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Abstract

The Msc2 and Zrg17 proteins of Saccharomyces cerevisiae form a complex to transport
zinc into the endoplasmic reticulum. ZRG17 is transcriptionally induced in zinc-limited cells
by the Zap1 transcription factor. In this report, we show that MSC2 mRNA also increases
(~1.5fold) in zinc-limited cells. The MSCZ2 gene has two in-frame ATG codons at its 5’ end,
ATG1 and ATG2; ATG2 is the predicted initiation codon. When the MSC2 promoter was
fused at ATG2 to the lacZ gene, we found that unlike the chromosomal gene this reporter
showed a 4-fold decrease in lacZ mRNA in zinc-limited cells. Surprisingly, B-galactosidase
activity generated by this fusion gene increased ~7 fold during zinc deficiency suggesting
the influence of post-transcriptional factors. Transcription of MSC2*7%2-JacZ was found to
start upstream of ATG1 in zinc-replete cells. In zinc-limited cells, transcription initiation
shifted to sites just upstream of ATG2. From the results of mutational and polysome profile
analyses, we propose the following explanation for these effects. In zinc-replete cells,
MSC247%2.]acZ mRNA with long 5’ UTRs fold into secondary structures that inhibit transla-
tion. In zinc-limited cells, transcripts with shorter unstructured 5’ UTRs are generated that
are more efficiently translated. Surprisingly, chromosomal MSC2 did not show start site
shifts in response to zinc status and only shorter 5 UTRs were observed. However, the
shifts that occur in the MSC2°7%2-jacZ construct led us to identify significant transcription
start site changes affecting the expression of ~3% of all genes. Therefore, zinc status can
profoundly alter transcription initiation across the yeast genome.

Introduction

Zinc is an essential nutrient for function of the secretory pathway by servingas a cofactor for
both secreted proteins and proteins that reside in secretory pathway compartments. The
importance of regulatory mechanisms for maintaining zinc homeostasis in the secretory path-
way of Saccharomyces cerevisiae was recently demonstrated by studies of Zrgl7, a zinc
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transporter in the endoplasmic reticulum (ER) that supplies zinc to that organelle. ZRG17 gene
expression is induced in zinc-limited cells and this gene is a direct target gene of the Zap1 tran-
scription factor [1]. In yeast, Zapl is the central player in zinc homeostasis where it activates
the expression of ~80 genes in response to zinc deficiency [2]. Disruption of Zap1-mediated
induction of ZRGI7 under zinc-limited conditions led to elevated ER stress, thus demonstrat-
ing the biological importance of this regulation to maintaining ER function.

Zrgl7 does not function as a zinc transporter by itself. Previous results indicated that zinc
transport into the ER is active only when Zrgl7 forms a heteromeric complex with the Msc2
protein [3]. Both Msc2 and Zrgl7 are members of the cation diffusion facilitator family of
metal transporters [4] and are orthologous to the vertebrate ZnT5 and ZnT6 proteins, respec-
tively [5]. Although ZRG17 was shown to be regulated by Zap1, genome-wide microarray anal-
yses failed to identify changes in MSC2 mRNA levels in response to zinc status [6,7].
Therefore, in this report, we set out to characterize the regulation of the MSC2 gene. While
microarray analyses did not detect changes in MSC2 expression, the more sensitive methods of
S1 nuclease protection assay and quantitative RT-PCR independently showed that there was a
small but reproducible increase in MSC2 mRNA level in zinc-limited vs. zinc-replete cells.
When we fused a 500 bp fragment of the MSC2 promoter to lacZ, we found that mRNA from
this reporter decreased 4-fold in zinc-limited cells, indicating that the promoter fragment used
was insufficient to confer wild-type MSC2 regulation on the reporter gene. Surprisingly, how-
ever, B-galactosidase enzyme activity generated by the reporter was highly induced in zinc-lim-
ited cells despite the decrease in mRNA level. Transcription start site mapping showed that this
induction correlated with a shift in the site of transcription initiation in response to zinc status.
Transcripts with longer 5"UTRs produced in zinc-replete cells appear to be poorly translated
while shorter transcripts produced in zinc-limited cells are translated more efficiently.

Transcription start site selection is a complex process requiring a number of different basal
cofactors [8]. Following assembly of the preinitiation complex on a promoter, the TFIIH heli-
case unwinds the DNA strands adjacent to the transcription start site to form the “open com-
plex” conformation. RNA polymerase II then scans downstream for a suitable transcription
start site. Previous studies have shown that TFIIB, TFIIF and Pol II are all involved in start site
selection because mutations in these factors have been found to alter where transcription initia-
tion occurs [9-12]. Notably, several subunits of these factors are zinc-dependent so zinc status
could potentially have an impact on transcription start sites of other yeast genes through this
or other zinc-related mechanisms. Consistent with this hypothesis, we found that genes
throughout the genome have altered transcription start sites in zinc deficiency. Thus, the artifi-
cial MSC2-lacZ reporter fusion led us to find that zinc status alters transcription start site selec-
tion at many genes in yeast.

Materials and Methods
Yeast Strains and Growth Conditions

Media used were YPD, SD, and LZM as described previously [13]. LZM contains 1 mM EDTA
and 20 mM citrate to both limit and buffer available zinc levels. In all experiments, 2% glucose
was used as the carbon source. Zinc was supplied as ZnCl,. Yeast strains used were wild type
DY150 (MATa ade2 canl his3 leu2 trpl ura3), msc2A (DY150 msc2A::HIS3) [14], ABY9
(MATa ade6 canl his3 leu2 trpl zap1A::KanMX4) [15], BY4743 (MATa/MATo his3A1/his3A1
leu2A0/1eu2A0lysA0/LYS2 MET15/met15A0 ura3A0/ura3A0) (Invitrogen), BY4743 rpd9A
(Invitrogen), H51 (MATa his3A200 ura3-52, leu2-3, 112), YMH650 (H51 ssu72-2), YMH14
(MATa cycl-5000 cyc7-67 cyh2 leu3-3,112 ura3-52), YMH124 (YMH14 sua7-1), and YDW383
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(YMH14 sua8-1). The YMH strains and YDW383 were all provided by Michael Hampsey
(Rutgers University).

Yeast Plasmids

The reporter plasmid MSC2*"%?-lacZ was constructed in lacZ fusion vector YEp353 by homol-
ogous recombination. PCR products were amplified from pMSC2 [16] that contained 500 bp
of MSC2 promoter sequence and the ATG2 initiation codon (see below) flanked by sequences
homologous to the vector. This fragment was gel purified and co-transformed with EcoRI- and
PstI-digested YEp353 [17]; transformants were selected for URA3 prototrophy. Reporter plas-
mid MSC2*"4-lacZ was constructed in the same way as MSC2*"“?-lacZ but used ATG1 as
the initiation codon. The ATG mutants (MSC2*T%?-lacZ mATG1, MSC2*T% lacZ mATG2)
were constructed in a similar fashion after generating the point mutation fragments by overlap-
ping PCR. All plasmids were confirmed by DNA sequencing.

RNA Analyses

S1 nuclease protection assays were performed with total RNA as previously described [18].
Total RNA was extracted from cells grown to mid-log phase with hot acid phenol. For each
reaction, 15 g of total RNA was hybridized to **P-end-labeled DNA oligonucleotide probes
for MSC2, lacZ, and CMD1 before digestion with S1 nuclease and separation on 10% polyacryl-
amide, 5 M urea polyacrylamide gels. The gels were subsequently dried and exposed to phos-
phor screens. Band intensities were imaged by Typhoon FLA 7000 (GE Healthcare Life
Sciences) and quantified using ImageQuant TL analysis software (GE Healthcare Life Sci-
ences). Quantitative RT-PCR analysis was performed as previously described [19]. Additional
primer sequences used were (5'-3"): GGCCGCATATGCTCTCTTA and ACTTATCGAA
TGCTGTGCGA for MSC2, and AACGACATTGGCGTAA GTGA and CCGCATCAGCAA
GTGTATCT for lacZ.

