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The haloacid dehalogenase (HAD) superfamily is one of the largest enzyme families, consisting mainly of phosphatases. Al-
though intracellular phosphate plays important roles in many cellular activities, the biological functions of HAD enzymes are
largely unknown. Pho13 is 1 of 16 putative HAD enzymes in Saccharomyces cerevisiae. Pho13 has not been studied extensively,
but previous studies have identified PHO13 to be a deletion target for the generation of industrially attractive phenotypes,
namely, efficient xylose fermentation and high tolerance to fermentation inhibitors. In order to understand the molecular mech-
anisms underlying the improved xylose-fermenting phenotype produced by deletion of PHO13 (pho13A), we investigated the
response of S. cerevisiae to phol3A at the transcriptomic level when cells were grown on glucose or xylose. Transcriptome se-
quencing analysis revealed that pho13A resulted in upregulation of the pentose phosphate (PP) pathway and NADPH-producing
enzymes when cells were grown on glucose or xylose. We also found that the transcriptional changes induced by pho13A re-
quired the transcription factor Stb5, which is activated specifically under NADPH-limiting conditions. Thus, pho13A resulted in
the upregulation of the PP pathway and NADPH-producing enzymes as a part of an oxidative stress response mediated by acti-
vation of Stb5. Because the PP pathway is the primary pathway for xylose, its upregulation by pho13A might explain the im-
proved xylose metabolism. These findings will be useful for understanding the biological function of S. cerevisiae Phol3 and the

HAD superfamily enzymes and for developing S. cerevisiae strains with industrially attractive phenotypes.

hosphate, one of the most abundant intracellular molecules, is
carried in ATP and transferred to many other metabolites and
proteins (1). Phosphate starvation in medium results in cell cycle
arrest at the G, stage (2). Moreover, the intracellular inorganic
phosphate pool mediates the proper initiation and homeostasis of
metabolic flux in the glycolytic pathway (3). In signal transduction
pathways, protein phosphorylation plays a key role by regulating
protein localization, protein interactions, and enzyme activity (4).
The haloacid dehalogenase (HAD) superfamily is one of the
largest enzyme families, consisting of ~80,000 sequences that en-
code proteins whose functions are largely unknown (5). The fam-
ily name originated from the first enzyme that was structurally
characterized (6), but 70% of the family members are phosphata-
ses (http://sfld.rbvi.ucsf.edu/django/superfamily/). The active site
of HAD enzymes consists of highly conserved core domains and a
versatile cap domain (7, 8). The presence and location of the cap
domain allow diverse substrate specificities, which form the basis
for the classification of the enzymes into several subfamilies (7).
Saccharomyces cerevisiae Phol3 is structurally classified as a
member of HAD subfamily IIA (9), which contains ~3,000 se-
quences, including eukaryotic 2-phosphoglycolate phosphatase
(PGP or PGLP) and pyridoxal phosphatase. Although two bacterial
enzymes, Aral from Bacillus subtilis (a Gram-positive bacterium)
and NagD from Escherichia coli (a Gram-negative bacterium), are
classified into this subfamily as well, their biochemical properties
differ from those of eukaryotic enzymes (9, 10). Moreover, the
physiological importance of this group of enzymes is not yet un-
derstood.
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Although little is known about the biochemical and physiolog-
ical functions of S. cerevisiae Phol3, deletion of the PHO13 gene
(phol3A) results in significant and industrially relevant pheno-
typic changes in engineered strains capable of fermenting xylose
(11-16). Introduction of a heterologous metabolic pathway con-
sisting of either xylose reductase/xylitol dehydrogenase/xyluloki-
nase [X(R/X)D(H/X)K] or xylose isomerase/xylulokinase [X(I/
X)K] allows S. cerevisiae to metabolize xylose (17). However, the
rates of xylose metabolism in the engineered strains are lower than
those of glucose metabolism. In one study, random transposon
mutagenesis of an S. cerevisiae strain overexpressing X(R/X)D(H/
X)K generated a mutant strain with an insertional mutation in
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PHO13 that grew much better on xylose (11). In another indepen-
dent study, adaptive evolution of an S. cerevisiae strain overex-
pressing X(R/X)D(H/X)K on xylose led to a spontaneous single
nucleotide polymorphism (SNP) in PHOI3, which increased xy-
lose consumption 5-fold (12). In both cases, the loss of Phol3
function (phol3A) was shown to be responsible for the improve-
ment in xylose metabolism (12, 14). Moreover, phol3A in S.
cerevisiae strains overexpressing X(R/X)D(H/X)K improved tol-
erance to common fermentation inhibitors (weak acids and sugar
degradation products) (13, 15). In addition to its effects in strains
overexpressing X(R/X)D(H/X)K, phol3A in a strain overexpress-
ing X(I/X)K improved the growth rate on xylose 8-fold (16). Thus,
different research groups have confirmed the positive effect of
phol3A on xylose metabolism in both xylose pathways and in
various strain backgrounds. As such, there is a need to determine
the biological function of the Phol3 enzyme and the mechanism
underlying the effect of phol13A on xylose metabolism.

