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Differential Regulation of White-Opaque Switching by Individual
Subunits of Candida albicans Mediator

Anda Zhang, Zhongle Liu, Lawrence C. Myers

Department of Biochemistry, Geisel School of Medicine at Dartmouth, Hanover, New Hampshire, USA

The multisubunit eukaryotic Mediator complex integrates diverse positive and negative gene regulatory signals and transmits
them to the core transcription machinery. Mutations in individual subunits within the complex can lead to decreased or in-
creased transcription of certain subsets of genes, which are highly specific to the mutated subunit. Recent studies suggest a role
for Mediator in epigenetic silencing. Using white-opaque morphological switching in Candida albicans as a model, we have
shown that Mediator is required for the stability of both the epigenetic silenced (white) and active (opaque) states of the bistable
transcription circuit driven by the master regulator Worl. Individual deletions of eight C. albicans Mediator subunits have
shown that different Mediator subunits have dramatically diverse effects on the directionality, frequency, and environmental
induction of epigenetic switching. Among the Mediator deletion mutants analyzed, only Med12 has a steady-state transcrip-
tional effect on the components of the Worl circuit that clearly corresponds to its effect on switching. The MED16 and MED9
genes have been found to be among a small subset of genes that are required for the stability of both the white and opaque states.
Deletion of the Med3 subunit completely destabilizes the opaque state, even though the Worl transcription circuit is intact and
can be driven by ectopic expression of Worl. The highly impaired ability of the med3 deletion mutant to mate, even when Worl
expression is ectopically induced, reveals that the activation of the Worl circuit can be decoupled from the opaque state and one

of its primary biological consequences.

Epigenetic gene expression states require mechanisms that en-
code the state at specific loci, facilitate the stable inheritance of
that state through cell division, and provide for a transcriptional
readout. Feedback loops, DNA methylation, and chromatin mod-
ification and higher-order chromatin structure are among the fea-
tures associated with epigenetic states (1-3). Bistable switches
tend to be unidirectional in metazoan cells during development.
In unicellular organisms, these switches are usually metastable
(bidirectional) and are thought to provide an adaptive advantage
in an ever-changing host environment (4-6). A combination of
DNA-bound transcription factors, noncoding RNAs, local chro-
matin landscape, and coregulatory complexes specifies the gene
expression patterns that define the physiology and morphology
associated with an epigenetic state. Mediator is a central eukary-
otic coregulatory complex that has also been implicated in the
silencing of epigenetic states.

Transcription in purified and extract-based systems, in vivo
studies, and cell-based assays have revealed that Mediator can be a
critical functional/physical intermediary between DNA-bound
activators and the core transcription machinery in all eukaryotes
(7, 8). Saccharomyces cerevisiae Mediator (scMediator) has struc-
turally distinct modules referred to as Tail, Middle, Head, and
Cdk8 (9-12). Purification and characterization of Candida albi-
cans Mediator (caMediator) (13) showed that the caMediator
complex has a composition and architecture similar to that of
scMediator. Certain scMediator subunits are critical for the acti-
vation of specific sets of genes (14, 15), and the Tail module has
been shown to be a direct target of activation domains (16-19).
Transcriptional profiling in vivo has shown that other subunits are
essential for transcription of virtually all genes (20). Work in S.
cerevisiae has also pointed to a role for several Mediator subunits
in transcriptional repression and silencing that likely involves
chromatin (21-27).

A specialized class of subunits, mainly in the Middle module
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and on the interface of the Middle and Tail modules, appears to
have a primary role in regulating silencing and chromatin in S.
cerevisiae. Although the Cdk8 module is clearly involved in tran-
scription repression (15, 28), this functionality appears to be sep-
arable from those regulating chromatin, silencing, and certain
forms of repression (24, 26, 29). Mutations in med16 (sin4) and
med14 (rgrl), which lead to derepression of a subset of genes po-
tentially through an epigenetic mechanism (30), are accompanied
by gross alterations in chromatin structure in vivo (22, 31).
Recently published work revealed that telomerically bound
scMediator was required for the establishment of heterochro-
matin and the silencing of telomeric reporter genes (23, 26, 27,
29). This work showed that deletion of specific Mediator subunits,
but not others, resulted in a decrease in Mediator occupancy at
telomeres that was accompanied by a loss in heterochromatin and
silencing (26). Mediator appears to be targeted to telomeric chro-
matin through direct interactions with the tails of histones H3 and
H4 (27). This affinity of Mediator for H4 can be decreased by
lysine acetylation of the H4 tail. Specifically, Mediator associates
in vitro and in vivo with H4 tails lacking acetylation at K16, the
hallmark of telomeric heterochromatin (27). This work suggests
that Mediator-chromatin interactions are on the pathway leading
to telomeric heterochromatin. Since telomeric silencing is a clas-
sical but highly specialized model for epigenetic silencing, we de-
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cided to adopt C. albicans white-opaque switching to study the
mechanism of Mediator-facilitated stabilization of epigenetic
states within a defined biological pathway.

