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Abstract: Accurate DNA replication and segregation is key to reproduction and cell viability in
all organisms. Autonomously replicating sequence-binding factor 1 (Abf1) is a multifunctional
protein that has essential roles in replication, transcription, and regional silencing in the model yeast
Saccharomyces cerevisiae. In the opportunistic pathogenic fungus Candida glabrata, which is closely
related to S. cerevisiae, these processes are important for survival within the host, for example, the
regulation of transcription of virulence-related genes like those involved in adherence. Here, we
describe that CgABF1 is an essential gene required for cell viability and silencing near the telomeres,
where many adhesin-encoding genes reside. CgAbf1 mediated subtelomeric silencing depends on
the 43 C-terminal amino acids. We also found that abnormal expression, depletion, or overexpression
of Abf1, results in defects in nuclear morphology, nuclear segregation, and transit through the cell
cycle. In the absence of ABF1, cells are arrested in G2 but start cycling again after 9 h, coinciding
with the loss of cell viability and the appearance of cells with higher DNA content. Overexpression
of CgABF1 causes defects in nuclear segregation and cell cycle progression. We suggest that these
effects could be due to the deregulation of DNA replication.
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1. Introduction

Chromatin structure in eukaryotes plays a crucial role in DNA metabolism, such as
DNA replication, activation, and repression of transcription, and regional silencing, among
others. Each process requires different proteins and the cis-acting DNA sequences to which
they bind, favoring protein-protein interactions that shape different chromatin structures
necessary to trigger specific metabolic functions. In Saccharomyces cerevisiae the proteins
ScAbf1 and ScRap1 have been shown to be required for all these processes and, because
they perform multiple metabolic functions, they are known as General Regulatory Factors,
or GRFs [1–3]. ScAbf1 is a sequence-specific DNA-binding protein for which there are many
recognition sites (~181) throughout the genome, including promoters of genes activated (50)
or repressed (36) by ScAbf1, the silent mating-type loci (HML and HMR), the region X of
many yeast telomeres and sites known as ARS (Autonomous Replication Sequences), which
confer stability and the ability to replicate, to plasmids [4–6]. Many ARSs indeed function
as origins of replication in the chromosomes and are recognized by ScAbf1. One special
case is the sequences that function as ARSs present in the silent mating-type loci, HMR and
HML. These loci are each flanked by cis-acting elements called silencers (E and I) that are
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essential to mediate regional silencing of the mating information at each locus. In particular,
the silencers HMR-E and HML-I both contain different combinations of three specific DNA
sequences recognized by the Origin of Recognition Complex (ORC), ScRap1, and ScAbf1,
respectively. Indeed, these cis-elements mediate silencing of the genes present at HML and
HMR and confer plasmid stability as they are functional ARSs, suggesting a connection
between initiation of DNA replication and silencing [6,7]. More recently, it has been shown
that ScAbf1, along with other GRFs like ScRap1, regulates the accuracy of transcription
initiation by preventing inappropriate initiation and pervasive transcription [8].

The ABF1 gene encodes ScAbf1, an essential and abundant protein that consists of 731
amino acids. ScAbf1 is composed of two regions involved in DNA-binding (an atypical
Zinc-finger domain and a DNA-binding region) and a C-terminal domain that is required
for all its known functions: transcriptional repression and activation, DNA replication, and
regional silencing at the silent mating-type loci [6,9,10].

Candida glabrata is a haploid yeast phylogenetically related to S. cerevisiae, which
has emerged as a frequent and important opportunistic pathogen associated with high
mortality rates in intensive care units worldwide [11–13]. C. glabrata is frequently found
as a commensal, tightly adhered to the mucosa of the gastrointestinal or urinary tracts of
healthy individuals; however, it can cause severe systemic infections when the mucosal
barrier is breached or there is severe immunosuppression of the human host.

The ability to adhere to epithelial or endothelial mucosal tissue of the host is thought
to be an important first step for C. glabrata infections, and this ability is largely mediated
by a family of cell wall proteins called the Epa adhesins encoded by the EPA genes, most
of which are located at subtelomeric regions [14,15]. The EPA1 gene encodes the major
adhesin (Epa1) and is the only member of the family expressed in vitro in the standard
laboratory strain BG14 [16,17]. Expression of EPA1 is negatively controlled by several layers
of negative regulation, including subtelomeric silencing that spreads from the telomere
through up to 20 Kb [18–20], promoter-specific repression by a cis-acting negative element
(NE) downstream from EPA1 [21], and repression by the formation of a chromatin loop
between a subtelomeric, cis-acting protosilencer (Sil2126) and sequences flanking the EPA1
ORF [22,23]. We have shown that the C. glabrata ortholog of ScABF1 (CAGL0J01177g) is
required for the formation of the chromatin loop that represses EPA1 along with other
silencing proteins that participate in subtelomeric silencing such as CgSir2, CgSir3, and
CgSir4 (forming the SIR complex), and CgRap1 [23].

However, up to date, CgABF1 has not been characterized; it is not known whether it
also participates in general subtelomeric silencing, DNA replication or if it is an essential
gene in C. glabrata. Here we show that the CgABF1 gene is essential for cell viability, that
CgAbf1 participates in subtelomeric silencing through the C-terminal domain, and is also
required for correct DNA replication and normal transit through the cell cycle. We suggest
that these are all processes that are likely important for the ability of C. glabrata to persist in
its human host.

2. Materials and Methods
2.1. Strains, Plasmids, and Primers

All strains, plasmids, and oligonucleotides used are listed in Supplementary Tables S1–S3,
respectively.