This study focused on the Phol3 enzyme. In transcriptome
sequencing (RNA-seq) analysis, we found that phol3A induced
transcriptional changes when cells were grown on xylose or glu-
cose. We propose that phol3A triggers transcriptional reprogram-
ming, which directly improves xylose metabolism in engineered S.
cerevisiae strains capable of fermenting xylose.

MATERIALS AND METHODS

Strain construction. To construct the phol3A and stb5A mutants, PCR-
based gene deletion (18) was performed using the plasmids and primers
listed in Tables 1 and 2. Specifically, using a pUG6 plasmid as the template,
the kanMX marker gene with PHO13-specific overhanging sequences (the
nucleotide sequence in lowercase letters in Table 2) was amplified using
primers SOO615 and SO0O428. The PCR product was purified and trans-
formed into yeast strains using the lithium acetate/single-stranded carrier
DNA-—polyethylene glycol method (19). The phol3A::kanMX deletion
mutant was selected on YPD (10 g/liter yeast extract, 20 g/liter peptone, 20
g/liter glucose) agar medium containing 300 pg/ml G418. To construct
the stb5A::hghMX mutant, a pUG75 plasmid, the SOO411 and SO0412
primers, and YPD agar medium containing 300 pg/ml hygromycin B were
used instead. Several colonies were confirmed through colony PCR using
primers that amplified each end of the integration site: SOO575/SO0148
and SO0576/SO0149 for phol3A::kanMX and SO0431/SO0148 and
SO00455/S00149 for stb5A::hghMX.

Strain construction using CRISPR-Cas. The following method was
modified from the first paper describing S. cerevisiae genome engineering
with a clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas system (20), as follows. (i) p41N-Cas9 was constructed by
transferring the Cas9 cassette from the p414-TEF1p-Cas9-CYClt plasmid
(Addgene) to p41N, a single-copy plasmid containing a natMX marker.

(ii) Guide RNA (gRNA) with 20 bp of a GNDI.I-specific sequence was
designed as described in Table 3. The GNDI.I-specific sequence was the
only modification to the gRNA described previously (20). It was chosen
from the sequence immediately 5" of the NGG protospacer-associated
motif (PAM) sequence, which was located in the Stb5-binding sequence
(CGGTGTTA, where the PAM sequence is underlined). The gRNA was
synthesized by IDT (Coralville, IA, USA) as gBlocks gene fragments with
5" phosphorylated ends. The gBlocks gene fragments were then ligated
with a p42H vector that had been linearized and dephosphorylated by
treatment with EcoRV and rSAP. The resulting plasmid, p42H-GND1.1,
was treated with BamHI and Sall to confirm the presence of the insert.

(iii) Donor DNA was PCR amplified using the primers SOO567/
SO0568, which generated double-stranded DNA of 100 bp that covered
the GND1.1-specific sequence area and contained a mutation in the Stb5-
binding sequence (CTGTGTTA, where the mutation is underlined). Be-
cause the mutation site overlapped the PAM sequence, there was no need
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TABLE 1 Plasmids and strains used in this study

Reference
Plasmid or strain Description or source
Plasmids
pUG6 A template plasmid containing a 30
kanMX marker for PCR-based
gene knockout
pUG75 A template plasmid containing 18
an hphMX marker for PCR-
based gene knockout
p41N-Cas9 A single-copy plasmid containing  This study
Cas9 and a natMX marker
p42H-GNDI.1 A multicopy plasmid containing This study
a gRNA and an hphMX marker
p41K-TEF1,-STB5 A single-copy plasmid containing ~ This study