Under certain conditions, genetically identical C. albicans cells
can exist in two different morphological states, white and opaque
(32). Phenotypic/morphological transitions in C. albicans are crit-
ical to the virulence and basic biology of this fungal human patho-
gen. The clearest biological impact of white-opaque switching in
C. albicansis on its sexual cycle, as only opaque cells can mate (33).
The white and opaque states can arise spontaneously and are in-
herited over ~10* generations (32). Environmental conditions
can regulate the switching frequency in a directional manner, but
once established, the state can be inherited in the absence of the
signal (34, 35). Hence, white-opaque switching can be defined as
an epigenetic phenomenon. The white and opaque morphologies
have distinct transcriptional states consisting of over 1,000 differ-
entially regulated transcripts (36). The heart of the transcriptional
circuit that governs these two states is a master regulator called
Worl. Worl is a fungus-specific DNA-bound transcription factor
(37) whose expression is at a high level in the opaque state but
silenced in the white state. Worl is required for the switch from
the white state to the opaque state and is part of an interlocking
feedback loop in which it binds and activates its own promoter
(38—41). The white-opaque switching model has wide-ranging
significance. Although the impact of white-opaque switching on
C. albicans virulence is unclear (42, 43), Worl orthologs in other
fungal pathogens of mammals (44) and plants (45-47) are clearly
determinants of virulence. Meta-analysis has shown that the ar-
chitecture and stability of the white-opaque transcriptional circuit
share many properties with those of the Oct4 circuit, which gov-
erns the pluripotency and differentiation of mouse embryonic
stem cells (36).

Worl drives white-opaque switching by binding at a wide va-
riety of other loci throughout the genome—some that it activates
and others that it represses (37, 40). Wor2, another transcription
factor, is part of an interlocking positive-feedback loop with Worl
and is required for the switch from white to opaque. On the other
hand, the Efgl transcription factor is part of an interlocking neg-
ative-feedback loop with Worl, and the white state is highly un-
stable in its absence (41). A working model based on these studies
posits that the epigenetic heritability of the opaque state derives
from the Worl protein that is passed on to daughters during mi-
tosis (42). In this model, switching originates from stochastic fluc-
tuations in the amount of Worl above or below certain thresh-
olds. In principle, the actual mechanistic Worl threshold could be
anywhere along the pathway leading to Wor1 expression, from the
status of chromatin in the promoters of key regulators of the cir-
cuit to their transcript or protein stability. Though many tran-
scription networks utilize positive-feedback loops (48), few of
them have documented heritably stable transcriptional states sim-
ilar to those of the Wor1-driven circuit. Several recent studies have
identified a key role for chromatin structure and dynamics in
white-opaque switching (49-52). Given the connection between
Mediator and telomeric heterochromatin and silencing in S.
cerevisiae, we sought to determine whether C. albicans Mediator
affects the bistability of gene expression in the white and opaque
states.

Consistent with the idea that different parts of Mediator play
highly specific roles in the stability of epigenetic transcription
states, we have found that different subunits of C. albicans Medi-

1294 ec.asm.org

ator have diverse effects on the direction and frequency of white-
opaque switching. For most of the mutants, the impact is likely
happening through a mechanism that involves something other
than a direct effect on the steady-state mRNA levels of the key
components of the Worl transcriptional circuit in the final states.
In addition, our analysis of the Med3 deletion mutant has shown
that the Worl transcription circuit can be decoupled from its
phenotypic output.

MATERIALS AND METHODS

Media and growth conditions. C. albicans was routinely grown at 25°C in
synthetic complete (SC) media (SC+Glu) (6.7 g/liter yeast nitrogen base
[Difco/BD], 2 g/liter complete amino acid mix minus uracil [US Biolog-
ical], 20 g/liter dextrose, 0.2 mM uridine, 0.1 uM ZnOAc [buffered with
20 mM K,HPO,/KH,PO, to pH 6.8]) or at 30°C in YPD media (10 g/liter
yeast extract, 20 g/liter peptone, 20 g/liter dextrose). To induce ectopic
WORI expression, 20 g/liter maltose (Mal) was added instead of glucose.
For cells growing on solid media, 2% agar plates were used.

