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Voorwoord

In dit proefschrift staan de resultaten van door mij verricht biofysisch onderzoek in
de groep Fysica van Complexe Systemen aan de Vrije Universiteit te Amsterdam. De
afgelopen vijf jaar heb ik mij voornamelijk geconcentreerd op zogenaamde restrictie-

enzymen, eiwitten die als functie hebben om DNA op specifieke plaatsen te knip-
pen. Ze doen dat over het algemeen met zeer hoge precisie en dat maakt restrictie-
enzymen tot modelsysteem voor het bestuderen van DNA-eiwit interacties. Het on-
derzoek heb ik verricht m.b.v. zogenaamde single-molecule experimenten, methoden
waarbij het gedrag van en de interactie tussen individuele (bio)moleculen kan wor-
den bepaald.

Toen ik mijn promotieonderzoek in de groep Fysica van Complexe Systemen aan
de VU begon maakte het single-molecule gebied nationaal en internationaal een ster-
ke groei door. Nieuw ontwikkelde technieken werden op steeds meer biologische
systemen toegepast en langzaam maar zeker werden alle hoeken van het veld be-
treden. Er was echter nog vrijwel niemand die single-molecule onderzoek deed aan
restrictie-enzymen. Mijn supervisor Gijs Wuite is vanaf 2001, gewiekst als hij is, in dit
gat gesprongen met een uitdagend project waarop hij mij heeft aangenomen, eerst als
afstudeerstudent en vanaf augustus 2002 als promovendus. Vóór we echter aan publi-
ceerbare resultaten konden gaan denken, moesten er wel eerst enige hobbels worden
genomen. Zo moest er een dubbel-optisch-pincet opstelling en microscoop gebouwd
worden die het mogelijk zou maken om met hoge krachten aan DNA-moleculen te
trekken. Om dit te verwezelijken was ook een degelijk flowsysteem essentieel. Di-
verse DNA constructen moesten worden gemaakt en biochemisch geprepareerd opdat
we ze konden ‘vangen’ tussen bolletjes, etc.

De moeilijkheid van onderzoek aan restrictie-enzymen met individuele DNA-mo-
leculen zit ‘m in het feit dat bij elke reactie het vaak met veel moeite gevangen DNA
meteen weer kapotgeknipt wordt. Een belangrijke uitdaging voor ons was dan ook de
methode om DNA te vangen te optimaliseren. Het flowsysteem is daartoe in de begin-
jaren een aantal keer flink verbeterd, met als uiteindelijk resultaat een apparaat met
meerdere flowkanalen waarmee in een tiental seconden een nieuw DNA molecuul kan
worden gevangen. Ook de optisch-pincet opstelling is aan vernieuwing onderhevig

xi



Voorwoord

geweest. Was de optische tafel vroeger nog ongekend leeg (zeker in vergelijking met
de opstelling van Christoph Schmidt), in de loop der jaren zijn er steeds meer snufjes
aan toegevoegd waardoor het geheel een indrukwekkend aanzien heeft gekregen. De
opstelling in deze vorm gaat ongetwijfeld een glorieuze toekomst tegemoet.

Promoveren doe je over het algemeen niet in je eentje. Gedurende de afgelopen
jaren hebben meerdere mensen hun steentje bijgedragen aan het hier beschreven
onderzoek. Daarom grijp ik hier de gelegendheid aan diegenen te bedanken die direct
invloed hebben gehad op de totstandkoming van dit boekje.

Allereerst Gijs, mijn supervisor en copromotor. Gijs, ik wil je bedanken voor je uit-
stekende begeleiding. Jouw nimmer aflatend enthousiasme en originele ideeën gaven
me altijd een enorme impuls. Als ik kritisch was over mijn resultaten overtuigde je
me steevast van de waarde ervan. Het neologisme ‘Gijsificeren’ staat binnen de harde
kern van de groep niet voor niets synoniem voor het zoveel mogelijk betekenis uit ge-
meten data halen. Toen de groep groter werd kreeg je het steeds drukker, maar toch
was je altijd bereid om vaak urenlang over onze resultaten en/of toekomstplannen te
praten. Ik heb je zien groeien van jonge veelbelovende wetenschapper tot bevlogen
manager met hart voor zijn mensen. Bedankt voor de vrijheid en het vertrouwen dat
je me gegeven hebt bij de diverse onderzoeksprojecten, en voor het sponsoren van
meerdere internationale conferentiebezoeken. Zoals je zelf laatst zei: Een paar jaar
geleden begonnen we met niets. Nu werken we samen met de ‘groten der aarde’ op
het gebied van de restrictie-enzymen. Daar mogen we best trots op zijn!

De eerste voorzichtige metingen zijn verricht op de oude opstelling van Christoph
Schmidt, hoofd van de Fysica van Complexe Systemen groep vanaf het startschot in
1998 tot medio 2006. Christoph, bedankt voor het opzetten van zo’n fantastische
groep. Wat me op is gevallen is je enorme bezieling in je werk en daarbuiten. Jouw
en ook Fred’s voorliefde voor goede koffie heeft de groep een fantastisch espresso-
apparaat bezorgd. Op jouw initiatief was er ook de jaarlijkse CoSy-Amolf summer-

school, waar ik altijd veel plezier aan heb beleefd. Toch jammer dat dat strandfeest
ter ere van je inauguratie er niet meer komt.

Mijn ‘nieuwe’ promotor, Fred MacKintosh, wil ik graag bedanken voor het feit dat
hij mij wil promoveren, en het vertrouwen dat hij daarmee in mij gesteld heeft. Fred,
tijdens lunches en koffiepauzes ben je altijd een zeer interessante gesprekspartner.
Reeds legendarisch zijn de bijna-jaarlijkse feesten bij jou thuis, waarbij elke keer je
volledige whiskey-voorraad eraan gaat (inclusief de net kado gegeven fles).

Erwin Peterman, jij bent een voorbeeld voor ons allen in het verkondigen van
sterke meningen gespeend van enige nuance. Die kwaliteit bewonder ik zeer. Behalve
voor je standvastigheid wat betreft de NA van onze condenser dank ik je ook voor alle
koffietafeldiscussies over voetbal, wetenschap en andere belangrijke zaken, en voor
het nauwgezet doorspitten van mijn gehele proefschrift.

De optisch-pincet opstelling draagt in hoge mate de signatuur van Maarten Noom,
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wiens energieke aanpak heeft geleid tot een krachtig, veelzijdig apparaat. De onop-
houdelijke duels om wie de snelste DNA-vanger ter wereld is (The heat is on!) zal
ik erg gaan missen. Ook Joost van Mameren is onmisbaar geweest, voornamelijk bij
het ontwikkelen van de data-acquisitie software, maar ook bij talloze andere zaken.
Zijn probleemoplossend vermogen, hulpvaardigheid en teamgeest overstijgen wat mij
betreft zelfs zijn reputatie als LabVIEW-koning. Gedrieën hebben we de laatste versies
van het flowsysteem ontwikkeld en alle problemen daaromtrent doeltreffend opge-
lost. Jongens, we hebben superveel lol met elkaar gehad, in het lab en in de kantoor-
kamer. Jullie waren ook altijd als eerste paraat om nieuwe inzichten mee te delen of
om gaten te schieten in verse data. Ik heb meer aan jullie te danken dan ik hier neer
kan zetten. Jullie vriendschap is goud waard. Ik vind het dan ook ontzettend leuk om
jullie als parnimfen te hebben.

Bijna al het onderzoek in dit proefschrift is gedaan op de hierboven beschreven
opstelling. Alleen voor de TPM experimenten beschreven in Hoofdstuk 5 is uitgewe-
ken naar Florence, in de zomer van 2004. Dit was niet zozeer noodzakelijk vanwege
de apparatuur (een goede lichtmicroscoop volstaat), maar des te meer vanwege de
mate van kennis die men daar had van de TPM techniek. I would like to thank profes-

sor Francesco Pavone for his hospitality during my stay at the LENS institute in Florence.

I really felt at home in the group and had a very enjoyable time in the city. In particular,

I would like to thank Davide Normanno and Francesco Vanzi for their help and company

inside and outside the lab.

I am also very grateful to Svenja-Marei Kalisch, who essentially did all the measure-

ments and part of the analysis for Chapter 3. I’ve been very lucky with such a smart and

dedicated student. Thanks and have a good time at Amolf.

Behalve de in dit proefschrift beschreven onderzoeken zijn er natuurlijk ook een
aantal projecten geweest die het niet gehaald hebben of nog niet zijn afgerond. Zo
is er lang geleden het idee geweest om EcoRV-DNA complexen te bekijken met AFM.
Hiervoor heb ik samengewerkt met de buddies Martijn ‘Bassie’ Luijsterburg en Remus
Dame. Het project is destijds vrij snel gestrand, maar dankzij jullie heb ik er in ieder
geval AFM-skills aan overgehouden. Laten we de periodieke buddy-nights er vooral
inhouden!

I also want to thank to Dave Hiller and John Perona for supplying us with plenty

purified EcoRV and for their efforts in the tweezers experiments with mutant EcoRV.

Giedrius Sasnauskas, Mindaugas Zaremba and Virgis Siksnys, thanks for teaching

me some fine biochemical tricks in your lab. I am happy that the new TPM experiments

at the VU are working out well and I am very curious about the results.

Verder zijn er natuurlijk nog talrijke mensen die het plezier op het werk hebben
vergroot. Ik denk daarbij vooral aan de leden en ex-leden van de CoSy groep, en
in het bijzonder aan de mensen in U-030, met wie ik met veel plezier de kamer heb
gedeeld. Het was er altijd een levendige (soms iets te levendige) mix van werklust en
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gezelligheid. De ingevoerde gezamenlijke koffiepauzes hebben zeker bijgedragen aan
het groepsgevoel. Bedankt allemaal en het ga jullie goed!

Als laatste wil ik mijn lieve vriendin Ruth bedanken voor al haar steun, liefde en
gezelschap de afgelopen jaren, en mijn ouders, Joop en Annet, die mij mijn hele leven
al onvoorwaardelijk gesteund hebben.

Bram van den Broek
Amsterdam, mei 2007

xiv



Chapter 1

Introduction

This first chapter is intended to supply the reader with background information about
the topics discussed in this thesis. I will start with a brief overview of molecular
biology and DNA, followed by an introduction of restriction enzymes, the molecular
DNA-scissors whose interaction with DNA is examined in most of the chapters. I
will briefly touch upon the process of DNA condensation. Next, the experimental
approaches that have been applied in the studies will be discussed. The introduction
ends with an outline of the following chapters.

1.1 Molecular biology

Life, viewed on a macroscopic level, displays a tremendous diversity of different crea-
tures. Yet on the molecular scale it looks strikingly uniform in all creatures. The con-
cept of storing genetic information in deoxyribonucleic acid (DNA) as blueprints for
the manufacturing of proteins is common in all living organisms. This section aims to
give some historical and background knowledge centered around this mechanism.

1.1.1 DNA: history and structure

The history of DNA research goes back to the nineteenth century. In 1869, Friedrich
Miescher isolated a substance from salmon sperm he called nuclein, as it was only
found in chromosomes. His student Richard Altmann later renamed the substance
nucleic acid. In 1929, Phoebus Levene discovered that DNA contains four bases, a
sugar (deoxyribose) and a phosphate group. The bases of DNA are adenine, cytosine,
guanine and thymine. Moreover, he showed that these components were linked in
the order phosphate-sugar-base. He named such a fundamental building block of
DNA a nucleotide and even suggested that the sugar-phosphates could be linked by

1



CHAPTER 1: INTRODUCTION

3′ → 5′ phosphodiester bonds to form the backbone of a chain of nucleotides [110,
111, 112]. Although this discovery was an important step forward, at that time it was
believed that DNA molecules were small and that the four bases were repeated in a
fixed sequence (this theory was called the tetranucleotide hypothesis). Because of its
chemical simplicity, DNA was rejected as carrier of genetic information.

Until then, scientists had assumed the genetic material to be constructed out of
proteins. The high grade of complexity made them ideal candidates for carrying the
genetic information. In the field of genetics, Fredrick Griffith demonstrated in 1928
that properties of a certain strain of bacteria could be transformed to another strain
via some transforming principle. Possibly being on the verge of a breakthrough, Grif-
fith died in the lab in 1941 during a German air raid on London. It was Oswald
Avery who in 1943 identified DNA as the transforming principle by showing that de-
oxyribonuclease enzyme (DNAse) prohibited the transformations. Alfred Hershey and
Martha Chase subsequently proved in 1952 that it is DNA that transfers the genetic
material of T2 bacteriophages.

Meanwhile, several groups had been working to solve the molecular structure of
DNA. From experiments done by Chargaff in 1947, it became known that the amount
of adenine in DNA equals the amount of thymine, i.e. the ratio A:T=1. Likewise,
C:G=1. It was also evident that the structure of DNA was regular and that it involved
helices. Finally, deduced from X-ray diffraction data taken by Rosalind Franklin and
Maurice Wilkins, James Watson and Francis Crick published the first correct double
helix structure of DNA [206]. The model accommodated all the available information
at the time. It proved to be correct in all its aspects:

1. The most common structure of DNA (B-DNA) consists of two righthanded he-
lices coiled around the same axis, and running in opposite directions. The sugar
phosphate backbones are on the outside and the bases are on the inside, per-
pendicular to the helix axis and facing each other (see figure 1.1).

2. The bases form pairs, in a way that a single purine base (A or G) from one
chain is hydrogen-bonded to a single pyrimidine base (T or C) from the other
chain. Furthermore, an adenine base only pairs with thymine, making two
hydrogen bonds. Likewise guanine only pairs with cytosine, forming three hy-
drogen bonds. Thus, the structure of one DNA strand entirely determines the
structure of the other.

3. The diameter of the double helix is approximately 2.5 nm (25 Å). The spacing
between adjacent base pairs is about 0.34 nm. The pitch of the helix is 3.4 nm,
so there are 10 bases per helical turn.
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1.1 MOLECULAR BIOLOGY

1.1.2 DNA replication and protein synthesis

In 1957, Francis Crick postulated the central dogma of molecular biology, defining the
relationship between DNA, RNA, and proteins. The dogma states that, once infor-
mation has been transferred from DNA via RNA to protein, it cannot be transferred
back. The Watson-Crick model immediately suggests a mechanism for duplication of
DNA. Since the base sequences on opposite strands are complementary, one strand
contains all the required genetic information. By measuring the DNA mass of E. coli

bacteria grown on ’heavy’ nitrogen (15N) after cell divisions in medium with 14N,
Meselson and Stahl proved that DNA replication is semiconservative [132]. The repli-
cation process is carried out by a number of proteins, the most important one being
DNA polymerase. In this process, the two strands become separated and each is used
as template for the addition of complementary nucleotides, successively linked into a
daughter chain. Thus, only one of the strands of the new DNA is newly made. The
direction of synthesis is 5′→ 3′ for both strands.

m
inor

groove
m

ajor
groove

Figure 1.1: The double-helical
structure of DNA. Depicted are
the backbones of both strands,
the bases in between and the ma-

jor and minor groove, important
for the interaction with proteins.
Base stacking interactions and hy-
drogen bonding contribute to the
stability of the DNA double helix.

The way the information enclosed in the
DNA translates to proteins, the genetic code,
was deciphered by Nirenberg et al. and Gob-
ind Khorana in the early 1960’s. Each of
the existing twenty amino acids maps to one
or more codons, DNA sequences consisting of
three adjacent bases. DNA is not directly
used as template for protein synthesis. Dur-
ing transcription, RNA polymerase catalyzes
the 5′ → 3′ synthesis of a (single stranded)
messenger-RNA molecule containing the ge-
netic information. The mRNA then acts as a
template for the synthesis of proteins. The ac-
tual assembly of the proteins is performed on
ribosomes, structures containing protein com-
plexes and ribosomal RNA. The information
contained in mRNA is converted into amino
acids by the use of transfer RNA, small RNAs
that carry amino acids in activated form to the
ribosome, where the amino acid is attached
to the newly forming protein. In figure 1.2,
these processes are depicted schematically.
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Figure 1.2: A cartoon of gene expression: RNA polymerase copies the genetic informa-
tion from the DNA template onto a mRNA transcript. The mRNA is then translated into
a protein on ribosomes.

1.2 Restriction enzymes

This section first gives an overview of the characterization and classification of restric-
tion endonucleases. The mechanisms of DNA binding and target localization, as well
as DNA recognition and cleavage will be investigated in somewhat greater detail for
two of the most well-studied Type II restriction enzymes: BamHI and EcoRV. These
restriction enzymes are used in the DNA cleaving experiments and scanning experi-
ments described in this thesis (Chapters 2, 3 and 4). The section concludes with the
DNA-looping enzymes NaeI and NarI.

1.2.1 Bacterial defense system

Bacteria are constantly under attack by viruses. Bacteriophages inject their DNA into
the bacterial cell (host) and effectively take over the DNA replication and protein fab-
rication machinery. As a consequence, viral proteins are constructed on the bacterial
ribosomes. These proteins can then block vital cell functions and initiate the synthe-
sis of new viral DNA and bodies. This process continues until the cell body bursts
open and many progeny viruses flow out, ready to attack other bacteria. Without
some form of differentiation between viral and bacterial DNA, the bacterium would
be quite defenseless against such attacks. However, many viral infections are found to
be restricted by bacterial restriction endonucleases. These proteins cleave both strands
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1.2 RESTRICTION ENZYMES

of the viral DNA at well defined recognition sequences. The bacterial chromosome is
protected from cleavage at such sites by methylation1 of one or more bases on each
strand. This way, the malicious DNA is quickly rendered harmless while the bacterial
DNA remains intact.

1.2.2 Discovery of restriction enzymes

It had been known from experiments in the early 1950’s that some viruses transiently
mutated when they were grown on certain bacterial strains [122, 21]. At the time,
there was no existing mechanism accounting for this ‘host-induced variation’. The
explanation came more than a decade later, when the first type I restriction enzymes
were isolated, followed by the first type II enzymes (Endonuclease R) in 1970 by
Smith and coworkers2 [166]. These enzymes cleaved viral DNA into well defined
fragments. It became clear that viral DNA could only survive in the host cell when it
was not destroyed by such restriction enzymes. The enormous value of this finding
was not immediately recognized, but in 1971 Danna and Nathans showed that the
specific fragments of SV40 virus, obtained by incubation with Endonuclease R, could
be separated by electrophoresis [45]. Moreover, they anticipated the use of restriction
enzyme for the mapping of genes and genomes.

Nowadays, more than 3500 restriction enzymes have been discovered [151]. The
best studied and most useful in molecular biology and biotechnology are the Type
II enzymes. Because of their extraordinary cutting specificity and precision, Type II
restriction enzymes have been and still are extremely important tools for the analysis
and recombination of DNA. Furthermore, they have proven to be excellent model
systems to study specific protein-nucleic acid interactions.

1.2.3 Diversity of restriction enzymes

Restriction enzymes are divided into three main classes: Type I, II and III. The mul-
tifunctional motor proteins of the Type I and III categories are similar in the sense
that DNA cleavage and methylation are carried out by one protein complex. Such en-
zymes recognize and bind to a certain DNA site, translocate along the DNA for using
ATP hydrolysis as energy source, and cut at random (Type I) or specific (Type III) DNA
sequences. This in contrast to Type II systems, in which the restriction enzyme is only
responsible for DNA cleavage, and methylation is performed by a special methylation
enzyme. Type II enzymes are rather small compared to Type I and III enzymes and
do not require ATP. Instead, the DNA binding energy is used to hydrolyze a back-
bone phosphodiester bond at a well-defined recognition sequence. Magnesium ions

1The covalent addition of a methyl group to a DNA-base.
2It was later discovered that the enzyme preparation isolated by Smith, named Endonuclease R, actually

contained two typeII restriction enzymes: HindII and HindIII.
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are needed as cofactor in the reaction. Mg2+ binding at specific locations in the com-
plex decreases the electrostatic repulsion between the DNA and the active site of the
protein.

The Type II restriction enzymes are categorized into a number of subdivisions,
all with slightly different strategies of cutting DNA [143, 151]. The prototype Type
IIP enzyme operates in dimer form, recognizes a palindromic3 site of usually six base
pairs and cleaves the DNA at that site. Prototypes of this category are EcoRV and
BamHI, both of which are studied in Chapters 2 and 4. Type IIE and IIF are dimeric
or tetrameric enzymes that need to bind two recognition sequences in order to cleave
one (E) or both (F) sites. NaeI and NarI fall into this category. These enzymes are the
subject of study in the DNA looping experiments described in Chapter 5. Less common
Types are IIA, IIS and IIB, which recognize asymmetric sites and cleave a defined
(small) number of base pairs away. To complete the list: IIT enzymes consist of
heterodimeric subunits, Type IIM proteins cleave at methylated recognition sequences
and Type IIC and IIG enzymes contain restriction and methylation activity in one
polypeptide chain. It should be noted that not all restriction endonucleases fit just in
one of these categories.

1.2.4 Finding the correct site

A key feature of restriction enzymes is that they are able to recognize their target
sequence in a wealth of non-specific DNA. How do they accomplish that? On long
DNA molecules, target sites are far less abundant than non-specific ones. Therefore,
the first encounter of an enzyme with DNA will very likely be with a non-specific site.
Most restriction enzymes do not only bind to their cognate site, but also have affinity
for non-specific DNA sequences. This binding is mediated by electrostatic interactions
with the DNA backbone. It is believed that the enzymes probe the local elasticity of the
DNA, a process called indirect readout. DNA enzymes have been shown to locate their
target sites via facilitated diffusion [149, 201, 49]. By diffusive translocation along
the DNA the dimensionality is reduced. This way, association rates are dramatically
increased and can be up to two orders of magnitude faster than the 3D diffusion
limit. In addition to such sliding, rapid dissociation/reassociation events to nearby
DNA sites (hopping) and 3D jumps to DNA segments far away along the DNA contour
(jumping) can speed up the search process [19, 200]. In the non-specific complexes of
BamHI and EcoRV (figure 1.3) the DNA is weakly bound, suggesting that restriction
enzymes too are able to slide along the DNA in search of the recognition site [195].
Biochemical experiments confirm this [95, 170, 76, 74]. Facilitated diffusion of EcoRV

3In English language, the word racecar is an example of a palindromic word. On double-stranded DNA,
it refers to a sequence in which the order of the nucleotides is the same on each strand, running in opposite
directions. The recognition site of EcoRV, for instance, GATATC, is a palindromic site.
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is the topic of Chapter 3.

