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ABSTRACT The human fungal pathogen Candida albicans develops drug resistance
after long-term exposure to azole drugs in the treatment of chronic candidiasis.
Gain-of-function (GOF) mutations in the transcription factor Tac1 and the conse-
quent expression of its targets, drug efflux pumps Cdr1 and Cdr2, are a common
mechanism by which C. albicans acquires fluconazole resistance. The mechanism by
which GOF mutations hyperactivate Tac1 is currently unknown. Here, we define a tran-
scriptional activation domain (TAD) at the C terminus of Tac1. GOF mutations within the
Tac1 TAD, outside the context of full-length Tac1, generally do not enhance its absolute
potential as a transcriptional activator. Negative regulation of the Tac1 TAD by the
Tac1 middle region is necessary for the activating effect of GOF mutations or flu-
phenazine to be realized. We have found that full-length Tac1, when hyperactivated
by xenobiotics or GOF mutations, facilitates the recruitment of the Mediator coacti-
vator complex to the CDR1 promoter. Azole resistance and the activation of Tac1
target genes, such as CDR1, are dependent on the Tac1 TAD and subunits of the
Mediator tail module. The dependence of different Tac1 target promoters on the
Mediator tail module, however, varies widely. Lastly, we show that hyperactivation of
Tac1 is correlated with its Mediator-dependent phosphorylation, a potentially useful
biomarker for Tac1 hyperactivation. The role of Mediator in events downstream of
Tac1 hyperactivation in fluconazole-resistant clinical isolates is complex and provides
opportunities and challenges for therapeutic intervention.
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Candida albicans is an opportunistic fungal pathogen that usually exists as a benign
human commensal but can cause life-threatening systemic infections in immuno-

compromised individuals (1–3). Azole drugs are well tolerated and widely used agents
to treat fungal infections (4). Long-term exposure to azoles in chronic infections,
however, can lead to drug resistance (5, 6). Increased transcription of drug efflux pumps
is often observed in clinical isolates of azole-resistant C. albicans and other pathogenic
fungi (7, 8). Gain-of-function (GOF) mutations in a zinc cluster transcription factor, Tac1,
are commonly responsible for this increased drug efflux in drug-resistant C. albicans
(7–10).

Tac1 regulates the expression of ATP-binding cassette transporters Cdr1 and Cdr2
by directly binding to drug-responsive elements (DREs) in their gene promoters (9–12).
In azole-susceptible wild-type C. albicans, Tac1 activates CDR1 and CDR2 expression in
response to certain xenobiotics, such as fluphenazine (FNZ) and estradiol (EST) (9, 11,
13). GOF mutations, identified in azole-resistant C. albicans isolates, hyperactivate Tac1
and lead to constitutively high expression of CDR1, CDR2, and a number of other genes
(9, 10, 14). Overexpression of Cdr1 protein is the major contributor to resistance in
TAC1GOF mutant strains (15). Hyperactivation of Tac1 does not seem to be required for
its sequence-specific DNA binding, as Tac1 occupancy is observed at the CDR1 pro-
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moter in the absence and presence of GOF mutations (9, 11, 12). Another hyperactive
Tac1 target, RTA3, encodes a putative lipid translocase that also has recently been
found to contribute to azole resistance in TAC1GOF mutant strains (16).

Tac1 is a classical zinc cluster transcription factor (17). Zinc cluster transcription
factors typically possess three domains: an N-terminal Zn(II)Cys6 DNA binding domain,
a C-terminal transcriptional activation domain (TAD), and an �700-amino-acid middle
domain that contains the middle homology region (MHR) (7, 9, 17, 18). Deletion of the
MHR in several Zn(II)Cys6 transcription factors leads to their hyperactivation (17), but
the structure and mechanism of the MHR is not well defined. Previous work clearly
described a Tac1 N-terminal Zn(II)Cys6 DNA binding domain, while the MHR and
C-terminal TAD are less well defined (7, 9, 17, 18). GOF mutations are usually located
within Tac1 middle and putative activation domains (7). Tac1, akin to other zinc cluster
transcription factors that regulate drug resistance through activation of efflux pumps
(19–21), can also be hyperactivated by xenobiotics such as fluphenazine and estradiol
(9, 11, 13). It is unknown whether this mechanism of Tac1 hyperactivation is used
physiologically. Moreover, the mechanism(s) by which GOF mutations hyperactivate
Tac1, whether all GOF mutations and xenobiotic activators use the same mechanism of
hyperactivation, and whether hyperactive Tac1 activates all of its target promoters by
the same mechanism are open questions. Specifically, the hyperactive Tac1 transcrip-
tion coactivator target(s) has yet to be investigated.

In Saccharomyces cerevisiae and the fungal pathogen Candida glabrata, activation of
Pdr5 efflux pump expression and the resulting multidrug resistance are driven by the
transcription factor Pdr1 (pleiotropic drug resistance regulator), which requires the
Mediator complex as a coactivator (22, 23). We hypothesized that Mediator is also a
required transcription coactivator for hyperactivated Tac1 in C. albicans. Mediator is a
multisubunit complex coactivator in eukaryotes that functions as an intermediary
between DNA-bound transcription factors and the RNA polymerase II machinery (24,
25). The S. cerevisiae Mediator core complex is composed of 21 subunits that are
structurally categorized as belonging to the head, middle, or tail module (26, 27). The
tail module of Mediator is directly targeted by multiple transcription activation domains
and plays a critical role in the activation of many highly inducible promoters (24, 25).
A submodule composed of Med15, Med3, and Med2 (encoded by the TLO genes in C.
albicans) forms a trimeric complex within the fungal Mediator tail module and is key to
this module’s function in S. cerevisiae and C. albicans (28–31). The Mediator complex
also contains a variably associated Cdk8 kinase module, which can regulate transcrip-
tion through mechanisms that are dependent on, and independent of, its kinase
activity (24, 25, 32, 33). Direct phosphorylation of transcription factors by Cdk8 (Ssn3)
can result in positive and negative regulation of their activity (32).

The goal of this study was to determine the coactivator requirements for hyperac-
tive Tac1 regulation of the CDR1 and CDR2 promoters and to identify the sequences
within Tac1 responsible for conferring these requirements. Our study has found that
the Mediator tail module plays an important role in the activation of CDR1 expression
and the subsequent fluconazole resistance in TAC1GOF mutant strains. Interestingly, this
dependence is not as pronounced at the CDR2 promoter. Defining the Tac1 C-terminal
TAD has allowed us to posit a model in which all mechanisms of Tac1 hyperactivation
involve the release of a potent activation domain from autoinhibition, which enables
the recruitment of Mediator. In light of a recent report of the reduction in C. glabrata
azole MIC by a small-molecule inhibitor that blocks interactions between the Pdr1
activation domain and the tail module of Mediator (34), understanding the efflux pump
activation mechanisms in other fungal pathogens is of critical importance.

RESULTS
Fluconazole resistance driven by TAC1GOF mutations is decreased in strains

lacking an intact Mediator tail module. We deleted MED3 and MED15 from several
TAC1GOF mutant strains and measured the fluconazole MIC (Table 1) to determine
whether hyperactive TAC1GOF mutants work through the tail module of Mediator to
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facilitate azole resistance. The absence of Med3 or Med15 leads to the dissociation of
the Med15 trimeric subcomplex from both the S. cerevisiae and C. albicans Mediator tail
modules (28–30, 35). The fluconazole MIC (Table 1) was reduced in a med3 null
background for all tested TAC1GOF mutant strains by approximately one-half to two-
thirds. Fluconazole resistance was decreased in a med15 null background to the same
degree as a med3 deletion (Table 1). Deletion of either med3 or med15 only slightly
sensitizes a wild-type TAC1 strain to fluconazole (Table 1).

