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Summary

SUMMARY
All living cells possess efficient mechanisms to protect their genomes from
deleterious effects of DNA damage. RecQ DNA helicases that are highly
conserved from bacteria to men play important roles in these processes. In
humans, five RecQ homologues have been identified: RECQ1, BLM, WRN,
RECQ4 and RECQ5. Defects in the genes encoding for BLM, WRN and
RECQ4 have been found to cause Bloom syndrome, Werner syndrome and
Rothmund-Thomson syndrome, respectively. These distinct autosomal
recessive

disorders

are

characterized

by

genomic

instability

and

predisposition to cancer, highlighting the fundamental role of RecQ helicases
in maintenance of genomic stability. Although no human disease has been
linked to defects in the RECQ5 gene, RecQ5 knockout mice were found to be
highly prone to various types of cancer (Hu, Raynard et al. 2007), suggesting a
role of RECQ5 on the DNA transactions in the cell.
The goal of this thesis is to advance our understanding of the role of
RECQ5 in the maintenance of genomic stability. In the first part of the project,
we used yeast-two-hybrid screening and immunoprecipitation / mass
spectrometry approach to search for proteins that interact with RECQ5 in the
cell. In total we identified 91 proteins as novel interaction partners of RECQ5.
In the second part of the project, we explored the functional significance of the
interactions

between

RECQ5

and

PCNA,

RAD51

and

the

MRE11/RAD50/NBS1 (MRN) complex.
Using pull-down assays with recombinant proteins, we confirmed that
the interaction between RECQ5 and PCNA is dependent on the PCNA
interaction

motif

located

at

the

C-terminus

of

RECQ5.

Indirect

immunofluorescence imaging of RECQ5 and PCNA in vivo showed that
RECQ5 is localized in the DNA replication factories in S phase nuclei and
persists at the sites of stalled replication forks. We also found that RECQ5
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promotes strand exchange on synthetic forked DNA structures that resemble
a stalled replication fork. Together, these findings suggested that RECQ5
could mediate regression of stalled replication forks in vivo to facilitate DNA
damage bypass by template switching.
As for the interaction between RECQ5 and the RAD51 recombinase, we
could demonstrate that RECQ5 inhibits RAD51-mediated D-loop formation in
vitro. Moreover, by biochemical means and electron microscopy, RECQ5 was
shown to be able to displace RAD51 from single-stranded DNA. At the
cellular level, RECQ5 deficiency was found to result in accumulation of
RAD51 foci and elevated levels of homologous recombination. Together, our
results suggested that RECQ5 suppresses tumorigenesis by preventing
inappropriate homologous recmobination events via RAD51 presynaptic
filament disruption.
Using recombinant proteins, we showed that the RECQ5/MRN
complex is formed by direct binding of RECQ5 to MRE11 and NBS1.
Biochemical analysis revealed that RECQ5 strongly inhibits the 3’-5’
exonuclease activity associated with the MRE11 protein. Immunofluorescence
studies indicated that RECQ5 and MRN colocalized at stalled replication
forks and DNA double-strand breaks. Further experiments with MRE11deficient cells showed that the MRN complex was required for the
recruitment of RECQ5 to the sites of DNA damage. Taken together, our data
revealed a functional relationship between RECQ5 and the MRN complex in
the cellular response to DNA damage.
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ZUSAMMENFASSUNG
Alle Zellen besitzen Mechanismen, um ihr Genom vor DNA Schäden zu
schützen. RecQ DNA Helikasen sind vom Bakterium zum Menschen hoch
konserviert und spielen eine wichtige Rolle in diesen Prozessen. Im Menschen
wurden fünf RecQ Homologe identifiziert: RECQ1, BLM, WRN, RECQ4 und
RECQ5. Mutationen in den Genen, die für BLM, WRN und RECQ4 kodieren,
verursachen das Bloom-, das Werner- bzw. das Rothmund-Thomson
Syndrom. Diese autosomal-rezessiv vererbten Krankheiten sind durch
genomische Instabilität und eine Prädisposition zu Krebs charakterisiert,
wodurch eine fundamentale Rolle der RecQ Helikasen für die Integrität des
Genoms deutlich wird. Obwohl noch keine menschliche Erkrankung mit
Defekten im RECQ5 Gen in Verbindung gebracht werden konnte, neigen
RecQ5 Knockout-Mäuse zu verschieden Krebsarten (Hu, Raynard et al. 2007).
Das Ziel dieser Doktorarbeit ist es, die Rolle von RECQ5 in der
Erhaltung der Stabilität des Genoms zu verstehen. Im ersten Teil des Projekts
wurde mittels Hefe-Zwei-Hybrid-System und Immunpräzipitation mit
anschließender Massenspektrometrie nach Proteinen gesucht, die mit RECQ5
interagieren. Insgesamt konnten wir 91 Proteine als neue Interaktionspartner
von RECQ5 identifizieren. Im zweiten Teil des Projekts wurde die
funktionelle Bedeutung der Interaktionen zwischen RECQ5 und PCNA,
RAD51 and dem MRE11/RAD50/NBS1 (MRN) Komplex untersucht.
In Pulldown-Experimenten mit rekombinanten Proteinen konnten wir
bestätigen, dass die Interaktion zwischen RECQ5 und PCNA von dem PCNAInteraktionsmotif am C-Terminus von RECQ5 abhängt. Die indirekte
Immunfluoreszenz von RECQ5 und PCNA in vivo zeigte, dass RECQ5 in
DNA-Replikationseinheiten von S-Phasen Zellkernen und an arretierten
Replikationsgabeln lokalisiert ist. Weiterhin konnten wir zeigen, dass RECQ5
den Strangaustausch an synthetischen gabelförmigen DNA-Strukturen
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katalysiert, die arretierten Replikationsgabeln ähneln. Zusammen deuten
diese Ergebnisse darauf hin, dass RECQ5 die Regression arretierter
Replikationsgabeln in vivo vermittelt um einen DNA-Schaden durch einen
Wechsel des Templatstrangs zu umgehen.
Für die Interaktion zwischen RECQ5 und der RAD51 Rekombinase
konnten wir demonstrieren, dass RECQ5 die von RAD51-vermittelte Bildung
von so genannten D-Schleifen in vitro verhindert. Darüber hinaus wurde
durch biochemische Analysen und Elektronenmikroskopie gezeigt, dass
RECQ5 an einzelsträngige DNA gebundenes RAD51 verdrängen kann. Auf
zellulärer Ebene wurde beobachtet, dass das Fehlen von RECQ5 zur
Akkumulation von RAD51-Foci und einem erhöhten Level an homologer
Rekombination führt. Zusammenfassend deuten diese Ergebnisse darauf hin,
dass RECQ5 die Tumorgenese unterdrückt, indem es die Bildung
präsynaptischer RAD51-Filamente inhibiert und somit exzessive homologe
Rekombination verhindert.
Unter Verwendung rekombinanter Proteine konnten wir zeigen, dass
der RECQ5/MRN-Komplex durch die direkte Bindung von RECQ5 an
MRE11 gebildet wird. Biochemische Untersuchungen ergaben eine deutliche
Inhibition der 3’-5’ Exonukleaseaktivität von MRE11 durch RECQ5.
Immunfluoreszenzstudien deuten auf eine Co-Lokalisierung von RECQ5 und
MRE11 an arretierten Replikationsgabeln und DNA-Doppelstrangbrüchen
hin. Weitere Experimente mit MRE11-defizienten Zellen zeigten, dass der
MRN-Komplex unentbehrlich für die Rekrutierung von RECQ5 zu Bereichen
mit

DNA-Schäden.

Zusammengefasst

beweisen

unsere

Daten

eine

funktionelle Beziehung zwischen RECQ5 and dem MRN-Komplex in der
zellulären Reaktion auf Schädigungen der DNA.
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Introduction
1 Introduction
DNA damage is a frequent event in the life of every cell. It can stem from
numerous sources: by-products of natural aerobic respiration, environmental
chemicals, ultraviolet (UV) light or ionizing radiation (IR). For example,
oxidation, alkylation, deamination, depurination and depyrimidation of DNA
create <104 mutagenic DNA base lesions per day in each human cell (Lindahl
1993). DNA damage can hence result in genetic alterations and induce
tumorigenesis. To counteract the potentially deleterious effects of DNA
damage, all living cells have evolved an efficient defence mechanism, termed
DNA damage response (Figure 1.1).

