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Abstract

Eukaryotic DNA mismatch repair (MMR) involves both Exonuclease 1 (Exol)-dependent and -
independent pathways. We found that the unstructured C-terminal domain of Saccharomyces
cerevisiae Exol contains two Msh2-Interacting-Peptide (SHIP) boxes downstream from the Mlh1-
Interacting-Peptide (MIP) box. These three sites were redundant in Exol-dependent MMR in vivo
and could be replaced by an N-terminal-Exo1-Msh6 fusion protein. The SHIP-Msh2 interactions
were eliminated by the msh2-M470/ mutation and wild-type but not mutant SHIP peptides
eliminated Exol-dependent MMR in vitro. We identified two S. cerevisiae SHIP box-containing
proteins and three candidate human SHIP box-containing proteins. One of these, Fun30, played a
small role in Exol-dependent MMR /n vivo. The Rsc complex acted in both Exol-dependent and
Exol-independent MMR /n vivo. Our results identified two modes of Exol recruitment and a
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peptide module that mediates interactions between Msh2 and other proteins, and support a model
in which Exol functions in MMR tethered to the Msh2-Msh6 complex.

Introduction

DNA mismatch repair (MMR) plays a critical role in mutation avoidance by correcting DNA
base mispairs generated by errors during DNA replicationl-2 and some types of chemical
DNA damage and mispairs formed in heteroduplex homologous recombination (HR)
intermediates. MMR also prevents HR between divergent DNA sequences3-%. Because of
these roles in mutation avoidance, germline MMR defects cause the hereditary cancer
predisposition syndromes Lynch syndrome and biallelic MMR deficiency, depending on
whether one or two defective alleles are inherited’-9. Sporadic human tumors can also be
MMR defective, primarily due to epigenetic silencing of the MLHI MMR gene’:10,
Eukaryotic MMR involves three general steps: 1) recognition of mispaired bases by Msh2-
Msh6 or Msh2-Msh3 and recruitment of critical accessory factors such as Mlh1-Pms1; 2)
excision of the DNA strand containing the incorrect base; and 3) resynthesis of the excised
DNA strand.

Exonuclease 1 (Exol) is a5’ to 3’ double stranded DNA exonuclease consisting of a N-
terminal nuclease domain and an unstructured C-terminal regionl11 and is the only
exonuclease definitively identified in eukaryotic MMR12, Exo1 is required for mispair
excision in two reconstituted MMR reactions /n vitro: 1) reactions utilizing a circular
substrate containing a mispair and a pre-existing nick 5’ to the mispair where Exo1-
mediated excision occurs from the nick past the mispair in a reaction that is stimulated by
Msh2-Msh6 or Msh2-Msh3 binding to the mispair3-17; and 2) reactions utilizing a circular
substrate containing a mispair and a pre-existing nick 3’ to the mispair where Mlh1-Pms1
(human MIh1-Pms2) in combination with PCNA, RFC, and Msh2-Msh6 or Msh2-Msh3
makes nicks 5’ to the mispair allowing excision by Exo11517-19 |n spite of the complete
requirement for Exol in most reconstituted MMR reactions, deletion of EXOZin S.
cerevisiae results in a small increase in mutation rates (~1% defect in MMR)12:20 and
ExoI”"~ mice lack the strong mutator phenotype and early onset cancer phenotype seen in
Mshz= or MIh1~'~ mice?L. Consistent with these results, mutations have been isolated in S.
cerevisiae that specifically disrupt either Exol-dependent or Exol-independent
MMR20:22-24 Ty lines of evidence suggest that Exol-dependent MMR might be more
important /n vivo. 1) combining the exolA mutation and the lagging strand misincorporation
pol3-L612M mutation causes a synergistic increase in mutation rate, suggesting Exol-
dependent repair may be the major pathway for lagging strand MMR23; and 2) the exo014
mutation results in a striking accumulation of mispair- and Msh2-dependent MIh1-Pms1 foci
on DNAZ>, consistent with the idea that Exol-independent MMR is activated only when
Exo1 repair does not occur. Much less is known about the possible mechanisms of Exol-
independent MMR compared to Exol-dependent MMR1:23.24.26,

Msh2 interacts with the unstructured C-terminal region of Ex0112:27 and the C-terminal
region of Exol also contains a short peptide motif termed the MIP box that mediates an
interaction with M1h128.2%, However, the importance of these interactions has been unclear.
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In this study, we identified two redundant copies of a short peptide motif in the C-terminal
tail of Exol that mediate the Exol-Msh2 interaction, termed here the Msh2-interacting
peptide (SHIP) box. Recruitment of Exol to MMR by the SHIP boxes was redundant with
Exo1l recruitment by the MIP box, as eliminating both modes of Exol recruitment was
required to eliminate Exol-dependent MMR /n vivo. Peptides containing the SHIP box
motif disrupted MMR and mispair-promoted excision reactions reconstituted /in vitro that
were dependent on Msh2-Msh6 and Exol, indicating these reactions were dependent on the
Msh2-SHIP box interaction. Finally, we found that the SHIP box is evolutionarily
conserved, and we identified other SHIP box-containing proteins in both S. cerevisiae
(Fun30 and Dpb3) and humans (SMARCAD1, WDHD1, and MCM?9) that interact with
Msh2 and provide evidence that one of these, Fun30, along with the Rsc complex, plays a
cooperating role in MMR.

Two sites with a conserved sequence motif in the Exol C-terminal tail mediate Msh2

binding.

Previous results localized the Msh2 interaction region of Exol to the unstructured C-
terminal tail (residues 366-702; Figure 1a)!2. Protein-truncating mutations (N357X and
N396X) that map downstream of the N-terminal nuclease domain (residues G2-K345) and
upstream of the MIP box (residues T443-F448) eliminate Exol-dependent MMR, unlike the
MIP box mutations which only cause a minor defect1120.28.30.31 To more precisely define
the Exo1-Msh2 interaction, we tested a series of C-terminal truncations of Exol for their
interaction with Msh2 or MlIh1 using yeast two-hybrid analysis. As expected, full-length
Exol interacted with both Msh2 and MIh1 (Figure 1a, Supplementary Figure 1), and the
MIP box mutations (Exo1-F447A, F448A)30 disrupted the Exo1-MIh1 interaction but not
the Exo1-Msh2 interaction (Figure 1a, Supplementary Figure 1). C-terminal truncations of
Exol up to residue 587 did not affect the Exol-Msh2 interaction, whereas the C-terminal
truncation including residue 571 eliminated the Exo1-Msh2 interaction. Remarkably, the
Ex01-A571-635 internal deletion construct, which deleted the residues accounting for the
differences between the shortest interacting construct (Exo1-A587-702) and the longest non-
interacting construct (Exo1-A571-702), did not affect the Exo1-Msh2 interaction. In
contrast, eliminating the last 32 amino acids in this internal deletion construct (Exo1-A571—
635,A671-702) abolished Msh2 binding.

