











294 Nucleic Acids Research, 2014, Vol. 42, No. 1

>
-
[=2]
o

Can" mutation rate (x108)

Figure 1. Both the structural and the catalytic functions of Revl are required for the mutagenic response to replication perturbations. (A) Rate of
Can' mutation in the po/3-Y708A4 strain and its revl derivatives. All data are from Supplementary Table S1 and are medians and 95% confidence
limits for at least 18 independent cultures. The upper confidence limit is not shown for the strongest mutator strain. The bracket represents the
difference in mutation rate for the pol3-Y708A4 and pol3-Y708A revi-cd strains. (B) Rates for individual types of base substitutions and complex
mutations in the pol3-Y708A4 and pol3-Y708A revi-cd strains. Data are from Supplementary Table S2. (C) A working model of complex mutation
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Sites of the Pol {/Revl-dependent complex mutations
coincide with sites of replicative polymerase stalling

To determine if complex mutations occur at sites of rep-
licative polymerase stalling, we studied the progression
of DNA synthesis by T4 DNA polymerase (T4 Pol) and
the yeast Pol & through the yeast CAN/ gene, in which
we previously scored the complex mutations in vivo.
Single-stranded circular templates for the in vitro reactions
were obtained by cloning the CAN/ gene in an M13mp2-
based vector in two orientations, such that the pausing
pattern during copying of both strands could be
analyzed. The complex mutations in the po/3-Y708A4
strain were observed at a variety of sites within the
CANI gene (22). We constructed a series of singly
primed substrates by annealing the single-stranded
M13mp2-CANI templates to Cy5-labeled primers comple-
mentary to different regions of the CANI (Supplementary
Figure S2). The location of primers was chosen such that
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the probability of DNA synthesis termination could
be evaluated at each nucleotide position within the first
540nt of CANI, a region that spans 11 complex mutation
sites (Supplementary Figure S2). Remarkably, for 10 of
the 11 sites, a significant impediment of DNA synthesis
was seen with both T4 Pol and Pol & just before the
complex mutation site (three examples are shown in
Figure 2). The similar pausing pattern observed with T4
Pol and Pol 6 suggests that it is the DNA template features
and not the polymerase identity that determines the
location of pause sites.

The catalytic activity of Revl alleviates replicative
polymerase stalling at sites of complex mutations

The working model shown in Figure 1C predicts that
Revl can insert a nucleotide at sites where replicative
polymerases pause synthesis. To test this, we repeated
the Pol & primer extension assays described in the
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Figure 2. Sites of Pol {/Revl-dependent complex mutations coincide with sites of replicative polymerase stalling. DNA synthesis by T4 Pol and yeast
Pol ¢ on singly primed single-stranded M13-CANI1 template was as described in Materials and Methods. Primers A and D (Supplementary Figure
S2) were used in reactions shown in panels (A) and (B), respectively. The sequence of the nascent DNA strand is given to the left of the gel images.
The complex mutations observed in the po/3-Y708A strain (22) are shown in red, with numbers indicating nucleotide positions of base substitutions.

10z ‘g Aenuer uo Arligi [ooyos meT ‘AiseAiun uolbuiysep e /B1o'seulnoployxo reuy/:dny wodj papeojumoq


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt830/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt830/-/DC1
nucleotides 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt830/-/DC1
prior to
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt830/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt830/-/DC1
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/

296 Nucleic Acids Research, 2014, Vol. 42, No. 1

previous section in the presence of Revl or its catalytically
inactive variant. The effect of Revl variants on the pro-
gression of DNA synthesis through two complex mutation
sites in CAN1 is shown in Figure 3. In both cases, Pol
pauses at a site where the next correct nucleotide to be
added is a C. Therefore, Revl could potentially take over
the primer terminus and incorporate an additional nucleo-
tide if the template sequence at the complex mutation site
does not inhibit it as much as it inhibits Pol 8. Indeed, at
both complex mutation sites, the presence of the catalyt-
ically active Revl helped extend the primer by 1 or 2nt
beyond the Pol & stall sites (Figure 3). In contrast, inclu-
sion of a catalytically inactive Revl in the reaction did not
alter the Pol o pausing pattern, indicating that it is the
deoxycytidyl transferase activity and not just the
physical presence of Revl that helped alleviate the
stalling. In addition to the known complex mutation
sites, the catalytic activity of Revl similarly reduced
pausing at other sites where Pol 6 experienced difficulties
extending the primer (see, for example, lower molecular
weight bands indicating DNA synthesis pausing ~10nt
upstream of the complex mutation in Figure 3A).
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Figure 3. The catalytic activity of Revl alleviates replicative polymer-
ase stalling at sites of complex mutations. DNA synthesis by Pol § in
the presence or absence of Revl or Revl-CD through the sites of
complex mutations #1 (A) and #10 (B) was as described in ‘Materials
and Methods’ section. All reactions contained PCNA, RFC and RPA.
The complex mutation sequences are shown in red to the left of the gel
images. The reaction with Pol 6 and Revl-CD shown in the last lane in
panel (B) was done in a separate experiment containing 5-fold higher
concentrations of PCNA and RFC (0.08 and 0.012 uM, respectively).
This was necessary to overcome a strong inhibitory effect of Revl-CD
on Pol 8-dependent synthesis with this substrate, which was presumably
owing to efficient binding of Revl-CD to the primer/template with a G
in the first templating position.

In the absence of the Rad5/Mms2/Ubc13 pathway, the
catalytic activity of Revl is no longer required for
DRIM and the generation of complex mutations

The hypothesis shown in Figure 1C suggests that, in the
absence of the catalytic activity of Revl, the stalled repli-
cation intermediates are processed in an error-free manner
via the Rad5/Mms2/Ubcl3 pathway. This potentially
explains the reduced rate of complex mutations in the
pol3-Y708A revl-cd strain in comparison to the pol3-
Y708 A strain (Figure 1B). As discussed previously, we
predicted that inactivation of the error-free pathway
could prolong the replication stalling and enable the gen-
eration of complex mutations by Pol { even if the Revl
deoxycytidyl transferase is not available. In our experi-
mental system, we expected that the pol3-Y708A4 revi-cd
double mutants might regain the ability to accumulate
complex mutations at a high rate if the Rad5/Mms2/
Ubcl3 pathway is inactivated. To test this prediction, we
compared the rate and spectrum of Can" mutation in the
pol3-Y708 A and pol3-Y708A revi-cd strains in the Mms2-
deficient background. Consistent with the previously pub-
lished data (73), the mms2A mutation alone results in a
mutator phenotype (Figure 4A and Supplementary Table
S1), presumably due to channeling the bypass of endogen-
ous DNA lesions to the mutagenic TLS pathway. The rate
of Can" mutation in the pol3-Y708A4 mms2A strain was,
thus, higher than in the single po/3-Y708 A mutant, reflect-
ing the contribution of the mms24 mutator. The inter-
action of the mutator effects of pol3-Y7084 and mms24
was strictly additive (Figure 4A and Supplementary Table
S1), similar to the interaction of po/3-Y708A4 with other
mutations elevating endogenous damage-induced muta-
genesis (22). The spectrum of mutations in the pol3-
Y7084 mms24 also appeared to be a combination of the
mutational spectra of the single po/3-Y708A4 and mms2A
mutants [Supplementary Table S2, Supplementary Figures
S5C and D; (22)]. This indicates that the Mms2 defect
does not significantly affect the DRIM pathway in
strains that carry functional Revl. The effects of the
revl-cd mutation on DRIM in the Mms2" and Mms2~
strains, however, were dramatically different. In contrast
to the Mms-proficient strains and in full agreement with
our hypothesis, the revi-cd mutation did not reduce
the overall rate of Can" mutation (Figure 4A and
Supplementary Table S1) or the rate of complex
mutation (Figure 4B, Supplementary Table S2 and
Supplementary Figure S5E) in the Mms2-deficient back-
ground. Thus, when the error-free Rad5/Mms2/Ubcl3-
dependent bypass is inactive, the accumulation of Pol
{-dependent complex mutations at sites of replication
stalling no longer requires the catalytic activity of Revl.

