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DNA Repair
The gene  c informa  on of a cell is encoded 

in the DNA, the genome, which in eukaryotes 
resides in the cell nucleus. For proper fu nc  on-
ing of a cell it is essen  al that informa  on en-
coded in the genome is properly maintained, 
gene  c informa  on is not lost or changed and 
accurately replicated before cell division. How-
ever the integrity of the genome is con  nuously 
challenged by damage to the DNA and repair 
of those lesions is crucial for the cell to sur-
vive (Hoeijmakers, 2001). DNA damage can be 
infl icted by external as well as internal agents. 
External sources of DNA damage can be several 
types of radia  on (UV, ionizing radia  on), but 
also chemicals that induce modifi ca  ons to the 
DNA structure. Reac  ve Oxygen Species (ROS) 
and oxida  ve stress are sources of internal 
sources of DNA damage (Figure 1). 

The presence of unresolved DNA lesions can 
lead to complica  ons during replica  on and 
can result in muta  ons and chromosomal re-
arrangements. Eventually this may lead to the 
development of cancer but also can accelerate 
aging (de Boer, 2002). To prevent the accumu-
la  on of DNA damage, mul  ple pathways are 

in place to detect and repair DNA damage. Sev-
eral types of DNA damage can occur which can 
be divided in damage to the single strand, DNA 
double strand breaks and interstrand cross-links 
(Figure 1). Pathways that repair damage in sin-
gle strands are Base Excision Repair (BER), Nu-
cleo  de Excision Repair (NER), and Mismatch 
Repair (MMR). Double strand breaks are pre-
dominantly repaired by two diff erent mech-
anisms, Non-Homologous End Joining (NHEJ) 
and Homologous Recombina  on (HR). Finally, 
interstrand cross-links (ICL) can be repaired by 
a combina  on of proteins involved in NER and 
DSB repair.

Below BER, NER, MMR and ICL will be brief-
ly discussed, while mechanisms of DSB repair 
will be described in more detail, since the na-
noscopic studies described in this thesis are 
focussed on the molecular mechanisms under-
lying the repair of double strand breaks, either 
those that accidentally occur in soma  c cells 
(Chapter 4 and 5), or those that are induced in 
a regulated manner by the cell during meiosis 
(Chapter 3).

A G
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T
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A-G Mismatch
T-C Mismatch

Insertion
Deletion

Uracil
Abasic site

8-Oxoguanine
Single-strand break
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Interstrand cross-link
Double strand break

Replication errors Ionizing radiation
DNA crosslinking agents
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Figure 1 The DNA Damage Response The integrity of the DNA inside a cell is challenged by several damaging 
agents (above), which can lead to diff erent types of DNA damage (below). A broad range of DNA Repair path-
ways is in place to repair these DNA damage. Small chemical modifi ca  ons to the DNA molecule are repaired 
through Base Excision Repair, while bulky lesions induced by for example UV light are paired through Nucleo-
 de Excision Repair. Mismatches introduced during replica  on are detected and repaired by Mismatch repair. 

Finally, DNA lesions involving both strands of the DNA molecule, for example crosslinks and double strand 
breaks are repaired by Interstrand Crosslink Repair (ICL) and Double Strand Break Repair pathways. Figure 
based on Hoeijmakers, 2001.



11

General Introduc  on

Mismatch Repair
During DNA replica  on in S-phase, occasion-

ally an incorrect base is incorporated. Such a 
mismatch can result in the incorpora  on of mu-
ta  ons in the replicated DNA strand. The path-
way responsible for detec  on and resolu  on of 
these errors is referred to as mismatch repair 
(MMR).  The mechanisms of the MMR pathway 
are highly conserved between prokaryotes and 
eukaryotes. Mismatches are recognized during 
replica  on by homologues of the MutS proteins 
in E. coli, which in in humans is present as a het-
erodimer of MSH2 and MSH6 (Iaccarino et al., 
1996) (Figure 2). 

It is essen  al is to replace the DNA mismatch 
in the newly synthesized strand and not in the 
parental strand, which is regulated through the 
mechanism of strand specifi city. In E. coli strand 
specifi city is determined by recogni  on of meth-
yla  on of GATC-sequences which are only pres-
ent in the parental strand. Binding of the mis-
match sensor MutS to the mismatch results in a 
ATP dependent conforma  onal change of MutS 
and subsequent recruitment of MutL results 
in displacement of the complex to the nearest 
methylated GATC site (Allen, 1997; Lahue et al., 
1987). Subsequently MutH can introduce a nick 
at the unmethylated strand. In humans and oth-
er prokaryotes, the mechanism of strand dis-
crimina  on is not fully understood, one of the 
possibili  es is the use of earlier formed nicks at 
the nascent strand of the lagging strand at the 
replica  on fork (Nick McElhinny et al., 2010). 
However, this does not explain how the strand 
can be discriminated at the leading strand. 
The eventually recognized nascent DNA strand 
then gets nicked and is resected by EXO1 and 
resul  ng ssDNA recruits RPA. Subsequently the 
PCNA sliding clamp together with polymerase 
δ then fi lls the gap. The nick that is le   in the 
DNA strand can then be ligated by DNA ligase I 
(Kolodner and Marsischky, 1999). 

Base Excision Repair
Base Excision Repair (BER) detects and re-

pairs small DNA lesions that do not directly 
interfere with DNA structure. These types of 
lesions occur by oxida  on, deamina  on or al-
kyla  on of the DNA bases. The proteins involved 

in the detec  on of these lesions are DNA glyco-
sylases (Lindahl, 1974). Several glycosylases are 
present in prokaryotes and eukaryotes which 
can detect diff erent types of base pair damage 
(Krokan et al., 1997). The DNA glycosylases can 
detect damaged nucleo  des and remove the 
nucleo  de from the DNA helix.  They do so by 
fl ipping the base out of the DNA double helix 
and cleaving the N-glycososidic bond leaving an 
abasic (AP) site (Figure 3). 

This AP site is then recognized by AP endonu-
cleases, like AP endonuclease 1 (APE1) which is 
highly ac  ve in mammalian cells (Friedberg and 
Meira, 2006). The removal of the AP site results 
in a single nucleo  de gap. Following Short Patch 
Repair the gap can be fi lled by DNA Polymerase 
β (Polβ) and subsequently ligated by DNA ligase 
IIIα. When Polβ is unable to fi ll the gap, Long 

MSH6MSH2

gap

mismatch

PCNA

gapMLH1 PMS1

EXO1

RPA polymerase δ

DNA ligase I
Figure 2 Mismatch repair. During replica  on mis-
matches between nucleo  des can occur due to 
wrong incorpora  on of a nucleo  de. The MSH2/
MSH6 heterodimer can recognize these mismatches. 
Recruitment of MLH1/PMS1 forms a stable complex 
that recognizes a nearby ssDNA gap. Subsequently 
EXO1 can resects the dsDNA and RPA is recruited. 
Polymerase δ can polymerase the DNA from the ssD-
NA towards the mismatch with media  on of PCNA 
followed by liga  on of the DNA Strand by DNA ligase 
I. Figure based on Mar  n and Scharff , 2002.
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Patch repair takes place and prolifera  ng cell 
nuclear an  gen (PCNA) is recruited (Matsumo-
to et al., 1994) along with replica  on factor C 
(RFC) (Luckow et al., 1994). These proteins use 
the strand displacement ac  vity of polymerase 
δ to replace a couple of nucleo  des. These dis-
placed nucleo  des are then removed by Flap 
endonuclease 1 (FEN1). Subsequently the nick 
can be ligated by DNA ligase I (LigI) (Dianova et 
al., 2001).

Nucleotide Excision Repair
Lesions that results in the distor  on of the 

DNA helix, for example 6-4 photoproducts 
and cyclobutane pyrimidine dimers (CPDs) are 
repaired through Nucleo  de Excision Repair 
(NER). These types of lesions are predominate-
ly, formed by UV-C irradia  on. DNA damage is 
detected by the NER machinery through two 

diff erent mechanisms, transcrip  on coupled 
repair (TC-NER) and global genome repair (GG-
NER) (Bohr, 1985; Mellon et al., 1987) (Figure 
4). In TC-NER a lesion in the ac  vely transcribed 
strand of a gene, is detected by the stalling of 
RNA polymerase II (RNA polII) when the poly-
merase encounters damage. Stalling of RNA 
polII results in the accumula  on of the TC-NER 
specifi c factors, Cockayne Syndrome Group A 
and B (CSA and CSB), and USP7 together with 
UVSSA onto the damage (Fousteri et al., 2006; 
Nakazawa et al., 2012; Schwertman et al., 
2012). Lesions outside ac  ve genes (or, some-
 mes lesions not yet detected during tran-

scrip  on) are detected by the damage sensor 
Xeroderma pigmentosum group C (XPC) which 
forms a complex with RAD23B and Centrin-2 
(Masutani et al., 1994; Nishi et al., 2005). The 
XPC complex binds to distorted DNA structures 
and facilitates core NER proteins to process the 
lesion. The UV-DDB complex consis  ng of DNA 
damage-binding protein 1 (DDB1) and DDB2 
mediates binding of XPC to the lesion (Moser et 
al., 2005). 

A  er detec  on either by TC-NER or GG-NER, 
the so-called core NER proteins together form 
the NER repair complex. To enable access of 
other proteins to the DNA lesion,  Transcrip  on 
factor II H (TFIIH) complex unwinds the DNA 
helix using helicases XPB and XPD (Flores et al., 
1992; Schaeff er et al., 1994). At the same  me 
the TFIIH complex together with XPA verify the 
presence of a lesion and stabilise the structure. 
Subsequently the DNA strand containing the 
damaged nucleo  des is excised by endonucle-
ases XPG at the 3’ side of the lesion while ER-
CC1-XPF complex takes care for excision at the 
5’ side (de Laat, 1998). The ssDNA of the un-
damaged DNA strand is covered and protected 
by Replica  on Protein A (RPA) (He et al., 1995). 
DNA polymerases together with PCNA can sub-
sequently fi ll the single strand gap. Liga  on by 
DNA ligase III fi nally fully restores the DNA dou-
ble helix (Moser et al., 2007).

Interstrand Crosslink Repair
Two DNA strands can become covalently 

crosslinked, which is very problema  c for prop-
er replica  on and transcrip  on of the DNA. This 

Glycosylase

AP site

P

Short Patch Repair Long Patch Repair

Polβ

FEN1
PCNAPolδLig III

Lig I

P

Figure 3 Base Excision Repair. Modifi ca  ons to single 
bases of the DNA molecule are repaired by Base Ex-
cision Repair. The lesions are detected by Glycosylase 
proteins which convert the damaged base to an aba-
sic (AP) site, which is subsequently converted to a sin-
gle nucleo  de gap. Following short patch repair Polβ 
can fi ll the gap and LigIII can then seal the nick. In 
long patch repair, mul  ple nucleo  des are displaced 
by polymerase δ and these nucleo  des are removed 
by FEN1. The double strand can then be restored by 
LigI. Adapted from: Christmann et al., 2003.
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explains the effi  ciency in cancer treatment of 
chemotherapeu  c drugs as mitomycin C and cis-
pla  n which induce these interstrand crosslinks 
(ICL) and thereby targets fast replica  ng cancer 
cells (Deans and West, 2011). For removal of 
the interstrand crosslink a complex pathway is 
required which involves the incision and resto-
ra  on by DNA synthesis of both DNA strands. 
Interes  ngly, repair of interstrand crosslinks re-
quires various repair factors involved in several 
other DNA repair pathways. During G1 of the cell 
cycle ICLs can be detected during transcrip  on 
by stalling of RNA polymerase and are repaired 
by NER machinery (Sarkar et al., 2006). The re-
pair of ICL during transcrip  on is most relevant 
for slowly or non-replica  ng cells. Probably cer-
tain ICLs, which distort helix structure can also 

be detected by GG-NER by recogni  on by XPC 
(Muniandy et al., 2010). As with replica  on de-
pendent repair the crosslink can be ‘unhooked’ 
by nucleases (e.g. XPF-ERCC1) and subsequent-
ly Translesion polymerases (TLS) can bypass the 
lesion (Kuraoka, 2000; Sarkar et al., 2006). 

During replica  on in S-phase, crosslinks will 
be encountered by stalling of the replica  on 
fork. This results in ac  va  on of proteins of the 
Fanconi anemia pathway. Fanconi anemia is a 
rare gene  c disease which is caused by muta-
 ons in any of the proteins involved in this path-

way, resul  ng in impaired bone marrow func-
 on, and high risks for diff erent types of cancer. 

The FA proteins are essen  al for replica  on de-
pendent repair, but appear not to be involved 
in replica  on independent repair. A complex 

Global Genome Repair Transcription Coupled Repair

XPC
RAD23B

Lesion Lesion

UV-DDB

RPA

XPF

ERCC1
XPG

RNA-polymerase

CSA/CSB UVSSA

PCNA

TFIIH

DNA Polymerase
DNA Ligase III

Figure 4 Nucleo  de Excision Repair. Bulky DNA lesions can either be repaired through GG-NER or TC-NER. 
The XPC-RAD23 complex scans the chroma  n for lesions. Upon binding of the XPC-RAD23B complex core NER 
factors can bind to the lesion. In TC-NER lesions in the transcribed strands of genes are detected by stalling of 
RNA PolII which result in the recruitment of CSA/CSB and UVSSA. The TFIIH transcrip  on complex opens up 
the lesion which enables binding of XPF/ERCC1 and XPG to excise the damaged strand while the other strand 
of ssDNA is protected by RPA. DNA polymerases can fi ll the ssDNA gap which is then ligated by DNA Ligase III. 
Figure adapted from Fousteri and Mullenders, 2008; Marteijn et al., 2014. 
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of FANCM, FAA24 and MHF1/2 recognize the 
crosslink. FANCM subsequently recruits the FA-
core complex to the stalled replica  on fork. The 
FA-core complex is a large complex of consis  ng 
of eight proteins (FANC-A, -B, -C, -E, -F, -G, -L and 
-M) (Medhurst, 2006). 

The recruitment of the core complex or more 
precisely the ubiquityla  on of FANC2, enables 
the recruitment of endonucleases like XPF-ER-
CC1, also involved in NER, and MUS81-EME1 and 
SLX1-SLX4, which also resolve recombina  on in-
termediates during homologous recombina  on 
(Sengerová et al., 2011). These nucleases excise 
the crosslink leading to a DNA double strand 
break. Translesion synthesis polymerases Pol ζ 
and REV1 are subsequently used to bypass the 
damaged nucleo  de. To restore the replica  on 
fork strand invasion can take place by RAD51 
which is supported by other proteins involved in 
homologous recombina  on (Long et al., 2011).

Double Strand Break Repair 
DNA Double Strand Breaks (DSBs) obvious-

ly are a serious threat to the genome since 
breakage of both strands of the DNA helix can, 
for instance, result in chromosomal rearrange-
ments. These can poten  ally lead to muta  ons, 
aberrant expression levels or fusion of genes 
that when expressed may disrupt transcrip  on-
al programs or other cellular func  on (Kanaar 
et al., 1998). DSBs occur as a result of ionizing 
radia  on or by DNA modifying chemicals such 
as bleomycin which can cleave double-strand-
ed DNA, but indirectly also replica  on inhibitors 
such as hydroxyurea and crosslinking agents like 
Mitomycin C and cispla  n can result in the for-
ma  on DSBs. Furthermore, DSBs can be formed 
due to failure of repair of ssDNA lesions by the 
SSB pathways. 

DSBs can be independently detected by 
both the Mre11, Rad50, Nbs1 (MRN) complex 
and the Ku70/80 heterodimer (Clerici et al., 
2008; de Jager et al., 2001) (Figure 5). The way 
DSBs are recognized and repaired is dependent 
on the cell cycle. While Ku70/80 is involved in 
Non-Homologous End Joining (NHEJ) in G0 and 
G1, the MRN complex promotes Homologous 
Recombina  on (HR) in S and G2 phase. Upon 
recruitment of MRN the interac  on between 
Nbs1 and Ser/Thr protein kinase ATM induces 

auto-phosphoryla  on of ATM (Lee, 2004, 2005). 
Ac  vated ATM subsequently phosphorylates 
several proteins involved in the DSB Repair 
pathway. The phosphoryla  on of histone H2AX 
at Ser139 by ATM is one of the hallmarks of DSB 
induc  on (Burma et al., 2001). Independent-
ly the recruitment of Ku70/80 can ac  vate the 
protein kinase DNA-PKcs which is also involved 
in the phosphoryla  on of H2AX (An et al., 2010; 
S  ff , 2004). H2AX, is present in nucleosomes 
throughout the genome and upon ac  va  on of 
the DNA DSB Repair response, are phosphory-
lated H2AX (γH2AX) at and in the vicinity of the 
DSBs. The phosphoryla  on of H2AX can spread 
several kilobases away from the DSB, and has 
been reported to be actually be more enriched 
further away from the break (Iacovoni et al., 
2010; Rogakou et al., 1998). The phosphory-
la  on of H2AX promotes the recruitment of 
MDC1 which binds directly to phosphorylated 
H2AX through its BRCT domain (Stucki et al., 
2005). Further phosphoryla  on of MDC1 pro-
vides a binding pla  orm for the E3 ubiqui  n 
ligase RNF8 along with the E2 conjuga  ng en-
zyme UBC13 (Plans et al., 2006). 

This signalling cascade leads to the recruit-
ment of several DNA response proteins of which 
53BP1 and BRCA1 are essen  al in the choice by 
which pathway the DSB will be repaired, either 
Non-homologous End Joining (NHEJ) or Homol-
ogous Recombina  on (HR) (Shibata et al., 2011; 
Shrivastav et al., 2008). While HR, uses a donor 
template for repair, and is considered error free, 
NHEJ is prone to errors during repair. It is inter-
es  ngly to note that DSBs are also induced in 
cells during specifi c cellular processes; in VD-J 
recombina  on in immune cells and in chromo-
some synapsis and crossover forma  on during 
meiosis. In VD-J recombina  on the poten  al-
ly mutagenic proper  es of the NHEJ pathway 
are employed to create the variable sequence 
regions of an  bodies. In meiosis, as will be 
discussed later in this introduc  on, the DNA 
strand interac  ons during HR are exploited for 
exchange of gene  c informa  on through chro-
mosome crossover and to align the maternal 
and paternal homologous chromosomes so that 
they can be properly segregated during meio  c 
division.
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Although the exact mechanisms are not fully 
understood, evidence has been provided that 
the choice between HR and NHEJ repair is reg-
ulated through several proteins. While 53BP1 
promotes repair through NHEJ, BRCA1 is es-
sen  al for repair through HR (Chapman et al., 

2012a). It has been shown that BRCA1 promotes 
resec  on of the DNA, essen  al for HR, but at 
the same  me resec  on needs to be prevented 
for NHEJ. Cells lacking func  onal BRCA1 are im-
paired in HR, however, addi  onal loss of 53BP1 
restores HR, sugges  ng the close interplay 

3’
5’

P P P PgH2AX

53BP1
BRCA1

5’
3’

ATM

Homologous recombination

Non-Homologous End Joining

MRE11
RAD50
NBS1

KU70/80

RAD51

RAD54

RAD51

RPA

BRCA2
DNA-PKcs

XRCC4 XLF
Lig4

Synthesis Dependent Strand
Annealing

DNA Polymerase

Double Holiday Junction Formation

CtIP

Figure 5 Mechanisms of Double Strand Break Repair. The detec  on of the DSB by the MRN complex induces 
the phosphoryla  on of the histone H2AX through ac  va  on of ATM. Depending on several factors as chro-
ma  n environment and cell cycle the DSB can be repaired by HR or NHEJ. In NHEJ 53BP1 promotes NHEJ. In 
NHEJ the hetero dimer Ku70/80 binds to the ends of the DSB and recruits DNA-PKcs. A  er the ends are prop-
erly processes the ligase complex consis  ng of XRCC4, XLF and LIG4 can ligate the two ends together. BRCA1 
s  mulates Homologous recombina  on by promo  on of resec  on of the dsDNA. The ssDNA is protected by 
coa  ng by RPA. The interac  on of BRCA1 with BRCA2 through PALB2 facilitates the displacement of RPA and 
loading of RAD51 by BRCA2 onto the ssDNA. Several proteins, e.g. RAD54, are involved to mediate RAD51 
in the process of homology search and strand invasion. RAD54 is also involved in removing RAD51 from the 
hetero duplex DNA. Subsequently by polymeriza  on of the missing DNA the gap can be closed following the 
SDSA pathway. However, it is also possible that the second end of the break in captured and a double holiday 
junc  on is formed, which can be dissolved or resolved by diff erent proteins, which lead to either Non-crosso-
ver or crossover products.
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between the two pathways (Bouwman et al., 
2010). The pathway choice is highly dependent 
on cell cycle stage. Since HR requires the pres-
ence of the sister chroma  d as a template, HR 
is mainly ac  ve during S/G2, while NHEJ is ac-
 ve during the en  re cell cycle. Another aspect 

that aff ects pathway choice is the complexity of 
the DSB, where simple breaks can easily be li-
gated through NHEJ, and more complex breaks 
require more extensive end processing by the 
HR machinery. 

Non-Homologous End-Joining
During the G0 and G1 cell cycle phase NHEJ 

is the most prominent repair pathway. Upon 
detec  on of the DSB, the Ku70/Ku80 heterod-
imer binds to the broken ends of the DNA dou-
ble strand (Bri  on et al., 2013; Walker et al., 
2001). Binding of the Ku heterodimer enables 
the recruitment of DNA-PKcs which is stabilizing 
the two DNA ends (Go  lieb and Jackson, 1993). 
Subsequently DNA Ligase IV binds together 
with XRCC4 and XLF followed by displacement 
of DNA-PKcs (Hammel et al., 2010). Most DSBs 
have DNA ends which contain chemical modifi -
ca  ons which need to be removed before the 
ends can be ligated together. Diff erent nucle-
ases are used to process the DNA ends while 
DNA polymerase is used to fi ll 3’ overhanging 
ssDNA. If both ends of the break are compa  ble 
the ends can be ligated by the Ligase IV complex 
(Wilson et al., 1997). 

Since NHEJ is also the pathway required for 
VD/J recombina  on, muta  ons in proteins es-
sen  al for NHEJ can give rise to immune defi -
ciencies, due to failure in the genera  on of an-
 bodies (Nussenzweig et al., 1996; Taccioli et 

al., 1993). In VD/J recombina  on two DSBs are 
introduced by recombina  on-ac  va  ng gene 1 
(RAG1) and RAG2 and used to generate unique 
DNA sequences coding for the variable regions 
of an  bodies, which is essen  al for the adap  ve 
immune system (Grawunder et al., 1998).

Homologous Recombination
Repair through Homologous Recombina  on 

requires 5 to 3’ resec  on of the dsDNA ends, 
which is ini  ated by the MRN complex (Grav-
el et al., 2008). CtIP, upon interac  on with the 

MRN complex is recruited in a complex with 
BRCA1 and completes ini  al resec  on up to 
a couple of hundred base pairs (Sartori et al., 
2007). Further resec  on is performed by sev-
eral complexes, of which Exo1 and Dna2 have 
shown to be major players (Nimonkar et al., 
2011). In mammalian cells BLM helicase ac  v-
ity is also important, since loss of this protein 
result in a reduced resec  on rate (Gravel et al., 
2008). The resected ssDNA is rapidly covered by 
the Replica  on Protein A (RPA) heterotrimer to 
protect the ssDNA from degrada  on (Wang and 
Haber, 2004). 

In yeast and mammalian cells, end resec-
 on can proceed up to several kilobases from 

the DSB (Zhou et al., 2013; Zierhut and Diffl  ey, 
2008). In most cases the recombinase RAD51 
(bacterial RecA) replaces RPA on the resect-
ed ssDNA, forming nucleoprotein fi laments 
wrapped in a helical way around the ssDNA. 
In yeast the replacement of RPA by RAD51 re-
quires the ac  vity of RAD52 (Hays et al., 1998), 
while in mammalian cells this func  on is likely 
executed by BRCA2 (Davies et al., 2001).  The 
RAD51-DNA fi lament then plays a role in the 
search for the homologous DNA template that is 
required for error free repair of the DSB. When 
the homologous sequence in the sister chroma-
 d is found, strand invasion can take place. Af-

ter strand invasion of the RAD51 coated ssDNA 
a so-called D-loop structure is formed, in which 
one of the strand of the invaded dsDNA mole-
cule is displaced, while the other strand pairs 
with the invading strand (Wyman and Kanaar, 
2006).  This is followed by DNA synthesis at the 
invaded strand by polymerases (Figure 5). A  er 
polymeriza  on of the DNA required to restore 
the DNA sequence, the D-loop can be resolved 
and the extended DNA molecule is annealed to 
the DNA on the other strand, a process referred 
to as synthesis-dependent strand annealing 
(SDSA). Alterna  vely, the formed D-loop can 
migrate along the DNA molecule and the DNA 
on the other end of the break can be captured 
forming a double holiday junc  on (dHJ). The dHJ 
is then dissolved by a complex of BLM, TOPOIII 
and RMI1/2 in which case no crossover between 
the chroma  ds occurs, or it can be resolved by 
specifi c resolvases, for example MUS81-EME1 



17

General Introduc  on

and GEN1. In some cases, depending on how 
these resolvases resolve the dHJ, this can lead 
to crossover (Matos and West, 2014). 

Repe   ve DNA sequences can also be re-
paired by an alterna  ve pathway, called Single 
Strand Annealing (SSA) repair which uses the 
fl anking homologous sequences around the 
DSB. In this situa  on, homologous sequences 
on the same broken DNA molecule can due to 
resec  on anneal and resolve the DSB by remov-
al of the overhanging nucleo  des using proteins 
involved in MMR. SSA is RAD51 independent 
and is induced by resec  on of repeats. RAD52 
is suggested to be involved in SSA  in both yeast 
and mammalian cells (Ochs et al., 2016; Single-
ton et al., 2002; Symington, 2002). SSA is a mu-
tagenic repair pathway since it leads to loss of 
DNA nucleo  des and is not favourable in case 
the DNA contains gene  c informa  on, however 
in some genomic regions this could be an alter-
na  ve solu  on to repair through HR.

RAD51
RAD51 is one of the core players in HR re-

pair. It is involved in both homology search 
and subsequent strand invasion. RAD51 is, like 
its bacterial homolog RecA, a 43 kDa protein 
and contains pep  de mo  fs responsible for its 
ATPase func  on (so called Walker A and B mo-
 fs). The ATPase ac  vity of RAD51 was shown 

to be required for the dynamic organiza  on of 
the fi laments formed on ssDNA since fi laments 
formed by ATPase defi cient RAD51 (K191R) are 
impaired in strand invasion capacity (Fung et al., 
2006). 

In vitro incuba  on of both purifi ed RecA and 
RAD51 with DNA substrates results in the for-
ma  on of right-handed helical fi laments which 
can be visualized by electron microscopy (Sta-
siak and Di Capua, 1982; Sung and Robberson, 
1995). RAD51 bound DNA is underwound, both 
ssDNA as well as dsDNA, and the measured 
length of RAD51 DNA shows an extension of 
the DNA about 1.5  mes that of B-form DNA, 
the common conforma  on of helical DNA (Ben-
son et al., 1994). RAD51 bind 3 nucleo  des per 
monomer and the helical pitch of RAD51 DNA is 
about 10 nm per turn and contains 19-20 nucle-
o  des (Bell et al., 2012; Sheridan et al., 2008). 

Single molecule experiments with fl uorescently 
labelled RecA have shown that nuclea  on of fi l-
ament forma  on can happen at diff erent places 
along the DNA substrate, which then is followed 
by growth of the fi lament un  l a complete fi la-
ment is formed (Galle  o et al., 2006). Further-
more, although RAD51 can form fi laments on 
both single stranded as well as double stranded 
DNA, ssDNA is the more favourable substrate 
(Candelli et al., 2014).

   An important ques  on is how the RAD51 fi l-
ament is involved in homology search. To fi nd 
the homologous DNA sequence to which the 
fi lament can pair, the large 3D volume of the 
genome needs to be explored. For RecA it has 
been shown by single molecule experiments 
that the length and the rigidity of the fi laments 
is aiding in homology search, because it enables 
to probe the target DNA along the fi lament (For-
get and Kowalczykowski, 2012). More recently 
it was shown for RAD51 by diff erent single-mol-
ecule experiments that sets of approximately 
eight RAD51 monomers present in fi laments  
can be used to probe the DNA sequence for 
homology (Lee et al., 2015). Although in vi-
tro RAD51 is able to perform strand invasion 
by itself,  in vivo RAD51 func  on is supported 
by several mediator proteins (Zelensky et al., 
2014). In many organisms, several paralogs of 
RAD51 (RAD51B, RAD51C, RAD51D, XRCC2, and 
XRCC3) have been found of which some appear 
essen  al for proper homologous recombina-
 on. Those paralogs do not have recombina  on 

ac  vity by themselves but are able to s  mulate 
RAD51 recombina  on ac  vity, by mechanisms 
which are not en  rely clear (Masson et al., 
2001; Yonetani, 2005). Some recent work has 
shown that RAD51 paralogs stabilize RAD51 
fi lament and regulate the disassembly of the 
fi lament when necessary (Jensen et al., 2013; 
Taylor et al., 2015). 

BRCA2
BRCA2 is a large protein of about 384 kDa 

and consists of several domains with diff erent 
func  ons. The N-terminal domain contains the 
interac  on site with PALB2 (Partner and Local-
izer of BRCA2), through which BRCA2 interacts 
with BRCA1 (Oliver et al., 2009). An important 
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domain of BRCA2 contains the so-called BRC 
repeats which are essen  al for physical inter-
ac  on with RAD51 (Bork et al., 1996). The BRC 
domain is one of the regions of BRCA2 which 
is highly conserved among species. Interest-
ingly, BRC repeats 1 to 4 have high affi  nity with 
free RAD51 protein, while repeats 5 to 8 have 
preference for RAD51 bound to ssDNA (Carrei-
ra and Kowalczykowski, 2011). RAD51 not only 
binds to BRCA2 through the BRC repeats (Davies 
and Pellegrini, 2007), but also to an addi  onal 
RAD51 binding site in the C terminal domain. 
The C-terminal part of BRCA2 also harbours the 
DNA-binding domain (DBD). The size of BRCA2 
made it challenging to obtain a protein struc-
ture by x-ray crystallography, but, recently the 
structure of BRCA2 has been visualised by EM 
tomography (Shahid et al., 2014), revealing the 
posi  ons in the BRCA2 dimer where RAD51 
can bind. The C-terminal domain of BRCA2 has 
shown to be important in stabiliza  on of repli-
ca  on forks in a HR independent way (Schlacher 
et al., 2011).

 As men  oned above, BRCA2 is required for 
displacement of RPA for RAD51 at the ssDNA 
overhangs and this is also demonstrated by the 
fact that focus forma  on of RAD51 is depen-
dent on BRCA2 (Yuan et al., 1999). For BRCA2 
itself, recruitment to the DSB is dependent on 
the presence of BRCA1. BRCA1 and BRCA2 can 
form a complex through their interac  on with 
PALB2 (Sy et al., 2009). Studying the dynamics 
of BRCA2 by single par  cle tracking has revealed 
that RAD51 interacts with BRCA2 while diff using 
through the nucleus (Reuter et al., 2014).

BRCA2 was iden  fi ed as a tumour suppressor 
gene, and is similar to BRCA1, when mutated, 
an important risk factor in hereditary breast and 
ovarian cancer (King, 2003). Most pa  ents carry 
a heterozygous muta  on of BRCA2, which upon 
loss of the func  onal copy of the gene, called 
loss of heterozygosity, leads to cells that only 
express a truncated form of BRCA2. In humans 
the nuclear localiza  on signal for BRCA2 is pres-
ent near the end of the protein, which explains 
why BRCA2 with muta  ons which resul  ng in 
truncated forms of BRCA2 are o  en not local-
ized in the nucleus, impairing the process of HR 
(Spain et al., 1999). Pa  ents with cancers with 

mutated BRCA2, or a possible other defect in 
HR can profi t from treatment with PARP inhib-
itors. Inhibi  on of PARP results in the conver-
sion from single strand breaks to double strand 
breaks, which cannot be repaired by the cancer 
cells which are defi cient in homologous recom-
bina  on, thereby resul  ng in genome instabili-
ty and cell death (Bryant et al., 2005; Farmer et 
al., 2005). The mechanism in which two gene  c 
events are required for cell death is called syn-
the  c lethality. Addi  onally, it has been found 
that BRCA2 is degraded in response to hyper-
thermia treatment (Krawczyk et al., 2011). A 
treatment of a tumor by local hyperthermia in 
combina  on with radiotherapy or PARP inhibi-
tors can therefore improve the sensi  za  on of 
the cancer cells to DNA damage by synthe  cally 
make them homologous recombina  on defi -
cient.

RAD54
Another important mediator protein for 

RAD51 during homologous recombina  on is the 
ATPase RAD54. Human RAD54 is about 84 kDa 
in size and is a protein of the family of SWI2/
SNF2 helicases. RAD54 is able to translocate it-
self along the DNA using ATP hydrolysis (Ami-
tani et al., 2006). 

RAD54 is involved in several steps in the pro-
cess of homology search and strand invasion 
during homologous recombina  on and loss of 
RAD54 results in reduced homologous recombi-
na  on profi ciency (Wesoly et al., 2006). RAD54 
is directly interac  ng with RAD51 nucleoprotein 
fi laments (Mazin et al., 2000; Solinger et al., 
2001). Through these interac  ons RAD54 has 
been shown to be involved in stabilizing the 
RAD51 ssDNA fi lament on the one hand (Mazin 
et al., 2003), while on the other hand it can dis-
assemble RAD51 fi laments on dsDNA (Solinger 
et al., 2002). It has therefore been suggested 
that RAD54 is involved in regula  ng the removal 
of  RAD51 on dsDNA (Masonet al., 2015). RAD54 
is able to s  mulate D-loop forma  on by RAD51 
an essen  al step in homologous recombina  on 
(Petukhova et al., 1998). Furthermore by the 
interac  on with RAD51, RAD54 is able to dis-
place nucleosomes in the chroma  n (Alexeev et 
al., 2003). A  er strand invasion, RAD54 is also 
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important in removal of the RAD51 from the 
dsDNA. RAD54 sugges  vely also has func  ons 
in homologous recombina  on independent of 
RAD51. In vitro RAD54 can bind to double Holi-
day Junc  ons and is able to perform DNA branch 
migra  on which requires its ATPase func  on. 
Furthermore, RAD54 directly interacts with dHJ 
resolvase Mus81 and s  mulates Mus81-MMS4 
nuclease ac  vity at dHJs (Matulova et al., 2009). 

Double Strand Break Foci
Induc  on of DSBs results in the accumula-

 on of several DNA DSB Repair proteins to the 
lesion. The accumula  on of these proteins, 
generally named DSB foci, or DSB related foci, 
can be visualized by fl uorescence microscopy 
using an  bodies or by stably or transiently ex-
pressing the protein of interest to a fl uorescent 
or photoac  vatable protein (Figure 6). Besides 
the accumula  on of proteins in foci, local post-
transla  onal modifi ca  ons can be detected by 
specifi c an  bodies.  This makes DSB foci a very 

interes  ng subject to study DSB repair by mi-
croscopy. 

To study mechanisms of DSB repair and fo-
cus forma  on, DSBs can be induced in several 
ways. Commonly cells are exposed to ionizing 
radia  on, for example by using gamma irradia-
 on from a radioac  ve source. Breaks can also 

be introduced by a source aimed at a small re-
gion within the cell nucleus. A frequently used 
method is the induc  on of damage by sensi  z-
ing the DNA by incorpora  on of the thymidine 
analog BrdU in combina  on with 405 nm laser 
light to create a strip of DNA damage through 
the nucleus. Other alterna  ves are a UV laser 
or a mul  photon laser. However, these tech-
niques have the disadvantage that many other 
types of DNA damage are induced (Dinant et 
al., 2007). A more specifi c method for local in-
duc  on of DSBs is the use of a source emi   ng 
alpha par  cles (Stap et al., 2008), in which sin-
gle alpha par  cles create a track of DSBs in the 
nucleus (Figure 6B). Furthermore, DSBs can be 

DNA (DAPI)
RAD51
γH2AX
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= RAD51
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P

Figure 6 Double Strand Break Foci. A) Cell treated with ionizing radia  on. Forma  on of RAD51 foci. Cartoon 
depic  ng a sugges  ve look at the internal distribu  on of a DSB focus. B) Using an alpha par  cle source DSBs 
can be locally induced along a track.  Image from Krawczyk et al., 2011.
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induced by DNA restric  on enzymes. This can 
be achieved by introducing a unique restric  on 
site in the genome, for example the I-SceI site, 
but also rare natural occurring restric  on sites 
can be used (Iacovoni et al., 2010). With the re-
cent advances in genome edi  ng technologies 
using the bacterial host defence mechanism, 
CRISPR-Cas9, DSBs can also be introduced at 
specifi c sequences by direc  ng the Cas9 protein 
to the genomic site of interest by gRNAs. 

One of the hallmarks of DSB induc  on, phos-
phorylated H2AX (γH2AX), is widely used to vi-
sualise DSBs and can be detected by an  bodies 
right a  er the induc  on of DSBs. In line with 
their biological func  on, proteins involved in 
early steps of DSB repair e.g. MDC1 and pro-
teins from the MRN complex can also be de-
tected rapidly a  er induc  on of the DSBs. Also, 
phosphorylated ATM (S1981), which is essen  al 

for the phosphoryla  on of several important 
DSB factors readily accumulates at DSBs (Suzu-
ki et al., 2006). A bit later a  er damage induc-
 on also 53BP1 and BRCA1, which likely play a 

role in pathway choice between HR and NHEJ, 
are visible in foci (Bekker-Jensen et al., 2005). 
Interes  ngly, several NHEJ factors do not accu-
mulate at DSBs to such an extent that they can 
be visualised as DSB foci. For example, Ku70/80 
and DNA-PKcs does not form visible foci (Bek-
ker-Jensen et al., 2006). 

Besides BRCA1, also other HR factors, like 
PALB2 and BRCA2 accumulate in suffi  cient 
numbers at DSBs to be visualized as DSB foci. 
Furthermore, RAD51 forms DSB foci, but a  er 
induc  on of DNA damage it takes some  me for 
RAD51 to appear in foci. Interes  ngly MRN and 
RAD51 only partly co-localize in foci, which can 
be explained by the fact that RAD51 is required 
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Figure 7 Binding  mes of DNA binding proteins. FRAP is an important method to assess the binding kine  cs 
of DNA interac  ng proteins with the chroma  n. The average residence  mes of protein on the DNA can be 
es  mated from the recovery rate of a protein a  er photobleaching. The residence  me of diff erent proteins 
can diff er over several decades from milliseconds to minutes or even hours. Very long stable interac  ons can 
be found at protein part of the chroma  n e.g. histones while transcrip  on factors have much shorter transient 
interac  ons. Proteins involved in DNA Repair e.g. NER or DSB Repair show frequently longer binding  mes 
than transcrip  on factors. Figure adapted from van Royen et al., 2011.
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later down the pathway, while MRN is required 
for ini  al resec  on. RAD51 remains at the focus 
for several hours, with the number of foci de-
creasing when DNA repair is performed (Agarw-
al et al., 2011; van Veelen et al., 2005). Although 
most factors disappear as accumula  ons a  er 
some  me, it has for now been diffi  cult to as-
sess the rate of repair based on the composi  on 
of foci since there is so much varia  on and it is 
not always clear how the disappearance of foci 
correlate with the moment repair is completed.

