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Abstract: Unicellular organisms such as yeasts have evolved mechanisms to respond to environmental stresses by rapidly
reorganizing the gene expression program. Although many stress-response genes in yeast have been discovered by DNA
microarrays, the stress-response transcription factors (TFs) that regulate these stress-response genes remain to be investigated.
In this study, we use a dynamic system model of gene regulation to describe the mechanism of how TFs may control a gene’s
expression. Then, based on the dynamic system model, we develop the Stress Regulator Identification Algorithm (SRIA) to
identify stress-response TFs for six kinds of stresses. We identified some general stress-response TFs that respond to various
stresses and some specific stress-response TFs that respond to one specific stress. The biological significance of our findings
is validated by the literature. We found that a small number of TFs is probably sufficient to control a wide variety of expres-
sion patterns in yeast under different stresses. Two implications can be inferred from this observation. First, the response
mechanisms to different stresses may have a bow-tie structure. Second, there may be regulatory cross-talks among different
stress responses. In conclusion, this study proposes a network of stress-response regulators and the details of their actions.
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Introduction

Single-celled organisms such as yeasts constantly face variable or even harsh external environments
that threaten their survival or, at least, prevent them from performing optimally. Environmental changes
can be of a physical or chemical nature such as temperature, oxidation, osmolarity, acidity and nutrient
availability (Hohmann and Mager, 2003). The response mechanisms to stress are highly complex. One
aspect of this cellular adaptation is the reorganization of gene expression. The gene expression program
required for maintenance of the optimal cell physiology in one environment may be far from optimal
in another environment. Thus, when the environmental condition changes abruptly, the cell must rapidly
adjust its gene expression program to adapt to the new conditions (Gasch et al. 2000).

Large-scale reprogramming of gene expression can be revealed from genome-wide DNA microarrays,
which measure the relative transcription levels of every gene in the yeast genome at any given moment,
providing a snapshot of the genomic expression program (Gasch and Werner-Washburne, 2002). Exploring
the dynamic nature of the yeast genome through time-course experiments can illuminate yeast stress
responses. For example, Gasch et al. (2000) and Causton et al. (2001) used genome-wide expression
analysis to explore how gene expression in yeast is remodeled over time as cells respond to heat shock,
oxidative shock, osmotic shock, acidic stress, nitrogen depletion, amino acid starvation as well as other
environmental stresses. They discovered that more than half of the genome is involved in responding to
at least one of the investigated environmental changes. A set of genes (~10% of yeast genes), termed as
the environmental stress response (ESR) genes or common environmental response (CER) genes, showed
a similar drastic response to almost all of these environmental changes. Other gene expression responses
appeared to be specific to particular environmental conditions. However, the regulators of these stress-
response genes are not revealed from their studies. The complete network of stress-response regulators
and the details of their actions remain to be investigated (Gasch et al. 2000).

Computational and statistical methods have been developed to identify plausible regulators of many
cellular processes in yeast (Pilpel et al. 2001; Bar-Joseph et al. 2003; Segal et al. 2003; Middendorf
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et al. 2004; Yu and Li, 2005; Kim et al. 2006; Wu
et al. 2006; Lin et al. 2007; Rokhlenko et al. 2007;
Wu et al. 2007a; Wu et al. 2007b). When the time-
course data of a system are available, using dynamic
system modeling is more appropriate than using
statistical approach because it can model the
dynamic behavior of the system (Tegner et al. 2003;
Chen et al. 2004; Chen et al. 2005; Chang et al.
2005; Chang et al. 2006). Therefore, in this paper
we use a dynamic system model of gene regulation
to describe the mechanism of how TFs may control
a gene’s expression. Then, based on the dynamic
system model, we develop the Stress Regulator
Identification Algorithm (SRIA) to identify stress-
response TFs for six different kinds of stresses. Our
goal is to reconstruct a network of stress-response
regulators and study the details of their actions.

