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Abstract

DNA helicases are enzymes that are able to unwind DNA by the use of the energy-equivalent ATP. They play

essential roles in DNA replication, DNA repair, and DNA recombination in all organisms. As homologous

recombination occurs in somatic and meiotic cells, the same proteins may participate in both processes, albeit not

necessarily with identical functions. DNA helicases involved in genome stability and meiotic recombination are the

focus of this review. The role of these enzymes and their characterized interaction partners in plants will be

summarized. Although most factors are conserved in eukaryotes, plant-specific features are becoming apparent. In

the RecQ helicase family, Arabidopsis thaliana RECQ4A has been shown before to be the functional homologue of

the well-researched baker’s yeast Sgs1 and human BLM proteins. It was surprising to find that its interaction
partners AtRMI1 and AtTOP3a are absolutely essential for meiotic recombination in plants, where they are central

factors of a formerly underappreciated dissolution step of recombination intermediates. In the expanding group of

anti-recombinases, future analysis of plant helicases is especially promising. While no FBH1 homologue is present,

the Arabidopsis genome contains homologues of both SRS2 and RTEL1. Yeast and mammals, on the other hand.

only possess homologues of either one or the other of these helicases. Plants also contain several other classes of

helicases that are known from other organisms to be involved in the preservation of genome stability: FANCM is

conserved with parts of the human Fanconi anaemia proteins, as are homologues of the Swi2/Snf2 family and of

PIF1.

Key words: Chromatin remodelling, DNA repair, double strand break, genome stability, helicase, homologous recombination,

meiosis, translocase.

Introduction

The genome of all organisms is in necessary balance

between variation for natural selection and the suppression

of change harmful to cells or even the whole organism.

Genome stability, the interplay between accidental and

deliberate modifications of DNA on the one hand and

the mechanisms that act to preserve DNA sequence on the

other hand, was the focus of genetics even before the

discovery of the structure of DNA. Several repair mecha-
nisms exist for basically all types of chemical modifications

that can occur on DNA. Interestingly, the most severe

damage—the DNA double strand break (DSB)—has to be

repaired in order for the cell to survive, but is also induced

by sexually propagating eukaryotes to initiate the mixing of

their parental genetic material in meiosis (for recent reviews

on meiotic recombination in plants see Mercier and Grelon,

2008; Sanchez-Moran et al., 2008; Ronceret and Pawlowski,

2010). Thus, DSB repair is essential for somatic and meiotic

cells, and the process itself is characterized by common

steps but also by interesting differences in both cell types.

When looking at the protein composition of sequenced

genomes, proteins annotated as helicases comprise ;1%.
For example, in Arabidopsis thaliana (L.) Heynh., 163 gene

products have been annotated with the Gene Ontology

(GO) term ‘helicase activity’ (GO:0004386). This may seem

a surprisingly large number, since the textbook understand-

ing of a helicase is an enzyme that separates a DNA double
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strand into two single strands utilizing the energy generated

by hydrolysing nucleoside triphosphates (NTPs). There are

several reasons why the genome databases contain >100

protein entries for this task per organism. First, there are

genes that were bioinformatically identified as helicases as

they show sequence similarity to domains of known helicase

families, but they do not have any intrinsic ATPase or

DNA-unwinding activity. Secondly, not every protein with
a predicted helicase domain and ATPase activity will

actually unwind a DNA double strand. The so-called

translocases use the energy from hydrolysing NTPs to move

along single- or double-stranded nucleic acid strands.

Thirdly, because the backbone of DNA–DNA, RNA–

RNA, and DNA–RNA duplexes differs sterically, different

proteins are needed to bind to and to unwind such duplexes.

Finally, some different ‘true’ helicases are present in the
nucleus to process various non-standard DNA structures,

for example Holliday junctions (HJs) or G-quadruplexes.

All of those helicases can be grouped into superfamilies and

families based on the sequence and structure of their

helicase domains, but broad discussion of this aspect goes

beyond the scope of this review.

DSB repair and homologous recombination
(HR)

The most simple and, in multicellular eukaryotes such as

plants the most prevalent, way to repair a DSB is via non-
homologous end-joining (NHEJ) (for a review, see Puchta,

2005). Here, the ends of the break are joined, and eventual

gaps or overhangs are processed until finally the backbones

of the two strands are ligated to seal the break. In

a surprisingly large number of cases, repair of a DSB by

NHEJ is associated with deletions or insertions of foreign

sequences at the break site, making NHEJ an effective but

mutagenic pathway in plants (Salomon and Puchta, 1998;
Kirik et al., 2000).

When direct repeat sequences are present on both sides of

a DSB, repair can occur via the mechanism of single strand

annealing (SSA). Here, single-strand resection on both sides

of the break exposes the repeated region, which makes

annealing possible. The remaining gaps need to be filled up

and overhangs cut off for ligation to finish repair. Since it is

inherent to the SSA mechanism that all DNA between the
two repeats is lost, it is always associated with deletions

(Siebert and Puchta, 2002).

While most of our understanding of how HR proceeds

comes from the study of meiosis in yeast, the resulting picture

can still be transferred to somatic cells and to the HR of other

organisms. Today’s view of the repair of DNADSBs by HR is

best described as an amalgam of originally competing path-

ways. The first steps of HR (Fig. 1, steps I–V) are commonly
shared between all the following models (Szostak et al., 1983;

Nassif et al., 1994). Following a DSB, induced either by

a protein like Spo11 in meiosis or by accident through

irradiation or a chemical agent in somatic cells, the ends are

resected to produce single-stranded 3’ overhangs. The free

single-stranded ends will then be bound by multiple units of

the Rad51 recombinase to form a Rad51–ssDNA filament.

This filament is able to invade a homologous donor dsDNA

molecule, and base pairing with the complementary strand

will form a heteroduplex molecule, thereby displacing the

second strand of the donor (Fig. 1, step IV). The resulting

structure is called a displacement loop (D-loop). The free 3’

end of the invading single strand can then be elongated
by a DNA polymerase, using the donor strand as template.