B-galactosidase Assays

B-galactosidase activity was measured using the Beta-Glo assay system (Promega). Cells were
grown to mid-log phase in LZM supplemented with the indicated amount of ZnCL. After cells
were diluted to an ODggo of 0.1 (~2 x 10° cells/ml), an equal volume of Beta-Glo reagent was
then added and the mixture was incubated at room temperature for 60 min before assaying in
a Turner 20/20n luminometer (Promega). B-galactosidase activity is reported in relative light
units (x 10° for MSC2-lacZ reporters and x 10” for HIS4-lacZ).

5" RLM-RACE

To map 5 transcription start sites of "G-capped mRNA, 5 RNA Ligase Mediated-Rapid
Amplification of cDNA Ends (5" RLM-RACE) was performed using the FirstChoice®
RLM-RACE Kit (Invitrogen). Total RNA was extracted from wild-type (DY150) cells express-
ing the MSC2*"*-lacZ reporter with hot acid phenol, and used as a template for 5> RLM-
RACE. The primers used in the outer PCR were 5" RACE outer primer (5'-GCTGATGGCG
ATGAATGAACACTG-3") and outer lacZ-specific primer (5-TGGGATAGGTTACGTT
GGTGT-3’) or outer MSC2-specific primer (5- GGTTAAAGGAAGAAGCTA CGAAGG-3).
The primers used for the inner PCR were 5" RACE inner primer (5-CGCGGATCCGAAC
ACTGCGTTTGCTGGCTTTGATG-3') and inner lacZ-specific primer (5-CGCGAATTC
CAAGGCGATTAAGTTGGGTA AC-3’) or inner MSC2-specific primer (5-CGCGAATTCG
GAAGGTACGATCAGATTA CTGG-3).
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Cloning of 5 RLM-RACE PCR Products

The gel-purified RLM-RACE PCR products were ligated into a pBluescript SK (+) (Stratagene)
that had been double-digested with BamHI (Promega) and EcoRI (Promega) restriction endo-
nucleases and transformed into E. coli. The 5' RACE inner primer has a BamHI1 site at its 5'
end while the inner lacZ-specific primer and inner MSC2 primer has EcoRI sites at their 5’
ends. Plasmid constructs were confirmed by DNA sequencing.

Mfold Analysis of RNA Structure

The 5 MSC2*"“?-lacZ long transcript RNA was analyzed with the Mfold web server (http://
unafold.rna.albany.edu/?q=mfold), which predicts RNA secondary structures based on the free
energy minimization method [20].

Polysome Profiling on Sucrose Gradients

Wild-type (DY150) cells expressing MSC2*"2-lacZ reporter were grown to mid-log phase,
treated with cycloheximide (100 pg/ml), and then immediately transferred to an ice water bath.
Cells were harvested by centrifugation at 4°C and washed in 2.5 ml polysome lysis buffer (20
mM Tris-HCI [pH 8.0], 140 mM KCI, 1.5 mM MgCl,, 0.5 mM dithiothreitol, 1% Triton X-100,
100 pg /ml cycloheximide, 0.1 mg/ml heparin). Cells were subsequently resuspended in ~

700 pl polysome lysis buffer and lysed in 2.0 ml microfuge tubes by vortexing for 5 min at 4°C
in the presence of chilled glass beads. After two rounds of centrifugation at 4°C (500 x g, 5 min-
utes), the resulting lysates (~500 pl) were layered on 15-60% linear sucrose gradients. Gradi-
ents were centrifuged at 39,000 rpm for 2 h at 4°C in a Beckman SW 40Ti rotor and then
fractionated using an Isco Model UA-6 gradient fractionator. The absorbance at 254 nm was
continuously monitored and 1-ml fractions were collected. RNA was extracted from each col-
lected fraction with RNA STAT-60 reagent (Tel-Test, Inc.). S1 nuclease protection assays were
performed as described above to assess MSC2, lacZ, and CMD1 RNA distribution in the frac-
tions collected.

Mapping of transcription start sites by 5’ Deep-RACE

Transcription start sites were mapped at the whole genome level using the 5" Deep-RACE
method [21]. In 5> Deep-RACE, the gene-specific 5> RLM-RACE method is adapted to a
genome-wide analysis of mRNA 5’ ends. Wild-type (DY150) cells were grown in zinc-replete
(LZM + 100 uM ZnCl,) and zinc-deficient (LZM + 1 uM ZnCl,) media (six replicates each).
Total RNA was isolated from each culture and equal amounts of RNA from the replicate sam-
ples were pooled. Using the FirstChoice® RLM-RACE kit (Ambion), the RNA samples were
treated first with Calf Intestinal Alkaline Phosphatase, then with Tobacco Acid Pyrophospha-
tase followed by ligation with the kit's 5’RACE RNA adaptor. M-MLV reverse transcriptase
was used to make cDNA using a random primer oligonucleotide (5-CACGAGCGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN-3’ where N = random nucleotides),
and the cDNA products were then PCR-amplified using nested primer sets (1* round outer
primers, 10 cycles): 5-GCTGTGGCGATGAATACAC- 3}, 5°-CACGAGCGGTGACTGGA
GTTC-3%;2" round inner primers (15 cycles): 5-ACACTCTTTCCCTACACGAC-3, 5-GTG
ACTGGAGTTCAGACGTGTGC-3’) to generate a library of fragments containing the 5ends
of mRNA. These fragments were sequenced by DNA sequencing on an Illumina HiSeq2000
machine using 1x 100-bp reads. Sequence image analysis and base calling were performed
using the CASAVA 1.7.0 pipeline (Illumina). Primary analysis of the data (mapping and trim-
ming) was performed with CLC Genomics Workbench 4.7.1 and mapped to the reference
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S288c sequence build (as of June 2011). Six million (zinc deficient) and 8 million (zinc replete)
independent sequencing reads representing mRNA 5’ ends were obtained.

Results
Regulation of the MSC2 promoter by zinc

The results of our previous genome-wide microarray analyses suggested that MSC2 mRNA lev-
els are not greatly affected by zinc status [6,7]. To assess this question using a more sensitive
method, we measured MSC2 mRNA levels in cells grown under zinc-limiting (LZM + 1 uM
ZnCl,) and replete (LZM + 1000 uM ZnCL,) conditions by S1 nuclease protection assay. As
shown in Fig 1A, MSC2 mRNA in wild-type cells was reproducibly more abundant in zinc-
limited cells than in replete cells. After normalization using CMDI calmodulin mRNA levels,
we determined that MSC2 mRNA levels increased ~1.5 fold (1.46 + 0.11 standard deviation) in
zinc-limited cells. This induction was confirmed by quantitative RT-PCR (1.4-fold, Fig 1B)

(p < 0.003). These data indicate that MSC2 expression is regulated to a small but detectable
degree in response to zinc status.

To determine whether this effect was due to zinc-responsive changes in the activity of the
MSC2 promoter, we fused that promoter to the E. coli lacZ gene. The MSC2 open reading
frame has two in-frame ATG codons near its 5” end that we designated ATG1 and ATG2.
ATG?2 is located 48 nucleotides downstream of ATG1 (Fig 1C). Because ATG1 of the S. cerevi-
siae MSC2 gene is not conserved among closely related Saccharomyces species, and the third
in-frame ATG codon is 708 bp farther downstream in the MSC2 coding sequence, ATG2 was
deemed to be the likely initiation codon of this open reading frame. A 500 bp fragment con-
taining the MSC2 promoter was fused at ATG2 to lacZ to generate the MSC2*"“?-lacZ reporter
gene fusion. The MSC2 gene cloned in a low copy plasmid vector with the same 500 bp pro-
moter fragment fully complemented the growth defect of an msc2 mutant in zinc-limited
medium suggesting that the gene’s full promoter is contained within this fragment [16]. How-
ever, when lacZ mRNA generated by the MSC2*7“?-lacZ plasmid was measured in zinc-limited
vs. zinc-replete cells, we found that expression decreased 4-fold in low zinc (Fig 1D). This
result suggests that the promoter fragment used to generate the lacZ reporter is not sufficient
T2 _lacZ expressing
cells were assayed for B-galactosidase activity, we found an opposite effect of zinc status; -

to confer normal regulation of the MSC2 gene. Surprisingly, when MSC

galactosidase activity increased ~7 fold in zinc-limited vs. replete cells (Fig 1E) despite the
decrease in mRNA levels. Cells expressing a HIS4-lacZ fusion (pUAS-HIS4) [22] served as a
control to show that elevated zinc levels do not generally inhibit §-galactosidase activity (Fig
1F). In fact, B-galactosidase activity from this reporter was ~3-fold higher in zinc-replete cells.