Sequence analysis of residues 570-587 and residues 670-702 of Exol in homologs from
291 fungal species revealed short regions of extensive conservation (Figure 1b), which were
largely similar to each other (Figure 1c). We termed this shared motif the Msh2 interacting
peptide (SHIP) box. The conserved aromatic residues of either the first SHIP box called
SHIP1 (F582, Y584) or the second SHIP box called SHIP2 (F697, Y699) were mutated to
alanine in a prey construct in which the other SHIP box region had been deleted (Exol-
AB637-702 [SHIP2] and Ex01-A571-635 [SHIP1], respectively). In each case, mutation of
the SHIP box in the Exol deletion constructs eliminated the ability of these constructs to
mediate the Exo1-Msh2 interaction (Figure 1d). Thus the unstructured C-terminal tail of
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Exo1 contains two redundant motifs required for Msh2 binding and that these motifs likely
bind the same site on Msh2.

A SHIP box peptide inhibits MMR and mispair-promoted excision reactions in vitro that
depend on Msh2-Msh6 and Exo1.

If the SHIP box motifs directly mediated the Exo1-Msh2 interaction, then peptides
containing a SHIP box motif (Figure 2a) should compete with the interaction /n vitro. In the
absence of the SHIP1 peptide, 36% of a plasmid substrate containing a pre-existing nick 5’
to a mispair was repaired (Figure 2b,c; uncropped gel images are shown in Supplementary
Data Set 1); this reconstituted MMR reaction is dependent on mispair recognition by Msh2-
Msh6, excision by Exol, and resynthesis of the excised DNA strand by DNA polymerase &
in conjunction with RPA, PCNA and the PCNA loader, RFC4. Addition of increasing
amounts of the SHIP1 peptide caused increasing levels of inhibition of the repair reaction
(Figure 2c). The peptide concentration range at which inhibition of MMR was observed was
high, suggesting that the Exo1-Msh2 interaction might also involve Exol residues outside of
the SHIP box that are not present in the short peptides used here; similar affects have been
seen in studies that used PIP box peptides to inhibit MMR /n vitro®2. Peptides with
increasing numbers of alanine substitutions showed decreasing levels of inhibition (Figures
2a,2d), although this inhibition was less sensitive to alanine substitutions than inhibition of
the Exo1-Msh2 interaction /n vivo (Figure 1; also see below). This discrepancy may be
caused by the fact that the high peptide concentrations required for inhibition in the /n vitro
assay makes inhibition less sensitive to loss of conserved SHIP box residues than the Exol-
Msh2 interaction /n vivo. In addition, the SHIP1 peptide inhibited the MMR seen in a
reconstituted reaction that did not contain RPA (Figure 2e), indicating that the Exo1-Msh2
interaction is still required for MMR even when Exo1 is not inhibited by RPA. We also
confirmed that the SHIP1 peptide prevented excision of the mispair-containing substrate in a
reaction containing Msh2-Msh6, Exol, PCNA, RFC, and RPA, but lacking DNA
polymerase & to a level similar to that seen when Exol was omitted from the reaction
(Figure 2f)14. Taken together, these results suggest that the SHIP box directly mediates the
Ex01-Msh2 interaction and that this interaction is required for Exol-mediated mispair
excision in reactions that occur in the absence of MIh1-Pms1.

Exol MIP and SHIP boxes are redundant in Exol-dependent MMR.

We tested the requirement for the MIP and SHIP motifs for Exol-dependent MMR /n vivo
using S. cerevisiae strains containing either the po/30-K217E or pms1-A99V (previously
called pms1-A130V) mutations, which eliminate the Exol-independent MMR pathway?20:24,
An ARS CEN plasmid expressing wild-type £XOZ1 under its native promoter complemented
the mutator phenotype of both the exo14 pol30-K217E and exolA pms1-A99V double
mutant strains as measured by patch tests, whereas plasmids encoding the SHIP- and MIP-
double mutated Exo1, the nuclease-deficient Exol (Exo1-D173A), or the empty vector did
not (Supplementary Figure 2a). We next measured mutation rates of strains with different
combinations of integrated exol mutations that disrupted the Exol MIP box (exol-
F447A,F448A), the first SHIP box (exo01-F582A, Y584A), or the second SHIP box (exol-
F697A, Y699A) at the EXO1 locus that also contained the po/30-K217E mutation (Table 1).
Simultaneous mutation of the MIP box and both SHIP boxes caused a mutation rate
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equivalent to that of the ex014 pol30-K217E double mutant or an mshZ2A single mutant
(Table 1). Mutation of either SHIP box independently resulted in mutation rates that were
not significantly different from that of the po/30-K217E single mutant while mutation of
both SHIP boxes, the MIP box alone, or the MIP box an individual SHIP box caused
mutation rates that were intermediate between that of the po/30-K217E single mutant and
the exo1A pol30-K217E double mutant. In contrast, £X0O1 plasmids containing different
combinations of MIP and SHIP box mutations suppressed the synthetic lethality between the
rad274 and exolA mutations!2, which was similar to a wild-type £XOZ plasmid but not an
EXO1 plasmid containing the nuclease-deficient exoZ-D173A mutation that does not
suppress this synthetic lethality (Supplementary Figure 2b). Taken together, these results
argue that: 1) Exol recruitment by either Msh2 or Mlh1 is required for Exol-dependent
MMR but not for other roles for Exol; 2) Exol recruitment to MMR reactions by Msh2 and
MIh1 is redundant; and 3) the Exol SHIP boxes are redundant with each other.

An Exo1-Msh6 fusion protein partially overcomes the requirement for Exo1l recruitment

motifs.

If the Exol MIP and SHIP boxes primarily mediate Exol recruitment to sites of MMR,
constitutive recruitment of Exol might bypass the need for these motifs. A fusion of the
unstructured C-terminus of Exol to the unstructured N-terminus of Msh6 containing a
mutated Msh6-PCNA interaction site?? almost completely complemented the mutator
phenotype of an exolA pol30-K217E double mutant strain (Exol-Msh6-F33A,F34A Figure
3a and 3b). A internally truncated version of this fusion that eliminated the Exol MIP and
SHIP boxes also complemented the mutator phenotype of the exo1A pol30-K217E double
mutant strain, although not to the same extent as the Exo1-Msh6-F33A,F34A construct
(Ex01-A400-700-Msh6-F33A,F34A; Figures 3a and 3b). In contrast, expression of Exol
lacking the MIP and SHIP boxes resulted in a mutator phenotype similar to that of the exo14
pol30-K217E double mutant (Supplementary Figure 2a; last row). Both the Exol-Msh6-
F33A,F34A and Exo1-A400-700-Msh6-F33A,F34A fusions could largely complement the
frameshift mutation reversion phenotype of an msh6A msh3A double mutant, indicating
these fusions are largely retain Msh6 function (Figure 3c). The small Msh6 defect observed
is consistent with the observation that the two fusions do not completely complement the
Exol defect of the exo1A pol30-K217E double mutant strain. Thus, constitutive recruitment
of Exol by fusion to Msh6 supports MMR and can at least partially substitute for SHIP and
MIP box-mediated recruitment.

An msh2 mutation that disrupts Exol-dependent MMR also disrupts the Msh2-Exo1

interaction.