The D-loop can either be enlarged by this polymerase action

(Fig. 1, step V), or move along with the elongating end (not

shown). In the double strand break repair (DSBR) model of

HR (Szostak et al., 1983), the D-loop will reach a point

where the sequence in the displaced strand of the donor

molecule is complementary to the second single-stranded end

of the DSB, which will bind to it (Fig. 1, step VIII). After
closing the gaps through the action of DNA polymerases and

ligases, a so-called double Holliday junction (dHJ) structure

is formed (Fig. 1, step IX). There are no free ends left at this

step; however, it is still essential to separate the two dsDNA

molecules. According to the DSBR model, this step (Fig. 1,

step X) is carried out by special endonucleases, so-called

resolvases, that can bind to a HJ and make symmetrically

opposing cuts in the DNA strands. After a final ligation step,
the two dsDNA molecules are separated. Depending on the

orientation of the resolvase cuts on the two HJs, the HR

reaction will result either in a crossover (CO) or in a gene

conversion (non-crossover, NCO).

Alternatively, at the D-loop step (Fig. 1, step V) repair

can proceed according to the synthesis-dependent strand

annealing (SDSA) model (Nassif et al., 1994). Here, instead

of capturing the second end of the break and forming a dHJ
structure, the invaded strand is released from the D-loop

after elongation. This enables it to anneal to the second end

(Fig. 1, step VI). After the closing of gaps by DNA

polymerases and ligases, the DSB has been repaired and

the damaged double strand is intact again (Fig. 1, step VII).

Following this route, COs are not possible. About 10 years

ago, with meiotic recombination data from Saccharomyces

cerevisiae, these two conflicting models were combined into
one consolidated scheme, called the revised model (Allers

and Lichten, 2001; Hunter and Kleckner, 2001).

Research in the past 20 years has shown that a number of

different helicase families are involved in several steps of the

HR reaction, and their loss can lead to critical problems in

the cell. In humans, mutations in those helicases have been

implicated in development of cancer and debilitating hered-

itary diseases. Meiotic recombination is affected as well,
when some of these helicases are missing. From a basic

research point of view, it is important to decipher the

similarities and differences in the functions of the proteins

involved in genome stability and HR. For the most part,

research in those fields has been restricted to the animal/fungi

clade of eukaryotes. Since DNA repair and recombination is

thought to have evolved very early, the research on those

mechanisms on the plant side of eukaryotes can enable the
comparison of these pathways in different kingdoms. More-

over, some DNA repair and recombination mutants that are
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embryo lethal in mammals are viable in plants, making

meiotic studies possible (W. Li et al., 2004; Reidt et al.,

2006). There is also an applied aspect to this research in

plants: taking control of the recombination reactions could
enable researchers to improve plant biotechnology by using

directed methods of genome modification.

In the following sections, different classes of helicases will

be discussed that are present in plants and play a role in

somatic and meiotic recombination (see Table 1 for homo-

logues in humans and yeast, and Table 2 for published

in vivo and in vitro data of the plant helicases discussed

below). The review will mainly focus on recent data found
in plants. However, not all the enzymes discussed in this

review have been characterized in detail in plants yet. As

their presence in various plant species indicates their general

importance, data obtained in other eukaryotes will also be

referred to in order to describe their function.

RecQ helicases

First described in a screen for thymineless death-resistant

mutants in Escherichia coli (Nakayama et al., 1984), RecQ

was only the first of many members of a subfamily of 3’–5’

DNA helicases conserved across all domains of life with
important roles in the maintenance of genome stability.

Virtually all organisms tested so far possess at least one

RecQ helicase gene, with increasing numbers of copies

found in multicellular eukaryotes (see Fig. 2 for a schematic

overview of the protein structure of model RecQ helicases;

Fig. 1. Homologous recombination (HR) repair of a DNA double strand break (DSB). Following a DSB (step II), the free ends of the break

are resected to produce 3’ single-stranded overhangs (step III). Such a single-stranded region can invade a homologous duplex region,

thereby displacing one of the strands and producing a so-called D-loop (step IV). With the intact donor strand as template, the invading

strand can be elongated (step V). The revised model of HR proposes a bifurcation in the pathway here: one route follows steps similar to

the synthesis-dependent strand annealing (SDSA) model, where the now elongated single strand is removed from the D-loop so that it

can anneal with the second end of the break (step VI), which is repaired after the remaining gaps have been closed (step VII). In this

manner, only non-crossover (NCO) products can occur. In the other route, second end capture (step VIII) and closing of gaps produces

a double Holliday junction (dHJ; step IX). Specialized endonucleases (resolvases) make symmetrical cuts at the junction points (step X),

thereby leading either to CO or NCO products depending on the orientation of the cut (step XI). This branch of the revised model is

reminiscent of the DSBR model of HR. In recent years, the dHJ dissolution model has been added in yeast and human somatic HR as

an alternative to resolution. There, a hemicatenane structure is formed through branch migration of the two HJs (step XII). This can be

repaired by a type I topoisomerase to form only NCO products (step XIII). The same mechanism seems to be an important pathway in

A. thaliana meiosis.
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for recent reviews see Ouyang et al., 2008; Ashton and

Hickson, 2010; Rossi et al., 2010). The expression of E. coli

RecQ was shown to increase the somatic HR rate in rice (H.

Q. Li et al., 2004), which was surprising since RecQ

helicases generally are involved in the suppression of HR.
In the yeast S. cerevisiae, knocking out its unique RecQ

helicase SGS1 leads to a hyper-recombination phenotype,

sensitivity against several genotoxic agents, and also meiotic

defects (Watt et al., 1995, 1996; Sinclair and Guarente,

1997).

In humans, three of the five RecQ helicases are associated

with severe hereditary diseases. Mutations in the BLM gene

result in Bloom syndrome (BS), which is characterized by
an elevated susceptibility to all types of cancers and several

developmental defects (Ellis et al., 1995). On the cellular

level, BS cells display genome instability due to an increased

rate of sister chromatid exchanges (SCEs) and DNA repair

defects (Chaganti et al., 1974). Werner syndrome (WS) is

found in persons with mutations in the WRN gene (Yu

et al., 1996). Here, the occurrence of some types of cancer is

more prominent than in the normal population. More
interestingly, WS patients show a type of segmental progeria.

From the middle of the second decade on, their ageing is

accelerated, with typical age-related malignancies such as

osteoporosis, diabetes mellitus, and cataracts occurring

earlier in life (Epstein et al., 1966; Goto et al., 1996). Finally,

mutations in the RECQL4 gene have been shown to be the

basis of at least a subset of cases of the hereditary diseases

Rothmund–Thomson syndrome (RTS), Baller–Gerold syn-
drome (BGS), and RAPADILINO syndrome (Kitao et al.,

1999; Siitonen et al., 2003; Van Maldergem et al., 2006).