The nature of complex mutations reveals
template-switching DNA synthesis events triggered
by noncanonical DNA structures

The results described in previous subsections (Figures 2—4)
provided strong support for the idea that a large propor-
tion of Pol {-dependent mutations occur at sites of
replicative polymerase stalling and are triggered by a
C incorporation by Revl at the beginning of the ‘difficult’
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Figure 4. Effect of the revi-cd mutation on DRIM in Mms2-proficient and Mms2-deficient background. The diagrams show the rate of Can®
mutation (A) and complex mutation (B) in the wild-type, pol3-Y708A4 and pol3-Y708A revi-cd strains in the presence and absence of Mms2.
Data in (A) are from Supplementary Table SI and are medians and 95% confidence limits for at least 18 independent cultures. The bracket
represents the difference in mutation rate for the po/3-Y708A4 and pol3-Y708A revi-cd strains. Data in (B) are from Supplementary Table S2.

template sequence (Figure 1C). We next asked whether the
DNA template sequence at the sites of complex mutations
possessed any specific features that caused the replication
stalling and required the action of Revl. It is well known
that DNA polymerases can be blocked by non-B DNA
structures. Therefore, we analyzed the CAN/ sequence
for the presence of repeats that could fold into unusual
secondary structures. We found no stable non-B structures
resembling those previously implicated in genome
instability in prokaryotic or eukaryotic cells (36-49).
Remarkably, however, 9 out of 10 polymerase pause
sites associated with the Pol {-dependent mutations were
immediately followed by short (4-6nt) inverted repeat
sequences. This suggested that the polymerase pausing
could potentially be caused by small hairpin structures
formed by these repeats. To provide additional evidence
that these small structures can, in fact, form and inhibit
replicative polymerases, we studied the progression of
DNA synthesis through a 4-nt repeat sequence in both
directions by using either the coding or noncoding
strand of CANI as a template. With both substrates, the
synthesis paused exactly at the base of the proposed
hairpin (Figure 5), indicating that the non-B DNA struc-
ture was indeed responsible for the pausing. The ability of
Revl to incorporate a nucleotide after Pol § has paused
(Figure 3), thus, reflects a unique way of handling hairpin
template structures by this TLS polymerase.

We then hypothesized that the drastic sequence substi-
tutions that we score as complex mutations result not
from multiple sequential misincorporations as proposed
earlier (7), but rather from template-switching DNA
synthesis triggered by replicative polymerase stalling
at short-lived hairpin structures. About a quarter of
complex mutations observed in the pol3-Y708A4 strain
[Supplementary Figure S3; (22)] involve the introduction
of a completely foreign sequence that was long enough to
attempt the identification of a region in the vicinity of the
small hairpin that could potentially template these events.

In all of these mutation cases, the template for the
mutant sequence was found on the opposite DNA
strand immediately adjacent to the proposed hairpin
structure (two examples are shown in Figure 6). The al-
ternative template also contained up to 3 nt following the
mutant sequence that, when copied, would allow for the
generation of a correctly paired primer terminus after
realignment of the nascent strand with the original
template. These observations allowed us to propose a
more specific model of the complex mutation generation
that is supported by our biochemical, genetic and struc-
tural analysis (Figure 6). According to this model, repli-
cative polymerases stall synthesis upon encountering
short, and presumably transient, hairpin structures (step
1 in Figure 6). Unlike the replicative polymerases, Revl
is efficient at inserting a nucleotide at the hairpin base,
so it takes over the replicative polymerase to extend
the primer terminus by 1 or 2nt (step 2 in Figure 06).
A template G near the hairpin base is likely a prerequisite
for this step, which was the case for the complex
mutation sites that we studied. The incorporation of
a C by Revl is, thus, not necessarily mutagenic itself.
We propose, however, that Revl subsequently hands
over the primer terminus to Pol £, which is followed by
an intermolecular template switching (step 3 in Figure 6).
The synthesis continues using the opposite strand
template until the polymerase approaches the comple-
mentary hairpin on the opposite strand. Realignment of
the nascent strand with the original correct template (step
4 in Figure 6) produces primer termini that have one to
three correctly paired nucleotides at the 3’-end and
multiple mismatches further into the double-stranded
region. These primer termini might not be good sub-
strates for replicative DNA polymerases that typically
require more than three complementary nucleotides at
the 3’-end for efficient extension. Pol {, in contrast, is
highly efficient at extending mismatched primer termini
(3). Extension of the ‘realigned’ primer termini by Pol
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Figure 5. Stalling occurs at both sides of the hairpins that reside at the sites of Pol {/Revl-dependent complex mutations. The hairpin structures
predicted to form at the site of complex mutation # 1 in the coding and noncoding strands of CAN/ are depicted in the middle. The gel images show
progression of DNA synthesis by T4 Pol through this region from the left (see also Figure 2A for more detailed analysis of synthesis in this direction)
and from the right as indicated by arrows. Primers A and B (Supplementary Figure S2) were used in the reactions shown in the left and right images,
respectively. The sequence of the nascent DNA strand is shown on the left of the gel images. The triangles indicate sites of the polymerase stalling.
The sequence of complex mutation # 1 is shown in red. Gray arrows show the locations of the inverted repeats that form the hairpin stem.

(step 5 in Figure 6) would be consistent with the require-
ment for this polymerase for the generation of complex
mutations in vivo. Not all complex mutation sites we
previously observed contain a C at the beginning or
before the mutant sequence (22). This is consistent with
the observation that the requirement for the catalytic
activity of Revl in the generation of complex mutations
is strong but not absolute (Figure 1B). In contrast, the
physical presence of Revl was essential for the complex
mutation formation: no complex events of any kind were
seen in pol3-Y708A reviA strain (Supplementary Table
S2 and Supplementary Figure S5A). This may reflect
the critical structural role of the Revl protein in
promoting the template switching, facilitating the
extension of multiply mismatched primer terminus by
Pol ¢ or both. Curiously, complex mutations do occur,
albeit rarely, in Pol (-deficient strains. They typically
involve changes where the original sequence, the
mutant sequence or both are >6nt [(22);
Supplementary Figure S3]. In two cases when the
mutant sequence was long enough to identify a unique
location in the yeast genome where the mutation was

templated, the ectopic template was found on a different
chromosome (Supplementary Figure S4). Remarkably,
this alternative template allowed for synthesis of a
DNA stretch that, when realigned to the original
CANI sequence, creates primer termini with seven or
eight correctly paired nucleotides, thus presumably
eliminating the requirement for Pol { for the extension
step.

Pol { extends mispaired primer termini that we propose
are generated during the formation of complex mutations

The last step of our model implies that the ‘realigned’
primers containing only one to three correctly paired nu-
cleotides at the 3’-end are extended by Pol { to generate
the complex mutations. The model also implies that rep-
licative DNA polymerases are not efficient in extending
such primer termini because the complex mutations are
not formed in the absence of Pol {. Therefore, we asked
whether the primer termini depicted in Figure 6 could be
extended by purified T4 Pol, yeast Pol 6 or yeast Pol {
in vitro. To create singly primed single-stranded DNA sub-
strates for these assays, we used oligonucleotides that
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(see also Figure 3).

generated multiply mismatched primers identical to those
shown in Figure 6 (Figure 7A). Fully matched primers
that anneal at the same position of the CANI were used
as a control (Fig. 7A). Both T4 and Pol & extended the
mispaired  primer termini extremely inefficiently
(Figure 7B and C). Instead, both enzymes degraded
these primers using their 3’ exonuclease activity. The
control fully matched primers were extended by both T4
and Pol §, and little or no degradation was observed. In
contrast, Pol { extended the mismatched and control
matched primers with comparable efficiency (Figure 7D),
consistent with its proposed role at the last step of
complex mutation formation.