Figure 1.1 DNA damage response. For the purpose of simplicity, the network
of interacting pathways is depicted as a linear pathway consisting of signals,
sensors, transducers and effectors. Adapted from (Zhou and Elledge 2000).
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Upon sensing DNA damage or stalls in replication, damage signals will be
transduced to effectors that enable the cell either to eliminate or cope with the
damage or to activate a programmed cell death process. These DNA damage
response reactions include:
(A) Activation of DNA-repair pathways, which remove DNA damages and
restore the continuity of the DNA duplex.
(B) Activation of a DNA damage checkpoint, which arrests cell cycle
progression so as to allow for repair and prevention of the transmission of
damaged or incompletely replicated chromosomes.
(C) Induction of transcriptional programs, which causes changes in the
beneficial transcription profile.
(D) Initiation of apoptosis, which eliminates heavily damaged or seriously
deregulated cells.
All of these processes are carefully coordinated so that the genetic material is
faithfully maintained, duplicated, and segregated within the cell.
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1.1 DNA damage and repair
1.1.1 Structure of DNA
A DNA strand is a long polymer built from nucleotides. Each nucleotide
contains three parts: a phosphate group, the sugar deoxyribose, and one of
four nitrogen bases (Adenine, Guanine, Thymine and Cytosine). In the
Watson-Crick model of DNA, two complementary polynucleotide strands are
held together by hydrogen

Figure 1.2 The chemical structure of DNA. Hydrogen bonds are shown as
dotted lines. Adapted from (MolecularStation 2007).

bonds formed between the bases A and T and between G and C. As a direct
consequence of this base-pairing mechanism, it becomes evident that genetic
information is stored in the linear sequence of bases. DNA can thus be viewed
as a linear quaternary code, much like a computer code (which is binary). A
sequence of 100 nucleotides can have 4100 forms, or 1,00000048,576, if all
possible sequences are considered.
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1.1.2 Types of DNA damage
DNA is continuously subjected to the threat of damage by a wide variety of
external agents as well as spontaneous endogenous processes (Friedberg
1995). DNA molecules, like all other biomolecules, can be damaged in
numerous ways. Spontaneous damage due to replication errors, deamination,
depurination and oxidation is compounded in the real world by the
additional effects of radiation and environmental chemicals. The number of
ways that DNA molecules can be damaged is very large as shown in Table1.1.
Since repair systems must be capable of recognizing and dealing with each
type of damage, it is not surprising that there is a large number of different
types of repair mechanisms (Sancar, Lindsey-Boltz et al. 2004).

Type of damage
Base loss

Description

Picture

The glycosyl bond linking DNA
bases with deoxyribose is labile
under physiological conditions.
Loss of a purine or pyrimidine base
creates an apurinic/ apyrimidinic
(AP) site (also called an abasic site).

Base modification

Deamination happens when the
primary amino groups of nucleic
acid bases are converted to keto
groups.

Cytosine

12
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Oxidation: Several types of hyperreactive oxygen (singlet oxygen,
peroxide radicals, hydrogen
peroxide and hydroxyl radicals)
are generated as byproducts during
normal oxidative metabolism and

Thymine

Thymine glycol

also by ionizing radiation (X-rays,
gamma rays).

Alkylation(usually methylation):
Many chemicals can also modify
DNA bases, frequently by addition
of a methyl or other alkyl group.

O6-methyldeoxyguanosine

Photodamage

Pyrimidine dimer: The most
frequent photoproducts are the
consequences of bond formation
between adjacent pyrimidines
within one strand, and, of these,
the most frequent are cyclobutane
pyrimidine dimers (CPDs). T-T
CPDs are formed most readily,
followed by T-C or C-T; C-C
dimers are least abundant.
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Pyrimidine (6-4) pyrimidone
photoproducts: Dimers can also be
produced by formation of a single
covalent bond between the 6
position of one pyrimidine and the
4 position of the adjacent
pyrimidine on the 3' side. Although
only one bond attaches the adjacent
pyrimidines, there is nevertheless
extensive distortion of the normal
DNA structure.

6-4PP

Inter-strand

By attaching to bases on both

crosslinks

strands, bifunctional alkylating
agents such as the psoralens, and
Cisplatin(Cis-Pt) can cross-link
both strands.
Cross-links can also be generated

Cis-Pt G-G interstrand cross-

by UV and ionizing radiation.

link

DNA-protein

DNA oxidation can also lead to the

crosslinks

formation of covalent adducts to
bases, and the lysine-rich motifs
that bind DNA provide abundant
nucleophiles for cross-linking.
Bifunctional alkylating agents and
radiation can also create crosslinks
between DNA and protein
molecules.
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Strand breaks

Single-strand and double-strand
breaks are produced at low
frequency during normal DNA
metabolism by topoisomerases,
nucleases, replication fork
"collapse", and repair processes.
Breaks are also produced by
ionizing radiation.

Replication errors

Another major source of potential
alterations in DNA is the
generation of mismatches or small
insertions or deletions during DNA
replication.

Table 1.1 Types of DNA damage. Adapted from (Brown 2002; Sancar,
Lindsey-Boltz et al. 2004).

15

Introduction
1.1.3 DNA repair pathways

Upon sensing damages on DNA or stalled DNA replication forks, one or
more DNA repair pathways will be activated based on the type of damage.
Direct reversal is the simplest DNA repair pathway, which involves a single
enzyme to remove a damage on DNA (i.e. photolyase removes photo-adducts
from UV damaged DNA; DNA methyl transferase removes alkylation lesion
from DNA; AlKB reverses oxidative methylation; DNA ligase seals a set of
nicks having 5’-phosphates and 3’-hydroxyls). For the other types of damages,
more complicated repair pathway are applied as shown in Figure 1.3 and
described in the next few sections.
.

Figure 1.3 A simplified scheme of the most important DNA repair pathways.
Adapted from (Hoeijmakers 2001).
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1.1.3.1 Base excision repair (BER)
BER is a multi-step process that corrects non-bulky damage to bases resulting
from oxidation, methylation, deamination, or spontaneous loss of the DNA
base itself. These alterations, although simple in nature, are highly mutagenic
and therefore represent a significant threat to genome fidelity and stability
(Pinto, Silva et al. 2003). BER is essential to protect DNA from various types of
lesions, such as uracil, hydroxymethyluracil, methylcytosine, hypoxanthine,
G-T

mispairs,

3-methyladenine,

formamidopyrimidine,

7-methylguanine,

8-hydroxyguanine,

and

3-methylguanine,

5,6-hydrated

thymine

(Friedberg 1995). Each of these modifications is recognized by a specific DNA
glycosylase, which is followed by excision of the damaged base and DNA
resynthesis (Figure 1.4).

Figure 1.4 Schematic representaion of base
excision repair. Adapted from (Pinto, Silva
et al. 2003). The BER pathways can be
considered to consist of four steps:
1. Removal of the incorrect base by an
appropriate DNA N-glycosylase to create
an AP site.
2. Nicking of the damaged DNA strand by
AP endonuclease upstream of the AP site,
thus creating a 3'-OH terminus adjacent to
the AP site.
3. Extension of the 3'-OH terminus by a
DNA

polymerase,

accompanied

excision of the AP site.
4. DNA re-synthesis and ligation.
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1.1.3.2 Nucleotide excision repair (NER)
NER is perhaps the most flexible of the DNA repair pathways
considering the diversity of DNA lesions it acts upon (Wood 1997). The NER
substrates include bulky DNA adducts such as pyrimidine dimers (CPDs and
6-4 PPs), large chemical adducts, DNA intrastrand crosslinks or some forms
of oxidative damage. In humans, mutation in any of the seven XP genes,
called XPA through XPG, causes a photosensitivity syndrome called
Xeroderma pigmentosum (XP), which is characterized by a very high
incidence of light-induced skin cancer (Christmann, Tomicic et al. 2003; Costa,
Chigancas et al. 2003; Sancar, Lindsey-Boltz et al. 2004).
The NER process requires a series of proteins that mediate damage
recognition, local opening of the DNA duplex around the lesion, dual incision
of the damaged DNA strand, gap repair synthesis, and strand ligation (Sancar
1996; Wood 1997; Friedberg 2001). NER can be subdivided into two distinct
subpathways: global genomic repair (GGR), which corrects damage in
transcriptionally silent areas of the genome and transcription coupled repair
(TCR), which repairs lesions in actively transcribed strands of the DNA, see in
Figure 1.5. The GGR and TCR pathways are fundamentally identical except
for their mechanism of damage recognition. In GGR, the XPC/HR23B protein
complex is responsible for the initial detection of damaged DNA. While TCR
is thought to occur when the transcription machinery is stalled at the site of
injury, rather than require XPC. The stalled RNA polymerase complex must
then be displaced in order to allow the NER proteins access to the damaged
DNA. This displacement is aided by the action of the CSA and CSB proteins,
as well as other TCR specific factors.
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Figure 1.5 Mechanism of NER. During GGR, recognition of the DNA lesion occurs
by XPC–HR23B, RPA–XPA or DDB1–DDB2. DNA unwinding is performed by the
transcription factor TFIIH and excision of the lesion-containing nucleotide by XPG
and XPF–ERCC1. Finally, resynthesis occurs by Polδ or Polε and ligation by DNA
ligase I. During TCR, the lesion blocks RNA-Polymerase II, This leads to assembly of
CSA, CSB and/or TFIIS at the site of the lesion, by which RNAPII is removed from
the DNA or displaced from the lesion, making it accessible to the exonucleases XPF–
ERCC1 and XPG, cleaving the lesion-containing DNA strand. Resynthesis again
occurs by Polδ or Polε and ligation by DNA ligase I. Adapted from (Christmann,
Tomicic et al. 2003).
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1.1.3.3 Mismatch Repair (MMR)
MMR pathway plays an essential role in the correction of replication errors
such as base-base mismatches and insertion/deletion loops (IDLs) that result
from DNA polymerase misincorporation of nucleotides and template slippage,
respectively. Mispairs generated by the spontaneous deamination of 5methylcytosine and heteroduplexes formed following genetic recombination
are also corrected by MMR (Kolodner and Marsischky 1999; Christmann,
Tomicic et al. 2003; Li 2008). The overall process of MMR is as follows: DNA
lesion is recognized, a patch containing the lesion is excised and the strand is
corrected by DNA repair synthesis and re-ligation (Kunkel and Erie 2005; Li
2008).
The mammalian MMR pathway is initiated by recognition of
mismatches or IDLs. The predominant base-base mismatch and single-base
IDL recognition activity in human cells is provided by MutSα (MSH2-MSH6
heterodimer); larger IDLs are usually recognized by MutSβ (MSH2-MSH3
heterodimer) (McCulloch, Gu et al. 2003; Kunkel and Erie 2005). There is,
however, some partial overlap in substrate specificity of these two
heterodimers.

