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Abstract
DNA mismatch repair during replication is a conserved process essential for maintaining genomic
stability. Mismatch repair is also implicated in cell-cycle arrest and apoptosis after DNA damage.
Because yeast and human mismatch repair systems are well conserved, we have employed the
budding yeast Saccharomyces cerevisiae to understand the regulation and function of the
mismatch repair gene MSH2. Using a luciferase-based transcriptional reporter, we defined a 218-
bp region upstream of MSH2 that contains cell-cycle and DNA damage responsive elements. The
5′ end of the MSH2 transcript was mapped by primer extension and was found to encode a small
upstream open reading frame (uORF). Mutagenesis of the uORF start codon or of the uORF stop
codon, which creates a continuous reading frame with MSH2, increased Msh2 steady-state protein
levels ~2-fold. Furthermore, we found that the cell-cycle transcription factors Swi6, Swi4, and
Mbp1—along with SCB/MCB cell-cycle binding sites upstream of MSH2—are all required for
full basal expression of MSH2. Mutagenesis of the cell-cycle boxes resulted in a minor reduction
in basal Msh2 levels and a 3-fold defect in mismatch repair. Disruption of the cell-cycle boxes
also affected growth in a DNA polymerase-defective strain background where mismatch repair is
essential, particularly in the presence of the DNA damaging agent methyl methane sulfonate
(MMS). Promoter replacements conferring constitutive expression of MSH2 revealed that the
transcriptional induction in response to MMS is required to maintain induced levels of Msh2.
Turnover experiments confirmed an elevated rate of degradation in the presence of MMS. Taken
together, the data show that the DNA damage regulation of Msh2 occurs at the transcriptional and
post-transcriptional levels. The transcriptional and translational control elements identified are
conserved in mammalian cells, underscoring the use of yeast as a model system to examine the
regulation of MSH2.
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1. Introduction
Colorectal cancer is the third leading cause of cancer death in the United States [1]. An
estimated 10–20% of colorectal cancer cases are attributable to an inherited susceptibility
[reviewed in 2]. The most common form of inherited colorectal cancer is hereditary non-
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polyposis colorectal cancer or Lynch Syndrome, an autosomal dominant disorder
characterized by a paucity of colonic polyps, a penetrance of nearly 90%, an early age of
onset, and an elevated risk of extracolonic cancer, including cancers of the stomach,
endometrium, and small intestine [reviewed in 2]. These tumors display genome-wide
microsatellite instability [3–5]. This distinctive instability, reminiscent of the phenotype of
DNA mismatch repair defective bacteria [6] and yeast [7], played a crucial role in linking
this cancer syndrome to defects in mismatch repair [8–10].

Postreplicative DNA mismatch repair is essential for maintaining genome stability
[reviewed in 11]. By eliminating single-base mismatches and insertion-deletion loops that
arise due to DNA polymerase error and slippage, mismatch repair enhances the fidelity of
DNA replication 1000-fold [reviewed in 12]. In addition to its role in repair of spontaneous
mutations, mismatch repair is crucial for induction of appropriate cellular responses to DNA
damage [reviewed in 13].

Mutant Escherichia coli with elevated spontaneous mutation rates allowed for the earliest
characterization of DNA mismatch repair and further research determined that the mismatch
repair proteins are conserved from bacteria to mammals [reviewed in 11]. The basic events
of DNA mismatch repair include recognition and binding of a mismatch by MutS homologs
(Msh proteins), followed by subsequent events mediated by MutL homologs (Mlh proteins)
[reviewed in 14]. Important sequential events include cleavage and degradation of the error-
containing strand followed by re-synthesis by DNA replication components [reviewed in
12].

Because of the striking similarity between yeast and human mismatch repair, we employ the
yeast Saccharomyces cerevisiae to examine aspects of mismatch repair regulation. MutS
Homolog 2 (MSH2) is essential for mismatch recognition and displays cell-cycle periodicity
of expression in yeast [15,16]. Specifically, yeast MSH2 transcripts peak at the G1/DNA
synthesis boundary (G1/S). Additionally, yeast MSH2 mRNA levels are increased upon
treatment with DNA damaging agents, including methyl methanesulfonate (MMS) [17],
hydroxyurea (HU) [18], and camptothecin [19].

Human MSH2 mRNA levels are up regulated by E2F expression, consistent with cell-cycle
regulation [20–22]. Investigators have shown that human MSH2 mRNA and protein levels
change during the cell cycle [23], while others dispute the cell cycle regulation [24];
however, the apparent difference may be due the way in which the cells were prepared for
synchrony [23]. Finally, mouse MSH2 has been shown to be cell cycle regulated [25]. Taken
together, there is mounting evidence that mammalian MSH2 is cell-cycle regulated.

Silencing of the promoter region of the MLH1 DNA mismatch repair gene has been linked
to mismatch repair dysfunction and cancer progression [26]. The profound clinical
consequences of promoter dysfunction highlight the need to elucidate the mechanisms of
transcriptional regulation of mismatch repair genes. In this study, we examined conserved
promoter sequences upstream of MSH2 to decipher the regulatory elements directing the
gene’s cell-cycle periodicity and DNA damage-induced expression. Our results show that
Msh2 regulation during the cell cycle and in response to DNA damage regulation occurs at
the transcriptional and post-transcriptional levels.

2. Materials and methods
2.1. Microbial and molecular manipulations

Strains (Table 1) and plasmids (Table 2) used in this study are detailed below. Microbial
manipulations were conducted according to established procedures [27,28]. Polymerase
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chain reactions (PCR) using primers listed in Supplementary Table 1 were performed as
detailed elsewhere [27], and unless otherwise noted, 25 PCR cycles were performed as
follows: 94 °C for 15 s, 54 °C for 15 s, and 72 °C for 1 min, followed by 10 min at 72 °C.
Yeast colony PCR was performed as described previously [29]. Plasmid DNA was isolated
from E. coli according to the QIAprep Spin Miniprep protocol (Qiagen Inc., Valencia, CA).
Plasmid and genomic DNA was isolated from S. cerevisiae using published procedures [30].
Diagnostic restriction endonuclease digests of plasmid DNA were performed according to
the manufacturer’s specifications (New England Bio-labs, Inc., Beverly, MA), and digested
samples were examined by analytical agarose gel electrophoresis [27]. As required, DNA
was excised from agarose gels and extracted using the GENECLEAN Spin Extraction Kit
(Bio101, Carlsbad, CA).

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.dnarep.2012.11.002.

2.2. Plasmid and strain construction
Most of the plasmids (Table 2) created for this analysis were engineered by in vivo
homologous recombination in yeast [31]. Briefly, lithium acetate-mediated transformation
[29] was used to introduce DNA fragments with homologous ends into S. cerevisiae cells.
Plasmid DNA from transformants shown to harbor the desired constructs (as demonstrated
by diagnostic PCR) were introduced into E. coli, extracted, and confirmed by restriction
endonuclease digestion and sequencing (GENEWIZ Inc., South Plainfield, NJ). The specific
details of each construct are given below, and primer sequences are found in Supplementary
Table 1.

