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Abstract

Organisms are exposed to fluoride in the air, water, and soil. Yeast and other microbes utilize
fluoride channels as a method to prevent intracellular fluoride accumulation and mediate fluoride
toxicity. Consequently, deletion of fluoride exporter genes (FEX) in S. cerevisiae resulted in over
1000-fold increased fluoride sensitivity. We used this FEX knockout strain to identify genes, that
when overexpressed, are able to partially relieve the toxicity of fluoride exposure. Overexpression
of five genes, SSU1, YHBL, IPP1, PHO87, and PHO90, increase fluoride tolerance by two to ten-
fold. Overexpression of these genes did not provide improved fluoride resistance in wild type
yeast, suggesting that the mechanism is specific to low fluoride toxicity in yeast. Ssulp and Yhblp
both function in nitrosative stress response, which is induced upon fluoride exposure along with
metal influx. Ipplp, Pho87p, and Pho90p increase intracellular orthophosphate. Consistent with
this observation, fluoride toxicity is also partially mitigated by the addition of high levels of
phosphate to the growth media. Fluoride inhibits phosphate import upon stress induction and
causes nutrient starvation and organelle disruption, as supported by gene induction monitored
through RNA-Seq. The combination of observations suggests that transmembrane nutrient
transporters are among the most sensitized proteins during fluoride-instigated stress.

Graphical Abstract
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SUPPORTING INFORMATION. [Additional flow cytometry graphs, liquid growth assays of YHB1, SSU1, oxidative stress genes,
and glycolytic enzymes, concentration changes of sulfite, nitrite, and nitric oxide, additional ICP-MS data, and intracellular phosphate
concentrations.]
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INTRODUCTION.

Fluoride is the thirteenth most abundant element in the Earth’s crust.> While fluoride is
pervasive throughout the environment, it is most highly concentrated in areas with industrial
fumes, volcanic activity, or marine sedimentation.2-3 Consequently, the exposure of
organisms to fluoride varies with their geographical location. Seawater averages at 1.2-1.5
ppm (60-80 M), while soil ranges from 100-620 ppm.2 Many countries, including the U.S.,
add fluoride to drinking water at 0.7-1.5 ppm (40-80 pM) as a method of improving dental
hygiene.# The Center for Disease Control identified water fluoridation as one of the 10
greatest public health achievements of the twentieth century®.

Exposure to high levels of fluoride over a period of weeks to months produce a myriad of
stress effects in organisms. High fluoride causes inflammation, lipid peroxidation, and
perturbation of the MAPK and NF-xB pathways in multicellular model systems.6-10 At a
single-cell level, fluoride activates S-phase cell-cycle arrest and metabolic arrest, and
damages both the mitochondria and endoplasmic reticulum.11-16 These effects are linked to
the activation by fluoride of oxidative stress and the subsequent generation of free radicals,
which causes DNA damage and intracellular acidification.1’-22 As the predominant effects
of fluoride toxicity are inflammation and free radical damage, it is challenging to distinguish
between the specific mechanism of fluoride toxicity and its downstream stress effects.

The mechanism of fluoride toxicity is linked to its size and high affinity for metals. Fluoride
is approximately the same size and charge as hydroxide, but much more electronegative
(3.98 versus 1.34 on the Pauling scale). Fluoride can displace hydroxide from its
coordinating partners, especially metals. In enamel, fluoride displaces the hydroxide in
hydroxyapatite to form fluorapatite. Fluorapatite is resistant to demineralization from
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bacteria, and therefore prevents cavities.23-24 On a molecular level, fluoride has been found
to directly modify amino acids, such as Arg-48 of cytochrome c peroxidase, as well as to
displace the hydroxides of Ser/Thr phosphatases, which prevents dephosphorylation activity.
25-27 More commonly, fluoride binds to metals within metalloprotein active sites, thus
inactivating the metalloproteins.28-30 Fluoride-metal complexes can also be a competitive
inhibitor of phosphate in phosphoryl transfer enzymes.31-32 Because of its high affinity to
metals, fluoride has been shown to inhibit hundreds of proteins at high (millimolar)
concentrations /n vitro.2% 33

Microorganisms, including bacteria and fungi, have evolved systems to defend themselves
against fluoride toxicity. Bacteria utilize riboswitches to activate the transcription of many
genes in response to fluoride, including the fluoride exporter Fluc.34-3% Fluc is a four-helix
transmembrane protein that forms a homodimer.36-38 |t acts as a highly-selective channel to
prevent the intracellular accumulation of fluoride.34 39 Fluc activity is driven by the
electrochemical gradient of fluoride across the cell membrane that would otherwise result in
the buildup of fluoride in the cytoplasm.3® Bacteria lacking Fluc are 200-fold more fluoride
sensitive than wild type.34 Even stronger effects are seen in the eukaryote model organism S,
cerevisiae. The constitutively expressed FEX1 and FEX2 (the yeast homologs of Fluc),
confer over 1000-fold resistance to fluoride.“? In the absence of a fluoride channel, yeast
cannot grow at the concentration of fluoride found in municipal tap water.

The fluoride hypersensitivity of yeast with deletions of both FEX1 and FEX2 (FEX double
knockout, or DKO) provides a useful system to investigate fluoride toxicity at low
extracellular fluoride. FEX DKO yeast are incapable of removing intracellular fluoride.
Consequently, these cells demonstrate signs of toxicity within just a few hours, and at an
ICs0 of 50 uM NaF, as opposed to 75 mM in wild type.#? The concentration of fluoride
needed to cause cell cycle arrest in FEX DKO cells is well below the concentration of
fluoride required to inhibit metalloproteins 7 vitro.2° This observation, combined with the
power of yeast genetic manipulation, offers a valuable opportunity to understand
intracellular fluoride toxicity in eukaryotes.

An overexpression screen for genes that confirm partial fluoride resistance is a well-
documented and high-throughput approach to identify the molecular targets of toxicants and
associated pathways.1~42 The screen is comprised of a tiled DNA-fragment library inserted
onto high copy plasmids. If the DNA fragment encodes a protein target of the toxicant or a
protein that mediates toxicity, increased expression of that protein confers partial resistance
to the toxicant. Overexpression screens have been used to elucidate the mechanism of
toxicity for many agents, including methylmercury, tunicamycin, methotrexate, and
glyphosate.43-46

Transcriptome sequencing (RNA-Seq) serves as a powerful tool for elucidating the response
of a cell to a particular stressor. RNA-Seq monitors global RNA expression by reporting the
quantity and types of RNA in cells at a given time.#’ Consequently, any stress response
triggered in cells to toxicants, such as fluoride, can be identified using differential expression
analysis. RNA-Seq functions as an unbiased approach for monitoring gene induction and
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repression. This technique has been used to monitor cellular response to a wide variety of
stressors, including nanoparticles, viral infections, and environmental pollutants.#8-51

Here we report the results of a gene overexpression screen for fluoride resistance and RNA-
Seq to analyze stress pathways during fluoride exposure. We observed patterns consistent
with fluoride-induced oxidative stress, nutrient starvation, nitrosative stress, membrane
disruption, and metal imbalance. This report furthers our knowledge of fluoride toxicity at
the low concentrations that most organisms are exposed to in nature.