Zinc-responsive MSC2*T%2.jacZ expression is Zap1-independent, zinc-
specific, and not due to altered protein stability

Comparison of the results shown in Fig 1D and 1E suggested that the expression of MSC247%?-

lacZ was influenced by factors unrelated to changes in mRNA levels. To explore the mecha-
nism(s) involved, we first determined whether Zap1, the major zinc-responsive transcriptional
regulator in yeast was required for the effect. As shown in Fig 2A, deletion of the ZAPI gene
had little effect on zinc-responsive changes in B-galactosidase activity generated by MSC2"2-
lacZ indicating that the affected process is Zap1l-independent. To determine if the effect was
specific to zinc vs. other metals, zinc-limited cells expressing MSC2*"“*-lacZ were grown in

zinc-limiting media alone or zinc-limiting media supplemented with 100 uM Zn, Fe, Mn, Cu,
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Fig 1. Effects of zinc status on chromosomal MSC2 and plasmid MSC2"7%2-]acZ expression. A) MSC2
mRNA levels were measured by S1 nuclease protection assay of RNA isolated from msc24 mutant (DY 150
msc2A) and wild-type (DY 150) cells grown under zinc-limiting (LZM + 1 uM ZnCl,) or replete (LZM + 1000 M
ZnCl,) conditions. CMD1 was used as a loading control. B) The mRNA abundance of MSC2in zinc-limited and
replete DY 150 cells was also determined by quantitative RT-PCR. MSC2 abundance was normalized to the
average abundance of three control transcripts (18S rRNA, TAF10, and ACT1). The data plotted represent the
means of fifteen replicates from each condition and the error bars denote + 1 S.D (p <0.003 as determined by the
Student’s paired t-test). C) Diagram of MSC2 with two in-frame ATGs at the 5’ end of the open reading frame
indicated. ATG2 is the predicted translation start site, ATG1 is located 48 nucleotides upstream of ATG2, and the
next in-frame ATG (ATG3) in the ORF is ~700 bp downstream of ATG2. Several out-of-frame ATGs are found in
the interval ATG2 and ATGS3. D) lacZ mRNA levels were measured by quantitative RT-PCR using RNA isolated
from wild-type (DY150) cells transformed with the MSC2*T%2-jacZ reporter and grown in LZM supplemented with
the indicated concentration of ZnCl, as in panel B. The data plotted represent the means of three replicates from
each condition and the error bars denote + 1 S.D. Panels E, F) B-galactosidase activity was measured in wild-type
(DY150) cells bearing the lacZ vector (YEp353), the MSC2*T%2-jacZreporter, or a HIS4-lacZ fusion (pUAS-HIS4)
grown under zinc-limiting (LZM + 1 yM ZnCly) or replete (LZM + 1000 uM ZnCl,) conditions. Results are the
means + S.D. for three independent cultures for each condition and are representative of two independent
experiments.

doi:10.1371/journal.pone.0163256.9001

Co, Cd, and Ni (Fig 2B). Only the addition of zinc and, to a lesser extent cadmium, reduced 8-
galactosidase activity. Thus, the response of MSC2*"“*-lacZ is relatively zinc-specific.

The observation that B-galactosidase activity generated from MSC2*"*-lacZ was highly
induced by zinc limitation despite a decrease in lacZ mRNA could be explained by two possible
mechanisms: differences in protein degradation or translational control. If differential degrada-
tion was responsible, the rate of lacZ protein degradation would be higher in zinc-replete cells
and lower in limited cells thereby allowing the protein to accumulate to higher levels under
zinc deficiency. To test this hypothesis, we used a cycloheximide chase method. Wild-type cells
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Fig 2. Zinc-responsive MSC2"T%2./acZ activity is Zap1-independent, zinc-specific, and not due to
differential degradation. A) 3-galactosidase activity was measured in wild-type (DY 150) or zap1A mutant
(ABY9) cells expressing the MSC2*T%2-JacZ reporter and grown under zinc-limiting (LZM + 1 yM ZnCl,) or
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replete (LZM + 1000 uM ZnCl,) conditions. Activity measured in untransformed wild-type cells was used as
negative control. B) B-galactosidase activity was measured in wild-type (DY 150) cells expressing the
MSC2"®2-jacZ reporter. The cells were grown under zinc-limiting conditions (LZM + 1 uM ZnCl,) either
without (control, C) or with addition of 100 uM of zinc (ZnCly), iron (FeCls), manganese (MnCl,), copper
(CuCly), cobalt (CoCl,), cadmium (CdCls), or nickel (NiCl,). C) B-galactosidase protein is less stable in zinc-
limited cells than in replete cells. B-galactosidase activity was measured in wild-type (DY150) cells
transformed with MSC2*T%2.jacZ reporter and grown under zinc-limiting (LZM + 1 uM ZnCl,) or replete (LZM
+ 1000 pM ZnCly) conditions. Cycloheximide (100 pg/ml) was added to the cells at time 0 and culture aliquots
were removed at the indicated times for 3-galactosidase activity measurements. Data are plotted as the
percentage of the activity measured at time 0. For all panels, the results plotted are the means + S.D. for
three independent cultures for each condition and are representative of two independent experiments.

doi:10.1371/journal.pone.0163256.9002

expressing MSC2*"“*-lacZ were grown in either zinc-limited or replete media. At time 0,
cycloheximide was added to block additional protein synthesis and the stability of the pre-
existing pool of lacZ protein was determined by -galactosidase assay of samples harvested
over a 6-hour period. As shown in Fig 2C, loss of 3-galactosidase activity was faster in zinc-
limited cells rather than slower as the hypothesis predicted. Thus, differential protein degrada-
tion does not explain the elevated levels of lacZ activity detected under zinc limitation.

To assess whether zinc status affects translation of MSC2*7%?-lacZ mRNA, we performed a
polysome profile analysis. Cells expressing this reporter gene were grown in zinc-limiting and
replete conditions, lysed, and free 40S and 60S subunits, 80S ribosomes, and polyribosomes
were separated by sucrose gradient fractionation. Despite preparing samples from similar num-
bers of cells, the 40S, 60S, 80S and polysome peaks in zinc-limited cells were much smaller
than those from zinc-replete samples indicating that total ribosome number is lower in zinc-
limited cells (Fig 3A). This result is consistent with the slower growth rate of these cells and
reflects the normal regulation of ribosome biogenesis in response to growth [23]. The resulting
gradient fractions were isolated and the distributions of MSC2*"“?-lacZ and CMDI mRNA
were determined by S1 nuclease protection assay (Fig 3A). The mRNA levels in triplicate sam-
ples for each condition were assayed and the quantified data are plotted in Fig 3B. The
MSC2*"%?_lacZ mRNA showed a marked transition in distribution comparing zinc-limited vs.
zinc-replete cells. A higher proportion of MSC2*"“*-lacZ mRNA was associated with poly-
somes in zinc-limited cells than in replete cells. These data are consistent with increased trans-
lation of the MSC2*7%*-lacZ mRNA in zinc-limited vs. replete cells. The control CMDI mRNA
showed little such shift indicating that greater association with polysomes is not a general fea-
ture of mRNA in zinc-limited cells. These data also suggest that CMDI1 mRNA is efficiently
translated and competes well for a potentially limiting number of ribosomes in zinc-limited
cells.