TAC1GOF-induced CDR1 activation is severely compromised by med3 or med15
deletion. To test whether there was a decrease in the transcription of Tac1 target genes
in the TAC1GOF med3�/� and TAC1GOF med15�/� strains that corresponded to the
decreased fluconazole MIC, we measured CDR1, CDR2, and RTA3 mRNA abundance
using reverse transcription-quantitative PCR (RT-qPCR). As shown in Fig. 1A, both
TAC1GOF- and fluphenazine-activated levels of CDR1, the major contributor to flucona-
zole resistance in hyperactive TAC1 strains (15), are reduced to levels seen in the
noninduced TAC1WT or tac1�/� strain (Fig. 1A; see also Table S1 in the supplemental
material). We monitored Cdr1 protein by immunoblotting in strains with one copy of
CDR1 tagged with a C-terminal 3� hemagglutinin (HA) tag (Fig. 1B). TAC1GOF- and
fluphenazine-activated Cdr1 protein levels were reduced in the med3�/� strains (Fig.
1B). Notably, the TAC1GOF med3�/� strains expressed a significantly greater amount of
Cdr1 protein than the wild-type TAC1/MED3 reference strain (Fig. 1B). This is in contrast
to the almost equal amounts of CDR1 mRNA levels found in these strains (Fig. 1A and
Table S1). Deletion of cdr1 in the TAC1GOF med3�/� strains resulted in fluconazole
sensitivity comparable to that of TAC1 and MED3 wild-type reference strains (Table 1).
This result suggests the difference in MIC between TAC1GOF med3�/� strains and their
nonhyperactivated TAC1 counterparts can be attributed to higher levels of Cdr1
protein. More broadly, there appears to be a nonlinearity in the increases in CDR1
mRNA and protein in which protein levels show a large increase with initial changes in
mRNA but eventually level out at higher mRNA levels (Fig. 1A and B). Unlike CDR1,
TAC1GOF-driven expression of CDR2 (Fig. 1C and Table S2) and RTA3 (Fig. 1D) is
unchanged in a med3 null strain. Deletion of cdr2 in three TAC1GOF med3�/� strains did
not further sensitize them to fluconazole (Table S3), confirming that CDR2 is unlikely to
contribute to the resistance observed in the med3�/� strains. CDR2 and RTA3 might,
however, be responsible for the increased fluconazole MIC resulting from TAC1GOF

mutations in a cdr1 null background (Table 1). The finding that TAC1GOF-driven CDR2
and RTA3 levels showed little MED3 dependence was supported by the absence
of further reductions in MIC when med3 was deleted from TAC1GOF cdr1�/� strains
(Table 1).

Xenobiotic-activated TAC1 induction of CDR1 is dependent on MED3. To deter-
mine whether induction of Tac1-activated transcription by exposure to xenobiotics had

TABLE 1 Fluconazole MIC in TAC1GOF mutant strains in med3, med15, and cdr1 null backgrounds

TAC1 allele

Fluconazole MICa (�g/ml)

MED3�/� MED15�/� med3�/� MED15�/�
MED3�/� med15�/�
CDR1�/�CDR1�/� cdr1�/� CDR1�/� cdr1�/�

WT 0.75 (yLM167) 0.094 (yLM611) 0.5–0.75 (yLM232) —b 0.5 (yLM240)
T225A 16 (yLM168) — 4–6 (yLM233) — 6 (yLM241)
A736V 16–24 (yLM169) 1–1.5 (yLM612) 6–8 (yLM234) 1 (yLM615) 6 (yLM242)
G980E 16–24 (yLM170) — 8–12 (yLM235) — 8 (yLM243)
E461K 8–12 (yLM490) — 4–6 (yLM492) — —
�M677 8–12 (yLM502) — 4 (yLM504) — —
N972D 12 (yLM493) 0.75–1 (yLM613) 4 (yLM495) 1 (yLM616) —
�962–969 8–12 (yLM499) — 3 (yLM501) — —
N977D 12–16 (yLM496) 1 (yLM614) 4–6 (yLM498) 1 (yLM617) —
aFluconazole MICs were measured by Etest at 30°C on YPD plates. Plates were incubated for 36 h before readout. Intermediate values, between scale marks, are
presented as intervals. The exact strain used for each MIC measurement is listed in parentheses.

b—, not determined.
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coactivator requirements similar to those of Tac1GOF mutants, we tested the MED3
dependence of FNZ- and EST-hyperactivated Tac1 function. Both fluphenazine (Fig. 2A
to C) and estradiol (Fig. 2E to G) treatment of a wild-type TAC1 strain results in a rapid
peak of CDR1, CDR2, and RTA3 expression followed by a steady-state increase over the
noninduced level. Both the rapid induction and steady-state expression of CDR1, in a
wild-type TAC1 background, is strongly decreased by deletion of med3 (Fig. 2A and E).
Fluphenazine induction of Cdr1 protein expression is also strongly decreased in the
med3 null mutant (Fig. 2D). The rapid peak of fluphenazine (Fig. 2B and C)- and estradiol
(Fig. 2F and G)-induced CDR2 and RTA3 expression is compromised in the med3�/�
strain. The steady-state levels (�40 min after induction) of CDR2 and RTA3 expression,
however, are somewhat higher in the med3�/� strain (Fig. 2B, C, F, and G). The impact
of Mediator on CDR1 activation by hyperactive Tac1 appears to be specific to subunits
of the trimeric tail submodule, as other Mediator subunits encoded by nonessential
genes had a much smaller effect on CDR1 expression (Fig. 2H).

Hyperactivation of Tac1 results in an increased Mediator occupancy at the
CDR1 promoter that is dependent on the Mediator tail module. Chromatin immu-
noprecipitation (ChIP) assays were used to determine whether hyperactivation of Tac1
led to an increase in Mediator occupancy at Tac1-induced promoters, such as CDR1.
Tac1 constitutively binds to the CDR1 drug-responsive element (CDR1DRE) (11–13) (Fig.
3A to C), and we found that its occupancy increases when the promoter is activated by
FNZ (Fig. 3B) or Tac1GOF (Fig. 3C) mutants. The occupancy of Tac1 at the highly induced
CDR2 promoter, however, is very low compared to that of the CDR1 promoter in both

FIG 1 Tac1GOF-mediated gene expression in med3 and med15 deletion strains. (A) RT-qPCR analysis of CDR1 mRNA levels in strains carrying
TAC1T225A (ACY67), TAC1A736V (ACY13), or TAC1G980E (ACY71), their med3 deletion derivatives (yLM233, yLM234, and yLM235, respectively),
and their med15 deletion derivatives (yLM241, yLM242, and yLM243, respectively) treated with 20 �g/ml fluphenazine (FNZ) or vehicle for
30 min before collection for mRNA extraction. TAC1 wild-type (DSY2937-35) and deletion (DSY2906) strains, in a wild-type Mediator
background, were tested in parallel as a reference. The expression level in the uninduced TAC1 MED3 MED15 wild-type strain was set to 1.
(B) Immunoblot analysis of lysates from TAC1GOF strains in a CDR1 HA-tagged background (yLM518 [N977D], yLM507 [T225A], yLM509
[A736V], yLM511 [G980E], yLM514 [E461K], yLM513 [�M677], yLM516 [N972D], and yLM520 [�962–969]) and their med3 deletion derivatives
(yLM519, yLM508, yLM510, yLM512, yLM515, yLM557, yLM517, and yLM521, respectively). Cells were treated with 20 �g/ml fluphenazine
or vehicle for 30 min. A MED3�/� strain with wild-type TAC1 and one copy of HA-tagged CDR1 (yLM505) was treated and analyzed in
parallel for comparison. Samples were resolved on a 6% SDS-PAGE gel and probed by an anti-HA antibody. Coomassie blue staining (CBS)
was used as the loading control. (C and D) RT-qPCR measurements of the indicated samples analyzed from panel A for CDR2 (C) and RTA3
(D) expression. The expression level for each gene in the uninduced TAC1 MED3 MED15 wild-type strain was set to 1.
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the absence and presence of hyperactivation (Fig. 3B and C). The lower enrichment in
Tac1 occupancy at the CDR2 DRE (versus the untagged control), despite the high
inducibility of CDR2, is similar to what has been observed previously (12). Med17, a
highly conserved essential Mediator head module component, was 3�HA tagged on its
C terminus to assess Mediator occupancy by ChIP in several strain backgrounds. In
the absence of hyperactivation, a small increase (versus an untagged control) in
Mediator occupancy is observed at the CDR1 promoter (Fig. 3D). There is no specific
enrichment, however, in Mediator occupancy at the CDR1DRE compared with that of
a region �1.4 kb upstream from the CDR1 open reading frame under these
conditions (Fig. 3A, 1-up). Mediator occupancy increases specifically at the CDR1DRE

when CDR1 is activated by FNZ treatment (Fig. 3D). Tagging another Mediator
subunit, Med8, and performing ChIP showed similar results (Fig. 3E). The increased
Mediator occupancy at the CDR1DRE observed after 15 min of induction with FNZ
was found to decrease after 60 min of exposure to FNZ (Fig. 3F). This pattern is
similar to the temporal induction of CDR1 transcription by fluphenazine (Fig. 2A).
This increase in Mediator occupancy, like the FNZ induction of CDR1 expression (Fig.
1), is dependent on TAC1 and MED3 (Fig. 3F). Mediator occupancy at the CDR1
promoter is also increased, in a MED3-dependent manner, when Tac1 is hyperac-
tivated by a variety of GOF mutations (Fig. 3G).