2.2. Media

Yeast was grown in standard yeast media as described previously with 2% agar
added for plates [24]. Synthetic complete (SC) medium contains 1.7 g/L yeast nutrient
base (YNB) without (NH4)2SO4 or amino acids, 5 g/L (NH4)2SO4 and supplemented
with 0.6% casamino acids (CAA) and 2% glucose. When needed, Nourseothricin (Gold
Biotechnology®. St. Louis Missouri, USA) was added to liquid YPD media at a concentra-
tion of 50 µg/mL. Minimal media is YNB without (NH4)2SO4 or amino acids; 2% glucose
and 5 g/L (NH4)2SO4 as nitrogen source. For the selection of Nourseothricin resistance
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(NatR) in minimal media, ammonium sulfate was substituted for 1 g/L of monosodium
glutamate. For the plasmids with the shut-off expression from the MET3 promoter, ON
media (expression of MET3 promoter) is minimal media as described above or with 1 g/L
monosodium glutamate instead of ammonium sulfate. For the OFF media 0.2 mM of each
methionine (met) and cysteine (cys) were added to the ON media. To prepare 5-fluoroorotic
acid (5-FOA; Toronto Research Chemicals, Toronto, Ontario, Canada) media, 0.9 g of 5-FOA
and 25 mg of uracil were added to 1 L of SC medium. 5-FOA compound is toxic to cells
that express the URA3 gene.

Yeast extract-peptone-dextrose (YPD) medium contains 10 g/L yeast extract, 20 g/L
peptone, and supplemented with 2% glucose. When required, YPD plates were supple-
mented with nourseothricin (AG Scientific, San Diego, CA, USA) at 100 µg/mL and at
50 µg/mL for liquid YPD media. Bacteria were grown in LB medium as described previ-
ously [25]. LB medium contained 5 g/L yeast extract, 10 g/L tryptone, 5 g/L NaCl. All
plasmid constructs were introduced into strain DH10 by electroporation, and 100 µg/mL
carbenicillin (AG Scientific, San Diego, CA, USA) was added to select for plasmids. For
plates, 1.5% agar was used. Both bacteria and yeast were grown at 30 ◦C.

2.3. Yeast Transformation

Yeast transformations with digested or supercoiled plasmids were performed as
previously described using the LiOAc/salmon sperm carrier DNA/PEG method [26,27].

2.4. Growth Assays in Liquid and Solid Media

Cells were grown to stationary phase for 48 h in YPD, CAA, or YNB. To determine the
duplication time, cells of each strain were grown in the appropriate liquid media. Stationary
phase cultures were adjusted to an OD600 of 0.01 in the corresponding media and 300 µL
dispensed in a 100 well plate. Growth was automatically recorded using a Bioscreen C
analyser at 30 ◦C (Oy, Growth Curves) with constant shaking and OD measurements taken
every 15 min during a period of 48 h. The doubling time of each strain was calculated as
described elsewhere [28]. Growth curves in liquid media were performed 3 separate times
and with technical triplicates each repetition. The data shown represents the mean of the
three experiments.

For solid media experiments, stationary phase cultures were adjusted to an OD600
of 1.0 with sterile water, and 10-fold serial dilutions were made in a 96-well plate. Five
microliters of each dilution were spotted on to YPD plates. For temperature sensitivity
assay, a total of 5 µL of each dilution was spotted onto YPD, then incubated at 30, 37 or
45 ◦C, and photographed every 24 h during three days. All solid media experiments were
done in triplicate, and photographs of representative experiments are presented.

2.5. Construction of Null Mutant and Truncated Allele of the ABF1 Gene

Since ScABF1 is essential for cell viability in S. cerevisiae, we designed a strategy
to determine whether CgABF1 is an essential gene in C. glabrata. To do this, we first
constructed a replicative plasmid containing the full-length ORF of CgABF1 plus the 5′

and 3′ flanking regions of this gene (1 Kb upstream and 800 bp downstream, primers
#1589 and #1881, Supplementary Table S3), and the URA3 selection marker (pCI12). We
also generated a disruption plasmid for CgABF1. Briefly, the 5′ (primers #1589 and #1881)
and 3′ (primers #1561 and #1562, Table S3) flanking intergenic regions of the gene to be
deleted were PCR amplified and cloned into pYC44 integrative plasmid [29] on either
side of the nourseothricin expression cassette (conserving the relative orientation of the
chromosomal locus of ABF1) (pCI42). The plasmid generated was used to replace the
wild-type CgABF1 gene with the nourseothricin cassette by homologous recombination
in a one-step gene replacement procedure to generate abf1∆::NatR allele. For this, we
first transformed the parental strain BG14 (Supplementary Table S1) with the plasmid
containing the wild-type CgABF1 gene and URA3 marker (pCI12). This strain was then
transformed with the linearized fragment from the knock-out plasmid (pCI42). The plasmid
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was previously digested with enzymes that cut within both fragments of the cloned 5′

and 3′ flanking regions, generating homologous ends to the ABF1 gene in the C. glabrata
genome. Transformants were selected on plates supplemented with nourseothricin (AG
Scientific, San Diego, CA, USA) at 100 µg/mL. Homologous recombination and allele
replacement of the gene was verified by PCR analysis using primers annealing within
the nourseothricin cassette and outside of the cloned 5′ and 3′ flanking regions. We also
verified the absence of the gene deleted by the inability to amplify an internal fragment
from ABF1 by PCR.

To construct the C-terminal truncated allele of ABF1 (that lacks the last 43 amino
acids that correspond to part of the CS2 domain important for silencing in S. cerevisiae [10],
we designed primers to amplify the truncated ORF of ABF1 ending at amino acid 436
using primers #1559 and #1880 (Supplementary Table S3). The fragment obtained was
cloned into the integrative vector pYC44, generating plasmid pCI30. A 714 bp fragment
containing the 3′ UTR region of ABF1 was cloned into pCI30 flanking the nourseothricin
cassette (pCI32) [23]. Plasmid pCI32 was digested with BsgI within the region of C. glabrata
homology and transformed into the parental BG14 selecting for NatR.

2.6. Plasmid Loss Assay to Determine If ABF1 Is Essential in C. glabrata

We used the null mutant described above, which contains a URA3 plasmid carrying
ABF1 (pCI12) and a deletion of the chromosomal copy of ABF1 (abf1∆). This strain, as well
as the BG14 parental strain transformed with pCI12, and BG14 with empty vector, were
grown at 30 ◦C for 48 h in YPD and diluted into fresh media and grown for another 24 h,
as described previously [28]. This was repeated three times. Ten-fold serial dilutions were
plated on YPD plates for viable counts on SC + 5-FOA plates to select for the loss of the
URA3 plasmid. Ura+ cells die on SC + 5-FOA plates; therefore, only cells that have lost
the URA3 plasmid can grow on SC + 5-FOA. The percentage of cells without plasmid was
calculated by counting the number of colonies on SC + 5-FOA divided by the number
of colonies on YPD (viable count). The results shown are the mean of three biological
replicates ± SD. The statistical analysis used was One-Way ANOVA using GraphPad.