STB5 under the control of the
TEFI promoter and a kanMX

marker
Strains
BY4742 A laboratory wild-type strain of 31
S. cerevisiae
BY4742 phol3A BY4742 phol3:kanMX 32
D452-2 A laboratory wild-type strain of 33

S. cerevisiae

D452-2 phol3A D452-2 phol3:kanMX This study

SR7 D452-2 with a xylose pathway (S. 12
stipitis XYL1, XYL2, and XYL3)
SR7 phol3A SR7 phol3:kanMX 12
SR7 stb5A SR7 stb5:hphMX This study
SR7 phol3A stb5A SR7 phol3:kanMX stb5:hphMX This study
SR7 phol3A Cas9 SR7 phol3A pRS41N-Cas9 This study
SR7 phol3A GNDI.1 SR7 phol3A with a mutation in This study
the upstream GNDI
SR7 TEF1,-STB5 SR7 p41K-TEF1,-STB5 This study

to introduce an additional mutation in the PAM sequence to prevent
gRNA binding.

(iv) The target strain (SR7 phol3A) was first transformed with p41N-
Cas9 and plated on a YPD agar plate containing 120 pwg/ml nourseothricin
(clonNAT). The resulting strain was transformed with the p42H-GNDI.1
plasmid and donor DNA and plated on a YPD agar plate containing 120
pg/ml nourseothricin and 300 pg/ml hygromycin B. The colonies were
restreaked on the same type of agar plates, and the mutation was con-
firmed by sequencing 1 kb upstream of GNDI.

Culture conditions. All strains were aerobically precultured in 5 ml of
YPD at 30°C for 24 h. For the growth profile and RNA extraction, precul-
tured cells were inoculated into 50 ml of YP (yeast extract-peptone) me-
dium containing either 40 g/liter glucose or 40 g/liter xylose at an initial
cell density of 2 X 10° cells. For sugar fermentation, precultured cells were
inoculated into 50 ml of YP medium containing both 40 g/liter glucose
and 40 g/liter xylose at an initial cell density of 2 X 107 cells. The culture
was incubated in a 250-ml Erlenmeyer flask at 30°C and 100 rpm. RNA
was extracted when the absorbance at 600 nm (A,) reached 1, as shown
in Fig. 1. For testing of cell growth on xylose, a Bioscreen C plate reader
system was used (Growth Curves USA, Piscataway, NJ) as previously de-
scribed (12).

RNA extraction. For RNA-seq and reverse transcription (RT)-quan-
titative PCR (qPCR), RNA was extracted from the fresh cultures described
above. First, 1 X 107 cells (equivalent to an A, of 0.5) were harvested and
resuspended in a buffer containing 1 M sorbitol, 0.1 M EDTA, 0.1%
2-mercaptoethanol, and 50 U Zymolyase (pH 7.4). The solution was in-
cubated at 30°C and 100 rpm for 30 min to generate spheroplasts. RNA
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TABLE 2 Primers used in this study

Name Sequence” Description”
SO00615 5'-tatcaagctcgagccaaatcacaaaaaaagccttatagettgecctgacaaagaatatacaactcgggaaaCAGCTGAAGCTTCGTACGC phol3::loxP-F
500428 5'-aaaacaacaaacctgaatatttttccttttcaaaaagtaattctaccectagattttgeattgctcct GCATAGGCCACTAGTGGATCTG phol3:loxP-R
SO0411 5'-cgtaacaagaggtataatatccgagcegtacagggctaaaaaattaatacaaaggtgtaaaagaaggacatg CAGCTGAAGCTTCGTACGC stb5::loxP-F

S00412 5'-ttaaacggcagcaacaagecgetgecgtatagtatgacgacatgacaaaactcggtgaacatatgtcaGCATAGGCCACTAGTGGATCTG stb5::loxP-R