Methods

Data sets and data preprocessing

Two kinds of data sets are used. First, for each gene
in the yeast genome, the TFs that may regulate its
expression are retrieved from the YEASTRACT
database (Teixeira et al. 2006b). The regulatory
associations between the target gene and the TFs are
included if they are supported by published data
showing at least one of the following experimental
evidences: 1) Change in the expression of the target
gene due to a deletion (or mutation) in the gene
encoding transcription factor; these evidences may
come from detailed gene by gene analysis or
genome-wide expression analysis; i1) Binding of the
transcription factor to the promoter region of the
target gene, as supported by band-shift, foot-printing
or Chromatine ImmunoPrecipitation (ChIP) assays.
However, the TF-gene regulatory association data
are noisy. The genes whose expressions are affected
by the mutation of a TF may not be the direct targets
of that TF. Moreover, the genes that are bound by a
TF identified by ChIP-chip experiments may not be
regulated by that TF since TF binding does not nec-
essarily mean regulation. Therefore, other indepen-
dent data source such as gene expression or proteomic
data should be used to filter out the noise inherent in
the TF-gene regulatory association data.

In this study, we incorporate the gene expression
data into our analysis. The genome-wide gene
expression time profiles under various stress
conditions such as heat shock, oxidative shock,
osmotic shock, acidic stress, nitrogen depletion,

and amino acid starvation are from Gasch et al.
(2000) and Causton et al. (2001). Under each stress
condition, samples for all genes in the yeast
genome are collected at multiple time points. In
order to reconstruct the missing values and avoid
overfitting, the cubic spline method (Faires and
Burden, 1998) is applied to interpolate some extra
data points. (The missing values of the microarray
data are those data points whose values are ques-
tionable due to the experimental defects. Therefore,
these data points are not reported in the microarray
data and regarded as the missing values.) In order
to fit the dynamic system model in the linear scale,
the microarray data are transformed from the log,
scale to the linear scale.

Dynamic system model of gene

regulation

We consider the transcriptional regulatory mecha-
nism of a target gene as a system with the regula-
tory profiles of several TFs as the inputs and the
gene expression profile of the target gene as the
output. Owing to random noise and fluctuations at
the molecular level, the transcriptional regulation
of a target gene is described by the following sto-
chastic dynamic equation

ye+1] =(ib,- 'xi[f]+k)—i'y[t]+€ [ (1)

where y[f] represents the target gene’s expression
profile at time point ¢, N denotes the number of TFs
that may regulate the target gene’s expression, b,
indicates the regulatory ability of TFi, x,[¢]
represents the regulatory profile of TFi at time
point ¢, k represents the basal level induced by RNA
polymerase II, A indicates the degrading effect of
the present state value y[#] on the next state value
y[t+1] and £[7] denotes a stochastic noise due to
the modeling error and measuring error of the target
gene’s expression profile. ] is assumed to be a
Gaussian noise with mean zero and unknown
standard deviation o. The biological meaning of
Equation (1) is that y[#+1] (the target gene’s
expression value at the next state) is determined
by Z¥b, - x,[t]+k (the production effect of the N
TFs at the present state and RNA polymerase II)
and —A - y[f] (the degradation effect of the target
gene at the present state).

54

Gene Regulation and Systems Biology 2008: 2



Reconstructing a network of stress-response regulators

It has been shown that TF binding usually
affects gene expression in a nonlinear fashion:
below some level it has no effect, while above a
certain level the effect may become saturated. This
type of binding behavior can be modeled using a
sigmoid function (Chen et al. 2004; Chen et al.
2005; Chang et al. 2005; Chang et al. 2006; Wu
et al. 2006; Wu et al. 2007a). Therefore, we define
x;[#] (the regulatory profile of TFi at time point #)
as a sigmoid function of z[f] (the gene expression
profile of TFi at time point ¢):

xi[t] = f(Zi[t]) =

1
1+exp[—r(z[t]-4)] @)

where » denotes the transition rate of the sigmoid
function and 4, denotes the mean of the gene
expression profile of TFi.