A previous genome-wide screen for mutator mutations that specifically disrupted Exol-
dependent MMR identified exoZ nuclease mutants29, exoZ truncation mutations eliminating
the MIP and SHIP boxes??, m/h1 mutations affecting MIP box peptide binding?%:29, and
three msh2 missense mutations: msh2-M4701, msh2-R545C (previously reported as msh2-
R545K), and msh2-G688R20. We therefore tested if these msh2 mutations disrupted the
Exo1-Msh2 interaction by yeast two-hybrid analysis. The msh2-R545C mutation did not
disrupt the Exo1-Msh2 interaction (Figure 4a). The msh2-G688R mutation that affects the
ATPase domain33, which is buried within the Msh2-Msh6 heterodimer (Figure 4b,c) and
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could alter ATP-driven conformational changes required for Exol recruitment, caused a
reduced but easily detectable level of Msh2-Exo1l interaction (Figure 4a). In contrast, the
msh2-M470/ mutation that affects a residue whose human equivalent is involved in the
packing of the helices that surround the DNA (Figure 4b,d)33 and through steric interactions
likely affects surface-exposed residues that could mediate SHIP box binding through steric
interactions, resulted in no detectable Msh2-Exol interaction (Figure 4a).

The SHIP box motif allows identification of two novel Msh2 interacting proteins.

We investigated whether an Exol-like SHIP box motif was present in the unstructured
regions of other nuclear S. cerevisiae proteins. We constructed a position-specific scoring
matrix (PSSM, 34) using the sequences of 567 SHIP1 and SHIP2 motifs from fungal Exol
sequences (Figure 1c) and scored the similarity of all peptides encoded in the S. cerevisiae
S288c genome to the SHIP box consensus sequence. We found that 2,732 peptides had
moderate or high scores (score > 0.75). We then filtered out peptides from proteins that on
the basis of previous studies do not localize to the nucleus?®:35-39, resulting in 1,745
peptides. We then calculated a long-range disorder score with IUPRED#?. Disordered
peptides from nuclear proteins with the high motif-matching scores included both Exol
SHIP boxes and potential SHIP boxes in Utp18 (21-LLAKFVF-27), Fun30 (45-
LRSRFTF-51), Dpb3 (170-LLSRFQY-176), and Birl (151-NLRKFTF-157) (Figure 5a;
Supplementary Figure 3; Supplementary Data Set 2). By yeast two-hybrid analysis, Birl did
not show an interaction with Msh2, whereas the Utp18 prey vector auto-activated the
reporter in absence of the bait vector making it impossible to study a possible Msh2-Utp18
interaction using this assay (Supplementary Figure 4a). In contrast, Msh2 interacted with
both Fun30, a Snf2-family ATPase involved in chromatin remodelling and the resection of
double-stranded DNA breaks (DSBs)#1~43, and Dpb3, which is a subunit of DNA
polymerase &% (Figure 5b). Mutations eliminating the conserved aromatic residues of the
SHIP boxes in Fun30 (F49A,F51A) and Dpb3 (F174A,Y176A) eliminated the interaction
between these proteins and Msh2 (Figure 5c). In addition, the msh2-M470/ mutation
eliminated the Msh2-Fun30 and Msh2-Dpb3 interactions in the two-hybrid interaction assay
(Figure 5d), like its effect on the Msh2-Exol interaction (Figure 4a). The Exol and Fun30
SHIP boxes were conserved in the Saccharomycetaceae fungi, whereas the Dpb3 SHIP box
was only present in species that were closely related to S. cerevisiae (Supplementary Figure
5).

Role of Fun30 and Dpb3 in Msh2-mediated functions.

To test the roles of Fun30 and Dpb3 in MMR, we tested the effect of deleting FUN30and
DPB3on mutation rates in a number of strains: 1) wild-type, 2) an exoZA mutant to evaluate
defects in Exol-independent MMR, and 3) a po/30-K217E mutant strain to evaluate defects
in Exol-dependent MMR. Deletion of DPB3did not cause an increased mutation rate in any
of the assay strains (Table 2). The fun30A mutation did not cause an increase in mutation
rate in either the wild-type or exo14 mutant strains but did in po/30-K217E mutant strain
(Table 2). Neither deletion caused an increase in the level of mispair- and Msh2-dependent
MIh1-Pms1-GFP foci repair intermediates?® (Supplementary Figure 4b), nor did these
deletions affect the Msh2- and Msh6-dependent suppression of HR between imperfect DNA
repeats#>46 (Supplementary Table 1).
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Role of Fun30 and Rsc2 in MMR.

These results suggest a partial role for Fun30 in Exol-dependent MMR, which is consistent
with the role of Fun30 during resection of DSBs*2. In addition to Fun30, both the Rsc and
Ino80 complexes have been implicated in resection; however, the role of the Ino80 complex,
if any, was minor#2. We therefore tested the effect of an rsc24 mutation on mutation rates
alone and in combination with a fun304 mutation in wild-type, exol4 and pol30-K217E
strains (Table 2). The rsc2A mutation did not increase the mutation rates of the wild-type or
fun304 single mutant strain. Deletion of RSCZ2increased the mutation rate in an exo14
mutant, but the exo14 fun304 rsc2A triple mutant had a lower mutation rate than the exo14
rsc2A double mutant (the reduction in the h/om3-10reversion assay was significant in Mann-
Whitney tests, p = 0.006, but not using 95% confidence intervals, whereas the reduction in
the /ys2-A10reversion assay was significant using 95% confidence intervals). In the po/30-
KZ217E strain, deletion of RSCZ2 caused a significant increase in mutation rate by 95%
confidence intervals. The mutation rate of the po/30-K217E fun30A rsc2A triple mutant was
the same as that of the po/30-K217E rsc2A double mutant and was higher than that of the
pol30-K217E fun30A double mutant, and was equivalent to that expected for a loss of
approximately 5% of MMR. We also performed a selected analysis of the effects of an
arnp8A mutation that causes a defect in the Ino80 complex and found that the arp84 mutation
did not increase the mutation rates of the wild-type, fun30A and rsc2A single mutant and
pol30-K217E fun304 double mutant strains (Supplementary Table 2). These results suggest
Fun30 plays a small role in Exol-dependent MMR, that the Rsc complex plays a role in both
Exol-dependent and Exol-independent MMR and that the Rsc complex is more important
than Fun30.

SHIP box motifs are present in human proteins that interact with MSH2.

Since both S. cerevisiae and human Msh2 interact with S. cerevisiae Exo112, we used the
SHIP box PSSM derived from fungal Exol sequences to search for SHIP boxes within the
human nuclear proteome. Following the method developed for analysing S. cerevisiae, the
SHIP box analysis resulted in 1,720 peptides (Figure 6a; Supplementary Data Set 3). The
region previously identified for the interaction between S. cerevisiae Msh2 and human
EXO1 contained SHIP box like peptides?’. In addition, the human homolog of S. cerevisiae
Fun30, SMARCADI, also contains a SHIP box-like peptide (Supplementary Figure 3b),
suggesting evolutionary conservation of the Msh2-Fun30/MSH2-SMARCAD interaction.
We also found a SHIP box in WDHD1, which is a replication fork component and the
homolog of S. cerevisiae Ctf447-50: however, the SHIP box is only conserved in animal
WDHD1/Ctf4 homologs (Supplementary Figure 6). WDHD1 is a recently identified MSH2-
interacting protein, and previous analysis both localized the interaction to the SHIP box
region and found that patient-derived mutations affecting the SHIP box disrupted the
interaction; however, as the WDHD1-MSH2 interaction was the only interaction
characterized in that study, the authors did not draw any conclusions about MSH2-
interaction motifs51. Another known MSH2-interacting protein, MCM9%2, also contains a
putative SHIP box in its unstructured C-terminal tail, which is conserved among groups
closely related to animals (Supplementary Figure 6); however, no experiments have yet been
performed investigating whether the MCM9-MSH?2 interaction is mediated by this SHIP
box.
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Discussion