Nonetheless analysis of RAD51 foci forma  on 
is o  en even used as a read out for profi ciency of 
cells to perform HR (Bha  acharyya et al., 2000; 
Yuan et al., 1999). Although the accumula  on 
of RAD51 might be explained by the forma  on 
of fi laments with resected ssDNA (Raderschall 
et al., 1999) for some other proteins the mech-
anism and func  on of in DSB focus forma  on 
is s  ll unclear. It has been proposed that focus 
forma  on refl ects compartmentaliza  on inside 
the nucleus, isola  ng the DSB from the rest 
of the DNA during repair (Bekker-Jensen and 
Mailand, 2010). The forma  on of biopolymer 
networks such as poly(ADP-ribose) (PAR) at the 
DSB might induce liquid demixing and thereby 
facilitates the local accumula  on of proteins at 
the DSB (Altmeyer et al., 2015). Also, the large 
number of other post-transla  onal modifi ca-
 ons of proteins associated with induc  on of 

DSBs could be important for regula  on of focus 
forma  on. 

Func  onal imaging of DSB Repair Proteins
To study the dynamics of DNA-protein com-

plexes in living cells a well-established tech-
nique to apply is Fluorescence Recovery A  er 
Photobleaching (FRAP). In FRAP, using a fl uo-
rescently labelled protein, the recovery of fl u-
orescence a  er photobleaching a region in the 
cell is analyzed. In this way one can determine 
the kine  cs of the fl uorescent labelled protein. 
During the acquisi  on  me of a FRAP experi-
ment the chroma  n can be considered immo-
bile, while the interac  ons of the protein with 
the DNA can be studied and, for example, res-
idence  mes of protein complexes on the DNA 
can be quan  fi ed  (van Royen et al., 2011). It is 
interes  ng to observe that DNA Repair proteins 

have rela  vely long residence  mes at the DNA, 
while for example transcrip  on factors show 
much shorter binding (Figure 7). FRAP experi-
ments on GFP tagged RAD51 have shown that it 
is almost stably bound at the foci (Essers et al., 
2002) with a large immobile frac  on, while oth-
ers DSB proteins show very diff erent dynamics 
at the foci. 53BP1 is present with a quite large 
immobile frac  on at foci, where its immobi-
liza  on requires interac  on with MDC1 (Mok 
and Henderson, 2012). In contrast, RAD54 has 
much shorter residence  mes, in the order of 
seconds. However, also RAD54 forms bright DSB 
foci with tens to hundreds of molecules local-
ized per focus, indica  ng very high on and off  
rates to and from the foci (Agarwal et al., 2011). 
Interes  ngly, in cells expressing mutant RAD54 
unable to hydrolyse ATP, the mutant molecules 
in part are  ghtly bound to the focus, suggest-
ing that these proteins are immobilized because 
they cannot perform their (ATP-hydrolysing) 
func  on. 

Also, some a  empts have been made to 
quan  fy the number of the diff erent proteins 
inside the focus, either by using FCS or using in-
ternal fl uorescent intensity standards. Interest-
ingly, MDC1 and 53BP1 supposedly are present 
with thousands of molecules in a focus while for 
RAD54 the number is es  mated to be several 
hundred (Agarwal et al., 2011; Mok and Hen-
derson, 2012). However, these es  mates are 
based on fl uorescence imaging, and clear stan-
dards for this are not established, challenging 
comparison between diff erent reports.

Resolving the internal organiza  on of DSB foci
The internal protein distribu  on within DSB 

foci is diffi  cult to assess with conven  onal fl u-
orescence microscopy, although it is possible 
to discriminate proteins at the core of the DSB 
(like RAD51), or in the periphery (chroma  n as-
sociated proteins like γH2AX and 53BP1) (Bek-
ker-Jensen et al., 2006). Using a combina  on of 
light microscopy and immunogold labelling it 
was shown that γH2AX and Mre11 are forming 
separate compartments at the sites of damage 
(Dellaire et al., 2009). Super resolu  on mi-
croscopy now has opened the possibili  es to 
study the internal organiza  on of the foci. For 
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example, it has been shown using Structured 
Illumina  on microscopy that in foci that are 
repaired by HR BRCA1 is localized at the centre 
of the focus and 53BP1 is excluded from the 
core of the focus (Chapman et al., 2012b). Fur-
thermore it was observed, by specifi c protein 
extrac  on protocols and using single molecule 
localiza  on microscopy, that the NHEJ factors 
Ku70/80 localize near the two ends of the DSB 
while proteins as XRCC4 and XLF form elongat-
ed structures coa  ng the DNA (Bri  on et al., 
2013; Reid et al., 2015). 

The internal organiza  on of foci, especially 
the rela  ve localiza  on of diff erent repair fac-
tors can be very useful to understand the un-
derlying repair mechanisms even further as the 
diff erent examples throughout this thesis are 
showing.

Double strand Break Repair and 
Homologous Recombination during 
Meiosis

The fusion of paternal and maternal cells 
during sexual reproduc  on requires the for-
ma  on of cells that only contain a single copy 
of every chromosome. The soma  c cells that 
are the precursors of the germ cells need to go 
through two cell divisions. In the fi rst meio  c 
division, the cells go from diploid to haploid, 
with either a paternal or maternal pair of every 
chromosome. In the second meio  c division, 
the chroma  ds are separated giving rise to four 
daughter cells from one precursor cell. During 
the meio  c divisions, proper segrega  on of the 
chroma  ds to the germ cells is both essen  al 
and challenging. 

In prophase of the fi rst meio  c division, ho-
mologous paternal and maternal chromosomes 
should fi rst be paired in order to make sure that 
each daughter cell receives exactly one copy of 
each of the chromosomes. For pairing to take 
place the chromosomes need to fi nd their ho-
mologous counterpart, which in higher eukary-
otes takes several days to weeks to complete 
(Figure 8) (Benne  , 1977). To facilitate homol-
ogous chromosome pairing, DSBs are induced 
in a controlled manner by the nuclease Spo11 
(Keeney et al., 1997). During meiosis, NHEJ is 
repressed making sure that the induced breaks 

are repaired through homologous recombi-
na  on, which only can take place if a homolo-
gous template is found (Joyce et al., 2012). By 
inducing mul  ple double strand breaks along 
the chromosomes, the simultaneous homology 
search and subsequent repair ac  vity, as well 
as the forma  on of the synaptonemal complex 
leads to pairing of the homologous chromo-
somes. Similar to homologous recombina  on 
in soma  c cells, homology search and repair in 
meiosis is accompanied by the accumula  on of 
recombinases like RAD51 in DSB foci, with the 
important diff erence that in meiosis, DMC1 (a 
RAD51 paralogue) is present and localises at the 
DSB foci (see below). 

The induc  on of DSBs and repair is  ghtly 
regulated in meiosis. Most breaks are directed 
to be repaired by the homologous chromo-
some, however only a subset of these lead to 
a crossover event. The number of crossover 
events per cell is actually quite constant. The 
fate of individual DSBs is determined by a com-
plex mechanism, in which the rela  ve posi  on 
of DSBs in the nucleus appears to be essen  al 
(Wang et al., 2015). Precise analysis in yeast 
iden  fi ed specifi c regions, named hotspots, 
where DSBs are more frequently found (Cao et 
al., 1990). Also in mouse, hotspots are found, 
but these are more diffi  cult to iden  fy than in 
yeast because the mouse genome is much larg-
er while only a few crossovers per chromosome 
occur. Furthermore it is diffi  cult to obtain a 
synchronous popula  on of meio  c mouse cells 
(Petes, 2001; Qin et al., 2004).

In meiosis the homologous chromosome is 
preferen  ally used as a homologous template 
and recombina  on the sister chroma  d is sup-
pressed, in yeast it is es  mated that twofold 
more interhomolog than intersister recombi-
na  on is taking place (Schwacha and Kleckner, 
1997). Homologous recombina  on between 
the homologous chromosomes is essen  al 
since it physically connects the chromosomes 
which is required for proper segrega  on of the 
chromosomes (Sung and Klein, 2006). Howev-
er, it is to note that strand invasion at the ho-
mologous chromosome not necessarily leads 
to a crossover since repair can also take place 
via SDSA and even a double holiday junc  on a 
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double holiday junc  on not necessarily leads to 
forma  on of a crossover. Forma  on of  cross-
overs between the chromosomes generates re-
arrangements of diff erent alleles along homolo-
gous chromosomes, which results in increased 
genomic diversity in the off spring. Furthermore, 
for proper alignment of the chromosomes 
during the fi rst meio  c metaphase it is required 
to have at least one crossover per chromosome 
pair.

 Along with the induc  on and repair of DSBs 
the pairing of the homologous chromosomes 
is stabilized by a proteinaceous scaff old named 
the synaptonemal complex (SC). The processing 
of the DSBs and SC forma  on are dependent on 
each other. On the one hand mutants lacking SC 
proteins which do not form a complete SC have 
elevated numbers of unrepaired breaks at later 
stages of meiosis, on the other hand cells that 
do not induce DSB, e.g. by knocking out Spo11, 
do not reach fully synapsed SCs (Baudat et al., 
2000). As revealed by immunogold electron mi-
croscopy the synaptonemal complex consists of 
a central element (CE) and two lateral elements 
(Hamer et al., 2008). The spa  al separa  on 
of the lateral elements of about 200 nm was 

recently confi rmed by super resolu  on using 
SIM (Qiao et al., 2012) and dSTORM (Schücker 
et al., 2015). 

DMC1
As already men  oned above, in many organ-

isms a key diff erence between meio  c homolo-
gous recombina  on compared to homologous 
recombina  on soma  c cells is the expression of 
and the localiza  on to DSBs of a meiosis spe-
cifi c recombinase, DMC1 (a RAD51 paralog) to 
the DSBs. DMC1 is only expressed during mei-
osis and was fi rst discovered in yeast. Although 
it structurally resembles RAD51, the amino acid 
similarity is only 26% (Bishop 1992). It has also 
been found that BRCA2, which is required for 
RAD51 fi lament forma  on, has certain BRC 
repeats which can also interact with DMC1 
(Thorslund et al., 2007). In vitro studies with 
both RAD51 and DMC1 have shown very simi-
lar proper  es of the proteins; both RAD51 and 
DMC1 forms right-handed fi laments on resect-
ed ssDNA and are involved in strand invasion 
and promote D-loop forma  on (Hong, 2001; 
Sehorn et al., 2004). Gene  c studies showed 
that both proteins are required for faithful 
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RAD51/DMC1
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Figure 8 DSB Repair during meiosis. During meiosis, a single diploid cell is used to form four haploid cells. First 
the DNA is replicated. Subsequently an essen  al step is the alignment of the homologous chromosomes. This 
is mediated by induc  on of DSBs by the Spo11 endonuclease. Subsequently, repair of DSBs through HR, by 
recombinases RAD51 and meiosis specifi c recombinase DMC1 along with the forma  on of the synaptonemal 
complex results in paired chromosomes in which some of the gene  c informa  on is exchanged through cross-
over. A  er these processes are fi nished the cell divides twice to produce four daughter cells.
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homologous recombina  on in meiosis   (Hong et 
al., 2013), however interes  ngly in yeast and   A. 
thaliana it was shown that the cataly  c func  on 
of RAD51 is not required during meiosis (Cloud 
et al., 2012; Da Ines et al., 2013). For several or-
ganisms it was shown by fl uorescence micros-
copy that RAD51 and DMC1 co-localize at the 
DSB foci. Careful analysis in A. thaliana showed 
the presence of pairs of RAD51 and DMC1 foci 
(Kurzbauer et al., 2012). Biochemical studies 
which compared the interac  ons of RAD51 and 
DMC1 nucleoprotein fi laments have shown that 
homology recogni  on for DMC1 has tolerance 
for mismatches in the repair template. This can 
have important implica  ons for meiosis since 
repair through the homologous chromosomes 
requires tolerance for small diff erence in the 
sequence between the invading strand and 
template (Lee et al., 2015). With the advance-
ments of super resolu  on microscopy, in yeast 
mul  ple RAD51 and DMC1 accumula  ons were 
observed within individual DSB foci (Brown et 
al., 2015). The super-resolved organiza  on of 
mouse meio  c RAD51/DMC1 foci will be fur-
ther discussed in this thesis in Chapter 3. 

Light microscopy
At the beginning of the 17th century the 

Dutch scien  sts Zacharias Jansen and Cornelis 
Drebbel were probably the fi rst who designed 
and build a compound microscope. However, it 
was Antoni van Leeuwenhoek (1632-1723) who 
built a microscope with more than 200x mag-
nifi ca  on and high resolving power. This gave 
enough resolu  on to observe, for the fi rst  me, 
living microorganisms under a microscope, a 
discovery that had an enormous impact on sci-
ence, and therefore on humanity, comparable 
with the discovery and unravelling of the ge-
ne  c code in DNA. The development of phase 
contrast by Zernike (1941) and diff eren  al in-
terference contrast (DIC) by Normarski further 
enhanced microscopy as an essen  al technique 
for biologists. With the possibili  es of staining 
specifi c cellular structures with fl uorescent dyes 
fl uorescence microscopy became a popular 
technique. It became, for example, possible to 
stain DNA using DAPI as well as to use dyes to 

specifi cally stain the plasma membrane. Using 
immunofl uorescence with an  bodies labelled 
with fl uorescent dyes it not only became pos-
sible to visualize certain cellular structures but 
also the localiza  on of specifi c proteins in a cell.

In fl uorescence microscopy, the emission of 
light from fl uorescent molecules a  er excita  on 
with light of the appropriate wavelength short-
er than the emi  ed light, can be visualised. This 
is possible since fl uorescent molecules are li  -
ed from their ground stated to an excited state 
by absorbing a photon of the right wavelength. 
The excited fl uorescent molecule can return to 
the ground state by the emission of a photon, 
which is called fl uorescence. Since some of the 
absorbed energy is lost through other ways, the 
emi  ed photon will have less energy and thus 
have a longer wavelength. This makes it possi-
ble to separate the fl uorescence emission from 
the excita  on light using chroma  c fi lters. 

The resolu  on of a light microscope is limited 
by the diff rac  on of the light. This was already 
theore  cally described by Ernst Abbe in the 19th 
century, and is now known as Abbe’s law: d=λ/
(2n·sin θ), where λ is the wavelength and n·sin θ 
is the numerical aperture (NA), which describes 
the capacity of a microscope objec  ve to cap-
ture light. Using op  cal microscopes with light 
with a wavelength within the visible spectrum 
this results in a resolu  on limit of about 200 to 
250 nm. This implies that structural informa  on 
below this resolu  on is lost in a light micro-
scope image.  Using an op  cal microscope light 
emi  ed from a point source (for example a fl uo-
rescent molecule) will be detected as a blurred 
spot.  The distribu  on of the light from a point 
source is described by the point spread func-
 on (PSF). The PSF is formed by the diff rac  on 

of the light waves and from an x-y perspec  ve 
looks as a central peak with rings surrounding 
this peak. When two point sources are closer 
together than the size of their PSFs their signals 
will overlap and this makes it in principle impos-
sible to dis  nguish them, hence the limited res-
olu  on.  However, as is done in super resolu  on 
microscopy, the resolu  on can be increased by 
spa  ally controlling excita  on and emission of 
the fl uorescent molecules used (see below).
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Confocal microscopy
For fl uorescence microscopy it is essen  al 

to block the excita  on light from the detector. 
With an epi-fl uorescence microscope the same 
objec  ve detec  ng the emission light is also 
used to illuminate the specimen. Moreover, 
the refl ec  ng excita  on light refl ected by the 
object glass and cover slip are blocked by emis-
sion fi lters. This combined approach eff ec  vely 
prevents excita  on light from reaching the ocu-
lar of the microscope as well as the detector or 
camera (Figure 9A). However, epi-fl uorescence 
microscopy is limited by the presence of fl uo-
rescence from fl uorescent molecules which are 
not in the focal plane. This out-of-focus fl uores-
cence leads to an increased background signal 
(referred to as out-of-focus blur) which obscures 
or even over shines the in-focus objects in the 
specimen. The confocal microscope was de-
veloped to avoid this problem by introducing a 
pinhole in front of the detector in the light path 
blocking out-of-focus light (Figure 9B). This idea 
was patented by Marvin Minsky already in 1957. 
However, only the later availability of scanning 
lasers, sensi  ve detectors and computers to 
store the point-by point detected fl uorescence 
signal allowed the full development of the con-
focal laser scanning microscope (Brakenhoff  et 
al., 1985). In the modern confocal microscope a 
scanner consis  ng of two mirrors is used to scan 
the sample point by point (one mirror) and line 
by line (the other mirror). A 2-D image can then 
be reconstructed and displayed on the comput-
er screen. A 3-D image can be reconstructed in 
a similar way by acquiring a stack of 2-D images 
at diff erent z-depth in the sample. The fact that 
the laser is scanned along the sample to form 
an image can also be used to locally administer 
light to a region of the fi eld of view. This is for 
instance used in Fluorescence Recovery A  er 
Photobleaching (FRAP) to bleach the fl uores-
cence in a small region in the cell. The recovery 
of fl uorescence in  me can be used to study the 
diff usion and binding of proteins in the living 
cell (Ellenberg et al., 1997; Houtsmuller et al., 
1999).

Total Internal Re lection Microscopy 
Another approach to reduce background 

fl uorescence and improve axial resolu  on is To-
tal Internal Refl ec  on Microscopy (TIRF). With 
TIRF only a thin layer above the coverslip is illu-
minated by using the proper  es of the refrac-
 ve mismatch between the glass and the water 

in the sample (Figure 9C). If light is applied at 
a so called cri  cal angle, dependent on the nu-
merical aperture of the objec  ve, all light will 
be refl ected on the glass-water interface. None-
theless, due to electromagne  c phenomena 
(described in the well-known Maxwell equa-
 ons) a so-called evanescent wave, of which 

the intensity exponen  ally declines, is present 
at the glass water surface (at the water side), 
eff ec  vely only exci  ng fl uorescent molecules 
in a thin layer of ~200 nm above the coverslip  
(Axelrod, 1981). 

Although TIRF microscopy enables imaging 
processes going on near the coverslip, so es-
sen  ally those in the plasma membrane or very 
close to it, it is not possible to image deeper in 
the sample. To image at larger depth it is possi-
ble to reduce the refl ec  on angle of the laser, 
so that the sample is illuminated by a sheet of 
light traversing through the specimen at an an-
gle. This technique, called highly inclined and 
laminated op  cal sheet (HILO) concentrates 
the excita  on light to a limited volume within 
the specimen and thereby reduces background 
(Tokunaga et al., 2008) (Figure 9D). However, 
the created light sheet is not parallel to the im-
aging plane and therefore results in excita  on 
inhomogeneity in the image. Recently, also 
technology has been developed to create a thin 
lateral light sheet (Chen et al., 2014) (Figure 9E) 
or to enable imaging at mul  ple z-planes at the 
same  me (Abrahamsson et al., 2012). 

Super resolution microscopy
Obviously, it has long been assumed that 

there is no way to achieve with a fl uorescence 
microscope, a resolu  on below the limit de-
fi ned by Abbe’s law. However, already in 1978, 
a fi rst descrip  on of a system that eff ec  vely 
brings the resolu  on of the light microscope be-
low this diff rac  on limit was published (Cremer 
and Cremer, 1978), but a prac  cal implemen-
ta  on of this so-called 4Pi microscope came 
much later (Hell and Stelzer, 1992). The 4Pi 
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microscopy improves the resolu  on along the 
op  cal axis (axial or z-resolu  on) by using two 
opposing objec  ves (Figure 9F). Due to interfer-
ence of the emission light from both objec  ves 
the detec  on volume is reduced below that of 
the diff rac  on limited spot, thereby eff ec  ve-
ly increasing the axial resolu  on by a factor of 
approximately two, because molecules outside 
the volume (which is smaller than the diff rac  on 
limited spot) are not detected, and thus do not 
contribute to the emi  ed signal. Interes  ngly, 
this also has a benefi cial eff ect on the lateral 
separa  on of objects (a “borrowed resolu  on 
increase”, Stephan Hell, personal communica-
 on, Houtsmuller) in the image plane, when 

these extend in depth through several image 
planes. A  er 4Pi microscopy, several other su-
per resolu  on microscopy techniques emerged, 

of which S  mulated Emission Deple  on (STED), 
Structured Illumina  on (SIM) and Single Mole-
cule Localiza  on Microscopy (SMLM) are used 
the most frequently (Schermelleh et al., 2010) 
(Figure 9). All these techniques have in common 
that they circumvent, not break, Abbe’s law, us-
ing methods to either spa  ally or temporally 
separate the fl uorescence emission signal of a 
sample. 

S  mulated Emission Deple  on (STED)
The STED microscope reduces the size of the 

excita  on volume of the laser by deple  ng the 
fl uorescent capacity of molecules in the “out-
er layers” of the excita  on spot (Klar and Hell, 
1999). This is achieved, by applying a high in-
tensity donut shaped laser beam, with a hole 
in the middle that is smaller than the diameter 

Epi-illumination

SIM

Confocal

4-Pi STED

TIRF HILO

Light-sheet

A B C D

E F G H

Figure 9 Diff erent types of illumina  on of a fl uorescence microscope. A) With Epi-illumina  on the sample is 
illumina  on and detec  on is at the same side of the sample to reduce the amount of excita  on light which is 
detected. B) Confocal microscopy reduces detec  on of out-of-focus fl uorescence by a pinhole in both the ex-
cita  on as detec  on path. Confocal microscopy is mostly done by laser scanning to create an image. C) A way 
to reduce the excita  on volume is TIRF microscopy which illuminates the sample from an angle which result 
in excita  on of only a thin layer above the coverslip. D) When the laser is applied at a slightly smaller angle a 
light sheet is formed which can illuminate deeper into the sample. E) Light-sheet microscopy uses an objec  ve 
for excita  on which creates a light sheet illumina  ng the sample, while the fl uorescence is detected with 
another objec  ve at a 90-degree angle. F) In 4-Pi microscopy the fl uorescence is detected with two objec  ves 
on opposite sides of the sample. The interference of the light of the two objec  ves reduces the size of the PSF 
in the lateral direc  on. G) In SIM, the sample is illuminated with a pa  ern created with a grid in the excita  on 
path. This grid can be shi  ed and rotated crea  ng a set of images that together can be used to extract super 
resolu  on informa  on from the images. H) STED is a super resolu  on technique which uses donut-shaped 
deple  on beam which reduces the eff ec  ve excita  on volume, thereby this result in a super resolu  on image.
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of the diff rac  on limited spot (Figure 9H). This 
deple  on laser induces s  mulated emission of 
the fl uorescent molecules. S  mulated emis-
sion, is a process in which an excited molecule 
is s  mulated to release a photon which does 
not allow the fl uorescent molecule to relax to 
the ground state and thereby blocks their abil-
ity to fl uoresce. Since reducing the excita  on 
further and further requires higher excita  on 
powers, the maximum lateral resolu  on that 
can be acquired by STED is about 30 nm (Figure 
10). Just as with confocal and 4Pi microscopy 
the image is acquired by scanning the sample 
using scanning mirrors. The axial resolu  on in 
the standard STED setup is s  ll diff rac  on-lim-
ited however by using diff erent shapes of the 
deple  on beam also the height of the excita  on 
volume now can be reduced resul  ng also in a 
higher axial resolu  on (Harke et al., 2008). With 
RESOLFT (Reversible Saturable Op  cal Fluores-
cence Transi  on) microscopy also other mech-
anisms are used to switch the fl uorescence off  
in the donut shaped beam (Hell et al., 2004). It 
is for example possible to use reversible photo 
switchable dyes or fl uorescent proteins which 
can be turned off  with light from one wave-
length while the light in the middle of the ex-
cita  on beam ac  vates and excites the fl uores-
cent molecules (Grotjohann et al., 2011).

Structured Illumina  on Microscopy (SIM)
SIM uses yet another approach for improve-

ment of the spa  al resolu  on (Figure 9G). By 
modula  ng the excita  on light using an inter-
fering grid in the light path a specifi c excita  on 
pa  ern can be created which projects a known 
fl uorescence pa  ern on the sample. In a single 
SIM image only part of the sample is illumi-
nated. Subsequently the grid pa  ern is trans-
lated and rotated mul  ple  mes. Taking them 
together, the individual images provide extra 
informa  on about where the fl uorescent mole-
cules are located, and hence a higher resolu  on 
is achieved (Figure 10). This series of images is 
combined in one super resolu  on image using 
an algorithm that uses the informa  on of the 
known posi  on of the grid in the acquired im-
ages. The algorithm actually uses the fact that 
interference of the grid projected on the sample 

results in shi  ing of high spa  al frequency infor-
ma  on to a lower frequency which can be ex-
tracted using Fourier Transforma  on (Gustafs-
son, 2000). In 3D-SIM also an axial interference 
pa  ern is applied which is also increasing the 
axial resolu  on. For SIM the maximum theoret-
ical resolu  on increase is two  mes. Therefore, 
a maximum lateral resolu  on of about 100-150 
nm can be obtained. Since the resolu  on is in-
creased in all three dimensions with SIM eight 
 mes smaller volume can be resolved (Scher-

melleh et al., 2010). 

Single molecule localiza  on microscopy 
(SMLM)

Instead of modifying the excita  on light pat-
tern, like with SIM and STED, another very pow-
erful approach has been developed, termed sin-
gle molecule localiza  on microscopy (SMLM), 
which is based on two basic principles. The fi rst 
principle is that the emission light of a single 
fl uorescent molecule can be detected in a fl u-
orescence microscope irrespec  ve of the size 
of the molecule (the light source) (Moerner, 
1996). Although the fl uorescent molecule it-
self can be just about a nanometer in size the 
op  cal proper  es of the microscope expand 
the light of the fl uorescent molecule in a way 
determined by the Op  cal Transfer Func  on to 
form a diff rac  on limited spot described by the 
Point Spread Func  on. The photon density of 
the Point Spread Func  on can be approached 
by a Gaussian distribu  on. The exact loca  on 
of a molecule can then be determined on the 
basis of this 2-Gaussian, by fi   ng the spot to a 
calculated 2D Gaussian distribu  on. The center 
of the best fi   ng Gaussian then is the best es-
 mate of the loca  on of the fl uorescent mole-

cule, and the width of the fi  ed Gaussian gives 
the accuracy of this es  mate. In this way, the 
loca  on of the molecule can be determined at 
high accuracy, dependent on the number of de-
tected photons (Figure 10). 

The second principle of SMLM is that the 
loca  on of individual molecules can only be 
determined as described in a dense sample by 
making sure that individual molecules are excit-
ed at diff erent  mes, so that only a few mole-
cules, that are further apart than the diameter 
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of the diff rac  on limited spot are emi   ng pho-
tons during recording an image. 

This is prac  cally implemented by either us-
ing spurious photo ac  va  on and bleaching of 
fl uorescent proteins (Photoac  vated localiza-
 on microscopy (PALM) (Betzig et al., 2006)) or 

by inducing stochas  c blinking of organic dyes 
(Stochas  c Op  cal Reconstruc  on Microscopy 
(Heilemann et al., 2008; Rust et al., 2006)). These 
ac  va  on or blinking events are recorded in a 
video using a camera. Subsequently so  ware is 
used to detect and localize the molecules in the 
individual frames of the video. Eventually all the 
localiza  ons make up the reconstructed super 
resolu  on image, see also Chapter II). 

The resolu  on in SMLM depends on diff erent 
factors (Rieger and Stallinga, 2014). The spa  al 
resolu  on is dependent on the localiza  on pre-
cision of the single molecules but in the same 
 me the labeling density needs to be suffi  cient-

ly high to resolve the underlying structure. The 
localiza  on precision is mainly dependent on 
the number of photons that can be detected 
for a single molecule. The localiza  on preci-
sion scales with the square root of the number 
of photons, but also factors such as the pixel 
size and background varia  on are important 
(Thompson et al., 2002). Generally speaking, 
the labeling density has to meet the Nyquist cri-
terion to reach a certain resolu  on to resolve 
the underlying pa  ern (Huang et al., 2009). This 
means that one needs to have a sampling inter-
val more than two (2.3)  mes smaller than the 
defi ned resolu  on (Shroff  et al., 2008). Howev-
er, when studying the localiza  on of individual 
proteins in the cell the actual resolu  on of the 
en  re image o  en is less relevant and the effi  -
ciency of detec  ng the molecules and the local-
iza  on precision are most important. 

The lateral resolu  on of SMLM is un  l now 
the highest among the diff erent super resolu-
 on techniques. However, the axial resolu  on 

in SMLM is more diffi  cult to defi ne and is de-
pendent on how far away from the focal plane 
one can s  ll detect localiza  ons. To obtain a 
higher axial resolu  on the informa  on on the 
z-posi  on of the localized molecules can be es-
 mated by crea  ng a point spread func  on that 

deforms depending on the z-posi  on of the 

molecule. This can be done by applying an as  g-
ma  c lens in the light path, which elongates the 
point spread func  on in ver  cal and horizontal 
direc  on above and below the focal plane re-
spec  vely (Huang et al., 2008). 

Single Molecule Tracking in Living Cells
Although most SMLM is performed in fi xed 

cells, there are possibili  es to use living cells for 
single molecule localiza  on. Since the acquisi-
 on  me for an SMLM image is rela  vely long, 

this is mainly interes  ng for structures that are 
rela  vely stable. Another applica  on of localiza-
 on microscopy in living cells is single molecule 

tracking. Since this also requires individual mol-
ecules that are spa  ally separated, controlled 
photoac  va  on can be used to detect only a 
subset of the molecules at a  me. This meth-
odology is described as single par  cle tracking 
PALM (sptPALM) (Manley et al., 2008). In single 
molecule tracking moving par  cles are localized 
by Gaussian fi   ng and subsequently followed 
in  me by linking the localiza  on events. The 
displacements of the molecules can be used 
to calculate the mean square displacement of 
the molecules. The mean square displacement 
for par  cles undergoing Brownian mo  on can 
be used to es  mate the diff usion coeffi  cient. 
However, par  cle tracking can also be used to 
quan  fy binding and dissocia  on kine  cs (e.g. 
binding of a protein to the DNA) of molecules 
in cells. By tracking the individual dynamic 
behaviour of individual molecules (diff usion 
constant, binding kine  cs) can be es  mated 
and subsequently used to infer the dynamics 
of whole the popula  on of molecules. Single 
par  cle tracking also enables detec  ng sub-
popula  ons of molecules that exhibit a certain 
type of mobility. Since the acquisi  on speed of 
a camera is limited there is a maximum speed 
that can be detected by single par  cle tracking. 
On the other hand, the dynamics of molecules 
that move with a speed below the localiza  on 
precision is also impossible to assess. Normally 
par  cle tracking enables to study dynamics in 
the sub second range. Single par  cle tracking 
can be complemented with other established 
methods to study protein dynamics as Fluores-
cence Recovery A  er Photobleaching (FRAP), 
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which is able to give informa  on at longer  me 
ranges or by Fluorescence Correla  on Spectros-
copy (FCS) to study very fast dynamics  (Reuter 
et al., 2014; Van Royen et al., 2014). 

Fluorescent proteins
The discovery of the Green Fluorescent Pro-

tein (GFP) isolated from the jellyfi sh Aequorea 

victoria revolu  onized fl uorescence microscopy 
in living cells. GFP is a barrel-shaped protein in 
which, a  er proper folding, a fl uorescent moi-
ety is formed inside the barrel, through an auto-
cataly  c reac  on of some amino acids. Since no 
specifi c cellular machinery is required for this, 
the protein can be expressed in its fl uorescent 
form in any cell type. The gene encoding for GFP 
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Figure 10 Super resolu  on microscopy techniques. The lateral resolu  on of diff rac  on limited microscopy is 
insuffi  cient to resolve the two parallel structures. Structured illumina  on microscopy (SIM) has an increased 
lateral resolu  on by obtaining addi  onal spa  al informa  on using a grid in the excita  on path. S  mulated 
emission deple  on (STED) microscopy reduces the excita  on volume by deple  ng the fl uorescence surround-
ing the excita  on beam. Scanning over the sample results in an image with super resolu  on informa  on. Sin-
gle molecule localiza  on microscopy (SMLM) techniques use stochas  c blinking or photo ac  va  on to detect 
the fl uorescence of individual molecules. By repea  ng this process many  mes for all the molecules in the 
sample a map can be reconstructed with posi  on of the individual molecules.
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can be fused to any gene encoding for a protein 
of interest, which then can be studied with any 
type of fl uorescence microscopy. Obviously, it is 
necessary to fi rst verify whether the func  on of 
the protein is not aff ected by the presence of 
the bulky tag. Wild type GFP from A. victoria has 
a near UV excita  on spectrum, but an op  mized 
version EGFP, has a red-shi  ed excita  on spec-
trum and increased photo stability. This variant 
therefore made it much easier to use using ex-
is  ng microscopes. Several other GFP variants 
have been engineered that are fl uorescent at 
diff erent wavelengths (BFP, CFP, YFP). Addi  on-
ally other fl uorescent proteins were discovered 
for example dsRed, from the coral Discosoma 
genus, which was op  mized to mCherry (Shan-
er et al., 2004). All together a large range of fl u-
orescent proteins are currently available rang-
ing the en  re visible light spectrum.

Another group of FPs are the photoac  vat-
able fl uorescent proteins (PA-FPs). One of the 
fi rst PA-FPs that was developed is Photoac  -
vatable GFP (PA-GFP), a variant of wildtype GFP 
that was engineered so that it only becomes 
fl uorescent a  er ac  va  on by illumina  on of 
light with a wavelength of  about 400 nm  (Pat-
terson and Lippinco  -Schwartz, 2002). Later, 
also other photoac  vatable proteins were de-
veloped for example a photoac  vatable variant 
of mCherry, PA-mCherry (Subach et al., 2009). 
The photoac  va  on of those proteins induces 
a conforma  onal change of the chromophore 
leading to an increase in the fl uorescence of 
that molecule. Besides PA-FPs, which can be 
switched on by light, also variants exist of which 
excita  on and emission wave lengths can be 
changed, the so-called photoconver  ble pro-
teins. Those proteins exhibit a shi   in excita  on 
and emission spectrum a  er irradia  on with 
400 nm laser light, similar to the photoac  vat-
able proteins. Recent examples are mEos2 and 
mMaple3 (Wang et al., 2014; Zhang et al., 2012). 
Addi  onally fl uorescent proteins are available 
that can be reversibly switched between two 
fl uorescent states, for instance Dronpa which is 
switched off  by 488 nm illumina  on an reac  -
vated by 405 nm illumina  on up to 100  mes 
(Eisenstein, 2005). 

Using PA-FPs it is possible to photoac  vate 

a subpopula  on of the fl uorescent proteins 
under the microscope which makes it possible 
to follow proteins in  me ac  vated in a specif-
ic region of the sample. With the development 
of super resolu  on microscopy techniques the 
photoac  vatable proper  es of the PA-FPs also 
turned out to be very useful to temporally sepa-
rate the fl uorescence of individual molecules as 
is done in Photo ac  vated localiza  on micros-
copy (PALM) (see below and Betzig et al., 2006).

Labelling and Nanoscopy
Especially STED and SMLM techniques re-

quire specifi c fl uorescent dyes which are op  -
mised for the imaging technique. For instance, 
STED requires dyes which enable s  mulated 
emission without photobleaching, which is not 
the case for regular fl uorescent proteins. There-
fore, certain specifi c organic dyes are mostly 
used in STED. For SMLM dyes are required that 
enable observing the individual dyes at diff er-
ent  me points with a high photon yield. Espe-
cially when using photoswitchable fl uorescent 
proteins, the number of photons that are de-
tected is limited which reduces the localiza  on 
precision. For photoswitchable proteins pho-
toswitching performance is also important. It 
is, for example, known that the frequently used 
photoswitchable protein mEos2 shows blinking 
over longer  me scales, which might result in 
artefacts and overcoun  ng in the fi nal image 
(Annibale and Scarselli, 2010). 

Alterna  vely, chemical dyes, which are o  en 
brighter than FPs, can be used for SMLM using 
the stochas  c blinking of those dyes between 
a fl uorescent and dark state, which is named 
Stochas  c Op  cal Reconstruc  on Microscopy 
(STORM). Originally this was achieved by us-
ing an  bodies labelled with a pair of diff erent 
fl uorescent dyes (Rust et al., 2006). One of the 
dyes was used as reporter dye which could be 
switched to a dark state by a laser and reac  vat-
ed by exci  ng an ac  vator dye with laser light of 
a diff erent wavelength. The reporter dye is able 
to return from the dark state by energy transfer 
from the ac  vator dye to the reporter dye. By 
using ac  vator dyes with a diff erent excita  on 
spectrum it is possible to perform mul  -colour 
STORM (Bates et al., 2012). A disadvantage is 
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that this might give rise to cross talk when do-
ing mul  -color imaging and it requires an  bod-
ies labelled with mul  ple dyes that are close 
enough for energy transfer. 

Another approach, direct STORM (dSTORM), 
uses the photochemical proper  es of the dye 
together with a specifi c imaging buff er to cre-
ate stochas  c blinking of the fl uorophores. 
The advantage of this technique is that no 
dye pair is required. Although many studies 
have shown that  many organic dyes can be 
used for dSTORM (Dempsey et al., 2011; van 
de Linde et al., 2011), there is large varia  on 
in the performance of the diff erent dyes. This 
can be explained by the fact that some organic 
dyes are more resistant to bleaching and have 
a more stable dark state, which makes them 
more suitable for dSTORM. The imaging buff er 
in dSTORM mostly consists of an oxygen scaven-
ger (e.g. glucose oxidase) and reducing agents 
(such as β-mercaptoethanol and 2-Mercap-
toethylamine), they both prevent irreversible 
bleaching of the dyes and in the same  me they 
stabilize the dark state of the fl uorescent mole-
cules. Another SMLM approach is PAINT (point 
accumula  on and imaging of nanoscale topog-
raphy), which uses dyes that upon reversible 
binding to their substrate become fl uorescent. 
By recording the binding and dissocia  on of the 
molecules by fl uorescence the molecules can 
be localized (Sharonov and Hochstrasser, 2006).

SMLM can also be applied to living cells, es-
pecially for single par  cle tracking. Approaches 
with an  bodies labelled with organic dyes are 
typically not compa  ble with living cells since 
an  bodies cannot cross the cell membrane, but 
an  bodies have been used to study the dynam-
ics of membrane receptors (Dahan, 2003). One 
of the op  ons is the use of photoconver  ble 
proteins such as mEos2, but they have a limit-
ed photostability, which makes it challenging to 
follow the individual proteins long enough. 

Alterna  ve methods have been developed 
that enable direct labelling of proteins with or-
ganic dyes in living cells. This can be achieved 
by introducing non-natural amino acids to the 
protein of interest which then can be labelled 
with organic dyes using click chemistry or al-
terna  vely by gene  c tagging of proteins of 

interest with a tag with a reac  ve group (Xue et 
al., 2015). Examples of those tags are SNAP or 
Halo-tag (Juillerat et al., 2003; Los et al., 2008). 
The cells can be labeled in vivo with a cell per-
meable dye, for example TMR. Recently new 
cell-permeable fl uorogenic dyes, which become 
more fl uorescent upon binding, were published 
which is a great step forward in live cell single 
molecule localiza  on imaging (Grimm et al., 
2015; Lukinavičius et al., 2013).