GC—CG transversion hotspots are associated with
exceptionally strong DNA polymerase pause sites at a
predicted hairpin structure

GC—CG transversions constitute the largest class of
spontaneous mutations in the pol3-Y708A strain and are

entirely Pol {-dependent (22). The 540-bp segment of the
CANI gene, in which we examined DNA polymerase
pausing, contains two sites where GC—CG transversions
were repeatedly observed (positions 352 and 364;
Supplementary Figure S2). Half of all GC— CG substitu-
tions within the 540-bp segment occurred at these hotspots
(22). Remarkably, we found that the hotspots immediately
flank a DNA region containing 5-nt inverted repeat se-
quences (Figure 8C). The hairpin formed by these
repeats would contain four GeC base pairs in the stem
region and, therefore, is predicted to be exceptionally
stable. Consistent with this prediction, the strongest
DNA synthesis pause sites we observed within the
540-bp region correspond to the base of this hairpin
(Figure 8A and B). In fact, very limited, if any, DNA
synthesis was seen beyond the hairpin in either direction.
Thus, similar to the complex mutations, the GC—CG
transversions apparently occur at sites where the replica-
tive polymerase is blocked by a hairpin structure. Because
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the deoxycydidyl transferase activity of Revl can help al-
leviate the replicative polymerase pausing at such sites
(Figure 3), we next considered a possibility that the
GC—CG transversions are generated through an errone-
ous C incorporation by Revl. Transversions at position
352 would, indeed, be consistent with polymerase pausing
during synthesis of the coding strand of CANI followed
by an incorrect C incorporation (Figure 8C). In contrast,
transversions at position 364 would involve pausing
during the noncoding strand synthesis and require an in-
correct G incorporation, presumably by an enzyme other
than Revl. In excellent agreement with this scenario,
GC—CG transversions were no longer observed at
position 352 in the revi-cd strain expressing the catalytic-
ally inactive Revl, while the hotspot at position 364 per-
sisted (Figure 8C and Supplementary Figure S5B). Taken
together, the results suggest that GC—CG transversions
are strongly promoted by the replicative polymerase
stalling at hairpin structures and could occur through in-
correct nucleotide incorporation by Revl or another
DNA polymerase at the hairpin base. Because only 1 nt

is altered in these cases, it is not possible to determine
whether synthesis on an alternative template is involved
in the generation of these mutations. Among nine
GC—CG transversions observed previously in the
540-bp CANI segment outside the hotspots (22), several
map to bases of predicted hairpin structures, while others
do not (data not shown). This suggests the existence of
additional minor mutational pathways or, potentially, the
involvement of less stable DNA secondary structures that
our analysis did not identify.

DISCUSSION

This study reveals the molecular details of the interplay
between replicative DNA polymerases, the Revl
deoxycytidyl transferase, Pol { and the Rad5/Mms2/
Ubcl13 pathway in replication of structurally ambiguous
DNA regions. The results suggest that short (4-6nt)
inverted DNA repeats, which were not generally thought
to present a challenge for the replication machinery, can
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Figure 8. GC—CG transversion hotspots coincide with strong DNA polymerase pause sites. (A) Stalling of T4 Pol and yeast Pol § at the site of base
substitution hotspots at positions 352 and 364 during synthesis of the coding CAN/ strand. (B) Stalling of T4 Pol at the site of the base substitution
hotspot at position 364 during synthesis of the noncoding CAN/ strand. The analysis was as in Figure 2 except that primers C and F (Supplementary
Figure S2) were used in reactions shown in panels (A) and (B), respectively. (C) Hotspots of Revl-dependent and Revl-independent GC—CG
transversions are observed at the base of the predicted stable hairpin structure. Sequence of the coding CAN/ strand is shown. Mutations observed at
positions 352 and 364 in the po/3-Y708A4 and pol3-Y708A revi-cd strains are shown above the sequence of the coding CANI strand. Inverted repeats
with a strong potential to form a hairpin structure (open arrows) and DNA synthesis pause sites (black triangles) are shown on the top sequence. The
pause site above and below the sequence refer to synthesis in the ‘left-to-right” and ‘right-to-left’ direction, respectively. The size of each triangle
approximately corresponds to the severity of the replication block.
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fold into hairpin structures and cause replication pausing
and activation of mutagenic Pol {/Revl-dependent DNA
synthesis. This is consistent with earlier observations that
short DNA repeats can form stable hairpins in solution
and in double-stranded DNA in vivo (74-77). The stability
of the structures depends on the nucleotide composition of
the stem and loop regions; stable hairpins with as few as
two correctly paired nucleotides in the stem were reported
in these studies. The genetic and biochemical data pre-
sented here provide strong support for the following
model (Figure 9). The replicative polymerase stalling at
the base of a small hairpin provides a signal for the
recruitment of the TLS polymerase Revl. The Revl is
not significantly inhibited by the hairpin and incorporates
a nucleotide across from the base of the structure in an
attempt to relieve the stalling. The nucleotide incorpor-
ation by Revl triggers a template-switching event that
allows for the hairpin bypass. This bypass is mutagenic
owing to the use of an ectopic DNA template and the
involvement of the low-fidelity Pol { (Figure 9, top). If
Revl does not take over the primer terminus at the
hairpin base, the stalled replication intermediates are pro-
cessed via the Rad5/Mms2/Ubcl3 pathway in an error-
free manner (Figure 9, bottom). The availability of Revl
at replication forks stalled at the hairpin structures may be
the key factor determining whether the stalling is resolved
via the error-prone or an error-free mechanism.

Previous studies led us to conclude that DRIM does not
reflect mutagenic bypass of endogenous DNA lesions but
rather results from error-prone copying of undamaged
DNA by Pol  (22). The identification of sequences with
a potential for hairpin structure formation as a major
cause of DRIM provides further support to this notion.
We observed earlier that combining a DNA replication
defect, such as the one caused by the pol3-Y708A4
mutation, with a nucleotide excision repair or a base
excision repair defect causes an additive increase in the
mutation rate (22), although all the single mutants are
Pol (-dependent mutators. The action of Pol { on
distinct types of substrates, hairpins in the replication-
deficient strains and DNA lesions in the repair-deficient
strains is in excellent agreement with the observed additive
interaction. Similar additivity is seen in this study when
the pol3-Y7084 and mms2 mutations are combined
(Figure 4 and Supplementary Table S1). This is consistent
with the view that the mutator phenotype of mms2 strains
results from a larger proportion of endogenous DNA
lesions being bypassed by the mutagenic Pol {-dependent
TLS pathway in these strains (73).

|

—_—

Switching to Rev1
deoxycytidyl transferase

The additive interaction of po/3-Y708A and mms2 also
indicates that the inactivation of the Rad5/Mms2/Ubc13
pathway does not increase DRIM. In contrast, inactiva-
tion of the catalytic activity of Revl reduces DRIM,
including the template-switching—dependent complex mu-
tations, apparently by channeling the processing of the
stalled replication intermediates to the Rad5/Mms2/
Ubcl3 pathway (Figure 4). This suggests that the Revl/
Pol {-dependent and the Rad5/Mms2/Ubcl3-dependent
bypass pathways do not compete for the same stalled
intermediates, but the Rad5/Mms2/Ubcl3 pathway
rather acts only after the Revl/Pol {-dependent processes
are completed. In cells with functional Revl and Pol (,
nearly all replication-blocking structures are processed
through the mutagenic pathway, and the error-free
pathway serves as a back-up for the cases when Revl
and Pol ( fail to bypass the structure. This is consistent
with the fact that the mutagenic activity of Revl and Pol {
during DRIM is regulated by monoubiquitylation
of PCNA at lysine 164 (6), and the error-free bypass
requires polyubiquitylation of PCNA at the same
residue (78,79). These processes can only occur sequen-
tially. The Rad5/Mms2/Ubc13 pathway is thought to act
postreplicatively, at least in the case of DNA damage
bypass (72). A striking feature of the Revl/Pol {-depend-
ent bypass of the proposed hairpin structures is that the
ectopic template used for the bypass is found on the
opposite strand immediately adjacent to the polymerase
stall site (Figure 6). This led us to speculate that, in
contrast to the postreplicative error-free bypass, the
Revl/Pol {-dependent template switching occurs at the
replication fork when the opposite strand is still available
in the single-stranded form. It is noteworthy that while the
pol3-Y708A strain, like many other strains undergoing
DRIM, shows moderate growth deficiency, the rev3,
revl, mms2 or double revi-cd mms2 mutations do not
decrease fitness further (our unpublished observations).
This is consistent with the existence of multiple redundant
pathways that could resolve stalled replication forks.