There are intriguing results that open up the possibility that

RECQL4 is important for the initiation of replication and

could be a second replicative helicase beside the MCM2-7

complex in vertebrates (Matsuno et al., 2006; Xu and Liu,

2009; X. Xu et al., 2009; Capp et al., 2010). The two

remaining human RecQ helicases, RECQL and RECQL5,

have not been associated with hereditary diseases so far. This

does not exclude a role for these proteins in DNA repair or

recombination, though. It was recently shown that sequence
variants of RECQL can influence the outcome of pancreatic

cancer (Li et al., 2006), and knockdown of RECQL5 when

BLM is missing will increase the already elevated level of

SCEs even more (Hu et al., 2005).

In plants, at least seven different RecQ helicases can be

found (Hartung et al., 2000; Hartung and Puchta, 2006).

Arabidopsis thaliana possesses six of them, one duplicated in

the Brassicaceae for a total of seven genes: RECQ1,
RECQ2, RECQ3, and RECQ5 are small proteins of 600–

700 amino acids, while RECQ4A and RECQ4B are larger

at >1100 amino acids. RECQsim is of intermediate length,

but is unique compared with RecQ helicases in other

kingdoms in that it has an insertion of mainly acidic amino

acids in its helicase domain. In rice and many other plant

species, there is a RecQ helicase not found in Arabidopsis,

RECQ886 (Hartung and Puchta, 2006). Additionally, in
plants there is a small protein, WRNexo, with only an

exonuclease domain that is most similar to the exonuclease

domain found in the human WRN RecQ protein.

Of these plant RecQ helicases and related proteins, still

very little is known. OsRECQ1 has been shown to be

required for transcription from loci that are able to form

cruciform structures, possibly pointing to a role in RNA

silencing (H. Chen et al., 2008). Rice RECQ1, OsRECQ886,
and OsRECQsim are expressed in meristematic rice tissues.

The expression of these three genes, and of rice RECQ2, can

be induced by genotoxic agents (Saotome et al., 2006). The

study also showed the localization of green fluorescent

protein (GFP) fusion proteins of rice RECQ2 and

RECQ886 in the nucleus, while rice RECQ1 and RECQsim

were detected in plastids. Whether the latter two proteins

indeed have a function in genome stability of chloroplast
DNA awaits future mutant analysis. Arabidopsis RECQ2

and RECQ3 have been studied in vitro (Kobbe et al., 2008,

2009, 2010). Both are DNA helicases that unwind partial

duplex DNA in a 3’ to 5’ fashion. Testing more complex

DNA substrates that resemble intermediates of DNA repair

and recombination, the authors found differences in the

activities of the two enzymes: RECQ2 resolves a partially

mobile HJ structure in a way reminiscent of branch
migration. Additionally, both enzymes act on nicked HJs,

but interestingly with different preferences concerning the

outcome of the reaction. RECQ2 and RECQ3 also act on

substrates that mimic replication forks. Here, RECQ2 can

regress the fork into a so-called ‘chicken foot’, which is

a cruciform DNA intermediate similar to a HJ proposed for

repair and recombination reactions at the replication fork

(see Fig. 3 for a model of replication fork regression).
RECQ3, however, will unwind the lagging strand of

a replication fork structure.

Table 1. Fungal and human homologues of plant helicases

Where sequence comparisons, structural or functional data allow
identification, homologues or analogues of the plant DNA helicases
discussed in this review are given.

Plant helicase Homologous gene

AtFANCM ScMPH1

HsFANCM

AtINO80 ScINO80

HsINO80

AtMER3/AtRCK ScMER3

HsHFM1

AtPIF1 ScPIF1

ScRRM3

HsPIF1

AtRAD54 ScRAD54

AtRAD5A ScRAD5

HsHLTF

HsSHPRH

AtRECQ2 HsWRN

AtRECQ4A ScSGS1

HsBLM

AtSRS2 ScSRS2

AtSWR1 ScSWR1

HsSRCAP
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Table 2. Phenotypes of plant DNA helicases

Given are all plant DNA helicases involved in somatic or meiotic homologous recombination that are mentioned in this review. Where
applicable, the published phenotypes of the helicases are given, together with the relevant references. See text for details.

Helicase In vivo phenotype In vitro activity References

AtRECQ1 NA NA Hartung et al. (2000)

AtRECQ2 NA Unwinds partial duplex structures

in vitro; branch migrates a

partially mobile HJ structure in vitro;

promotes fork regression of a model

replication fork in vitro

Hartung et al. (2000);

Kobbe et al. (2008)

AtRECQ3 NA Unwinds partial duplex and replication

fork structures in vitro

Hartung et al. (2000);

Kobbe et al. (2009)

AtRECQ4A Involved in DNA repair of several

types of damage; elevated HR

rate in mutant; part of the RTR

complex with TOP3a and RMI1;

dissolves telomere interactions

between non-homologous

chromosomes in meiotic prophase I

NA Bagherieh-Najjar et al. (2005);

Hartung et al.

(2000, 2006, 2007, 2008);

Higgins and Franklin

(personal communication)

AtRECQ4B Reduced HR rate in mutant NA Hartung et al. (2000, 2007)

AtRECQ5 NA NA Hartung and Puchta (2006)

AtRECQsim Suppresses yeast sgs1

mutant MMS sensitivity

NA Bagherieh-Najjar et al. (2003);

Hartung et al. (2000)

OsRECQ1 Expressed in meristematic tissues;

induction of expression by genotoxic

agents; GFP fusion protein detected

in plastids; involved in gene silencing

NA H. Chen et al., (2008);

Saotome et al. (2006)

OsRECQ2 Induction of expression by genotoxic agents;

GFP fusion protein detected in nucleus

NA Saotome et al. (2006)

OsRECQsim Expressed in meristematic tissues;

induction of expression by

genotoxic agents; GFP fusion

protein detected in plastids

NA Saotome et al. (2006)

OsRECQ886 Expressed in meristematic tissues;

induction of expression by genotoxic

agents; GFP fusion protein detected

in nucleus

NA Saotome et al. (2006)

AtSRS2 NA Unwinds nicked and partial HJs in vitro;

anneals two single strands into a

dsDNA molecule in vitro

Blanck et al. (2009)

AtFANCM NA NA Our unpublished data

AtINO80 Strong reduction of HR rate in mutant NA Fritsch et al. (2004)

AtSWR1 Involved in plant development, flowering

time regulation, and immunity

NA March-Diaz and Reyes (2009)

AtRAD54 Partially complements DNA repair

defects of yeast rad54 mutant;

sensitivity against c-irradiation; strong

reduction of HR rate in mutant

Interacts with AtRAD51 in vitro Klutstein et al. (2008);

