mutants grown on a rich medium with 263 

varying concentrations of FLC, FPZ, and 974.  264 

Consistent with previous observations, the individual deletion mutants of CDR1, 265 

PDR1, UPC2A, MED15A, or CNA1 increased susceptibility to FLC, and the deletion of 266 

BRE5 decreased FLC susceptibility (Figure 4A). Surprisingly, the deletion of CRZ1 also 267 

resulted in decreased fluconazole susceptibility comparable to that observed for the 268 

bre5D mutant (Figure 4A). On plates containing FPZ or 974, no deletion mutant 269 

analyzed exhibited decreased susceptibility compared to the wild-type control. The 270 

pdr1D and cna1D strains exhibited the highest level of susceptibility to the 271 

phenothiazines (Figure 4B,4C).  Deletion mutants of cdr1D, pdr1D, med15AD, and 272 

cna1D were unable to grow on media containing 48 µg/ml FPZ while deletion of UPC2A, 273 
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BRE5, or CRZ1 had relatively minor effects (Figure 4B). In the presence of 8 µg/ml 974, 274 

loss of CDR1, BRE5, and CRZ1 had minor effects while loss of UPC2A or MED15A 275 

produced a strain nearly as susceptible as the pdr1D or cna1D strains (Figure 4C). 276 

While there was overlap in the genes involved in FLC and phenothiazine susceptibility, 277 

significant differences in the response to loss of particular regulators emerged. Loss of 278 

CDR1, PDR1, UPC2A and MED15A caused profound FLC sensitivity while a cna1D 279 

strain was more susceptible to phenothiazines than these mutants. 280 

To correlate these genetic differences in drug susceptibility with effects on gene 281 

expression, we analyzed the transcription of PDR1, CDR1, and ERG11, three genes 282 

important in FLC susceptibility, using RT-qPCR The strains described above were 283 

grown to mid-log phase, treated with FLC, FPZ or 974 for 2 hours and total RNA 284 

prepared.  285 

Drug-induced expression of PDR1 was reduced in the absence of MED15A, 286 

CNA1, or CRZ1, reaching significance in 7 out of 9 conditions (Figure 5A). The 287 

magnitude of PDR1 expression induced by the phenothiazines was the same as that 288 

induced by FLC (A maximum of approximately 4-fold in response to all treatments). The 289 

relative effects of FLC and phenothiazines on CDR1 were quite different by comparison 290 

with PDR1 transcription (Figure 5B). CDR1 induction with FLC did not exceed 8-fold 291 

while induction with the phenothiazines ranged from 15- to 37-fold. For both FPZ and 292 

974, loss of either PDR1 or MED15A blocked induction while induction by 974 was 293 

reduced in the absence of UPC2A, ERG11 expression was essentially unaffected by 294 

the phenothiazine drugs (Figure 5C). ERG11 mRNA was induced by FLC by at least 2-295 
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fold in all mutants tested with the exception of the upc2AD strain that exhibited the 296 

expected reduction in ERG11 expression.  297 

 298 

The phenothiazines do not affect the ERG pathway. Previous work indicated that the 299 

presence of FLC or mutant forms of Erg11 activates both the PDR and ERG pathways 300 

(11, 12, 22). Accordingly, one potential mechanism by which the phenothiazines could 301 

contribute to CDR1 expression is by interference with ergosterol biosynthesis. If that 302 

were operative, then we would expect that ERG gene expression would be increased in 303 

FPZ/974-treated cells as is the case for FLC. Therefore, we more closely examined the 304 

effects of the phenothiazines on a second ERG pathway gene.  305 

First, we used RT-qPCR to examine the effect of phenothiazines on the 306 

transcription of both ERG11 and a gene acting later in the ERG pathway (ERG4) 307 

(Figure 6A). FLC induced both ERG11 and ERG4 transcription at both 1& 2 hour after 308 

treatment while neither phenothiazine affected ERG gene expression at those time 309 

points. 310 

 Second, we determined the phenothiazine susceptibility of a strain containing a 311 

double mutant form of ERG11 (Y141H and S410F) that we have previously shown to 312 

cause a strong decrease in FLC susceptibility. Isogenic wild-type and Y141H S410F 313 

