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eplication fork stalling at DNA

lesions is a common problem during
the process of DNA replication. One way
to allow the bypass of these lesions is via
specific recombination-based mechanisms
that involve switching of the replication
template to the sister chromatid. Inherent
to these mechanisms is the formation of
DNA joint molecules (JMs) between sister
chromatids. Such JMs need to be disen-
tangled before chromatid separation in
mitosis and the activity of JM resolution
enzymes, which is under stringent cell cycle
control, is therefore up-regulated in mitosis.
An additional layer of control is facilitated
by scaffold proteins. In budding yeast, spe-
cifically during mitosis, Skx4 and Dpbll
form a cell cycle kinase-dependent complex
with the Mus81-Mms4 structure-selective
endonuclease, which allows efficient JM res-
olution by Mus81. Furthermore, Slx4 and
Dpbll interact even prior to joining
Mus81 and respond to replication fork
stalling in S-phase. This S-phase complex is
involved in the regulation of the DNA dam-
age checkpoint as well as in early steps of
template switch recombination. Similar
interactions and regulatory principles are
found in human cells suggesting that Slx4
and Dpb11 may have an evolutionary con-
served role organizing the cellular response
to replication fork stalling.

Template Switch Recombination
- from Initiation to
Disentanglement of DNA Joint
Molecules

Accurate inheritance of the genetic
information is a fundamental requirement

of life. DNA replication accuracy is
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critically dependent on the integrity of the
DNA template, which is, however, con-
stantly compromised by DNA lesions aris-
ing from intrinsic and extrinsic sources. It
has been estimated that a human cell
acquires between 15.000 and 100.000
DNA lesions per day."” A large fraction
of DNA lesions are modifications of indi-
vidual bases, which affect only one DNA
strand. To detect these lesions in the vast
genomic landscape is challenging for cel-
lular DNA repair pathways. Hence, the
number of such base damages is estimated
to be high at steady-state. Importantly,
these base damages may present obstacles
for replicative polymerases during DNA
replication and eukaryotic cells are fre-
quently confronted with polymerase stall-
ing. This block needs to be overcome in
order to complete replication and to avoid
replication fork collapse, which causes
chromosome  breaks  and
instability.”

In order to bypass polymerase-stalling
DNA lesions, two fundamentally different
mechanisms can be utilized: translesion
synthesis (TLS) and template switching
(TS). In TLS, the stalled replicative poly-

merase is exchanged by one of several spe-

genome

cialized translesion polymerases. These
polymerases are characterized by a higher
tolerance for structurally distorted DNA
in their active site. This attribute allows
translesion polymerases to read and syn-
thesize across certain DNA lesions, but
because of their reduced fidelity this path-
way is also potentially mutagenic (see* for
a recent summary about TLS). Alterna-
tively, cells can avoid the damaged DNA
template, but utilize the already replicated
sister chromatid as a template instead.
Several recombination-based mechanisms
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Figure 1. Overview of recombination-based pathways to replication fork stalling. Parental DNA strands are shown in black and dark blue; newly synthe-
sized DNA strands are shown in gray and light blue. In order to facilitate the bypass of a fork stalling DNA lesion (red triangle) template switch recombi-
nation can be initialized by different mechanisms. First, after replication fork stalling is circumvented by a re-priming event downstream of the DNA
lesion, the gapped DNA may engage in a strand invasion (arrow) with the fully replicated sister chromatid behind the replication fork (post-replicative).
Second, fork reversal and synthesis across the lesion (dotted arrow) may lead to the formation of JMs. Third, stalled replication fork structures may be
cleaved leading to a one-ended DSBs, which may initialize strand invasion. Bypass synthesis and a second strand invasion leads to the formation of a JM,
most likely in the shape of a double Holliday-Junction or pseudo Holliday-Junction (containing single-stranded DNA). These JMs can be disentangled by
dissolution mechanisms yielding Non-Crossover products or by resolution mechanisms yielding a mixture of Non-Crossover and Crossover products.
Alternative bypass mechanisms such as recombination-dependent restart of reversed forks/stalled replication forks leading to single Holliday junctions
and requiring processing specifically by resolution enzymes are not shown.

have been suggested to mediate TS
(Fig. 1). These include: (A) repriming and
strand invasion by a gapped DNA sub-
strate behind the replication fork, (B) con-
trolled fork and (C) fork

breakdown and recombination-dependent

reversal

restart. Whether all 3 mechanisms univer-
sally operate in eukaryotic cells and what
the molecular determinants are is a matter
of active research (see Refs.”® for recent
summaries about TS).