Following

lesion

identification,

MutSα/β

binds

ATP,

undergoes a conformational change and slides along the DNA away from the
mismatch until additional MMR proteins are encountered. Higher order
protein complexes are formed, including those containing the MLH1-PMS2
herodimer (MutLα), the MLH1-MLH3 heterodimer (MutLβ), and replication
factors (Modrich 2006). Excision and resynthesis of the nascent strand
(containing the mismatch or IDL) is performed by a number of factors
including PCNA, RPA, RFC, exonuclease I (ExoI), DNA polymerases delta
and epsilon, endonuclease FEN1, and additional factors. See Table 1.3 for a
full list of proteins that participate in the human MMR (Li 2008).
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Figure 1.6 Mechanism of mismatch repair. Recognition of DNA lesions is
mediated by MutSα (MSH2–MSH6). According to the molecular switch model,
binding of MutSα–ADP triggers ADP→ATP transition, stimulates intrinsic
ATPase activity, and provokes the formation of a hydrolysis-independent
sliding clamp, followed by binding of the MutLα complex (MLH1–PMS2).
According to the hydrolysis-driven translocation model, ATP hydrolysis
induces translocation of MutSα along the DNA. After formation of a complex
composed of MutSα and MutLα, excision is performed by ExoI and repair
synthesis by Polδ. Adapted from (Christmann, Tomicic et al. 2003).
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Protein name

Function

hMutSα (MSH2-MSH6)

DNA mismatch/damage recognition

hMutSβ (MSH2-MSH3)

hMutLα (MLH1-PMS2)
hMutLβ (MLH1-PMS1)

Molecular matchmaker; endonuclease, termination
of mismatch-provoked excision

MutLγ (MLH1-MLH3)
ExoI

DNA excision; mismatch excision

Pol δ

DNA re-synthesis

PCNA

Initiation of MMR, DNA re-synthesis

RPA

ssDNA binding/protection; stimulating mismatch
excision; termination of DNA excision; promoting
DNA resynthesis

HMGB1

Mismatch-provoked excision

RFC

PCNA loading; 3' nick-directed repair; activation
of MutLalpha endonuclease

DNA ligase I

Nick ligation

Table 1.3 MMR components and their functions. Adapted from (Li 2008).
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1.1.3.4 DNA double strand break repair
DNA double-strand breaks (DSBs) arise at much lower frequency than other
types of DNA damage, yet they are perhaps the most serious form of DNA
damage because they pose problems for transcription, replication, and
chromosome segregation (Jackson 2002). Because of the threats posed by DSBs,
eukaryotic cells have evolved complex and highly conserved systems to
rapidly and efficiently detect these lesions, signal their presence and bring
about their repair (Hoeijmakers 2001). DNA DSBs are generated when the
two complementary stands of the DNA double helix are broken
simultaneously at sites that are sufficiently close to one another that basepairing and chromatin structure are insufficient to keep the two DNA ends
juxtaposed. Damage of this type is caused by a variety of sources including
reactive oxygen species, ionizing radiation, and chemicals that generate
reactive oxygen species. DSBs are also generated during V(D)J recombination
and immunoglobulin class-switching processes and occur during replication
as a consequence of replication fork arrest and collapse (Jackson 2001; van
Gent, Hoeijmakers et al. 2001; D'Amours and Jackson 2002; Rouse and Jackson
2002). DSBs differ from most other types of DNA lesions in that they affect
both strands of the DNA duplex and therefore prevent use of the
complementary strand as a template for repair (see BER, NER, and MMR)
(Christmann, Tomicic et al. 2003). Failure to repair these defects can result in
chromosomal instability, leading to deregulated gene expression and
carcinogenesis. To counteract the detrimental effects of these potent lesions,
DSBs are repaired in eukaryotes by two distinct mechanisms: RAD52dependent homologous recombination (HR) and Ku-dependent nonhomologous end joining (NHEJ). The cellular decision as to which pathway to
utilize for DSB repair is unclear, however, it appears to be largely influenced
by the stage of the cell cycle at the time of damage acquisition (van Gent,
Hoeijmakers et al. 2001; Jackson 2002; Sancar, Lindsey-Boltz et al. 2004).
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1.1.3.4.1 Non-homologous end joining (NHEJ)
NHEJ rejoins the two broken ends directly and generally leads to small
deletions of DNA sequence. It requires the Ku70/Ku80 heterodimeric protein,
which binds to free DNA ends and recruits DNA-dependent protein kinase
(DNA-PKcs) (Smith and Jackson 1999). Ku then recruits XRCC4 along with
DNA ligase IV, and DNA-PKcs-mediated phosphorylation of XRCC4 may
influence its activity. Because the ends of most DSBs generated by genotoxic
agents are damaged and unable to be directly ligated, they often have to
undergo limited processing by nucleases and/or polymerases before NHEJ
can proceed. The nuclease(s) responsible for this processing remains to be
determined.

Strong

candidates

for

this

activity

include

the

MRE11/Rad50/NBS1 complex, FEN-1, and the Artemis protein. The final
step in NHEJ repair involves ligation of the DNA ends by Ligase IV in a
complex that also includes XRCC4 and Ku. In many cases, NHEJ may also
require the actions of DNA polymerases (Critchlow and Jackson 1998; Lieber
1999).

Figure

1.7

representation

Schematic
of

the

NHEJ

pathway of DNA DSB repair,
indicating the known players in
this pathway in vertebrates.
Adapted from (Jackson 2002).
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1.1.3.4.2 Homologous recombination (HR)
HR can repair DSBs by using the undamaged sister chromatid as a template.
Therefore, HR generally results in accurate repair of DSBs (van Gent,
Hoeijmakers et al. 2001). The majority of HR-based repair takes place in late Sand G2- phases of the cell cycle when an undamaged sister chromatid is
available for use as repair template. In organisms that range from yeasts to
mammals, the RAD52 epistasis group of proteins, including RAD50, RAD51,
RAD52, RAD54, and MRE11 mediate this process. The RAD52 protein itself is
thought to be the initial sensor of the broken DNA ends.

Figure 1.8 Overview of the main steps of DNA DSB repair by HR. Adapted
from (Christmann, Tomicic et al. 2003).
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The events of HR are complex and, based on analyses of HR under various
biological circumstances and in different organisms, there are various models
for precisely how they take place (Cromie, Connelly et al. 2001). Homologous
recombination starts with nucleolytic resection of the DSB in the 5′→3′
direction by the MRE11–RAD50–NBS1 complex, resulting in a 3′ singlestranded DNA fragment to which RAD52 binds. RAD52 interacts with
RAD51, to form RAD51 nucleoprotein filament. Assembly of the RAD51
nucleoprotein filament is facilitated by different RAD51 paralogues such as
RAD51B, RAD51C and RAD51D, XRCC2 and XRCC3. RAD51 filaments
mediates strand invasion of a homologous DNA duplex. Polymerase then
extends the 3' end of the invading strand and subsequent ligation by DNA
ligase I yields a heteroduplexed DNA structure. This recombination
intermediate is resolved and the precise, error-free correction of the DSB is
complete (Cromie, Connelly et al. 2001).
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1.2 RECQ family of DNA helicases
DNA helicases are ubiquitous enzymes that are defined by their capacity to
catalyze the unwinding of duplex nucleic acids through coupling of ATP
hydrolysis to DNA translocation (Ellis 1997; Sharma, Doherty et al. 2006).
They participate in multiple cellular processes including DNA replication,
repair and recombination. In fact, DNA helicases are involved in almost all
aspects of nucleic acid metabolism (Ellis 1997; Kawasaki, Maruyama et al.
2002). The growing number of DNA helicases implicated in human disease
implies their important roles in the maintenance of genome stability. In
particular, one family of DNA helicases - the RecQ family, has gained
extensive attention base on the fact that three human autosomal recessive
disorders, namely Bloom syndrome (BS), Werner syndrome (WS) and
Rothmund–Thomson syndrome (RTS), have been linked to loss of function of
the human RecQ homologs BLM, WRN and RECQ4, respectively (Karow, Wu
et al. 2000; Kawasaki, Maruyama et al. 2002; Sharma, Doherty et al. 2006). The
RecQ DNA helicase family derives its name after the recQ gene product of
Escherichia coli and is highly conserved from bacteria to humans (Bachrati and
Hickson 2003; Hickson 2003). In bacteria and unicellular eukaryote, only one
family member is present, whereas two or more RecQ homologues are
expressed in higher eukaryots. Humans have five RecQ homologues, namely
RECQ1, BLM, WRN, RECQ4 and RECQ5 (Hickson 2003; Khakhar, Cobb et al.
2003; Wu and Hickson 2006).
A highly conserved helicase domain that includes seven helicase motifs
defines the RecQ family as shown in Figure 1.9. Many, but not all, RecQ
helicases contain a second feature, the RecQ-Ct (RecQ C-terminal) domain,
which is unique to RecQ family members, and a third HRDC domain
(helicase and RNaseD C-terminal), which is present in several helicases and in
RNaseD enzymes, as its name indicates (Wu and Hickson 2006).