Several additional observations suggest that both Revl
and Pol  are needed to keep the template-switching events
within close proximity of the original replication stalling
site. Although the po/3-Y708A strain could accumulate
complex mutations at a high rate in the absence of the
catalytic activity of Revl if we also inactivated MMS2
(Figure 4, Supplementary Table S2 and Supplementary
Figure S3), none of these complex events were templated
in the proximity of the mutation site. In these cases, the
rather short mutant sequences did not allow us to identify

Rev1/Pol {-dependent » Mutation
—» tempate switching
at the fork

Replication pausing \
at commonly occurring Postreplicative Rad5/Mms2/Ubc13-

transient hairpin
structures

dependent template switching

— No mutation

Figure 9. Pol { and Revl facilitate the mutagenic bypass of noncanonical secondary structures in DNA.
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the location of ectopic template sites with any degree of
certainty. Analysis of the spectrum of mutations that
occurred in the absence of Pol {, however, provided an
illuminating example. The rare complex mutations found
in the pol3-Y708A4 rev3A strain typically involved more
extensive sequence changes than those in Pol {-proficient
strains [(22); Supplementary Figure S3], and the two
largest sequence substitutions were clearly templated on
a different chromosome (Supplementary Figure S4).
Finally, one more confirmation of the role of Pol { and
Revl in limiting the distance at which the template
switching can occur comes from the analysis of deletions
between short direct repeats in the absence and presence of
Pol {/Revl. Such deletions are believed to result from rep-
lication slippage (template switching without subsequent
realignment of the primer) and are strongly increased by
replicative DNA polymerase defects, including the pol3-
Y7084 (22,80,81). We have shown previously that
although inactivation of Pol { does not affect the
frequency of these events, it greatly increases the size of
the deletions, presumably allowing for slippage over
greater distances (22). The inactivation of Revl had a
similar effect on the deletion sizes in the present study
(Supplementary Figure S5A). These observations sug-
gest that the biological significance of the Pol {/Revl-
dependent template switching could be to provide a
means of efficient bypass of replication impediments
directly at the fork and prevent primer relocation to distant
loci, which could lead to global genomic rearrangements.
The hairpin structure formation in vivo is expected to be
inhibited by the single-strand DNA binding protein RPA.
Interestingly, we observed similar pausing pattern in the
in vitro DNA synthesis reactions with T4 Pol, which were
performed in the absence of accessory proteins, and in the
yeast Pol & reactions, which contained enough RPA to
cover the entire single-stranded template (Figure 2).
Moreover, we observed no difference in the Pol & stalling
pattern when RPA was omitted from the reactions (data
not shown). This suggests that RPA may not efficiently
prevent the formation of the small hairpin structures.
Pol {-dependent complex mutations are also generated
during the bypass of endogenous DNA lesions (57,82,83).
It is likely that the replicative polymerase stalling is
induced by the lesions rather than by noncanonical
DNA structures in these cases. To explain the origin
of these mutations, the authors proposed a
misincorporation-slippage model wherein the mutagenic
bypass of a damaged base precedes and initiates a subse-
quent slippage event. Although DRIM is largely unrelated
to the bypass of endogenous lesions (22), we can not
exclude that some of the complex mutations we observe
occur via the misincorporation-slippage mechanism.
Among the complex mutations in the pol3-Y708A strain
that involve multiple changes within at least 3 nt, two
potentially distinct classes can be noted. About half of
the mutations involve a change of a 3-6nt stretch to a
completely different sequence. The other half seemingly
involved two different point mutations (base substitutions
or frameshifts) separated by two to four unchanged
nucleotides (Supplementary Figure S3). We observed
that all mutations of the first class (complete sequence
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replacements) could be easily explained by template
switching, using either the opposite strand template as
shown in Figure 6 or (in the minority of cases) a nearby
ectopic location on the same strand [Supplementary
Figure S1 in (22)]. In contrast, only one of four mutations
of the second class could be explained by the template-
switching mechanism proposed in Figure 6. It is, there-
fore, possible that at least two distinct pathways exist
that lead to complex mutations. Pol {, however, is an
essential player in each of these pathways, likely because
they all require its unique ability to extend primers with
multiple mismatched nucleotides.

Complex mutations associated with template switching
at short inverted repeat sequences are well known to occur
in bacteriophage T4 and E. coli (46,47,52-56). However,
the mechanism of these events supported by extensive
genetic studies is different from the model for Pol {/
Revl-dependent mutagenesis proposed in Figure 6. The
Pol {/Revl-dependent mutations in our model are trig-
gered by replicative polymerase stalling at hairpins
formed by perfect inverted repeats and involve the use
of an alternative template outside of the repeat region.
These mutations destroy the original palindromic
sequence. In contrast, in the model originally proposed
by Lynn Ripley (84) and substantiated by the Lovett
laboratory (53-55), complex mutations occur at sites
of imperfect inverted repeats when one side of the
quasipalindrome is mistakenly used as a template for rep-
lication of the other side. The mutations, thus, lead to
perfection of the quiasipalindrome. None of the Pol {/
Revl-dependent complex mutations we observed could
be explained by this mechanism despite the presence of
multiple imperfect inverted repeats in the yeast CANI
gene sequence. This could reflect differences in the
severity of replication problems created by perfect and
imperfect hairpins in the different experimental systems,
the ways the prokaryotic and eukaryotic replication
machineries handle hairpin structures, the availability of
DNA polymerases capable of template-switching DNA
synthesis or other factors.

Several recent reports implicate eukaryotic TLS poly-
merases in facilitating replication of alternatively
structured DNA, including G-quadruplexes and other
non-B DNA structures that constitute major obstacles
for the replication machinery (85-88). The present study
expands these observations by suggesting a role for Pol {
and Revl in the bypass of small hairpin structures that are
much more common in all genomes. Furthermore,
although it is becoming increasingly clear that DNA se-
quences capable of adopting non-B DNA conformations
are prone to mutation, our study gives this view a new
perspective. Under conditions of perturbed replication,
we observed little mutagenesis other than that dictated
by the local DNA structure. Both complex mutations
and base substitution hotspots occurred at sites of repli-
cative polymerase stalling at the predicted small hairpin
structures (Figures 2 and 8). In our experimental system,
the use of a replication-deficient strain artificially elevated
the rate of these events, which allowed us to decipher their
mechanism. The significance of these findings, however, is
not limited to the specific Pol 8 mutant used here. DRIM
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is caused by a wide variety of defects in the replisome
components (6,19,89). Mutations in Pol & and Pol ¢ that
could potentially result in a defect in the replication fork
progression and recruitment of error-prone polymerases
have been found in human cancers (90-93). We also pre-
viously reported that treatment of wild-type yeast cells
with the replication inhibitor hydroxyurea causes a Pol
C-dependent increase in mutagenesis that resembles
DRIM (22). Thus, the results of this study are likely to
be applicable to a variety of biologically and clinically
important situations. Reduction in the dNTP pool and
replication inhibition due to changes in the environment
or therapeutic treatments are all expected to trigger Pol -
and Revl-dependent mutagenesis via the mechanism we
described.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Table S1. Effect of revl and mms2 mutations on the spontaneous mutator phenotype of the
pol3-Y708A strain.

Genotype Can" mutation
Mutation rate  Fold increase
(x108)°
Wild type 15 -
(13-19)
revlia 25 1.6
(20-30)
revli-1 14 0.9
(12-16)
revl-cd 19 1.3
(14-28)
pol3-Y708A 140 9.3
(130-160)
revlA pol3-Y708A 26 1.7
(24-29)
revl-1 pol3-Y708A 47 3.1
(39-52)
revl-cd pol3-Y708A 79 5.3
(68-97)
mms24 87 5.8
(74-120)
mms24 revl1-cd 110 7.3
(91-130)
mms24 pol3-Y708A 250 17
(220-290)
mms24 revl-cd pol3-Y708A 240 16
(200-300)

@Mutation rates are given as medians for at least nine independent cultures. 95%

confidence limits are shown in parentheses.



Table S2. Rates for individual types of mutation in strains carrying mutant pol3, rev3, revl, mms2 alleles and/or their combinations.

pol3-Y708A pol3-Y708A pol3-Y708A pol3-Y708A pol3-Y708A mms24 mms2 mms24
rev34 revlia revl-1 revl-cd pol3-Y708A pol3-Y708A
revl-cd
Mutation No2 MR® No? MRY No® MR’ No. MR No?” MRY No” MR* No” MR* No® MR
(x10®) (x10®) (x10®) (x10®) (x10®) (x10®) (x10®) (x10®)

