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Abstract

Caloric restriction extends lifespan, an effect once thought to involve attenuation of reactive oxygen species (ROS)
generated by aerobic metabolism. However, recent evidence suggests that caloric restriction may in fact raise ROS levels,
which in turn provides protection from acute doses of oxidant through a process called adaptation. To shed light on the
molecular mechanisms of adaptation, we designed a series of genome-wide deletion fitness and mRNA expression screens
to identify genes involved in adaptation to hydrogen peroxide. Combined with known transcriptional interactions, the
integrated data implicate Yap1 and Skn7 as central transcription factors of both the adaptive and acute oxidative responses.
They also identify the transcription factors Mga2 and Rox1 as active exclusively in the adaptive response and show that
Mgaz2 is essential for adaptation. These findings are striking because Mga2 and Rox1 have been thought to control the
response to hypoxic, not oxidative, conditions. Expression profiling of mga24 and rox14 knockouts shows that these factors
most strongly regulate targets in ergosterol, fatty-acid, and zinc metabolic pathways. Direct quantitation of ergosterol
reveals that its basal concentration indeed depends on Mga2, but that Mga2 is not required for the decrease in ergosterol
observed during adaptation.
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Introduction

Oxidative stress is caused by a number of reactive oxygen
species (ROS) generated as a result of aerobic metabolism or
chemical exposure. These compounds damage a variety of cellular
products, including DNA, proteins, and lipid membranes, and are
associated with a number of human pathologies. For example, in
cardiovascular disease, oxidation of low-density lipoprotein causes
an inflammatory response [1]. The sensitivity of neurons to
oxidative stress implicates ROS in neurodegenerative diseases,
such as Parkinson’s and Alzheimer’s [2—4].

A continuing source of controversy is the role of oxidative stress
in aging. Caloric restriction has been shown to extend lifespan in a
number of species [5]. Initially, it was hypothesized that the effect
on lifespan occurs primarily because caloric restriction reduces the
level of aerobic respiration, a major source of ROS [6]. Newer
evidence is challenging this hypothesis, since caloric restriction
paradoxically increases respiration [7]. Increased respiration, in
turn, can generate mild levels of ROS which protect against high
doses of oxidant [8]. This process is known as adaptation or
hormesis [9] and is widely conserved among eukaryotes [8,10-12].
One hypothesis is that adaptation to oxidative stress is the basis for
the lifespan-extending effect of caloric restriction [13,14]. Thus,
further efforts to understand the process of adaptation may have
broad implications on models of aging and disease.

In one model of adaptation, the cell increases the activity of the
enzymes and pathways required to rid the cells of ROS, leaving it
better equipped to process acute dosages of oxidant when they
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arise. Under this model, genes involved in the adaptive response
are expected to be a subset of those that become active in the acute
response [15]. Many such candidates have been identified,
including a variety of biosynthetic enzymes which produce small
molecular compounds or proteins with reduction potential, such as
glutathione (GSH), thioredoxin, NADPH, and trehalose [16-20].
Different enzymes facilitate this process for different ROS,
including catalases and peroxidases (which deal with peroxide
radicals) [21,22] and superoxide dismutases (which deal with
superoxide radicals) [23,24]. Additional proteins serve to repair
the damage caused by oxidative stress. Heat shock proteins act as
chaperones within the cell, allowing damaged proteins to fold
properly or preparing them for disposal [25]. DNA repair genes
are also vital, as oxidative stress can damage both nucleotides and
the phosphodiester DNA backbone [26]. Several studies have
implicated classical oxidative stress proteins and pathways in
adaptation, including the transcription factor Yapl [27] and
glutathione synthesis [28-30].

In contrast to this model, a second body of evidence suggests that
adaptation may be governed by novel pathways not directly
involved in the response to acute oxidation. In a study of adaptation
to the oxidant linoleic acid, Alic et al. found that adaptation can
occur without induction of oxidative or general stress response genes
following pretreatment [31]. Instead, various metabolic processes
were activated and protein synthesis was inhibited. Moreover,
machinery with a central role in the acute response, such as the
mitochondria [9,32] or the Msn2/4 environmental stress response
factors, are not required for adaptation [27,33].
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Author Summary

Reactive oxygen species (ROS) damage a variety of
structures within the cell, resulting in disease and aging.
In a seemingly paradoxical effect termed adaptation, it is
possible to prevent damage caused by ROS by pre-treating
the cell with a small amount of oxidant. We studied this
process in order to identify the mechanisms that provide
this protection. Our study identified a number of genes
and processes with previously unappreciated roles in
adaptation. The mechanisms we identified are remarkable
because they are distinct from those previously known to
protect the cell from ROS. Although this study is
conducted in yeast, the wide conservation of adaptation
among many organisms suggests that the results from this
study may be widely applicable.

Nonetheless, expression studies of acute oxidative damage have
helped to identify a set of genes involved in the common
environmental stress response (ESR) and implicated the Msn2/4
transcription factors in control of this gene set [34-36]. In fitness
studies of yeast deletion strains, Thorpe et al. identified a set of
genes required for the response to hydrogen peroxide, mainly
dealing with the proper functioning of the mitochondria [37].
However, to-date these genome-scale approaches have focused on
the acute, rather than the adaptive, response. One study to date
that has screened for adaptive genes focused on a set of 268 genes
selected based on previous literature [38].

