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DNA polymerase zeta catalytic subunit REV3 is known to play an important role in the repair of DNA damage induced by cross-
linking and methylating agents. Here, we demonstrate that in Arabidopsis (Arabidopsis thaliana), the basic polymerase activity of
REV3 is essential for resistance protection against these different types of damaging agents. Interestingly, its processivity is
mainly required for resistance to interstrand and intrastrand cross-linking agents, but not alkylating agents. To better define
the role of REV3 in relation to other key factors involved in DNA repair, we perform epistasis analysis and show that
REV3-mediated resistance to DNA-damaging agents is independent of the replication damage checkpoint kinase ataxia
telangiectasia-mutated and rad3-related homolog. REV3 cooperates with the endonuclease MMS and UV-sensitive protein81
in response to interstrand cross links and alkylated bases, whereas it acts independently of the ATP-dependent DNA helicase
RECQ4A. Taken together, our data show that four DNA intrastrand cross-link subpathways exist in Arabidopsis, defined
by ATP-dependent DNA Helicase RECQ4A, MMS and UV-sensitive protein81, REV3, and the ATPase Radiation Sensitive

Protein 5A.

The DNA of all living organisms is constantly ex-
posed to damaging factors, and therefore a number of
DNA damage repair and bypass mechanisms have
evolved. DNA lesions that interfere with the replica-
tion machinery constitute a particular challenge for
cells (Schropfer et al., 2014a); if not repaired in a timely
manner, such damage can result in the stalling or col-
lapse of replication forks, which in turn can lead to cell
death. Furthermore, one-sided double-strand breaks
(DSBs) can occur when the replication fork encounters a
single-strand break. Lesions within one DNA strand,
such as alkylations or DNA intrastrand cross links, can
be bypassed by postreplicative repair (PRR), a process
that is best understood in yeast (Saccharomyces cere-
visige). This mechanism does not lead to repair of the
lesion but prevents fatal long-lasting stalling of the
replication fork. PRR can be divided into two branches:
the error-prone pathway and the error-free path-
way (for review, see Goodman and Woodgate, 2013;
Haynes et al., 2015; Jansen et al., 2015). It is known from
yeast that both branches of PRR are controlled by the
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Radjiation sensitivity protein6é (Rad6) and Mms-Ubc13
E3 ubiquitin-conjugating enzyme complexes, which
ubiquitinate the replicative processivity factor Prolif-
erating Cellular Nuclear Antigenl. The mono-
ubiquitination of PCNA at Lys-164 by Rad6-Rad18
initiates the error-prone pathway, whereas poly-
ubiquitination additionally requires Mms2, Ubcl3,
and Rad5, and triggers the error-free PRR branch
(Hoege et al., 2002; Moldovan et al., 2007; Lee and
Myung, 2008). There are two possible competing
models postulated for the error-free bypass of lesions
at the replication fork, both of which depend on
template-switch mechanisms; if the lesion concerns
only one of the two sister strands, the undamaged
strand can be used as the template for bypassing the
lesion. One of the two models features the so-called
overshoot synthesis, whereby the newly synthesized
strand on the undamaged parental strand is elongated
further than the strand blocked by the lesion. Regres-
sion of the replication fork then leads to the formation
of a special type of four-way junction called a chicken-
foot structure. This regression mechanism is thought
to be accomplished by helicases, such as the RecQ
helicase Bloom Syndrome Protein (BLM) in humans
(Croteau et al., 2014). AtRECQ4A is the respective
BLM homolog in Arabidopsis (Arabidopsis thaliana),
and this enzyme has the ability to regress replication
forks in vitro (Hartung et al., 2007, 2008; Schropfer
et al., 2014b). The second error-free subpathway en-
tails invasion of the newly synthesized strand on the
blocked sister chromatid into the complementary
newly replicated strand on the other sister chromatid.
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Such a step forms a displacement loop-like structure
in which synthesis over the damaged region can oc-
cur. In yeast, both error-free pathways are dependent
on the multifunctional protein Rad5, which is known
to recruit PRR factors and also exhibits helicase ac-
tivity itself (Blastydk et al., 2007). We previously
identified AtRADS5A as a functional Arabidopsis ho-
molog of Rad5 (Chen et al., 2008). Interestingly,
AtRADSA is required for efficient repair by homolo-
gous recombination via the synthesis-dependent
strand-annealing mechanism, a pathway that in some
steps is related to the invasion model of PRR (Mannuss
et al., 2010).

The error-prone pathway is based on the function of
translesion synthesis (TLS) polymerases, which pro-
mote replication through DNA lesions (Prakash et al.,
2005). In a mechanism termed polymerase switch, the
replicative polymerase is exchanged by such a TLS
polymerase at a damaged site. After incorporation of a
nucleotide opposite the damaged base by the TLS poly-
merase, a second polymerase switch exchanges the
TLS polymerase for the replicative polymerase so that
replication can proceed (Prakash and Prakash, 2002;
Lehmann et al., 2007). TLS polymerases possess no
5'-3'-exonuclease activity, and therefore act in a poten-
tially mutagenic manner. Nevertheless, depending on
the damage incurred and the TLS polymerase used,
damage bypass can be error free (Haracska et al., 2000;
McCulloch et al., 2004).