Osakabe et al. (2006)

AtRAD5A Mutant is sensitive against

cross-linking and methylating

genotoxins; reduced HR

rate in mutant after induction

of DSBs; most probably the

SDSA branch of HR is affected

NA I.P. Chen et al., (2008);

Mannuss et al. (2010)

AtRAD5B Mutant not different from the wild type

in the assays also used with AtRAD5A

NA I.P. Chen et al., (2008)

AtMER3/AtRCK Mutant has reduced fertility,

reduced number of COs; only

class I COs are affected

NA Chen et al. (2005);

Mercier et al. (2005)

AtPIF1 NA NA Bochman et al. (2010)
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Arabidopsis RECQ4A and RECQ4B arose from a recent

duplication of a chromosome segment in the family

Brassicaceae which resulted in two genes very similar in

their protein sequence (Hartung et al., 2007). However,

despite these similarities, the two gene products seem to

perform very different functions in the cell. RECQ4A is
comparable in many phenotypes with the yeast Sgs1 and the

human BLM RecQ helicases; a knockout leads to hyper-

recombination and increased sensitivity against a number of

genotoxins. Expression of RECQ4A in a yeast sgs1 mutant

suppresses its methylmethane sulphonate (MMS) sensitivity

and brings its increased recombination rate down to wild-

type levels (Bagherieh-Najjar et al., 2005). A recq4B mutant,

on the other hand, has so far not shown any defect in DNA
repair, but has a reduced HR rate, a phenotype not known

for any other RecQ helicase described so far (Hartung et al.,

2007). Despite the insertion of ;100 amino acids in its

helicase domain, RECQsim is able to suppress the MMS

sensitivity of a yeast sgs1 mutant (Bagherieh-Najjar et al.,

2003), indicating that it is functional despite the insertion.

Looking at the various RecQ homologues in plants and

animals, the question arises of whether one could define

functional ‘one to one’ homologues for both clades. Un-

fortunately, the sequence homologies are not strong enough

for an unequivocal classification of all homologues. How-

ever, due to the fact that interactions are genetically

conserved, at least for WRN and BLM the respective

homologues in plants can be identified.
The small protein AtWRNexo was shown to possess

in vitro exonuclease activities very similar to the exonuclease

domain of HsWRN (Plchova et al., 2003), and it interacted

with Arabidopsis RECQ2, but not RECQ1 or RECQ3, in

a yeast-two-hybrid assay (Hartung et al., 2000). Taken

together, it could be interpreted as two separate proteins in

Arabidopsis, WRNexo and RECQ2, performing the func-

tions of one human protein, WRN. This interpretation is
underpinned by similar biochemical properties of AtRECQ2

and the helicase domain of WRN (Kobbe et al., 2008) as

well as by a recent description of a coiled-coil region in

HsWRN in front of its helicase domain. Of all seven RecQ

helicase proteins in A. thaliana, only in RECQ2 can a similar

coiled-coil region be found in the same place in silico

(F. Hartung, personal communication). Similar to the known

functions of the human WRN protein in recombination at

Fig. 2. Domain composition of selected RecQ family helicases. The proteins are aligned at their helicase domains. Two further domains

can be found in the RecQ helicase family, the RecQ C-terminal domain (RQC) and the helicase and RNase D C-terminal domain (HRDC).

Both are most probably needed for the recognition of and binding to unconventional DNA structures, e.g. Holliday junctions. The RQC

domain is composed of a zinc finger motif followed by a winged helix, and while most RecQ helicases possess a RQC domain, in

HsRECQL5b, AtRECQ1, AtRECQ3, and AtRECQsim only the zinc finger is conserved. The HRDC domain is only found in about half of

the RecQ helicases. For individual RecQ helicases, further domains have been described. In the human WRN protein, a 3’ to 5’

exonuclease domain can be found that is also present in a small Arabidopsis protein WRNexo. The HsRECQL4 helicase has recently

been shown to contain a region similar to the S. cerevisiae Sld2 protein at the N-terminus which is thought to connect the RecQ helicase

with replication initiation. In animal homologues of RECQ5, a large C-terminal region seems to be conserved, although no function could

yet be assigned. Finally, in plant RecQ helicases two domains can be identified bioinformatically. In Arabidopsis RECQ4A an EF-hand

motif might be present at the N-terminus, while AtRECQsim possesses a UBA domain which has been shown to interact with ubiquitin.

RECQsim also contains an insertion of mainly acidic residues in its helicase domain. Ec, Escherichia coli; Sc, Saccharomyces cerevisiae;

Hs, Homo sapiens; At, Arabidopsis thaliana; Os, Oryza sativa.
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the telomeres, Arabidopsis WRNexo and the NHEJ factor

KU70 interact with each other in vitro (Li et al., 2005), as do

human WRN and KU70 (Cooper et al., 2000).

A yeast double mutant of SGS1 and the endonuclease

MUS81, which has been shown to act in DNA repair and
recombination, is lethal (Mullen et al., 2001). In yeast

meiosis, both proteins are needed for the proper progression

through meiotic recombination, and their loss leads to the

accumulation of meiotic intermediates (Jessop and Lichten,

2008; Oh et al., 2008). This synthetic lethality is also

conserved in Arabidopsis, where a recq4A mus81 double

mutant will die shortly after germination (Hartung et al.,

2006), and recently the lethality was shown to be dependent
on HR, as further mutation of the RAD51C gene can rescue

this phenotype (Mannuss et al., 2010). Thus, the helicase

RECQ4A as well as the nuclease MUS81 (Geuting et al.,

2009) are involved in the processing of replicative recombi-

nation intermediates in Arabidopsis.

Furthermore, it was demonstrated in recent years that

a protein complex consisting of a RecQ helicase (Sgs1 in yeast,

BLM in human), a topoisomerase 3 homologue (Top3 and
TOPO3a in yeast and human, respectively), and the structural

protein RMI1 can perform the dissolution reaction of dHJs

in vitro and in vivo (Gangloff et al., 1994; Wu et al., 2000,

2005; Wu and Hickson, 2002). Dissolution was theoretically

proposed as an alternative model for DSB repair by Thaler

and Stahl (1988), and it has received a form of renaissance in

recent years. The dissolution model is very similar to the

DSBR model in its first steps, and it also leads to a dHJ
structure. However, instead of a dHJ resolution by an

endonuclease, the dissolution reaction will produce a hemi-

catenane structure by using a DNA helicase to branch

migrate the two HJs together (Fig. 1, step XII). A specialized

type I topoisomerase can then open the hemicatenane to

release the two dsDNA molecules (Fig. 1, step XIII).