We found that Exol contains two novel motifs, termed here the SHIP boxes, that account for
the interaction between Msh2 and the Exo1 C-terminus!2. The two SHIP boxes and the MIP
box are required for Exol-dependent MMR but are redundant with each other, which
explains why previous studies were unable to clearly demonstrate a major role of the Exol
MIP box in MMR30, An Exol-recruitment role for these motifs is consistent with the fact
that an Exo1-Msh6 fusion protein lacking these motifs can complement the deletion of
EXO1in MMR. SHIP peptide inhibition of mispair-promoted excision and MMR reactions
that are dependent on Msh2-Msh6 and Exol indicates that the Exol SHIP box directly
interacts with Msh2. The fact that the msh2-G688R and msh2-M470/ mutations partially or
completely inhibited the Exo1-Mshz2 interaction is consistent with the hypothesis that the
SHIP box binds near Msh2 M470 in a manner dependent upon ATP-induced conformational
changes. Overall, our results support a model in which the MIP and SHIP boxes and the
Exol-Mlhl and Exol-Msh2 interactions recruit Exol to mismatch repair reactions.

Msh2-Msh6 stimulates 5’ nick-directed mispair excision by Exol in vitro*314 In this
reaction, Msh2-Msh6 and the formation of Msh2-Msh6 sliding clamps have been proposed
to overcome inhibition of Exol by RPA, which binds to the single-stranded DNA generated
by Ex0113:5354 The role of the Msh2-Exo1 interaction has been suggested to support re-
recruitment of displaced Exol1 to the substratel3:53.54: however, the available data could not
eliminate the possibility that Exol acts as a component of the Msh2-Mshé6 sliding clamp. By
using SHIP box containing peptides, we found that the Msh2-Exo1 interaction was required
in reactions with substrates with a nick 5’ to the mispair for both mispair excision and
complete MMR reactions even in the absence of RPA. Thus, the Exo1-Msh2 interaction
plays a role other than just overcoming inhibition by RPA. Moreover, constitutive tethering
of Exol to Msh6 partially supported MMR /7 vivo in the absence of the Msh2-Exol and
MIh1-Exo1l interactions. Taken together, these observations suggest that Exol may normally
function during MMR while tethered to Msh2-Msh6 (and Msh2-Msh3) sliding clamps
through the Msh2-Exo1 interaction. This idea is consistent with results of single molecule
biochemistry experiments demonstrating that loading of Msh2-Msh6 clamps stimulates
excision by Ex0153,

Although the SHIP boxes appear to mediate recruitment of Exol by Msh2, the role for the
Exol-MIh1 interaction is less clear, as MIh1-Pms1 (MIh1-Pms2 in humans) is not required
for reconstituted 5’ nick-directed MMR reactions /n vitrot817 whereas conflicting
requirements have been reported for MIh1-Pms2 in MMR reactions catalyzed by human cell
extracts®56. A possible role of MIh1-Pms2 in promoting specific termination of Exo1-
mediated excision is unclear!3:56, and we observe specific termination of excision even in
the absence of MIh1-Pms1 (Figure 2f). The genetic redundancy between the SHIP and MIP
boxes suggests that the Exo1-MIh1 interaction promotes mispair excision by Exol either by:
1) independent recruitment of Exol by Msh2 and MIh1; or 2) formation of a complex
containing Exol, Msh2-Msh6 and MIh1-Pms1 during MMR. Our identification of the two
Exol SHIP boxes, their redundancy with the Exol MIP box, and the potential interaction
site on Msh2 should now make it possible to better test hypotheses about the role of the
Ex01-MIh1 interaction in MMR.
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By screening and validating the S. cerevisiae proteome for Msh2-binding SHIP boxes, we
identified two Msh2-interacting proteins, Fun30 and Dpb3. We also identified three human
proteins likely to contain functional SHIP boxes: SMARCAD1 (homolog of S. cerevisiae
Fun30), WDHD1 (homolog of S. cerevisiae Ctf4) and MCM9, the latter two of which have
been previously demonstrated to bind human MSH25152, The fun30A mutation caused a
small partial defect in Exol-dependent MMR, consistent with previous results showing that
fun30A caused a modest defect in 5° resection during DSB repair*2:43, In addition,
consistent with this prior work on DSB resection, we found that a rsc24 mutation caused a
small partial defect in Exol-independent MMR and a larger defect in Exol-dependent MMR
with the magnitude of the MMR defects observed, suggesting that the Rsc complex plays a
greater role in MMR than Fun30. The largest increases in mutation rates observed in the
different fun30A4 and rsc2A mutant strains tested was equivalent to that expected for a loss of
approximately 5% of MMR. The partial defects in Exol-dependent and Exol-independent
MMR caused by FUN30and RSCZ2 deletions could reflect: 1) a limited role of the Fun30
and the Rsc complex in short range resection that likely occurs in MMR; 2) redundancy of
Fun30 and the Rsc complex with other chromatin remodelling complexes during MMR; or,
3) redundancy with other processes that can remove nucleosomes such as the interplay
between nucleosome segregation and de novo nucleosome assembly at DNA replication
forks 57 given that MMR is coupled to DNA replication2®58 or the ability of Msh2-Msh6 to
displace loosely associated nucleosomes®®. In contrast, deletion of DPB3did not seem to
cause a defect in either Exol-independent or Exol-dependent MMR in the assays used. This
result suggests that either the Msh2-Dpb3 interaction functions in a different aspect of DNA
metabolism or reflects a function in MMR, possibly a redundant function, that cannot be
easily detected using genetic assays; one possible function is recruitment of DNA
polymerase ¢ to the gap-filling reaction during MMR, something that would be redundant
with recruitment of DNA polymerase 6.

Online Methods

Strains and plasmids.

S. cerevisiae strains were grown in YPD (1% yeast extract, 2% Bacto Peptone and 2%
dextrose) or in the appropriate synthetic dropout media (0.67% yeast nitrogen base without
amino acids, 2% dextrose, and amino acid dropout mix at the concentration recommended
by the manufacturer (US Biological) at 30°C. All transformations with plasmids or PCR-
based deletion cassettes were performed using standard lithium acetate transformation
protocols.

All S. cerevisiae strains in this study were derived in the S288C strain background using
standard gene deletion and pop-in, pop-out methods (Supplementary Table 3). £XO1 point
mutations were integrated into the RDKY8075 genome by standard pop-in/pop-out of an
integrating pRS306 vector containing the appropriate exoZ mutation. Integration was
confirmed by sequencing the entire £X0O1 gene. Plasmid complementation experiments
utilized ARS CEN plasmids from the pRS series? in which the relevant gene was expressed
under control of its native promoter (Supplementary Table 4).
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Site directed mutagenesis.