EXPERIMENTAL PROCEDURES.

Unless otherwise noted, all experiments were performed in triplicate.

Strains and media:

The wild type yeast used in this study was BY4741, and the FEX DKO strain was SSY3,
generated using the hphMX4 and kanM X6 resistance cassettes as reported previously
(MATa his3A1 leu2A0 ura3A0 FEX1A:: kanMX6 FEX24::hphM.X).*° Sodium fluoride was
purchased from Aldrich Chemistry. YPD media was prepared using 2 grams yeast peptone
(Becton, Dickinson and Co.), 1 gram yeast extract (Becton, Dickinson and Co.), 100 pL of
1% adenine (Sigma), and 5 mL of 40% glucose (Sigma) per 100 mL total volume in water.
YPD agar was prepared using the aforementioned ingredients plus an additional 2 grams of
agar (Becton, Dickinson and Co.). Phosphate concentration of YPD media was verified
using a commercially available malachite kit (Sigma) against a standard of increasing
phosphate. Yeast media with specific phosphate concentrations were prepared using SD
buffer without ammonium or phosphate (Formedium), which was supplemented with
ammonium, amino acids, glucose, and adenine, as well as sodium phosphate at the indicated
concentrations per experiment (J.T. Baker). Unless otherwise noted, all media were pH
adjusted to 6.5-6.54 or as indicated using NaOH (J.T. Baker) and HCI (Macron Fine
Chemicals).

Tiling fragments for the overexpression screen are commercially available (Minimal 1588
Plasmid Collection, Open Biosystems/Dharmacon). The fragments were ligated onto
pGP564 vectors, although individual genes from tiling hits were testing using pRS426 and
pRS426GPD vectors. Plasmids were transformed into yeast using the standard lithium
acetate method. pGP564-contining cells were grown and maintained in SD-Leu media/agar,
and pRS426-containing cells were grown and maintained in SD-Ura media/agar.

Measurement of intracellular fluoride:

Cells at O.D. 10 were added to 2 mL liquid containing YPD +/- NaF and placed in a shaker
at 30°C. At 2, 4, 6, 12, 18, and 24 hours, cells were collected, counted, and harvested. The
supernatant was removed via centrifugation and collected for analysis. Cells were washed
twice with water before being resuspended in 1 mL lysis buffer, containing 1% Triton X-100
(Sigma), 0.1% SDS (American Bioanalytical), and PBS (American Bioanalytical). Cells
were then placed on a shaker overnight at room temperature, and in the following morning
sonicated, then measured for fluoride content using a fluoride electrode (Cole-Parmer). The
electrode was calibrated used a standard curve of fluoride in lysis buffer. Intracellular
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fluoride concentration was calculated based on cell count and the corresponding dilution
factor.

Measurement of cell viability (Flow Cytometry):

Flow cytometry was performed as outlined in Shen er al., 2014.52 Briefly, yeast were made
into spheroplasts by incubating in buffer (1.2 M sorbitol, 0.5 mM MgCl,, and 35 mM
potassium phosphate, pH 6.8) with 1 uL zymolyase (Zymo Research, stored in 500 uL of
supplied buffer) at 30°C for 1 hour. Yeast were then resuspended in 500 pL binding buffer
(10 mM Hepes/NaOH, 140 mM NaCl, and 2.5 mM CaCl,, pH 7.4) with 0.5 uL annexin V
(Biolegend) and 0.5 uL propidium iodide (MP), placed on ice, and immediately analyzed
with flow cytometry using BD FACS-Aria for cell sorting and BD FACS-Verse for analysis.

Measurement of intracellular ATP (Cell Titer Glo):

Intracellular ATP was quantified in yeast starting at O.D. 0.1 using the standard CellTiter-
Glo Luminescent Cell Viability kit (Promega), and the concentration was established by
comparing samples to a standard curve of increasing dATP.

Measurement of mitochondrial integrity (FUN-1 dye):

FEX DKO yeast were suspended in 3 mL YPD +/- 50 uM NaF at O.D. 0.1 and placed in a
30°C incubator with shaking. At 4 hours, cells at O.D. 0.1 were resuspended in 1 mL PBS
with 1 uL FUN-1 and incubated at 30°C water bath for 25 minutes, and then washed twice
in PBS. Cells were resuspended in PBS and loaded onto a slide for imaging using a Nikon
Eclipse Ti Microscope. Photos of yeast with FUN-1 staining were collected using NIS
Elements Software, in which the total fluorescence in the GFP (green) channel was
compared with the fluorescence in the TRITC (red) channel.

Measurement of cytoplasmic calcium (Indo-1):

Yeast were grown in 3 mL YPD +/- 50 uM NaF at starting O.D. 0.1 in a 30°C incubator
with shaking. At 2, 3, 6, 12, 18, and 24 hours, cells were collected and counted. Cells at
O.D. 0.1 were resuspended into 500 pL buffer at pH 5 containing 10 uM Indo-1 AM
(Abcam), 10 mM dimethyl glutaric acid, 50 mM KC1, and 100 mM glucose. Cells were
placed in a 30°C water bath for 1.5 hours. Cells were washed three times in PBS, then
resuspended in 100 pL PBS. Indo-1 fluorescence was recorded at 450 nm emission and 355
nm excitation using a plate reader.

RNA harvesting for RT-gPCR and RNA-Seq:

Yeast were grown in 25 mL YPD at O.D. 0.1. At the indicated time points, cells were spun
down twice and resuspended in 1 mL sterile water. RNA was isolated using the protocol by
Ares 2012.53 Afterwards, 10 pg of RNA was treated for 20 minutes at 37°C with 1x DNase
buffer and 1 uL Turbo DNAse (Invitrogen) before extraction using phenol:chloroform and
ethanol. RNA was resuspended in sterile water. For RNA-Seq, samples were sent to the Yale
Center for Genome Analysis for quality analysis with a Bioanalyzer and subsequent poly-A
sequencing. RT-gPCR was performed using the Luna® Universal One-Step RT-gPCR Kit
(NEB #E3005), using the recommended protocol. Background DNA content of each sample
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was assessed using primers against an intron segment of actin, and relative RNA across
samples were compared using primers against an exon segment of actin.