Here, we use the rich functional genomics toolbox of yeast to
identify pathways involved in adaptation to hydrogen peroxide.
To accomplish this goal, we use barcode arrays to screen the
Saccharomyces ~ cerevisiae gene deletion collection [39] for genes
required in the acute and adaptive responses, and we couple
these data with genome-wide mRNA expression profiles to build a
system-wide model of adaptation.

Results/Discussion

A Genetic Screen to Identify Genes Functioning in
Adaptation

As shown in Figure 1A, we elicited adaptation using a protocol
consisting of a mild pretreatment of hydrogen peroxide (0.1 mM
HyO, for 45 min) followed by a later high dose (0.4 mM H5O, for
1 hr). For purposes of comparison, we also conducted an acute
protocol which exposed cells to the high dose only (0.4 mM HyO,
for 1 hr). Consistent with previous findings [9], we observed that
yeast cells undergoing the adaptation protocol exhibited a smaller
reduction in viability compared to cells exposed to the acute
treatment protocol (Figure 1B and Figure S1).

Given these protocols, we designed a series of yeast genome-
wide phenotyping experiments using the publicly available pool of
4,831 viable single-gene deletion strains [40]. Each strain in the
pool incorporates a pair of unique oligonucleotide barcode tags,
which allow the relative prevalence of all strains to be tracked in
growth experiments by hybridization of pooled genomic DNA to a
barcode microarray. In a first experiment, two identical pools of
deletion mutants were treated with the adaptation or acute
protocol, respectively, and directly compared on a barcode array
(with multiple biological replicates; see Methods). In a second
experiment, a pool subjected to the acute treatment was compared
against an untreated pool.

These experiments were used to identify genes required for
adaptation or for the acute response, as shown in Figure 1C.
Fitness in the acute response was defined as the difference in
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viability between the acute and untreated conditions (determined
from the log ratio of intensities measured in the direct comparison
of the acute and untreated pools, see Methods). Adaptive fitness
was defined as the difference in viability between the acute and
adapted conditions, normalized by the magnitude of the acute
effect (Figure 1C).

Genes Required for Adaptation Do Not Function in
Canonical Oxidative Stress Pathways

A total of 156 versus 108 genes were found to be required for
the adaptive versus the acute responses, with an overlap of 88
genes (Figure 2A). A complete list of acute and adaptation-sensitive
genes is provided in the Dataset SI. Surprisingly, neither the
adaptive nor the acute screen was enriched for oxidative stress
response genes (GO Biological Process 0006979) which encode
enzymes involved in processes such as ROS detoxification and
homeostasis. This may be due to the ability of this response to
compensate for the loss of single gene activities, confirming earlier
observations regarding the acute response by Thorpe et al. (Table
S1) [37]. Instead, both the adaptive and acute gene sets were
heavily enriched for functions in the mitochondrial ribosome and
aerobic respiration (Figure 2B). The identification of these
functions is puzzling in light of an earlier finding that yeast with
defective mitochondria (rho™ mutants) adapt to oxidative stress
[9,32]. In these studies, a milder high dose was required to
demonstrate adaptation; therefore, the observed deficiency in
adaptation of mitochondrial mutants in our screen may be due to
increased sensitivity to the high dose.

Adaptation Requires Transcriptional Regulators

Both sensitivity screens also highlighted several transcription
factors (Figure 2A), which are particularly interesting due to their
potential roles in regulation of adaptation. These factors include
YAPI and SKN7 which, in contrast to the above enrichment
results, do have known involvement in the response to oxidative
stress [41,42]. YAPI and SKN7 were previously identified as
adaptive-sensitive in the restricted screen conducted by Ng et al.
[38]. The transcription factor MGA2 was required for the adaptive
but not the acute response. MGAZ2 has been implicated in fatty-
acid biosynthesis and the response to hypoxia [43].

To confirm the requirement of these transcription factors for
oxidative adaptation, we performed additional adaptation exper-
iments specifically in yap1A4, skn74, mga2A4, and wild type strains. For
each, we quantified the severity of each protocol (acute, adapted,
untreated) as the time required to recover to a specific ODgg
threshold following treatment (Figure 1B) [32]. Adaptive fitness
was calculated as the reduction in viability of the adapted culture,
relative to that of the acute-treated culture (see Methods). Figure 3
displays the computed fitness values for each strain over a range of
ODgq thresholds. All of these strains were indeed confirmed to
have fitness values less than wild type.

Distinct Sets of Genes Are Expressed during the Adaptive
versus Acute Responses

Next, we performed mRNA expression profiling on each of the
three treatment protocols (pretreated, adapted, acute, see
Figure 1A) in comparison to untreated conditions. These profiles
were analyzed to identify two types of adaptive response genes:
early versus late. Early adaptive genes were defined as those that
were differentially expressed after the 45 min. pretreatment
relative to untreated conditions (169 genes at p<<1.0x107°, sec
Methods). Late adaptive genes were defined as those that were
differentially expressed after the 1 hr. high dose following
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Figure 1. Study design. A. Yeast cells were collected following each of four hydrogen peroxide treatment conditions (pretreated, adapted, acute,
and untreated, labeled 1-4). Competitive growth experiments were performed between gene deletion pools grown in adapted versus acute
conditions (to identify genes required specifically for adaptation) and between pools grown in acute versus untreated conditions (to identify genes
required for the acute response). Gene expression profiling was performed in either adapted or acute conditions versus untreated cells. B. Profiling of
wild type growth reveals that pretreatment with mild hydrogen peroxide (green) leads to improved recovery to an ODgg threshold (dashed line)
compared to no pretreatment (red) following a high dose of hydrogen peroxide. An enlarged version of panel B is available as Figure S1. C. For an
individual gene deletion, the acute sensitivity is defined as the difference between the acute and untreated viability. The adapted sensitivity is the
fraction of that difference that is recovered by mild pretreatment with hydrogen peroxide.

doi:10.1371/journal.pgen.1000488.g001

pretreatment (391 genes). In comparison, a much larger set of
1,893 genes was differentially expressed in response to the high
dose in the absence of pretreatment.