2.7. Plasmid for Tagging Abf1 with Flag or c-Myc under the Repressible MET3 and Inducible
MT-1 Promoters

We generated a replicative vector to tag CgAbf1 at the N-terminal end with Flag
or c-Myc epitopes followed by a linker (5 repetitions of GA) and under the control of
the promoters of either the MET3 gene (METhionine requiring), which is repressed by
methionine and cysteine or MT-1 gene (MetalloThionenin 1) which is inducible with CuSO4.

For the construction of the plasmid with the Flag tag under the MET3 promoter, we
digested the plasmid pGH5 that contains the full length of ABF1 flanked by ClaI restriction
sites; the released fragment was cloned into the plasmid pRM153 [30], which contains the
PMET3 promoter followed by the Flag tag and the GA linker to generate the N-terminal
translational fusion (pVS1: pPMET3::Flag-ABF1-THIS3.NatR).

We amplified the full-length ABF1 gene with primers #2353 and #2354 (Supplementary
Table S3), both of which contain ClaI restriction sites, to clone it into the plasmid pGH3 [23],
which contains the PMT1 promoter fusion with the c-Myc tag and the GA linker to generate
translational fusions at the N-terminal end of the protein of interest. The final plasmid
(pGH8: pPMT-1::c-Myc-ABF1-THIS3.NatR) [23] was transformed into E. coli, and after verify-
ing that the gene fragment was cloned in the correct orientation, it was transformed into C.
glabrata (see yeast transformation section). All final plasmids were sequenced to confirm
that constructs were correct and had no mutations.

2.8. Growth Assays with the Repressible Promoter MET3 in C. glabrata

We generated a collection of mutants that contain the plasmid pVS1 (pPMET3::Flag-
ABF1-THIS3. NatR), the MET3 promoter is repressible by the addition of cysteine and
methionine [31]. We conducted a series of growth assays in order to determine the min-
imum concentration needed to achieve the shutdown of the promoter (Supplementary
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Table S4). Then we conducted the experiments with two different media: ON medium
(MET3 promoter is active), which is YNB (no methionine or cysteine), where the ammo-
nium sulfate ((NH4)2SO4) was replaced with sodium glutamate (C5H8NO4Na) (1 g/L)
when Nat had to be added for selection of the plasmids; OFF medium (no expression
of the MET3 promoter) is the same as ON media, but adding 0.2 mM of L-cysteine (cys)
and L-methionine (met). In SC (which contains casaminoacids) or YPD media, the MET3
promoter was also fully repressed.

2.9. Viability Assays

Stationary phase cultures (48 h in ON media) of strain abf1∆/pVS1 (pPMET3::Flag-
ABF1.Nat) were diluted to OD600 0.1 in either ON (YNB) or OFF (YNB plus 0.2 mM each
met and cys) and incubated at 30 ◦C with shaking. Samples were taken every hour for 6 h
in one experiment and from 7 to 12 h in a second experiment, and 24 h samples were also
taken from both experiments. Cell suspensions from the samples were serially diluted in
sterile water, and the appropriate dilutions were plated on ON (YNB) media. Colonies
were counted, and CFUs were calculated per mL of cell suspension. All experiments
were performed in triplicate, and the data shown corresponds to the mean of the three
independent experiments ± SD. Statistical analyses used were Two-Way ANOVA and
Tukey’s test using GraphPad, PRISM.

2.10. Reporter URA3 Gene Expression Assays (5-FOA Sensitivity Assays)

We generated a collection of mutants that contain the URA3 reporter gene inserted
near different telomeres. These strains allow us to measure silencing at different posi-
tions in the selected subtelomeric regions, as shown in Figure 7 and in Supplementary
Figure S4. A plate growth assay was used to determine the level of silencing as described
previously [18,19]. Strains were grown in YPD for 48 h to stationary phase and then were
adjusted to an OD600 of 1.0 in sterile water, and 10-fold serial dilutions were made in
96-well plates. Subsequently, ~5 µL of each dilution was spotted onto YPD, SC (no uracil),
and SC + uracil + 5-FOA plates (with or without CuSO4 50 µM for the induction of PMT-1
containing plasmids), with the replica-plating tool (Frogger) (NUNC™). The plates were
incubated for 48 h at 30 ◦C and then photographed.

2.11. Cell Cycle Progression Experiments by FACS

Strains to be analyzed were grown to stationary phase in the appropriate media and
then inoculated in either ON or OFF media at an OD600 0.5 and incubated with shaking at
30 ◦C. Samples were taken every 3 h and stained with Sytox Green as follows. Cells were
centrifuged and 1 × 107 cells were resuspended in 450 µL of sterile water. One-thousand
and fifty microliters of 100% ethanol were slowly added and gently mixed, after which cells
were incubated from 1–12 h at 4 ◦C. Cells were collected by centrifugation and washed with
1 mL 50 mM Tris pH 8.0. The cell pellet was resuspended in 500 µL of RNAse (2 mg/mL)
for 2 h at 37 ◦C after which cells were centrifuged and resuspended in 200 µL of proteinase
K (5 mg/mL) for 20 to 45 min at 37 ◦C. Cells were centrifuged and washed with 1 mL
50 mM Tris pH 8.0. Cells were resuspended in 50 µL of 50 mM Tris pH 8.0 and stained
with SYTOXTM Green (5 mM, Thermo Fisher Sientific, Watham, MA, USA: 1 µL SYTOXTM

Green in 1 mL 50 mM Tris pH 8.0). Cells were analyzed by flow cytometry (FACS) using BD
FACSCalibur Flow Cytometer with Cell Quest Pro software, and the data were analyzed
with FlowJoTM.