Site directed mutagenesis was carried out using the GeneArt Site Directed Mutagenesis kit
(Invitrogen) as described in the manufacturer instructions. The presence of the correct
mutation and the absence of other mutations were confirmed by sequencing the complete
target gene.

Two-hybrid assay.

Plasmids expressing fusion proteins for yeast two-hybrid analysis were generated by
Gateway cloning (Invitrogen) the gene of interest without its start codon into either the
gateway modified bait vector, pPBTM116 containing the LexA DNA binding domain, or prey
vector, pACT2 containing the GAL4 activation domain (Supplementary Table 4). Bait
(7RPI) and prey (LEUZ2) plasmids were co-transformed into the L40 S. cerevisiae reporter
strain (Supplementary Table 3), in which a positive interaction of the bait and prey fusion
proteins results in expression of A/53and hence complementation of the //s3 mutation in
the L40 strain %2, Colonies were grown up overnight in -Leu -Trp selective media to
maintain plasmid selection and a 10-fold serial dilution series was plated on -Leu -Trp
control media and -Leu -Trp -His selective media to assay for two-hybrid interactions.

Mutation rate analysis.

Mutator phenotypes were evaluated using the hom3-10and lys2—-10A frameshift reversion
assays and the CANI gene inactivation assay2%:25. Qualitative analysis was done by patching
colonies onto YPD plates and replica plating onto the appropriate selective media (-Thr, -Lys
or -Arg + 60mg/L canavanine, respectively) for analysis of papillae growth. Mutation rates
were determined by fluctuation analysis using a minimum of 2 independently derived strains
and 14 or more independent cultures; comparisons of mutation rates were evaluated using
95% confidence intervals or by Mann-Whitney 2-tailed tests20:25,

Heteroduplex rejection assay.

The rates of recombination between sequences of 100% or 91% identity were measured as
previously described using strains containing inverted repeat recombination assays 4546,
Independent colonies were cut out from YPD plates and grown for two days in YEPGG
media (1% yeast extract, 2% peptone, 2% glycerol, 4% galactose). Recombination rates
were then measured by fluctuation analysis using a minimum of 2 independently derived
strains and 14 independent cultures by plating the cultures on either complete synthetic
media supplemented with 2% glycerol and 4% galactose or -His dropout media
supplemented with 2% glycerol and 4% galactose to detect His+ recombinants.

SHIP box peptides.

SHIP box peptides were synthesized by BioMatik at > 95% purity and were provided as a
TFA salt. All peptides were resuspended in 100% DMSO and stored at =80 C. In total, four
peptides were synthesized: SHIP1-WT (GSSQRSISGCTKVLQKFRYSSS); SHIP-AA
(GSSQRSISGCTKVLQKARASSS); SHIP-3A (GSSQRSISGCTKVAQKARASSS); and
SHIP-4A (GSSQRSISGCTKVAQAARASSS).
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Protein Purification.

Proteins were purified according to standard protocols as previously described for Exo114:15,
MIh1-Pms123.63 Msh2-Msh622:64 PCNA1465 DNA polymerase 6%, RFC-A1NS7, and
RPA®8 and were greater than 95% pure as determined by SDS-PAGE. All of the protein
preparations used were previously used in other published studies!415.18.24,

In vitro MMR assay.

The in vitro MMR repair assay was performed essentially as described415. 100 ng of
circular DNA substrate containing a +T mispair disrupting a Pst/ site and a Nae/nick 5° of
the mispair was used as substrate, and the final reaction contained 33 mM Tris pH7.6,
75mM KCI, 2.5 mM ATP, 1.66 mM glutathione, 8.3 mM MgCly, 80 ug/mL BSA, and 200
UM of each dNTP, 290 fmol PCNA, 220 fmol RFC-A1N, 390 fmol Msh2-Msh6, 20 fmol
DNA polymerase 6, 1.05 fmol Exol, and 1800 fmol RPA in a 10 pL volume. Reactions
containing SHIP peptide contained peptides at a final concentration of 39 uM (1000:1 molar
ratio SHIP peptide to Msh2-Msh6) unless indicated otherwise. Where necessary, proteins
were diluted in a buffer consisting of 7.5 mM HEPES pH 7.5, 200 mM KCI, 1 mM DTT,
10% (v/v) glycerol, and 0.5 mg/mL BSA prior to addition to the reactions. For experiments
analyzing peptide-containing reactions, a buffer portion of the reactions containing the
substrate DNA was set up separately and then mixed with a protein mixture that contained
all the proteins, including the SHIP peptides, where indicated, except Msh2-Msh6. Then the
Msh2-Msh6 was added and the reactions were incubated 2 hours at 30 C. The reactions were
then stopped by addition of EDTA, Proteinase K (Sigma), and glycogen (Thermo Scientific)
to final concentrations of 21 mM, 24 ug/mL, and 13.4 ug/mL, respectively, followed by
incubation for 30 minutes at 55°C. Reactions were extracted with phenol, and the DNA
substrate was precipitated with ethanol, followed by digestion with Pst/and Scal. Digested
DNA substrate was subjected to electrophoresis on a 0.8% agarose/IXTAE gel for 45
minutes at 100V. Quantitation was performed with Alpha Imager HP software. All
experiments were performed a minimum of 3 times and representative examples of each
experiment are presented in Figure 2.

In vitro mispair excision assay.

Microscopy.

Excision assays were performed exactly as described for the /n vitro MMR repair assay with
the following modifications: DNA polymerase & was omitted from all reactions, and the
substrate was not digested by Pst/ or Scal before being subjected to gel electrophoresis!4.
SHIP peptides were added at a final concentration of 39 pM in reactions containing peptide.
Exol was omitted as indicated.

Cells were grown in CSM medium to log phase and examined by live imaging using
Olympus BX43 fluorescence microscope with a 60x, 1.42 PlanApo N Olympus Oil
immersion objective. GFP fluorescence was detected using a Chroma FITC filter set filter
set and a Qimaging QIClick CCD camera. Images were captured using Meta Morph
Advanced 7.7 imaging software. Figures were prepared in Adobe Photoshop, keeping
processing parameters constant within each experiment.
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Identification of fungal Exol homologs.