The RecQ helicase is needed to transform two HJs into

a hemicatenane that can then be resolved by the type I

topoisomerase. Through protein interactions, RMI1 will

stabilize the complex and indirectly enhance the dHJ

dissolution reaction (Chang et al., 2005; Mullen et al.,
2005; Yin et al., 2005; Raynard et al., 2006; Wu et al.,

2006). This so-called RTR complex has been shown to be

conserved in plants, too. There are homologues of TOP3a
and RMI1 in Arabidopsis, and the functional homologue of

Sgs1 and BLM, RECQ4A, is the most probable partner in

the Arabidopsis RTR complex. All three genes share

common DNA repair and recombination phenotypes con-

sistent with the action of the RTR complexes in other
organisms (Hartung et al., 2008). For the first time in any

eukaryote, an important role for members of the RTR

complex in meiotic recombination could be shown in planta.

Both top3a and rmi1 mutants are homozygous sterile, and

display very similar cytological phenotypes. After apparent

chromosome fragmentation in prophase I, fragmented

DNA stays at the metaphase plate and is not moved to the

poles in anaphase I, with DNA bridges connecting the
chromosome fragments. Both mutants never enter meiosis

II and arrest at the end of meiosis I as dyads (Chelysheva

et al., 2008; Hartung et al., 2008). While recq4A mutants do

not display similar defects in meiotic recombination,

a meiotic role for the helicase has been elucidated recently:

RECQ4A localizes to telomeric foci during prophase I and

is thought to dissolve telomere interactions between non-

homologous chromosomes (J. D. Higgins and F.C. Franklin,
personal communication).

Thus, dHJ dissolution by TOP3a plays a very important

role in meiotic recombination, although dissolution prod-

ucts can only lead to NCOs. In contrast to previous

thoughts, the decision as to which of the DSBs will become

COs and NCOs might therefore not be made in all cases

Fig. 3. Bypass of leading strand lesions by replication fork regression. When the replication fork encounters a lesion in the leading strand

that cannot be overcome by the replicative DNA polymerase, one pathway to bypass the lesion and proceed with replication is post-

replicative repair (PRR; see text for details). In the undamaged lagging strand, overshoot synthesis will elongate the nascent daughter

strand past the position of the lesion in the leading strand. Yeast Rad5 and its human homologue HLTF have been shown to use their

DNA translocase activity to then regress the fork. In the resulting structure, a so-called ‘chicken foot’ which resembles the Holliday

junction, the two daughter strands can anneal to each other. Because of the overshoot synthesis, the shorter of the strands can now be

elongated. After a reversal of the fork, the lesion on the leading strand has been bypassed without introducing a point mutation.

Alternatively, the chicken foot can also initiate a homologous recombination reaction in S-phase.
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early in meiotic HR at the stage of the D-loop. Later, at the

stage of the dHJ, for a second time during the recombina-

tion reaction a choice in direction to a NCO outcome

becomes possible. To describe meiotic HR fully, the revised

model therefore has to be amended by the dissolution

pathway, at least for A. thaliana (see Fig. 1 for a HR

scheme uniting the revised model with the dissolution

reaction of the RTR complex).

Anti-recombinases

DNA helicases that suppress HR pathways leading to COs

are collectively called anti-recombinases. The best under-
stood eukaryotic anti-recombinase is the S. cerevisiae Srs2

protein, which promotes alternative pathways to repair

lesions at the replication fork by inhibiting COs (Macris

and Sung, 2005). Srs2 is recruited to a stalled replication

fork by SUMOylated proliferating cell nuclear antigen

(PCNA). There it has been shown to bind to the displaced

strand of a D-loop and to translocate along it with a 3#–5#
polarity. When it reaches the end of the D-loop, Srs2 starts
to unwind the double strand. This generates a single-

stranded region on the template strand, where Srs2 can

switch to. Stimulated by Rad51 bound to the invading

strand, Srs2 will disrupt the heteroduplex strand by its

helicase activity, thus enabling the now free extended end to

anneal to the second end of the DSB, resulting in an NCO

outcome via the SDSA pathway (Dupaigne et al., 2008).

While most of the work on Srs2 has been done in yeast, it
seems to be conserved across most eukaryotes, with potential

homologues also found in animals (though missing in

teleostei and mammals) and in all plants. An in vitro study

recently showed that A. thaliana SRS2 is a 3#–5# DNA

helicase that acts on recombinogenic DNA intermediates

(Blanck et al., 2009). The preferentially unwound substrates,

nicked and especially partial HJs, resemble DNA structures

early in HR and their unwinding would lead to an NCO
outcome via SDSA in vivo. Therefore, AtSRS2 resembles in

its basic function the yeast model Srs2 protein. The same

study showed, however, a new activity for AtSRS2, which is

capable of annealing of two single strands of DNA to

a double strand. This can also be integrated into a recombi-

nation model: after the release of the single strand from the

D-loop by SRS2, it can be annealed by the same protein to

the second free end, which would be the following step in the
SDSA pathway. However, no reports on the role of AtSRS2

in vivo have been published yet.

Apart from SRS2 homologues, other proteins have been

described as anti-recombinases in eukaryotes. FBH1, which

is found in many fungi (but not S. cerevisiae) as well as

animals, is a unique protein in that it contains a helicase

domain as well as an F-box domain. Via this F-box domain,

the human FBH1 has been shown to form an SCF complex
with SKP1 and Cullin and to display ubiquitin ligase activity

(Kim et al., 2002, 2004). Human FBH1 is able to rescue the

DNA repair and recombination defects of yeast srs2

mutants. Interestingly, both the helicase and the F-box

domain are needed for this function (Chiolo et al., 2007).

Not only are single mutant phenotypes similar between SRS2

and FBH1, but also genetic and physical interactions with

other genes or their products, respectively. Knocking out the

single RecQ helicase of S. cerevisiae in an srs2 mutant

background is lethal in a recombination-dependent fashion,

as is an rqh1 mutation (the Schizosaccharomyces pombe

SGS1 functional homologue) when SpFBH1 is missing

(Morishita et al., 2005), or a BLM/FBH1 double mutant in
vertebrates (Kohzaki et al., 2007). Since there is no SRS2

homologue in mammals, it has been proposed on the basis of

so much similarity between SRS2 and FBH1 that FBH1

could be an evolutionarily unrelated but functional homo-

logue performing those essential SRS2 functions. In Arabi-

dopsis, a FBH1 homologue seems to be missing. There is only

one protein with both an F-box and a helicase domain in the

most recent release of the Arabidopsis genome, At3g54460
(G. Xu et al., 2009). The helicase domain, however, is more

similar to the RAD5/RAD16 family of helicases, and not

FBH1 (I. P. Chen et al., 2008).