Common to all TS mechanisms is the
formation of covalent linkages between
sister chromatids termed joint molecules
(JMs, Fig. 1). Importantly, JMs need to
be disentangled before sister chromatid
separation in mitosis in order to avoid
chromosome breakage. Two mechanisti-
cally distinct pathways—termed dissolu-
tion and resolution—allow JM processing
(Fig. 1, Refs.” ™).

Dissolution is mediated by the yeast
Sgs1-Top3-Rmil complex (STR complex;
BLM-Topollla-RMI1-RMI2 (BTR com-
plex) in vertebrates). Here, JMs (most
likely having the form of double-Holliday
junctions or pseudo double-Holliday
junctions) are first converted to hemicate-
nanes by the action of the Sgs1/BLM heli-

case and the Top3 topoisomerase.lo’12
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The hemicatenanes are subsequently dis-
sociated by the action of the Top3 topo-
isomerase and possibly other type IA
topoisomerases.lo’“’13

Resolution occurs through the action
of structure-selective endonucleases. So far
SIx4-SIx1, Mus81-Mms4 and Yenl in
budding yeast (SLX4-SLX1, MUS81-
EME1, GENI in vertebrates) have been
implicated in this process.*”'* These
nucleases belong to different families and
are thought to resolve Holliday junctions
by different mechanisms. The XPG family
nuclease Yenl cleaves HJs by introducing
two symmetrical cuts.”” In contrast, the
XPF family nuclease Mus81 has a broad
substrate specificity and cleaves HJs rela-
tively poorly.'®'” Specifically in mamma-
lian cells, it has been shown that MUS81-
EMEl and SLX1-SLX4 functionally
cooperate in HJ resolution.'” " The four
proteins can form a complex (SLX-MUS),
which displays enhanced activity, enabling
HJ resolution via a nick and counter-nick
mechanism.'” Until recently however, it
remained questionable whether a complex
similar to SLX-MUS existed outside of
the vertebrate system.”>*" It is further-
more still unclear, whether Slx1 has a gen-
conserved role in

eral, evolutionary
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processing  JMs stalled

replication.

arising  from

The last years have brought significant
progress in our understanding of the regu-
lation of dissolution and resolution mech-
anisms. In budding yeast, JM resolution
by both Mus81 and Yenl is tightly regu-
lated by the cell cycle and restricted up
until mitosis,”>*® while JM dissolution by
the STR complex is cell cycle-independent
(Fig. 2). Mus81-Mms4 is targeted by the
cell cycle kinases Cdkl and Cdc5 (Polo-
like kinase) and these phosphorylation
events strongly up-regulate the catalytic
activity
(Fig. 2,2425) Yen1 activation occurs even
later in the cell cycle as it is inhibited by

upon entry into  mitosis

Cdk1 phosphorylation, and only becomes
active once these phosphorylation marks
are removed by the Cdcl4 phosphatase in
anaphase (Fig. 2,2%).
restriction of the resolution enzymes to

One reason for

mitosis may be that these nucleases need
to be restrained from acting on stalled rep-
lication forks or other S-phase intermedi-
ates in order to avoid interference with the
template switch reaction.”” Additionally,
this cell cycle regulation creates a hierar-
chy in the dissolution-resolution system,
enabling the STR complex to dissolve JMs
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before the resolution enzymes
are activated. This hierarchy

favors  dissolution,  which STR

exclusively generates Non- &)
Crossover products, and dis- Yeni M-Cdk1

favours resolution, which — Cdk1 Cdc5 —> <— Cdc14
results in a mixture of Cross- - @
over and Non-Crossover Mus81-Mms4

products. Therefore, this hier-
archy may be a mechanism to
protect mitotically dividing
diploid cells from loss-of-
heterozygosity.