2.12. Fluorescence Microscopy

Strains to be analyzed were grown to stationary phase in the appropriate media and
then inoculated in either ON, OFF, with 25 µM CuSO4 or without CuSO4 media at an OD600
0.5 and incubated with shaking at 30 ◦C. Samples were taken every 3 h until 9 h. 1 mL
samples of each strain were centrifuged and washed with PBS, and then fixed with ethanol
70% for 1 h. Cells were washed with PBS and stained with DAPI for nuclei visualization.
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Cells were analyzed with Axio Imager.m2 Microscope (Carl Zeiss). Images were analyzed
with the software AxioVision v. 4.8.2.0 image browser. At least 100 cells were counted for
each strain and condition except in the presence of copper, where 65 and 49 cells at 6 h and
9 h were counted, respectively. Representative images are shown.

3. Results
3.1. Candida glabrata Encodes the ABF1 Gene

The Abf1protein of S. cerevisiae is involved in several important processes, including,
among others, DNA replication, transcriptional regulation (activation and repression), and
silencing of the silent mating loci HMR and HML [5–7,10]. The C. glabrata genome harbors
the orthologous CgABF1 (CAGL0J01177g) gene, which encodes a predicted protein of 479
amino acids with 63.87% overall identity with ScABF1 (Figure 1). Similar to ScAbf1, CgAbf1
is predicted to contain a bipartite DNA-binding domain: Zn finger domain (residues 51–89)
and a specific DNA-binding domain (residues 201–371) sharing 90 and 65% identity with
the corresponding domains of ScAbf1 (Figure 1). CgAbf1 also contains a conserved C-
terminal activation domain called CS2 (residues 428–451) that is 88% identical to the ScAbf1
CS2 domain, which in S. cerevisiae is involved in chromatin remodeling and transcriptional
regulation [5,10] (Figure 1 and Supplementary Figure S1). When deletions are made in
the C-terminal end of the S. cerevisiae protein, silencing and other functions are impaired.
We generated a C-terminal deletion allele (abf1-43) that lacks the last 43 amino acids,
which have been shown to be necessary and sufficient for silencing at the HMR-E locus in
S. cerevisiae [10]. This deletion removes the last 15 amino acids from the CS2 domain to the
end of the protein (28 additional amino acids for a total of 43 removed) (Figure 1).
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3.2. Abf1 Is Essential for Cell Growth in C. glabrata

To determine whether CgAbf1 is essential for cell viability in C. glabrata, we designed
two different experiments: (1) a plasmid loss assay and (2) a conditional expression system
(“shut off plasmid”) using the repressible promoter from the MET3 gene (PMET3) (see
Materials and Methods).

For the plasmid loss assay, we first introduced a replicative plasmid in the parental
strain (BG14) with the ABF1 gene under the control of its own promoter and the counter
selectable marker URA3 (pCI12). In this strain, we deleted the native ABF1 gene by ho-
mologous recombination using a knock-out plasmid (pCI45), containing the NatR cassette
flanked by the intergenic 5′ and 3′ regions of ABF1 (Supplementary Figure S2A). In a
second step, we eliminated the NatR cassette generating strain CGM3584 (Supplemen-
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tary Table S1). If ABF1 is essential for viability in C. glabrata, we expected that the strain
abf1∆/pABF1.URA3 would not be able to lose the plasmid with the ABF1 gene. Conversely,
if ABF1 is not essential, this strain would lose the plasmid after repeated cycles of growth
in the absence of selective pressure (rich media). To determine the frequency of plasmid
loss, we used the plate growth assay on SC + 5-FOA plates since cells expressing URA3 die
in the presence of 5-FOA and only cells that have lost the URA3 plasmid (Ura− cells) can
grow on these plates. Figure 2A shows that the strain abf1∆/pABF1.URA3, cannot lose the
complementing plasmid as measured by the absence of 5-FOAR colonies. This result is in
agreement with the fact that ScABF1 is also essential for viability in S. cerevisiae [6,10].
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Figure 2. CgAbf1 is an essential protein for growth in C. glabrata. (A) The indicated strains were grown in YPD rich media
(without selection) for 72 h, diluting in fresh media every 12 h after which cells were diluted and plated on YPD and
incubated 48 h at 30 ◦C. Plates were replica-printed onto SC + 5-FOA, SC—uracil and YPD plates to determine the number
of Ura− colonies. The graph shows the percentage of cells that lost the plasmid in each culture, and the numbers represent
the mean of three separate experiments ± SD. (B) Cells from strain abf1∆/pPMET3::Flag-ABF1 (shut off plasmid) were
grown in YNB minimal media (ON) for 48 h. Cells were adjusted to an OD600 of 0.01 and inoculated into three media: ON
(in green) (YNB minimal media); OFF (in red) (YNB + 0.2 mM each cys and met), and YPD rich media (in broken gray
lines). The OD600 was recorded every 15 min in Bioscreen C equipment. The graph represents the mean of three biological
replicates with three technical replicates each (see Sections 2.4 and 2.6).

It should be noted that in the parental strain, more than half of the cells (62%) retained
an extra copy of ABF1 gene driven by its own promoter (the endogenous and the episomal
copies), suggesting that a higher level of transcription of ABF1 may be advantageous under
these conditions.

For the “shut off plasmid” in which we cloned the full-length ABF1 gene fused
with the Flag epitope at the N-terminal end and driven by the repressible promoter
from the MET3 gene (pVS1: pPMET3::Flag-ABF1). This plasmid was transformed into
the abf1∆/pABF1.URA3 strain followed by plasmid shuffling (Materials and Methods and
Supplementary Figure S2A). The resulting strain (abf1∆/pPMET3::Flag-ABF1.NatR) allows
us to use a conditional expression system where ABF1 is expressed in minimal media
without amino acids and completely repress the expression of ABF1 when methionine and
cysteine are added to the media. Figure 2B shows the growth of the null ABF1 mutant
strain with the repressible ABF1 plasmid (abf1∆/pPMET3::Flag-ABF1.NatR) in three different
media: YPD (rich media), ON (minimal media without amino acids), and OFF (minimal
media supplemented with met and cys). If ABF1 is essential for growth in C. glabrata as
suggested by the inability to lose the ABF1 plasmid in the abf1∆ strain, we expected that
repressing the PMET3 promoter would prevent the growth of this strain. Figure 2B shows
that this strain only grew in ON medium but not in the OFF or YPD media, both of which
contain amino acids, indicating that ABF1 is essential for cell growth in C. glabrata.
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3.3. Repression of ABF1 Results in Loss of Cell Viability