Recently, a further functional homologue of yeast Srs2

has been described in animals. RTEL1 is a DNA helicase

related to the Fanconi anaemia (FA) protein FANCJ/

BRIP1. Both share functions in unwinding G-quadruplex

DNA at telomeres, hence the telomere defects in RTEL1

mutants. Single nucleotide polymorphisms (SNPs) in

RTEL1 have been associated with increased susceptibility

to glioma and survival span in glioblastoma (Shete et al.,

2009; Wrensch et al., 2009; Liu et al., 2010). More basic

studies on the role of RTEL1 in DNA repair and re-

combination have been done in Caenorhabditis elegans and

in human cell culture, where it has been shown to share

many phenotypes with SRS2: a knockout or knockdown
leads to defective DNA repair and hyper-recombination,

and as is the case with FBH1, lethal double mutants are also

conserved (Barber et al., 2008). The same group showed

that human RTEL1 in vitro disrupts pre-formed D-loops,

but cannot remove RAD51 from ssDNA filaments. Re-

cently, a role in meiotic recombination was identified for

C. elegans RTEL-1. Without it, the overall number of COs

is increased, and CO interference is compromised (Youds
et al., 2010). Taken together with the somatic functions, one

could speculate whether RTEL-1 is the helicase to lead

those meiotic DSBs not destined to become COs into NCO

products via the SDSA pathway. Like many other DNA

repair and recombination proteins, RTEL1 is conserved in

most eukaryotes, but missing in baker’s yeast. In Arabidopsis,

it is most similar to a putative homologue of the yeast CHL1

protein and FANCJ/BRIP1, which was duplicated in the
evolution of the Brassicaceae (our own unpublished data).

The study of the anti-recombinases SRS2 and RTEL1 and

their interplay in plants promises interesting results, because

yeast and mammals only possess homologues of either one or

the other of these helicases.

FANCM/Mph1

The human hereditary disease Fanconi anemia (FA)

correlates with a broad spectrum of clinical phenotypes,
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including reduced numbers of all types of blood cells,

leukaemia, and other forms of cancer and developmental

defects. FA is caused by mutations in one of 13 different

genes called FANCA, FANCB, FANCC, FANCD1,

FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ,

FANCL, FANCM, and FANCN. Common cellular pheno-

types are disturbances in the regulation of the cell cycle and

apoptosis, spontaneous chromosome breaks and radial
chromosomes, as well as sensitivity against interstrand

cross-link-inducing genotoxins such as mitomycin C (Nevel-

ing et al., 2009). Most of the FA proteins are grouped into

the so-called core complex, which binds to stalled replica-

tion forks at sites of DNA interstrand cross-links. There, it

is thought to ubiquitinate a heterodimer of FANCD2 and

FANCI, which are in turn recruited to the damaged DNA.

This enables the pair to activate downstream effectors,
including the FA genes FANCD1 (BRCA2), FANCJ, and

FANCN, but also other known proteins of the DNA repair

and recombination pathways, for example the kinase ATR

or the RecQ helicase BLM (Wang, 2007; Deans and West,

2009; Moldovan and D’Andrea, 2009). Of the 13 human

genes, five are conserved in plants—FANCM and FANCL

of the core complex, FANCD2 and FANCD1, and FANCJ

of the downstream effectors (our own unpublished data).
Interestingly, these are the FA genes for whose products

a biochemical function could be shown. FANCM stands out

among the FA genes as it is the only one of the 13 that is

also conserved in baker’s yeast, there named MPH1, and

archaea, where the homologue is called Hef.

Human FANCM is the only protein in the FA core

complex with DNA-interacting domains, and it has been

shown to bind to DNA. Located at the N-terminus is
a helicase domain for which ATPase activity, but no true

unwinding activity, could be demonstrated. Therefore,

FANCM is thought to act as a dsDNA translocase that

binds to DNA and transports the FA core complex along it.

Interestingly, this translocase activity is able to branch

migrate replication forks and HJs and to dissociate D-loops

in vitro (Meetei et al., 2005; Gari et al., 2008a, b). Similar

to the archaeal Hef protein, mammalian FANCM homo-
logues possess an additional endonuclease domain at the

C-terminus; mutations in key residues in this domain

indicate that it is most probably inactive. A comparable

protein in the human genome with both helicase and

endonuclease domains is XPF/ERCC4, which is associated

with the nucleotide excision repair pathway. The XPF

endonuclease family also contains MUS81, and both interact

with a shorter protein—ERCC1 and EME1, respectively—
via their C-terminal endonuclease domains. This interaction

is also conserved in FANCM, with the recently identified

small interaction partner FAAP24, which is needed to

suppress FA phenotypes in cells (Ciccia et al., 2007).

The baker’s yeast FANCM homologue Mph1 is shorter

than its mammalian counterpart, lacking the C-terminal

region including the endonuclease domain. A FAAP24

homologue could not be identified so far. Mph1 also seems
to be involved in the repair of DNA damage at stalled

replication forks. In contrast to FANCM, a DNA-

unwinding activity has been shown for Mph1, making it

a true DNA helicase (Prakash et al., 2005). There are several

differences between the in vitro substrates that FANCM and

Mph1 bind to and act on (for an overview, see Fig. 2 in

Whitby, 2010). Knockouts of MPH1 are sensitive against

a series of different genotoxins and produce a spontaneous

mutator phenotype (hence the name Mutator phenotype 1)

which is dependent on the error-prone translesion synthesis
DNA polymerases REV1 and REV3 (see below; Scheller

et al., 2000; Schurer et al., 2004). Mutations in several HR

genes have been shown to be epistatic to mph1, and the

mitotic HR rate is slightly increased when Mph1 is missing.