Concluding remarks
Super resolu  on microscopy is a fast devel-

oping fi eld, where novel approaches and tech-
nical improvements rapidly expand the number 
of poten  al applica  ons. The power of micros-
copy in biology, general speaking, is that it en-
ables researchers to directly observe cellular 
processes in individual cells, which is especially 
interes  ng in living cells. The promise of an im-
proved resolu  on by super resolu  on microsco-
py is therefore, of course, very s  mula  ng for 
biologists. It will help them to study the process 
of interest with improved spa  al detail. Howev-
er, the increase in resolu  on does bring up new 
ques  ons about what the observed nanoscale 
structures in these high-resolu  on images real-
ly mean and to what extend this is relevant or 
signifi cant for the func  on of proteins inside 
these structures. 

Addi  onally, the observa  ons made by su-
per resolu  on frequently reveals protein orga-
niza  ons people never have seen before which 
makes it diffi  cult to link them directly to under-
lying biological mechanisms. In structures with 
a quite well defi ned structure such as nuclear 
pores, super resolu  on has been very eff ec-
 ve in confi rming previously known nanoscale 

structure, however describing nanoscale pro-
tein organiza  on in which the spa  al localiza-
 on of the proteins is not so clearly defi ned 

is far more challenging. Nonetheless it is very 
important to defi ne the organiza  on of these 
proteins in diff erent cellular structures, to even-
tually match the imaging data together and to 
come up with new molecular mechanisms on 
how nanoscale organiza  on of proteins relates 
to their func  on. In the fi eld of DNA repair, for 
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instance, it would be very revealing if we could 
be  er understand how the spa  al localiza  on 
of the several repair proteins regulate the repair 
of the DNA lesions. In this thesis analyses were 
performed on the single molecule localiza  on 
of diff erent DNA repair proteins in diff erent 
model systems. O  en, we tried to look at diff er-
ent  me points a  er damage to get insight how 
the localiza  on of the proteins supports their 
func  on. For the future further explora  on, 
especially in living cells, would make it possi-
ble to follow the nanoscale localiza  on of DNA 
Repair proteins surrounding the DSBs in real 
 me. With the recent advances in ultrathin light 

sheet microscopy, the further development of 
new fl uorescent probes that can be used in liv-
ing cells and even faster imaging it is only a mat-
ter of  me before we will be able to follow such 
biological processes in living cells at the single 
molecule level. 
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Scope of this thesis
The project of this thesis was executed within 

the STW ‘Nanoscopy’ program, which includes 
several physics and biology research groups 
from TU Del  , Vrije Universiteit Amsterdam, 
Universiteit Utrecht and Universiteit van Am-
sterdam, focusing on development and appli-
ca  on of a wide range of nanoscopic methods. 
The goal of the project was to inves  gate new 
ways to apply super resolu  on microscopy in 
biomedical research. The vast developments in 
super resolu  on microscopy techniques require 
substan  al eff orts to inves  gate how to apply 
the wide variety of nanoscopic techniques cur-
rently emerging to address important biological 
ques  ons. One of these relevant ques  ons is 
how DNA repair proteins are organized at the 
sites of DNA damage to facilitate proper repair 
of DNA lesions. DNA repair pathways are essen-
 al mechanisms for a cell to survive and require 

a wide range of diff erent proteins with diff erent 
func  ons to be in the right place at the right 
 me. During DNA Double Strand Break repair 

through Homologous Recombina  on, proteins 
accumulate on the sites of damage, in so-called 
foci, which can be visualized by fl uorescence 
microscopy using fl uorescently tagged proteins. 
The spa  al organiza  on of proteins at the sites 
of damage however, is diffi  cult to visualize using 
normal fl uorescence microscopy since the res-
olu  on of a light microscope is limited. To re-
veal the nanoscale organiza  on of proteins the 
improved spa  al resolu  on of novel super res-
olu  on microscopy technique become of hand. 
In this thesis, we inves  gated the nanoscale 
organiza  on of several DNA Repair proteins by 
developing and applying novel super resolu  on 
assays, in par  cular single molecule localiza-
 on microscopy. In Chapter I the mechanisms 

of DNA Repair are discussed together with the 
recent developments in (super) resolu  on mi-
croscopy.

In Chapter II a so  ware package is presented 
that was specifi cally developed to analyze single 
molecule localiza  on data of, for example, cells 
with Double Strand Break foci. In the chapter is 
described how to extract structural and spa  al 
informa  on from this data. For this purpose, we 
developed a so  ware package which provides a 
streamlined approach to process and quan  fy 

specifi c features of the super-resolved images. 
This enables quan  ta  ve analysis of nanoscale 
structures and relate the protein organiza  on to 
the biological func  ons of the proteins in study. 

We applied these analysis methods in Chap-
ter III to study the spa  al organiza  on of two 
recombinases, RAD51 and DMC1, involved in 
meio  c Homologous Recombina  on using sin-
gle molecule localiza  on microscopy in meio  c 
cells. This analysis revealed how both recombi-
nases, sugges  vely having diff erent func  ons 
in meiosis, are localized at DNA Double Strand 
Breaks. We were able to follow the changes in 
rela  ve nanoscale cluster organiza  on of DMC1 
and RAD51 at diff erent stages of meiosis. Fur-
thermore, we used rota  onal analysis to visu-
alize how the rela  ve distances between the 
DMC1 and RAD51 protein clusters were chang-
ing during progression of meiosis and validate 
these structural dynamics using simula  ons. 

In Chapter IV, scanning force microscopy was 
used to study how individual BRCA2 proteins 
form diff erent complex confi gura  ons which 
change upon interac  on of BRCA2 with RAD51 
and DNA. The structural organiza  on of these 
complexes clarify the molecular mechanisms 
whereby BRCA2 delivers RAD51 to sites of dam-
age in cells. To address the ques  on whether 
the delivery of RAD51 results in separa  on of 
RAD51 and BRCA2 at the sites of damage we 
used single molecule localiza  on microscopy. 
This analysis enables us to quan  fy the rela  ve 
localiza  on of RAD51, BRCA2 and RPA in DNA 
Double Strand Break Foci.

 In Chapter V, we aimed to visualize the lo-
caliza  on and dynamics of the ATPase RAD54 
which is closely involved in regula  ng the func-
 on of RAD51 during the DNA repair process. 

Using super resolu  on microscopy, we were 
able to analyze the eff ect of ATPase ac  vity of 
RAD54 on the nanoscale localiza  on of RAD54 
and RAD51 in cells. In the ATPase mutant cells 
we detected very elongated RAD51 foci, on 
which patches of closely associated RAD54 
could be detected. The RAD54 molecules in the 
mutant were immobilized on the RAD51 foci, 
which we could show by tracking individual 
RAD54 molecules in living cells. Finally, we used 
local photoac  va  on of individual foci to follow 
the local dynamics of the frac  on of immobile 
RAD54 molecules within individual foci in  me.
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Abstract
Localiza  on-based super resolu  on micros-

copy enables determina  on of the localiza  on 
of proteins at high accuracy. Extrac  ng quan  -
ta  ve informa  on from super resolu  on imag-
es is essen  al for biological interpreta  on of the 
data. For this purpose, we developed a fl exible 
framework that enables explora  on and anal-
ysis of single-molecule localiza  on data within 
the R programming environment in a package 
which we named SMoLR (Single Molecule Lo-
caliza  on in R). The package includes methods 
for visualiza  on and quan  fi ca  on of large lo-
caliza  on data sets consis  ng of mul  ple imag-
es. The package can be applied to visualize and 
analyze nanoscale subcellular structures, and 
obtain sta  s  cs about distribu  on and local-
iza  on of molecules within them. Using image 
feature-based par  cle averaging we describe a 
method to combine single molecule data and 
to iden  fy common features in nanoscale sub-
cellular structures. We applied the developed 
methods to address biological ques  ons on 
the organiza  ons of proteins in foci during DNA 
Double Strand Break Repair and the localiza  on 
of scaff olding proteins in neuronal synapses.
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Introduction
The development of super resolu  on mi-

croscopy techniques makes it possible to study 
subcellular structures at nanoscale using fl uo-
rescence microscopy. Among those super reso-
lu  on techniques, single molecule localiza  on 
microscopy (SMLM) provides the highest spa  al 
resolu  on as the localiza  on of individual  mol-
ecules can be determined at accuracies ranging 
from 5 to 20 nm dependent on the brightness 
of the fl uorophore (Schermelleh et al., 2010). 
SMLM relies on detec  ng the signal of single fl u-
orescent emi  ers, by separa  ng in  me the fl u-
orescence of spa  ally overlapping signals, either 
by induced stochas  c blinking of fl uorophores 
(dSTORM) (Rust et al., 2006), photo ac  va  on 
(PALM) (Bet zig et al., 2006) or transient binding 
of fl uorophores (PAINT) (Sharonov and Hoch-
strasser, 2006). In living cells this same principle 
can also be applied for single par  cle tracking 
(sptPALM) (Manley et al., 2008). This facilitates 
the detec  on of the posi  on of fl uorescent 
molecules in densely labeled biological samples 
with high accuracy, resul  ng in an image with a 
resolu  on far below the diff rac  on limit where, 
dependent on photon yield, a localiza  on accu-
racy of approximately 10 nm can be achieved 
(Betzig et al., 2006; Nieuwenhuizen et al., 2013). 

Reconstruc  on, visualiza  on and analysis of 
single molecule localiza  on data requires dedi-
cated so  ware. The fi rst step of the analysis is 
the reconstruc  on of super resolu  on images by 
detec  ng and fi   ng a Gaussian distribu  on re-
fl ec  ng point spread func  ons (PSFs) to signals 
of individual fl uorophores in the image. For this 
goal many methods and corresponding so  ware 
packages have previously been developed (Sage 
et al., 2015), which are available either as stand-
alone packages (open source) on the internet 
or are included in commercial microscope set-
ups for real-  me analysis of the data. In addi-
 on, so  ware has been described in literature 

that is dedicated to visualiza  on of localiza  on 
data, of which examples are PALMSiever (Pengo 
et al., 2014) and for 3D localiza  on data, ViSP 
(El Beheiry and Dahan, 2013). However public-
ly available so  ware that enables researchers 
to perform in-depth quan  ta  ve and sta  s  cal 
analysis of PALM/STORM data, and fi ts to the 

specifi c needs of these researchers is s  ll lack-
ing.

In many biological samples a mul  tude of 
macromolecular assemblies and protein com-
plexes within one cell can be observed, such 
as double strand break (DSB) foci (Reid et al., 
2015), nuclear pores (Szymborska et al., 2013), 
focal adhesions (Rossier et al., 2012), virus par  -
cles (Laine et al., 2015) or neuronal spines (Dani 
et al., 2010). Super resolu  on microscopy is well 
suited to study those assemblies, since the in-
creased resolu  on permits to inves  gate, at the 
single molecule level, the internal composi  on 
and protein distribu  on of these nanoscale as-
semblies, which have typical diameters ranging 
from 100 nm up to 2 μm. Several publica  ons 
have shown that analysis of suffi  cient numbers 
of super resolved cellular structures can provide 
a be  er understanding of the organiza  on of 
protein assemblies, relate this to their func  on, 
and to infer molecular mechanisms by which 
they exert their biological func  ons (Van En-
gelenburg et al., 2014; Reid et al., 2015; Szym-
borska et al., 2013). 

Since many microscopic images include en-
 re cells from which the subcellular structures 

will be analyzed, an important fi rst step is the 
selec  on of individual regions of interest (ROIs) 
from the overall image. The ROI images can be 
analyzed using image analysis so  ware such as 
the widely used open source so  ware ImageJ 
or FIJI. However, localiza  on data obtained by 
SMLM consists of Cartesian coordinates repre-
sen  ng the localiza  on es  mate of individual 
fl uorophores, labeling the protein (or other bio-
molecule), whereas the standard digital image 
format that image analysis packages use con-
sists of equally spaced binned intensi  es (pixels 
or voxels). The poin  llist nature of the data gives 
possibili  es for alterna  ve types of analysis of 
the data, for which the resourceful possibili  es 
of R can be of great value. In R, data sets con-
taining hundreds to thousands of ROIs with lo-
caliza  on data can be analyzed in parallel.

Here, we present a versa  le so  ware pack-
age, named SMoLR (Single Molecule Localiza  on 
in R), that enables biologists to analyze single 
molecule localiza  on data in a quan  ta  ve way.
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Description of the software
R is a data analysis environment which is 

frequently used in the biological community 
especially for high-throughput genomic data 
(Huber et al., 2015). The possibili  es of R for 
high-throughput data analysis, provides an ex-
cellent base for analysis of localiza  on data, as 
the numbers of individual structures to analyze, 
such as DSB foci or neuronal synapses, are gen-
erally high. This type of data can be defi ned as 
spa  al point pa  erns describing the underlying 
spa  al organiza  on of proteins. Other scien-
 fi c fi elds where spa  al data is analyzed, such 

as ecology and geography, also frequently use 
R and its dedicated packages (CRAN Task View: 
Analysis of Spa  al Data, sd). Addi  onal advan-
tages of using R for analysis of SMLM data is the 
free/open source availability of the so  ware as 
well as the large online ac  ve community. Us-
ing R, it is also rela  vely easy to analyze data 
sets with a large number of images or sets of 
ROI’s from images. Moreover, with the powerful 
sta  s  cs available in R it is possible to explore 
the localiza  on data and readily visualize results 

using the plo   ng and sta  s  cs packages pres-
ent in R (Baddeley et al., 2016). 

SMoLR is developed in R (R Core Team, 2016) 
using Rstudio (RStudio Team, 2015). The so  -
ware package requires basic experience with R. 
Therefore, we also implemented a data brows-
er, which enables to explore the basic func  on-
ali  es of the package for researchers unfamiliar 
with R. The func  ons in the so  ware package 
can be applied to a single image (in R this is a 
data.frame with localiza  ons) or alterna  vely 
to a large number of protein assemblies in par-
allel (organized in R as a list data type) (Table 1). 
This enables straigh  orward extrac  on of quan-
 ta  ve parameters regarding, shape, size, pro-

tein distribu  on and cluster localiza  on from all 
these objects. 

Input data
The input data for the package is localiza  on 

data, typically a table of Cartesian coordinates, 
which can be obtained using so  ware for de-
tec  ng single molecule localiza  ons from raw 
data. The data processing steps that should be 

Impor ng data Input Descrip on Depends on
SMOLR_IMPORT() folder of localiza ons les Import localiza ons les into R data structures 
SMOLR_LOAD() folder of localiza ons les Loads R data which was imported using SMOLR_IMPORT()

Visualiza on
SMOLR() localiza ons 

(vectors,data.frame,list)
Visualiza on of localiza ons by Precision-based  Gaussian Plo ng

SMOLR_KDE() localiza ons 
(vectors,data.frame,list)

Visualiza on by 2D Kernel density es ma on, intensity normalized by 
localiza on density/nm2

SMOLR_PLOT() localiza ons 
(vectors,data.frame,list)

Visualiza on of all localiza ons  by sca erplot with op ons to adjust
size or color of individual localiza ons 

Quan ca on
SMOLR_DBSCAN() localiza ons 

(vectors,data.frame,list)
Density based Clustering
by coun ng the number of localiza ons  (MinPts) in a certain radius (eps)

SMOLR_TO_PPP() localiza ons 
(vectors,data.frame,list)

Facilitates analysis of localiza on data using spatstat, an extensive library 
for spa al analysis.

SMOLR_FEATURES() SMOLR_KDE Feature extra on from images
SMOLR_POINT_FEATURES() SMOLR_KDE,SMOLR_DBSCAN Point based features, e.g. cluster area, elonga on, number of localiza ons
SMOLR_ROTATE()
SMOLR_PARAMETER()

()

[3] https://bioconductor.org/packages/release/bioc/html/EBImage.html

[1] https://cran.r-project.org/web/packages/RImageJROI/index.html
[2] https://cran.r-project.org/web/packages/KernSmooth/index.html

[4] https://cran.r-project.org/web/packages/dbscan/index.html
[5] https://cran.r-project.org/web/packages/spatstat/index.html

Table 1 Descrip  on of the main func  ons that are available in SMoLR. These func  ons require diff erent input 
and for most of the func  ons diff erent types of input are possible. Using R func  on defi ni  ons, the correct 
func  on is applied depending on the class of the input data. Some of the func  ons are dependent on exis  ng 
R packages which can be found at the indicated webpages.
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ROI Localizations

ROI coordinates

x y
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... ...
220 432

X Y Precision Frame
52 69 25  1
19 43 42  1
48  34 12  2
90 21 15  3
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Figure 1 Workfl ow of the SMoLR package A) Super resolu  on images along with the table of localiza  on 
data are obtained by Single Molecule Localiza  on Microscopy using single molecule localiza  on so  ware B) 
The single molecule localiza  on data (coordinates) are imported in R using the SMOLR_IMPORT() func  on 
(see Table 1). The localiza  on data can be present in separate text fi les for all the ROIs but ROIs can also be 
calculated in R using DBSCAN clustering. The localiza  on data is organized in a list. These data structures can 
serve as input for the several func  ons available in the package. C) In SMoLR diff erent types of func  ons are 
available which can be divided in Visualiza  on, Clustering and Quan  fi ca  on. An overview of all func  ons can 
be found in Table 1 and Figure 2.
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SMOLR_IMPORT func  on the localiza  ons are 
well organized which makes it easy for further 
data analysis in the package (Figure 1B, Table 1). 
Besides selec  on of the ROIs in a diff erent so  -
ware package it is also possible to automa  cally 
acquire the ROIs by using one of the clustering 
algorithms provided in SMoLR. The individual 
clusters can be converted to ROIs for further 
analysis (Figure 1C). The data organized in lists 
can be used as input for the other func  ons in 
SMoLR or loaded in data browser as described 
below.

Visualization
Single molecule localiza  on data can be vi-

sualized in many diff erent ways (Baddeley et 
al., 2010). Currently one of the most frequently 
used approaches is to plot Gaussian distribu-
 ons for all localiza  ons with standard devia-
 ons corresponding to the es  mated localiza-
 on accuracy (SMOLR(), Table 1, Figure 2A). This 

method is visually a  rac  ve but it is diffi  cult to 
defi ne a threshold, since the intensity does not 
only depend on the number of localiza  ons 
present at a certain posi  on but also on local-
iza  on precision of the individual localiza  ons. 
As an alterna  ve, we implemented a 2D-kernel 
density es  ma  on (KDE) approach, in which 
the density of detected molecules per area is 
normalized to the total number of localiza  ons 
in the image (SMOLR_KDE(), Table 1, Figure 2). 
The intensity of the individual pixels (default 
is 5x5 nm pixels) is therefore a direct measure 
of the density of localiza  ons at that posi  on. 
Subsequently a threshold can be set at a specif-
ic density of localiza  ons to defi ne localiza  ons 
that belong together in a cluster. These defi ned 
clusters can then be used for quan  fi ca  on of 
the super resolu  on structures, by serving as 
the input for SMoLR func  ons which enable 
measurement of parameters such as size, inten-
sity and length of the clusters.

As a second visualiza  on approach, we 
developed an adapted sca  er plot func  on 
(SMOLR_PLOT(), Table 1, Figure 3) based on the 
R graphics modules, which include addi  onal 
op  ons to plot size and color of the localiza-
 ons using addi  onal parameters relevant for 

localiza  on microscopy, such as the  me frame 

in which a molecule was detected (Figure 3A-
C) and its localiza  on precision (Figure 3D). This 
enables the user to visually inspect the localiza-
 on data to eliminate artefacts occurring during 

extrac  on of localiza  on analysis from raw data. 
Frequently occurring artefacts are dri   during 
image acquisi  on, but also incorrect grouping 
of detec  ons. The func  on can also be used 
to color based on any other parameter, for ex-
ample a  er clustering of the data, the cluster it 
belongs to (Figure 3E). Finally, it is also possible 
to fi lter the data in the plot for example to only 
show the localized molecules with a high local-
iza  on precision (Figure 3F). The plot can also 
be used to visualize features of ROIs or clusters 
in an overlay with a microscopy image. As an ex-
ample, we visualized the cluster confi gura  ons 
of RAD51 and DMC1 in meio  c DSB foci, which 
are discussed in depth in Chapter 3 of this the-
sis. The cluster confi gura  ons are defi ned as the 
number of clusters of both DMC1 and RAD51 
(Figure 4). 

Finally, more types of visualiza  on are imple-
mented in SMOLR by using the spatstat package 
with the SMOLR_to_ppp() func  on (Table 1). 
For example, it is possible to plot a Voronoi tri-
angula  on (Figure 2C). The area of the individ-
ual  les relates with the local labelling density, 
because the denser the localiza  ons at a certain 
posi  on the smaller the  les will be. Therefore 
this visualiza  on method can also be used to 
perform clustering as recently described (Levet 
et al., 2015).

Clustering and quanti ication
Clustering of single molecule data is compa-

rable to segmenta  on in conven  onal image 
analysis and in the same way as with segment-
ed objects, features can be extracted from the 
clusters. As a fi rst op  on a binary KDE image 
can be used to quan  fy the number of clusters 
per ROI. To calculate several image features per 
cluster we incorporated func  ons of an image 
analysis package in R: EBimage (Pau et al., 2010) 
(Figure 2). Addi  onally, several descrip  ve sta-
 s  cs are calculated, for example the number 

of localiza  ons, mean posi  on of the cluster 
and the mean localiza  on precision. All these 
parameters can be used for explora  on of the 
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Figure 2 The SMoLR package can be subdivided in three groups of func-
 ons. A) First of all, visualiza  on func  ons which help the user to visu-

alize the data. Those images can be easily exported as a  ff  or pdf fi le. 
The SMOLR func  on plots the localiza  ons as Gaussians with individual 
precision, while the SMOLR_KDE func  on generates an image wherein 
intensity directly correlates with the local density of localiza  ons. SMOLR 
plot is an adapted sca  er plot with addi  onal op  ons to visualize local-
iza  on data, for more details see Figure 3. Also, addi  onal visualiza  on 
methods are available within R, for example by conver  ng the data to the 
spatstat package a Voronoi tessella  on based on the localiza  ons can be 

calculated and plo  ed. B) Secondly there are clustering func  ons, which helps the user to cluster their data 
what is required for the third step, the quan  fi ca  on of the data. DBSCAN is a localiza  on-based clustering 
algorithm which es  mates for every localiza  on the number of localiza  ons within a user-defi ned radius 
and assigns the localiza  on to a cluster when suffi  cient nearby localiza  ons are present. The thresholded 
SMOLR_KDE defi nes clusters based on a user-defi ned localiza  on density threshold. C) Quan  fi ca  on of the 
data can be done using feature extrac  on of the binary Kernel Density Es  ma  on, using DBSCAN clustering 
or spa  al analysis can be performed using the spatstat package. For details about the in- and output of the 
diff erent func  ons see Table 1.
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done before star  ng to use SMoLR are for ex-
ample: grouping of localiza  ons from the same 
molecule, dri   correc  on and channel align-
ment. SMOLR provides a stepwise approach to 
import these experimental data sets containing 
localiza  on data from diff erent proteins or dif-
ferent condi  ons (Figure 1A). 

The localiza  on data should contain the Car-
tesian coordinates of the localiza  ons along 
with other values that are obtained during the 
localiza  on analysis including localiza  on pre-
cision, standard devia  on of the Gaussian fi t 
and the  me frame in which the molecule was 
detected. Most of the func  ons were devel-
oped based on 2D-localiza  on data, however 
for some of the func  ons 3D informa  on can 

be included in the analysis (e.g. SMOLR_PLOT, 
SMOLR_DBSCAN).

SMoLR is op  mally used by defi ning mul  ple 
structures (ROIs) in the original super resolu  on 
images. The imported data can be either text 
fi les containing the localiza  ons of the several 
ROIs or localiza  on data sets of complete imag-
es along with the posi  ons of the ROIs in the im-
ages (Figure 1B). One of the op  ons is to select 
the ROIs in ImageJ and the localiza  ons of the 
ROIs can be stored in text fi les using the ImageJ 
macro language (a macro provided as Supple-
mental So  ware). Alterna  vely using the RIm-
ageJROI() func  on in SMoLR, the coordinates 
of ROIs stored with the ROI Manager in ImageJ 
can also be loaded into R (Table 1). Using the 
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Figure 3 Examples of the possibili  es of the SMOLR plot with localiza  on data. In all the plots the rela  on 
between the color and scale used can be found in the legend above the plot, while at the side of the plot the 
rela  on between the size of the points and the scale is shown. A) Dual color images can be plo  ed within one 
plot, B) but also next to each other. The size of the points is related to the localiza  on precision, in those exam-
ples the color is represented by the channel, C) the fi rst frame the localiza  on was detected and D) localiza  on 
precision. E) The color can also be used to visualize the clustering by DBSCAN. F) Furthermore, it is possible to 
fi lter data based on a defi ned range in color and size of the individual localiza  ons plo  ed. 
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dataset and comparison between diff erent con-
di  ons, either manually or by mul  variate anal-
ysis, for example principal component analysis.

In addi  on to the density es  ma  on we im-
plemented a widely used clustering algorithm 
for localiza  on data: the DBSCAN clustering 
method (Ester et al., 1996) (Figure 2B). The DB-
SCAN algorithm used here is from the recently 
released dbscan package (Hahsler, 2015), which 
is applicable for DBSCAN on large localiza  on 
data sets. The DBSCAN method iden  fi es clus-
ters of localiza  ons by linking localiza  ons with-
in a defi ned threshold distance. At the same 
 me a certain number of localiza  ons has to be 

within this distance of a localiza  on to be as-
signed to a cluster. When not enough localiza-
 ons are within this distance the localiza  on is 

assigned as noise. By varying both thresholds, 
based on visual inspec  on, the algorithm can 
subsequently be applied to large data sets to 
obtain sta  s  cs about the shape of the calcu-
lated clusters. 

The datasets processed in our package 
can be also used in the spatstat package in 
R (Baddeley and Turner, 2005) (using the 

SMOLR_to_spatstat() func  on). Spatstat is an 
extensive library that enables the user to per-
form diff erent types of spa  al analysis on the 
localiza  ons data. This type of analysis has been 
shown useful to study to clustering of mem-
brane proteins (Owen et al., 2010; Sengupta et 
al., 2011) and clustering of RNA polymerase II in 
the nucleus (Cisse et al., 2013),  and can be used 
to study organiza  on of proteins in other cases. 
For exploratory analysis several func  ons with-
in the spatstat package are available (Ripley-K 
func  on, the linearized L-func  on and pair-cor-
rela  on func  ons). The spatstat func  ons can 
also be used to study the correla  on between 
two diff erent proteins, using marked point pat-
terns together with func  ons which es  mate 
the cross func  on (K-cross) (Figure 2). 

Single molecule localization image 
averaging

Resolving ultrastructure by single molecule 
localiza  on of the nuclear pore complex (Szym-
borska et al., 2013), synaptonemal complex 
(Schücker et al., 2015) or viral par  cles (Van 
Engelenburg et al., 2014), showed the power of 
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Y 
(n

m
)

DR

Figure 4 SMoLR plot with overlay A) Visualiza  on of image features projected on the microscopy image. Mei-
o  c DMC1-RAD51 foci in a spread meio  c mouse cell were characterized based on the number of clusters of 
respec  vely DMC1 and RAD51 at every focus (DR). This feature was plo  ed on top of a Structured Illumina  on 
microscopy image visualizing SYCP3, a protein present at the lateral elements of the synaptonemal complex. 
B) The absolute frequencies of the diff erent cluster confi gura  ons (DR=DMC1/RAD51) as shown in A. The 
colors in the bar plot correspond to the colors in the plot in A. 
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combining a large number of individual SMLM 
images to obtain a generalized structure (par-
 cle averaging). However, par  cle averaging 

is a computa  onally demanding procedure, 
especially when no template is available to 
which the individual images can be matched 
(Broeken et al., 2015). Furthermore compared 
to reconstruc  on of protein structure by cryo-
EM, the number of acquired structures is fre-
quently much lower (Boekema et al., 2009). 
Par  cle averaging also assumes that individual 
structures represent iden  cal or at least highly 
similar structures. However, for some biological 
structures there might be quite some varia  on 
in the organiza  on of the individual structures, 
although they can have certain features in com-
mon. We therefore implemented a rota  on al-
gorithm, as will be described below, based on 
extracted features from the individual images, 
which can be very informa  ve to observe com-
mon features from the imaged structures.

Image feature based rotational 
alignment

Features that can be extracted with the 
SMoLR package (using EBImage or localiza  on 
based features) can be used for alignment. For 
example, the center of mass of clusters can be 
used to center structures. In some cases, the 
clusters may have specifi c shapes that enable 
to rotate and overlay the individual ROIs. For 
example, elongated structures can be aligned 
using the major axis of the structure (Figure 
5A). The presence of mul  ple clusters within 
individual ROIs that can be dis  nguished from 
each other (for instance on the basis of shape, 
size or distance to the center of mass), provides 
another possibility to align structures by rotat-
ing the similar clusters towards the same point 
(Figure 5B). This can be two clusters that are 
present in two diff erent channels of the super 
resolu  on image, or clusters with dis  nct areas 
(i.e. a small and a large cluster) (Figure 5B). The 
alignments can be averaged or overlaid, and 
subsequently used to visualize and extract com-
mon features from the individual images and to 
compare the averaged images when acquired 
from images recorded under diff erent biological 
condi  ons,  me points during a specifi c process 

or from diff erent proteins (see Chapters 3 and 4 
for examples of this type of analysis). 

2-D projection of 3-D single molecule 
structures 

Even without actual 3-D data it is possible to 
obtain some 3-D informa  on, since the image 
analyzed is a 2-D projec  on of a 3-D structure. 
The observed pa  erns from the aligned and av-
eraged images can, in combina  on with prior 
knowledge, be used to postulate an underlying 
3-D structure or shape. This generalized struc-
ture can then be imported into dedicated sim-
ula  on so  ware with which the outcome of a 
single molecule imaging experiment, i.e. a gen-
eralized image derived from 2-D projec  ons of 
randomly oriented 3-D structures, can be pre-
dicted (see Chapter 3 for an example). This re-
sult can then be compared with the experimen-
tal 2-D data that is obtained in the actual SMLM 
experiment. In addi  on, the simula  on so  -
ware can also be useful to get insight in the ef-
fect of 2-D projec  on while imaging a 3-D struc-
ture (Figure 5C-H). Examples of features that 
can be used to compare the 2-D projec  ons are 
the distribu  on of major axis length and the ec-
centricity, which is a measure of elonga  on. In 
2-D projec  ons of a simulated, elongated struc-
ture the major axis will always be shorter than 
the original structure, but the average length 
one would obtain when measuring large num-
bers of 2-D projec  ons is s  ll very close to the 
real length of the structure (Figure 5C-E). This 
eff ect is also illustrated in the elonga  on ra  o 
which is s  ll near maximum number for most 
structures of the rotated structures, showing 
that nonetheless most 2D projected structures 
will also be elongated although they are rotated 
in 3D (Figure 5F). 

The feature based rota  onal analysis can 
then be applied to our simulated data set to 
create a summed image. This can be useful to 
test hypotheses about the organiza  on of pro-
teins in SMLM data sets. Our simula  on data 
can be analyzed by the same rota  on algorithm 
which in this case results in a projec  on image 
with an elongated green structure with two red 
spots on the end of the green signal (Figure 5G). 
If we also take the posi  on of the red signal into 
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Figure 5 Image features-based par  cle averaging. Using features extracted from the super resolu  on images, 
rota  ons can be applied. A) This can be done using the center of mass of structure together with their major 
axis (MaA=Major Axis, MiA=minor axis, CM=Center of Mass) or B) by using the center of mass of diff erent 
clusters in the images. C,D) A randomly rotated simulated elongated structure (green: 200 nm in length,200 
localiza  ons, red: 20nm diameter sphere, 100 localiza  ons) has a diff erent appearance from diff erent side 
views. E) The length of the projec  on an elongated structure (length: 300 nm) at the x-y plane, rotated away 
with a defi ned angle from the x-y plane. F) A large number of those random rotated structures can be used to 
analyze, for example, the spread in the distribu  on of the 2D projected length and eccentricity. G) Random 
rotated structures can be aligned based on the center of mass and elonga  on of the cluster in one of the chan-
nels (green) and shows the summed projec  ons from all (n=1000) structures. Using an extra restraint to keep 
most of the red signal to the top can be helpful to further align the structures. H) Alterna  vely, if simula  ng an 
asymmetric structure with most green signal opposite of the red spot can be used to rotate the green channel 
and subsequently keep most of the green signal to the bo  om side. 
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account it is also to get all red signal at one side 
of the green signal. In the same way, instead of 
using the red signal to further align the images 
we can also use asymmetry in the green signal. 
A structure can be simulated where the green 
structure is asymmetric with more localiza  ons 
at the end away from the red signal. When 
aligning those structures, pu   ng the highest 
green signal downwards, in the projec  on we 
are also able to posi  on the red signal at one 
side of the green signal (Figure 5H). This analy-
sis shows that when certain spa  al organiza  on 
pa  erns are found in cells this algorithm can be 
used to try to reveal the underlying structure.

Web-based image browser
For explora  on of single molecule data and 

for people unfamiliar with R we developed an 
interac  ve webpage image browser using the 
Shiny so  ware package (Chang et al., 2015). 
The image browser runs as a local web server 

and can therefore also be used to share results 
with other people. Localiza  on datasets, which 
can be Rdata fi les or Excel sheets, can be load-
ed into the webpage. The above described vi-
sualiza  ons are presented on the webpage for 
the individual ROIs (Figure 6). By labelling the 
individual ROIs with a certain condi  on it is also 
possible to compare the sta  s  cs of dis  nct 
groups within the data set. On the fi rst page, 
several analysis parameters are shown, which 
can be changed by the user, a  er which all re-
sults will be recalculated based on the new set-
 ngs (Figure 6A). In the second tab the several 

visualiza  on methods (described above in the 
SMoLR package) are shown (Figure 6B and C). 
Addi  onally, for the KDE func  on the calculated 
image features are indicated for every image in 
the thresholded binary image (Figure 6C). On 
a separate page of the image browser it is also 
possible to compare the features of a dataset 
with mul  ple channels and groups (Figure 6D). 

C D

B

A

B C D

A

Figure 6 Data browser based using the shiny package. The so  ware can be run from every computer with 
Rstudio and it is possible to access the applica  on using a web browser. A) Data can be loaded which is previ-
ously imported in R (.Rdata), alterna  vely an Excel fi le containing the localiza  on data can be used. In the tabs, 
basic op  ons of the several SMoLR func  ons are available. It is possible to adapt the diff erent parameters 
on the fi rst tab page. B) While at the second tab the diff erent types of visualiza  on can be found. Also, some 
general se   ng about the image are shown. C) In the next tab it is possible to explore the extracted features 
which are visualized in histograms. D) In the last tab, if diff erent datasets are available, the features diff erent 
condi  ons can be compared.
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Experimental Results
We used SMOLR in the research described in 

Chapters 3, 4 and 5. Here we show two other 
examples of the use of SmoLR to address the 
following research ques  ons:  the organiza-
 on of protein clusters in synap  c membranes 

in neurons as well as the dynamic distribu  on 
of diff erent repair proteins within foci formed 
during DNA double strand break repair.

SMoLR analysis of protein clusters in 
neuronal synapses

Shank2 is a protein present in the spines of 
neuronal dendrites. Spines are protrusions of 
dendrites involved in transmi   ng electric s  m-
uli between the neurons. Spines contain numer-
ous proteins that either support their structure 
or that are involved in biomolecular transport 
to and from spine and dendrite. Shank2 is 
an adapter protein that connects postsynap-
 c membrane receptors to the cytoskeleton. 

Shank2 forms clusters near the postsynap  c 
membrane, which are too small to determine 
quan  ta  ve parameters like size and shape 
using conven  onal fl uorescence microscopy. 
Therefore, we performed dSTORM on primary 
neuron cultures, which matches well with the 
same image we obtained with confocal micros-
copy (Figure 7A-B) and used the SMoLR package 
to analyze the resul  ng super resolu  on local-
iza  on data. We used addi  onal confocal imag-
es to check whether the clusters we detect in de 
dSTORM images match with the spines. Several 
dSTORM images were imported as localiza  on 
data using the SMOLR_IMPORT func  on. To au-
toma  cally detect clusters of Shank2 from the 
STORM image we used our SMOLR_DBSCAN 
func  on (Table 1). Subsequently we used the 
package to calculate several localiza  on-based 
features of these clusters, using the SMOLR_
POINT_FEATURES func  on. Note that these fea-
tures are calculated based on the localiza  ons 
and not by conver  ng the localiza  ons to an im-
age. The SMOLR_POINT_FEATURES() func  on 
returns a list of all detected clusters and mor-
phological and other quan  ta  ve features de-
scribing these structures. This enables us to get 
a detailed view on the shape and organiza  on 
of the protein clusters. Using the SMOLR_PLOT 

func  on we plo  ed sta  s  cs of the clusters, for 
example, the measured size of the clusters in 
color projected on top of the super resolu  on 
image. This provides informa  on on whether 
there is any general spa  al organiza  on of clus-
ters that have specifi c features in common, in 
this case cluster size (Figure 7C). We can for ex-
ample see that there are only a few larger clus-
ters while there are many more small clusters, 
which are spread homogenously through the 
neuron. 

We also observe a clear elonga  on (length vs. 
width ra  o) of these structures (Figure 7D,E,F), 
corrobora  ng previous results for several scaf-
fold proteins in neuronal spines by super reso-
lu  on microscopy (Dani et al., 2010).

SMoLR analysis of the spatial 
organization of DNA repair proteins 
in DSB foci

In a second study, we used SMoLR to analyze 
the localiza  on of DNA Double Strand Break Re-
pair proteins inside repair foci induced by ion-
izing radia  on. During one of the pathways of 
DSB Repair, homologous recombina  on (HR), 
the resected ssDNA ends are coated with the 
ssDNA binding protein RPA. Subsequently RPA 
is replaced by RAD51 mediated by BRCA2 (Jen-
sen et al., 2010). The forma  on of RAD51 fi la-
ments around the ssDNA plays an essen  al role 
in the search for homologous DNA templates in 
the sister chroma  d to repair the broken DNA 
strand in an error-free manner. Among others, 
these proteins assemble at the sites of damage 
into DSB foci, which can be visualized by (immu-
no-)fl uorescence microscopy (see also Chapter 
1, 4 and 5). 