The modest effects of med3 deletion on CDR2 induction compared to CDR1 induc-
tion (Fig. 1 and 2) are consistent with ChIP assays that showed little to no effect of Tac1
hyperactivation on Mediator occupancy at the CDR2DRE (Fig. 3). Induction of CDR2 in
TAC1GOF mutant strains also failed to result in increased Tac1 occupancy at the CDR2
promoter (Fig. 3C). Scanning the CDR2 (and CDR1) promoter with several additional

FIG 2 Xenobiotic induction of Tac1 target genes in a med3�/� strain and other Mediator subunit deletion strains. (A to C) RT-qPCR analysis of fluphenazine
(10 �g/ml)-induced transcriptional activation of CDR1 (A), CDR2 (B), and RTA3 (C) in MED3�/� and med3�/� strains with wild-type TAC1 (DSY2937-35 and yLM232,
respectively). The expression level for each gene in the untreated MED3 wild-type strain was set to 1. (D) Immunoblot analysis of Cdr1 protein levels in response
to treatment with 20 �g/ml fluphenazine for 30 min in MED3�/� and med3�/� strains carrying one copy of C-terminal 3�HA-tagged CDR1 (yLM505 and
yLM506, respectively). The bottom panel shows a longer exposure of the immunoblot shown in the top panel. The samples were resolved on 6% SDS-PAGE
gel and probed by an anti-HA antibody. Coomassie blue staining (CBS) was used as the loading control. (E to G) RT-qPCR analysis of 10 �g/ml estradiol
(EST)-induced transcriptional activation of CDR1 (E), CDR2 (F), and RTA3 (G) in MED3�/� and med3�/� strains with wild-type TAC1 (DSY2937-35 and yLM232,
respectively). The expression level for each gene in the uninduced MED3 wild-type strain was set to 1. (H) RT-qPCR analysis of fluphenazine-induced CDR1
activation in Mediator subunit deletion strains (med3�/� [yLM95], med15�/� [cTTR01], med5�/� [AZC32], med16�/� [AZC34], med1�/� [AZC46], med9�/�
[AZC42], med20�/� [AZC44], and srb8�/� [AZC52]) and a wild-type parental strain (SN152) treated with 10 �g/ml FNZ for the indicated periods of time. Mutants
within the same Mediator module were grouped as labeled. The expression level in the untreated Mediator wild-type strain was set to 1.
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FIG 3 Tac1 and Mediator occupancy at the CDR1 and CDR2 promoters under conditions of Tac1 hyperactivation and Mediator
tail module null mutation. (A) Schematic view of the CDR1 and CDR2 loci showing the relative positions of the previously
identified drug-responsive element (DRE) (11) at each promoter and the regions probed for Tac1 or Mediator occupancy in this
study. (B) ChIP analysis of Tac1 occupancy at the CDR1 and CDR2 promoters in the presence and absence of 15 min of
incubation with 10 �g/ml fluphenazine in strains expressing untagged (DSY2937-35) or N-terminal 6His3Flag-tagged Tac1
(HF-TAC1; yLM485) using an anti-Flag antibody. ChIP experiments were done at least two times and gave consistent results.
Results from one representative experiment are shown as the means and standard deviations (SD) calculated from two sets
of qPCR measurements. Unless otherwise specified, the ChIP data in this study were analyzed in a similar fashion. (C) ChIP
analysis of Tac1 occupancy at the CDR1 and CDR2 promoters in strains expressing 6His3Flag-tagged Tac1GOF mutants
(Tac1N972D [yLM534], Tac1R693K [yLM532] or Tac1Δ962–969 [yLM535]) using an anti-Flag antibody. Wild-type Tac1 occupancy in
the absence and presence of fluphenazine treatment (10 �g/ml for 15 min) was analyzed in yLM485 for comparison. (D) ChIP
analysis of Mediator subunit Med17 occupancy at the CDR1 and CDR2 promoters in the absence and presence of 10 �g/ml
fluphenazine using Tac1WT strains without and with one copy of 3�HA-tagged MED17 (DSY2937-35 [WT/WT] and yLM482
[WT/HA], respectively) and an anti-HA antibody. (E) ChIP analysis of Mediator subunit Med8 occupancy at the CDR1 and CDR2

(Continued on next page)
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ChIP primer pairs did not identify alternative Tac1 binding peaks in these promoters
(Fig. S1). We were, however, able to detect increased Tac1 occupancy at the CDR2DRE

(Fig. 4A) when Tac1 was overexpressed (Fig. 4B and C). The occupancy of overexpressed
Tac1 also increased at the CDR1DRE (Fig. 4A). Overexpression of Tac1 does not activate

FIG 3 Legend (Continued)
promoters in the absence and presence of 10 �g/ml fluphenazine using Tac1WT strains without and with one copy of
3�HA-tagged MED8 (DSY2937-35 [WT/WT] and yLM560 [WT/HA], respectively) and an anti-HA antibody. (F) ChIP analysis of
Mediator subunit Med17 occupancy at the fluphenazine-activated CDR1 promoter in MED17 3�HA-tagged strains lacking
either TAC1 (LM559) or MED3 (yLM483) using an anti-HA antibody. (G) ChIP analysis, using an anti-HA antibody, of Mediator
subunit Med17 occupancy at the CDR1 and CDR2 promoters in TAC1GOF mutant strains in the MED3 wild-type and null
backgrounds. yLM561, yLM563, and yLM565, and their med3 deletion derivatives (yLM562, yLM564, and yLM566, respectively),
were constructed by tagging one copy of MED17 with a 3�HA tag in A736V, N972D, and N977D TAC1GOF mutant strains and
their med3 deletion derivatives, respectively.

FIG 4 Effect of Tac1 overexpression on Tac1 occupancy at and induction of the CDR1 and CDR2 promoters. (A) ChIP analysis of Tac1
occupancy at the CDR1 and CDR2 promoters in strains expressing N-terminal 6His3Flag-tagged wild-type Tac1 from its endogenous
promoter [HF-WT (Endo); yLM485] or a promoter with high constitutive activity [HF-WT (OE); yLM530] and a control strain with native
TAC1 [WT (Endo); DSY2937-35] treated with 10 �g/ml fluphenazine or vehicle for 15 min before fixation for ChIP assays using an
anti-Flag antibody. Strains overexpressing 6His3Flag-tagged Tac1R693K [HF-R693K(OE); yLM540] or Tac1N972D [HF-N972D(OE); yLM541]
were also tested in parallel. Columns representing the recovery rate at the two DREs were marked black. (B and C) RT-qPCR (B) and
immunoblot (C) analyses of the HF-Tac1 overexpression strain (OE; yLM530) and a strain expressing an endogenous level of HF-Tac1WT

(Endo; yLM485). For panel B, the endogenous expression level was set to 1. For panel C, samples were resolved on a 6% SDS-PAGE
gel and probed by an anti-Flag antibody. Coomassie blue staining (CBS) was used as the loading control. (D and E) RT-qPCR time
course analysis of fluphenazine induction of CDR1 (D) and CDR2 (E) in strains expressing N-terminal 6His3Flag-tagged wild-type Tac1
at endogenous (Endo; yLM485) or increased (OE; yLM530) levels after treatment with 10 �g/ml fluphenazine. The expression level for
each gene in the uninduced endogenous TAC1 strain was set to 1. Numbers in the boxes denote the basal expression levels of CDR1
and CDR2 in the two strains. (F) RT-qPCR analysis of CDR1, CDR2, and RTA3 expression in strains expressing N-terminal 6His3Flag-
tagged Tac1R693K or Tac1N972D at either endogenous (Endo; yLM532 and yLM534, respectively) or increased (OE; yLM540 and yLM541,
respectively) levels. The expression levels of each gene in yLM532 and yLM534 were individually set to 1. Fold changes in CDR1, CDR2,
and RTA3 expression in the Tac1 overexpression strains are presented in logarithmic form (log2). (G) RT-qPCR analysis of CDR1, CDR2,
and RTA3 expression in a 6His3Flag-tagged Tac1N972D (HF-TAC1N972D) overexpression strain (yLM541) and its med3 deletion derivative
(yLM595). A strain expressing an endogenous level of the same Tac1GOF mutant protein (Endo; yLM534) was tested in parallel for
comparison. The abundance of each of the three tested genes in yLM534 was individually set to 1. Fold changes in CDR1, CDR2, and
RTA3 expression caused by increased Tac1N972D levels were compared between the MED3�/� and med3�/� backgrounds in their
logarithmic forms (log2).
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CDR1 and CDR2 expression (Fig. 4D and E, boxes) or increase fluconazole MICs (Table
2) unless Tac1 is hyperactivated by FNZ or a GOF mutation (Fig. 4D to F and Table 2).
Overexpression of Tac1, under hyperactivation conditions, results in a much greater
increase in CDR2 and RTA3 activation than in that of CDR1 (Fig. 4D to F). The increased
Tac1 expression did not change the previously observed differential dependence of the
CDR2/RTA3 and CDR1 promoters on Mediator tail module subunits (Fig. 4G). Endoge-
nous levels of Tac1 are more limiting for expression and occupancy of CDR2 and RTA3
promoters than for CDR1. The single-nucleotide variation, which differs from the
CDR1DRE and CDR2DRE DNA sequences, does not affect Tac1 binding in vitro (9) or
estradiol induction of a DRE-driven reporter in vivo (11). The possible reasons that the
CDR2 (and RTA3) promoters exhibit lower Tac1 occupancy include other transcription
factors differentially bound at these promoters that influence Tac1 binding or an
intrinsically less accessible chromatin structure at these promoters. To determine
whether chromatin remodeling played a differential role in the regulation of CDR1,
CDR2, and RTA3, we checked their dependence on the Swi/Snf ATP-dependent chro-
matin remodeling complex (36–38). The absence of Swi/Snf chromatin remodeling
activity, by deletion of the snf2 catalytic subunit (39, 40), abolishes FNZ induction of
CDR2 and RTA3, as well as their overexpression driven by Tac1GOF mutants (Fig. S2A and
S2B). Activity of the CDR1 promoter, induced by Tac1 hyperactivation, is not affected by
deletion of snf2 (Fig. S2C). These results are consistent with a more restrictive chromatin
structure at the CDR2 and RTA3 promoters compared to CDR1.