1.2.5 BamHI and EcoRV: DNA recognition

The most fascinating property of restriction enzymes is not so much that they cleave
DNA at certain recognition sites, but rather their ability to not cleave DNA at other se-
quences. In vivo, every copy of the recognition sequence in the bacterial chromosome
is protected through methylation, carried out by methyltransferases. However, there
exist numerous sites differing only one or two base pairs from the target sequence. Ac-
tivity at such non-cognate sites, resulting in a double stranded break, could be lethal
to the organism. For this reason, most restriction enzymes recognize their target se-
quences with a specificity of 106-108. To accomplish this, binding to a specific site
generally triggers highly cooperative conformational changes in the enzyme and/or
the DNA substrate. This process is called induced fit and is a general mechanism
among enzymes through which substrate specificity is achieved.

BamHI EcoRV

non-specific

specific

Figure 1.3: Induced fit changes in the BamHI–DNA [195, 138] and EcoRV–DNA [214]
complexes upon specific binding. Regions that undergo large conformational changes
are indicated in a darker shade. The DNA is displayed in stick representation and
viewed along the helical axis.

Figure 1.3 displays the conformational changes in the BamHI and EcoRV. From the
figure it is clear that in the specific complex the DNA is much more enclosed by the
proteins. In the BamHI-DNA complex, for example, the distance across the DNA bind-
ing cleft decreases from 2.5 nm in the non-specific complex, to 2.0 nm in the specific
complex (compared to 3.1 nm in the free enzyme). More water molecules are ex-
cluded from the binding cleft, allowing intimate contacts between enzyme and DNA
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bases [195]. In the induced fit process, the active site residues are placed near the
scissile phosphodiester. The DNA structure in the non-specific and specific BamHI-
DNA complexes is practically left unchanged. In contrast, EcoRV hydrolyzes the back-
bone from the minor groove. To access the bases inside, EcoRV highly distorts the
DNA target site. This difference in strategy is a very important parameter in the ex-
periments described in Chapter 2.

1.2.6 NaeI and NarI: DNA looping

Genetic processes on DNA frequently involve the interaction of protein complexes
with multiple locations on the DNA. Often, distant specific sites are brought together,
sequestering the intervening DNA in a loop. Such high precision DNA looping occurs
in a wide variety of processes, like the regulation of gene expression, DNA replication,
recombination and repair and transcription initiation [53, 202, 156, 16]. Recently,
it has become apparent that many restriction enzymes also interact with two sites
simultaneously [81]. Some Type II restriction enzymes show very little or no cleavage
activity on plasmids that have only one copy of the recognition sequence, whereas
plasmids with two target sequences are cleaved much more rapidly [77, 76]. The
addition of oligonucleotides carrying the recognition site can stimulate cleavage of
one-site plasmids [38, 140]. The logical explanation for these results is that these
enzymes need to interact with two sites simultaneously before being able to cleave
the DNA, thus inducing a loop. Such sites are more readily brought in close contact
on the same DNA molecule (in cis) than on different molecules (in trans), because
the local concentration of sites is much larger in cis than in trans. Most of the genetic
processes mentioned above are difficult to study. In contrast, reactions of restriction
enzymes can be analyzed with a variety of techniques. Therefore, these enzymes can
be used as a tool to study long-range interactions between distant DNA sites.

The Type IIE and IIF enzymes are examples of DNA-looping restriction enzymes.
Type IIF enzymes are usually tetrameric, interact symmetrically with two palindromic
sites and cleave these sites concertedly in one binding event, in a way that resembles
that of the orthodox one-site cleaving Type IIP enzymes, but then on two sites at the
same time. This is certainly not the case for the Type IIE restriction enzymes. NaeI
and NarI, that are studied in Chapter 5, fall into this category. The crystal structure of
NaeI shows that this enzyme is functional as a dimer and that it has two structurally
different DNA binding domains [90]. Only one of those domains is capable of cleaving
DNA. Analysis of biochemical cleavage assays demonstrated that DNA binding by the
so-called topo domain activates cleavage of the second DNA by the endo domain.
In each binding event, both strands of the target DNA bound to this domain are
cleaved concertedly, while the activator DNA is left unaffected [54]. NarI operates via
a slightly different mechanism. Although not much is known about this enzyme and
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the crystal structure has not been resolved, Gowers et al. recently demonstrated that
only one strand of one of the sites is cleaved per binding event [72]. The other strand
is then cut in a separate event.

Why do some restriction enzymes require interaction with two sites before cleav-
age, whereas others do not? The answer might lie in the tremendous cleavage speci-
ficity these enzymes reach. By checking the DNA sequence on two different locations
at the same time, the preference of cleavage of specific over non-specific sites by NaeI
is improved to a stunning 1011 [218].

1.3 DNA condensation

The genomic DNA of living organisms is generally very long compared to the size
of the cell. The chromosome of E. coli, for example, exists of about 4 million base
pairs with a total length of 1.4 mm, whereas the bacterium itself is only 1 µm long.
Viral DNA is often tens of kilobases long and must fit into a tiny capsid of typically
50 nm in diameter. Compared to the size this DNA would take up in an aqueous
solution (the diameter of gyration), this means a volumetric compression of 104!
Given the fact that DNA is a highly negatively charged semi-flexible polymer, it is no
surprise that the DNA stuffed in the capsid is under an enormous pressure of 60 at-
mospheres [165]. To package all the DNA inside, viruses require a strong molecular
motor. In most bacteriophages, the strong electrostatic self-repulsion of DNA is di-
minished by the presence of positively charged multivalent ions that bind to the DNA
backbone. The concentrations of putrescine, spermidine and/or spermine (2+, 3+ and
4+, respectively) found in bacteriophage T4 are sufficient to neutralize about half
of the total charge of the viral DNA [6, 7]. These polyamines are recruited from the
cytoplasm of the host bacterium during phage synthesis. The DNA inside the capsid
is shown to be donut-shaped and almost crystalline packed [101, 33] .

Surprisingly, when relatively low concentrations of the same polyamines are added
to DNA molecules in vitro, the self-repulsion of DNA can turn into an attractive inter-
action, causing the DNA to collapse onto itself. This transition occurs when 89%-90%
of the DNA charge is neutralized [124]. Under certain conditions, DNA condensates
take on the shape of a toroid with a typical diameter of 50-100 nm [35, 210, 92]
(see figure 1.4). Because of the striking morphological equivalence to DNA in bacte-
riophage heads, it serves as a model for DNA packaging in viruses and intracellular
structures. Various aspects of condensation of single DNA molecules by spermine are
studied in Chapter 6
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50 nm

Figure 1.4: Cryoelectron micrograph of a toroidal DNA condensate. Adapted
from [92].

1.4 Experimental techniques

This thesis describes biophysical experimental research on the interaction between
DNA and restriction enzymes and on DNA condensation. The majority of the experi-
ments has been carried out with the use of optical tweezers to control DNA molecules,
in combination with a flow system. In addition, experiments on DNA-looping restric-
tion enzymes were performed with the use of tethered particle motion analysis. In this
section, I will describe the basic concepts of these techniques.

1.4.1 Optical tweezers

Acceleration of small particles by the radiation pressure of laser light was first seen
in 1970 by Ashkin [10]. Particles with a size comparable to the wavelength of the
incident light of a focused beam were observed to be drawn towards the laser focus.
The research was then further directed towards the creation of an atom trap. It wasn’t
until 1986 that the first single beam optical trap was demonstrated [11]. From then,
optical tweezers have become a powerful means to study biological systems at the
cellular and single-molecule level.

Biomolecules are often not suitable for (powerful) trapping, because of their small
size and low refractive index. Therefore, these molecules are usually attached to
microspheres that can be used as ‘handles’. In our optical trapping experiments, 1.87
µm beads (Spherotech, Illinois) were used as force transducers. The beads are coated
with streptavidin, a protein that binds with high affinity to a small molecule named
biotin. In our setup, biotin-labeled DNA molecules are readily attached to such beads.
This procedure is described in detail in Chapters 2 and 4.

A detailed description about trapping theory and the application to biological sys-
tems is given by Svoboda and Block [176]. Figure 1.5a displays a schematic picture
of the three-dimensional trapping force for a micron-sized particle. When the bead is
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Figure 1.5: Principle of optical trapping of a microsphere. a. A trapped bead in the
laser focus, slightly displaced in a direction perpendicular to that of the laser light.
Incoming rays with different intensities (arrows) are refracted by the transparent bead.
Because of momentum conservation, the direction of the force on the bead is opposite
to the momentum change of the photon field. The net force is composed of the inward
gradient force Fgrad and an upward component. b. Forces acting on a bead positioned
slightly above the laser focus. Due to refraction of high incident angle rays, the net
force on the bead is in the downward direction. This force can overcome the upward
pointing scattering force Fscat (not shown).

displaced slightly away from a strong laser focus in a non-axial direction, the intensity
of laser light is inhomogeneous, resulting in a momentum transfer on the bead with
a component in the direction of the beam axis. In figure 1.5b, high incident angle
rays on a bead displaced a small distance above the focus constitute a net force in
the backward direction. For a strongly focused expanded beam, this force can over-
come the forward scattering force (arising from the reflecting rays), and so provide a
three-dimensional trap.

In our setup, we use a strong infrared laser (max. 10 W output) for trapping. A
detailed schematic of the optical trap setup is given in Figure 4.2 on page 56. The po-
larization and power of the laser beam is controlled by a combination of a rotatable
λ/2 plate and a polarizer. After expanding the beam to a waist of several millime-
ters, the laser light is split into two orthogonal polarizations by passing it through a
polarizing beam splitter. The two beams both traverse steering optics (1:1 telescope
systems and in one case also acousto-optical deflectors, see Chapter 4), to make them
independently moveable. The beams then enter a custom built inverted microscope
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system, where they are focused by a high numerical aperture (NA) objective to form
the optical traps in the sample.

In many optical trapping applications oil immersion objectives are used. The high
index of refraction of the oil ensures that a strong focus for superior trapping power
can be achieved. However, the beam suffers from spherical abberations upon entering
an aqueous solution. This causes a blurring of the focus, increasing with the depth
into the sample. Already at depths of 20 µm, the focal spot is so smeared out that
it cannot trap any particles. A solution to this problem is to use a water immersion
objective. Such objectives do not reach the NA of good oil immersion ones and are
much more expensive, but trapping power is stable at all sample depths. This gives
added flexibility when handling DNA molecules across the sample. We use a water
immersion objective with a NA of 1.2 (Nikon Plan Apochromat).

1.4.2 Force detection and calibration

Optical trapping not only facilitates the manipulation of trapped objects, but also
provides a means to exert and detect forces in the picoNewton range. For small lateral
displacements of the particle from the trap center, the trapping potential is harmonic,
i.e. the restoring force F is proportional to the bead displacement x from the trap
center, with the trap stiffness κ as proportionality constant:

V (x) =
1

2
κx2 and F(x) = κx . (1.1)

In our setup, displacements of trapped beads are measured with back focal plane

interferometry [66]. In figure 1.6, this technique is depicted schematically. The laser
light scattered forward by the bead interferes with the direct light from the trapping
laser. Bead motion with respect to the trap center causes a change in the intensity
distribution. This pattern is imaged on a quadrant photodiode, located in a plane
conjugate to the back focal plane (BFP) of the condenser lens. This detector consists of
four regions, of which the individually acquired intensities are added to or subtracted
from each other to determine the X– and Y –components of the intensity shift on the
detector. For small bead displacements, these two signals are proportional to the force
acting on the bead in that particular direction [66].

The output signal of the photodiode detector is given in Volts. It can be converted
to force units by determining the response to a known force. Perhaps the easiest way
to do this is to make use of the thermal force. The detector response is then calibrated
by analyzing the Brownian motion of a trapped bead. The power spectral density or
power spectrum of bead fluctuations (1.7) has the shape of a Lorentzian [67]:

S( f ) =
S0 f 2

c

f 2
c
+ f 2 . (1.2)
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Figure 1.6: Detection of bead dis-
placements. The interference pat-
tern in the condenser back focal plane
(BFP) is imaged onto a position sen-
sitive quadrant photodiode.
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Figure 1.7: Power spectrum of the Brow-
nian motion of a trapped bead. The corner
frequency f0 is ∼1000 Hz, yielding a trap
stiffness of ∼0.125 pN nm−1

Here, S0 = kb T/γπ2, with γ the viscous drag coefficient (γ= 3πηd) of the bead with
diameter d in a solvent with viscosity η. For frequencies f ≪ fc , the power spectrum
is a constant value S0. For f ≫ fc the spectrum falls off like 1/ f 2, indicating that at
these frequencies Brownian fluctuations are not hindered by the trap. The quantity fc

is called the corner frequency, and is related to the trap stiffness as

κ= 2πγ fc = 6π2η fcd. (1.3)

The trap stiffness can be tuned by regulating the laser power. Trap stiffnesses used
in the experiments vary from one to several hundred pN/µm. Multiplying the trap
stiffness with the detector response yields the force response, which has units pN/V
and directly relates the measured photodiode output to the force acting on the trapped
bead.

1.4.3 Flow system

In single-molecule measurements, the stochastic nature of the examined molecules of-
ten yields large fluctuations in measured values. To attain sufficient statistics in such
experiments, it is important to maximize throughput of data. For example, when
examining the cleavage of single DNA molecules by restriction enzymes, as done in
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Figure 1.8: Schematic drawing of the flow system. Computer-controlled pressurized
air forces solutions in syringes to flow via a series of selection switches through the
sample chamber. To get out airbubbles, ethanol is flowed in. Manual flow control is
activated through the syringe on the right.

Chapters 2 and 3, every cut DNA molecule delivers only one data point. As the tem-
plate DNA is destroyed in the reaction, a new construct has to be assembled, which
can be very time-consuming.

For these types of experiments, it is also critical that buffers can be changed. This
can simply be done by sequentially flowing different solutions through a flow channel.
However, this procedure takes time and can cause mixing of buffers, depending on
dead volume and system design. We developed a flow system that makes it possible
to exchange buffers very fast without mixing. Figure 1.8 shows a schematic drawing
of the flow system. Pressurized air is used to drive up to five different solutions from
their containers via thin tubes into the sample chamber. Here, the flows join and run
parallel to each other in a single flow channel. Because of the small volumes and low
flow speeds, the flow remains laminar, and therefore the solutions do not mix. This
design allows switching buffers within a second by simply translating the microscope
stage with respect to the location of the optical traps.

The assembly of the multi-channel flow chamber is depicted in figure 1.9. The ex-
periments take place in a disposable sample chamber, shown on the right, constructed
using a parafilm spacer with manually cut flow channels, melted in between a 1 mm
glass microscope slide with holes and a thin glass cover slip. The flow channels are
connected to incoming and outgoing tubes via a polycarbonate plate, in which tubes
are glued that end exactly above the holes in the sample chamber. Two metal strips
press this plate onto the sample chamber. Silicon rings surrounding the holes in the
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Figure 1.9: Flow cell and holder. The complete assembly can be mounted onto the
microscope stage.

sample guarantee a leak-free connection.

1.4.4 Tethered Particle Motion

Instead of manipulating beads and suppressing their Brownian motion, one can also
make use of these natural fluctuations. A simple yet elegant way to study length
changes in single DNA molecules due to their interaction with proteins or other
molecules is Tethered Particle Motion analysis (TPM). In this technique, first intro-
duced by Schafer and coworkers [154], beads are attached to one end of single DNA
molecules, while the other end is anchored to a glass surface (figure 1.10). Such
beads undergo Brownian motion that is restricted by the reach of the DNA tether.
Changes in the amplitude of these Brownian fluctuations thus correspond to a change
in DNA tether length. By tracking the position of tethered particles over time using
conventional bright-field microscopy, such variations in length can be monitored in
real-time. The obtained mean square displacement can be converted to an effective
DNA tether length by using calibration curves that have been determined both exper-
imentally [146] and theoretically [159] (see figure 1.11).

TPM has been successfully applied to study transcription [154, 220], DNA looping
by the Lac repressor [61] and translocation of RecBCD along DNA [51]. Chapter 5 of
this thesis describes the first TPM experiments on DNA looping by restriction enzymes.

In these experiments, the bead positions are tracked with video rate (50 Hz in-
terlaced). After background subtraction, the position of the centroid of the tethered
bead is determined for each frame with sub-pixel accuracy. If small enough beads are
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Figure 1.10: In TPM, a bead is tethered
to the glass surface by a DNA molecule.
The amplitude of Brownian motions of
the bead is a measure for the (effective)
DNA length.
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Figure 1.11: Theoretical curve describ-
ing the predicted mean square displace-
ment of a tethered bead of 440 nm
versus DNA length (data obtained from
Darren Segall and Rob Phillips) [159].
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Figure 1.12: a. Centroid positions of a 440 nm diameter bead attached to a ∼1000 bp
DNA molecule, accumulated over a 40 second time interval. b. Distribution of x-
positions, fitted with a Gaussian profile.
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used, the positional correlation decays within a few video frames (<100 ms). Figure
1.12 shows recorded positions of such a bead in a 40 second time window, allow-
ing accurate determination of the mean square displacement. For experiments where
large changes in DNA length are expected, averaging over less number of data points
suffices to get a good estimate of the amplitude of motion. The surplus of positional
accuracy can then be sacrificed for the benefit of temporal resolution. This is partic-
ularly important for processes that feature fast dynamics. In practice, bead motion
analysis is performed using a sliding average or Gaussian filter of a few seconds.

1.5 Outline of this thesis

This thesis consists of a collection of published and (to be) submitted research articles.
Chapters 2 to 5 have a common theme: the interactions between restriction enzymes
and DNA. In these chapters, various aspects of restriction enzymes are examined using
the single-molecule techniques described above.

Chapter 2 describes for the first time the effect of DNA tension on type II re-
striction enzymes, one of the best-known model systems for DNA recognition. Al-
though these enzymes are widely used and studied, the relation between mechanical
and chemical interactions in DNA recognition and cleavage are largely unknown. By
using optical tweezers to catch and stretch single DNA molecules, reaction rates of
EcoRV and BamHI as a function of DNA tension could be determined. The presented
results elucidate mechanochemical aspects of the reaction pathway and link existing
biochemical and structural knowledge of type II restriction enzymes.

In the experiments, we found that the binding of these enzymes to the recognition
site on the stretched DNA molecules was slowed down significantly. These observa-
tions led us to investigate the influence of DNA conformation on the association rate
of EcoRV. The results are presented in Chapter 3. We show that target finding in a
coiled DNA molecule is accelerated by jumping of the protein between non-specific
DNA segments, while in a stretched DNA configuration this 3D searching pathway is
switched off. Although the effect is not very large, we anticipate that in vivo, where
DNA densities are much higher, this pathway plays an important role in the rapid
localization of target sequences.

In Chapter 4, we report a new technique, based on four independent optical traps,
that allows the simultaneous manipulation of two DNA molecules with unprecedented
control. We elaborate on the developed setup and flow system. The capabilities of
the instrument are demonstrated in a novel experiment, in which we use one DNA
molecule as scanning probe to detect restriction enzymes specifically bound to a sec-
ond DNA molecule. These experiments also provide a unique method of investigating
the strength of ‘roadblocks’ that can be encountered by proteins moving along DNA
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tracks. The developed instrument can be used to assess many key problems concern-
ing interactions between multiple distant DNA segments, e.g. DNA recombination,
gene regulation and DNA organization.

In Chapter 5 I present results of tethered particle motion experiments performed
at the European Laboratory for Non-linear Spectroscopy (LENS) in Florence, Italy.
The chapter describes real-time measurements of DNA looping by two members of
the Type IIE restriction enzyme family. Unexpected large differences in site recog-
nition, looping specificity and binding energy are revealed. Among the results is a
remarkable compaction of DNA, driven by non-specific looping by NarI. We also show
that loop formation by NaeI and NarI is rate-limited by the association of a protein-
DNA complex to the second site. This result might be generic for proteins capable
of bridging two recognition sites. Similar real-time measurements had so far only
been carried out on specific gene regulators such as Lac repressor and Gal repressor.
Therefore, the here presented data provides an opportunity to compare mechanisms
of DNA looping by proteins that are very different in structure and function.