Recently, we described an
additional layer of control in
the response to stalled replica-

tion forks and in JM resolu-
tion.”®  This

depends on the formation of

regulation

a protein complex containing

Figure 2. Activity profiles of JM processing protein complexes in S. cerevisiae throughout the cell cycle. While the
Sgs1-Top3-Rmil complex (STR) is active at all cell cycle stages, the resolution activities of Mus81-Mms4 and Yen1
are cell cycle-regulated. Mus81-Mms4 is stimulated at the G2/M transition by M-Cdk1 and Cdc5-dependent phos-
phorylation. Concurrently, Cdk1 targets Yen1 by phosphorylation to inhibit its action. Upon metaphase to ana-
phase transition, Yen1 dephosphorylation by Cdc14 relieves this inhibition.

several scaffold proteins (Slx4,
Dpb11 and Ret107), which is
exquisitely regulated by cell cycle- and
DNA damage-dependent kinases. This
complex can first be observed in S-phase
cells and an s/x4 mutation, which impairs
the formation of this complex, causes
defects in the response to replication fork
stalling drugs, persistent DNA lesions/
repair intermediates and a misregulated
DNA damage checkpoint. Importantly,
later in the cell cycle, in mitosis, Mus81-
Mms4 joins the SIx4-Dpbll complex
thereby promoting its ability to resolve
JMs.

The SIx4 and Dpb11 Scaffold
Proteins Organize the Response
to Replication Fork Stalling

Scaffold proteins, even though devoid
of catalytic activity, have important regu-
latory functions in almost every cellular
process. Prominent examples are Rad9
(53BP1), a mediator of the DNA damage
checkpoint, and the sliding clamp PCNA,
which serves as a docking site for many
proteins at replication forks.?”?° In both
interactions

cases, are

dependent on post-translational modifica-

protein-protein

tions enabling a fine-tuned regulation.
The Slx4 scaffold protein has impor-
tant functions in response to replication
fork stalling, but also in the repair of
DSBs and inter-strand crosslinks, as well
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as in the regulation of the DNA damage
checkpoint.”' ™ Accordingly, studies in
mammalian cells and yeasts have identi-
fied several Slx4 binding partners and
phosphorylation of Slx4 was found to be
crucial for the differential regulation of
the different Slx4 functions.”””” How-
ever, many important questions regarding
Slx4 remain unanswered. Are there dis-
tinct Slx4 complexes? How do these com-
plexes influence each other? How similar
are Slx4 functions between different
organisms?

Our recent work provides new insights
into the formation and the function of
one Slx4-containing complex in budding
yeast. This complex consists of at least
three scaffold proteins—SIx4, Dpb11 and
Ret107 (Fig. 3A, Refs.”®*"). In agreement
with previous work®” we noticed that the
formation of this complex is stimulated by
replication fork stalling. The formation of
the Slx4-Dpb11 complex is heavily regu-
lated by post-translational modifications
and the scaffold complex integrates at least
two cellular signals: the cell cycle phase
through Cdkl-dependent phosphoryla-
tion of Slx4 serine 486 and the presence of
DNA lesions or repair intermediates in a
DNA  damage checkpoint-dependent
manner. 53437

Importantly, we additionally observed
that the structure-selective endonuclease
Mus81-Mms4 interacts with the Slx4-
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Dpbl1l complex (Fig. 3A). While the
other core subunits (Slx4, Dpbll,
Ret107, Slx1) interact during S, G2 and
M-phases of the cell cycle (ref.”® and
LNP and BP, unpublished), Mus81-
Mms4 joins the complex specifically in
M-phase.”® The association with Mus81-
Mms4 is restricted to mitosis, because it is
dependent on the mitotic kinase Cdc5
(Polo-like kinase). These findings imme-
diately suggest that the composition of the
Slx4-Dpb11 complex changes throughout
the cell cycle and that at least two different
types of complexes exist—one specific for
mitosis, one found already in S/G2-phases
(Fig. 3B and see below). Given the
dynamic nature of the two Slx4-Dpbl1
containing complexes, we cannot assess
currently, whether in mitosis the S-phase
complex is completely converted into the
Mus81-containing M-phase complex or
whether both complexes may coexist in
mitotic cells.