SO0575 5'-GCCGGATCCACTGTGATACTAACGGGCAACTAC PHO13_883-up-F
SO0576 5-GCCGTCGACGAATTGGTCAACACTCTGAGCG PHO13_384-down-R
SO00431 5-GCGCTTAGCACTGTTGAATC STB5_527-up-F
SO0455 5'-AAGTTCCGCCTCTTGGAGAC STB5_434-down-R
S00148 5'-GGATGTATGGGCTAAATG B-M (paired with up)
SO0149 5'-CCTCGACATCATCTGCCC C-M (paired with down)
SO0613 5'-GCCTTCTACGTTTCCATCCA RT-qPCR_ACTI-F
S00614 5-GGCCAAATCGATTCTCAAAA RT-qPCR_ACTI-R
SO0355 5-TGCTCGTTATGCGTCTTATCC RT-qPCR_ZWFI-F
SO0356 5'-CTGCACCTGTGGCAATTATTC RT-qPCR_ZWFI-R
500429 5'-GCGGACGAATCACTATCTTCTC RT-qPCR_SOL3-F
S00430 5'-GCTCTCTTGAAGGCACCATAA RT-qPCR_SOL3-R
SO00417 5'-CTGCTACTTATGGCTGGAAACT RT-qPCR_GNDI-F
SO00418 5-GGTTCTTCTCTGTAGGCCTTTG RT-qPCR_GNDI-R
SO00365 5'-CCTCAAGACTCCACAACTAACC RT-qPCR_TALI-F
SO0366 5'-ACCATGCTTCTTACCGTATTCC RT-qPCR_TALI-R
S00567 5 -TTGTACCTATTGTGGCTGTCGGTGTTACATTACGGTGCCTCTGTGTTACGCGGTGCTTCG GNDI.1_Donor-F
SO0568 5'-CCACCAAGGCCAAAGCGCAAGGCCGCGTGGACCACCAGGACGAAGCACCGCGTAACACAG GNDI.1_Donor-R

@ Lowercase nucleotides indicate PHO13-specific overhanging sequences; the underlined nucleotide in SOO568 represents an SNP.

b'F, forward; R, reverse.

was immediately extracted using a Qiagen RNeasy minikit. The RNA yield
was 10 to 40 p.g.

RNA-seq. The concentration and quality of the RNA samples were
evaluated on a Bioanalyzer RNA chip. Samples with high-quality total
RNA were used to construct a bar-coded library with poly(A)™ RNA.
Sequencing was performed on an Illumina HiSeq 2000 system at the
W. M. Keck Center for Comparative and Functional Genomics at the
University of Illinois at Urbana-Champaign. The detailed procedure for
[lumina sequencing has been described previously (12). The sequencing
results were analyzed using the CLC Genomic Workbench (version 6.5)
program as follows. First, ~100-bp sequencing reads (fastq files) were
trimmed and mapped to the S. cerevisiae S288C reference genome se-
quence modified with a xylose pathway. All mapped reads at exons were
counted, and the numbers were converted to the total number of exon
reads per kilobase of exon length per million mapped reads (RPKM). The
numbers of RPKM from three biological replicates of the phol3A strain
were compared to those of the wild-type strain, and ¢ tests were applied.
Finally, genes with significantly different expression levels (>2-fold, P <
0.05) were identified (see Data Set S1 in the supplemental material).

RT-qPCR of pentose phosphate (PP) pathway genes. For quantita-
tive PCR with RNA samples (RT-qPCR), cDNA was generated from 1 pg

TABLE 3 gRNA (gBlocks) sequences (388 bp)

of RNA using iScript reverse transcription supermix (Bio-Rad, Hercules,
CA, USA). Then, cDNA solution (1 pl) was used directly for gPCR with
prepared primer solutions and SYBR green I master mix (Roche Applied
Science, Indianapolis, IN, USA). qPCRs were performed in a 96-well plate
on a LightCycler 480 apparatus (Roche). All primers (Table 2) were de-
signed using the IDT PrimerQuest program.