In the final part of this thesis, Chapter 6, we employ our setup to study the phe-
nomenon of DNA condensation. We utilize a combination of optical tweezers and
fluorescence imaging techniques to study the dynamics of condensation of individual
DNA molecules by the polyamine spermine. We visualize the formation and disrup-
tion of single DNA condensates in stretched DNA molecules. By using high-resolution
force spectroscopy we provide evidence for a torus-shaped condensate, yet that the
size of these toroids under tension is much smaller than previously assumed in single-
molecule assays [14, 135]. Furthermore, we show that the condensation process is
rate-limited by the nucleation of the first DNA loop and that a minimum of two loops
is required for a stable toroid.
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Chapter 2

DNA-tension dependence of

restriction enzyme cleavage

activity

Abstract – Type II Restriction endonucleases protect bacteria against phage infec-
tions by cleaving recognition sites on foreign double-stranded DNA (dsDNA) with
extraordinary specificity. This capability arises primarily from large conformational
changes in enzyme and/or DNA upon target sequence recognition. In order to elu-
cidate the connection between the mechanics and the chemistry of DNA recognition
and cleavage, we used a single-molecule approach to measure rate changes in the re-
action pathway of EcoRV and BamHI as a function of DNA tension. We show that the
induced-fit rate of EcoRV is strongly reduced by such tension. In contrast, BamHI is
found to be insensitive, providing evidence that both substrate binding and hydrolysis
are not influenced by this force. Based on these results we propose a mechanochem-
ical model of induced-fit reactions on DNA, allowing determination of induced-fit
rates and DNA bend angles. Finally, for both enzymes a strongly decreased associ-
ation rate is obtained on stretched DNA, presumably due to the absence of intrado-
main dissociation/re-association between non-specific sites (jumping). The obtained
results should apply to many other DNA associated proteins.
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2.1 Introduction

Type II Restriction endonucleases constitute an important defense mechanism of bac-
teria against viral attacks. Their function is to destroy invading foreign DNA molecules
by catalyzing double-stranded DNA (dsDNA) breakage at certain recognition sequen-
ces. Discrimination between foreign and own DNA is established by an extreme se-
lectivity in cleavage location [180, 214, 195, 55]. Such recognition sequences in the
bacterial DNA are protected from cleavage by methylation of the site [109, 182, 181].
Besides their indispensable usefulness as DNA scissors in molecular biology, the high
specificity makes restriction enzymes important systems for studying specific protein-
DNA interactions. Restriction enzymes need to find their DNA target sequence as
quickly as possible. Although driven by diffusion, this process can be faster than the
3-D diffusion limit (∼108 M−1s−1), suggesting that 1-D diffusion along the DNA plays
a role in target finding [96]. Like many DNA associated proteins, restriction enzymes
can bind DNA non-specifically. This enables enzymes to ‘scan’ parts of the DNA dur-
ing a random walk along its contour [19, 200, 76, 73, 79], thereby enhancing the
search process. When a restriction enzyme recognizes a target sequence it undergoes
a large conformational change, sometimes inducing significant changes in the DNA
structure as well. This induced-fit mechanism ensures the high sequence specificity
of the enzymes [109, 179, 126, 127]. The rate of this process has not been measured
but is estimated to be fast [84]. Crystal structures of EcoRV bound to cognate DNA
have, however, provided ‘snapshots’ of the induced-fit mechanism [214, 86]. In these
studies it has been shown that during the formation of a specific EcoRV-DNA complex
divalent cations are trapped. At the same time the active site residues are positioned
in close proximity to the scissile phosphodiesters, preparing the enzyme for hydrolysis
of the DNA backbone (Figure 2.1).

Type II restriction enzymes are often considered model systems for the mecha-
nism proteins use to search specific DNA sites [170, 80, 73, 79]. At the same time
the sequence recognition by these enzymes is a typical example of an induced-fit
mechanism. Numerous biochemical and structural studies have revealed a wealth
of information about type II restriction enzymes [78, 109, 182, 179, 181, 214, 137,
138, 12, 96, 56, 58, 169, 126, 127, 86, 195, 55, 84]. However, these studies have
hardly addressed the mechanochemistry in the reaction pathway, nor do they allow
for the direct observation of the different reaction states. To clarify these aspects,
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koff kon

kind
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khydr

binding to specific site

3D/1D diffusion to target site

induced-fit

hydrolysis

product release

end-to-end distance

Figure 2.1: The reaction pathway for orthodox type IIP restriction endonucleases. The
association rate rate that depends on enzyme concentration. Under normal conditions
the induced-fit rate (kind) is rate (kind) is much faster than hydrolysis (khydr) and product
dissociation (kdiss). The applied tension F opposes DNA bending by the enzyme in the
induced-fit process.

we performed single-molecule experiments with EcoRV and BamHI, both recogniz-
ing a palindromic sequence six base pairs in length. These enzymes were chosen
because of profound differences in DNA conformation in the specific complex; upon
binding, EcoRV strongly deforms its target DNA, inducing a sharp kink of about 50
degrees [214, 86], whereas BamHI leaves the DNA practically in straight B-form (Fig-
ure 2.2) [137, 138, 195]. Observation of restriction enzymes reacting with single
DNA molecules allows for direct measurements of the searching and hydrolysis times.
Moreover, the force-dependence of these rates provides insight in the corresponding
mechanochemistry [203, 46, 216, 174, 165] and permits determination of bend an-
gles and induced-fit rates.

2.2 Materials and Methods

2.2.1 Proteins and DNA

EcoRV endonuclease (gift from J.J. Perona) was purified and tested as described [142,
84]. A high concentration batch of BamHI purified by New England Biolabs was used.
Plasmid pCco5 DNA (6538 bp, gift from W. Reijnders, Vrije Universiteit Amsterdam)
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1 2

3 4

BamHI EcoRV

Figure 2.2: Crystal structures of specific enzyme-DNA complexes of BamHI (1) [138]
and EcoRV (2) [214, 86]. The DNA configuration within both complexes is shown
separately in (3) and (4) respectively. While BamHI does not distort its recognition site,
EcoRV induces a 50◦ kink located at the center base pair step.

was isolated from E. Coli bacteria and utilized for the single cleavage site experiments
on EcoRV and BamHI, whereas for the multiple site experiments Lambda phage DNA
(48502 bp, Roche GmbH, Germany) was used. The pCco5 plasmid was linearized by
SpeI digestion (New England Biolabs) and extracted from 0.7 % agarose gel using a
QIAEX II kit (Qiagen). The linearized molecule contained one EcoRV site (GATATC),
located in the middle. To create a construct with one BamHI site (GGATCC), the pCco5

plasmid was digested by SpeI and NcoI, leaving a 4450 bp molecule with the BamHI
site located at 1104 bp. The DNA fragments were incubated for 30 minutes at 37◦ C
with 80 mM biotin-14-dATP and biotin-14-dCTP (Invitrogen), 100 mM dGTP, and TTP
(Sigma-Aldrich) and Klenow DNA Polymerase exo-minus (Fermentas) to label the 5’-
overhangs. Excess nucleotides were removed with Microcon YM-10 filters (Millipore)
in 10mM Tris-HCl (pH 7.7). For the optical tweezers experiments the biotin-labeled
DNA was diluted to a concentration of about 1 pM in a 10 mM Tris-HCl (pH 7.7)
buffer with 250 mM NaCl. The restriction enzyme buffer for both EcoRV and BamHI
contains 100 mM NaCl, 1 mM 2-mercaptoethanol, 5 mM MgCl2 and 10 mM Tris-HCl
(pH 8.0).
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bead reservoirflow direction

experiment channela b

c

Figure 2.3: Model of the double channel flow chamber. a. Solutions and beads are
introduced into the flow chamber via different entrances (grey circles). b. Experiments
are performed in the top channel, while the bottom channel is used for bead storage.
The bead entrance and exit ports are closed to prevent unwanted flow. c. To trap new
beads, flow is directed from the bead channel into the experiment channel.

2.2.2 Experimental setup

A Nd:YVO4 1046 nm cw infrared laser (Millennia IR, Spectra Physics) was used to
create two optical traps. The beam was expanded and split into two beams by a
polarizing beam splitter. A telescope system was placed in one of the beam paths.
The first of these two lenses was moveable by motorized micrometers (OMDC-2BJ,
OptoSigma) in the plane perpendicular to the beam, allowing for accurate steering
of the trap. The two beams slightly overfilled the back aperture of a high NA, water
immersion objective (Plan Apo 60x/1.20 WI/DIC H, Nikon). Position and motion of
the bead in the fixed trap was detected via back focal plane interferometry using a
quadrant photodiode (SPOT-9DMI, UDT Sensors) [176]. Typical trap stiffness values
achieved with a few hundred mW per trap are 100-200 pN/µm. All experiments were
conducted at room temperature (21◦ C).

2.2.3 Flow chamber

A custom-made flow system was used to flow in the solutions. 6-port selection valves
(Upchurch Scientific) were used to select the desired solution. Flow was generated by
a high precision motorized syringe pump (Harvard Instruments). The flow chamber
itself consisted of two parallel channels, where flow could be induced independently
(see Figures 2.3 and 2.4. The channels were connected to each other by a thin per-
pendicularly placed channel. In one channel 2.17 µm or 1.87 µm streptavidin-coated
beads (Spherotech) were stored, while the actual experiment took place in the other
channel. When a DNA molecule was cut, new beads could be caught swiftly by di-
recting flow from the bead channel via the connecting channel into the experiment
channel.
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solutions beads waste

6-way
switch

6-way switch

motorized syringe

Figure 2.4: The flow system. Solutions are kept in open syringes and connected to the
first 6-way switch. Notice that the beads are not connected to the switch, but directly
to the flow chamber. Inset: photograph of the flow chamber fixed onto its holder. Tubes
are fixed in hollow plastic screws. At the end of each screw, a small silicon tube sticks
out, producing a watertight seal when pressed onto the glass surface.

When exchanging buffers, some mixing occurs at the interface between solutions. At
the locus of the optical traps it takes several seconds before the solutions are fully
exchanged. This was tested by flowing in dye while monitoring the change in illumi-
nation light transmission. The error of measuring the arrival time of a new solution
was thus determined to be ∼5 seconds. For experiments with high EcoRV and BamHI
concentrations, a third flow channel containing these enzymes was added to improve
the time resolution by a factor of 10. The improved flow system is described in detail
in chapter 4.

2.3 Results

2.3.1 Single-molecule experiments

The force dependence of the cleavage reaction of BamHI and EcoRV was determined
as follows: dsDNA molecules with one or multiple recognition sequences were cap-
tured between two beads held by two optical traps, as described in Wuite et al. [215]
(Figure 2.5). The DNA was put under tension by moving the position of one of the
traps, while monitoring the force on the DNA (see Figure 2.6). Enzymes were flowed
in, preceded by buffer solution to remove excess DNA. Upon DNA cleavage both beads
recoiled back to the center of the traps, providing a clear signal for cleavage by an indi-
vidual enzyme (Figure 2.7 on page 27). The duration of a cleavage reaction is defined
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Figure 2.5: Schematic representation of the experimental approach. DNA (orange)
is stretched between two beads (blue) trapped in optical tweezers. Enzymes (green
spheres) in the solution diffuse in search of the recognition sequence (red).

by the time elapsed between the arrival of the enzyme solution at the stretched DNA
and DNA cleavage. Within this time span an individual enzyme locates and binds the
recognition site on the DNA, undergoes conformational changes to form the specific
complex (the induced-fit mechanism), hydrolyses both DNA strands, and eventually
releases the product (Figure 2.1). By repeating this procedure at various forces, the
average cleavage times as a function of DNA tension were obtained. Cleavage rates,
kc, were determined by taking the inverse of the average cutting times.

The results of these experiments with BamHI and EcoRV are shown in Figure 2.8.
The data show that the observed EcoRV cleavage rate on linearized pCco5 plasmid
(number of recognition sites n = 1) decreases rapidly above ∼30 pN DNA tension
(enzyme concentration 25 nM in terms of dimers) (Figure 2.8a). This decrease indi-
cates that the tension induces another process in the cleavage reaction to become rate
limiting. Cleavage by 2.5 nM EcoRV of Lambda phage DNA (n = 21) also slows with
tension, but the effect is much less prominent (Figure 5b). For BamHI, no such de-
crease is detected on either a pCco5 derivative (n=1) using an enzyme concentration
of 300 nM or on Lambda phage DNA (n=5) with 2.5 nM BamHI (Figure 2.8c). In con-
trast to other DNA enzymes [216, 46], these restriction enzymes continue to function
on DNA kept at high tensions. Even extending the DNA to halfway the overstretch-
ing plateau (∼67 pN) [167] (see Figure 2.6) does not completely inhibit cleavage,
presumably because some of the DNA is still in dsDNA configuration. However, when
DNA is fully overstretched to S-form (tension>70 pN), cleavage is completely blocked
(measured with 500 nM EcoRV on Lambda phage DNA; data not shown).
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Figure 2.6: Force-extension data of a pCco5 DNA molecule (6538 bp), fitted to a worm-
like chain with persistence length lp = 52 ± 1 nm and length L0 = 2.15 µm. At ∼65
pN, the DNA overstretches to ∼170% of its original contour length [167].

2.3.2 Mechanochemistry of the reaction pathway

To explain why EcoRV and BamHI react differently to tension on the DNA, we assume
that this tension primarily affects the induced-fit mechanism, because only during this
process large conformational changes take place. A similar DNA tension dependence
was also found for DNA polymerase [216].

Three independent energetic contributions can be identified in which DNA tension
alters the free energy change in the induced-fit mechanism. These terms are pictured
schematically in Figure 2.9a. First, tension on the DNA increases the average base pair
spacing (enthalpic stretching) [139]. Both EcoRV and BamHI tightly embrace the six
base pairs compromising the recognition sequence. Furthermore, all amino acid-base
contacts with the DNA are within this site and the base pair spacing is approximately
the same as that of relaxed DNA [214, 138, 195]. Therefore, the enthalpic stretching
of these six base pairs needs to be suppressed by the enzyme. Second, an enzyme-
induced kink directly shortens the DNA in the binding pocket against the applied
force. The associated work has to be done by the enzyme. Third, the DNA protruding
under an angle from the protein-DNA complex is bent in the direction of the force,
which requires bending energy. Furthermore, it leads to an additional shortening of
the end-to-end distance against the applied force. Both bending and shortening en-
ergies are paid by the enzyme during the induced-fit process. Stronger DNA bending
leads to less shortening, but also implies more bending energy involved. The actual
amount of bending and shortening is a function of tension and can be calculated us-
ing the worm-like chain model for semi-flexible polymers [125] and minimizing the
total required energy (see appendix).

Combining these three terms the total change in free energy, ∆∆G, of specific
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Figure 2.7: Typical data trace of a cleavage event. 1. Tension is being applied (in this
case ∼50 pN) and measured by the displacement of one of the trapped beads. 2. Start
of enzyme flow. The drag force displaces the bead further from the center of the trap.
The tension on the DNA molecule does not change, since both beads are influenced in
the same way by the flow. 3. The flow is turned off. 4. The DNA is cleaved. Both beads
recoil to the centers of the optical traps, instantly reducing the measured force to zero.

complex formation as a function of DNA tension (F) can be expressed as:

∆∆G (F) =
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p

lpkBT
p

F , (2.1)

Here, 6a is the relaxed length of the recognition site (6 base pairs spaced at 0.34 nm),
K the DNA stretch modulus (∼1200 pN) [139], θ the enzyme-induced DNA bending,
lp the persistence length of DNA (53 nm [31]) and kBT the thermal energy. When this
free energy change acts on the transition towards specific binding, then the induced-
fit rate as a function of DNA tension, kind(F), can be related to the induced-fit rate on
relaxed DNA, kind(0), using Arrhenius’ law (Figure 2.9b).

The observed cleavage rate kc(F) depends on kind(F), the first-order association
rate or diffusion rate of the enzyme to the specific site (kdif) (kdif) and DNA backbone
hydrolysis for both strands (khydr):

kc (F) =

�

1

kdif
+

1

kind (F)
+

1

khydr

�−1

, (2.2)

Because the DNA is kept under tension, enzyme dissociation after hydrolysis from
at least one of the cleaved ends should be almost instantaneous (this is confirmed
by data presented below). For this reason the rate of product release has not been
included in equation 2.2.

To describe cleavage of DNA with multiple (n) sites equation 2.2 needs to be
extended. For such molecules, whenever diffusion is the rate-limiting step in the
reaction, association of the first enzyme proceeds n times faster: kdif now becomes
n · kdif. If tension causes the induced-fit rate kind(F) to become rate-limiting, more
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Figure 2.8: Measured cleavage rate vs. DNA tension. a. The effect of tension on
cleavage of linearized pCco5 by EcoRV (number of recognition sites n= 1). EcoRV con-
centration was 25 nM in terms of dimers. The total amount of cutting events was 68.
b. EcoRV on Lambda phage DNA (n = 21), 32 cutting events. Note that at high forces
fewer sites are available and the diffusion rate decreases. c. Tension dependence on
DNA cleavage by BamHI (300 nM) on the pCco5 derivative containing a single recogni-
tion site (squares, 78 events) and on Lambda phage DNA with five BamHI sites (trian-
gles, 28 events) using 2.5 nM BamHI. Each point consists of at least 6 cleavage events.
Vertical error bars represent the standard error of the mean rate. Horizontal error bars
are the standard deviation of the combined DNA tensions (a result of the binning). The
data in panel a and b are fitted to the described model (normalized χ2 0.6 and 0.2,
respectively). The BamHI rates in panel c do not significantly vary with DNA tension
and were fitted with constant values (normalized χ2 are 0.8 (hydrolysis, solid line) and
1.6 (diffusion, dotted line)).

enzymes (x > 1) can bind, but only the first cut is observed. The consequences are
twofold. First, multiple bound enzymes result in an apparent acceleration of kind(F)

with a factor x . Second, the diffusion rate decreases as the number of occupied sites
grows. The last enzyme to bind before cleavage takes place encounters n− (x − 1)
free sites. x depends on DNA tension and can be approximated semi-empirically with

x =
nm

n+m
; m (F) = 1/2

nkdif

kind (F)
+ 1. (2.3)

Plugging these extensions into equation 2.2 yields an expression for kc,n (n> 1):

kc,n (F) =

�

1

(n− (x − 1))kdif
+

1

xkind(F)
+

1

khydr

�−1

. (2.4)
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This expression is valid for n · kdif < khydr and x ® n/2. Equation 2 and 4 can be used
for fitting the measured kc and kc and have three free parameters: kdif, θ and kind(0).

2.3.3 Determining association and hydrolysis rates

In the proposed model diffusion and hydrolysis rates are both assumed to be inde-
pendent of DNA tension. However, kdif should depend on enzyme concentration,
while khydr should not. These two rates can therefore be obtained separately (using
this single-molecule technique) by measuring the cleavage rate as a function of en-
zyme concentration. Such measurements were performed with pCco5 DNA for EcoRV
concentrations ranging from 1 to 500 mM. During the assay the DNA is kept at low
tension (<10 pN) to ensure that the induced-fit mechanism is not rate limiting. The
results, displayed in Figure 2.10, show that the cleavage rate kc increases linearly with
[EcoRV], but at high concentration it is dominated by hydrolysis (khydr) and levels off.
The data is fitted with the following equation:

kc =

�

1

khydr
+

1

kon [EcoRV]

�−1

; kdif = kon [EcoRV] , (2.5)

resulting in a khydr of 0.33±0.05 s−1 and an association rate kon of (4±1)·106 M−1s−1.
The same numbers can also be obtained by looking at the distribution of individual
cleavage events at a particular concentration. Figure 2.10b shows this distribution at
high EcoRV concentration (500 nM), which can be fitted to a single exponential to de-
termine the hydrolysis rate. At 25 nM EcoRV the association and hydrolysis rates are
similar. The histogram in Figure 2.10c clearly displays a two-step process from which
both rates can be extracted. The measured hydrolysis rate is in good agreement with
reported values for EcoRV [12, 56, 59, 153]. This result also justifies our assumption
that in these single molecule experiments product release after hydrolysis is fast. The
association rate we acquired, however, is about 25 times lower than that obtained in
biochemical studies under optimal conditions (∼ 108 M−1s−1) [12, 58, 59, 84]. It is
generally believed that site-specific DNA-enzymes find their target sequences via ‘fa-
cilitated diffusion’, thereby accelerating the search process. Several mechanisms for
facilitated diffusion have been suggested [19, 200, 170, 76, 80]: i) ‘sliding’, proteins
performing a one-dimensional random walk along the DNA contour, ii) ‘hopping’, fast
dissociation and re-association from one nearby site to another and iii) ‘jumping’,
transfer between non-specific DNA sites close to each other in 3-D space yet sepa-
rated by large distances along the DNA contour. In bulk studies and in vivo long DNA
molecules have a globular shape; many sites that are distant in 1-D space are close to-
gether in 3-D space. In our single-molecule experiments the DNA suspended between
beads is in a completely different geometry: it is fully stretched, even at a few pN
of tension. Such an arrangement does not per se influence sliding and hopping, but
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Figure 2.9: Mechanochemical model of tension dependence. a. Schematic represen-
tation of DNA bending by a restriction enzyme under an applied external force. The
enzyme induces a sharp kink in the DNA at the center of the recognition sequence. α0

is the half bend angle θ/2. b. Theoretical model curves representing the effect of ten-
sion on the induced-fit rate using a bend angle θ = 50◦. Dashed curve: overcoming the
enthalpic stretching of the recognition sequence. Dotted curve: local shortening of the
DNA end-to-end distance due to a kink at the center of the recognition site. Dashed-
dotted curve: additional bending and end-to-end shortening of the DNA protruding
from the enzyme-DNA complex. Solid curve: all three effects added, providing the
dependence of the induced-fit rate on DNA tension.

should drastically inhibit jumping. The pCco5 DNA substrate (6538 bp) used in the
experiments is much larger than the average number of base pairs scanned by an in-
dividual enzyme in one binding event. Hence, several rebinding events (jumps) are
necessary to locate the target sequence. For stretched DNA the local ‘density’ of DNA
sites is much lower than for DNA having a globular shape. Therefore, in the stretched
case the chance for an enzyme to, after dissociation from non-specific DNA, rebind via
3D pathways to an uncorrelated site anywhere on the DNA molecule, is much smaller
than for relaxed DNA. This effect seems to be reflected in the reduced association rate
of (4 ± 1) · 106 M−1s−1 we observe for EcoRV on stretched DNA. In Chapter 3, we
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measure the effect of jumping directly.