Serial dilutions on YPD-agar:

Yeast were inoculated overnight in 2 mL YPD. The next day, cells were spun down twice
and resuspended in 1 mL water at O.D. 1 (denoted as 107 in figures). 1:10 dilutions were
conducted in separate tubes of 1 mL total water to generate 108, 105, 104, 103, and 102 of
cells/mL. Of these aliquots, 8.75 pL were added sequentially to YPD-agar plates in
increasing fluoride. The plates were placed on the counter at room temperature until no
liquid was visible, then turned upside-down and placed in a 30°C incubator for two days.

Assessing effects of compounds on growth (liquid growth assay):

Liquid growth assays were conducted as outlined in Li et a/., 2013.40 Yeast were added to a
24-well plate at O.D. 0.1. Each well contained 1 mL liquid media of increasing toxin
(usually fluoride), as specified per experiment. The plate was shaken at medium speed in a
plate reader at 30°C for a period of 24 hours, with the absorbance at 600 nm measured every
3 minutes. The data were plotted on Prism, and 1Csq values were calculated by comparing
the fold-change in growth by area under the curve (AUC) compared to growth of cells in
YPD alone. Unless otherwise noted, media was altered to pH 6.5-6.54 using NaOH and HCI.

Measuring efflux of nitrosative stress substrates (nitric oxide, nitrate, nitrite, and sulfite):

Each substrate was measured using the recommended company protocols. Nitrate and nitrite
were assessed using a colorimetric kit (Caymen Chemicals), sulfite using an enzymatic kit
(Megazyme), and nitric oxide using DAF-FM diacetate (Caymen Chemicals).

Inductively coupled plasma mass spectrometry (ICP-MS):

Intracellular

Yeast were grown at starting O.D. 10 in 3 mL YPD +/- 50 uM NaF at 30°C for 24 hours.
Afterwards, cells were washed three times in water. Yeast at O.D. 20 were suspended in 1
mL of 20% nitric acid. The tubes were sealed and placed in a 95°C heating block overnight.
In the morning, tubes were placed on ice to cool. For each sample, three tubes of 1 mL each
were combined (3 mL total), and diluted in water to 2% nitric acid. The three tubes
combined represented n=1, and this was repeated for three days (n=3). Samples were
analyzed using a Perkin EImer ICP-MS Elan DRC-e. The cell lysate was assessed for
concentrations of potassium, phosphorous, oxidized phosphorous, oxidized sulfur, silicon,
copper, magnesium, iron, zinc and calcium, then quantified using a standard curve.

phosphorous quantification (31P NMR):

Nuclear magnetic resonance (NMR) was conducted based on the requirements outlined by
Campbell-Burk and Shulman, 1987.54 Yeast were grown 12 hours, then resuspended at 25%
weight/volume in 300 pL water, 150 pL. D50, 100 pL YPD, and 0.75 pyL 0.5 M MDP
(methylene diphosphonate, or medronic acid). After resuspension, 550 pL was transferred to
an NMR tube for immediate analysis. NMR was conducted on a Bruker400 MHz Broadband
Probe with 514 scans taken at 1-second intervals.
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Monitoring rate of phosphate import (32PO, influx):

The assay was conducted as in Rothstein and Donovan, 1963, and Wykoff and O’Shea,
2001.55-56 Briefly, cells were grown for three hours at a starting O.D. 0.67 in 5 mL YPD +/—
fluoride. O.D. was again measured, and cells were washed three times in SD (synthetic
defined, or standard minimal) media lacking phosphate. To cells at O.D. 1, SD media was
added containing 10 mM PO, with 32PO, tracer +/- fluoride as specified. Cells were then
placed on a shaker for the indicated time points. Cells were spun three times and washed
with 500 mM PO, to outcompete import of 32PQ,, and the initial supernatant and final pellet
were collected and analyzed for radioactivity. All buffers were at pH 6.5 except for the
experiments testing pH dependence. In these cases, cells were incubated in increasing
concentrations of acetic acid for 30 minutes until they reached the desired pHintra (verified
using 5(6)-CFDA dye under its standard protocol), then the cells were quickly washed three
times and resuspended in buffer at pH 6.5. For experiments with buffer below pH 6.5, cells
were grown for three hours in pH 6.5 buffer, then transferred to buffer acidified by HCI at
the same time as 32PO, exposure. Results were reported as in the Rothstein lab, setting
100% as uptake in control cells at 60 minutes, and comparing phosphate uptake per cell over
time.

RNA-Seq analysis:
HiSat2 was used for alignment, HTSeq for generating count data, and DESeqz2 for
differential expression analysis. The yeast genome from Ensemble was used as a reference.
Gene annotation from yeastgenome.org was used for assembling the functional classification
chart, and results were plotted using Prism software.

Measurement of plasma membrane electrochemical potential (diS-C3):

Yeast were grown at starting O.D. 0.1 in 2 mL YPD +/- 50 uM NaF at 30°C for 3 hours.
Yeast were then washed twice with water, and transferred to 24-well plates at O.D. 0.4 in 1
mL of 10 mM citrate phosphate, pH 6.0 with 2% glucose. 0.5 pL of diS-C3 (3,3’-
dipropylthiadicarbocyanine iodide) was added to each well, and the fluorescence emission
spectra was measured every 6 minutes on a spectrofluorometer at deycitation = 514, and
demission Over 543 to 690 nm at a two-step interval. After 30 minutes, either 10 uM FCCP
(carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), 30 mM HCI, or 50 pM NaF were
added to the denoted wells, and reading immediately resumed up to 70 minutes. The
reported relative fluorescence units are each the max fluorescence emission, which was 3573.

RESULTS.

FEX double-knockout cells are hypersensitive to fluoride exposure

Yeast lacking functional fluoride transporters accumulate intracellular fluoride, resulting in
hypersensitivity. We monitored intracellular fluoride at the 1C5q of the wildtype and FEX
DKO yeast strains. Wildtype yeast exposed to fluoride at its ICgq for 24-hour growth (75
mM NaF) equilibrated external and internal fluoride concentrations at approximately a 1:1
ratio (Fig. 1LA). This is consistent with the previous proposal that FEX acts as a channel
rather than a pump, and its activity is driven by the fluoride gradient across the membrane.3°
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Intracellular fluoride in wildtype at the ICsq for FEX DKO (50 uM NaF) was below the
detection limit of the electrode. Conversely, FEX DKO yeast exposed to 50 uM NaF
accumulated fluoride up to an intracellular concentration of 300 uM within 24 hours (Fig.
1A). This intracellular concentration, while at a higher ratio of inside fluoride to outside
fluoride compared with wildtype, is much lower than the total intracellular fluoride
concentration of wildtype at their respective 1Cgq’s. This suggests that FEX DKO yeast both
accumulates fluoride, and is more sensitive to intracellular fluoride. As the only known role
for FEX is to remove fluoride, the enhanced sensitivity to fluoride in the absence of FEX is
mostly likely due to increased intracellular fluoride toxicity.

