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Abstract

Cells maintain a small arsenal of resolving functions to process and eliminate complex DNA
intermediates that result as a consequence of homologous recombination and distressed
replication. Ordinarily the homologous recombination system serves as a high-fidelity mechanism
to restore the integrity of a damaged genome, but in the absence of the appropriate resolving
function it can turn DNA intermediates resulting from replication stress into pathological forms
that are toxic to cells. Here we have investigated how the nucleases Mus81 and Genl and the
helicase BIm contribute to survival after DNA damage or replication stress in Ustilago maydis
cells with crippled yet homologous recombination-proficient forms of Brh2, the BRCA2 ortholog
and primary Rad51 mediator. We found collaboration among the factors. Notable were three
findings. First, the ability of Gen1 to rescue hydroxyurea sensitivity of dysfunctional BIm requires
the absence of Mus81. Second, the response of mutants defective in Blm and Genl to hydroxyurea
challenge is markedly similar suggesting cooperation of these factors in the same pathway. Third,
the repair proficiency of Brh2 mutant variants deleted of its N-terminal DNA binding region
requires not only Rad52 but also Genl and Mus81. We suggest these factors comprise a
subpathway for channeling repair when Brh2 is compromised in its interplay with DNA.
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1. Introduction

Replication stress, a wellspring of genomic instability, can arise from a number of different
sources or conditions [1-3]. When DNA is damaged or when nucleotide pools are depleted
replication fork progression can be stalled. Similarly, when replication forks encounter
aberrant DNA structures, tightly bound proteins, or R-loops, or collide with transcription
complexes, progression can be interrupted and derailed. Countermeasures to reset forks after
replication stress are in place, but if not implemented appropriately there can be dire
consequences. If the integrity of the fork is compromised, replication could fail to complete,
or chromosomes distribution to daughter cells could fail to propagate.

Stalled forks can rearrange structurally to enable replication to proceed [4, 5]. Such
rearrangement can involve reversal of the fork to form four-armed DNA intermediates and
can employ homologous recombination (HRL) between nascent sister chromatids to
facilitate procession of DNA synthesis past difficult-to-replicate stretches. Structure specific
nucleases contribute to resolution of stalled replication fork and recombination intermediates
to help restart replication [6-9]. These nucleases include the Mus81-Mms4/MUS81-EME1
(budding yeast/human) complex, Yen1/GEN1, and the SIx1-SIx4/SLX1-SLX4 complex. All
three nucleases contribute to resolution of recombination intermediates during the repair of
induced DNA double strand breaks in mitotic cells. In addition they also contribute to
processing of failing replication forks and/or resolution of recombination intermediates
formed during replication fork recovery. Mus81 overlaps with Sgs1/BLM (budding yeast/
human) in processing replication-associated recombination intermediates, which can be
toxic in the absence of Mus81 and Sgs1/BIm functions [10, 11]. Sgs1, a RecQ helicase, in
complex with Top3-Rmil/BLM-TOPOIllla-RMI1-RMI2 (budding yeast/human) acts to
process homologous recombination intermediates in DNA double-strand-break repair by
catalyzing convergent branch migration and decatenation to resolve double Holliday
junctions by dissolution [12-14]. In budding yeast lethality caused by the absence of both
Mus81 and Sgs1 is suppressed when homologous recombination is eliminated [10, 15],
although suppression by loss of homologous recombination is not implemented in mutants
doubly defective in SIx1 and Sgs1 [11]. Yenl functionally overlaps with Mus81 as
evidenced by heightened sensitivity to agents that inhibit replication fork progression and by
elevated chromosome loss in the mus81 yenl double mutant [16-18]. Suppression of this
chromosome missegregation by the absence of homologous recombination suggests that
replication-associated recombination intermediates are not resolved in mus81 yeni double
mutant cells, implying that Mus81 and Yen1 act to process such structures in wild type cells
[7,19].

The basic principles of operation and modes of regulation of these recombination-
intermediate resolving enzymes have been elucidated through elegant experiments by a
number of laboratories, but the functional contribution of the individual components to
resolution of faulty replication-associated structures varies from one organism to another. In
budding yeast Mus81 and Yenl are partially overlapping functionally in processing

1The abbreviations used are: HR, homologous recombination; HU, hydroxyurea; MMS, methyl methanesulfonate; UV, ultraviolet

light
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replication-associated recombination intermediates [19], while in fission yeast, which lacks a
Yenl ortholog, the burden of functional activity falls on Mus81 [20]. In budding yeast
mutants lacking Mus81 are sensitive to a number of DNA clastogens, while mutants lacking
Yenl are not [19]. The hierarchy of functional involvement appears reversed in flies where
mutants defective in Genl have severe hypersensitivities while mutants lacking Mus81
exhibit milder effects [21]. In yeast loss of SIx1 does not lead to problems in coping with
replication stress, but in worms loss of SLX1 sensitizes germline cells to UV and
camptothecin [22] indicating that SLX1 might be more generally used in replication-
associated repair.