We were interested whether we could ob-
tain structural informa  on from cells stained 
with RAD51. A  er ionizing radia  on DSB foci 
appear which by super resolu  on microscopy 
clearly show an elongated pa  ern (Figure 8A-
D). To obtain ROIs containing individual foci we 
used DBSCAN (Table 1 and Figure 8B) to detect 
clusters. Although it is challenging to determine 
the number of protein in clusters, it is possible 
to compare the rela  ve number of localiza-
 ons per cluster in the data set. We observe 

for RAD51 that longer clusters do contain more 
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Figure 7 Super resolu  on analysis of the Post Synap  c Density protein Shank2 in cultured mouse neurons. 
A) Two-color confocal image of a Purkinje cell stained for Calbindin (green) to visualize the en  re neuron and 
Shank2 (magenta) localizing in the postsynap  c density. B) the corresponding dSTORM image of Shank2. C) 
The detected clusters of Shank2 are projected on to the super resolu  on image. The color and size of the 
clusters indicate the size of the cluster  (green to red; small to large). D) Using a color coded 2D histogram the 
distribu  on of numbers of localiza  ons and the size of the clusters is displayed. E,F) Histograms showing the 
width (measured as the length of the cluster along the major axis) and the length ra  o (major divided by minor 
axis) of the protein clusters. 
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localiza  ons, showing that elongated RAD51 
foci are not longer because the localized pro-
teins are less densely distributed, but because 
more protein is present. To visualize this, we 
used a two-dimensional histogram to show the 
correla  on between cluster size and the num-
ber of localiza  ons per cluster (Figure 8E).

When visualized using wide fi eld microscopy 
DSB proteins seem to co-localize in foci. Howev-
er, super resolu  on microscopy allows to inves-
 gate the internal distribu  on of these foci and 

already has revealed individual spa  ally sepa-
rated or par  ally overlapping domains within 
the repair foci (Brown et al., 2015; Chapman et 
al., 2012; Reid et al., 2015) and this thesis chap-
ter 3 and 4). In this study, we manually selected 
over a hundred DSB foci from several dual color 
dSTORM images which were immunostained for 
RAD51 and either BRCA2 or RPA and imported 

these as regions of interest (ROIs) into Rstu-
dio (Figure 9). Using the SMOLR_POINT_FEA-
TURES() func  on we determined features of the 
shape of the clusters within the foci (Figure 9A-
B). As with RAD51 we analyzed the size of the 
clusters using a 2D histogram (Figure 9A, B). 

For both RPA and BRCA2 we observe that at 
half an hour a  er damage induc  on most clus-
ters are rela  vely small compared to later  me 
points (2 and 6 hours). For BRCA2 we observed 
increase in the size of the clusters together with 
an increase in the number of localiza  ons (Fig-
ure 9A). Interes  ngly, some of the RPA clusters 
over  me show increased numbers of localiza-
 ons, but no increase in size, sugges  ng that 

proteins in those clusters get more concentrat-
ed during the life  me of a DSB focus (Figure 
9B). 
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Figure 8 Nanoscale quan  fi ca  on of IR induced RAD51 foci. A) Confocal image of an U2oS cell treated with 6 
Grey of ionizing radia  on stained for an  -RAD51 (secondary an  body conjugated with Alexa 647) and the DNA 
stained with DAPI. B) The same cell was imaged by dSTORM and the DBSCAN algorithm was used to detect 
the DSB foci inside the cell nucleus using a mask based on the DAPI signal. C) The length of the RAD51 foci 
along the major axis. D) The ra  o of the major vs the minor axis showing the elongated nature of the RAD51 
foci. E) The number of localiza  ons of the clusters plo  ed in a 2D histogram with the size of the cluster on the 
other axis.
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Furthermore, we inves  gated to what extent 
clusters of the two proteins are overlapping. For 
this, we took the center of mass of the RAD51 
localiza  ons and counted the number of local-
iza  ons in rings going outwards form the center 
of mass of the RAD51 signal. This can be plo  ed 
as a histogram with the frequency of localiza-
 ons with the distance from the center of mass 

(Figure 9C-D). This shows that for both BRCA2 
and RPA at the early  me points there is more 
protein away from the center of the focus, which 
is not overlapping with the RAD51 signal while 
at the later  me points the signals of BRCA2/
RPA and RAD51 show much more overlap.

We then used rota  onal analysis (see above) 
to get more insight in the spa  al distribu  on of 
protein clusters inside foci. All images of foci 
were aligned and rotated based on the elon-
gated RAD51 signal, so that the longest axis is 
oriented ver  cally and the side with highest 
RAD51 signal is rotated to the top. The BRCA2 
or RPA localiza  ons in the same image were 
aligned and rotated together with RAD51. The 
localiza  ons of all images were then projected 
on top of each other using the SMoLR func  on 
to reconstruct a generalized map with both 
channel together (Figure 9E-F) or by separat-
ing the two channels and indica  ng the center 
of the image, which allows easier comparison 
between the images (Figure 9G-H). We see a 
similar trend for both BRCA2 and RPA where a 
0.5 hour a  er damage induc  on the signal of 
both BRCA2 and RPA seems to be more spread 
out and become more condensed a  er 2 hours. 
However, when looking at the images of 0.5 
hour a  er IR we see that largest amount BRCA2 
is below the horizontal dashed line while for 
RPA the highest intensity is found just above the 
dashed line. We then see at 2 hours a  er IR for 
BRCA2 that the signal is s  ll below the dashed 
line while the signal expands at the 6-hour  me 
point. For RPA, we see at 2 hours a  er IR that 
the signal is quite spherical and at the center of 
the RAD51 signal while a  er 6 hours also, just as 
in the BRCA2 images the signal becomes more 
expanded and elongated along the ver  cal axis.

An addi  onal possibility with this data set 
when using rota  onal alignment is to combine 
the alignment of two sets of images which are 

stained for one common protein and two diff er-
ent proteins, on top of each other. In this case, 
we used images of both RPA and BRCA2 which 
were both aligned on basis of the correspond-
ing RAD51 signal. We overlaid the summed im-
ages of both protein in one image (Figure 9I). 
In both situa  ons cells were treated and pre-
pared in the same way. However, doing a 3 color 
STORM experiment would be very challenging 
and further more would pose problems due the 
secondary an  body cross-reac  vity due to the 
species of the an  bodies. 

Discussion
Quan  ta  ve analysis of localiza  on data re-

quires tailor-made so  ware and the possibility 
to design scripts dedicated to the specifi c needs 
of the biological system studied. An easily ac-
cessible, simple Graphical User Interface facil-
itates the use of so  ware accessible by other 
researches, but does not allow to fully access 
all features present in localiza  on data. There-
fore, the presented SMoLR package is not only 
useful for researchers with basic experience in 
programming in R to explore their localiza  on 
data in R, but can also be used as a toolbox 
with func  ons to be applied in more advanced 
scripts dedicated to specifi c data sets (Figure 6 
and 7). The data browser we developed can be 
used by researchers that only require browsing 
through the data and want to iden  fy interest-
ing features that require further analysis in R. 
This fi ts very well in an itera  ve approach where 
observa  ons in the individual images can be vi-
sualized and subsequently quan  fi ed and test-
ed on the whole data set. The approach might 
lead to new hypotheses which can then can 
again be inves  gated on basis of the individual 
images and quan  fi ed for all data.

For analysis of macromolecular assemblies 
in cells using super-resolu  on microscopy it is 
important to include suffi  cient data. This means 
that it is important to summarize the data of 
several images together. Using our package, it 
is straight-forward to combine the data of mul-
 ple cells in a single data set. Our package also 

makes it easy to compare images taken under 
diff erent condi  ons or at diff erent  me points 
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Figure 9 Quan  ta  ve analysis of super resolu  on imaging of DNA Double Strand Break foci. U2oS cells treat-
ed with 6Gy or ionizing radia  on and fi xed at the indicated  me points were stained using an  bodies against 
RAD51 and either BRCA2 or RPA. A,B) Clusters of  BRCA2 and RPA were iden  fi ed using DBSCAN clustering. 
The 2D histograms show the size and number of localiza  ons of the clusters. C,D) The  number of localiza  ons 
from all foci of that condi  on within the radius indicated by the bins in the histograms from the center of 
the RAD51 signal. E,F) Summed images of feature based rota  on. The foci are aligned rota  ng the elongated 
structure of RAD51 (magenta) along the ver  cal axis. Subsequently all foci are rotated in such a way that most 
RAD51 signal is at the top. The BRCA2 or RPA signal (RPA) is rotated in the same way. G,H) The same images 
as in E,F but plo  ed with a diff erent look up table and showing the center of the image at the intersec  on of 
the dashed lines. I) Overlay image of the rotated images of BRCA2 and RPA with RAD51 aligned. (n is respec-
 vely 157,186,150 foci for BRCA2/RAD51 0.5,2 and 6 hours a  er IR, while for RPA/RAD51 n is respec  vely 

154,198,115 for the three  me points).
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and to include proper controls to assure the 
detected organiza  onal pa  erns are signifi cant 
and relevant. In R, combining our package with 
the spatstat package for spa  al analysis it is also 
straight-forward to average the spa  al distri-
bu  on (Ripley’s K, Pair Correla  on Func  on) of 
several ROIs in one plot.

The analysis of protein clusters in neurons 
can be useful to correlate phenotype and be-
havior directly to the spa  al organiza  on of 
synapse proteins. The above described example 
shows that with SMoLR it is possible to obtain 
sta  s  cal relevant descrip  ons of the protein 
clusters at high resolu  on. 

The analysis of DSB foci shows that addi  onal 
informa  on about the rela  ve spa  al organiza-
 on can be obtained by extensive quan  ta  ve 

analysis of single molecule localiza  on data by 
SMoLR. We for instance observed that RPA at 
the later  me points shows increasingly dense 
clusters that do not increase in size. It can be 
hypothesized that the resected DNA to which 
RPA is bound condenses during repair or prepa-
ra  on for repair while the DNA which is dis-
placed by BRCA2 and loaded with RAD51 needs 
to be more opened up to facilitate homology 
search and strand invasion. The rota  onal anal-
ysis also shows that at half an hour a  er IR RPA 
and BRCA2 are localized at a diff erent posi  on 
rela  ve to the RAD51 signal (Figure 9). While 
RPA is localized closer to the higher intensity 
RAD51, BRCA2 is posi  oned more at the other 
side where in general less RAD51 is present. In 
future experiments this could be analyzed in 
more detail to inves  gate whether these dif-
ferent localiza  ons relate to the mechanisms 
whereby BRCA2 loads RAD51 on the DNA. We 
observed for both BRCA2 and RPA that from half 
an hour un  l 2h a  er irradia  on, the clusters 
are localized closer to the intense RAD51 signal. 
A  er six hours, the clusters are spread out along 
the RAD51 fi lament. It has been suggested be-
fore (Agarwal et al., 2011)  that the number of 
RAD51 foci is at maximum at about 2 hours and 
therefore at 6 hours a  er IR it is possible that 
only the most persistent foci are le  . It might be 
that during these 6 hours, resec  on of the DNA 
is con  nuously progressing leading to DSBs with 
long strands of ssDNA and loading of RPA even 6 

hours a  er DSB induc  on. The presence of both 
RPA and BRCA2 at all the diff erent  me points 
suggests a very dynamic regula  on of loading 
and dissocia  on of RAD51 during the  me the 
DSB is being repaired. 

Conclusion
The nature of Single Molecule Localiza-

 on data, essen  ally a table with coordinates, 
makes it very a  rac  ve to perform diff erent 
types of quan  fi ca  on besides the common 
image analysis methods. It is therefore a pow-
erful technique to extract quan  ta  ve informa-
 on about the (rela  ve) localiza  on of proteins 

at high resolu  on. In many situa  ons, mul  ple 
similar structures are present within a cell and 
the recorded super resolu  on image. By com-
bining the presented methods and workfl ow to 
extract relevant features from the localiza  on 
data, together with the powerful sta  s  cs avail-
able in R, it is possible to explore the varia  on 
in structures, determine common features de-
scribing the structures while at the same  me 
comparing diff erent condi  ons or proteins. 
Using feature-based alignment and rota  onal 
analysis these observed structural organiza  ons 
can be verifi ed, visualized and combined with 
rota  onal simula  ons to get more insight. The 
complete workfl ow for single molecule localiza-
 on microscopy presented here, enables biolo-

gists to explore (super resolu  on) microscopy 
data to the full extent. 
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Introduction to Single Molecule Localization in R
(SMo R)

Maarten Paul (m.w.paul@erasmusmc.nl) and Johan Slotman (j.slotman@erasmusmc.nl)
2017

The SMolR package consists of a set of functions dedicated to quantitive analysis of Single Molecule
Localization data in R.

• Importing and organizing large single molecule localization data sets
• Visualize super resolution localization data
• High-thoughput analysis of large data sets

Import of localization data

Using SMOLR_IMPORT, different types of data can be imported into R from a folder. The localizations from
different ROIs or images are sorted in a list of data.frame’s. Different profiles are available to load
different types of data.
SMOLR_IMPORT(folder="../loc",profile = "roiloc")
SMOLR_LOAD(folder="../loc")

Example of localizations data.frame

Index X Y Precision PSF First_Frame N_detections Photons Channel

18590 12427 7201 19 178.2 1351 1 494 1
18631 12438 7182 28 178.9 1354 1 342 1
60796 12433 7163 21.3 186.9 4901 1 563 1
99444 12474 7175 20.8 179.4 7950 1 364 1
99482 12451 7156 18.4 185.2 7953 1 563 1
107190 12502 7064 25.4 176.9 8598 1 317 1
108532 12447 7060 21.9 173.9 8704 1 370 1
108626 12442 7112 18.9 183.7 8712 1 450 1
108637 12463 7145 18.2 161.6 8713 1 356 1
108654 12473 7119 21.6 184.7 8714 1 416 1

1

Supplemental ile: R Vignette of the SMoLR package
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Visualization

The localizations can plotted by individual Gaussians using the SMOLR function. This can also be applied to a
list of data.frame's. This will create an list of super resolution images. In this example a data.frame
is the input. The plot function can be applied to the SMOLR_image object. This will return images of all
channels in gray scale.
img <- SMOLR(smolrdata)
plot(img)

Alternatively an RGB image can be plotted.
plot(img,rgb=TRUE)

2
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Using the SMOLR_PLOT function the localizations can be plotted in a scatter plot
par(mar=c(2,2,2,2))
SMOLR_PLOT(smolrdata)

Instead of using the image in R it is also possible to export an image as tiff.
plot(SMOLR(subset(smolrdata,Channel==1)))
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The color and size of the points in the plot can be related to column in the data.frame. In this example the
color represents the Frame in which the localization is detected, while the size is by default equal to the
localization precision.
par(mar=c(2,2,2,2))
SMOLR_PLOT(smolrdata,split_ch = T,color = smolrdata$First_Frame)

4

Plotting channels separetely
par(mar=c(2,2,2,2))
SMOLR_PLOT(smolrdata,split_ch = T)
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Clustering

plot(SMOLR_KDE(smolrdata))

Visualization of DBSCAN clustering. The colors indicate the assigned cluster, while the red localizations are
considered background.
plot(SMOLR_DBSCAN(smolrdata,eps=50,MinPts=5))

5
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Table 2: Table continues below

x.0.m.cx x.0.m.cy x.0.m.majoraxis x.0.m.eccentricity x.0.m.theta

62 29 3.266 4.13e-07 1.571
75.64 36.55 9.572 0.6783 -0.8246
40.5 37.5 4.781 0.6708 -0.7854
36 42 3.266 0 0

34.12 62.64 30.91 0.9083 1.376
77.92 74.94 16.01 0.787 -1.498
58.23 79.73 18.84 0.9516 -0.5429

x.0.s.area x.0.s.perimeter x.0.s.radius.mean x.0.s.radius.sd

9 8 1.207 0.2071
53 22 3.705 0.4907
14 10 1.689 0.2161
9 8 1.207 0.2071
286 70 10.02 3.314
120 37 5.843 1.232
81 34 5.294 2.1

Alternatively instead of using the image-based features, features based on the localization data can be
calculated.
point_features <- SMOLR_POINT_FEATURES(SMOLR_DBSCAN(smolrdata,eps=50,MinPts=5))

Table 4: Table continues below

Channel cluster meanX meanY sd width area perimeter

1 1 292.6 300.9 123.5 426 4169 791.4
2 1 298.6 194 73.42 317.7 3348 607.6
2 2 301.2 449 22.79 79.79 724.8 149.8
3 1 290.3 309.6 148.9 453.6 4728 873.1

major_axis minor_axis

238.4 8.516
138.5 8.373
37.37 8.214
289.6 8.257

6

Features

From the data image features can be calculated, using the SMOLR_FEATURES function. This function can
be applied to a data.frame, but also to a list of data.frame’s.
features <- SMOLR_FEATURES(SMOLR_KDE(smolrdata))
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Abstract
The recombinase RAD51, and its meio-

sis-specifi c paralog DMC1 localise at DNA dou-
ble-strand break (DSB) repair sites in meio  c 
prophase nuclei. Using super resolu  on micros-
copy on mouse spermatocyte nuclei we show 
that the majority of meio  c DSB repair foci 
contain an elongated RAD51 cluster and either 
one (D1R1 confi gura  on) or two (D2R1 confi g-
ura  on) DMC1 clusters. D2R1 confi gura  ons 
consist of one RAD51 cluster, closely adjacent 
to a DMC1 cluster, and a separate DMC1 clus-
ter at a distance of around 250nm. As prophase 
progresses, less D1R1 and more D2R1 foci are 
observed, while the RAD51 cluster in the D2R1 
foci elongates and gradually orients towards the 
distant DMC1 cluster. The results indicate that 
although many RAD51 and DMC1 loading pat-
terns may occur, DMC1 accumula  on on both 
ends of the DSB, and RAD51 loaded adjacent to 
DMC1 on one end only, is most likely the most 
produc  ve confi gura  on to achieve meio  c re-
combina  on repair.
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Introduction
DNA double strand breaks (DSBs) are highly 

detrimental lesions (Schipler and Iliakis, 2013). 
Homologous recombina  on (HR) is an er-
ror-free repair process that uses an intact DNA 
molecule to recover the gene  c informa  on 
that may have been lost upon DSB forma  on 
(San Filippo et al., 2008). In HR, the two ends 
of the break are resected, genera  ng 3’-sin-
gle-stranded DNA (ssDNA) overhangs of sev-
eral hundreds of base pairs, which are ini  ally 
bound by the ssDNA-binding protein replica-
 on protein A (RPA) (San Filippo et al., 2008). 

RPA is then replaced by RAD51, an ATP-driven 
recombinase that forms a right-handed helical 
fi lament on the 3’ overhang (presynap  c phase) 
(Liu et al., 2010). When the formed nucleop-
rotein fi lament associates with a homologous 
DNA sequence, strand invasion occurs (synap  c 
phase), which is observed as the forma  on of 
the displacement loop (D-loop) in in vitro as-
says. In the postsynap  c phase, DNA synthesis 
is primed by the 3’ end of the invading strand, 
and the gene  c content of the damaged DNA 
molecule is recons  tuted from the homologous 
template. 

Mammalian meio  c cells make use of DSBs 
and homologous recombina  on in order to pair 
paternal and maternal homologous chromo-
somes. At fi rst hundreds of DSBs are ac  vely 
induced in a regulated fashion by the transes-
terase SPO11 (Baudat et al., 2000; Keeney et 
al., 1999; Keeney et al., 1997; Romanienko and 
Camerini-Otero, 2000). When strand invasion 
involves the homologous chromosome, the for-
ma  on of a repair intermediate brings the ho-
mologs in close proximity, and thereby contrib-
utes to homologous chromosome pairing and 
forma  on of the synaptonemal complex (SC) 
(Baudat et al., 2000; Romanienko and Cameri-
ni-Otero, 2000). 

In meio  c prophase, RAD51 is partnered by 
its homolog DMC1, which is not expressed in 
soma  c cells (Bishop, 1994; Gupta et al., 2001; 
Habu et al., 1996; Shinohara and Shinohara, 
2004; Yoshida et al., 1998). Similar to RAD51, 
DMC1 forms right-handed nucleoprotein fi la-
ments that coat the resected ssDNA ends and 
can drive homology search (Sheridan et al., 

2008). In mouse, accumula  on of both recom-
binases at sites of DSBs can be observed as co-
localising protein foci, associated with the chro-
mosomal axes in widefi eld microscopy (Moens 
et al., 1997; Tarsounas et al., 1999). In addi  on, 
gene  c studies in S. cerevisiae led to the conclu-
sion that both Rad51 and Dmc1 are necessary 
for interhomolog recombina  on in wild type 
cells (Hong et al., 2013; Lao et al., 2013; Liu et 
al., 2014). In meio  c recombina  on in yeast, 
Rad51 has an accessory role to s  mulate in-
terhomolog strand invasion by Dmc1 (Cloud et 
al., 2012). A similar fi nding has been reported 
in plants, where the recombina  on phenotype 
of a AtRad51 knockout strain could be rescued 
by the expression of a cataly  cally inac  ve 
RAD51-GFP fusion protein (Da Ines et al., 2013). 
In A. thaliana, immunofl uorescence analysis of 
AtRAD51 and AtDMC1 foci by confocal micros-
copy showed that the two proteins do not fully 
colocalise within one and the same recombina-
 on nodule. It was speculated that DMC1 and 

RAD51 load at diff erent ends of the break, and 
that DMC1 drives one end into strand-invasion 
(Kurzbauer et al., 2012). Recently, these obser-
va  ons were challenged by super resolu  on 
analyses of Rad51 and Dmc1 foci in S.cerevisi-
ae nuclei (Brown et al., 2015). Results obtained 
in this analysis indicated that complex loading 
pa  erns of Rad51 and Dmc1 may exist, where 
by the two DSB-ends form paired foci consis  ng 
of both recombinases par  ally covering the re-
sected ends. Here, we applied dual color direct 
Stochas  c Op  cal Reconstruc  on Microscopy 
(dSTORM) and triple color three-dimensional 
Structured Illumina  on Microscopy (3D-SIM) 
to simultaneously visualise the distribu  on of 
DMC1 and RAD51 within DSB foci on the chro-
mosomal axes, in rela  on to the progression of 
male mouse meio  c prophase. We observed 
that the localisa  on events of RAD51 and DMC1 
clustered in dis  nct areas within a single DSB 
repair focus, where the majority of observed 
structures contained a single RAD51 cluster, 
and either one or two DMC1 clusters (further 
referred to as D1R1 and D2R1). Furthermore, 
the distances between the clusters were sur-
prisingly consistent in all structures. Finally, 
during progression of prophase from leptotene, 



70

Chapter III

IIIIII

through zygotene, to pachytene, the frequency 
of D1R1 foci decreased, accompanied by an in-
crease in the frequency of D2R1 foci. In Sycp1 
knockout spermatocytes, which lack the trans-
verse fi laments (TF) of the SC, axial elements of 
the SC align but do not synapse (de Vries et al., 
2005). In this mutant, RAD51 and DMC1 ini  ally 
formed similar structures but in pachytene-like 
nuclei, the foci confi gura  ons corresponded 
most to those observed in leptotene nuclei of 
the wild type. Our super resolu  on microscopy 
data together with our modeling experiments, 
suggest that DMC1 frequently loads at the two 
opposite ends of the DNA break, and RAD51 as-
sociates mainly with only one of the two ends 
during mouse meio  c prophase. Thus, the su-
per resolu  on microscopy data presented here 
provide new insight in the dynamic composi  on 
of meio  c DSB repair foci, and demonstrates 
that this approach provides new opportuni  es 
for inves  ga  on of recombina  on intermedi-
ates at nanoscale.

Results
Composition of meiotic 
recombination foci revealed by super 
resolution imaging

DSB foci were visualised in spread meiot-
ic nuclei immunostained for RAD51, DMC1, 
and SYCP3, using 3D-SIM and dSTORM, (Figure 
1A-I). By u  lizing a microscope that combines 
3D-SIM and dSTORM, we were able to visualise 
the same fi eld of view applying both techniques 
with the same objec  ve lens (Figure 1G, I). The 
3D-SIM images were used to visualise synapto-
nemal complexes (SCs), to be able to iden  fy 
the substage of meio  c prophase and meio  c 
DSB foci (also in the SIM image), which were fur-
ther analysed in images acquired by dSTORM. 
In DMC1 and RAD51 co-staining experiments, 
the two proteins displayed dis  nct localisa  on 
pa  erns, indica  ng that the used an  bodies do 
not cross-react under these condi  ons (Figure 
1G, I).

A total dataset of 2315 manually selected foci 
was generated by analysis of 18 nuclei in diff er-
ent meio  c substages, imaged in four indepen-
dent experiments (Figure 1-fi gure supplement 

1A-C). The maximum number of foci per nucle-
us was observed in early zygotene, correspond-
ing well with what we and others have reported 
previously (Figure 1-fi gure supplement1B, C) 
(Carofi glio et al., 2013; Cole et al., 2012; Tar-
sounas et al., 1999). We observed that the foci 
were composed of separate DMC1 and RAD51 
clusters (Figure 1F-I). This prompted us to ex-
amine the spa  al distribu  on of localisa  ons 
of DMC1 and RAD51 within DSB repair foci in 
more detail, to iden  fy possible predominant 
pa  erns.

Two prominent con iguration types of 
RAD51 and DMC1 assemblies

To quan  fy and categorize the diff erent pat-
terns of RAD51 and DMC1 clusters, we analysed 
the spa  al density of both proteins using a 2D 
Kernel Density Es  ma  on func  on (Figure 1J). 
We defi ned a threshold of 5 dSTORM localisa-
 ons per single 25 nm2 pixel below which the 

signal was considered to be background. In this 
way we created a binary image and iden  fi ed 
specifi c clusters with a minimal size of 50 pix-
els, within the ROIs (600nm diameter circles) 
that were enriched for either one of the two 
proteins. We quan  fi ed the number of clusters 
within each ROI and observed that for both 
RAD51 and DMC1 a single cluster within a ROI 
was most frequently observed (Figure 2A). Foci 
with mul  ple RAD51 or DMC1 clusters were 
also present, but were more frequent for DMC1 
compared to RAD51 (Figure 2A). Using the 
above described thresholding for clusters, ROIs 
with low density of localisa  ons of either RAD51 
or DMC1 were classifi ed as having 0 clusters of 
RAD51 or DMC1 respec  vely, even if some lo-
calisa  ons were present. Next, we quan  fi ed 
the diff erent RAD51 and DMC1 clustering com-
bina  ons in our ROIs dataset in order to assess 
how the two recombinases relate to each other 
within each ROI. We observed that ROIs com-
posed of a combina  on of one or two clusters 
per protein were the most represented. ROIs 
composed of more than two clusters of either 
protein occurred at a frequency of only 26%. In 
the distribu  on of cluster combina  ons, 56 % of 
the total popula  on of ROIs fell within two spe-
cifi c groups: a single DMC1 cluster with a single 
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Figure 1 Meio  c DSB foci in super resolu  on A) single DMC1 focus imaged in widefi eld, 3D-SIM, and dSTORM 
to visualise the diff erence in resolu  on between the three imaging techniques. B) The intensity profi le across 
the image (green line in A). C-J) Spread mouse late zygotene nucleus immunostained with primary an  bodies 
for RAD51, DMC1, and SYCP3, and appropriate secondary an  bodies conjugated with Alexa-488 (green), Al-
exa-647 (red), and Alexa-555 (white), respec  vely. C) Widefi eld image of complete nucleus. D-E) Widefi eld and 
3D-SIM of boxed region in C. 3D-SIM F) and SYCP3 3D-SIM overlayed with RAD51/DMC1 dSTORM images G) of 
boxed region in C. Close-up of single DSB foci present on the synaptonemal complex shown in D in 3D-SIM H) 
and dSTORM I). J) Single DSB foci of two types (upper panels D1R1, lower panels D2R1) represented in 3 diff er-
ent visualisa  on/analysis methods: sca  er plot of localisa  ons, kernel density es  ma  on of localisa  ons, and 
binary representa  on of the kernel density es  ma  on. Asterisks indicate centre of mass of DMC1 and RAD51 
clusters. Scale bars 100nm.
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RAD51 cluster (D1R1), or two DMC1 clusters 
with a single RAD51 cluster (D2R1) (Figure 2B). 

We also analysed a mouse mutant model in 
which assembly of the synaptonemal complex 
(SC) is incomplete due to the absence of the 
central or transverse fi lament of the SC (Sycp1-

/-, 2 animals, two independent experiments, 
10 nuclei, 2042 manually selected foci, Figure 
2-fi gure supplement 1) (de Vries et al., 2005). 
In spermatocytes from these mice, homologous 
chromosomes show pairing but no synapsis, 
and the distances between paired axial ele-
ments are larger than between lateral elements 
in synapsed SCs in the wild type (around 80 nm 
in wild type and 200 nm in the knockout) (de 
Vries et al., 2005). In this mutant, leptotene ap-
pears normal, and the number of DSB foci ob-
served at this stage is similar to the maximum 
number observed in wild type spermatocytes, 
but the failure to synapse disturbs subsequent 
stages, and prevents comple  on of meio  c DSB 
repair ((de Vries et al., 2005); (Boateng et al., 
2013; Hamer et al., 2006; Hamer et al., 2008; 
Schramm et al., 2011) and Figure 2-fi gure sup-
plement 1). All confi gura  ons were present in 
similar frequencies in wild type and Sycp1-/- nu-
clei (Figure 2A, B). Given the high rela  ve fre-
quencies of the D1R1 and D2R1 confi gura  ons 
in both wild type and Sypc1-/- spermatocytes, 
we inves  gated these confi gura  ons in more 
detail.

Temporal analysis of D1R1 and 
D2R1 con igurations during meiotic 
prophase 

We argued that later meio  c prophase sub-
stages would be enriched for more advanced 
recombina  on intermediates compared to ear-
ly meio  c prophase nuclei. In both wild type 
and Sycp1 knockout nuclei, the D1R1 confi gu-
ra  on was the most abundant confi gura  on 
at leptotene, sugges  ng that this is an early 
confi gura  on in which DMC1 and RAD51 form 
fi laments on the resected DSB ends. In the tran-
si  on to zygotene in the wild type, a signifi cant 
reduc  on of the D1R1 confi gura  on frequency 
was observed, parallel to a 2-fold increase in the 
rela  ve frequency of D2R1 foci. (Figure 3A). In 
the Sycp1-/- spermatocytes, the D1R1 confi gu-
ra  on frequency decreased only transiently in 
zygotene, parallel to an increase in the absolute 
and rela  ve frequencies of several diff erent 
complex confi gura  on frequencies involving 
up to three DMC1 or RAD51 clusters. In con-
trast, cells that reached a pachytene-like stage 
displayed D1R1 at a frequency that was sim-
ilar again to what was observed for leptotene 
nuclei. The frequency of D2R1 foci remained 
constant during the diff erent analysed stages 
of the Sycp1 knockout (Figure 3B). Surprisingly, 
we observed no signifi cant diff erence between 
frequencies of D1R1 and D2R1 confi gura  ons 
on synapsed versus unsynapsed axes in the wild 
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type zygotene nuclei (Figure 3C). We also did 
not detect any overt specifi c distribu  on pat-
tern of the diff erent confi gura  ons rela  ve to 
each other along the axial/lateral elements of 
the SC (Figure 3-fi gure supplement 1). 

Since we observed clear changes in the D1R1 
and D2R1 confi gura  ons over  me, and be-
tween wild type and Sycp1-/- spermatocytes, we 
further focused on a be  er understanding of 
the molecular characteris  cs of these two clus-
ter confi gura  ons. 

Asymmetrical distribution of RAD51 
relative to DMC1

To inves  gate the spa  al organiza  on of 

protein clusters in the iden  fi ed confi gura  ons 
further, we determined the center of mass of 
every cluster in each ROI and measured the dis-
tance between the center of RAD51 cluster(s) 
and DMC1 cluster(s) (Figure 4A, B). Interest-
ingly, minimum distances coherently clustered 
at approximately 70 nm (wild type/Sycp1-/-

;68.4±1.2sem 75.8±1.1sem) for all analysed foci 
confi gura  ons in wild type and Sycp1 knockout 
nuclei. Thus, all foci that contain more than one 
RAD51 and/or DMC1 cluster, contain at least 
one RAD51 and one DMC1 cluster that are in 
close proximity to each other, with an average 
distance of approximately 70nm (Figure 4A). 
Since only a single cluster is present for each of 
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the individual recombinases in the D1R1 group, 
the distribu  on of the maximum distance was 
the same as for the minimum distance. Impor-
tantly, it completely overlapped with the fi rst 
peak of the distribu  on of maximum distances 
of all confi gura  ons, sugges  ng that all foci with 
more than one RAD51 and/or DMC1 cluster, 
also contain RAD51 and DMC1 clusters that are 
larger (localisa  ons are more spread) or that are 
spa  ally more separated from each other, with 
an average distance of around 300 nm (wild 
type/Sycp1-/-;287.4±2.7sem 308.6±2.8sem) 
(Figure 4B). 

From these data we inferred that the D2R1 
confi gura  on is asymmetrical with respect to 
the posi  on of the RAD51 cluster rela  ve to 
the two DMC1 clusters, allowing us to defi ne 
a close-DMC1 and a far-DMC1 cluster. Subse-
quently, we could determine that the DMC1 
and RAD51 cluster area sizes in the D1R1 foci 
are very similar to the cluster area sizes of the 
close-DMC1 and RAD51 cluster in the D2R1 foci, 
respec  vely. Moreover, in both D1R1 and D2R1 
foci, the (close-)DMC1 cluster became smaller 
as cells progressed from leptotene to late zy-
gotene. In pachytene, the area of the (close-)
DMC1 cluster returns to a size that is similar to 
what was observed at leptotene (Figure 4C, D). 
The close-DMC1 cluster, on average occupied 
a much larger area compared to the far-DMC1 
cluster (Figure 4D). The far-DMC1 cluster dis-
played a small but gradual increase in size as 
meio  c prophase progressed (Fig. 4D). In Sycp1-

/- spermatocytes, the (close)-DMC1 cluster area 
appeared larger compared to what was ob-
served in the wild type, and even displayed an 
increase in DMC1 cluster area size in the zygo-
tene- and pachytene-like D1R1 foci, compared 
to leptotene-like foci (Fig 4C). In addi  on, the 
area of the far-DMC1 was larger in the zygo-
tene-like nuclei compared to the other stages, 
but the RAD51 and close-DMC1 cluster areas 
were similar at all Sycp1-/- stages examined (Fig-
ure 4C, D).

Consensus patterns of the spatial 
organization in D1R1 and D2R1 foci

Upon visual inspec  on, the foci that were 
grouped within a certain DnRn subtype, s  ll 

appeared very diff erent from each other (Figure 
5-fi gure supplement 1). This may be caused by 
the fact that we are represen  ng three-dimen-
sional structures in a two-dimensional image. 
To obtain more insight in the actual structure 
of the two main DnRn confi gura  ons, we used 
alignment by rota  on to be able to detect pos-
sible consensus pa  erns in D1R1 and D2R1 foci 
(Figure 5A, B). For the D1R1 group, the DMC1 
cluster was used as an anchor point and the 
RAD51 cluster was used for the rota  on. We 
rotated the structures so that the center of 
the RAD51 cluster was aligned along the ver  -
cal axis above the DMC1 cluster. Then we gen-
erated a single fused image of all aligned foci, 
pooled from the nuclei that were at a specifi c 
stage of meio  c prophase. We observed that 
the RAD51 and DMC1 cluster par  ally overlap, 
but that the degree of overlap decreases while 
meiosis progresses (Fig. 5A). This observa  on 
was supported by the results from measure-
ments of the distances between the RAD51 and 
DMC1 cluster (Figure 5C), showing that the dis-
tance between RAD51 and DMC1 is shorter at 
leptotene compared to the other stages in wild 
type. In Sycp1-/- D1R1 foci, the degree of overlap 
was also reduced at the zygotene-like stage, rel-
a  ve to the leptotene-like stage, but increased 
again at pachytene (Figure 5B). Accordingly, the 
RAD51-DMC1 distance increases only transient-
ly at the zygotene-like stage (Figure 5C). We 
observed no diff erences in distances between 
clusters within confi gura  ons on synapsed ver-
sus asynapsed axes (Figure 5-fi gure supplement 
2).

In the D2R1 group we used the close DMC1 
cluster as anchor, and either the RAD51 clus-
ter or the far-DMC1 cluster was rotated un  l it 
aligned. The alignment using the RAD51 cluster 
for rota  on provided insight in the loca  on of 
the far-DMC1 cluster with respect to the two 
other clusters. The loca  ons of the signals of 
the far-DMC1 cluster were highly variable at 
leptotene, but formed a crescent moon-shaped 
structure around the other two clusters in zy-
gotene and pachytene nuclei (Fig. 5A). Most of 
the signal appeared on the top, indica  ng some 
type of spa  al rela  on between the RAD51 
cluster, which is rotated to a posi  on above the 
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close-DMC1 cluster, and the far-DMC1 cluster 
that then also ends up mostly above the RAD51 
and close-DMC1 clusters. As meio  c prophase 
progresses, the far-DMC1 cluster became more 
and more localised in a smaller region above 
the close-DMC1 cluster and the RAD51 clus-
ter, showing that a rela  vely large frac  on of 
the D2R1 foci has a DMC1-RAD51-DMC1 type 

of structure. When we aligned the two DMC1 
clusters we assessed the RAD51 loca  on rel-
a  ve to the two DMC1 clusters by quan  fying 
the rela  ve number of RAD51 localisa  ons 
present in four quarters (above, below, le   and 
right) of the image, rela  ve to the close-DMC1 
cluster. As expected, based on the results of the 
rota  on with the far-DMC1 cluster, the highest 
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Figure 6 Simula  ons of D2R1 rota  ons A) Model of D2R1 foci in three dimensions. B) Selec  on of simulated 
foci using one model randomly posi  oned in space and visualised in two dimensions. C) Measured RAD51 
length, RAD51 intensity in the top quadrant and DMC1 intensity in the top half for all simulated foci, whereby 
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images of simula  ons that fi t best to experimental data, length (full width half maximum: 2.355σ), angle and 
error are indicated.
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percentage of the RAD51 signal was observed 
between the two DMC1 clusters, and more sig-
nal accumulated in the upper part of that quad-
rant as prophase progressed (Fig. 5A). In agree-
ment with this observa  on, the center of mass 
of the RAD51 cluster seemed to be extending 
away from the closest DMC1 anchor cluster as 
cells progressed from zygotene to pachytene 
(Figure 5D). The mean distance between the 
two DMC1 clusters, and between the RAD51 
and the far-DMC1 cluster in the D2R1 decreased 
as prophase progressed, but increased again in 
pachytene (Figure 5E-F). Overall, the consensus 
pa  erns in Sycp1-/- spermatocytes were similar, 
but the confi gura  ons were more variable (Fig. 
5B-F). For example, the direc  onality of RAD51 
towards the far DMC1 cluster was clear at the 
zygotene-like stage, but lost at pachytene-like. 
Furthermore, in the analyses of the distances 
between the clusters of the D2R1 confi gura-
 ons, the distance between the close-DMC1 

cluster and RAD51 ini  ally appeared larger 
compared to the wild type, and increased more 
when cells developed from leptotene to zygo-
tene, but in pachytene-like Sycp1-/- spermato-
cytes the distance was similar to what was 
observed at leptotene. The distance of the far-
DMC1 cluster to RAD51 or to the close-DMC1 
cluster was large at all stages, in contrast to the 
reduc  on observed during zygotene in the wild 
type (Fig. 5B, E-F). 