The S. cerevisiae Exol protein sequence was submitted to the BLASTP server at NCBI1%°
and run against fungal species with sequenced genomes using the Biopython library’0. The
protein sequences for blast hits with an e-value less than 107> were downloaded. To identify
Exol homologs among the blast hits, a multiple sequence alignment containing all blast hits
and a number of reference S. cerevisiae proteins was generated using MAFFT version 7.127
using the options “--localpair --maxiterate 1000” 1. For fungal species that had a common
ancestor with S. cerevisiae after the whole genome duplication event that generated the
Exo1/Din7 ohnolog pair’?, the reference S. cerevisiae proteins used were Exol, Din7, Rad2,
Rad27, Yenl, and Mktl. For fungal species that did not undergo the whole genome
duplication event, the reference S. cerevisiae proteins used were Exol, Rad2, Rad27, Yenl
and Mkt1. Using the multiple sequence alignment, a phylogenetic tree was generated using
PHYLIP version 3.6673 with the programs PROTDIST and KITSCH. The resulting
phylogenetic trees can be described as a series of internal nodes linked by edges to a series
of terminal nodes (leaves) that contain protein sequences. Homolog identity was assigned
using the co-occurrence of an S. cerevisiae reference protein in the phylogenetic tree. First, a
Boolean vector (also called a bit vector) with one value per reference protein was generated
for each edge. If a reference protein node was the node that the edge ends in or a node that
descended from that node, then the value for that element in the vector was set to true. Thus
for the reference protein set [ Exol, Rad2, Rad27, Yenl, Mktl ], the edge that ends in Exol
would be labelled [ 1, 0, 0, 0, 0 ], and the edge at the top of the phylogenetic tree, which has
all reference proteins as descendants, would be labelled [ 1, 1, 1, 1, 1 ]. Second, the terminal
nodes were annotated based on the label of the connecting edge. If the label of the
connecting edge of a terminal node was comprised of only zeros, then the first non-zero
edge associated with the ancestor nodes was used as the label for the terminal node. Third,
terminal nodes containing the proteins from the blast hits were assigned a homology to one
of the reference protein sequences or “unknown”. For terminal nodes in which only a single
element of the Boolean vector is non-zero, the protein sequence at that node was assigned
that identity. For the definition of the Boolean vector described above, a terminal node
having a label of [ 0, 1, 0, 0, 0 ] would be reported as a homolog of S. cerevisiae Rad2.
Terminal nodes with Boolean vectors with multiple non-zero entries, eg.[1,1,0,0,0],
were assigned an unknown homology status. Homolog identity assignments are reported in
Supplementary Data Set 4. Protein sequences assigned as Exol homologs were then aligned
using MAFFT. The gene annotation model for some of the Exol homologs were modified
on the basis of errors that could be identified in the Exol multiple sequence alignment. Note
that most reannotations affected the more conserved 5’ end of the EXO1 genes where the
errors were most obvious. Most reannotations included identification of missing exons
(particularly exon 1, which is short in many species), removal of in-frame introns, or
removal of adjacent genes that were inappropriately annotated as being part of the £X0O1
gene (Supplementary Data Set 5).

Position-specific scoring matrix.

We generated a position-specific scoring matrix (PSSM)34 for the SHIP motif using standard
techniques. Briefly, we determined the count of each amino acid at each position in the
alignment of the SHIP boxes 1 and 2 from fungal Exol homologs were determined. A
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pseudocount of 1 was added to all positions that were zero, and then the counts were
converted to a fraction, £ ;, for each amino acid k at position /. £ j values were then
converted to log probabilities (M ) scaled by a background model: My ;= log( Fyj/ bk ).
The background model was calculated using the frequency of the different amino acids in
the proteins encoded by the S. cerevisiae genome. Raw scores (S;,,) for peptides were
calculated by adding up all M ;values from the PSSM for each amino acid kat position /
within the peptide sequence. We scaled the raw scores to be in the range 0 to 1 using the
equation: Secate = (Sraw= Smin)/ (Smax— Smin ), Where Spinand Sp,a, are the minimum and
maximum scores possible for any peptide scored by the PSSM.

Disorder prediction score.

The long-term disorder prediction score for each position in the proteins were generated
using IUPRED#?, and the disorder prediction score for each peptide was calculated by
averaging the scores for each of the residues in the peptide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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S. cerevisiae Exo1 construct Msh2 binding Mih1 binding
1 345 702
Fullength + +
SO —— / + -
0637702 --- + +
A603-702 - ————— . + +
A587-702 [ + +
0571702 R -~ — - - - - +
0571635 -- + +
A571-635 A671-702 - - - = - N +
Nuclease Domain l L |
Mih1 bindli#g site  Previously identified
(MIP box residues Msh2 !nteractlon region
443-448) (residues 306-702)
SHIP box 1 SHIP box 2
> < >
Saccharomyces cerevisiae 570-SISG-CTKVLQKFRYSSS-587 670-SKKRDI---ETTKSSQARPAVRSISLLSQFVYKGK*
Saccharomyces bayanus 589-SISG-CTKVLQORFRYSKS-606 689—-SKKSDI---MITKSSQSRPAVRSVSLLSQFVYKGK*
Saccharomyces mikitae 577-NISG-CTTVLOKFRYSSS-594 677-SNKREI---EASKSSQTRPAVRSISLLSQFVYKGK*
Ashbya aceri 547-QVTL-TKGLAAKFTYRSD-587 628—————mm= RQPSVSRHTVSSGTRQLS-LSNFLYKG*
Ashbya gossypii 543-QLTL-TKALAAKFIYRSE-565 629——mmmmmm ROSSGSRHKVSSGTRQLS-LSNFLYKG*
Eremothecium cymbalariae 548-SIKF-SKELLANFRYRVG-574 655 == LPHRGMPSSSSNCSRQLS-LTDFIYRG*
Kazachstania africana 583-KLSR-SSTILDKFKYSSL-600 694 ———mmmmm e DHGKPVSRPASRSVSLLTKFVYKHE *
Kazachstania naganishii 586-RIVG-CSNKLSQFRYNGL-603 693————————= RGSQPVISNRPAARSVSLLSQFAYRS*

Kluyveromyces lactis 560-DNQI-LAALRNKFLHTGG-577 648-——mmmmm e SSGFSSGSTSSTIS-LSQFAYSRK*
Naumovozyma castellii 568-ETRV-SSGSLORFRYSFT-585 678—-PNAGQ-———~. PMVAVRSSSSTSTASLLSKFVYRSR*
Naumovozyma dairenensis 589-PISP-FWNTLQKFRYSNS-606 693——————— EQKVMCTAVPAKRSVSLLSQFVYSNTKNGG*-723
Tetrapisispora blattae 630-TLCG-STNLLSHYRYAID-647 725————mmmmm KIEKQPHERSAKRSVSLLSQYIYRDK*
Tetrapisipora phaffii 609-SNTK-SLTFFQQFKYSPS-626 T6lemm e e KNISKVDNRRSVSSLSKFIYKDK*

Bits

Bait: Msh2 Prey: Exo1 F582A Y584A A637-702

SHIP box 1 (n=286) SHIP box 2 (n=281) SHIP boxes 1 and 2 (n=567)

SHIP 1 mutated SHIP 2 deleted

Bait: Mih1  Prey: Exo1 F582A Y584A A637-702

SHIP 1 deleted SHIP 2 mutated
Bait: Msh2 Prey: Exo1 A571-635 F697A Y699A

Bait: MIh1  Prey: Exo1 A571-635 F697A Y699A

Figure 1. Tworegionsin the S. cerevisiae Exol C-terminal tail mediate Msh2 interaction.

A. Summary of yeast two-hybrid interactions with various Exol deletion constructs in prey

vectors and their interactions with bait vectors encoding Msh2 or MIh1. The Exol-
FA447A,FA48A variant disrupts the Exol MIP box and the Mlh1 binding interaction. The
Ex01A571-702 and Ex01A571-635,A671-702 disrupt the Msh2 binding sites, but not the

Exo1-MlIh1 interaction. All experiments were independently repeated a minimum of 4 times.