Polymerases can be divided into at least six families
based on their amino acid sequences and crystal
structures: A, B, C, D, X, and Y. All of them share the
common structure analogous to a right hand grasping
DNA with palm, finger, and thumb domains (Steitz,
1999). The amino acid sequences of the finger and
thumb domains of different polymerase families are
highly variable, whereas the palm domains share high
similarity. The palm domain forms the largest part of
the polymerase active site and contains highly con-
served Asp residues that have been postulated to be
involved in the catalytic activity of the enzyme (Joyce
and Steitz, 1995; Steitz, 1999).

Most TLS polymerases belong to the Y family of
polymerases, a class of specially structured enzymes
that catalyze replication over damaged templates
(Ohmori et al., 2001; Sale et al., 2012). Although some
polymerases of the A, B, or X family can also exhibit
TLS activity, this is often not their primary function
(Prakash et al., 2005). DNA Polymerase Zeta (POL{) is a
B family polymerase and consists of a DNA Polymerase
Zeta subunit REV3-REV7 heterodimer, in which REV3
is the catalytic subunit with its accessory subunit and
processivity factor REV7 (Nelson et al., 1996). Recent
studies in yeast and human cells have shown that POL{
contains two additional subunits, Pol31 and Pol32 in
yeast, orthologs to human POLD2 and POLD3, which
are known to be accessory subunits of the replicative
polymerase POLS (Johnson et al., 2012; Lee et al., 2014).
REV3 contains three regions that are highly conserved
between organisms: an N-terminal region, a REV7
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binding domain, and a B family-type polymerase
domain. The polymerase domain carries the six
common conserved regions, I to VI (IV-1I-VI-III-1-V),
of which I is the most and VI the least conserved
region. The A (II), B (III), and C (I) motifs, located
within regions I, II, and III (Wong et al., 1988), form
the active site of the enzyme, and each harbors an
essential Asp residue that coordinates two catalytic
metal ions. Deficiency of REV3 in mice is embryo
lethal (Bemark et al., 2000; Esposito et al., 2000), and
vertebrate cells depleted in REV3 show hypersensi-
tivity to various DNA-damaging agents, including
UV and ionizing irradiation, cisplatin, MMS, and
mitomycin C (MMC; Sonoda et al., 2003; Sharma and
Canman, 2012). In Arabidopsis, rev3 mutants exhibit
no obvious phenotype under standard growth con-
ditions, but are hypersensitive to UV-B and gamma
irradiation, MMC, MMS, and cisplatin (Sakamoto
et al., 2003).

Our previous work demonstrated the existence of
several different pathways in Arabidopsis involved in
repairing the DNA damage induced by cross-linking
and methylating agents. These independent path-
ways are defined by the ATPase RADS5A, the helicase
RECQ4A, and MMS and UV-sensitive protein81
(MUS81; Mannuss et al., 2010). The structure-specific
endonuclease MUSS81 together with its noncatalytic
subunit (Mms4 in yeast, Emel in Schizosaccharomyces
pombe, and MMS54 or Crossover Junction Endonuclease
(EMEL1) in humans and plants) functions in the rescue of
stalled replication forks. The enzyme is able to cleave
the stalled fork at the lesion site, which leads to a one-
sided DSB that is repaired by homologous recombina-
tion (HR) to restore the stalled fork (Hanada et al.,
2006). We previously showed that mus81 transfer DNA
(T-DNA) insertion lines in Arabidopsis are highly
sensitive to treatment with MMS, cisplatin, hydroxy-
urea, ionizing irradiation, and MMC. We also found
that AtMUSS81 can form a complex with its heterolo-
gous binding partners AtEME1A or AtEMEIB that
is able to process intricate DNA structures, such as
nicked Holliday junctions, which might also form at
stalled replication forks (Hartung et al., 2006; Geuting
et al., 2009).

In the current study, we address whether fully
functional polymerase activity is required for the repair
of DNA damage induced by alkylating and cross-link-
inducing agents. Moreover, we sought to clarify
whether REV3 cooperates with other key factors iden-
tified in Arabidopsis in the repair of these different
types of damage. Indeed, it has already been shown
that AtREV3 and AtRADS5A do not cooperate in the
repair of such DNA damage, confirming independent
pathways of error-prone and error-free PRR in plants
(Wang et al., 2011). However, as plants, animals, and
yeast differ in their DNA cross-link repair machinery
(e.g. Mannuss et al., 2010; Knoll et al., 2012; Dangel
et al., 2014; Herrmann et al., 2015), it is of particular
importance to define the role of REV3 in relation to
MUS81 and RECQ4A.
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RESULTS

Loss of the Highly Conserved Asp in Polymerase Motif A
Leads to a Total Loss of REV3 Function, whereas an Asp in
Motif C Is Not Essential for All REV3 Functions

It has previously been reported that, in Arabidopsis,
REV3 is involved in the repair of DNA damage induced
by cross-linking and methylated bases (Sakamoto et al.,
2003; Takahashi et al., 2005). However, to date, whether
a fully functional polymerase activity is required for
this process has not been addressed. Therefore, we in-
troduced into wild-type AtREV3 complementary DNA
(cDNA) two different amino acid substitutions that
should result in different types of functional defects. In
motif A, we exchanged the Asp at position 1,385 with
an Ala (D1385A) The respective Asp is known to be
involved in Mg binding, which is requlred for initi-
ating the covalent linkage between the primer and the
incoming deoxynucleotide (Patel and Loeb, 2000). Ac-
cordingly, this mutant enzyme should not have any
polymerase activity. We also mutated an Asp to Ala in
motif C (D1549A). Bacterial polymerases harbor an
identical YGDTDS motif found in REV3, and bio-
chemical studies have shown that the respective mu-
tation in the a-like DNA polymerase of the phage Phi29
results in a partially active enzyme with reduced elon-
gation activity (Bernad et al., 1990). Thus, we expected
that this mutation should not result in a total knockout
of REV3 function but mainly a defect in the transloca-
tion step, such that this enzyme should still be able to
incorporate single nucleotides. As a consequence, the
processivity of the polymerase should be disturbed.