2.2.1. pPMSH2-luc—The luciferase coding sequence (luc CS) was amplified from
pPROLar.A22-luc (Clontech, Palo Alto, CA) using PCR primers MSH2luc 5′ and vecluc
3′. The 218-bp intergenic region upstream of MSH2 (PMSH2) was amplified with primers
vecMSH2 5′ and MSH2luc 3′, using pMSH2 as the template. AGY798 cells were
transformed with luc CS, PMSH2, and BamHI-linearized pRS415 [32] to produce pPMSH2-
luc.

2.2.2. pPADH1-luc—As a positive control for luciferase activity, a plasmid was constructed
containing the constitutively active ADH1 promoter (PADH1) driving luciferase expression.
PADH1 was amplified from genomic DNA using primers vecADH 5′ and ADHluc 3′, and
AGY798 cells were transformed with PADH1, luc CS, and BamHI-linearized pRS415 to
create pPADH1-luc.

2.2.3. pMSH2ccb- and pPMSH2ccb−-luc—A mutagenic oligonucleotide (ΔMCB,
Supplementary Table 1) was used to disrupt conserved cell-cycle elements of the MSH2
promoter upstream of the wild-type gene (pMSH2) or the luciferase gene (pPMSH2-luc)
using site-directed mutagenesis [33]. The primer was designed to scramble the elements
while maintaining the nucleotide composition of the conserved region. Mutagenesis was
confirmed by DNA sequencing.

2.2.4. pMSH2-AflII—An AflII site immediately upstream of the MSH2 coding sequence in
pMSH2 was introduced by site-directed mutagenesis using the primer MSH2AflII. This site
allowed for excision of the plasmid’s endogenous MSH2 promoter and replacement with a
smaller promoter. Introduction of the restriction site (confirmed by AflII digestion and
sequencing) did not produce a detectable mutator phenotype, as pMSH2-AflII fully
complemented the mismatch repair defect of an msh2Δ strain (data not shown).
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2.2.5. pMSH2-218—pMSH2-AflII was digested with AflII and XhoI, and the ~8-kb vector
backbone was excised and purified from an agarose gel. The 218-bp MSH2 promoter
(PMSH2) was amplified from pMSH2 using PCR primers vecMSH2Afl 5′ and MSH2PMSH2
3′. The resulting plasmid, pMSH2-218 fully complemented the mismatch repair defect of an
msh2Δ strain (see Fig. 1).

2.2.6. pMSH2upAUG- and pMSH2upUAA—The primers MSH2-UP-ATG and MSH2-
UP-TAA were designed to disrupt the start and stop codons, respectively of the upstream
open reading frame, using site-directed mutagenesis [33]. Muta-genesis was confirmed by
DNA sequencing.

2.2.7. pPMSH2(165)-luc, pPMSH2(113)-luc, and pPMSH2(69)-luc—5′ deletion analysis of
the MSH2 promoter was performed by PCR with upstream primers DEL3 5′, DEL4 5′, and
DEL5 5′ and downstream primer MSH2luc 3′ (Supplementary Table 1) using homologous
recombination, as described above for pPMSH2-luc.

2.2.8. swi6Δ, swi4Δ, and mbp1Δ—kanMX4 junctions in the yeast deletion collection
knockout strains [34] were confirmed by polymerase chain reaction using primers ~300-bp
upstream and downstream of each deleted gene (swi6 5′ and swi6 3′; swi4 5′ and swi4 3′;
mbp1 5′ and mbp1 3′) and primers complementary to the kanMX4 cassette (kan 5′ and kan
3′).

2.2.9. AGY665 (MSH2- MYC::kanMX6)—The C terminal-coding region of MSH2 in
strain AGY220 was fused to a kanamycin marked MYC epitope tag (MYC::kanMX6) using
a PCR-based method as described previously [35]. A 20-cycle PCR reaction of 1 min at 94
°C, 1 min at 50 °C, and 2.5 min at 68 °C, followed by a final 10-min extension at 68 °C, was
used to amplify the MYC::kanMX6 cassette from pFA6a-13Myc-kanMX6 [35], using
MSH2TAG5 and MSH2TAG3 primers. The strain was confirmed by PCR of the fusion
junctions and the functionality of the fusion protein was tested in a canavanine drug
sensitivity assay.

2.2.10. AGY1055 (PROM2-MSH2-MYC::kanMX6) and AGY1056 (PRSF1-MSH2-
MYC::kanMX6)—Promoter swamp integrations were accomplished by first generating
centromere-based plasmids in which the 218-bp region between SPO21 and MSH2 was
replaced with the 562 intergenic region upstream of RSF1 (pPRSF1-MSH2) or the 460 bp
region upstream of ROM2 (pPROM2-MSH2). The constructs were made by combining
HindIII-linearized pRS415 [32] and PCR fragments generated using primers vecSPO and
MSH2up and primers MSH2dwn and vecMSH2 along with either primers PRSF1up and
PRSF1dwn for the PRSF1 region or the PROM2up and PROM2dwn for the PROM2 region.
After verification of the constructs, fragments containing the promoter swaps were
subcloned into a URA3-based yeast integrative plasmid (pRS406) using NotI and XhoI to
generate pPRSF1-MSH2-YIp and pPROM2-MSH2-YIp. These YIp plasmids were linearized
with HindIII to integrate into AGY665 (MSH2-MYC::kanMX6). The two-step integration
of the promoter swap mutants AGY1055 (PROM2-MSH2) and AGY1056 (PRSF1-MSH2)
was verified by PCR.

2.2.11. pMSH2-MYC—This construct expresses MYC-tagged Msh2 from a URA3 CEN-
based plasmid. The plasmid was constructed in vivo using 3 PCR products and a BamHI
linearized pRS416 [32]. The first fragment was amplified from wild-type genomic DNA
with primers vecMSH2 5′ and 5341(−) to produce a 2.1 kb fragment containing the 218-bp
MSH2 promoter and 1.9 kb of the N-terminal MSH2 coding sequence. The second fragment
was amplified from wild-type genomic DNA using primers 5200(+) and 6260(−) to produce
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a 1-kb fragment containing MSH2 coding sequences with flanking sequence homology to
fragments 1 and 3. The third fragment was amplified from AGY665 genomic DNA with
primers MSH2-12(+) and vecMSH2utr3′ to generate a fragment of ~2.7 kb containing the
MYC-tagged MSH2 C-terminal coding region, the kanMX6 marker and 126 bp of the 3′
untranslated region of MSH2. The plasmid complemented the mismatch repair defect of a
msh2Δ strain and rescued the pol3-01 msh2Δ synthetic lethality.

2.2.12. AGY1057 (pol3-01 msh2Δ+ pMSH2-MYC)—AGY70 (MATa ade2-1 trp1-1
ura3-1 leu2-3,112 his3-11,15 msh2::LEU2 RAD5) + pMSH2-MYC was mated to EAY575
(MATα ura3-52 leu2Δ1 his3Δ200 pol3-01; generously provided by Eric Alani, Cornell
University), to generate AGY1057. Synthetic lethality was confirmed on plates containing
5-fluoro-orotic acid (5-FOA).

2.3. Mismatch repair and synthetic lethality assays
DNA mismatch repair assays were performed to test for function of the promoter mutants.
Constructs were used to transform AGY75, a msh2Δ reporter strain [36], and transformants
were tested for DNA mismatch repair using quantitative and qualitative assays as described
previously [37–39].