The qPCR results were calculated by the comparative threshold cycle
(Cp) method (the AAC, method) (21). Specifically, the transcript abun-
dance (the change in the C;- [AC;] * s [where s is the standard deviation
of the AC; value]) of a target gene (ZWFI, SOL3, GNDI, and TALI)
relative to that of a reference gene (ACTI) was calculated from three
biological replicates. The difference in the AC; value (AAC; = s [where s
is the standard deviation of the AC;. value of a phol3A mutant]) for a
phol3A mutant compared to that for a wild-type strain was then con-

verted into a fold change [2(722C€D] with an error range [2(7AACT +9)
2(*AACT - 5)]

RESULTS

phol3A enhances xylose metabolism but does not affect glucose
metabolism. To characterize the phenotypic changes induced by

Length
Parts Sequence (bp)
SNR52 promoter TCTTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACAGAAACTTGATGTTTTCTTTCGAGTATA 269
TACAAGGTGATTACATGTACGTTTGAAGTACAACTCTAGATTTTGTAGTGCCCTCTTGGGCTAGCGGTAA
AGGTGCGCATTTTTTCACACCCTACAATGTTCTGTTCAAAAGATTTTGGTCAAACGCTGTAGAAGTGAAA
GTTGGTGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATC
GNDI.1 gRNA GGTGTTACATTACGGTGCCT 20
(target specific)
Structural crRNA GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG 79
TGGTGC
SUP4 terminator TTTTTTTGTTTTTTATGTCT 20
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FIG 1 phol3A significantly improves the xylose metabolism of the mutant,
while there is no visible effect when the cells are metabolizing glucose (over-
lapping symbols). Cell growth was measured during growth on a single carbon
source, glucose (a) or xylose (b). (¢) Sugar consumption was measured during
growth on a mixture of glucose and xylose, and the results from the two strains
were combined. When cells reached the mid-exponential phase (arrows in
panels a and b), samples were collected for RNA extraction.

phol3A, we compared wild-type and phol3A mutant strains of
xylose-fermenting S. cerevisiae SR7 grown under glucose (Fig. 1a),
xylose (Fig. 1b), and the mixed sugar (Fig. 1c) conditions. The SR7
strain, created from the wild-type S. cerevisiae D452-2 strain, con-
tains a heterologous xylose metabolic pathway consisting of the
Scheffersomyces stipitis XYL1, XYL2, and XYL3 genes (12). When

the strains were grown on glucose, no phenotypic differences were
observed (Fig. la). However, when the strains were grown on
xylose, the SR7 phol3A strain grew significantly faster than the
SR7 strain (Fig. 1b). Specifically, the SR7 pho13A strain grew from
a cell density (Agqo) of 0.1 to one of 1 in 12 h, while the SR7 strain
took four times longer. When fermenting a mixture of glucose and
xylose (Fig. 1c), the growth differences between the SR7 and SR7
phol3A strains were not as obvious as the growth differences on
xylose only. However, during a xylose-consuming phase followed
by a glucose-consuming phase, the xylose consumption rate of the
SR7 phol3A strain was faster than that of the SR7 strain, which
confirmed that the metabolic benefits induced by phol3A were
specific to xylose metabolism and consistent for the single sugar
and the mixed sugar fermentations (Fig. 1c).

phol3A induces the PP pathway and NADPH gene expres-
sion regardless of the type of sugar substrate. To elucidate the
mechanisms underlying the phenotypic changes induced by
phol3A, the global transcript profiles of SR7 and SR7 phol3A
grown in glucose or xylose were analyzed. Three biological repli-
cates of RNA samples were subjected to RNA-seq. The genes dif-
ferentially expressed (DE; >2-fold) in the phol3A strain com-
pared to their expression in the wild-type strain when the strains
were grown in the same sugar were identified with a P value of
<0.05 (see Data Set S1 in the supplemental material). Although
the deletion phenotype was observed only in cells grown on xylose
(Fig. 1), transcriptional changes induced by phol3A were ob-
served with both glucose and xylose: 12 DE genes were detected for
growth on glucose, and 277 DE genes were detected for growth on
xylose (Fig. 2). When those DE genes were presented on the basis
of the direction of changes, we found that 9 genes were upregu-
lated under both conditions (Table 4). Most genes were directly or
indirectly involved in NADPH regeneration: PP pathway genes
(GND1, SOL3, and TALI), NADPH-specific oxidoreductase
genes (GCY1 and GOR1), and NADH kinase genes (YEFI). These
results suggest that the loss of Phol3 induces the transcriptional
upregulation of genes involved in the PP pathway and redox bal-
ance.