ERG11 strains were grown to mid-log and then tested by spotting dilutions on varying 314 

concentrations of FLC, FPZ, and 974 (Figure 6B). Consistent with the lack of a 315 

phenothiazine effect on ERG gene expression, the Y141H S410F ERG11 strain 316 

exhibited negligible effects on susceptibility of these drugs while causing the previously 317 

reported strong decrease in FLC susceptibility. These data indicate that the 318 
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phenothiazines do not affect ERG gene expression and are unlikely to interfere with 319 

ergosterol biosynthesis through other mechanisms. These observations further support 320 

the distinct nature of phenothiazine action versus that of FLC even though both drug 321 

classes trigger activation of CDR1 expression. 322 

 323 

Discussion 324 

 Our finding of the differential kinetics and magnitude of C. glabrata CDR1 325 

induction by phenothiazine drugs compared to FLC prompted our investigation of the 326 

molecular basis of this difference. FLC (and other azole drugs) led to a relatively slow 327 

but steady increase in CDR1 expression over the same time course during which both 328 

phenothiazines triggered a rapid and much larger induction (Figure 1). Here we 329 

demonstrate that the effects of the phenothiazines occurs at the level of CDR1 330 

transcription and involves many of the same regulatory factors as previously required 331 

for FLC induction. However, the fluphenazines trigger both a faster and larger induction 332 

of some Pdr1-regulated genes than does FLC. There are multiple additional distinctions 333 

between FLC and fluphenazine-induction of Pdr1 regulated genes. First, our previous 334 

experiments demonstrated that CDR2 is not responsive to FLC challenge (25) but here 335 

is induced by 5-fold or more by phenothiazine treatment. Second, the autoregulation of 336 

PDR1 (as measured by induction of PDR1 mRNA levels) was more rapid with the 337 

phenothiazines but FLC-induced autoregulation eventually reached very similar levels, 338 

although with a slower time course.  339 

 There are at least two different explanations for the rapid induction of the three 340 

different Pdr1 target genes especially for PDR1 itself. Treatment of cells with the 341 
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phenothiazine drugs led to a large increase in PDR1 mRNA within 30 minutes of 342 

exposure (Figure 2). This is an extremely rapid time course and much faster than the 343 

induction seen in the presence of FLC. We believe the most likely explanation for this 344 

difference is a more direct action of the phenothiazines on Pdr1 itself. Since the PDR1 345 

gene is autoregulated (23), direct stimulation of the function of Pdr1 will trigger both the 346 

increase of Pdr1 protein levels as well as PDR1 mRNA. Increased Pdr1 transcription 347 

factor activity would be sufficient to explain the observed increase in CDR1 and CDR2 348 

expression since both of these genes respond to changes in Pdr1 activity (8, 33). A 349 

second possibility is the presence of some other factor that can both be activated by 350 

phenothiazine exposure and also regulates PDR1, CDR1, and CDR2 transcription. 351 

Further experiments are required to discriminate between these different modes of gene 352 

activation for these Pdr1 target genes. 353 

 AmB treatment of cells led to a faster induction of CDR1-LUC compared to the 354 

azole drugs but after 3 hours, levels of CDR1 expression were equivalent across these 355 

different conditions. AmB directly binds to ergosterol in the plasma membrane while the 356 

azole drugs cause ergosterol depletion by inhibiting biosynthesis of this essential 357 

membrane lipid (recently reviewed in (34)). The faster induction caused by AmB 358 

exposure suggests that direct alteration of membrane ergosterol levels may lead the 359 

generation of a more proximal signal causing CDR1 activation. The AmB induction of 360 

CDR1 expression could explain the observed antagonism between this polyene drug 361 

and azole antifungals (35) in certain situations. 362 

 A common theme of all these signals that induce CDR1 promoter is the 363 

sufficiency of the promoter region to explain the observed effect. This is one of the 364 
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advantages of using the CDR1-LUC reporter system as the only segment of the CDR1 365 

that is present is the 1.7 kb 5’ noncoding sequence of the CDR1 locus. Our previous 366 

demonstration of phenothiazine induction of CDR1 relied on the use of anti-Cdr1 367 

antiserum to determine that steady-state levels of Cdr1 were rapidly induced upon 368 

treatment with these compounds (18). This increase in Cdr1 could occur at multiple 369 

different levels in the context of the native CDR1 gene but our current assays using the 370 

CDR1-LUC reporter system indicate an approximately 10-fold induction in luciferase 371 

levels upon phenothiazine treatment that agree well with the previous western blot data 372 

(18).  373 

 Phenothiazines have been  used to induce and study CDR1 transcription in C. 374 

albicans for some time as FLC was not thought to significantly activate CDR1 375 

transcription (36). FLC is well-known to strongly induce CDR1 transcription in C. 376 

glabrata and the work shown here establishes that the phenothiazines also activate 377 