Plasmid shuffle assays to test the mismatch repair in a pol3-01 background employed
AGY1057, a msh2Δ pol3-01 + pMSH2-MYC strain transformed with additional plasmids
including pMSH2, pP MSH2ccb−-MSH2, or pRS413. Two-fold serial dilutions of
exponentially growing cells in synthetic medium lacking histidine were plated on plates
containing synthetic medium lacking histidine, lacking histidine supplemented with 5-FOA,
or lacking histidine supplemented with 5-FOA and 0.04% MMS. Plates were grown at 30 °C
for 2 days.

2.4. Luciferase assays
Cells harboring MSH2 promoter-luciferase fusion constructs or empty vector (pRS415)
were grown to mid-exponential phase (OD600 ~ 0.4) in synthetic medium lacking leucine
(−LEU), and luciferase activity was assayed in a protocol modified from Vieites and
colleagues [40]. Briefly, cells were harvested, washed twice with dH2O, and resuspended in
10 mM potassium phosphate buffer (pH 7.0). Optical density at 600 nm (OD600) was
determined by spectrophotometry, and ~3 OD600 of cells were added to prewarmed (30 °C),
oxygenated (15-s vortex) sodium citrate buffer (pH 5.5). D-Luciferin (20 mM stock) was
added to a final concentration of 2.0 mM. Cells were briefly vortexed, moderately shaken
for 15 min, and vortexed again, and luciferase activity was measured in a Wallac 1409 liquid
scintillation counter (wave-length of emission = 562 nm). OD600 of the final reaction
chamber was determined to allow cell density adjustments, as described below.

In assays with drug-treated cells, mid-exponential cultures were treated with 10 μg/ml alpha
factor (αF, Princeton Syn/Seq Facility, Princeton University), 0.1 M hydroxyurea (HU,
Sigma–Aldrich, Co., St. Louis, MO), or 0.04% v/v methyl methane sulfonate (MMS,
Sigma–Aldrich, Co.) for 1.5 h, followed by luciferase assays as described above. Mock-
treated cells and cells harboring pRS415 were similarly prepared. Cell-cycle arrest (>80%
and >60% for αF and HU, respectively) was confirmed by phase contrast microscopy. Serial
dilutions of MMS-treated cells were plated on −LEU to confirm the efficacy of the MMS
stock and, at lower concentrations, to confirm the absence of significant cell killing.

Data from luciferase assays were analyzed as follows. Values of luciferase activity
generated by a Wallac 1409 were divided by the final OD600 of the reaction chamber to
yield a normalized value of luciferase activity (observed light emission/OD600). The light

Tennen et al. Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



emission of WT cells harboring pRS415 was used as a background control for
luminescence. Control experiments demonstrated that light emission from cells harboring
pRS415 was essentially identical in all strain backgrounds and that luminescence in
pRS415-transformed cells did not vary significantly with drug treatment (data not shown).
Luciferase activity in cells harboring a plasmid with a transcription terminator cloned
upstream of the luciferase start codon was not significantly higher than that of cells
harboring empty pRS415, confirming the absence of significant background luciferase
expression. Overall, luciferase activity was expressed as: (observed light emission/OD600) –
background light emission. Due to large inter-trial variation in the absolute value of light
emission measurements, values in each trial were normalized to emission of wild-type and/
or mock-treated cells, as appropriate.

2.5. Cell-cycle analysis of MSH2 promoter activity
To determine the cell-cycle periodicity of the wild-type promoter, exponentially growing
AGY798 cells harboring pPMSH2-luc and pPADH1-luc were arrested with nocodazole (1.5
μg/ml final concentration, 4 h), released into αF (10 μM final concentration, 1.5 h), and
released from αF arrest into fresh −LEU medium. Phase contrast microscopy confirmed
~50% arrest (large-budded phenotype) with nocodazole treatment and >80% shmooing with
αF treatment. Time points were taken at 0 min and every 15 min for 5.5 h starting at t = 30
min. At each time point, 4 ml of cells from each of the three cultures were harvested and
assayed for luciferase activity as described above. The OD600 of each final reaction chamber
was used to adjust light emission values (described above). After OD600 determination, cells
were fixed in 70% ethanol, and nuclei were visualized by staining with 4′,6′-diamidino-2-
phenylindole (DAPI) [41]. Cell cycle synchrony was confirmed by fluorescence
microscopy. Since ADH1 expression is known to be independent of the cell cycle [16], light
emission from cells harboring pPADH1-luc was normalized to the value at t = 0 min by
calculating a correction constant for each time point. Emission from cells harboring
pPMSH2-luc was adjusted using the correction constant calculated for the given time point.

For the cell synchrony experiments with the wild-type and cell-cycle box scrambled MSH2
promoters driving luciferase, a bar1 protease mutant was used to increase the sensitivity αF.
Cells were arrested and released at 18 °C to slow the progression of the cell cycle. After
release from αF-induced G1 arrest, aliquots of cells were analyzed with a Promega Glomax
96-well Microplate Luminometer to assess light emissions. Cell synchrony was verified by
flow cytometry.

2.6. Primer extension
RNA was isolated from yeast cells according to established procedures (TRIzol Reagent
RNA Isolation, Invitrogen Life Sciences, Carlsbad, CA). Isolated RNA was run on a 1%
agarose gel and visualized with ethidium bromide to confirm RNA integrity, as indicated by
the presence of distinct ribosomal RNA bands. The oligonucleotide primer (MSH2-5′REV)
was labeled with γ32P-ATP (activity >7000 Ci/mmol; ICN Biomedicals, Inc, Irvin, CA)
following published protocol [27]. Purification of the labeled oligonucleotide was
accomplished using a ProbeQuant G-50 micro column (GE Healthcare Life Sciences,
Piscataway, NJ). Primer extension using the labeled oligonucleotide was performed on RNA
isolated from AGY798 (wild-type) and AGY799 (msh2Δ) using the First Strand cDNA
Synthesis Using SuperScript II RT protocol (Invitrogen Corporation, Carlsbad, CA). DNA
was then precipitated using 0.6 volumes 5 M ammonium acetate and 3 volumes 100%
ethanol. The pellet was washed with 70% ethanol, air dried, resuspended in DNA sample
buffer, and heated at 65 °C for 5 min. DNA was fractionated on a polyacrylamide
sequencing gel following published protocol [27] and using Sequagel reagents according to

Tennen et al. Page 6

DNA Repair (Amst). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the manufacturer’s specifications (final concentration: 8.3 M urea/6% (w/v) acrylamide/1×
Tris–borate–EDTA; National Diagnostic, Atlanta, GA).

Sequencing reactions of MSH2 were performed using the same oligonucleotide used in the
primer extension. The sequencing reaction products were run simultaneously on the gel
along with the primer extension products in order determine their location and length along
the MSH2 sequence. The sequencing was performed with the labeled oligonucleotide using
the Amersham LIFE SCIENCE Sequenase Version 2.0 sequencing kit (T7 Sequanase
Chain-Termination Sequencing Protocol; Amersham Life Sciences, Arlington Hts, IL).