Estimating the parameters

of the dynamic system model

Using the TF-gene regulatory association data
from the YEASTRACT database and gene expres-
sion data from Gasch et al. (2000) and Caustion
et al. (2001), we can estimate the parameters of
the dynamic system model in Equation (1). We
rewrite Equation (1) to the following regression
form:

Mt +1=[x@) ... xy () 1 =y[e]]-| by [+ €12]
k (3)

=glt]- O+ 1]

where ¢[f] = [x,[f] --- xy[t] 1 — y[t]] denotes the
regression vector and @ = [b, --- by k A]" is the
parameter vector. NN is the number of the TFs that
may regulate the target gene’s expression and can
be inferred from the TF-gene regulatory associa-
tion data.

From the gene expression data, it is easy to get
the values of {x[¢ ], y[t,]} forie {1,2,-.-, N},
ve {l,2,..., M}, where M is the number of the
time points of a target gene’s expression profile.
Equation (3) at different time points can be put
together as follows

L, ] a1 ] el ]
J’[:t3] _ ¢[:t2] O+ 8[;t2] &)
Wty ] Alty] Elty]

For simplicity, we can further define the
notations Y, ® and e to represent Equation (4) as
follows

Y=0 -O+e (5)

The parameter vector 6 can be estimated by the
maximum likelihood (ML) method as follows
(Johansson, 1993)

0=(@ d)'0TY (6)

Stress Regulator Identification
Algorithm (SRIA)
After constructing the dynamic system model of gene
regulation as in Equation (1) and estimate the param-
eter vector as in Equation (6), we are now ready to
identify the stress-response TFs for six kinds of
stresses. We develop Stress Regulator Identification
Algorithm (SRIA) to do this task. SRIA can be
divided into the following three steps:

Step 1: Identification of stress-response genes

The first step is to find out all the genes in the
yeast genome that respond to a specific stress
(e.g. heat shock, oxidative shock, osmotic shock,
acidic stress, nitrogen depletion and amino acid
starvation). A gene is said to respond to a specific
stress if more than two time points of its gene
expression profile measured under that specific
stress are induced or repressed by more than three
folds compared to that of the unstressed condition
(see Supplementary Table 1 for details).

Step 2: Identification of stress-response TFs

For each stress-response gene identified in Step 1,
we retrieve all TFs that may regulate its expression
from the TF-gene regulatory association data. Knowing
this information enables us to construct the dynamic
system model of the transcriptional regulation of the
stress-response gene as in Equation (1). Then we apply
the ML method to estimate the parameter vector
0=[b, ... by k A" of the model and get the ML estimate
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Table 1. The high-confidence TFs in response to each of the six different stresses.

The high-confidence TFs in response to heat shock, oxidative shock, osmotic shock, acidic stress, nitrogen
depletion and amino acid starvation are shown. The TFs are in red (blue) if there exist solid (partial) experimental
evidence showing that they are involved in the same stress as we predicted.

Heat Oxidative Osmotic Acidic Nitrogen Amino acid
shock shock shock stress depletion starvation
TFs TFs TFs TFs TFs TFs
Arr1 Sfp1 Arr1 Msn2 Sfp1 Arr1
Rpn4 Rpn4 Sfp1 Msn4 Rpn4 Gen4d
Msn2 Arr1 Rpn4 Arr1 Rap1 Rpn4
Msn4 Yap1 Yap1 Rpn4 Arr1 Sfp1
Yap1 Rap1 Msn2 Sok2 Fhi1 Rap1
Cad1 Ifh1 Msn4 Ifh1

6=[b - by kAY" asinEquation (6). Since b, stands
for the regulatory ability of TF7, a small absolute value
of b; means that TFi only has a negligible effect on
the stress-response gene’s expression. Therefore, this
TF-gene regulatory association may be a false positive
and should be eliminated from our analysis. On the
other hand, a large absolute value of b, means that TFi
has a large regulatory effect on the stress-response
gene’s expression. We regard TFi to be a stress-
response TF if its regulatory ability b; is statistically
significantly different from zero (i.e. || 0). The
test statistic ¢ = b, / (s\/u—ii ), a t-distribution with degree
of freedom (M —1)—(N+2)isused to assign a p-value
for rejecting the null hypothesis H,;: b, =0, where u,;
is the i th diagonal element of the matrix (®’d)!
and s =(Y ~®-0)" (Y =®-0) (M 1)~ (N +2) s an
unbiased estimator of o (the standard deviation of
the stochastic noise £¢]) (Mendenhall and Sincich,
1995). The p-value computed by the ¢-distribution
is then adjusted by Bonferroni correction to represent
the true a level in the multiple hypothesis testing
(Mendenhall and Sincich, 1995). Then, TFi is said
to be involved in response to a specific stress if the
adjusted p-value p,, ;. = 0.01 (see Supplementary
Table 1 for details).