2.3.4 Cleaving DNA under tension with EcoRV

With the association rate of EcoRV on pCco5 in our experiments known, kdif in equa-
tion 2.2 can be fixed at 0.1± 0.025 s−1 (for 25 nM EcoRV). Fitting kc data results in:
θ = 54◦ ± 6◦ and kind(0) between 35 and 1000 s−1 (Figure 2.8a). The obtained bend
angle is in good agreement with crystal structures (50◦- 60◦) [214, 86, 214, 142] and
somewhat higher than observed in gel retardation experiments (44◦ ± 4◦) [171, 32].
The uncertainty in kind(0) stems from extrapolating kind(F) back to zero force and a
significant correlation in the model between kind(0) and θ . Combining this data with
that of Hiller et al. [84], who determined kind(0) to be at least 100 s−1 (based on
the dead time of the instrument used), confines the induced-fit rate kind(0) between
100 and 1000 s−1. Such a rate is comparable to that of other induced-fit reactions on
DNA, such as DNA polymerase [141].

EcoRV cleavage rates on Lambda phage DNA (n = 21) were measured with a ten
times lower enzyme concentration than the pCco5 experiments, in order to compen-
sate for the increased diffusion rate (n · kdif) and so keeping the cutting time above
the time resolution of our instrument. The data (Figure 2.8b) were fitted with equa-
tion 2.4 and resulted in n · kdif of 0.07± 0.02 s−1, corresponding to an average asso-
ciation rate per recognition site of 1 · 106 M−1s−1, slightly less than that determined
for pCco5. Note that at high forces less sites are available and the diffusion rate de-
creases. The obtained bend angle is 52◦ ± 9◦. The weaker dependence of kc on DNA
tension in these multiple-site experiments results in a large error range for kind(0)
(between 10 and 2000 s−1). These results nevertheless confirm the robustness of the
experiments: different enzyme concentrations, DNA molecules and different number
of sites lead to similar fit parameters.

2.3.5 Cleaving DNA under tension with BamHI

In contrast to EcoRV, cleavage by 300 nM BamHI of a pCco5 derivative (n = 1) re-
mains largely unaffected by DNA tension (Figure 5c, squares). We therefore fitted
these data with a constant value instead of equation 2.2. This independence of force
can be expected from the crystal structures of BamHI, that show that the DNA con-
formation is virtually unchanged upon specific binding [138, 195]. Hence, only the
first term in equation 2.1 has an effect on kind and reduces this rate by less than one
order of magnitude. Consequently, kind(0) should be faster than 10 s−1 in order to
explain the data, not unexpected considering the rate obtained for EcoRV. The BamHI
concentration used in these experiments is sufficiently high so that, even with a 25-
fold reduced association rate as found for EcoRV, hydrolysis should be rate-limiting.
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This is confirmed, since the cleavage rate kc obtained by fitting, 0.14± 0.02 s−1, is
comparable to the reported khydr of BamHI (0.23 s−1 for both DNA strands [55]). In-
terestingly, these results show that the hydrolysis reaction is not measurably affected
by DNA tension. The DNA inside the binding pocket is thus shielded from the tension
and the energetic cost of cleaving mechanically constrained DNA is fully paid during
the induced-fit reaction.

No force dependence of kc was detected in cleavage experiments using 2.5 nM
BamHI on Lambda phage DNA (n = 5) (Figure 2.8c, triangles). At this concentra-
tion, diffusion to a target site is rate-limiting and the measured kc, 0.024±0.003 s−1,
therefore represents n · kdif. This corresponds to an association rate kon per site of
2 · 106 M−1s−1, again reflecting the disappearance of jumping, as found for EcoRV.
Finally, these experiments show that enthalpic stretching of the DNA at forces beyond
the suppressed jumping (>1 pN) has no significant additional influence on locating
the specific site (kdif). A further reduction in association rate due to a decrease in
binding affinity would have manifested itself in a slower observed cleavage rate for
higher tensions, which is not the case. This result and the tension-insensitive hydrol-
ysis both support the assumptions made in the model.

2.4 Discussion

The profound difference in sensitivity to DNA tension between EcoRV and BamHI is
shown to be a direct result of the dissimilarity in the induced-fit reaction between
the two enzymes; EcoRV strongly bends the DNA while BamHI does not. From the
mechanochemical model it is also clear that the energetic cost of bending DNA under
tension is high, since the semi-flexible nature of DNA increases the bent region far
beyond the actual binding site. In fact, at high force ∆∆G depends mostly on the
square of the bend angle θ (Figure 2.9b). The enzyme must deliver this extra work
during the formation of the specific complex. The only tension dependence of DNA
cleavage by BamHI is the energy cost of the increased base pair spacing. Even at the
highest tension (the overstretching force) this effect does not modulate the induced-fit
rate enough to make this step rate limiting.

The model used to describe the effect of DNA tension on EcoRV and BamHI is ap-
plicable to other type II restriction enzymes. However, the insensitive induced-fit rate
of BamHI also points out a limitation: it is only possible to obtain bend angles and
induced-fit rates if DNA tension can make this last process rate-limiting, i.e. slower
than the hydrolysis rate in optimal conditions. Such a reduction is possible if an en-
zyme induces a bend or kink in the DNA larger than some critical angle (estimated to
be about 35◦). So, although changes in∆G as small as∼0.5 kBT can be distinguished,
only the rate-limiting step can be monitored.

32



2.4 DISCUSSION

0.001

0.01

0.1

1

1 100 1000

EcoRV concentration (nM)

cl
ea

va
ge

ra
te
(s
−

1
)

kdif

khydr

cleavage time (s)

20

25

0

0
#

ev
en

ts
#

ev
en

ts

500 nM

25 nM

5030

30

20

20

10

10

10 0

0

40

*

*

#

#

Figure 2.10: EcoRV concentration dependence of the cleavage rate. a. Cleavage of
pCco5 DNA (one recognition sequence) by EcoRV for different enzyme concentrations.
Cleavage rates were obtained at low DNA tensions (<10 pN) to ensure that the induced-
fit mechanism was not rate limiting. A total of 157 events were measured. Error bars
represent the standard error of the mean rate for each of the concentrations. b. Distri-
bution of the single-molecule cleavage reaction times of the averaged data point indi-
cated with * in Figure 2.10a (51 cleavage events). The EcoRV concentration (500 nM)
is such that hydrolysis only is the rate-limiting step. Hence, an exponential distribu-
tion is expected. This is indeed observed. The hydrolysis rate obtained by fitting an
exponential (solid curve) is 0.27± 0.05 s−1(χ2 = 0.7). c. Histogram of cleavage events
of the averaged data point indicated with # in Figure 2.10a (73 reactions). This dis-
tribution displays a two-step process. At 25 nM EcoRV association and hydrolysis are
of the same order of magnitude. Both processes by themselves obey Poissonian statis-
tics and follow exponential distributions. However, as hydrolysis can only occur af-
ter binding, they are not independent. The distribution is thus fit with a convolution
of two exponentials (χ2 = 0.7). The rates found for association and hydrolysis are
0.13±0.03 s−1(kon = (5±1) ·106 M−1s−1) and 0.29±0.09 s−1, respectively. Both rates
are identical to the rates found by fitting equation 2.5 to the data points in Figure 7a.
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In a recent paper, it has been shown that EcoRV cleaves long supercoiled plasmids
faster than relaxed ones [73]. The authors explained this preference by stating that
the enzyme is guided more quickly to its target sequence because the higher compact-
ness of the DNA allowed more three-dimensional transfers (i.e. jumping) between
non-specific sites. The strong decrease in association rate we find on stretched DNA
directly outlines and quantifies the importance of these three-dimensional pathways
to locate a specific site. Directly managing the DNA configuration by pulling the ends
apart allows a controlled and complete shutdown of jumping, without altering sliding
and hopping. Future experiments systematically investigating the relation between
DNA density and jumping might provide new insights in this important mechanism1.

The shielding of the DNA inside the binding pocket as demonstrated for BamHI
and inferred in EcoRV is probably a direct result of the specificity of the binding. Only
the correct sequence should lead to an induced-fit reaction, but elastically stretched
DNA is slightly deformed. Therefore, the induced-fit forces the DNA in normal (zero
tension) configuration and once the enzyme is properly bound, the DNA inside the
binding pocket is no longer under tension and hydrolysis should occur with normal
rate. These effects of tension on jumping and hydrolysis reported here should be
generic for any specific DNA binding protein since they all use similar strategies for
finding and recognizing their site.

Finally, the strong coupling between DNA tension and the ability to bend DNA as
demonstrated and modeled in this study is expected to be valid for any DNA bend-
ing protein (specific or not). A similar coupling has also been indirectly shown for
specific binding by RNA polymerase [82]. Therefore, tension naturally occurring on
DNA-stretches during the constant reordering of DNA within cells should disfavor
binding of DNA bending proteins. Such regulatory mechanism has not been appre-
ciated before and could be, in particular, relevant for gene regulation. Future ex-
periments could test these hypotheses by using other restriction enzymes and their
mutant forms, regulatory proteins and polymerases, in order to find and compare
association, hydrolysis and induced-fit rates as well as possible bend angles.
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2.6 Appendix: Calculation of free energy changes due

to DNA tension

Three independent contributions that change the free energy∆G for specific complex
formation as a function of force, were assumed:

(i) The distance between adjacent base pairs increases when DNA is put under ten-
sion. This elongation is incorporated in the worm-like chain model for semi-flexible
polymers by the introduction of the stretch modulus K [139]. The enzyme must com-
press the DNA at the recognition site against an applied force F to normal base pair
spacing a. The associated energy cost can be expressed as:

∆E1 = l · a ·
�

F

K

�

F, (2.6)

where l is the number of base pairs with intimate DNA-enzyme contact (l · a is the
length of the DNA sequence with intimate contact; l = 6 for EcoRV and BamHI).

(ii) Some restriction enzymes, like EcoRV, kink DNA by an angle θ=2α0 at the
recognition site. This kink within the binding pocket leads to a direct shortening of
the end-to-end distance against the applied force (Figure 2.9a). The required work is
given by:

∆E2 = l · a ·
�

1− cos
�
θ

2

��

F. (2.7)

(iii) The amount of DNA bending plus shortening outside the complex depends on
the tension and the bend angle θ (Figure 2.9a). The free energy cost of this effect is
found by calculating the lowest energy DNA configuration using the worm-like chain
model [125, 107]. Given a kink of angle θ=2α0 in the middle of the polymer with
length L with a bending modulus κ = lpkBT , the expression becomes

∆E3 = 2

∫ L

2

0

h κ

2

�
dα (s)

ds

�2

+ F (1− cosα(s))
︸ ︷︷ ︸

Z

i

ds. (2.8)

The first term in the integrand is the bending energy, with dα(s)/ds = 1/R(s) the
local curvature at position s on the DNA. The second term is the potential energy
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stored in the system due to the shortening of end-to-end distance against the force2.
Equation 2.8 can be solved by treating the integrand Z in the right-hand side as the
Lagrangian of an action potential E and applying the principle of least action. This
leads to the Euler-Lagrange differential equation

d

ds

�
∂ Z

∂ α̇ (s)

�

−
∂ Z

∂ α (s)
= 0 ⇒ κ

d2α (s)

ds2 + F sinα (s) = 0. (2.9)

This is the equation of motion for a harmonic oscillator with large amplitude. It can
be solved using elliptic integrals, but for small bend angles can be greatly simplified
by taking sinα(s) ≈ α(s). For EcoRV (α0 = 25◦) this results in an error of a few
percent. Solving equation 2.9 and performing the integral yields

∆E3 = α
2

0

p
κF =

θ 2

4

p

lpkB T
p

F . (2.10)

This is the energy cost of bending the DNA plus the work associated with the end-to-
end distance shortening due to this bending.

2The force will actually slightly increase due to this movement. This effect is, however, negligible. The
end-to-end shortening will partition itself between bead displacement in the traps and extension of the
DNA, depending on the relative stiffness of the two. Nevertheless, the associated energy difference is the
same.
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Chapter 3

Jumping accelerates target

finding by EcoRV

Abstract – Many DNA-associated proteins interact with specific target sequences. Fast
site localization within a large excess of non-specific DNA sites is often essential. The
search mechanism involves 3-D diffusional jumps and 1-D diffusion along the contour
of non-specific DNA. The role of DNA conformation in this mechanism is, however,
still unknown. Here we show direct measurements of the influence of DNA coiling
on specific association of EcoRV restriction enzymes. Using a combination of dual
optical tweezers and a multi-channel laminar flow system, we obtained EcoRV as-
sociation times on single DNA molecules as a function of DNA extension. In these
experiments we actively separate 3-D jumping from other search mechanisms. Tar-
geting rates almost double when the DNA conformation is changed from stretched to
a coiled configuration that resembles a Gaussian coil. Experiments in low salt con-
ditions reveal a repression of this effect due to an increased DNA sliding length. In
high salt buffers we find a strongly reduced association rate for all DNA extensions,
presumably because of the lowered protein-DNA affinity.
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CHAPTER 3: JUMPING ACCELERATES TARGET FINDING BY ECORV

Bram van den Broek,
Svenja-Marei J. Kalisch,

and Gijs J.L. Wuite

3.1 Introduction

Many genetic processes depend on the interaction of DNA-associated proteins with
specific sequences on DNA [29, 64, 158]. Such proteins are often required to rapidly
locate their target sites. In the cell these specific sequences constitute only a very
small fraction of the total amount of DNA. Despite this fact, DNA-binding proteins
are generally found to locate their targets very rapidly, with rates that can even ex-
ceed the maximal rate achievable by three-dimensional (3D) diffusion [149, 201, 49].
How do such proteins manage this? The observed fast rates suggest a mechanism in-
volving non-specific binding to DNA, followed by an intramolecular search process
to the specific site, during which the protein probes the DNA. A well-accepted model
is facilitated diffusion, which explains the fast target site location with a combination
of two search schemes: one-dimensional (1D) diffusion along the DNA contour in-
terspersed by 3D diffusion steps [200, 18, 19, 76, 79, 162] (Figure 3.1). In the first
scheme, target site location is accelerated through a reduction in dimensionality. The
enzyme stays associated to the DNA while sampling non-specific sites in a diffusional
manner, sliding along the DNA contour. While this can speed up the target search, too
long sliding times may slow down the search process because the protein increasingly
samples sites it has already visited. The second scheme comprises series of rapid
disassociation/re-association events, called hopping, in which the protein does not
stay in contact with the DNA, but rebinds onto a nearby site a few base pairs away.
Technically, hopping is a microscopic 3D searching pathway. Yet, as the protein re-
mains in very close proximity to the DNA helix, it will be viewed as one-dimensional
pathway in the rest of this chapter. Sliding and hopping can then be combined in
an effective sliding length. Once in a while, a protein escapes the capture radius of
the DNA helix and dissociates into solution. In long DNA molecules, however, the
flexibility of the polymer permits DNA segments very distant from each other along
the contour to be close in 3D space. A hopping protein might be captured by such
a DNA segment, and thus travel a large distance on the DNA while only making a
small step in three-dimensional space. This process has been named jumping. It is
believed that a combination of 1D and 3D pathways leads to the most efficient search
process [76, 80]. A third possible 3D scheme is intersegmental transfer. This only
concerns proteins that can simultaneously bind multiple DNA sites. The functional
unit of the enzyme used in our experiments, EcoRV, has one DNA binding cleft. Con-
sequently, this pathway is not accessible.
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Figure 3.1: a. Facilitated diffusion model. Proteins associated to non-specific DNA
in search of the recognition site may diffuse along the contour by staying in contact
with the DNA (sliding) or via a series of rapid dissociation/re-associations (hopping).
In coiled DNA the enzyme can jump to a different DNA region within a certain region
called the targeting radius [79]. Note that this radius is not the same as the capture

radius. b. Experimental approach. Single DNA molecules are held between two beads
in optical tweezers. EcoRV cleavage rates are measured at different DNA extensions.
The conformational freedom of the DNA at these extensions can be divided into three
regimes: entropically stretched DNA, globular DNA (Gaussian coil) and a DNA coil that
is squeezed between the beads.

The probability of capture by different DNA segments may cause a protein asso-
ciating onto a long DNA molecule to remain trapped inside the DNA domain. It can
thus probe many non-specific sites in its search for the recognition sequence before
it dissociates into the bulk. Recent theoretical work has yielded considerable insight
in the optimal search strategy of site-specific proteins [40, 89, 120, 164, 223]. In
spite of these efforts, due to the amount of parameters involved, many of which are
unknown, calculating actual protein binding rates is still quite a challenge.

Many experimental studies on the search mechanism of site-specific proteins have
concentrated on studying facilitated diffusion, mostly by measuring association times
as a function of DNA length, or by monitoring processivity from one site to a second
site located some defined distance away on the same piece of DNA [96, 95, 170, 73,
204]. In most experiments restriction enzymes have been used as test proteins, since
the DNA cleavage reaction provides an obvious indication that target sites have been
reached. While the earlier studies mainly focused on one-dimensional sliding, re-
cent experiments have revealed that restriction enzymes find their target sites mainly
via three-dimensional pathways and that sliding lengths for these enzymes are much
shorter than anticipated [170, 73, 74]. In the bacterial cell the concentration of DNA
is very high. A protein dissociating from a DNA segment has therefore a high prob-
ability of rebinding to a different nearby DNA segment. Jumping is thus expected to
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play an important role in the acceleration of the search time in vivo. Nonetheless,
little experimental verification for this process is available. To date, most experiments
have been investigating DNA cleavage by restriction enzymes in bulk biochemical as-
says. Conclusions are generally based on comparison of observed preferences for DNA
substrates in mixtures or on processivities on DNA templates with multiple sites. A
drawback of such indirect experiments is that the rate-limiting step of the cleavage
reaction on long DNA molecules is the dissociation after cleavage [78, 180]. Con-
sequently, in such assays association rates of proteins to specific sites are difficult to
measure and underlying kinetics of the target search mechanism are often obscured.
Furthermore, it remains experimentally challenging to separate sliding and hopping
from jumping.

Here we present single-molecule measurements of DNA cleavage of the restriction
enzyme EcoRV on individual plasmid-size molecules having different degrees of con-
formational freedom. In our assays, dissociation from the product is eliminated as
rate-limiting factor. By tuning the DNA extension, the conformation of the DNA can
be changed from a relaxed coil to an extended polymer. This enables us to selectively
‘switch off’ intramolecular jumping, while leaving 1D searching pathways intact. By
acquiring specific association rates of EcoRV for these DNA conformations, we can
determine the relative impact of jumping on the search process.

3.2 Results

3.2.1 Experimental approach

As mentioned above, 3D jumping is expected to be especially important in places
with high DNA densities. To test this hypothesis, we measured the rate of bimolecular
association of EcoRV to a single recognition site located roughly in the middle of a
linearized DNA plasmid, 6.5 kb in length. With no external forces present, such a
DNA molecule forms a Gaussian coil, exhibiting a certain local concentration of DNA
segments around the specific site. When the molecule is pulled straight, however,
the density of non-specific sites around the target site is much smaller. A protein
performing a (one-dimensional) search on straight DNA has an enhanced probability
of permanently leaving the DNA domain after dissociation. In coiled DNA the protein
could also be readsorbed onto a nearby DNA segment and subsequently prolong its
stay in the coil. The time to find the target site on DNA that is held straight might
therefore be longer than on DNA that is coiled.

To determine the influence of DNA coiling on the association rate of EcoRV to its
recognition site, we measured cleavage events of individual DNA molecules held be-
tween two optically trapped beads at different extensions. Single DNA molecules were
tethered between two streptavidin-coated beads in a multi-channel flow chamber, as
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Figure 3.2: Typical data trace of a cleavage event. Displayed are the force on the
DNA in x– and y–directions. The latter has been shifted with -10 pN for clarity. Every
second, the DNA is rapidly stretched to ∼5–10 pN, resulting in force spikes in Fx. The
reaction time is defined as the time between transport of the DNA construct into the
enzyme-containing flow channel (apparent in the trace from the changes in Fy) and the
disappearance of the spikes. The estimated statistical error in the measured cleavage
time of ∼0.5 s averages out for large number of data points.

described in Chapters 2 and 4. The DNA configuration was controlled by changing the
distance between the two beads. Constructs were then moved into enzyme solution
and the cleavage time was measured. Since the borders between laminar non-mixing
solutions in our flow chamber are sharp, the exchange from buffer channel to the
enzyme channel could be determined with a temporal precision of about 0.5 s.

In previous single-molecule experiments we identified cleavage of DNA under ten-
sion by monitoring the force on one of the beads [190] (Chapter 2). Since the break-
age of DNA resulted in the vanishing of this applied force, such events could be readily
detected. Nevertheless, when the DNA is in a relaxed configuration, there is no ap-
preciable force change upon cleavage. Therefore, the DNA molecule was very briefly
stretched to a force of 5-10 pN every second, in order to check whether it was cut.
This DNA stretching and relaxation was done by rapid translation (20 ms) of one of
the optical traps, controlled by an acousto-optic deflector1. The transient stretching
resulted in sharp spikes in the force trace that disappeared when the DNA had been
cleaved in the preceding second (Figure 3.2). The cleavage time was defined as the
time elapsed between moving the construct into the enzyme channel and scission of
both DNA strands. Within this time span, an EcoRV protein has to locate and bind
the specific site (with rate kon), undergo conformational changes and bend the DNA

1The timescale on which spatial fluctuations of the DNA polymer occur is much smaller than 20 ms
(see Materials and Methods, section 3.5.3). Therefore, the periodic stretch-relax cycles do not accelerate
changes in DNA conformation.
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(induced fit rate kind), hydrolyse both strands (khydr) and dissociate from the product
(kdiss). Dissociation from the recognition site before cleavage is highly unlikely, since
specific EcoRV-DNA complexes are generally stable for many minutes [56, 85] (and
Chapter 4).

3.2.2 Rate-limiting steps
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Figure 3.3: Histogram of
cleavage times obtained with
500 nM EcoRV. Because we ob-
serve only the cleavage of the
second strand, the distribution
displays a two-step process. The
single-exponential fit gives a
strand cleavage rate of 0.8 s−1.
The average hydrolysis time is
2.4 s.