Plasmid and strain construction. The complete lists of C. albicans
strains, primers, and plasmids used in this study are shown in Table S1,
Table S2, and Table S3 in the supplemental material. Most strains, except
where noted, were derived from the SN152 (53) MTLa/a strain. The spe-
cific open reading frames (ORFs) of Mediator subunit genes were previ-
ously identified (13). Mediator subunit single gene deletions (med5A/
A, med9A/A, medlA/A, medl6A/A, med3A/A, medl5A/A, med20A/A,
medI2A/A) were created by using the C. maltosa LEU2 and C. dubliniensis
HISI fusion PCR cassettes as described by Noble and Johnson (53). For
each Mediator homozygous mutant, atleast 4 independent strains derived
from 2 independent heterozygous mutants were tested in switching as-
says. To complement the mutant strain, a region containing the upstream
sequence and the complete ORF of a Mediator gene was amplified with the
appropriate “complement 5’ F” and “complement 5’ R” primer pair, and
the downstream region was amplified with the appropriate “complement
3’ F”and “complement 3’ R” primer pair. The upstream sequence and the
complete ORF of MED12 were amplified in two parts due to its large size.
The upstream/ORF PCR product and the downstream PCR product were
double digested with enzymes listed together with the primers in Table S2.
The two products were inserted sequentially into plasmid pSN69 (53),
generating the complementation plasmid as shown in Table S3. This com-
plementation cassette was then linearized and transformed into the mu-
tant strain for complementation. At least 3 independent complemented
strains for a single Mediator mutant were analyzed. The strains with ec-
topically expressed Worl were created as described by Stevenson and Liu
(51) using a P4, ,-WORI-3HA cassette. At least 3 independent Worl-
overexpression strains for each of the wild-type (WT) and Mediator mu-
tant strains were analyzed.

White-opaque switching assay. The white-opaque switching assay
at 25°C was performed as previously described (38). Briefly, white cells
from a frozen stock were streaked onto SC+Glu plates for 4 to 5 days
of pregrowth at 25°C. Three or four pure white colonies were resus-
pended in water and plated onto SC+Glu+(5 pg/ml) phloxine B
plates at a density of approximately 100 cells per plate. After approxi-
mately 6 to 7 days of growth at 25°C, the white-opaque switching
frequency was scored as the percentage of single colonies that were
opaque or had at least one opaque sector. The opaque-white switching
assay was performed starting with pure opaque single colonies follow-
ing a procedure similar to that described above. The induced opaque-
white switching assay at 37°C was performed as described previously
(54) with modifications. Freshly grown pure opaque colonies were
inoculated into 2 ml SC+ Glu liquid media for vigorous growth at 25°C
for 4 h. The opaque cell culture at an optical density at 600 nm (OD,)
of 1 was then diluted with prewarmed SC media to 8 ml at 37°C and
grown on a roller drum for 9 h. Every 1.5 h, a 5-ml aliquot of the
culture was pulled out for analysis and 5 ml fresh prewarmed SC media
was added back to promote a constant growth rate (Matthew Lohse,
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personal communication). Cells were plated onto SC+ Glu+phloxine
B plates, and the total number of colonies and the number of white
colonies were counted after 5 days of incubation at 25°C.

Purification of the med16A/A Mediator. A 6 XHis-Flag tag was ap-
pended to the C terminus of the Med8 subunit in a WT strain (BWP17)
and medl16A/A strain (AZC34) and to the C terminus of Medl15 in a
medI6A/A strain (AZC34) as previously described (13). To each of these
strains, a hemagglutinin (HA) tag (55) was appended to the C terminus of
Med3 to yield doubly tagged Med8-6 X His-Flag/Med3-HA WT (cTTR03)
and medl6A/A (cTTR04) strains and a Med15-6XHis-Flag/Med3-HA
med16A/A (cTTRO5) strain. Mediator was purified to homogeneity from
each of these strains and analyzed as previously described (13).

RNA isolation and RT-qPCR. Cultures were grown in SC+ Glu media
at 25°C starting from fresh and pure white or opaque colonies and har-
vested by centrifugation at an ODy, of approximately 1 to 2. For Mal
induction, cells were grown in SC+Glu media for 3 h to an OD, 0f 0.2,
washed once with SC+Mal media, and harvested after 6.5 h growth in
SC+Mal media. Pellets were washed once in double-distilled water
(DDW) and flash-frozen in liquid nitrogen. Cells were lysed in 600 wl RTL
buffer (RNeasy Minikit; Qiagen) by two rounds of bead beating (Mini-
Beadbeater-16; BioSpec Products) for 1 min separated by 2 min cooling
onice. Following cell lysis, total RNA was extracted and purified following
the manufacturer’s protocols. About 1 g of total RNA was treated with
rDNase (Ambion) for 30 min at 37°C and then used in reverse transcrip-
tion (RT) (iScript cDNA synthesis kit; Bio-Rad). cDNA amplification was
performed by real-time PCR with SYBR green (Bio-Rad) on a Bio-Rad
Q7500 cycler. The RT-quantitative PCR (RT-qPCR) primers for EFGI,
CZF1, and WORI1-3HA (see Table S2 in the supplemental material) were
designed using Beacon Designer 6 (Premier Biosoft).