Step 3:

The stress-response TFs identified in Step 2 are
ranked according to the number of times that they are
identified under different stress-response genes. The
first TF in the list is the one that is identified with the
largest number of times. The TFs that are at the top

5% of the ranked list are classified as the high-
confidence stress-response TFs. Finally, we output a

ranked list of the high-confidence stress-response TFs
for each of the six different kinds of stresses. The
flowchart of SRIA could be seen in Figure 1.

Results

Stress-response TFs

We identified the TFs that respond to heat shock,
oxidative shock, osmotic shock, acidic stress,
nitrogen depletion, and amino acid starvation,
respectively. Table 1 shows the high-confidence
stress-response TFs for each of the above six
stresses. The identified stress-response TFs can be
divided into two categories. The first category is the
well-known stress-response TFs with solid literature
evidence that directly indicates involvement of these
TFs in response to that specific stress. The second
category is the novel stress-response TFs that have
only partial or no literature support. (The partial
literature support means that these TFs are predicted
by pervious studies as plausible stress-response TFs
but still need further verification.) We found that
38% (13/34 counting multiplicity) of the identified
stress-response TFs belongs to the first category,
indicating the effectiveness of SRIA. In addition,
52% (11/21 counting multiplicity) of the second
category has partial literature support, revealing the
predictive power of SRIA. Therefore, the novel
stress-response TFs (Arrl, Ithl, Rpn4 and Sok2)
that have no literature evidence yet are worthy of
experimental verification.

Biological validation of predictions
Now we discuss in detail our predictions that are
supported by experimental evidence in the literature.
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Figure 1. The flowchart of SRIA.

Heat shock

The predicted heat shock TFs Msn2, Msn4, Rpn4,
Yapl and Cadl have solid or partial literature
evidence. First, Msn2 and Msn4 bind DNA at
stress response element (STRE) and activate
many STRE-regulated genes in response to many

sponse TFs

stresses such as heat shock, oxidative shock and
osmotic shock (Cherry et al. 1998). Second, it has
been demonstrated that the heat shock TF Hsfl
co-ordinates a feed-forward gene regulatory
circuit for RPN4 heat induction (Hahn et al.
2006). Third, Yapl is known to induce the
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expression of GSHI and GSH?2 to synthesize
glutathione in heat shock response (Sugiyama
et al. 2000). Fourth, overexpression of Cadl is
known to increase thermo-tolerance of a cell under
starvation conditions (Cherry et al. 1998).

Oxidative shock

The predicted oxidative shock TFs Sfpl, Yapl,
Rpn4 and Rapl have solid or partial literature
evidence. First, Sfpl is known to regulate ribo-
somal protein (RP) gene expression in response to
various stresses such as oxidative shock and
osmotic shock (Marion et al. 2004). Second, Yap1
is known to regulate genes that respond to oxida-
tive shock. For example, Yapl regulates TRX2, a
cytoplasmic thioredoxin isoenzyme of the thiore-
doxin system which protects cells against oxidative
stress (Giildener et al. 2005). Third, RPN4 pro-
moter contains a Yapl binding site (YRE) which
is responsible for RPN4 induction in response to
oxidative stress. (Hahn et al. 2006). Fourth, it is
known that Rap1 signaling is required for suppres-
sion of Ras-generated reactive oxygen species and
protection against oxidative stress (Remans et al.
2004).