27

Introduction

Figure 1.9 Schematic diagram of selected members of the RecQ family of
DNA helicases. Helicase subdomains are shown in red and blue, and the
RecQ-Ct domain is composed of a Zn2+-binding subdomain (yellow) and a
WH domain (green). The HRDC domain is depicted in cyan, and the
exonuclease domain of WRN is shown in orange (Bennett and Keck 2004).
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1.2.1 The Escherichia coli RecQ

The founding member of the RecQ helicase family, the E. coli RecQ, was first
identified in 1984 through isolating an Escherichia coli K12 mutants resistant to
thymineless death (Nakayama, Nakayama et al. 1984). The E. coli recQ gene
was shown to encode a DNA helicase bearing DNA-dependent ATPase
activity, which functions in the RecF recombination pathway (Nakayama,
Nakayama et al. 1984; Nakayama, Irino et al. 1985; Umezu, Nakayama et al.
1990) and repair of UV-induced DNA damage (Kowalczykowski, Dixon et al.
1994).
E. coli RecQ shares the three conserved protein regions with other
family members referred to as the Helicase, RecQ-Ct and HRDC domains
(Morozov, Mushegian et al. 1997).

Figure 1.10 Schematic diagram of E.coli RecQ. The conserved regions, helicase
(white), RecQ-Ct (black) and HRDC (gray) are shown as boxes. The locations
of the conserved helicase motifs (I–VI) are indicated with bars within the
Helicase box. The approximate molecular weight of each region is listed.
Adapted from (Bernstein and Keck 2003).

The helicase region contains sequence motifs necessary for ATP binding and
hydrolysis (Ellis 1997). The RecQ-Ct region is located C-terminal to the
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helicase domain in RecQ proteins (Morozov, Mushegian et al. 1997). Previous
mutational studies have indicated that RecQ-Ct is important for the
enzymatic activity of RecQ (Foucault, Vaury et al. 1997; Ui, Satoh et al. 2001).
Domain mapping experiments with E.coli RecQ revealed that a 59 kDa
structural domain (RecQ∆C) consisting of conserved helicase and RecQ-Ct
regions is active as a DNA-dependent ATPase and DNA helicase, suggesting
that this domain represents the catalytic core of the enzyme (Bernstein and
Keck 2003). Bernstein et al. resolved the crystal structure of this catalytic core
of the E. coli RecQ protein, as shown in Figure 1.11 (Bernstein, Zittel et al.
2003).
The third conserved region, HRDC domain, was crystallized separately
and its structure solved (Bernstein and Keck 2005). The HRDC domain could
preferentially binds single-stranded DNA. It was hypothesized that
differential evolution of HRDC domains can lead to specialized DNA binding
modes in different RecQ proteins (Bernstein and Keck 2005).
Extensive biochemical studies have been focused on E.coli RecQ,
(Umezu, Nakayama et al. 1990; Harmon and Kowalczykowski 2001). The
E.coli RecQ helicase showed unwinding activity on blunt-ended duplexes,
three-strand junctions, synthetic Holliday junctions and fork structures in vitro
(Harmon and Kowalczykowski 1998; Harmon, DiGate et al. 1999). In addition,
it is also shown to unwind the lagging-strand equivalent in model forks,
suggesting a role in the rescue of a stalled replication fork, as shown in Figure
1.12 (Hishida, Han et al. 2004).
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Figure 1.11 Structure of the E.coli RecQ catalytic core. (A) Schematic diagram
of E.coli RecQ. Three conserved regions, helicase, RecQ-Ct, and HRDC are
labeled. The catalytic core of E.coli RecQ (RecQ∆C) includes only the helicase
and RecQ-Ct regions, and comprises four apparent subdomains in the
structure: residues 1–208 in red, 209–340 in blue, 341–406 in yellow, and 407–
516 in green. (B) Sequence and secondary structure of RecQ∆C. Helices (boxes)
and β-strands (arrows) are shown above the sequence and labeled
sequentially. Color coding is the same as in (A). (C) Orthogonal views of a
ribbon diagram of the crystal structure of RecQ∆C, color-coded as in (A). A
bound Zn2+ ion is shown as a magenta sphere (Bernstein, Zittel et al. 2003).
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Figure 1.12 The roles of RecQ in the rescue of a stalled replication fork. RecQ
binds a ssDNA gap on the replication fork and creates an ssDNA region on
the lagging strand by two-step reactions, which may be an initiating signal for
RecA-dependent SOS induction and recombination repair (Hishida, Han et al.
2004).

In vivo, RecQ and other proteins in the RecF pathway of HR help repair
stalled replication forks at sites of DNA damage (Courcelle, CarswellCrumpton et al. 1997; Courcelle and Hanawalt 2001; Courcelle and Hanawalt
2003). E.coli RecQ suppresses illegitimate recombination between sequences
with limited homology (Hanada, Ukita et al. 1997). RecQ is also involved in
recruiting RecA for SOS induction and recombination at stalled replication
forks, which then leads to cell cycle checkpoint and resumption of DNA
replication (Heyer 2004; Hishida, Han et al. 2004). Recently, Magner et al.
found that RecQ promotes the net accumulation of bimolecular recombination
intermediates in vivo, indicating a second paradigm for the in vivo effect of
RecQ-like proteins (Magner, Blankschien et al. 2007).
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1.2.2 Saccharomyces cerevisiae Sgs1
The unicellular eukaryote Sacchromyces cerevisiae has only one RecQ helicase,
named Sgs1. Sgs1 was identified as a genetic suppressor of the top3 mutant
phenotype (Gangloff, McDonald et al. 1994), and mutations in sgs1 are
synthetically lethal with mutations in the Srs2 helicase (Lee, Johnson et al.
1999) or the SLX nuclease (Kaliraman, Mullen et al. 2001). Sgs1 forms complex
with topoisomerase 3 (Top3) and Rmi1 that is implicated in resolving
intermediates of HR (Mullen, Nallaseth et al. 2005; Mankouri and Hickson
2007). It is proposed that Sgs1 in conjunction with Top3 removes doubleHolliday junction intermediates yielding non-crossover products, whereas
Srs2 promotes the non-crossover synthesis-dependent strand-annealing
pathway, apparently by regulating Rad51 binding during strand exchange
(Ira, Malkova et al. 2003).

Figure 1.13 Model of Sgs1- and Srs2-Dependent Crossover Suppression (A)
Srs2 promotes the noncrossover pathway of HR. (B) A HJ resolvase cuts
double Holliday junctions to give crossovers and noncrossovers. (C) Sgs1 acts
together with Top3 to remove double Holliday junctions so that gene
conversions will be recovered as noncrossovers. Adapted from (Ira, Malkova
et al. 2003).
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Sgs1 contains

seven conserved helicase motifs and shows helicase

activity (Lu, Mullen et al. 1996; Bennett, Sharp et al. 1998). The N-terminal
region of the Sgs1 protein has been shown to be critical for interacting with
Top2 and Top3 (Gangloff, McDonald et al. 1994; Bennett, Noirot-Gros et al.
2000; Fricke, Kaliraman et al. 2001). The function of the C-terminal region of
Sgs1 remains unknown.
The Sgs1 protein exists in the nucleolus when the cells are young and
migrates to the nucleoplasm as the cells senesce and the nucleolus gets
fragmented (Sinclair, Mills et al. 1997). Sgs1 binds to Top2 and Top3 (Gangloff,
McDonald et al. 1994)

(Watt, Louis et al. 1995) and is tightly regulated

throughout the cell cycle, accumulating in S phase and barely detectable in M
and G1 phases (Frei and Gasser 2000). Sgs1 deficiency promotes aging
processes such as nucleolar expansion and subsequent fragmentation,
increases both illegitimate and homologous recombination and leads to
hypersensitivity to DNA damaging agents such as methylmethanesulfonate
and hydroxyurea (Miyajima, Seki et al. 2000). Recent data showed that Sgs1
prevents aberrant crossing-over by suppressing formation of multi-chromatid
joint molecules and is required for efficient resolution of telomere
recombination intermediates (Lee, Kozak et al. 2007; Oh, Lao et al. 2007).
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1.2.3 Bloom syndrome helicase
Bloom syndrome (BS) is a rare genetic disorder arising from inherited
mutations in both alleles of the BLM gene, one of the five human RecQ
homologs. BS patients exhibit a high predisposition to development of all
types of cancer affecting the general population. The most characteristic
feature of BS cells is genomic instability manifested as an elevated frequency
of chromosome breaks, interchanges between homologous chromosomes and
sister chromatid exchanges (SCEs) (Enomoto 2001), which indicates an
impairment of the ability to regulate crossovers during HR (Ababou, Dutertre
et al. 2000)(Bussen, Raynard et al. 2007). Early studies on BS cells also showed
a slow replication fork progression and the accumulation of abnormal
replication intermediates (Enomoto 2001).
The BLM protein can act together with DNA topoisomerase IIIα
(TOPOIIIα) to resolve HR intermediates into non-crossover products through
a process called double-Holliday junction (DHJ) dissolution, as shown in
Figure 1.14 (Hu, Beresten et al. 2001; Hickson 2003; Seki, Nakagawa et al. 2006;
Bussen, Raynard et al. 2007). This activity of the BLM-Topo IIIα complex is
thought to be critical for the suppression of DNA crossover formation in
mitotic cells and cancer avoidance in humans (Bishop and Zickler 2004).
Recently, BLAP75 protein (BLM-Associated Polypeptide, 75 kDa) was
identified as a component of several BLM-containing complexes (Meetei,
Sechi et al. 2003). In a subsequent study, it was shown that siRNA (small
interfering RNA)-mediated depletion of cellular BLAP75 led to a decrease in
BLM and TOPOIIIα protein levels in cells (Yin, Sobeck et al. 2005). Moreover,
BLAP75 depletion resulted in increased frequency of sister chromatid
exchanges, indicating a functional overlap between BLM and BLAP75.
Recently, Bussen et al. proved that DHJ unwinding activity of the
BLM/TopoIIIα complex is greatly enhanced as a result of its association with
BLAP75 (Bussen, Raynard et al. 2007). Moreover, under physiological
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conditions, DHJ dissolution is completely dependent on the presence of
BLAP75 (Raynard, Bussen et al. 2006).