Three-dimensional simulations of the 
D2R1 con iguration

The chroma  n spreads used in these analy-
sis are very thin, avoiding the presence of more 
than one focus at a certain loca  on, but most 
likely s  ll retain the three dimensional structure 
of a single focus. Taking this into account, we 
used the program R to simulate a 3D model of 
D2R1 confi gura  ons (Figure 6A, Rich media fi le 
1). We analysed the simulated data (discarding 
the z informa  on) in the same way as the exper-
imental data. Interes  ngly, around 15% of the 
simulated D2R1 confi gura  ons in a three-di-
mensional space are represented as D1R1 in the 
two-dimensional representa  ons, and also a 
small frac  on of D3R1 and D2R2 confi gura  ons 
were observed. This is most likely caused by 

situa  ons whereby spurious detec  ons rise just 
above the background, resul  ng in detec  on of 
an addi  onal cluster. We performed rota  on 
and alignment on the simulated D2R1 confi g-
ura  ons in the dataset, using the close-DMC1 
cluster as an anchor, and rota  ng either RAD51 
or the far DMC1 cluster to the ver  cal axis. 
Strikingly, it can be observed that the simulated 
data fi ts best if the degree of freedom for the 
angle gradually reduces from 132° to 105° and 
the length of RAD51 gradually increases from 
80 to 144 nm going from leptotene to pachy-
tene (Fig. 6C,D). Comparing the simula  ons 
to the Sycp1-/- D2R1 rota  ons, it appears that 
the degree of rota  on freedom for the close-
DMC1-RAD51 cluster combina  on rela  ve to 
the DMC1-DMC1 axis is larger than in wild type 
at the leptotene-like and pachytene-like stages, 
but actually more restricted in the zygotene-like 
nuclei, for which a maximal rota  on angle of 
105 and a length of 144 nm fi  ed best.

Discussion
We simultaneously determined the localisa-

 on of the recombinases RAD51 and DMC1 at 
nanoscale resolu  on in more than 4000 DSB foci 
in 18 wild type and 10 Sycp1-/- spermatocytes. 
Moreover, we dis  nguished early, intermediate 
and late stages of meio  c prophase by co-stain-
ing of the synaptonemal complex. Together, this 
allowed us to reconstruct generalised RAD51 
and DMC1 distribu  on pa  erns within repair 
foci as they develop during meio  c prophase.

DMC1 and RAD51 localise in separate 
clusters within DSB foci

Single molecule localisa  ons of RAD51 and 
DMC1 were not homogeneously distributed, 
but formed separable clusters within a single 
DSB focus. The majority of the inves  gated 
DSBs showed one RAD51 cluster and either one 
or two DMC1 clusters (D1R1 and D2R1). More 
complex confi gura  ons were also observed, but 
computer simula  ons indicate that part of these 
actually represent D2R1 confi gura  ons. There-
fore, although addi  onal more complex confi g-
ura  ons also occur, they are present at lower 
frequency than observed. These confi gura  ons 
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may then represent either short-lived transi-
 onal structures or, unfavorable and there-

fore unstable structures that occur due to the 
stochas  c nature of macromolecular complex 
forma  on. Since D1R1 frequencies go down 
and D2R1 frequencies go up during prophase 
progression, we hypothesize that D1R1 confi g-
ura  ons represent an early stage of DSB repair, 
when the recombinases have recently loaded, 
whereas D2R1 confi gura  ons form later, during 
homology search and strand invasion. 

We es  mate the length of the RAD51 cluster 
to reach a maximum of around 140 nm, which 

corresponds to around 100 nm a  er correc  on 
for the an  bodies that were used to detect the 
recombinase. The DMC1 cluster in the D1R1 
confi gura  on, and the close DMC1 cluster in 
the D2R1 confi gura  on are of similar size. An in 
vitro fi lament of RAD51 with a length of 100 nm 
covers approximately 200 bp of ssDNA (Ris  c et 
al., 2005). However, we cannot accurately es  -
mate the length of the ssDNA that is covered 
by the RAD51 and DMC1 clusters in our in vivo 
analyses because we have no informa  on re-
garding the folding of such fi laments in associ-
a  on with other complexes, such as structural 
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Figure 7 Schema  c model of RAD51 and DMC1 coopera  on in meio  c recombina  on foci. A specula  ve 
model is proposed, for dynamic pa  erns of RAD51 and DMC1 localisa  on and organiza  on in recombina  on 
intermediates in mouse meio  c prophase in subsequent steps. Ini  al resec  on of the 5’strands a  er DSB for-
ma  on may occur asymmetrically, as suggested by studies in budding yeast  (Neale et al., 2005), allowing 
some func  onal diff erences between the two DSB-ends. Subsequently, the D1R1 confi gura  on, may form as a 
result of one or more of the depicted accumula  on pa  erns of RAD51 and DMC1, with or without addi  onal 
presence of RPA-(like) proteins A).When one of the two strands begins homology search B), the two DSB ends 
will diverge, allowing visualisa  on of two separate DMC1 clusters (D2R1), or this could be accompanied by 
addi  onal loading of DMC1. Based on available informa  on from yeast gene  cs, we favour model 3, in which 
the fi lament that contains both RAD51 and DMC1 performs the homology search. As  me progresses, the 
RAD51 fi lament changes shape, and becomes more elongated,   in addi  on, the freedom of movement of the 
RAD51-DMC1 fi lament gradually decreases, perhaps signifying more stable interac  ons with the homolog. 
Finally RAD51 is most o  en localised between the two DMC1 clusters, when the highest level   of stable 
structural organiza  on is reached. Further strand exchange, may be associated with subsequent loss of (part) 
of the DMC1 signal. In Sycp1-/- spermatocytes homologous recombina  on may be arrested just prior to the 
fi nal depicted stage.
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components of the SC. Furthermore, there are 
no data available regarding the actual length of 
single-stranded resected DNA of meio  c DSBs 
in mouse meiocytes. Thus, based on what is 
currently known, it is very well possible that the 
large DMC1 and RAD51 clusters represent adja-
cent folded fi laments covering all ssDNA on one 
or two DSB ends.

The D1R1 con iguration represents 
an early recombinase structure

The D1R1 confi gura  on may be formed from 
any asymmetric loading pa  ern, but it seems 
highly unlikely that RAD51 and DMC1 accumu-
late both at each end of the DSB since we did 
not observe paired occurrence of D1R1 confi g-
ura  ons, and D2R2 confi gura  ons, or confi gu-
ra  ons with an even larger number of clusters, 
were rare. From the alignment by rota  on and 
the distance measurements it appears that 
there is a gradual lengthening of the RAD51 
moiety of the D1R1 structure. However, we also 
observed a transient reduc  on in the overall 
size of the D1R1 confi gura  on during zygotene. 
So, although lengthening may suggest addi  on-
al loading, a decrease in overall size could be 
caused by removal of RAD51 and DMC1 from 
the DNA. Combining these two observa  ons 
would therefore fi t best with a gradually more 
stretched confi gura  on, accompanied by loss 
of the recombinases. The subsequent increase 
in area sizes in pachytene could then represent 
forma  on of new D1R1 structures, while the 
smaller D1R1s have evolved into D2R1s. 

D2R1 represents a DSB intermediate 
with asymmetric loading of RAD51 
and DMC1

The similarity of the (close) DMC1 and RAD51 
clusters in the D2R1 and D1R1 confi gura  ons 
in terms of size and proximity implies that the 
D1R1 evolves into a D2R1 confi gura  on. The ad-
di  onal DMC1 domain at longer distance from 
RAD51 in D2R1 could then result from new 
loading of DMC1, or from spli   ng of the DMC1 
cluster into two independent clusters that stabi-
lizes at a distance of 200-250 nm.

The gradual increasing size of the second 
DMC1 domain supports the idea of new loading 

of DMC1, but even its maximum size is more 
than 10 fold smaller than the areas occupied by 
the adjacent close DMC1 and RAD51 clusters. 
So either the far DMC1 cluster may be somehow 
compacted, or it represents binding of DMC1 to 
a shorter stretch of ssDNA. The adjacent close 
DMC1 and RAD51 clusters may represent adja-
cent fi laments, formed in either direc  on rela-
 ve to the 3’ end of the ssDNA. The fact that the 

distances of both the close DMC1 cluster, and 
of the RAD51 cluster, from the far DMC1 clus-
ter are very similar and show similar changes as 
meio  c prophase progresses (Fig 6F,G) supports 
the idea that these two clusters are physically 
coupled. 

The number and organization of the 
D1R1 and D2R1 con igurations are 
affected in Sycp1-/- spermatocytes 

Our high resolu  on analyses confi rm the pre-
viously reported increased number of repair foci 
in the Sycp1-/- zygotene-like and pachytene-like 
spermatocytes compared to the corresponding 
wild type cells that was previously reported (de 
Vries et al., 2005). Interes  ngly, we observed an 
increased frequency of D1R1 confi gura  ons in 
the pachytene-like Sycp1-/- nuclei compared to 
zygotene-like nuclei. Recent data indicate that 
when synapsis is not achieved, feedback mech-
anisms may act locally to maintain SPO11 ac  v-
ity in unsynapsed regions (Faieta et al., 2015; 
Gray et al., 2013; Kauppi et al., 2013), which is 
in agreement with the increased frequency of 
early recombinase confi gura  ons in late-stage 
Sycp1-/- spermatocytes. We also observed an 
increased frequency of D2R1 confi gura  ons 
in leptotene-like nuclei, in comparison to the 
wild type, which can be a  ributed to the fact 
that when a true synapsed structure cannot be 
formed, ini  al alignment and pairing will be less 
stable, and cells that should be in zygotene will 
s  ll appear as leptotene in the Sycp1-/- nuclei. 
Moreover, the observa  on that both D1R1 as 
well as D2R1 confi gura  ons are larger com-
pared to the same confi gura  ons in wild type 
nuclei fi ts well with a model where a stable re-
combina  on intermediate cannot be formed, 
leading to increased size of the RAD51/DMC1 
clusters due to addi  onal protein loading and 
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the absence of advancing structures that start 
to release recombinases as strand invasion is 
ini  ated. The longer average distance between 
the RAD51 and the close DMC1 cluster at the zy-
gotene-like stage compared to the correspond-
ing wild type stage, as well as the absence of 
a transiently reduced distance between RAD51 
and the far DMC1clusters also indicates a lack 
of progression to the most advanced type of 
D2R1 confi gura  on. In the rota  on analyses, it 
appeared that the D2R1 confi gura  on in Sycp1-

/- zygotene-like nuclei was much more clearly 
organized as a DMC1-RAD51-DMC1 structure 
compared to wild type nuclei at any stage. Per-
haps stalling of repair generates a longer life-
 me of this par  cular confi gura  on, allowing 

a more organized summed image. S  ll, in the 
pachytene-like Sycp1-/- nuclei, this high level of 
organiza  on appears to be lost again, and this 
might be due to increased presence of new, 
more early, D2R1 confi gura  ons, or refl ect 
loss of overall organisa  on as repair fails. Tak-
en together, the measurements in this mouse 
model confi rm the robustness of our analyses 
of RAD51/DMC1 foci, and indicate that the in-
creased number of repair foci in Sycp1-/- zygo-
tene- and pachytene-like spermatocytes is due 
at least in part to induc  on of late DSBs, in re-
sponse to asynapsis. Furthermore, the transi-
 on of the D2R1 confi gura  on to a stage where-

by the DMC1-DMC1 distance becomes shorter 
concomitant with a reduc  on in the area occu-
pied by the close DMC1 cluster does not occur 
in Sycp1-/- spermatocytes, indica  ng that these 
changes in the D2R1 confi gura  on represent 
a specifi c func  onal transi  on, which requires 
the presence of SYCP1.

Models for early RAD51/DMC1 
ilament structures 

Based on our observa  ons, the four models 
depicted in Figure 7A for ini  al forma  on of the 
D1R1 confi gura  on are equally likely. Based on 
the gene  c evidence that RAD51 may s  mu-
late DMC1 ac  vity, it would be more likely that 
DMC1 would be loaded on the 3’ end of the 
ssDNA, to facilitate its strand-invasion ac  vity 
(Cloud et al., 2012; Lao et al., 2013). Combined 
with the above described coupled behaviour of 

the RAD51 and close DMC1 cluster and their 
overall resemblance to the clusters in D1R1, we 
favour models 3 and 4 in Figure 7A. 

The two DMC1 clusters of the D2R1 confi gu-
ra  on are somehow structurally connected, as 
shown by the constant distance between their 
centers of mass. A func  onal connec  on is also 
indicated from the results from the rota  on 
analyses and the simula  ons thereof indica  ng 
that the RAD51 cluster becomes more elongat-
ed, and more frequently localised in the direc-
 on of the far DMC1 spot, as meio  c prophase 

progresses. These data are consistent with all 
three models depicted in Figure 7B. However, 
star  ng from models 3 and 4 for D1R1 in Figure 
7A, only model 3 in Figure 7B would remain for 
the D2R1 confi gura  on. This would be consis-
tent with a role for RAD51 in forma  on of the 
presynap  c fi lament only, which would require 
ATP-binding, but no ATPase ac  vity, and DMC1 
(ac  vated by RAD51 on the same strand) func-
 oning in the actual homology recogni  on and 

strand exchange reac  on.  
All foci that we analysed were associated 

with a SYCP3 axial or lateral fi lament. Howev-
er, there was no clear fi xed orienta  on of any 
of the confi gura  ons rela  ve to the SYCP3 fi la-
ment. S  ll it may be suggested that the structur-
al associa  on between the DSB repair complex 
and the developing synaptonemal complex may 
cause a spa  al restric  on for the DSB ends coat-
ed by RAD51 and/or DMC1. 

Recent data indicate that the homology 
search involves two func  onally dis  nct phases: 
a fi rst  phase during which 8nt regions of micro-
homology are probed, and a second phase that 
involves further strand invasion, and D-loop 
forma  on (Lee et al., 2015). This fi ts well to the 
data presented here, where in the wild type late 
zygotene and pachytene nuclei, the transient 
reduc  on of the DMC1-DMC1 distance, and a 
concomitant possible loss of DMC1 protein from 
the close DMC1 cluster (given its reduc  on in 
size), may represent the transi  on from this fi rst 
phase to the second, more stable situa  on, that 
would then possibly depend on the presence 
of func  onal SYCP1 protein. At the other end 
of the DSB, a DMC1 only fi lament may be the 
quiescent strand, lacking the (ac  va  ng) RAD51 
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component (Figure 7B, model 3), in agreement 
with a model proposed by Hong et al. (2013), 
in which only one end of the DSB is perform-
ing homology search, branching away from the 
DSB site (Hong et al., 2013). Further studies will 
be required to test the model, for instance by 
super resolu  on imaging of addi  onal involved 
proteins in combina  on with visualisa  on of 
DNA. In addi  on, the experimental combina-
 on of meiosis-defec  ve knockout mouse mod-

els with super resolu  on microscopy provides a 
promising new approach to study the dynamics 
of mouse meio  c recombina  on and meio  c 
defects at the molecular level.

Materials and Methods
Animals

Two wild type (5-10 weeks old) and two 
Sycp1 knockout (12 weeks old) mice (previously 
described (de Vries et al., 2005)) were killed. All 
animal experiments were approved by the lo-
cal animal experiments commi  ee DEC Consult 
and animals were maintained under supervi-
sion of the Animal Welfare Offi  cer. 

Meiotic spread preparation and 
immuno luorescence

Spread nuclei for immunocytochemistry 
were prepared as described (Peters et al., 
1997). Cells were spread on 1.5 thickness cov-
erslips (170±5 μm), previously coated with 1% 
poly L-lysine (Sigma) and stained with an  bod-
ies men  oned below in six separate staining 
experiments for dSTORM and 3D-SIM analyses 
as follows:  

-Four experiments to collect the images of 
the 18 nuclei presented in Figure 1-fi gure sup-
plement 1

-Two experiments in which the fl uorophores 
were swapped as described below in the para-
graph en  tled 3D-SIM and dSTORM imaging, to 
confi rm that this does not alter our main obser-
va  ons 

-Two experiments to collect the images of 10 
Sycp1 knockout nuclei nuclei presented in Fig-
ure 2-fi gure supplement 1

Before incuba  on with an  bodies, cov-
erslips were washed in PBS (3x10 min), and 

non-specifi c sites were blocked with 0.5% w/v 
BSA and 0.5% w/v milk powder in PBS. Prima-
ry an  bodies were diluted in 10% w/v BSA in 
PBS, and incuba  ons were overnight at room 
temperature in a humid chamber. Subsequent-
ly, coverslips were washed (3x10 min) in PBS, 
blocked in 10% v/v normal swine serum (Sigma) 
in blocking buff er (supernatant of 5% w/v milk 
powder in PBS centrifuged at 14,000 rpm for 10 
min), and incubated with secondary an  bodies 
in 10% normal swine serum in blocking buff er 
overnight at room temperature. Finally, covers-
lips were washed (3x10 min) in PBS (in the dark) 
and immediately used for imaging.

Antibodies
For primary an  bodies, we used goat an-

 body against SYCP3 (R&D Systems), mouse 
monoclonal an  body against DMC1 (Abcam 
ab1837), and a previously generated rabbit 
polyclonal an   RAD51 (Essers et al., 2002). For 
secondary an  bodies, we used a donkey an-
 -rabbit IgG Alexa 488/647, donkey an  -mouse 

Alexa IgG 488/647, and donkey an  -goat Alexa 
555 (Molecular Probes).

Sample preparation
Coverslips immunostained as described 

above were mounted in an A  ofl uor Cell Cham-
ber (Life Technologies). For dri   correc  on and 
channel alignment 100nm Gold nanopar  cles 
(Sigma) were added to the sample. To perform 
dSTORM imaging, an imaging buff er was pre-
pared containing 40mM MEA (Sigma), 0.5mg/
ml Glucose Oxidase (Sigma), 40 μg/ml Catalase 
(Sigma) and 10% w/v Glucose in PBS pH 7.4. 
Samples were incubated in the imaging buff er 
during the en  re imaging session.

3D-SIM and dSTORM imaging
Imaging was performed using a Zeiss Elyra 

PS1 system. Both 3D-SIM and dSTORM data 
were acquired using a 100x 1.49NA objec  ve. 
488, 561, 642 100mW diode lasers were used 
to excite the fl uorophores together with re-
spec  vely a BP 495-575 + LP 750, BP 570-650 
+ LP 750 or LP 655 excita  on fi lter. For 3D-SIM 
imaging a gra  ng was present in the light path. 
The gra  ng was modulated in 5 phases and 5 
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rota  ons, and mul  ple z-slices were recorded 
on an Andor iXon DU 885, 1002x1004 EMCCD 
camera. dSTORM imaging was done using near-
TIRF se   ngs while the images were recorded 
on Andor iXon DU 897, 512x512 EMCCD cam-
era. At least 10 000 images were acquired and 
frames were subsequently imaged at an interval 
of 33ms for Alexa 647. For Alexa 488 an interval 
of 50ms was used to compensate for the lower 
photon yield of the Alexa 488 dye. We used Al-
exa 488 and Alexa 647 dyes coupled to second-
ary an  bodies to detect respec  vely RAD51 and 
DMC1 or vice versa. Using either fl uorophore 
combina  on, we consistently detected ~1.5 
 mes more localisa  on events for RAD51 than 

DMC1. As expected, we observed more localisa-
 ons for Alexa 647 compared to Alexa 488, due 

to the more suitable photochemical proper  es 
for dSTORM of the former (van de Linde et al., 
2011). We chose the more effi  cient Alexa 647 
dye to detect DMC1, that is either less abun-
dant or less well recognized by the primary an-
 body compared to RAD51, and the Alexa 488 

dye to detect RAD51. 

Image analysis
3D- SIM images were analysed using the algo-

rithm in the ZEN2011 (Carl Zeiss, Jena) so  ware. 
Channels were aligned based on a reference 
sample containing 100nm Tetraspeck beads 
(Life Technologies). For dSTORM, individual 
fl uorescent events were localised in the subse-
quent frames using a 2D Gauss fi   ng algorithm 
in the ZEN2011 (Carl Zeiss, Jena) so  ware. De-
tec  ons in subsequent frames origina  ng from 
the same fl uorophore were grouped. Dri   was 
corrected using 100nm gold nanopar  cles (Sig-
ma). The same fi ducials were used to align the 
two color dSTORM images using an affi  ne align-
ment. Dual color dSTORM and triple color SIM 
images were aligned, based on the dSTORM and 
3D-SIM Alexa 647 images, using a channel align-
ment algorithm in the ZEN2011 so  ware. All 
observed foci were manually selected based on 
the SIM images, and square regions (side of 600 
nm) around the foci were selected using ImageJ 
within the Fiji pla  orm (Schindelin et al., 2012). 
For each stage and each genotype, 2-5 nuclei 
were analysed. Each nucleus can be viewed as 

a biological replicate when diff erences between 
stages are considered, whereas each focus 
can be considered a biological replicate when 
the overall proper  es of the foci are analysed. 
Technical replica  on is not applicable for the 
types of analyses used here. The single mole-
cule localisa  ons of the individual foci were 
subsequently imported into R using the RStu-
dio GUI for further analysis (Pau, Oles, Smith, 
Sklyar and Huber, EBImage: Image processing 
toolbox for R. v. 2.13 (2013) h  p://watson.nci.
nih.gov/bioc_mirror/packages/2.13/bioc/html/
EBImage.html; R Development Core Team, R: A 
language and environment for sta  s  cal com-
pu  ng. R Founda  on for Sta  s  cal Compu  ng, 
R Founda  on for Sta  s  cal Compu  ng, Vien-
na, Austria, ISBN 3-900051-07-0, h  p://ww-
w.R-project.org.) 

Selected foci that were spa  ally overlapping 
were excluded if the percentage of overlapping 
localisa  ons was larger than 25%. Also foci con-
taining less than 50 localisa  ons were excluded 
from further analysis.

Foci shape analysis
Single molecule localisa  on data was used to 

fi t a 2D Kernel Density Es  ma  on (KDE) func-
 on (Wand, 2013, KernSmooth: Func  ons for 

kernel smoothing for Wand & Jones 2.23-10, 
http://CRAN.R-project.org/package=KernS-
mooth). The KDE func  on es  mates the density 
of localisa  ons at a certain posi  on in the im-
age. The bandwidth of the density es  ma  on 
was set to the approximate average localisa  on 
precision of our data: 20 nm. The 2D KDE gives 
a normalized density over the image. Because 
we are interested to determine the absolute 
density of localisa  ons, the normalized density 
is mul  plied by the number of localisa  ons in 
the ROI. A  er fi   ng a 2D KDE to the data we 
are able to defi ne objects by applying a thresh-
old. The threshold is set at 5 localisa  on/pixel, 
equal to 0.2 localisa  ons/nm2. The resul  ng 
binary images were used to determine shape 
features (center of mass i.e.) (Pau, Oles, Smith, 
Sklyar and Huber, EBImage: Image processing 
toolbox for R. v. 2.13 (2013) h  p://watson.nci.
nih.gov/bioc_mirror/packages/2.13/bioc/html/
EBImage.html). Pairwise comparison between 
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the mean values of image features from individ-
ual meio  c stages was performed using an in-
dependent two sample Student t-test. A P-value 
below 0.05 was considered a signifi cant diff er-
ence between the two samples.  For alignment 
by rota  on the center of mass was used to cen-
ter images on the close DMC1 cluster for align-
ment by rota  on. The subsequent localisa  ons 
were all rotated so that either the far DMC1 or 
RAD51 center aligned above the (close DMC1) 
center. All localisa  ons from indicated stages 
were pooled and visualised as an image.

Simulation
We generated a 3D model of a D2R1 focus 

consis  ng of three dis  nct Gaussian distribu-
 ons of 3d coordinates. The two DMC1 clusters 

are represented as globular distribu  ons where 
the standard devia  on (σ) of the Gaussian dis-
tribu  on is equal in x,y and z. RAD51 is repre-
sented as an ellipsoid distribu  on in which the 
σ of the Gaussian distribu  on is larger in one 
dimension. We used the mean number of lo-
calisa  ons measured per cluster: 267, 564 and 
51 coordinates for RAD51, close DMC1 and far 
DMC1 respec  vely. We included 50 random-
ly distributed background coordinates in the 
model. The model was organized in such a way 
that the ‘close’ DMC1 cluster and the RAD51 
cluster are physically connected. The far DMC1 
cluster was placed randomly at distance of 
400 nm from the close DMC1 and the RAD51 
cluster localises at a random angle rela  ve to 
the DMC1-DMC1 axis in a three-dimensional 
space. We then varied the length of the main 
axis of the RAD51 cluster ( σ) and the maximal 
angle (   α) at which the ‘close’ DMC1-RAD51 
cluster combina  on could be posi  oned rel-
a  ve to the DMC1-DMC1 axis, and generated 
datasets of 200 confi gura  ons for every com-
bina  on of σ and α. We fi  ed the experimen-
tal data to the simula  ons using 3 parameters: 
the σ of a Gaussian fi  ed over the RAD51 signal 
(σ-RAD51), the percentage of DMC1 signal in 
the top half of the center (α-DMC1) in the ro-
ta  on where RAD51 is aligned to the top, and 
the percentage of RAD51 in the top quadrant 
(α-RAD51) in the rota  ons where the far DMC1 
is aligned to the top. These 3 parameters where 

measured in both the simulated data and the 
experimental data (Fig 7B). Using a least mean 
squares method the simula  on which fi ts the 
experimental data best was determined.  
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Figure 1-fi gure supplement 1 Analysed wild type nuclei. A) 3D-SIM images of the wild type nuclei analysed 
per stage. Nuclei were immunostained for RAD51 (green), DMC1 (red), and SYCP3 (white). In cases where two 
nuclei were imaged in the same fi eld of view they are separated by a dashed line. Scale bars represent 5 μm. 
B) Bar graph showing the average number of foci from wild type spermatocyte nuclei that were analysed in 
dSTORM per stage (leptotene, early-late zygotene, pachytene). The number of analysed nuclei per stage is 
indicated to the le   of each bar. Error bars indicate SEM, asterisk indicate signifi cant diff erence to all other 
stages  (p<0.05). C) P-values for foci number comparisons between stages (yellow background; p<0.05, green 
background p<0.005)
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Figure 2-fi gure supplement 1: Analysed Sycp1-/- nuclei. A) 3D-SIM image of microspread pachytene-like mei-
o  c nucleus from Sycp1-/- mouse immunostained with primary an  bodies for RAD51, DMC1, and SYCP3, and 
appropriate secondary an  bodies labelled with Alexa-488 (green), Alexa-647 (red), and Alexa-555 (white), re-
spec  vely. The boxed region is shown to the right and the arrowheads mark regions shown in below. B) Bar graph 
showing the average number of foci from wild type spermatocyte nuclei that were analysed in dSTORM per stage 
(lepto- tene, early -late zygotene, pachytene). The number of analysed nuclei per stage is indicated underneath 
each bar. Error bars indicate SEM values. C) P-values for foci number comparisons between stages (yellow back-
ground; p<0.05, green background p<0.005). D) 3D-SIM images of the Sycp1-/- nuclei analysed per stage. Nu-
clei were immunostained for RAD51 (green), DMC1 (red), and SYCP3 (white).
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Figure 3-fi gure supplement 1 Distribu  on of diff erent DnRn confi gura  ons along the chromosomes of wild 
type spermatocytes. The ROIs defi ned for a wild type leptotene, early zygotene, late zygotene and pachytene 
nucleus immunostained for RAD51, DMC1 and SYCP3 are superimposed on the SYCP3 SIM image (white). Red 
ROIs correspond to D1R1, green ROIs correspond to D2R1, blue ROIs to D1R2, yellow ROIs to D2R2 and ma-
genta ROIs to the rest group of confi gura  ons. Scale bars indicate 5 μm.
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Figure 5-fi gure supplement 1 Dif-
feren  al visual appearance of 
DnRn foci. A) Wild  type  late  zygo-
tene  nucleus and immunostained 
for RAD51 (green), DMC1 (red) 
and SYCP3 (white) with a compila-
 on of all ROIs shown below. ROIs 

are sorted by their DnRn confi gu- 
ra  on, from most frequent to rare 
confi gura  on. The boxes indicated 
the ROIs belonging to the D1R1 
(red) and D2R1 (blue) confi gu-
ra  ons. The images are recon-
structed with plo  ed Gaussi- an 
distribu  ons propor  onal to the 
precision of the individual localisa-
 ons. B) Two Sycp1-/- zygotene-like 

nuclei immunostained as indicated 
in (A) and a compila  on of all ROIs 
of the le   nucleus is shown below, 
as described for the wild type nu-
cleus in A).
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Figure 5-fi gure supplement 2 Distances between DMC1 and RAD51 clusters per stage on synapsed and unsy-
napsed axes. Mean distances between the DMC1 and RAD51 clusters in D1R1 and D2R1 confi gura  ons per stage 
in wild type spermatocytes, distributed over synapsed or unsynapsed axes. Error bars indicate SEM.
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Abstract
The tumor suppressor BRCA2 is a large mul  -

func  onal protein mutated in 50-60 % of famil-
ial breast cancers. BRCA2 interacts with many 
partners and includes mul  ple regions with 
poten  ally disordered structure. In homology 
directed DNA repair BRCA2 delivers RAD51 to 
DNA resul  ng in removal of RPA and assembly 
of a RAD51 nucleoprotein fi lament. Dynamic re-
arrangements of BRCA2 likely drive this molecu-
lar hand-off  ini  a  ng DNA strand exchange. We 
show human BRCA2 forms oligomers which can 
have an extended shape. Scanning force micros-
copy and quan  ta  ve single molecule fl uores-
cence defi ne the variety of BRCA2 complexes, 
reveal drama  c rearrangements upon RAD51 
binding and the loading of RAD51 patches on 
single strand DNA. At sites of repair in cell nu-
clei, super-resolu  on microscopy shows BRCA2 
and RAD51 arranged in largely separate loca-
 ons. We iden  fi ed dynamic structural transi-
 ons in BRCA2 complexes suggested to facilitate 

loading of RAD51 onto RPA coated single strand 
DNA and subsequent release of BRCA2.
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Introduction
Many proteins with regulatory roles, such as 

tumor suppressors like BRCA2, have regions of 
undefi ned structure some  mes described as 
intrinsically disordered. Not surprisingly due to 
its size and poten  ally disordered regions, the 
structure of the BRCA2 protein has been chal-
lenging researchers for more than two decades. 
Structural models obtained by X-ray crystal-
lography have been determined for isovvlated 
parts of BRCA2. The DNA binding domain co-pu-
rifi ed with the DSS1 (deleted in split-hand/split 
foot syndrome) protein and the BRC4 repeat 
fused with RAD51 show details of the interfaces 
between parts of BRCA2 and elements of the 
DNA recombina  on machinery (Pellegrini et 
al., 2002; Yang et al., 2002). Full length BRCA2 
interacts with 5-6 RAD51 molecules (Jensen et 
al., 2010) and facilitates forma  on of RAD51 fi l-
aments on DNA to catalyze the strand exchange 
step of homologous recombina  on (HR) (Jen-
sen et al., 2010; Liu et al., 2010; Thorslund et 
al., 2010). The arrangement of BRCA2 dimers 
associated with RAD51 and single stranded DNA 
(ssDNA) has been determined from electron mi-
croscopy (EM) image reconstruc  on (Shahid et 
al., 2014). BRCA2 associates with several addi-
 onal partners including PALB2 that mediates 

interac  on with BRCA1 (Siaud et al., 2011; Sy et 
al., 2009). BRCA2 func  on will require dynamic 
rearrangement of these molecular complexes 
facilita  ng partner exchange throughout the 
process of HR.

Here we inves  gate the global arrangement 
of BRCA2, changes upon RAD51 binding and 
loading on DNA using single-molecule visualiza-
 on techniques in vivo and in vitro.  Scanning 

force microscopy (SFM) reveals three-dimen-
sional structures of biomolecules in vitro in 
condi  ons compa  ble with biochemical ac  vi-
ty. Combining SFM with total internal refl ec  on 
fl uorescence microscopy (TIRF-SFM) (Sanchez 
et al., 2013) allows the iden  fi ca  on and quan-
 fi ca  on of proteins in heterogeneous mixtures 

like the BRCA2-RAD51 complexes addressed 
here. In cells BRCA2 moves in the nucleus as 
oligomeric clusters together with RAD51 (Reu-
ter et al., 2014). Using single molecule localiza-
 on by direct stochas  c op  cal reconstruc  on 

microscopy (dSTORM) (Heilemann et al., 2008), 
we determined the arrangement of BRCA2, 
RAD51, and RPA in microscopically discernable 
structures (foci) formed in the cell nucleus af-
ter DNA damage induc  on. Although diff using 
together, as reported previously (Reuter et al., 
2014), BRCA2 and RAD51 were largely sepa-
rated at sites of DNA repair, in pa  erns that 
changed over  me. These results reveal biolog-
ical func  ons of the BRCA2 protein machinery 
manifest as the structural transi  ons and dy-
namic interac  ons observed by single molecule 
imaging of biochemical samples and super res-
olu  on in cells.

Results
Human BRCA2 associates as 
oligomers

To study the architectural arrangements of 
BRCA2 protein, we purifi ed full-length human 
BRCA2 protein fused with two maltose bind-
ing proteins (MBP) as described (Jensen et al., 
2010). Visualiza  on by SFM reveals the ensem-
ble of BRCA2 complexes and their structural 
varia  on at nm resolu  on a  er deposi  on in 
condi  ons compa  ble with biochemical ac  vi-
ty (10 mM HEPES [pH 8.2], 112 mM NaCl) and 
in the absence of fi xa  on agents. A variety of 
BRCA2 oligomers were evident in SFM images, 
as previously observed EM images, from which 
prominent dimers were compiled for structure 
building (Shahid et al., 2014). BRCA2 complex-
es appeared as a heterogeneous popula  on of 
branched elongated structures (Fig. 1A). SFM 
imaging provides an accurate representa  on 
of protein associa  on in solu  on and distri-
bu  on of mul  meric states. (Janicijevic et al., 
2003; Ratcliff  and Erie, 2001) The volume and 
the skeleton length of individual BRCA2 protein 
complexes were used to es  mate the number 
of monomers  by a semi-automa  c analysis 
rou  ne (Sanchez and Wyman, 2015). The dis-
tribu  on of BRCA2 complexes (Fig. 1B), based 
on volume and skeleton length, had two main 
popula  ons containing dimers, the most promi-
nent, (1.6 ± 0.4 [SD] subunits) and likely tetram-
ers or pentamers (4.6 ± 2.8 [SD]) with a skele-
ton length of 179 ± 114 (SD) and 403 ± 132 (SD) 
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nm, respec  vely. Isolated monomers of BRCA2 
were up to 100 nm in length (example boxed in 
Fig. 1A). Inspec  on of the oligomeric complex-
es revealed an intriguing, recurrent protruding 
V-shape domain. One arm of the V was signifi -
cantly shorter than the other (35 ± 5 [SD] nm vs 
44 ± 6 [SD] nm from 235 analyzed complexes, 
p<0.05 two-sample t-test). This arrangement 
could result from folding one BRCA2 mono-
mer near the middle of the molecule, or an 

associa  on between two diff erent monomers in 
parallel or an  parallel orienta  on with a small 
off set. An  bodies recognizing the MBP tags in-
creased the volume in the center of the complex 
but not to the protruding ends of the elongated 
structures (Fig. 1C). This suggests that some of 
the C-terminal DNA binding domains could be 
protruding (see discussion). The associa  on of 
BRCA2 into mul  mers and the arrangement 
of the elongated domains was independent of 
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MBP as the shape or distribu  on of forms was 
unchanged a  er removal of the tags (Fig. 1D).

The oligomeric and elongated appearance of 
BRCA2 suggested structural variability charac-
teris  c of proteins with intrinsically disordered 
regions.  The structure of proteins with intrin-
sically disordered regions can vary drama  cal-
ly due to rela  vely subtle change in condi  ons 
(Uversky, 2016). We tested the eff ect of incu-
ba  on at diff erent temperatures and addi  on 
ssDNA on BRCA2 complex architecture. Notably, 
the protein complexes assumed a largely glob-
ular shape if the sample was deposited from 
incuba  on on ice (Fig. 1E). This transi  on was 
readily reversible as in situ warming to 37°C of 
the sample on mica, or incuba  on on ice with 
linear ssDNA oligonucleo  des before deposi-
 on for imaging, exposed the branched struc-

tures. This suggests that self-associa  on among 
BRCA2 domains, resul  ng in globular or extend-
ed structures, is readily reversible and dynam-
icconsistent with the behavior of intrinsically 
disordered regions.

Structural plasticity of Human BRCA2
Primary sequence analysis predicts the fre-

quent occurrence of segments along the BRCA2 
amino acid sequence that can be described 

as intrinsic disordered regions (IDRs) (Cortese 
et al., 2008; Oldfi eld and Dunker, 2014) (Fig. 
S1A-C). IDRs are o  en characteris  c of fl exible 
linkers involved in the assembly of macromo-
lecular complexes (Oldfi eld and Dunker, 2014; 
Wright and Dyson, 2015). We compared the 
dimensions of the BRCA2 elongated structures 
with double-stranded DNA (dsDNA) and the 
coiled-coils of the RAD50 component of the 
human MRN complex (de Jager et al., 2001) 
visualized by SFM. Full width at high maximum 
(FWHM) of extended BRCA2 was similar to dsD-
NA or RAD50 coiled coils indica  ng a true width 
of 2 or 3 nm a  er accoun  ng for SFM  p distor-
 ons (Bustamante et al., 1993). The apparent 

persistence length (PL) of elongated BRCA2 (17 
± 1 [SD] nm) was less than dsDNA (56 ± 6 [SD] 
nm) or RAD50 coiled coils (30 nm (van Noort et 
al., 2003)), showing the fl exibility of BRCA2 as a 
polymer (Fig. S1D-E).

BRCA2-RAD51 complexes are regular 
elongated structures

BRCA2 func  ons in HR associated with 
RAD51. To describe the arrangement and varia-
 on in BRCA2-RAD51 complexes we used TIRF-

SFM (Sanchez et al., 2013) and compared fl u-
orescent RAD51, herea  er RAD51, (Candelli et 
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al., 2014; Modes   et al., 2007; van Mameren et 
al., 2009) (Fig. S2A), BRCA2 and a mixture of the 
two, in the absence of DNA and nucleo  de co-
factor. BRCA2-RAD51 complexes were formed 
at a molar ra  o of 1:24 and visualized by TIRF-
SFM, a  er fi xa  on with glutaraldehyde (Fig. 2A). 
In the absence of fi xa  on limited BRCA2-RAD51 
complexes were observed by SFM, indica  ng 
interac  ons that are dynamic or transient in 
these condi  ons. The co-incuba  on resulted 
in protein complexes with an unan  cipated fi l-
ament-like appearance not apparent for either 
RAD51 or BRCA2 separately prepared with the 
same fi xa  on protocol (Fig. S3). Analysis of TIRF-
SFM images revealed fi lament like structures 
ranging from 30 nm to more than 500 nm long, 
and a main popula  on with a volume equivalent 
to 20-30 RNAP equiv., including 50-100 RAD51 
monomers based on fl uorescence (Fig. 2B-C). 
The number of RAD51 monomers based on fl u-
orescence intensity in BRCA2-RAD51 complexes 
was lower than in RAD51-DNA complexes with 
the same volume (see Materials and Methods 
and Fig. S2B for details of the quan  fi ca  on). 
The extra volume in the BRCA2-RAD51 com-
plexes in the main popula  on was equivalent to 
12 to 26 BRCA2 monomers. Similar structures 
were observed using unlabeled RAD51 protein 
indica  ng that the regular elongated forms are 
not due to the fl uorescent label (Fig. S4A). The 
elongated structures had an interrupted height 
profi le repea  ng with 51 ± 67 (SD) nm period-
icity along their contour, indica  ng the end-
to-end associa  on of smaller complexes. For 
comparison dimeric BRCA2-RAD51 complexes 
reconstructed from EM images are roughly oval 
at 26.5 nm X 16.5 nm (Shahid et al., 2014). Ad-
di  onally, BRCA2-RAD51 complexes were wider 
(FWHM= 17.8 ± 6 [SD] nm) and s  ff er (PL= 698 ± 
338 [SD] nm) than RAD51-dsDNA (FWHM= 8.75 
± 3.1 [SD] nm, PL= 91 ± 11 [SD] nm) fi laments 
(Fig. S1D). Together the volume and fl uores-
cence analysis of complexes observed by SFM 
indicated they consist of 4-5 RAD51 per BRCA2, 
similar to the stoichiometry of on average 4.5 
to maximal 6 RAD51 per BRCA2 determined 
by biochemical methods(Jensen et al., 2010). 
The elongated structures indicated specifi c in-
terac  ons, captured during fi xa  on, resul  ng 

regular, ordered mul  mers with a unit length of 
about 50 nm.