Base substitutions

GC > AT 11 8.6 23 29 30 3.9 25 6.3 28 12 49 20 28 38 54 62

AT - GC 8 6.2 7 0.88 5 0.65 11 2.8 3 1.3 9 3.6 6 8.1 6 6.9

GC > TA 16 12 20 25 27 3.5 22 5.5 40 17 43 17 31 42 50 58

GC —» CG 55 43 0 <0.13 2 026 21 53 37 15 41 16 53 71 29 33

AT - CG 7 5.4 0 <0.13 1 0.13 5 1.3 1 0.42 10 4.0 16 22 6 6.9

AT 5> TA 29 23 36 45 60 7.8 48 12 39 16 17 6.8 13 17 25 29

Total 126 98 86 11 125 16 132 33 148 62 169 68 147 200 170 200
Small indels

-1 8 6.2 4 0.50 4 0.52 16 4.0 5 2.1 35 14 18 24 12 14

-2 2 1.6 4 0.50 3 0.39 3 0.75 0 <0.42 1 0.40 0 <1.3 1 1.2

-3 0 <0.78 2 0.25 4 0.52 1 0.25 1 0.42 0 <0.40 0 <1.3 0 <1.2

-4 0 <0.78 2 0.25 0 <0.13 0 <0.25 0 <0.42 0 <0.40 1 1.3 0 <1.2

-5 0 <0.78 2 0.25 1 0.13 0 <0.25 0 <0.42 0 <0.40 0 <1.3 0 <1.2

+1 4 3.1 14 1.8 12 1.6 5 1.3 8 3.3 3 1.2 1 1.3 2 2.3

Total 14 11 28 3.5 24 3.1 25 6.3 14 59 39 16 20 27 15 17
Large rearrangements

Deletions between 15 12 92 12 50 6.5 26 6.5 14 59 1 0.40 6 8.1 11 13

short direct repeats

Other deletions 0 <0.78 1 0.13 1 0.13 0 <0.25 1 0.42 0 <0.40 0 <1.3 0 <1.2

Duplications 0 <0.78 1 0.13 0 <0.13 3 0.75 2 0.84 0 <0.40 0 <1.3 0 <1.2
Complex mutations®

Type | (<6 nt) 24 19 1 013 0 <0.13 1 0.25 7 29 8 3.3 12 16 11 13

Type Il (> 7 nt) 0 <078 4 050 0 <013 0 <0.25 2 084 0 <040 1 1.3 1 1.2
Other mutations' 1 0.78 1 0.13 0 <0.13 1 0.25 1 0.42 0 <0.40 0 <13 0 <1.2
Total 180° 140 214 27 200° 26 188° 47 189 79 217° 87 186 250 208 240

Data for the pol3-Y708A and pol3-Y708A rev34 strains are from Ref. 22.

PFull mutational spectra are shown in Fig. S5.

“Two canl mutants of the pol3-Y708A strain, one of the pol3-Y708A rev14 strain, one of the pol3-Y708A rev1-1 strain and four of the mms24 strain carried double point
mutations. The mutations were separated by 93, 476, 156, 15, 18, 278, 944 and 484 nucleotides, respectively. These were counted as eight individual mutations.

YRate for each type of mutation was calculated as follows: MR=(M/M:)xMR, where M; is the number of mutations of the particular type, M+ is the total number of mutations,
and MR is the rate of Can" mutation in the corresponding strain determined by fluctuation analysis.

°Complex mutations type | are defined as replacements of one to six adjacent nucleotides with a different sequence no more than six nucleotides long. Complex mutations
type Il are defined as replacements where the original sequence or the new sequence or both are longer than six nucleotides.

‘Other mutations for the pol3-Y708A and pol3-Y708A rev34 strains are described in Ref. 22. Other mutations in the pol3-Y708A rev1-1 and pol3-Y708A revl-cd strains
were a six-nucleotide insertion and a three-nucleotide insertion, respectively.
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Fig. S1. The presence of Rev1 is required for all Pol-dependent DRIM events. The bars
show rates for individual types of can? mutations in the pol3-Y708A strain and its rev3
and rev1 derivatives. Data are from Table S2. The asterisks indicate maximal mutation
rate in cases where no mutations of the particular type were detected.
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Fig. S1. The presence of Rev1 is required for all Pol-dependent DRIM events. The bars show rates for individual types of can1 mutations in the pol3-Y708A strain and its rev3 and rev1 derivatives. Data are from Table S2. The asterisks indicate maximal mutation rate in cases where no mutations of the particular type were detected. 
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Fig. S2. Oligonucleotide primers for in vitro studies of DNA polymerase pausing during copying of the
CAN1 sequence. The first 629 bases of the CAN7 coding sequence are shown. Complex mutations and
G—C base substitution hotspots observed in the pol3-Y708A strain (22) are shown by red boxes and
letters above the sequence, respectively. Blue arrows indicate the annealing sites for the oligonucleotides
used in the experiments shown in Figures 2, 3, 5 and 8.



in pol3-Y708A strain in pol3-Y708A in mms2A4 strain in mms24 in mms2A4 pol3-Y708A

rev1-cd strain pol3-Y708A strain rev1-cd strain
1545C > TT 838G CT 97 CT- G 24C TG 837 C - AA
1605C — TT 959 GG 5T 1578 CT = A 494G 5 TT 12100 - TT
1283TC > A A GG 921 TG > CT 1633C — TG (2) 1214 C 5 AA
A GTT 857C - COT 1218 GAAC - TAA 966 AA—> CT 185CC—> A
297 TG >CT 938 COA > AAC 635 CAAT —> AAAA 958 GCC —> ACT 508 GG > TT
4“43CT AA 519 TTGGTT— CTAAG 180 ATTT— TTTA 517 TATT— GGCC 176 AA > TT
4“49CA—>AC 312 AGGTCTT— CACCAA MOATTTA>TTTTT 1358 TAAA— AAAT TG > CTT
528 TT > CA 698 TCAAAG — CCATTTT 817ATAA— AAAAA 212GAC— AGAA
01 AAS TG 79 GTTGTTTTC> AATTTTTTTT 970 GTTGT— ATGG 1649 GCA— ATGT
108 TG > CT 183 CGAGGATACGTTCTC— ATACAATTCTT 73 GTTTT— TTTTTG TATCCG - CCC
181TT > AA 1207 GGTCT— TTGTCA 889 TTTC— ATTT
M8 TA>GT 744 GGTTTG > CGTTTTTT 'S0 TTTC—>ATTT
221 AAG—CC
1214CAATT
312AGG—> TAT
1458 CGA— ACAG in pOI3-Y708A
400 TATT—> AGGA rev34 strain
42¢ GAAA— TCTT in pol3-¥705A
177 AAAT — CAAAG 25TGAA— ATC rev1-1 strain
99 CCACA— GTATT 1591 TATATCT— CAA
1219 GTTTT— ATTTTG 1589 CCTATA— GAAATGC 81T AAA
1298 TTGGCG—> GGAA 334 ACA— TACAAGAGTCACAACTTGGGCCGTC
502 GCCAAT—> CCCAA 339 TCTGACCAACGCCG —> ATCATTTTACTATGCCT
78 TATTGG— CATTGA

Fig. $3. Complex mutations found in the CAN7 gene of the replication and DNA damage
tolerance mutants. The superscript numbers indicate nucleotide position. Data for the
pol3-Y708A and pol3-Y708A rev3 strains are from Ref. 22
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Fig. S3. Complex mutations found in the CAN1 gene of the replication and DNA damage tolerance mutants. The superscript numbers indicate nucleotide position. Data for the 
pol3-Y708A and pol3-Y708A rev3 strains are from Ref. 22
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Extension by Pol §
ACA —> TACAAGAGTCACAACTTGGGCCGTC
B
Template switching
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AGGTGTGGTAGTAAAATGATACGGA
5— ACCATCTATGTCTTCCACACCATCATTTTACTATGCCTGCCACCATC —3’
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G AT
CCATAGTAAAATC

Extension by Pol §

TCTGACCAACGCCG —» ATCATTTTACTATGCCT

Fig. $4. Trans-chromosomal template-switching events occur in the absence of Pol. Panels A and
B show models that explain the formation of two type Il complex mutations observed in the po/3-
Y708A rev3 strain (Ref. 22; Fig. S3).
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Fig. S4. Trans-chromosomal template-switching events occur in the absence of Pol. Panels A and B show models that explain the formation of two type II complex mutations observed in the pol3-Y708A rev3 strain (Ref. 22; Fig. S3).