phol3A upregulates fermentative pathways under xylose
conditions. In terms of the numbers of genes affected and the
degree of changes, phol3A had greater effects during xylose me-
tabolism than during glucose metabolism. We reasoned that the
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A 4 \
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FIG 2 Number of genes upregulated and downregulated (>2-fold, P < 0.05) by pho13A during exponential growth on glucose and xylose.
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TABLE 4 Nine genes upregulated” by the phol3A strain on both glucose

and xylose
Fold change in
expression”
Gene name Glucose Xylose Function Pathway
SOL3 6.2 8.8 6-Phosphogluconolactonase PP pathway
GNDI 6.8 15.0  6-Phosphogluconate PP pathway
dehydrogenase
TALI 3.5 4.2 Transaldolase PP pathway
GCY1 5.1 7.8 Glycerol dehydrogenase NADPH
regeneration
GORI 4.1 5.3 Glyoxylate reductase NADPH
regeneration
YEFI1 2.6 13.8  ATP-NADH kinase NADPH
regeneration
YDR248C 4.3 4.9 Putative gluconokinase
YHRI82C-A 6.0 16.6  Transposable element gene
YLRI52C 4.4 6.0 Uncharacterized

@ Upregulated >2-fold (P < 0.05). None of the genes was downregulated.
b Relative number of reads per kilobase of exon length per million reads (RPKM) of the
phol3A mutant compared to that of the wild-type strain.

phol3A-induced changes in the transcriptional profile in cells
grown on xylose might be related to the phenotypic improvement
in xylose metabolism (Fig. 1). To confirm this hypothesis, we in-
vestigated the transcriptional changes of genes in central meta-

On glucose Glucose

Gene name GND1 SOL3

+6.2

Fold change . € c—- p4 " o Trefialoss
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— Decreased (---> ) . : .

Glycer- Fructose-6P
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Glycerol
: . * Ethanol
Acetyl-CoA

Transcriptional Regulation Induced by PHO13 Deletion

bolic pathways (the PP pathway, glycolysis, and the tricarboxylic
acid [TCA] cycle) (Fig. 3). When cells were grown on xylose, most
genes involved in the PP pathway and fermentative metabolism
(glycolysis and ethanol production) were upregulated by phol3A
(black-line arrows in Fig. 3). On the other hand, some genes in-
volved in respiratory metabolism (TCA cycle and ethanol utiliza-
tion) were downregulated (dotted-line arrows in Fig. 3). The RKI1
gene, coding for ribose-5-phosphate (ribose-5P) isomerase, was
the only gene from the PP pathway that was downregulated by
phol3A. Because ribose-5P is a precursor for the histidine, purine,
and pyrimidine biosynthetic pathways, the RKI1 gene was consid-
ered a component of anabolic metabolism. In summary, the
phol3A mutant induced transcriptomic changes that were favor-
able for xylose fermentation.

The pho13A-induced upregulation of the PP pathway genes
is not specific to the strain background. To confirm the RNA-seq
results, RT-qPCR was performed to assess SOL3, GNDI, and
TALI gene expression using RNA samples from strains SR7 and
SR7 phol3A grown on glucose. As a negative control, ZWF1I (en-
coding glucose-6-phosphate dehydrogenase) was also tested be-
cause its transcript abundance was not affected by phol3A when
cells were grown on glucose. The transcript abundance of the three
genes was 4- to 8-fold higher in the SR7 pho13A strain than in the
SR7 strain (Fig. 4), in agreement with the RNA-seq results. To
determine if the transcriptional changes induced by pho13A were
associated with the heterologous xylose pathway in SR7 or were
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FIG 3 Transcriptomic changes in central metabolic pathways induced by pho13A during growth on different carbon sources. The fold change in expression in
the phol3A mutant relative to that in the wild-type strain is presented. Glyceraldehyde-3P, glyceraldehyde-3-phosphate; Fructose-6P, fructose-6-phosphate;

Acetyl-CoA, acetyl coenzyme A.
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FIG 4 RT-qPCR confirmation of transcriptional changes induced by phoI3A in three different strain backgrounds. The fold change in expression in the pho13A
mutant relative to that in the corresponding wild-type strain is presented. Three genes (SOL3, GNDI, and TALI) upregulated by phol3A were tested along with
one gene that was not affected (ZWF1I); all genes are in the pentose phosphate pathway. A fold change of 1 (dashed line) indicates no change in the level of

transcription.

dependent on the strain background (S. cerevisiae D452-2), RT-
qPCR for the same gene set was performed to assess transcripts in
the D452-2 phol3A and BY4742 phol3A strains, with the respec-
tive wild-type strains being used as controls. In both phol3A
strains, the SOL3, GNDI, and TALI genes were upregulated, while
ZWFI expression remained the same. These results suggest that
the transcriptional upregulation induced by the loss of Pho13 did
not depend either on the xylose pathway or on the strain back-
ground.

