1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
DNA Repair (Amst). 2009 June 4; 8(6): 739—751. doi:10.1016/j.dnarep.2009.02.003.

Reciprocal Regulation of Nuclear Import of the Yeast MutSa DNA
Mismatch Repair Proteins Msh2 and Msh6

Alicia P. Hayes, Leah A. Sevi¥, Megan C. Feldt£, Mark D. Rose, and Alison E. Gammie”
Department of Molecular Biology, Princeton University, Princeton, NJ 08544-1014

Abstract

DNA mismatch recognition is performed in eukaryotes by two heterodimers known as MutSa (Msh2/
Msh6) and MutSp (Msh2/Msh3) that must reside in the nucleus to function. Two putative Msh2
nuclear localization sequences (NLS) were characterized by fusion to green fluorescent protein (GFP)
and site-directed mutagenesis in the context of Msh2. One NLS functioned in GFP targeting assays
and both acted redundantly within Msh2. We examined nuclear localization of each of the MutS
monomers in the presence and absence of their partners. Msh2 translocated to the nucleus in cells
lacking Msh3 and Msh6; however, cells lacking Msh6 showed significantly decreased levels of
nuclear Msh2. Furthermore, the overall protein levels of Msh2 were significantly diminished in the
absence of Msh6, particularly if Msh2 lacked a functional NLS. Msh3 localized in the absence of
Msh2, but Msh6 localization depended on Msh2 expressing functional NLSs. Overall, the nuclear
levels of Msh2 and Msh6 decline when the other partner is absent. The data suggest a stabilization
mechanism to prevent free monomer accumulation in the cytoplasm.

1. Introduction

The most common hereditary colorectal cancer syndrome and certain sporadic cancers have
been directly linked to defects in DNA mismatch repair [reviewed in 1]. DNA mismatch repair
is a highly conserved biological process contributing to the accurate preservation of genetic
material. The mechanism of repair includes recognition and binding of a mismatch in the DNA
helix, followed by cleavage, unwinding, and degradation of the error-containing strand. After
the error is removed, a new DNA strand with correct base pairing is synthesized [reviewed in

2]_

In eukaryotes, nuclear DNA mismatch recognition involves three homologs (Msh2, Msh3, and
Msh6) of the prokaryotic MutS DNA mismatch repair protein [3]. Msh6 and Msh3 interact
with Msh2 to form the heterodimers MutSo and MutSB, respectively [+°]. Like bacterial MutS,
these complexes are thought to bind nonspecifically to DNA until encountering a mismatch,
at which point the dimer undergoes a conformational change allowing stable binding [678].
Fully functional yeast mismatch repair requires both heterodimers. Specifically, MutSa
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associates with single base mispairs and insertion-deletion loops of one nucleotide, whereas
MutSp binds small and intermediate-sized insertion-deletion loops [], including single
nucleotide loops [10:11].

As in yeast, the human MutS homologs, Msh2, Msh6, and Msh3, form analogous heterodimers
to recognize and bind nuclear genomic mismatches [*2:13]. The binding specificities of the
heterodimers, however, differ slightly from yeast. Single base mis-pairings are similarly
recognized only by human MutSa; however, both dimers detect insertion-deletion loops
between one and eight nucleotides [14]. This specificity overlap, in conjunction with the finding
that 90% of nuclear Msh2 is associated with Msh6 [14], suggests that MutSa is the primary
mismatch recognition heterodimer in humans. Downstream events in eukaryotic DNA
mismatch repair occur after formation of a higher order complex between MutSa or MutSpB
and the heterodimer MutLa, comprised of Mlh1 and Pms2 (Pms1 in yeast) [1°], or MutLp,
consisting of Mlh1 and MIh3 [16].

Considerable research has delineated the components and mechanisms of DNA repair;
however, less is known about the regulation. For example, the post-translational trafficking of
mismatch recognition proteins to the nucleus is a relatively unexplored area of research. In
eukaryotes, passage through the nuclear envelope presents an opportunity for repair regulation
by controlling access to the DNA. Entry into the nucleus by passive diffusion is prohibited for
molecules larger than ~60 kDa [17~19]. The sizes of the mismatch recognition subunits (Msh2,
105 kDa; Msh3, 127 kDa; Msh6, 160 kDa) dictate that they must be actively transported
through the nuclear pores. In addition, facilitated nuclear transport can accommodate
macromolecules with a diameter of 39 nm (nearly 50 MDa) without disassembly [29]. Thus,
the size of the nuclear pore complexes would permit mismatch recognition heterodimers
formed in the cytoplasm to localize to the nucleus. Given these parameters, the mismatch repair
proteins could localize to the nucleus in either their monomeric or dimeric states.

Investigation of mouse mismatch repair heterodimer MutLa indicates that the subunits not only
can, but must, undergo dimerization for nuclear import [21]. Interaction of the proteins seemed
to promote transport by altering conformations to expose nuclear localization sequences (NLS).
Import of human Msh2 and Msh6 was additionally postulated to occur after dimer formation
because Msh2 contains no classical NLS and the nuclear levels of Msh2 drop in cell lines not
expressing Mshe; it was thus assumed to rely upon the NLS of Msh6 for nuclear translocation

[22]_

The research described in this paper was conducted in the S. cerevisiae eukaryotic mismatch
repair model organism and focused on characterizing the nuclear import of the mismatch
recognition proteins of MutSe and MutSp. We found that the Msh2 and Msh6 MutSa
heterodimer partners are dependent upon one another for efficient nuclear localization and
stabilization of Msh2 levels. The Msh2 and Msh3 MutSp heterodimer partners do not appear
to significantly regulate one another; however this likely reflects the need for fewer MutSp
molecules to scan the genome for insertion/deletion loops compared with the much more
frequent single-base mispairs and single nucleotide insertion/deletion loop mismatches
recognized by MutSa.

2. Materials and Methods

2.1. Microbial and Molecular Techniques

Strains (Table 1) and plasmids (Table 2) were manipulated using standard microbial and
molecular techniques [23:24]. Primers (Table 3) were synthesized by Integrated DNA
Technologies, Inc (Coralville, 1A). Restriction endonuclease digestions and Polymerase Chain
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Reactions (PCR) were performed using manufacturer recommended reaction conditions (New
England Biolabs; Beverly, MA).

2.2. Strain Construction

Kanamycin marked deletions of MSH6 (msh6A::kanMX4) and MSH3 (msh3A::kanMX4) were
engineered in W303 RAD5 CANL1 derived strains to create single, double and triple mismatch
recognition gene deletions using a single-step PCR-mediated gene disruption [2%:26],
Specifically, the deletion loci were amplified from strains obtained from the Yeast Deletion
Consortium [27]. The msh6A::kanMX4 locus was amplified with primers MSH6-5 and
MSHG6-3, and msh3A::kanMX4 was amplified with MSH3-5 and MSH3-3. Molecular
confirmation of proper gene replacement was achieved through PCR of the MSH6 and
MSH3 loci as well as the 5" and 3’ junctions of the integrated cassette. Primer pairs MSH6-5,
MSH6-3 and MSH3-5, MSH3-3 were used to amplify the loci, while the pairing of primers
MSH®6-5 and MSH3-5 with PR649 and primers MSH6-3 and MSH3-3 with PR648 confirmed
the 5’ and 3’ kanMX4 junctions, respectively. Gene disruptions in constructed strains were
further verified by an observed loss of DNA mismatch repair in a canavanine drug sensitivity
assay for msh6A [28] and dinculeotide instability assays for msh3A [29].

The C terminal-coding regions of MSH3 and MSH6 were fused to a kanamycin marked red
fluorescent protein gene (RFP::kanMX6) using a PCR-based method described previously
[30]. A 20-cycle reaction profile of 1 minute at 94°C, 1 minute at 50°C, and 2.5 minutes at 68°
C, followed by a final 10 minute extension at 68°C was used to amplify plasmid DNA encoding
RFP::kanMX6 (pMR5484). Primers to amplify the fusion locus for MSH3 were MSH3R1™
and MSH3F2*. Primers to amplify the fusion locus for MSH6 were MSH6R1™ and
MSHG6F2*. The fusions were designed to encode a flexible glycine linker between the protein
and RFP coding sequences. The strains were confirmed by PCR of the fusion junctions and
the functionality of the fusion proteins were tested in a canavanine drug sensitivity assay for
MSH6-RFP::kanMX6 and a dinculeotide instability assay for MSH3-RFP::kanMX6 as
described above. The Mshé6 fusion protein was fully functional; however, the Msh3 fusion
protein showed diminished mismatch repair efficiency.