Fig. S5. Spectra of spontaneous canl mutations in the pol3-Y708A revi4 (A), pol3-Y708A revl-cd
(B), mms24 (C), mms24 pol3-Y708A (D) and mms24 pol3-Y708A revl-cd (E) strains. The coding
sequence of the CAN1 gene is shown. Letters and triangles above the sequence indicate base
substitutions and single base deletions, respectively. Letters with a “+” symbol indicate single base
insertions. Red boxes show complex mutations. Deletions of two to five nucleotides are designated by
a line above the sequence with a number of deleted nucleotides above the line. For larger deletions,
short direct repeats flanking the deleted region are shown by colored arrows with a deletion
identification number inside the arrow. Dashed colored lines below the CAN1 sequence show multi-
base deletions between imperfect direct repeats. The corresponding imperfect repeats are indicated
by the same-color shaded boxes. The non-identical nucleotides within the repeats are in yellow. A
deleted region that is not flanked by short repeats is shown by a green dashed line below the CAN1
sequence. A 38-nucleotide duplication is indicated by a black line above the sequence. The green box
shows a three-nucleotide insertion. A complex mutation that was observed twice has a red 2X above
the box.
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AGACATATTG GTATGATTGC CCTTGGTGGT ACTATTGGTA CAGGTCTTTT CATTGGTTTA TCCACACCTC TGACCAACGC CGGCCCAGTG
I S— 3> CE—> D3>
— — — w—
— — — w—

T A A A C
GGCGCTCTTA TATCATATTT ATTTATGGGT TCTTTGGCAT ATTCTGTCAC GCAGTCCTTG GGTGAAATGG CTACATTCAT CCCTGTTACA

TT
T T

A TA T
TCCTCTTTCA CAGTTTTCTC ACAAAGATTC CTTTCTCCAG CATTTGGTGC GGCCAATGGT TACATGTATT GGTTTTCTTG GGCAATCACT

+T+T+T
+T+T
A

A
TTTGCCCTGG AACTTAGTGT AGTTGGCCAA GTCATTCAAT TTTGGACGTA CAAAGTTCCA CTGGCGGCAT GGATTAGTAT TTTTTGGGTA

G A A
T A AG T A C T A
ATTATCACAA TAATGAACTT GTTCCCTGTC AAATATTACG GTGAATTCGA GTTCTGGGTC GCTTCCATCA AAGTTTTAGC CATTATCGGG

+T
TTTCTAATAT ACTGTTTTTG TATGGTTTGT GGTIGC i ACCGGCCC AGTTGGATTC CGTTATTGGA

G A TA
[ECAGGTATAA TATCTAAGGA TAAAAACGAA GGGAGGTTCT TAGGTTGGGT TTCCTCTTTG ATTAACGCTG CCTTCACATT TCAAGGTACT

14

Coe—>
> Coe >
&>
+A -3 A
A +A A
A A +A A A -
GAACTAGTTG GTATCACTGC TGGTGAAGCT GCAAACCCCA GAAAATCCGT TCCAAGAGCC ATCAAAAAAG TTGTTTTCCG TATCTTAACC
R > Coe—> o> Co> o>
Coe—>
-3
cC G -3
TTCTACATTG GCTCTCTATT ATTCATTGGA CTTTTAGTTC CATACAATGA CCCTAAACTA ACACAATCTA CTTCCTACGT TTCTACTTCT
> S
> ey
> -y
A ~2 -3 T
CCCTTTATTA TTGCTATTGA GAACTCTGGT ACAAAGGTTT TGCCACATAT CTTCAACGCT GTTATCTTAA CAACCATTAT TTCTGCCGCA
C
T
T T T A A GT T
AATTCAAATA TTTACGTTGG 'TCC GTATT TTATTTGGTC TATCAAAGAA CAAGTTGG T CC AAATTCC TGTCAAGGAC CACCAAAGGT
- 4 ........................................................................................
= o

i
98
.
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A A T T
GGTGTTCCAT ACATTGCAGT TTTCGTTACT GCTGCATTTG GCGCTTTGGC TTACATGGAG ACATCTACTG GTGGTGACAA AGTTTTCGAA

o> I B— = > Dot E> CzZ> EIDED Cr3 >
E> > == >
=> > =
=> > =
> —=>
> —=>
> >
—> —>
> >
> >
—> —=—>
—> —Z—>
> —=>
—=>
Cr—>
R >
Y —
TTTTT
TTTTT
TTTTT
A A TTT
T +T A A T T
TGGCTATTAA ATATCACTGG TGTTGCAGGC TTTTTTGCAT GGTTATTTAT CTCAATCTCG CACATCAGAT TTATGCAAGC TTTGAAATAC
< ....................................................................................................................................
>

TA
CGTGGCATCT CTCGTGACGA GTTACCATTT AAAGCTAAAT TAATGCCCGG CTTGGCTTAT TATGCGGCCA CATTTATGAC GATCATTATC

-5
+T —_—

ATTATTCAAG GTTTCACGGC TTTTGCACCA AAATTCAATG GTGTTAGCTT TGCTGCCGCC TATATCTCTA TTTTCCTGTT CTTAGCTGTT
.................................................................................................................................................... >

RS =
A T
A TTT
AA

T T
TGGATCTTAT TTCAATGCAT ATTCAGATGC AGATTTATTT GGAAGATTGG AGATGTCGAC ATCGATTCCG ATAGAAGAGA CATTGAGGCA
>

ATTGTATGGG AAGATCATGA ACCAAAGACT TTTTGGGACA AATTTTGGAA TGTTGTAGCA TAG
—: E—
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A
ATGACAAATT