We hypothesized that removal of FEX would result in a fast onset in hallmarks of fluoride
toxicity. Typical markers of fluoride exposure include growth arrest, loss of metabolic
activity, and oxidative stress.>” While a few toxicity studies have been conducted in yeast,
the vast majority of fluoride studies were conducted in mammalian cell cultures.
Mammalian tissue typically take days, or even weeks, to show toxicity phenotypes when
exposed to millimolar fluoride.58-80 |n contrast to these observations, the FEX DKO yeast
display arrested growth at an I1Csq of just 50 uM NaF and begin losing viability after just 12
hours of exposure (Fig. 1B).

We tested the onset of stress effects from fluoride in the hypersensitive FEX DKO yeast.
Specifically, we investigated the hallmark phenotypes of metabolic arrest and oxidative
stress. Intracellular ATP concentration, which provides an assessment of total metabolic
activity and cell viability, was measured using a luciferase-based assay. Fluoride decreased
intracellular ATP (Fig. 1C). Cells exposed to fluoride did not undergo the three-fold increase
in ATP concentration that was observed in untreated cells as they entered log phase.
Furthermore, fluoride-treated cells maintained two-to-three-fold less intracellular ATP over
24 hours compared to untreated cells.

Loss of ATP can occur from either glycolytic arrest, or respiratory arrest. We monitored
mitochondrial activity using FUN-1 dye, and observed significant reduction of
mitochondrial activity after 6 hours of fluoride exposure, as indicated by a shift from red to
green fluorescence (Fig. 1D). Decreased mitochondrial activity is generally linked to
oxidative stress.51 Cytoplasmic calcium, an early step in oxidative stress signaling, increased
within 2 to 4 hours, and peaked at 6 hours of growth (Fig. 1E). As expected, subsequent RT-
gPCR indicated increased expression of oxidative stress genes at 6 hours (Fig. 1F). Overall,
these data suggest that ATP production is depleted prior to the loss of mitochondrial activity
and induction of oxidative stress.

Overexpression of genes involved in nitrosative stress response and orthophosphate
accumulation confer fluoride resistance

Fluoride could potentially inhibit hundreds of proteins and activate a myriad of stress
pathways. A major challenge in the study of fluoride toxicity is to identify which pathways
are directly influenced by fluoride. An overexpression screen using a tiled array provides a
high-throughput method to identify important genes that mediate fluoride toxicity.
Overexpression screens are composed of DNA-fragment libraries, which are expressed in
higher copy numbers within a cell. DNA fragments containing a protein relevant to a
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mediating toxicity from a particular stressor will confer partial resistant to that stressor when
expressed in higher copy numbers.

A commercially-available DNA tiling library was expressed on high-copy plasmids, pooled
together, and transformed into FEX DKO yeast. The yeast were screened for their ability to
grow on progressively higher concentrations of fluoride. One hundred yeast colonies able to
grow in 250 uM NaF were selected, and the plasmids isolated and sequenced.
Approximately half of the colonies contained either of the two FEX genes. These were not
pursued further. The remaining fluoride resistant colonies contained one of five distinct
genome fragments, each with 6-8 genes encoded within the fragments.

To identify which gene was responsible for conferring fluoride resistance within each of the
five fragments, we generated high copy plasmids containing just one annotated gene from
each fragment. These were expressed under the control of the constitutive promoter GPD.
Three genes that conferred resistance were identified using this approach: PHO87, PHO90,
and IPP1. All three of these genes have well-established functions. Each corresponding
protein increases the total intracellular orthophosphate concentration. Pho87p and Pho90p
are both constitutively expressed transmembrane proteins that act to import orthophosphate.
56,62-63 |pp1p is a cytoplasmic inorganic pyrophosphatase that catalyzes the conversion of
pyrophosphate into two orthophosphates.84-6°

Two other gene fragments conferred resistance to fluoride, but expression of individual
genes within that fragment with a GPD promoter did not confer resistance. We sequentially
increased the segment genome fragment onto a plasmid without a GPD promoter, and found
that two genes, SSU1 and YHBL, also conferred partial fluoride resistance, but only when
controlled by their native promoters (Fig. S2). YHBL1 required 1 kilobase of its upstream
promoter sequence, while SSU1 required 0.8 kilobase of its promoter. Yhblp is a
flavohemoprotein that acts as a nitric oxide oxidoreductase.56 Ssulp is a transmembrane
exporter of both sulfite and nitrate.67-69

We next tested the extent of fluoride resistance that resulted from the overexpression of
individual genes. Yeast grown in liquid culture over 24 hours had two-fold greater fluoride
resistance with high-copy plasmids containing IPP1, PHO87, SSU1, or YHBL1, and ten-fold
greater resistance from the plasmid containing PHO90 (Fig. 2C). With the exception of
IPP1, which is a known target for fluoride inhibition, none of these genes have previously
been linked to fluoride.

Given that the wild type and FEX DKO yeast have substantially different sensitivities to
fluoride, we tested if the genes that confer resistance in FEX DKO also conferred improved
fluoride resistance in the wild type background. Wild type yeast with high-copy plasmids
expressing either IPP1, PHO87, PHO90, SSU1, or YHB1 showed no observable increase in
fluoride resistance (Fig. 2D). The mechanism by which these genes confer partial fluoride
resistance therefore appears to be specific to low fluoride concentrations.

Fluoride is well known to cause oxidative stress and metabolic arrest. Strikingly, no
glycolytic enzymes or oxidative stress response proteins were identified in the
overexpression screen. As a control, we overexpressed seven genes that were previously
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reported as /n vitro targets of fluoride, including three genes in the glycolytic pathway, and
four linked to oxidative stress.?® These genes - ENO1, ENO2, HXK1, SOD1, CTT1, CCP1,
and PYKZ1 - when individually cloned into a high copy plasmid and transformed into FEX
DKaO, yielded no significant resistance to fluoride toxicity (Fig. S3). While these seven
proteins may still be targeted by fluoride /n vivo, their individual overexpression does not
confer significant rescue to fluoride toxicity. It could be that these genes are not induced to
high enough levels to show an effect, or that fluoride has many protein targets. The genes
that provide partial rescue from fluoride toxicity (IPP1, PHO87, PHO90, SSU1, and YHB1),
are likely to be involved in a broader mechanism of resistance than simply binding to
fluoride.