2.3. Plasmid Construction

To construct GFP NLS fusions, the GFP coding sequence (GFP CS) was amplified from
pMR3453 (Table 2) using PCR primers MSH2GFP 5’ and vecGFP 3’ (Table 3), and the
MSH2 promoter, (PpmsH2) was amplified with primers vecMSH2 5 and MSH2GFP 3'. Wild-
type yeast cells were transformed with GFP CS, Py g2, and BamHI-linearized pRS413 to
create pPypsy2-GFP. The 3xGFP coding sequence (3XGFP CS) on pBS-3xGFP-TRP1 (John
Cooper, University of North Carolina, Chapel Hill) was liberated with BamHI and Notl and
purified from the gel slice (GENECLEAN Kit, Bio101, Vista, CA). Plasmid p3xGFP was
created by homologous recombination [31] between 3xGFP CS and Ncol-linearized pPpsH2-
GFP.

Putative NLS in MSH2 starting at codon 525 (NLS 525) and at codon 552 (NLS552) as well
as the SV40 large T antigen NLS (NLS SV40) were fused in frame to the C-terminus of the
third GFP in p3xGFP to create p3xGFP-NLS525, p3xGFP-NLS552, and p3xGFP-NLSSV40
respectively. The fusions were accomplished as follows: complementary oligonucleotides
encoding the NLSs (Table 3) with flanking sequences homologous to p3xGFP were annealed,
mixed with Spel-linearized p3xGFP and used to transform wild-type yeast. Nucleotide
sequencing (GENEWIZ, Inc, South Plainfield, NJ) of extracted plasmid DNA with primer
PR724 confirmed successful recombinants, and digestion with Pvull confirmed that the
repeated GFP coding sequence was intact.
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2.4. Site-Directed Mutagenesis of Msh2 NLSs

Putative NLSs were mutagenized in the context of the MSH2 coding sequence using a plasmid-
encoded MSH2 gene with multiple hemagglutinin epitopes inserted (MSH2::HA) as the
template DNA (pMSH2, Table 2) according to the dut™ ung™ method [32]. The potential NLS
525 (PDKKLKL) was mutagenized to PAAALAL (pMSH2-A525) using the ANLS 525
mutagenic primer (Table 3) and the putative NLS 552 (RKHKK) was mutagenized to AAHAA
(pPMSH2-A552) using the ANLS 552 mutagenic primer (Table 3). A double NLS knock-out
(pPMSH2-A525A552) was created using the two mutagenic primers in a single reaction. The
mutations were verified by nucleotide sequencing with primer MSH2-7 (GENEWIZ, Inc.).

2.5 Mismatch Repair Functionality

DNA mismatch repair assays were performed to test for MutSa/p separation of function caused
by the mutagenesis of NLS 525. Constructs pMSH2-A525, pMSH2-A552, pMSH2-A525A552,
pMSH2, and the pRS413 were used to transform AGY75 a msh2A strain [33] harboring the
pSH44 dinucleotide instability reporter construct [29]. Colonies from each of the
transformations were tested for DNA mismatch repair using qualitative assays using previously
detailed experiments [3:29:34],

2.6. Indirect Immunofluorescence of Msh2 and Msh2 NLS Mutant Proteins

The strains used in the analysis were as follows: msh2A + pMSH2 (MY 9741), msh2Amsh3A
+ pMSH2 (MY10246), msh2Amsh6A + pMSH2 (MY 10247), msh2Amsh3Amsh6A + pMSH?2
(MY10248), msh2A + pMSH2-A525 (MY 10197), msh2Amsh3A + pMSH2-A525 (MY 10198),
msh2Amsh6A + pMSH2-A525 (MY 10199), msh2Amsh3Amsh6A + pMSH2-A525,
(MY10200), msh2A + pMSH2-A552 (MY 10029), msh2Amsh3A + pMSH2-A552 (MY 10030),
msh2Amsh6A + pMSH2-A552 (MY10031), msh2Amsh3Amsh6A + pMSH2-A552
(MY10032), msh2A + pMSH2-A525A552 (MY 9822), msh2Amsh3A + pMSH2-A525A552
(MY9825), msh2Amsh6A + pMSH2-A525A552 (MY 9821), and msh2Amsh3Amsh6A +
pMSH2-A525A552 (MY 9820). In addition, MY 9742 cells (msh2A + a vector control, pRS413)
served as a negative control for background fluorescence.

Cultures of exponentially growing yeast strains were processed for immunofluorescence as
recommended [3%] with the following specifications: the cells were fixed for 30 min, incubated
for 30 min at room temperature with mouse a-HA 12CAS5 antibody (Princeton Monoclonal
Facility) diluted 1:400, and incubated at room temperature for 45 min with goat a-mouse 1gG
Alexa Fluor 488 (Molecular Probes, Invitrogen Corporation) diluted 1:200. After the
appropriate washes, the cells were stained with the DNA-specific dye, DAPI (4',6'-
diamidino-2-phenylindole, Molecular Probes) as recommended. Cellular morphology was
observed with differential interference contrast (DIC) optics and Msh2 localization and cellular
DNA were visualized by fluorescence microscopy using a Nikon Eclipse E600 microscope
(Nikon, Inc., Melville, NY) equipped with a DIC H Plan Fluor 100x oil immersion objective
lens (NA=1.3). Fluorescence was visualized using Nikon filter sets: UV-2A (for DAPI stained
nuclei) and B-2A (for Msh2 localization). Images are recorded using a Nikon DXM1200 digital
camera and ACT-1 software, version 2 and stored as electronic files.

The nuclear and cytoplasmic fluorescence intensities were determined for equal areas using
the ImageJ [36]. The ratio of nuclear/cytoplasmic fluorescence, the standard error of the mean,
and p values based on a two-tailed TTEST, two samples with equal variance were calculated
were calculated using Microsoft Excel or Synergy Software KaleidaGraph version 4.03.
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2.7. Fluorescence Microscopy

For localization of 3XGFP and the 3xGFP-NLS fusion proteins yeast strains MY 10299
(p3XGFP + pCFP-HDEL), MY10300 (p3xGFP-NLSSV40 + pCFP-HDEL), MY 10301
(p3XGFP-NLS525 + pCFP-HDEL), and MY 10302 (p3XGFP-NLS552 + pCFP-HDEL) cells
were grown to exponential phase, concentrated, and analyzed with a Delta Vision® RT
Restoration Imaging System (Applied Precision, LLC) deconvolution microscope. Images
were taken using a Cool-SNAP CCD camera (Photometrics, Roper Scientifics, Inc., Tucson,
AZ) and softWoRx® version 3.3.6 software. Quantification of nuclear and cytoplasmic
fluorescence was as described for the indirect immunofluorescence except that the nuclei were
determined by the a nuclear envelope (NE) endoplasmic reticulum (ER) fluorescent marker
(Cyan Fluorescent Protein fused to the HDEL ER retention signal, CFP-HDEL) co-expressed
in each strain.

Localization of Msh3-RFP and Msh6-RFP co-expressed with 3xGFP-HDEL and either no
Msh2 (pRS413), wild-type Msh2 (pMSH2) or Msh2 NLS variants (pMSH2-A525, pMSH2-
A552, or pMSH2-A525A552) was conducted as above with the following strains: MY 10083
(MSH3-RFP::kanMX6 + p3xGFP-HDEL + pRS413), MY 10081 (MSH3-RFP::kanMX6 +
p3XGFP-HDEL + pMSH2), MY10084 (MSH3-RFP::kanMX6 + p3xGFP-HDEL + pMSH2-
A525), MY10085 (MSH3-RFP::kanMX6 + p3xGFP-HDEL + pMSH2-A552), MY 10082
(MSH3-RFP::kanMX6 + p3xGFP-HDEL + pMSH2-A525A552), MY 10088 (MSH6-
RFP::kanMX6 + p3xGFP-HDEL + pRS413), MY10086 (MSH6-RFP::kanMX6 + p3xGFP-
HDEL + pMSH2), MY10089 (MSH6-RFP::kanMX6 + p3xGFP-HDEL + pMSH2-A525),
MY10091 (MSH6-RFP::kanMX6 + p3xGFP-HDEL + pMSH2-A552), and MY 10087 (MSH6-
RFP::kanMX6 + p3xGFP-HDEL + pMSH2-A525A552).

2.8. Immunoblot Analysis

Approximately 3 x 107 cells of the strains described for the indirect immunofluorescence were
used to prepare proteins extracts [24:37]. Samples were fractionated on a 7% resolving gel using
standard discontinuous SDS-PAGE and immunoblotting techniques [23]. Detection of HA-
tagged Msh2 and Msh2 NLS mutant protein was conducted according to the Amersham ECL™
Western Blotting System (GE Healthcare Life Sciences, Piscataway, NJ). The primary
antibody used was mouse 12CA5 monoclonal antibody specific for the HA epitope (Princeton
Monoclonal Facility). The secondary antibody was a-mouse 1gG horse radish peroxidase
(HRP) conjugated secondary antibody (GE Healthcare Life Sciences). Both antibodies were
used ata 1:2500 dilution. After visualization of Msh2, the membrane was re-probed with rabbit
a-Kar2 polyclonal (1:50,000 dilution) and a-rabbit IgG HRP (GE Healthcare Life Sciences,
1:2,500 dilution) antibodies to assay for equal protein concentrations and loadings of the
samples.