Osmotic shock

The predicted osmotic shock TFs Msn2, Msn4,
Sfpl and Yap! have solid or partial literature evi-
dence. First, the msn2-msn4 double deletion
mutants exhibit higher sensitivity to severe osmotic
stress, indicating Msn2 and Msn4 are involved in
response to osmotic stress (Cherry et al. 1998).
Second, Sfpl regulates RP gene expression in
response to various stresses such as oxidative shock
and osmotic shock (Marion et al. 2004). Third, the
YAP4 gene, previously shown to play a role in
response to hyperosmotic stress, is regulated by
the transactivators Yapl and Msn2 (Nevitt et al.
2004).

Acidic stress

The predicted acidic stress TFs Msn2, Msn4 and
Rpn4 have solid or partial literature evidence.
First, it is known that RGD/ is activated at low
pH. The transcription level at low pH was dem-
onstrated to depend on the STRE box located in
the RGD1 promoter. The general stress-activated
TFs Msn2 and Msn4 were shown to act mainly on
the basal RGDI transcriptional level in normal

and stress conditions (Gatti et al. 2005). Second,
under acute herbicide 2,4-dichlorophenoxyacetic
acid (2,4-D) stress, 14% of the yeast transcripts
suffered a greater than twofold change. Most of
the up-regulated genes in response to 2,4-D are
known targets of Msn2, Msn4 and Rpn4 (Teixeira
et al. 2006a).

Nitrogen depletion

The predicted nitrogen depletion TFs Sfpl, Ifhl1,
Fhll, Rpn4 and Rap1 have partial literature evi-
dence. First, ribosomal protein (RP) genes in
eukaryotes are coordinately regulated in response
to growth stimuli and environmental stress,
thereby permitting cells to adjust ribosome num-
ber and overall protein synthetic capacity to
physiological conditions. Sfpl, Fhll and Ith1 are
known to regulate RP gene expression in response
to nutrient depletion (Cherry et al. 1998; Marion
et al. 2004; Giildener et al. 2005). Second, on solid
growth media with limiting nitrogen source, dip-
loid budding-yeast cells differentiate from the yeast
form to a filamentous, adhesive and invasive form.
Both low availability of nitrogen and a solid
growth substrate are required to induce diploid
filamentous-form growth. It is known that Rpn4
regulates filamentous growth, indicating that Rpn4
is involved in response to nitrogen depletion (Prinz
et al. 2004). Third, Rap1 is known to be involved
in the regulation of nitrogen, sulfur and selenium
metabolism (Giildener et al. 2005).

Amino acid starvation

The predicted amino acid starvation TFs Gen4,
Rapl and Sfpl have solid or partial literature
evidence. First, Gen4 is a well-known transcrip-
tional activator of amino acid biosynthetic genes
in response to amino acid starvation (Cherry et al.
1998). Second, HIS4 encodes an enzyme that
catalyzes the histidine biosynthesis and Rapl1 is
required for the rapid increase in the HIS4 mRNA
level following amino acid starvation (Devlin
et al. 1991). Third, ribosomal protein (RP) genes
in eukaryotes are coordinately regulated in
response to growth stimuli and environmental
stress, thereby permitting cells to adjust ribosome
number and overall protein synthetic capacity to
physiological conditions. Sfpl is known to regu-
late RP gene expression in response to nutrient
depletion (Cherry et al. 1998; Marion et al.
2004).
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Figure 2. The network of stress-response regulators in yeast.

Environmental stresses are represented by octagons, stress-response TFs are represented by ellipses and stress-response genes are
represented by rectangles. Solid (or dashed) lines indicate the known (or predicted) regulatory relationships among environmental stresses,
stress-response TFs and stress-response genes. Heat shock responses are in red, acidic stress responses are in green, osmotic shock
responses are in blue, oxidative shock responses are in orange, nitrogen depletion responses are in brown and amino acid starvation

responses are in purple.