CDR1 gene expression. Unlike C. albicans, neither phenothiazine was antagonistic to 378 

FLC in C. glabrata cells. FPZ increased the FLC MIC while 974 did not in assays of C. 379 

albicans drug susceptibility (18). This differential behavior of FPZ and 974 in C. albicans 380 

compared to C. glabrata, even though both phenothiazines induce CDR1 transcription 381 

in these yeasts, illustrates the different downstream impacts of these drugs. We tested a 382 

collection of mutant strains that have known impacts on FLC regulation of CDR1 and 383 

found that there was relatively poor correlation between FLC and phenothiazine 384 

susceptibilities for these strains. The largest effects on phenothiazine susceptibilities 385 

were seen for strains lacking PDR1, CNA1 and MED15A. Loss of CDR1 increased 386 

phenothiazine susceptibility but this was best seen at higher drug dosages. 387 
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 These data argue that phenothiazine induction of CDR1 expression occurs in a 388 

very different manner than FLC induction. FLC induction of CDR1 proceeds in a Cna1-389 

dependent manner as we have shown before (21). In contrast, loss of CNA1 had a 390 

negligible effect on CDR1 induction by phenothiazines (Figure 5B). The action of 391 

phenothiazines to inhibit calmodulin function (and subsequently calcineurin) would be 392 

expected to block Pdr1 activation and CDR1 induction. The profound induction of Pdr1 393 

by phenothiazine argues that the effect of these compounds on activity of this 394 

transcription factor cannot be explained by their calcineurin inhibition. We believe that 395 

FLC activation of Pdr1 proceeds in a calcineurin-dependent manner while 396 

phenothiazine stimulation of Pdr1 is calcineurin-independent and may be due to more 397 

direct interaction between these drugs and Pdr1. This would also explain the rapid time 398 

course seen for CDR1 induction following phenothiazine treatment of C. glabrata cells. 399 

 The level of Pdr1 activity is an important determinant of phenothiazine 400 

susceptibility as can be illustrated by the analysis of GOF PDR1 alleles (Figure 3). Both 401 

GOF forms of Pdr1 reduce phenothiazine susceptibility while loss of PDR1 increases 402 

susceptibility to phenothiazines. We have previously demonstrated that the D1082G 403 

PDR1 allele has a more prominent effect on FLC expression and susceptibility than the 404 

R376W Pdr1 allele (26) and this same behavior is also observed with respect to 405 

phenothiazine susceptibility.  406 

 We interpret these data to indicate that Pdr1-dependent transcriptional activation 407 

is an important component of the response to phenothiazine exposure. The CDR1 gene 408 

does contribute to phenothiazine susceptibility but, unlike its central role in FLC 409 

resistance, this contribution is reduced. This can be appreciated by comparing the lack 410 
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of growth of cdr1D cells on FLC at the lowest concentration tested (Figure 4A) while this 411 

same strain is only slightly reduced in growth on the phenothiazines (Figure 4B and 4C). 412 

We suggest that Pdr1 has target genes in addition to CDR1 that are required for wild-413 

type susceptibility to phenothiazines. C. albicans strains lacking CDR1 also showed no 414 

increased susceptibility to phenothiazines (18). 415 

 Although phenothiazines are likely to have multiple targets, their ability to inhibit 416 

calmodulin in eukaryotic cells is well established and likely contributes to their antifungal 417 

activity. Phenothiazines are thought to cause toxicity primarily by inhibiting the calcium-418 

binding regulatory protein calmodulin (17). Loss of calcineurin (CNA1) dramatically 419 

sensitizes cells to the phenothiazines yet deletion of the Cna1 target transcription factor 420 

Crz1 had no effect on phenothiazine susceptibility. While calmodulin is a well-421 

established activator of calcineurin activity, these data establish that phenothiazine 422 

toxicity is not caused by inhibition of calcineurin activation of Crz1 in C. glabrata. As 423 

calmodulin has many targets in cells beyond calcineurin, loss of CNA1 may block a 424 

compensatory response triggered by phenothiazines inhibition of calmodulin. Loss of 425 

Pdr1 could lead to increased phenothiazine levels in cells or cause some other 426 

defective response that prevents normal phenothiazine susceptibility.  427 
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Figure Legends 537 