The overlap of the acute expression response with either the early
or late adapted responses was significant (p=2.1x10"% versus
p=6.8x10"% by hypergeometric test, respectively); nonetheless
the overlap with the early response was much less than with the late
adapted response (38% versus 60%, see Figure 2C). In addition, 26
genes that would be expected to be increasing in expression based
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on the acute expression data were decreasing in expression during
adaptation, such as genes involved in the response to oxidative stress
(GO Biological Process 0006979) (Figure 2B). Other sets of genes
were expressed uniquely during early and late adaptation, including
ergosterol metabolism, fatty acid synthesis, and zinc homeostasis
(GO Biological Processes 0008204, 0006631, 0055069, respectively)
(Figure 2B). Unlike the fitness profiling, oxidative stress genes were
strongly implicated in the acute expression response (as also found

by others; Tables S2 and S3).

May 2009 | Volume 5 | Issue 5 | 1000488



Protocol B
. Acute . Adapted
Protocol
- Pretreatment Pretreatment
Adapted +
Acute +

A Haploid Deletion Fitness

Yap]1,
Skn7
C Differentially Expressed Genes

33
59
9

+

Adaptation to Oxidative Stress

Fitness Expression

+

+

_ glutamate biosynthesis

response to toxin
sulfur metabolism

response to oxidative
stress

=g g gt Vg

‘ proteasome

—

} zinc homeostatis,
ergosterol &
fatty acid metabolism

—

‘ large & small
cytosolic
ribosome

cell wall

ion transport

J
}
} transmembrane
}\ mitochondrial

Under- Over-
Expressed expressed

ribosome,
aerobic respiration

Dispensable

Sensitive

Figure 2. Fitness and expression profiling overview. A. Numbers and overlap of gene deletions that are sensitive in the adaptive (green) and
acute (red) treatment protocols. B. Hierarchical clustering of the differentially expressed or sensitive genes from each screen. Clusters are annotated at
right with over-represented functional groups. C. Numbers and overlap of differentially expressed genes identified in each of the three expression

treatment protocols.
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Centrality of Transcription Factors Mga2, Rox1, and Yap1
during Pretreatment Expression

To map the transcriptional program underlying adaptation, we
computed the activity of each yeast transcription factor based on
the significance of differential expression among its set of known
targets (Figure 4). Lists of targets for each factor were drawn from
YeastRACT, a database of literature-curated regulatory interac-
tions [44] (Methods). Application of this method to the acute
treatment protocol identified Msn2/4, Yapl, and Skn7 as key
factors, all of which had been previously associated with the acute
response to oxidative stress. All of these factors were also
moderately active during pretreatment and became more so after
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transitioning to the high dose (Figure 4). Other factors exhibiting
this behavior include Adrl, Hsfl, and Pdrl/3.

On the other hand, targets of Mga2 and Rox1 exhibited highly
significant activity during pretreatment, but not during the acute
response (Iigure 4). As Rox1 is a transcriptional repressor, the up-
regulation of its targets suggests a decrease in Rox1 activity [45].
While mga24 was also identified as an adaptive-deficient strain in
the high-throughput screen (Figure 2), rox/4 was not. Both of these
findings were confirmed with targeted investigations of individual
deletion strains (Figure 3). Like Mga2, Rox1 had previously been
associated with the hypoxic, not oxidative, stress response [46].
Thus, our analysis appears to classify transcription factors into two
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categories: early response factors activated by mild doses of
oxidant during pretreatment only (Rox1, Mga2), and late damage
response factors whose level of activation responds in proportion
to treatment dose (Msn2/4, Yapl, Skn7).

Deletion Studies Confirm the Influence of Mga2, RoxI1,

and Yap1 on Gene Expression

The involvement of Mga?2 in early adaptation is supported by its
requirement for adaptive growth in the deletion profiling experi-
ments (Figures 2 and 3) and the striking behavior of its targets in the
expression profiling experiments (Figure 4). To further confirm the
activity of Mga2, pretreatment with hydrogen peroxide was
repeated in an mga2A background and gene expression was profiled
versus untreated cells using quadruplicate whole-genome micro-
arrays. In this experiment, the number of up-regulated Mga2 targets
was significantly decreased (Figure 5A, p=1.2x10"? by Fisher’s
Exact Test), supporting the activation of Mga2 by mild pretreat-
ment with hydrogen peroxide. Moreover, the MGA2 gene is itself
up-regulated following pretreatment and the transition to the high
dose (p=1.4x10"" and 5.3x107°, respectively).

Roxl (Repressor of Hypoxic Genes) is a repressor under
transcriptional control of Hapl [45]. The decrease in expression of
the ROXI gene following both the pretreatment and adapted
treatment protocols (p=3.6x10""" and 1.4x1077, respectively)
suggests that this repressor is deactivated in the process of adaptation.
To confirm this observation we profiled a rox/A strain and found that
the number of Roxl targets with increased expression following

@ PLoS Genetics | www.plosgenetics.org

pretreatment falls significantly (p=0.046 by Fisher’s Exact Test)
(Figure 5B). However, as we cannot demonstrate a fitness
requirement for Roxl, it is unclear whether the expression changes
due to de-repression by Rox1 are functionally relevant.