Immunoblotting. Cultures were grown in SC+Glu or SC+Mal me-
dia to an OD, of 1 to 2 and harvested by centrifugation as described
above. Pellets were washed once in DDW and lysed in ESB (1% SDS, 1%
2-mercaptoethanol, 15% glycerol, 0.01% bromophenol blue, 50 mM
Tris-HCI, pH 6.8) with boiling followed by 5 min of bead beating. West-
ern blotting was performed using the following primary antibodies: rabbit
anti-Worl antibody (kindly provided by the Johnson laboratory) (40),
mouse anti-HA.11 antibody (MMS-101R; Covance), rat anti-tubulin al-
pha antibody (MCA78G; AbD Serotec), mouse anti-Flag antibody (M2;
Sigma), and rabbit anti-caMedl antibody (13). Secondary antibodies
were alkaline phosphatase conjugated and were used with a fluorescent
substrate (ECF; GE Healthcare). Quantitative gel analysis was performed
using ImageJ64 (NIH).

Quantitative mating assay. Mating assays were performed as de-
scribed previously (56) with modifications. Pure white and opaque colo-
nies were inoculated into SC+Glu or SC+Mal liquid media for approxi-
mately 3 to 5 h of growth at 25°C to an ODg, of 2. Cells were then
harvested, and 0.4 OD of MTL o/ cells and 0.6 OD of a/a cells were mixed
in 300 pl DDW. The cell mixture was spotted onto YPD-55 g/ml ade-
nine or YPMal-55 pg/ml adenine plates for mating at 25°C. After 3 days,
the lawn of cells was scraped from the plate and resuspended in DDW.
Since the strains were not filamentous, filter discs were not necessary.
After cell aggregates were broken up by vigorous vortexing and pipetting,
cells were diluted and plated onto selective plates (SC-Arg plates for a +
a/a cells and SC—Arg-His plates for a/a cells). After 3 days of growth at
25°C, colony formation on each plate was counted and the mating effi-
ciency was calculated as (a/a)/(a + a/a).

RESULTS

Mediator subunits differentially regulate the direction and fre-
quency of white-opaque switching. Studies in C. albicans have
recently shown that certain Mediator subunits play regulatory
roles in cytokinesis, stress response, germ tube formation, fila-
mentous growth, and virulence (13, 57). However, Mediator’s im-
pact on the regulation of white-opaque switching had never pre-
viously been investigated. Here we have constructed a series of C.
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C. albicans Mediator Regulates White-Opaque Switch

TABLE 1 Differential effects of Mediator subunits on white-opaque
switching”

White to opaque Opaque to white

switching switching

Frequency Frequency
C. albicans strain (%) n (%) n
WT (a/a) 45+0.2 1,917 112 =19 1,059
med5A/A 69 *13 1,266 11.8 £ 4.0 1,299
med9A/A 20.3 = 5.3* 1,382 22.2 = 4.8* 1,091
medl A/A 17.3 = 4.0 1,138 2.2 £ 0.8* 1,103
medl6A/A 19.3 + 5.6% 1,989 54.5 = 6.9* 1,106
med3A/A <10~ +0er 3,055
med15A/A <O 2,000
med20A/A 73.4 = 11.8%* 1,587 2.9 = 1.0** 1,112
med12A/A 0.6 = 0.3 2,780 93.3 & 2.3%%* 1,191
med9A/A-MED9 3.2+0.8 1,215 8.7 4.2 976
medlA/A-MED]I 42 * 1.5 1,118 9.2 £5.1 1,077
medl16A/A-MED16 33+ 1.8 1,457 8.0 2.5 935
med3A/A-MED3 4.7 *£1.2 1,312 9.3 * 1.8 1,067
medl15A/A-MEDI15 51=*1.3 1,057 8.5+ 23 1,135
med20A/A-MED20 6.3 + 3.1 1,491 6.4+29 1,048
med12A/A-MEDI12 6.8 + 2.6 959 4.5*0.9 1,400

%, P <0.05; **, P < 0.01; ***, P < 0.001 (relative to WT; Student’s ¢ test). Frequency,
the percentage of the colonies that showed an alteration of the original phenotype, is
displayed as means *+ SD of the results of three independent experiments carried out
with the same strain. n, total number of colonies counted for each strain. Independently
derived mutants and complemented strains showed similar results (data not shown).