Figure 1. A comparison of drug-induced Cdr1 expression kinetics using a firefly 538 

luciferase reporter. (A) A luciferase reporter construct consisting of the firefly luciferase 539 

open reading frame immediately downstream of the full-length CDR1 promoter was 540 

integrated into the HO locus of Candida glabrata strain KKY2001. (B) The reporter 541 

strain was grown to mid-log phase in rich liquid medium (YPD) and treated with drugs 542 

known to have antifungal properties. These experiments were performed in a 96-well 543 

format. Each drug was administered at its minimum inhibitor concentration (MIC). Drugs 544 

tested included: fluconazole (FLC; 16 µg/ml), voriconazole (VOR; 0.25 µg/ml), 545 

itraconazole (ITR; 0.5 µg/ml), amphotericin B (AMB; 0.25 µg/ml), caspofungin (CAS; 1 546 

µg/ml), fluphenazine (FPZ; 32 µg/ml), and the FPZ analog CWHM-974 (974; 4 µg/ml). 547 

At 0.5, 1, 2, and 3 hours post treatment, optical density of each culture was measured at 548 

600nm (OD600) and luciferase activity was measured in relative light units (RLU) after 549 

the addition of D-luciferin. Here, we report the OD-adjusted RLU of treated cells relative 550 

to their pretreatment state, which serves as a surrogate for fold induction of Cdr1 551 

expression. Bars indicate mean of 4 replicates and error bars indicate SD. 552 

 553 

Figure 2. Phenothiazines show differential activation of PDR1, CDR1, and CDR2 554 

transcription compared to fluconazole. Mid-log phase C. glabrata cells were treated 555 

with fluconazole (FLC), fluphenazine (FPZ), or CWHM-974 (974) at their minimum 556 

inhibitory concentrations (16 µg/ml, 32 µg/ml, and 4 µg/ml, respectively). Samples were 557 

acquired pretreatment and 0.5, 1, and 2 hours post treatment for analysis of 558 
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transcriptional changes that occurred for PDR1 (A), CDR1 (B), and CDR2 (C) in 559 

response to each drug. Data is represented as fold change in transcript levels 560 

compared to pretreatment. Each data point is the average of two biological replicates 561 

each with two technical replicates, and a one-way ANOVA with Tukey’s multiple 562 

comparison test was used for statistical analyses. Significance is displayed as: *P<0.05, 563 

**P<0.01, ***P<0.001, ****P<0.0001. 564 

 565 

Figure 3. Phenothiazine resistance correlates with Pdr1 activity and the 566 

expression of Cdr1. (A) A spot test assay was used for analysis of phenothiazine 567 

resistance of Candida glabrata strains varying only at their PDR1 locus. Strains 568 

expressing wild-type Pdr1, gain-of-function forms of Pdr1 (Pdr1-R376W or Pdr1-569 

D1082G), or in which the PDR1 open reading frame was deleted (pdr1Δ) were grown to 570 

mid-log phase and serial dilutions were spotted on rich agar medium (YPD) contain 571 

varying concentrations of fluconazole (FLC), fluphenazine (FPZ), or CWHM-974 (974). 572 

(B) Strains expressing wild-type Pdr1, R376W-Pdr1, D1082G-Pdr1, or lacking a PDR1 573 

open reading frame (pdr1Δ) were modified to express firefly luciferase under the CDR1 574 

promoter. Each strain was grown in the absence of drug (No Drug) or in the presence of 575 

minimum inhibitory concentrations of FLC (16 µg/ml), FPZ (32 µg/ml), or 974 (4 µg/ml).  576 

Luciferase expression was measured as described in Materials and Methods at one and 577 

three hours post treatment and compared to pretreatment levels of the strain expressing 578 

wild-type Pdr1.  579 

 580 
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Figure 4. Single gene deletions affecting azole resistance differentially affect 581 

resistance to fluphenazine and CWHM-974. Single gene deletions that affect 582 

fluconazole resistance in Candida glabrata (i.e. cdr1Δ, pdr1Δ, upc2AΔ, med15AΔ, 583 

bre5Δ, cna1Δ, and crz1Δ) were tested for altered resistance to fluphenazine and 584 

CWHM-974. Strains were grown to mid-log phase and serial dilutions were spotted on 585 

YPD containing fluconazole (A), fluphenazine (B), or CWHM-974 (C) at varying 586 

concentrations for comparison of susceptibility to each antifungal compound. Plates 587 

were imaged and susceptibility phenotypes assessed after 48 hours incubation at 30°C. 588 