Figure 1.14 Model depicting pathways of DNA gap repair by homologous
recombination. Double-Holliday junction (DHJ) intermediates are processed
via classical HJ resolution, resulting in SCEs or via DHJ dissolution catalysed
by the BLM/hTOPOIIIα complex, resulting in non-crossover products.
Adapted from (Hickson 2003).
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1.2.4 RECQ5 helicase
1.2.4.1 Drosophila melanogaster RECQ5
In 1999, Sekelsky et al. discovered the Drosophila melanogaster RECQ5 gene.
They reported that Drosophila RecQ5 exists as three isoforms (Sekelsky,
Brodsky et al. 1999). These include a large isoform RecQ5a (121kDa) and two
small isoforms RecQ5b (54kDa) and RecQ5c that are almost identical (RecQ5c
contains two additional amino acids at the C-terminus). Independently, Jeong
et al. isolated the cDNA encoding for the large isoform of Drosophila RecQ5
and named the protein RECQ5/QE (Jeong SM 2000). The three isoforms of
Drosophila RecQ5 are generated by alternative splicing (Figure1.15). The
region encoding the helicase motifs is entirely present on the second exon,
which can be joined to either of two alternative third exon start sites.
Two years later after the discovery of Drosophila RecQ5, the small
isoform DmRecQ5 was expressed and purified from bacteria (Ozsoy, Sekelsky
et al. 2001). The protein was shown to display single-stranded DNAstimulated ATPase (dATPase) activity and 3’-5’ ATP (dATP)-dependent
helicase activity (Ozsoy, Sekelsky et al. 2001). The purified DmRecQ5 was
able to catalyze the unwinding of partial duplexes as long as 93 bp, but failed
to unwind an 89bp blunt duplex substrate suggesting that a 3’ssDNA tail is
essential for the unwinding activity of DmRecQ5 (Ozsoy, Sekelsky et al. 2001).
Further experiments showed that DmRecQ5 is a structure specific helicase as
other RecQ family members (Ozsoy, Ragonese et al. 2003). DmRecQ5 could
efficiently unwind 3'-flap duplexes, three-way junctions and forked structures.
Interestingly, DmRecQ5 showed a preference for binding at the fork junction
in those substrates, suggesting a role in the repair of stalled replication forks
(Ozsoy, Ragonese et al. 2003). DmRecQ5 was also shown to possess a DNA
strand pairing and strand exchange activities (Machwe, Xiao et al. 2005).
Kawasaki et al. expressed and purified the large RECQ5/QE isoform
using baculovirus system, since the initial attempts to express it in bacterial
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were unsuccessful (Kawasaki, Maruyama et al. 2002). They found that
RECQ5/QE formed oligomers (probably tetramers) and displayed a DNA
helicase activity. Although RECQ5/QE hydrolysed GTP more efficiently than
ATP in the presence of ssDNA, its DNA helicase activity was dependent only
on ATP hydrolysis, Nevertheless, GTP had a stimulatory effect on this ATPmediated helicase activity of RECQ5/QE (Kawasaki, Maruyama et al. 2002).

Figure 1.15 Alternative splicing at Drosophila RecQ5. (A) Schematic of three
alternative RecQ5 transcripts. Each box represents one exon. Protein-coding
regions are shaded; black boxes indicate the seven helicase motifs. Transcript
A encodes a 121 kDa isoform (RecQ5a); transcripts B and C encode nearly
identical 54 kDa isoforms RecQ5b and RecQ5c, respectively. (B) DNA
sequence corresponding to the region of alternative splicing. Predicted amino
acid sequences are shown, with asterisks indicating stop codones (Sekelsky,
Brodsky et al. 1999).

Drosophila RecQ5 was found to localize to the nucleus when transiently
expressed in Drosophila Schneider2 cells. Genetic studies indicated that
Drosophila RECQ5 is not an essential gene (Sekelsky, Brodsky et al. 1999).

38

Introduction
Nevertheless, RECQ5/QE has been shown to accumulate specifically in early
embryos, suggesting a role in development (Jeong SM 2000). Although the
protein level of RECQ5/QE remains constant during cell-cycle in Drosophila
S2 cells, both MMS and cisplatin treatment increased RECQ5/QE levels in
these cells, suggesting a role for RECQ5/QE in the cellular response to DNA
damage (Nakayama, Maruyama et al. 2006). Moreover, over-expression of
RECQ5/QE in flies causes eye deformation and perturbs the normal cell-cycle
progression in the presence of DNA damage. Those data suggest that
RECQ5/QE might coordinate DNA repair with cell-cycle progression under
genomic stress (Nakayama, Maruyama et al. 2006).
To understand the in vivo role of Drosophila RECQ5/QE, the Drosophila
protein was expressed in yeast sgs1 mutants. RECQ5/QE was able to
complement the synthetic growth defect of sgs1srs2 mutant; substitute Sgs1
function in the top3

background

when

overexpressed;

correct

the

hypersensitivity of sgs1 mutants to hydroxyurea and MMS; and suppress the
elevated rate of homologous recombination and sister chromatid exchanges
(SCEs) in sgs1 mutants. Further experiments showed that a QE/∆C (8-463aa)
mutant, which is nearly identical to the small isoforms DmRECQ5, is able to
complement the Sgs1 function in sgs1srs2, but not in sgs1top3 (Nakayama,
Kawasaki et al. 2004).
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1.2.4.2

Human RECQ5 helicase

The human RECQ5 gene was cloned by Kitao et al. in 1998 after a search for
sequences similar to the RecQ helicase motifs in the expressed sequence tag
database (Kitao, Ohsugi et al. 1998). In this study, a small isoform of RECQ5
was identified, which was later denoted RECQ5α (Shimamoto, Nishikawa et
al. 2000). The cDNA for RECQ5 showed 48% homology to Escherichia coli
RecQ in the helicase domain. The RECQ5 gene was found to be expressed
ubiquitously in all tissues examined with the highest levels in testis and ovary,
and expression level of the RECQ5 mRNA was almost constant throughout
the cell cycle (Kitao, Ohsugi et al. 1998).
The same group who discovered the Drosophila Melanogaster RECQ5
gene suggested that alternative splicing is also involved in generating
different isoforms of human RECQ5 (Sekelsky, Brodsky et al. 1999). This
proposal was confirmed by Shimamoto et al. (Shimamoto, Nishikawa et al.
2000). Three RECQ5 isoforms identified thus far include: RECQ5α (410aa),
RECQ5β (991aa), and RECQ5γ (435aa). All three proteins contain the helicase
domain with seven conserved motifs as shown in Figure 1.16 (Shimamoto,
Nishikawa et al. 2000).
The small isoforms RECQ5α and RECQ5γ were found to localize in
cytoplasm. In contrast, RECQ5β migrated exclusively to the nucleus
(Shimamoto, Nishikawa et al. 2000). Interestingly, a deletion variant of
RECQ5β containing the last 246 aa could also migrate to the nucleus,
indicating that the C-terminal part of RECQ5β contains a nuclear localization
signal

(NLS)

(Shimamoto,

Nishikawa

et

al.

2000).

The

sequence

KRPRSQQENPESQPQKRPR at the C-terminus (residues 854–872) of RECQ5β
was suggested to be the potential NLS (Shimamoto, Nishikawa et al. 2000).
The same authors also showed that RECQ5β formed complexes with
TOPOIIIα and TOPOIIIβ and colocalized with these proteins in the
nucleoplasm (Shimamoto, Nishikawa et al. 2000).
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Figure 1.16 Structure of the RECQ5 gene and the encoded RecQ5 proteins. (a)
Genomic structure of the RecQ5 gene and the exon uses of three RecQ5
mRNA isomers, RecQ5α, RecQ5β and RecQ5γ. (b) Schematic representation of
three RecQ5 helicase isomers. The sizes of each protein are given on the right.
The darkened areas indicate the locations of the helicase domains shared by
the RecQ helicase family. The hatched area indicates the RECQ-C terminal
domain. Adapted from (Shimamoto, Nishikawa et al. 2000).