The C terminus of Tac1 encodes a MED3-dependent transcriptional activation
domain. To determine the mechanism by which Tac1 is hyperactivated by GOF
mutations, we dissected the posited transcriptional activation domain in the C terminus
of Tac1 (7). A C. albicans one-hybrid reporter system (41) was adapted to measure the
transcription activation potential of Tac1 fragments and their variants from GOF
mutants. Fusion of a Tac1 fragment (amino acids [aa] 130 to 981), lacking only its DNA
binding domain (DBD), to the LexA DNA binding domain activated expression of a lacZ
reporter, with a LexA binding site upstream, in response to FNZ exposure (Fig. 5A).
Fusion of Tac1 (aa 130 to 981) fragments containing individual GOF mutations resulted
in activation of the lacZ reporter to a level comparable to that of FNZ induction of the
wild-type Tac1 fragment (Fig. 5A). These results showed that the simplified one-hybrid
system was suitable for further dissection of hyperactive Tac1 function. One-hybrid
assays of two Tac1 C-terminal fragments, a longer (aa 856 to 981) and a shorter (aa 932
to 981) form, revealed highly activated reporter gene expression that was independent
of fluphenazine treatment (Fig. 5B). The longer Tac1 C-terminal fragment (aa 856 to
981) is referred to here as the Tac1 TAD. The overall level of reporter activity is markedly
higher for the C-terminal fragments than for the induced Tac1 (aa 130 to 981) fragment
(Fig. 5B). This suggests that the Tac1 region between aa 130 and 856 negatively
regulates the function of the Tac1 TAD. We next tested the MED3 dependence of
activation by the LexA-Tac1 fragments in reporter assays. The fold activation of the
reporter by the Tac1 TAD fragments relative to a vector control (the LexA DBD alone)
is decreased in a med3 null mutant (Fig. 5C). The strains expressing either wild-type

TABLE 2 Fluconazole MIC of strains overexpressing Tac1 variants

TAC1 allele FNZb

Fluconazole MICa (�g/ml)

Endogenous expression Overexpression

WT � 0.75 (yLM485) 0.75 (yLM530)
WT � 2–3 (yLM485) 6–8 (yLM530)
R693K � 8 (yLM532) 64 (yLM540)
N972D � 8–12 (yLM534) 64 (yLM541)
aFluconazole MICs were measured by Etest at 30°C on YPD plates. Plates were incubated for 36 h before
readout. Intermediate values, between scale marks, are presented as intervals. The exact strain used for
each MIC measurement is listed in parentheses.

bA plus sign indicates the fluconazole MIC was measured on a YPD plate supplemented with 10 �g/ml
fluphenazine.
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LexA-Tac1130 –981 with FNZ exposure or a LexA-Tac1130 –981 GOF mutant all showed
decreased fold activation of the reporter in the absence of med3 (Fig. 5D). Interestingly,
the fold activation of the reporter in the med3 null mutant is influenced by an observed
derepression of reporter expression in the absence of activation (Fig. 5C, LexA vector
control). This finding differentiates the behavior of the reporter from the regulation of
endogenous Tac1 targets. When comparing levels of fold activation, however, the

FIG 5 Dissection of C-terminal Tac1 TAD using a �-galactosidase reporter assay. (A) �-Galactosidase
reporter assays in a strain with a fusion of the LexA DBD to a Tac1 fragment containing aa 130 to 981
and a reporter with a LexA binding site upstream of lacZ [LexA-Tac1130 –981(�DBD); yLM568] in the presence
and absence of fluphenazine. Reporter activity was also measured in strains expressing LexA-Tac1130 –981

variants, each carrying one TAC1GOF mutation (T225A [yLM569], E461K [yLM570], �M677 [yLM571], or
A736V [yLM572]) without FNZ treatment. At least three independent transformants were tested for each
construct, and the results are presented as means (column height) and standard deviations (error bar).
(B) �-Galactosidase reporter assay on strains expressing LexA-Tac1130 –981 (yLM568), LexA-Tac1856 –981

(yLM579), or LexA-Tac1932–981 (yLM580) in the absence and presence of fluphenazine. (C) �-Galactosidase
reporter assays of Tac1 C-terminal fragments in MED3�/� one-hybrid strains expressing LexA-vector
(vector; yLM567), LexA-Tac1856 –981 (856 –981; yLM579), or LexA-Tac1932–981 (932–981; yLM580) and in
med3�/� one-hybrid strains individually expressing the same constructs (yLM588, yLM593, and yLM594,
respectively). Results, in Miller units, are reported in the plot below the x axis. Data, after normalization
to the corresponding basal reporter activity, are presented as the fold activation in the plot above the
x axis. (D) �-Galactosidase reporter assays in MED3�/� one-hybrid strains expressing LexA vector
(yLM567) or individual LexA-Tac1130 –981 variants (wild-type [yLM568], A736V [yLM572], N977D [yLM575]
or G980E [yLM576]) and in a med3�/� one-hybrid strain expressing the same constructs (yLM588 and
yLM589 to yLM592) with or without FNZ treatment. Data are presented as the fold activation after
normalization to the basal reporter activity (not shown in this panel) in the corresponding strain
background.

Tac1 and Med3 Facilitate C. albicans Azole Resistance Antimicrobial Agents and Chemotherapy

November 2017 Volume 61 Issue 11 e01342-17 aac.asm.org 9

http://aac.asm.org


LexA-Tac1 constructs exhibit a dependence on MED3 in the reporter assay that is more
similar to that of the CDR1 promoter than that of the CDR2/RTA3 promoters. The
changes in the reporter assay are unlikely to be a result of changes in the expression
of the LexA fusion constructs in the Mediator mutants. LexA fusion expression is
controlled by the C. albicans ACT1 promoter. ACT1 is a gene that we have previously
shown to be unaffected by the Mediator mutations tested in this paper. Since epitope
tagging of the LexA-Tac1 fusions was incompatible with their functionality, it is difficult
to rule out the possibility that differences in protein amount between the constructs in
different strains influenced these results. However, Western blots of the epitope-tagged
strains did not reveal any difference between the constructs (data not shown).

Tac1-mediated gene activation and Mediator occupancy at the CDR1 promoter
requires the Tac1 TAD. Deletion of a C-terminal TAD-containing fragment from the
LexA-Tac1 fusion protein (LexA-Tac1130 –931) reduces LacZ reporter expression in re-
sponse to FNZ treatment compared to the full-length construct (LexA-Tac1130 –981) (Fig.
6A). In the native context, expression of a C-terminally truncated Tac1 mutant (aa 1 to
845) fails to restore FNZ induction of CDR1 (Fig. 6B) and CDR2 (Fig. 6C) in a tac1 deletion
mutant compared to the wild-type full-length protein. Coordinate with the inability to
activate CDR1, FNZ-induced Mediator occupancy at the CDR1 promoter is lost in the
C-terminal truncation (Tac1aa1– 845) mutant strain (Fig. 6D). In addition, the absence of
the Tac1 TAD also abrogates the FNZ-induced increase in Tac1 occupancy observed at
the CDR1 promoter (Fig. 6E). Although the Tac1 TAD is required for the increase in Tac1
occupancy, increased Mediator occupancy does not appear to be necessary for the
fluphenazine-induced Tac1 occupancy at the CDR1 promoter (Fig. 6F). Deletion of med3
does not reduce Tac1 occupancy under FNZ induction at the CDR1 promoter (Fig. 6F)
despite the lack of Mediator recruitment in this strain. The CDR1DRE may become more
accessible via cooperative interaction between the Tac1 TAD and chromatin remodel-
ing complexes. The TAD is also required for Tac1 hyperactivation by GOF mutations
located within the middle region. Activation of CDR1 (Fig. 6G) and CDR2 (Fig. 6H) by
Tac1E461K, Tac1ΔM677, Tac1R693K, and Tac1A736V is dependent on the Tac1 TAD, as is the
associated fluconazole resistance (Table 3). This result effectively eliminates the possi-
bility that these middle-region GOF mutations directly confer an activation potential to
the domain. The model consistent with these data is that middle-region GOF mutations
weaken an inhibitory interaction between this domain and the C-terminal TAD.

