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Abstract

The genome is constantly threatened by various gemgagents and maintaining its integrity
is crucial for all organisms. Several repair patysvhave been implicated in the removal of
different types of lesions from DNA. Among themnmalogous recombination (HR) plays a
key role in repair of double-strand breaks. HR Hghly important repair mechanism which
has to be tightly regulated to prevent excessiveed&nts. These events could interfere with
other DNA repair pathways, generate toxic interratdi, or block the progression of the
replication fork. Therefore, it is not surprisingat cells have evolved mechanisms that
counteract inappropriate HR events. As it has bs®own recently, cells possess DNA
helicases capable of preventing excessive recoitiddmaA novel human DNA helicase,
hFBH1, belonging to the superfamily |1 has been shdw function as pro- and anti-
recombinase. Similar to the two members of RecQiljanBLM and RECQL5, FBH1
disrupts Rad51 from nucleofilament. However, FBHighth also promote initiation of HR.
The FBH1 helicase possesses additional high coeddfvhox motif which allows it to act
within a Skpl-Cullin-F-box, SCF, complex as ubiquiligase and target proteins for

degradation.

Key words: FBH1, homologous recombination, SCF complex, F{umtein,
anti-recombinase, double-strand breaks, genoméitstab



Abstrakt

Genomova DNA je vystavena neustalénisgbeni Skodlivych faktdr které mohou zjsobit
razné typy jejiho poSkozeni. Odstiém téchto poruch je nezbytné pro udrzovani celistvosti
genomu a tudiz i proipziti celého organismu. V hk&ch se proto vyvinuly dité
mechanismy, jak tato poSkozeni opravovat. Homolaghkiombinace (HR) je tdeZitym
procesem pro odstftavani nejnebezge¢jsi poruchy DNA, kterou je dvouvlaknovy zlom.
Naproti tomu, spontanni a nezadouci HR s&earprolinat s jinymi opravnymi drahami, tito
toxické meziprodukty ¢i zptasobit zablokovani replikai vidlice. Proces homologni
rekombinace proto musi byt regulovan. Jednim z wyZmodulatol jsou DNA helikazy,
které jsou schopné zal@vat nezadouci rekombinaci. Nbwbjevena DNA helikaza hFBH1
patici do rodiny SF1 helikdz se nejspiS&asini regulace HR. Obdobrjako BLM a
RECQL5 DNA helikdzy z RecQ rodiny, i FBH1 zabuge tvorkE, pro zahdjeni HR
nezbytného, presynaptického filamentu. Na druhcangt FBH1 se takécastni iniciace HR.
FBH1 mé tedy jak prorekombinazovou, tak i antirek@mazovou roli. Ve své primarni
struktue obsahuje FBH1 mimo helikdzové domény také F-boxivnDiky nému se jako
F-box protein vaze v Skpl-Cullin-F-box, SCF, konxplektery specificky rozeznava proteiny
uréené pro degradaci v proteasomu.

Kli ¢ova slova:FBH1, homologni rekombinace, SCF komplex, F-boxgim
antirekombinaza, dvouvlaknové zlomy, stabilita gano
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Abbreviations

ADP
APC
AppNp
ATP
DNA
dsDNA
ssDNA
DSB
FBP
HR
MAPK
NF
NLS
RPA
SCF
SCRPbht
SDSA
SF

Ub

WD

Adenosine diphosphate

Anaphase promoting complex

5’ -Adenylylimidodiphosphate
Adenosine triphosphate
Deoxyribonucleic acid
Double-stranded DNA
Single-stranded DNA

Double strand break

F-box protein

Homologous recombination
Mitogen-activated protein kinase
Nucleofilament

Nuclear localization signal
Replication protein A
Skp1-Cullin-F-box complex

SCF complex with Fbh1 as Fox protein
Synthesis-dependent stran@dnnealing
Superfamily

Ubiquitin

Tryptophan-aspartic acid



1. Introduction

DNA in cells is maintained from generation to gextien just with little change and
the DNA sequences can occasionally be altered. population, certain type of genetic
variation is crucial to allow organisms to evolve riesponse to changing environmental
conditions over time. Such DNA rearrangements aresed by a set of mechanisms that are
collectively called genetic recombination, in whiclre involved both homologous
recombination and site-specific recombination.

Homologous recombination (HR) is a fundamental esscof DNA metabolism which
is used in all forms of life. In this action, naotide sequences of two homologous DNA
strands are exchanged. In most eukaryotic cellsjdHéssential during meiosis and mitosis.
In meiosis, HR facilitates chromosomal crossovet dus contributes to generating genetic
diversity. In mitosis, HR is the major DNA repagipathway.