We used the ABF1 shut-off plasmid to determine whether the absence of Abf1 causes
cell death. To do this, we grew the abf1∆ strain containing the plasmid with Flag-ABF1
fusion under the control of the MET3 promoter in minimal media in the absence of amino
acids (ON media). We then added methionine and cysteine to repress the promoter and
took aliquots every 60 min for 12 h and then at 24 h, to determine cell viability. As shown
in Figure 3A, during the first 6 h of repression of ABF1 in the abf1∆/pPMET3::Flag-ABF1
strain, there is only a two-fold increase in the number of colony forming units (CFU), but
after 8 h of repression, viability starts decreasing, and after 24 h, there is a ±10-fold drop
(Figure 3B). However, the cells incubated in ON media continue replicating (Figure 3A,B
and Supplementary Table S5).
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Figure 3. Repression of ABF1 results in loss of cell viability. (A) Stationary phase cultures of strain abf1∆/pPMET3::Flag-ABF1
were adjusted to an OD600 of 0.1 and diluted in either YNB minimal media (ON in green) or in YNB + 0.2 mM each cys
and met (OFF in red) and incubated at 30 ◦C with shaking. Samples were taken to determine viable counts (expressed as
colony-forming units or CFU) every hour for the first six hours. (B) In an independent set of experiments, samples were
taken to determine CFUs as in section A, every hour starting at 7 h after inoculation into each medium until 12 h and
another sample at 24 h (graph on the right). All the results shown represent the mean of three independent experiments,
and bars correspond to the SD. Analysis of the data was done with Two-Way ANOVA and Tukey’s test using GraphPad,
PRISM (See Section 2.9).

3.4. Overexpression of ABF1 Is Toxic in C. glabrata

To determine whether overexpression of Abf1 results in toxicity in C. glabrata as has
been reported for S. cerevisiae [32,33], we generated an epitope-tagged version of Abf1
by constructing a plasmid that contains a translational fusion of the c-Myc tag at the
5′ end of ABF1, separated by a linker, and under the control of the copper inducible
promoter PMT-1 from the MT-1 gene (CAGL0D01265g) (pGH8) (Supplementary Figure S2B).
This construct complements the abf1∆ strain as determined by the ability to exchange the
pPABF1::ABF1.URA3 plasmid for the plasmid carrying the c-Myc-ABF1 tagged version in the
abf1∆ background (Supplementary Figure S2). We also showed that the c-Myc tagged Abf1
(pGH8) is functional for silencing activity mediated by the protosilencer Sil2126 when the
Sil-reporter system is placed 32 kb away from telomere E-R (See López-Fuentes et al. [23].
The abf1∆ strain carrying both plasmids lost the plasmid with the inducible promoter at
a much higher frequency (83% of cells lost the pPMT1::c-Myc-ABF1 plasmid), than the
plasmid where ABF1 is driven by its own promoter (pPABF1::ABF1) under non-inducing
conditions (Figure 4).
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Figure 4. Over expression of ABF1 is toxic in C. glabrata. Schematic representation of the plasmids
transformed in the abf1∆ strain. The first plasmid contains the full-length ABF1 gene driven by its
own promoter (pABF1+) and a second plasmid with the amino-terminal tagged version (c-Myc) of
ABF1 driven by the overexpressing promoter from MT-1 gene (pOE-ABF1). These plasmids were
transformed simultaneously, and the loss of each plasmid was determined after passages every 12 h
for 72 h in rich media YPD (without selection). The graph shows the percentage of cells that lost the
corresponding plasmid (the mean of three independent experiments ± SD, see in Section 2.6). The
red bar indicates loss of the over-expressing plasmid pc-Myc-ABF1 (OE-ABF1); the blue bar indicates
loss of the plasmid pABF1.

We also determined the growth rate of the parental (ABF1) and the abf1∆ strains
in the presence of the overexpressing plasmid PMT-1::c-Myc-ABF1 under inducing (with
50 µM CuSO4) or non-inducing conditions (without CuSO4) in different media SC, YNB or
YPD. Table 1 shows that overexpression of ABF1 by induction with copper in the medium,
decreases the growth rate both, in the parental strain (duplication time from 66 min to 89
under inducing conditions), as well as in the strain carrying the C-terminal truncation of
the last 43 amino acids (abf1-43) where the duplication time increased from 70 to 106 min
under the induction of the MT-1 promoter.

Table 1. Duplication time of strains overexpressing c-Myc-ABF1 (pPMT1::c-Myc-ABF1).

Strain a Type of Promoter Expressing ABF1 in Plasmid b
Duplication Time (min) ± SD c

YPD YPD + 50 µM CuSO4

WT (ABF1+) - 59.3 ± 1.2 54.6 ± 0.44

abf1∆/pPABF1::ABF1 ABF1 wt promoter 56.2 ± 0.1 Nd d

WT/pPMT1::Myc-ABF1 Inducible (overexpressing) 66.1 ± 0.4 89.6 ± 0.4

abf1-43 - 72.8 ± 5.9 65.14 ± 1.8

abf1-43/pPMT1::Myc-ABF1 Inducible (overexpressing) 70.6 ± 0.6 106.2 ± 1.5
a WT is the parental strain (ABF1+); abf1-43 is the strain carrying the deletion of the last 43 amino acids of Abf1 and abf1∆ is the strain
carrying a deletion of ABF1 in the chromosome rescued by a plasmid expressing ABF1 from its native promoter. Each strain was also
transformed with the plasmid, where an N-terminal epitope-tagged ABF1 was overexpressed from the copper inducible promoter from the
MT-1 gene. b Description of the promoter from where the ABF1 gene was transcribed from the plasmid in each strain. c Duplication time in
min ± standard deviation (SD) of each strain in each media. Non-inducing media (YPD). Inducing conditions is YPD + 50 µM copper
sulfate. d Nd means Not determined. Values represent the mean of three independent biological replicates.
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3.5. Misexpression of Abf1 Results in Cells with Aberrant Nucleus Morphology and Segregation
and Delayed Passage through the Cell Cycle in C. glabrata