2.9. Yeast 2-hybrid Assays

The MATa yeast 2-hybrid reporter strain PJ69-4A [38] harboring pGBD-C2 (AGY293), pGBD-
MSH2 (AGY292), pGBD-MSH2-L521P (AGY881), pGBD-MSH2-S762Y (AGY908),
pGBD-MSH2-R542P (AGY298), or pGBD-MSH2-C345R (AGY 341) were crossed to a yeast
2-hybrid MATa strain PJ69-4a [38] harboring pGAD-MSH6 (AGY?333) as described
previously [33]. Diploid yeast strains were mated for 24 hours at 30°C and replica-printed to
selective plates. For semi-quantitative assays, diploid cultures were grown in liquid medium
lacking leucine and tryptophan (-LEU —TRP) to saturation. Strains were spotted onto —-LEU
—TRP plates and plates lacking leucine, tryptophan and histidine (—LEU —TRP —HIS) to select
for the 2-hybrid interaction.

DNA Repair (Amst). Author manuscript; available in PMC 2010 June 4.
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3. Results

3.1. Msh2 translocates to the nucleus in the absence of Msh6 and Msh3

Current models for the nuclear import of both human MutSo and mouse MutL o suggest that
dimerization is a requirement for transport [21:22]. We hypothesized that the nuclear transport
of yeast Msh2 might similarly rely upon heterodimer associations. Localization of Msh2 was
evaluated in the absence of Msh3, Msh6, and both Msh3 and Msh6 by immunofluorescence
(Fig. 1A). In these experiments, yeast strains lacking MSH2 (2A) alone or also MSH6 (2A6A),
MSH3 (2A3A), or all three (2A3A6A) were transformed with a centromere-based plasmid
(pMSH2) expressing functional hemaglutinin (HA) epitope tagged Msh2 (MSH2) from the
endogenous MSH2 promoter. These conditions mimic chromosomal expression of MSH2. As
anegative control for background fluorescence the msh2A strain was transformed with a vector
control pRS413 (no MSH2). The cells were processed for immunofluorescence to visualize
Msh2 and stained with DAPI to determine the position of the nuclei (Fig. 1A). For each cell,
the fluorescence intensities of Msh2 in the nucleus and the cytoplasm were measured within
an equal area and the ratio of nuclear/cytoplasmic fluorescence was calculated (Fig. 1B).

In the presence of Msh3 and Msh6, the Msh2 protein showed significant (p = 2 x 10719)
localization to the nucleus with a nuclear/cytoplasmic fluorescence intensity (N/C) of 1.46 £
0.04 compared to the “no Msh2” background fluorescence control ratio of 1.02 + 0.01. The
absence of Msh3 reduced, but did not significantly diminish nuclear localization of Msh2 (N/
Co0f1.39+0.04, p=0.2), suggesting that the formation of MutSp is not necessary for trafficking
the bulk of Msh2 to the nucleus. Some Msh2 localized to the nucleus in cells lacking Msh6
cells (N/C of 1.16 + 0.02, p = 3 x 10~/ compared to the no Msh2 control); however the
localization was statistically lower than that observed in cells expressing both heterodimer
partners (p =4 x 10719). Thus, Msh2 nuclear import is significantly diminished, but not blocked
in the absence of its MutSa heterodimer partner, Msh6.

If the nuclear import of Msh2 exclusively depends upon heterodimer interactions, Msh2 should
fail to localize to the nucleus when Msh3 and Mshé6 are both absent. However, Msh2 was
concentrated in the nucleus in cells lacking both Msh3 and Msh6 to the same extent as cells
lacking only Msh6 (N/C of 1.17 £ 0.02). In summary, Msh6 influences Msh2 nuclear
accumulation; however, Msh2 does not have a strict dependency upon interaction with its
heterodimer partners for transport into the nucleus. The fact that Msh2 is able to translocate in
the absence of its heterodimer partners led to the premise that Msh2 possesses a nuclear
localization sequence(s) sufficient for import into the nucleus.

3.2. Msh2's nuclear localization sequence starting at codon 525 directs GFP to the nucleus

Typically, macromolecule cargoes destined for the nucleus contain an NLS enabling them to
be bound by import receptors [reviewed in 3°]. Although not all nuclear proteins contain the
same NLS motif, the classic NLS is a short lysine- and arginine-rich amino acid sequence
originally identified in SV40 large T antigen [*°]. The motif-finding PSORT II prediction
program [#1] identified two putative monopartite NLSs in Msh2, PDKKLKL beginning at
amino acid 525 (NLS 525) and RKHKK beginning at amino acid 552 (NLS 552).

To determine whether the identified NLS sequences were sufficient to mediate nuclear import,
each Msh2 putative NLS was fused in frame to the C-terminus of plasmid-encoded triple green
fluorescent protein (3XGFP). The triple GFP cargo was used to increase fluorescence intensity
and ensure dependence on NLS-mediated transport. Localization of 3xGFP was quantified
employing the same methods described above. In these experiments the nuclear position was
determined using an endoplasmic reticulum/nuclear envelope (ER/NE) fluorescent marker
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consisting of a four amino acid endoplasmic reticulum retention sequence (HDEL) fused to
cyan fluorescent protein (CFP-HDEL). Representative images are shown in Fig. 2A.

Localization of 3xGFP fused at its C-terminus to the SV40 large T antigen NLS (NLS SV40)
established a standard for nuclear 3xGFP accumulation (Fig. 2A and 2B). This positive control
showed significant nuclear localization (N/C of 1.63 £ 0.04) compared to the no NLS negative
control (N/C of 1.07 £ 0.03, p <0.0001). Nuclear localized 3xGFP-NLS SV40 confirmed that
import machinery can access a NLS at the C-terminus of 3xGFP.

When Msh2’s putative NLS starting at codon 525 (PDKKLKL) was fused to 3XxGFP, the
fluorescent protein also accumulated in the nucleus (N/C = 1.40 + 0.03, Fig. 2B). The nuclear
localization of 3XxGFP-NLS 525 was significantly different from 3xGFP alone (p <0.0001),
indicating that NLS 525 is sufficient to target macromolecular cargoes to the nucleus.
Conversely, fusion of NLS 552 (RKHKK) to 3xGFP did not significantly facilitate nuclear
transport (N/C = 1.14 + 0.03). The localization of 3xGFP fused to NLS 552 was not different
from the localization of 3xGFP without an NLS (p = 0.08, Fig. 2B). Thus, of the two putative
NLSs, only NLS 525 is sufficient to direct nuclear import when separated from the native Msh2
protein.

3.3. The putative NLSs map to the DNA binding domain of Msh2

To better understand Msh2’s putative NLSs in the context of the protein, NLS 525 and NLS
552 were modeled in three dimensions using the human MutSa heterodimer crystal structure
[42]. When human MutSa is bound to mismatched DNA, the regions that correspond to yeast
NLS 525 and NLS 552 map adjacent to one another on the periphery of the protein in the DNA
binding domain (Fig. 2D). Although both putative NLSs are exposed, the side chains of nearby
amino acids may render NLS 525 less accessible. If the structure of yeast Msh2 is similar, we
predict that the import machinery would have difficulty accessing and binding the NLS525
motif. The putative NLS starting at codon 552, however, is predicted to be accessible.
Crystallographic analyses showed that the region of the MutS dimer containing the putative
NLSs is disordered in the absence of DNA [":42], therefore the accessibilities of the NLSs in
the cytoplasmic form are uncertain.