Utilizing Agrobacterium tumefaciens, we transformed
the three different constructs into the well-characterized
rev3-2 mutant line (Sakamoto et al., 2003) and Columbia-0
(Col-0) as a control (Fig. 1). Homozygous single-locus
lines were established for four independent complemen-
tation lines with different integration sites in the rev3-2
background and one in the Col-0 background. Expression
levels of the transformed REV3 ORFs in the lines were
determined by quantitative PCR (Supplemental Fig. S1;
Supplemental Method S1). These lines were used for
sensitivity assays with genotoxic agents MMC, MMS, and
cisplatin as well as root growth assays after UV-B irradi-
ation. As shown in Figure 1B, full complementation of the
hypersensitivity to MMC, MMS, and cisplatin was ach-
ieved by expression of the wild-type construct in rev3-2. In
contrast, expression of the construct containing the
D1385A amino acid substitution does not lead to com-
plementation of the observed hypersensitivity to any of
the tested chemical genotoxins; as it does not affect the
fresh weight of the control line, negative complementa-
tion is excluded (Fig. 1C). Interestingly, sensitivity assays
with the lines transformed with the D1549A construct
reveal different results (Fig. 1D). Although hypersensi-
tivity to MMS is fully restored to wild-type levels after
expression of the construct in rev3-2 in all but one line, this
is not the case for all tested concentrations of MMC and
cisplatin. In this case, three out of four complementation
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lines show mostly an intermediate phenotype, with rela-
tive fresh weights between those of wild-type and the
rev3-2 insertion line, which is most distinct after induction
with 5 ug mL~! MMC. In contrast, the fourth line
(D1385A#4) resembles the mutant phenotype, which
correlates with a lower REV3 mRNA level than in the
other lines (P < 0.05; Supplemental Fig. S1).

As translesion polymerases in plants have an im-
portant role in overcoming UV-B-induced DNA dam-
age, we also determined the UV-B sensitivities of the
transgenic lines using root growth assays. The root
lengths of plantlets irradiated with 5 and 7 k] m* UV-B
radiation were compared with roots grown under
nonirradiated conditions (Fig. 2). In untreated seed-
lings, we found that rev3-2 root growth is already
slightly but significantly limited compared with wild-
type roots, whereas only one line with a slight, statis-
tically significant difference in root growth could be
found. However, this line, D1549A#3, shows only a
marginal difference of not even 3% in mean relative root
growth compared with w11d -type roots. After irradia-
tion with 5 and 7 k] m?, expression of the wild-type
construct complemented 'the hypersensitivity of rev3-2
to UV-B irradiation, which is not observed with the
D1385A construct. Lines transformed with the D1549A
construct showed an intermediate phenotype after
UV-B treatment.

REV3-Mediated DNA Repair Is Not Dependent on ATR

As Ataxia telangiectasia-mutated and Rad3-related
homolog (ATR) is the master checkpoint kinase acti-
vated by replication stress, we addressed whether this
kinase is involved in REV3-mediated resistance to
cross-linking and methylating agents. Recently, it was
reported that AtATR is also required for resistance to
cross-linking (CL) agents (Aklilu et al., 2014), and in
other organisms, ATR deficiency also leads to sensi-
tivity to methylating agents (Collis et al., 2003).

To determine whether ATR and REV3 cooperate in
the stress response to DNA-damaging agents that af-
fect the replication fork, we crossed mutants for two
different alleles of REV3, rev3-3 and rev3-5, with atr-2.
The double-mutant lines were tested in sensitivity
assays using MMC, MMS, and cisplatin as genotoxic
agents. All three genotoxins yield similar results (Fig.
3). After treatment with MMC, the single-mutant lines
of rev3 and atr-2 show comparable sensitivities, and
their relative fresh weights are approx1mately 50% of
the wild type using 2.5 ug mL~' MMC. In contrast, the
double mutants display significantly higher hyper-
sensitivities than the single mutants, with fresh
weights of approximately 30% compared with the wild
type. Treatment with 5 ug mL™" MMC resulted in
similar results, whereas no significant difference in the
fresh weights of the single and double mutants was
found at higher concentrations. Similar results were
found using the alkylating agent MMS. As before, the
rev3 mutant shows minor growth inhibition after
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Figure 1. Mutations in REV3 motifs led to different effects in DNA damage repair. A, The depicted constructs were assembled
from three fragments amplified from Col-0 genomic DNA (gDNA) and cDNA (promoter: 718-bp gDNA, middle fragment: 5,113
bp cDNA, 3'open reading frame (ORF)-terminator gDNA: 1,465 bp) and transformed in rev3-2 mutants. Expression of the REV3
wild-type (WT) construct leads to a protein identical to natural REV3. Point mutations were inserted into motif A and motif C,
respectively, with substitution of an Asp residue in the motif to an Ala (marked red in the illustration). These motifs are part of the
six conserved regions within the polymerase domain of REV3. The relative fresh weight of homozygous single-locus lines
transformed with the wild-type construct of REV3 (B), D1385A (C), and D1549A (D) point mutations in comparison with the wild-
type and rev3-2 plants after treatment with MMC, MMS, and cisplatin is shown. For each construct, four different transgenic lines
with rev3-2 background are shown. Plantlets were treated with the different genotoxins, and their fresh weight was measured and
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treatment with MMS, which is also true for atr-2.
The double-mutant lines, however, are dramatically
more hypersensitive to MMS than any single-mutant
line. The relative fresh weights of the single-mutant
lines of rev3 and atr-2 correspond to 80% and 70% of
the wild type, respectively, and those of the double
mutants are 30% after induction with 40 ppm MMS.
Similar results are obtained with higher concentrations.
The results after induction with cisplatin are similar to
those obtained with MMC: no significant difference is
observed between the hypersensitivities of atr-2 and
the rev3 insertion lines, although the double-mutant
lines do show increased hypersensitivities to cis-
platin compared with the single mutants. Thus, al-
though both REV3 and ATR are key factors in the
stress responses to the tested genotoxins, they appear
to have some nonoverlapping functions.