Knocking out the yeast RecQ helicase SGS1, which by itself

produces a strong hyper-recombination phenotype, leads to

an even stronger increase in the HR rate in the mph1

background (Schurer et al., 2004). Since homozygous mph1

diploids show normal spore survival, Mph1 is not thought

to play an important role in meiotic recombination (Scheller

et al., 2000). The combination of HR and translesion

synthesis pathways points to a regulatory role for Mph1

for the repair of damage at the replication fork, to focus

repair into either one of the two pathways. Such a function

is very reminiscent of the role its human homologue

FANCM plays in the FA core complex at stalled replication
forks, as is the genetic and physical interaction with the

RecQ helicases Sgs1 and BLM, respectively. Recently, it has

been shown that Mph1 can bind to and disrupt D-loops

formed in vitro by a dsDNA molecule and a Rad51-coated

single-stranded oligonucleotide (Prakash et al., 2009).

Taken together with results on mph1 srs2 double mutants

(Panico et al., 2010), both helicases seem to play separate

non-overlapping roles in the first steps of HR, especially at
the replication fork.

As indicated above, homologues of HsFANCM/ScMph1

are also conserved in plants. They are generally of in-

termediate length, but also lack the C-terminal endonucle-

ase domain found in mammalian homologues. Pilot

experiments with T-DNA insertion lines of the presumed

A. thaliana FANCM homologue showed elevated recombi-

nation rates in spontaneous somatic HR assays compared
with the wild type (our own unpublished results).

Swi2/Snf2 family helicases

The members of the Swi2/Snf2 family of helicases are
commonly known as chromatin remodellers; several Snf2-

related proteins have been shown to use the energy

generated from their ATPase activity to move along DNA

as a translocase, rather than unwinding it (reviewed in

Hopfner and Michaelis, 2007). By interacting with proteins

bound to DNA, they can exercise their remodelling activity.

For a number of Swi2/Snf2-family proteins, a role in HR

has been demonstrated in plants (Shaked et al., 2006),
which shows the importance of chromatin remodelling for

making DNA accessible for HR factors in the context of

protein-bound chromatin. The yeast INO80 and SWR1

chromatin-remodelling complexes, for example, are

recruited to the vicinity of a DSB, where they affect the first
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steps of HR and/or NHEJ. Conversely, loss of function of

these complexes leads to increased sensitivity to DNA

damage (van Attikum et al., 2007). Both complexes are

probably conserved in plants, but until now a role in HR

has only been demonstrated for INO80. A mutant of the

A. thaliana INO80 gene showed a strong reduction of somatic

HR, although no increased sensitivities to DNA damage

were found (Fritsch et al., 2004). The Arabidopsis SWR1
complex, on the other hand, seems to be involved in plant

development, flowering time regulation, and immunity

(reviewed in March-Diaz and Reyes, 2009).

The recombinase Rad51 is supported by a number of

proteins in the early steps of HR. Another member of the

Swi2/Snf2 family is Rad54. As part of the Rad52 epistasis

group (Symington, 2002), it performs multiple functions in

chromatin remodelling, homology search, stabilizing
Rad51–ssDNA filaments in D-loop formation, and finally

in the removal of Rad51 from DNA after heteroduplex

formation (Heyer et al., 2006). Like other members of the

Swi2/Snf2 family, Rad54 also functions as a translocase.

The yeast Rad54 and Rad51 proteins have been shown to

interact with each other, and they stimulate each other’s

activity (Clever et al., 1997).

Plants also possess a homologue of Rad54, and studies
with yeast Rad54 and A. thaliana RAD54 showed the

strong conservation of this protein’s function. As is the case

in yeast, Arabidopsis RAD51 and RAD54 proteins interact

with each other in vitro. Additionally, heterologous inter-

actions (ScRad51 with AtRAD54 and AtRAD51 with

ScRad54) were also possible in yeast two-hybrid assays

(Osakabe et al., 2006; Klutstein et al., 2008). Therefore, it is

not surprising that AtRAD54 could complement some
DNA repair deficiencies of yeast rad54 mutant cells, and

ScRad54 enhanced resistance to c-radiation when trans-

formed into Arabidopsis plants (Klutstein et al., 2008). A T-

DNA insertion mutant of AtRAD54 showed increased

sensitivities to c-irradiation, and the somatic HR rate was

strongly reduced compared with wild-type plants (Osakabe

et al., 2006). Although AtRAD54 is highly expressed in

young flower buds that contain microspore mother cells
undergoing meiosis, the AtRAD54 T-DNA line was fertile

so, even if the Arabidopsis Rad54 homologue functions in

meiotic recombination, it is not essential. Gene targeting,

which is too rare an event to be useful in plant bio-

technology at the moment, was reported to be enhanced by

up to two orders of magnitude by expression of yeast

Rad54 in Arabidopsis plants (Shaked et al., 2005).

Although Rad5 also belongs to the Swi2/Snf2 helicase
family, it is generally not considered to be a chromatin

remodeller. In yeast, DNA lesions that cannot be overcome

by the replisome in S-phase are handled by two different

processes—either they are repaired by HR and other path-

ways, or they enter a damage tolerance pathway where the

lesion will not be repaired, but replication can proceed. This

damage tolerance is further split into two branches (Unk

et al., 2010). In translesion synthesis, specialized DNA
polymerases f and g are able to incorporate bases opposite

to the lesion, leading to error-prone or error-free bypass

depending on the respective polymerase and type of lesion.

The second branch, called post-replication repair (PRR),

takes advantage of DNA synthesis on the complementary

strand. Here, due to the absence of the lesion, synthesis can

proceed further before the replication fork stalls. By re-

gression of the fork, both newly synthesized daughter

strands can anneal, and template switching then allows for

the error-free elongation across the lesion. Rad5 is part of
the PRR branch of damage tolerance, through signalling

and its translocase function. The regulation of which branch

to take—translesion synthesis or PRR—occurs via modifi-

cation of the replicative polymerase sliding clamp PCNA.

After DNA damage, the Rad6/Rad18 heterodimer mono-

ubiquitinates PCNA, which promotes a polymerase switch

and therefore enables the potentially error-prone translesion

synthesis. Rad5, together with the ubiquitin-conjugating
heterodimer Mms2/Ubc13, adds Lys63-linked ubiquitins to

the one already attached to PCNA. This modification

suppresses translesion synthesis and promotes PRR. During

PRR, Rad5 has been shown to use its helicase domain to

regress the replication fork to allow template switching

(Fig. 3) (Blastyak et al., 2007). Model vertebrates, including

humans, possess two Rad5 homologues, SHPRH and

HLTF. In both proteins, the ubiquitin ligase activity in
cooperation with Mms2 and Ubc13 homologues could be

reproduced. Loss of either HLTF or SHPRH leads to an

increased mutagenesis, probably via translesion synthesis,

elevated sensitivity against genotoxins, and an increase in

the formation rate of gross chromosomal rearrangements.