albicans strains, in which genes encoding Mediator subunits (13)
had been deleted, to determine how and if individual subunits
regulated the directionality and frequency of white-opaque
switching. To identify subunits encoded by nonessential genes in
C. albicans, we drew upon the analysis of the orthologous Media-
tor genes in S. cerevisiae. All of the nonessential S. cerevisiae Me-
diator orthologs that we analyzed in C. albicans (see below) were
also nonessential. The Mediator genes we chose to delete fell into
four categories: subunits in the Tail module (MED5, MEDIS6,
MED3, MED15); subunits in the Middle module (MEDI, MED?9);
a subunit in the Cdk8 module (MEDI12); and a subunit in the
Head module (MED20) (13, 58, 59). We performed quantitative
switching assays on these single mutants and compared both their
white-opaque and opaque-white switching frequencies to those
seen with a WT strain. Except for the med5A/A strain, all Mediator
deletion mutants tested showed significant changes in switching
frequency compared to the WT (Table 1 and Fig. 1). The med1A/A
mutant and med20A/A mutant strains showed an increase in the
white-opaque switching frequency, but a decrease in the opaque-
white switching frequency, consistent with the idea that the
opaque state is stabilized relative to the white state in these strains.
The medI2A/A mutant strain showed the opposite trend in
switching frequency. This strain possessed a dramatically de-
creased white-opaque switching frequency accompanied by a very
high (93%) opaque-white switching frequency. Opaque cells were
never observed in the med3A/A or med15A/A strain, even under
conditions of CO, induction (see below), using either colony or
single-cell morphology as a criterion. Previously, the inability to
switch from the white state to the opaque state was observed only
in the worl A/A mutant (38-40), wor2A/A mutant (41), myo5A/A
mutant (60), and sla2A/A mutant (60). In these mutants, the mas-
ter regulation circuit was broken either by the absence of essential
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Med5

Med3 Med9 Med7

Tail Middle

Med31

f W=0 Up
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N W0 Down

Q O=2>W Up

2 T W0 Up
Med20 KX 63w up

W=>0 No effect
O=>W No effect

|:| Not Tested

Med17

Head

FIG 1 Graphical summary of C. albicans Mediator subunit architecture and the impact of deletion mutants on white (W)-opaque (O) switching as described in
detail in Table 1. The architecture of the C. albicans Tail module is based on published data (13) and data presented here, while the remainder is modeled on the

structure of the S. cerevisiae complex (9).

players or by the disruption of the cytoskeleton. The med9A/A and
medl6A/A strains belonged to a small class of mutants that dis-
played increased switching frequencies in both directions. Thus,
Med9 and Med16 might play important roles in the stability of
both the white state and opaque state. To confirm that the ob-
served effect on switching was due solely to the Mediator muta-
tion, we complemented each Mediator mutant at its original lo-
cus. Each complemented strain showed rescue of WT switching
frequencies (Table 1). The observed differences in white-opaque
switching between Mediator mutants suggest that Mediator can
play both positive and negative roles in the regulation of white-
opaque switching. To address the concern that stress induced by
these mutants may have indirectly affected switching frequency
(61), we analyzed the growth rates of both white and opaque cells
of these strains under different growth conditions. The mutant
and WT strains had comparable doubling times under all condi-
tions used in our study (see Table S4 in the supplemental material)
and had similar sensitivities to temperature stress (16°C and
37°C), oxidative stress (H,0,), salt stress (NaCl), and membrane
integrity stress (SDS) (data not shown). Therefore, the switching
phenotypes of Mediator mutants appear to be tightly related to the
direct function of the complex in switching.

Differences in switching among the med3A/A, med15A/A,
and med16A/A strains are consistent with a subunit rearrange-
ment within the C. albicans Tail module versus that of S. cerevi-
siae. The architecture of the S. cerevisiae Mediator Tail module has
the Med16 subunit serving as a bridge between the Med2, Med3,
and Med15 submodule and the rest of the complex via Med14
(58). In Mediator purified from S. cerevisiae medl6A strains,
Med2, Med3, Med5, and Med15 become dissociated from the
main complex (23). It was surprising that the med3A/A and
medI5A/A strains could not switch to opaque when Med3 and
Med15 were dissociated from the complex in the medI6A/A
strain, which showed an increased white-opaque switching fre-
quency. Hence, we asked whether the C. albicans Mediator Tail
module had a different architecture from the S. cerevisine com-
plex. Purifying Mediator from a med16A/A C. albicans strain with
a 6 X His-Flag tag on Med8 and an HA tag to monitor the presence
of the Tail module demonstrated that deletion of Med16 did not
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lead to dissociation of the Med2, Med3, and Med15 submodule
(Fig. 2). Taking those results together with our previous purifica-
tion of the C. albicans med3A/A Mediator, in which the entire Tail
module (including Med2, Med3, Med5, Med15, and Med16) was
lost (13), there appears to have been a “rewiring” of the protein-
protein interactions in the C. albicans Tail module during evolu-
tion. The combination of the switching (Table 1) and structural
(Fig. 2) data for med16A/A Mediator supports the idea that Med16
and Med5 represent a physically and functionally separable sub-
module of the Tail module in C. albicans (Fig. 1).