We have been interested in the action of recombination-intermediate resolving functions in
Ustilago mayadis, a yeast-like fungus that relies primarily on the BRCAZ2 ortholog Brh2 as
mediator governing homologous recombination [23] rather than Rad52 as is the case in
budding yeast. U. maydis has the standard complement of known resolving functions
including BIm, Mus81, Genl, and SiIx1 [24], but in preliminary studies we noted that their
hierarchy of deployment appeared to deviate from the paradigm established in budding
yeast. For example, the 6/mA mus8I1A double mutant combination is not synthetically lethal
in U. maydis [24] unlike the sgs1IA mus81A combination in budding yeast [10, 11] or rghlA
mus81A combination in fission yeast [20]suggesting that toxic replication-dependent
recombination intermediates could be resolved by another factor. Furthermore, while
sensitivity of the b/m mutant to the replication stressor hydroxyurea (HU) was dependent on
Brh2 active in supporting homologous recombination, we noted the paradoxical situation of
blm mutants resistant to HU when expressing certain separation-of—function variants of
Brh2 still active in homologous recombination [25]. In view of the unorthodox response of
these mutants we performed additional studies aimed at characterizing aspects of the
recombination-structure resolving systems in more detail.

2. Materials and Methods

2.1 Ustilago maydis strains and genetic methods

Manipulations with U. maydis, culture methods, gene cloning and transfer procedures, and
survival after DNA damage by UV or HU treatment have been described previously [see
[25-27] and references therein]. For survival, in brief cells were diluted to 2 x 107 per ml and
then aliguots (10 pl) of serial ten-fold dilutions were spotted on solid medium and irradiated
with 254 nm UV light or else were plated on medium containing MMS or HU. Plates were
incubated at 28° for 2-3 days until colonies developed. The 6/m mutant used in these studies
denoted as 6/m-KR was inactivated by mutation in the Walker A box (K443R) as previously
described [24]. Other mutants utilized [25] were deletions in which the open reading frames
were entirely eliminated and replaced by cassettes expressing resistance to hygromycin,
nourseothricin, or geneticin. Mutants included were in the genes (UMAG gene identifiers
noted) for Brh2 (03200), Mus81 (04630), Genl (02863), and SIx1 (01857), which were
identified in the U. maydis annotated genome (UMAG) database [see http://
pedant.helmholtz-muenchen.de/] by sequence alignment. All strains were derived from
strain UCMB350 (pani-1 narl-6 al bl) where pan, nar, al and b1 indicate auxotrophic
requirement for pantothenate, inability to utilize nitrate, and mating type loci, respectively.
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Self-replicating plasmids expressing genes encoding Brh2 or derivative driven by the
glyceraldehyde-3 phosphate dehydrogenase (gap) promoter contained the hygromycin
phosphotransferase gene (/ph) for selection [25]. A self-replicating plasmid with a carboxin
resistance variant of the succinic dehydrogenase gene (sah2) for selection and expressing the
rusA gene under control of the gap promoter was described previously [25]. For expressing
Genl, the genl open reading frame was amplified from genomic DNA using LongAmp Hot
Start Tag polymerase (New England BioLabs) and placed under control of the gap promoter
in a self-replicating plasmid with carboxin resistance for selection.

3.1 Mus81 and Genl contribute to resolving replication-stress-associated structures

Loss of either BIm or Mus81 gene function as previously noted had little effect on resistance
of U. maydis cells to UV or MMS [24], both of which form lesions impeding replication
fork progression. For these studies we used a 6/m loss-of-function allele denoted as b/m-KR
that was made by mutating the critical lysine residue 443 in the ATP-binding loop to
arginine (BImK443R) [24]. However, loss of BIm or Mus81 function sensitized cells to the
replication stressor HU, although to different degrees—b6/m-KR was much more sensitive to
HU than mus81A, which was only mildly sensitive (Fig. 1A). By contrast loss of the
recombination mediator Brh2 resulted in extreme sensitivity to UV and MMS but caused
little effect in resistance to HU as noted previously [24]. Removal of both BIm and Mus81
was synergistic in loss of resistance to UV and MMS, and was at least additive, if not
synergistic, in sensitivity to HU (Fig. 1A). This finding reinforces the idea that BIm and
Mus81 function independently in alternative pathways for processing aberrant DNA
structural intermediates. Loss of Genl also sensitized cells to HU, but inactivation of Genl
and BIm did not result in loss of resistance to UV or MMS, nor cause any further
sensitization to HU (Fig. 1A). In fact the 6/m-KR geniA double mutant was even somewhat
more resistant to HU than the 6/m-KR single mutant suggesting loss of Gen1 slightly
suppresses the BIm deficiency. Loss of SIx1 had little phenotype by itself or in combination
with Mus81 or Genl.