Generation of Double Mutants of rev3 with the Nuclease
mus81 and the DNA Helicase recq4a

In contrast to the situation in animals and fungi, the
DNA helicases RECQ4A and RADS5A as well as the
endonuclease MUS81 define three parallel pathways of
DNA cross-link repair in Arabidopsis (Mannuss et al.,
2010). Interestingly, RADSA and REV3 act indepen-
dently in the repair of interstrand and intrastrand cross
links and base alkylation (Wang, 2007). To elucidate
interactions between REV3 and these two factors, we
established double-mutant lines of rev3 recq4a and rev3
mus81 to determine whether REV3 participates in the
pathways involving MUS81 and RECQ4A. After
crossing of the respective T-DNA insertion lines, we
identified homozygous double-mutant lines in the F2
generation by PCR-based genotyping. The homozy-
gous double mutant lines of rev3 recq4A-4 and rev3
mus81-1 display no obvious phenotypes under stan-
dard growth conditions.

REV3 Cooperates with MUS81 to Repair DNA Interstrand
Cross Links

To determine the sensitivities of the mutant lines to
interstrand cross links, four different concentrations
of MMC were used: 5, 10, 15, and 20 ug mL~!. The
insertion line recq4A-4 shows no hypersensitivity to

MMC, whereas rev3 single-mutant lines and the
mus81 single-mutant line show comparable hyper-
sensitivities (Fig. 4A). The relative fresh weight of
the double-mutant lines does not differ from the
fresh weight of the rev3 or mus81-1 single mutant,
which is approximately 20% to 40% of the wild type.
Therefore, our results indicate that REV3 cooperates
with MUS81 in response to interstrand cross links.
Furthermore, our data exclude the possibility that
REV3 is involved in interstrand cross-link repair in
a pathway independent of RECQ4A, in contrast
to what we previously demonstrated for MPH1-
associated histone-fold proteinl (MHF1; Dangel et al.,
2014).

Repair of Alkylated Bases Requires Cooperation of REV3
and MUSS81 but Not REV3 and RECQ4A

We used 40, 60, and 80 ppm of the alkylating geno-
toxin MMS in sensitivity assays. Both rev3 single-
mutant lines and recq4A-4 show only moderate
hypersensitivities to MMS that are similar to each
other (Fig. 4B). In contrast, mus81-1 is highly hyper-
sensitive to this genotoxin. The rev3 recq4A-4 double
mutants show increased hypersensitivities compared
with the single mutants, whereas the rev3 mus81-1
double mutants are as sensitive as the rev3 single
mutants. These results indicate that, on the one hand,
REV3 and MUS81 act in the same pathway as already
demonstrated for interstrand cross linking; on the
other hand, they clearly show that REV3 and RECQ4A
function in different pathways of alkylated base DNA
repair.

REV3 Defines a Unique, Fourth Pathway of Intrastrand
Cross-Link Repair

To investigate the interplay of REV3 and RECQ4A as
well as REV3 and MUSS81 at intrastrand cross links, we
performed sensitivity assays with 5 and 10 um cisplatin.
We obtained similar results for both experiments: rev3,
recq4A-4, and mus81-1 are moderately hypersensitive
to this genotoxin, and their fresh weights at 5 um
cisplatin are approximately 50% to 65% of the wild type
(Fig. 4C). Interestingly, in both cases, the double-mutant
line is more hypersensitive to treatment with cisplatin

Figure 1. (Continued.)

calculated in relation to the untreated control plants of the same line. Each assay was performed at least three times for calculation
of the sp (error bars). B, Hypersensitivity of rev3-2 can be complemented by expression of the wild-type construct, which is true for
all tested chemical genotoxins. A control line expressing the construct in a wild-type background (WT::REV3 #1) exhibits a relative
fresh weight that does not differ from the untransformed wild-type fresh weight. C, Hypersensitivity of rev3-2 cannot be com-
plemented by expression of the D1385A construct, which is true for all tested chemical genotoxins. A control line expressing the
construct in a wild-type background (WT::REV3 D1385A#1) exhibits a relative fresh weight that does not differ from the un-
transformed wild-type fresh weight. Expression of the D1549A construct can complement sensitivity of rev3-2 after treatment
with MMS, whereas hypersensitivity is not abolished after treatment with MMC or high concentrations of cisplatin. The line rev3-
2::REV3 D1549A#1 behaves like rev3-2 in all tested conditions. A control line expressing the construct in a wild-type background
(WT::REV3 D1549A#1) exhibits a relative fresh weight that does not differ from the untransformed wild-type fresh weight.