Genome integrity is constantly challenged by DNAmdge. The most toxic
chromosomal lesion represent DNA double-strandedks (DSBs) induced by exogenous
insults such as ionizing radiation and chemicalosxpe. Certain types of DNA damage
constitute a strong hindrance to the DNA repligatroachinery and can lead to arrest or
collapse of DNA replication fork. To counteract thetential deleterious effects of DNA
lesions, cells have evolved several DNA repair magms. Among them a HR-based DNA
repair pathway is crucial for preventing genomeahgity. On the other hand, untimely and
unscheduled HR events might interfere with otherADi¢pair pathways, generate toxic
intermediates, or block the progression of theicaibn fork (Sung and Klein, 2006).

An accumulation of numerous genetic changeswhoatld lead to cancer in normal
cell is quite rare. Less than 1 mutation per gen¢me3x1F base pair) per cell division is
happened in human cell (Drake et al., 1998, Cheal.e2003). Disruption in DNA repair
pathway leads to genomic instability and an incedasisceptibility to certain types of cancer.
Several cancer-prone genetic diseases such as Bl@ma Werner’s syndrome are associated
with HR dysfunction or deficiency. Overall, durii@dNA metabolism, cell DNA has to be
maintained by tight control (Sung and Klein, 2006).

Separation of the complementary strands of the NAlex is required to provide
single-stranded DNA (ssDNA) templates for DNA tract®ons such as those involved in

recombination, repair and replication. For thisgose cells posses an important enzymatic



tool, DNA helicases. They move along the DNA anthlyae breaking hydrogen of bonds
that hold the DNA strands together. Thus, DNA led&s are required for many cellular
processes, such as DNA replication, transcriptioecombination, DNA repair and
chromosome segregation. DNA helicases can be deamsd as DNA dependent ATPases
because energy from ATP hydrolysis is necessarthiounwinding of double stranded DNA
(dsDNA). Helicases exhibit specific directionaly —5 or 5—3") of the DNA unwinding
activity with respect to the DNA strand to whichist bound. Sequence alignments have
revealed that many DNA helicases carry 7 distimetserved motifs. Based on the presence
and the form of these helicase motifs, these engyhw/e been sorted out to several
superfamilies (SF): SF1, SF2, SF3 (Tuteja and Auk§04).

A novel human DNA helicase, called hFbhl, is a menof SF1 (Kim et al., 2002).
The hFBH1 seems to be homologous and/or functipnallated to those DNA helicases
which play a crucial role in maintenance of genatadility. Recent studies suggest that Fbhl
acts as both an anti-recombinase by dissociatirtfbR#&om nucleofilament (NF) and as a
pro-recombinase by facilitating ssDNA overhang picitbn that is further used in DNA
repair (Fugger et al., 2009). Moreover, a highlpssErved F-box motif was found in primary
structure of hFBH1 and thus, hFBH1 is able to acEdox protein (FBP) in Skpl-Cullin-F-
box (SCF) complex (Kim et al., 2004).

In this work, | will give an overview of publishedsults and proposals for a possible
role of human FBH1 helicase in process of DNA repad its contribution to maintenance of

genome stability.



2. DNA repair

The repair of DNA lesions such as base damager-iaed intra-strand DNA
crosslinks and single- and double-strand DNA breigkgssential for the survival of an
organism. Especially detrimental to the cell ardB®STo remove unwanted DSBs and protect
cells from their deleterious consequences, two igérstrategies of DSBs repair have been
evolved.

Both of them are initiated by generating of 3"'ssDb\erhangs at the broken DNA
ends (Fig.1). The overhanging ssDNA stretches evmptly coated by replication protein A
(RPA). The key step in HR is the nucleofilament {fso known as presynaptic filament)
formation by loading of Rad5Es¢cherichia coli RecA, Schizosaccharomyces pombe Rhp51)
onto the coated ssDNA molecule. To overcome thebituny effect of RPA on Rad51
nucleofilament assembly, the mediator proteins,hsas Rad52 § pombe Rad22) and
heterodimer Rad55-Rad57, promote delivery of R&dIRPA-covered DNA. The Rad51 NF
catalyses search for a homologous region on therschromatid followed by D-loop
formation which promotes DNA strand invasion (Rapd Hartsuiker, 2006, Sung and Klein,
2006).