These studies revealed some significant functional differences between U. maydisand S.
cerevisiae resolving activities. Most notable is that while yeast mus81A mutants are highly
sensitive to MMS and UV [28], U. maydis mus81A mutants are not. Conversely, the geniA
mutant of U. maydis is sensitive to HU whereas the yeast yenIA mutant is not [17]. Also
intriguing was the finding that while yeast mutants lacking Sgs1 (the BIm ortholog) and
Mus81 are inviable [10, 11], U. maydis cells lacking BIm and Mus81 are viable.
Furthermore, whereas in yeast sgsIA yenIA cells exhibited a similar HU sensitivity to that
observed with sgsAZ [19] in U. maydisthe sensitivity of 6/m-KR genIA was more similar to
that of the geniA single mutant. Curiously, in U. maydis the sensitivity of all genIA double
mutants to HU, 7.e. bim-KR genlA, mus8IA genlA, and genlA sixIA, was similar to that of
the genIA single mutant regardless of what was the vulnerability of any of the single
mutants, suggesting that the processing of the aberrant DNA structures is channeled through
the action of Genl. Despite these prominent differences there are also similarities between
U. maydisand S. cerevisiae resolving functions. Deletion of geni/YENI in a mus8IA
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background potentiates DNA-damage sensitivity. In addition, that yeast sgsIA mus8IA is
lethal but sgsIA yeniA is viable parallels the situation in U. maydisin which b/im-KR
mus81A is hypersensitive to MMS and UV, while 6/m-KR genIA is only mildly sensitive.
These similar features reinforce the idea that Mus81 plays a dominant role in both organisms
in resolving pathological structures that arise to block replication fork progression.

To gain further insight into the hierarchy of functional implementation among these factors
we wanted to determine the effect of expressing Genl from a strong promoter in mus81A
and b/m-KR mutant backgrounds. Overexpression of Yen1 partially rescues the repair
defects of S. cerevisiae mus8IA, but not sgsIA [19] suggesting that Yenl can serve as a
backup to Mus81 by processing similar DNA structures. S. pombe lacks a Yenl ortholog but
expression of human GENL1 partially substitutes for Mus81 and even for Rghl in promoting
resistance to genotoxins [29].

Ectopic expression of U. maydis Genl in mus81A geniA restored the phenotype to that
comparable to mus8IA as expected indicating that the cloned gen/ gene was functional in
complementing the deficiency of genIA (Fig. 1B). Remarkable, however, was the restoration
of resistance to HU, but not to UV or MMS, when Gen1 was expressed in b/m-KR mus81A
(Fig. 1B). This finding suggests that Gen1 is unable to substitute for either Mus81 or Blm in
repair of DNA damage but is sufficient to process certain replication stress-associated
aberrant DNA structures in the absence of BIm. It was interesting to note that the ability of
Genl to rescue HU sensitivity of b/m-KR, although substantial, was dependent on the
absence of Mus81 (Fig. 1B). Expressing Genl failed to suppress the sensitivity of b/m-KR
single mutant. We observed this response in three independent isolates and so ruled out the
trivial explanation that Genl was not expressed in this b/m-KR strain. We also note that the
construct used for Genl expression utilized a strong constitutive promoter so intracellular
levels during the cell cycle could be different from that produced with the endogenous gene.

Given these provisos, one interpretation of this observation is that Mus81 functions with
Genl in the same pathway of managing replication-associated structures but acts upstream
of Genl. The action of Mus81 ensures the processing of the aberrant structures and creation
of DNA intermediates that could be further acted upon by Gen1 only if Blm is present.
Alternatively, it is also feasible that if the process is to be properly executed it should start
with an involvement of BIm. In the absence of BIm, a more complicated array of unresolved
DNA structures would be channeled to Mus81 leading to the presentation of structures that
could not be processed further by Genl. In either case Mus81 would convert the aberrant
DNA structures into intermediates unresolvable by Genl. On the other hand if Mus81 and
BIm were unavailable the management of unprocessed replication-associated structures
would be effectively achieved by the increased levels of Genl. Regardless of the details, the
results nonetheless point to some ordered interplay between the resolvases, and suggest that
Genl has an important role in processing replication-associated structures.