A similar expression analysis suggests that Yapl is an active
regulator during both the pretreatment and high-dose phases of
adaptation. To confirm the activity of Yapl during pretreatment,
we profiled the expression response of a yap /A strain versus wild type
cells under the pretreatment protocol. This experiment revealed
widespread changes in patterns of expression (Figure 5C). The
expression responses of Yapl, Rox1, and Msn2/4 targets following
mild pretreatment in the yapIA strain most closely resembled their
expression responses in the wild type following acute treatment
(Figure 5B-D). Thus, it is clear that Yap]1 is required for many of the
expression changes associated with adaptation.

Interestingly, Mga2, Roxl, and Yapl targets were not enriched
for genes that were required for adaptation in the competitive
fitness screen (Figure 5A,B,C; Dataset S2 gives a list of all required
targets). In the case of Mga2, not a single target gene was required
for adaptation. This suggests significant functional redundancy in
the genes targeted by these factors, or that their requirement for
adaptation is mediated by targets that are essential for viability and
therefore are not included in the deletion strain collection used in
the screen for competitive fitness.

Potential Mechanisms of Mga2 and Rox1 Activation

The mechanisms by which Mga2 and Rox1 might be activated by
mild pretreatment with oxidants are unknown, but several lines of
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evidence suggest they are shared with the hypoxic response. Rox1 is
expressed in a heme-dependent manner [47]. While falling heme
levels typically signal hypoxic conditions [48], hydrogen peroxide
may also reduce heme levels via degradation [49]. Dirmeier ¢t al.
found that ROS levels transiently increase following exposure to
anoxic conditions, suggesting that this could signal the expression of
hypoxic genes [50]. They did not believe the activation of hypoxic
genes could be replicated with exogenously supplied ROS, based on
the HyO, expression profiling data of Causton et al. [36]. We
contradict this earlier hypothesis with the observation of increased
expression of hypoxic genes as a result of treatment with HyO,. The
apparent discrepancy may be a result of the higher dose of HyO4 used
by Causton ¢ al. [36].

Potential Mechanisms of Mga2 Action: Ergosterol
Metabolism

In response to mild pretreatment with hydrogen peroxide, Mga2
and Rox!] activate targets involved in ergosterol metabolism, zinc
homeostasis, and fatty acid metabolism. Ergosterol is a cholesterol-
like component of the plasma membrane with diverse effects on its
function [51]. Branco et al. observed that adaptation is associated
with an increase in membrane rigidity, an effect that is abrogated in
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the ergosterol-deficient e7g34 and ergbA strains [52]. Thus, a
potential mechanism for Mga2’s requirement during adaptation is
that it promotes an increase in ergosterol which inhibits diffusion of
HyO, across the plasma membrane. Zinc homeostasis genes may
play a similar role, as these genes also influence ergosterol
metabolism [53]. Conversely, Tafforeau et al. observed a decrease
of both squalene synthase (Erg9) activity and ergosterol content
during adaptation in S. pombe, highlighting the complex relationship
between ergosterol and membrane permeability [54].

To elucidate the role of ergosterol biosynthesis in adaptation, we
profiled ergosterol concentration in both untreated and adaptive
conditions in wild type, mga24, and roxIA strains (see Methods).
Relative to wild type, the basal concentration of ergosterol was
significantly lower in the mga24 strain and slightly higher in the
rox14 strain (Figure 6). This finding agrees with the regulatory
roles of Mga2 and Rox1 as an activator and repressor of ergosterol
biosynthesis genes, respectively. It also provides some evidence
that ergosterol may be a precondition for adaptation to occur,
since mga24 is the only strain tested that had low ergosterol
concentration and is also the only one with an adaptation defect
(Figure 3). On the other hand, in all strains ergosterol content
decreased significantly from untreated to mild pretreated condi-
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tions (p = 1.4x107% 4.1x107 3%, and 3.1x 102 for wild lype, mga24,
rox1A strains, respectively using a paired t-test). This decrease
supports the earlier work of Tafforeau et al. [54] but is surprising
given it occurs uniformly in all strains, and given that the
expression of ergosterol biosynthetic genes increases from
untreated to pretreated conditions. One explanation is that
expression of ergosterol biosynthetic genes rises in order to
compensate for lowered ergosterol levels.

Therefore, we conclude that high ergosterol concentration
requires Mga2, supporting a possible role for the influence of
Mga2 on ergosterol levels as a precondition of adaptation.
However, the change in ergosterol in response to pretreatment
does not depend on Mga2 or Rox1, suggesting the involvement of
other regulators of ergosterol or of other mechanisms of
adaptation that are ergosterol independent.

Potential Mechanisms of Mga2 Action: Fatty Acids

Two of the most highly expressed genes following pretreatment
with hydrogen peroxide were OLE] (oleic acid requiring) and FAS]
(fatty acid synthetase), essential genes required for synthesis of fatty
acids. Both genes are direct transcriptional targets of Mga2
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(YeastRACT database), suggesting fatty acid pathways as an
alternative to ergosterol for the key mechanism of action of Mga2
during adaptation. Although fatty acid pathways could influence the
stability and permeability of the plasma membrane [55], these
enzymes could also affect the mitochondrial membrane [56], and
mutations in OLEI have been linked to mitochondrial morphology
and inheritance [57].