To investigate the function of these
complexes we have used a phosphoryla-
tion-site mutant in Slx4 (s/x4-S486A),
which shows reduced binding to Dpbl1,
both in the context of the S-phase Slx4-
Dpbl1 complex as well as in the context
of the M-phase Slx4-Dpbll-Mms4-
Mus81 complex.**** Importantly, this
mutant is specifically defective in binding
to Dpb11 and does not influence binding
to other proteins (for example Slx1 or
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Figure 3. Schematic model of the S-phase- and M-phase-specific Six4-Dpb11 complexes and their regulation throughout the cell cycle (adapted from?).
(A) Interactions and regulations. Upon Cdk1 phosphorylation of SIx4, interaction with Dpb11 is established. SIx4 also binds to Rtt107 and SIx1. Phosphor-
ylation of Mms4 by Cdc5 facilitates binding of Mus81-Mms4 to Dpb11. (B) The SIx4-Dpb11 complex functions during the cell cycle. Different proteins are
found in the SIx4-Dpb11 complex at different cell cycle stages suggesting distinct cell cycle phase-specific functions. The S-phase-specific complex con-
sisting of SIx4, Dpb11, SIx1 and Rtt107 has a role in dampening the DNA damage checkpoint, but possibly also a role in repairing stalled replication forks.
The M-phase-specific complex consisting of SIx4, Dpb11, SIx1, Rtt107, Mus81 and Mms4 promotes the resolution of DNA joint molecules.

Ret107). The sx4-5486A mutant pheno-
types are also highly specific: mutant cells
are specifically hypersensitive to the DNA
alkylating agent MMS and the cellular
response to MMS-induced replication
fork stalling appears to be particularly
affected.”® The observed phenotypes can
be subdivided into two categories. The
first defects manifest already in S-phase:
upon MMS treatment this mutant accu-
mulates Replication Protein A (RPA)
nuclear foci compared to WT cells. These
foci also dissolve more slowly compared to
RPA foci of WT cells, suggesting that sin-
gle-stranded DNA containing structures,
potentially stalled replication forks or their
repair intermediates, persist in s/x4-S4864
cells. Accordingly, S-phase progression is
slower in MMS-treated s/x4-S486A than
in WT cells and the reappearance of
fully replicated chromosomes is delayed,
as is the switching off of the DNA
damage checkpoint. Currently, the only
proposed function of the S-phase Slx4-
Dpbl11 complex is to regulate the DNA

www.tandfonline.com

damage Checkpoint34 (and see below),
but an additional repair function is pos-
sible as well.

The second class of defects can be
attributed to inefficient JM resolution by
the  structure-selective
Mus81-Mms4 and these are therefore
likely to arise from defects in the
M-phase-specific SIx4-Dpb11-Mms4-
Mus81 complex.”® These phenotypes
become apparent in the JM dissolution-

endonuclease

defective sgs/A mutant, where cells are
exclusively dependent on JM resolution
mechanisms in order to cope with MMS-
induced replication fork stalling. Indeed,
mutation of s/x4-S486A causes a delay to
the disappearance of JM structures in the
sgsIA background as judged by 2D gel
electrophoresis. Such persistent JMs are
expected to interfere with sister chromatid
separation in mitosis. Consistently, an
increase in the occurrence of chromosome
bridges3 8is apparent in mitotic sgs/A shx4-
S486A cells. Moreover, the six4-S486A