3.4. Localization of Msh2 lacking a functional NLS is dependent on Msh6

Although a putative NLS may have the capacity to target exogenous cargo to the nucleus, it
does not prove that the NLS functions in the context of the original protein. In addition, an
inefficient NLS may be more functional in the structural context of the native protein. To test
the efficiencies of nuclear targeting, the NLSs 525 and 552 were mutagenized both separately
and together in the Msh2 coding sequence. NLS 525, PDKKLKL, was mutagenized to
PAAALAL and NLS 552, RKHKK, was mutagenized to AAHAA. Alanines have been shown
to inactivate NLSs in previous experiments [4374°]. Though acidic and thus atypical for a
canonical NLS, the aspartic acid residue in NLS 525 was also mutagenized to alanine in case
its polarity influenced the functionality of the signal. The proline residue in NLS 525 was
unaltered, despite its theorized ability to enhance NLS function, because of its potential
importance in folding or maintaining tertiary structure. The leucines were also retained in the
mutagenized NLS 525 because they are shown by crystallographic studies to be crucial for
structural integrity of MutS [’]. The regions were changed by site-directed mutagenesis of
plasmid-based, epitope-tagged MSH2 (expressing Msh2) to create msh2-ANLS525 (expressing

Msh24525) msh2-ANLS552 (expressing Msh24552) and msh2-ANLS525ANLS552 (expressing
Msh2A5254552)

The localization of the wild-type and NLS variant Msh2 proteins were observed by
immunofluorescence in the various mismatch recognition gene deletion strains described
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above for Fig. 1. The nuclear to cytoplasmic ratios of Msh2 NLS variants were calculated as
before (Fig. 3B). All three NLS mutant proteins were found in the nucleus in the presence of
heterodimer partners Msh3 and Msh6 (p values < 0.001 compared to the No Msh2 control)
(Fig. 3A, 3B). Msh24552 |ocalized with an efficiency similar to wild-type Msh2 (p = 0.2);
however, the Msh22525 and the Msh2A525A552 NS mutant protein nuclear accumulations were
significantly lower than the wild-type Msh2 protein (p= 0.008 and p= 8 x 107, respectively).
The fact that the double NLS mutant protein was less efficiently localized than either of the
single NLS mutant proteins suggested that both NLSs are operative in the context of the protein
and that there is a redundancy of function.

As with the wild-type Msh2 protein (Fig. 1, 3B), the absence of Msh3 diminished, but did not
significantly alter the nuclear localization of the Msh22%52 (p = 0.09 when comparing
Msh24552 expressed in 2A and 2A3A). However, Msh224525 and Msh24525A552 showed
strongly reduced nuclear localization in the absence of Msh3 (p = 0.0002, comparing
Msh24525 expressed in 2A and 2A3A; p = 0.03, comparing Msh24525A552 expressed in 2A and
2A3A). One explanation for this result is the possibility that mutation of the charged residues
in the putative NLS 525 might lessen Msh2’s ability to interact specifically with Msh6, causing
a drop in localization efficiency similar to that observed when Msh6 is deleted. We reasoned
that the failure to interact would be evidenced in a mismatch repair assay specific for Msh2/
Msh6 (MutSa) function. We evaluated Msh2/Msh3 (MutSp) function using a microsatellite
instability assay [29], and Msh2/Msh6 (MutSa) function using canavanine (CAN) resistance
[11]. We found that replacing the charged residues with alanines at NLS 525 caused a MutSo.
(Msh2/Msh6) specific loss of activity (Fig. 3C), while mutagenesis of NLS 552 did not cause
a mismatch repair defect. This finding suggests that the decrease in nuclear localization
efficiency of Msh24525 and Msh2A525A552 i the absence of Msh3 is attributable to a decreased
interaction with Msh6.

As before with wild-type Msh2 (Fig. 1 and Fig. 3), the absence of Msh6 had a significant effect
on the nuclear localization of Msh2 NLS mutant proteins. Msh6 is particularly important for
proteins with NLS 552 mutagenized (Fig. 3B). In the absence of Msh6, the nuclear localization
of Msh24552 and Msh245254552 resembled the No Msh2 controls (all p values greater than
0.4). Furthermore, wild-type Msh2 and the NLS mutant proteins failed to concentrate in the
nucleus in cells lacking Msh3 and Msh6 to the same extent as with cells only lacking Mshé.
Thus, the heterodimer partner Msh6 is important for Msh2 and Msh22525 nuclear localization
(Fig. 1 and 3) and is required for the Msh2 proteins lacking NLS 552 (Fig. 3).

In summary, the data lead us to conclude that both NLS 525 and NLS 552 function redundantly
in the context of the Msh2 protein and that Msh6, but not Msh3, plays a significant role in the
nuclear localization of Msh2, particularly in the absence of fully functional NLSs. A possible
mechanism to explain these findings is that MutSa dimerization stabilizes Msh2. If this model
is correct, deleting the Msh6 heterodimer partner should destabilize Msh2 and lead to lower
levels in the cell.

3.5. The steady-state levels of Msh2 and Msh2 NLS mutant proteins are lower in strains
lacking Msh6

To test the dimerization stabilization hypothesis, we performed immunaoblotting analyses to
measure the steady-state levels of the wild-type Msh2 (Fig. 4A), Msh24525 (Fig. 4B),
Msh24552 (Fig. 4C), and Msh225254552 (Fijg. 4D) mutant proteins in the various deletion
strains. NLS mutant protein levels in the presence and absence of heterodimer partners were
calculated as a percentage of the wild-type Msh2 protein level, included as a control in each
experiment.
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For Msh2 and the Msh2 NLS mutant proteins, a significant reduction in steady-state levels was
detected when the MSH6 gene was deleted (Fig. 4A-4C, compare 2A to 2A6A lanes).
Furthermore, the additional deletion of MSH3 in strains lacking MSH6 did not change the
protein levels when compared to the MSH6 single deletion (Fig. 4A-4C, compare 2A6A to
2A3A6A lanes). Thus, consistent with the immunofluorescence results, the wild-type and the
Msh2 NLS mutant protein levels are higher in the presence of Msh6, supporting the MutSa.
dimerization stabilization model.

As with the immunoflurescence results, the absence of Msh3 did not alter the protein levels of
wild-type Msh2 (Fig. 4A, compare 2A and 2A3A) or Msh24552 (Fig. 4C, compare 2A and
2A3A). Additionally, Msh24525 and Msh24525A552 showed diminished levels in the absence
of Msh3 (Fig. 4B and 4D, compare 2A and 2A3A), reinforcing the conclusion that the NLS
525 mutant proteins have decreased ability to interact with Msh6 (Fig. 3C).

Apart from supporting the hypothesis that Msh6 stabilizes Msh2, these observations strengthen
the conclusions derived from the nuclear localization experiments. For example, in the presence
of both heterodimer partners, the protein level of Msh24525 js approximately the same as wild-
type Msh2 (~114%, Fig. 4B) yet the nuclear localization is significantly diminished (Fig. 3B,
p = 0.008, compared to wild-type Msh2), confirming the validity of the conclusion that NLS
525 influences the efficiency of nuclear localization. Conversely, in the presence of Msh3 and
Msh6, Msh22552 js present at 66% wild-type levels (Fig. 4C) yet the mutant protein localized
to the nucleus with wild-type efficiency (Fig. 3B). Thus, differences in the cellular Msh2 levels
do not account for the nuclear localization results. In fact, nuclear localization significantly
above background is detectable even when the NLS mutant protein is found at 21% of wild-
type (Fig. 4B, Msh24525 expressed in 2A3A6A).

Taken together, these findings show that Msh6, but not Msh3, is important for the localization
and protein levels of Msh2, particularly when Msh2 does not possess NLS 552. Because Msh2
functions as part of a heterodimer, we wanted to test the hypothesis whether Msh2 similarly
alters the nuclear localization of Msh3 and/or Msh6.

3.6. Msh6, but not Msh3, is dependent on Msh2 for nuclear localization

To test the possibility that Msh2 regulates the localization of its heterodimer partners, the
chromosomally encoded MSH6 and MSH3 genes were fused with the coding sequence for red
fluorescent protein (RFP). To assay the effects of Msh2 and the NLS mutant proteins on nuclear
localization of Msh6-RFP and Msh3-RFP, the RFP fusion strains also expressed no Msh2,
wild-type Msh2, or the Msh2 NLS variants, Msh22525 Msh2A552 or Msh24525A552 The
fluorescence intensities of the RFP tagged proteins were recorded and the nuclear to
cytoplasmic ratios were calculated as before, utilizing 3xGFP-HDEL fluorescence to define
the nuclei. Representative images shown in Fig. 5A provide examples of nuclear localized (top
panels) and non-nuclear localized Msh6-RFP.

The quantified results revealed a striking difference between the heterodimer partners as to
their dependency upon Msh2 for nuclear localization (Fig. 5B). Msh3-RFP showed diminished,
but significant nuclear accumulation in the absence of Msh2 (N/C = 1.40 £ 0.01); whereas
Msh6-RFP failed to show nuclear accumulation in the absence of Msh2 (N/C = 1.026 £ 0.005).
Given Msh3’s lack of dependency on wild-type Msh2 it is not surprising that Msh3-RFP
localized to the nucleus in the strains expressing the Msh2 NLS mutant proteins (p values all
> 0.4, compared to wild-type Msh2). Conversely, Msh6-RFP showed decreasing levels of
nuclear accumulation in the Msh24525 (N/C = 1.45 + 0.03), Msh24%52 (N/C = 1.38 + 0.03),
and Msh24525A552 (N/C = 1.14 + 0.01) NLS mutant protein expressing strains. Msh6 is
estimated to reside in the cell at a concentration seven times greater than Msh3 [#6], therefore,
the data cannot be explained simply by low levels of Msh6 compared to Msh3.
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In summary, Msh2 and the Msh2 NLS mutant proteins influence the nuclear localization of
Msh6, but do not alter the nuclear accumulation of Msh3. Taken together the data suggest a
reciprocal regulation of the localization of MutSa, but not of MutSB monomers. In principle,
the observed localization of Msh6 might be influenced by Msh2’s steady-state levels, the ability
to efficiently dimerize to form MutSa, and/or the capacity of the Msh2 protein to sequester
MutSa in the nucleus via functional NLSs.