Because OLEI and FASI are essential genes,
requirement for adaptation was difficult to assay. However, we
found that the high expression of OLEI! was maintained in a rox/4
background but was greatly reduced in an mga24 strain (Dataset S3;
p=7.2x10"%). Previous work by Matias e/ al. reported decreased
expression of FASI mRNA 30 minutes after treatment with 0.15 mM
H;0, [55]. By 1 hour, no significant differential expression was
detected. In comparison, we observed increased expression of FAS/
one hour after treatment with 0.10 mM HyO, and demonstrated
that adaptation occurs under these conditions. Thus, FAS! has been
observed to be both up- and down-regulated during adaptation to
H50,, albeit at slightly different doses and times. In order to
determine the influence of HyOs dose and treatment time on FAS/

expression, we performed RT-PCR profiling of FAS! following

their specific
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treatment with both 0.10 mM and 0.15 mM HyO,. As detailed in
Figure S2, we observed an increase in F4S7 levels following treatment
with 0.10 and 0.15 mM HyO,, although the measurement at
0.15 mM was not significant. This is consistent with both our
microarray results and the work of Matias et al. Further testing of
FAST mRNA levels at 30 minutes following 0.15 mM HyO, revealed
no significant differential expression (p=>5.6x10"") (Figure S3).
Therefore, we have been unable to confirm the previous report of
down-regulation of fatty-acid biosynthetic genes during the process of
adaptation. Increased expression was also confirmed by RT-PCR for
OLE] (Figure S2). While the precise adaptation program mediated by
Mga?2 remains to be elucidated, fatty acid synthesis warrants further
study as a possible mechanism.

Summary and Prospective

Figure 7 shows a summary of our findings integrated with previous
literature. The expression response during adaptation may be
segregated mto “early” and “late” phases. “Early” genes respond
to pretreatment only and not to the later high dose. Mga2 and Rox1
are likely regulators of the genes involved in the early expression
response, with functions in ergosterol biosynthesis, zinc homeostasis,
and fatty acid synthesis. Mga2, but not Rox1, is required for maximal
adaptive fitness. Conversely, the expression response of “late” genes
increases strongly following the high dose of the adaptation protocol.
The transcription factors Yapl and Skn7 have been previously shown
to regulate many genes associated with the “late” response, such as
those involved in redox homeostasis. In addition, both of these
transcription factors are required for adaptation.

One goal for future work is to investigate whether the mechanisms
of adaptation identified here also function in higher organisms or in
lifespan extension. Of the 156 genes identified in this study as
required for the adaptive response, 97 have some homology to higher
eukaryotes [58]. In humans, fibroblasts and smooth muscle cells
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exhibit extended replicative lifespan in response to hypoxic external
conditions. This effect requires the generation of ROS inside the cell
and the presence of hypoxia inducible factor (HIF). Like Mga2 and
Rox!1 in S. cerevisiae, HIF is a transcription factor that mediates the
response to hypoxic conditions, although it is not orthologous to
either protein [59,60]. Further work will be required to see if HIF can
be activated not only by hypoxia but also by caloric restriction.

In conclusion, we have completed the first genome-wide scan for
genes required for the adaptive response to oxidative stress. By
mtegrating these data with results from expression profiling, we have
identified pathways with novel involvement in the response to
oxidative stress, including the hypoxic response factor Mga2. The
activation of Mga2 under adaptive conditions provides additional
information about the sensing mechanism of the hypoxic response,
given that we have demonstrated this response can be initiated by
exogenous oxidative stress. Future studies can interrogate the manner
in which the homologs of these genes are necessary for adaptation in
higher organisms and explore their role in aging and disease.

Methods

Determination of Treatment Protocols

The high dose of 0.4 mM HyO, was selected to be comparable
to other previous expression studies of acute hydrogen peroxide
exposure (0.4 mM, 0.24 mM, 0.32 mM, for Causton, Shapira,
Gasch, respectively) [34-36]. This dose resulted in a reduction of
growth rate by approximately two thirds as measured by ODgqo.
The pretreatment dose was selected as the largest dose that did not
result in impaired growth or viability. This criteria and the length
of pretreatment (45 minutes) were selected in accordance with
previous studies of adaptation to oxidative stress [9,61,62].

Sample Growth and Treatment for mRNA Profiling

We profiled the response to three hydrogen peroxide treatment
protocols (pretreatment, adapted, and acute) over a series of
microarray experiments. Each series consisted of four biological
replicates. For each replicate in the acute treatment protocol, a single
colony of BY4741 (ATCC, Manassas, Virginia, USA) was used to
inoculate 10 mL of YPD media. Following overnight growth at 30°C,
this culture was resuspended in 100 mL of YPD media at an ODg
of 0.1 and placed in an orbital shaker at 30°C. At ODgop = 0.6 cells
were split into two 50 mL portions. In the acute treatment protocol
growth continued for 45 minutes, at which point a high dose of
hydrogen peroxide (final concentration in media: 0.4 mM HyOy) was
administered to one member of the pair (with the other receiving a
sham treatment of 100 mM phosphate buffer). Treatment continued
for 1 hour at which point cells were harvested by centrifugation at
3000 rpm for 5 min. Pellets were immediately frozen in liquid
nitrogen and stored at —80°C. The pretreatment protocol was
identical except for the final concentration of hydrogen peroxide
(0.1 mM). For the adapted treatment, a pretreatment dose of
hydrogen peroxide (0.1 mM) and corresponding sham treatment
were administered directly after splitting the culture, but otherwise
the treatment was identical to the acute protocol.