B. Sequence alignment of the Msh2-binding regions of S. cerevisiae Exol with closely

related fungal species in the Saccharomycotina are displayed so that residues identical to S.
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cerevisiae are highlighted in green. C. Sequence logos generated by Seq2Logo (ref) for
alignments of SHIP box 1, SHIP box 2, and both SHIP boxes based on an alignment of 291
fungal species; note that the number of sequences for each SHIP box is lower than the total
number of fungal species analysed due to gene annotation errors and/or lack of conservation
of specific SHIP boxes. D. Yeast two-hybrid analysis reveals that the Exol-
F582A,Y584A,A637-702 and Ex01A571-635,F697A,Y699A constructs failed to interact
with the Msh2 bait (lack of growth on —Leu —Trp —His medium as compared to growth on
the control —Leu —Trp medium) but still retained interaction with the MiIh1 bait. All
experiments were independently repeated a minimum of 4 times.
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SHIP1 GSSQRSISGCTKVLQKFRYSSS
SHIP1-2A GSSQRSISGCTKVLQKaRaSSS
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Q>
I ANy & X o ¢ A
¢ & & & X X & N Q
® X X S X X K o
Y 62\ (.o% (.58 ‘.58 S B Qg Qg 006‘ < :52\
- — —
e - - - - — 0 O '-‘ Excison
.o . <« — : ~ . ] products
.o ; 2 « BTN EJ
- e
) ; <« b S
= - . <« -' ’J“JJ
356 16 21 11.7 209 -
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Figure 2. SHIP box peptidesinhibit Exol-dependent MMR and mispair-promoted excision in
vitro.

A. Sequence of the wild-type SHIP1 peptide and variant peptides in which conserved SHIP
box residues were replaced with alanine. B. Diagram of the mispair-containing substrate
with a 5” nick. C. Titration of the wild-type SHIP1 peptide into an /n vifro MMR reaction
which contains Msh2-Msh6, Exol, RPA, RFC, PCNA, and DNA polymerase 6. Repair is
assayed by restoration of a Psil restriction site at the mispair, and substrates are digested
with Psdl and Scal before running on an 1% agarose gel. D. Comparison of the inhibition of
the /n vitro MMR reaction by the presence of the wild-type SHIP1 peptide, or the presence
of peptides containing alanine substitutions. The molar ratio of peptide to Msh2-Msh6 was
1000:1. E. Comparison of the inhibition of the /n vitro MMR reaction containing or lacking
RPA as indicated by the SHIP1 peptide. For peptide-containing lanes, the molar ratio of
peptide to Msh2-Msh6 was 1000:1. F. A mispair-promoted excision reaction of the substrate
in a reaction containing Msh2-Msh6 and Exol (unless otherwise noted). For peptide-
containing lanes, the molar ratio of peptide to Msh2-Msh6 was 1000:1. All experiments
were independently repeated a minimum of 3 times, although only 1 representative
experiment is shown.
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1 345 702/ 294 1242
— y | | Exo1-Msh6-F33A,F34A
PIP box mutation (F33A,F34A)
A400-700 Y
- [ | Exo1-A400-700-Msh6-F33A,F34A
Exo1 Nuclease Exo1 Unstructured Msh6 Unstructured ~ Msh6 Structured
Domain C-terminal Tail ~ N-terminal Region Domains
B pol30-K217E exo1A C msh6A msh3A
Plasmid mutation rate (fold) lys2-10A Plasmid mutation rate (fold) lys2-10A
Empty vector 6.7 [4.27-10.7] x10° (72) Empty vector 7.7 [3.36-12.5] x10° (350)
EXO1 9.3 [4.42-25.5] x107 (1) MSH6 2.2[1.52-8.30 ]x107 (1)
EXo1- 1.5[0.94-2.37] x10° (1.6 MSH6-F33A,F34A  2.0[1.48-2.41] x10° (9
MSH6-F33A,F34a  1:5[0.94-2.37]x10°(1.6) ’ 0[1.48-2.41] x10° (9)
EXO1-
EX01-A400-700- , 1 8.7 [7.0-9.16] x10° (40)
MSH6-F33A, F34A 1.4[0.49-2.14] x10° (15) MSH6-F33A,F34A

EXO1-A400-700- 7.415.7-12.8] x10° (34)
MSH6-F33A,F34A

Figure 3. An Exol-Msh6 fusion can bypassthe requirement for MIP and SHIP box motifs.
A. Diagram of the fusions between full length Exol and the Msh6 PIP box (F33A,F34A)

mutant and the C-terminally truncated Exo1-A400-700 and the Msh6 PIP box mutant. B.
Mutation rates demonstrate that expression of wild-type Exol and both Exol-Msh6 fusions
complement the mutator phenotype of the exolA pol30-K217F double mutant strain
(RDKY8077) as measured using the /ys2-10A frameshift reversion assay. Note that
complementation by the EXOI-A400-700-MSH6-F33A,F34A is less efficient than the
fusion encoding the full length Exol protein. C. Mutation rates demonstrate that both Exo1-
Msh6 fusions complement the mutator phenotype of the msh6A msh3A double mutant;
however, the level of complementation is modestly reduced relative to wild-type MSH6 and
msh6-F33A,F34A. In all experiments, mutation rates were determined by fluctuation
analysis using 2 independently derived strains and 14 cultures; 95% confidence intervals are
provided in the square brackets and the fold-increase in mutation rates relative to the
complemented control strain are provided in parenthesis.
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MSH2 empty
MSH2 EXO1
msh2-M470I EXO1
msh2-R545C EXO1
msh2-G688R EXO1
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-Leu -Trp -His -Leu -Trp

Figure 4. The msh2-M470l mutation disrupts the Msh2-Exol interaction.
A. Yeast two-hybrid analysis of wild-type EXOL1 prey vectors with bait vectors carrying

MSH2, msh2-M4701, msh2-R545C, and msh2-G688R reveal that Msh2-G688R has a partial
Exo1 binding defect and that Msh2-M4701 is defective for Exol binding. All experiments
were independently repeated a minimum of 4 times. B. The positions of the S. cerevisiae
M4701, R545C, and G688R amino acid substitutions were modelled onto the human Msh2-
Msh6 structure (PDB id 208b, ref. 33). Msh2 is displayed in dark yellow ribbons, Msh6 is
displayed in blue cartoon, and DNA is displayed as a cartoon. Positions of the amino acid
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substitutions are shown as red spheres. C. The G688R amino acid substitution affects a
conserved glycine residue present in a loop adjacent to the Msh2 nucleotide-binding site that
contains an ADP molecule (green spheres) in the human Msh2-Msh6 structure. D. The
M4701 amino acid substitution affects a conserved methionine present at a site where the
helices in the helical arms that surround the DNA substrate pack against each other. The site
is also N-terminal to a loop that interrupts these helices and might be a site of flexibility in
the protein in the absence of DNA as revealed by DNA-free structures of 7hermus aquaticus
MutS€0.
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Figure 5. Bioinformatic identification of putative SHIP box peptidesreveals Msh2 interacting
proteins.