Because we want to study the influence
of DNA configuration on the association
rate kon, the cleavage reaction should be
diffusion-limited. In what conditions is this
true? Previous experiments have shown that
the induced fit process in the absence of DNA
tension is very fast [84, 190] (Chapter 2).
In Chapter 2 we also demonstrate that prod-
uct release from the plasmid – in bulk exper-
iments normally the slowest step [78, 180]
– is not rate-limiting in our optical tweezers
experiments. This leaves the actual cleavage,
the hydrolysis of two phosphodiester bonds in
the DNA backbone, as possible rate-limiting
step. This rate was determined by measuring
the cleavage of single pCco5 DNA molecules
in a stretched configuration under saturating
enzyme concentrations (500 nM). In reaction
buffer with 100 mM NaCl the rate of cleaving
a single strand was found to be 0.8 ± 0.1 s−1

(Figure 3.3). The average time needed for the cleavage of both strands is 2.4 s. Con-
sequently, to make association the dominant rate-limiting step, cleavage times of ∼10
seconds or more are required. The specific association rate on plasmids has been
reported to be ∼108 M−1s−1 [58]. The enzyme concentration at which kon is rate-
limiting is ≤1 nM. Because at low amounts of EcoRV the specific association rate is
proportional to the enzyme concentration, it is crucial that the number of enzymes in
the flow chamber is constant in all of the measurements. Test experiments showed
that EcoRV concentrations below∼0.75 nM result in a highly variable cleavage time in
this flow system, presumably caused by proteins sticking to the walls of the chamber
and tubing. At concentrations ¦1 nM no such fluctuations were observed. Therefore,
1 nM EcoRV was used in the experiments.
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Figure 3.4: EcoRV association rates to the single recognition site located in the middle
of 6.5 kbp linear DNA molecules as a function of DNA extension. In 100 mM NaCl the
association rate is found to be maximal around the extension where the DNA coil is in its
most compact shape (at a fractional extension of ∼0.22 it is closest to a Gaussian coil),
and decreases rapidly for increasing fractional extensions, reducing almost a factor of
two as the DNA is stretched. This effect is presumably caused by a loss of 3D pathways
in the search process of EcoRV. At low fractional extensions the DNA coil is deformed by
the beads, resulting in a lowered local density of DNA segments around the recognition
site. For low NaCl concentrations (0 mM and 25 mM) the increased sliding length leads
to a smaller influence of jumping on the association rate. Each data point consists of a
minimum of 30 measurements.

3.2.3 Rate acceleration caused by DNA coiling

DNA cleavage was measured for different DNA configurations in reaction buffer con-
taining 100 mM NaCl and 5 mM Mg2+, a standard buffer for EcoRV cleavage assays.
Specific association rates kon were computed from 385 individual cleavage reactions
(See Materials and Methods for details). Three different DNA configuration regimes
were tested (see Figure 3.1b). When the DNA is extended to more than half the con-
tour length (fractional extensions ¦ 0.5) it is considered a straight rod. In this con-
figuration, jumping to segments far apart along the DNA contour cannot take place.
At lower fractional extensions (between 0.2 and 0.3), the DNA is closest to a relaxed
(Gaussian) coil. At even lower fractional extensions the beads interfere with the coil
and squeeze the DNA into a compressed shape.

The association rates acquired for different DNA conformations are displayed in
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Figure 3.4. Strikingly, at 100 mM NaCl the specific association rate on DNA held
in a coiled configuration is almost twice as fast as on stretched DNA. We define the
acceleration R as the ratio between the maximal association rate and the rate found
on stretched DNA. The fractional extension of the DNA at which the fastest associ-
ation is measured is 0.24 (R = 1.7 ± 0.3). At a smaller value, a decrease in the
rate is visible in Figure 3.4, although the uncertainty in this data point is large. Why
would the acceleration be maximal at a value of 0.24? A relaxed pCco5 DNA molecule
(6538 bp) with free ends forms a Gaussian coil with a mean square end-to-end dis-
tance <e.e.d.>2 ≈ 2LP ≈ 0.49 µm [75], corresponding to a fractional extension of
0.22. The maximal association rate is thus found at the extension where the DNA is
at its most compact state2. Consequently, the acceleration is most likely caused by
dissociation/re-association events of proteins between DNA nearby segments (jump-
ing). While in the stretched configuration only 1D (sliding and hopping) can assist
in the transfer of EcoRV enzymes to the specific site, in the coiled conformation also
macroscopic 3D routes become available.

At fractional extensions ®0.2, the presence of the two large beads causes a defor-
mation of the DNA coil. The local density of DNA segments around the specific site is
likely to be lower than for the Gaussian coil. Hence, the observed association rate is
decreased with respect to the optimal value.

The second order association rate constants deduced from the single-molecule
cleavage events, 1.8 ± 0.2 · 108 M−1s−1 in the coiled configuration is in close agree-
ment with values found earlier in bulk experiments in similar buffers: 1.2 · 108 M−1s−1

on plasmids [58]; 0.5 · 108 M−1s−1 [12], 1.4 · 108 M−1s−1 [59], 2.2 · 108 M−1s−1 [84]
and 1.2 · 108 M−1s−1 [85] on oligonucleotides.

3.2.4 Salt dependence of 3D pathways

Non-specific interactions between proteins and DNA are generally highly dependent
on the amount of monovalent salt [118]. Changes in buffer conditions can thus al-
ter the time a protein spends in the vicinity of a non-specific site that it first collides
with. The relative contributions of 1D and 3D pathways in the search process might
shift due to this effect. In order to investigate the salt-dependence of target site lo-
calization, cleavage measurements for several DNA conformations were repeated in
buffers having different NaCl concentrations. Figure 3.5 shows the salt-dependence
of the specific association rate acquired on coiled DNA. The observed rates for NaCl
concentrations ≤100 mM are rather constant with a maximum around 60 mM. For

2The maximal rate acceleration is achieved at a fractional extension of 0.24. This value almost equals
the diameter of a Gaussian coil. While this result was anticipated, the actual configuration of the DNA
in our experiments cannot be a Gaussian coil. First, the ends of the DNA are not free, imposing different
boundary conditions on the probability density distribution of DNA in the coil. Second, the nearby surfaces
of the beads exclude DNA conformations protruding over the endpoints.
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Figure 3.5: EcoRV association rates on coiled DNA as a function of salt concentration,
showing an optimum at around 60 mM NaCl. For NaCl concentrations >100 mM, the
association rate of EcoRV to the specific site decreases rapidly.

[NaCl] >100 mM the rate drops exponentially. The shape of the curve resembles pre-
viously reported salt-dependence of the specific and non-specific equilibrium binding
constants Ka [56].

The fastest localization of the target site on straight DNA was found at 60 mM
NaCl, with an association rate of 3 · 108 M−1s−1, about three-fold faster than in
100 mM NaCl. This optimum is consistent with previous biochemical assays, in
which cleavage rate ratios of long versus short DNA substrates are maximal at 50 mM
NaCl [96, 95]. Apparently, at this salt concentration the effective sliding length (cor-
responding to both sliding and hopping) is optimally tuned. The largest effect of
jumping might thus also be expected at this concentration. However, in 1 nM EcoRV
the association of enzymes to the specific site is then so fast that even on straight DNA
it approaches the rate of phosphodiester hydrolysis (0.4 s−1), making target finding
not the single rate-limiting process. This greatly suppresses any measured accelera-
tion due to different DNA conformations.

At low NaCl concentrations (0 and 25 mM), association rates to the target site on
straight DNA are identical within uncertainty margins to the rate at 100 mM NaCl
(1.0 ± 0.1 · 108 , 1.0 ± 0.2 · 108 and 0.9 ± 0.1 · 108 M−1s−1 for 100, 25 and 0 mM
NaCl, respectively). Interestingly, in these low salt reaction buffers, the near doubling
of association rate observed in 100 mM NaCl disappears (Figure 3.4). The association
rate ratio R between coiled and stretched DNA decreases from 1.7 ± 0.3 in 100 mM
NaCl to 1.1 ± 0.2 and 1.3 ± 0.2 in 25 and 0 mM NaCl, respectively, indicating that 3D
pathways become less effective in low monovalent salt concentration. These values
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[NaCl] (mM) R-value
0 1.3 ± 0.2
25 1.1 ± 0.2
60 N.D.
100 1.7 ± 0.3
150 1.3 ± 0.4

Table 3.1: The ratio of association rates R for different NaCl concentrations

are also displayed in table 3.1.

How can we explain the decline in rate acceleration under these conditions? Non-
specific interactions of proteins with DNA are generally electrostatic in nature and
strengthen with decreasing amounts of salt [118], implying that in such buffers pro-
teins spend a longer time on non-specific DNA before dissociating. Because of its
diffusive nature, the sliding length is proportional to the square root of the residence
time. It has indeed been shown that both the real [74] and effective sliding lengths
(including hopping) [95, 170] increase with decreasing NaCl concentration. The in-
creased affinity may also cause a significant decline in the one-dimensional diffusion
coefficient (M.A. Lomholt, personal communication) [164]. Long sliding times thus
imply less frequent jumps from segment to segment. In buffers with low NaCl con-
centration, the possible advantage of jumping is diminished, resulting in comparable
association rates on coiled and straight DNA.

In reaction buffers containing 150 mM and 200 mM NaCl, target site location rates
are dramatically lowered for all DNA configurations. This reduction is expected, since
the affinity of EcoRV for both specific and non-specific DNA decreases significantly for
higher NaCl concentrations [56]. The measured slow association rate might indicate
that the protein overlooks the target site, and multiple encounters of EcoRV with
the recognition site are needed to invoke DNA cleavage. Moreover, the kon–ratio R

between coiled and straight DNA in this buffer is close to unity (1.3 ± 0.4). In these
high salt conditions, the non-specific off-rate is increased significantly. Consequently,
the average sliding length becomes so small that the enzyme effectively samples only
a single site before dissociating, and is effectively performing a three-dimensional
random walk. The increase in DNA density in the vicinity of the target site in this case
does not assist the protein much in its search.

3.3 Discussion

The effect of decreased sliding length in higher salt buffers is often attributed to a
weakening of electrostatic screening. Could this effect also change three-dimensional
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pathways? One could argue that a decreasing salt concentration increases the effec-
tive capture radius of the DNA. Hence, the probability that a protein, after dissociating
from a DNA segment, gets captured by another segment may increase. However, in
our experiments 5 mM Mg2+ is still present in the experiments. This amount is suf-
ficient to effectively screen the electrostatic charge of the DNA molecule such that
the Debye length (the distance over which the effective electrostatic charge decays)
is roughly 1 nm [47]. Hopping events take place on the nanometer scale and so the
probability of a dissociating protein to immediately rebind a few base pairs away is
likely to decreases by the addition of monovalent salt. However, large-scale effects of
the NaCl concentration on the capture rate of proteins out of the bulk are not expected
in the buffers used.

Jeltsch and Pingoud have determined that linear diffusion by EcoRV is optimal
in 50 mM NaCl [96, 95]. This result was obtained by comparing cleavage rates of
long DNA molecules with short oligonucleotides. Large one-dimensional diffusion
lengths (>1000 bp) were observed in this study. However, the mechanism behind the
observed preference of long over short molecules includes not only 1D sliding, but
also hopping and perhaps jumping. It is likely that multiple short sliding events over
shorter distances are carried out before the enzyme dissociates away into solution.
Later studies on EcoRV and BbvCI using a variety of DNA substrates with one and
two specific sites demonstrated that the actual sliding length of these restriction en-
zymes is only 50 bp in 0 mM NaCl and declining for higher salt concentrations. The
proteins thus find their way to the target site primarily via dissociation/re-association
events [170, 73, 74]. By hopping to nearby sites, the effective sliding length can be
extended beyond this 50 bp. In our experiments, by tuning the DNA configuration,
we distinctively select the effect of jumping. Our observations indicate that this 3D
pathway is stimulated at elevated NaCl concentrations (60 and 100 mM), whereas at
lower salt concentrations one-dimensional pathways becomes more important.

The facilitated diffusion model can explain the extraordinary rate at which some
proteins find their target sequence. The association rates found for EcoRV on either
coiled or straight DNA, however, do not exceed the 3D diffusion limit for a small
protein to a single recognition site. Yet, the reaction of EcoRV is limited by diffusion,
at least in buffer conditions with ≤100 mM NaCl [58]. This poses a dilemma. The
processes of sliding and hopping contribute to an effective target size that is much
larger than a single site. A collision of EcoRV to any non-specific DNA site that is
within this distance from the recognition site leads to a reaction, and thus much larger
specific association rates (up to 1010 M−1s−1) are expected. This discrepancy was first
noticed by Erskine and coworkers, who proposed that the narrow DNA-binding cleft,
apparent from the crystal structure of EcoRV [214], might oscillate between an open
and closed configuration, where only the open state is capable of binding DNA. The
timescale at which these open/closed dynamics happen would have to be slower than
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the hopping time, but faster than the overall target finding rate. Such a mechanism
would indeed explain the slow observed association rate.

It is worth noting that the conditions for searching a specific recognition site in

vivo are very different from most in vitro approaches. Not only are the ionic strength
and the viscosity in the cell higher, due to the presence of megabases of genomic
DNA that is protected from cleavage, the ratio target/non-specific sites in the cell is
orders of magnitude smaller than in any in vitro experiment. Even though restriction
enzymes are present in micromolar concentrations, the far majority will already be
bound somewhere to the chromosomal DNA when a small viral DNA molecule en-
ters the bacterium. The native DNA thus dramatically depletes the concentration of
free enzymes. If EcoRV would associate to non-specific DNA with superdiffusional
rates, they could remain trapped within a particular DNA domain, not being able to
traverse the cell. However, a lowered association rate due to an additional closed
conformation increases the concentration of free EcoRV proteins. Although this does
not increase the effective concentration of open conformations in the cytoplasm, it
provides a reservoir of free, more mobile EcoRV molecules, uniformly distributed in
the bacterium. Therefore, the existence of a closed conformation might actually speed
up target finding in vivo on fresh DNA entering the cell.

3.4 Conclusions and Outlook

The results presented here constitute the first experiments that actively manipulate
the DNA conformation in order to investigate the effect of 3D searching pathways
of restriction enzymes. By comparing cleavage rates of EcoRV on plasmid-size coiled
DNA molecules containing one recognition sequence for different DNA conformations,
3D pathways could be actively switched off. In 100 mM NaCl, the change in DNA con-
figuration has the largest effect: a nearly 2-fold increase in specific association rate
was found when changing from straight to coiled DNA. The rate acceleration disap-
pears in low salt buffers, presumably because sliding and hopping (effectively 1D)
become more important than jumping (3D) in the search process. In high salt buffers,
effective sliding lengths are reduced to the point where the protein essentially per-
forms a pure 3D random walk. The overall association rate decreases exponentially
with NaCl concentration in this range.

The way site-specific DNA-binding proteins find their target site in a wealth of non-
specific DNA has been an outstanding question ever since it was first demonstrated
that specific association rates of the Lac Repressor could be faster than the three-
dimensional diffusion limit [149]. The mysteriously fast rates could be explained
by introducing a model that incorporates one-dimensional diffusional translocation
of such proteins along non-specific DNA over thousands of base pairs. Until quite
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recently, it was believed that most proteins on DNA find their recognition sites in this
manner. However, only a handful of proteins exhibiting faster-than-diffusion targeting
rates have been found [201, 49]. It is now well established that Type II restriction
enzymes find their target sites mainly through microscopic 3D pathways (hopping)
and that actual sliding lengths are generally small [170, 80, 73, 79, 74].

In a previous study, a 3.3-fold preference of cleaving supercoiled plasmids over
relaxed plasmids was observed [73]. This finding is qualitatively comparable to our
results. While the density of DNA segments in supercoiled DNA is larger than in a re-
laxed coil, the density of DNA in the coiled state is larger than when it is held straight.
Hence, the amount of re-associations to nearby DNA segments decreases from many
to a few in the supercoiling experiment, and from a few to zero in our experiment. In
the bacterial cell the density of DNA is much higher. Based on this result, we conclude
that the jumping pathway is expected to be much more important in vivo. In a broader
sense, a better insight in the diffusional behavior of enzymes in a DNA coil would
highly increase the understanding of their target search mechanisms. To fully under-
stand the relative contribution of jumping to target site finding, future experiments
could compare association rates on supercoiled DNA with straight DNA. In addition,
experiments should be performed at ionic strength and viscosity levels close to the
in vivo situation. To further increase the density of DNA segments around the target
site crowding agents or condensing agents could be used to study the intra-domain
jumping as a function of DNA density. Alternatively, nucleoid-associated proteins that
compact DNA (e.g. H-NS) can be added. Finally, fluorescently tagged enzymes could
be tracked to visualize their pathways.

3.5 Materials and Methods

3.5.1 Experiments

EcoRV was recovered from ammonium sulfate precipitates as described in Chapter 4,
section 4.4.1. The linearized plasmid pCco5 was prepared as reported in [190] (Chap-
ter 2). A detailed description of the experimental setup is given in Chapter 4. Due to
non-mixing buffer flow, assembled DNA constructs can be transported into a channel
containing 1 nM EcoRV with an estimated timing error of 0.5 s. The experimen-
tal procedure for collecting the data was as follows. A 10 mM Tris-HCl buffer (pH
7.5) containing 1 mg/mL BSA was flowed in prior to experiments to coat the walls
of the chamber and tubing in order to prevent sticking of EcoRV enzymes. The en-
zyme reaction buffer contained 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM DTT,
100 µg/mL BSA and a variable NaCl concentration. During the cleavage time mea-
surements the buffer flow was stopped in order to allow undisturbed spatial fluctu-
ations in the DNA molecule held at a certain extension. This configuration was only
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transiently abandoned once per second to check for DNA cleavage. Before the record-
ing of each data point, the flow was switched on for a minimum of 2 minutes (at
∼100 µm/s) to re-equilibrate the enzyme concentration and to ensure sharp borders
between different flow channels. The various fractional extensions explored were
alternated sequentially during experiments to rule out possible influence of small
variations in enzyme and/or salt concentrations on longer timescales.

3.5.2 Determination of specific association rates

Specific association rates at the different DNA conformations were calculated from
the average measured time required for cleavage on >30 DNA molecules at each
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Figure 3.6: The effect of hydrolysis on the measured cleavage rates, performed on
data taken in 100 mM NaCl. All DNA conformations are combined here for increased
statistics. a. The first few seconds of the histogram of cleavage events (0.25 s time bins)
shows a lag phase, presumably due to presence of DNA hydrolysis as a second step in
the reaction. The dashed line is the single-exponential fit to the full distribution (not
shown), while the solid curve is the fit for a two-step process (a convolution of two expo-
nentials). The hydrolysis rate (for the cleavage of both DNA strands) obtained by the fit
is 0.4 ± 0.1 s−1, in accordance with the direct measurements of the rate of this process
(Figure 3.3). b. Probability distribution of measured cleavage events for small cleavage
times (same data as in panel a.). Also here the data fits a two-step process (solid line),
indicating the presence of hydrolysis (again with a rate of 0.4 ± 0.1 s−1). The dashed
line is the single-exponential fit. Note that in this fit extrapolation to t = 0 seconds
results in an unphysical uncleaved fraction that is larger than 1. Inset: probability dis-
tributions on straight (dark) and fully coiled DNA (light). While this method allows
fitting of rates with much less data, the uncertainties of the fits are ill-defined, as the
individual data points in such a plot are not independent.
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DNA conformation for each NaCl concentration. For a one-step Poissonian process,
the average of measured cleavage times equals the time constant of an exponential fit
to the time-binned histogram. However, the cleavage of an individual DNA molecule
in our experiments is effectively a two-step process, comprising both association to
the specific site and DNA hydrolysis. At the used EcoRV concentration of 1 nM the
association step is mostly rate-limiting (except at 60 mM NaCl). Yet, a histogram com-
puted from the total of 385 events at 100 mM NaCl still shows a lag phase for small
cleavage times, followed by an exponential drop-off (Figure 3.6a). Consequently, by
computing the rate simply from the averages of measured cleavage times, one under-
estimates the actual association rate. Ideally, the association rates for each fractional
extension should be determined by fitting only the exponential part of the histogram,
or alternatively fitting the full distribution to a two-step process (see also Figure 2.10
on page 33). Nevertheless, this procedure can only give stable fit parameters for very
large number of data points. Instead, we corrected for DNA hydrolysis by subtracting
the average hydrolysis time (2.4 seconds, Figure 3.3) from the statistical average of
the association time. The association rate is the inverse of this number.

3.5.3 Relaxation time of DNA fluctuations

The DNA between the beads undergoes constant thermal fluctuations. The transient
stretching cycles could lead to an ‘enhanced mixing’ of DNA conformational states if
the duration of the stretch is shorter than the relaxation time τR of the coiled polymer.
The latter can be calculated using the Rouse model [52, 114]:

τR =
2lp L2η

3π ln (L/d) kBT
.