Impact of Mediator mutants on environmentally induced
white-opaque switching. White-opaque switching frequency can
be regulated by exposure to different environmental conditions.
In principle, “spontaneous” switching could arise from “intrinsic”
transcriptional noise in the Worl transcription circuit or from
“extrinsic” noise in the signaling pathways that regulate switching,
which would then lead to fluctuations in the Worl circuit. Hence,
mutants that affect switching frequency could arise either from a
direct effect on the transcriptional mechanisms regulating the
Worl transcription circuit or by affecting the environmental sig-
naling pathways that regulate the Worl circuit. Stimulation of
white-opaque switching by CO, and stimulation of opaque-white
switching by growth at 37°C are among the best-documented con-
ditions that affect switching (62, 63). To determine whether the
signaling pathways leading to white-opaque switching were im-
pacted in Mediator mutants, we measured opaque-white switch-
ing frequency at 37°C and white-opaque switching frequency in
the presence of 5% CO,. Measuring switching frequency at 37°C
affords the ability to monitor the kinetics of switching after the
temperature of the liquid culture hosting the cells is raised from
25°C to 37°C (54). The med5A/A mutant strain, which did not
affect opaque-white switching frequency (Table 1) compared to
the WT, exhibited kinetics of switching identical to those seen
with the WT at 37°C (Fig. 3). The medIA/A and med20A/A mu-
tant strains, which both exhibited a decreased spontaneous
opaque-white switching frequency (~29%; Table 1), showed a de-
lay in the kinetics of switching from opaque to white at 37°C (Fig.
3). The medlA/A mutant exhibited an ~1.5-h delay in the T,
(time to reach 50% white cells in the population, termed the
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FIG 2 The Med2(Tlo)/Med3/Med15 Tail submodule of caMediator re-
mains associated with the Middle and Head modules in a med16A/A strain.
(A) Silver stain gels of Mediator purified from WT (Med8-6XHis-Flag,
Med3-3XHA) (lane 1), med16A/A (Med8-6 X His-Flag, Med3-3XHA) (lane
2), and med16A/A (Med15-6 X His-Flag, Med3-3XHA) (lane 3) strains. To
obtain adequate resolution over the entire molecular mass range, we show
panels from 6%, 7.5%, and 12.5% SDS-PAGE from top to bottom. (B)
Western blot of the three samples analyzed as described for panel A, show-
ing equal recoveries of Med3-HA (anti-HA) in WT and mutant Mediator
using purification tags on Med8 or Med15. An antibody against caMed1
served as the recovery control.

“commitment point”) (54) compared to the WT, while the
med20A/A mutant exhibited a delay of greater than 4.5 h. The
medlA/A mutant had a delay similar to that observed in a
heterozygous knockout of the white state-specific transcription
factor EFGI1 (54). Despite having similar spontaneous opaque-
white switching frequencies, the med20A/A mutant had a substan-
tially longer delay in switching. This finding suggested that Med20
may positively regulate a step in the signaling pathway that leads
from a shift to 37°C to shutting down the Worl transcription
circuit. Among the mutants that led to an increased spontaneous
opaque-white switching frequency, we observed a variety of ef-
fects on the kinetics of switching from opaque to white at 37°C.
The medI2A/A mutant had an almost 90% rate of spontaneous
switching from opaque to white (Table 1). Consistent with this
effect, the med12A/A mutant advanced the Ts, ~1.5 h versus that
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FIG 3 Kinetics of temperature-induced opaque-white switching in Mediator
mutant strains. Opaque cells of WT and Mediator mutant strains growing in
SC+Glu media, shifted from 25°C to 37°C, were removed every 1.5 h for
analysis. The percentage of opaque cells that had switched to white (y axis) was
calculated as the ratio of the fraction of opaque cells at each time point relative
to the fraction of opaque cells at the starting time point (0 h), which was usually
close to 100%. Data were plotted as means * standard deviations (SD) of the
results of three independent experiments with more than 1,500 colonies
counted in total for each strain.

of the WT (Fig. 3). This number was similar to the advancement in
the T, observed in a heterozygous knockout of the opaque state-
specific transcription factor WORI (54). This similarity was con-
sistent with the finding that the amount of Worl and Wor2 ex-
pressed in the opaque phase in the medI2A/A mutant was
substantially smaller than the WT amount (Fig. 4A). In contrast to
the medI12A/A strain, the med16A/A and med9A/A mutant strains
showed kinetic profiles of opaque-white switching at 37°C that
differed from their impact on spontaneous opaque-white switch-
ing frequency. Despite a high spontaneous opaque-white switch-
ing frequency in the med16A/A strain (~55%; Table 1), the kinet-
ics of opaque-white switching at 37°C in the medl6A/A and WT
strains were nearly identical (Fig. 3). This result suggests that, at
25°C, Med16 may antagonize a step in the signaling pathway that
leads to opaque-white switching at 37°C. The med9A/A mutant
displayed a modest increase in the spontaneous opaque-white
switching frequency (~22%; Table 1) but surprisingly displayed a
delayed T, compared to the WT (Fig. 3). A potential explanation
for this disparity may be that the med9A/A mutant Mediator be-
came less stable at 37°C, which led to a differential impact on
Mediator function in opaque-white switching at 37°C versus
25°C.