kP <0.001; **,0.01 > P> 0.001; *, 0.05 > P> 0.01.
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Figure 2. Relative (rel.) root growth in plants transformed with the wild type (WT), D1385A, and D1549A construct, respectively.
Root lengths were measured on untreated plants (A) and after irradiation with 5 kJ m? UV-B (B), and 7 k] m?> UV-B (C). Root length
was measured and calculated relative to the length of the wild-type roots. The rev3-2 insertion line exhibits slightly reduced root
growth without irradiation compared with the wild type, whereas a strong reduction is detectable after UV-B treatment. All other
tested lines showed no particularly reduced root growth in comparison with the wild type without irradiation. After being irra-
diated with 5 and 7 k] m* UV-B, rev3-2 plants expressing the wild-type construct exhibit root lengths comparable with the wild
type, whereas expression of the D1385A construct does not complement the sensitivity. As in assays with chemical genotoxins,
expression of the D1549A construct leads only to partial complementation of the hypersensitivity. Control lines transformed with
the wild-type construct in wild-type background (K#1) show less reduced root growth compared with the untransformed wild
type. ***, P < 0.001; **, 0.01 > P> 0.001; *, 0.05 > P> 0.01.

when compared with the respective single-mutant line, existence of all four different subpathways of intrastrand
with fresh weights of approximately 30% for rev3 recq4 A- cross-link repair in plants.

4 and 40% for rev3 mus81-1. Thus, REV3 is not active in
intrastrand cross-link repair pathways in which either

RECQ4A or MUS8]1 is involved. Considering the previ- DISCUSSION AND CONCLUSION

ous results regarding RAD5SA (Mannuss et al., 2010; The TLS polymerase POL{ is known to be involved in
Wang et al., 2011), we now have evidence for the stress responses to several DNA-damaging agents.
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Figure 3. Relative fresh weight of
rev3 atr-2 single and double mu-
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Knockout mutations of REV3, the catalytic subunit of
POLY{, lead to embryonic lethality in mice, and rev3
deficiency in human cell lines and T-DNA insertion
lines of rev3 in Arabidopsis shows hypersensitivities to
MMC, MMS, cisplatin, and gamma- and UV-B irradi-
ation (Bemark et al., 2000; Esposito et al., 2000; Saka-
moto et al., 2003; Curtis and Hays, 2007). Here, we
provide, to the best of our knowledge, new insights into
the function of REV3 in Arabidopsis by demonstrating
the variable involvement of REV3 in the repair of dif-
ferent types of DNA damage and by assigning REV3 to
known DNA damage response pathways.

Processivity Requirements of REV3 Differ for Different
Types of DNA Damage

Using complementation analysis, we were able to
gain new insights, to the best of our knowledge, into the
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mode of action of REV3 in Arabidopsis. As a member of
the B family of polymerases, REV3 contains a conserved
polymerase domain. Amino acids located in motifs A,
B, and C are known to form the active site (Joyce and
Steitz, 1995). Point mutations in these motifs have been
performed in other B family polymerases, revealing
specific functions for these highly conserved residues.
Although most substitutions in motif A, with the con-
sensus sequence DxxxLYPS of B family polymerase I of
Thermus aquaticus, preserve wild-type activity, substi-
tution of the Asp results in the total loss of polymer-
ase function (Patel and Loeb, 2000). The consensus
sequence of motif C is YGDTDS, which is highly
conserved among many eukaryotic and prokaryotic
polymerases. Studies with the Bacillus subtilis phage
@29 DNA polymerase and human polymerase alpha
have indicated that mutations of the first Asp resultin a
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Figure 4. Relative fresh weights of rev3 recq4A-4 and rev3 mus81-1 sin-
gle and double mutants after MMC (A), MMS (B), and cisplatin (C) treatment.
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(error bars). A, Plantlets were treated with 5, 10, 15, and 20 ug mL™"MMC,
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partially functional polymerase with a deficiency in
processivity. Motif C, however, is involved in both the
initiation and elongation reactions (Bernad et al., 1990;
Copeland and Wang, 1993).

As expected, we were able to show that expression
of the wild-type REV3 construct complemented the
hypersensitivity of rev3-2 to MMC-, MMS-, cisplatin-,
and UV-B-induced DNA damage in Arabidopsis. It
is of interest to note that an expression analysis
revealed that less than 20% expression of the wild-
type gene is sufficient for full complementation
(Supplemental Fig. S1). Conversely, expression of the
construct carrying the amino acid substitution in
motif A (D1385A) did not complement the sensitiv-
ities of rev3-2 to MMC, MMS, cisplatin, or UV-B. The
affected catalytic Asp is known to be involved in Mg**
binding, which is necessary for polymerase activity
(Patel and Loeb, 2000). Therefore, our results indicate
that the function of REV3 at damaged sites is entirely
dependent on its polymerase activity, as opposed to
other functions, such as the recruitment of other re-
pair factors.