With a persistence length lp = 50 nm, DNA diameter d = 2 nm and contour length
L = 2.2 µm, η the viscosity of the buffer and kBT the thermal energy, we obtain
τR ≈ 2 ms. Compared to the stretching duration (∼20 ms) this is fast enough to
exclude any enhanced mixing.
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Chapter 4

Visualizing DNA-bound proteins

using DNA as a scanning probe

Abstract – Biological processes often involve enzymes moving along DNA. Such mo-
tion might be impeded by DNA-bound proteins. Current techniques are incapable
of probing the barriers imposed by these roadblocks. We have constructed a setup
with four independently moveable optical traps, enabling us to manipulate two DNA
molecules held between beads. We show that by tightly wrapping one DNA molecule
around the other, we create a probe that can be scanned along the contour of the sec-
ond DNA molecule in order to sample roadblocks. The friction between the two DNA
polymers is found to be < 1 pN. Upon encountering a DNA-bound protein however, a
significant friction force is measured. This allows for accurate localization of protein
positions. Furthermore, we show that these proteins remain associated at low probe
tensions but can be driven off using forces ¦ 20 pN. Unlike other forced-unbinding
assays, with our technique the force on the bound protein is directed along the DNA,
mimicking roadblock removal in vivo. Finally, the orientational control of two DNA
molecules opens up a wide range of possible experiments on proteins interacting with
multiple regions of DNA.
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4.1 Introduction

Experiments with single DNA molecules have revealed many intrinsic properties of
DNA [30, 167, 173, 68] and associated proteins [160, 216, 190, 69]. In these ex-
periments, the precise control of a single DNA molecule allows studying properties
of and interactions between DNA and proteins difficult to assess in conventional bio-
chemical experiments. However, biological processes that involve multiple DNA tracts
are still hard to explore with single DNA molecule experiments. For example various
DNA recombination proteins [209, 189], restriction endonucleases [191] and bridg-
ing nucleoid-associated proteins [121, 43] interact simultaneously with two separate
DNA regions. The relative angle between and tensions on such regions can not be
controlled when handling a single DNA molecule. Here we describe a method which
allows us to manipulate two DNA molecules independently. This technique enables
us to study proteins interacting with multiple DNA binding sites as mentioned [41].
To demonstrate the capabilities of this technique, we utilize the two DNA molecules
as a novel scanning probe technique to detect and manipulate DNA-bound proteins.
One DNA molecule is wrapped around the other molecule (Figure 4.1) and then em-
ployed as a mechanical probe to scan along the contour of the first DNA molecule.
With this new scanning force technique, we apply forces on DNA-bound proteins in
a direction along the DNA contour. Many biological processes on DNA involve ei-
ther ATP-driven [119, 188, 136, 160, 1] or 1D-diffusive motion along the DNA con-
tour [19, 73, 200]. Bound proteins or the topology of the DNA might act as road-
blocks [57], impeding such motion. Therefore, with this technique we are able to
explore an unbinding pathway similar to that as seen by proteins translocating along
the DNA contour.

4.2 Results

4.2.1 Dual DNA manipulation

We have designed and built an optical-tweezers instrument that enables the manipu-
lation of two DNA molecules in three dimensions simultaneously and independently.
This is done by trapping micron-sized polystyrene beads attached to the ends of the
DNA molecules. As schematically depicted in Figure 4.2, four optical traps are gener-
ated by first splitting a laser beam in two orthogonally polarized beams. One of these

54



4.2 RESULTS

Figure 4.1: Dual-DNA manipulation assay. Two λ-DNA molecules suspended between
polystyrene beads held with optical tweezers. The probing DNA molecule is wound
around the scanned DNA molecule.

beams generates a continuous trap; the other beam is time-shared over three trap
positions with a frequency of 20 kHz using acousto-optic deflectors. Forces acting on
the bead in the continuous trap can be detected with sub-picoNewton resolution using
back-focal-plane interferometry [3, 20]. When necessary, a second (low power) de-
tection laser is positioned on a bead in one of the time-shared traps to measure forces
on this bead in a similar manner. In order to attach DNA between the four beads
held in the optical traps, we designed and constructed a flow chamber with multiple
laminar flows of solution running parallel to each other (see section 4.4.4 for details).
By moving the chamber relative to the optical traps, the four trapped beads can be
moved into different solutions. In this way, the ends of two DNA molecules can be
attached to the four beads (see Figure 4.3). After catching two λ-DNA molecules,
they are moved into a buffer channel. Using force-extension analysis we ensure that
every pair of beads only holds one DNA molecule (see Figure 4.9). The four traps can
be freely moved with respect to each other in the sample plane, giving us full control
over the relative orientation of the two DNA molecules. In addition, moving the con-
tinuous trap in the third dimension enables us to wind one DNA molecule around the
other.

4.2.2 Using DNA as scanning probe

In order to scan one DNA duplex (the scanned DNA) using the second one as probe
(the probing DNA), the beads are positioned such that the two DNA molecules are in
a crossed configuration. Next, one or more winds are imposed in the assembled con-
struct (Figure 4.1; online movie at http://www.nat.vu.nl/∼bram/dualdna_movie).
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Figure 4.2: Schematic representation of the experimental setup. The insert shows an
impression of the multi-channel flow chamber.

III: buffer

I: beads

II: DNA

IV: enzymes

Figure 4.3: The dual-DNA experiment is conducted in a four-channel flow chamber
exhibiting non-mixing laminar flows: I. bead channel: four beads are trapped with
four optical tweezers. II. DNA channel: two λ-DNA molecules are caught between the
beads. III. buffer channel: here, a number of DNA windings is imposed. IV. protein
channel: the DNA is incubated in protein solution. Scanning can be performed either
in the protein or buffer channel.
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Both DNA molecules are stretched to a pre-set tension (typically 5-20 pN) to create
a tight DNA loop. For a circular DNA loop, the diameter D depends on the tension S

and the persistence length lp as D ≈
p

2lpkbT/S [8], approximately 5-10 nm for the
tensions mentioned above. This is an upper limit of the actual probe size, since in our
experiments the DNA loop does not have a circular, but a twisted structure (Figure
4.1). By moving both beads that hold the probing DNA (beads 3 and 4 in Figure 4.4a)
simultaneously parallel to the scanned DNA, we utilize the DNA loop to probe the
contour of the scanned DNA (Figure 4.4a). If due to an obstacle on the scanned DNA,
this loop of the probing DNA stalls, a force increase is measured on the bead in the
continuous trap.

Figure 4.4b displays a typical scanning trace of λ-DNA without proteins bound.
Any friction force between the two DNA molecules remains well below 1 pN. This
absence of friction between the tightly pulled DNA loop and the scanned DNA was
observed in several monovalent (NaCl) and multivalent (spermine) solutions, for var-
ious tensions on both DNA molecules, with single and multiple DNA windings. The
feature on the left side of the measured reference scan (gray) in Figure 4.4b is caused
by the collinear alignment of the time-shared optical traps 3 and 4 with the (contin-
uous) trap 1, used for force detection. In the black trace and all subsequent traces
this is corrected for (see Figure 4.5 for details). The beginning of a scanning trace
is marked by the probing DNA pushing against bead 1, resulting in a negative force.
Similarly, at the end of the trace, the probing DNA pushes against bead 2 resulting in a
positive force measured at bead 1. The difference in slopes originates from additional
stretching of the scanned DNA.

To demonstrate the localization and manipulation capabilities of our technique,
the scanned λ-DNA was incubated with Type IIP restriction enzymes in non-cleaving
conditions. Because the locations of the specific binding sequences are known, these
enzymes function as a convenient marker in these experiments. Figure 4.6a displays
two consecutive scans in forward and backward directions along the same λ-DNA
molecule with EcoRI associated to it. In both traces force peaks are measured at
four specific target site locations. Besides peaks at these expected sites, occasionally
small peaks at other locations are observed, presumably due to non-specific binding
of EcoRI. With every encountered associated protein, the measured force on bead 1
increases with similar inclination with scanned distance, after which it ‘snaps back’
to zero friction force. The distribution of measured peak forces for both non-specific
and specific events (Figure 4.6c) shows that forces measured at non-specific sites,
2± 1 pN (n = 7, s.e.m.) with a typical duration of 3 ± 1 s, are significantly lower
than at specific sites, 5 ± 1 pN (n = 11, s.e.m.) with a duration of 7 ± 2 s. These
results suggest that at non-specific sites the protein is forced to dissociate whereas at
specific sites the probe might slip over the protein.
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Figure 4.4: Schematic view of the DNA scanning and reference scan. a. To detect
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the scanned DNA. Upon encountering a protein bound to the scanned DNA, the mea-
sured force on bead 1 scales with distance ∆y. b. Typical scanning trace of λ-DNA
without proteins (gray). The black trace shows the same data, corrected for interfer-
ence between time-shared traps holding beads 3 and 4 and the continuous trap holding
bead 1 (see Figure 4.5).
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Figure 4.5: Correction of interference between traps a. Scan with and without DNA
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trap 1 (see figure 4.4), the rapid time-sharing causes interference on the optical trap
holding bead 1, leading to a ‘fake’ force increase in the absence of DNA. With DNA
present, the deviation from this reference scan is caused by pushing of the probing
DNA on bead 1. b. The same scan (with DNA) corrected for this interference effect by
subtracting the force data acquired with no DNA present.

4.2.3 Resolution and accuracy

To determine the accuracy and resolution of our scanning technique, we corrected our
data to compensate for lateral stretching of the scanning DNA molecule and bead dis-
placement out of the optical traps (see section 4.4.6 on page 67). Figure 4.6b displays
a corrected force-distance trace for the EcoRI forward curve (Figure 4.6a), where the
force now rises up vertically at every encountered protein. The accuracy of localiza-
tion of the DNA-bound proteins is assessed by evaluating a dwell time histogram of
the corrected data (Figure 4.6b, lower graph). From the standard deviations of Gaus-
sian fits to the observed peaks, we determine the spatial resolution to be ∼120 bp.
Comparison with the known locations of the specific binding sequences on λ-DNA
yields a relative position accuracy of ∼50 bp. Figure 4.7a demonstrates the resolution
of the technique; the traces show force peaks due to DNA-bound EcoRV enzymes. The
segment shown contains four restriction sites, three of which can be unambiguously
distinguished.

The (un)binding of DNA-associated proteins can be probed with a repetition rate
equal to the scan time, typically 100 seconds for the complete λ-DNA at a scanning
speed of 500 bp/s. The temporal resolution can be greatly improved by scanning only
part of the DNA or by increasing the scanning speed. However, high scanning speeds
will result in larger loading rates acting on the enzyme-DNA bond, possibly activating
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Figure 4.6: Detection of individual DNA-bound EcoRI proteins. a. Three consecutive
scans along λ-DNA in forward and backward directions, with EcoRI restriction enzyme
bound to the DNA. An additional friction force is measured when the probing DNA
loop sticks behind DNA-bound EcoRI proteins (sites indicated with black triangles).
Less significant peaks presumably indicate non-specific scanned DNA-EcoRI interactions
(indicated with black stars). b. During each event, the traveled distance by the probing
DNA, ∆y, can be corrected by modeling the lateral stretching of the probing DNA
and the bead displacement out of the optical traps (see section 4.4.6). Applying this
calculation on the EcoRI trace (dark) results in the corrected data of the probing DNA
scanning loop (light). The histogram of dwell times is shown at the bottom. At four
peaks the distribution is fit with Gaussians to determine the location of specifically
bound proteins with ∼120 bp resolution. c. Distribution of measured peak forces at
specific and non-specific sites.
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dissociation. Moreover, the stretch correction fails where the DNA elasticity starts to
deviate from the worm-like chain (WLC), at ∼50 pN total force (see Figure 4.11 in
section 4.6). Finally, the nature of the DNA itself sets an upper limit to the force that
can be applied. At 65 pN the DNA double helix starts to melt, making it difficult to
interpret the signal since these forces exceed the limits of the assumed WLC-behavior
for the probing DNA.

4.2.4 (Non-)destructive imaging

Do the proteins stay bound or are they pulled off their binding site and subsequently
replaced by others present in the surrounding solution? To examine this, the DNA
construct was first loaded with EcoRV (under conditions where koff ∼ 1hr) [84] by
briefly moving it in a flow channel containing the proteins. It was then moved into a
channel with equal buffer conditions without proteins and then scanned repeatedly.
In Figure 4.7a, three sequentially scanned force traces with EcoRV demonstrate that
the protein binding is undisturbed by the DNA scanning. Apparently, the DNA loop
that exerts lateral force on the bound protein slips over it when some critical force, is
reached (in this case 5-10 pN).

Can the system be tuned such that proteins are driven off from their target sites?
In order to resolve this question we varied the tension on the probing DNA. Increasing
this tension results in a tighter DNA loop, potentially preventing it from slipping over
the protein. It is thus expected that higher peak forces are measured when a protein
is encountered. Scans on DNA taken with a probe tension of 15-25 pN show force
peaks at specific protein binding locations up to 12 pN. When this tension is increased
to 35-40 pN, the observed force peaks are indeed higher, 12-30 pN (Figure 4.6b).
In subsequent scans less force peaks appear, indicating that proteins are pushed off
by the repetitive application of high lateral forces. At these higher probe tensions,
consecutive scans reproducibly feature less distinct force drops. One might speculate
that partially unfolded protein remains present on the DNA, causing the probe to
stick.

4.3 Discussion

An alternative technique capable of manipulating multiple DNA molecules is de-
scribed by Charvin et al. [34]. In this technique, two DNA molecules are attached
between a surface and a single paramagnetic bead manipulated by magnetic tweez-
ers. By rotating the magnetic bead braids can be induced. Unlike our approach,
this technique yields very limited control over the relative orientation of the DNA
molecules and lacks the ability to exert different forces on them.
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Figure 4.7: Non-destructive and destructive imaging. a. Non-destructive imaging.
Two consecutive scans (in forward direction and corrected for lateral stretching of the
probing DNA) acquired in a solution without proteins, after loading the DNA construct
with EcoRV. The shaded areas indicate the spatial resolution of the localization. All
detected proteins stay bound when scanning with a low probe tension (5-10 pN). The
dark solid line is drawn to guide the eye. b. Destructive imaging. A larger tension
on the probing DNA (35-40 pN) yields a smaller loop-size. Consecutive (uncorrected)
traces show that this results in a decreasing number of proteins present on the scanned
DNA, indicative of forced dissociation.

An established scanning probe technique is atomic force microscopy (AFM) [23].
With AFM, deviations of a scanning tip are used to generate a topographic image.
DNA can be visualized and associated proteins may be observed [116] and manip-
ulated [62]. Using functionalized AFM tips, receptor-ligand binding forces can be
studied [131]. In contrast to AFM experiments, the technique introduced here is
performed far away from any (charged) surfaces that potentially affect protein-DNA
interactions [98, 193]. Additionally, we exert and measure forces on the proteins in
the direction of the DNA contour, mimicking motor proteins interacting with road-
blocks on DNA.

Recently, a technique combining a scanning probe and optical tweezers was devel-
oped by Huisstede et al. A micropipette is used as a probe to scan along the contour
of a DNA molecule suspended between optical tweezers. The technique, however,
has not yet been shown to allow detection of proteins bound to DNA. Since the mi-
cropipette scans the DNA on one side only and does not enclose it as in our case, it
might miss bound proteins due to the finite torsional compliance of the DNA.

Finally, Koch et al. have developed a technique in which mechanical separation of
the two strands of the DNA double helix provides information about the location of
associated proteins and associated binding strengths [102, 103]. Contrary to our ca-
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pability to visualize individual DNA-associated proteins repeatedly without affecting
the binding, unzipping the double helix leads to destruction of the protein recognition
site.

4.3.1 Conclusions and Outlook

We have described the design and application of a dual DNA manipulation technique.
The realization of four moveable optical traps in combination with the laminar flow
system provides a powerful means to study biological processes governed by pro-
teins interacting with multiple DNA sites. Examples of such processes include DNA
recombination [104], DNA repair, transcription regulation [44] and DNA-bridging
restriction-modification systems [81, 191]. The involvement of multiple DNA-binding
domains complicates studying their interactions with conventional single-molecule
approaches. With our dual-DNA manipulation technique, such interactions can now
be explored in detail [41]. The scanning probe technique introduced here, where
DNA itself is utilized as a scanning probe, is indicative of the topological freedom
this dual DNA assay offers. We have demonstrated that with this technique single
DNA-bound proteins can be visualized away from surfaces and forces can applied to
them in the direction of the DNA contour. The potential to probe in real-time the
(un)binding of proteins in solution, in combination with the possibility to measure
forces with high accuracy offers a versatile addition to existing methods.

4.4 Materials and Methods

4.4.1 DNA and proteins

To allow specific binding to streptavidin-coated beads (1.87µm diameter, Spherotech
Inc., IL), lambda phage dsDNA (Roche Applied Science) was biotinylated on both
ends, as described previously [190]. EcoRI was purchased from New England Bi-
olabs (Ipswich, MA) and used without further purification. Typical working solu-
tions contained 0.1 units/µl (∼1 nM). EcoRV, a gift of D.A. Hiller and J.J. Perona,
was recovered from ammonium sulfate precipitates, dialyzed into 10% (v/v) glyc-
erol, 20 mM Tris-HCl (pH 7.5), 1M NaCl, 10 mM 2-mercaptoethanol, 1 mM EDTA
and filtered through 0.2 µm syringe filters. Aliquots (59 µM) were flash-frozen and
stored at -80◦ C. DNA scanning with all proteins was performed in 10 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 5 mM CaCl2 and 1 mM DTT, with protein concentrations of
1-5 nM.
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4.4.2 Experimental setup

The experiments were performed using a custom-built inverted microscope, adapted
from that described in [190, 194], as shown in Figure 4.2. To generate the optical
traps a Nd:YVO4 laser (1064 nm 10W cw, Millennia IR, Spectra Physics, Mountain
View, CA) was used, isolated against back-reflections by a Faraday isolator (IO-3-λ-
VHP, Optics For Research, Caldwell, NJ) and expanded by a beam expander (2-8x,
Linos Photonics GmbH, Göttingen, Germany). This laser beam was split into two
beams by a polarizing beam splitter cube (PBS-1064, CVI, Albuquerque, NM). In
both beam paths, a 1:1 telescope system (f = 150 mm) was implemented allow-
ing beam steering in the sample [176]. In one path (referred to as the ‘continu-
ous’ path), the first telescope lens could be displaced laterally using two computer-
controlled actuators (T-LA28, Zaber Technologies Inc., Richmond, British Columbia,
Canada). In the other ‘time-shared’ path, two orthogonal acousto-optic deflectors
(AODs, DTD 276HD6, IntraAction, Bellwood, IL) were placed in front of the tele-
scope. The first-order deflected beam along both axes was then coupled via a dichroic
mirror (1020dclp, Chroma Tech Corp., Rockingham, VT) into a 60x water-immersion
objective (Plan Apochromat 60x, NA = 1.20, Nikon) to form the other laser traps.

A third computer-controlled actuator moves the first telescope lens in the con-
tinuous path in the direction of the laser light, thereby changing the depth of the
laser focus with respect to the traps from the time-shared path. Doing so, two DNA
molecules can be wound around one another.

For displacement detection of the continuous trap, the intensity profile in the
back focal plane of the condenser (Achromat/Aplanat, NA = 1.4, Nikon) was imaged
onto a quadrant photodiode (QPD, SPOT-9DMI, UDT Sensors, Hawthorne, CA) [66].
Displacements in one of the AOD-generated traps were likewise measured using a
separate (weaker) detection laser (980 nm IQ2C140/6018, Power Technology Inc.),
overlaid on the trap and imaged onto a separate QPD. To generate multiple traps,
the AODs were driven by voltage-controlled oscillators (VCO’s) (DE-272H Deflector
Driver, IntraAction, Bellwood, IL) as RF synthesizers (see below). A bright-field im-
age of the trapped beads, illuminated by a blue LED (LXHL-NB98 Luxeon Star/O,
LumiLeds) was imaged onto a CCD camera (902B, Watec).

4.4.3 Quadruple trap implementation

AODs are used to generate three independent, time-shared traps by modulating the
VCOs that synthesize the RF signal with analog voltages generated by a multifunction
data acquisition PC board (NI PCI-6221, National Instruments, Austin, TX). Using two
orthogonally placed AODs, traps can be generated and steered in both directions in
the sample plane. The DC-offset of the voltage that is input to the VCO determines the
frequency deviation of the synthesized RF signals (typically 27 MHz) that drive the
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Figure 4.8: Example of multi-level square-wave voltage signal serving as input for the
VCOs. The DC-offset of the voltage that is input to the VCO determines the frequency
deviation of the synthesized RF signals that drive the AODs. Altering one of the DC
levels, for instance level 2→ 2′), changes the position of one of the time-shared traps in
the sample.

AODs. Therefore, VCO-input signals consisting of repeated patterns with a number
of DC levels yield a corresponding number of successively scanned, independent laser
deviations (see Figure 4.8). Altering one of the DC levels changes the position of
one of the traps. These levels were output at a typical refresh rate of 20 kHz. Since
this rate greatly exceeds the cut-off frequencies of the (suppressed) Brownian motion
(∼1.5 kHz) that the beads perform in the traps, the beads are trapped stably enough
to allow for DNA stretching up to and beyond the overstretching plateau [167] at
65 pN (see Figure 4.9).

4.4.4 Microfluidic flow cell

To enable swift exchange of buffers and to have fine control over the process of catch-
ing the DNA molecules between beads, a custom-built microfluidic flow chamber was
used (see Figs 1b and 1c). The central part of this flow chamber consists of four
channels cut manually out of parafilm spacer as indicated in Figure 4.3, sandwiched
between a 24x60 mm #1 cover slip and a 50x75x1 mm microscope slide. The slide
contains 1 mm-diameter holes that connect to the input channels. By using a pattern
with merging channels, a region exists in the flow chamber where juxtaposed buffers
exhibit laminar flow. At the locus of the experiment in the flow chamber the chan-
nels are well-separated, facilitating rigorous sub-second buffer exchange by simply
translating the microscope stage in a direction perpendicular to the flow. A custom-
made, sealed pressure chamber holds a reservoir for different solutions (containing
beads, DNA, restriction enzymes or buffer). Contents of each channel are input to
the channels through PEEKTM tubing (Upchurch Scientific Inc., Oak Harbor, WA) and
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Figure 4.9: Force-extension curves of two λ-DNA molecules, recorded simultaneously.
The scanned DNA molecule is suspended between a bead held in the continuous trap
and a bead held in a time-shared trap. The probing DNA is suspended between two
beads in time-shared traps. A separate detection laser is used for force detection on one
of these beads. The AOD-generated traps exhibit noise that is considerably larger than
in the continuous trap.

can be altered using selection valves (V-241, Upchurch Scientific Inc.). Flow speed
is controlled through adjustment of the air pressure in the pressure chamber, thereby
pushing the buffers through the flow chamber [215]. Fine control of pressure is
attained by using solenoid valves (ES-2T-6, Clippard Europe S.A., Louvain-la-Neuve-
Sud, Belgium) to in- or decrease the pressure, while monitoring the pressure using
a differential pressure meter (CTE8005GY0, Sensortechnics GmbH, Puchheim, Ger-
many). This approach yields smoother flow and faster transitions than when using a
stepper motor syringe pump [190]. Typical working flow speeds are on the order of
100 µm/s, achieved at 50-100 mbar overpressure.