Discussions and Conclusions

In this study, we use a dynamic system model of
gene regulation to describe the mechanism of how
the stress-response TFs may control a stress-
response gene’s expression. Based on the dynamic
system model, we develop the Stress Regulator
Identification Algorithm (SRIA) to identify the
stress-response TFs for each of six kinds of

Heat shock Osmotic shock

stresses. Some general stress-response TFs that
respond to various stresses and some specific
stress-response TFs that respond to a specific stress
are identified. For example, we found the well-
known general stress-response TFs Msn2, Msn4,
Yapl, Rpn4 and Sfpl, consistent with the results
of Saccharomyces Genome Database (SGD)
(Cherry et al. 1998). Besides, the well-known heat

Amino acid
starvaton

Nitrogen
depletion

Acidic stress

Oxidative shock

Figure 3. Regulatory cross-talks among different stress responses.
The cellular responses to heat shock, osmotic shock and acidic stress may have regulatory cross-talks. They all trigger TFs Arr1, Msn2,
Msn4 and Rpn4. Moreover, the cellular responses to oxidative shock, nitrogen depletion and amino acid starvation may have regulatory

cross-talks. They all trigger TFs Arr1, Rap1, Rpn4 and Sfp1.
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shock TF Cadl, nitrogen depletion TF Fhll and
amino acid starvation TF Gen4 are identified. The
ability to identify these well-known stress-response
TFs validates the effectiveness of SRIA.

SRIA identified 12 distinct TFs (Arr1, Cadl, Fhil,
Gend, Ithl, Msn2, Msn4, Rapl, Rpn4, Sfpl, Sok2
and Yapl) to be in response to at least one of the six
stresses under study (see Figure 2). This indicates that
a small number of TFs may be sufficient to control a
wide variety of expression patterns in yeast under

different stresses. Two implications can be inferred
from this observation. First, the response mechanisms
to different stresses may have a bow-tie structure
(Csete and Doyle, 2004). As shown in Figure 2, the
core stress-response TFs make up the ‘knots’ of a
bow tie, facilitating the fan in of a large variety of
environmental stresses through signal transduction
pathways and fan out of an even larger variety of
stress-response proteins through activating stress-
response target genes. Actually, approximately two-

0.8}

06 ©

0.4+t Q [ o

true positive rate

5% 10% 20% 30% 40%

50% 60% 70% 80% 90%

cutoff threshold

0.8}

0.6}

04}

false negative rate

[ ]

Lt 1 .

5% 10% 20% 30% 40%

50% 60% 70% 80% 90%
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Figure 4. Statistics of the performance of SRIA using different cutoff thresholds.

The true positive and false negative rates of SRIA using different cutoff thresholds are shown. When the cutoff threshold equals 5%, SRIA
has the best performance in terms of the tradeoff between maximizing the true positive rate and minimizing the false negative rate to find
out the known amino acid starvation TFs. (The true positives are those known amino acid starvation TFs that are found by SRIA and the
false negatives are those known amino acid starvation TFs that are not found by SRIA).
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thirds of the yeast genome (about 3600 genes) is
involved in responding to the changes in environment
(Causton et al. 2001). Second, there may exist regu-
latory cross-talks among different stress responses
(see Figure 3). We found that heat shock, osmotic
shock and acidic stress all can trigger TFs Arr1, Msn2,
Msn4 and Rpn4, indicating that these three stresses
may share a similar stress response mechanism. In
addition, we found that oxidative shock, nitrogen
depletion and amino acid starvation all can trigger
TFs Arrl, Rapl, Rpn4 and Sfpl, indicating cross-
talks among the cellular responses to these three
stresses. The fact that different stress response
mechanisms share some, but not all, of their regula-
tors suggests a higher level of modularity of the yeast
stress response network (Segal et al. 2003).

In Step 3 of SRIA, only those stress-response
TFs that are at the top 5% of the ranked list are
classified as the high-confidence stress-response
TFs and reported as the final result. The reason for
choosing only the top 5% of the ranked list is that
when the cutoff threshold equals 5%, SRIA has the
best performance in terms of the tradeoff between
maximizing the true positive rate and minimizing
the false negative rate to find out the known amino
acid starvation TFs (see Figure 4 for details).