The first strategy, is called “DSB repair”. In thpsocess, double Holliday junction is
formed. Resolution of this Holliday junction leatts a gene conversion, with or without
associated crossovers. The second strategy isesysitiependent strand-annealing (SDSA)
when only one strand of non-damaged homologous D¥NAsed for reparative synthesis.
After resolving a D-loop, newly synthesized stramgks itself as a template for reparative
synthesis of the second broken strand of DNA. is thechanism, no Holliday junction

formation occurs and resulting products are alwaga-crossover (Sung and Klein, 2006).
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Figure 1 HR-based repair of DNA DSBs by DSB repair and SD&

A) Initiation of the repair process by generatingsBNA overhangs at the broken DN#\ye
filaments. Strand invasion and D-loop formation by the oaeding sSDNA into homologous
sequencered filaments, is followed by DNA synthesigjotted filament. B) DSB repair by
double Holliday junction formation, that leads t@nAacrossover or crossover products.
C) Synthesis-dependent strand-annealing (SDSA9pair mechanism when new synthesized
strand uses itself as a template for reparativéhegis of the second broken strand of DNA.
Resulting products are always non-crossover (addpdbm Sung and Klein, 2006).



3. SCF ubiquitin ligase

The ubiquitin (Ub) system of intracellular protelagradation controls the abundance
of almost all proteins in the cell. In this procegsoteins destined for degradation are
covalently attached to ubiquitin, a highly conserv&6 amino-acid protein. These
polyubiquitinated substrates are targeted to S@&psom which degrades the protein to short
peptides and free amino acids. Ub-mediated degoedatf regulatory proteins plays an
important role in the control of numerous processluding cell-cycle progression, signal
transduction, transcriptional regulation, receplown-regulation, and endocytosis.

The attachment of the Ub to the protein is usuzdiyalysed by three enzymes (Fig. 2).
An E1 (Ub-activating enzyme) uses ATP to form adésier bond between itself and Ub. E1
then transfers the Ub to an E2 (Ub-conjugating e®y Finally, E3 (Ub protein ligase)
attaches Ub to the substrate (Willems et al., 1838@meister et al., 1998, Bai et al., 1996).

O—De—
265 proteasome l
f -

l Substrate i\

Figure 2 A scheme of the ubiquitination process.

E1l (Ub-activating enzyme) attaches Ub (ubiquitinil dransfers to an E2 (Ub-conjugating
enzyme). Ub is transferred to the substrate by B3 grotein ligase). Finally, the poly-
ubiquitinated substrate is targeted to 26S proteaand degradated (adapted from Hoeller
and Dikic, 2009).

Two types of multisubunit E3 enzymes that medidtigjuitination of many cell cycle
proteins are the APC, anaphase-promoting complek,SCF, Skpl — Cullin - F-box protein

complex (Hershko and Ciechanover, 1998).



The SCF complex is a multisubunits enzyme compadegh invariant core, containing
three components (Fig.3):

» Skplis an adaptor protein, essential in the recogmigiod binding of the F-box motif

* Cullin (Cdc53 ortholog) functions as an scaffold protéiking the Skpl protein with
Rbx1 protein

* Rbx1 (or Rocl,Hrtl) protein, containing a RING fingewotifi mediates binding to
the E2 enzyme

"“\ "

SUBSTRATE ol

F-box

CULLIN

Figure 3 A schematic model of SCF complex.

Invariable subunits of SCF complex are Skpl, Cwdha Rbx1. F-box protein (FBP) is linked
to the core of the complex through the interactbits F-box motif and Skpl. On the other
end of the FBP is attached a specific substratat i ubiquitinated and targeted for
degradation. Ub, ubiquitin; E2, Ub-conjugating emey

The substrate specificity of the SCF complex isegped by the interchangeable
F-box protein subunit that recruits a specific aesubstrates for ubiquitination to the SCF
core complex. Simultaneously, the capability of 8@F backbone to recruit multiple F-box
proteins with distinct substrate specificities, siantially increases the substrate repertoire
(Cardozo and Pagano, 2004).
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4. F-box proteins

The unique feature of the FBPs is presence of thexrmotif which was named after
the first defined FBP, cyclin F (Bai et al., 1998he F-box motif constitutes a conserved
sequence, that consists of approximately 50 amasaFig. 4). In general, this motif is
located at the N-terminal part of the protein (Y. Moreover, FBPs often possess additional
C-terminal motifs such as WD (tryptophan-asparti@arepeats, leucine-rich repeats or a
wide range of other motifs including zinc fingelsucine zipper, ring fingers or proline rich
regions (Cenciarelli et al., 1999, Hermand, 2006)

10 20 30 40 50
KPFPLLRLPeEILIrKILekLDP1l1DLLrYLEXKYSKEWRSLVDslniwiEkTtIIe
s B s I sdm l1KlikevifkhMpIfkKkERENFE1ItCRRFEKTIiIi1Ikk kfkirktrnl

r £ n idw n irr g1 iik £1 nl q lrd 1 fkad
a ERN e i v s t r
a

Figure 4 Consensus sequence of F-box motif.