A. The 1,745 peptides from the nuclear S. cerevisiae proteome with a moderate or good
motif matching are plotted against their long-range disorder. Both known Exol SHIP boxes
are identified. B. Yeast two-hybrid analysis identifies both Fun30 and Dpb3 as Msh2
interacting proteins. All experiments were independently repeated a minimum of 4 times. C.
Disruption of the putative SHIP boxes in both Fun30 and Dpb3 disrupts the Msh2
interaction as measured by yeast two-hybrid analysis; Prey-Fun30 SHIP and Prey-Dpb3
SHIP constructs contain point mutations replacing the conserved aromatic residues in the
SHIP motifs with alanines. All experiments were independently repeated a minimum of 4
times. D. Wild-type Fun30 and Dpb3 do not interact with the Msh2-M4701 variant as
measured by yeast two-hybrid analysis, similar to the effect of the variant on the Msh2-Exol
interaction. All experiments were independently repeated a minimum of 4 times.
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Figure 6. Bioinformatic identification of putative human SHIP box peptidesreveals known and

potentially conserved M SH2 interacting proteins.

A. The 1,720 peptides from the nuclear human proteome with a moderate or good motif
matching are plotted against their long-range disorder. B, C, D, E. (L ft) Two-dimensional
plot of each 7mer peptide in the proteins plotted with the SHIP peptide motif score
generated with the PSSM along the x-axis and the peptide disorder score generated using
IUPRED 40 along the y-axis. Peptides with strong scores are labelled. (Right) Diagram of
the proteins with the position of the putative SHIP boxes displayed as black bars over a plot
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of the IUPRED long-range disorder score. Most putative SHIP boxes are present in extended
unstructured regions at the N- or C-termini of the proteins. Known human MSH2 interaction
regions are displayed using arrows.
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Table 1.

Mutation rates caused by Exol MIP and SHIP mutations at the £xoZ genomic locus

Page 26

RDKY
number

Relevant
Genotype

Thr+

Lys+

CanR

RDKY5964
RDKY 3688
RDKY7884
RDKY8075
RDKY8077

RDKY9358

RDKY9359

RDKY9360

RDKY9361

RDKY9362

RDKY9363

RDKY9364

Wild-type ™
msh24™
exo14™
pol30-K217E

poI30-K217E exo1A™

pol30-K217E
exol-MIP

pol30-K217E
exo0l-SHIP1

pol30-K217E
exo0l-SHIP2

pol30-K217E
exol-SHIP1, SHIP2

pol30-K217E
exol-MIR, SHIP1

pol30-K217E
exol-MIR, SHIP2

pol30-K217E

exol-MIR, SHIP1, SHIPZ

2.26 [1.22-3.30] x 1070 (1)
3.24 [2.60-4.33] x 107 (1,433)
4,93 [3.04-10.2] x 10 (2)
9.27 [7.47-18.0] x 1070 (4)
1.66 [1.39-3.54] x 1076 (735)

5.78 [4.56-10.9] x 107¢ (26)
1.72 [1.42-2.43] x 1078 (8)
2.08 [1.40-3.66] x 1078 (9)
5.06 [2.66-22.1] x 107 (22)
3.23[2.40-4.94] x 1077 (143)
559 [2.31-9.97] x 1077 (247)

1.33 [1.12-1.88] x 1076 (589)

1.01 [0.67-1.86] x 1078 (1)
9.38 [7.30-14.0] x 1075 (9,287)
4,02 [2.67-7.34] x 1078 (4)
3.26 [2.39-5.33] x 1077 (32)
4,04 [2.80-5.94] x 1075 (4,000)

2.79 [2.16-5.18] x 107 (275)
4,54 [3.48-5.81] x 107 (45)
5.78 [3.24-13.2] x 1077 (57)
1.37[0.84-16.1] x 1076 (135)
7.89 [5.68-10.2] x 1076 (778)
1.21 [0.53-2.12] x 1075 (1195)

4.10 [3.32-5.40] x 1075 (4,043)

5.65 [3.56-8.53] x 1078 (1)
2.98 [2.43-4.38] x 1076 (53)
2.58 [1.52-11.2] x 1077 (5)
3.99 [3.43-5.98] x 1077 (7)
4.76 [3.53-7.48] x 1075 (84)

8.14 [6.64-11.4] x 1077 (14)
5.94 [4.74-10.7] x 1077 (11)
6.59 [3.51-10.4] x 1077 (12)
1.18 [0.56-2.47] x 1076 (21)
2.15 [1.12-5.08] x 1076 (38)
1.60 [0.79-2.52] x 1076 (28)

2.88 [2.46-4.68] x 1076 (51)

Reported rates are the median rates with 95% confidence interval in square brackets. Fold increase in mutation rate over the wild-type strain rate
(RDKY5964) is listed in parenthesis. Total loss of mismatch repair is represented by /msh24 (RKDY3688). n=14 independent cultures from two
independently derived isolates.

*
measured in Goellner et. al. Molecular Cell 2011
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Table 2.

Mutation rates caused by apb34, fun30A4 and rsc2A mutations

RDKY
number

Relevant Genotype

Thr+

Lys+

RDKY5964
RDKY9371
RDKY9367
RDKY9409
RDKY9410
RDKY7884
RDKY9372
RDKY9368
RDKY9411
RDKY9412
RDKY8075
RDKY9373
RDKY9369
RDKY9413
RDKY9414

Wild-type”™
apb3A
fun304
rsc2A

fun30A4 rsc2A

exo1A”™
exolA dpb3A
exolA fun304
exolA rsc2A
exolA fun304 rsc2A
poI30-K217E~
pol30-K217E apb3A
pol30-K217E fun304
pol30-K217E rsc2A
pol30-K217E fun30A4rsc2A

2.26 [1.22-3.30] x 1079 (1)
4.74[1.33-189] x 1079 (2.1)
5.3[0.91-8.71] x 1079 (2.3)
3.8 [2.61-7.20] x 107 (1.7)
9.83 [4.25-64.3] x 1079 (4.3)
4.93[3.04-10.2] x 1079 (2.2)
7.53 [3.09-12.5] x 1079 (1.5)
1.06 [0.62-9.38] x 1078 (4.7)
3.38 [2.34-7.88] x 1078 (15)
1.96 [1.16-4.00] x 1078 (8.7)
9.27 [7.47-18.0] x 1079 (4)
1.54 [0.98-2.31] x 1078 (6.8)
4.39 [3.02-6.01] x 1078 (19)
7.46 [3.21-25.9] x 1078 (33)
1.36 [0.97-6.18] x 1077 (60)

1.01 [0.67-1.86] x 1078 (1)
1.33 [0.54-2.39] x 1078 (1.3)
2.84[1.72-5.01] x 1078 (2.8)
2.74[0.77-3.47] x 1078 (2.7)
5.27 [3.23-14.0] x 1078 (5.2)

4.02 [2.67-7.34] x 1078 (4)

5.14 [4.74-6.36] x 1078 (5)
7.28 [4.51-23.7] x 1078 (7.2)
1.05 [0.8-1.23] x 1076 (100)
2.79 [1.78-4.08] x 1077 (28)
3.26 [2.39-5.33] x 1077 (32)
4.89 [3.75- 9.84] x 1077 (48)
8.34 [6.49-10.7] x 1077 (83)
3.66 [2.85-6.63] x 1076 (362)
3.38 [1.54-4.10] x 1076 (335)

Page 27

Reported rates are the median rates with 95% confidence interval in square brackets. Fold increase in mutation rate is listed in parenthesis as
compared to the wild-type strain. ). n=14 independent cultures from two independently derived isolates.

*
measured in Goellner et. al. Molecular Cell 2014
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