At least for HLTF, a fork regression activity similar to that

of yeast Rad5 could be shown (Blastyak et al., 2010).

In Arabidopsis, two homologues, RAD5A and RAD5B,
were described recently (I. P. Chen et al., 2008). T-DNA

insertion mutants of the two genes displayed differing

phenotypes: while rad5a mutants are hypersensitive against

cross-linking and alkylating genotoxins, rad5b mutants did

not show an increased sensitivity against any agent tested.

Moreover, in a DSB-induced somatic HR assay, rad5a

mutants displayed a reduced HR rate, while rad5b mutants

were not different from the wild type. Epistasis analysis of
double mutant combinations of RAD5A, RECQ4A, and

MUS81 demonstrated that the three proteins are part of

three parallel pathways to repair cross-linked and methyl-

ated DNA (Mannuss et al., 2010). The same study also

defined the role of RAD5A in the SDSA and SSA pathways

using specially constructed assay lines (Orel et al., 2003).

While a strong reduction in the SDSA-like HR rate was

found, the rad5a mutant line was not different from the wild
type in SSA. Thus, RAD5A seems to be involved in either

D-loop formation or resolution in somatic cells.

Mer3

As the responses to DNA DSBs are similar in somatic and

meiotic cells, it is not surprising that many of the proteins

presented above play roles in both contexts. Nonetheless,

meiosis-specific proteins have been described as well, in-

cluding the DNA helicase Mer3. First described in yeast,
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this helicase is part of the ZMM epistasis group (Zip1, Zip2,

Zip3, Mer3, Msh4, and Msh5) of proteins (Borner et al.,

2004) involved in CO formation in meiotic recombination.

As shown in Fig. 1, HR reactions leading to COs pass

through a dHJ intermediate. In meiotic recombination,

there are at least two parallel pathways to reach a CO

outcome from a dHJ, based on the observed distribution of

COs along a chromosome. While the less common class II
COs follow a random distribution and are called interfer-

ence insensitive, class I COs reduce the probability of

another CO occurring nearby, showing so-called CO inter-

ference. The ZMM epistasis group proteins, including Mer3,

promote these class I COs (Borner et al., 2004). Mutating

Mer3 led to a reduction of the CO frequency in S. cerevisiae,

with the remaining COs showing no interference. An in vitro

study with Mer3 protein demonstrated that the helicase
stabilizes the invaded Rad51–ssDNA filament in the D-loop

by extending the length of the heteroduplex region through

branch migration (Mazina et al., 2004). This reduces the

chance for disruption of the invading ssDNA from the D-loop

and a following SDSA-like NCO outcome, and conversely

makes second-end capture for dHJ formation more probable.

Homologues of Mer3 seem to be conserved across all

eukaryotes. Sequence comparisons led to the identification
of HFM1 in humans, which is expressed in meiotic tissues

(Tanaka et al., 2006), and further homologues in Trichomo-

nas vaginalis and many more protists (Malik et al., 2007).

Apart from yeasts, the only functional studies on Mer3

homologues were done in Arabidopsis, where the alternative

name ROCK-N-ROLLERS (RCK) is also in use (Chen

et al., 2005; Mercier et al., 2005). Mutants of Arabidopsis

MER3 display reduced fertility, defects in the progression of
meiotic recombination, and a strong reduction of CO

number, while the number of DSBs is unchanged. As in

yeast, the remaining COs are interference insensitive,

pointing to a role for MER3 in class I CO formation.

Partners of Mer3 in the ZMM epistasis group have been

described in Arabidopsis as well. Both MSH4 and MSH5

belong to the class I CO pathway of meiotic HR (Higgins

et al., 2004, 2008; Lu et al., 2008).

Pif1

The yeast 5’–3’ DNA helicases Pif1 and Rrm3 belong to

a eukaryote-wide family of helicases that function in
the promotion of both nuclear and mitochondrial genome

stability. Pif1 was first described to be required for the

recombination of mtDNA of different strains (Foury and

Kolodynski, 1983). A few years later, it was shown that Pif1

regulates the action of telomerase in the nucleus (Schulz and

Zakian, 1994), mainly as a function to suppress de novo

telomere addition at DSBs (Mangahas et al., 2001; Myung

et al., 2001). G-rich stretches of DNA are prone to form
G-quadruplexes via Hoogsteen base pairing. They are

found at telomeres, but also at other regions throughout

the genomes of prokaryotes and eukaryotes. Ribeyre and

colleagues analysed the fate of the G-quadruplex-forming

human minisatellite CEB1 when inserted into the yeast

genome (Ribeyre et al., 2009). Inactivation of PIF1 led to an

increased rate of rearrangements in the element, while

a mutation of the RecQ helicase SGS1 had no effect. Pif1

also was able to unwind CEB1 G-quadruplex structures in

vitro. Pif1 has been shown to be important in the replication

context, as well: it is needed for Okazaki fragment matura-

tion and for arresting replication forks at rDNA replication

fork blocks (reviewed in Bochman et al., 2010). Yeast Rrm3
helicase, on the other hand, promotes fork progression at the

replication fork barrier. This is best explained as a function

of Rrm3 as a component of the replisome, strengthening the

force of the replicative helicase MCM2-7 for fork movement

through pausing sites (Torres et al., 2004).

Animals, which generally possess only one PIF1 homo-

logue, use the helicase for functions similar to those

described for yeast. Human PIF1 is also localized in nuclei
and mitochondria, and there is first evidence pointing to

roles in telomere biology, for example binding to telomeric

DNA and telomere shortening when PIF1 is overexpressed

(Zhang et al., 2006).

To our knowledge, no studies have been performed on

Pif1 homologues in plants. A recent review of the Pif1 family

of helicases (Bochman et al., 2010) proposed one putative

homologue in rice and three in A. thaliana. Our own in silico

studies demonstrated that there could be up to 11 PIF1

helicase-related genes in the Arabidopsis genome, because

a PIF1 gene was captured by and multiplied with a helitron

family transposable element (our own unpublished results).

Conclusions

DNA helicases play diverse and important roles in HR in

somatic genome stability as well as in the meiotic mixing of

the parental genomes. In almost every step of DSB repair,

helicases are involved, and their loss results in very adverse

effects for the cell. Nevertheless, compared with other

enzyme classes, still very little detailed knowledge has been
gained about their functions, especially in plants. With plant

biotechnology becoming increasingly important for agricul-

ture, hopefully the study of helicases will be intensified,

helping us to set up new molecular tools for plant breeding.
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