3.7. Dimerization of MutSa is important for efficient localization of Msh6 to the Nucleus

To distinguish between the effects of dimerization and protein levels of Msh2 on the nuclear
accumulation of Msh6-RFP, we used previously characterized missense variants of Msh2
[33]. The variants included a leucine to proline substitution at yeast codon 521 (Msh2-521F)
and an arginine to proline substitution at codon 542 (Msh2R542P)  hoth residing near the DNA
binding domain, effecting protein levels but not dimerization, a serine to tyrosine mutation at
codon 762 (Msh25762Y) |ocated at the dimer interface effecting protein levels and subunit
formation, and finally a cysteine to arginine alteration at codon 345 (Msh2C345R) in the central
core region effecting protein levels and dimerization [33]. Pairs of missense variants were
chosen to compare proteins with differing abilities to interact with Msh6 based on the yeast 2-
hybrid assay (Fig. 6A), but with similar steady-state levels of Msh2 (Fig. 6B). Msh2L521P and
Msh25762Y represented variants with opposing abilities to interact with Msh6 (Fig. 6A), but
with similarly decreased steady-state levels of Msh2 (~50% of wild-type levels in the Msh6-
RFP strain, Fig. 6B). Msh2R542P and Msh2C345R Jikewise have differing capacities to interact
with Mshé6 (Fig. 6A), but, are found at similar low level in the cell (<5 % of wild-type, Fig.
6B).

All of the Msh2 missense variants allowed for some Msh6-RFP accumulation in the nucleus
(p <0.001 for all when compared to the No Msh2 negative control). However, nuclear
accumulation was significantly lower than found in the strain expressing wild-type Msh2 (p
<0.001 for all when compared to the Msh2 positive control). The ability to dimerize with Msh6
caused a significant difference in the missense pairs analyzed. Msh2-521P allowed nuclear
accumulation of Msh6-RFP to a greater extent than Msh25762Y (p = 0.008) in spite of the
similar protein levels. Likewise, Msh2R542P showed higher nuclear localization of Msh6-RFP
than Msh2C345R (p = 5 x 1078). Interestingly, in spite of the different protein levels for
Msh25762Y (~44%) and Msh2R%42P (~29), the extent of nuclear accumulation of Msh6-RFP
was the same (p = 0.9), suggesting that the ability of Msh2R%42P to dimerize with Msh6
contributes significantly to the efficiency of nuclear accumulation. In summary, the levels of
Msh2 and the ability to dimerize both appear to play a role in the efficient Msh6 nuclear
localization.

4. Discussion

4.1. Summary

In this work, we delineated the nuclear transport parameters of the yeast MutSo. (Msh2/Msh6)
and MutSB (Msh2/Msh3) DNA mismatch recognition complexes and found a pronounced
reciprocal regulation of nuclear localization of MutSa, but not of MutSp, subunits. The net
effect would be the differential regulation of the stoichiometries of the MutS heterodimers, in
balance with the types of mismatches generated during a typical round of DNA synthesis in
yeast.

4.2. Nuclear localization capabilities of Msh2, Msh3, and Msh6

MutSa and MutSp bind DNA mismatches as heterodimers before forming higher order repair
complexes [*7]. However, in principle, the relevant proteins may undergo nuclear transport are
either as monomers or within MutSa or MutSp. We found that yeast Msh2 is not strictly
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dependent upon interactions with its heterodimer partners for transport into the nucleus;
although, Msh6 is required for efficient Msh2 nuclear localization and protein levels.

Of two potential NLSs identified in Msh2, only one conferred nuclear import capabilities when
separated from the context of the Msh2 protein, but both functioned redundantly in the native
protein. Involvement of NLS-mediated transport is supported by the finding that Msh2 co-
purifies with Kap95 by tandem affinity purification [complex 17323, Biomolecular Object
Network Databank, 48]. Kap95 is one of fourteen import receptors in the S. cerevisiae
karyopherin-p superfamily, a group of proteins responsible for the transport and docking of
macromolecules to the nuclear pore complexes [reviewed in 49:°0]. The presence of Msh2 and
Kap95 in the same complex strengthens our observations that the import of Msh2 is via a
classical NLS. Interestingly, hMSH2 specifically forms a complex with importin o [°1]. In
yeast, Srpl, the yeast karyopherin o. homolog, forms a dimer with karyopherin B Kap95 to
mediate import of nuclear proteins [°2].

Msh2 was not required for the nuclear localization of Msh3, which was surprising given that
the yeast Msh3 protein does not contain a classical NLS motif [*1]. However, not all proteins
imported into the nucleus possess canonical NLSs [reviewed in °0]. The fact that Msh3 appears
to have independent nuclear transport capability explains the observation that deleting both of
Msh2’s NLSs in the presence of Msh3 does not result in a complete loss of nuclear Msh2. In
contrast, Msh2 was required for the nuclear localization of Msh6. Consistent with this view,
missense variants of Msh2 showed that the capacity to form stable MutSa heterodimers is
critical for the efficient nuclear localization of Msh6. Tandem affinity purification analysis
also identified Msh6 co-purifying with Msh2 and Kap95 [*8], supporting the hypothesis that
nuclear translocation of Msh6 occurs after heterodimerization.

The findings of this study suggest, together with data for human Msh2 nuclear import, a subtle
lack of conservation between the nuclear import pathways in the human and yeast mismatch
repair systems. Reports have shown that human Msh2 does not have a classical NLS motif and
requires Mshé for efficient nuclear localization [22]. Regardless of the precise mechanism of
nuclear import, the dimerization requirement for MutSa is conserved from yeast to humans,
but the Msh2 and Msh6 proteins have exchanged the presence of a canonical NLS.

4.3. Stabilization and translocation model

We propose a model to explain the observed MutSa. reciprocal regulation. Msh2 and Msh6
would dimerize in the cytoplasm, stabilizing Msh2. Furthermore, translocation into the nucleus
would also be somewhat protective. The stabilized proteins within the MutSa heterodimer
would be efficiently transported into the nucleus using Msh2’s NLSs bound by the karyopherin
B transport system. If Msh6 is not present, some Msh2 would be translocated into the nucleus
using the canonical NLSs, thereby stabilizing a fraction of the Msh2 protein. This model is
consistent with the finding that the absence of Msh6 and mutagenesis of Msh2’s NLSs caused
a significant drop in Msh2 overall cellular levels.

We speculate that the stabilization mechanism may simply be sequestration away from a site
of significant degradation. For example, the cytoplasm may contain factors such as cytoplasm-
specific kinases/phosphatases or ubiquitin ligases that modify exposed residues in the unbound
monomer. Both proposed cytoplasm-specific modifications could target the protein for
degradation and ultimately lead to turnover of the Msh2 monomer at a higher rate than is seen
in the nucleus. In support of this model, human MutSa has been shown to be a substrate for
phosphorylation-regulated ubiquitination [°3]. Additionally, human Msh2 stabilization of
Msh6 and Msh3 has previously been observed and heterodimer association is the proposed
mechanism of protection [4].
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Part of our model posits that dimerization with Mshé is stabilizing for Msh2 by blocking
residues that signal for degradation. Given this, one might predict the same protective effect
upon dimerization with Msh3. We observed a slight drop in nuclear localization efficiency
(~15% decrease) and protein levels (~5% decrease) in the absence of Msh3. However this small
effect could be explained by the fact that Msh3 is present at significantly lower levels than
Msh6. Large-scale proteomic analyses predict that Msh3’s abundance is 736 molecules/cell,
whereas Msh6’s abundance is 5,330 molecules/cell, a 7-fold difference [6]. Thus, although
dimerization with Msh3 might be similarly protective, its low level in the cell renders the effect
insignificant compared to Msh6.