Transcription factor Stb5 is upregulated by phol3A. The
RNA-seq and RT-qPCR results indicated that phol3A resulted in
global transcriptional changes. Because Phol3 does not have a
DNA binding domain, we hypothesized that at least one transcrip-
tion factor was involved in the phol3A-induced transcriptional
changes. However, we did not find any transcription factors that
were differentially expressed (>2-fold, P < 0.05) by phol3A in
our RNA-seq results (see Data Set S1 in the supplemental mate-
rial). To detect minor changes in the expression of transcription
factors, the RNA-seq data were reprocessed using a P value of

<<0.05. With this criterion, 30 transcription factors were differen-
tially expressed because of phol3A in cells grown on glucose or
xylose (Fig. 5). Among the six transcription factors that were dif-
ferentially expressed in the phol3A strain on glucose, STB5 was
the only gene that was regulated in the same direction (upregula-
tion) under both conditions (1.3-fold increase on glucose and
1.5-fold increase on xylose). YAP5 was upregulated during growth
on glucose but downregulated during growth on xylose. STB5 is a
zinc finger protein that upregulates PP pathway and NADPH-
producing genes under oxidative stress and NADPH limitation
(22,23). The results suggest that Stb5 mediates the transcriptional
changes induced by phol3A.

Stb5 is required for the transcriptional changes induced by
phol3A. To determine if Stb5 plays a role in the transcriptional
changes induced by phol3A, the transcript abundance of the gene
that was the most strongly upregulated by phol3A, GNDI, was
compared in strains lacking PHO13 or STB5 (Fig. 6). The relative
expression of GNDI was significantly higher in the pho13A mu-
tant than in the wild-type strain, as found earlier. However, in the
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FIG 5 Fold change in the expression of transcription factors induced by phol3A during growth on different carbon sources (P < 0.05).
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stb5A mutant, the level of GNDI was only 10% of that in the
wild-type strain, which supported the conclusion that the Stb5
transcription factor is required for PP pathway activation. Dele-
tion of PHOI3 in the stb5A mutant (resulting in a phol3A stb5A
mutant) did not upregulate GNDI. These results suggest that Stb5
is necessary for the transcriptional upregulation induced by
phol3A.

To confirm that Stb5 was responsible for the transcriptional
changes induced by phol3A, we created a mutant in which Stb5
could not mediate the transcriptional regulation of GNDI. A mu-
tation was introduced in the Stb5-binding sequence (CGGTGT
TA), located 262 bp upstream from the GNDI coding region.
Chromatin immunoprecipitation with microarray technology
analysis has demonstrated that DNA oligonucleotides with an
SNP in the binding sequence, such as CIGTGTTA (where the
SNP is underlined), do not exhibit any detectable binding to Stb5
(22). Using a CRISPR-Cas system (20), we introduced an SNP
(CTGTGTTA, where the SNP is underlined) into the Stb5-bind-
ing sequence of GNDI in vivo, to generate GNDI.I. When
GND1.1 was introduced into the phol3A strain, GNDI upregula-
tion was not detected, and the expression was the same as that in
the wild-type strain (Fig. 6). The result strongly supports the con-
clusion that Stb5 mediates the transcriptional changes induced in
the phol3A mutant.