Fluoride induces the nitrosative stress response

We sought to determine how YHB1 and SSU1 confer improved resistance to fluoride.
Yhblp and Ssulp are both part of the nitrosative stress response pathway that converts the
highly toxic nitric oxide into the more chemically inert nitrate, and then exports that nitrate
from the cell. However, Ssulp has a second function; it is also responsible for excreting
sulfite. To determine if improved fluoride resistance is associated with nitrate and/or sulfite
excretion by Ssulp, we explored the toxicity of nitrate or sulfite in combination with
fluoride. Nitric oxide is a gas, and cannot be readily added to the media at increasing
concentrations. At the given ICo5 concentrations for sulfite and nitrate (20 mM and 850 mM,
respectively), addition of fluoride had contrasting effects (Fig. 3A). Sulfite - a known
antioxidant - had a protective effect, shifting the 1Csq of fluoride from 50 to 200 uM.
Conversely, addition of nitrate shifted the 1C5y down to 30 puM. While sulfite protects from
fluoride toxicity, nitrate adds to the toxicity. Given that overexpression of SSU1 enhances
fluoride resistance, it appears that the benefit of removing nitrate outweighs the cost of
excreting sulfite.

To further explore the combined toxicity of fluoride and nitrate, we tested whether other
proteins that excrete nitrate also improve fluoride resistance. There are no known yeast
channels in S. cerevisiae that excrete only nitrate; however, the yeast strain H. polymorpha
expresses two channels that excrete nitrate along with either sulfite or nitrite.5? The H.
polymorpha gene SSU2, a sulfite/nitrate exporter, has 44% sequence similarity to S.
cerevisiae SSUL, while the H. polymorpha nitrate/nitrite exporter NAR1 has 41% similarity
to S. cerevisiae SSUL. Inducing SSU2 or NAR1 in FEX DKO vyeast resulted in increased
fluoride resistance, depending on the copy number (data not shown). Adding the S.
cerevisiae SSUL promoter to H. polymorpha NAR1 and SSUZ2 resulted in the same degree of
fluoride rescue as overexpression of YHB1 and SSU1 (Fig. 3B). In general, higher
expression of any protein that removed intracellular nitrate also provided partial rescue from
fluoride toxicity.

The presence of an intact promoter is essential for improved fluoride resistance in both H.
polymorpha and S. cerevisiae nitrosative stress response genes. The SSU1 promoter is
recognized by the five-zinc finger protein Fzflp, a transcription factor that induces YHB1
and SSU1 expression during nitrosative stress.’® The necessity of the promoter for fluoride
rescue suggests that Fzflp is activated during fluoride exposure. Overexpression of FZF1
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conferred only modest rescue from fluoride, suggesting it may already be induced to optimal
levels.

To test whether FZF1, YHB1, and SSU1 are induced under fluoride exposure, expression of
each was monitored using RT-gPCR (Fig. 3C). We observed significant induction of FZF1
after 4-6 hours, and further induction after 12 hours. YHB1 was induced after 12 hours. We
did not detect significant induction of SSU1 until 24 hours. However, other labs have also
reported slight to moderate induction of SSU1 under conditions of nitrosative stress, which
indicates that small increases in total SSU1 copy number can have compounding effects on
cellular resistance to nitrosative species.”%-72

These results suggest that fluoride induces nitrosative stress in FEX DKO yeast. Nitrosative
stress is mediated by the conversion of nitric oxide into nitrate, and the subsequent excretion
of nitrate from the cell. To determine whether fluoride was activating the nitrosative stress
pathway and subsequent excretion of nitrate from cells, we used a colorimetric assay to
monitor levels of nitrate in solution. We observed a 1.5-fold increase in extracellular nitrate
after fluoride exposure starting at 12 hours, in agreement with the RT-gPCR data that
showed induction of nitrosative stress response genes at a similar time (Fig. 3D).
Overexpression of either YHB1 or SSU1 resulted in twice the levels of extracellular nitrate.
Extracellular nitrite and sulfite concentrations did not change during fluoride exposure (Fig.
S4). However, intracellular nitric oxide increased from 6 to 12 hours, before returning to
baseline. An initial increase in intracellular nitric oxide and a later increase in extracellular
nitrate is consistent with the hypothesis that the nitrosative stress response pathway is
activated under fluoride exposure.

Nitrosative stress, while typically reported to correlate with oxidative stress, has also been
reported with metal stress.”3-74 Fluoride has been shown in mammalian cells to disrupt
metal homeostasis.”® To test whether fluoride causes intracellular metal imbalance in FEX
DKO yeast, we monitored intracellular the metal concentration using inductively coupled
plasma mass spectrometry (ICP-MS). After 24 hours of fluoride exposure, the alkaline earth
and transition metals magnesium, iron, zinc, and calcium increased in concentration (Fig.
3E). We also observed a decrease in intracellular potassium, which is a stress-signaling ion.
One function of potassium is to regulate the membrane potential required for nutrient
transport, and therefore the imbalance in intracellular metals may be linked to loss of
potassium.”® The greatest change in concentration upon fluoride exposure was intracellular
calcium, which increased by 15-fold. This is consistent with several reports also
demonstrating an increase in calcium influx during stress, including hypertonic shock,
ethanol, and alkaline stress.””-80 However, it is somewhat inconsistent with our data
monitoring of cytoplasmic calcium using the Indo-1 dye, in which we only see a two-fold
increase upon fluoride addition (Fig. 1E). This inconsistency is most likely attributed to both
the increased sensitivity of ICP-MS, and that Indo-1 only monitors free, cytoplasmic
calcium while ICP-MS measures total cellular calcium. ICP-MS does not differentiate
between bound and unbound atoms, so we cannot determine if these metals are in complex
with fluoride.
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As the nitrosative stress response pathway has been shown to occur during metal stress, we
hypothesized that YHB1 and SSU1 can reduce metal influx. Therefore, we also monitored
intracellular metal ions in FEX DKO yeast in the presence of NaF when either YHB1 or
SSU1 was overexpressed (Fig. S5). Magnesium was the only ion whose concentration was
not significantly affected by overexpression of SSU1 or YHB1. Overexpressing either SSU1
or YHBI reduced the efflux of potassium by 3-fold in SSU1, and to baseline in YHBL1.
Similarly, there were 2-3 fold less influx of transition metals when overexpressing SSU1,
and almost no influx when overexpressing YHB1. This rescue could either be direct or
indirect; YHB1 and SSU1 could work to excrete metal complexed with nitric oxide, or
overexpressing YHB1 or SSU1 could counteract a stress effect upstream of metal imbalance.