A zinc-responsive shift in the transcription start site of the MSC2472-
lacZ reporter gene

To explore potential mechanisms of translational control, we first determined the 5" ends of
MSC2*"%*-lacZ mRNAs. We used 5 RLM-RACE to map the transcription start sites of G-
capped mRNA; this method allows for the specific PCR amplification of the 5ends of mRNA.
Total RNA was extracted from wild-type cells expressing MSC2*"“>-lacZ reporter after growth
under zinc-limiting and replete conditions and used as a template for 5> RLM-RACE and gene-
specific primers were used in nested PCR reactions. When the PCR products were resolved by
agarose gel electrophoresis, we noted a difference in MSC2*"*-lacZ transcription start sites
between the two conditions of zinc status (Fig 4A). MSC2*"%*-lacZ mRNA produced only lon-
ger 5 RLM-RACE products when isolated from zinc-replete cells. DNA sequencing of inde-
pendently cloned 5° RLM-RACE fragments revealed transcripts starting at two adjacent sites
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@° PLOS | ONE

Zinc Status Alters Transcription Initiation Sites in Yeast

Minutes Minutes
0 1 2 3 4 5 6 7 8 9 10 M 12 0 1 3 4 5 6 7 8 9 10 11 12
1.2 12
1 uM Zn - 1000 pM Zn
1.0 1.0
E 08 E 08
g g
3 3
< 06 < 06
8 8 IS 60S
c e
5 e . 5 o4
° 60S -]
3 o2 2 02
< <
0.0 0.0
112|3|4|5| 6|7 |89 1/2(3|4|5|6|7|8|9]|10
ERET T T T T T ) bl o | 22
ot () N 0l o d | CVIDT | o e a5 | DT
[ S i | msC2 | o o st | 52
lacZ CMD1
24 1 [ 40s [ 60S [ 80S ] - 1uM 32 1 [ 40s ] 60S [ 80S | -
* g
= 20 * * -o- 1000 uM = -0~ 1000 UM
i * S 24
2 16 g
ua * “ 20 4
& 121 % 161 *
£ 5 £ 12
S $ 8-
2 4 1 e 4
0 T T T T T T T T T 1 0 r T T r T T T T 1
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Fractions Fractions
MSC2
32, [40seos[sos] - 1M
28 4 -O- 1000 UM
8 24
[}
< 20
o
@ 16
o
c 124
g g
@
L
0
1 2 3 4 5 6 7 8 9 10

Fig 3. Polysome profile analysis of WISC.
(DY 150) cells expressing the MSC.
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TG2

-lacZ mRNA. A) Representative polysome profiles of wild-type
-lacZ reporter and grown under zinc-limiting (LZM + 1 uM ZnCl,) or

replete (LZM + 1000 uM ZnCl,) conditions. The positions of the 40S, 60S, 80S peaks are indicated and the
collected fractions are numbered. RNA was extracted from each fraction and S1 nuclease protection assays were
performed to detect lacZ, CMD1, and chromosomal MSC2 mRNA. B) Quantified lacZ, CMD1, and MSC2 mRNA
abundance were plotted as the percentage of their total amount in all fractions. Results are the means + S.D. for
three independent cultures for each condition. The fractions containing the 40S, 60S, and 80S peaks are
indicated and the asterisks indicate significant differences (p < 0.05) between zinc-replete and zinc-limited
samples as determined by the paired Student’s t-test.

doi:10.1371/journal.pone.0163256.9003
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doi:10.1371/journal.pone.0163256.9004
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located 33-34 nucleotides upstream of ATG1 (Fig 4B). 5 RLM-RACE products from zinc-lim-
ited cells were resolved by agarose gel electrophoresis into two bands differing in size by ~60
bp. The longer, more abundant product co-migrated with the 5 RLM-RACE band from zinc-
replete cells and DNA sequencing of independently cloned fragments indicated that these
mRNAs also initiated 33-34 nucleotides upstream of ATG1 (Fig 4B). The shorter 5’
RLM-RACE products from zinc-limited cell nRNA were also cloned and sequenced and sev-
eral transcription start sites immediately upstream of ATG2 were identified. These results indi-
cate that selection of transcription start sites for MSC2*7?-lacZ is affected by zinc status.

The 5 RLM-RACE results suggested that one possible explanation for the effects of zinc
on B-galactosidase activity is that translation of the longer open reading frame starting
from ATG1 could for some reason be less efficient. For example, the additional 16 codons
encoded in the long transcript might be poorly translated and lead to less lacZ protein syn-
thesis. Arguing against this model, comparison of ATG1 and ATG2 to the yeast Kozak con-
sensus sequence [24] indicated that ATG1 is a very poor match to the consensus while
ATG2 is a much better match (Fig 4C). This observation suggests that ATGI is not used as
the primary site of translation initiation. An alternative mechanism was suggested by anal-
ysis of the potential folding of the 5 ends of MSC2*T*-lacZ mRNA. As shown in Fig 4D,
the 5" end of the long MSC2*T%?JacZ transcripts that begin upstream of ATG1 can poten-
tially fold into a relatively stable secondary structure. The predicted folded structure of
these long transcripts has a Gibbs free energy (initial AG) of -24 kcal/mol and both ATG1
and ATG?2 are included within the folded structure. In contrast, the 5°-UTRs of the shorter
transcripts that start upstream of ATG2 in zinc-limited cells do not appear to have any sta-
ble folded structure (data not shown). Thus, the long transcripts that initiate upstream of
ATGI may be poorly translated because of their stable secondary structure and only the
short transcripts initiating just upstream of ATG2 that are produced in zinc-limited cells
are efficiently translated.

To assess the relative roles of ATG1 and ATG2 in MSC2*"%*lacZ translation, we generated
a reporter that contains the MSC2 promoter and the ATGI initiation codon fused directly to
lacZ (MSC2*TC -1acZ) (Fig 5). Using this construct, we could test the translation efficiency of
ATG] specifically in zinc-limited vs. replete cells. In addition, two MSC2*"*-lacZ mutant
alleles were also generated in which either ATG1 (MSC22T2_JgcZ mATG1) or ATG2
(MSC2*"?lacZ mATG2) were mutated to AAG, thereby rendering those sites incapable of
translation initiation. Both of these alleles have predicted structures identical to MSC2*"<2-
lacZ with only slightly altered AG values (-23 kcal/mol). Using B-galactosidase assays, we com-
pared the activity of these four different constructs expressed in wild-type cells. Direct fusion
of ATG1 to lacZ in MSC2*"“"-lacZ resulted in little B-galactosidase activity regardless of zinc
status (Fig 5A). Mutation of ATG2 in MSC2*T52 JacZ also abolished almost all B-galactosidase
activity while mutation of ATG1 had no effect on zinc-responsive activity. When assayed by
quantitative RT-PCR, MSC2*T4! JacZ and the mutant constructs showed the same effects of
zinc status on mRNA levels as MSC2*"“*~lacZ, indicating that the differences observed among
the constructs were not due to differences in mRNA levels (Fig 5B). These results indicate that
ATG] is indeed a poor initiation codon in the context of these mRNA and translation initiation
relies primarily on ATG2. Notably, the lack of an effect of mutating ATG1 in MSC2*7*-lacZ
demonstrates that ATG1 and the additional N-terminal codons do not have an inhibitory
influence on translation of the mRNA. Therefore, the differential folding of the 5°-UTR is likely
to be responsible for the zinc-responsive expression of this reporter.

To investigate whether these effects alter expression of the chromosomal MSC2 gene, we
also assessed translation of MSC2 mRNA by polysome profiling analysis in zinc-limited and
replete cells. Similar to the CMDI control, there was little change in the distribution of MSC2
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abundance was normalized to the average abundance of three control transcripts (18S rRNA, TAF10, and ACT1). The results are the means + S.
D. for three independent cultures for each condition.

doi:10.1371/journal.pone.0163256.9005

mRNA across the gradients in response to zinc status (Fig 3). This result suggested that the
chromosomal MSC2 gene was not subject to the same changes in transcription start sites
observed for MSC2*"“*-lacZ. Consistent with this hypothesis, when transcription start sites
were mapped for chromosomal MSC2 using 5 RLM-RACE, no major shifts were observed
(Fig 6). For chromosomal MSC2, all of the start sites mapped were in the vicinity of ATG2 and
none were identified upstream of ATG1. Furthermore, these sites were near the major tran-
scription start site mapped for MSC2 using zinc-replete cells grown in rich media [25]. There-
fore, the alterations in transcription start site were specific to the MSC2"“*-lacZ reporter gene
and not observed for the native gene. Notably, this effect is not due to the episomal status of
the reporter; similar effects of zinc status on -galactosidase activity were observed with the
MSC2*T2_acZ reporter gene integrated into the genome (data not shown). Thus, we conclude
that the sequence context surrounding the promoter in the MSC2*"*-lacZ reporter gene plays
some role in the altered transcription start site effects.

