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            Abstract
Eukaryotic transcription activators stimulate the expression of specific sets of target genes through recruitment of co-activators such as the RNA polymerase II-interacting Mediator complex1,2. Aberrant function of transcription activators has been implicated in several diseases. However, therapeutic targeting efforts have been hampered by a lack of detailed molecular knowledge of the mechanisms of gene activation by disease-associated transcription activators. We previously identified an activator-targeted three-helix bundle KIX domain in the human MED15 Mediator subunit that is structurally conserved in Gal11/Med15 Mediator subunits in fungi3,4. The Gal11/Med15 KIX domain engages pleiotropic drug resistance transcription factor (Pdr1) orthologues, which are key regulators of the multidrug resistance pathway in Saccharomyces cerevisiae and in the clinically important human pathogen Candida glabrata5,6. The prevalence of C. glabrata is rising, partly owing to its low intrinsic susceptibility to azoles, the most widely used antifungal agent7,8. Drug-resistant clinical isolates of C. glabrata most commonly contain point mutations in Pdr1 that render it constitutively active9,10,11,12,13,14, suggesting that this transcriptional activation pathway represents a linchpin in C. glabrata multidrug resistance. Here we perform sequential biochemical and in vivo high-throughput screens to identify small-molecule inhibitors of the interaction of the C. glabrata Pdr1 activation domain with the C. glabrata Gal11A KIX domain. The lead compound (iKIX1) inhibits Pdr1-dependent gene activation and re-sensitizes drug-resistant C. glabrata to azole antifungals in vitro and in animal models for disseminated and urinary tract C. glabrata infection. Determining the NMR structure of the C. glabrata Gal11A KIX domain provides a detailed understanding of the molecular mechanism of Pdr1 gene activation and multidrug resistance inhibition by iKIX1. We have demonstrated the feasibility of small-molecule targeting of a transcription factor-binding site in Mediator as a novel therapeutic strategy in fungal infectious disease.
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                    Figure 1: Discovery of inhibitors of the CgGal11A KIX-CgPdr1AD interaction.[image: ]


Figure 2: Elucidation of the CgGal11A KIX domain structure; CgPdr1 AD and iKIX1 bind to a similar interface on the CgGal11A KIX domain.[image: ]


Figure 3: iKIX1 blocks Gal11/Med15 recruitment and upregulation of Pdr1 target genes.[image: ]


Figure 4: iKIX1 as a co-therapeutic in models of C. glabrata disseminated disease.[image: ]
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Extended data figures and tables

Extended Data Figure 1 List of compound libraries screened and top hits from the secondary in vivo viability screen.
Left, table of compound libraries that were screened using a fluorescence polarization assay at the Institute of Chemistry & Cell Biology (ICCB) facility at Harvard Medical School. Right, an S. cerevisiae viability screen identifies small molecules that preferentially inhibit growth of S. cerevisiae in a concentration-dependent manner in the presence of 5 μM ketoconazole. Top hits from the screen are shown; A600 nm values are the average of values from duplicate plates. Error bars denote mean ± s.d.


Extended Data Figure 2 Mapping the interaction interface of iKIX1 and CgPdr1 AD on the CgGal11A KIX domain and molecular details of iKIX1 interaction with the CgGal11A KIX domain based on targeted docking.
a, 2-dimensional representation of the H-bonding network between the CgGal11A KIX domain and iKIX1 based on docking studies. b, Chemical shift perturbations (CSPs) of ILV methyl resonances. Left, 1H-13C heteronuclear single quantum coherence (HSQC) spectrum showing ILV methyl resonances of CgGal11A KIX domain in presence (brown) and absence (teal) of CgPdr1 AD (twofold excess). Right, 1H-13C HSQC spectrum showing ILV methyl resonances of CgGal11A KIX domain in presence (purple) and in absence (teal) of iKIX1 (fourfold excess). Three leucines (L19, L23, L51) show significant CSPs in both spectra. c, Sequence alignment of the C. glabrata Gal11A and S. cerevisiae Gal11/Med15 KIX domains24.