Since ScABF1 is required for DNA synthesis, we asked whether deprivation or overex-
pression of ABF1 results in changes in nuclear morphology or cell cycle defects. To do this,
we first used the abf1∆ strain with the ABF1 repression plasmid (pVS1: pPMET3::Flag-ABF1)
to determine the nuclear morphology at different time points after the repression of ABF1.
Figure 5 (top panels) shows that after 6 h of Flag-ABF1 repression, some cells appear to
have a less well-defined nucleus with fuzzier DAPI staining (~16%), and after 9 h of the
absence of Flag-ABF1, there are some cells with more than one nucleus (2.5%). At both time
points, the cells appear larger in the absence of Flag-Abf1 than in ON media, and there
were more budding cells (small budded and large budded) compared to the condition
where Flag-ABF1 is expressed (57.5% in OFF vs. 18.5% in ON at 9 h) (Supplementary
Table S6), which suggests that cells in OFF media spend more time in the S or S/G2 phases
of the cell cycle than cells in ON media. It should be noted that even under conditions
where the MET3 promoter is active, around 1.3% of the cells at 9 h also appear to have
more than one nucleus, suggesting that this promoter is not as strong as the ABF1 native
promoter. Furthermore, cells from the wild-type parental strain did not show abnormal
nuclear morphology or more than one nucleus.
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media) or OFF (in red, YNB plus 0.2 mM each cys and met) or in—Cu (in orange, YNB minimal media) or +Cu (cyan, YNB
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to cells with nuclei defects. From left to right, DIC (differential interference contrast), DAPI (blue), Merge (DIC + DAPI).
Scale bar corresponds to 5 µm.

We also determined the cell cycle progression of the cells in the absence of Flag-ABF1
compared to the abf1∆ complemented with the plasmid expressing ABF1 under its own
promoter (pCI12), as well as with the parental strain (ABF1). We used stationary phase
cells of each strain (T = 0 h) and then diluted each culture into fresh ON or OFF media and
took samples after 6 h or 9 h to determine DNA content by flow cytometry. As shown in
Figure 6A, 6 h after Flag-ABF1 repression, cells accumulate in the G2 DNA content phase
while the cells in the ON media have started to divide, showing a small proportion of
cells with G1 DNA content. After 9 h in OFF media, the cells have apparently bypassed
the arrest in G2 and started cycling so that a relatively large proportion of cells with G1
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DNA content are detected. In addition, a few cells appear to have higher DNA content
equivalent to 3 C and 4 C (visible as small peaks at 600 and 800 fluorescence intensity
units in the FL-1A channel, Figure 6A bottom panels), consistent with some observed cells
containing two or three nuclei at this time point in the DAPI staining (Figure 5, top panels).
In contrast, the cells with the plasmid driving ABF1 with its own promoter continue cycling
albeit at a slower rate since the OFF media causes slow growth as it contains met and cys
(Supplementary Table S4).

To test whether over-expression also causes aberrant nuclear morphology and defects
in the transit through the cell cycle, we transformed both the parental (ABF1) and the
abf1∆ strains with the over-expression plasmid pGH8, where Myc-ABF1 is induced by
adding copper to the medium. Cells from each culture were grown to stationary phase
and then diluted into non-inducing (−Cu) and inducing media (+Cu). Figure 5 shows
(bottom panels) that overexpression of Myc-ABF1 in both strains causes the appearance
of multiple cells (~16%) with more than one nucleus after 9 h of c-Myc-Abf1 induction,
compared to the medium in the absence of copper (~1.25%). In addition, passage through
the cell cycle is abnormal, since stationary phase cells (T = 0 h) start cycling 6 h after
dilution into media containing 25 µM of CuSO4 (Figure 6B); however, there is a large
population of cells that have an intermediate DNA content between the characteristic G1
and G2 peaks, which correspond to cells in S-phase, compared to the cells without copper
or the wild-type, untransformed strain. After 9 h of overexpression, a population with
higher DNA content starts appearing, particularly in the wild-type strain (WT) with the
pPMT-1::Myc-ABF1 plasmid in which, in addition to the native ABF1 promoter driving
normal levels of expression of ABF1, there is additional over-expression of c-Myc-ABF1
from the induced MT-1 promoter. This is consistent with the large percentage of budded
cells under inducing conditions vs. non-inducing conditions at 6 h (65.1% vs. 35.1%).
These effects are most likely due to overexpression of ABF1 and not an effect caused by
CuSO4 since the WT strain in the presence of this relatively low concentration of copper
shows normal duplication time (Table 1) and a very similar pattern of DAPI staining in the
absence or presence of copper.