Strain Construction

All single deletions were obtained from the complete yeast
deletion collection in the BY4741 background (ATCC, #2013888)
and verified by PCR (http://www.sequence.stanford.edu/group/
yeast_deletion_project/single_tube_protocol.html).

MRNA Expression Analysis

RNA from each sample was isolated via phenol extraction
followed by mRNA purification [Poly(A)Purist, Ambion, Catalog
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Figure 7. Summary of the adaptive response. Results and hypotheses regarding transcriptional regulators and functional categories identified
in this study are summarized. The influence of hydrogen peroxide is determined by its concentration within the cell. In addition to treatment dose,
several cellular processes affect the level of H,0,. In order to enter the cell, hydrogen peroxide must first diffuse across the plasma membrane. Inside
the cell, peroxide levels are reduced by degradation into oxygen and water. Squares denote the expression of genes or gene sets (rectangles)
following each of the three treatment protocols (pretreatment, adapted, and acute). Conversely, circles denote the sensitivity of the corresponding
gene deletion for a particular protein or protein set (oval) in the adapted and acute treatment protocol. Arrows between different objects indicate
either an activating (triangular arrowhead) or inhibitory (flat arrowhead) influence. The figure number(s) which provides support for each link are
shown in brackets. A red “X" denotes a hypothesis which is refuted by experimental observation.

doi:10.1371/journal.pgen.1000488.g007

# 1916]. Purified mRNA from the control experiments was balanced design. Complementary labelings (Cy3 versus Cy5) were
labeled with dUTP incorporating either Cy3 or Cy5 dye (CyScribe hybridized to Agilent expression arrays (Catalog # G4140B).

First-Strand ¢cDNA labeling kit, Amersham Biosciences). Cy3 and Arrays were scanned using a GenePix 4000A or PerkinElmer
Cyb labelings were alternated between replicates to create a Scanarray Lite microarray scanner and quantified with the
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GenePix 6.0 software package. Data from each array were
subjected to background and quantile normalization [63].
Intensity values are available at the GEO database (www.ncbi.
nlm.nih.gov/geo/) under the accession number GSE12602. The
VERA software package was used with dye bias correction [64] to
assign a significance value 4 of differential expression to each gene.
In a negative control experiment (quadruplicate untreated vs.
untreated arrays), the distribution of significance values 4 over all
genes was fit parametrically as 1.7 * %2, where %°, is the chi
square distribution with one degree of freedom. This null
distribution was used for assignment of p-values.

RT-PCR Expression Analysis

RNA from each sample was isolated by TRIzol extraction
(Invitrogen, Catalog # 15596-026) [65]. The purified RNA
samples were then used as template for first-strand cDNA synthesis
(SuperScript III First-Strand Synthesis for qRT-PCR, Invitrogen,
Catalog # 11752-050). For each sample, an RT-PCR reaction
was performed with both a gene-specific pair of primers as well as
primers targeted to ACTI. Sequences for primer pairs are available
in Table S4. Each reaction was monitored in triplicate on a 96-
well real-time PCR detection system (BIO-RAD MylIQ). For each
reaction, this system reports a C, value representing the number of
PCR cycles required to exceed a particular fluorescence threshold.
The average C, value was calculated across technical replicates for
both gene-specific and ACTI primer pairs. The mRNA level
(reported as the log, ratio relative to the concentration of ACTI
mRNA) was determined by subtracting the average gene-specific
C, value from the average ACT1 C, value.

Sample Growth and Treatment for Haploid Deletion
Fitness Profiling Experiments

A pool of the 4,831 viable haploid deletion strains was created
from individual collections kept in glycerol stock and divided into
1 mL aliquots stored at —80°C. Two separate types of treatment
protocols (acute and adapted) were studied consisting of four and
six replicate arrays, respectively. For each replicate, a single
aliquot of pooled deletion strains was diluted in 15 mL YPD media
and grown in a rotating wheel at 30°C to ODggp=0.6. The
sample was then split into two 6.5 mL portions. In the adapted
treatment protocol, one member of the paired samples was
immediately treated with a mild dose of oxidant (final concentra-
tion in media: 0.1 mM) and the other received a sham treatment.
After 45 minutes of continued growth at 30°C, a high dose was
administered (final concentration in media: 0.4 mM) to both
samples. After 1 hour of treatment, the cells were harvested by
centrifugation at 3000 rpm for 5 min and resuspended in 50 mL
of YPD media. After 5 hours of growth, the cells were once again
harvested by centrifugation and the pellets were immediately
frozen in liquid nitrogen and stored at 80°C. The acute treatment
protocol was identical, except that no sample was treated with a
mild pretreatment dose and only one member of the sample pair
was treated with the high dose.

Deletion Fitness Analysis

Genomic DNA was extracted from cell pellets using a glass bead
preparation [66]. Subsequent DNA labeling, hybridization, and
microarray design followed the protocol of Yuan ez al. [67]. Briefly,
asymmetric PCR was used to amplify unique tag sequences in the
genomic DNA of the deletion strains. In each PCR reaction, 1 pg
of gDNA was used for labeling. Arrays were scanned and
quantified in the same manner as the arrays prepared for the
expression profiling experiments. Array intensity values are
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available in the GEO database (www.ncbhinlm.nih.gov/geo/)
under the accession number GSE12733.