Some striking results were obtained when we per-
formed assays with plants expressing the D1549A
construct mutated in motif C, for which the results
varied depending on the genotoxin used. Expression
of the construct fully complements hypersensitivity to
MMS; however, after damage induction with MMC,
cisplatin, and UV-B, we observed an intermediate
phenotype for fresh weight and root length that dif-
fers from both the wild type and rev3-2. At first glance,
these varying phenotypes between the lines might
be attributed to different expression levels of the
constructs. Indeed, one out of four lines shows no
complementation at all. Expression analysis showed
that this line has only 5% expression of the wild type,
and this probably leads to an insufficient amount

untreated control plants of the same line. In contrast to rev3 mutants,
recq4A-4 is not sensitive against MMC. The double mutant shows com-
parable sensitivity with the rev3 insertion lines. The mus81-1 and rev3
insertion lines as well as the double-mutant lines exhibit the same hyper-
sensitivity against MMC. B, Plantlets were treated with 40, 60, and 80 ppm
MMS, and their fresh weight was measured and calculated in relation to
the untreated control plants of the same line. recq4A-4 and rev3 single
mutants exhibit the same hypersensitivity against MMS, whereas both
double-mutant lines show stronger sensitivities than the single-mutant
lines. mus81-1 shows stronger sensitivity against MMS than rev3 single
mutants, whereas double mutants of the corresponding lines are not dis-
tinguishable from mus81-1 single mutants. C, Plantlets were treated with 5
and 10 uMm cisplatin, and their fresh weight was measured and calculated
in relation to the untreated control plants of the same line. After treatment
with 5 um cisplatin, rev3 single mutants as well as the recq4A-4 single
mutant show significantly reduced fresh weights compared with the wild
type (WT). The double-mutant lines exhibit stronger hypersensitivity
against cisplatin than the corresponding single-mutant lines. Treatment
with 5 um cisplatin leads to reduced fresh weights of mus81-1 and rev3
single mutants, whereas double-mutant lines show increased hypersensi-
tivity compared with the single mutants. ***, P < 0.001; **, 0.01 > P>
0.001; *, 0.05 > P> 0.01;.
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of protein to achieve any complementation at all
(Supplemental Fig. S1). However, it is important to
note that we see full complementation with respect to
the DNA damage induced by MMS but not by
CL-inducing agents for the three other lines. There-
fore, apparently there is enough protein present in
these lines to repair DNA damage, and we can see a
qualitative difference in the response to different
kinds of DNA damage for these three lines. As poly-
merases mutant for the substituted Asp in motif C are
still active in short polymerase reactions, it can be
assumed that minor obstacles, such as single meth-
ylated bases, can be overcome by the mutated REV3
protein. However, synthesis over DNA damage that is
not restricted to a single base requires the processivity
of the polymerase to be bypassed. It is most likely that
the mutated REV3 is lost from the template before
repair synthesis is complete, resulting in replication
defects and slow growth. To complement our in vivo
analysis, it would be interesting to test how the re-
spective mutations change the biochemical behavior
of an in vitro-expressed REV3 protein in detail.

REV3 Is Not Controlled by ATR in DNA Damage Repair

ATR is one of the master checkpoint kinases and is
mainly activated upon replication stress. We found
that, despite being key factors in response to stressed
replication forks, ATR and REV3 do not function in a
common pathway during the repair or bypass of DNA
damage induced by MMC, MMS, or cisplatin in Ara-
bidopsis. In human cells, recruitment of REV3 to sites of
stalled replication forks is dependent on the mono-
ubiquitination of PCNA, which is independent of ATR
or Ataxia Telangiectasia Mutated (Brun et al., 2010).
PCNA monoubiquitination is followed by a polymer-
ase switch from an accurate replicative polymerase to a
TLS polymerase to bypass the lesion. Our results show
that TLS bypass of alkylations by MMS and cross links
by cisplatin and MMC can also occur independently of
ATR in Arabidopsis.

REV3 Cooperates with RECQ4A and MUSS81 to Repair
DNA Interstrand Cross Links

Arabidopsis possesses at least three parallel path-
ways for the repair of DNA cross-link damage. These
pathways are characterized by the proteins RAD5A,
RECQ4A, or MUSS81, respectively (Mannuss et al.,
2010). The RecQ helicase RECQ4A was thought to
have no function in response to MMC-induced in-
terstrand cross links because the single-mutant line is
not hypersensitive to this genotoxin (Hartung et al.,
2007). Nevertheless, recent findings revealed a hid-
den function of RECQ4A in interstrand cross-link
repair because double mutants mhfl recq4a and
fancm recq4a are hypersensitive to MMC and the
respective single mutants are not (Dangel et al.,
2014). It was also reported that Arabidopsis REV3
functions independently of RAD5 in response to DNA
damage caused by MMC, MMS, and cisplatin (Wang
et al., 2011).

As we found in this study, double mutants of rev3
with recq4a or mus81 show the same hypersensitivity
to MMC as the respective single mutants; therefore,
one must assume that REV3 cooperates with both
RECQ4A and MUS81 in response to interstrand cross
links (Fig. 5A). Because the structure-specific endo-
nuclease MUS81 is thought to be involved in the
unhooking step of interstrand cross-link repair
(Ciccia et al., 2008; Sengerova et al., 2011), which is
followed by TLS activity to repair single-stranded
gaps in DNA, one could speculate that MUS81 and
REV3 are required for consecutive steps in a single
pathway.

During repair of an interstrand CL, a one-sided DSB
might also arise, which needs to be repaired by HR.
RecQ helicases, specifically RECQ4A and its yeast and
human homologs Slow Growth Suppressorl and BLM,
have been shown to be involved in HR reactions. In-
deed, it has been shown in human cells that REV3 is
involved in HR (Sharma et al., 2012), making it likely
that AtREV3 acts together with AtRECQ4A in a com-
mon HR pathway.