2.7. Immunoblotting analysis
Yeast protein extracts from exponential cells grown for 1.5 h in the presence or absence of
0.04% MMS were prepared as described elsewhere [29,42], using ~2 OD600 of each culture.
Extracts were fractionated by discontinuous sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) [27] using the BioRad Mini-Protean II Cell, a 4% acrylamide
stacking gel (pH 6.8), and a 7% acrylamide separating gel (pH 8.8). Overnight transfer to
nitrocellulose was confirmed by staining with Ponceau Red (Sigma–Aldrich, St. Louis, MO)
[27], and the membrane was blocked for 1–24 h with 5% nonfat dry milk (NFDM) in Tris-
buffered saline +0.1% Tween 20 (TBS-T). Immunodetection of hemagglutinin (HA)-tagged
Msh2 was performed by Enhanced Chemiluminescence (ECL) western blotting (Amersham
Biosciences, Piscataway, NJ) using a 1:2500 dilution of mouse α-HA monoclonal primary
antibody (12CA5; Princeton Monoclonal Facility) and a 1:2500 dilution of donkey α-mouse
IgG horse radish peroxidase (HRP)-conjugated secondary antibody (Amersham Biosciences;
45 min). After exposure on X-OMAT XAR-5 Kodak film (1–5 min), the membrane was
washed twice with TBS-T (10 min) and reprobed for Kar2 using rabbit α-Kar2 polyclonal
primary antibody (M. D. Rose Laboratory, Princeton University; 1:10,000 dilution) and goat
α-rabbit IgG-HRP secondary antibody (GE Healthcare Life Sciences). Quantification of
band intensity was performed using the public domain Image J program. The fold-induction
over wild-type Msh2 levels for the strains harboring plasmids with the upstream open
reading frame start and stop codons were based on 3 independent experiments.

2.8. Msh2 turnover assays
The methods for construction of MSH2 under the GAL10 promoter (PGAL10) were
described previously [36]. Cells expressing the PGAL10 fusion were grown to logarithmic
phase in synthetic medium with 2% galactose. The culture was split and glucose (2%) was
added to each culture to repress synthesis of MSH2. One culture was also exposed to MMS
(0.04%) while the other was mock-treated. At time intervals of 0 h, 2 h, and 4.0 h after
repression of synthesis, ~3 × 107 cells were processed for immunoblotting. Protein extracts
were subjected to chemiluminescence immunoblotting methods to detect Msh2 variant and a
loading control.

During the shut-off experiment cell division occurred complicating the turnover analysis.
Because transcription of MSH2 was repressed, each cell division diluted the Msh2 by half.
Therefore, the decrease in Msh2 signal is a combination of degradation and cell division.
Additionally, cells treated with MMS grew at a slower rate than those cultures mock treated.
Thus, correction for cell growth was required for a more accurate comparison of the
turnover rate. To correct for the dilution due to cell division, we analyzed the turnover bands
by densitometry, set the 0 h point as 100% starting protein, and subsequent time points were
divided by this initial value to produce a percentage of Msh2. A trendline was imposed on
this data to identify the exponential rate of protein decay (due to both dilution and cellular
degradation, e−Rt). We then plotted the OD600 of the cultures versus time and identified the
exponential rate at which the cells were growing (eKt) during the experiment. To isolate the
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turnover due purely to cellular degradation, these two equations were multiplied to find the
corrected values (e(K−R)t).

3. Results and discussion
3.1. The 218-bp intergenic region upstream of MSH2 contains cell-cycle and DNA damage
responsive promoter elements

To define the regulatory elements controlling MSH2 expression, the minimal region
necessary for wild-type expression patterns of MSH2 during mitotic growth was determined
using upstream regions of varying lengths. Expression was driven either by the 1275-bp
region partially spanning the C-terminal coding sequence of SPO21 (immediately upstream
of MSH2 on chromosome XV) or by the 218-bp intergenic region upstream of MSH2 and
downstream of SPO21. These constructs served as conservative and minimal estimates of
MSH2 promoter length, respectively. To determine whether the 218-bp promoter was
sufficient for effective mismatch repair in vivo, the spontaneous mutation rates of msh2Δ
cells with MSH2 expression under the control of the two promoters described above were
assessed qualitatively using negative selection papillation assays. Cells harboring the vector
produced considerable papillation on the negative selection plates, indicative of the expected
strong defect in mismatch repair. In contrast, MSH2 was expressed to sufficient levels from
both the 218-bp and a larger 1275-bp promoter to complement the mismatch repair defect of
an msh2Δ strain (Fig. 1A). Thus, the 218-bp intergenic region upstream of MSH2 was
sufficient to confer effective mismatch repair function and was therefore used in subsequent
analyses.

To allow rapid quantification of MSH2 promoter activity, we generated plasmids in which
the 218 bp region upstream of MSH2 drives expression of firefly luciferase. The promoter
fusions were engineered at the start codon such that the luciferase open reading frame
replaced the MSH2 coding sequence (PMSH2-luciferase), thereby preserving the 5′ UTR
regulatory elements.

To confirm that luciferase activity is an accurate proxy for MSH2 expression and to verify
previously assembled microarray data, the luciferase assay described above was used to
monitor MSH2 promoter activity in response to treatment with hydroxyurea (HU), methyl
methanesulfonate (MMS), and alpha-factor (αF), substances known to influence MSH2
mRNA levels. To assess the effects of these agents on MSH2 promoter activity, cells
expressing PMSH2-luciferase were grown to mid-exponential phase and mock-treated or
treated with 0.1 M HU, 0.04% MMS, or 10 μg/ml αF for 1.5 h prior to analysis. Luciferase
activity revealed a ~1.7-fold increase in promoter activity upon treatment with HU as
compared to mock-treated cultures (Fig. 1B). This increase is similar to that observed in
microarray studies (~1.4 fold, [43]). Similarly, we observed a ~1.5-fold increase in
luciferase activity in response to treatment with 0.04% MMS (Fig. 1B), in accordance with
several sets of microarray data [17,44]. αF treatment resulted in decreased expression
compared to the peak during S-phase (~26% of the highest value in S-phase), consistent
with previous observations in genome wide analyses [45].

The elements controlling cell-cycle periodicity were also encoded within the 218-bp
intergenic region found immediately upstream of MSH2 (Fig. 1C). Cells expressing the
luciferase gene under the control of the MSH2 promoter were arrested in the G1 phase of the
cell cycle, released from arrest, and assayed over time for luciferase activity. The cell-cycle
periodicity conferred by the MSH2 promoter is reflected in the peaks and valleys of light
emission with the approximately 90-min separations consistent with the doubling time of
yeast. Taken together, these results indicate that the 218-bp intergenic region upstream of
MSH2 contains HU-, MMS-, and cell-cycle-responsive elements of the MSH2 promoter.
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Comparative genomics of related species is a powerful technique for identifying conserved
regulatory elements [reviewed in 46]. Interspecies genome alignments were used to search
for conserved sequences potentially involved in the transcriptional regulation of MSH2 (Fig.
1D). Specifically, the Fungal Sequence Alignment [47–49] through the Saccharomyces
Genome Database [50] was utilized. The analysis revealed conserved regions, several
potential TATA boxes, two upstream small open reading frames (uORFs), and two known
cell-cycle regulatory elements. The two cell-cycle elements are a MluI cell cycle box (MCB)
and an overlapping Swi6/4 cell cycle box (SCB)/MCB box. MCBs and SCBs are common
elements upstream of many genes that exhibit peak expression at the G1/S boundary
[reviewed in 51]. Together, these findings define a 218-bp minimal promoter region
containing several elements that might contribute to the cell-cycle and DNA damage
regulated expression of MSH2.