*
1 ) @) ] @]
-90 TTAAGAAAAGTAAGGTCGTTGATATTATTGACATTAAAGGTT GATAGAGGCAGGT%GTGTTTCCTCéTGTCCGTSTCEAGCAGAA% AATCT%(%AQSAACT?WEGCG
s ° g
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@ MSC2 (1000 uM Zn)

Fig 6. 5° RLM-RACE analysis of chromosomal MSC2 transcription start sites. Mapping results of chromosomal MSC2
transcription start sites in zinc-limited (LZM + 1 uM ZnCl,) and replete (LZM + 1000 uM ZnCl,) cells. 5 RLM-RACE fragments
(twelve from zinc-limited and thirteen from replete cell nRNA) were independently cloned and sequenced. The open circles
indicate zinc-limited start sites and the gray circles indicate zinc-replete start sites. ATG1 and ATG2 are boxed and in bold.
The asterisk marks the major transcription start site for MSC2 mapped using mRNA from zinc-replete cells grown in rich
media [25].

doi:10.1371/journal.pone.0163256.9006
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One potential mechanism for altered start site selection in zinc-limited
cells

Many components of the transcriptional machinery are involved in transcription start site
selection and several of these are zinc-binding proteins. We hypothesized that the shift in tran-
scriptional start sites observed for MSC2*7%?-lacZ could be due to loss of zinc binding by one
or more of these factors and an accompanying alteration in start site selection. Zinc-binding
proteins known to influence start site selection include the RNA polymerase I subunits Rpo21
(Sua8) and Rpb9, TFIIB (Sua?), and the TFIIB-associated protein Ssu72 [9-12]. To test this
model, we assayed MSC2*"“*-lacZ expression in strains with mutations that disrupted func-
tion of these proteins that were previously shown to alter transcription initiation sites. As
shown in Fig 7A, the ssu72-2 hypomorphic mutation had no effect on lacZ activity in zinc-lim-
ited and replete cells. An rpb9A4 mutation reduced expression of the reporter in both zinc-lim-
ited and replete cells but relative zinc responsiveness was largely unaffected (Fig 7B). In
contrast, mutations affecting both TFIIB (sua7-1) and Rpo21 (sua8-1) increased lacZ activity
in zinc-limited and replete cells and also rendered overall expression less zinc responsive (Fig
7C). While zinc supplementation reduced lacZ activity in sua7-1 by ~60%, it had no effect on
lacZ activity in the sua8-1 strain. To determine the relationship of these changes in lacZ activity
to mRNA levels, we measured lacZ mRNA in these cells by quantitative RT-PCR. The wild-
type strain showed an ~2-fold decrease in lacZ mRNA when grown in the zinc-limited medium
vs. zinc-replete conditions (Fig 7D) that was qualitatively similar to what we observed in other
wild-type strains (e.g. Fig 1D). In contrast, the sua’-1 and sua8-1 strains showed constitutively
elevated mRNA levels. The observation that the 2-fold increase in lacZ mRNA level in zinc-
replete mutant cells is accompanied by a 4-fold (sua7-1) or 20-fold (sua8-1) increase in lacZ
activity is consistent with a shift in transcription initiation to sites proximal to ATG2. Thus,
these data are consistent with decreased metallation and altered function of Rpo21 and/or
TFIIB in zinc-limited cells causing a shift in transcription initiation from nonfunctional sites
upstream of ATG1 to the functional sites near ATG2. The increased accumulation of lacZ
mRNA in the mutant strains could be explained if the shorter translated mRNA are more sta-
ble than the longer mRNA that are not translated.

Genome-wide effects of zinc status on intragenic transcription initiation

The effects of zinc status on MSC2*T?-lacZ transcription initiation suggested that similar
changes might be affecting the expression of other genes. To test this hypothesis, the
5’RLM-RACE method was adapted to the genome-wide analysis of transcription start sites
using 5" Deep-RACE [21]. With this method, the 5ends of the mRNA of all expressed genes in
zinc-limited and replete cells were specifically amplified and sequenced by Illumina sequenc-
ing. A sample region of chromosome XIV is shown in Fig 8A to illustrate the data obtained
and the complete normalized dataset is provided in S1 Table. When all genes were aligned by
their initiation codons, the distribution of transcription start sites relative to the ATG codon
was similar in zinc-limited vs. zinc-replete mRNAs (Fig 8B). Peak 5’UTR lengths were ~30
nucleotides regardless of zinc status. This result suggests that transcription start sites in most of
the genome are largely unaffected and the start sites in the CMDI gene are shown in Fig 8C as
one example. However, while the majority of genes in the genome showed little change in tran-
scription start site selection, manual inspection of the data identified a significant fraction (165
of the ~6000 genes total, 2.8%) [S2 Table] that displayed altered initiation sites under zinc-lim-
iting conditions. The effects of zinc status on transcription initiation were highly variable
among these genes but most affected genes showed increased transcription initiation at sites
within their open reading frames. For example, a broad distribution of intragenic start sites
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Fig 7. Mutations known to alter start site selection increase expression of the MSC2*T®2-JacZ reporter. Panels A-C) B-
galactosidase activity was measured in cells of the indicated genotypes expressing the MSC2*T®2.jacZ reporter and grown
under zinc-limiting (LZM + 1 uM ZnCl,) or replete (LZM + 1000 uM ZnCl,) conditions. It should be noted that the wild-type strains
used in each panel are different from each other but isogenic to the mutant strain(s) with which they are compared. D) The lacZ
mRNA abundance in the cells from panel C was also determined by quantitative RT-PCR. /lacZ abundance was normalized to
the average abundance of three control transcripts (18S rRNA, TAF10, and ACT1). The results are the means + S.D. for three
independent cultures for each condition.

doi:10.1371/journal.pone.0163256.9007

were observed in the 5 half of the YJL055W and RSM24 coding regions (Fig 8D and 8E) while
more promoter-distal intragenic sites was observed for ITT1, NAB2, and PIG2 (Fig 8F-8H).
These results suggest that the MSC2*T%?-lacZ may be serving as an indicator of broader effects
of zinc status on transcription of the genome. Gene Ontology analysis of the affected genes
indicated that they were diverse and not biased with respect to gene groupings categorized by
protein/enzymatic function, cellular process, or spatial localization. This observation suggests
that the changes in transcription start sites were not due to altered activity of specific regulatory
transcription factors but were instead due to effects of zinc deficiency on more general factors
such as chromatin structure or basal transcription machinery components.

Discussion

In this study, we set out to determine whether expression of the MSC2 gene was regulated in
response to zinc status. This was motivated by our interest in an integrated understanding of
the regulation of zinc homeostasis in the early secretory pathway. The Msc2 and Zrgl7 proteins
of S. cerevisiae are both members of the cation diffusion facilitator family of metal transporters
[4]. These two proteins form a heteromeric complex in the ER membrane to mediate zinc
transport into this organelle. While we previously showed that the ZRG17 gene is a direct target
of the Zapl transcription factor and its expression is induced many fold in zinc-limited cells
[1], we knew nothing about MSC2 regulation.

Our previous microarray analyses of zinc-responsive gene expression failed to detect
changes in MSC2 mRNA in response to zinc [6,7]. However, it is well recognized that DNA
microarrays can be relatively insensitive and often fail to detect small but biologically signifi-
cant changes in gene expression [26]. Using two more sensitive independent methods (i.e. S1
nuclease protection assay and quantitative RT-PCR), we found that MSC2 mRNA levels con-
sistently increased by ~1.5 fold in zinc-limited cells relative to replete cells. Thus, it appears
that both ZRG17 and MSC2 genes are under zinc-responsive transcriptional control. Because
both proteins are required for transport function, simultaneous induction of these proteins
likely facilitates more efficient zinc transport into the lumen of the ER. We cannot yet say
whether MSC2, like ZRG17, is also regulated by Zap1.