3.2 Like BIm, Genl is involved in resolution of toxic recombination intermediates
generated by replication stress

Of single mutants we tested b/m-KR and genIA had the most severe phenotype when
challenged by HU, but the b/m-KR geniA double mutant was no more sensitive than either

DNA Repair (Amst). Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kojic et al.

Page 6

single mutant (Fig. 1A) suggesting an epistatic relationship. These effects could be
explained by a combined action of BIm and Genl in a common pathway for handling
aberrant structures arising from HU-induced replication stress. Toxic DNA intermediate
structures generated when replication is stressed by HU poisoning in cells lacking BIm can
be prevented from forming by eliminating homologous recombination [25]. This is evident
by suppression of the HU sensitivity of the 6/m-KR mutant when the Brh2 gene is deleted
(Fig. 2) and [24]. By the same token and in the context of the apparent epistasis, we were
interested to learn if Genl is, like BIm, involved in processing toxic homologous
recombination-induced DNA intermediates formed during replication stress. We observed
that the sensitivity of genIA to HU could indeed be reversed by eliminating the gene for
Brh2 (Fig. 2). These findings suggest that Gen1, like BIm, contributes to processing toxic
DNA intermediates formed via homologous recombination when replication is stressed and
are consistent with the notion that Blm and Gen1 are involved in the same pathway.

It seems clear that Brh2-dependent toxic intermediates formed in the presence of HU must
be processed by both Blm and Genl, as these two factors are not functionally redundant in
this regard. A simple interpretation would be that homologous recombination creates two
distinct subsets of potentially toxic intermediates that BIm and Gen1 are required to process
separately. Alternatively, it could be that Gen1 operates prior to or upstream of Blm in a
fashion that dictates the enhanced need for subsequent involvement of BIm protein. That loss
of Gen1 slightly suppresses the BIm deficiency might be taken as support for the latter
possibility.

3.3 Homologous recombination proficiency does not always predispose cells to HU
sensitivity in the absence of BIm or Genl

In keeping with the hypothesis of a collaborative role for BIm and Genl we examined the
response of brih2A bim-KR and brh2A genl to challenge when different structural variants of
Brh2 were present. Brh2 exhibits remarkable plasticity in maintaining functional activity in
homologous recombination and repair in spite of loss of important domains. We reported
previously [30] that Brh2 retains significant activity in DNA repair and homologous
recombination despite deletion of the entire C-terminal region containing the canonical
DNA-binding domain (Brh2AC551) or else swapping of that region for a heterologous
DNA-binding domain (Brh2AC551::RPA70), namely the tandem OB-fold repeats from
RPA70 (see Fig. 3A). Another structurally unrelated DNA-binding domain, the NBD,
located in the N-terminal region of Brh2[31, 32] can apparently provide the necessary DNA-
binding activity to enable Brh2 function in the absence of the canonical DNA binding
domain. With the canonical binding domain present the NBD was found to be unnecessary
for DNA repair proficiency except in the absence of Rad52 as evident by expression of
Brh2A362-493 in brh2A rad52A (Fig. 3B) and [25, 27]. However, the requirement for Rad52
could be eliminated by substituting a heterologous DNA binding domain (tandem OB fold A
and B modules from RPA70) for NBD (Brh2A362-493::0B-AB).

Regardless of their proficiency in DNA repair and activity in supporting homologous
recombination, these Brh2 variants appeared to function differently under conditions of
replication stress in producing intermediates that become toxic in the absence of BIm.
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Presumed toxic DNA intermediates accumulated in brih2A blm-KR mutant cells expressing
Brh2 or Brh2AC551::RPA70 as evident by the HU sensitivity of the strains expressing these
Brh2 variants (Fig. 3C). Toxic DNA intermediates did not accumulate in brh2A bim-KR
strains expressing any of the other variants as evident by their resistance to HU.