3.6. Subtelomeric Silencing at Telomeres E-R and B-L Require the C-Terminal 43 Amino Acids
of Abf1

ScAbf1 has been shown to play a role in silencing the silent mating-type cassettes
(HML and HMR) in S. cerevisiae, and the C-terminal end of ScAbf1 is known to be required
for silencing [6,10]. We constructed a truncation mutant in ABF1, called abf1-43, lacking
the last 43 amino acids that eliminate almost all the CS2 conserved region (Figure 1). This
mutant is viable but has a longer duplication time compared to the parental strain, and it is
also temperature-sensitive (Table 1 and Supplementary Figure S3). To determine whether
CgAbf1 is required for silencing, we constructed different strains containing the URA3
reporter gene integrated at various distances from different telomeres in the wild-type
background and in the abf1-43 mutant. Silencing activity by abf1-43 was assayed by the
ability of the strains carrying each reporter insertion to grow on plates lacking uracil
(SC-ura plates) where only cells that express the URA3 reporter can grow and on plates
containing 5-FOA where cells expressing URA3 convert 5-FOA to a toxic compound and
die. As shown in Figure 7A, insertions 1 and 2, where the reporter gene URA3 is closer to
the telomere (1.3 and 14.8 Kb, respectively), were efficiently silenced in the abf1-43 mutant.
However, when the reporter was inserted 20.6 Kb away from the telomere (insertion three),
the level of silencing was clearly decreased in the abf1-43 mutant compared to the parental
(ABF1 strain). In addition, the abf1-43 strain is also defective in silencing at telomere B-L
(where the silent MTL3 locus is localized) when the URA3 reporter is inserted at a distance
of 11 Kb or more from the telomere (Figure 7B, insertions 5 and 6), although the insertion
closest to the telomere is not affected by the absence of the last 43 amino acids of CgAbf1.
Instead, at the Chr I-R where EPA4 and EPA5 form a 15 Kb inverted repeat, the strong
silencing of the reporter URA3 at different positions in this telomere was as efficient in the
parental strain as in the abf1-43 mutant (Supplementary Figure S4).
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Figure 6. Absence or overexpression of CgAbf1 causes defects in the cell cycle progression. Stationary phase (SP) cells (T = 0)
grown in YNB minimal medium were adjusted to an OD600 0.5 in ON (in green, YNB minimal media); OFF (in red, YNB +
0.2 mM each cys and met),—Cu (Orange, YNB minimal media) or + Cu (teal blue, YNB + 25 µM CuSO4) media, depending
on the strain, and then incubated 9 h at 30 ◦C. Samples were taken every three hours and stained with SYTOX™ Green for
DNA content analysis by Flow Cytometry (FACS). Representative histograms for DNA content quantification with SYTOX
Green are shown; “Y” axis shows the cells count, “X” axis corresponds to the intensity of fluorescence signal from SITYOX
Green. 1N and 2N marks in the “X” axis correspond to G1 and G2 DNA content. (A) From left to right, T = 0 h (in blue)
corresponds to histograms from the indicated strains in SP. T = 6 h histograms show the DNA content after 6 h incubation of:
WT strain (light purple), abf1∆ strain with the native ABF1 promoter pPABF1::ABF1, or shut-off plasmid (pPMET3::Flag-ABF1),
in ON (green) or OFF (red) media. T = 9 h are the same as T = 6 h but after 9 h of incubation in each media. (B) Same as in
A but using the overexpression plasmid as follows. From left to right, T = 0 (blue) histograms show the DNA content of
strains from stationary phase cultures; T = 6 correspond to samples after 6 h of WT strain (light purple), strains with the
overexpression plasmid (pPMT1::Myc-ABF1) in WT and abf1∆ backgrounds in—Cu (orange, non-inducing conditions) and
+ Cu (teal blue, inducing conditions) media. T = 9 same as T = 6 but after 9 h of incubation. To facilitate the comparison
with the WT strain, these strain’s histograms were duplicated for panels A and B, as all the strains were run together in
this experiment and the same WT culture served as a control for the rest of the strains and conditions. Experiments were
performed three times and the histograms from a representative experiment are shown. Data were analyzed with the
software FlowJo.
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4. Discussion

The organization of DNA into chromatin and the particular spatial arrangement of
the eukaryotic chromatin has a profound impact on the regulation of gene expression and
other essential DNA metabolic functions like DNA replication, DNA damage repair, and
regional silencing (reviewed in [34]).

In S. cerevisiae, ScAbf1 is an essential protein, classified as a GRF since it participates in
a variety of important metabolic functions such as transcriptional activation and repression
of many genes involved in diverse metabolic pathways, regional silencing, ribosome
biogenesis, the establishment of the pre-replicative complex during the cell cycle and
DNA repair, as it is part of the nucleotide excision repair subcomplex [5,35–37]. ScAbf1
has also been shown to locally alter chromatin structure by generating regions of altered
nucleosome occupancy in the vicinity of ScAbf1 binding sites throughout the genome
near promoters regulated by ScAbf1 [38]. In addition, ScAbf1 and ScRap1 prevent ectopic
initiation of transcription at promoters by binding and occluding possible inappropriate
pre-initiation complex formation [8]. Involvement in all of these processes could explain
why ScAbf1 is essential in S. cerevisiae [10,39].

CgABF1 is an essential gene in C. glabrata.
The C. glabrata ortholog of ScABF1 (CgAbf1) has conserved the three most important

domains for the function of ScAbf1: the Zinc finger domain at the N-terminus of the protein,
which is 90% identical with the corresponding domain in ScAbf1, the specific DNA binding
domain near the center of the protein (65% identical) and the CS2 domain at the C-terminus
(88% identical) (Figure 1). The CS2 domain is required for all the known functions of
ScAbf1, including transcriptional regulation, DNA replication, regional silencing, and
reorganization of the chromatin structure [10].

In this work, we have determined that, as is the case in S. cerevisiae, in C. glabrata,
CgABF1 is also required for cell viability since (a) a null abf1∆ mutant is unable to lose
the complementing CgABF1 plasmid (Figure 2A) and (b) repression of Flag-CgABF1 from
a shut-off plasmid results in the absence of growth and a large drop in viability in the
abf1∆ background (Figure 2B and Supplementary Table S5). Therefore, it is possible that
in C. glabrata, CgAbf1 also participates in essential functions such as DNA replication,
transcriptional regulation, and regional silencing.

Misexpression of CgABF1 causes defects in cell cycle progression.
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We found that repression of CgABF1 results in an abnormal cell cycle progression as
abf1∆ cells complemented with the plasmid containing Flag-ABF1 driven by the repressible
promoter from the MET3 gene, arrest transiently when Flag-ABF1 is repressed, but then
continue cycling, which results in a small peak with DNA content equivalent to 3C and
4C (Figure 6A bottom panels). Indeed, repression of Abf1 results in the appearance of
cells with more than one nucleus and also many cells with abnormally stained nuclei that
appear as fragmented nuclei (Figure 5, top panels).