Bold and underlined capital letters signify residues found in over 40% of the F-box
sequencesbold, non-underlined, capital letters signify residues found in 20-40% of the
F-boxes;bold lower case letters indicate residues found in 15-19% of the F-boxes non-
bold lower case letters indicate residues found in 10-14% of the F-boxadapted from
Kipreos and Pagano, 2000).
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Figure 5 Domain structure of several FBP¢
Comparison of domairstructure and distribution inseveral mammaliarF-box proteins
(FBPs).General feature (all FBPs is the F-box motif locateat the Mterminal part. WD,
(tryptophanaspartic acid) repeats; FBA-box associated) domaiadapted fronWinston et

al., 1999).
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Substrate phosphorylation is one common preregquisit the recognition by FBP in
the majority of the model organisms. Thus, it igcgal, that one or more of the substrate
specific epitopes are phosphorylated prior to titeraction with the FBP. Although, not all
FBP selectively recognize phosphorylated substrate,example of negative effect of
phosphorylation to the interaction with FBP hasrb&kentified until recently (Lawrence et
al., 2009, Ho et al., 2008, Deshaies, 1999, Skowied., 1997).

In spite of the huge number of identified FBPsr¢hare still many of them, whose
substrate and function have not been defined yetFBPs have been determinated in
Saccharomyces cerevisiae, about 30 inDrosophila, 326 in Caenorhabditis elegans, about
600 inArabidopsis thaliana, and at least 38 in human. However, there is notwknexample
in prokaryotes (Ho et al., 2008, Kipreos and Pagaf60).

In general, FBPs are suggested to be short-liveteims. Consistent with this, some of
the FBPs seem to be tagged with Ub and subjectelédgoadation by SCF core complex in
absence of a substrate protein. This mechanisnutoibiquitination has been proposed to
control SCF ubiquitin ligase activity when the suéie protein is not available and allows
the cell to promptly adapt to different phases efi cycle or environmental conditions
(Koepp, 2010, Zhou and Howley, 1998, Galan andrP£899).

Recent evidences suggest that some FBPs act irdlamgnon SCF complex (Zhou
and Howley, 1998). Skpl associated with certain $~B&h interact with other proteins to set
up non SCF complex, which has no ubiquitin ligasivaly and thus no degradation occurs.
In several cases FBP also functions without assoniavith Skpl and binds to another
proteins. Moreover, as alluded below, one of FBRss iound, surprisingly, to possess

intrinsic enzymatic activity.
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5. S. pombe F-box DNA helicase 1

F-box DNA helicase 1 (Fbhl) was originally ideltf from a biochemical screening
for novel S pombe DNA helicases by Park and colleagues (Park etl@By). Firstly, it was
named Fdh1l, however this name is also used fomaate dehydrogenase gene fr@andida
boidinii (Sakai et al., 1997). Therefore, it was later med Fbh1l after its human homolog
(Osman et al., 2005). Human homologsopombe Fbh1 (spFbh1) was identified by Kim and
colleagues and named human F-box DNA helicase BHARKim et al., 2002).

As a member of FBP family, Fbh1 contains F-box fraitithe N-terminal part (Fig. 6
and 7) that is responsible for binding to the S@mplex. What makes this protein unique
among FBPs is the helicase domain at its C-ternpaal (Kim et al., 2002). Any of the
additional C-terminal motifs of FBPs, such as WDIeucine-rich repeats, have not been
described for Fbh1l yet.

hFBH1 {(141-163) ..LPSEVLRHVFAFLPVEDLYWNLSLVCHLWREI I---SDPLFIPWKK
mFBH1 (76-118)...LPSEVLRHIFAFLPVEDLYWNLSLVCHLWREII-—-NDPLFIPWEKK
SpFBH1 {14-55)....LPLEIIPLICRFLSVQDIQSFIR-VFPSFOTILDSSNDLFWKK——-
hCyclinF (35-77})....LPEDVLFHILKWLSVEDILAVRA-VHSQLKDLVD-NHASVWACAS-
mSKFPZ2 {100-142) ..LPDELLLGIFSCLCLPELLRVSG-VCKRWYRLS—-LDESLWQSLDL
yCDC4 (278=-320) ..LPFEISLEKIFNYLOFEDTIINSLG=-VSOQNWNKITR-KSTSLWKKLL~-
F-box consensus LP EIL I L DL v I LW

Figure 6 The F-box amino acids alignment between hFBH1 another FBPs
Identical and conserved amino acids are demondtratered and blue, respectively
(adapted from Kim et al., 2002).