The hoptag package (implemented in R) was used to analyze the
intensity data from the scanned arrays. Briefly, median and loess
correction were performed on the intensity distributions [67], after
which each deletion strain was assigned an UPTAG ratio and a
DNTAG ratio for each array. The logs of these ratios were
averaged to derive one measurement per gene per array. Across
multiple arrays measuring the same treatment protocol compar-
ison (acute vs. untreated or acute vs. adapted), the distribution of
log ratio values was quantile normalized [63].To determine an
acute fitness value, we assumed that the signal intensity for a given
gene deletion strain is:

I i,treatment =ﬁ,treutment N treatment [Ci } 4 iRi

where 1 yeamens a0 f; yreaimens are the observed signal intensity and
viability of gene deletion strain 7 subject to the designated treatment
protocol, [C;] and R; are the initial concentration and growth rate,
respectively, of the deletion strain 7, and ¢ is time. Nypmen 15 @
constant factor applied to all intensities from the same treatment
representing the shared effect of normalization procedures. For
each gene deletion strain 7, the log ratio of the acute and untreated
signal intensities is therefore:

I i,acute
In
Ii suntreated

=In fll',acute Nacute[ci]e’Ri )
zl',umreated Numreated [Ci]etR‘

ﬁ,a(’llté‘ ) +1n( Na(ure )

i,untreated N, untreated
Thus, the log ratio is proportional to the acute fitness metric as
defined in Figure 1. Since each intensity distribution was normalized
to share the same median, the distribution of log ratios was centered
on zero. In order to indentify genes that deviate significantly from
this expected value, we performed a one sample #test testing the
difference of the mean against zero. This test was regularized to
share the estimate of variance among all genes.

Similarly, the log ratio obtained from the direct comparison of the
acute and adapted samples was centered on zero and proportional
to the log ratio of the viabilities, ln(fa(m / fadapred)» Furthermore,
due to median normalization of the intensity distributions, the scales
of both log ratio distributions were approximately equal. Thus, for
most genes without a defect in adaptive fitness, the log ratio
In (I,-,am,g / I,-,adap,gd) was strongly correlated to the log ratio,
In(Z; gcute/ Tiumireated)- A gene with a large difference between the
values 1n(Ii.acure/li,untreated) and ln(Ii,acute/li,untreuted) indicated a
deviation from the average adaptive fitness measure. A two-sample
regularized t-test comparing the log ratios determined from each
direct comparison was used to identify such cases. For both adaptive

and acute fitness measures, the threshold for significant p-value was
setat 5.0x107°.

=In

Validation of Sensitive Targets

To verify that the identified sensitive genes are meaningful, the
sensitivities of specific gene deletions were verified in small-scale
experiments. In these, a colony of a specific deletion strain of
interest was incubated in YPD overnight. Following dilution to
ODggp 0.1 in 30 mL YPD media, the culture was grown to ODggq
0.6 and split into three aliquots. Each aliquot was treated
according to one treatment protocol (untreated, adapted, or
acute). Following ten-fold dilution in YPD, growth was monitored
in a 96 well optical density plate reader in 12-fold replicate.
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Examples of recovery following treatment for individual biological
replicates are available for wild type, yapIA, and mga24 in Figures
S1, S4, and S5, respectively. For each treatment protocol, the
average time required to recover to a particular ODgg threshold
was determined (Figure 1B). In Figure 3, the specific value of this
ODygp threshold is varied between 0.3 and 0.95 to illustrate that
the substance of the results is not dependent on the selection of any
particular value for the threshold. We calculate adaptive fitness as
the difference in wviability (fj between the adaptive and acute
treatments relative to the difference between untreated and acute.

In (f;m,te / f Antreared)

For each treatment protocol, the formula for exponential growth
relates the recovery time (¢,,ummen) to the fractional reduction in
viability associated with that treatment (f,amens)s Whre Cyegonm 1s the
threshold concentration, Cj,;;; is the concentration before
treatment, and 7, 1s the growth rate of the strain.

Adaptive Fitness =

[Cthreshold ] :ftrmtmenr [Ciniﬁa/ ]eXp [}’ ‘strain L treatment] —In (ﬁ‘reatment)
=In <[Ci’7i[ial}/[Cﬂ”.es/wld]> + Fsirain tireatment

The following derivation illustrates how we can wuse this
information to express the adaptive fitness measure in terms of
recovery time,

In (ﬁzcum /fa dapled) ~

ln (fmuw/fumremed) — Fstrain (ta(‘ule - tuntreated)

— Fstrain (tacute - tadapted )

_ Lacute — tadaptea’

tacute — tuntreated

An unpaired t-test was used to determine the significance of the
difference from results obtained when applying the same
procedure to wild type (BY4741) colonies.

Determination of Ergosterol Concentration

The determination of ergosterol was adapted from Arthington-
Skaggs et al. [68]. Following overnight incubation, a culture was
grown in YPD to ODggg 0.6 and split into two aliquots of 50 mL.
One of the aliquots was treated with 0.1 mM HyO, for 1 hour,
after which the ODg of each aliquot was measured. Each aliquot
was pelleted and washed once with water. The cleaned pellet was
incubated for 1 hour at 85°C with 3 mL 25% alcoholic KOH.
After cooling for 15 minutes, 1 mL water and 3 mL n-heptane
were added and the mixture was vortexed for 3 minutes. The n-
heptane layer was extracted and the presence of ergosterol was
detected via absorbance at ODgg;. The ergosterol concentration
for each aliquot of the paired trial was reported as the ratio of

ODgpo/ ODyg;.