 589 

Figure 5. Analysis of the effect of single gene deletions on activated transcription 590 

of PDR1, CDR1 and ERG11 in response fluconazole, fluphenazine, and CWHM-591 

974. Single gene deletions that affect fluconazole resistance in Candida glabrata (i.e. 592 

cdr1Δ, pdr1Δ, upc2AΔ, med15AΔ, bre5Δ, cna1Δ, and crz1Δ) were analyzed for effects 593 

on induced transcription of PDR1 (A), CDR1 (B) and ERG11 (C). C. glabrata strains 594 

were cultured to mid-log phase in liquid YPD and split between three conditions: (1) 595 

fluconazole (FLC; 16 µg/ml), (2) fluphenazine (FPZ; 32 µg/ml), and CWHM-974 (974; 4 596 

µg/ml). Samples were acquired pretreatment and two hours post treatment for each 597 

condition tested. RT-qPCR was used for analysis of changes in transcript levels. Data is 598 

displayed as fold change in transcript levels for each gene analyzed relative to 599 

pretreatment levels of the wild-type control strain. Each data point is the average of two 600 

biological replicates each with two technical replicates, and a one-way ANOVA with 601 

Dunnett’s multiple comparison test was used for statistical analyses. Significance is 602 

displayed as: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  603 
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 604 

Figure 6. Acute effects on the ergosterol biosynthetic pathway imposed by 605 

exposure to azoles and phenothiazines are nonidentical. (A-B) Transcript levels of 606 

ERG11 (A) and ERG4 (B), each a gene encoding an enzyme with a different role in the 607 

ergosterol biosynthesis pathway, were examined one and two hours after exposure to 608 

the minimum inhibitory concentrations (MICs) of fluconazole (FLC; 16 µg/ml), 609 

fluphenazine (FPZ; 32 µg/ml), or CWHM-974 (974; 4 µg/ml). Data is represented as fold 610 

change in transcript levels relative to pretreatment levels. (D) To further investigate the 611 

differential impact of FLC, FPZ, and 974 on the ergosterol biosynthesis pathway we 612 

examined the susceptibility of an ERG11 double mutant (DM; Erg11-Y141H,S410F) 613 

previously documented as hyper-resistant to fluconazole (12) . The wild-type (WT) and 614 

DM strain were grown to mid-log phase and serial dilutions were spotted on plates 615 

containing varying concentrations of FLC, FPZ, or CWHM-974. Plates were imaged and 616 

susceptibility phenotypes assessed after 48 hours incubation at 30°C. Each data point 617 

is the average of two biological replicates each with two technical replicates, and a one-618 

way ANOVA with Tukey’s multiple comparison test was used for statistical analyses. 619 

Significance is displayed as: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 620 

 621 

 622 

 623 

  624 
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Table 1. Strains used in this work 625 

Name Background Genotype 

KKY2001 CBS138 his3∆::FRT leu2∆::FRT trp1∆::FRT 

SPG96 KKY2001 his3∆::FRT leu2∆::FRT trp1∆::FRT ura3∆::FRT  

TCCG19 KKY2001 HO∆::CDR1-LUC::HIS3MX6 

TCCG92 KKY2001 PDR1::loxP HO∆::CDR1-LUC::HIS3MX6 

TCCG138 KKY2001 pdr1∆::loxP HO∆::CDR1-LUC::HIS3MX6 

TCCG96 KKY2001 R376W PDR1::loxP HO∆::CDR1-LUC::HIS3MX6 

TCCG98 KKY2001 D1082G PDR1::loxP HO∆::CDR1-LUC::HIS3MX6 

TCCG203 KKY2001 PDR1::loxP  

TCCG204 KKY2001 R376W PDR1::loxP  

TCCG205 KKY2001 D1082G PDR1::loxP  

TCCG16 KKY2001 pdr1∆::loxP  

TCCG110 KKY2001 cdr1∆::loxP  

TCCG52 KKY2001 upc2A∆::loxP  

TCCG123 SPG96 med15A∆::HIS3MX6  

TCCG51 KKY2001 cna1∆::loxP  

TCCG126 KKY2001 crz1∆::loxP  

TCCG125 SPG96 bre5∆::HIS3MX6 

TCCG206 SPG96 ERG11::HIS3MX6 

TCCG207 SPG96 Y141H,S410F ERG11::HIS3MX6 

TCCG51 KKY2001 cna1∆::loxP  

 626 
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Figure 1. Conway, et al.
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Figure 2. Conway, et al.
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Figure 5. Conway, et al.
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