Homologs of the spFbh1 are found in human, mong&kigken and mouse. However,
Fbh1 is absent in organisms such as budding Beastevisiae, fruit fly, frog, fish and plants
(Kim et al., 2002, Park et al., 1997, Chiolo et 2007).
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hFBH1 | ] | —
mFbxo18 I | i —

spFbh1 | — —

spSrs2 O E—
scSrs2 O |
ecUvrD O —

. F-box domain D UvrD-helicase domain

Figure 7 A schematic diagram of several helicases from URrfamily.

Conserved domains are shown for human FBH1, mouBbori8, S. pombe spFbhl,
S pombe andS. cerevisiae Srs2, anck. coli ecUvrD helicases (adapted from Chiolo et al.,
2007).

5.1 F-box motif and helicase domain
A number of mutants db. pombe Fbhl were investigated to determine the functional

roles of its F-box motif and the helicase domainwas shown that both domains play

indispensable but distinct roles in Fbh1l functiSaKaguchi et al., 2008).

5.1.1 The helicase domain

Fbhl1 belongs to the SF1 family of DNA helicased thaconserved from bacteria to
human. They are characterized by seven short catsérelicase motifs, |1, la, Il, I, IV, V,
VI (Fig. 8). Well known members of this family agecoli UvrD and yeast Srs2 helicases that
are involved in recombination and DNA repair pathigvéMatson, 1991).

Studies of the helicase mutants of spFbh1 showatdhk helicase domain is involved
in controlling of the Rhp51 actiors(cerevisiae Rad51). In the process of DSB repair, Rad51
is believed to be responsible for NF formation, ¢batral step leading to the D-loop assembly
(Sakaguchi et al., 2008).
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Figure 8 Amino acid sequence alignments of SF1 helicasemdains.

Sequence alignments weperformed with CLUSTALW, using the seven helicasetifa
found inE. coli (ec) UvrD,S cerevisiae (sc) Srs2S. pombe (sp) Srs2S. pombe Fbh1l, mouse
(m) Fbox18, and hFBHL1. Identical and conserved araitids are indicated withigray and
white boxes, respectively (adapted from Chiolo et al., 2007).

5.1.2 The F-box motif

spFbh1l is predominantly detected in the nucleusrevhidorms foci at sites of DNA
damage (Morishita et al., 2005). Mutation in thbd» motif disables the foci formation, even
after exposure to damaging agents. Moreover, thbbd mutants with an additional NLS
(nuclear localization signal) enter the nucleust fail to form foci in response to DNA
damage. This indicates that the F-box motif is iaduior the nuclear localization and DNA
damage-induced focus formation of Fbh1l (Sakaguchli.e2008).

5.2 The role of spFbhl

S pombe Srs2 helicase is known to displace Rad51 from KFej€i et al., 2003,
Veaute et al., 2003) as well as bacterial UvrDdasle dissociates RecA from NF. So it tempts
to speculate that spFbhl as a member of the samteirpfamily could also have such anti-
recombinogenic role in disrupting Rhp51 from NF.pExments with synthetic lethality of
mutations inS's2 and spFbhl genes have revealed that spFbhl functions in recatndn
repair on the Rhp51 pathway and plays a role ircgssing recombination intermediates.
In the absence of Fbh1, the Rhp51 NF formation iecspontaneously and further processing
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of the DNA lesion is defective. This leads to toxaccumulation of recombination
intermediates (Morishita et al., 2005).

Further analyses showed that spFbhl prevents Rigddndent recombination in the
absence of mediator protein, RadZ cerevisiae Rad52). It is believed that the mediator
proteins might make the Rhp51 NF formation morecieiit and fast but they may also
contribute to increased chance of ,inappropriatéanient assembly. Therefore, such
inefficiently formed Rhp51 NF may be disrupted yhE. Altogether, the Rhp51 might be
controlled by a balance between Fbhl and the nwediptoteins, such as Rad22
(Osman et al., 2005).