Fusing a 500 bp MSC2 promoter fragment to lacZ failed to confer normal MSC2 regulation
on the reporter gene. Surprisingly, while MSC2*7“*-lacZ mRNA decreased 4-fold in zinc-lim-
ited cells, the abundance of its protein product, B-galactosidase, increased ~7 fold. This differ-
ence suggested that lacZ activity was under some sort of post-transcriptional influence and we
therefore investigated the mechanism responsible for this effect. One possible explanation was
that lacZ protein was degraded more quickly in zinc-replete cells and therefore accumulated to
higher levels in zinc-limited cells. However, when we tested lacZ stability by cycloheximide
chase analysis we found the opposite result; lacZ is more unstable in zinc-limited cells. There-
fore, differences in lacZ degradation are not responsible for the observed effects of zinc status.

To assess possible mechanisms of translational effects, we mapped the 5’ ends of
MSC2*"“?_JacZ mRNA in zinc-limited and replete cells. We discovered that zinc status affected
the sites of transcription initiation in this construct and our subsequent experiments led to the
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doi:10.1371/journal.pone.0163256.9008

conclusion that these changes in transcription start site were likely responsible for the disparity
between the mRNA and activity changes. Specifically, our mutational analysis indicated that
ATG1 was a poor initiator codon and the lacZ protein was being translated starting from
ATG2. Thus, the mRNAs from zinc-replete cells have 5° UTRs of 80-81 nucleotides while the
short transcripts mapped in mRNA from zinc-limited cells have 5° UTRs that range from 1-36

nucleotides. The long-form 5> UTRs are predicted to fold into a stem-loop secondary structure
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with a AG value of -24 kcal/mol. This stability is likely sufficient to block translation initiation
given that 5 UTR stem-loop structures with AG of <-10 kcal/mol could block translation initi-
ation in yeast by 90% or more [27,28]. It is also possible that the long form of the MSC2*"%*-
lacZ 5 UTR is bound by unknown protein factors and this prevents translation initiation,
although we have no evidence for the existence of such factors.

Our model also proposes that the short-form 5 UTR mRNA found in zinc-limited cells are
more efficiently translated than their longer counterparts. This prediction was supported by
the observation that MSC2*"?-lacZ mRNA was more abundant on polysomes in zinc-limited
cells, where the short forms are produced, than in zinc-replete cells where only the long forms
are generated. The minimum number of nucleotides needed to be present in a yeast 5 UTR for
translation to occur is not precisely known and we recognize that some of the shortest tran-
scripts we identified may not be functional. However, the majority of yeast mRNAs have
5" UTRs under 50 nucleotides and, remarkably, many have 5° UTRs smaller than 5 nucleotides
[29,30].

What mechanism is responsible for the zinc-responsive shift in the sites of transcription ini-
tiation? While the answer to this question is not yet known, we are currently considering a few
possibilities. One potential hypothesis is based on the fact that several basal transcription fac-
tors bind zinc and require the metal for their function. These include subunits of RNA poly-
merase II (Rpo21/Sua8, Rpb9), TFIIB (Sua7), and the TFIIB-associated factor Ssu72. Notably,
mutations affecting all of these cofactors have been found to alter transcription start site selec-
tion [9-12]. We reasoned that under zinc deficiency, some of these factors are not fully metal-
lated and this would alter transcription start site selection to some degree. If correct, mutations
that disrupt the function of the relevant factor may cause constitutive use of the downstream
transcriptional start sites we observed in zinc-deficient cells. We assayed MSC2*7%*-lacZ
reporter expression in several such mutants and were intrigued to find that point mutations in
the Rpo21 large subunit of RNA polymerase II (sua8-1) and in TFIIB-encoding SUA7 resulted
in high B-galactosidase activity from the MSC2*"“?-lacZ reporter regardless of zinc status.
While these results do not demonstrate that impaired zinc binding by Pol IT and/or TFIIB is
responsible for the shift in the sites of transcription initiation we observed, they are consistent
with that model.

A second plausible hypothesis is that the transcription start site changes reflect activation of
cryptic promoter elements within the MSC247%?
alterations in chromatin. Histone deacetylases such as Rpd3 and Hdal play important roles in

-lacZ reporter in zinc-limited cells due to

stabilizing chromatin structure and repressing transcription of cryptic as well as productive
promoters [31-33]. Rpd3 and Hdal are members of the class I and class Il HDAC proteins,
respectively, and both are dependent on zinc binding for their function [34]. Therefore,
decreased HDAC activity in zinc-limited cells as a result of undermetallation, and the concomi-
tant disruption of chromatin structure, could conceivably lead to increased activity of cryptic
promoter elements in the MSC2*"%*-lacZ fusion. The promoter-distal effects observed for
genes like ITT1, NAB2, and PIG2 are consistent with cryptic promoter activation (Fig 8F-8H).
Ongoing studies are addressing the possible mechanisms affecting transcription initiation in
zinc-limited cells. We believe that multiple mechanisms are likely and these may affect differ-
ent genes to varying degrees.

Whatever the mechanism, we predicted that at least some chromosomal genes in the yeast
genome are also affected by the process altering MSC2*"“*-lacZ transcription initiation.
Clearly, major disruption of transcription start site selection or cryptic promoter repression
would have lethal consequences to the cell. However, changes in this process for a few genes
could be tolerated to some degree and this might contribute to the poor growth we observe for
zinc-limited cells. For example, it was recently shown that mutations in RPD9, which alters
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transcription start site selection [12], induces a stress to protein homeostasis, slows growth,
and shortens cellular lifespan [35]. While we found no evidence that the rpd94 mutation
alters MSC2*"“?-lacZ transcription initiation, it is likely that other factors that cause similar
changes in zinc-limited cells would also disrupt protein homeostasis and slow growth. We
noted previously that zinc deficiency disrupts protein homeostasis [36]. While we hypothe-
sized at the time that this stress arose from the accumulation of unfolded zinc apoproteins, a
disruption in the specificity of transcription initiation could also be a major contributing
source of unfolded proteins. In this scenario, the MSC2*7?-lacZ reporter may be serving as
a useful harbinger of a broader problem that the cell is experiencing. In contrast, we recog-
nize the possibility that some of the transcription start site changes observed may be regula-
tory in purpose rather than due to a disruption in normal function. In fact, we have
discovered two bona fide regulatory effects among the ~170 genes we identified as having
altered transcription start sites and our characterization of those zinc-responsive regulatory
switches is underway.

Many previous repeats have mapped the 5ends of yeast mRNA genome wide using various
means such as 5’SAGE and RNA-Seq [25,37-39]. These mapping experiments were all per-
formed using mRNA from cells grown in rich media. For our analysis, the cells were grown in
a minimal medium and thus, we provide here the first comprehensive analysis of transcription
start sites for cells grown in other conditions than previously reported. Because gene expression
changes greatly between rich and minimal media, our analysis of transcription start sites in
zinc-replete cells will be of value to researchers studying yeast gene expression in minimal
media conditions.

Finally, the observation that the MSC2*"%-lacZ reporter behaves differently than the chro-
mosomal gene highlights the often ignored fact that reporter gene fusions must be used with
great caution when they are employed as assays for effects on endogenous, chromosomally-
encoded genes. Literally thousands of published papers have relied on promoter-lacZ fusions
and analogous reporter genes (e.g. luciferase, B-glucuronidase) and our study servesas a
remarkable cautionary tale to remind us that reporter gene constructs do not always accurately
reflect normal regulatory effects. Removal of a gene’s promoter from its normal context, and
insertion of new flanking vector and reporter gene sequences can alter promoter activity. A
handful of studies have noted this problem but we suspect that many artifactual results have
gone unrecognized [40,41].