Intracellular orthophosphate partially rescues fluoride toxicity in a concentration-
dependent manner

The overexpression screen identified PHO87, PHO90, and IPP1 as genes conferring partial
rescue to fluoride toxicity. PHO87, PHO90, and IPP1 are all involved in phosphate
homeostasis. Pho87p and Pho90p are constitutively expressed transmembrane proteins that
act as symporters of orthophosphate and hydrogen.8! Ipp1p is a cytoplasmic protein that
converts pyrophosphate into orthophosphate.54 Given these activities, overexpression of
IPP1, PHO87 or PHO90 are each predicted to increase the intracellular orthophosphate
concentration. To test this hypothesis, 31P NMR was used to monitor total phosphate levels
in FEX DKO yeast (Fig. 4A). Overexpression of either PHO87 or PHO90 increased total
phosphate levels, by 4- and 6-fold, respectively. Total phosphate levels did not change upon
IPP1 overexpression, but a higher fraction of the total cellular phosphate was found as
orthophosphate.

The increase in total phosphate observed upon overexpression of PHO87 or PHO90 is most
likely due to their function in orthophosphate import. To test this directly, we assessed the
rate of phosphate import using radiolabeled phosphate uptake. Over a 1-hour timespan, there
was a higher influx of phosphate in cells overexpressing PHO87 or PHO90 compared with
IPP1 or FEX DKO alone (Fig. 4B). PHO90 had the highest rate of import, consistent with
cells having the largest total phosphate concentrations. As overexpression of PHO90 also
resulted in the greatest rescue from fluoride toxicity, we hypothesized that the rescue may
directly correlate with the higher orthophosphate concentration.

The connection between greater intracellular orthophosphate and reduced fluoride toxicity
suggests that higher orthophosphate alone may provide some rescue from fluoride toxicity.
The overexpression screen and concurrent growth assays were conducted in YPD, which
contained approximately 10 mM POy at pH 6.5, as measured using malachite (data not
shown). To assess whether an increase of orthophosphate alone is sufficient to rescue from
fluoride toxicity, we performed growth assays in increasing phosphate up to 100 mM while
maintaining pH at 6.5. An increase in phosphate from 10 mM to 100 mM shifted the
fluoride 1C5q from 47 to 116 pM NaF, consistent with a concentration-dependent rescue by
phosphate (Fig. 4C). We again used 3P NMR and found that a 10-fold increase in
extracellular phosphate led to about a 4-fold increase in intracellular phosphate (Fig. S6).
The increase in orthophosphate corresponded with overexpression of PHO87 and IPP1, but
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was lower than overexpression of PHO90. This is consistent with the level of resistance, in
which overexpression of PHO90 had 10-fold enhanced resistance to fluoride toxicity. These
results are also consistent with the hypothesis that phosphate rescues fluoride toxicity
independently of protein expression.

We next sought to determine whether phosphate alleviated fluoride-induced stress
phenotypes. As reported above, overexpressing YHB1 and SSU1 reduced metal influx.
Similarly, the addition of phosphate also lessened the efflux of potassium and influx of iron
and calcium under fluoride exposure (Fig. S5). We monitored the effects of phosphate on
cytoplasmic calcium, which is a signalling ion for oxidative stress (Fig. 4D). Addition of 100
mM POy to cells resulted in a depletion of cytoplasmic calcium to the same levels as those
without fluoride treatment. In contrast, enhancement of the nitrosative stress response
through a high copy plasmid containing SSU1 did not alter cytoplasmic calcium. Together,
these data suggest that phosphate is acting to alleviate a general stress phenotype, and is
potentially doing so upstream of the onset of oxidative stress.

Fluoride activates the starvation-induced apoptotic pathway

To further understand the mechanism of fluoride toxicity, including how it lowers
intracellular orthophosphate and induces nitrosative stress, we examined changes in global
gene expression under fluoride exposure using genome-wide RNA-Seq. Prolonged exposure
to fluoride leads to eventual oxidative stress and apoptosis.®’ Previous studies of RNA-Seq
in cells with long exposure to fluoride reported an enrichment for the induction of
nonspecific stress, apoptotic and cell cycle arrest signaling genes.5%: 82-83 |n order to more
directly examine the mechanism of fluoride toxicity, we set out to measure gene induction
after fluoride had caused toxicity, but before the cells were programmed for death. Oxidative
stress signaling does not peak until 6 hours, as determined by cytosolic calcium levels and
RT-gPCR, therefore, we measured gene expression of the FEX DKO yeast after 4 hours of
exposure to 50 uM NaF.

The results of the RNA-Seq largely complement existing literature on fluoride toxicity (Fig.
5A). Out of 7127 genes monitored, 303 genes had over 1.5-fold change. We noted genes
linked to oxidative stress, cell morphology, and general apoptotic signaling. DNA repair
genes were induced, as were genes linked to translation, amino acid production and
ribosomal maturation were inhibited. Consistent with our findings from the overexpression
screen, there was increased expression of the nitrosative stress response transcription factor
FZF1. VIP1 was also induced, which produces IP7 as the first step in the phosphate
starvation response pathway (Fig. 5C).

Included among the induced genes are those linked to metal homeostasis and
metalloproteins. A large fraction of the induced proteins are members of classes typically
containing metals, including transferases, hydrolases, and oxidoreductases (Fig. 5C).
Upregulated genes included those linked to Fe-S protein synthesis, calcium and magnesium
regulation, and general metal resistance, as well as mMRNA fragments that overlapped with
copper transporter CTR1 and iron scavenger ARN2 (Fig. 5D). Upregulated genes also
included those linked to mitochondrial and endoplasmic reticulum damage, a widely-
reported phenotype in mammalian cells exposed to high doses of fluoride. These included
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genes involved in replenishing mitochondrial cytochrome c leakage and improving
mitochondrial membrane integrity, as well as genes involved in endoplasmic reticulum
membrane integrity and calcium storage (Fig. 5E).

Compared to other RNA-Seq experiments from fluoride exposure, a unique observation in
this screen was increased expression of a cluster of genes linked to glucose and nutrient
starvation (Fig. 5F). Among the genes with significantly altered expression were seven
involved in promoting glycolysis, as well as three sugar transporters. Previous studies that
tested high extracellular fluoride suggested that fluoride directly inhibits glycolysis.11: 30. 84
This should theoretically lead to a buildup of glucose. Instead, in the model of a FEX
double-knockout yeast with low extracellular fluoride, cells appear to be scavenging glucose
within four hours of fluoride exposure. This complements the phosphate starvation
phenotype, and suggests an overall trend of nutrient starvation under fluoride exposure.