Multiple patches of BRCA2-RAD51 
load on ssDNA

The organiza  on of RAD51 by BRCA2, in the 
absence of DNA, into higher order structures 
larger than those previously described (Sha-
hid et al., 2014), suggested the possibility that 
RAD51 is loaded onto ssDNA in a manner dis-
 nct from the nuclea  on and growth mecha-

nism commonly described (Candelli et al., 2014; 
Holloman, 2011; Shahid et al., 2014; van der 
Heijden et al., 2007; van Mameren et al., 2009). 
To observe the eff ect of BRCA2 on RAD51-DNA 
loading, we incubated ssDNA (ΦX174 Viri-
on) with fl uorescent RAD51 alone (Fig. 3A) or 
with BRCA2-RAD51 (Fig. 3B) in the presence of 
ATP and Mg2+, necessary cofactors for dynam-
ic fi lament assembly. We used sub-satura  ng 
concentra  ons of RAD51 (1 monomer per 4 
nt) to highlight the possible mediator eff ect of 
BRCA2. DNA-protein complexes with fl uores-
cent RAD51 were visualized by TIRF-SFM a  er 
fi xa  on with glutaraldehyde (Fig. 3A) and an-
alyzed for volume and fl uorescence intensity 
(Fig. S4B). In these condi  ons, RAD51 alone did 
not stably bind to ssDNA and the DNA appeared 
mainly free of protein (31 out of 37 DNA mol-
ecules, Fig. 3Ai) with unbound RAD51 in the 
background. Incuba  on of BRCA2 with RAD51 
resulted in mul  ple RAD51 patches on all ssD-
NA molecules (Fig. 3Aii, iii). The amount of fl uo-
rescent RAD51 in these DNA-protein complexes 
was determined by TIRF-SFM (Fig. S4B). Volume 
analysis indicated that BRCA2 was included, in 
addi  on to RAD51 detected by fl uorescence, in 
the DNA bound structures. For example, in the 
popula  on with a volume equivalent to 30-40 
BRCA2 monomers. and 143 ± 101 (n=17) RAD51 
monomers detected by fl uorescence would in-
clude addi  onal volume equivalent to 18-28 
BRCA2 monomers. Both RAD51 and BRCA2 can 
bind ssDNA and either or both proteins could 
be bound in the complexes observed here. This 
striking associa  on of RAD51 with DNA only in 
the presence of BRCA2 refl ects the importance 
of the BRCA2-RAD51 complex for ini  a  ng DNA 
strand exchange. 
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The DNA-protein complexes observed by 
SFM, including RAD51 and BRCA2, had patches 
with regular features (Fig. 3Aiii). The average 
length of the patches, delineated by a decrease 
in the cross-sec  on height or a kink in the con-
tour was 71 ± 24 (SD) nm (from 405 patches in 
79 DNA-protein complexes). The dimensions of 
the DNA bound complexes (FWHM= 13.9 ± 6.7 
[SD] nm, height= 3.8 ± 1.5 [SD] nm) were dif-
ferent from both the RAD51-dsDNA fi laments 
(FWHM= 8.75 ± 3 [SD] nm, height= 2.5 ± 0.6 
[SD] nm, n= 101) and the BRCA2-RAD51 com-
plexes (FWHM= 17.8 ± 6 [SD] nm, height= 2.4 ± 
0.9 [SD] nm, n=123). These dimensions, togeth-
er with volume measurements and number of 

RAD51 es  mated from fl uorescence, indicate 
that BRCA2 not only facilitates RAD51 loading 
on ssDNA but that interac  on with ssDNA also 
induced par  al release of BRCA2.

The apparent release of BRCA2 was more 
evident when the DNA protein complexes were 
visualized in the absence of fi xa  on (Fig. 3B). 
Pre-incuba  on of the ssDNA with RPA (visual-
ized in Fig. 3B without fi xa  on) resulted in lim-
ited loading of RAD51 in the absence of BRCA2 
(Fig. 3Bii, iii and Fig. S4E-F). Interes  ngly DNA 
electrophore  c mobility shi   experiments sug-
gest that BRCA2 could rearrange RPA on DNA 
(Fig. S4D, compare lanes 2 and 6). As expect-
ed, BRCA2 enhanced RAD51 loading onto RPA 
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Figure 3 BRCA2 oligomers mediate RAD51 hand-off  to DNA. A) Loading of RAD51 on DNA (i) SFM image of 
ΦX174 Virion ssDNA incubated with RAD51 and cross-linked with glutaraldehyde. Color intensity indicates 
height (from 0 to 3 nm). (ii) TIRF-SFM image of ΦX174 Virion ssDNA incubated with BRCA2-RAD51 and cross-
linked with glutaraldehyde. (iii) Examples of mul  ple BRCA2-RAD51 complexes bound to ΦX174 Virion ssDNA 
from images similar to panel B. The patch length (red line) was analyzed with ‘SFMetrics’  B) Loading of RAD51 
on RPA coated ssDNA (i) SFM image of ΦX174 Virion ssDNA incubated with RPA, visualized without fi xa  on. 
(ii) RAD51-RPA-ssDNA complexes visualized by SFM without fi xa  on. (iii) BRCA2-RAD51-RPA-ssDNA complex-
es visualized by SFM without fi xa  on. 
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coated ssDNA (Fig. 3Band Fig. S4E-H). About 2 
fold more RAD51 was loaded onto ssDNA pre-
incubated with RPA in the presence of BRCA2, 
137 ± 42 (SD) vs 69 ± 42 (SD) RAD51 monomers 
per DNA molecule (Fig. S3F, H). The resul  ng 
protein DNA complexes also appeared very 
diff erent from those formed on ssDNA alone. 
BRCA2 loaded RAD51 was more evenly distrib-
uted loaded onto RPA-ssDNA, not in defi ned 
patches (compare Fig. 3Aiii to Fig. 3Biii). In addi-
 on, based on fl uorescence intensity es  mates 

of RAD51 monomers and volume, BRCA2 was 
largely absent from these complexes (Fig. 3B). 
The architectural rearrangements and molecu-
lar hand-off  of RAD51 from BRCA2 to DNA was 
apparently enhanced by interac  on with RPA.

Distinct arrangements of BRCA2 and 
RAD51 at DNA damage sites in the cell 
nucleus

With conven  onal microscopy resolu  on 
RAD51 and BRCA2 are reported to co-localize 
at sites of DNA damage (Bekker-Jensen et al., 
2006; Krawczyk et al., 2011; Reuter et al., 2014). 
However our in vitro results suggest that BRCA2 
and RAD51 may separate once RAD51 is load-
ed onto DNA. To determine the arrangement of 
BRCA2, RAD51 and RPA in the nucleus of U2OS 
cells a  er DNA double-strand break induc  on, 
we used single molecule localiza  on microsco-
py (dSTORM). This provides localiza  on accu-
racy relevant to molecular dimensions. Typical 
accumula  ons of RAD51, o  en referred to as 
DNA repair foci, were clearly visible by fl uores-
cence confocal micro   scopy (Fig. S5A and S6A). 
Localiza  on of individual molecules by dSTORM 
revealed that RAD51 focal accumula  ons were 
frequently elongated some more than 400 
nm long (Figure 4A-C). Subsequent two-color 
dSTORM imaging revealed that BRCA2 local-
iza  ons were rela  vely diff use with several 
clusters around the elongated RAD51 accumu-
la  ons (Fig. 4C). As expected from their rela  ve 
nuclear concentra  on (Reuter et al., 2014) and 
likely interac  on stoichiometry (Jensen et al., 
2010) most BRCA2 clusters were smaller than 
RAD51 clusters, including fewer localiza  ons.

The rela  ve loca  on of BRCA2 and RAD51 
was analyzed quan  ta  vely (Fig. 4C-E, S5). Each 

RAD51 focus was oriented with its long axis 
ver  cal with the most intense signal up and 
an overlay of all foci was compiled (Fig. 4E, see 
also Fig. S5E). BRCA2 localiza  ons (magenta) 
were not concentrated in the center but clearly 
spread around the central RAD51 cluster. The 
spa  al overlap between two diff erent protein 
species in single molecule localiza  on microsco-
py can be studied by quan  fying the abundance 
of localiza  ons of the one protein near localiza-
 ons of the other (Rossy et al., 2014). Here the 

frac  on of RAD51 localiza  ons that overlapped 
with the BRCA2 was quan  fi ed by coun  ng the 
number of BRCA2 localiza  ons within a radius 
of 50 nm from every RAD51 localiza  on (Fig. 
S5C-D). From this a frac  on of overlapping 
RAD51 localiza  ons can be calculated for every 
DSB focus. For each  me point a  er DNA dam-
age induc  on by ionizing irradia  on (IR) we clas-
sifi ed foci based on the frac  on of overlapping 
BRCA2 and RAD51 they included and plo  ed 
their distribu  on in histograms (Fig. 4D). As can 
be seen at all 3  me points a  er IR (0.5, 2 and 6 
hours) most foci included at least some RAD51 
signal that was not overlapping with the BRCA2 
signal (cumula  ve total of all histogram bars ex-
cept frac  on overlapping = 1.0). At 0.5 hr a  er 
inducing breaks, with 6 Gy ionizing irradia  on, 
the most frequent class of foci had no overlap in 
BRCA2 and RAD51 (30%). This pa  ern changed 
in  me a  er irradia  on. The propor  on of foci 
with most BRCA2 and RAD51 overlapping (his-
togram bin at 0.8 to 1.0 frac  on overlapping) in-
creased at 2 and 6 hours. In comparison similar 
two-color dSTORM imaging for RPA and RAD51 
showed a diff erent distribu  on within foci with 
varying overlap (Fig. 4F, S6C-D). As a control for 
our imaging, analysis methods and compari-
son of the histogram presenta  ons, we stained 
RAD51 with a mixture of secondary an  body 
labeled with two diff erent dyes which showed 
almost complete overlap in signal, as expected 
(Fig. 4G). We have reliably quan  fi ed the rela-
 ve distribu  on of diff erent proteins in DNA 

damage include foci, where BRCA2 and RPA 
were o  en separated from RAD51. Changes in 
these pa  erns can be correlated to dynamic 
interac  ons during the DNA repair process and 
used to test biological func  on.



101

Architectural plas  city of human BRCA2-RAD51 complexes

Discussion
We have determined the rela  ve arrange-

ment of essen  al DNA break repair proteins, 
BRCA2, RAD51 and RPA, in complexes on DNA 
from purifi ed components and in the cell nucle-
us.  These data iden  fy steps in the molecular 
choreography of assembling func  onal repair 

machinery where it is needed. BRCA2 alone 
displays variable structures, depending on mild 
changes in condi  ons and to binding partners, 
features characteris  c of proteins including in-
trinsically disordered regions. Binding to RAD51 
induces drama  c reorganiza  on into a regular 
complex capable of mul  meriza  on and ac  ve 
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secondary an  bodies showing, as expected, all foci with near complete overlap of signals in this analysis. Scale 
bars indicate 100 nm.
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in loading RAD51 onto ssDNA. We observe at 
least par  ally release of RAD51 from BRCA2 to 
DNA in the presence of RPA. Super-resolu  on 
imaging in cell nuclei also indicated that BRCA2 
and RAD51 separate at the sites of DNA dam-
age. BRCA2 however remained in the area of 
the DNA damage, as also observed in foci with 
standard microscopy, possibly indica  ng a role 
late in DNA break repair.

BRCA2 is responsible for delivering RAD51 to 
sites of DNA breaks in the nucleus. As such it 
has to scan nuclear volume for sites where its 
ac  on is needed. At an approximate concentra-
 on of 10 nM, in the range es  mated for BRCA2 

and several other DNA repair proteins in the cell 
nucleus (Essers et al., 2002a; Ghaemmaghami 
et al., 2003; Reuter et al., 2014), each protein 
would have to search volumes equivalent to a 
sphere with radius of about 300 nm. Our direct 
SFM visualiza  on shows that BRCA2 oligomers 
can adopt an extended confi gura  on spanning 
up to several hundred nanometers. BRCA2 
oligomers in this conforma  on eff ec  vely teth-
er mul  ple C-terminal DNA binding domains. In 
addi  on associa  on with mul  ple RAD51 mono-
mers eff ec  vely provides addi  onal DNA bind-
ing domains tethered in close proximity. These 
features would facilitate an eff ec  ve search for 
DNA damage sites in the nucleus via frequent 
non-specifi c interac  ons (Reuter et al., 2014). 
BRCA2 regions characterized as intrinsically 
disordered could allow fl uctua  ng inter- and 
intra-molecular associa  ons with low entropy 
cost promo  ng conforma  onal fl exibility and 
func  onal exchange of binding partners (Shoe-
maker et al., 2000). Intrinsically disordered re-
gions of BRCA2 may also facilitate its accumula-
 on via interac  on with poly(ADP-ribose) which 

has been suggested to seed the accumula  on of 
intrinsically disordered proteins at the sites of 
DNA breaks (Altmeyer et al., 2015).

In vitro single-molecule experiments have 
extensively studied the DNA binding behavior of 
RAD51 (Candelli et al., 2014; Hilario et al., 2009; 
van der Heijden et al., 2007; van Mameren 
et al., 2009) where fi lament forma  on is de-
scribed as a two-steps process involving nucle-
a  on and growth. Our previous live cell imaging 
data (Reuter et al., 2014) indicated that most, 

if not all, nuclear RAD51 is traveling in complex 
with BRCA2 suggested that fi lament forma  on 
in vivo may be dominated by these complexes 
and not free RAD51. We show here that BRCA2 
transforms RAD51 into a s  ff  mul  meric DNA 
binding complex off ering poten  al mechanis-
 c advantages. The BRCA2-RAD51 complex is 

essen  ally a mul  meric DNA binding complex 
that would facilitate loading of RAD51 onto ssD-
NA in compe   on with proteins like RPA (Jen-
sen et al., 2010; Liu et al., 2010; Thorslund et 
al., 2010). Although RAD51 in vitro can displace 
RPA on ssDNA, we note that in vivo the rela  ve 
concentra  ons of these proteins likely make 
this ineff ec  ve.  Modifi ca  on of RAD51 by phos-
phoryla  on mi  gates the need for mediators to 
replace RPA in vitro(Subramanyam et al., 2016).  
However if post-transla  onal modifi ca  on not 
occur eff ec  vely a  er fi lament forma  on, addi-
 onal help to replace RPA ini  a  ng fi lament for-

ma  on would be needed. Even a single BRCA2 
comprising three OB folds and mul  ple RAD51s 
forms a mul  meric ssDNA binding complex that 
we suggest could eff ec  vely compete away 
ssDNA-bound RPA without the need of direct 
interac  on between BRCA2 and RPA (Sing et 
al., 2014). The complete dependence on BRCA2 
for loading RAD51 on ssDNA in the absence of 
RPA, observed here with limited RAD51 (Fig. 
3), possibly suggests an addi  onal role for this 
complex unfolding ssDNA secondary structures. 
In combina  on BRCA2-RAD51 complexes serve 
a series of func  ons: catching RPA-ssDNA, using 
the BRCA2 DNA-binding domains to promote 
replacement of RPA for RAD51, and delivering 
mul  ple RAD51 molecules for effi  cient fi lament 
forma  on (Fig. S4G). We an  cipate that the in-
trinsically disordered regions of BRCA2 are es-
sen  al for dynamic structural rearrangements 
that catalyze molecular hand-off  events in the 
cell nucleus.

Although all detectable RAD51 diff uses in 
the cell nucleus in complex with BRCA2 (Reuter 
et al., 2014) release to load RAD51 onto DNA 
at break sites is expected in vivo. The accumu-
la  on of DNA break repair proteins at sites of 
damage in the cell nucleus has been extensively 
studied by fl uorescence microscopy. A  er DNA 
breaks are induced, proteins needed to perform 
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DNA strand exchange in HR reorganize by rap-
idly associa  ng in clusters, or repair foci, in a 
BRCA2 dependent manner (Tarsounas et al., 
2003). The limited resolu  on of standard light 
microscopy is unable to resolve the rela  ve ar-
rangement of RAD51, BRCA2, and other repair 
proteins in foci that all appear as (overlapping) 
spherical clusters. The increased resolu  on of 
dSTORM, acquired by separa  ng the fl uores-
cence signal of individual molecules, enables 
accurate localiza  on of single molecules in 
densely labeled samples. We present here su-
per resolu  on images of RAD51, BRCA2 and RPA 
detected by immuno-fl uorescence in DNA dam-
age induced foci. We observe RAD51 arranged 
in an elongated pa  erns, up to several 100 nm 
long. Though there is no independent evidence 
that these structures are RAD51-DNA fi laments, 
this elongated appearance is expected for a pro-
tein that coats DNA, in a fi lament. The length of 
the elongated RAD51 structures is reasonable 
given that 450 nm (approximate median of the 
distribu  on Fig. 4B) is equivalent to a perfect 
RAD51-DNA fi lament including 900 nt of DNA 
and 300 RAD51 molecules (note number of lo-
caliza  ons does not equal number of molecules 
in our super-resolu  on methods employing in-
direct immunofl uorescence staining and detec-
 on of fl uorophore blinking). 

Our immunofl uorescence experiments show 
dis  nct pa  erns of BRCA2, RAD51 and RPA in 
DNA damage induced foci.  The RAD51 primary 
an  body used is polyclonal and will recognize 
many epitopes or presenta  ons of RAD51. The 
monoclonal BRCA2 an  body recognizes one 
of the RAD51 binding BRC repeats.  It is possi-
ble this epitope is not as effi  ciently recognized 
if RAD51 is bound to some of the BRC repeats 
in BRCA2.  Even if all BRCA2 is not detected all 
RAD51 should be detected whereby the dis  nct 
pa  ern of RAD51 and BRCA2 reveal diff erent 
dynamic arrangements at DNA breaks sites. At 
the earliest  mes analyzed a  er damage (0.5 
hr) BRCA2 is in small clusters separated from 
most of an elongated, much larger RAD51 
cluster (Fig. 4D-E) consistent with a molecular 
hand-off  upon loading RAD51 onto DNA. How-
ever, hand-off  does not lead to BRCA2 absence 
from the foci, as BRCA2 clusters are observed 

also at later stages (2 and 6 hours a  er dam-
age induc  on). This suggests a role for BRCA2 
beyond delivering RAD51 and that BRCA2 and 
RAD51 may re-associate before leaving the site 
of DNA damage. 

In our super resolu  on images the RPA signal 
is also largely separated from RAD51 as expect-
ed if RAD51 replaces RPA bound to DNA (Fig. 4F 
and S6C). Interes  ngly we observe both BRCA2 
and RPA are present at the RAD51 damage in-
duced foci at all three  me points a  er damage 
induc  on. The reten  on of RPA at DSBs has 
been observed in yeast by ChIP, both at the DNA 
break site and at repair donor locus (Wang and 
Haber, 2004). We observe RPA in dense clusters, 
with large number of localiza  ons, in contrast to 
RAD51, which is present in an extended pa  ern. 
As is the case for the DNA repair foci observed 
with conven  onal microscopy, there is no proof 
that the foci presented here with dSTORM rep-
resent DNA bound proteins; however their pat-
terns are consistent with the diff erent roles of 
these proteins and the structures they are ex-
pected to form on DNA.

The rela  ve pa  erns of BRCA2 and RAD51 
change over  me a  er DNA damage (Essers et 
al., 2002b). Here we observe specifi cally that 
localiza  on of BRCA2 and RAD51 within 50 nm 
of each other is more common at later  mes, 2 
and 6 hr a  er damage induc  on. At the dose of 
DNA damage infl icted, some of the damage is 
irreparable and some cells will eventually die. 
Thus the later  me points may represent re-
peated a  empts to repair or stalled repair. The 
increased associa  on of BRCA2 and RAD51 in 
 me may represent addi  onal BRCA2 func  ons, 

stabilizing RAD51 associa  on with broken DNA 
or more intriguingly an ac  ve role in removal of 
RAD51 a  er repair. Dis  nguishing these possi-
bili  es awaits further analysis and the ability to 
follow a repair event over  me. However the 
ability to defi ne and quan  fy rela  ve protein 
arrangements demonstrates the power of our 
analysis to determine func  on in cells during 
the DNA repair process. We propose that the 
malleable nature of BRCA2, including mul  ple 
intrinsically disordered domains, facilitate its 
func  ons to locate break sites in nuclear space, 
exchange RPA for RAD51 on ssDNA and deliver 
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RAD51 as mul  meric complexes for effi  cient as-
sembly of strand exchange machinery.

Materials and Methods
Proteins, DNAs, and bulk assays

BRCA2 tagged with two tandem repeats 
of the maltose binding protein (MBP) at the 
N-terminus was purifi ed a  er transient trans-
fec  on of human embryonic kidney 293T cells 
with phCMV1 plasmid containing the full length 
BRCA2 gene (kindly provided by S. Kowalczyko-
wski) as described (Jensen et al., 2010). Aliquots 
of BRCA2 with concentra  on range 50-100 ng/
ml (as es  mated using ex  nc  on coeffi  cient 
at 280 nm of 365,160 M−1 cm−1) were stored at 
-80°C in elu  on buff er from the fi nal purifi ca-
 on column (50 mM HEPES [pH 8.2], 10% glyc-

erol, 450 mM NaCl, 1 mM DTT, 0.5 mM EDTA). 
Protein iden  ty was confi rmed by mass spec-
trometry (ErasmusMC Proteomics) and West-
ern blo   ng (see below). BRCA2 protein was 
purifi ed by three diff erent persons in the lab-
oratory producing four dis  nct stocks used for 
the SFM characteriza  on. Predic  on of intrinsic 
disordered regions in primary sequence was 
done using two diff erent predic  on web tools: 
IUpred (h  p://iupred.enzim.hu) (Dosztanyi et 
al., 2005; Fukuchi et al., 2011) and DisEMBLTM 
h  p://dis.embl.de).

Human RAD51 and RPA were expressed in 
Escherichia coli and purifi ed as described (Hen-
ricksen et al., 1994; Modes   et al., 2007). RAD51 
with a single cysteine exposed to the solvent 
was Alexa Fluor 488 (Invitrogen) labeled (de-
gree of labeling 1.3) using maleimide chemistry 
and checked for biochemical ac  vi  es (ATPase 
and D-loop forma  on) as described (Candelli et 
al., 2014; Modes   et al., 2007).

E. coli RNA polymerase (Boehringer Mann-
heim) was used as SFM size calibra  on stan-
dard.

Linear ssDNA (1000 bases) molecules were 
generated by PCR amplifi ca  on of pBluescript 
DNA and degrada  on of one strand with lamb-
da exonuclease I as described (Sanchez et al., 
2013). Circular ssDNA (5386 bases) ΦX174 Vi-
rion DNA was purchased from New England Bi-
olabs. Oligonucleo  de sequence of the 66-mer 

was as described (van der Linden et al., 2009).
Electrophore  c mobility shi   assays (EMSAs) 

were done by mixing Cy5-labeled 90 nt ssDNA 
(Mazin et al., 2000) (90 nM in nt) with or with-
out RPA (60 nM) in reac  on buff er (50 mM Tris-
HCl [pH 7.5], 1 mM DTT, 60 mM KCl, 2 mM CaCl2, 
and 1 mM ATP) for 10 min at 37°C in a fi nal vol-
ume of 10 ml. Then RAD51 (300 nM), BRCA2 
(20 nM), a mixture of both, or protein storage 
buff er was added and incuba  on con  nued for 
addi  onal 20 min. The reac  ons products were 
separated on a 5% non-denaturing polyacryl-
amide gel running in 0.5× TB buff er at 4°C. Gels 
were analyzed using a Typhoon Trio scanner ex-
ci  ng the dye-coupled DNA.

MBP cleavage, and immunodetection 
of BRCA2

Purifi ed 2xMBP-BRCA2 aliquots (~1 mg) were 
incubated with 2 units of PreScission protease 
(GE Healthcare) or with protease storage buff er 
for 1 hr at 4°C. Reac  on mixture was split for 
immunodetec  on and SFM imaging. Samples 
were run on a 3-8% NuPAGE Tris-Acetate gel 
(LifeTechnologies), which was blo  ed on PVDF 
membrane (Immobilon) for 2 hrs at 4°C at 300 
mA. A  er 1 hr blocking with 5% milk, the mem-
brane was incubated with the primary an  body 
An  -BRCA2 OP95, Calbiochem, 1:2000 dilu  on 
in 1% milk and 0.1% PBS buff er) overnight at 
4°C. The secondary an  body (An  -mouse HRP, 
Abcam, 1:2000 dilu  on in 1% milk and 0.1% PBS 
buff er) was incubated for 2 hrs at room tem-
perature. The membrane was exposed with ECL 
(Pierce) and imaged with an Uvitec Alliance 2.7 
instrument (Cambridge, UK). Cellular extracts 
from human BRO-derived melanoma cells 
treated for hyperthermia (a gi   from H. Odijk) 
were used as molecular weight markers for en-
dogenous BRCA2 iden  fi ca  on (Krawczyk et al., 
2011). The protease reac  on mixture was dilut-
ed ten  mes in BRCA2 storage buff er for SFM vi-
sualiza  on in order to reduce background from 
protease molecules.

SFM microscopic analysis of protein, 
and protein-DNA complexes

Samples were imaged in air at room tempera-
ture by tapping mode SFM using a Nanoscope 
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III or Nanoscope IV (Digital Instruments). Silicon 
Pointprobe  ps were type NHC-W, resonance 
frequency 310-372 kHz, from Nanosensors sup-
plied by Veeco Instruments, Europe. Images 
were collected at 2 μm x 2 μm, 512 X 512 pix-
els, and processed only by fl a  ening to remove 
background slope.

BRCA2 protein was diluted four  mes from 
the frozen stock with HEPES buff er (fi nal com-
posi  on: 10-25 ng BRCA2, 22 mM HEPES [pH 
8.2], 2.5% glycerol, 112 mM NaCl, 0.25 mM DTT, 
0.12 mM EDTA). A  er incuba  on at 37°C or on 
ice, as described in the text, 50 M spermidine 
was added as binding agent and the protein 
deposited on freshly cleaved mica for 1 min, 
washed 3  mes with MilliQ water and dried 
with fi ltered air.

The volume, length, and contour profi le 
(width and height) measurements were done 
using ‘SFMetrics’ so  ware tool as described 
(Sanchez and Wyman, 2015). Measurements 
are reported together with associated standard 
devia  ons. The volume of each complex was 
normalized to E. coli RNA polymerase (RNAP) 
with a known molecular weight of 450 kDa that 
appeared in SFM as regular round objects. In 
order to characterize the shape of the complex 
the minimum length occupied by each complex, 
defi ned as skeleton length, was measured. The 
contours of V-shape domains of BRCA2 oligo-
mers were traced manually.

Purifi ed 2xMBP-BRCA2 protein (~1 mg) was 
incubated with An  -Maltose Binding Protein 
an  body (-MBP ab9084, Abcam) (250 ng) for 
50 min at 37°C. Unbound an  body was removed 
by size exclusion chromatography (Sepharose 
CL-4B, Sigma). Frac  ons containing BRCA2--
MBP complexes were visualized by SFM.

Apparent persistence length (Pl) was ob-
tained assuming a worm-like chain model for 
semi-fl exible polymers. In two dimensions (2D), 
the mean square of the end-to-end distance 
(R) can be wri  en as a func  on of the contour 
length (Cl) and Pl:

L measurements and P calcula  on were per-
formed using ‘Easyworm’ so  ware tool (Lamour 

et al., 2014) from more than 100 complexes in 
each case.

Automa  c peak-to-peak analysis was per-
formed using ‘peakfi nder.m’ MATLAB script (by 
Nathanael C. Yoder) and returned peaks at local 
maxima that were at least a half standard devia-
 on of the sample above surrounding data and 

larger than the mean of the sample.
For in situ warming of BRCA2, mica contain-

ing the sample was placed on a Dry Block Ther-
mostat UBD (Grant Instruments) at 37°C for 30 
min.

Interac  ons between protein and DNA were 
performed in solu  on at the indicated concen-
tra  ons before the sample was deposited on 
mica. When indicated sample was cross-linked 
with glutaraldehyde (0.12 %) for 5 min at 37°C, 
quenched with 50 mM Tris-HCl [pH 7.5], and de-
posited in the presence of 10 mM Mg2+. BRCA2-
RAD51 elongated complex were selected based 
on eccentricity above 0.7 (ra  o of the distance 
between the foci of the ellipse modelling the 
protein complex and its major axis length).

Sample preparation for TIRF-SFM 
visualization

Nucleoprotein fi laments were formed by 
incuba  ng linear ssDNA (1000 bases, 1.5 μM) 
molecules with RAD51 (1 μM) in binding buf-
fer (10 mM HEPES[pH 8.2], 60 mM KCl, 2 mM 
CaCl2, 1 mM DTT, and 1 mM ATP) (Modes   et 
al., 2007; Sanchez et al., 2013). BRCA2-RAD51 
complexes were formed by incuba  ng an ex-
cess of RAD51 (0.6 M) with BRCA2 (0.025 M) 
in buff er containing 12.5 mM HEPES [pH 8.2], 
4 mM Tris-HCl [pH 7.5], 3.25% glycerol, 125 
mM NaCl, 65 mM KCl, 0.4 mM DTT, 0.17 mM 
EDTA, taking into account contribu  ons from 
all protein storage buff ers. This reac  on buff er 
composi  on was kept constant in all subse-
quent incuba  ons unless noted. A  er 30 min 
at 37°C, glutaraldehyde was added to a fi nal 
concentra  on of 0.12%, followed by addi  onal 
5 min incuba  on, and quenched by adding Tris-
HCl to a fi nal concentra  on of 50 mM [pH 7.5]. 
The sample was diluted (from 1:20 to 1:200 in 
order to reduce fl uorescent signal due to free 
RAD51) in deposi  on buff er (10 mM HEPES-KCl 
[pH 8.2], 10 mM Mg2Cl) and deposited with 3 



106

Chapter IV

IVIV

pM TransFluospheres on cleaved mica mount-
ed on glass cover slips, as previously described 
(Ris  c et al., 2011; Sanchez et al., 2010; San-
chez et al., 2013). A  er one minute the mica 
surface was rinsed with MilliQ water and dried 
with fi ltered air.  RAD51 loading onto DNA was 
also analyzed in ATP hydrolysis condi  ons by 
supplemen  ng the fi lament forma  on reac  on 
described above with 1 mM ATP and 2 mM Mg-
2Cl (ATPase-Buff er). Circular ssDNA ΦX174 Viri-
on DNA (2.4 M in nt) was incubated with RPA 
(0.1 M). When indicated RPA-DNA complexes 
where incubated with preassembled BRCA2 
(0.025 M)-RAD51 (0.6 M) in ATPase-Buff er. 
Glutaraldehyde was added as indicated. Con-
centra  ons indicate fi nal amount in the reac-
 ons. Samples were deposited for TIRF-SFM 

as described above and observed with a Nikon 
TE 2000U microscope as described (Sanchez et 
al., 2013). Scanning force microscopy was done 
with a NanoWizard®II scanner (JPK instruments) 
mounted on the fl uorescence microscope (Ris-
 c et al., 2011; Sanchez et al., 2010; Sanchez 

et al., 2013). Correla  on of fl uorescence and 
topographic images was done with the JPK Di-
rectOverlay™ so  ware tool. Data analysis was 
performed with custom-made so  ware wri  en 
in MATLAB and available in h  p://cluster15.
erasmusmc.nl/TIRF-SFM-scripts.

Quanti ication of luorescent RAD51 
monomers

The number of RAD51 monomers per com-
plex was determined by quan  fi ca  on of fl uo-
rescence intensity by using the stepwise pho-
tobleaching of single fl uorophores. In order 
to compensate for intensity varia  ons due to 
diff erences in sample thickness, or constrains 
in the degrees of freedom of the fl uorophore 
because of sample deposi  on on mica, a global 
es  ma  on approach was used. Intensity of one 
fl uorophore was defi ned per each fi eld of view 
(FOV) a  er averaging the intensity steps in ev-
ery region of interest (ROI) as follows; sequen-
 al frames (exposure  me of 300 ms) from the 

same FOV were acquired un  l photobleaching 
of almost all fl uorophores. This stack of images 
was used to make a maximum intensity projec-
 on (Figure S2Ai) that creates an output image 

where each pixel contains the maximum value 
over all images in the stack at the par  cular 
pixel loca  on (Figure S2Aii). From each ROI the 
intensity trace over  me was extracted from a 
sequence of 300 frames where only a few fl u-
orophores remained blinking un  l complete 
bleaching. Intensity varia  ons were es  mated 
by a step fi   ng algorithm (Kerssemakers et al., 
2006; Sanchez et al., 2013; van Mameren et 
al., 2009) (Figure S2Aiii, iv). Step sizes smaller 
than background and bigger than two  mes the 
median value were discarded from the analy-
sis. The reported number of fl uorophores is the 
maximum intensity in the ROI divided by the 
mean of average step sizes for each ROI (Figure 
S2Av, vi).

Stable nucleoprotein fi laments with defi ned 
components were formed with RAD51 and 
1000 nt ssDNA in the presence of ATP-Ca2+ (Fig. 
S2Bi). A perfectly formed RAD51 fi lament on 
this length DNA would consist of a maximum of 
333 monomers (one RAD51 per 3 nucleo  des) 
with a maximum length of 400 nm. Two-dimen-
sional histograms in Fig. S2Bii and iii show the 
varied popula  on of fi laments formed in these 
condi  ons (par  ally covered, fully covered, and 
associa  on of more than one fi lament) as pre-
viously observed (Modes   et al., 2007; Ris  c et 
al., 2005; Sanchez et al., 2013). For example, in 
the fi laments grouped between 360 and 420 nm 
length, the main popula  on (5 % of the total) 
had a volume of 30 to 40 RNAP equiv., repre-
sen  ng 365 to 489 RAD51 monomers, and 200 
to 300 fl uorophores as es  mated by op  cal mi-
croscopy. Taking into account that volume can 
be overes  mated due to  p distor  ons (Busta-
mante et al., 1993), and fl uorescence intensity 
underes  mated because of surface-fl uorophore 
interac  on (Sanchez et al., 2013), our data is in 
reasonable agreement with the expected 333 
RAD51 monomers per fully covered DNA mol-
ecule showing the consistency of our TIRF-SFM 
approach for protein quan  fi ca  on.

Cell culture (for super resolution 
microscopy)

U2OS cells were cultured in phenol-red 
free DMEM (Lonza) medium supplemented 
with 10% FCS, L-glutamine and Pen-Strep. For 
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microscopy experiments cells were cultured on 
24 mm round coverslips of 1.5 thickness (170 ± 
5 μm). Cells were irradiated the next day with 6 
Gy of ionizing radia  on using a 137Cs source.

Immunostaining and sample 
preparation

A  er washing with PBS cells were fi xed at the 
indicated  me points with 2% PFA in PBS (Lonza) 
for 20 minutes, permeabilized with PBS with 
0.1% Triton and blocked with PBS+ (0.5% BSA 
and 0.15% glycine). Primary an  bodies were 
incubated at room temperature for two hours 
in PBS+. Primary an  bodies used for those ex-
periments were: an  -RAD51 (rabbit polyclonal)
(van Veelen et al., 2005), mouse monoclonal an-
 -BRCA2 (OP95, Calbiochem) and mouse mono-

clonal an  -RPA32 (ab2175, Abcam). For single 
color dSTORM experiments RAD51 an  body 
was directly conjugated with Alexa647 using 
APEX An  body Labeling Kit (Molecular Probes, 
Thermo Scien  fi c). For dual color dSTORM ex-
periments secondary an  bodies were used.

A  er mul  ple washing steps with PBS with 
0.1% Triton coverslips were incubated for 1 
hour with secondary an  bodies recognizing 
either rabbit or mouse immunoglobin conjun-
gated with fl uorescent dyes, Alexa647 (Thermo 
Scien  fi c) or A  o488 (Rockland). To avoid back-
ground of free an  bodies, the samples were 
pos  ixed for 20 min with 2% PFA in PBS. 100nm 
Tetraspeck beads (Life Technologies) were add-
ed to the fi xed cells for channel alignment and 
dri   correc  on. To perform dSTORM imaging 
coverslips were mounted in a coverslip hold-
er and incubated in imaging buff er containing 
25mM MEA (Sigma), 0.5mg/ml Glucose Oxidase 
(Sigma), 40 μg/ml Catalase (Sigma), and 10% 
w/v Glucose in Tris-HCl pH 8.0.

dSTORM imaging
Confocal and dSTORM data were acquired 

on a Zeiss Elyra PS1 system using a 100x 1.49NA 
α Plan Apochromat objec  ve. Confocal im-
ages were acquired using an Argon laser and 
633nm diode laser. For dSTORM 488 and 642 
100mW diode lasers were used to excite the 
fl uorophores together with, respec  vely, a BP 
495-575 + LP 750 or LP 655 excita  on fi lter. 