In S. pombe, Fbhl mutants exhibit increased formation of spontand®ig51 NF and
elevated sensitivity to DNA damaging agents. Furtitge, spFbh1l is essential for viability in
absence of Rghl (human RecQ) and this lethalisuppressed by additional inactivation of
Rph51. These data suggests that spFbh1 works afigdavith Srs2 and Rghl to prevent the
formation of toxic recombination intermediates. $hiuhe Fbhl function is probably to
promote processing of recombination intermediatedhgaki et al., 2007, Osman et al., 2005,
Morishita et al., 2005). Further experiments haxeviled evidence that spFbhl functions in
opposition to Rad22 to restrain the Rhp51 NF asgemkthus, Fbhl acts as a Rhp51
disruptase and the balance between spFbhl and Red2iical to appropriate Rhp51 NF
formation (Lorenz et al., 2009). In light of themslarity to Srs2, Fbhl could use its
helicase/translocase activity to displace the Radbl However, it is still not certain, how
exactly Fbhl controls the Rhp51 activity.

Interestingly, Fbhl mutation in chicken DT40 cells displays a normakmotype.
Hence,S pombe Fbhl, in contrast to its chicken ortholog, hasrenpnent function in the
DNA damage response. This could suggest that eikeebrate cells have a reduced
requirement for this helicase or that the functdérrbhl could be covered by other helicase,
such as BLM (Kohzaki et al., 2007). The absence Fbhl or BLM may cause
an accumulation of some recombination intermeditttas are normally resoluted by these
helicases. Thus, there is possibility that Fbhk actparallel with BLM helicase to control
recombination-mediated DSB repair at replicationcks and to reduce the frequency of

crossovers (Kohzaki et al., 2007).
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6. FBHL1 related genes and other Rad51 disruptases

A critical point at which recombination can be rieged is a removal of the Rad51
NFt (Symington and Heyer, 2006). $1cerevisiae, Srs2 DNA helicase can disrupt Rad51 NF
and regulate HR by this way (Krejci et al., 200B)additional to hFBH1, three other DNA
helicases have been implicated in the regulatioH®fin mammalian cells, two members of
the RecQ family, BLM (Bugreev et al., 2007) and RHEG (Hu et al., 2007), and recently
discovered RTEL1 (Barber et al., 2008). BLM, REGAnd hFBH1 seem to be involved in
regulation of NF formation by displacement of Radbilcontrast, RTEL1 acts as a D-loop

disruptase.

6.1 BLM

The BLM DNA helicase is believed to play many rolesHR and DNA repair. The
human disorder caused by mutation in this genealfed Bloom’s syndrome. Specific
hallmark of this disease is strong hyper-recomimnatbetween sister chromatids and
homologous chromosomes, and subsequent high dedrgenome instability leading to
cancer (Sung and Klein, 2006). The BLM helicassuggested to dissociate the Rad51 from
the NF and thus work as anti-recombinase (Wu arukddn, 2006). Conversely, there are
also pro-recombination activities proposed for #mgyme, such as presence during resection
of DSB ends (Zhu et al., 2008, Gravel et al., 2G@¥&)romotion of replication fork regression
(Ralf et al., 2006). Taken together, BLM displaybraad spectrum of activities that either
negatively or positively regulate HR events (Bugreeal., 2007).

6.2 RECQ5

According to the current model, RECQ5 disrupts Radld- formation through its
interaction with Rad51. Although RECQ5 has not bagssociated with a human disease, it is
suggested to be an important tumour suppressordwepting unscheduled HR events via its

anti-recombinase activity (Schwendener et al., 26il0et al., 2007).
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6.3 RTEL1

Recent studies have revealed that RTEL1, regutdttelomere elongation helicase 1,
suppress HR through disassembling D-loop-recomibimahtermediates during DNA repair.
Moreover, RTEL1 is crucial for regulation of teloradength in mice, and its loss has been
associated with shortened telomere length, chromedwreaks, and translocations. Defects in
its function are connected with glioma predispositiBarber et al., 2008, Ding et al., 2004).

6.4 Srs2

Genetic analysis in yeast model has revealed aorianmt enzyme in HR process, Srs2
helicase. These studies have shown that Srs2 playsicial role in the maintenance of
genome stability by regulating DNA recombinatiorheTSrs2 protein was identified as a
3’—5" helicase (Rong and Klein, 1993) that is struatyurand functionally related to
bacterial UvrD helicase family (Veaute et al., 200Srs2 acts as an anti-recombinase by
displacement of Rad51 from ssDNA. Therefore, Sre¥gnts spontaneous and unscheduled
HR events in yeast (Veaute et al., 2003, Krejeilet2003).