4.4. Functional significance of modulating the levels of the MutS heterodimers during
replication and oxidative damage

The regulation of Msh2 at the level of heterodimer formation and nuclear translocation has
important consequences for the fidelity of the genome. In yeast, replication slippage at
microsatellites is estimated to occur at a rate ~50 times higher than mis-incorporation of
nucleotides [*4]. However, these microsatellite loci are found at a frequency of only ~0.1%
[2°]. Thus, in spite of an elevated rate of insertion/deletion loop mismatch formation at such
sites, the predicted requirement for MutSp (Msh2/Msh3) is significantly less than for MutSa.
(Msh2/Msh6). We estimate that the overall rate of the different types of mutations leads to a
requirement for MutSp at a level of only 5-6 % relative to MutSa.

It is also likely that excess MutSp would interfere with the efficiency of MutSa heterodimers
scanning of the genome for single base pair mismatches. Interference has been observed
recently in vitro where MutSa proteins scanning on DNA are impeded or caused to reverse
direction upon encountering another MutSa. heterodimer [26].

In summary, we suggest that a regulatory mechanism would be required to maintain the ratio
of MutSa to MutSp for appropriate and sufficient coverage of the genome to match the
spectrum of mutations that arise during replication. The regulatory mechanism could simply
be a consequence of stoichiometry of the monomers in the cytoplasm. Assuming the affinities
between Msh2 and its heterodimer partners are the same, the stoichiometry of the heterodimer
partners in yeast [7 Msh6 to 1 Msh3, 46] would dictate that ~85% of the MutS complexes are
MutSa. The predicted relative abundance value is close to the 90% reported for human
MutSa [14] and correlates well with the rate of error combined with the predicted quantity of
single base pair and single nucleotide/insertion-deletion mismatch recognition needed during
a typical yeast DNA replication cycle [>4].

The human genome is estimated to be 1% microsatellite DNA, ten times greater than the
amount in yeast [°’]; however, as mentioned above, the human MutSo. complex is able to
recognize small insertion/deletion loops up to 8 nucleotides [17:18]. It is of interest that the
relative abundance of MutSa vs. MutSp is likely to be conserved from yeast to humans, but
that the specificity of binding is not. However, the net effect is that the appropriate relative
abundance exists for adequate surveillance of the genome during replication.

During replication, the frequencies of the different types of mismatches are likely to occur at
a relatively constant level, dictated by the intrinsic error rate of DNA polymerase and the size
and frequency of DNA repeat sequences [°8]. However, DNA mispairings recognized by
MutSa are also formed during oxidative damage [59 and references therein]. Because
mispairings recognized by MutSa are generated from both replication and from oxidative
damage, we postulate that the MutSa heterodimer levels would need to be responsive to
environmental conditions. In contrast, because insertion/deletion loops arise only during
replication slippage, MutSp requirements would be more constant. Along these lines, it is of
interest that the MSH6 transcript is induced 11-fold upon re-oxygenation after anaerobic growth
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[69]. Thus, the observed regulation of the nuclear localization of MutSa heterodimer partners
would make sense for adaptation to DNA damaging oxidative stress.
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Fig. 1.

Indirect Immunofluorescence of Msh2 in the presence and absence of heterodimer partners
Msh3 and Msh6. Yeast deletion strains (see Materials and Methods) lacking MSH2 (2A),
MSH2 and MSH3 (2A3A), MSH2 and MSH6 (2A6A), and MSH2, MSH3 and MSH6
(2A3A6A) were transformed with a plasmid, pMSH2, expressing a hemagluttinin (HA)
epitope-tagged Msh2 (MSHZ2). Cells lacking MSH2 transformed with a plasmid vector served
as a negative control for background fluorescence (2A, no MSH2). Exponentially growing cells
were prepared for immunofluorescence, incubated with mouse anti-hemaglutinin (a-HA)
monoclonal primary antibody and goat a-mouse 1gG Alexa Fluor 488 secondary antibody. (A)
Representative Images of Msh2 in the presence and absence of heterodimer partners. Top
panels are of Mshz2 localization. Bottom panels show the nuclear staining of the cells in the top
panels with the DNA specific fluorescent dye DAPI. (B) Quantitative Measurements of
Nuclear Msh2. The nuclear and cytoplasmic fluorescence of Msh2 were determined using the
ImageJ public domain Java image processing program [36]. The ratio of nuclear/cytoplasmic
fluorescence (Nuc/Cyto Fluor Msh2) is plotted for each strain. The error bars signify the
standard error of the mean. Approximately 50 cells per sample were analyzed.
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Assessing the functionality of Msh2’s putative NLSs. Msh2 putative NLSs starting at codon
525 (NLS 525) and starting at codon 552 (NLS 552) as well as the SV40 NLS (NLS SV40)
were each fused in frame to the C-terminus of plasmid encoded triple green fluorescent protein
(3XGFP). Triple GFP with no NLS (no NLS) served as a negative control. (A) Representative
Images of GFP Nuclear Localization. Using fluorescence microscopy, nuclear localization of
3XGFP was assessed (top panels). Nuclear position was determined using an endoplasmic
reticulum/nuclear envelope (ER/NE) fluoresent marker consisting of an endoplasmic reticulum
retention sequence fused to cyan fluorescent protein (bottom panels). (B) Quantitative
Measurements of Nuclear 3xGFP. The nuclear and cytoplasmic fluorescence of 3xGFP were
determined using ImageJ [3%]. Box plots of the ratio of nuclear/cytoplasmic fluorescence (Nuc/
Cyto GFP) were plotted using Synergy Software KaleidaGraph Version 4.03. The horizontal
lines in the boxes indicate the median ratio of nuclear to cytoplasmic GFP in cells of a given
strain. The boxes signify the range of values encompassing half of the data. The bars show the
range of the entire data set. Individual circles represent outliers. The asterisks indicate the data
sets statistically different from the No NLS control. Approximately 50-100 cells were counted
for each strain. (C) The amino acid sequences of the NLSs used. The sequences using the single
amino acid code for the Msh2 putative NLSs starting at codon 525 (NLS 525) and starting at
codon 552 (NLS 552) as well as the S\V40 NLS (NLS SV40) are shown. (D) Msh2 putative
yeast NLSs map to the DNA binding region of human MutSa. The image is of the MutSa
structure [42] with the Msh2 subunit in light grey (left) and the Msh6 subunit in a darker grey
(right). The mismatched DNA molecule is in white (DNA). The arrows highlight the putative
NLS positions enhanced in black (NLS525) and dark grey (NLS 552). Images were generated
by manipulating 208C.pdb [*2] using the Swiss PDB Viewer version 3.7 [6°] and POV Ray
Tracer program, version 3.6.
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Indirect Immunofluorescence of Msh2 and Msh2 NLS Mutant Proteins in the Presence and
Absence of Heterodimer Partners Msh3 and Msh6. Yeast deletion strains (see Materials and
Methods and Figure legend 1) were transformed with plasmids, pMSH2, pMSH2-A525,
pMSH2-A552, and pMSH2-A525A552, all expressing a hemagluttinin (HA) epitope-tagged
Msh2 variants. The wild-type protein (Msh2), the NLS 525 mutant protein (Msh24525), the
NLS 552 mutant protein (Msh2 4552, and the double NLS mutant protein (Msh2 A525 A552)
were visualized using mouse anti-hemaglutinin (a-HA) as described in the Materials and
Methods and in the legend for Fig. 1. Cells lacking MSH2 transformed with a plasmid vector
served as a negative control for background fluorescence (No Msh2). (A) Representative
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Images of Msh2 and Msh2 NLS mutant proteins in the presence of heterodimer partners, Msh6
and Msh3. Top panels are of plasmid expressed Msh2 or Msh2 NLS mutant protein localization
in yeast strain lacking chromosomal MSH2 (2A), but expressing MSH6 and MSH3. Bottom
panels show the nuclear staining of the cells in the top panels with the DNA specific fluorescent
dye DAPI. (B) Quantitative Measurements of Nuclear Msh2. The nuclear and cytoplasmic
fluorescence of Msh2 (shown also in Fig. 1) and Msh2 NLS mutant proteins were determined
using the ImageJ [36]. The ratio of nuclear/cytoplasmic fluorescence (IF Nuc/Cyto Msh2) is
plotted for each strain. The error bars signify the standard error of the mean. Approximately
100 cells were measured for each strain. The data shown for No Msh2 and Msh2 is also depicted
in Fig. 1 and is shown here for comparative purposes. (C) Mismatch repair assay of the NLS
variant strains. DNA mismatch repair assays were was carried out by replica-printing patches
of msh2A stains with the pSH44 dinucleotide instability reporter [2%] expressing either no Msh2
(no Msh2), the wild-type protein (Msh2) or one of the Msh2 NLS variants (Msh2525,
Msh24552 Msh24525A552) on medium containing canavanine (CAN) to assay for single-base
pair mismatch repair defects primarily a consequence of impaired Msh2/Msh6 (MutSa)
function, as well as on medium containing 5-FOA to assay for dinucleotide instability caused
by defects in Msh2/Msh3 (MutSp), and finally on medium allowing for cell growth to assess
uniformity of plating and growth (Control).
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Fig. 4.