Garcia et al. carried detailed biochemical characterization of human RECQ5β
and found that RECQ5β is an ssDNA/dsDNA-dependent ATPase and an
ATP-dependent 3'–5' DNA helicase with the ability to promote branch
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migration of HJs (Garcia, Liu et al. 2004). More interestingly, RECQ5β was
found to possess an intrinsic DNA strand-annealing activity that is inhibited
by RPA (Garcia, Liu et al. 2004). Analysis of deletion variants of RECQ5β
revealed that the DNA helicase activity resides in the conserved N-terminal
portion of the protein, whereas the unique C-terminal domain mediates
strand annealing. This is the first demonstration of a DNA helicase with an
intrinsic DNA strand-annealing function residing in a separate domain. The
unique biochemical properties of RECQ5β suggested that the protein might
function in a DNA repair pathway that requires the coordinated action of
DNA helicase and DNA strand-annealing activities (Garcia, Liu et al. 2004).
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1.2.4.3 Mouse RecQ5

The mouse Recq5 gene is located to chromosome 11E2, which has a syntenic
relation to human 17q25.2-q25.3 where human RECQ5 is present (Ohhata,
Araki et al. 2001). To explore the role of RECQ5 in recombination, Hu et al
inactivated Recq5 gene in mouse ES cell by gene targeting (Hu, Lu et al. 2005).
Although mouse Recq5–/– ES cells had similar growth rate and ionising
radiation sensitivity to their parental mouse ES cells, the frequency of
spontaneous SCE in Recq5–/– ES cells was significantly higher than that of the
wild-type or heterozygous Recq5+/– cells. Hu et al. then reintroduced a single
copy of functional Recq5 into Recq5–/– ES cells to see if the SCE phenotype
could be rescued. Indeed their results directly demonstrated that the elevated
SCE level of Recql5–/– ES cells is caused by the loss of Recql5 function (Hu, Lu
et al. 2005). They could also confirm this phenotype in mouse embryonic
fibroblasts (MEFs) derived from Recq5–/– ES cells. Furthermore, they created
the double knock-out Recq5-/-/Blm-/- and observed an even higher frequency of
SCE than in the case of mutating either one of these two genes alone. Their
data implied that RECQ5 and BLM suppress SCEs via different mechanisms
(Hu, Lu et al. 2005).

43

Aim and Scope
2 Aim and Scope
The aim of this thesis is to advance our understanding of the role of human
RECQ5β helicase (hereafter RECQ5) in the maintenance of genomic stability.
We started the project by searching for novel interaction partners of RECQ5
using two methods: (i) yeast-two-hyrid screening using RECQ5 as bait; and (ii)
large-scale immunoprecipitation of RECQ5 from human cell extracts followed
by mass spectrometry analysis. Both methods successfully led to the
discovery of several interesting protein-interaction partners of RECQ5
(Results 3.1 and 3.2).
We then focused on studying the interaction of RECQ5 with PCNA,
RAD51, and the MRE11/RAD50/NBS1 (MRN) complex that play important
roles in DNA replication and maintenance of genomic integrity.
RECQ5 was found to interact with PCNA directly through a conserved
PCNA interaction motif located at the C-terminus of RECQ5 polypeptide.
RECQ5 also localized to DNA replication factories in S-phase nuclei and
persisted at sites of stalled replication forks, suggesting a role in replicationassociated repair processes (Results 3.3).
At biochemical level, RECQ5 helicase could displace RAD51 from
single-stranded DNA through a direct protein-protein interaction, suggesting
a mechanism by which RECQ5 controls inappropriate homologous
recombination events in the cell (Results 3.4).
RECQ5 was also found to bind directly to the MRE11 subunit of the
MRN complex and to inhibit the 3’-5’ exonuclease activity residing in this
subunit. At cellular level RECQ5 colocalized with the MRN complex at sites
of stalled replication fork and DNA double-strand breaks. Our data also
suggested that the MRN complex recruits RECQ5 to the sites of DNA damage
(Results 3.5). Taken together, our studies established RECQ5 as an important
factor in DNA damage response and maintenance of genomic stability.
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3 Results
3.1 Novel interaction partners of RECQ5 identified by yeast-two-hybrid
screening
Among all the traditional genetic approaches to identify novel protein-protein
interactions, yeast two-hybrid technology is probably the most powerful one
to detect protein-protein interactions in eukaryotic system (Gietz, TriggsRaine et al. 1997). The basis of the two-hybrid system relies on the fact that a
functional transcriptional factor can be reconstituted when its activation
domain (AD) and DNA binding domain (DBD) are in close proximity to each
other (Fields and Song 1989; Young 1998).
To perform yeast two-hybrid assay, we constructed the bait plasmid
pZL3. Briefly, the C-terminal part of the coding regions of RECQ5 spanning
amino acids 411-991 (RECQ5411-991) was amplified by PCR using the plasmid
pPG10 (Garcia, Liu et al. 2004) as a template. The primer were designed with
PstI site. After PstI digestion, the RECQ5411-991 fragment was subcloned in the
PstI site of the bait vector pBTM116 that contains a LexA DBD (Figure 3.1)
(Pedrazzi, Perrera et al. 2001). As prey, we used a randomly primed human
peripheral blood cDNA library cloned in the BglII site of the pACT2 vector
that contains a GAL4 AD (Figure 3.2) (Clontech).
In case of positive interaction between RECQ5 and a DNA sequence
from the library, the DBD and AD fused to these proteins are brought to close
proximity, leading to expression of reporter genes. In our system, two
reporters could be checked for validation of positive interactions: (i)
expression of yeast nutrition His marker - positive clones could grow on
selective medium lacking histine; (ii) lacZ gene, which could be tested in a
color formation assay using X-Gal.
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B

Figure 3.1

Bait vector pBTM116. (A) Schematic map of pBTM116. pBTM116

carries the yeast nutritional marker TRP1 which is used for transformation
selection. (B) Multiple cloning site (MCS) of pBTM116. Nucleotide triplets are
shown in frame together with the corresponding amino acids (blue letters).
Stop codons are in all three frames.
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Figure 3.2

Prey vector pACT2. (A) Schematic map of pACT2. pACT2

carries the yeast nutritional marker LEU2 which is used for transformation
selection. (B) Multiple cloning site (MCS) of the pACT2 vector.
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Transformation of yeast cells was performed essentially by modified lithium
acetate (LiAc) method (Gietz, Triggs-Raine et al. 1997) (Gietz 2002). Briefly,
yeast cultures were grown to OD546 about 1.0. Cells were spun down at
2500rpm at 4°C. After washing with ddH2O, cells were resuspended in
ddH2O and split into 100μl aliquots on ice. To each cell suspension 240 μl of
PEG3350 (50% w/v), 36 μl of 1.0 M LiAc, 25 μl of ssDNA and 1-10 μg of
plasmid DNA to be transformed were added and vortexed vigorously. After
incubation at room temperature for 10 minutes, cells were subjected to heat
shock for 20 minutes at 42°C. Cell pellets were collected after centrifugation at
7000 rpm for 15 seconds, resuspended in 100 μl of ddH2O and spread onto an
agar plate containing selective medium.
In our yeast two hybrid screening, the bait plasmid pZL3 and the
cDNA library in the prey plasmid pACT2 were co-transformed into the L40
strain [MATa trp1 leu2 his3 LYS2::lexA-HIS3 URA3::lexA-lacZ] (Pedrazzi,
Perrera et al. 2001) using the yeast transformation method described above,
which was scaled up about 60 times. Approximately 1.4x107 transformants
were screened for grow on media lacking tryptophan (Trp), leucine (Leu), and
histidine (His). To confirm the positive interactions, positive clones were
analyzed by X-gal filter test assay for detection of lacZ reporter gene product
through β-galactosidase activity. Out of 1.4x107 yeast transformants, 198
colonies were scored as positive for reporter gene activity (His+ and LacZ+).
All these clones were subjected to library plasmid DNA isolation and the
cDNA inserts were sequenced. In total, 28 different cDNAs were identified.
The list of all proteins identified in this yeast two-hybrid screen is shown in
Table 3.1.
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No.