Supporting Information

S1 Table. Transcription start sites in zinc-replete and deficient yeast. Transcription start
sites in the yeast genome mapped in zinc-replete (ZnR, 8 x 10° total tags) and zinc-deficient
(ZnD, 6 x 10° total tags) cells. Coordinates refer to the nucleotide position of the mRNA 5 end
on the corresponding chromosome and the number of reads for each site are normalized to 10
tags.

(XLSX)

$2 Table. Genes identified with transcription start sites that are altered by changes in zinc
status.
(XLSX)

Acknowledgments

The authors thank Michael Hampsey for strains, Chris Nizzi for assistance with the polysome
profile analysis and Marv Wickens for the loan of his luminometer.

PLOS ONE | DOI:10.1371/journal.pone.0163256 September 22, 2016 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163256.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163256.s002

@° PLOS | ONE

Zinc Status Alters Transcription Initiation Sites in Yeast

Author Contributions

Conceptualization: YW DE.

Data curation: CM DE.

Formal analysis: YW JT PS CM DE.

Funding acquisition: DE.

Investigation: YW JT PS CM DE.

Methodology: YW DE.

Supervision: CM DE.

Visualization: YW CM.

Writing - original draft: YW DE.

Writing - review & editing: YW JT PS CM DE.

References

1.

10.

1.

12

13.

Wu YH, Frey AG, Eide DJ (2011) Transcriptional regulation of the Zrg17 zinc transporter of the yeast
secretory pathway. Biochem J 435: 259-266. doi: 10.1042/BJ20102003 PMID: 21250939

Eide DJ (2009) Homeostatic and Adaptive Responses to Zinc Deficiency in Saccharomyces cerevi-
siae. J Biol Chem 284: 18565—-18569. doi: 10.1074/jbc.R900014200 PMID: 19363031

Ellis CD, Macdiarmid CW, Eide DJ (2005) Heteromeric protein complexes mediate zinc transport into
the secretory pathway of eukaryotic cells. J Biol Chem 280: 28811-28818. PMID: 15961382

Kambe T, Tsuiji T, Hashimoto A, ltsumura N (2015) The Physiological, Biochemical, and Molecular
Roles of Zinc Transporters in Zinc Homeostasis and Metabolism. Physiol Rev 95: 749-784. doi: 10.
1152/physrev.00035.2014 PMID: 26084690

Fukunaka A, Suzuki T, Kurokawa Y, Yamazaki T, Fujiwara N, Ishihara K, et al. (2009) Demonstration
and characterization of the heterodimerization of ZnT5 and ZnT6 in the early secretory pathway. J Biol
Chem 284: 30798-30806. doi: 10.1074/jbc.M109.026435 PMID: 19759014

Lyons TJ, Gasch AP, Gaither LA, Botstein D, Brown PO, Eide DJ (2000) Genome-wide characteriza-
tion of the Zap1p zinc-responsive regulon in yeast. Proc Natl Acad Sci U S A 97: 7957-7962. PMID:
10884426

Wu CY, Bird AJ, Chung LM, Newton MA, Winge DR, Eide DJ (2008) Differential control of Zap1-regu-
lated genes in response to zinc deficiency in Saccharomyces cerevisiae. BMC Genomics 9: 370. doi:
10.1186/1471-2164-9-370 PMID: 18673560

Hahn S, Young ET (2011) Transcriptional regulation in Saccharomyces cerevisiae: transcription factor
regulation and function, mechanisms of initiation, and roles of activators and coactivators. Genetics
189: 705-736. doi: 10.1534/genetics.111.127019 PMID: 22084422

Berroteran RW, Ware DE, Hampsey M (1994) The sua8 suppressors of Saccharomyces cerevisiae
encode replacements of conserved residues within the largest subunit of RNA polymerase Il and affect
transcription start site selection similarly to sua7 (TFIIB) mutations. Mol Cell Biol 14: 226—-237. PMID:
8264591

Pinto I, Ware DE, Hampsey M (1992) The yeast SUA7 gene encodes a homolog of human transcrip-
tion factor TFIIB and is required for normal start site selection in vivo. Cell 68: 977-988. PMID:
1547497

Sun ZW, Hampsey M (1996) Synthetic enhancement of a TFIIB defect by a mutation in SSU72, an

essential yeast gene encoding a novel protein that affects transcription start site selection in vivo. Mol
Cell Biol 16: 1557-1566. PMID: 8657130

Sun ZW, Tessmer A, Hampsey M (1996) Functional interaction between TFIIB and the Rpb9 (Ssu73)
subunit of RNA polymerase Il in Saccharomyces cerevisiae. Nucleic Acids Res 24: 2560—2566.
PMID: 8692696

Gitan RS, Luo H, Rodgers J, Broderius M, Eide D (1998) Zinc-induced inactivation of the yeast ZRT1
zinc transporter occurs through endocytosis and vacuolar degradation. J Biol Chem 273: 28617—
28624. PMID: 9786854

PLOS ONE | DOI:10.1371/journal.pone.0163256 September 22, 2016 19/21


http://dx.doi.org/10.1042/BJ20102003
http://www.ncbi.nlm.nih.gov/pubmed/21250939
http://dx.doi.org/10.1074/jbc.R900014200
http://www.ncbi.nlm.nih.gov/pubmed/19363031
http://www.ncbi.nlm.nih.gov/pubmed/15961382
http://dx.doi.org/10.1152/physrev.00035.2014
http://dx.doi.org/10.1152/physrev.00035.2014
http://www.ncbi.nlm.nih.gov/pubmed/26084690
http://dx.doi.org/10.1074/jbc.M109.026435
http://www.ncbi.nlm.nih.gov/pubmed/19759014
http://www.ncbi.nlm.nih.gov/pubmed/10884426
http://dx.doi.org/10.1186/1471-2164-9-370
http://www.ncbi.nlm.nih.gov/pubmed/18673560
http://dx.doi.org/10.1534/genetics.111.127019
http://www.ncbi.nlm.nih.gov/pubmed/22084422
http://www.ncbi.nlm.nih.gov/pubmed/8264591
http://www.ncbi.nlm.nih.gov/pubmed/1547497
http://www.ncbi.nlm.nih.gov/pubmed/8657130
http://www.ncbi.nlm.nih.gov/pubmed/8692696
http://www.ncbi.nlm.nih.gov/pubmed/9786854

@° PLOS | ONE

Zinc Status Alters Transcription Initiation Sites in Yeast

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Li L, Kaplan J (2001) The yeast gene MSC2, a member of the cation diffusion facilitator family, affects
the cellular distribution of zinc. J Biol Chem 276: 5036—-5043. PMID: 11058603

Bird AJ, Blankman E, Stillman DJ, Eide DJ, Winge DR (2004) The Zap1 transcriptional activator also
acts as a repressor by binding downstream of the TATA box in ZRT2. EMBO J 23: 1123-1132. PMID:
14976557

Ellis CD, Wang F, MacDiarmid CW, Clark S, Lyons T, Eide DJ (2004) Zinc and the Msc2 zinc trans-
porter protein are required for endoplasmic reticulum function. J Cell Biol 166: 325-335. PMID:
15277543

Myers AM, Tzagoloff A, Kinney DM, Lusty CJ (1986) Yeast shuttle and integrative vectors with multiple
cloning sites suitable for construction of lacZ fusions. Gene 45: 299-310. PMID: 3026915

Dohrmann PR, Butler G, Tamai K, Dorland S, Greene JR, Thiele DJ, et al. (1992) Parallel pathways of
gene regulation: homologous regulators SWI5 and ACEZ2 differentially control transcription of HO and
chitinase. Genes Dev 6: 93—-104. PMID: 1730413

MacDiarmid CW, Taggart J, Jeong J, Kerdsomboon K, Eide DJ (2016) Activation of the yeast UBI4
polyubiquitin gene by Zap1 via an intragenic promoter is critical for zinc-deficient growth. J Biol Chem.
291:18880-18896. doi: 10.1074/jbc.M116.743120 PMID: 27432887

Mathews DH, Sabina J, Zuker M, Turner DH (1999) Expanded sequence dependence of thermody-
namic parameters improves prediction of RNA secondary structure. J Mol Biol 288: 911-940. PMID:
10329189