Addi  onally a 20mW 405 laser was used to in-
crease blinking during dSTORM imaging. Imag-
ing was performed using HiLo illumina  on and 
the data was acquired using a 512 x 512 pixel 
Andor iXon DU 897 EMCCD camera. Per super 
resolu  on image 10 000-15 000 images were 
acquired with an acquisi  on  me of 33 ms. Two 
color imaging was performed sequen  ally, fi rst 
Alexa647 followed by A  o488.

dSTORM data analysis
A 2D Gaussian fi   ng algorithm (ZEN 2011, 

Carl Zeiss, Jena) was used to detect and localize 
the fl uorescent events in the individual frames 
of the dSTORM movies. Overlapping fl uorescent 
detec  ons were discarded. Detec  ons within 
a distance of 20 nm and 5 subsequent frames 
were assumed to originate from the same fl u-
orophore and grouped together. Tetraspeck 
beads (100 nm) deposited on the cells before 
the experiment were used to correct for dri  . 
To align the two color dSTORM images the po-
si  ons of the same fi ducials were used for an 
affi  ne alignment. RAD51 dSTORM images were 
aligned, with the corresponding confocal im-
age using a channel alignment algorithm in the 
ZEN2011 so  ware. The confocal images were 
used to manually select the foci. Circular Re-
gions of Interests with a 1 μm diameter around 
the foci were selected using Fiji/ImageJ. The lo-
caliza  ons of these ROIs were exported using an 
ImageJ macro as text fi les and imported into R 
using the RStudio for further analysis (R Devel-
opment Core Team, 2008). Localiza  ons were 
clustered using a DBSCAN algorithm (Michael 
Hahsler (2015). dbscan: Density Based Cluster-
ing of Applica  ons with Noise (DBSCAN) and 
Related Algorithms. R package version 0.9-6. 
(h  p://CRAN.R-project.org/package=dbscan). 
For a more detailed descrip  on of the methods 
see Figure S5.
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Supplementary Figures

Supplementary Figure 1 Intrinsic disordered regions span the en  re BRCA2 sequence. A) Amino acid se-
quence of human BRCA2 analysed by IUpred web tool (Dosztanyi et al., 2005). Computed disorder probability 
(red line) is plo  ed against residue number. B) Folded domains described in BRCA2. R1-R8: BRC repeats; Heli-
cal: Helical domain, OB: Oligosaccharide binding domain; Tower: Tower domain. C) Interac  on regions iden  -
fi ed between BRCA2 and PALB2 (Sy et al., 2009), RPA (Wong et al., 2003), nuclephosmin (NPM1) (Wang et al., 
2011), RAD51 (R51) (Chen et al., 1998; Davies and Pellegrini, 2007), polymerase eta (Buisson et al., 2014), p53 
(Rajagopalan et al., 2010), DMC1 (Thorslund et al., 2007), FANCD2 (Wang et al., 2004), DSS1 (Yang et al., 2002), 
and the nuclear localiza  on signals (NLSs) (Spain et al., 1999). D) BRCA2 is a fl exible polymer that produces 
rigid rods upon RAD51 interac  on. Mean square (MS) end-to-end distances plo  ed as a func  on of the con-
tour length (circles) of RAD51-BRCA2 complexes (n=123), dsDNA (n=107), RAD51-dsDNA fi laments (n=101), 
and RAD51-ssDNA (n=105) fi laments in nanometers (nm). Lines are fi ts (with coeffi  cient of determina  on, 
indica  ng goodness of the fi t, >0.9) of the worm-like chain model to the data. Apparent persistence length for 
each complex is indicated between brackets ± SD. E) Similar analysis for the BRCA2 V-shape domains (n=111)
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Supplementary Figure 2 Quan  fi ca  on of RAD51 monomers by fl uorescence. A) Analysis of RAD51 protein. 
(i) TIRF image (maximum intensity projec  on from a stack of 300 frames) of fl uorescent RAD51. Yellow arrow-
heads indicate fl uorescent fi ducials. Red box shows the region enlarged in panel v. (ii) Binary mask obtained 
from image in panel A showing selected regions of interest (ROIs) for quan  ta  ve analysis. (iii) Example inten-
sity trace from one ROI in panel ii. Number of fl uorophores were determined based on intensity steps from 
bleaching and blinking of single AF488 dyes. (iv) Distribu  on of step intensi  es from all ROIs in panel ii pre-
sented as histogram with bin size of 1000 intensity arbitrary units (a.u.). FOV: Field of view. (v) RAD51 proteins 
visualized by TIRF-SFM. SFM scan overlaid with fl uorescence image (green) from boxed area in panels i and 
ii. Numbers indicate RAD51 monomers ± SD per ROI. Yellow arrowhead indicates a fl uorescent fi ducial. (vi) 
Distribu  on of RAD51 protein with respect to volume and number of fl uorophores. Individual complexes from 
images similar to panel (v) were measured and their distribu  on plo  ed in a two dimensional histogram with 
bin size 0.4 RNAP equiv. x 4 fl uorophores. Color indicates percentage of total ROIs analyzed (n=203) as shown 
in the color bar. Red lines are guides to view bins.
B) Analysis of RAD51-ssDNA complexes. (i) Calibra  on of TIRF-SFM set-up for quan  fi ca  on of fl uorescent 
RAD51. SFM scan overlaid with fl uorescence image (green) of ssDNA incubated with RAD51 and cross-linked 
with glutaraldehyde. Numbers indicate the amount of RAD51 monomers ± SD per protein complex. (ii)Volume 
and length of individual complexes from images similar to panel (i) were measured and their distribu  on plot-
ted in a two dimensional histogram with bin size 60 nm x 10 RNAP equiv. Color indicates percentage of total 
complexes analyzed (n=267) as shown in the color bar. (iii) Distribu  on of RAD51-ssDNA complexes based on 
number of fl uorophores (RAD51) and length. Bin size 60 nm x 50 RAD51 monomers. 
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Supplementary Figure 3 RAD51 and BRCA2 alone do not make elongated structures. A) Representa  ve SFM 
image of RAD51 incubated with glutaraldehyde. Image size 2 x 2 mm. B) Measurements (n=955) of RAD51 vol-
ume from images such as A) presented as distribu  on in a histogram with bin size of 1 RNAP equiv. C) Repre-
senta  ve SFM image of BRCA2 incubated with glutaraldehyde. Image size 2 x 2 mm. D) Measurements (n=134) 
of BRCA2 volume from images such as C) presented as distribu  on in a histogram with bin size of 1 RNAP 
equiv. Red line is the Gaussian fi t with two popula  ons centered around 1.9 and 5.5 RNAP equiv., respec  vely.
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Supplementary Figure 4 A) Example of elongated BRCA2-RAD51 (unlabeled) complex with the central contour 
line indicated in red. Height profi le along the red contour line is shown in the graph below with automated 
peak detec  ons indicated by red circles. B) Distribu  on of RAD51-BRCA2-ssDNA complexes based on volume, 
length, and number of fl uorophores. All complexes from images similar to panel (ii) and (iii) in Figure 3A of 
the main text were measured and their distribu  on plo  ed in a two dimensional histogram with bin size 60 
nm x 10 RNAP equiv. (le  ) and 60 nm x 50 RAD51 monomers (right). C) Distribu  on of RPA-ssDNA of complex-
es based on volume and length. RPA-ssDNA complexes had an average volume of 21 ± 14 (SD) RNAP equiv. 
D) BRCA2 remodels RPA and helps RAD51 loading on ssDNA. DNA mobility shi   assays a  er incuba  on with 
(+) or without (-) proteins ; RPA, RAD51 and BRCA2. RPA binds to the fl uorescence oligonucleo  de with one 
(CI), two (CII), three (CIII), or four (CIV) monomers (lane 2). In the presence of BRCA2 the amount of CI and 
free DNA (FD) was reduced with a concomitant increase in CII, indica  ng a reorganiza  on of the proteins 
bound to the DNA (lane 6). RAD51 in molar excess shi  ed more than 50% of the DNA (lane 3), however DNA 
pre-incuba  on with RPA inhibited dras  cally the binding of RAD51 (lane 5). Addi  on of pre-incubated BRCA2-
RAD51 to the reac  on recovered the loading of RAD51 on RPA bound DNA (lane 8). Yellow ellipses represent 
RPA monomers and blue ellipses RAD51 monomers. E) Eff ect of BRCA2 on RAD51 loading on RPA covered 
ssDNA. RAD51-RPA-ssDNA complexes visualized by TIRF-SFM without fi xa  on. anddstribu  on of RAD51-RPA-
ssDNA complexes based on volume and length, or number of fl uorophores (RAD51) and length. F) BRCA2-
RAD51-RPA-ssDNA complexes visualized by TIRF-SFM without fi xa  on and . distribu  on of BRCA2-RAD51-RPA-
ssDNA as above. Numbers in white indicate RAD51 monomers ± SD for the DNA-protein complexes shown. 
G) Cartoon illustra  ng ideas for the dynamic structural rearrangement of oligomeric BRCA2 leading to RAD51 
loading on DNA covered by RPA.
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Supplementary Figure 5 Analysis of dSTORM super resolu  on data. A) Two color confocal images and 
dSTORM images were acquired using the same microscope and objec  ve lens. dSTORM images were acquired 
as describe in the Material and Methods sec  on. B) Using a channel alignment algorithm within the Zeiss ZEN 
so  ware, one of both channels of the confocal images was aligned with the dSTORM image. Subsequently 
ROIs were manually selected from confocal images of the RAD51 staining. The single molecule localiza  ons 
of these ROIs were analyzed in R-Studio. C) The localiza  on data from the ROIs was clustered using a Den-
sity Based Clustering Algorithm with Noise (DBSCAN) algorithm. In this algorithm localiza  ons are clustered 
together based on the local density of localiza  ons with a defi ned radius, epsilon, and minimum number of 
points within that radius. The clustering was used to quan  fy the size and shape of the clusters. Furthermore 
localiza  ons outside of any cluster were fi ltered out for further analysis. The plots show the dSTORM local-
iza  ons of a BRCA2/RAD51 focus. The colors indicate the iden  fi ed cluster by DSBCAN. Localiza  ons with a 
cluster number 0 (red) are considered background. D) To assess the overlap between RAD51 and respec  vely 
BRCA2 or RPA; from every RAD51 localiza  on the number of localiza  ons of the other species was measured 
within a 50 nm radius, this can be visualized by a gradient sca  er plot, showing regions with much overlap 
between both proteins and regions without overlap. A threshold was set on the number of localiza  ons within 
50 nm of every RAD51 localiza  on at 1% of all localiza  ons of either BRCA2 or RAD51. This results in a sca  er 
plot with either overlapping (green) or not overlapping (red) localiza  ons. For every ROI the frac  on of local-
iza  ons of RAD51 that overlapped was quan  fi ed. E) Individual images of DSB foci were aligned by rota  on 
and visualized as one image. For every individual image the following algorithm was performed: 1) The center 
of mass of the RAD51 signal was determined and the localiza  ons translated accordingly to have the center of 
mass in the middle of the image. 2) The major axis of the RAD51 signal was determined and the angle of this 
major axis with respect with the ver  cal axis was used to rotate the localiza  on with the center of mass as 
rota  on point. 3) For RAD51 the number of localiza  ons above and below the horizontal axis was measured. 
If the amount of localiza  ons above the horizontal axis was smaller than below the axis the image was rotated 
for another 180 degrees. 4) Finally the coordinates of the rotated dSTORM images were merged and visualized 
as a single super resolu  on image.
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Supplementary Figure 6 A) Confocal image of a U2OS cell nucleus treated with 6Gy IR , fi xed a  er 2 hours 
and stained with RAD51 an  body. The DNA is visualized with Hoechst. B) Examples of repair foci imaged both 
with confocal (grey) and dSTORM (green). Showing the large increase in resolu  on of dSTORM compared to 
confocal. C) A two-color dSTORM image of RAD51 with RPA treated with 6Gy IR and fi xed a  er two hours. 
D) Examples of DSB foci showing the localiza  on of RAD51 and RPA together. Scale bar is 100 nm. E) Confocal 
images of cells immunostained for BRCA2 and RAD51 of cells treated without and with ionizing radia  on (IR). 
Showing co-localiza  on of BRCA2 and RAD51 in DSB foci. The DNA is visualized by Hoechst.
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 Abstract
RAD54 is a dynamic ATP-dependent chro-

ma  n remodeling protein which is important 
in repair of DNA Double Strand Breaks through 
Homologous recombina  on due to its interac-
 on with the recombinase RAD51. In this study 

we generated mouse embryonic stem cells ex-
pressing RAD54 with fl uorescent tags suitable 
for super resolu  on microscopy. This permi  ed 
us to inves  gate the localiza  on and dynamics 
of RAD54 in fi xed and live cells at the single 
molecule level. Using single molecule localiza-
 on microscopy, we show nanoscale localiza-
 on of RAD54 and RAD51 within DSB foci. In 

cells expressing solely RAD54K189A, this ATPase 
defi cient mutant protein localizes together with 
RAD51 in very elongated foci of up to more than 
a micrometer long, in which RAD54 is localized 
in mul  ple clusters along the RAD51 focus. Sin-
gle molecule tracking of the wild type and mu-
tant RAD54 confi rmed the previously reported 
immobiliza  on of RAD54K189A and in addi  on 
showed that no increased stable immobiliza-
 on of the wild type protein occurs even a  er 

ionizing radia  on. Finally, we used a novel assay 
in which we used local photoswitching of mMa-
ple3 tagged wildtype RAD54 and RAD54K189A to 
study specifi cally the localiza  on of immobile 
RAD54 molecules within foci in wild type and 
ATPase defi cient cells. This showed the very 
dynamic morphology of the RAD54 DSB foci in 
chroma  n and more specifi cally showed exten-
sive movement of immobiled RAD54 molecule 
clusters with in the DSB focus.
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Introduction
Stability of the genome is dependent on 

faithful repair of DNA damage. Homologous 
recombina  on (HR) is an essen  al pathway for 
repair of DNA Double Strand Breaks (DSBs). In-
stead of end-to-end liga  on, by Non-homolo-
gous end joining (NHEJ), HR uses a homologous 
intact DNA template to repair the break, which 
in late S and G2 phase can be found at the sis-
ter chroma  d. The mechanisms required for the 
broken DSB end to engage with the homologous 
DNA requires sophis  cated protein machinery. 
Prior to repair a number of essen  al factors 
remodel and prepare the DNA molecule for re-
pair. The central and most intensively studied 
protein in these reac  ons is the recombinase 
RAD51. Resec  on of the broken DSB ends into 
ssDNA, which is coated with RPA, enables load-
ing of RAD51 on the ssDNA mediated by BRCA2 
(Davies et al., 2001; Yuan et al., 1999). These 
ssDNA-RAD51 fi laments enable the probing of 
homologous sequence along the genome. How-
ever RAD51 func  on is regulated by many pro-
teins for example the RAD51 paralogs (Zelensky 
et al., 2014) and the DNA-dependent ATPase 
RAD54. 

RAD54 is highly conserved among eukaryotes 
and is part of the SWI2/SNF2 helicase family, but 
RAD54 lacks true helicase ac  vity (Petukhova et 
al., 1998; Swagemakers et al., 1998). However, 
RAD54 has been shown to be important for ho-
mologous recombina  on to proceed. RAD54 
directly interacts with RAD51, but dynamic 
studies in cells suggest that the interac  on of 
RAD54 with RAD51 is specifi c to RAD51 bound 
to DNA (Essers et al., 2002; Tan et al., 1999). The 
interac  on between RAD51 and RAD54 is im-
portant for the func  on of both proteins. While 
RAD51 s  mulates RAD54 branch migra  on ac-
 vity, RAD54 is found to be involved in sever-

al steps of RAD51 ac  on. For example, RAD54 
is involved in promo  on of fi lament forma  on 
and stabilizing RAD51 fi laments on ssDNA (Maz-
in et al., 2003). Furthermore it s  mulates ho-
mology search  and strand exchange (Mazina 
and Mazin, 2004; Renkawitz et al., 2013). This 
happens through its func  on as chroma  n re-
modeler, facilita  ng the displacement histones 
from chroma  n (Alexiadis and Kadonaga, 2002). 

Chroma  n remodelers, like RAD54, are also 
important for strand invasion by RAD51 in the 
complex context of cellular chroma  n which is 
highly challenging compared to strand invasion 
in naked DNA (Alexeev et al., 2003).

In later steps of HR RAD54 regulates disas-
sembly of RAD51 nucleoprotein fi laments. Along 
with these func  ons it also has been shown 
that RAD54 plays a role in preven  ng RAD51 
from loading to dsDNA (Solinger et al., 2002). 
Biochemical experiments recently showed that 
human RAD54 can also disassemble RAD51 
dsDNA fi laments (Mason et al., 2015). Com-
pared to its bacterial homolog RecA, RAD51 
has a much weaker ATP ac  vity and therefore 
probably requires other proteins with their AT-
Pase ac  vity to dissociate from the DNA (Chi et 
al., 2006; Ris  c, 2005). Finally, RAD54 also has 
RAD51 independent func  ons concerning DNA 
remodeling during DSB Repair. It is implicated 
to be involved in branch migra  on a  er strand 
invasion and it has an important interac  on 
with the Mus81-Eme1 endonuclease, a protein 
involved in resolving double holiday junc  ons 
(Bugreev et al., 2006). 

Experiments using purifi ed protein shed light 
on the localiza  on of RAD54 at RAD51 nucleop-
rotein fi laments. Recons  tuted RAD51-RAD54-
DNA complexes visualized by electron micros-
copy showed interes  ng organiza  on of RAD54 
binding at the end of RAD51 dsDNA RAD51 fi l-
aments (Kiianitsa et al., 2006), in line with the 
func  on of RAD54 to disassemble RAD51 fi la-
ments a  er joint molecule forma  on. With a 
combina  on of Scanning Force Microscopy and 
single fl uorophore localiza  on it was shown 
that in a subset of RAD51 ssDNA structures, 
RAD54 molecules were dispersed in the RAD51 
fi lament (Sanchez et al., 2013). In vitro experi-
ments also shed some light on the dynamics of 
RAD54, by showing that RAD54 can translocate 
along dsDNA for thousands of base pairs (Ami-
tani et al., 2006) and high speed AFM showed 
short scanning and hopping on the DNA (San-
chez et al., 2011). 

In living cells, FRAP experiments have re-
vealed that RAD54 dynamics are very diff erent 
compared to RAD51, Rad52 or BRCA2. While, 
for example, RAD51 is stably associated with 
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Figure 1 Characteriza  on of RAD54 mMaple3/SNAPtag knock-in mouse ES cells. A-B) Southern blots of the 
diff erent clones of the RAD54 mMaple3/SNAPtag knock-in mouse ES cells used in this study, showing the 
disappearance of the wildtype RAD54 allele (WT) and the appearance of an extra band at the expected size 
(KI). The wildtype allele was targeted while the knock out allele already present in the RAD54wt/-(hygro) cells was 
s  ll present. C) Expression of the tagged proteins was validated by Western blot using a RAD54 an  body. 
Wildtype RAD54 is 84 kDa while GFP an mMaple3 should result in a protein of about 111 kDa in size, while 
SNAPtag tagged RAD54 is 103 kDa in size. D) Cells expressing RAD54 fused with photo conver  ble protein 
mMaple3 show co-localiza  on in nuclear foci with RAD51 by immunostaining in untreated cells. E) Localiza-
 on of RAD54-SNAPtag labelled with SNAP-SiR substrate in untreated cells. F) Quan  fi ca  on of numbers of 

RAD51 foci in cells expressing SNAP tag tagged wildtype and RAD54(K189A) mutant protein. Cells were treated 
with 6 Gy of ionizing radia  on and fi xed two hours later. Foci of more than 100 nuclei per condi  on were au-
toma  cally counted. Scale bars, 10 μm.
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DSB foci, RAD54 is highly mobile with only very 
brief interac  ons with DSB foci (Agarwal et al., 
2011; Essers et al., 2006; Reuter et al., 2014). 
Nonetheless, RAD54 visually accumulates in 
DSB foci in rela  vely high numbers (tens to hun-
dreds), sugges  ng excep  onally high on- and 
off -rates to and from foci. Interes  ngly,  a pre-
vious study has shown that the ATPase ac  vity 
of RAD54 is required for this dynamic behavior, 
especially for rapid release from foci (Agarwal 
et al., 2011). Mutant RAD54K189A and RAD54K189R 
cells display increased numbers of spontaneous 
foci and prolonged presence of DSB foci a  er 
damage induc  on. 

 In order to further elucidate the mechanisms 
by which RAD54 regulates homologous recom-
bina  on we applied super resolu  on micros-
copy methods to cells expressing fl uorescently 
tagged RAD54 proteins from the endogenous 
locus. We show close associa  on of RAD51 and 
RAD54 at DSB foci by super resolu  on and were 
able to iden  fy morphological diff erences of 
the RAD51 foci in cells expressing RAD54K189A. 
Furthermore, we were able to track individual 
RAD54 molecules inside living cells. Giving us a 
single-molecule view on the behavior of RAD54. 
We expanded this by applying novel methods 
that enable to follow localiza  on of the stably 
bound RAD54 molecules at the DSB focus. 

Results
Generation of cell lines expressing 
RAD54 suited for super resolution 
microscopy

To study endogenously expressed RAD54 
we used mouse embryonic cells which express 
RAD54 tagged with either the photoswitchable 
protein mMaple3 or a SNAP-tag. mMaple3 is a 
photo-switchable fl uorescent protein of which 
upon near-UV laser illumina  on (e.g. 405 nm) 
the fl uorescence spectrum changes, from a 
spectrum similar to GFP to a spectrum compa-
rable to RFP (Wang et al., 2014). This tag can be 
used for Photoac  va  on Assisted Localiza  on 
Microscopy (PALM) (Betzig et al., 2006) or can 
be used to apply local photoswitching of subcel-
lular or subnuclear regions (Fuchs et al., 2010). 
The SNAP tag is a 19 kDa tag, based on the 

human AGT protein, which forms a covalent in-
terac  on with O6-benzylguanine residues (Kep-
pler et al., 2004). Organic fl uorophores synthe-
sized with these residues can form a covalent 
bond with the SNAP-tag fusions in living cells. 

To tag RAD54 protein from the endogenous 
locus we made use of a targe  ng construct 
aiming to replace the sequence of the last few 
exons of the RAD54 locus with the in-frame cod-
ing sequence of RAD54 along with the coding 
sequence of the protein tag of choice. The re-
placement of the last exons also allowed to in-
troduce a point muta  on in the Walker A ATPase 
domain (K189A) in the RAD54 protein sequence, 
which abolishes the ATPase ac  vity of RAD54 
(Agarwal et al., 2011). We used cells express-
ing wildtype RAD54 only from one allele, which 
made it possible to obtain cells homozygous for 
the protein fusion, by replacing the intact copy 
of RAD54 (Essers et al., 1997). Proper integra-
 on of the targe  ng construct was validated by 

Southern Blot (Figure 1A and B). Using western 
blot, we also confi rmed that in targeted cells all 
detectable RAD54 protein was tagged (Figure 
1C).  We further validated the cells by confo-
cal microscopy whereby we observed for both 
RAD54WT-mMaple3/- and RAD54K189A-mMaple3/- localiza-
 on of the protein to nucleus and the forma  on 

of foci co-localizing with RAD51 (Figure 1D). We 
also labelled RAD54WT-SNAP/- and RAD54K189A-SNAP/- 
with the SNAPtag-SiR ligand which also showed 
the correct localiza  on of RAD54 (Figure 1E). In 
line with earlier observa  ons cells expressing 
RAD54(K189A) we also observed an increased 
number of RAD51 foci in untreated cells, com-
pared to what was observed in cells expressing 
wild type RAD54 (Figure 1F).

Super resolution microscopy reveals 
differences in RAD51 foci in cells 
lacking RAD54 ATPase activity

The observa  on that RAD54K189A cells have 
elevated numbers of DSB foci in untreated 
cells, invoked the ques  on whether foci in the 
mutant also have diff erent shapes or internal 
organiza  on. However, using confocal micros-
copy addressing this ques  on is diffi  cult, since 
spa  al resolu  on is limited (~200nm) and DSB 
foci are rela  vely small (0.5 - 1 mm). Super 
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resolu  on microscopy provides the opportunity 
to inves  gate the internal distribu  on of RAD54 
and RAD51 in foci in more detail. Therefore, we 
used Structured Illumina  on Microscopy (SIM) 
which makes it possible to obtain super reso-
lu  on 3D images using standard fl uorophores. 
We performed immunostainings for RAD51, 
while RAD54 was labelled with SNAP-SiR in 
both RAD54WT-SNAP/- and RAD54K189A-SNAP/- cells 
(Figure 2A-B). We observed the presence of 
long RAD51 structures in a large frac  on (43%) 
of the cells expressing only mutant RAD54, 
while for wild type cells these structures were 
not observed (Figure 2C). Interes  ngly, we did 
not observe a signifi cant increase (43 % to 50%) 

of elongated structures two hours a  er ion-
izing radia  on (Figure 2C). Per cell nucleus for 
the elongated structures we detect on average 
about 3 of these long RAD51 structures, which 
does not increase signifi cantly two hours a  er 
ionizing radia  on (Figure 2D). We observed the 
presence of these elongated foci consistently in 
both cell lines of RAD54K189A tagged with SNAP-
tag and mMaple3. Heterozygous RAD54WT/

K189A-mMaple3 cells did not show these elongated 
foci (data now shown). This data suggests that 
abolishing RAD54 ATPase ac  vity alone is suf-
fi cient for the forma  on of the observed elon-
gated structures. The elongated RAD51 foci are 
already present before damage induc  on and 
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Figure 2 Super resolu  on imaging and quan  fi ca  on of RAD51/RAD54. A) SIM super resolu  on localiza  on 
of RAD54 and RAD51 RAD54SNAP/- and RAD54K189A SNAP/- cells. RAD54 was stained using SNAP ligand labelled with 
SNAP-SiR (magenta) before fi xa  on while RAD51 is visualized using RAD51 polyclonal an  body and secondary 
an  body labelled with A  o488. Cells were pre-extracted as described in the methods sec  on. In the top row, 
representa  ve nuclei are shown either without ionizing radia  on or a  er 6Gy of ionizing radia  on followed 
by two-hour incuba  on before fi xa  on. B) Examples of foci from the top row images C) Quan  fi ca  on of the 
frequency of cells with extended RAD51 foci (minimal 2 per nucleus) as detected by Structured Illumina  on 
Microscopy. Minimum 50 cells were counted, every data point represents one fi eld of view with several cells. 
D) From the RAD54K189A SNAP/- cells that had elongated foci the number of elongated foci per nucleus was count-
ed). Every dot in the plot represents one nucleus. 
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Figure 3 Single molecule imaging of RAD51 foci in RAD54WT/- and RAD54K189A/-- cells A) dSTORM imaging of 
RAD51 immunostaining in wildtype and RAD54-K189A cells. Cells were treated with 6 Gy of IR and fi xed 2 
hours later. B) Density based (DBSCAN) clustering of RAD51 localiza  ons in respec  vely a wildtype an RAD54-
K189A cell C) Quan  fi ca  on of the RAD51 clusters detected using DBSCAN. The es  mated length of the RAD51 
foci is plo  ed as a cumula  ve frac  on. D) Subset of foci longer than 500 nm. E) Purifi ed human RAD51 labelled 
with Alexa488 was mixed with dsDNA lambda and deposited on a clean coverslip in a buff er containing 2mM 
Ca2+ and 1mM ATP. F) A  er crosslinking by 4 % formaldehyde the sample was stained with RAD51 an  body, 
washed and stained with secondary an  body conjugated with Alexa647 and visualized by widefi eld micros-
copy. G) dSTORM imaging of the same fi eld-of-view. H) Inset of the image in G. I) Image of an in vitro RAD51 
dsDNA fi lament. The line profi le with the intensity profi le in the plot below. J) The same as in I) but for an 
elongated RAD51 focus in a cell expressing RAD54K189A.
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the numbers do not increase directly a  er IR, 
however as will be discussed later there are in-
dica  ons that elongated foci might be formed 
much later a  er IR.

Nanoscale organization of elongated 
RAD51 structures 

We then used single molecule localiza  on 

microscopy to image cells stained for RAD51 
and quan  fi ed diff erent parameters describing 
the shape of the foci. The improved resolu  on 
of dSTORM indeed even more clearly reveals 
the elongated RAD51 foci in the RAD54K189A mu-
tant, while also the wildtype foci appear elon-
gated, although to a lesser extent (Figure 3A). 
Using an automa  c clustering algorithm based 
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on the single molecule localiza  ons (DBSCAN, 
see Chapter 2) we were able to automa  cally 
detect the foci in several nuclei (Figure 3B). 

Comparing the size of the RAD51 foci in cells 
before and a  er IR in both wildtype as RAD-
54K189A cells a rela  ve increase in foci up to 500 
nm was observed, indica  ng focus forma  on 
a  er IR (Figure 3C). However, in the RAD54K189A 

cells there is always a small frac  on of foci that 
are longer than 500 nm which is not detected in 
the wildtype cells (Figure 3C). We then analyzed 
the foci that are longer than 500 nm and these 
were again plo  ed as a cumula  ve distribu  on 
(Figure 3D). This plot shows that a  er IR there 
are more “smaller” foci in the K189A mutant in-
dica  ng the forma  on of normal DSB foci, while 
for K189A before IR there is a larger frac  on of 
very long foci present.

To validate the an  body staining we com-
pared the in vivo localiza  on of RAD51 in foci 
with in vitro RAD51 fi laments formed around 
dsDNA and stabilized in presence of ATP and 
Ca2+ (Figure 3E). Part of the purifi ed RAD51 was 
labelled with Alexa488 which enabled to com-
pare the signals from the labelled RAD51 with 
the indirect immunostaining of an  -RAD51 
an  bodies. The widefi eld images from both 
channels looked very similar (Figure 3E-G). Sub-
sequently we applied dSTORM using secondary 
an  bodies conjugated with Alexa647, which 
is the same dye and an  body combina  on we 
used for cell imaging. In vitro formed RAD51 
dsDNA fi laments imaged by dSTORM showed a 
FWHM of about 40 nm (Figure 3I), while by elec-
tron microscopy the diameter of the fi laments 
was determined to be about 10 nm (Sheridan 
et al., 2008). This diff erence can be explained by 
the use of secondary an  bodies, which reduce 
the eff ec  ve resolu  on of the dSTORM images 
due to the distance between the epitope and 
the secondary an  body with the dye. Previous-
ly it was shown that the use of secondary an  -
bodies leads to overes  ma  on of the diameter 
of fi lamentous structures up to 40 nm, which 
would explain the measured fi lament thickness 
in dSTORM in our samples (Mikhaylova et al., 
2015). Also, the elongated foci which were de-
tected in RAD54K189A cells showed similar thick-
ness as in vitro RAD51 fi laments (Figure 3J). 

These results show that it is possible to detect 
RAD51 fi laments in vitro using an  bodies and 
that the observed elongated RAD51 structures 
have similar size and morphology as the in vi-
tro formed dsDNA RAD51 fi laments, sugges  ng 
that in cells the observed elongated structures 
represent RAD51-DNA fi laments.

RAD54 localizes in patches along the 
RAD51 foci

We were also interested in how RAD54 is 
localized along the RAD51 foci. Using confocal 
microscopy RAD51 and RAD54 foci overlap to 
a very high extent (Figure 1D). Using cells ex-
pressing RAD54-mMaple3 we were able to ob-
tain super resolu  on images of the localiza  on 
of endogenous expressed RAD54-mMaple3. In 
those images, we observed a similar pa  ern of 
elongated foci in RAD54K189A cells (Figure 4A). 
We then inves  gated the rela  ve localiza  on of 
wild type and mutant RAD54 along the RAD51 
elongated foci by acquiring dual color single 
molecule localiza  on microscopy images of 
RAD51 and RAD54 together (Figure 4B). In or-
der to be able to visually compare diff erent foci 
from diff erent cells we used an ImageJ plugin, to 
straighten elongated and curved wildtype and 
K189A foci (Figure 4B and C). This enabled to 
visualize the rela  ve localiza  on of RAD51 and 
RAD54 along the elongated focus. We observe 
RAD54 localized along the en  re RAD51 focus, 
but we frequently observed mul  ple bright 
RAD54 clusters. This was also the case for the 
wildtype RAD51/RAD54 foci where o  en one 
bright RAD54 cluster was observed. Some of 
these peaks coincide with high intensity RAD51 
signal while others occur between two peaks of 
RAD51 signal (Figure 4C).

Elongated RAD51 foci in cells 
expressing RAD54(K189A) localize 
with several DSB Repair factors

In order to see whether these elongated 
RAD51 structures co-localize with other DSB 
factors we co-stained for H2AX phosphorylat-
ed at Ser139 (γH2AX) and RPA. While γH2AX 
is a generic marker for the DSB Repair re-
sponse, RPA visualizes the presence of ssDNA, 
which is formed by DNA end resec  on during 
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Figure 5 Localiza  on 
of diff erent DNA Re-
pair factors at RAD51 
foci. A) RAD54WT-SNAP/-, 
RAD54K189A-SNAP and 
RAD54-/- cells were 
stained for RAD51 and 
γH2AX without or with 
treatment with 6Gy of 
IR followed by incuba-
 on period of 2 hours 

before the cells were 
fi xed. Representa  ve 
SIM images are shown. 
B) RAD54WT-SNAP/-, RAD-
54K189A-SNAP and RAD54-

/- cells were stained 
with an  bodies against 
RAD51 and RPA a  er 
treatment with 6Gy of 
IR followed by incuba-
 on period of either 2 

or 24 hours before the 
cells were fi xed. Rep-
resenta  ve SIM images 
are shown. C) Examples 
of cell nuclei irradiat-
ed with alpha par  cles 
forming localized tracks 
of foci and cells were 
fi xed a  er 2 hours. Cells 
were stained with an  -
bodies against RAD51 
and RPA. Representa-
 ve SIM images are 

shown.
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homologous recombina  on. For γH2AX we ob-
served that in both wildtype cells as well as in 
cells that lack func  onal RAD54, a large number 
of RAD51 foci colocalize with γH2AX, however 
we do clearly observe that γH2AX does not fol-
low the same elongated pa  ern as the RAD51 
foci (Figure 5A). Also for RPA we did not observe 
localiza  on along the en  re elongated focus 
but instead we frequently observed a focus of 
RPA near the very elongated foci (Figure 5B). 
Two hours a  er treatment with ionizing radia-
 on we observed RPA foci in both wild type and 

mutant cells, however a  er 24 hours in wild-
type cells the numbers of RAD51 and RPA foci 
appear to decrease again, while in the mutant 
and RAD54 knock out cells we s  ll observe elon-
gated RAD51 foci and also many cells with RPA 
foci, which suggests that DSB repair is indeed 
impaired in these mutants. 

Addi  onally, we induced DSBs by irradia  on 
with alpha par  cles, and observed, in both WT 
and cells with mutant RAD54, accumula  on of 
RAD51 and RPA a  er 2 hours, the foci along 
the alpha track are similar in both the wild type 
and mutant cells (Figure 5C). This shows that 
RAD54K189A cells are able to form RAD51/RAD54 
foci upon induc  on of damage. However, the 
observed elongated RAD51 foci appear to not 
form right a  er induc  on of DNA damage, but 
might appear at later  me points. 

Foci formed in cells expressing 
RAD54(K189A) are sensitive to 
hyperthermia 

In order to further understand the nature of 
the elongated RAD51 foci in the mutant cells, 
we inves  gated whether RAD51 foci disappear 
a  er treatment with mild hyperthermia. It was 
previously shown that hyperthermia inhibits 
the forma  on of RAD51 foci, which is suggested 
to be caused by the degrada  on of BRCA2, the 
protein which is loading RAD51 on the ssDNA 
ends of the DSB (Krawczyk et al., 2011). Inter-
es  ngly, we observe that not only the forma  on 
of RAD51 foci is inhibited by hyperthermia, but 
also RAD51 foci which are already formed a  er 
trea  ng cells with IR disappear a  er hyperther-
mia treatment. In these experiments, we fi rst 
used ionizing radia  on to induce DNA damage 

in the cells followed by a two-hour incuba  on 
of the cells to allow RAD51 focus forma  on, 
subsequently the cells were exposed to 1.5 
hour of mild hyperthermia at 42 ˚C a  er which 
we fi xed the cells (Figure 6A). For the wild type 
RAD54-mMaple3 cells we do observe a com-
plete disappearance of the foci a  er 1.5 hour of 
hyperthermia, while the cells treated at 37 de-
grees do show normal focus forma  on (Figure 
6B). This is also the case for the cells express-
ing RAD54K189A, where both spontaneous as 
well as irradia  on-induced RAD51 foci are not 
detectable a  er hyperthermia. To see whether 
RAD54 itself is degraded upon hyperthermia we 
quan  fi ed the summed intensity of the nucle-
ar RAD54 of mul  ple nuclei using RAD54-GFP 
cells (Figure 6C). The photo stability of GFP is 
s  ll be  er than photoswitchable proteins which 
made this a more reliable analysis. We indeed 
observe a decrease in the total RAD54 signal in 
the nuclei a  er hyperthermia and observe just 
like with the mMaple3 cells the complete disap-
pearance of the foci. The degrada  on of RAD54 
protein could have the eff ect of RAD51 being 
released from the DNA. However, since in the 
RAD54 knock out cells we s  ll observe RAD51 
foci this would be an unlikely explana  on. 

RAD54 exhibits different dynamic 
states

To understand how the localiza  on of RAD54 
at elongated foci relates to the dynamic be-
havior of individual RAD54 molecules we ap-
plied single-par  cle tracking. The fast diff using 
proper  es and rela  vely high concentra  on 
of RAD54 protein in the cell nucleus makes it 
a challenge to track individual RAD54 proteins 
using GFP knock-in cells (Reuter et al., 2014). 
Therefore, we used the SNAP-tag which allows 
to limit the number of labelled proteins, by ad-
jus  ng the concentra  on of the SNAP-tag sub-
strate. The high brightness, stability and cell 
permeability of the recently developed SiR dye 
(Lukinavičius et al., 2013) coupled to the SNAP 
binding molecule made it possible to acquire 
data at an interval of 20 milliseconds and to fol-
low individual molecules for several subsequent 
frames. 
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Analysis of the apparent diff usion coeffi  cient 
of single RAD54 tracks showed two clearly sep-
arated popula  ons; an immobile frac  on that 
peaks at 0.01 μm/s2 while the mobile frac  on 
peaks at about 3.5 μm/s2. FRAP experiments on 
RAD54 already showed that RAD54 is a very mo-
bile protein and we indeed observe the same in 
single par  cle tracking (Figure 7A, B). The de-
tected immobile molecules appear to quite well 
overlap with foci that can be seen in the single 
frame image that was acquired before par  cle 
tracking (Figure 7C). However, thermal dri   and 
movement of the cell and foci during acquisi  on 
can result in some diff erences between snap-
shot and tracking movie. We do not observe 
a large diff erence between in the dynamics of 
RAD54 in wildtype cells treated without or with 

ionizing radia  on. While for RAD54K189A/-- cells 
the frac  on of immobile tracks clearly increased 
a  er radia  on (Figure 7B). Interes  ngly, the ap-
parent diff usion constants for the mobile mol-
ecules in both the wild type and mutant cells 
is very similar. This is to be expected, since this 
is the diff usive behavior of the protein, which 
apparently is not aff ected in the mutant. In line 
with the observa  on of increased numbers of 
foci in the mutant either the koff  of the protein 
is diff erent or the number of binding sites is in-
creased, which then will result in a larger bound 
frac  on.
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Figure 6 RAD51 foci are sensi  ve to mild hyperthermia. A) Experimental  ming of the hyperthermia ex-
periment, cells were treated with 6Gy of ionizing radia  on and incubated for 2 hours at 37C, subsequently 
they were subjected to 1.5 hours of hyperthermia at 42C and a  erwards fi xed directly. B) RAD54-mMaple3, 
wildtype and K189A, cells were treated by hyperthermia, showing the complete disappearance of both RAD51 
and RAD54 foci.  C) RAD54GFP/-- cells treated with hyperthermia according to the described protocol. Cells were 
fi xed and stained for DAPI. The summed intensity per nucleus was quan  fi ed in D). 
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Visualization of immobile RAD54 
molecules in the focus

To correlate the fi xed cell imaging with 
the par  cle tracking we aimed to visualize 
the localiza  on of RAD54 in living cells using 
RAD54-mMaple3 ES cells. We can observe that 
although a large frac  on is rapidly exchanging 
in both WT and K189A cells some of the RAD54 
proteins are retained at the focus especially 
in the mutant. We therefore used local photo 

switching to visualize the immobilized RAD54 
molecules at the foci. When molecules are 
photoconverted inside the focus, the mobile 
and short interac  ng molecules will rapid-
ly diff use out of the focus while the immobile 
proteins will retain at the focus. In this way, 
we can specifi cally visualize the localiza  on of 
the immobilized molecules. To locally photo 
switch the RAD54 molecules a confocal laser 
scanning setup was used, which enables us to 

0 0

00

-IR -IR

WT WT

K189A K189A

0

log10 Deff /s log10 Deff /s

-

-1

0

1
log10(Deff)

-

-1

0

1

log10(Deff)

RAD54WT-SNAP/-- RAD54K189A-SNAP/--

RAD54WT-SNAP/-- RAD54K189A-SNAP/--

A B

C

WT

20 ms 20 ms

Figure 7 Dynamics of RAD54 revealed by single par  cle tracking. A) Example images of RAD54-SNAP cells 
labelled with SiR dye. On the top a widefi eld snapshot was taken while in the bo  om images single frames 
from single molecule tracking videos are shown. B) The distribu  on of eff ec  ve diff usion coeffi  cient was cal-
culated for the diff erent indicated condi  ons by tracking of single molecules. At least 10 cells were imaged per 
condi  on. C) Examples of cells that were used in the analysis showing the individual tracks color colored with 
the es  mated eff ec  ve diff usion coeffi  cient. Below a super resolu  on reconstruc  on was made based on the 
detected signals by single par  cle tracking. 
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Figure 8 Local photoconversion visualizes the dynamics of the bound RAD54 protein frac  on.
A) Using a squared ROI a single focus is photoconverted in a cell nucleus and followed in  me. As indicated 
in the cartoon above during the recording mobile and short interac  ng molecules will be exchanged (green), 
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The distribu  on of displacements taken from several foci (n=20) for both mobile (green) and immobile (red) 
frac  on.
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photo convert RAD54-mMaple3 proteins in a 
predefi ned region (Figure 8A). Subsequently we 
followed the cell in  me for about 2 minutes. In 
line with the par  cle tracking data and with pre-
vious FRAP experiments we observe for the wild 
type RAD54-mMaple3 cells that the red photo 
switched molecules are rapidly exchanged by 
green molecules, while for RAD54-K189A cells a 
frac  on of red molecules (remaining in the foci) 
is detected for a much longer  me, allowing to 
determine where within DSB foci these mutant 
proteins are immobilized (Figure 8B). For both 
wildtype and mutant cells, foci were selected 
that were rela  vely small and spherical in size 
to be able to compare the wildtype and mutant 
foci. Especially in the mutant cells we can fol-
low the immobile frac  on for tens of seconds 
across mul  ple frames and see how their local-
iza  on and clustering with in the foci changes in 
 me. Interes  ngly, we observed highly dynam-

ic movement of the cluster immobile of mole-
cules (Figure 8C). We could follow the rela  ve 
posi  on of the green (constantly exchanging) 
region and red (immobile) spot and measure 
their frame by frame displacement. This anal-
ysis shows that the immobile cluster of RAD54 
moleules is very dynamic within the fcous. This 
movement is also diff erent when comparing the 
regions in the focus where rapid exchange takes 
place (Figure 8D, E).