C (cisplatin
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Figure 5. Assignment of REV3 to DNA damage response pathways. REV3 and RAD5 are known to participate in alter-
native pathways in reaction to MMC- (A), MMS- (B), and cisplatin-induced (C) damage. A, We found that, in response to
MMC-induced interstrand cross links, REV3 functions in pathways containing either RECQ4A or MUS81, respectively. B,
MMS-induced alkylated bases are repaired or bypassed by at least three alternate pathways. We were able to assign REV3
to the pathway containing MUS81, whereas RECQ4A is not epistatic to REV3. C, Cisplatin mainly causes intrastrand
cross links. Recent work suggested at least three separate pathways in response to such cross links with the proteins
RECQ4A, MUS81, and RADS5A as key factors. Here, we revealed a fourth pathway that is characterized by the partic-

ipation of REV3.
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Repair of Alkylated Bases Requires the Cooperation of
REV3 and MUSS81 But Not REV3 and RECQ4A

In contrast to MMC-induced interstrand cross links,
alkylated bases and intrastrand cross links affect only
one of the two DNA strands. Therefore, other mecha-
nisms should be involved in the repair or bypass of the
damage. As mentioned above, template switching and
TLS can be used if the replication fork encounters such a
lesion. Our results indicate MUS81 and REV3 operate
in a common pathway in response to MMS-induced
alkylated bases (Fig. 5B), which is surprising because
there is no known mechanism based on the function of
an endonuclease and a TLS polymerase for bypassing
or repairing alkylated substrates. One possibility might
be that MUSS81 generates double-strand breaks at stal-
led replication forks, which are then repaired by HR. A
potential function of REV3 might be the elongation of
the emerging displacement loop recombination inter-
mediate. Because recent studies suggest a role for POL{
and other TLS polymerases in DNA synthesis during
HR (Kawamoto et al., 2005; Mcllwraith et al., 2005;
Hirano and Sugimoto, 2006; Kane et al., 2012), this in-
terplay of MUS81 and REV3 does not seem unlikely.

Our data indicate that RECQ4A and REV3 do not
share a common pathway in response to alkylated ba-
ses. An important function of RecQ helicases is the re-
gression of stalled replication forks, which has, for
instance, been demonstrated in vitro for the human
protein BLM (Ralf et al., 2006). A similar activity has
been recently reported for Arabidopsis RECQ4A
(Schropfer et al., 2014b). As the DNA synthesis after
fork regression occurs on a strand that has just been
synthesized using the undamaged parental strand as
the template, this strand is obviously damage free;
therefore, no translesion polymerase is required for this
synthesis. In contrast, REV3 might be directly involved
in the translesion bypass of alkylated bases. Thus, two
separate pathways exist in Arabidopsis for responses
to alkylation damage that appear to involve either
RECQ4A or REV3.

REV3 Resembles a Fourth Pathway in Response to
Intrastrand Cross Links

Cisplatin mostly generates intrastrand cross links
between adjacent bases on the same DNA strand. To
date, there are three pathways described in response
to intrastrand cross links in Arabidopsis, involving
RECQ4A, MUS81, or RADS5A, respectively (Mannuss
et al., 2010). Our results show that Arabidopsis REV3
does not cooperate with MUS81 and RECQ4A in the
bypass or repair of intrastrand cross links. Because it is
also known that REV3 and RADS5A do not share a
common pathway regarding such damage (Wang et al.,
2011), our findings reveal a fourth pathway in response
to intrastrand cross links (Fig. 5C). Interestingly, in
contrast to alkylated bases, intrastrand cross links do
not appear to be repaired or bypassed in a pathway in
which MUSS81 and REV3 cooperate. It is likely that only
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basic translesional polymerase activity is required for
bypassing intrastrand cross links. In this specific case,
REV3 does not appear to be dependent on DNA repair-
specific helicases or nucleases.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Col-0 was used as the wild-type
control in this study. Three different mutant lines of REV3 were used in this
study: the well-characterized mutant rev3-2 (SALK_029237; Sakamoto et al.,
2003; Curtis et al., 2009) was used for the complementation analysis, whereas
the rev3-3 (SALK_067237; Sakamoto et al., 2003) and rev3-5 (SALK_126789)
mutant lines were used for the epistasis analysis. As the molecular nature of the
rev3-5 allele was not known in detail, we characterized the insertion site by
sequencing the locus in both the 5" and 3’ direction of the insertion and found
that the T-DNA is located in intron 8 (of 21), accompanied by short deletions at
both left borders (8 and 2 bp). Furthermore, a deletion of 31 bp involving the
intron adjacent to the 3’-oriented left border is present. To ensure that the
T-DNA insertion in this line disrupts REV3 gene expression, total RNA of 2-week-
old wild-type and rev3-5 plants was extracted and reverse transcribed. Using
quantitative PCR, we measured REV3 expression at three positions of the gene:
5" and 3’ of the insertion as well as across the insertion. Compared with the wild
type, the expression level of REV3 is not altered in rev3-5 in the 5" and 3’ ori-
entations of the insertion. In contrast, expression (0.28% of the wild-type level)
was barely detectable across the insertion, indicating that the T-DNA is not
removed by splicing during gene expression. Due to the location of the insertion
within the gene, translation of the putative transcript would lead to a very short
protein harboring only the very N-terminal portion of REV3 and missing all of
the domains important for TLS activity.