mutant shows reduced rates of Crossover
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formation in an ectopic (direct repeat)
recombination assay. This finding sup-
ports the idea that the Slx4-Dpbll com-
plex is specifically important for JM
resolution mechanisms and that sk4-
S§486A mutant cells rely strongly on JM
dissolution by the STR complex. Notably,
the JM resolution defect can be pin-
pointed to a defect in Mus81 function,
since the six4-5S486A mutant and mus81A
or mms4A show epistasis with regard to
MMS hypersensitivity and turnover of JM
structures.  Collectively, these findings
therefore suggest that the Slx4-Dpbll
complex is a regulator of Mus81-Mms4-
dependent JM resolution.*®

Cell Cycle Regulation of Six4-
Dpb11 Complex Formation and
JM Resolution

Dpbll,
TopBP1, specifically recognize phosphor-
ylated proteins.””

and its human homolog

The phosphorylation
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marks that are “read” by Dpbll have
been shown in several cases to depend
on cell cycle kinases, in particular Cdkl.
Also in the case of Slx4, phosphorylation
of the critical serine 486 (a putative
Cdk1 target site) is cell cycle-regulated
and dependent on Cdk1 (Fig. 3A,*®). In
contrast, binding of Mms4 to Dpbll
(in context of the Slx4-Dpbl1 complex)
additionally requires phosphorylation by
the Cdc5, thereby
restricting the formation of the Slx4-
Dpb11-Mms4-Mus81 complex to mito-
sis (Fig. 3A).

Interestingly, Slx4-Dpb11-Mms4-Mus81
complex formation thereby underlies the
same temporal regulation as the catalytic
activity of Mus81?°2%®). This finding thus
substantiates current models of the temporal

mitotic  kinase

regulaton of JM  resolution/dissolution
(Fig. 2) providing further support for mitotic
restriction  of JM  resolution pathways.
Skx4-Dpb11-Mms4-
Mus81 complex is not responsible for the
previously demonstrated enhanced catalytic
activity of mitotic Mus81 in 7% vitro resolu-
tion assays.”® The current data therefore sug-
gests that at least two mechanisms exist, by

Formation of the

which cell cycle kinases control Mus81
action upon entry into mitosis: direct up-reg-
ulation of the catalytic activity and stimula-
tion of complex formation with Slx4 and
Dpbll1.

It remains an open question by which
the  Slx4-Dpbl1-Mms4-
Mus81 complex enhances JM resolution
by Mus81. The finding that Mus81-
Mms4 is physically coupled to the Slx4-
Dpb11 complex opens up the possibility
that Slx4 and Dpbl1 are involved in tar-
geting to damaged chromosomes. Inter-
estingly, the formation of the S-phase
SIx4-Dpb11 complex directly responds to
replication stalling. Together, these find-
ings may suggest a speculative model,
whereby the Slx4-Dpb11 complex is first
recruited to sites of replication fork stall-

mechanism

ing and may subsequently escort these
sites through different steps of repair.
The Slx4-Dpbl1l complex may thus act
as a platform at sites of replication fork
stalling, potentially by targeting specific
repair enzymes, such as Mus81, which
would catalyze the final step in the
reaction.
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Evolutionary Conserved Features
of JM Resolution and its
Regulation by Multiprotein
Complexes

Mammalian cells have a temporal pro-
gram of JM dissolution/resolution that is
highly similar to the one found in bud-
ding yeast. JM resolution is commonly
investigated in cells from Bloom’s syn-
drome patients that are deficient in BLM-
Topollla-RMI1-RMI2  (BTR)-mediated
JM dissolution and therefore show an
increased number of crossover events/sis-
ter chromatid exchanges (SCEs,*%). Mam-
malian JM resolution can be executed by
one of three structure-selective endonu-
cleases: MUS81-EME1, GEN1 or SLX1-
SLX4. Interestingly, depletion of SLX4,
SLX1 or MUSS8I in cells lacking BTR
exhibits a comparable reduction of SCEs
as the combination of MUS81 with SLX4
or SLX1, whereas additional depletion of
GENI1 leads to a more severe pheno-
type.'”'® These data suggest a cooperative
activity of the SLX1-SLX4 and MUS81-
EMELI nucleases and intriguingly, the two
nucleases also physically interact with each
other (SLX-MUS complex,17). The reso-
lution of a Holliday Junction requires two
cuts in order to disentangle the DNA
strands and it has been suggested that
SLX1 and MUS81 may cooperate as two
nicking endonucleases. 7