We determined the switching frequency on plates in the pres-
ence of 5% CO, to investigate the effect of Mediator mutants
under conditions that stimulate white-opaque switching. Similar
to previous observations (62), exposure to CO, led to an almost
40-fold increase in switching frequency in the WT strain (Table 2).
The switching frequency under conditions of induction was close
to 100% in the WT strain as well as in the mutants that led to
increased spontaneous white-opaque switching. Hence, it was not
possible to determine whether the increases in spontaneous
switching frequency in these mutants originated from stimulating
the CO, signaling pathway. It is more useful to look at CO,-in-
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FIG 4 Steady-state mRNA and protein levels of key transcriptional regulators of white-opaque switching. (A) RT-qPCR analysis of the mRNA levels of WORI,
EFGI1, WOR2, and CZF1 in white and opaque cells growing in SC+Glu media. The qPCR was performed in triplicate. Results were normalized to ACT1. The
amount of transcript in each mutant was compared to that in the WT white or opaque cells using a ¢ test. Bars represent means * SD. ¥, P < 0.05; **, P < 0.01;
%, P < 0.001. (B) Immunoblotting shows that the Worl protein level increased in med3A/A mutant strain white cells relative to the level in WT and other
Mediator mutant cells. Tubulin was used as a loading control. (C) Diagram of the interlocking loop that regulates white-opaque switching (modified from PLOS
Biology [41]). Dashed lines indicate regulatory controls active in the white state, and solid lines indicate regulatory controls active in the opaque state.

duced switching in the med3A/A, med15A/A and med12A/A mu-
tant strains, which have decreased spontaneous white-opaque
switching. CO, induction did not lead to white-opaque switching
in the med3A/A strain and med15A/A strain, consistent with the
idea that the opaque state is unstable in these strains. However,
CO, induction was able to stimulate the impaired spontaneous
white-opaque switching in the med12A/A strain and resulted in a
fold increase similar to that seen with the WT (Table 2). This

1298 ec.asm.org

finding is consistent with the idea that the decrease in spontaneous
white-opaque switching in the medI2A/A strain is not a result of
impaired CO, signaling but is rather a direct effect on the tran-
scriptional activation of the Worl circuit.

Steady-state mRNA expression levels of key regulators in
white-opaque switching are affected only in select Mediator
mutants. White-opaque switching is under the tight regulation of
an interlocking feedback loop composed of the four transcription
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TABLE 2 CO,-induced white to opaque switching of Mediator
mutants”

Switching

Strain frequency (%) n

WT 949 = 2.7 658
med5A/A 86.3 £6.2 741
med9A/A 97.6 2.9 655
medlA/A 96.7 = 1.1 707
medl6A/A 78.8 £9.5 888
med3A/A <10~ Hex 779
Med15A/A <10 e 785
med20A/A 100 660
med12A/A 19.7 £ 2.1 813

“ Cells were preincubated on SC+Glu plates in air at 25°C and replated onto
SC+Glu+phloxine B plates and incubated in 5% CO, at 25°C for 5 days. ***, P <
0.001 (relative to WT; Student’s £ test). Switching frequency, the percentage of the
colonies that showed an alteration of the original phenotype, is displayed as means *
SD of the results of three independent experiments carried out with the same strain. #,
total number of colonies counted for each strain.

factors Worl, Efgl, Wor2, and Czf1 (Fig. 4C). Worl is the master
regulator; Efgl plays an inhibitory role in Worl, while Wor2 and
Czfl play activating roles in this feedback circuit that maintains
the metastable white and opaque states (41). A recent study indi-
cated that an additional transcription factor, Wor3, plays a role in
controlling this loop (64). Mediator is known to directly impact
transcription, and modeling studies suggested that changes in the
steady-state levels of the key regulators of the white-opaque switch
are a straightforward way to explain changes in switching frequen-
cies (65). Hence, we tested the steady-state mRNA levels of WORI,
EFGI1, WOR2, and CZFI by RT-qPCR in both white and opaque
cells of the WT, med5A/A, med16A/A, med9A/A, med20A/A, and
med12A/A strains and in white cells of the med3A/A strain since
we could not obtain opaque cells of this mutant. Figure 4A shows
that most Mediator mutant strains, in general, did not exhibit
dramatic differences in the expression profiles of the four key
players. However, we observed the following differences in mRNA
levels compared to WT white or opaque cell levels: med16A/A
opaque cells had higher EFG1 and lower WOR2 levels; med20A/A
white cells had a higher WOR?2 level that correlated with their
increased white-opaque switching frequency; medIA/A white
cells had lower WORI and WOR?2 levels, despite the relative sta-
bility of the opaque state; med3A/A white cells had much higher
levels of WORI and WOR2 and a lower level of EFGI but still
could not switch to opaque; and med12A/A white cells had higher
WOR2 and CZFI levels but opaque cells had lower WORI and
WOR?2 levels that are consistent with the compromised opaque
state stability in this strain. The lower levels of WORI and WOR2
transcript in the opaque cell culture do not appear to be a result of
“contaminating” white cells that arise from the high opaque-white
switching frequency in the med12A/A strain. Under conditions of
ectopic Worl expression that maintain the med12A/A cells in the
opaque state, the endogenous levels of Worl are still decreased
relative to the WT levels (see below).