Fluoride-induced stress inhibits phosphate import

The overexpression screen identified two phosphate transporters that confer partial fluoride
resistance. Similarly, three sugar transporters are induced in the RNA-Seq experiment. These
observations suggest that fluoride inhibits the transport of nutrients. Several previous reports
found that fluoride can inhibit glucose import.85-87 We tested for Pho87p/Pho90p inhibition
by monitoring phosphate uptake under increasing fluoride (Fig. 6A). Simultaneous addition
of fluoride with phosphate showed no detectable difference in phosphate uptake. However,
when the cells were pretreated for two doubling times (3 hours) with fluoride, phosphate
uptake was inhibited with a K; of 90 uM NaF (Fig. 6B). At this 3-hour timepoint, FEX DKO
yeast show slower growth and decreased intracellular ATP (Fig. 1). This suggests that the
inhibition of phosphate import by fluoride is indirect.

We next sought to determine what phenotype occurs at 3 hours of fluoride exposure that
would arrest phosphate import. At this time point, oxidative stress signalling is just
beginning to occur (Fig. 6). One major hallmark of oxidative stress is a drop in intracellular
pH and consequent disruption of membrane potential.88-90 We directly tested this by
monitoring intracellular pH after 3 hours of fluoride exposure, and found that the yeast’s
cytoplasmic pH dropped by a full unit (Fig. 7A). We then monitored the plasma membrane
electrochemical potential using the dye diS-C3, and found that while immediate exposure to
fluoride had no effect on the membrane potential, 3 hours of exposure led to a
destabilization consistent with intracellular acidification (Fig. 7B).

Although Pho87p and Pho90p are evolved from sodium transporters, they are predicted to be
hydrogen symporters, and may be sensitized to changes in membrane potential. To
determine whether this model can explain the arrest in phosphate import, we repeated the
phosphate influx assay in FEX DKO yeast while changing either extracellular, or
intracellular pH. Lowering extracellular pH through the addition of hydrochloric acid
increased the amount of orthophosphate able to enter the cells per unit of time (Fig. 7C).
Conversely, an increase in intracellular acidity through pre-incubation of cells with acetic
acid, then returning cells to a neutral extracellular buffer, arrested phosphate uptake (Fig.
7D). These data collectively suggest that phosphate uptake is highly sensitized to changes in
the pH gradient, such as intracellular acidification.
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DISCUSSION.

Prolonged exposure to high doses of fluoride is reported to result in many downstream
effects, most notably oxidative stress, DNA damage, and metabolic arrest. These phenotypes
have been attributed to a wide variety of mechanisms in the literature, most notably
metalloprotein inhibition of the glycolytic enzyme enolase as well as mitochondrial
respiratory proteins. Here, we report the first investigation of fluoride toxicity in a cell
incapable of removing intracellular fluoride. These cells undergo growth arrest at fluoride
concentrations well below those required to inhibit metalloprotein 7n vitro. Fluoride-
sensitized yeast showed signs of oxidative stress, nitrosative stress, and nutrient starvation.
Both oxidative and nitrosative stress are downstream phenotypes, and correlate with
mitochondrial stress signaling and metal imbalance. Nutrient starvation was primarily
caused by the inability of yeast to uptake phosphate and glucose upon fluoride exposure. We
propose that this effect is due to the acid stress-induced disruption of the plasma membrane
electrochemical gradient.

We found that overexpression of the genes IPP1, PHO87, PHO90, YHB1 and SSU1 partially
rescue cells from intracellular fluoride toxicity in FEX DKO yeast. None of these proteins
provide rescue in wild type background, suggesting that the mechanism of toxicity is
different. Of the proteins conferring rescue to FEX DKO yeast, only IPP1p is a known target
of fluoride. We found that YHB1 and SSU1 are induced upon fluoride exposure, and import
of phosphate by PHO87 and PHO90 is inhibited upon fluoride exposure.

A previous study found that high copies of a genome fragment containing SSU1 rescued
selenite toxicity.91 However, when SSU1 was expressed in a plasmid, it did not rescue
selenite toxicity. Here we report that the SSU1 gene fragment requires its native promoter to
rescue from fluoride toxicity. Likewise, YHB1 also rescues when its native promoter is
included. Both SSU1 and YHBL1 participate in nitrosative stress response. Nitrosative stress
is linked to metal imbalance, oxidative stress, endoplasmic reticulum damage and
metalloprotein inhibition. Fluoride is known to inhibit metalloproteins, damage the
endoplasmic reticulum and cause oxidative stress. Increased nitric oxide has been found in
the plasma of several mammalian models exposed to high levels of fluoride.22 92-93
Consistent with these reports, we found direct evidence of fluoride activating the nitrosative
stress response inside a cell.

PHO90 overexpression provided the most efficient rescue from fluoride toxicity. It was
previously shown that cells only expressing PHO90 for phosphate transport survived better
in differing phosphate conditions than cells expressing only PHO87, suggesting that PHO90
is more biologically important than PHO87.%3 Similarly, our yeast with high copy PHO90
have a higher toxicant resistance than yeast with high copy PHO87. We found that this
enhanced survival correlated with greater intracellular orthophosphate concentrations.

The mechanism by which phosphate rescues fluoride toxicity remains unclear. Phosphate
has many properties that could contribute. Phosphate drives forward glycolysis, inhibits the
mitochondrial pore opening in yeast, chelates metals, increases ATP, and acts as a pH buffer.
It is not necessarily the case that only one of these properties is responsible for rescuing
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from general stress. A study demonstrated that PHO80 mutants — incapable of regulating the
PHO pathway — show an influx of intracellular metals similar to what we observe upon
fluoride treatment.9* This supports the argument that the metal influx is due to stress and
concurrent loss of membrane integrity rather than a specific attribute of fluoride.

Other labs have observed that fluoride causes disruption of mitochondrial membrane
potential, the release of cytochrome c into the cytoplasm, and induction of oxidative stress.
12-16 stydies have also reported an increase in cytoplasmic calcium and endoplasmic
reticulum stress, as well as inhibition of Ca2*-ATPase. 15 94-97 Our RNA-Seq data
complements these findings; however, multiple labs have argued that these effects are all
independent from each other and result from the high affinity of fluoride to metalloproteins,
which is in the millimolar range. We observed the same pathways are affected at much lower
concentrations of fluoride /7 vivo, suggesting that the inhibition may be indirect. The
affected genes can be clustered into the known pathways for starvation-induced apoptosis.
Mitochondrial and endoplasmic reticulum stress appear to be downstream stress effects from
toxicity and may be a result of calcium influx. Supplementing cells with phosphate reduces
stress signalling, further supporting that these phenotypes are downstream of nutrient
starvation.