Steady-state protein levels of Msh2 and Msh2 NLS variants in the presence and absence of
Msh3 and Msh6. Proteins extracts from the strains described for Fig. 3 were analyzed using
immunoblotting methods (see Materials and Methods). The nomenclature for the strains and
expressed wild-type and NLS mutant proteins is the same as was described in the Fig. 3 legend
panels A and B except that the msh2A strain with the pRS413 vector is simply designated
2A. After visualization of Msh2 with 12CA5 mouse a-hemaglutinin (aHA) and a-mouse 1gG
HRP antibodies, the membrane was re-probed with rabbit a-Kar2p polyclonal and a-rabbit IgG
HRP antibodies (loading). Protein levels were quantified by densitometry using ImageJ [36].
The intensities were normalized to the loading control. The values are presented below the
lanes and represent the percentage of wild-type Msh2 levels. The Msh2 4552 and the
Msh24525 A552 immunoblotting experiments were conducted on the same gel and membrane.
Thus, the positive and negative controls are the same images reproduced for reference on the
bottom panel.
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Assessment of Msh3 and Msh6 Nuclear localization in the presence and absence of Msh2 and
Msh2 NLS variants. Strains expressing Red Fluorescent Protein tagged Msh3 (Msh3-RFP) or
Msh6 (Msh6-RFP) were transformed with the nuclear envelope, endoplasmic reticulum triple
GFP marker to visualize the nuclei as well as with plasmids expressing no Msh2, Msh2, or
Msh2 NLS variants. Specifically, strains msh2A MSH6-RFP or msh2A MSH3-RFP harboring
p3XGFP-HDEL and either pRS413 (no Msh2), pMSH2 (Msh2) or pMSH2-A525 (Msh24525),
PMSH2-A552 (Msh24552) or pMSH2-A525A552 (Msh24525A552) \yere viewed by
deconvolution fluorescence microscopy. (A) Representative images of nuclear localized Msh6é-
RFP (top panels) and non nuclear Msh6-RFP (bottom panels). Nuclear envelope/endoplasmic
reticulum 3xGFP (NE/ER GFP) fluorescence is shown in the left panels. Msh6-RFP
fluorescence is shown in the middle panels and a combined image with 3XxGFP and Msh6-RFP
(Merge) is shown in the right panels. (B) Quantitative Measurements of Nuclear Msh3-RFP
and Msh6-RFP. The nuclear and cytoplasmic fluorescence of Msh3-RFP (light grey) and
Msh6-RFP (darker grey) were determined using the ImageJ [36]. The ratio of nuclear/
cytoplasmic fluorescence (Nuc/Cyto Fluor) is plotted for each strain. The error bars signify the
standard error of the mean. Approximately 100 cells were measured for each strain.
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Nuclear Localization of Msh6-RFP is regulated by the dimerization capabilities of Msh2 as
well as the Msh2 protein levels. (A) Two-hybrid assay to illustrate MutSo. mismatch repair
subunit formation with Msh2 missense variants. The MATa yeast 2-hybrid reporter strain was
transformed with pGBD-C2 (negative control, No Msh2), pGBD-MSH2 (positive control,
Msh2), pGBD-MSH2-L521P (Msh2L521P) hGBD-MSH2-S762Y (Msh25762Y) pGBD-
MSH2-R542P (Msh25762Y) or pGBD-MSH2-C345R (Msh2C345Y), Transformants were
mated with MATa yeast 2-hybrid reporter strains harboring pPGAD-MSH6 (Msh6). Diploid
cultures were spotted in triplicate onto agar plates and allowed to grow for 2 days at 30°C.
Growth on selective medium also lacking histidine (-LEU —TRP —HIS) indicates a 2-hybrid
interaction (interaction with Msh6). Medium lacking leucine and tryptophan (-LEU —TRP)
selects for diploids harboring both pGAD and pGBD constructs (plating control). (B) Sample
immunoblot showing the steady state levels of Msh2 missense variant proteins. Strains
expressing Red Fluorescent Protein tagged Msh6 (Msh6-RFP) were transformed with the
nuclear envelope, endoplasmic reticulum triple GFP marker to visualize the nuclei as well as
with plasmids expressing no Msh2, Msh2, or Msh2 missense variants. Specifically,
exponentially growing strains msh2A MSH6-RFP harboring p3xGFP-HDEL and either
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pRS413 (no Msh2), pMSH2 (Msh2) or pMSH2-L521P (L521P), pMSH2-S762Y (S762Y),
pPMSH2-R542P (R542P), or pMSH2-C345R (C345R) were processed for immunoblotting.
After visualization of Msh2 (Msh2), the membrane was reprobed with rabbit a-Kar2p
polyclonal and a-rabbit IgG HRP antibodies (loading). The bands were quantified with ImageJ
[36] and normalized to the wild-type protein level. The percentages shown represent the results
from the average of three immunoblots and the error (z) is the standard error of the mean. (C)
Nuclear localization of Msh6-RFP in the presence of Msh2 missense variants. The strains
described above were viewed by deconvolution fluorescence microscopy. The nuclei were
visualized with 3xGFP-HDEL and cytoplasmic and nuclear fluorescence of Msh6-RFP were
determined using ImageJ. The ratio of nuclear/cytoplasmic fluorescence (Nuc/Cyto Msh6-
RFP) is plotted for each strain. The error bars signify the standard error of the mean.
Approximately 100 cells were measured for each strain.
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Name

Genotype

Plasmids

Source

AGYT75

AGY292

AGY293

AGY298

AGY333

AGY341

AGY881

AGY908

MY10029

MY10030

MY10031

MY10032

MY10081

MY10082

MY10083

MY10084

MY 10085

MY 10086

MY10087

MY10088

MY10089

MY10091

MATa ade2-1 trpl-1 ura3-1 leu2-3,112
his3-11,15 msh2A::LEU2

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal43 gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa trp1-901 leu2-3,112 ura3-52 his3A200
gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ

MATa msh2A::URA3 his3-11,15 ade2-1 trpl-1
ura3-1

MATa ade2-1 trpl-1 ura3-1 leu2-3,112
his3-11,15 lys2A RADS5 msh2A::LEU2
msh3A::kanMX4

MATa ade2-1 his3-11,15 leu2-3,112 trpl-1
ura3-1 RAD5 msh2A::URA3 msh6A::kanMX4

MATa ade2-1 trpl-1 ura3-1 leu2-3,112
his3-11,15 msh2A::LEU2 msh3A::kanMX4
msh6A::kanMX4

MATa MSH3-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH3-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH3-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH3-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH3-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH6-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH6-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH6-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH6-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

MATa MSH6-RFP::kanMX6 msh2A::URA3
his3-11,15 trp1-1 ura3-1

pSH44

pGBD-MSH2

pGBD-C2

pGBD-MSH2-R542P

pGAD-MSH6

pGBD-MSH2-C345R

pGBD-MSH2-L521P

pGBD-MSH2-S762Y

pMSH2-A552

pMSH2-A552

pMSH2-A552

pMSH2-A552

p3XGFP-HDEL + pMSH2

p3xGFP-HDEL + pMSH2-A552A525

p3XGFP-HDEL + pRS413

p3XGFP-HDEL + pMSH2-A525

p3xGFP-HDEL + pMSH2-A552

p3XGFP-HDEL+ pMSH2

p3XGFP-HDEL+ pMSH2-A552A525

p3XGFP-HDEL + pRS413

p3xGFP-HDEL + pMSH2-A525

p3XGFP-HDEL + pMSH2-A552
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Name Genotype Plasmids Source

MY10102 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 p3XGFP-HDEL + pRS413 This study
MSH6-RFP::kanMX6

MY10103 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 p3xGFP-HDEL + pMSH2 This study
MSH6-RFP::kanMX6

MY10106 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 p3xGFP-HDEL + pMSH2-C345R This study
MSH6-RFP::kanMX6

MY10108 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 p3xGFP-HDEL + pMSH2-L521P This study
MSH6-RFP::kanMX6

MY10127 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 p3xGFP-HDEL + pMSH2-R542P This study
MSH6-RFP::kanMX6

MY10197 MATa ade2-1 his3-11,15 trp1-1 ura3-1 pMSH2-A525 This study
msh2A::URA3

MY10198 MATa ade2-1 trpl-1 ura3-1 leu2-3,112 pMSH2-A525 This study

his3-11,15 lys2A msh2A::LEU2
msh3A::kanMX4

MY10199 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 pMSH2-A525 This study
ura3-1 msh2A::URA3 msh6A::kanMX4