In view of the observation that Genl, along with BIm, appears to serve in a common
pathway dedicated to processing replication-stress associated toxic intermediates generated
by Brh2-driven recombination, we interrogated the activity of the Brh2 variants in
promoting sensitivity to HU (Fig. 3C). We reasoned that if brh2A blm-KRand brh2A genlA
were to respond in an equivalent manner to all the variants, this would support the
contention that BIm and Gen1 participate in the same pathway. The results were unequivocal
(Fig. 3C)-the Brh2 forms (Brh2 and Brh2AC551::RPA70) producing HU-induced toxic
intermediates requiring BIm for processing showed the same requirement for Genl, while
the Brh2 variants that were less effective in promoting a toxic effect in the absence of BIm
also were less effective in the absence of Genl.

It should be noted, however, that Brh2 derivatives lacking one or the other DNA-binding
domain (/.e., Brh2AC551 or Brh2A362-493) were less effective in supporting DNA repair
activity as measured by loss of resistance to UV when expressed in brh2A gen1Amutant cells
compared to brh2A cells (Fig. 3C). Note also that the requirement for Gen1 could be reduced
by substituting a heterologous DNA binding for either N-terminal or C-terminal DNA-
binding domain. In this regard the dependence of Brh2A362-493 on Genl for repair
proficiency mirrored its dependence on Rad52 (Fig. 3B). Nevertheless, in promoting toxicity
of brh2A bim-KR and brh2A genIA mutant cells to HU only the chimeric variant
Brh2AC551::RPA70 was effective. The other variant (Brh2A362- 493::0B-AB) followed the
same pattern observed in brhZ2A bim-KR mutant cells in being less capable of inducing
sensitivity.

The above results suggest that toxic intermediates accumulating during replication stress as a
result of homologous recombination must be processed by both Blm and Gen1, but that
some intermediates can be produced that are not toxic in the absence of either of these
cellular factors. These intermediates, however, could presumably be processed by Mus81.
Direct support for this notion would require testing of the quadruple mutant (brh2A bim-KR
mus81A genlid). Unfortunately, given that we have been unable to generate even brh2A
genlA mus81Atriple mutants either by transformation or genetic crosses, the quadruple
mutant is presumably also a synthetically lethal combination. Nevertheless, we were able to
isolate a brh2A bim-KR mus81A mutant and so were interested to examine the response of
this mutant to the Brh2 variants. However, only the Brh2 forms lacking one or the other
DNA-binding domain could be relatively tolerated in the brh2A bim-KR mus81A
background, Cells transformed with these variants grew robustly into colonies (Fig. 3D).
The Brh2AC551::RPA70 hybrid that has previously been shown to be hyperrecombinogenic
[30] exhibited an extreme toxicity —transformed cells were unable to grow into colonies.
Under condition of replicative stress the Brh2AC551 and Brh2A362-493 variants were not
effective in promoting toxicity in the absence of both BIm and Mus81 function (Fig. 3E).
Furthermore, it is important to note that these two Brh2 variants were also less effective in
supporting DNA repair, as measured by loss of resistance to UV, when expressed in brh2A
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bim-KR mus81A mutant cells compared to brh2A blim-KR cells suggesting that these
crippled Brh2 forms require Mus81 for competent DNA repair activity.

3.4 Resolvase dependence of Brh2 variants deleted of DNA-binding domains

The dependence of the Brh2A362-493 variant on Rad52 in complementing the UV
sensitivity of brhZA initially raised the notion that there might be some commonality or
functional overlap between the associated DNA-binding activities of the Brh2 NBD and
Rad52. This view was reinforced by in vitro findings with purified proteins showing that the
NBD could promote annealing of complementary single strands of DNA [32], an activity
associated with Rad52 [33]. However, the dependence of Brh2A362-493 on Genl in
complementing the UV of brA2A as noted here (Fig. 3C) suggested this notion was too
simplistic.

To investigate this point further we tested whether the DNA repair functional response of the
Brh2 variants deleted of the NBD or canonical DNA binding domain was dependent on
Mus81 (Fig. 4A). As in the case of brhZA genI/ expression of Brh2A362-493 in the brhZA
mus81A mutant was poorly effective in complementing the UV sensitivity (Fig. 4B).
Furthermore, the Brh2A362-493::0B-AB variant was only partially effective in
complementing UV sensitivity of brhAZA mus81A compared to its activity in brh2A rad52\
and brh2A geniA (Fig. 3B,C). On the other hand expression of Brh2AC551 in brhZA
mus8IA restored UV resistance (Fig. 4B) in contrast to its limited activity in brh2A geniA
(Fig. 3C). These results suggest a different and perhaps more indispensable connection
between Brh2 and Mus81 in their molecular interplay. In other words, the observation that
Brh2A362-493 and Brh2A362-493::0B-AB are poorly effective in restoring the repair
capacity of the brh2A mus81A mutant might point to a specific interplay between Brh2 and
Mus81 rather than merely reflecting a requirement for resolvase activity in a broad sense.