GOF mutations have modest and variable effects on Tac1 TAD activation
potential. At least 7 Tac1GOF mutations (�962–969, N972D/I/S, N977D, and G980E/W) (7)
are located within the Tac1 TAD. These GOF mutations could hyperactivate Tac1 by
directly conferring greater activation potential to the Tac1 TAD or by weakening an
interaction with an inhibitory domain. We used the lacZ reporter assay with five LexA-TAD
variants containing GOF mutations that naturally occur in the Tac1 C terminus to test this
hypothesis. All of the Tac1GOF mutations tested had only a modest effect on TAD
activity in the reporter assay and, depending on the particular GOF mutation, could
increase or decrease the activation potential (Fig. 7). These small changes in activation
potential showed no clear correlation with the impact of the GOF mutations in the
context of the entire Tac1 protein (aa 130 to 981) (Fig. 7). These data suggest that
enhancement of the intrinsic Tac1 TAD activity plays a small or nonexistent role in Tac1
hyperactivation by GOF mutations.

Tac1 proteins show a phosphorylation mobility shift on SDS-PAGE upon hy-
peractivation by xenobiotic or GOF mutations. In the course of these studies, we
noted that Tac1 hyperactivation was accompanied by an SDS-PAGE mobility shift. Zinc
cluster transcription factors are often phosphorylated (17, 42), and phosphorylation of
active S. cerevisiae Pdr1/3 has been demonstrated previously (43). It has been specu-
lated that Tac1 activity is regulated by posttranslational modification, such as phos-
phorylation (7, 9, 10, 43), but modification has not been carefully documented. Immu-
noblotting showed that fluphenazine and estradiol treatment reduces the mobility of
a 6His3Flag-Tac1 N-terminal fusion protein on SDS-PAGE from a single band into a
slowly migrating smear (Fig. 8A). Treatment with fluconazole, which does not hyper-
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activate Tac1 (Fig. S3A and S3B), does not cause the mobility shift (Fig. 8A). The Tac1
signal showed a maximal mobility shift after �10 min of treatment that was gradually
reversed over 60 to 100 min. This pattern mirrors the time course of CDR1 and CDR2
expression after treatment with FNZ or estradiol (Fig. S3A and S3B). Furthermore,
titrations showed that the minimum concentration of FNZ (2 �g/ml) for significant
upregulation of CDR1 (Fig. S3C) and CDR2 (Fig. S3D) expression is identical to that
required for induction of the Tac1 mobility shift, and that these two phenomena track
together over the range of concentrations used (Fig. S3E). Akin to the fluphenazine-
induced Tac1 SDS-PAGE mobility shift, hyperactive Tac1GOF mutant proteins showed a

FIG 6 Tac1-mediated gene activation and Mediator and Tac1 occupancy at the CDR1 promoter in strains lacking the Tac1
TAD. (A) �-Galactosidase assays in one-hybrid strains expressing LexA-Tac1130 –981 (yLM568) or LexA-Tac1130 –931 (yLM578)
in the absence and presence of fluphenazine. At least three independent transformants were tested for each construct, and
results are presented as means (column height) and standard deviations (error bar). RT-qPCR analysis of fluphenazine-
induced CDR1 (B) and CDR2 (C) expression in strains expressing 6His3Flag-tagged wild-type full-length Tac1 (Tac1WT Full
Length; yLM485) or TAD-truncated Tac1 [Tac1WT1– 845(�TAD); yLM539] in a tac1 null mutant background. (D) ChIP analysis,
using an anti-HA antibody, of Mediator occupancy at the CDR1 promoter in strains expressing 6His3Flag full-length
wild-type Tac1 (yLM597) or TAD truncated Tac1 (yLM598) and one copy of MED17 tagged by fusion of a 3�HA tag (MED17
WT/HA) after treatment with fluphenazine. A strain expressing untagged Med17 (WT/WT) and Tac1 (DSY2937-35) without
treatment was analyzed as the reference. (E) ChIP analysis of Tac1 occupancy, using an anti-Flag antibody, at the CDR1
promoter in the strain lysates used for the experiments shown in panel D and using the same normalization strategy. (F)
ChIP analysis of Tac1 occupancy, using an anti-Flag antibody, at the CDR1 promoter in strains expressing untagged native
Tac1 (WT; yLM485), 6His3Flag-tagged wild-type Tac1 (HF-TAC1WT; yLM485), or 6His3Flag Tac1N972D (HF-TAC1N972D; yLM534)
in a MED3�/� background and 6His3Flag-tagged wild-type Tac1 (HF-TAC1WT; yLM547) or 6His3Flag Tac1N972D (HF-
TAC1N972D; yLM549) in a med3�/� background in the absence or presence of fluphenazine. (G and H) RT-qPCR analysis of
CDR1 (G) and CDR2 (H) levels in strains expressing full-length or TAD-truncated (aa 1 to 845; �TAD) Tac1E461K (yLM490 and
yLM607), Tac1ΔM677 (yLM502 and yLM608), Tac1R693K (yLM602 and yLM609), or Tac1A736V (yLM169 and yLM610). Basal and
FNZ-induced CDR1 and CDR2 expression levels in a strain with wild-type Tac1 (DSY2937-35) were analyzed as reference,
and the basal expression level for each gene was set to 1.
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constitutive SDS-PAGE mobility shift compared to the untreated wild-type Tac1, which
was not further impacted by addition of fluphenazine (Fig. 8B). The origin of the
unshifted band in each Tac1GOF mutant is unclear but may represent specific
C-terminally truncated breakdown products of Tac1 or a subpopulation of Tac1GOF

mutant protein that is not functionally hyperactivated. We purified FNZ-treated wild-
type Tac1 protein and two Tac1GOF mutant proteins to determine whether the hyper-
active Tac1 SDS-PAGE mobility shift results from phosphorylation. These purified
proteins showed an SDS-PAGE mobility shift similar to that observed in extracts, which
was largely eliminated by incubation with � protein phosphatase (Fig. 8C). Inclusion of
phosphatase inhibitors during the � protein phosphatase incubation generated bands
with intermediate SDS-PAGE mobility (Fig. 8D).

The Mediator Ssn3 kinase subunit is required for the Tac1 phosphoshift but
has only a modest effect on the expression of Tac1 target genes. The kinase activity
of the Mediator complex, which is provided by its Ssn3 subunit, has been shown to
directly regulate several sequence-specific DNA binding transcription factors in S.
cerevisiae via phosphorylation (44–47). Akin to Mediator subunits Med17 and Med8 (Fig.
3), ChIP analysis showed an increase in HA-tagged Ssn3 occupancy at the CDR1
promoter after FNZ treatment (Fig. 9A). Tac1, in a strain incubated with fluphenazine
(Fig. 9B and C) or possessing a GOF mutation (Fig. 9D), did not exhibit an SDS-PAGE
phosphorylation shift in ssn3 null or kinase-dead mutant (SSN3D325A; adapted from
reference 48) strains. Consistent with the idea that the Ssn3 kinase was targeted to Tac1
through its association with Mediator, we found that the hyperactive Tac1 SDS-PAGE
phosphorylation shift does not occur in a med3 deletion strain (Fig. 9D and E) or in a
strain where Tac1 lacks its TAD (Fig. 9F). This last piece of data could also be interpreted
as the Tac1 TAD containing the primary Tac1 phosphorylation sites. A potential model
that emerges from these data is that in the process of hyperactive Tac1 inducing its
target genes, an interaction with Mediator facilitates the phosphorylation of Tac1.

TABLE 3 Fluconazole MIC of strains expressing TAD-truncated Tac1GOF mutants

TAC1 allele

Fluconazole MICa (�g/ml)

Full length �TAD

WT 1 (yLM485) 1 (yLM539)
E461K 8 (yLM490) 1 (yLM607)
�M677 8–12 (yLM502) 0.75 (yLM608)
R693K 8–12 (yLM602) 0.75 (yLM609)
A736V 16–24 (yLM169) 1 (yLM610)
aFluconazole MICs were measured by Etest at 30°C on YPD plates. Plates were incubated for 36 h before
readout. Intermediate values, between scale marks, are presented as intervals. The exact strain used for
each MIC measurement is listed in parentheses.