4.4.5 Data acquisition and analysis

For two traps, bead displacements within the traps were recorded in x– and y–di-
rections using two quadrant photodiodes and a data acquisition board (AD16 mod-
ule on a ChicoPlus PCI board, max. sampling rate 195 kHz, Innovative Integration,
Simi Valley, CA) [66, 194]. Voltages were calibrated to forces using power spectrum
analysis [67]. For concurrent force and extension recordings of the captured DNA
molecules, the distances between pairs of beads were measured on-line using pattern
matching on a digitized microscope image (IMAQ PCI-1409, National Instruments).
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4.4.6 Scan correction

The ramping force signal measured upon the encounter with a bound protein is
largely due to the lateral stretching of the probing DNA. To correct the traces for this
effect, we devised a model to calculate the position of the scanning loop, based on the
force and measured position along the contour length. The lateral stretching of the
probing DNA at a tension S can be calculated by approximating the lateral spring con-
stant k⊥ of the probing DNA with k⊥ ≈ 4

�

S0 + 2k
�

∆y2/L0

��

/L0 (see Figure 4.4a).
Here, k is the spring constant of DNA assuming WLC elasticity [125, 215], L0 is the
initial length of the probing DNA, ∆y is the deflection of the probing DNA and S0 is
the initial tension on the probing DNA; see section 4.6.1 below for derivation details.
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4.6 Appendix

4.6.1 Derivation of lateral spring constant of the probing DNA

L0

θ

S
∆y

L/2

F

Figure 4.10: Schematic
introducing the variables
used in the scan correction
model.

The increasing force signal measured upon the en-
counter with a bound protein is most likely due to
the lateral stretching of the probing DNA. To cor-
rect the force scan traces for this effect, we devised a
model to calculate the position of the scanning ‘loop’
based on the force and measured position along the
contour length. The probing DNA has initial con-
tour length L0 and initial tension S0. The center of
the probing DNA is deflected by a distance ∆y . This
causes the tension on it to increase to S and the con-
tour length stretch to length L. These parameters
relate to their initial values by:

L =
Æ

L2
0 + 4∆y2

S = S0 + k
�

L− L0
�

, (4.1)

where k is the intrinsic spring constant of the DNA. To correct for the position of the
probe, the deflection ∆y as a function of force F , we need to calculate the effective
spring constant of the probing DNA perpendicular to its axis. Using figure 4.10, the
applied force can be described by
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F = 2S sinθ =
4S∆y

L
. (4.2)

This means the perpendicular spring constant k⊥ can be modeled by

k⊥ =
F

∆y
=

4S

L
. (4.3)

If we assume that the deflection ∆y of the probing DNA is much less then the length
L0 of the probing DNA equations can be approximated as:

L ≈ L0 +
2∆y2

L0
,

S ≈ S0 +
2k∆y2

L0
. (4.4)

The perpendicular spring constant (equation 3) now becomes:

k⊥ =
4S

L
≈

4S0 + 8k∆y2/L0

L0 + 2∆y2/L0
≈

4

L0

�

S0 +
2k∆y2

L0

�

. (4.5)

The intrinsic spring constant of the probing DNA can be estimated by approximating
the behavior of DNA with the worm-like chain interpolation formula [31, 125]:

F =
kBT

lp







1

4
�

1− x

L0

�2 +
x

L0
−

1

4







, (4.6)

where F is the applied force, lp is the persistence length, x is the end-to-end distance,
kB is the Boltzmann constant, T is the temperature and L0 is the contour length. The
intrinsic spring constant kDNA can now be determined as [215]:

kDNA =

�
∂ F

∂ x

�

x≈L

=
4F3/2

L0

È

lp

kBT
. (4.7)

Inserting equation 4.7 into equation 4.5, where the force F is equal to tension S,
yields:

k⊥ =
4

L0




S0 +

8S3/2∆y2

L2
0

È

lp

kBT




 . (4.8)
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Figure 4.11: Scan along a λ-DNA molecule incubated with restriction enzyme EcoRV.

4.6.2 Detection of DNA-bound EcoRV

Figure 4.11 shows a scan along λ-DNA in the presence of the restriction enzyme
EcoRV (under non-cleaving conditions). λ-DNA contains 21 recognition copies of the
EcoRV recognition site, some of them very closely spaced. This prevents the probing
DNA from ‘snapping’ all the way back to zero friction, resulting in overlapping peaks.
In this case the location of individual proteins on the DNA is much less apparent, and
it becomes almost impossible to distinguish specific from non-specific interactions.
Our scanning method is thus not very suitable as restriction mapping method for
enzymes with larger than ∼10 specific sites on the DNA.

The graph shows a deviation in the calculated probing DNA position at friction
forces ¦20 pN (left axis). When the pre-tension of ∼25 pN is taken into account, the
total force on the scanned DNA exceeds 45 pN (right axis). Since the worm-like-chain
approximation used in the correction factor is only valid up to ∼45 pN, the correction
only works when the force remains below this limit (indicated by the dashed line).
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Chapter 5

Real-time observation of DNA

looping by NaeI and NarI

Abstract – Many restriction enzymes require binding of two copies of a recognition
sequence for DNA cleavage, thereby introducing a loop in the DNA. We investigated
looping dynamics of Type IIE restriction enzymes NaeI and NarI by tracking the Brow-
nian motion of single tethered DNA molecules. DNA containing two endonuclease
recognition sites spaced a few hundred base pairs apart connect small polystyrene
beads to a glass surface. The position of a bead is tracked through video microscopy.
Protein-mediated looping and unlooping is then observed as a sudden specific change
in Brownian motion of the bead. With this method we are able to directly follow
DNA looping kinetics of single protein-DNA complexes to obtain loop stability and
loop formation times. We show that, in the absence of divalent cations, NaeI in-
duces DNA loops of specific size. In contrast, under these conditions NarI mainly
creates non-specific loops, resulting in effective DNA compaction for higher enzyme
concentrations. Addition of Ca2+ increases the NaeI-DNA loop lifetime by two or-
ders of magnitude and stimulates specific binding by NarI. Finally, for both enzymes
we observe exponentially distributed loop formation times, indicating that looping is
dominated by (re)binding the second recognition site.
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5.1 Introduction

In many genetic processes, proteins bind simultaneously to two separate DNA sites
large distances apart, creating a DNA loop. These processes include DNA replication
and repair [50, 2], site-specific recombination [65, 134] and transcription regula-
tion [130, 113, 117]. Recently, it has become increasingly apparent that many re-
striction enzymes also need to interact with two identical copies of the recognition
sequence before cleavage can take place [77, 48, 13, 72]. In vivo, Type II Restriction
endonucleases constitute an important defense mechanism of bacteria against viral
attacks. They do so by catalyzing double-stranded DNA (dsDNA) breakage at specific
recognition sites using Mg2+ as co-factor. Other divalent cations such as Mn2+ or Co2+

can function as analogues for this metal ion. Interestingly, Ca2+ enhances binding to
the specific sequence as well, but at the same time inhibits DNA cleavage [106, 55].
In contrast, non-specific binding is generally not affected by the presence of divalent
metal ions [55, 56, 198].

Endo domain

Topo domain

Figure 5.1: Dimeric structure of NaeI in complex with two cognate DNA sites ([90],
PDB ID: 1IAW). The protein comprises two structurally different DNA binding domains.
Binding of cognate activator DNA to the ‘Topo’ domain functions as allosteric effector
for binding and DNA cleavage by the ‘Endo’ domain [219, 90]. The two DNAs, shown
in stick representation, are bound under a 90 degrees angle.
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DNA loop formation by Type II restriction enzymes has been demonstrated in
several ways [186, 207, 163, 133, 54, 99, 72]. However, in these types of studies,
looping could only be demonstrated indirectly and little insight in the underlying
loop kinetics was gained. Here we apply a tethered particle motion (TPM) assay [221,
61, 148, 147, 146], to follow in real time the loop formation by restriction enzymes
within single dsDNA molecules. In particular we study the dynamics of two similar
Type IIE enzymes, NaeI (from Nocardia aerocolonigenes) and NarI (from Nocardia

argentinensis). Both proteins, presumably functional as dimers, are known to interact
with two DNA sites before cleavage. Of these two proteins, NaeI is the best studied.
The crystal structure is solved and the enzyme is considered a prototype Type IIE
restriction enzyme (Figure 5.1). The dimeric protein has two different DNA binding
domains. Only one of these domains, the endonuclease or ‘Endo’ domain, is capable
of cleaving substrate DNA, provided that a second copy of the recognition site, the
activator DNA, is bound to the ‘Topo’ domain [38, 219].

Single molecule observations have recently provided considerable new insights
in the mechanochemistry of restriction enzymes [160, 190, 217]. In this study we
unambiguously show loop formation and disruption by these remarkable enzymes.
Moreover, we compare looping kinetics under different conditions (with Mg2+, Ca2+

or no divalent cations) and reveal unexpected large differences in the stability and
specificity of the loop formation and disruption between the two proteins.

5.2 Materials and Methods

Looping kinetics were studied for restriction enzymes NaeI (Amersham Biosciences)
and NarI (Roche Applied Science) in a buffer containing 33 mM Tris-acetate, 66 mM
K-acetate, 1 mM dithiotheitol (DTT) and 100 µg/ml α-casein, pH 7.0, with or without
any divalent metals. In the latter case 0.1 mM EGTA and 0.1 mM EDTA were present
in the buffer. Two different DNA substrates were used in the experiments. DNA #1, a
960 bp substrate prepared by PCR using pCco5 as template, contained two NaeI recog-
nition sites (GCCGGC) at a distance 455 bp from each other and one site for NarI. It
has been shown for NaeI that the two DNA binding domains (see Figure 5.1) have dif-
ferent affinities for the recognition sequence, depending on flanking sequence [219].
In DNA substrate #1, the two NaeI sites differ in flanking sequence, but both contain
an AT-rich side and a GC-rich side: CAATGCCGGCGCCG and TGATGCCGGCCTGG.
However, neither of these sites very closely resemble any of the sequences tested by
Yang and Topal [219]. We cannot tell if there is any preference in binding of the
Endo or Topo domain to either of the sites used here. DNA substrate #2, created by
PCR from pRW490 [88], was slightly longer (1296 bp) and harbored two NarI sites
(GGCGCC) spaced at 305 bp and no NaeI sites (Figure 5.2a). For both substrates the
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Figure 5.2: a. DNA templates used in the experiments. Template #1 is 960 bp in length
and has two NaeI recognition sites (and one NarI site). Template #2 is slightly longer,
1296 bp and harbors two NarI sites. In the looped state template #1 is 505 bp and
template #2 991 bp in length. b. Schematic representation of the experiment. Small
beads are tethered with the DNA molecule in question to the glass slide. By tracking
the x– and y–positions of the bead the magnitude of the Brownian motion is monitored,
which is a measure for the tether length. Upon DNA loop formation by a restriction
enzyme the Brownian motion of the bead suddenly decreases. This allows following
DNA looping kinetics in real time.

primers (MWG Biotech) were labeled with biotin and digoxigenin (DIG).

Single DNA molecules labeled with digoxigenin on one end and biotin on the other
end were attached to a glass surface (DIG-antiDIG binding) and to a 440 nm diam-
eter streptavidin-coated polystyrene bead (Indicia Biotechnology). Such constructs
were assembled in a flow cell consisting of a microscope slide and a perpendicularly
placed (plasma cleaned) cover slip, using double stick tape as spacer. Silicon grease
was used to create reservoirs for ∼100 µl buffer on both sides of the sample chamber,
thereby avoiding evaporation of water in the chamber. The volume of the flow cham-
ber itself was approximately 20 µl. After assembly the chamber was incubated for 20
minutes with 20 µg/mL anti-DIG (Roche Applied Science). Then the flow chamber
was washed extensively with buffer solution, which included α-casein to passivate
glass surfaces. Next, the labeled DNA, diluted to a few hundred ng/mL, was flowed
in. After incubation of 1 hour, the chamber was again washed with several hundreds
of microliters of restriction enzyme buffer before being studied.
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Brownian motion of a bead was monitored by tracking the x– and y– (in-plane)
coordinates of the centroid of the particle with video microscopy (50 Hz) in a bright-
field microscope. The amplitude of Brownian motion is a direct measure for the DNA
tether length [154, 221, 148, 146]. Recorded is the root mean square (RMS) mo-
tion < R >=

p

((x − xm)
2 + (y − ym)

2)/2, with xm and ym the mean values of x and
y averaged over 100 frames. Doing so automatically corrects the data for thermal
drift of the microscope stage. When a protein bridges two sites on the DNA a loop is
introduced in the DNA. This effectively reduces the DNA tether length and restricts
the movement of the bead [221, 61, 185] (Figure 5.2b). The motion of a specific
bead was typically measured for 1 hour continuously. The recorded x and y values
were smoothed using a Gaussian filter with σ = 1.0 seconds (NaeI data) and σ = 2.0
seconds (NarI data) and analyzed using a half-amplitude threshold method [37] to
obtain dwell times. This method allowed us to reliably detect DNA loops having life-
times as short as 1.4 seconds (NaeI) and 2.7 seconds (NarI). Events shorter than these
limits were omitted. The NaeI data traces display a better signal-to-noise ratio than
the traces of NarI, because NaeI looping shortens the DNA by about 50% while NarI
only reduces the tether length by 25%. The less significant length change between
unlooped and looped state for NarI results in a smaller difference in Brownian motion.

Sometimes a bead momentarily sticks to the cover slip surface, leading to a ‘fake’
looping transition. Such events are easily recognized, since in these cases the regis-
tered Brownian motion <R> reduces to a very small value (typically less than 20 nm)
before returning to its original value. Another possible cause of fraudulent looping
transitions is the transient adsorption of the DNA tether itself to the glass (either by
itself or via a bound enzyme). Whether an observed transition truly represents DNA
looping was tested by evaluating the individual x– and y–coordinate traces. False tran-
sitions are generally characterized by a shift in the anchor point of the tether [26].
The amount of such fake transitions in the analyzed NaeI and NarI data caused by this
effect was found to be negligible with respect to the number of real events. In con-
trol experiments without proteins in the solution, we did not observe any transitions
except for occasional bead sticking.

5.3 Results

5.3.1 DNA cleavage

To examine whether NaeI and NarI restriction enzymes are active in the TPM assay,
we carried out cleavage control experiments. With Mg2+ present in solution, the
DNA is expected to be cleaved within several seconds after the protein has induced
a DNA loop by binding to both specific sites. For these experiments we marked the
positions of many tethered beads (∼20) per sample chamber. Next, enzymes in buffer
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containing Mg2+ (2–5 mM) were introduced by flow. This was done for NaeI and NarI
on their specific DNA substrates. Directly after solution exchange (typically 10-20
seconds), most of the previously located beads had already disappeared, while some
of the remaining beads were seen to be released into solution. These experiments
were repeated with DNA tethers that were first incubated with enzymes in a buffer
containing Ca2+, prior to the introduction of Mg2+. In this case we observed that
all DNA molecules that were looped by NaeI before solution exchange were cleaved
within seconds after Mg2+ was introduced (interestingly, some of the unlooped tethers
survived for more than 10 minutes). This result indicates that divalent metal ions are
exchanged quickly in the specific enzyme-DNA complexes. Exact turnover rates were
not obtained, because most of the cleavage events take place faster than the dead
time in this particular assay (>10 s). These experiments demonstrate that both NaeI
and NarI are active in this tethered particle assay and that the DNA templates are
appropriate for their specific enzymes.

5.3.2 DNA looping

In order to observe loop formation and disruption by the restriction enzymes, the
length of the DNA tether needs to be tracked with no Mg2+ in the solution. We
measured the motion of beads, tethered by DNA template #1, in the presence of
2 units/mL NaeI (estimated 10-100 pM), but in the absence of divalent metal ions.
A typical data trace is given in Figure 5.3a. We observed transitions between two
distinct amplitudes of root mean square (RMS) Brownian motion <R>, which we
attribute to DNA loops of specific size formed by NaeI. The obtained <R> in the
unlooped state for both DNA substrates corresponds very well to predicted values
(theory: 149 nm and 165 nm, experiment: 147± 4 nm and 168± 5 (average and
standard deviation over >25 tethers), respectively; Darren Segall and Rob Phillips,
private communication). The observed value for the looped state of the NaeI-DNA
complex is slightly lower than expected (theory: 117 nm, experiment: 108± 4 nm).
This apparent discrepancy presumably is caused by the fact that NaeI binds its two
target sites under a 90◦ angle (Figure 5.1). The ‘unlooped part’ of the looped tether
thus comprises a kink, which reduces its average end-to-end distance [42], resulting
in a lower observed magnitude of Brownian motion.

In the looped configuration there are two possible binding modes for NaeI: the
Topo domain is bound to site 1 and the Endo to site 2, or the reverse. Most likely the
stabilities of the two differ, resulting in a double exponential distribution for the loop
lifetime. However, the data (Figure 5.3b – left side) shows only a single exponential,
indicating that one of the two possible loop structures is preferred over the other, or
that the two have equal loop lifetimes. Fitting a double exponential does not give a
better fit. The fitted mean lifetime of the looped state τoff is found to be 18±2 s (Fig-
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Figure 5.3: DNA looping by NaeI in the absence of divalent cations. a. Typical data
trace showing specific looping by NaeI (2 units/mL). Two distinct levels in the root
mean square amplitude (RMS) of Brownian motion can be recognized. The actual
magnitudes of Brownian diffusion for the two states are estimated for each trace by
fitting the histogram of <R> (shown on the right) to a double Gaussian, which agrees
very well with the observed distribution. b. Histograms of measured looped and un-
looped state durations of NaeI (2 units/mL). As a result of the Gaussian filtering of the
data with σ = 1.0 second, DNA loops with a lifetime shorter than 1.4 seconds cannot
be reliably detected and are not taken into account. Left: NaeI-DNA looped-complex
lifetime. The data fits a single exponential (normalized χ2 = 1.0) with lifetime τoff =

18± 2 s. Right: NaeI-DNA loop formation. These data are reasonably well fitted by a
single exponential (normalized χ2 = 2.2), yielding a time constant τformation of 11±2 s.
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Figure 5.4: DNA looping by NarI in the absence of divalent cations. a. Black trace:
looping of DNA template #2 (two recognition sites) by NarI (2 units/mL). Gray trace:
signal without protein. The histogram on the right clarifies even more that, in contrast
to NaeI (Figure 5.3), it is not possible to distinguish two discrete levels of Brownian
motion. b. Black trace: non-specific looping by NarI (2 units/mL) on DNA template
#1 (one site). The signal is similar to the trace observed with DNA template #2. Gray
trace: signal without protein. c. Effect of higher NarI concentrations. Addition of
10 units/mL NarI to DNA substrate #2 tethers results in a drop of Brownian motion
from 170 nm to ∼110 nm over several minutes, presumably due to non-specific looping
of multiple enzymes. After this initial process the average RMS motion of the bead
fluctuates around this last value and never recovers toward the initial value. Upon
addition of a high NarI concentration (100 units/mL), the Brownian motion is quickly
reduced to a very low level due to non-specific DNA looping of many enzymes. This
happens regardless of whether the DNA substrate has one or two NarI-sites.
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ure 5.3b), corresponding to a mean loop disruption rate koff of 0.057±0.007 s−1. This
value is 10 times faster than found for the Type IIF restriction enzyme SfiI (∼240 s
without Ca2+ [133]) and approximately comparable to the Lac repressor [61]. The
same value for the lifetime of the looped state was found for a five fold higher NaeI
concentration (20± 4 s), as would be expected for the unimolecular process of loop
breakdown.

Figure 5.4a shows a typical data trace of looping of DNA substrate #2 by NarI
(2 units/mL), again in the absence of divalent ions. In contrast to the findings for
NaeI, here no discrete Brownian motion levels that relate to the expected <R> values
for the unlooped and looped state can be distinguished. Instead, the signal displays
a large variation with jumps of arbitrary size. The measured DNA tether length thus
fluctuates heavily in time. A likely explanation for this effect is that NarI also binds
to non-specific or non-cognate DNA sites, creating loops of random size. If specific
DNA loops are formed in these experiments, they are clouded by many non-specific
events. These findings are strengthened by the result that is obtained when the same
NarI concentration is added to DNA substrate #1 tethers, containing only one recog-
nition sequence: the same non-specific looping behavior is observed (Figure 5.4b).
In contrast, when DNA #2 was used as template for control experiments with NaeI
(no recognition sites), 2 units/mL NaeI did not cause any change in the magnitude of
Brownian motion over several hours (∼20 tethers measured; data not shown), either
in the absence or presence of Ca2+. NaeI thus binds its recognition sequence highly
specifically, whereas NarI displays non-specific looping regardless whether one or two
sites are present on the DNA.