Enrichment Analysis of Gene Sets

We investigated the significance of enrichment for functional
classes among both differentially expressed and sensitive genes.
Functional classes were defined in one of two ways: (1) classes of
genes with common annotation in the Gene Ontology (GO)
hierarchy [69]) or (2) classes of genes targeted by the same
transcription factor as recorded in the YeastRACT online
database [44]. In this database, the list of targets for each factor
is compiled from literature sources where each regulatory
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interaction is backed with experimental evidence. To prevent
the identification of redundant or overly general gene ontology
categories, we limited the GO analysis to those categories that
contained between 5 and 100 genes. Similarly, the YeastRACT
database contained several transcription factors with an excessive
number of annotated targets (Yapl alone was annotated with over
1,500). To reduce the incidence of false positives, those studies
which contributed over 100 targets for a given factor were
discarded (on a per factor basis). While this may eliminate some
true interactions, the goal is to generate a smaller set of high-
confidence interactions which may be used to accurately assess the
activity of given transcription factor. The final set of targets for
each transcription factor is available as Dataset S4. A hypergeo-
metric test was used to assess the enrichment of each gene set in
the lists of differentially expressed or sensitive genes.

Since the true number of differentially expressed or sensitive
genes was unknown and poorly defined, we varied the cutoff for
significance between 100 and 500 genes. The minimal p-value for
each gene set was returned, and the activity/sensitivity of each
gene set was reported as the negative log of this minimal p-value.
Since the corresponding p-value was no longer strictly accurate as
a consequence of multiple hypothesis testing, significance was
assessed by repeated randomization trials in which the order of
genes was shuflled. Every gene set was tested and the maximum
significance value was retained in each trial. Only those gene sets
which exceeded the 95" quantile in this set were determined to be
significant.

Supporting Information

Figure S1 Growth of wild ype following three different treatment
protocols. Following treatment with either the acute, adapted, or
untreated protocols, wild type cultures are diluted 10-fold in YPD.
Recovery is monitored with a 96-well ODgq plate reader. Each
line represents the average of 12 replicates.

Found at: do1:10.1371/journal.pgen.1000488.s001 (0.15 MB PDF)

Figure 82 RT-PCR profiling of OLEI and FAS! following HyO4
treatment. mRNA levels of both FAS! and OLEI are profiled
60 minutes following treatment with either 0.10 mM or 0.15 mM
H50,. Levels are normalized to ACT7 and reported as a log ratio

relative to untreated.
Found at: do1:10.1371/journal.pgen.1000488.s002 (0.06 MB PDF)

Figure 83 RT-PCR profiling of FAS7 mRNA levels at different
time points. The level of FAS! mRNA is profiled at 30 and
60 minutes following treatment with 0.15> mM H,O, with RT-
PCR. mRNA levels are normalized relative to ACT1 and reported
as a logy ratio relative to an untreated sample. Reported p-values
are determined with a one-sample t-test testing the difference from
a true mean of zero.

Found at: doi:10.1371/journal.pgen.1000488.s003 (0.04 MB PDF)

Figure S4 Growth of yapiA following three different treatment
protocols (adapted, acute, untreated). Following treatment with
either the acute, adapted, or untreated protocols, yaplA cultures
are diluted 10-fold in YPD. Recovery is monitored with a 96-well
ODgoo plate reader. Each line represents the average of 12
replicates.

Found at: doi:10.1371/journal.pgen.1000488.s004 (0.15 MB PDF)

Figure 85 Growth of mga24 following three different treatment
protocols (adapted, acute, untreated). Following treatment with
either the acute, adapted, or untreated protocols, mga24 cultures
are diluted 10-fold in YPD. Recovery is monitored with a 96-well
ODggp plate reader. Each line represents the average of 12
replicates.
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Found at: do1:10.1371/journal.pgen.1000488.s005 (0.16 MB PDF)

Table S1 Sensitive gene ontology categories following acute
hydrogen peroxide stress. For our study and the study of Thorpe et
al., we determined those gene ontology categories which were
enriched for sensitive gene deletions. Here we report all categories
which exceed the threshold for significance.

Found at: doi:10.1371/journal.pgen.1000488.s006 (0.16 MB PDF)

Table S2 Up-regulated transcription factor target sets following
acute hydrogen peroxide stress. For our and previous comparable
studies (Gasch 2000, Causton 2001, Shapira 2004), the set of
known targets for each transcription factor was ranked based on
enrichment for genes with increased expression in response to
acute hydrogen peroxide stress. Here, we report the top nine sets
of transcription factor targets. To facilitate comparison, frequently
occurring items are high-lighted in a consistent manner.

Found at: do1:10.1371/journal.pgen.1000488.s007 (0.13 MB PDF)

Table 83 Up- and down-regulated gene ontology categories
following acute hydrogen peroxide stress. For our and previous
comparable studies (Gasch 2000, Causton 2001, Shapira 2004), a
pruned set of functional categories was ranked based on
enrichment for genes with increased and decreased expression in
response to acute hydrogen peroxide stress. In each case, we report
the top five categories. To facilitate comparison, frequently
occurring categories are high-lighted in a consistent manner.

Found at: doi:10.1371/journal.pgen.1000488.s008 (0.62 MB PDF)

Table S4 Primer sequences for RT-PCR profiling of gene
expression.

Found at: do1:10.1371/journal.pgen.1000488.s009 (0.05 MB PDF)
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