Number Name of the protein
of
clones

SwissProt
Entry

Function

1

21

S-phase kinase-associated
protein 1 (SKP1)

P63208

SCF complex

2

2

SUMO-conjugating
enzyme UBC9

P63279

Protein
sumoylation

3

1

Ribosomal protein L19
(RPL19)

P84098

Ribosomal
protein

4

2

Ribosomal protein S3
(RPS3)

P23396

Ribosomal
protein

5

26

Nuclear autoantigen SP100 P23497

Gene expression
PML bodies

6

1

F-box only protein 18
(FBXO18)

Q8NFZ0

DNA helicase

7

6

DNA-directed RNA
polymerase II subunit
RPB2 (RPBII)

P30876

RNA polymerase

8

1

BRCA1-associated protein
(BRAP)

Q7Z569

Binding to the
NLS of BRCA1

9

1

Guanine nucleotide
binding protein (G
protein), beta polypeptide

Q6FHM2

Unknown

10

2

Beta-2-microglobulin
(B2M), mRNA

Q6IAT8

Beta-chain of
major
histocompatibilit
y complex class I
molecules

11

1

Maleylacetoacetate
isomerase

O43708

Glutathione Stransferase
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12

1

Endoplasmic reticulum
aminopeptidase 1 (ARTS1)

Q9NZ08

Peptide
trimming

13

1

Activating transcription
factor 4

Q96AQ3

Tax-responsive
enhancer
element

14

1

Ribosomal protein S6
(RPS6)

A2A3R5

Ribosomal
protein

15

1

Triosephosphate
isomerase 1 (TPI1)

Q6FHP9

Carbohydrate
biosynthesis,
gluconeogenesis

16

2

F-box/WD repeatcontaining protein 7

Q969H0

F box protein,
SCF complex

17

1

Cytochrome b-c1 complex
subunit 1, mitochondria

P31930

Component of
the ubiquinolcytochrome c
reductase
complex

18

1

Ribosomal protein L10a
(RPL10A)

P62906

Ribosomal
protein

19

1

Splicing factor,
arginine/serine-rich 18

Q8TF01

Splicing factor

20

1

S-adenosylmethionine
synthetase isoform type-2
(MAT2A)

P31153

Catalyzes the
formation of Sadenosylmethion
ine

21

1

Glycine acyltransferase
family-B

A5LGC7

Unknown

22

1

CTD-binding SR-like
protein rA9 (KIAA1542)

A6H8W1

Unknown

23

1

DNA replication licensing
factor MCM5

P33992

DNA replication
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24

1

ATP-binding domain 1
family member C

Q9UHW5

Unknown

25

1

Fructose-bisphosphate
aldolase A (ALDOA)

P04075

26

1

Polypyrimidine tract
binding protein 1 (PTBP1)

Q9BUQ0

Carbohydrate
degradation,
glycolysis
Unknown

27

1

Q5T9P9

Unknown

28

1

PRP18 pre-mRNA
processing factor 18
homolog (PRPF18)
Kinesin family member 5B
(KIF5B)

Q6P164

Unknown

Table 3.1 List of protein interaction partners of RECQ5 identified by yeasttwo-hybrid screening of human peripheral blood cell cDNA library. All
proteins listed are human proteins. Functions of the proteins were derived
from the Swiss-prot database or published data. Note that from clone #5 on,
the DNAs were isolated and sequenced by Daniela Huehn.

Based on those 28 newly identified interaction partners, many new
areas to study the function of RECQ5 could be suggested: DNA replication
(MCM5), protein ubiquitination (Skp1, FBW7), protein sumoylation (UBC9),
and transcription (RPB2).
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3.2 Novel interaction partners of RECQ5 identified by mass spectrometric
analysis of RECQ5 immunoprecipitates from human cells
Yeast-two-hybrid system is a very powerful tool to identify novel proteinprotein interactions, but it has a major drawback since it produces a lot of
false positives and thus might mislead us in designing our future experiments.
To overcome this problem, we also employed a proteomic approach to
identify

new

interaction

partners

of

RECQ5.

Specifically,

we

immunoprecipitated RECQ5 from a total extract of human 293T embryonic
kidney fibroblasts and analysed the identity of co-precipitating proteins by
mass spectrometry (MS).

Figure 3.3

The scheme of MS identification experiment, adapted from

(Aebersold and Mann 2003).
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As shown in Figure 3.3, the experiment consisted of five steps. First, a largescale immunoprecipitation (IP) is performed. Briefly, whole cell extract (WCE)
from human embryonic kidney cells (HEK 293T) was prepared in IP buffer
(50 mM Tris–HCl, pH 8.0, 120 mM NaCl, 0.5% (v/v) NP-40, supplemented
with a protease inhibitor cocktail (Complete, Mini; Roche). The extract (12 mg
of total protein) was divided into four reaction tubes. Next, 3 μg of an affinitypurified rabbit polyclonal anti-RECQ5 antibody (Kanagaraj, Saydam et al.
2006) were added to each tube and the mixtures were incubated overnight at
4°C. As control, equal amount of IgGs purified from pre-immune serum was
used in parallel experiment. Immune complexes were subsequently incubated
with protein A/G–agarose beads (20 μl/tube, GE Healthcare) for 2 hours at
4°C. After extensive washing with IP buffer, beads were boiled at 95°C for 10
minutes in SDS loading buffer to release bound proteins. Supernatant was
concentrated by speed vac and loaded on a 7.5 % (w/v) SDS poly-acrylamide
gel. The gel was stained with Coomassie Brilliant Blue and excised protein
bands were subjected to in gel trypsin digestion (Rosenfeld, Capdevielle et al.
1992; Hellman, Wernstedt et al. 1995; Cannavo 2006) to produce peptides with
C-terminally protonated amino acids that could be analyzed in the
subsequent MS peptide sequencing. Briefly, the gel was cut into nine pieces
and each piece was further diced into smaller cubes (1mm) and subjected to
two cycles of rehydration in 50 mM ammonium bicarbonate (NH4HCO3) and
dehydration in 80% acetonitrile. Gel pieces were then incubated with 37 mM
DTT solution at 50°C for 30 minutes. After two additional rounds of
dehydration in 80% acetonitrile, proteins were incubated with 20 mM
iodoacetamide for 15 minutes in dark for alkylation. After another three
rounds of rehydration in 50 mM NH4HCO3 and shrinking in 80% acetonitrile,
the gel pieces were incubated with freshly diluted 12.5ng /μl trypsin solution
at 37°C for 4 hours and then at 25°C overnight. Digested peptides were finally
extracted with 0.1% formic acid one time and 80% acetonitrile three times and
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dried under vacuum.
In step three, the peptides are separated by chromatography and enter
the mass spectrometer. In step four, the first mass spectrum (MS) of the
eluting peptides is taken. A list of peptides was generated for further
fragmentation and tandem mass spectrometric or 'MS/MS' experiments.
Finally, the MS and MS/MS spectra were recorded and matched against the
human

portion

(taxonomy

ID:

9606)

of

the

UniProt

database

(http://www.uniprot.org). The peptides identified were interrogated using
the Mascot search algorithm (Perkins and Darryl J. C. Pappin 1999). RECQ5
protein itself was identified as one of the most significant hit [Mascot protein
score where a value >65 was considered significant (P<0.05)], serving as the
positive validation of the assay. In addition 63 proteins with significant
peptide identification were considered as potential interaction partners of
RECQ5 (Table 2.2).
No. Name of the protein

SwissProt
Entry
P78527

Function

1

DNA-dependent protein kinase
catalytic subunit (DNA-PKcs)

2

Microtubule-associated protein 1B
(MAP 1B)

P46821

Microtubules
stabilization

3

Nijmegen breakage syndrome protein
1 (NBS1)

O60934

DSB repair, DNA
recombination

4

Heterogeneous nuclear
ribonucleoprotein M (hnRNP M)

P52272

Pre-mRNA binding

5

U1 small nuclear ribonucleoprotein 70
kDa (snRNP70)

P08621

Pre-mRNA splicing

6

Myeloid/lymphoid or mixed-lineage
leukemia protein 2 (MLL2)

O14686

Transcriptional
regulation
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7

ATP-dependent RNA helicase DDX3X O00571
(DEAD box protein 3)

RNA helicase

8

Polyadenylate-binding protein 1
(PABP 1)

P11940

mRNA metabolism

9

Transcription intermediary factor 1beta (TIF1B)

Q13263

Transcription
repression

10

Angiomotin

Q9HD27

Junction
maintenance

11

Vimentin

P08670

Class-III
intermediate
filaments

12

Polyadenylate-binding protein 4
(PABP 4)

Q6P0N3

mRNA metabolism

13

Nucleolin

P19338

Transcriptional
elongation

14

DNA-directed RNA polymerase II
subunit RPB2 (RPBII)

P30876

RNA polymerase

15

Coronin-1C

Q9ULV4

Cytokinesis, signal
transduction

16

Insulin-like growth factor 2 mRNAbinding protein 3

O00425

mRNA translation

17

Heterogeneous nuclear
ribonucleoprotein K (hnRNP K)

P61978

Nuclear metabolism
of hnRNA

18

ATP-binding cassette sub-family D
member 3

P28288

Transporter

19

Ras GTPase-activating proteinbinding protein 1

Q13283

Stress granule
assembly regulator

20

Heat shock protein 60

P10809

Mitochondrial
protein import
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21

Splicing factor, arginine/serine-rich 4

Q08170

Pre-mRNA splicing

22

ATP-dependent DNA helicase Q4
(RECQ4)

O94761

DNA replication
initiation, repair

23

Spectrin alpha chain, brain

Q13813

Secretion

24

DNA replication licensing factor
MCM7

P33993

DNA replication

25

Bcl-2-associated transcription factor 1

Q9NYF8

Transcriptional
repressor

26

UDP-glucose 6-dehydrogenase

O60701

Biosynthesis of
glycosaminoglycans

27

Non-POU domain-containing
octamer-binding protein (NONO)

Q15233

DNA and RNA
binding protein

28

E3 ubiquitin-protein ligase UBR5

O95071

E3 ubiquitin ligase

29

Splicing factor, proline- and
glutamine-rich

P23246

Essential premRNA splicing
factor

30

Pre-mRNA-processing-splicing factor
8
Synonyms (RPB 8)

O14547

Central component
of the spliceosome

31

Gephyrin

Q9NQX3

Membrane proteincytoskeleton
interactions

32

P24928

RNA polymerase

33

DNA-directed RNA polymerase II
subunit RPB1
Splicing factor, arginine/serine-rich 6