Discussion
In this study, we used several advanced fl uo-

rescence microscopy techniques to analyze the 
dynamics and localiza  on of RAD54 and RAD51 
in mouse embryonic stem cells. Using single 
molecule microscopy we could follow and lo-
calize individual RAD54 proteins in intact cells 
and further inves  gate the previously studied 
ATPase-dead K189A mutant of RAD54 (Agarwal 
et al., 2011). We used knock-in cell lines, which 
enabled us to exclude the poten  al eff ects of 
aberrant protein expression and the presence 
of untagged wild type protein on the localiza-
 on and dynamics of the proteins. 

Mouse ES cells are known to have higher 
numbers of spontaneous DSB foci compared to 
diff eren  ated cells, likely because these cells 

are highly dependent on homologous recom-
bina  on. In cells lacking the ATPase ac  vity of 
RAD54, however, there is an even higher num-
ber of spontaneous foci. Agarwal et. Al. have 
shown that the increase in foci numbers does 
not directly correlate with higher levels of DNA 
damage, measured by the rela  ve amount of 
H2AX S139 phosphoryla  on. However, it was 
observed that in cells lacking RAD54 ATP ac  v-
ity there was no decrease in foci numbers sev-
eral hours a  er induc  on of DSBs and foci did 
not redistribute to the cell periphery as was ob-
served in wild type cells (Agarwal et al., 2011). 
All together, these observa  ons suggest that 
loss of RAD54 ATPase ac  vity results in a defect 
HR, a  er RAD51 is already localized at the site 
of damage. 

Loss of RAD54 ATPase activity results 
in the formation of elongated RAD51 
foci 

Besides elevated foci numbers in RAD54K189A 

cells we observed very elongated RAD51/RAD54 
foci present in about 45% of the RAD54K189A cells 
before and two hours a  er damage (43 and 50%, 
respec  vely), but we did not observe them in 
wildtype or heterozygous cells. The fact that the 
elongated foci are present already before induc-
 on of damage suggests that these elongated 

foci are not formed immediately at the onset of 
DNA repair. Previous studies have shown that 
RAD51 overexpression can cause the forma  on 
of worm-like structures in the cell nucleus (Rad-
erschall et al., 2002). In our cell lines, we did not 
observe clear intensity diff erences of the total 
amount of nuclear RAD51 in the nuclei between 
wildtype and mutant cells. Also, the elongated 
RAD51/RAD54 structures we observed in the 
K189A cells do not extend to a full network of 
fi lamentous RAD51, but just form a couple of 
long structures per cell nucleus. Recently it was 
shown that in cells in which both RAD54 and 
RAD54B expression is suppressed the forma  on 
of RAD51 in wormlike structures can also take 
place without overexpression of RAD51 (Mason 
et al., 2015). This is supported by the in vitro 
observa  on that both yeast and human RAD54 
are able and required to displace RAD51 from 
dsDNA (Mason et al., 2015). However, there is 
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a clear diff erence between these RAD51 over-
expressing pa  erns (in which most probably 
RAD51 is not present in fi laments on either ssD-
NA or dsDNA) and the elongated foci we detect-
ed, which are supposedly regulated by RAD54 
and its ATPase ac  vity.

In search for the origin and nature of these 
elongated foci we observed that also RAD54 
is present at the elongated foci, but other DSB 
factors (RPA, γH2AX) did not localize clearly 
along the structures Interes  ngly, we observed 
that RPA forms small spherical foci at the end 
of these elongated foci, which suggest the pres-
ence of resected DNA at those foci. A  er hyper-
thermia we observed a complete disappearance 
of all RAD51 foci, which is thought to be caused 
by the degrada  on of BRCA2 (Krawczyk et al., 
2011). The fact that the elongated foci disap-
pear a  er hyperthermia could be an indica  on 
that they s  ll exhibit some characteris  cs of 
genuine DSB foci formed a  er induc  on of DNA 
damage. Since the structures are also visible in 
the RAD54 knock out cells this observa  on can-
not not be solely explained by the degrada  on 
of RAD54, which suggests a role for BRCA2 in 
the disappearance of the foci. 

Elongated RAD51 foci could be long 
lasting DSBs

However, there are hints that the elongat-
ed structures are the remainders of previously 
formed DSBs. In our data, there are indica  ons 
that 24 hours a  er irradia  on more cells con-
tain the elongated foci, something that needs 
to be further explored in the future. In meiot-
ic cells elongated RAD51 structures were pre-
viously observed in cells which do not express 
RAD54, and the elongated structures especial-
ly accumulate at the later stages of meiosis 
(pachytene, diplotene) (Wesoly et al., 2006). 
The accumula  on of these structures in later 
meio  c stages suggests that indeed these long 
structures are le  overs of RAD51 fi laments 
formed during DSB repair. Furthermore a diff er-
ent study showed that cells that lack func  onal 
RAD54 have higher level of chromosomal ab-
erra  ons and anaphase bridges (Mason et al., 
2015), which could be the result of persistent 
DSBs or other repair intermediates. Recently it 

was also shown that phosphoryla  on of RAD54 
at residues near the ATPase domain is responsi-
ble for removal of RAD51 at replica  on forks at 
the right moment (Spies et al., 2016). Also, cells 
lacking RAD54 can be further sensi  zed for DNA 
damage by knocking-out other DSB factors, for 
example Mus81 (Ghamrasni et al., 2016; Mat-
ulova et al., 2009). This suggests that when 
RAD54 is not present, repair of the DSB could be 
directed to a RAD54 independent repair path-
way, however in some cases when repair fails 
this then may lead to persistent immobiliza  on 
of RAD51.

RAD54K189A is localized in regularly 
spaced patches along elongated 
RAD51 foci

DSB Repair foci are a very useful read out to 
study mechanisms of DSB Repair. However, the 
internal organiza  on of DSB Repair foci in vivo 
is s  ll an unresolved ques  on. It is clear from 
microscopy images that some repair factors are 
more spread around the chroma  n (gH2AX, 
53BP1), while other factors form more confi ned 
foci (Bekker-Jensen et al., 2006). However, the 
resolu  on limit does not allow analysis of the 
localiza  on of proteins within the foci. When 
studying the rela  ve localiza  on of RAD51 and 
RAD54 in detail we observed heterogeneous 
distribu  ons of RAD54 along the RAD51 focus, 
with several bright clusters. Possibly, In vivo 
RAD51 is not always present in con  nuous fi la-
ments, which could be benefi cial for strand inva-
sion and joint molecule forma  on (Van Komen 
et al., 2002). It has recently been suggested 
that RAD54 preferen  ally binds at the gaps 
of RAD51 fi laments (Wright and Heyer, 2014), 
which could explain our observa  ons of discon-
 nuous patches of RAD54 along the RAD51 foci. 

The next ques  on is whether we would be able 
to detect RAD51 fi laments in intact (fi xed) cells. 
Electron microscopy and SFM are not really 
suited to address this ques  on. Assuming that 
in some cases resec  on of the ends can take 
place mul  ple kilo bases away from the break, 
this would lead to a fi lament of around 340 nm 
per 1 kb of RAD51 fi lament. Diff erently stat-
ed a RAD51 fi lament of 1 μm long will contain 
about 3kb of DNA. These dimensions are within 
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reach to be resolved with dSTORM. We could 
show that these elongated foci are very thin 
structures with similar dimensions as in vitro 
formed dsDNA RAD51 nucleoprotein fi laments, 
sugges  ng the structures observed in cells, rep-
resent RAD51 fi laments on DNA.

Immobilization of RAD54 after 
ionizing radiation is only detectable 
in the K189A mutant

Using single par  cle tracking we are able to 
inves  gate the dynamics of individual RAD54 
proteins. We observed for wildtype RAD54 that 
it exhibits very dynamic mobility with only a 
small immobile frac  on. In line with previous 
FRAP experiments of RAD54 the single par  cle 
tracking showed that the RAD54 interac  ons 
at the foci are only very short lived in the sub 
second range. In that perspec  ve, it is also in-
teres  ng that we do not observe an increase in 
the number of immobile molecules a  er IR in 
wildtype cells. In the mutant, we obverse an in-
creased immobiliza  on a  er irradia  on, which 
could be caused by the increase in binding sites 
for RAD54 since more RAD51 is present in fi la-
ments, while for wildtype we cannot detect an 
increased immobiliza  on a  er IR. However, the 
residence  mes of wild type RAD54 molecules 
are very short, while for mutant molecules the 
residence  mes are much longer which we are 
able to detect by an increased immobiliza  on 
a  er ionizing radia  on. In the mutant cells, we 
observe a frac  on of the RAD54 molecules that 
is immobile, nonetheless we observe a sub-
popula  on of mutant RAD54 which is s  ll dif-
fusing around, this could relate to the rela  ve 
concentra  ons of RAD51 and RAD54 proteins in 
the nucleus. Previous single molecule tracking 
experiments have shown that RAD51 compared 
to RAD54 has a rela  vely slow mobility, since it 
is travelling together with BRCA2 throughout 
the nucleus (Reuter et al., 2014). The fast mo-
bility of RAD54 compared to RAD51 suggests 
the specifi c interac  on between the proteins is 
at RAD51 protein bound to the DNA. This is sup-
ported by our super resolu  on images which 
showed in the mutant many RAD54 proteins 
bound to the elongated RAD51 structures.

Clusters of immobile RAD54 are 
highly dynamic within DSB foci

There are several hundred RAD54 molecules 
present at the focus, of which in the RAD54K189A 

mutant a frac  on is immobile. Using local pho-
to conversion of foci, we were able to specifi -
cally visualize the immobile RAD54K189A mole-
cules and study their dynamics rela  ve to the 
rapidly exchanging molecules. What we see is 
a very dynamic movement of the immobilized 
molecule clusters rela  ve to the regions where 
RAD54 molecules exchange at a high rate, and 
interes  ngly, even when using confocal micros-
copy, it is possible to see that the signals of dy-
namic and immobile frac  ons are not simply 
overlapping. The very dynamic movement but 
also the internal dynamics of DSB foci which we 
observe could be a mechanism in the homol-
ogous recombina  on pathway to facilitate ho-
mology search. The dual color super resolu  on 
imaging showed that the RAD54 molecules are 
closely associated with RAD51. In the ATPase 
mutant, this suggests that RAD54 is stuck at 
the immobilized RAD51. We could therefore, 
for the fi rst  me, although indirectly, image the 
dynamics of immobile RAD51. For the future, it 
would be very interes  ng to see whether pro-
teins specifi cally can interact with RAD51 fi la-
ments which brings the possibility to follow the 
repair process in real-  me. Further explora  on 
of methods to follow the localiza  on of the im-
mobile molecules from the bulk would be high-
ly enlightening to not only study the internal 
structure but also internal dynamics of DSB foci. 
A detailed analysis of the internal dynamics of 
DSB foci will give useful insight about how the 
biochemically well-studied processes essen  al 
for DSB repair, like resec  on, homology search 
and strand invasion are regulated inside the cell 
nucleus in the complex context of chroma  n.
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Materials and Methods
Cell culture 

IB10 mES cell lines were cultured in DMEM 
supplemented with BRL condi  oned medium, 
L-glutamine, Pen Strap and 10% FCS and grown 
on dishes coated with 0.1% Porcine gela  n. For 
live cell imaging cell medium was replaced by 
Fluorobrite medium (Life Technologies) supple-
mented with LIF, L-Glutamine and 10% FCS.

Generation of gene targeting 
constructs

Constructs for gene targe  ng were based on 
the original targe   ng construct with GFP (Agar-
wal et al., 2011). The GFP was replaced by a cas-
se  e containing a kanamycin selec  on casse  e 
using Lambda Red recombineering in E. coli. 
Subsequently the constructs were digested by 
MluI and using Gibson Assembly the sequences 
of mMaple3 and SNAPtag were integrated into 
the construct.

Generation, selection and validation 
of the ES cell lines

To obtain cells homozygous recombinant 
RAD54 from the right allele, RAD54+/- cells were 
used, with a hygromycin selec  on marker on 
the RAD54 knock-out allele (Tan et al., 1999). 
The targe  ng constructs were digested by PvuI 
and electroporated in RAD54+/- IB10 cells. Us-
ing the selec  on marker present on the target 
sequence cells were selected by puromycin. 
Subsequently cells were also selected by hy-
gromycin. To obtain homozygous clones, clones 
were picked from plates under selec  on of both 
puromycin and hygromycin. A  er expanding 
these colonies genomic DNA was obtained by 
phenol extrac  on and clones were screened 
using a genotyping PCR on the genomic DNA. 
Mul  ple posi  ve clones were further validated 
by Southern blot. Genomic DNA was digested 
using StuI restric  on enzyme and ran over night 
on a 0.5% agarose gel. The DNA was blo  ed on 
a membrane and hybridized with a P32 labelled 
DNA probe ranging exon 7 and 8. 

Expression of the protein was validated by 
western blot. Protein samples were obtained 
from lysed cells. Protein concentra  on was de-
termined using Lowry assay and 50 μg of protein 

was loaded per sample on the gel. Protein was 
run on an 8% SDS-PAGE gel and subsequently 
blo  ed on a nitrocellulose membrane. RAD54 
was detected using a goat polyclonal RAD54 (D-
18, Santa Cruz) an  body followed by incuba  on 
with secondary an  -goat IgG HRP an  body. 

Sample preparation for microscopy
Cells were plated on glass that was coated 

with a drop of 25 μg/ml Laminin (from mouse 
Engelbreth-Holm-Swarm (EHS) sarcoma, Roche) 
solu  on for 1 hour at room temperature. For 
fi xed cell experiments the cells were cultured 
on 18mm round coverslips (thickness 1.5H, 170 
± 5 μm). Cells expressing SNAPtag were labelled 
with SNAP-Cell 647-SiR (New England Biolabs) 
at the recommended concentra  on of 3 μM for 
half an hour followed with 3  mes washing with 
medium.

For live cell imaging cells were grown in 
μ-Slide 8 Well Glass Bo  om (Ibidi) coated with 
laminin (Roche). For single par  cle tracking cells 
were labelled with medium with 3 nM SNAP-
Cell 647-SiR (New England Biolabs), followed 
by 3 washing steps of 10 minutes with medium. 
During imaging cells were kept at 37 °C and 5% 
CO2 using a Tokai Hit stage incubator. 

When indicated, cells were irradiated the day 
a  er pla  ng using a 137Cs source with 6 Gy of 
ionizing radia  on.

Immuno luorescence
Cells were washed with PBS. When indicat-

ed, cells were pre-extracted at 4°C for 1 min-
ute using Triton buff er for RAD51 (0.5% Triton 
X-100, 20 mM Hepes-KOH (pH 7.9), 50 mM 
NaCl,3 mM MgCl2, 300 mM sucrose). Cells were 
fi xed in 2% PFA in PBS for 20 minutes. A  er 
fi xa  on, the cells were washed and permeabi-
lized using PBS with 0.1% Triton. The cells were 
blocked with PBS+ (0.5% BSA/Glycine in PBS) for 
20 minutes. Cells were incubated with primary 
an  body in PBS+ for 2 hours, washed with 0.1% 
Triton. Subsequently the samples were incubat-
ed for one our with secondary an  body conjun-
gated with either Alexa 647 (Life Technologies) 
or A  o488 (Rockland). Primary an  bodies used 
in this study are: rabbit an  -RAD51 (van Veelen 
et al., 2005), mouse an  -γH2AX (Millipore) and 
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mouse an  -RPA32 (Abcam).  

Microscopy and super resolution 
imaging

All imaging was done using a Zeiss Elyra PS1 
setup equipped with modules for confocal, SIM 
and SMLM imaging. For SIM the images were 
acquired using a 63x objec  ve. Z-stacks were 
acquired with 5 rota  ons and 5 transla  ons of 
the SIM grid. Images were reconstructed using 
the provided algorithm from Zeiss with the au-
toma  c se   ngs. For SMLM with Alexa 647 cov-
erslips with cells were mounted in a coverslip 
ring and incubated in a dSTORM buff er contain-
ing 25 mM MEA (Sigma), Glucose Oxidase (Sig-
ma), Catalase (Sigma) and 10% Glucose in Tris 
HCl pH 8.0. If only mMaple3 was used for super 
resolu  on imaging the sample was mounted 
in PBS pH 7.4. For every channel 5 000-20 000 
frames were acquired. Dri   was corrected using 
100nm Tetraspeck beads (Molecular Probes) or 
single color data the channels were aligned us-
ing an image correla  on-based algorithm (ZEN, 
Zeiss).

Quanti ication of SMLM data
Single molecule localiza  on fi les were loaded 

in R using the in house developed SMoLR pack-
age. The package was also used for the auto-
ma  c detec  on of RAD51 foci using a DBSCAN 
algorithm (Hahsler, 2015). From the defi ned 
clusters features were extracted based on the 
localiza  ons. The length of the clusters was de-
fi ned as distance between the extremi  es along 
the major axis of the cluster, which is es  mated 
by using a principal component analysis of the 
x,y coordinates (Levet et al., 2015).

For lineariza  on of RAD54/RAD51 foci the 
Straighten plugin in ImageJ (Kocsis et al., 1991) 
was used. A manual defi ni  on of a line through 
the RAD51 focus was used followed by au-
toma  c refi nement of the nodes to improve 
straitening. Subsequently the RAD54 signal was 
straightened by applying the same straighten-
ing to the RAD54 signal.

Particle tracking analysis
Single molecules were localized from the 

recorded movies by Gaussian fi   ng using SOS 

plugin (Reuter et al., 2014) in ImageJ. Using the 
SOS plugin nearest neighbor-linking was used 
to obtain tracked molecules. Par  cles within a 
900 nm radius were linked, with a maximum 
 me gap of one frame. Tracks with a length of 

10 frames or longer were included in the anal-
ysis. Further analysis was done using R (R Core 
Team, 2016). The Mean Square Displacement 
(MSD) was calculated for the individual tracks 
and fi  ed using linear regression with a fi xed 
off set equal to the experimentally determined 
localiza  on precision. The localiza  on precision 
was determined (31 nm) by SNAP-SiR dyes de-
posited on glass. The average MSD of mul  ple 
videos at t=20 ms was used to determine the 
localiza  on precision (Van Royen et al., 2014). 

Local photo switching dynamics
RAD54 wildtype and K189A mutant cells 

were imaged using the Zeiss Elyra confocal mo-
dality. A region of was selected Next an 30x30 
pixel area (1.3x1.3μm) containing the focus 
was illuminated with 5% 405nm laser (20 mW) 
for 50 itera  ons.  Images were recorded for 20 
frames with a 5s interval using a GaAsP (Galli-
um Arsenide Phosphide) detector. Image analy-
sis was done using Fiji (Schindelin et al., 2012). 
First of all, the photo converted focus was us-
ing the center of mass of the summed intensity 
of the red and green signal together the focus 
was centered in every frame in the  me lapse 
and saved as a new stack. Within the stack the 
rela  ve posi  on of the green, red and summed 
images was calculated.
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 Summary
The genomic DNA packed into chroma  n has to be protected from the accumula  on of damage. 

Consequently, a broad range of DNA repair mechanisms have been evolved to repair specifi c types 
of DNA damage. The repair of a DNA lesion requires the localiza  on of a mul  tude of proteins at 
the site of damage, to detect the lesion, remodel the DNA and eventually repair the DNA damage. 
For fundamental understanding of the func  oning and malfunc  oning of DNA Repair proteins it 
is important to know the precise localiza  on of these proteins and their rela  ve organiza  on in 
the cell. During DNA Double Strand Break Repair proteins accumulate at the sites of damage, in 
so-called repair foci, which are visible unde rthe microscope. Using super resolu  on fl uorescence 
microscopy, it is possible to study the organiza  on of proteins in these foci at near-molecular reso-
lu  on, making it possible to get insight in the molecular distribu  on within the cell.  

Chapter I gives a general introduc  on into the topics presented in this thesis. The diff erent path-
ways of DNA repair are discussed with a focus on the mechanisms of DNA Double Strand Break 
(DSB) repair. In general DSBs are repaired by either Non-Homologous End Joining or Homologous 
Recombina  on. Homologous recombina  on is an intricate repair mechanism, which by using a ho-
mologous DNA template can accurately repair the break. In the second part of the chapter recent 
advances in (super resolu  on) microscopy are discussed. Fluorescence microscopy is widely used 
to study to localiza  on and dynamics of proteins in cells. However, the spa  al resolu  on of a light 
microscope is limited by the diff rac  on of the light. In the last decade techniques emerged to cir-
cumvent this limit. Two super resolu  on techniques that are used throughout this thesis Structured 
Illumina  on Microscopy and Single Molecule Localiza  on Microscopy, use diff erent approaches to 
obtain high resolu  on informa  on by controlling the emission of the fl uorophores in the sample.

Quan  ta  ve analysis of the super resolu  on data presented in this thesis requires dedicated 
so  ware to extract the relevant informa  on. In Chapter II a so  ware package, named SMoLR, is de-
scribed, which we developed in the sta  s  cal programming environment R. The so  ware package 
enables robust analysis of large single molecule localiza  on data sets.  It is especially powerful for 
the quan  fi ca  on of the organiza  on of super resolved macromolecular protein assemblies. These 
assemblies, for example, DSB foci, nuclear pores or focal adhesions are present in large numbers in 
cells. SMoLR provides diff erent ways to visualize the localiza  on data along with methods to obtain 
sta  s  cs about the numbers and spa  al organiza  on of the proteins in the assemblies. Subse-
quently, we show examples of showing how the so  ware package can be used to address diff erent 
biological ques  ons using single molecule localiza  on microscopy. 

In Chapter III we inves  gate the organiza  on of RAD51 and DMC1 in DSB foci at several stages 
of meio  c prophase using super resolu  on microscopy. Meiosis is a reduc  onal cell division which 
forms the cells required for sexual reproduc  on. During meiosis DSBs are induced by the cell to 
facilitate homology search for pairing of homologous chromosomes, which is required for a faith-
ful segrega  on of the chromosomes into the daughter cells. These DSBs, induced by the nuclease 
Spo11, are repaired through homologous recombina  on. The repair through homologous recom-
bina  on during meiosis requires the localiza  on of both the recombinase RAD51 and its meio  c 
paralog DMC1 to the break. RAD51 and DMC1 are structurally very similar, but have supposedly 
diff erent func  ons in repair of DSBs during meiosis. We observe diff eren  al localiza  on of RAD51 
and DMC1 in the meio  c DSB foci, where at early  me points of meiosis most foci with a single 
RAD51 and DMC1 spot, at later  me points foci with two DMC1 clusters and one RAD51 cluster are 
present at increasing frequency. We quan  fi ed the size and distances between these spots, which 
enabled us to iden  fy a structural organiza  on of one DMC1 spot near RAD51 while another spot 
was much further away. Taken this data together we used simula  ons to elucidate the underlying 
3D organiza  on of DMC1 and RAD51 and how this changed during progression of meiosis. These 
observa  ons suggest that the two ends of the DSB are diff erently loaded with RAD51 and DMC1, 
thereby possibly regula  ng the homology search and strand invasion process during meiosis. 
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During homologous recombina  on in higher eukaryotes RAD51 requires BRCA2 to displace RPA 
and load itself on to the resected ssDNA. BRCA2 is a large mul  -domain protein, which at the BRC 
domains can bind several RAD51 monomers. In Chapter IV we used scanning force microscopy 
to study the conforma  on of purifi ed BRCA2 proteins under several condi  ons in vitro, and used 
super resolu  on microscopy to relate the results to the situa  on in the cell. In vitro, BRCA2 alone 
forms mul  mers with V-shaped structures. However, when incubated with RAD51 very elongated 
structures are observed. This elongated BRCA2-RAD51 complex is able to load RAD51 on ssDNA 
coated with RPA. Using super resolu  on microscopy, we then visualized the rela  ve localiza  on of 
BRCA2 and RAD51 inside DSB foci. We show that RAD51 accumula  ons form extended structures 
which can be more than 200 nm long, while BRCA2 seems to form smaller protein clusters near the 
RAD51 focus. Quan  fi ca  on of the amount of overlap between BRCA2 and RAD51, showed that 
a large frac  on of RAD51 is not associated with BRCA2 while it is thought that BRCA2 and RAD51 
are closely associated in the cell nucleus. In  me a  er damage induc  on we observed that BRCA2 
is nonetheless retained at the foci. The structural analysis show how the fl exibility of BRCA2 is im-
portant for regula  ng its func  on, while the super resolu  on data shows the dynamic regula  on of 
RAD51 at the site of damage by BRCA2.

Repair of DSBs requires many diff erent proteins at the break at the right  me and at the right 
concentra  on. Essen  al are proteins that regulate the organiza  on of DNA-protein interac  ons, for 
example, by conver  ng energy through hydrolysis of ATP. One of these proteins is the SWI/SNF heli-
case protein RAD54, which is important at several steps during the repair of DSBs. It is required for 
the stabiliza  on of RAD51 fi laments and is also important for dissocia  on of RAD51 fi laments from 
duplex DNA a  er strand invasion has taken place. In Chapter V the nanoscale localiza  on of RAD54 
is inves  gated. An ATPase defec  ve mutant gave us the opportunity to further elucidate the mech-
anisms by which RAD54 is involved in DSB Repair. In combina  on with super resolu  on microscopy 
this enabled us to detect clear diff erences in the shape of both RAD51 and RAD54 foci in the ATPase 
defi cient mutant compared to wildtype cells. We observed very long RAD51 structures which could 
be the cause of homologous recombina  on defect in the ATPase defi cient mutant. Furthermore, 
we used single molecule tracking to obtain understanding in the dynamics of individual RAD54 
molecules. In wildtype cells we detected almost only mobile RAD54 molecules while cells lacking 
RAD54 ATPase ac  vity show a clear popula  on of immobile RAD54 molecules. Addi  onally, using 
a photo conver  ble fl uorescent protein we were able to locally photo convert the RAD54 proteins 
present at a single focus. By monitoring the focus in  me we were able to separately visualize the 
localiza  on of the immobile versus the mobile molecules in the foci. These experiments showed a 
highly dynamic internal structure of the immobile RAD54 proteins of the ATPase defi cient mutant.
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Samenvatting
Het genomisch DNA dat verpakt zit als chroma  ne moet beschermd worden voor de ophoping 

van DNA-schade. Zodoende hee   er zich een breed scala aan DNA-repara  emechanismen geëvol-
ueerd om verschillende soorten DNA-schade te repareren. Om DNA-schade te repareren lokaliser-
en veel verschillende eiwi  en zich rond de plek van de schade: voor het herkennen, bewerken en 
repareren van de DNA-lesie. Dit proces is heel duidelijk zichtbaar onder een microscoop, omdat  -
jdens de DNA-dubbelstrengs breuk repara  e ophopingen van eiwi  en worden gevormd, zogenaam-
de foci. Voor het fundamenteel begrijpen van het func  oneren en disfunc  oneren van DNA-repa-
ra  e eiwi  en is het belangrijk om de lokalisa  e en de rela  eve organisa  e van deze eiwi  en in de 
cel te kennen. Het gebruik van superresolu  e fl uorescen  emicroscopie maakt het nu mogelijk om 
deze eiwi  en op ‘bijna moleculaire resolu  e’ te detecteren. 

Hoofdstuk I gee   een algemene introduc  e van de onderwerpen die gepresenteerd worden in 
dit proefschri  . In het eerste deel van de introduc  e worden de verschillende DNA-repara  emech-
anismen met een focus op de mechanismen van DNA dubbelstrengsbreuk repara  e besproken. 
Over het algemeen worden dubbelstrengsbreuken (DSB’s) gerepareerd via non-homologous end 
joining (NHEJ) of homologe recombina  e (HR). Homologe recombina  e is een complex repara  e-
mechanisme, waarbij RAD51 wordt geladen op de gebroken DNA-uiteinden, om vervolgens een 
homoloog DNA-template te vinden wat gebruikt kan worden om de breuk te repareren. In het 
tweede deel van de introduc  e worden recente ontwikkelingen in (superresolu  e) microscopie 
besproken. Fluorescen  emicroscopie is een veel gebruikte techniek om de lokalisa  e en dynamiek 
van eiwi  en te bestuderen in cellen. De ruimtelijke resolu  e van een lichtmicroscoop wordt bep-
erkt door de diff rac  e van het licht. In het laatste decennium zijn er technieken ontwikkeld die deze 
beperking kunnen omzeilen. Twee superresolu  etechnieken die gebruikt worden in dit proefschri   
zijn ‘Structured Illumina  on Microscopy’ en ‘Single-Molecule Localiza  on Microsopy’. Deze tech-
nieken gebruiken verschillende benaderingen om hoge resolu  e-informa  e uit beelden te halen 
door het controleren van de emissie van de fl uoroforen in het preparaat.

Voor kwan  ta  eve analyse van superresolu  edata, zoals gepresenteerd in dit proefschri  , is 
gespecialiseerde so  ware nodig om de essen  ële informa  e uit de data te verkrijgen. In hoofdstuk 
II wordt een so  warepakket, genaamd SMoLR beschreven wat we hebben ontwikkeld gedurende 
dit onderzoek. Dit is ontwikkeld in de programmeeromgeving ‘R’ voor de kwan  ta  eve analyse 
van ‘Single-Molecule Localiza  on’ data. Het so  warepakket maakt het mogelijk om grote data-
sets met lokalisa  edata te analyseren. Het pakket is vooral goed geschikt voor de kwan  fi ca  e 
van macromoleculaire-eiwitcomplexen. Deze complexen, bijvoorbeeld DSB-foci, celkernporiën of 
focale adhesies, zijn in grote getale aanwezig in cellen. SMoLR maakt het mogelijk om op verschil-
lende manieren de lokalisa  edata te visualiseren en vervolgens sta  s  eken te verkrijgen over de 
aantallen en de ruimtelijke organisa  e van de individuele moleculen in de eiwitcomplexen. Aan het 
einde van dit hoofdstuk, worden enkele voorbeelden gegeven van de manier waarop de so  ware 
toegepast kan worden om verschillende biologische vraagstukken te onderzoeken enbeantwoor-
den met het gebruik van ‘Single-Molecule Localiza  on Microscopy’. 

In hoofdstuk III wordt de organisa  e van RAD51 and DMC1 in DSB-foci  jdens de verschillende 
stadia van de meio  sche profase bestudeerd door gebruik te maken van superresolu  emicrosco-
pie. Meiose is een reducerende celdeling die plaats vindt  jdens de forma  e van de voortplant-
ingscellen. Om het paren van de homologe chromosomen mogelijk te maken, worden  jdens de 
meiose DSB’s geïnduceerd door de cel. De DSB’s, geïnduceerd door de nuclease Spo11, worden 
gerepareerd door middel van homologe recombina  e. De repara  e via homologe recombina  e 
vereist de lokalisa  e van zowel de recombinase RAD51, alsmede zijn meio  sche paraloog DMC1 
op de plaats van de breuk. RAD51 en DMC1 hebben een vergelijkbare eiwitstructuur, maar heb-
ben waarschijnlijk verschillende func  es in de repara  e van DSB’s in meiose. Tijdens de eerste 
 jdspunten van meiosis beva  en de meeste foci een enkele RAD51- en DMC1-spot, terwijl op 
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latere  jdspunten foci met twee DMC1-clusters en één RAD51-cluster met toenemende frequen  e 
voorkomen. Vervolgens hebben we de groo  e van de spots en de afstanden tussen de spots gek-
wan  fi ceerd, wat het mogelijk maakte om een structurele organisa  e te bepalen van één DMC1-
spot vlakbij RAD51, terwijl een andere DMC1-spot verder verwijderd was RAD51. We hebben deze 
data vervolgens gecombineerd met simula  es om de onderliggende 3D-organisa  e van DMC1 en 
RAD51 te bepalen, terwijl deze verandert gedurende de progressie van meiose. Deze observa  es 
suggereren dat de twee uiteinden van de DSB verschillend worden geladen met RAD51 en DMC1. 
Mogelijk kan op deze manier het vinden van homologe DNA-sequen  e en invasie van de DNA-
streng gereguleerd worden  jdens meiose.

Tijdens homologe recombina  e in hogere eukaryoten hee   RAD51 een ander eiwit genaamd 
BRCA2 nodig om zichzelf te laden op het enkelstrengs DNA, dat gevormd wordt  jdens resec-
 e. BRCA2 is een groot mul  -domeineiwit, dat door middel van de BRC-domeinen meerdere 

RAD51-monomers kan binden. In hoofdstuk IV beschrijven we hoe we gebruik hebben gemaakt van 
‘Scanning Force Microscopy’ voor het bestuderen van de conforma  e van gezuiverde BRCA2-eiwit-
ten onder verschillende condi  es. Daarnaast hebben we superresolu  emicroscopie gebruikt om 
deze resultaten te correleren met de situa  e in de cel. In vitro vormt BRCA2 V-vormige mul  m-
eren. Echter, wanneer BRCA2 samen met RAD51 wordt bestudeerd, worden zeer geëlongeerde 
structuren gevonden. Dit geëlongeerde RAD51-BRCA2-complex maakt het mogelijk om RAD51 op 
enkelstrengs DNA te laden wat beschermd wordt door RPA. Door middel van superresolu  emi-
croscopie hebben we vervolgens de rela  eve posi  e van BRCA2 en RAD51 in DSB-foci in celkernen 
aangetoond. Allereerst observeerden we dat RAD51 accumuleert in verlengde structuren, terwijl 
BRCA2 kleinere eiwit clusters vormt rondom de RAD51 focus. Kwan  fi ca  e van de hoeveelheid 
overlap tussen het signaal van BRCA2 en RAD51 toont aan dat een grote frac  e van RAD51 niet 
geassocieerd is met BRCA2, terwijl BRCA2 en RAD51 in de celkern over het algemeen een complex 
vormen. In de  jd na induc  e van de DNA-schade observeren we dat BRCA2 echter wel gelokali-
seerd is in de DSB-foci. De structurele analyse gee   aan hoe de fl exibiliteit van BRCA2 belangrijk 
is bij het uitvoeren van zijn func  e, terwijl de superresolu  edata laat zien hoe RAD51 dynamisch 
wordt gereguleerd door BRCA2.

Repara  e van DSB’s vereist de lokalisa  e van verschillende eiwi  en op de plek van de breuk 
op het juiste moment en met de juiste concentra  e. Daarbij zijn eiwi  en die de organisa  e van 
DNA-eiwi  nterac  es reguleren belangrijk, dit kunnen zij doen door energie om te ze  en door-
middel van ATP hydrolyse. Eén van deze eiwi  en is de SWI/SNF helicase RAD54, die belangrijk is 
bij verschillende stappen in het repara  eproces van DSB’s. Het is belangrijk voor de stabilisa  e 
van RAD51-fi lamenten, maar ook belangrijk voor de dissocia  e van RAD51-fi lamenten van dub-
belstrengs DNA nadat invasie van de DNA-streng hee   plaatsgevonden. In hoofdstuk V wordt de 
lokalisa  e op nanoschaal van RAD54 bestudeerd. Een mutant zonder ATPase-func  e gaf ons de 
mogelijkheid om de mechanismen waarbij RAD54 betrokken is bij DSB repara  e te onderzoeken. 
In combina  e met superresolu  emicroscopie gaf dat de mogelijkheid om duidelijke verschillen te 
ontdekken in de vorm van zowel RAD51- als RAD54-foci tussen de ATPase defi ciënte mutant- en 
wildtypecellen. Daarbij zijn in de mutant zeer lange RAD51-structuren gevonden die mogelijk het 
gevolg zijn van defecten in homologe recombina  e in de ATPase defi ciënte mutant. Bovendien 
hebben we single-molecule-tracking gebruikt om informa  e te verkrijgen over de dynamiek van 
individuele RAD54-moleculen. In wildtypecellen zijn bijna alle RAD54-eiwi  en mobiel, terwijl cel-
len die RAD54 ATPase ac  viteit missen, een duidelijke frac  e immobiele RAD54-moleculen bevat. 
Door vervolgens gebruik te maken van photoconverterende fl uorescente eiwi  en, konden we lo-
kaal RAD54-eiwi  en photoconverteren die zich in een focus bevonden. Door deze focus vervol-
gens in de  jd te bekijken konden we de lokalisa  e van de immobiele versus de mobiele eiwi  en 
apart volgen. Deze experimenten toonden de hoge dynamische interne structuur die de immobiele 
RAD54 eiwi  en vormen in de ATPase defi ciënte mutant.
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