To probe the possibility that recombination-intermediate resolvase activity could contribute
to Brh2 functionality in DNA repair in the absence of the NBD, we tested whether a
heterologous resolving activity could substitute. Prokaryotic Holliday junction resolvase
RusA was able to restore UV resistance to both b/m-KR mus81A and geniA mus8IA (Fig.
4C) suggesting RusA is able to compensate for the absence of Mus81. However, RusA failed
to restore DNA repair activity to ori2ZA mus8IA expressing Brh2A362-493 (Fig. 4D). This
finding indicates that DNA repair proficiency of Brh2 lacking the NBD is more likely
dependent on cognate functions of Mus81. One final point is that the Brh2 variants effective
in promoting toxicity under replication stress in brh2A mus81A were the same that were
effective in brh2A bim-KR and brh2A genlA (compare Fig. 4B with Fig. 3C). This is reason
to believe that these three cellular factors contributing to management of potentially toxic
recombination intermediate DNA structures are involved in a common pathway.

4. Discussion

Processing DNA after damage is necessary to prepare it as a substrate for the homologous
recombination machinery, the advent of which is brought into play by the association of
Brh2. Additional DNA processing is necessary after the action of Brh2 and its effector
Radb51 to resolve newly formed structural intermediates. It would be incorrect to picture the
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resolution process as a reversal of the preparative stage, but nonetheless it is interesting to
consider that one well-characterized processing factor, namely Blm, serves in both the
preparative and resolving or dissolution phases—its helicase activity being harnessed in
different complexes for alternative purposes. This investigation was prompted by (i.)
curiosity about possible roles of Mus81 and Genl in DNA processing at steps other than the
resolution phase as envisioned by the current dogma, and (ii.) the possibility of interplay
between components of the homologous recombination and resolution systems.

Two main conclusions can be drawn from this work. First, in U. maydis homologous
recombination-intermediate-resolving factors that contribute to repair of damage by UV or
MMS and that resolve toxic DNA structures resulting from HU poisoning during replication
are partially redundant. Genl can compensate to a certain extent for loss of BIm function in
countering replication stress caused by HU poisoning but only in the absence of Mus81.
Like BIm, Genl is also required to eliminate HU-induced toxic intermediates formed by the
homologous recombination pathway. Second, repair proficiency of Brh2 mutant variants
deleted of its N-terminal DNA binding domain requires not only Rad52 but also Genl and
Mus81. This suggests the operation of a Rad52-dependent/Gen1-Mus81-dependent system
for protection of genome integrity that is ordinarily not evident, but which is revealed when
the primary Rad51 mediator, namely Brh2, is compromised in DNA interaction. We think of
this system as a below-the-surface or subterranean repair shunt. A heterologous
recombination-intermediate resolvase can substitute for endogenous resolution activities in
repair of UV damage, but is not effective in repair by the subterranean system.

4.1 Contributions of Mus81 and Gen1 in resolving replication-stress- associated structures

Studies on the regulation of the yeast and human resolvases in the cell cycle by control of
phosphorylation state and nuclear localization have led to a model in which there are
consecutive waves of resolution action at metaphase and anaphase [9]. Subsequent to the
decatenation and unlinking of recombination intermediates by the Sgs1/BLM helicase in
concert with Top3/TOPIlla early in the cell cycle, current dogma features activation of Yenl1/
GENL1 following the action of Mus81 in resolving any uncut recombination intermediates
linking sister chromatids as a final means for ensuring their segregation.

The model envisioned above is adapted to processing of double Holliday junction
recombination intermediates formed after introduction of double strand breaks. However, it
is not clear what types of DNA intermediate structures form in response to damage by UV or
MMS, which generates lesions that interfere with replication, or in response to poisoning by
HU, which causes replication fork stalling. It is notable that U. maydis cells lacking either
BIm or Genl function are resistant to UV and MMS damage, but are sensitive to HU. It is
likely that Mus81 can compensate for the absence of BIm or Genl in processing
intermediates induced by UV as the double mutant combinations are sensitive. In fact, the
finding that the 6/m-KR mus81A mutant was highly sensitive to UV and MMS while b6/m-
KR genIA was only mildly sensitive underscores the primacy of Mus81 among these
proteins in combating the genotoxic effects of UV and MMS.