Until recently, no ortholog ofS cerevisiae Srs2 has been described in human.
However, further experiments provided evidences$ Bl has such a function related to
those of Srs2. Both enzymes share»>8" helicase activity and the amino acids identity o
their helicase domains (Fig. 8) is about 20% (Ghetlal., 2007).
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7. Role of SCF complex containing spFbhl as a FBP

Until recently, no possible target of the S&&(spFbh1 in complex SCF) complex
has been identified. But in recent past, Lawrerical.edetected one potential substratesin
pombe. It is a transcription factor Atf1 which plays &al role in stress-induced responsesin
pombe. Upon exposure to stress, Atfl is phosphorylatedniiogen-activated protein kinase
(MAPK) Styl which causes its stabilization. Theuléag increase of Atfl leads to stress-
activated expression of its target genes (Lawrestcal., 2009, Lawrence et al., 2007,
Wilkinson et al., 1996, Chen et al., 2003).

Fbhl physically interacts with Atfl and this intetian occurs only under basal
conditions. By other words (Fig. 9), in absencestoéss, Atfl is basally phosphorylated by
Styl and thus SCE™ complex is able to bind Atfl as a substrate artdchtto Ub.
In contrast, upon the stress exposure, Atfl is hppesphorylated and no recognition and
subsequent degradation occurs (Lawrence et al9)200

Since most FBP-substrate interactions describedate are mediated positively by
phosphorylation, this kind of interaction is vermtypical among FBPs. This is the first
in vivo evidence demonstrating that substrate phosphmmylatan negatively regulate its
interaction with FBP.

Atfl is the first discovered example of a substfaeany SCF™ complex in any
organism. In common with other FBPs, it seems yikkht Fbh1 will target multiple proteins
for ubiquitination. Due to its detection at theesitof DSBs (Morishita et al., 2005), potential
substrates could be proteins involved in the HRwway of DNA repair. However, no target
of the SCF complex with human FBH1 has been idedtifyet. Since the mammalian
homolog of Atfl, ATF-2, exists, it is tempting tpeculate that it might be target of hFBH1

for Ub-mediated degradation.
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Figure 9 Model for regulation of Atfl level in different stress conditions

(A) The mutant Atfl lacking all eleven phosphorida-sites cannot be phosphorylated
presence of stress and thus , is degraded in proteasome. (B) absence of stress, Atfl
not hyperphosphorylated and Fbh1 recognizes it for subsdgiegradation. (C) In respon
to stress exposure, Atfl is hy-phosphorylated and stabilizeaid@pted fronLawrence et al.,
2009).
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8. Human F-box DNA helicase ]

As a result of searching for a human homoloS pombe DNA helicase I, Kim et al
identified in 2002 a novel DNA helicase. e to its additional BBox motif, they have named
this enzymehFBH1, human -box DNA helicase 1. hFBH1 shar28% of identity and 44%
of similarity with itsS. pombe ortholog.The sequence analysis showed that -box motif is
situated at the Nerminal part, as in other FB (Fig. 10) Conversely, helicase domain
located at the @erminal par(Kim et al., 2002).

1 300 600 9?0 9169
! | |
NH, ¥ N — NN 1COOH
F-box | la RNV VVI

Figure 10 A schematic outline
The Fbox motif is shown ahatched box and the helicase motifs adid boxes (adapted from
Kim et al., 2002).

Biochemical properties of hFBH1, meaning helicasg ATPase activities, are simil
to those of spFbhglthoug!t there are at least two differendestween tese two enzymes.
Firstly, hFBHL is neither stimulated nor inhibited by hRPA, wdesSpFbh1l is imulated by
SpRPA. Second, hFBH1 can utilize ADP anonhydrolyzable ATP analo(AppNp
(5" -Adenylylimidodiphosphat, although the efficiencieare relatively poor (25 and 45¢
respectively) in respect to ATP, whereas SpFEcannot uséADP or AppNp as annergy
source (Kim et al., 2004).
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8.1 Biochemical properties of the SCFEomplex containing hFBH1 as a
FBP

To find out if hFBH1 binds to Skp1 forming funct@inSCF complex, SCF*™ complex
(hFBH1 in SCFcomplex) was establishad vivo andin vitro, and the characterization of
enzymatic activities was performed.

The observation showed, that in presence of monoridr and E1 and E2 enzymes, the
SCF™" complex exhibits not only supposed E3 Ub ligadivity, but also DNA helicase
and DNA-dependent ATPase activity. Both hFBH1 a2 act in a distributive manner.
Hence, the enzyme may be involved in a DNA tramsadhat requires unwinding of short
stretches of DNA such as DNA repair or recombimatibhe poly-Ub chain formation by the
SCF™®H1 complex was not changed in presence of ssDNADNds This could indicate that
the multiple activities present in this complex amtependently of each other and thus, the
SCF™! complex can catalyze the ubiquitination reactiswell as DNA unwinding (Kim et
al., 2004).