Extended Data Figure 3 iKIX1 blocks Gal11/Med15 recruitment and upregulation of Pdr1 target genes.
a, iKIX1 prevents the ketoconazole-induced recruitment of ScGal11/Med15/Mediator to the upstream activating sequences (UAS) of the PDRE-regulated promoter ScSNQ2 and transcriptional upregulation of ScSNQ2. b, Haemagglutinin (HA)–tagged Pdr1 occupies PDRE-regulated promoters of ScPDR5 and ScSNQ2 in the presence of 20 μM iKIX1 or vehicle (DMSO) control before and following ketoconazole addition. c, 20 μM iKIX1 inhibits ketoconazole-induced upregulation of ScPdr1 target genes ScPDR5 and ScSNQ2 in the HA–Pdr1 strain. RNA was harvested concurrently with representative chromatin immunoprecipitation experiment shown in b at t = 0 min (DMSO, 20 μM iKIX1) and t = 15 min after ketoconazole induction (DMSO + KET, 20 μM iKIX1 + KET). Transcripts are normalized to ScSCR1 and un-induced DMSO control. a–c, Representative experiment from two biological replicates is shown. Error bars represent mean ±s.d. of technical replicates; *P < 0.05, **P < 0.01 and ***P < 0.001 as calculated by two-tailed Student’s t-test. d, RNA-seq analysis of a wild-type S. cerevisiae strain (BY4741) pre-treated with iKIX1 or vehicle alone then induced with ketoconazole (iKIX1 + KET and KET, respectively) demonstrate a blunted induction of Pdr1 target genes following iKIX1 pre-treatment. Data represent means of three biological replicates. e, iKIX1 pre-treatment does not significantly alter the transcript levels of PDR1 or GAL11/GAL11A in S. cerevisiae or C. glabrata after azole induction. Cells were pre-incubated with vehicle (DMSO) or iKIX1 and then induced with 40 μM ketoconazole (+KET) for 15 min before harvest. Average value of three biological replicates is shown and error bars represent mean ±s.d.; *P < 0.05, **P < 0.001 as compared to DMSO or DMSO+KET control, calculated by two-tailed Student’s t-test.


Extended Data Figure 4 iKIX1 pre-treatment durably represses azole-induced CgPdr1-dependent transcription but not basal levels of CgPdr1-dependent transcripts.
a, b, With iKIX1 pre-treatment, CgPdr1-dependent transcription of (a) CgCDR1 and (b) CgYOR1 remains repressed 120 min after ketoconazole induction. SFY114 (PDR1 wild-type) cells were pre-incubated with vehicle (DMSO) or iKIX1 and then induced with 40 μM ketoconazole (+KET). Transcript levels were assessed by quantitative RT–PCR before and for 120 min following ketoconazole induction. Transcript levels are normalized to CgRDN25-1 and un-induced vehicle control (DMSO) at t = 0. c, iKIX1 treatment alone does not have significant effects on CgPdr1 target gene induction either in the presence of wild-type (SFY114) or gain-of-function mutant CgPDR1 (amino acid alterations indicated). d, Table of average CgCDR1 delta Cp values (CpCgCDR1 – CpCgRDN25-1) and corresponding standard deviation for quantitative real-time PCR experiments shown in Fig. 3 f and Extended Data Fig. 4c. a–d, For all panels of Extended Data Fig. 4, average value of three biological replicates is shown and error bars represent ±s.d.; *P < 0.05, **P < 0.01, and ***P < 0.005 as compared to vehicle + ketoconazole control. P values calculated using two-tailed Student’s t-test.


Extended Data Figure 5 iKIX1 inhibits efflux of rhodamine 6 G in PDR1 wild-type, PDR1L280F and PDR1Y584C strains.
Data points indicate mean of three biological replicates and error bars represent mean ±s.d.


Extended Data Figure 6 iKIX1 increases the sensitivity of Cg strains bearing wild-type CgPDR1 to azole treatment and synergistically enhances azole sensitivity in a CgPDR1L280F mutant strain.
a, b, Two strains bearing wild-type CgPDR1 alleles (SFY114, DSY759) were plated at concentrations differing by tenfold (10×, 1×) on plates containing increasing concentrations of iKIX1 to 300 μM in the presence or absence of 1 μM ketoconazole (a) or iKIX1 to 250 μM in the presence or absence of 50 μM fluconazole (b). c, iKIX1 and ketoconazole have additive effects on the growth of a CgPDR1 wild-type strain. d, iKIX1 and ketoconazole synergistically inhibit the growth of the CgPDR1L280F mutant. c, d, The EUCAST broth microdilution method25 was used to assess the effects of iKIX1 and ketoconazole combination treatment. Growth, as assessed by A540 nm, was normalized to no drug control. All combination indices (CI) for the CgPDR1L280F mutant were less than 1, indicating synergy. A representative of three biological replicates is shown and the red line indicates a combination index of 1.