CAAACACACC

T
CAAAAGAAGA

T
ACAGACGTGG

ATACAATTCTT
GGCGAGGATA CGTTCTCIAT

G T
TT T
AGACATATTG

cC
c

Cc
GGCGCTCTTA

TT
T

T A
GTATGATTGC

A
A
TATCATATTT

A
TCCTCTTTCA
TTTGCCCTGG

G
ATTATCACAA

TTTCTAATAT

CCAGGTATAA

A
GAACTAGTTG

G
A CA
TTCTACATTG

CCCTTTATTA

C
T C
AATTCAAATA

AT
GGTGTTCCAT

TGGCTATTAA
CGTGGCATCT
A

T
ATTATTCAAG

AA
TGGATCTTAT

CAGTTTTCTC
=
AACTTAGTGT
T
TAATGAACTT

G +T
ACTGTTTTTG

TATCTAAGGA

T
T
GTATCACTGC

GCTCTCTATT

TTGCTATTGA

Cc
TTTACGTTGG

T
ACATTGCAGT

C
ATATCACTGG
CTCGTGACGA

GTTTCACGGC

a
CGCCGACATA GAGGAGAAGC ATATGTAEEk TGAGCCGGTC ACA%;CCTCT

T A
GTCAATACCA TTGAAAGATG AGAAAAGTAA AGAATTGTAT CCATTGCGCT

GGAGGATGGC ATAGGTGATG AAGATGAAGG AGAAGTACAG AACGCTGAAG

AT

A TC A|CACCAA
CCTTGGTGGT ACTATTGGTA QAGGTCTTTT CATTGGTTTA TCCACACCTC

CA A T A A
ATTTATGGGT TCTTTGGCAT ATTCTGTCAC GCAGTCCTTG GGTGAAATGG

T
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-15 AAAAA AGGCATAGCA
TTCACGACGT TGAAGCTTCA

CTTTCCCGAC GAGAGTAAAT

duplication AT

T
T
G CA A

C

G
TGAAGAGAGA GCTTAAGCAA

A G
TGACCAACGC CGGCCCAGTG
Cza>

T

G

G
CTACATTCAT CCCTGTTACA

T T
A CC T

T Cc T G CTAAG
ACAAAGATTC CTTTCTCCAG CATTTGGTGC GGCCAATGGT TACATGTATT GGTTITTCTTG GGCAATCACT

+T

+T AA
GTTGGCCAA GTCATTCAAT TTTGGACGTA CAAAGTTCCA CTGGCGGCAT GGATTAGTAT TTTTTGGGTA

G
GTTCCCTGTC

TATGGTTTGT
TAAAAA&;EA

A
TGGTGAAGCT

ATTCATTGGA

GAACTCTGGT

C
GT

GT
TTCCCGTATT
>

TTTCGTTACT

TT

Cc
TA C AT
TGTTGCAGGC

GTTACCATTT

TTTTGCACCA

T
TTCAATGCAT

T
ATTCAGATGC

AAATATTACG

>

GGGAGGTTCT

T
ccaracoien

A
CTTTTAGTTC

ACAAAGGTTT

TTATTTGGTC

ccracRtTT

TTTTTTGCAT

AAAGCTAAAT
A

AAATTCAATG

AGATTTATTT

TT A
GTGAATTCGA

TAGGTTGGGT

A
T A
GAAAATCCGT

g
CATACAATGA

TGCCACATAT

TATCAAAGAA

GCGCTTTGGC

GGTTATTTAT

TAATGCCCGG

A
C GA Cc
GTTCTGGGTC GCTTCCATCA AAGTTTTAGC CATTATCGGG
=

T A
AGTTGGATTC CGTTATTGGA GAAACCCAGG TGCCTGGGGT

T
i fur s
TTCQTCITTG ATTAACGCTG CCTTCACATT TCAAGGTACT

-3

+A -
A +A T
A [BATTTTITTIGC dupl.
TCCAAGA ATCAAAAAR G TTGTTTTCCG TATCTTAACC

T +T
CCCTAAACTA ACACAATCTA CTTCCTACGT TTCTACTTCT

CTTCAACGCT GTTATCTTAA CAACCATTAT TTCTGCCGCA

A A
CAAGTTGGCT CCTAAATTCC TGTCAAGGAC CACCAAAGGT

A T
TTACATGGAG ACATCTACTG GTGGTGACAA AGTTTTCGAA

joeged
868568

T TT

G A AT AT
CTCAATCTCG CACATCAGAT TTATGCAAGC TTTGAAATAC
Y- —

A A G
CTTGGCTTAT TATGCGGCCA CATTTATGAC GATCATTATC

CEr—>

GTGTTAGCTT

+T
+T
TGCTGCCGCC TATATCTCTA TTTTCCTGTT CTTAGCTGTT

GGAAGATTGG AGATGTCGAC ATCGATTCCG ATAGAAGAGA CATTGAGGCA

A6 >

[ R18 >

ATTGTATGGG AAGATCATGA ACCAAAGACT
—T—

TTTTGGGACA

AATTTTGGAA TGTTGTAGCA TAG
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mms2A

A
ATGACAAATT
CAAACACACC

T
GGCGAGGATA
G G
AGACATATTG

GGCGCTCTTA

T
TCCTCTTTCA

TTTGCCCTGG

AAA

ATTATCR
TTTCTAATAT
CCAGGTATAA

C
GAACTAGTTG

CcC C
TTCTACATTG

CCCTTTATTA

A
T T

AG

@

AATTCARAA nmA GTTGG

A
CT A
GGTGTTCCAT

TGGCTATTAA

CGTGGCATCT

A
A
ATTATTCAAG

TGGATCTTAT

ATTGTATGGG

G
G
CAAAAGAAGA

T
ACAGACGTGG

CGTTCTCTAT

C
GTATGATTGC

G
A

G A
TATCATATTT
G

G
CAGTTTTCTC

AACTTAGTGT

A T A
AATGAACTT

ACTGTTTTTG

TATCTAAGGA

A
GTATC C

A A
GCTCTCTATT
TTGCTATTGA

¢ C
CT

ACATTGCAGT

ATATCACTGG

CTCGTGACGA

GTTTCACGGC
TTCAATGCAT

AAGATCATGA

T A
CGCCGACATA GAGGAGAAGC ATATGTACAA TGAGCCGGTC

G

T

A A A T
GTCAATACCA TTGAAAGATG AGAAAAGTAA AGAATTGTAT

A T T
GGAGGATGGC ATAGGTGATG AAGATGAAGG AGAAGTACAG

A
AC

CT

A A
A C AC

Northam_FigS5C

ACAACCCTCT TTCACGACGT

A
CCATTGCGCT CTTTCCCGAC
AA
Cc
AACGCTGAAG TGAAGAGAGA

AT A
CCTTGGTGGT ACTATTGGTA CAGGTCTTTT CATTGGTTTA TCCACACCTC TGACCAACGC

c
c

C

G C C T
ATTTATGGGT TCTTTGGCAT ATTCTGTCAC GCAGTCCTTG

A

A CA A A
ACAAAGATTC CTTTCTCCAG CATTTGGTGC GGCCAATGGT

G G
GGTGAAATGG CTACATTCAT

C
TACATGTATT GGTTTTCTTG

TGAAGCTTCA
GAGAGTAAAT

A
GCTTAAGCAA

A
A
CGGCCCAGTG

TT
AA A
CCCTGTTACA

C
GGCAATCACT

A AA
GTTGGCCAA GTCATTCAAT TTTGGACGTA CAAAGTTCCA CTGGCGGCAT GGATTAGTAT TTTTTGGGTA

A
GTTCCCTGTC
TATGGTTTGT

A
TAAAAACGAA

T
AC A
TGAAGCT

A
ATTCATTGGA

GAACTCTGGT

AG

TT

T
AT C
TTCCCGTATT

TTTCGTTACT

TT
T TA
TGTTGCAGGC

A
GTTACCATTT

A
TTTTGCACCA
ATTCAGATGC

ACCAAAGACT

T
AAATATTACG
GGTGCTGGGG
GGGAGGTTCT

A
GCAAACCCCA
C
CTTTTAGTTC

C
ACAAAGGTTT
>

TTATTTGGTC

C
GCTGCATTTG

TTTTTTGCAT

AAAGCTAAAT

AAATTCAATG
AGATTTATTT

TTTTGGGACA

C T
A A CC A
GTGAATTCGA GTTCTGGGTC

TA
TTACCGGCCC AGTTGGATTC

A
A
TAGGTTGGGT TTCCTCTTTG

A
T A C T
GAAAATCCGT TCCAAGAGCC

T T
CATACAATGA CCCTAAACTA

TGCCACATAT CTTCAACGCT

TAR| GC A
AGAA CAAGTTGGCT

G
C T
TATCAA
A A A
GCGCTTTGGC TTACATGGAG

A
AA G G G
GGTTATTTAT CTCAATCTCG

A
T
A AA
TAATGCCCGG CTTGGCTTAT

GTGTTAdé}LLA TGCTGCCGCC
GGAAGATTGG AGATGTCGAC

AATTTTGGAA TGTTGTAGCA

CATTTTGA A
GCTTCCATCA AAGTTTTAGC

C A AA
CGTTATTGGA GAAACCCAGG

A

T T
ATTAACGCTG CCTTCACATT

+A T

A T TA
ATCAAAAAAG TTGTTTTCCG

T +A

A A
ACACAATCTA CTTCCTACGT

GTTATCTTAA CAACCATTAT

G
GG
A

A
CCTAAATTCC TGTCAAGGAC

A
ACATCTACTG GTGGTGACAA

CACATCAGAT TTATGCAAGC

+T A
TATGCGGCCA

-2

CATTTATGAC

A
TATATCTCTA TTTTCCTGTT

ATCGATTCCG ATAGAAGAGA

TAG

CATTATCGGG

A
AA
TGCCTGGGGT

T AT
TCAAGGTACT

A A
TATCTTAACC
TTCTACTTCT

G
TTCTGCCGCA

T
CACCAAAGGT
I —

A
AGTTTTCGAA

T
TTTGAAATAC

GATCATTATC

CTTAGCTGTT

CATTGAGGCA
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G
A G
ATGACAAATT CAAAAGAAGA CGCCGACATA
GG
T A
CAAACACACC ACAGACGTGG GTCAATACCA