MY10200 MATa ade2-1 trpl-1 ura3-1 leu2-3,112 pMSH2-A525 This study
his3-11,15 msh2A::LEU2 msh3A::kanMX4
msh6A::kanMX4

MY10246 MATa ade2-1 trpl-1 ura3-1 leu2-3,112 pMSH2 This study
his3-11,15 msh2A::LEU2 msh3A::kanMX4

MY10247 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 pMSH2 This study
ura3-1 msh2A::URA3 msh6A::kanMX4

MY10248 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 pMSH2 This study

ura3-1 msh2A::LEU2 msh3A::kanMX4
msh6A::kanMX4

MY10283 MATa trpl-1 his3-11,15 ura3-1 msh2A::URA3 pMSH2-S762Y + p3xGFP-HDEL This study
MSH6-RFP::kanMX6

MY10299 MATa his3-11,15 trp1-1 ura3-1 p3xGFP + pCFP-HDEL This study

MY10300 MATa his3-11,15 trp1-1 ura3-1 p3XGFP-NLSSV40 + pCFP-HDEL This study

MY10301 MATa his3-11,15 trp1-1 ura3-1 p3XGFP-NLS525 + pCFP-HDEL This study

MY10302 MATa his3-11,15 trp1-1 ura3-1 p3XGFP-NLS552 + pCFP-HDEL This study

MY9741 MATa ade2-1 his3-11,15 trp1-1 ura3-1 pMSH2 This study
msh2A::URA3

MY9742 MATa ade2-1 his3-11,15 trp1-1 ura3-1 pRS413 This study
msh2A::URA3

MY9820 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 pMSH2-A525A552 This Study

ura3-1 msh2A::LEU2 msh3A::kanMX4
msh6A::kanMX4

MY9821 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 pMSH2-A525A552 This Study
ura3-1 msh2A::URA3 msh6A::kanMX4

MY9822 MATa ade2-1 his3-11,15 trp1-1 ura3-1 pMSH2-A525A552 This study
msh2A::URA3

MY9825 MATa ade2-1 trpl-1 ura3-1 leu2-3,112 pMSH2-A525A552 This study

his3-11,15 lys2A msh2A::LEU2
msh3A::kanMX4

*
All strains are derived from W303 except for the yeast 2-hybrid strains (AGY292, 293, 298, 333, 341, 881, and 908). The 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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Name Relevant Markers Strain Number Source
pMR5484 RFP-kanMXx4 MR5484 S. Clark, Rose Lab
pSH44 P_euz-(GT)16.5-URA3 TRP1/ARS CEN amp' 2%
pMR3453 PgaL-GFP CEN4 ARS1 LEU2 amp’ MR3453 84
pCFP-HDEL CFP-HDEL TRP1 CEN ARS amp MR5214 E lk:/lelloy, Rose
al
p3XxGFP-HDEL 3xGFP-HDEL TRP1 CEN ARS amp MR5029 162
pMSH2-A525 msh2-ANLS525 HIS3 CEN ARS amp" MR5210 this study
pMSH2-A552 msh2-ANLS552 HIS3 CEN ARS amp' MR5658 this study
pMSH2-A525A552 msh2-ANLS525 NLS552 HIS3 CEN ARS amp' MR5586 this study
PMSH2 MSH2 HIS3 CEN ARS amp" AG17 33
pRS413 HIS3 CEN ARS amp’ 163
PMSH2-C345R msh2-C345R HIS3 CEN ARS amp' AG208 33
pMSH2-R542P msh2-R542P HIS3 CEN ARS amp' AG29 33
pMSH2-5762Y msh2-5762Y HIS3 CEN ARS amp’ AG462 33
PMSH2-L521P msh2-L521P HIS3 CEN ARS amp" AG420 33
pGBD-C2 GBD TRP1 2 amp' 38
pGBD-MSH2 GBD-MSH2 TRP1 2 amp" AG124 33
pGBD-MSH2-C345R GBD-msh2-C345R TRP1 2u amp’ AG235 33
pGBD-MSH2-R542P GBD-msh2-R542P TRP1 2y amp" AG132 33
pGBD-MSH2-5762Y GBD-msh2-5762Y TRP1 2u amp' AG455 33
pGBD-MSH2-L521P GBD-msh2-L521P TRP1 2y amp’ AG447 33
pGAD-MSH6 GAD-MSH6 LEU2 2y amp” AG333 33
pBS-3xGFP-TRP1 3XGFP TRP1 amp' 154
PPpish2-GFP Puishz-GFP HIS3 CEN ARS amp' This study
pP3XGFP Puist2-3XGFP HIS3 CEN ARS amp’ MR5173 This study
pP3XGFP-NLSSV40 Puisz-3XGFP-NLS SV40 HIS3 CEN ARS amp MR5201 This study
P3XGFP-NLS525 Pushz-3XGFP-NLS 525 HIS3 CEN ARS amp' MR5202 This study
pP3XGFP-NLS552 Pyisz-3XGFP-NLS 552 HIS3 CEN ARS amp’ MR5203 This study
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Table 3

Name Purpose Sequence (5' to 3")
MSH6-5 MSH6 disruption GGCTTCTGGTTAAGTTTGGC
MSH6-3 MSH6 disruption GCTGAATCATAGGTCAAG
MSH3-5 MSH3 disruption GTGCAATGACGATTTGAGCGGCC
MSH3-3 MSH3 disruption GCAACTTGTACAAGGCCAAGGC
PR648 Verification of 3' TATGGAACTGCCTCGGTGAG
kanMX junction
PR649 Verification of 5’ TCGATAGATTGTCGCACCTG
kanMX junction
MSH6F2* MSH6::RFP fusion CGTTTTGAAAAGTCTATTTAGTATAATTTGATGATTTACAAATCCGGTGGTGGTGGTGGTGGTCGGATCCCCGGG
MSH6R1™ MSH6::RFP fusion AAATAAGTAAAAATCTTACATACATCGTAAATGAAAATACGGATTCGAGCTCGTTTAAAC
MSH3F2* MSH3::RFP fusion GCAACGGATAAACTCGCGAAATTACTATCATTGGATATCCACGGTGGTGGTGGTGGTCGGATCCCCGGGTTAAT
MSH3R1™ MSH3::RFP fusion GTCTGATAATGCTGCATTTAGAACATACGTACCATCCGCAGGATTCGAGCTCGTTTAAAC
MSH2GFP 5' Amplify GFP CCTAACATCAAAATCCTCAGATTAAAAGTATGAGTAAAGGAGAAGAACTT
vecGFP 3’ Amplify GFP GTGGCGGCCGCTCTAGAACTAGTGGATCCTTATTTGTATAGTTCATCCATGCC
vecMSH2 5 Amplify Py ATCGAATTCCTGCAGCCCGGGGGATCCACCTCAACAGCTACACATTC
MSH2GFP 3' Amplify Pyso AAGTTCTTCTCCTTTACTCATACTTTTAATCTGAGGATTTTGATGTTAGG
SV40NLS+ fSVflO NLS 3xGFP GGCATGGATGAACTATACAAACCAAAGAAGAAGAGAAAGTAAACTAGTTCTAGAGCGGCCGCCAC
usion
SV40NLS— 1§V_40 NLS 3xGFP GTGGCGGCCGCTCTAGAACTAGTTTACTTTCTCTTCTTCTTTGGTTTGTATAGTTCATCCATGCC
usion
2NLS525+ ;\ILS 525 3xGFP GGCATGGATGAACTATACAAACCGGACAAAAAACTGAAGTTGTAAACTAGTTCTAGAGCGGCCGCCAC
usion
2NLS525— ][\ILS 525 3xGFP GTGGCGGCCGCTCTAGAACTAGTTTACAACTTCAGTTTTTTGTCCGGTTTGTATAGTTCATCCATGCC
usion
2NLS552+ 1l:\lLS 552 3xGFP GGCATGGATGAACTATACAAACGTAAACATAAGAAGTAAACTAGTTCTAGAGCGGCCGCCAC
usion
2NLS552— ;\ILS 552 3xGFP GTGGCGGCCGCTCTAGAACTAGTTTACTTCTTATGTTTACGTTTGTATAGTTCATCCATGCC
usion
PR724 Sequencing NLS GGAAACAGCTATGACCATG
GFP fusions
ANLS 525 Mutagenesis of GCTGAAGATCTAGGATTCGATCCGGCTGCTGCTCTGGCTTTGGAGAACCATCATCTGCATGG
MSH2 NLS525
ANLS 552 Mutagenesis of GACACGTAATGACGCCAAGGAGTTACGTGCTGCTGCTGCTTACATTGAGTTGTCGACAGTAAAAGC
MSH2 NLS552
MSH2-7 Sequencing of NLSs AAGTTGAGTTTAATGAGG
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