Q13247

Constitutive
splicing

34

Desmoglein-2

Q14126

Cell-cell adhesion

35

Putative ATP-dependent RNA
helicase DDX

P17844

Pre-mRNA splicing
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36

Spectrin beta chain, brain 1

Q8IX99

Secretion

37

Inverted formin-2

Q6PK22

Actin filaments

38

Zinc finger protein GLI3

P10071

Limb and brain
development

39

SAPS domain family member 1

Q9UPN7

40

Drebrin

Q9UFZ5

Regulatory subunit
for PPP6
Cell migration

41

78 kDa glucose-regulated protein

P11021

Multimeric protein
complexes inside
the ER

42

Insulin-like growth factor 2 mRNAbinding protein 1

Q9NZI8

mRNA nuclear
export, translation

43

Suppressor of fused homolog (SUFU)

Q9NZ07

Hedgehog signaling
pathway

44

DNA repair protein RAD50

Q92878

DSB repair, DNA
recombination

45

Nuclear receptor corepressor 2

Q9Y618

Transcriptional
repression

46

Double-strand break repair protein
MRE11A (MRE11)

P49959

DSB repair, DNA
recombination

47

Sodium/potassium-transporting
ATPase subunit alpha-1 (AT1A1)

P05023

ATP hydrolysis

48

Heat shock cognate 71 kDa protein

P11142

Chaperone

49

Phenylalanyl-tRNA synthetase alpha
chain (SYFA)

Q9Y285

tRNA synthetase

50

Valyl-tRNA synthetase

P26640

tRNA synthetase

51

Serine/arginine repetitive matrix
protein 2

Q9UQ35

Pre-mRNA
processing
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52

Heterogeneous nuclear
ribonucleoprotein U (HnRNP U)

Q9BQ09

Double-and singlestranded DNA and
RNA binding

53

Serine/arginine repetitive matrix
protein 1

Q8IYB3

Pre-mRNA
processing

54

Cytospin-A

Q69YQ0

55

Zinc finger CCCH domain-containing
protein 13 (ZC313)

Q5T200

Cytokinesis and
spindle
organization
Unknown

56

Serine/threonine-protein kinase
tousled-like 2

Q86UE8

Chromatin
assembly,
checkpoint

57

Protein phosphatase 1 regulatory
subunit 12A

O14974

Myosin
phosphatase
activity regulation

58

Insulin receptor substrate 4 (IRS4)

O14654

Growth factor
receptors
possessing

59

Stress-70 protein, mitochondrial

P38646

Cell proliferation,
cellular aging

60

Heat shock 70 kDa protein 1

P08107

Chaperone

61

Tubulin alpha-1B chain

P68363

Major constituent of
microtubules

62

Heat shock protein HSP 90-beta

Q9NTK6

Chaperone

63

Putative ATP-dependent RNA
helicase DDX17

Q92841

RNA helicase

Table

3.2 List of

proteins

identified by MS analysis

of RECQ5

immunoprecipitate from 293T cells. All proteins listed are human proteins.
Functions of the proteins were derived from Swiss-prot database or published
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data. Proteins with light grey color mark are involved in DNA metabolism
including DNA repair, replication and recombination. Proteins with yellow
mark are involved in RNA metabolism including RNA splicing, transcription,
and tRNA synthesis.

In Figure 3.4, a short list of the novel interaction partners of RECQ5
discovered in this study (Results 3.1 and 3.2) was illustrated. Those
interactions have linked RECQ5 to DNA replication, recombination and
repair. In the following chapters, our work towards understanding the
biological function of the interactions of RECQ5 with the PCNA (Results 3.3),
RAD51 (Results 3.4) and MRN complex (Results 3.5) will be described.

Figure 3.4 Selected interaction partners of RECQ5 identified in this study.
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3.3 Human RECQ5beta helicase promotes strand exchange on synthetic
DNA structures resembling a stalled replication fork

Radhakrishnan Kanagaraj, Nurten Saydam, Patrick L. Garcia, Lu Zheng, and
Pavel Janscak

Nucleic Acids Res. 2006; 34(18): 5217-31.

My contribution to this paper was to discover and confirm the interaction
between RECQ5 and PCNA.
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3.3 RECQL5/Recql5 helicase regulates homologous recombination and
suppresses tumor formation via disruption of Rad51 presynaptic filaments

Yiduo Hu, Steven Raynard, Michael G. Sehorn, Xincheng Lu, Wendy Bussen,
Lu Zheng, Jeremy M. Stark, Ellen L. Barnes, Peter Chi, Pavel Janscak, Maria
Jasin, Hannes Vogel, Patrick Sung and Guangbin Luo

Genes Dev. 2007 Dec 1;21(23):3073-84.

My contribution to this paper was to discover and confirm the interaction
between RECQ5 and RAD51 protein.
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3.5 MRE11 complex links RECQ5 helicase to sites of DNA damage

Lu

Zheng,

Radhakrishnan

Kanagaraj,

Boris

Mihaljevic,

Sybille

Schwendener, Alessandro A. Sartori, Bertran Gerrits, Igor Shevelev and
Pavel Janscak

Nucleic Acids Research Advance Access published online on March 6, 2009
Nucleic Acids Research, doi:10.1093/nar/gkp147

I identified the interaction between RECQ5 and MRN complex, and
performed most of the experiements in the manuscript.
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4 Conclusion and Perspective
The role of human RECQ5 protein in the cell is not well understood.
Although a human disease associated with deficiency of RECQ5 has not been
found, RECQ5 knockout mice were shown to be cancer prone and highly
genetically instable (Results 3.4) (Hu, Raynard et al. 2007). Identification of
new protein partners of RECQ5 and study of these protein-protein
interactions are vital to understand the role of RECQ5 the maintenance of
genomic stability.
RECQ5 was found to directly interact with PCNA and associated with
DNA replication machinery during S phase. RECQ5 was also shown to persist
at the sites of stalled replication forks after exposure of cells to UV irradiation.
At biochemical level, RECQ5 was shown to promote strand exchange
between arms of synthetic forked DNA structures resembling a stalled
replication fork (Results 3.3). The proposed fork regression activity of RECQ5
at stalled replication forks could well explain the elevated level of crossovers
in RECQ5-deficient cells.
RECQ5 was also shown to be able to disrupt RAD51 presynaptic
filament,

suggesting

another

mechanism

for

how

RECQ5

controls

homologous recombination in the cell (Results 3.4) (Hu, Raynard et al. 2007).
Further characterization of the interaction between RECQ5 and RAD51 will
involve mutation studies to generate a RECQ5 mutant that lacks the RAD51
binding site. The ultimate goal will be to check whether the mutant is able to
displace RAD51 from ssDNA in vitro and correct the hyper-recombination
phenotype of RECQ5 knockout cells in vivo.
RECQ5 was found to interact with the MRN complex in vivo and in
vitro. In majority of unperturbed cells, both RECQ5 and MRN were uniformly
distributed in the nucleus. In response to DNA double-strand breaks and
stalled replication fork, RECQ5 was found to relocate to the sites of DNA
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damage, and this relocation was dependent on the MRN complex (Results 3.5).
In future studies, a RECQ5 peptide, which abolishes the interaction between
RECQ5 and MRN, could be over-produced in human cells to prove that the
recruitment of RECQ5 to sites of DNA damage is dependent on a direct
protein-protein interaction with MRN. Moreover, the effect of MRN on the
ability of RECQ5 to displace RAD51 from ssDNA could be investigated.
A major interaction partner of RECQ5 identified in our yeast twohybrid screen was SKP1, a scaffold component of SCF ubiquitin ligases
(Cardozo and Pagano 2004). A direct interaction between RECQ5 and SKP1
was confirmed using recombinant proteins (data not shown). Experiments
towards reconstitution of a SCFRECQ5 complex using recombinant proteins
would address the possibility of RECQ5 functioning as an F-box protein,
which determines the substrate specificity of SCF complexes. It would also be
interesting to check the levels of RECQ5 at different stages of the cell cycle
and after different types of DNA damage to see if RECQ5 is subjected to
proteolytic degradation. It should be noted that our yeast two-hybrid
screening revealed that RECQ5 interacts with the F-box protein FBW7, which
forms SCFFBW7 and is responsible for degradation of several proto-oncogenes
that function in cellular growth and division pathways, including MYC,
cyclin E and JUN (Welcker and Clurman 2008).
The association between RECQ5 and RPB1, the largest subunit of RNA
polymerase II (RNAPII) was identified both in our yeast two-hybrid screen
and in the mass spectrometry experiments. The interaction was confirmed by
Western blot analysis of RECQ5 immunoprecipitates from various cell lines,
and RPB1 was shown to extensively colocalize with RECQ5 in the nucleus
following UVC irradiation (Radhakrishnan Kanagaraj, unpublished data). In
addition, the mass spectrometry experiments revealed interaction between
RECQ5 and the RPB2 (the second largest subunit of RNAPII). Given the fact
that RPB1 and RPB2 constitute the catalytic core of the enzyme (Svejstrup
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2007) (Hartzog 2003), it would be very interesting to find out weather RECQ5
has any effect on RNA transcription in vivo and in vitro. Further
characterization of this interaction will involve mapping the interaction
domains in the RECQ5-RNAPII complex; examining the role of RECQ5 in
transcription-coupled repair; testing the ability of RECQ5 to disrupt stalled
RNAPII complexes.
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