Despite conservation of the MUS81-
binding SAP domain in eukaryotic Slx4
proteins,32 so far, a direct association of
budding yeast Slx4 and Mus81 has not
been described.”' However, both proteins
are part of the Slx4-Dpb11-Mms4-Mus81
complex. Moreover, the formation of the
two complexes from yeast and human is
subject to a similar regulation: also the
interaction between SLX1-SLX4 and
MUS81-EMEI nucleases is only estab-
lished at the G2/M transition involving
phosphorylation by CDK1 and, to a lesser
extent, PLK1.'”

It is currently unclear whether the yeast
SIx4-Dpb11-Mms4-Mus81 complex acts
by bringing together the Mus81 and Slx1
nucleases. In fact it remains to be deter-
mined if Slx1 has an active role in this
complex. A physical interaction of Slx1
with the Slx4-Dpbll

complex was
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detected after MMS treatment as well as
in mitosis®® (L.N.P. and B.P., unpub-
lished data), but no defects were observed
in response to MMS treatment of s/x/A
deletion mutants.”®*® This suggests that
either Slx1 does not play any role in JM
resolution after MMS-induced replication
fork stalling, or that a redundant factor
may take over in the absence of Slx1.
Interestingly, the
homolog of Dpbll, TopBPI1, interacts
with SLX4 in a CDK phosphorylation-
dependent manner.”® Whether TopBP1
also binds to MUS81-EME1, and whether
SLX4-TopBP1 has a role in JM resolution
in mammals needs further investigation.
Intuitively, Dpb11’s bridging function in

also mammalian

yeast seems to be unnecessary in the con-
text of the mammalian SLX-MUS com-
plex as MUS81 directly binds to SLX4.
Nevertheless, TopBP1 could be important
for stabilization of the complex or for the
recruitment of additional factors. On the
other hand, following the observation of
two cell cycle-regulated Slx4-Dpb11 com-
plexes in yeast (S-phase- and M-phase-
specific), it appears possible that TopBP1
could be involved in a function of SLX4,
which is independent of MUS81, presum-
ably in S-phase, while it may be dispens-
able for the mitotic function in JM
resolution carried out by SLX-MUS. In
other words, mammalian SLX4-TopBP1
may represent the S-phase-specific SLX4
complex, while SLX-MUS may represent
the M-phase-specific SLX4 complex.

The SIx4-Dpb11 Complex and the
DNA Damage Checkpoint
Counteract Each Other

At least in budding yeast the Slx4-
Dpb11 complex forms already in response
to replication fork stalling in S-phase.
One function of this S-phase complex is
connected to the DNA damage check-
point.*® The central finding of the study
by Ohouo et al. is that the Slx4-Dpbl11
complex regulates DNA damage check-
point signaling. Interestingly, they found
that after MMS damage the DNA damage
checkpoint is hyperactivated in the six4A
deletion mutant. This hyperactivation can

the

be suppressed by mutations in
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checkpoint proteins Rad9 or Rad53.
Importantly, also cellular viability of
slx4A deletion mutants after MMS treat-
ment can be improved by partially inhibit-
ing checkpoint signaling suggesting that
Slx4 acts as dampener of the DNA dam-
age checkpoint.**