FIG 7 �-Galactosidase reporter assays on Tac1 TAD GOF mutants. The C. albicans one-hybrid strains
expressing individual LexA-Tac1TAD(aa856 –981) variants (wild type [yLM579], N972D [yLM581], �962–969
[yLM582], N977D [yLM583], G980E [yLM584], or G980W [yLM585]) and one-hybrid strains expressing
individual LexA-Tac1ΔDBD(aa130 –981) variants (wild-type [yLM568], N972D [yLM573], �962–969 [yLM574],
N977D [yLM575], G980E [yLM576], or G980W [yLM577]) were tested using �-galactosidase assays. At least
three transformants for each construct were measured. Data are reported after normalization to the
activation activity of the wild-type variant in each group.
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Consistent with this model, the binding of Tac1 to DNA is also required for the
phosphorylation shift. A Tac1 point mutant (C43Y; adapted from reference 49), which is
unable to bind DNA (Fig. S4A), does not activate transcription (Fig. S4B, C, E, and F) or
undergo a mobility shift in response to hyperactivation (Fig. S4D and G).

Despite the SSN3 requirement for the phosphorylation shift, TAC1GOF ssn3�/� strains
were found to have only modestly decreased MICs when tested for fluconazole
resistance (Table 4), while RT-qPCR revealed that CDR1, CDR2, and RTA3 gene expres-
sion levels were comparable between the TAC1GOF mutant strains and their ssn3 null
derivatives (Fig. 10A to C). However, fluphenazine induction of CDR1, CDR2, and RTA3
was compromised in a TAC1WT strain lacking ssn3 over a range of concentrations tested
(Fig. 10D to F and Fig. S5A and B) and also in an ssn3 kinase-dead mutant strain (Fig.
10G and H). A similar effect of the ssn3 null and kinase-dead mutants on Tac1 target
gene expression is seen upon treatment with estradiol (Fig. S5C to G). Efforts to identify
and mutate the phosphorylation sites on Tac1 have been hindered by the multisite
nature of the phosphorylation. Although there is no clear evidence that Tac1 phos-

FIG 8 SDS-PAGE and phosphatase analysis of the mobility shift of hyperactive Tac1. (A) Immunoblot of
Tac1 SDS-PAGE mobility in lysates from a 6His3Flag-tagged wild-type Tac1 strain (yLM485) treated with
10 �g/ml FNZ, 10 �g/ml EST, or 40 �g/ml fluconazole (FLC) for the indicated periods of time. Samples
were resolved on 6% SDS-PAGE gel and the blot was probed with an anti-Flag antibody. Coomassie blue
staining (CBS) was used as the loading control. (B) Immunoblot analysis of SDS-PAGE mobility in lysates
from strains expressing an endogenous level of individual 6His3Flag-tagged Tac1 variants (wild-type
[yLM485], N972D [yLM534], �962–969 [yLM535], �M677 [yLM533], R693K [yLM532], and A736V [yLM531])
in the absence and presence of 10 �g/ml fluphenazine. Samples were resolved on 6% SDS-PAGE gel and
the blot was probed with an anti-Flag antibody. CBS was used as the loading control. (C) Immunoblot
analysis demonstrating the effect of � protein phosphatase (�-pp) treatment on the SDS-PAGE mobility
shift of hyperactive Tac1 purified from strains that overexpressed 6His3Flag (HF)-tagged wild-type Tac1
(yLM530; grown in the presence and absence of fluphenazine), Tac1R693K (yLM540), or Tac1N977D

(yLM536). Samples were resolved by 6% SDS-PAGE and the blot was probed by an anti-Flag antibody. (D)
Immunoblot analysis of the effect of � protein phosphatase treatment (in the presence and absence of
50 mM NaF and 20 mM Na3VO4 [F�/VO4

3�] phosphatase inhibitors) on the SDS-PAGE mobility shift of
Tac1 purified from 6His3Flag-tagged wild-type Tac1 cells (yLM530) grown in the absence and presence
of fluphenazine. Samples were resolved by 6% SDS-PAGE and the blot was probed by an anti-Flag
antibody.
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phorylation impacts its functional role in azole resistance, it does appear to be a faithful
biomarker for Tac1 hyperactivation.

DISCUSSION

This study has helped elucidate the mechanism(s) by which GOF mutations hyper-
activate Tac1. It has shown that TAC1GOF mutations and xenobiotic activators largely

FIG 9 Effect of SSN3 and MED3 on the hyperactive Tac1 SDS-PAGE mobility shift. (A) ChIP analysis of Ssn3 occupancy at
the CDR1DRE in strains with either two copies of native SSN3 (WT/WT; BWP17) or C-terminal 3�HA-tagged SSN3 (HA/HA;
yLM481), grown in the presence and absence of fluphenazine, using an anti-HA antibody. Recovery rate (% Input) of DNA
fragments containing the 1-DRE amplicon in uninduced BWP17 was set to 1 to calculate the relative recovery at additional
regions. (B) Immunoblot analysis of the Tac1 SDS-PAGE phosphorylation shift in lysates from a 6His3Flag-tagged Tac1
SSN3�/� strain (yLM485) and its ssn3�/� derivative (yLM552) grown in the absence and presence of fluphenazine. For all
immunoblots in the figure, samples were resolved by 6% SDS-PAGE and probed by an anti-Flag antibody, and Coomassie
blue staining (CBS) was used as the loading control. (C) Immunoblot analysis of the fluphenazine-induced Tac1 SDS-PAGE
phosphorylation shift in lysates from strains (yLM596 and yLM660) that overexpressed 6His3Flag-tagged wild-type Tac1 in
an ssn3�/� strain complemented by either wild-type SSN3 (yLM279) or a kinase-dead allele, SSN3D325A (yLM276). (D)
Immunoblot analysis of the SDS-PAGE phosphorylation shift of Tac1GOF mutant proteins in lysates from strains expressing
individual 6His3Flag (HF)-tagged Tac1GOF mutant variant (Tac1R693K [yLM532], Tac1Δ962–969 [yLM535], or Tac1N972D

[yLM534]), their ssn3�/� derivatives (yLM553, yLM554, and yLM556, respectively), and their med3�/� derivatives (yLM550,
yLM551, and yLM549, respectively). Cell lysates generated from a 6His3Flag-Tac1WT-expressing strain (yLM485) before and
after fluphenazine treatment are included for comparison. (E) Immunoblot analysis of the Tac1 SDS-PAGE phosphorylation
shift in lysates from a 6His3Flag-tagged Tac1 MED3�/� strain (yLM485) and its med3�/� derivative (yLM547) grown in the
presence of fluphenazine for the indicated period of time. (F) Immunoblot analysis of the Tac1 SDS-PAGE phosphorylation
shift in lysates from strains expressing 6His3Flag-tagged wild-type Tac1 (yLM485) or TAD truncated Tac11– 845 (yLM539)
treated with fluphenazine for the indicated periods of time.

TABLE 4 Fluconazole MIC of TAC1GOF mutants in an ssn3�/� background

TAC1 allele

Fluconazole MICa (�g/ml)

SSN3�/� ssn3�/�

WT 0.75 (yLM167) 0.75–1 (yLM236)
T225A 12–16 (yLM168) 12 (yLM237)
A736V 16–24 (yLM169) 12–16 (yLM238)
G980E 16–24 (yLM170) 12–16 (yLM239)
aFluconazole MICs were measured by Etest at 30°C on YPD plates. Plates were incubated for 36 h before
readout. Intermediate values, between scale marks, are presented as intervals. The exact strain used for
each MIC measurement is listed in parentheses.
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use the same mechanism of hyperactivation at a particular promoter but that the
mechanism can differ according to the specific target promoter. The Mediator tail
module plays an important role in the azole resistance driven by TAC1GOF mutations
and serves an essential transcription coactivator role for Tac1-dependent activation of
the CDR1 promoter. Our data suggest a model where CDR1DRE-bound Tac1 protein,
when hyperactivated, recruits the Mediator complex through the tail module to
facilitate transcription activation. This model is consistent with the classical working
mechanism for Mediator coactivator function at highly inducible promoters (24, 25).
Unlike the CDR1 promoter, activation of the CDR2 and RTA3 promoters shows a greater
chromatin remodeling activity (Swi/Snf) dependence than Mediator tail module de-
pendence. Therefore, it is likely that Tac1 regulon promoters work through at least two
different mechanisms. At the CDR1 promoter, Tac1 occupancy is high at the DRE and
gene induction is highly dependent on Mediator and its tail module. The CDR2 (and
RTA3) promoters feature lower levels of Tac1 occupancy and low dependence on the
Mediator tail module but high dependence on Swi/Snf function.