To generate double mutants with rev3, we used the lines mus81-1 (GABI_113F11),
recq4A-4 (GABI_203C07), and atr-2 (SALK_032841, described in Hartung et al.
[2006, 2007] and Culligan et al. [2004], respectively). Homozygous double
mutants were identified in the F2 generation by PCR-based genotyping. For
double-mutant generation and transformations, the plants were grown in a
greenhouse in soil (1:1 mixture of Floraton 3 [Floragard] and vermiculite
[1.3 mm; Deutsche Vermiculite Dammstoff GmbH]) at 22°C with 16-h light and
8-h dark. For sensitivity assays and root growth assays, the plants were grown
under axenic conditions. Seeds were surface sterilized for 5 min in 4% (w/v)
sodium hypochlorite solution. After three washes in sterile water and an
overnight stratification at 4°C, the seeds were sown on agar plates containing
germination medium (GM: 4.9 g L™l Murashige and Skoog including vita-
mins and MES [2 (N morpholino) ethanesulphonic acid; Duchefa Biochemie]),
10 g L' Suc, and 7.6 g L ™! agar (adjusted to pH 5.7 with KOH) and incubated
in a CU-36L4 plant culture chamber (Percival Scientific, Inc.) with 16-h light at
22°C and 8-h dark at 20°C.

Primers Used for PCR-Based Genotyping of T-DNA
Insertion Lines

To determine the genotypes of T-DNA insertion lines, two primer pairs for
each mutant line were used. For detection of the wild-type locus of the re-
spective gene, primers with binding sites upstream and downstream of the
insertion site were used. One gene-specific and one T-DNA border-specific
primer were used to identify T-DNA insertions. For rev3-5, wild-type PCR
was performed using the gene-specific primers SK-75 (5'-GCCCTGA-
AGCCTTCCTTACTTG-3') and SK-76 (5'-GAAGAGGCTAGTTCAAACGTCC-3');
for identification of T-DNA insertions, SK-75 was combined with the
T-DNA-specific primer Lbd1 (5'-TCGGAACCACCATCAAACAG-3’). The
lines mus81-1, recq4A-4, and atr-2 were genotyped as previously described
(Culligan et al., 2004; Hartung et al., 2006).

Sensitivity Assays Using Chemical Genotoxic Agents

For sensitivity assays, seeds were sterilized and sown on solid GM. After
7 d of incubation in a CU-36L4 plant culture chamber, 10 plantlets were
transferred into each well of six-well plates containing liquid GM; for untreated
controls, 5 mL of GM was used, whereas 4 mL was used for samples treated
with genotoxic agents. The next day, different concentrations of genotoxins,
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MMC (Duchefa Biochemie), MMS, and cisplatin (Sigma-Aldrich Chemie) were
added in 1 mL of liquid GM. After another 14 d of incubation, the fresh weight
of the seedlings in each well was determined; to exclude possible line-specific
growth differences, the evaluation was made relative to the untreated samples
of each line.

Root Growth Assays

To determine root growth after UV-B irradiation, the seeds were surface
sterilized and sown on square culture plates containing solid GM. The seedlings
were allowed to grow vertically on the plates in a CU-36L4 plant culture
chamber for 3 d before they were exposed to 0, 5, or 7 k] m? UV-B in a BIO-LINK
BLX UV-B chamber (Vilber Lourmat). After incubation in the dark for 1 d, the
plates were again incubated in the CU-36L4 plant culture chamber for another
6 d. The length of root growth was measured using the SmartRoot Add-on of
Image] (Rasband, 2008; Lobet and Draye, 2013). The evaluation of root growth
of the different plant lines was then expressed as a percentage of the average
length of wild-type roots.

Constructs and Plant Transformation

The wild-type complementation construct consisting of the cDNA and
gDNA of REV3 was cloned into the multiple-cloning site of the binary vector
pPZP221 (Hajdukiewicz et al., 1994). For this construct, three fragments
were amplified: the natural promoter including the 5" untranslated region
(718 bp), the full-length ORF amplified from both cDNA (first 5,113 bp) and
gDNA (945 bp), and the natural terminator including the 3’ untranslated
region (520 bp). Using the In-Fusion Advantage PCR Cloning Kit (Clontech),
this construct was introduced between the Xmal and Sall restriction sites of
vector pPZP221. Using a site-directed mutagenesis approach, constructs
carrying point mutations were created from the wild-type construct (Ho
et al., 1989). The vector containing the wild-type construct was amplified
with two complementary mutagenesis primers (GTTATTGTGTTGgctTTT-
CAATCTC and GAGATTGAAAagcCAACACAATAAC for D1385A,
GAGTTGTATATGGTgccACTGATAGG and CCTATCAGTggcACCA-
TATACAACTC for D1549A), and the original, methylated plasmid was
digested with Dpnl. The recombinant plasmids were introduced into Agro-
bacterium tumefaciens strain GV3101::pMP90 (Koncz et al., 1984) by elec-
troporation, and then transformed into Arabidopsis Col-0 and rev3-2 by the
floral dip method (Clough and Bent, 1998). Transgenic plants harboring the
transformed T-DNA were isolated by selection on solid GM containing
75 mg L™! gentamycin. T3 homozygous single-locus lines were used for
sensitivity and root growth assays.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AtATR: At5g40820, AtMUS81: At4g30870,
AtRADSA: At5g22750, AtRECQ4A: Atlg10930, and AtREV3: Atlg67500.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression levels of the REV3, REV3 D1385A,
and REV3 D1549A constructs

Supplemental Method S1. Method for Supplemental Figure S1.
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