3.2. A small upstream open reading frame present in the MSH2 transcript modulates MSH2
expression during mitotic growth

To determine whether the conserved regions of the MSH2 promoter were present in the
MSH2 transcript, we used primer extension analysis to map the 5′ end of the MSH2
transcript (Fig. 2A). The mapping was performed on RNA isolated from wild-type and
msh2Δ strains. Two transcript start sites were identified. The longer transcript initiates in a
poly-T run between the SCB and MCB boxes (Fig. 1D). The shorter transcript initiates
downstream of both cell cycle boxes and a putative TATA box. The primer extension
analysis for the transcript initiating closer to the MSH2 ATG is in agreement with genome-
wide tiling array experiments mapping the yeast transcriptome [52] (Fig. 2B and C).
Interestingly, the 5′ end mapping confirmed that a conserved and potentially regulatory
open reading frame is present within MSH2 transcripts (Fig. 2D).

Fewer than 10% of eukaryotic genes are predicted to contain small open reading frames in
their transcript leader sequences. However, a subset of genes involved in cell growth and
differentiation contain uORFs [reviewed in 53,54]. The conservation of the uORF in the
transcript leader sequence and the verification that the uORF is encoded in the transcript
increases the likelihood the uORF plays a regulatory role in translation initiation [reviewed
in 55]. To test for a potential inhibitory role of the uORF in the context of the wild-type
MSH2 gene, we engineered mutation in the ATG codon (ATG>TTG) of the uORF
immediately upstream of MSH2. We also mutated the stop codon (TAA>GGA) for the
uORF, which results in a continuous reading frame with the MSH2 coding sequence. We
observed increases in Msh2 protein levels in mitotic cells for the ATG-mutated construct
(1.4 ± 0.3 fold increase, n = 3) and for the stop codon-mutated construct (1.3 ± 0.2 fold
increase, n = 2) (Fig. 2E). The MMS-induced levels of Msh2 for all three were
indistinguishable, suggesting that the increase in translational efficiency was during mitotic
growth and not in response to DNA damage.

To further test whether the upstream ORF might play a role in translational efficiency we
employed the luciferase assays to eliminate obscuring post-translational controls associated
with the wild-type Msh2 protein (our unpublished observation). We constructed plasmids
with various deletions of the 5′ leader sequence of MSH2 upstream of the luciferase coding
sequence. The results showed when the upstream ORF start codon was deleted, a significant
increase in luciferase expression was observed (Fig. 2F). These findings are consistent with
the upstream ORF playing an inhibitory role in translation of downstream open reading
frames.

The Cln3 cyclin [56] and the Rok1 RNA helicase [57] are two other yeast cell-cycle-
regulated genes that display translational control mediated by uORFs. The presence of
conserved regulatory uORFs in organisms ranging from fungi [54] to mammals [58]
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suggests that this form of translational control is widespread. Interestingly, both the mouse
and human MSH2 5′ UTRs contain uORFs [59] (Fig. 2G), consistent with a conservation of
regulation.

3.3. SCB and MCB cell-cycle boxes and cell-cycle transcription factors are important for
basal MSH2 promoter activity

Next, we assessed the role of the DNA-encoded cell-cycle elements in MSH2 expression.
Specifically, we used site-directed mutagenesis to scramble the two cell cycle boxes (ccb-)
within the MSH2 promoter driving expression of luciferase (PMSH2ccb−-luciferase) (Fig.
3A). Mutagenizing the cell cycle boxes abolished the cell-cycle periodicity associated with
the MSH2 minimal promoter region (Fig. 3B). Cells were synchronized and the light
emissions from the wild-type and cell cycle box mutant promoter fusions were assessed. The
cell synchrony for both strains was confirmed by flow cytometry. In addition to abolishing
the cell cycle periodicity, the mutagenesis of these two promoter elements reduced luciferase
activity to a level ~65% that of cells harboring a plasmid with a wild-type MSH2 promoter
(Fig. 3C, p < 0.02).

MCBs are bound by the MluI cell-cycle box binding factor (MBF), a complex composed of
Swi6, a transcriptional activator, and Mbp1, a sequence-specific DNA binding protein
[60,61]. Additionally, Swi4, as part of the Swi4/Swi6 cell-cycle box binding factor (SBF),
binds and activates G1/S genes with SCB-containing promoters [61,62]. To determine
whether these transcription factors are important for regulating basal MSH2 expression, we
introduced the PMSH2-luciferase reporter construct into swi4Δ, mbp1Δ, swi6Δ and wild-
type cells. We found that deletion of SWI4 resulted in a ~20% reduction in luciferase
activity (Fig. 3C, p < 0.008). However, there is documented functional redundancy between
Swi4 and Mbp1 [61], and in the MSH2 promoter the SCB element overlaps with an MCB
element (Fig. 3A). Deletion of MBP1 resulted in a more significant reduction in luciferase
activity (to ~60% of WT levels, p = 0.0005, Fig. 3C). The absence of Swi6, important for
SBF and MBF function, reduced luciferase activity to ~45% that of wild-type cells (WT vs.
swi6Δ p < 0.0001, Fig. 3C). This reduction of promoter activity is not due to a general
defect in transcription, as light emission in swi6Δ cells harboring an ADH1 promoter-driven
luciferase gene (on plasmid pPADH1-luc) was comparable to expression in wild-type cells
harboring the same plasmid (data not shown). The introduction of cell-cycle box deleted
promoters into swi6Δ cells did not further reduce light emission to a significant degree when
compared to the wild-type promoter (Fig. 3C, p = 0.17), consistent with a model in which
Swi6 functions with the partially redundant Swi4 or Mbp1 to control expression through the
SCB/MCB sites in the promoter region of MSH2. Swi6 appears to have a stronger effect on
the MSH2 promoter and thus may play a more significant role than either Swi4 or Mbp1
because of its role in recruiting chromatin modifying factors to promoter regions [63].

Together, these data demonstrate that the SCB and MCB cell-cycle boxes and cell-cycle
transcription factors are important for basal MSH2 promoter activity. The mammalian
functional homologues of MBF and SBF are the E2Fs, a family of transcription factors
critical in controlling cell-cycle progression and regulating the expression of genes required
for DNA replication [reviewed in 64,65]. The hMSH2 promoter contains E2F binding sites
at positions −198 and −67, and previous studies have shown that E2F is involved in
regulating the cell-cycle-dependent expression of hMSH2 [20]. The identification of these
cell-cycle regulatory elements in yeast and mammalian MSH2 promoter regions suggests
that conservation between the mismatch repair systems extends to gene expression.
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3.4. Disruption of cell-cycle elements upstream of MSH2 results in a defect in mismatch
repair

The cell-cycle-regulated expression of MSH2—with a peak at the G1/S boundary—is
consistent with the role of Msh2 in post-replicative DNA repair. To determine the effect of
cell-cycle regulation on protein levels and mismatch repair function, we assessed steady-
state Msh2 protein levels in msh2Δcells harboring a plasmid with the wild-type promoter
(PMSH2-MSH2) or the cell-cycle box mutagenized promoter (PMSH2ccb−-MSH2). Results
show that the cell-cycle box mutations causes a subtle but reproducible reduction (Fig. 4A)
to 56 ± 3% wild-type levels consistent, with the ~40% reduction in MSH2 promoter activity
described above (Fig. 3B).