Extended Data Figure 7 iKIX1 exhibits favourable drug-like properties and an inactive analogue highlights the importance of the electron withdrawing chloride groups on the aromatic ring of iKIX1.
a–d, A structurally similar iKIX1 analogue (A2) lacking electron-withdrawing groups increases the IC50 in the fluorescence polarization assay (a) and abolishes activity in the S. cerevisiae luciferase reporter assay (b), repression of CgCDR1 expression (c), and synergistic C. glabrata cell growth inhibition with azoles (d). Error bars in b, c indicate mean ±s.d. of technical replicates (reads/real-time PCR reactions, respectively). **P < 0.005; statistical differences calculated using two-tailed Student’s t-test. e, iKIX1 inhibits viability of HepG2 cells at concentrations >50 μM. The mean of 3 biological replicates is shown; error bars represent means ±s.d. f, iKIX1 exhibits no effect on transcription of SREBP-target genes in HepG2 cells at concentrations up to 100 μM. Biological duplicates were assessed; representative experiment is shown and error bars represent means ±s.d. of technical (real-time PCR) replicates. g, Mouse plasma stability of iKIX1 and mouse and human microsomal stability of iKIX1, n = 1. h, In vivo pharmacokinetic parameters of iKIX1, n = 3 mice per time point.


Extended Data Figure 8 iKIX1-fluconazole combination treatment reduces fungal tissue burden by CgPDR1+ or CgPDR1 gain-of-function mutant strains in disseminated disease models; iKIX1 alone reduces adherence and fungal burden in a UTI model.
a, Clinical isolates DSY562/DSY565 (azole sensitive and PDR1L280F azole-resistant strains, respectively) behave similarly to SFY114/SFY115 (isogenic PDR1+ and PDR1L280F strains, shown in Fig. 4d) in the mouse infection model. n = 10 mice for each treatment condition; *P < 0.01, **P < 0.005 and ***P < 0.0001. b, iKIX1 combination treatment with fluconazole reduces fungal tissue burdens in the spleen or kidney of mice injected with C. glabrata PDR1P822L (SFY116). n = 5 mice for each treatment condition; **P < 0.01 and *P < 0.05. c, 100 mg kg−1 day−1 iKIX1 (high iKIX1) treatment of mice infected with SFY93 (pdr1Δ) significantly reduces fungal burden in a mouse infection model (colony forming units (CFU) per g of kidney) alone as compared to SFY114 (PDR1+) or SFY115 (PDR1L280F). n = 10 mice for each treatment condition; *P < 0.01, **P < 0.005, ***P < 0.0001. d, Mice infected with SFY114 (PDR1+), SFY115 (PDR1L280F) or SFY93 (pdr1Δ) were treated with low (10 mg kg−1 day−1) iKIX1, low fluconazole (low FLU; 25 mg kg−1 day−1), fluconazole at 100 mg kg−1 day−1 or combination with the two. iKIX1 did not confer additional reductions in CFU per g of kidney with SFY93 infection. n = 10 mice for each treatment condition. ***P < 0.0005. e, iKIX1 and ketoconazole reduce adherence of CgPDR1L280F (SFY115) to CHO-Lec2 cells. Adherence is normalized to SFY114 DMSO control; each column represents the average of 4 biological replicates. *P < 0.05 as compared to SFY114 DMSO control. f, iKIX1 (100 mg kg−1 day−1) or fluconazole significantly reduces fungal burden in the bladder and kidney in a urinary tract infection model in mice. n = 15 mice were infected in each group and points at 0 log10 CFU per g of organ fell below the detection limit of the method (50 CFU per g of organ). *P < 0.05, **P < 0.005. a–f, Statistical differences were measured using a Mann–Whitney/Wilcoxon rank-sum test as compared to no treatment control; error bars represent means ±s.d.


Extended Data Figure 9 Model of iKIX1 function.
iKIX1 functions as a co-therapeutic in combination with an azole, blocking the azole-induced recruitment of Gal11/Med15-Mediator to Pdr1 target genes upon azole-treatment and preventing the upregulation of Pdr1 target genes, including those which encode drug efflux pumps. This figure has been adapted from ref. 3.


Extended Data Table 1 Summary of quality statistics for the ensemble of 10 structures calculated with AMBER explicit water refinement and list of experimental restraintsFull size table
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        Editorial Summary
iKIX1 disrupts fungal multidrug resistance
Joy Nishikawa et al. report the identification and characterization of a small-molecule inhibitor of a protein–protein interaction between the transcription factor Pdr1 and the MED15 subunit of Mediator in the fungal pathogen Candida glabrata. The lead compound, iKIX1, inhibits Pdr1-mediated gene activation and re-sensitizes drug-resistant C. glabrata to azole antifungals in vitro and in animal models of disseminated and urinary tract infection. The NMR structure of the interaction between Mediator and Pdr1, has also improved our understanding of the mechanism of gene activation by Pdr1 and its inhibition by iKIX1.
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