GGCGAGGATA CGTTCTCTAT GGAGGATGGC
G
T A C CTG
AGACATATTG GTATGATTGC CCTTGGTGGT
>

>
c -4

C G —— M
GGCGCTCTTA TATCATATTT ATTTATGGGT
T T
TCCTCTTTCA CAGTTTTCTC ACAAAGATTC

TTTGCCCTGG AACTTAGTGT AGTTGGCCAA

cC
GTTCCCTGTC

CGTTTTTT
TATGGTTTG

G
ATTATCACAA TAATGAACTT

A
A |ITTTTTG
TT AATAT ACTGTTTTTG

TaTan)
CCAGGTATAA| TATCTAAGGA

T
TAAAAACGAA

A T CG

GAACTAGTTG GTATCACTGC TGGTGAAGCT

G T
TTCTACATTG GCTCTCTATT ATTCATTGGA

A TA
CCCTTTATTA TTGCTATTGA
G
GG T
G
G A Cc
AATTCAAATA TTTACGTTGG

GAACTCTGGT

T G
AT GA A
GGTGTTCCAT ACATTGCAGT

R1

GAGGAGAAGC
G T
TTGAAAGATG

ATAGGTGATG

ACTATTGGTA
>
——>

A G
TCTTTGGCAT

A
CTTTCTCCAG

GTCATTCAAT

AA
AAATATTACG

GGTGCTGGGG

GGGAGGTTCT

T
AA
GCAAACCCCA

T G
CTTTTAGTTC

ACAAAGGTTT

G
G
ATATGTACAA

AGAAAAGTAA
AAGATGAAGG

G
CAGGTCTTTT

ATTCTGTCAC

CATTTGGTGC

TTTGGACGTA
A
T
GTGAATTCGA

A
TTACCGGCCC

TAGGTTGGGT

GAAAATCCGT

G
T G
CATACAATGA

TGCCACATAT

G

A G
A G A G TTGTCA G
TTCCCGTATT TTATTTGGTC TATCAAAGAA

A
TTTCGTTACT GCTGCATTTG GCGCTTTGGC

TGAGCCGGTC
AGAATTGTAT
AGAAGTACAG

c
CATTGGTTTA

A
TC A A
GCAGTCCTTG

GGCCAATGGT

CAAAGTTCCA

C G
GTTCTGGGTC

AGTTGGATTC

TTCCTCTTTG

A
T
TCCAAG

CCCTAAACTA

CTTCAACGCT

A
CAAGTTGGCT

A
ACAACCCTCT
CCATTGCGCT

A
AACGCTGAAG

TCCACACCTC

Cc
GGTGAAATGG
GGCC]
TACATGTATT,
CTGGCGGCAT

CT G
GCTTCCATCA

CGTTATTGGA

C
ATTAACGCTG
T

ATCANARANG TTCT

G
ACACAATCTA

GTTATCTTAA

CCTAAATTCC
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TTCACGACGT
CTTTCCCGAC
TGAAGAGAGA

C
TGACCAACGC

CTACATTCAT

GGTTTTCTTG

C
GGATTAGTAT

AAGTTTTAGC

GAAACCCAGG

A
CCTTCACATT

C AT
TTCCG

CTTCCTACGT
G
G
CAACCATTAT

GG
G A

A A
TGTCAAGGAC

TTACATGGAG ACATCTACTG GTGGTGACAA

i

G
GG

T

—=—>
—=>
—=—>

A
TGGCTA! ATATCACTGG

A
CGTGGCATCT CTCGTGACGA

T
ATTATTCAAG GTTTCACGGC

T

A 2x

AA G A
TGGATCTTAT T TGCAT

ATTGTATGGG AAGATCATGA

CG T G
TGTTGCAGGC TTTTTTGCAT GGTTATTTAT

T A G
GTTACCATTT AAAGCTAAAT TAATGCCCGG

TTTTGCACCA AAATTCAATG GTGTTAGCTT

ATTCAGATGC AGATTTATTT GGAAGATTGG

ACCAAAGACT TTTTGGGACA AATTTTGGAA

G A C T A
CTCAATCTCG CACATCAGAT TTATGCAAGC

G G
CT%&%CTTAT TATGCGGCCA CATTTATGAC

TGCTGCCGCC TATATCTCTA TTTTCCTGTT

A
AGATGTCGAC ATCGATTCCG ATAGAAGAGA

TGTTGTAGCA TAG

A
TGAAGCTTCA
GAGAGTAAAT

G
A T
GCTTAAGCAA

Cc
AT AT
CGGCCCAGTG

A
CCCTGTTACA

GGCAATCACT

A
TTTTTGGGTA

Cc
CATTATCGGG

c A
TGCCTGGGGT

GG

A

TG A
TCAAGGTACT

TATCTTAACC
TTCTACTTCT

TTCTGCCGCA

CACCAAAGGT
 —

A
AGTTTTCGAA

A
TTTGAAATAC

GATCATTATC

A
CTTAGCTGTT

CATTGAGGCA
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ATGACAAATT
T
A
CAAACACACC

A
GGCGAGGATA
A

A
AGACATATTG

CT
GGCGCTCTTA

T T

T
CAAAAGAAGA
T
ACAGACGTGG
CGTTCTCTAT

CC A
GTATGATTGC

A
TATCATATTT

TCCTCTTTCA

TTTGCCCTGG

ATTATCACAA

-2

TTTCTAATAT

CCAGGTATAA
=
——

TT
c

AT C
GAACTAGTTG

A
TTCTACATTG

CAGTTTTCTC

AACTTAGTGT

A
TAATGAACTT

ACTGTTTTTG

TATCTAAGGA

T T A
GTATCACTGC

T A
GCTCTCTATT

——>
——>

A
A
CCCTTTATTA

T
AC
AATT

T
TA

c A G
GGTGTTCCAT

TGGCTATTAA

CGTGGCATCT
T

T
ATTATTCAAG

A
A

TTGCTATTGA

G
GA
TTTACGTTGG

A T
ACATTGCAGT

G

T A T
CGCCGACATA GAGGAGAAGC ATATGTACAA TGAGCCGGTC ACAACCCTCT

T

A T T A
GTCAATACCA TTGAAAGATG AGAAAAGTAA AGAATTGTAT CCATTGCGCT

T T
GGAGGATGGC ATAGGTGATG AAGATGAAGG AGAAGTACAG AACGCTGAAG

T
T

C A C
CCTTGGTGGT ACTATTGGTA CAGGTCTTTT CATTGGTTTA TCCACACCTC

T
A C

A C T A C G
ATTTATGGGT TCTTTGGCAT ATTCTGTCAC GCAGTCCTTG GGTGAAATGG

A
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T
-15 AAAAA AGGCATAGCA
TTCACGACGT TGAAGCTTCA
T
CTTTC AC GAGAGTAAAT

T
T G T
TGAAGAGAGA GCTTAAGCAA

G
C C A
TGACCAACGC CGGCCCAGTG

A
a2
CTACATTCAT CCCIGITACA

CT
T A
ACAAAGATTC CTTTCTCCAG CATTTGGTGC GGCCAATEEH TACATGTATT GGTTTTCTTG GGCAATCACT

A AA
GTTGGCCAA GTCATTCAAT TTTGGACGTA CAAAGTTCCA CTGGCGGCAT GGATTAGTAT TTTTTGGGTA

AT
GTTCCCTGTC

TATGGTTTGT

A

TAA

A
AC T C
TGGTGAAGCT

c

C
ATTCATTGGA
I —

>
——

GAACTCTGGT

T TA
TTCCCGTATT

TTTCGTTACT

G

G
ATATCACTGG TGTTGCAGGC
I —
CTCGTGACGA GTTACCATTT

A
GTTTCACGGC TTTTGCACCA
T
T

A
A G GC
AAATATTACG

A
GGTGCTGGGG

GGGAGGTTCT

GCAAACCCCA

CTTTTAGTTC

T
ACAAAGGTTT

A
T

A C CT
GTGAATTCGA

TTACCGGCCC

TAGGTTGGGT

T
T
GAAAATCCGT
AA
A
CATACAATGA

TGCCACATAT
TT

T
A
G
TTATTTGG TA! GAA
A

GCTGCATTTG

+T
+T A
TTTTTTGCAT

AAAGCTAAAT

ARATTCAATG
= >

: :
TGGATCTTAT TTCAATGCAT ATTCAGA ATTTATTT

=5 >

ATTGTATGGG AAGATCATGA ACCAAAGACT TTTTGGGACA

T
GCGCTTTGGC

GGTTATTTAT
TAATGCCCGG

GTGTTAGCTT

GGAAGATTGG

AATTTTGGAA

AA
GTTCTGGGTC GCTTCCATCA
T

T A
AGTTGGATTC CGTTATTGGA
==>

C
TTCCTCTTTG ATTAACGCTG

A A
TCCAAGAGCC ATCAAAAAAG
T
T
CCCTAAACTA ACACAATCTA

CTTCAACGCT GTTATCTTAA

T
CAAGTTGGCT CCTAAATTCC

A
TTACATGGAG ACATCTACTG

T C C

T A c
AAGTTTTAGC CATTATCGGG

GAAACCCAGG TGCCTGGGGT
——> E

a
T
T T T
TAR C T
CCTTCAGGTACT
c
TT

TT

TTGTTT TATCTTAACC

A
CTTCCTACGT TTCTACTTCT

T
CAACCATTAT TTCTGCCGCA

TGTCAAGGAC CACCAAAGGT

GTGGTGACAA AGTTTTCGAA

[ 2 > [C=o

> [2 >

——>
—>
T
T T
CTCAATCTCG CACATCAGAT

G
CTTGGCTTAT TATGCGGCCA

A
TGCTGCCGCC TATATCTCTA

AGATGTCGAC ATCGATTCCG

TGTTGTAGCA TAG

>
>

T

T
TTATGCAAGC
CATTTATGAC

A
TTTTCCTGTT

ATAGAAGAGA

A
TTTGAAATAC
GATCATTATC

CTTAGCTGTT

CATTGAGGCA
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