Given the strong dependence of CDR1 mRNA expression on MED3 and MED15 and
the strong dependence of azole resistance on CDR1 (15), it was somewhat surprising
that the MIC decreased by only 2- to 3-fold in the TAC1GOF med3 null strains. The
residual levels of Cdr1 protein in the TAC1GOF med3 null strains make an important
contribution to the remaining azole resistance. This finding suggests that even though
the med3 deletion results in near-baseline levels of CDR1 transcription in TAC1GOF

mutant strains, Cdr1 overexpression is under translational control by a mechanism
dependent on TAC1GOF mutations and/or med3 deletion. The implication of residual
azole resistance in Mediator tail module mutants is that an inhibitor of Tac1-TAD–
Mediator tail module interactions, such as has been devised for C. glabrata Pdr1-Med15
interactions (34), would not be that potent in C. albicans TAC1GOF azole-resistant strains.

FIG 10 Expression of TAC1 target genes in ssn3 deletion and kinase-dead mutant strains. (A to C) RT-qPCR analysis of CDR1 (A), CDR2 (B),
or RTA3 (C) expression in SSN3�/� strains with individual TAC1 variants (wild type [DSY2937-35], T225A [ACY67], A736V [ACY13], or G980E
[ACY71]) and their ssn3�/� derivatives (yLM236, yLM237, yLM238, and yLM239, respectively). The expression level of each gene measured
in the SSN3�/� strain with wild-type TAC1 (DSY2937-35) was set to 1. The CDR2 expression levels in DSY2937-35 and yLM236 are denoted
above each corresponding column. (D to F) RT-qPCR analysis of fluphenazine-induced expression of CDR1 (D), CDR2 (E), and RTA3 (F) in
an ssn3�/� strain with wild-type TAC1 (yLM236). Parallel analyses of fluphenazine induction in a wild-type (WT; DSY2937-35) and a
med3�/� mutant (yLM232) strain are presented for comparison. The basal expression level of each gene in DSY2937-35 was individually
set to 1. (G and H) RT-qPCR analysis of fluphenazine-induced CDR1 (G) and CDR2 (H) expression in an ssn3�/� null strain (yLM265)
complemented by either wild-type SSN3WT (yLM279) or a kinase-dead allele SSN3D325A (yLM276). The CDR1 and CDR2 expression levels in
the SSN3WT strain (yLM279) collected before treatment were individually set to 1.
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Although the Tac1 coactivator requirements appear to be promoter specific, we
found that the coactivator mechanism used by Tac1 to induce a given promoter is the
same regardless of the means of Tac1 hyperactivation. Disruption of the Mediator tail
module equally affected CDR1 activation in TAC1GOF mutant strains and wild-type TAC1
strains induced by xenobiotic exposure. The same conclusion was reached for the CDR2
and RTA3 promoters as well, where hyperactive Tac1 relied on the Swi/Snf chromatin
remodeling complex to activate transcription. Therefore, Tac1GOF mutants most likely
function through the same activation mechanisms as xenobiotic-induced wild-type
Tac1. The significance of this finding is that it may be possible to find a general
mechanism to block Tac1 hyperactivation through a small-molecule screening ap-
proach. The actual mechanism of Tac1 hyperactivation appears to be antagonizing an
inhibitory interaction between the Tac1 TAD and its middle region. Our finding that
GOF mutations located in the middle domain are dependent on the Tac1 TAD does not
support a model in which the GOF mutations lead to the acquisition of an activation
potential in this region. Our finding that GOF mutations within a LexA-Tac1 TAD fusion
fail to have a large impact on reporter gene expression helps eliminate a mechanism
in which certain GOF mutations directly increase the Tac1 TAD potential. Our finding
that the Tac1 TAD, in the absence of the middle region (LexA-Tac1856 –981), shows much
higher activation potential than the LexA-Tac1130 –981 construct suggests that a region
between amino acids 130 and 856 negatively regulates Tac1 TAD activity. Our current
model posits that a direct interaction between the Tac1 TAD and the middle region can
be disrupted by GOF mutations in either of these domains. It is an open question
whether the xenobiotic inducers antagonize this interaction through direct interactions
with Tac1 (50) or an indirect mechanism. The lack of structural information on zinc
cluster middle homology regions makes it difficult to identify a particular region that
might interact with the Tac1 TAD, although the locations of the GOF mutations in this
region (which occur at aa 461 and within regions aa 225 to 255 and aa 673 to 841) could
provide a starting point.

In this study, we also reported the phosphorylation of hyperactive Tac1 protein.
Our data revealed the phosphorylation event requires Tac1-DNA interaction, hy-
peractivation of Tac1, Tac1-Mediator interaction, and Ssn3 kinase activity. Loss of
ssn3 or its kinase activity modestly compromises xenobiotic induction of Tac1
targets, while steady-state overexpression of CDR1, CDR2, and RTA3 in TAC1GOF

mutant strains is not affected. Therefore, it is possible that phosphorylation of Tac1
is required for its full activity under acute activation conditions. However, consid-
ering that the Cdk8 module regulates other steps during transcription initiation
through its kinase activity, compromised xenobiotic induction in ssn3 mutants may
not directly result from loss of Tac1 phosphorylation. Precisely testing the effect of
phosphorylation requires the identification of phosphorylation sites on Tac1 pro-
tein, a task that has been made difficult by the multisite nature of the phosphor-
ylation event. Phosphorylation with ambiguous functional relevance has been
reported for multiple Zn(II)Cys6 transcription factors (42). Generation of significant
changes in gel mobility and its tight correlation with hyperactivity makes Tac1
phosphorylation a good potential biomarker for its hyperactivity independent of its
ultimate impact on Tac1 activity.

MATERIALS AND METHODS
Strain construction. Plasmid construction is described in detail in the supplemental materials. C.

albicans strains used in this study (see Table S4 in the supplemental material) were generated by
transforming the parental strains (listed in the parental strains column of Table S4) with the DNA
constructs specified in the corresponding constructs integrated column. Plasmids used in this study are
listed in Table S5. The restriction enzyme(s) used for digestion of plasmids before transformation and
primers used for confirmation of correct integration is also described in Table S5. Primers used in this
study are listed in Table S6. C-terminal 3�HA tagging of MED8, MED17, and CDR1 was performed using
the same method and tool construct described previously (29). Each tagging cassette was amplified from
pFA-3HA-SAT1 by primer pair LM023/LM014 (MED8), ZL648/ZL649 (MED17), or ZL552/ZL553 (CDR1).
Correct integration was tested by Kpp017/LM021 (MED8), ZL650/LM021 (MED17), or ZL554/LM021 (CDR1)
at each 5= junction and by Kpp063/Kpp018 (MED8), Kpp063/ZL651 (MED17), or Kpp063/ZL555 (CDR1) at
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each 3= junction. Successful tagging was also confirmed by immunoblot analysis using an anti-HA
antibody (3F10; Roche). Deletion of cdr1 in this study was achieved by a transient CRISPR-Cas9 system
(51, 52), with modifications described in the supplemental material. All transformations were performed
by electroporation and selected on YPD plus Clonat (1% yeast extract, 2% peptone, 2% glucose, 2% agar,
0.1 mM uridine, 100 �g/ml Clonat) or Sc-Ura (6.7 g/liter Difco yeast nitrogen base without amino acids
[BD], 2 g/liter dropout mix synthetic without uracil [US Biological], 2% glucose, 2% agar). Activation of
flippase expression and pop-out of the SAT1 marker were conducted by growing cells in YPMal (1% yeast
extract, 2% peptone, 2% maltose, 0.1 mM uridine) liquid medium for 24 h. Successful recombinants were
selected by sensitivity to 100 �g/ml Clonat.

Cell growth and drug treatment. Cells were grown in liquid YPD medium (1% yeast extract, 2%
peptone, 2% glucose, 0.1 mM uridine) at 30°C in this study. Fluphenazine treatment was performed by
adding 6 mg/ml fluphenazine (Alfa Aesar) to mid-log-phase C. albicans cultures to a final concentration
of 10 �g/ml if not otherwise specified. Estradiol treatment was performed by adding 2 mg/ml estradiol
(Spectrum) to mid-log-phase C. albicans cultures to a final concentration of 10 �g/ml. Fluconazole
treatment was performed by adding 4 mg/ml fluconazole (Tokyo Chemical Industry Co.) in dimethyl
sulfoxide (DMSO) stock to a mid-log-phase yLM485 culture to a final concentration of 40 �g/ml. Cultures
were collected after a certain period of exposure, as specified in the figure legends, for ChIP, RT-qPCR,
or immunoblot analysis.

Fluconazole MIC measurement by Etest. Overnight YPD cultures of strains to be tested were
diluted in 0.85% NaCl solution to an optical density (OD) sufficient to form an even lawn on a YPD plate
(supplemented with 0.1 mM uridine). After placement of fluconazole Etest strips (MIC range, 0.016 to 256
�g/ml; bioMérieux), plates were incubated for 36 h at 30°C before reading the MIC.