A key finding from this study is the observation that fluoride activated the indirect arrest of
nutrient uptake and subsequent starvation pathway. Fluoride is known to inhibit glycolysis
and drop ATP concentration. Theoretically, glycolysis inhibition should lead to an
accumulation of intracellular glucose. Instead we observed that cells demonstrate a glucose
starvation phenotype. Similarly, a recent study in rat liver also showed an induction of
glucose scavenger genes during fluoride exposure.50 We also noted an arrest in phosphate
uptake upon fluoride exposure. However, RNA-Seq did not show significant induction of the
phosphate scavenging proteins in the PHO pathway, with the exception of VIP1. Most likely,
metabolic and cell cycle arrest decreased phosphate usage, so total phosphate was not
depleted sufficiently within four hours to trigger a substantial phosphate starvation response.

We observed that lowered intracellular pH arrested phosphate import. Similar effects are
seen in mammalian cancer cells, where the acidification of the outside of the cells results in
a change to membrane potential.%8-99 In cancer cases, proteins are upregulated that can
function in acidic pH. In yeast, the two inducible high-affinity phosphate transporters,
PHO84 and PHO89, have acidic and alkaline pH optima, respectively. This suggests that
when the PHO pathway is active, the pH gradient is disrupted. Given that a wide variety of
stressors lead to intracellular acidification, phosphate import would be inhibited under many
stress conditions.

In summary, yeast lacking fluoride exporters underwent a toxicity phenotype under fluoride
exposure distinct from those previously reported at substantially higher fluoride
concentrations. These hyper-sensitive yeast underwent metabolic arrest, oxidative stress, and
nitrosative stress upon fluoride exposure. The subsequent influx of metals was mitigated by
both heightened phosphate and the nitrosative stress response. Fluoride arrested phosphate
import and triggered the nutrient starvation apoptotic pathway. Phosphate import was
heavily influenced by intracellular acidification, a hallmark of general stress. As such, we
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hypothesize that the arrest in phosphate import and subsequent nutrient starvation during
fluoride stress is caused by the indirect disruption in plasma membrane integrity.
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Refer to Web version on PubMed Central for supplementary material.
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Fluoride toxicity in the fluoride sensitive FEX double knockout yeast. (A) Ratio of
intracellular fluoride to extracellular fluoride measured by a fluoride electrode. (B) Cell
viability over time, as measured by flow cytometry. Viability was determined as the percent
of cells in the lower left gate after staining with propidium iodide and annexin V. (C)
Measurement of intracellular ATP using cell titer glo and (D) mitochondrial activity as the
incorporation of FUN-1 dye at 6 hours. (E) Fold change in the concentration of cytoplasmic
calcium over time, assed using Indo-1. (F) RT-gPCR of oxidative stress response genes at 6
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hours of growth. The change is compared with gene expression at 1-hour growth in YPD
without fluoride and using actin for normalization.
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Figure 2:
Overexpression of proteins conferring fluoride resistance. Serial dilutions of (A) FEX DKO

or (B) wild type cells +/- pRS426 plasmids, tested for growth on YPD-agar supplemented
with the designated concentrations of fluoride. On the right of the serial dilutions is the fold-
change in fluoride resistance based on the change in ICsq’s. Liquid growth assay of (C) FEX
DKO and (D) wild type cells +/— pRS426 plasmids over a 24-hour period in increasing
fluoride. SSU1 and YHBL1 plasmids also contain 1 kb of the corresponding gene’s native
promoter.
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Figure 3:

Nitrosative stress in fluoride-treated FEX DKO yeast. (A) Liquid growth assay of the
combined effect on growth of yeast with fluoride and the ICo5 of nitrate (850 mM) or sulfite
(20 mM). (B) Serial dilution of FEX DKO cells +/- pRS426 plasmids over a 24-hour period.
For H. polymorpha genes SSU2 and NARL1, both plasmids contain the promoter region
upstream of the S. cerevisiae SSU1 gene. (C) RT-gPCR of FZF1, YHB1, and SSU1 gene
expression over time, compared with one-hour growth in YPD and using actin as a
housekeeping gene. (D) Efflux of extracellular nitrate in cells over time. (E) Fold change in
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intracellular ions of FEX DKO + 50 uM NaF after 24 hours using ICP-MS. SO and PO are
oxidized sulfur and phosphorous, respectively.
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Figure 4:

Intracellular phosphate in FEX DKO with high copy plasmids. (A) 3P NMR spectra of
yeast after 12 hours growth. The peaks are (from bottom to top) buffer alone, FEX DKO,
and FEX DKO with a pRS426GPD promoter expressing PHO87, PHO90, or IPP1. (B)
32pQ, influx assay measuring the rate of phosphate import over 60 minutes. (C) Liquid
growth assay of cells grown in synthetic minimal media over 24 hours in increasing fluoride,
with the noted final concentration of phosphate present in the media. For all assays, buffer is
kept at pH 6.5. (D) Fold change in the concentration of cytoplasmic calcium over time, assed
using Indo-1.
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RNA-Seq analysis of FEX DKO treated with 50 uM NaF for four hours. (A) Functional
classification graph of genes with more than 1.5-fold difference in expression compared with
genes in FEX DKO grown in YPD for four hours. (B) Pie chart of the protein class and
function, as mapped using the Saccharomyces Genome Database gene ontology slim
mapper. (C) Fold-change in expression of genes from the list of hits linked to stress response
and DNA repair, (D) metal homeostasis, (E) mitochondrial and endoplasmic reticulum

stress, and (F) glucose starvation.
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32p influx assay as a measurement of phosphate uptake over 60 minutes in 10 mM PO,
buffer at pH 6.5. FEX DKO yeast were grown three hours in (A) YPD or (B) NaF before
transferring to 32PQ, and increasing NaF.
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Figure 7:

Assessment of phosphate influx as a function of pH. (A) Intracellular pH of FEX DKO cells
after three hours growth in YPD or 50 uM NaF, as determined using 5(6)-CFDA. (B)
Measurement of electrochemical potential of cells in either 3 hours exposure to fluoride
(dashed line), or immediate exposure to NaF, CCCP (an agent that causes a rapid drop in
PHintra), of HCI (an agent that causes a rapid drop in pHexra),. The () indicates the point
in which compounds were added for immediate exposure. (C) FEX DKO yeast grown for
three hours in YPD, before transferring to buffer with pH from 5.5-7.5, using HCI and
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NaOH. (D) Cells grown in acetic acid for 30 minutes to pHjnira Of 3.5-6.5, then transferred to
buffer at pH 6.5 for measurement of 32PO, uptake. For further information as to the
protocol, see Experimental Procedures.
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