To assess the ability of PMSH2ccb MSH2 to complement the mismatch repair defect of an
msh2Δ strain, we used median-based fluctuation tests to obtain a quantitative measure of
spontaneous mutation rate. The results revealed a 3-fold increase in the mutation rate at the
CAN1 locus as compared to msh2Δ cells complemented by wild-type MSH2 under its
endogenous promoter (Fig. 4B). This relatively subtle effect of cell-cycle box mutagenesis
on mismatch repair compared to the ~38-fold increase in mutation rate observed with
msh2Δ cells harboring and empty vector was nevertheless significant (based on the 95%
confidence limit interval, Fig. 4B).

We speculate that the mutator phenotype is a consequence of the loss of cell-cycle
regulation rather than lower protein levels based on our previous characterization of msh2
missense variants [36]. These missense alleles of msh2 retained their cell-cycle boxes and
showed a variety of phenotypes, including differing protein levels and mismatch repair
defects. Among the panel of variants, we have two examples with protein levels ~65% of
wild-type that displayed no significant mutator phenotype [36]. Further support for the
model comes from the observation we did not detect a significant increase in the mutation
rate in the mbp1Δ and swi4Δ (not shown), strains in which cell cycle periodicity is typically
retained because of the significant redundancy [66].

3.5. Cell-cycle boxes are not required for the induction of MSH2 in response to the DNA
damaging agent methyl methane sulfonate

Previously studies have reported a link between cell-cycle regulation and DNA damage-
induced expression of certain G1/S-induced S. cerevisiae genes [19,67–69]. Likewise, cell-
cycle transcription factors have been proposed to regulate expression of DNA damage
response genes in mammalian cells [20]. Thus, a parsimonious model emerges in which cell-
cycle transcription factors are responsible for both cell cycle-regulated and DNA damage-
induced expression of DNA synthesis and repair genes, allowing DNA repair outside of S
phase [70].

To test whether MSH2 expression fits this model, we analyzed the role of the cell-cycle
boxes in response to DNA damage using a strain that is dependent upon DNA mismatch
repair for survival. The strain encodes a mutation in DNA polymerase δ (encoded by POL3),
causing a defect in the proofreading function. Previous studies have shown that this allele of
POL3 (pol3-01) causes cells to die at elevated temperatures in combination with mutations
in known DNA mismatch repair genes [71–77]. We chose to use this system because of the
high degree of sensitivity capable of detecting even modest (6-fold) mutator phenotypes.
Additionally, because we were using a mutagen (MMS), we did not want to obscure the
results by using mutation frequency assays.

In our strain background, the combination of the pol3-01 allele and a deletion of MSH2
(msh2Δ pol3-01) is lethal at all temperatures. The pol3-01 msh2Δ strain is viable when a
covering plasmid expressing Msh2 is maintained in the cells. The covering plasmid also
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encoded the URA3 marker, which allows for positive selection (growth on medium lacking
uracil) and negative selection (growth on 5-fluro-orotic acid (FOA), a drug that kills Ura3-
producing strains [78]). Plasmids with a different auxotrophic marker (HIS3) expressing no
Msh2 (vector), MSH2 driven by the wild-type promoter, or MSH2 expressed from the cell-
cycle box disrupted promoter were introduced into pol3-01 msh2Δ cells. In this plasmid
shuffle experiment, growth on FOA indicated cells that could lose the covering MSH2
URA3-based plasmid because the introduced HIS3 plasmid produced sufficient levels of
Msh2.

As expected, the MSH2 expressed from the wild-type promoter fully complemented the
defect and the cells were FOA-resistant, in contrast to cells harboring the empty vector (Fig.
5A). When MSH2 driven by the cell-cycle box disrupted promoter was introduced, the cells
were viable in the absence of MMS, but displayed a loss of viability in the presence of
MMS. The data are consistent with the model that the cell-cycle regulatory elements in the
MSH2 promoter are important for regulating expression upon exposure to DNA damage.

We tested whether the cell cycle boxes in the MSH2 promoter modulate expression in
response to MMS. We measured luciferase activity with the wild-type MSH2 promoter and
the cell-cycle box mutagenized MSH2 promoter fused to luciferase in the presence and
absence of MMS. We found that the MMS induction is still measurable even when the cell-
cycle elements are scrambled. We observed a 1.49 ± 0.04 induction for the wild-type
promoter and 1.6 ± 0.2 for the cell-cycle box mutagenized promoter. These data suggest that
the MMS responsiveness of the MSH2 promoter is not modulated by the cell cycle boxes.
Interestingly, both protein blots and the luciferase experiments showed that the levels are
60% of wild-type levels when driven from the cell-cycle box mutagenized promoter, even in
the presence of MMS (not shown). We conclude that the 40% reduction in levels is too low
to support life in a pol3-01 background in the presence of mutagen MMS.

3.6. Msh2 is turned over more rapidly in response to the DNA damaging agent methyl
methane sulfonate

In an attempt to further explore the importance of endogenous regulation of MSH2 and the
DNA damage response, we engineered constructs with two constitutive promoters—ROM2
and RSF1—driving expression of MSH2. The promoters were selected because they do not
confer cell-cycle periodicity and do not induce expression in response to DNA damage [79].
Furthermore, previous microarray analyses have revealed constitutive expression in
continuous cultures under a variety of growth conditions (Maitreya Dunham, personal
communication). Additionally, these promoters were selected because they produce mRNA
levels of their cognate genes at levels similar (PROM2 promoter) or slightly lower than
MSH2 (PRSF1 promoter), as determined in genome-wide transcription mapping experiments
[80].

As expected, expressing Msh2 under the control of the two promoters described above
produced similar or lower levels of Msh2 under mitotic growth when compared to
expression from the endogenous promoter (Fig. 5B). However, contrary to the typical
induction of Msh2 in response to MMS (~1.8 fold), Msh2 protein levels were slightly
decreased when expressed from either promoter (0.7 fold for PROM2 and 0.8 fold for PRSF1).
These data suggest that Msh2 is turned over at a higher rate under conditions of DNA
damage.

We tested the possibility of accelerated degradation by conducting turnover experiments
using the GAL10 inducible/repressible promoter to control expression of MSH2. The
GAL10 promoter allows for strong expression in the presence of galactose and repression in
glucose medium. Exponentially growing cells are exposed to galactose for 30 min to express
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wild-type Msh2. The cells were then grown in glucose to repress synthesis in the presence
and absence of MMS. Samples are taken over time after repression and conventional protein
immunoblotting experiments were performed. The data are consistent with an increased
turnover of Msh2 in the presence of MMS (Fig. 5C).