STB5 overexpression did not lead to the transcriptional acti-
vation of the pho13A-response genes. Because the phol3A mu-
tation resulted in the upregulation of STB5, we tested if the over-
expression of STB5 alone could activate the phol3A-response
genes, such as GNDI. When the STB5 gene was overexpressed
under the control of the strong and constitutive TEFI promoter,
the mutant had a lower level of expression of GNDI than the
control strain (Fig. 7a). Moreover, the STB5-overexpressing mu-
tant was not able to grow on xylose under a condition where the
SR7 strain grew significantly (Fig. 7b). These results suggest that
the upregulation of STB5 is not sufficient to explain transcrip-
tional changes induced by phol3A.
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DISCUSSION

The Phol3 enzyme in S. cerevisiae has received little attention
because it is not directly related to any of the metabolic pathways
in native strains and because its deletion does not produce a sig-
nificant phenotype under standard culture conditions with glu-
cose. On the other hand, three independent studies have found
that phol3A improves xylose metabolism in strains engineered
with a heterologous xylose-consuming pathway (11-13). Al-
though the phenotypic improvement was significant, the mecha-
nism was difficult to explain because xylose metabolism itself is
not clearly understood in the engineered strains. Nevertheless,
one study proposed that the xylulose-5-phosphate phosphatase
activity of Phol3 might create a futile cycle when coupled with
strong xylulokinase activity (12). Xylulokinase is a key enzyme
connecting the heterologous xylose-consuming pathway to the
native PP pathway (17).

However, the results of the present study suggest that Phol3
has other biochemical properties that are not dependent on xylose
or the presence of the xylose pathway. Moreover, a previous study
found that Phol3 had protein phosphatase activity against phos-
phoseryl proteins (24), suggesting that Pho13 might be involved
in protein signaling. Meanwhile, a spontaneous mutation in
Phol3 improved the protein’s specificity; the mutant form of
Pho13 (G208D) was able to dephosphorylate a toxic intermediate
in the purine biosynthesis pathway, 5-amino-4-imidazole N-suc-
cinocarboxamide ribonucleotide-5-phosphate (SAICAR), to gen-
erate the nontoxic riboside (25).

One hypothesis regarding the function of Phol3 is that S.
cerevisiae Pho13 has a broad range of substrates and little spec-
ificity for the detoxification of sugar phosphates that accumu-
late to high levels. When 23 HAD-like phosphatases from E. coli
were tested against 80 phosphorylated substrates, most en-
zymes exhibited substrate promiscuity with very wide and
overlapping substrate ranges (26). Specifically, E. coli NagD, an
S. cerevisine Pho13 ortholog, had high specificities for both nu-
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cleotide monophosphates (UMP and GMP) and sugar phos-
phates (ribose-5-phosphate and glucose-1-phosphate) (10,
26). Although NagD is expressed from the N-acetylgluco-
samine (GIcNAc) metabolic operon, it has no effect on metab-
olism (27). Because nonspecific HAD enzymes have broad and
low substrate specificities and do not participate in specific
metabolic pathways, it was previously proposed that nonspe-
cific HAD enzymes detoxify sugar phosphates that accidentally
accumulate at metabolic bottlenecks (9).

On the other hand, some eukaryotic orthologs of S. cerevisiae
Pho13 have unique biological functions and specific substrates.
Phosphoglycolate phosphatase 1 (Pgpl), a Phol3 ortholog in
the plant Arabidopsis thaliana, contributes to the photorespiration
pathway in chloroplasts (28). When the gene coding for Pgp1 was
disrupted, the mutant was unable to grow in normal air (28).
Interestingly, disruption of a cytosolic homolog of Pgpl, Pgp2,
produced no phenotype, despite the fact that both enzymes have
the same biochemical properties (28). Meanwhile, an S. cerevisiae
Pho13 ortholog in humans was found to have pyridoxal phospha-
tase activity in the vitamin B4 metabolic pathways (29).

Currently, it is not clear whether S. cerevisiae Phol3 is closely
related to any bacterial or eukaryotic orthologs. However, other
yeast orthologs, which have not been characterized, could provide
more information about the enzymes in this subfamily. Specifi-
cally, investigation of native xylose-fermenting yeast, such as S.
stipitis and Neurospora crassa, might be a good strategy for deter-
mining if the phol13A-induced signaling mechanism is conserved
in yeast.

In this study, we identified a global transcriptional response
induced by deletion of PHO13 (phol3A). In the phol3A mutant,
an oxidative stress response was constitutively activated via the
transcription factor Stb5. The stress response involved upregula-
tion of PP pathway and NADPH-producing genes. The connec-
tion between Pho13 and Stb5 might be important for understand-
ing the biological function of S. cerevisiae Pho13. Given that Stb5 is
activated under NADPH-limiting conditions (22, 23), Phol3
could also be involved in cellular redox maintenance.
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