On the other hand, the overexpression of CgABF1 also leads to an abnormal cell
cycle, characterized by the initial accumulation of cells in S and G2 phases, after which
cells override the partial arrest and continue cycling, resulting in the accumulation of
cells in G1 and S phases (Figure 6B). This correlates with a large proportion of budded
cells after 6 h (~65%) and the appearance of cells with two and sometimes three nuclei
(Figure 5). In addition, we observed a small number of cells that display higher than
G2 DNA content (Figure 6B). We also found that overexpression of CgABF1 significantly
increases the duplication time in the parental ABF1 background as well as in the C-terminal
truncation mutant, which removes most of the CS2 conserved region (Table 1). These data
are in agreement with the reported toxicity of ScABF1 overexpression experiments [32,33].

The abnormal DAPI staining and nuclear segregation of either depletion or overex-
pression of CgAbf1 might explain the drop in cell viability after CgAbf1 repression and
point to an important role of CgAbf1 in DNA replication and passage through the cell cycle
in C. glabrata. These data agree well with the described role of ScAbf1 in DNA replication,
whereby studying point mutations in ScAbf1 and mutants in the cis-acting ARS binding
sites in a plasmid showed that these mutations resulted in plasmid instability [40]. The
C-terminal end of the protein is required for DNA replication activity, in particular the CS2
conserved domain [10].

Previous work has shown that the C. glabrata cell cycle progression shares many
features with the corresponding process in S. cerevisiae. There are 253 origins of replica-
tion throughout the C. glabrata genome and a well-conserved ARS consensus sequence
(ACS) [41] as well as high conservation of the functional domains of both Abf1 proteins.
This is all consistent with the idea that CgAbf1 participates in DNA replication in C. glabrata.

Recently, Shor et al. [42] described that C. glabrata cells continue dividing in the
presence of DNA damage induced by the addition of methyl methane sulfonate (MMS),
which produces a substantial loss of viability. In our experiments, we also observed
the absence of a prolonged arrest under repression or overexpression of CgABF1, which
probably contributes to the large drop in viability after depletion of CgAbf1.

It should be pointed out that the promoter from the MET3 gene is not strong enough
to provide normal growth to the abf1∆ null strain, since even under conditions where it is
expressed (minimal media without amino acids), the cells grow slowly compared to the
same strain with the plasmid with ABF1 driven by its own promoter (127 min vs. 76 min;
Supplementary Table S4). Therefore, in C. glabrata, CgAbf1 is probably also an abundant
protein whose levels are tightly controlled during the cell cycle. Additionally, the lack
of proper regulation of the MET3 promoter could also account for part of the abnormal
growth of the abf1∆ null strain containing this plasmid.

The C-terminal domain of CgAbf1 participates in subtelomeric silencing in C. glabrata.
In this work, we found that CgAbf1 participates in subtelomeric silencing in at least

two different subtelomeric regions: E-R and B-L, and this function is dependent on the
last 43 amino acids of CgAbf1, which include most of the highly conserved CS2 domain
(Figure 7). The role CgAbf1 plays in subtelomeric silencing is only detected at distances
>11 Kb in B-L telomere and >20 Kb in the case of the subtelomeric E-R region. We have
shown previously that in C. glabrata, the propagation of the silent chromatin from the
telomeres can extend up to >20 Kb (depending on the telomere) [18–20]. It is possible that
the effect of CgAbf1 in silencing can only be detected at positions sufficiently distant from
the respective telomere so that the silencing propagating from the telomere is diminished.
At regions closer to the telomere, there is likely redundant silencing activity of all the si-
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lencing proteins acting at subtelomeric regions, and the contribution of CgAbf1 to silencing
is masked. Consistent with the contribution of CgAbf1 to subtelomeric silencing at the E-R
region, we have determined that CgAbf1 and CgRap1 are recruited throughout this region,
where a cluster of the adhesin-encoding genes EPA1, EPA2, and EPA3 reside [23].

On the other hand, at telomere I-R where silencing propagates over 23 Kb from the
telomere, the effect in the silencing of the URA3 reporter by CgAbf1-43 is not observed.
This is probably because silencing at this telomere is even stronger than at other telomeres
since a stem and loop structure may be formed, as EPA4 and EPA5 form an inverted
repeat, contributing to a strong silencing at this telomere, which would hide the possible
contribution of CgAbf1 silencing at this telomere (Supplementary Figure S4).

In this regard, CgAbf1 also conserves the function in the silencing of ScAbf1, where it
contributes to regional silencing shown in experiments using an artificial HMR-E silencer
containing an ARS consensus sequence and two consensus binding sites for Abf1 [43].

One of the proposed mechanisms of ScAbf1 action is that its binding to the B-domain
of ARS1 of S. cerevisiae prevents nucleosome positioning in the adjacent A domain [44]. In
fact, ScAbf1 can compete with histones to generate nucleosome-free regions to favor the
access of other proteins and regulate transcription or DNA replication [39].

Therefore, when ScAbf1 binds to the different binding sites throughout the genome,
it can change the local chromatin structure [38]. This effect may be driven by regulating
nucleosome positioning at the regions where this protein binds. Nucleosome distribution
is not random nor determined only by favorable DNA sequences. Instead, the action of
different proteins like transcription factors, and general regulatory factors such as Abf1
and Rap1, usually have a strong effect and determine nucleosome positioning [45]. It is
possible that CgAbf1 acts similarly to ScAbf1, changing the local chromatin structure by
controlling nucleosome positioning in the vicinity of its binding sites near promoters, ARSs,
or silencers and protosilencers.

Future experiments will be directed at answering some of these questions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7121005/s1, Figure S1: CgAbf1 is similar to its ortholog ScAbf1 and conserves the functional
domains. Figure S2: Plasmid shuffling scheme to generate a “shut off ABF1 system” or an “ABF1
overexpression system” (OE-ABF1) in the abf1∆ background. Figure S3: The abf1-43 mutant has a
longer duplication time and is temperature-sensitive at 45 ◦C. Figure S4: CgAbf1 is not required
for silencing at telomere I-R where a stem-loop structure may be formed. Table S1: Candida glabrata
and Escherichia coli strains used in this study; Table S2: plasmids used in this study; Table S3:
oligonucleotides used in this study; Table S4: Duplication times of strains containing ABF1 driven by
the MET3 promoter; Table S5: Cell viability of strains expressing ABF1 under the repressible MET3
promoter; Table S6: Percentage of unbudded and budded cells under repression or overexpression
of ABF1.
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