The elevated turnover of Msh2 in response to MMS has at least two possible explanations.
First, components of the ubiquitin proteasome system are known to be upregulated in
response to MMS [17], and we have found that Msh2 is targeted by the ubiquitin-mediated
pathway (Arlow and Gammie, submitted for publication). Thus, the enhanced turnover
might be a secondary consequence of increased proteasomal activity. Alternatively, active
participation in detecting damaged DNA might increase the turnover rate of Msh2, perhaps
through proximity to an E3 ubiquitin ligase at chromatin or by the post-detection addition of
another post-translational modification that targets Msh2 for proteasomal degradation.
Employing a DNA damaging agent that does not upregulate proteasome components should
provide insight into the mechanism for increased Msh2 turnover in response to DNA
damage.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HU hydroxyurea
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Fig. 1.
Defining the minimal MSH2 promoter. (A) The 218-bp intergenic promoter region upstream
of MSH2 is sufficient to confer mismatch repair proficiency. Single msh2Δ transformants
harboring the microsatellite instability reporter construct pSH44 (AGY75) and either
pRS413 (vector), pMSH2-218 (PMSH2-218 -MSH2), or pMSH2 (PMSH2-1275 -MSH2) were
patched onto selective plates and replica printed onto canavanine (CAN), 5-fluororotic acid
(5-FOA) and control plates to assess cell viability and plating efficiency. Elevated rates of
resistance to 5-FOA reflects the failure to repair polymerase slippage at the dinucleotide
tract fused upstream of the URA3 gene on a resident reporter construct [37] associated with
Msh2/Msh3 or MutSβ function; whereas, an increased rate of resistance to canavanine
represents a failure to repair singe base pair mismatches or single nucleotide insertions/

Tennen et al. Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deletions in the CAN1 coding sequence [81] associated with Msh2/Msh6 or MutSα
function. (B) The DNA damage responsive element is encoded within the 218-bp intergenic
region upstream of MSH2. Exponential phase wild-type yeast cells (AGY798) harboring a
plasmid with the 218-bp minimal MSH2 promoter driving luciferase expression (PMSH2-218-
luciferase) were mock treated or treated with 0.1 M HU, 0.04% MMS, or 10 μg/ml αF for
1.5 h prior to luciferase analysis. Results were reproduced in 8 independent experiments for
HU, MMS, and 3 independent experiments for the αF treatment. Relative luciferase activity
was calculated by dividing by light emission of mock-treated cells. Error bars represent
standard error of the mean. (C) The minimal MSH2 promoter contains cell-cycle periodicity
function. Yeast cells described above were sequentially arrested with nocodazole and αF
and released into fresh medium. Every 15 min beginning at t = 30 min, aliquots were
sampled for luciferase activity. CPM represents counts per million. The yeast doubling time
is ~90 min (not shown). (D) Interspecies alignment highlighting conserved MSH2 promoter
elements. The promoter sequences of S. cerevisiae MSH2 and homologs were compared
using the fungal alignment viewer [50]. Conserved elements are shaded. Putative TATA
boxes (1–3), SCB, and MCB elements are indicated and nucleotides matching the consensus
sites are underlined. The ATG codons for the uORFs (upATG1,2) are boxed.
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Fig. 2.
An upstream open reading frame is encoded within the mRNA of MSH2. (A) Primer
extension analysis of MSH2 mRNA. The 5′ end of the MSH2 transcript was mapped using
RNA from a wild-type (WT, AGY798) and an msh2Δ (AGY799) strain. Parallel sequencing
reactions were performed with the same labeled primer used in the primer extension.
Potential regulatory regions are indicated to the right and correspond to the highlighted
regions in Fig. 1. The reverse complement of the sequence in the previous figure is shown
with GATC indicated above the lanes. The position of the 5′ end of the transcripts (*, **)
are emphasized with an arrow. The start of the upstream open reading frame (uORF) is
indicated. (B) A high resolution map of the MSH2 transcript. David et al. [80] mapped the
entire yeast transcriptome including the MSH2 locus. Data for MSH2 was downloaded from
the ArrayExpress database, accession no. E-TABM-14. The plot displays the log2
normalized expression level (y-axis) along genomic coordinates (x-axis in bp). Each dot
corresponds to a probe on the tiling array and the vertical lines represent the boundaries of
the MSH2 open reading frame. The background threshold (y = 0) is shown as a horizontal
line. (C) The tiling array data and the primer extension analysis are in accordance for the
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start site of the MSH2 mRNA. The 5′ end of the MSH2 region is magnified to show the
individual probe hybridizations from panel B. The start site from the primer extension
analysis is indicated with an arrow and the start codon for MSH2 is indicated. (D) A
conserved upstream open reading frame is encoded in the mRNA of MSH2. A sequence
alignment of the 5′ region upstream of MSH2 of related species is shown. The mapped start
site of the transcript (*) closest to the MSH2 ATG (underlined) and the conserved upstream
open reading frames are indicated above the putative coding region shaded in gray. The
MSH2 start codon is underlined. (E) Disruption of the upstream ORF increases Msh2
protein levels during mitotic growth. Strains with msh2 deleted (msh2Δ, AGY75) were
transformed with a vector (VEC), the pMSH2 plasmid expressing MSH2 (WT), or
mutagenized pMSH2 where the upstream open reading frame was disrupted by changing the
start codon (uAUG>uUUG) or the stop codon (uUAA>uGGA). Exponentially growing
cultures were grown for 1.5 h in the absence (−) and presence (+) of MMS. Protein extracts
were analyzed by immunoblotting with α-hemaglutinin (HA) to detect Msh2 or with α-
Kar2p as a loading control. (F) Deletion of the upstream ORF in the 5′ leader sequence
increases luciferase expression. Strains expressing various 5′ upstream regions of MSH2
fused to the luciferase coding sequence (luc). The start position of the leader is indicated
with respect to the start codon. Salient features (TATA, black box; cell-cycle boxes, CCBs;
and the upstream open reading frame start codon, uATG) are indicated above the schematic
diagrams of the promoter. Luciferase emission is counts per minute normalized to optical
density. Error bars reflect standard error of the mean. (G) Conservation of upstream open
reading frames in the 5′ region of human and mouse MSH2 transcripts. The human and
mouse MSH2 uORFs are shown above the sequence. The sequences were obtained from
AceView: a comprehensive cDNA-supported gene and transcripts annotation [59].
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Fig. 3.
Effect of deletion of SWI6, SWI4, MBP1, and cell cycle boxes on MSH2 promoter activity.
(A) Sequence of the MSH2 promoter region. The conserved MCB/SCB, and MCB sites
from related yeast species are indicated. The consensus for the MCB (ACGCGTCA) and
SCB (CRCGAAA) are above the alignment. The sequence for the cell-cycle box disrupted
promoter mutant (PMSH2ccb−) is also shown, where the two elements (bold and italics) have
been scrambled by site-directed mutagenesis. (B) The MSH2 promoter with scrambled cell-
cycle boxes no longer displays cell-cycle periodicity. Yeast cells lacking the Bar1 protease
harboring PMSH2 -luciferase (WT) PMSH2ccb− -luciferase (ccb-) were arrested with αF and
released into fresh medium at 18 °C to slow the cell cycle. Every 10 min beginning at t = 0
min, aliquots were sampled for luciferase activity and for flow cytometry. The luciferase
emissions were normalized to the t = 0 time point. Two independent experiments with 3
technical replicates are represented in the figure. Error bars are standard error of the mean.
(C) Cell cycle transcription factor deletions reduce MSH2 promoter activity. Normalized
light emission of AGY798 wild-type cells (WT), AGY1054 swi6Δ, AGY1053 swi4Δ, and
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AGY1052 mbp1Δ cells harboring PMSH2 -luciferase as well as WT and swi6Δ cells
harboring PMSH2ccb−-luciferase are shown. Results for each strain are the average of three to
six independent experiments and are presented as the relative luciferase activity as a
percentage of wild-type (WT). Error bars reflect the standard error of the mean. Asterisks
indicate p values less than 0.02 when comparing the values to wild-type cells harboring
PMSH2 -luciferase.
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Fig. 4.
Scrambling of cell-cycle elements upstream of MSH2 results in a 3-fold defect in mismatch
repair. (A) The expression of Msh2 is slightly reduced when the cell cycle boxes are
scrambled. AGY75-derived strains lacking MSH2 (msh2Δ) and harboring either pRS413
(vector), pMSH2 (PMSH2 -MSH2), or a construct where the cell-cycle boxes upstream of
MSH2 are scrambled (PMSH2ccb− -MSH2) were grown to exponential phase, and whole-cell
protein extracts were analyzed by immunoblot-ting with α-hemaglutinin (HA) to detect
Msh2 or with α-Kar2 as a loading control. (B) Disruption of MSH2’s cell-cycle boxes
results in a 3-fold increase in mutation rate. The mutation frequencies of the strains
described above were assessed using cana-vanine resistance assays (CANr) and expressed in
mutations per cell division. 95% confidence limits are shown between the brackets. The fold
induction of mutation rate (induction) was calculated by dividing the value by the wild-type
rate.
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Fig. 5.
The expression of MSH2 in response to MMS is controlled at the transcriptional and post-
transcriptional level. (A) Scrambling of cell-cycle elements upstream of MSH2 results
reduced viability in response to MMS in a strain in which mismatch repair is essential.
AGY1057, an msh2Δ pol3-01 strain kept alive by an MSH2-MYC URA3 plasmid [MSH2-
MYC::KanMX6 URA3] was transformed with additional plasmids expressing: MSH2
expressed from its own promoter (PMSH2 -MSH2), MSH2 expressed from its promoter
where the cell-cycle boxes are scrambled (PMSH2ccb− -MSH2), or no MSH2 (vector). Two-
fold serial dilutions of exponentially growing cells were spotted onto plates containing no
drug selection as a control for growth (growth), 5-FOA plates (FOA), or 5-FOA plates with
0.04% MMS (FOA + MMS). 5-FOA selects for cells that were able to lose the covering
MSH2 URA3 plasmid. (B) Constitutive expression of Msh2 causes a decrease in Msh2
protein levels in response to MMS. Exponentially growing strains expressing MSH2 with a
C-terminal MYC epitope tag driven from either the wild-type MSH2 promoter (PMSH2 -
MSH2, strain AGY665) or the constitutive promoter upstream of ROM2 (PROM2 -MSH2,
strain AGY1055), or RSF1 (PRSF1 -MSH2, strain AGY1056) were grown in the absence (−)
or presence (+) of MMS for 1.5 hours and prepared for immunoblot analysis. A strain
expressing an untagged MSH2 (no Msh2, strain AGY220) was included as a negative
control. Protein extracts were analyzed by immunoblotting with α-MYC to detect Msh2 or
with α-Kar2 as a loading control. (C) MMS increases the turnover of Msh2. A yeast msh2Δ
strain (AGY75) harboring a plasmid with the GAL10 promoter fused to MSH2 (pGAL-
MSH2) was used to permit controlled expression of Msh2. For the experiment, cells were
grown to exponential phase in 2% galactose containing medium. The culture was split and
glucose (2%) was added to each culture to repress synthesis of MSH2. One culture was also
exposed to MMS (0.04%). At time intervals of 0 h, 2 h, and 4.0 h after repression of
synthesis, ~3 × 107 cells were processed for immunoblotting. Protein extracts were
subjected to chemiluminescence immunoblotting methods to detect Msh2 variant and a
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loading control. The data were normalized for growth (see Section 2) and are expressed as a
percentage of the zero time point (% Starting Protein).