Mechanistically, checkpoint dampen-
ing may likely involve the competition
between checkpoint proteins and Slx4 for
Dpb11 binding. Dpb11 itself is an agonist
of checkpoint signaling as it binds several
checkpoint proteins, such as Rad9, the
Ddcl subunit of the 9-1-1 complex and
Mecl-Ddc2.*' Here, Dpbl1 functions as
an activator of Mecl and as adaptor that
brings together the different checkpoint
factors. Given that Dpb11 expression lev-
els are low, it is therefore possible that by
competing with checkpoint proteins Slx4
may be limiting the amounts of how
much Dpbll checkpoint complex can
form. Indeed, it was shown that more
Rad9 binds to Dpbl1 in the absence of
Slx4, suggesting that Slx4 might be a com-
petitive inhibitor of Rad9.%*

On the other hand, persistent DNA
lesions/repair  intermediates can  be
observed in MMS-treated cells deficient in
Slx4-Dpb11  complex formation (see
above,?®). These DNA structures could be
visualized as persistent RPA foci, which
are expected to trigger an enhanced check-
point Indeed,
hyperactivation has been shown for other

activation. checkpoint
mutants with defects in the response to
replication fork stalling.*** Thus, an
underlying repair defect could be in part
responsible for the checkpoint hyperacti-
vation of s/x4 mutant cells.

Is checkpoint dampening the sole func-
tion of the Slx4-Dpbl1l complex in the
response to replication fork stalling? Cur-
rently, we favor the idea that the Slx4-
Dpbl1 complex has an additional repair
function in response to replication fork
stalling. First, the si4-S486A mutant is
specifically sensitive to MMS but not to
other kinds of DNA damaging agents,
while the checkpoint responds universally
to different kinds of DNA dalmage.zg’34
Second, this sensitivity is rescued by
expression of an artificial covalent fusion
of Dpbll and SIx4.”® In these experi-
ments the Dpb11-SIx4 fusion is expressed
as a second copy of Dpbll. Due to the
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high levels of Dpbl11 this mutant should
be deficient in checkpoint dampening, but
the hypersensitivity to MMS is rescued
nonetheless. Until today, however, no
repair enzyme was found to interact with
the S-phase Slx4-Dpbll complex and it
therefore remains to be determined what
this additional repair function of the Slx4-
Dpb11 complex may be.

Interestingly, not only does the S-phase
SIx4-Dpbl1 complex counteract the
DNA damage checkpoint, but the DNA
damage checkpoint also counteracts the
M-phase Slx4-Dpbl1l complex. After its
activation by MMS damage the check-
point appears to delay Mms4 phosphory-
lation by Cdc5 and thereby Mus81-
Mms4 activation thereby creating a sec-
ond layer of temporal regulation that is in
addition to the cell cycle control®®?®
(Fig. 3B).

Do the early functions of the Slx4-
Dpb11 complex in S-phase therefore have
an influence on the later stages of the cell
cycle? Strikingly, in addition to directly
promoting Mus81 function in JM resolu-
tion, the Slx4-Dpbll complex may pro-
mote  Mus81 activity indirectly by
checkpoint regulation. Notably, the par-
tial inactivation of the checkpoint by the
ddel-T602A mutant promotes
Mms4 phosphorylation by Cdc5 in cells
that have an impaired Dpb11-Slx4 inter-
action.”® Moreover, also the rescue of six4

earlier

mutant sensitivity by partial checkpoint
inactivation strictly depends on Mus81-
Mms4. This suggests that the checkpoint
dampening function in S-phase may be
connected to the later JM resolution func-
tion of the Slx4-Dpbll complex in M-
phase.

Conclusion

The response to replication fork stall-
ing is strictly regulated during the cell
cycle. A means of integrating these cell
cycle signals appears to be the formation
of multiprotein complexes containing
scaffold proteins. At least two Slx4-
Dpb11 complexes act during the response
to stalled replication forks: an S-phase
complex, which regulates the DNA dam-
age checkpoint and possibly has a DNA
repair function as well, and an M-phase
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complex, which additionally contains
Mus81-Mms4 and promotes JM resolu-
tion. Future research will need to identify
additional repair factors in the S-phase
complex and to investigate the crosstalk
between the two complexes in order to
shed light on the rather enigmatic cellular
response to replication fork stalling.
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