The response mechanisms to stress are highly
complex. They require a complex network of sens-
ing and signal transduction leading to the adapta-
tion of cell growth and proliferation along with the
adjustments of the gene expression program,
metabolic activities and other features of the cell
(Hohmann and Mager, 2003). This study focused
on the regulation of gene expression and proposed
a network of stress-response regulators and their
details of actions. Thus, it provides a starting point
for understanding the adaptation mechanisms that
yeast uses to survive some of the environmental
stress conditions, experienced in the wild. We
believe that as more gene expression data are
accumulated, in combination with data from other
whole-organism approaches, novel computational
algorithms such as SRIA have the potential to
construct a dynamic picture of the integrated cel-
lular response of yeast cells to environmental
changes.

Acknowledgements

This study was supported by the National Science
Council NSC-095-3114-P-002-0050Y and NSC-
096-2917-1-564-122.

References

Bar-Joseph, Z., Gerber, G.K., Lee, T.I. et al. 2003. Computational discovery
of gene modules and regulatory networks. Nat. Biotechnol.,
21(11):1337-42.

Causton, H.C., Ren, B., Koh, S.S. et al. 2001. Remodeling of yeast genome
expression in response to environmental changes. Mol. Biol. Cell.,
12:323-37.

Chang, W.C., Li, C.W., Chen, B.S. 2005. Quantitative inference of dynamic
pathways via microarray data. BMC Bioinformatics, 6(44):1-19.

Chang, Y.H., Wang, Y.C., Chen, B.S. 2006. Identification of transcription
factor cooperativity via stochastic system model. Bioinformatics,
22:2276-82.

Chen, H.C., Lee, H.C., Lin, T.Y. et al. 2004. Quantitative characterization
of the transcriptional regulatory network in the yeast cell cycle.
Bioinformatics, 20:1914-27.

Chen, K.C., Wang, T.Y., Tseng, H.H. et al. 2005. A stochastic differential
equation model for quantifying transcriptional regulatory network in
Saccharomyces cerevisiae. Bioinformatics, 21:2883-90.

Cherry, J.M., Adler, C., Ball, C. et al. 1998. SGD: Saccharomyces Genome
Database. Nucl. Acids Res., 26(1):73-80.

Csete, M. and Doyle, J. 2004. Bow ties, metabolism and disease. Trends
Biotechnol., 22:446-50.

Devlin, C., Tice-Baldwin, K., Shore, D. et al. 1991. RAP1 is required for
BAS1/BAS2- and GCN.4-dependent transcription of the yeast HIS4
gene. Mol. Cell. Biol., 11(7):3642-51.

Faires, J.D. and Burden, R. 1998. Numerical Methods, 2nd edition, Brooks/
Cole Publishing Company, Pacific Grovepp. 87-91.

Gasch, A.P. and Werner-Washburne, M. 2002. The genomics of yeast
responses to environmental stress and starvation. Funct. Integr.
Genomics, 2:181-92.

Gasch, A.P., Spellman, P.T., Kao, C.M. et al. 2000. Genomic expression
programs in the response of yeast cells to environmental changes.
Mol. Biol. Cell., 11:4241-57.

Gatti, X., de Bettignies, G., Claret, S. et al. 2005. RGD1, encoding a RhoGAP
involved in low-pH survival, is an Msn2p/Msn4p regulated gene in
Saccharomyces cerevisiae. Gene, 351:159-69.

Giildener, U., Munsterkotter, M., Kastenmuller, G. et al. 2005. CYGD: the
Comprehensive Yeast Genome Database. Nucl. Acids Res., 33:
D364-D368.

Hahn, J.S., Neef, D.W. and Thiele, D.J. 2006. A stress regulatory network for
co-ordinated activation of proteasome expression mediated by yeast
heat shock transcription factor. Mol. Microbiol., 60(1):240-51.

Hohmann, S. and Mager, W.H. 2003. Intorduction. In Yeast Stress Responses.
Edited by Mager W.H. Berlin: Springer-Verlagpp. 1-9.

Johansson, R. 1993. System modeling and identification, Prentice-Hall,
Englewood Cliffs, pp. 113-19.