Tennen et al. Page 27

DNA Repair (Amst). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tennen et al. Page 28

Table 1

Strains used in the study.

Strain Relevant Markers Source

AGY70 MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 msh2Δ::LEU2 RAD5 [36]

AGY1052 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 mbp1Δ::KanMX4 [34]

AGY1053 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 swi4Δ::KanMX4 [34]

AGY1054 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 swi6Δ::KanMX4 [34]

AGY798 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 [34]

AGY799 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 msh2Δ::KanMX4 [34]

AGY75 MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 msh2Δ::LEU2 RAD5 [pSH44,TRP1] [36]

AGY220 MATα ade2-1 trp1-1 ura3-1 his3-11,15 RAD5 This study

AGY665 MATα ade2-1 trp1-1 ura3-1 his3-11,15 RAD5 MSH2-MYC::KanMX6 This study

AGY1055 MATα ade2-1 trp1-1 ura3-1 his3-11,15 RAD5 PROM2 MSH2-MYC::KanMX6 This study

AGY1056 MATα ade2-1 trp1-1 ura3-1 his3-11,15 RAD5 PRSF1 MSH2-MYC::KanMX6 This study

AGY1057 MATa pol3-01 msh2Δ::LEU2 leu2-3,112 his3Δ200 trp1-1 ura3-1 [MSH2-MYC:: KanMX6 URA3 CEN/ARS] This study

All strains are derived from W303 except for the yeast knock-out collection strains (AGY798-9, AGY1052-4) and the pol3-01 strain (see Section
2). The W303 strains were confirmed to be wild-type at the RAD5 locus by PCR and at the CAN1 locus by canavanine resistance assays.
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Table 2

Plasmids used in this study.

Plasmid Strain Relevant yeast markers Source

pRS415 CEN/ARSLEU2 [32]

pRS413 CEN/ARSHIS3 [32]

pSH44 PLEU2 -(GT)16.5 -URA3TRP1/ARSCEN11 [37]

pMSH2-218 AG530 PMSH2(218) -MSH2CEN/ARSHIS3 This study

pPMSH2-luc AG531 PMSH2 -luc CEN/ARSLEU2 This study

pPMSH2ccb−-luc AG532 PMSH2ccb−-luc CEN/ARSLEU2 This study

pPADH1-luc AG533 PADH1 -lucCEN/ARSLEU2 This study

pMSH2 AG17 PMSH2 -MSH2-HA CEN/ARSHIS3 [36]

pMSH2ccb- AG534 PMSH2ccb−-MSH2::HA CEN/ARSHIS3 This study

pMSH2upAUG- AG535 PMSH2upAUG−-MSH2CEN/ARSLEU2 This study

pMSH2upUAA- AG536 PMSH2upUAA−-MSH2CEN/ARSLEU2 This study

pPMSH2(165) luc AG570 PMSH2(165) -lucCEN/ARSLEU2 This study

pPMSH2(113) luc AG571 PMSH2(113) -lucCEN/ARSLEU2 This study

pPMSH2(69) luc AG572 PMSH2(69) -lucCEN/ARSLEU2 This study

pPROM2-MSH2 AG537 PROM2 -MSH2::HA CEN/ARSLEU2 This study

pPRSF1-MSH2 AG538 PMSH2 -MSH2::HA CEN/ARSLEU2 This study

pPROM2-MSH2-YIp AG539 PRSF1 -MSH2 URA3 This study

pPRSF1-MSH2-YIp AG540 PRSF1 -MSH2 URA3 This study

pMSH2-MYC AG541 MSH2-MYC::KanMX6CEN/ARSURA3 This study

pGAL-MSH2 AG122 PGAL10 -MSH2-HA 2μ HIS3 [36]
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