We used immunoblotting to determine whether Worl protein
levels in selected mutants (Fig. 4B) exhibited a trend similar to that
seen with respect to the steady-state mRNA levels revealed by RT-
qPCR (Fig. 4A). Akin to the surprising upregulation of the Worl
circuitin med3A/A white cells, we also detected an elevated level of
Worl protein in this strain compared to the WT.
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TABLE 3 The induction of altered morphologies by ectopic expression
of WORI and their stability in the med3A/A and med12A/A mutant
strains”

Value for colonies

After removal from
Mal to Glu

After removal from
Mal to Mal

C. albicans strain Opaque (%) n Opaque (%) n

WT <107° 1,012 <107 908
WT; Py -WORI-3HA 100 1,119 79.0 = 143 1,642
med3A/A <107? 480 <10° 585
med3A/A; Py, -WORI-3HA  100* 533 <107° 451
med12A/A <107? 598  <107° 745
med12A/A; Py, ,,-WORI-3HA 100 546  47.4 %+ 183 1,090

@ Cells from the med3A/A strain with ectopically expressed WORI-3HA under the
control of the Py,; promoter formed an altered opaque colony morphology on
SC+Mal+phloxine B plates. When opaque cells are removed from maltose plates to
glucose plates, med3A/A grew as typical white colonies (Fig. 5C). At least 3 independent
WORI1-overexpression strains for each WT and Mediator mutant were analyzed and
showed similar results (data not shown).

Ectopic Worl expression activates the Worl circuit in
med3A/A and med12A/A mutants. Spontaneous and induced
white-opaque switching is highly impaired in the med12A/A mu-
tant and undetectable in the med3A/A mutant. To determine how
efficiently the Worl circuit could respond to the master regulator
of the switch, we ectopically expressed Worl in these mutant
strains. In mutant strains that have impaired white-opaque
switching, overexpression of Worl was typically able to drive the
formation of opaque cells in most previously tested mutant strains
and of “opaque-like” cells in the worlA/A and wor2A/A strains
(38-41, 51, 52, 60). We hypothesized that the ability of Worl to
stabilize the opaque state in the med3A/A strain was impaired,
even when the self-sustaining feedback loop was activated. To test
our hypothesis, we transformed the P,,,,-WORI-3HA transgene
(51) into the medI2A/A and med3A/A mutant strains. We as-
sessed cell morphology and WORI expression levels in these cells
grown under the noninduced (Glu) and induced (Mal) conditions
(Table 3 and Fig. 5). Ectopic WORI expression led to 100% con-
version to the opaque state in the med12A/A mutant with colony
and cell morphology similar to those of the WT (data not shown).
Although ectopic WORI expression in the med3A/A mutant
drove the Worl circuit, the cells and colonies showed an altered
morphology growing on SC+Mal+phloxine B plates that was dis-
tinct from that of typical opaque cells (see below). To show that
the endogenous WORI autoactivation circuit was still functioning
in the med3A/A mutant (and med12A/A mutant), we took advan-
tage of the 3XHA tag fused with ectopic WORI to discriminate
ectopically expressed WORI and endogenous WORI. By using
primers targeting the 3XHA of ectopic WORI and the 5" untrans-
lated region (5'UTR) of endogenous WORI, we found that both
the ectopic WORI and endogenous WORI were expressed at in-
creased levels in the med3A/A mutant and med12A/A mutant un-
der inducing conditions (Fig. 5A). These mutants showed a level
of ectopic WORI expression similar to that seen with WT cells,
both at the mRNA level and at the protein level. The ectopic
WORI induced the expression of endogenous WORI in the mu-
tants but at lower levels than those seen with the WT (Fig. 5A). We
also tested ectopic and total Worl protein levels by using anti-HA
antibodies and anti-Worl antibodies. As shown in Fig. 5B, the
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