Olivarius S, Plessy C, Carninci P (2009) High-throughput verification of transcriptional starting sites by
Deep-RACE. Biotechniques 46: 130—-132. doi: 10.2144/000113066 PMID: 19317658

Hinnebusch AG, Lucchini G, Fink GR (1985) A synthetic HIS4 regulatory element confers general
amino acid control on the cytochrome c gene (CYC1) of yeast. Proc Natl Acad Sci U S A 82: 498-502.
PMID: 2982161

Warner JR (1999) The economics of ribosome biosynthesis in yeast. Trends Biochem Sci 24: 437—
440. PMID: 10542411

Hamilton R, Watanabe CK, de Boer HA (1987) Compilation and comparison of the sequence context
around the AUG startcodons in Saccharomyces cerevisiae mRNAs. Nucleic Acids Res 15: 3581—
3593. PMID: 3554144

Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D, Gerstein M, et al. (2008) The transcriptional land-
scape of the yeast genome defined by RNA sequencing. Science 320: 1344—1349. doi: 10.1126/
science.1158441 PMID: 18451266

Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y (2008) RNA-seq: an assessment of technical
reproducibility and comparison with gene expression arrays. Genome Res 18: 1509-1517. doi: 10.
1101/gr.079558.108 PMID: 18550803

Oliveira CC, McCarthy JE (1995) The relationship between eukaryotic translation and mRNA stability.
A short upstream open reading frame strongly inhibits translational initiation and greatly accelerates
mRNA degradation in the yeast Saccharomyces cerevisiae. J Biol Chem 270: 8936-8943. PMID:
7721802

Sagliocco FA, Vega Laso MR, Zhu D, Tuite MF, McCarthy JE, Brown AJ (1993) The influence of 5-
secondary structures upon ribosome binding to mMRNA during translation in yeast. J Biol Chem 268:
26522-26530. PMID: 8253781

Tuller T, Ruppin E, Kupiec M (2009) Properties of untranslated regions of the S. cerevisiae genome.
BMC Genomics 10: 391. doi: 10.1186/1471-2164-10-391 PMID: 19698117

Lawless C, Pearson RD, Selley JN, Smirnova JB, Grant CM, Ashe MP, et al. (2009) Upstream
sequence elements direct post-transcriptional regulation of gene expression under stress conditions in
yeast. BMC Genomics 10: 7. doi: 10.1186/1471-2164-10-7 PMID: 19128476

Nicolas E, Yamada T, Cam HP, Fitzgerald PC, Kobayashi R, Grewal SI (2007) Distinct roles of HDAC
complexes in promoter silencing, antisense suppression and DNA damage protection. Nat Struct Mol
Biol 14: 372-380. PMID: 17450151

Bernstein BE, Tong JK, Schreiber SL (2000) Genomewide studies of histone deacetylase function in
yeast. Proc Natl Acad SciU S A 97: 13708-13713. PMID: 11095743

Robyr D, Suka Y, Xenarios |, Kurdistani SK, Wang A, Suka N, et al. (2002) Microarray deacetylation
maps determine genome-wide functions for yeast histone deacetylases. Cell 109: 437-446. PMID:
12086601

Ficner R (2009) Novel structural insights into class | and Il histone deacetylases. Curr Top Med Chem
9: 235-240. PMID: 19355988

PLOS ONE | DOI:10.1371/journal.pone.0163256 September 22, 2016 20/21


http://www.ncbi.nlm.nih.gov/pubmed/11058603
http://www.ncbi.nlm.nih.gov/pubmed/14976557
http://www.ncbi.nlm.nih.gov/pubmed/15277543
http://www.ncbi.nlm.nih.gov/pubmed/3026915
http://www.ncbi.nlm.nih.gov/pubmed/1730413
http://dx.doi.org/10.1074/jbc.M116.743120
http://www.ncbi.nlm.nih.gov/pubmed/27432887
http://www.ncbi.nlm.nih.gov/pubmed/10329189
http://dx.doi.org/10.2144/000113066
http://www.ncbi.nlm.nih.gov/pubmed/19317658
http://www.ncbi.nlm.nih.gov/pubmed/2982161
http://www.ncbi.nlm.nih.gov/pubmed/10542411
http://www.ncbi.nlm.nih.gov/pubmed/3554144
http://dx.doi.org/10.1126/science.1158441
http://dx.doi.org/10.1126/science.1158441
http://www.ncbi.nlm.nih.gov/pubmed/18451266
http://dx.doi.org/10.1101/gr.079558.108
http://dx.doi.org/10.1101/gr.079558.108
http://www.ncbi.nlm.nih.gov/pubmed/18550803
http://www.ncbi.nlm.nih.gov/pubmed/7721802
http://www.ncbi.nlm.nih.gov/pubmed/8253781
http://dx.doi.org/10.1186/1471-2164-10-391
http://www.ncbi.nlm.nih.gov/pubmed/19698117
http://dx.doi.org/10.1186/1471-2164-10-7
http://www.ncbi.nlm.nih.gov/pubmed/19128476
http://www.ncbi.nlm.nih.gov/pubmed/17450151
http://www.ncbi.nlm.nih.gov/pubmed/11095743
http://www.ncbi.nlm.nih.gov/pubmed/12086601
http://www.ncbi.nlm.nih.gov/pubmed/19355988

@° PLOS | ONE

Zinc Status Alters Transcription Initiation Sites in Yeast

35.

36.

37.

38.

39.

40.

a4,

Vermulst M, Denney AS, Lang MJ, Hung CW, Moore S, Moseley MA, et al. (2015) Transcription errors
induce proteotoxic stress and shorten cellular lifespan. Nat Commun 6: 8065. doi: 10.1038/
ncomms9065 PMID: 26304740

Macdiarmid CW, Taggart J, Kerdsomboon K, Kubisiak M, Panascharoen S, Schelble K, et al. (2013)
Peroxiredoxin chaperone activity is critical for protein homeostasis in zinc-deficient yeast. J Biol Chem
188: 31313-31327.

Zhang Z, Dietrich FS (2005) Mapping of transcription start sites in Saccharomyces cerevisiae using 5’
SAGE. Nucleic Acids Res 33:2838-2851. PMID: 15905473

Yassour M, Kaplan T, Fraser HB, Levin JZ, Pfiffner J, Adiconis X, et al. (2009) Ab initio construction of
a eukaryotic transcriptome by massively parallel mRNA sequencing. Proc Natl Acad SciU S A 106:
3264-3269. doi: 10.1073/pnas.0812841106 PMID: 19208812

Park D, Morris AR, Battenhouse A, lyer VR (2014) Simultaneous mapping of transcript ends at single-
nucleotide resolution and identification of widespread promoter-associated non-coding RNA governed
by TATA elements. Nucleic Acids Res 42: 3736—3749. doi: 10.1093/nar/gkt1366 PMID: 24413663

Lefimil C, Jedlicki E, Holmes DS (2012) An artifact in studies of gene regulation using beta-galactosi-
dase reporter gene assays. Anal Biochem 421: 333-335. doi: 10.1016/j.ab.2011.10.019 PMID:
22067980

Belancio VP (2011) Importance of RNA analysis in interpretation of reporter gene expression data.
Anal Biochem 417: 159—-161. doi: 10.1016/j.2b.2011.05.035 PMID: 21693100

PLOS ONE | DOI:10.1371/journal.pone.0163256 September 22, 2016 21/21


http://dx.doi.org/10.1038/ncomms9065
http://dx.doi.org/10.1038/ncomms9065
http://www.ncbi.nlm.nih.gov/pubmed/26304740
http://www.ncbi.nlm.nih.gov/pubmed/15905473
http://dx.doi.org/10.1073/pnas.0812841106
http://www.ncbi.nlm.nih.gov/pubmed/19208812
http://dx.doi.org/10.1093/nar/gkt1366
http://www.ncbi.nlm.nih.gov/pubmed/24413663
http://dx.doi.org/10.1016/j.ab.2011.10.019
http://www.ncbi.nlm.nih.gov/pubmed/22067980
http://dx.doi.org/10.1016/j.ab.2011.05.035
http://www.ncbi.nlm.nih.gov/pubmed/21693100