Inactivating homologous recombination in BIm- or Genl-deficient cells restores HU
resistance, suggesting that whatever type of toxic intermediate structures induced by HU
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requires Brh2 for formation and both BIm and Gen1 for removal. From the above data, the
markedly similar response of 6/m-KR and genlA mutants could most simply be accounted
for by cooperation of the two gene products in the same pathway. The epistatic relationship
evident by the b/m-KR geniA double mutant reinforces this notion and further suggests the
possibility not only that Gen1 acts in the same pathway with BIm but somehow upstream of
BIm. Given that the 6/m-KR genlA double mutant is more resistant to HU than the b/m-KR
single mutant it seems less likely that Genl acts downstream of BIm. Of course, these
considerations do not rule out the possibility that Blm and Gen1 could operate alternately in
multiple steps throughout the course of the processing of the recombination intermediates
with a demand for a final involvement of BIm. If true, this scenario could account for the
finding that the 6/m-KR geniA double mutant was marginally more resistant to HU than
either single mutant.

On the other hand, expressing Genl constitutively abrogates the need for BIm in countering
HU poisoning, but not UV or MMS damage. However, this can happen only if 6/m-KR cells
lack Mus81. This finding is of special note because it is most suggestive of the possibility
for the ordered and directed actions of Mus81, Gen1, and BIm in the processing of toxic
DNA structures arising from replication stress. It would appear that because the b/m-KR
cells contain Mus81 the aberrant DNA structures are rendered for further processing by BIm
and Genl. Furthermore, the observation that the suppression by Gen1 is completely
eliminated when Mus81 is present could reflect a hierarchical ordering in resolvase
deployment such that in the absence of BIm, Mus81 becomes extremely competitive for the
perturbed-replication-fork structures. Two additional observations bearing on the issue of
mitigating the toxicity of the replication-associated recombination intermediates deserve
mention in this context. Although mus8IA is less sensitive to HU, disabling homologous
recombination in Mus81 deficient cells restores HU resistance indicating that, like BIm and
Genl, Mus81 is involved in removal of the Brh2-induced recombination intermediates.
Moreover, the cells lacking any of these three cellular factors respond equivalently to the
Brh2 variants making it logical to suppose that they are involved in common or analogous
function. A model featuring relationships among these above factors and their hierarchical
arrangements as described is depicted in a schematic (Fig. 5). We imagine multiple points of
interaction as intermediates are processed.

There is, however, a caveat to the above model that might warrant a reinterpretation of the
findings. The strain carrying the b/m-KR allele used in these studies was chosen for
experimentation because it does not harbor a drug resistance marker. This provides an extra
degree of freedom for making additional gene disruptions in this strain because the number
of drug resistance markers available in U. maydisis limited. The functionally inactive BIm-
KR gene product, however, could be acting in a dominant negative fashion that biases
resolution. To wit, after HU induced fork arrest, the HR machinery produces a potentially
toxic intermediate, which under the normal conditions would be dissolved by BIm helicase.
But in the b/m-KR mutant strain the BIm-KR variant could be attracted to the toxic
intermediate only to serve as an obstacle for other alternative helicases and as a consequence
force resolution by the resolvases. Indeed, the preference of Genl over Mus81 could be
related to the specific structure of the BIm-KR-DNA intermediate that demands a symmetric
resolution as would be provided by Genl versus an asymmetric resolution as would be
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provided by Mus81. This might explain why the ability of Genl to rescue the hydroxyurea
sensitivity of 6/m-KR requires the absence of Mus81. If the preferred resolvase was Mus81
and its asymmetric resolution of the DNA intermediate resulted in a toxic structure, then
only the absence of Mus81 might allow Genl to do the work properly. These issues will
require further experimentation. We note, however, regarding the first point of BIm-KR
forcing resolution by resolvases that deletion of Genl improves survival of the b/m-KR
strain; and regarding the second point of toxic intermediate production by Mus81 that the
bim-KR genIA mutant is more resistant to HU than b6/m-KR mus81A. These observations
are not consistent with this scenario of a dominant negative BIm.