Since the efficiency of the SEE™ complex formatiorin vitro is very low (Kim et al.,
2004) there is a possibility that the assemblyhef SCE™H complexin vivo may be further
regulated, for example by chaperones.

8.2 hFBH1 versus SCEBH!

As mentioned above, the SEB* complex retains all three activities: DNA helicase
ATPase and E3 Ub ligase activity, while hFBH1 alaéhibits only first two of them.

Consistent with this, the enzymatic properties hef SCE™H!

complex were compared to
those of the hFbhl alone. The results demonsthaie Helicase and ATPase activities of
hFBH1 bound in the complex are indistinguishablemfrthose of free hFBH1. DNA-
unwinding activities of both enzymes are ir%" direction and dependent on both ATP and
Mg**. The rate of ATP hydrolysis by both enzymes a@rlgehe same. Another similarity is
that neither hFBH1 nor SEP™ complex showed any preference for a fork-like citrce

(Kim et al., 2004).
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Taken together, hFBH1 alone or in complex with $&&ins similar helicase and ATPase
activities. However, at present it is still not teém whether cells contain free hFBH1,
a mixture of hFBH1 and SEPH! complex or the SCE®H! complex only. Interestingly,
purified hFBH1 deleted in the F-box motif exhibiteignificantly weaker helicase and
ATPase activities. It is believed that this deletamuld somehow damage the protein integrity

required for the catalytic function (Kim et al.,G4).

8.3 The role of hFBH1

Fbhl was found ifd. sapiens andS. pombe, but not inS cerevisiae, whereas Srs2 is
conserved i cerevisiae andS. pombe, but not in mammals. In 2007 Chiolo at al. revealed
evidences that hFBH1 may be a human ortholo§. aérevisiae Srs2. This is supported by
the finding that hFBH1 suppresses specific recoation defects ofS cerevisiae Srs2
mutants and that the hFBH1 F-box motif is neces$aryts function(s) in substituting for
Srs2. Moreover, it appears to be possible that HEFBHhe SCF complex may control its own

turnover through an autoubiquitination mechanismi¢® et al., 2007).

8.4 Pro- and Anti-recombinase activities

hFBH1 alone or bound in SCF complex is able to nem&ad51 from ssDNA
suggesting that hFBH1 functions as an anti-recoog@nic factor in human cells through its
ability to dismantle the Rad51 NF (Fugger et &002). On the other hand, hFBH1 appears to
possess additional pro-recombinase activity, bylifaiitng ssDNA production at sites of
stalled replication fork or DSB and thereby pronsotee loading of RPA (Fugger et al.,
2009).

In summary, these data support the idea that hFiBHGdtions as a regulator of HR
repair in human cells. According to the proposedlehqFig. 11), hFBHL1 is, recruited to
replication block to help to facilitate sSSDNA geaton for consequent HR repair. Up this
stage, hFBH1 can function to promote HR initiatiblowever, in later stages, hFBH1 can
suppress HR events through its ability to dissecihe Rad51 NF. Thus, by possessing both
pro- and anti-recombinogenic potential, hFBH1 ikedb suppress or promote HR at different
stages (Fugger et al., 2009).
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Figure 11 A hypothetical model of thehFBH1 pro- and anti-recombinase role
hFBH1 might mediate initiation of HR repair at sites stalledreplication fork (left) anc

promotes ssDNA production at sites of DSB (right) later stages, /BH1 may use its anti-
recombinase activityotdisrupt the Rad51 from the | (adapted fronfFugger et al., 200.
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9. Conclusion

In the process of HR, human FBH1 appears to playh boro- and anti-
recombinogenic roles. Thus, FBH1 may help to medi#R-based DNA repair progression as
well as supress the deleterious effect of excesmiuenwanted HR events. Balance between
these two pathways is essential for viability of @ganisms. However, many important
guestions concerning the mechanism and regulafibtRoremain still unanswered. FBH1 is
proposed to have functional similarity to BLM helé® whose mutations are connected with
susceptibility to cancer. It would be thereforeenesting to determine whether a defect in
FBH1 helicase function is also associated with eapeedisposition or even genetic disease
similar to Bloom’s and Werner’'s syndromes.

Feature that makes FBH1 as a F-box protein uniqueng all known FBPs, is
presence of the helicase domain. In complex witl $Biquitin ligase, FBH1 may target
specific proteins for proteasom degradation. Howetre identification of the physiological

substrates of the SEE" the complex is essential and still unresolveddssu
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