Immunoblotting. Immunoblotting was used to compare Cdr1-3HA expression, 6His3Flag-Tac1
variant protein levels, and gel mobility between strains and conditions. Approximately 10 OD600 units of
cells (108 cells) were collected, briefly washed with cold water, and frozen in liquid nitrogen. Whole-cell
lysate was prepared by following the method described in reference 9, except that the trichloroacetic
acid (TCA)-precipitated pellets were resuspended in 150 �l loading buffer (40 mM Tris-HCl, pH 6.8, 8 M
urea, 5% SDS, 0.1 M EDTA, 1% �-mercaptoethanol, and 0.1 mg/ml bromophenol blue) instead of 50 �l.
Samples were resolved by 6% SDS-PAGE, transferred to nitrocellulose membranes (120 mA; overnight),
and probed by an �-HA (3F10; Roche) or �-Flag (F7425; Sigma) antibody. The lower-molecular-weight
region of the gel, which typically did not contain the immunoblotting signals of interest in this study, was
stained by Coomassie blue as the loading reference. Sensitive ECL substrate Clarity (Bio-Rad) was used
to develop Tac1 (�-Flag) blots.

Protein purification. 6His3Flag-tagged Tac1WT was purified from fluphenazine-treated (20 �g/ml;
�20 min) and nontreated cultures of yLM530. We also purified 6His3Flag-tagged Tac1R693K and Tac1N977D

from non-FNZ-treated cultures of yLM540 and yLM536, respectively. Mid-log-phase cells were collected
by centrifugation directly from mid-log-phase YPD cultures or after 10 min of exposure to 20 �g/ml
fluphenazine. During the harvest step, cells spent an additional 10 min in contact with the growth media
before being resuspended and washed with prechilled 1� lysis buffer (180 mM Tris-acetate [Tris-OAc]
[pH 7.8], 400 mM potassium acetate [KOAc], 0.24 mM EDTA, 12% glycerol) with 1 mM dithiothreitol (DTT),
1� protease inhibitor cocktail (PIC) (53), and 1� phosphatase inhibitor cocktail (2 mM sodium fluoride,
2 mM imidazole, 1.2 mM sodium molybdate, 2 mM sodium orthovanadate, 4 mM sodium tartrate, and
1.5 mM sodium pyrophosphate) and then flash frozen in liquid nitrogen. DTT (1 mM), PIC (1�), and
phosphatase inhibitor (1�) were added to all of the buffers used during purification unless otherwise
specified. Cells were lysed by a mortar-and-pestle method, and lysate was sonicated, treated with
Benzonase, and clarified by ultracentrifugation as described previously (29). Supernatant was loaded on
DEAE Sepharose after dilution by addition of F-0 buffer (25 mM HEPES-KOH [pH 7.6], 0.01% NP-40, 10%
glycerol, and the concentration of KOAc in millimolar after the dash [e.g., F-0 indicates 0 mM KOAc]) to
a final salt concentration around 150 mM KOAc. After loading, the column was washed with 2 volumes
of F-200 buffer. Tac1 protein, eluted from DEAE Sepharose by F-650 buffer containing 0.5 mM DTT and
1� protease/phosphatase inhibitor, was affinity captured by M2 Flag agarose (Sigma) and eluted in F-300
buffer supplemented with 2.5 mM �-mercaptoethanol, 1� PIC, 0.2� phosphatase inhibitor, and 100
�g/ml 3�Flag peptide. Phosphatase treatment analyses were performed by incubating the purified Tac1
protein samples with 32 U/�l or 3.2 U/�l � protein phosphatase (NEB) in the presence and absence of
50 mM sodium fluoride and 20 mM sodium orthovanadate at 37°C.

RT-qPCR. RNA samples were prepared from collected frozen cell pellets and reverse transcribed as
described previously (54). qPCR was performed using the relative standard curve method (StepOne; Life
Technologies). ACT1 relative abundance measured by ZL712/ZL713 or TEF1 relative abundance measured
by ZL386/ZL387 was used as an internal reference to compare CDR1 (ZL540/ZL541), CDR2 (ZL542/ZL543),
RTA3 (ZL544/ZL545), and TAC1 (ZL578/ZL579) expression among strains and conditions.

ChIP. ChIP experiments were performed as described previously, with modifications (55). Fifty
milliliters of the culture to be tested was fixed for 15 min by adding formaldehyde to a final concentration
of 1%. Cross-linking was stopped by adding 2.5 ml of 2.5 M glycine. After washing 3 times with 20 ml
cold 1� phosphate-buffered saline (PBS), cells were resuspended in 500 �l lysis buffer (50 mM
HEPES-KOH, pH 7.5; 1% Triton X-100; 0.1% sodium deoxycholate; 1 mM EDTA; 150 mM NaCl) supple-
mented with protease inhibitor cocktail (Roche) and lysed by five 35-s bead beatings (Biospec). Cell
lysates were brought to 1 ml with lysis buffer and probe sonicated (Fisher) for three 8-s intervals at 30%
amplitude. Chromatin was further sheared by a Bio-Distruptor (high settings; 5 min four times; 30 s on/30 s
off). Two hundred microliters of sonicated cell lysate was incubated with 1.5 �l �-HA antibody (F7;
Santa Cruz) or 1.5 �l �-Flag antibody (M2, Sigma) at 4°C overnight. Chromatin was captured by an
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additional 2-h incubation with 15 �l lysis buffer equilibrated with protein G Dynabeads (Life Technol-
ogies). Beads were washed twice for 10 min in 500 �l wash buffer (50 mM HEPES-KOH, pH 7.5; 1% Triton
X-100; 0.1% sodium deoxycholate; 1 mM EDTA; 500 mM NaCl), twice for 10 min in 500 �l deoxycholate
buffer (10 mM Tris-HCl, pH 8.0; 0.5% sodium deoxycholate; 1 mM EDTA; 0.5% NP-40; 0.25 M LiCl), and
briefly in 500 �l TE buffer (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) at room temperature. Precipitated
chromatin was eluted by incubating beads twice in 125 �l freshly made TES buffer (50 mM Tris-HCl, pH
8.0; 10 mM EDTA; 1.5% SDS) for 2 h at 65°C. Two eluates (�250 �l total volume) were pooled and reverse
cross-linked at 65°C overnight. Forty microliters of each input cell lysate was reverse cross-linked in 200
�l TES buffer. The next day, after a brief RNase treatment (1 �l DNase-free RNase [Roche]; 30 min) at room
temperature, samples were mixed with 1.5 ml PB buffer (Qiagen) and loaded onto a PCR purification
column (Qiagen). The final ChIP products and input reference samples were eluted in 150 �l EB buffer
(Qiagen).

Analysis of ChIP data. Results of ChIP experiments are presented in the form of relative recovery of
input. Specifically, the abundance of DNA fragments containing a tested region first was compared with
its abundance in the corresponding input reference sample by qPCR to calculate the absolute recovery
rate. If not specified, absolute recovery rate at the 1-DRE region in uninduced DSY2937-35, a reference
strain with wild-type TAC1 that is free of HA or Flag tagging, or Mediator subunit mutations, was set to
1 to calculate the relative recovery rate at 1-DRE and other regions tested among strains or conditions.
Primers used for ChIP assay are listed in Table S6 with their testing regions specified in the corresponding
note column.

Liquid �-galactosidase activity assays. Twenty-five microliters of an overnight YPD culture was
diluted in 4 ml of fresh YPD medium, grown for 5 to 6 h, and collected for �-galactosidase activity
measurement using the SDS-chloroform method (56). Cultures used for testing fluphenazine induction
of lacZ first were grown in YPD for 3 h after dilution from overnight culture and then grown for �200
min (treatment time was extended for LacZ protein maturation) in the presence of fluphenazine (18
�g/ml) before collection for measurement. Cell pellets were resuspended, further diluted in 800 �l Z
buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM �-mercaptoethanol, pH 7),
and treated with 30 �l 0.1% SDS and 60 �l chloroform by vortex. After 10 min of equilibration at 30°C,
reactions were started by addition of 160 �l 4 mg/ml o-nitrophenyl-�-D-galactopyranoside (RPI) Z buffer
stock and incubated in a 30°C water bath shaker. Reactions were stopped by addition of 400 �l 1 M
Na2CO3. �-Galactosidase activity, in Miller units, was calculated by the following simplified formula:
1,000 � A420/(T � C), where A420 is the absorbance of the reaction product at 420 nm, T is the reaction
time in minutes, and C is the total amounts of cells at the total OD600 value used in the reaction. A420 and
OD600 values were measured with a Beckman Coulter DU-7300 spectrophotometer.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01342-17.
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