4.2 Impact of Rad51 mediator status on resolution mode

The other finding in this study of particular interest is that repair proficiency of Brh2 mutant
variants deleted of the NBD requires not only Rad52 but also Genl and Mus81. Brh2 in its
role as mediator of Rad51 is capable of providing DNA repair activity and supporting
homologous recombination even in the absence of one of its two different DNA-binding
regions. However, the requirements are different. When the NBD is deleted, repair and
recombination activity as gauged by resistance to UV is dependent on functional Rad52. But
when the canonical C-terminal DNA binding domain is removed recombinational repair is
Rad52 independent. In contrast, strains expressing either deletion variant require Gen1 for
repair proficiency. However, genIA strains expressing these variants do not succumb to HU
poisoning, unlike genIA strains expressing the natural Brh2 or Brh2AC551::RPA70 chimera.
These findings reinforce the notion that an appropriate architectural configuration of DNA-
binding domains within Brh2 dictates the type of structural DNA intermediate to form
during repair. The nature of the intermediate, in turn, dictates the choice of factors necessary
for processing and resolution by both the canonical and subterranean pathways of
homologous recombination. The challenge in understanding molecular events performed by
Brh2 during repair of damage and restoration of replication fork progression after stress is to
define the DNA structures formed during these processes. Understanding the genetic and
molecular events will provide new insights into elaborate system that serves to advance
DNA replication and preserve the integrity of the genome.

To summarize, we suggest that cellular factors involved in recombination and resolution of
DNA intermediate structures form an ensemble of components whose interplay creates a
stream of alternate participatory actions that executes well-oiled processing of the damaged
or perturbed DNA structure. In other words, the ensemble operates in a way that lets the
recombination enablers and resolvers collaborate in a spectrum of operations. The extent and
direction of this collaboration are ordered by the demand for specific steps in repair that are
in turn dictated by the type of structural perturbation. In this scenario, Brh2 must cooperate
with the structure-resolving functions to achieve well orchestrated DNA repair. From the
results described above, it seemed logical to propose this model of collaboration in the
actions of Brh2 by resolving factors during DNA repair and replication stress, but the
molecular events underlying this cooperation and the molecular structures of the DNA
intermediates formed during the process are challenging mechanistic issues awaiting
insightful experimentation.
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Highlights

. Genl can rescue hydroxyurea sensitivity of mutant cells with dysfunctional
BIm only in the absence of Mus81.

. Mutants defective in BIm and Gen1 respond similarly to hydroxyurea
challenge.
. Brh2 mutant form deleted of its N-terminal DNA binding region requires the

presence of Genl and Mus81 for DNA repair proficiency.
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Figure 1.
Role of resolvases in survival after DNA damage or replication stress. A. Mutant strains

were tested for sensitivity to UV, MMS and HU as described in Experimental procedures. B.
Mutant strains expressing Genl from a self-replicating plasmid (indicated as + Genl) were
tested for sensitivity. Results shown here and in subsequent figures are representative of
multiple determinations. At least three independent isolates and measurements were
performed for each strain.
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Figure 2.

Suppression of HU sensitivity by inactivation of homologous recombination. Single and
double mutant combinations were tested for sensitivity to UV and HU.
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Figure 3.
DNA-binding domain dependence of Brh2 in supporting DNA repair and suppressing HU

poisoning. A. Schematic representation of Brh2 variants with deletions or substitutions of
DNA-binding domains. Structural motifs and functional regions of Brh2 are denoted in
order: BRC, Rad51-interaction motif; NBD, N-terminal DNA binding region; HD, helix-rich
domain; OB1 and OB2/twr, OB folds and intervening tower domain; CRE, C-terminal
Rad51 interaction element. OB fold modules of RPA70 are also indicated. B. DNA repair
activity of strains expressing the Brh2 variants. C. DNA repair and replication stress
resistance of strains expressing the Brh2 variants. D. Micrographs of emerging
microcolonies viewed with 40x objective after simultaneous transformation to of b6ri2A bim-
KR mus81A cells with plasmids expressing the indicated Brh2 variants. Plasmid carried a
gene expressing resistance to carboxin for selection. E. DNA repair and replication stress of
strains expressing the Brh2 variants.
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Figure 4.
Brh2 and RusA dependence in supporting DNA repair in the absence of Mus81. A.

Schematic of Brh2 deletion or hybrid variants. B. Survival of double mutants expressing
Brh2 variants. C. Survival of double mutants expressing RusA. D. Survival of double mutant
expressing RusA or Brh2 or Brh2 deleted of NBD.
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Figure 5.
Collaboration among resolving factors in processing structural intermediates formed after

replication stress. The hypothetical model illustrates multiple points of interaction of
resolving factors BIm, Mus81, and Genl in formation and resolution of intermediates
formed by Brh2/Rad51 after replication stress. It is imagined that Brh2/Rad51 action can
result in different types of intermediates and that the factors shown can intervene at different
steps in the pathway leading to restoration of fork progression. The black boxes represent
different recombination intermediates of unknown structures.
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