Kim, H., Hu, W. and Kluger, Y. 2006. Unraveling condition specific gene
transcriptional regulatory networks in Saccharomyces cerevisiae.
BMC Bioinformatics, 7:165.

Lin, L.H., Lee, H.C., Li, W.H. et al. 2007. A systematic approach to detect-
ing transcription factors in response to environmental stresses. BMC
Bioinformatics, 8:473.

Marion, R.M., Regev, A., Segal, E. et al. 2004. Sfp1 is a stress- and nutri-
ent-sensitive regulator of ribosomal protein gene expression. Proc.
Natl. Acad. Sci. U.S.A., 101:14315-22.

Mendenhall, W. and Sincich, T. 1995. Statistics for Engineering and
the Sciences. 4th edition, Prentice-Hall, Englewood Cliffspp.
615-9.

Middendorf, M., Kundaje, A., Wiggins, C. et al. 2004. Predicting genetic
regulatory response using classification. Bioinformatics, Suppl 1:
1232-40.

Nevitt, T., Pereira, J. and Rodrigues-Pousada, C. 2004. YAP4 gene expres-
sion is induced in response to several forms of stress in Saccharomy-
ces cerevisiae. Yeast, 21(16):1365-74.

Pilpel, Y., Sudarsanam, P. and Church, G.M. 2001. Identifying regulatory
networks by combinatorial analysis of promoter elements. Nat.
Genet., 29:153-9.

Gene Regulation and Systems Biology 2008: 2

6l



Wu et al

Prinz, S., Avila-Campillo, I., Aldridge, C. et al. 2004. Control of yeast fila-
mentous-form growth by modules in an integrated molecular network.
Genome Res., 14:380-90.

Remans, P.H., Gringhuis, S.1., van Larr, J.M. et al. 2004. Rap1 signaling is
required for suppression of Ras-generated reactive oxygen species
and protection against oxidative stress in T lymphocytes.
J. Immunol., 173(2):920-31.

Rokhlenko, O., Wexler, Y. and Yakhini, Z. 2007. Similarities and differences
of gene expression in yeast stress conditions. Bioinformatics, 23(2):
e184-¢190.

Segal, E., Shapira, M., Regev, A. et al. 2003. Module networks: identifying
regulatory modules and their condition-specific regulators from gene
expression data. Nat. Genet., 34:166-76.

Sugiyama, K., Izawa, S. and Inoue, Y. 2000. The Yap I p-dependent induction
of glutathione synthesis in heat shock response of Saccharomyces
cerevisiae. J. Biol. Chem., 275(20):15535-40.

Tegner, J., Yeung, M.K., Hasty, J. et al. 2003. Reverse engineering gene
networks: integrating genetic perturbations with dynamical modeling.
Proc. Natl. Acad. Sci., 100:5944-9.

Teixeira, M.C., Fernandes, A.R., Mira, N.P. et al. 2006a. Early transcriptional
response of Saccharomyces cerevisiae to stress imposed by the
herbicide 2,4-dichlorophenoxyacetic acid. F.E.M.S. Yeast Res.,
6:230-48.

Teixeira, M.C., Monteiro, P., Jain, P. et al. 2006b. The YEASTRACT data-
base: a tool for the analysis of transcription regulatory associations
in Saccharomyces cerevisiae. Nucl. Acids Res., 34:D446-D451.

Wu, W.S., Li, W.H. and Chen, B.S. 2006. Computational reconstruction of
transcriptional regulatory modules of the yeast cell cycle. BMC
Bioinformatics, 7:421.

Wu, W.S., Li, WH. and Chen, B.S. 2007a. Identifying regulatory targets of
cell cycle transcription factors using gene expression and ChIP-chip
data. BMC Bioinformatics, 8:188.

Wu, W.S. and Chen, B.S. 2007b. Identifying stress transcription factors
using gene expression and TF-gene association data. Bioinformatics
and Biology Insights, 1:9-17.

Yu, T. and Li, K.C. 2005. Inference of transcriptional regulatory network
by two-stage constrained space factor analysis. Bioinformatics,
21:4033-38.

62

Gene Regulation and Systems Biology 2008: 2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