5.3.3 Loop formation

The duration of the unlooped state of NaeI represents the time between subsequent
looping events. The data, displayed in Figure 5.3b (right panel) for 2 units/mL NaeI,
is reasonably well fitted by a single exponential, resulting in a mean loop forma-
tion time τformation of 11± 2 s. A similar value is found for a NaeI concentration of
10 units/mL (16±5 s). Still higher enzyme concentrations, however, repress the num-
ber of observed looping occurrences: at 100 units/mL NaeI almost no DNA tethers
show sign of looping, leaving the molecules permanently in the unlooped state. This
result is most likely caused by both sites being occupied by different enzymes and is
described in more detail in the discussion.

Higher concentrations of NarI result in totally different behavior (Figure 5.4c).
Upon addition of 10 units/mL NarI to the tethered DNA molecules (in the absence of
divalent metals) the amplitude of Brownian motion on average decreases by 30-40%.
Unlike in the 2 units/mL case, fewer jumps to higher tether lengths are observed.
A further increase in NarI concentration to 100 units/mL reduces the effective tether
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length to a mere∼100 bp in less than a minute. The same results were obtained when
DNA #1 was used, containing only a single copy of the NarI recognition sequence.
From these results we infer that at these concentrations increasingly more non-specific
DNA loops are created by multiple enzymes, effectively resulting in a ‘compaction’ of
the DNA.

5.3.4 Effect of Calcium

In the mechanism of DNA binding by restriction enzymes, Ca2+ can function as an
analogue for Mg2+. However, it fails to support DNA cleavage [198, 56, 106, 55]. In
our experiments, the presence of 2 mM Ca2+ in the buffer results in very stable specific
NaeI-DNA loops. Under these conditions all observed looped molecules (3 slides, 10-
20 tethers per slide) remained in the looped state for a very long time (more than
100-fold longer than without divalent ions). This durable looping is in agreement
with numerous binding affinity studies on NaeI [218], SfiI [133], BamHI [55] and
EcoRV [197, 198, 56]. For the DNA-looping Type IIF restriction enzyme SfiI [133], it
was also shown that Ca2+ stabilizes specific DNA loops by more than two orders of
magnitude. Interestingly, we observe that NarI reacts differently in the presence of 2
mM Ca2+. Instead of the indiscriminate looping seen without Ca2+, now 2 units/mL
NarI does induce specific loops in the DNA (Figure 5.5a). These characteristics of
binding resemble those of EcoRV, which binds all DNA sequences with similar affinity
without divalent metal ions present in solution [179, 5, 177, 59]. However, Ca2+

greatly enhances specific DNA binding. EcoRV binds 104-fold more tightly to the
recognition site, while non-specific binding remains unaffected [179, 198, 56, 84].

The histograms for the looped state disruption and formation times of NarI in the
presence of calcium (Figure 5.5b) are again fitted with single exponentials, resulting
in a mean lifetime τoff of 6±1 s for the looped state duration, while the loop formation
time τformation is found to be 43±8 s. These values are more or less similar as observed
for NaeI without calcium. The trace displayed in Figure 5.5a, compared to Figure 5.4a
and 5.4b demonstrates that Ca2+ favors specific looping by NarI rather than non-
specific looping. However, occasionally an extra ‘lower state’ of Brownian motion
is observed. The system spends a few percent of the time in this third state. This
behavior was seen for several traces on different tethers and is presumed to be binding
to a (preferred) non-cognate site on the DNA. Which site on the target DNA exactly
this might be remains unclear. There are several plausible candidate sequences on
DNA substrate #2 that differ one base pair from the recognition sequence. No less
than five of these sequences are located in such a way that looping would induce the
observed tether length.

Ca2+ thus promotes specific binding, but its effect on non-specific binding is pre-
sumably much weaker. In any case, high NarI concentrations (100 units/mL) in the
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Figure 5.5: DNA looping by NarI in the presence of Ca2+ ions. a. Data trace showing
specific DNA looping by NarI in the presence of 2 mM Ca2+. The histogram on the
right shows two levels of Brownian motion corresponding to the expected values for
specific DNA looping. The two Gaussians are less separated than for NaeI, reflecting
the smaller length of the specific NarI-loop. At times along the trace non-specific loops
are formed. The small third peak at 120 nm presumably represents binding to a non-
cognate site on this DNA template. This extra state was observed for several tethers.
From time to time the bead transiently sticks to the surface (the Brownian motion drops
to almost zero). b. Histograms of measured looped and unlooped state durations of
NarI (2 units/mL). Data are filtered with σ = 2.0 second, giving rise to a loop detection
limit of 2.7 seconds. Left: distribution of the measured lifetimes of specific NarI DNA
loops in the presence of Ca2+. The exponential fit gives a mean lifetime of 6 ± 1 s.
(normalized χ2 = 1.3) Right: distribution of the measured NarI DNA unlooped state
durations in the presence of Ca2+. Again, the data fits a single exponential (normalized
χ2 = 0.8), yielding a mean loop formation time τformation of 43± 8 s.
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presence of Ca2+ still lead to a large reduction in Brownian motion, similar to the re-
sults obtained without Ca2+, indicating that non-specific binding is at least not vastly
diminished. We show here that Ca2+ reduces the relative amount of non-specific
looping events by NarI. The stability of the specific loop in the presence of Ca2+ is,
however, still two orders of magnitude weaker than observed for NaeI (corresponding
to about 5 kBT or 3 kcal/mol binding energy)

5.4 Discussion

Many biochemical studies regarding proteins that interact with two DNA sites have
been carried out, greatly enhancing the knowledge of enzyme-mediated looping. The
Type IIE and IIF restriction enzymes are often considered ideal examples. DNA cleav-
age can be readily detected and is only possible when two specific sites are brought
together.

One recent study revealed that NarI, though interacting with two DNA sites, cuts
only one phosphodiester bond before dissociating from the DNA, leaving the DNA
nicked. The second bond is then cut in a separate, slower reaction [72]. This kinetic
scheme differs from the common reaction pathway of Type IIE and Type IIF restriction
enzymes (including NaeI), where two strands of the same DNA are cleaved concert-
edly in one binding event, creating a double stranded break [13, 54, 208, 163]. We
now begin to appreciate the result that, even in the presence of divalent metal ions,
NarI forms short-lived loops of only a few seconds. It might very well be that the rea-
son why NarI acts differently is purely due to this short-lived binding: the available
time for the hydrolysis reaction is so short that at most one bond is cleaved within
one binding event. Turnover rates of restriction enzymes on long DNA substrates are
generally rate-limited by product release: both strands are cleaved very fast compared
to enzyme dissociation from the product (on long DNA substrates and at physiolog-
ical pH) [78, 218]. The short binding time of NarI indicates that for this particular
enzyme product release is not the rate-limiting step.

In another nice study on DNA looping by restriction enzymes, Milsom et al. [133]
ingeniously exploited site-specific recombination by resolvase (of a plasmid into cate-
nanes) so as to detect enzyme-mediated looped complexes. DNA looping by a re-
striction enzyme segregated the two resolvase sites into isolated topological domains,
which inhibited the recombination reaction. The degree of recombination reflects
the fraction of DNA looping in equilibrium. Although this method proved to be very
successful for Cfr10I and SfiI, DNA looping in the presence of Ca2+ could not be de-
tected for either NaeI or NgoMIV. The authors argue that the resolvase method only
functions for DNA loops that are stable for more than 30 seconds. It was therefore
concluded that NaeI and NgoMIV must produce very short-lived DNA loops, even in
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the presence of Ca2+. Our results for NaeI, obtained in a buffer with equal pH, are in
contrast with these observations. In the more direct tethered particle motion method
utilized here, loops in the presence of Ca2+ have a lifetime on the order of thousands
of seconds, comparable to the loop lifetime Milsom et al. found for the tetrameric
Type IIF restriction enzyme SfiI. Possibly the recombination reaction by resolvase was
not entirely inhibited by NaeI induced DNA looping.

In DNA cleavage tests with NaeI, we observed some tethers that stayed unlooped
for 10 minutes or more, whereas most tethers are cleaved within a few seconds. Such
impeded loop formation also showed up in experiment in the presence of Ca2+. In
a test with high NaeI concentration (100 units/mL) and 2 mM Ca2+, just 1 out of
15 tethers became looped directly after flowing in the enzymes. This looped complex
then remained for more than one hour, while the other tethers all stayed unlooped for
this time period. Interestingly, when a buffer containing 2 mM Mg2+ and NaeI was
flown in afterwards, only the previously looped DNA was cleaved within the dead-
time of buffer exchange (∼20 sec). None of the remaining DNA tethers, however, got
released in 25 minutes. A feasible explanation for this resistance of NaeI against loop-
ing (and thus cleavage) at higher concentrations is that two individual NaeI dimers
bind to the two specific sites, blocking the formation of the loop that is required for
cleavage. Diminished cleavage at high enzyme concentrations was also shown earlier
for SfiI [178, 54].

We also tested the cleavage of DNA tethers by the Type IIP restriction enzyme
EcoRV (50 nm) on DNA template #2, which contained one recognition sequence.
In contrast to NaeI and NarI, EcoRV does not need to interact with two recognition
sites. In this case all tethered beads were released within seconds after introducing
the enzymes.

There are four possible pathways that can lead to specific loop formation by NaeI
on DNA substrate #1 (ignoring a potential difference between a positively and nega-
tively twisted loop). In principle, the initial association to the first site can occur via
either the Topo or the Endo domain of NaeI, at site 1 or site 2. Binding of the second
site will then be to the remaining unfilled domain. Nonetheless, the distribution of
the loop formation time (time in between consecutive DNA loops), in the absence of
divalent metal ions for NaeI and with Ca2+ for NarI, is found to fit a single exponential
for both NaeI and NarI (Figure 5.3b and 5.5b). This result implies that the process
of repetitive loop formation is rate-limited by a single reaction step. Two plausible
candidates come to mind.

a. The rate-limiting step is the association of a protein out of solution to one of
the DNA sites. Once this complex is formed it binds very fast to the second site,
producing the loop. When the complex dissociates, there is a high probability
that NaeI is released from both sites before a new loop is created.
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b. After loop disruption the enzyme remains bound to one of the sites. Further
DNA looping/unlooping then occurs as a unimolecular process, where the rate-
limiting step is the association of the protein-DNA complex to the second site.
In this case the rate of finding the second site is required to be much slower
than in scheme a.

If scheme a is true, the loop formation time τformation should decrease with en-
zyme concentration for non-saturating conditions, whereas in scheme b it should be
independent. We measured DNA looping by NaeI at 2 units/mL, 10 units/mL and
100 units/mL concentrations. The two lowest concentrations both resulted in an ex-
ponentially distributed loop formation time with similar time constants (11± 2 s and
16± 5 s, respectively, see Figure 5.3b (2 units/mL)). At 100 units/mL DNA looping
was heavily suppressed and yielded too few events to reliably measure the loop for-
mation time (presumably because the DNA is saturated with enzymes). Moreover,
for the lowest concentration, 2 units/mL, we observed that after some time, free (un-
looped) tethers suddenly started displaying looping dynamics, which then generally
continued for a number of transitions, until finally the DNA remained unlooped for a
much longer time. This suggests that a single NaeI molecule is responsible for mak-
ing multiple consecutive DNA loops. Based on these results we conclude that what
occurs upon loop disruption is the unbinding of the enzyme from one cognate DNA
site, while the other binding domain of the protein stays bound to the second site
(scheme b). The distribution of the loop formation time we observe thus represents
the association of the protein-DNA complex to this second site. This concurs with
earlier studies of NaeI [219], where it was found that the two binding domains of
NaeI can have different affinities (up to 14-fold) for the DNA recognition site (de-
pending on the context flanking the cognate site). The crystal structure of NaeI (Fig-
ure 5.1) [90] shows that the two DNA binding domains, although they recognize the
same nucleotide sequence, are in fact structurally different. By means of structural
comparison between the free and DNA bound NaeI structures, Huai et al. [90] put
forward that initial DNA binding occurs via the Topo domain, which then triggers
a conformational change that facilitates binding of substrate DNA to the Endo do-
main. The same model was also speculated earlier by Colandene and Topal, based
on the characteristics of the separate DNA binding domains [36]. Our results further
strengthen these assumptions.

The association of restriction enzymes to their substrates is usually very efficient
and limited by diffusion. If the same is true for NaeI and NarI, the time between con-
secutive DNA looping events represents the time it takes to bring the two DNA sites to-
gether (via 3D diffusion). In other words, after the initial binding of the protein, loop
formation becomes entirely dependent on the dynamics of the DNA molecule. It is
interesting to check whether the values we find are realistic. Earlier Brownian dynam-
ics simulations revealed that the typical time for juxtaposition within 10 nm of two

84



5.4 DISCUSSION

specific DNA sites spaced at ∼400 bp for relaxed DNA is less than a second [97, 199]
(for supercoiled DNA this process is 100-fold faster). However, the DNA tethers in the
experiments are not entirely free to move: one end is fixed to an infinite glass surface
and the other end to a 440 nm bead. These steric constraints give rise to a volume-
exclusion effect, inducing a small entropic stretching force on the DNA. Due to this
force the rate of juxtaposition of the two recognition sites decreases. The rate of loop
formation changes accordingly. For our experimental parameters the stretching force
is predicted to be 50-60 femtoNewton, resulting in an approximate 10-fold increase
in average loop formation time (Darren Segall and Rob Phillips, private communica-
tion). Given all the theoretical uncertainties, the values we obtain for τformation, 11±2
seconds for NaeI and 43±8 seconds for NarI, seem to correspond to the expected time
for juxtaposition of the two sites in our tethered particle measurements. This result is
in line with our conjecture posed above about the process of loop formation.

The formation of a relatively short DNA loop, such as demonstrated here, intro-
duces a certain amount of mechanical strain to be stored in the DNA. The accompa-
nied bending energy has to be paid by the protein that produces the loop: the binding
energy is weakened by the strain in the DNA, affecting the lifetime of the looped com-
plex. In previous experiments with the Lac repressor, however, the looped complex
seemed unperturbed by the DNA bending energy [61]. In our particular case, the
loop produced by NaeI is 455 bp, or about three persistence lengths. NarI, however,
has to induce a loop of only two persistence lengths long (305 bp). In the presence of
Ca2+ we observe a 100 to 1000-fold difference in looped state lifetime between NaeI
and NarI. Although the better part of this difference in stability most likely originates
from a weaker protein-DNA interaction for NarI, the smaller loop size may contribute
to the observed shorter loop lifetime (estimated ∼10-fold). Even so, it cannot explain
the observed non-specific looping by NarI. Future experiments could investigate the
loop lifetime as a function of loop length. Single-molecule experiments using DNA
tension as a variable can explore the binding strength of NaeI by pulling on the DNA
loop, as well as test the process of loop formation under tension.

In this chapter we have demonstrated that tethered particle motion analysis can
be a simple and effective technique to study the looping kinetics of DNA molecules
by Type IIE restriction enzymes. We discovered a fundamental difference in the way
NaeI and NarI bind and bridge two copies of their specific target sites. In the absence
of divalent metal ions, NaeI produces only specific loops, while NarI mostly displays
non-specific looping. Higher NarI concentrations effectively results in a ‘condensation’
of the DNA. We show that, in contrast to previous studies [133], in the presence of
Ca2+ NaeI produces very stable DNA loops. Ca2+ also notably stimulates specific
looping by NarI, although the observed loop lifetime is much shorter than that of
NaeI. The exponential distribution found for the loop formation time by NaeI and the
concentration-independence of the rate of this process imply that the enzyme remains
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bound to one of the DNA recognition sites upon loop disruption. Finally, real-time
measurements of DNA looping as demonstrated here have so far only been carried
out on specific gene regulators, such as Lac repressor [61] and Gal repressor [115].
Therefore, the presented results provide an opportunity to compare mechanisms of
DNA looping proteins that are very different in structure and function.
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Chapter 6

Toroids under Tension

DNA condensation unraveled with optical tweezers

Abstract – In almost all living organisms very long DNA molecules are compacted
into a small volume. This compaction often involves positively charged molecules
that neutralize the electrostatic self-repulsion of the DNA. In some viruses, for in-
stance, polyamines like spermine and spermidine assist the DNA in condensing into
a tightly packed toroidal structure. Interestingly, such DNA toroids can also form
in vitro in the presence of these condensing agents. DNA condensation has raised
the interest of scientists working in different fields, ranging from genetics to polymer
physics. In spite of many experimental and theoretical studies, the dynamics of this
process are still not understood. In this Chapter we study the formation and disrup-
tion of DNA toroids in single DNA molecules. Using a combination of optical tweezers
and fluorescence, we show that stretched DNA condenses into a single structure that
grows by incorporating DNA from both sides of the molecule at equal rates. By ac-
tively controlling the DNA extension we are able to follow DNA (de-)condensation
with high temporal and spatial resolution. We demonstrate that both these processes
do not occur smoothly, but in a quantized manner, presumably caused by the addition
or removal of DNA loops from a toroidal condensate. The loop size we find is small
compared to toroids observed in bulk, but is consistent with the optimal loop size for
DNA under tension.
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6.1 Introduction

In virtually all forms of life, the DNA that stores the genetic information has to be
tightly compacted to fit into the cell or nucleus. However, because of their high
negative charge, DNA segments strongly repel each other. In general, nature solves
this problem by positively charged molecules that mediate interactions, resulting in
an attractive potential between DNA tracts. In eukaryotic somatic cells for instance,
DNA is wrapped around histone proteins. In sperm cells, DNA compaction is governed
by tiny arginine-rich proteins called protamines. In these and many other cell types,
strongly positively charged polyamines like spermine (4+) and spermidine (3+) are
also involved in the compaction of DNA [87, 183]. Interestingly, these molecules
can cause DNA to condense in vitro [70, 71, 35, 210]. In the presence of multivalent
cations, DNA can undergo a phase transition that is governed by correlated counterion
fluctuations, occurring when 89-90% of the charge is neutralized [124, 213]. In this
process, DNA molecules aggregate into highly ordered structures, generally with a
toroidal or rodlike shape. Toroidal DNA condensates in particular have raised the
interest of researchers, because of their striking similarity with the morphology of
compacted DNA found in viruses and sperm cells [101, 33, 91, 28] and their possible
application in gene therapy [123, 196].

A large number of studies using (cryo)electron microscopy or light scattering tech-
niques have revealed that in solution toroidal DNA condensates consist of many cir-
cumferentially wound and hexagonally packed DNA helices [128, 129, 155, 27, 92].
The (outer) diameter of such DNA toroids is typically 100 nm, nearly independent
of DNA length, condensation conditions and condensing agent [9, 70, 91, 210, 212,
4, 145, 128]. More recent developments in the field of single-molecule biophysics
have made it possible to measure the forces and energies involved in the process of
DNA condensation and de-condensation. This information is generally obtained by
pulling on DNA molecules using optical or magnetic tweezers under condensing con-
ditions. Single-molecule experiments on DNA condensation have revealed a dramatic
influence of condensing agents on the elasticity of DNA [14]. In the presence of mul-
tivalent ions like spermine and spermidine, the normal worm-like chain behavior of
DNA [125] is completely abolished in the lower force regime. Instead, below a crit-
ical extension a plateau arises where the force is roughly constant. The level of this
force plateau has been determined to be ∼0.5-1.5 pN for spermidine and ∼4 pN for
cobalt hexamine ([Co(NH3)6]

3+), depending on the concentration of the condens-

88



6.1 INTRODUCTION

ing agents [15, 14, 135]. In this force plateau region the externally applied tension
balances the attractive force that the DNA condensate generates.

Although it is often assumed that toroidal structures are formed in single-molecule
assays, this is not a priori evident. In bulk experiments, globular condensates or rods
have been observed as well, and only by careful addition of multivalent cations are
DNA toroids the dominant species [144, 25]. One might argue that DNA segments
under tension form more readily a circular loop than a hairpin structure, because of
the additional bending energy cost accompanied with the latter. Furthermore, it is
unknown whether long DNA molecules condense directly into a single structure or
that the formation of multiple smaller condensates precedes aggregation into a single
condensate [187].

Condensing agents like the polyamines spermine and spermidine not only induce
DNA segments to collapse onto each other, they can also mediate adhesion of DNA to
(negatively charged) surfaces. (In AFM experiments, this is often exploited to stick
DNA molecules to mica or glass.) As single-molecule condensation experiments are
frequently carried out in close proximity of large surfaces or beads, this property could
severely affect any observed condensation. DNA might simply adhere to the nearby
surface, instead of onto itself. Moreover, the bending of DNA under tension is more re-
stricted than in relaxed DNA. These experiments thus impose different boundary con-
ditions on the DNA condensation process. In most previous single-molecule conden-
sation studies, these issues have hardly been considered [15, 14, 135, 175, 150, 63].
Under such conditions it is therefore not obvious that DNA condenses into a single
toroid. How the shape and size of DNA condensates are affected by DNA tension and
the proximity of surfaces is still unclear.

Our primary goals are to resolve these outstanding questions. Using fluorescence
imaging we visualize for the first time controlled DNA condensation and de-condensa-
tion of single DNA molecules in the presence of spermine. We show that condensates
grow by incorporating DNA from both sides of the molecule and do not collapse onto
a surface. By analyzing high-resolution force-extension measurements, we find that
the DNA condenses and de-condenses in a stepwise manner. We hypothesize that
these steps signify the reversible wrapping of DNA loops onto a toroidal condensate.
Although our observations do not directly rule out other microscopic structures, we
provide substantial evidence in support of this model. Furthermore, we show that
toroids formed in this manner have a much smaller diameter than previously as-
sumed. In addition, we demonstrate that at least two of such DNA loops are required
for a stable DNA toroid.
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6.2 Results and Discussion

6.2.1 Condensation of fluorescently labeled DNA

In a recent single-molecule assay, Besteman and coworkers have shown using a DNA
template with stiff end linkers that the kinetics of cation-induced DNA condensation
without surfaces in close proximity is identical to that measured without the stiff link-
ers [22]. Although very instructive, this experiment does not prove unambiguously
that when a surface is present, the DNA does not still condense onto it. To actually
find out what happens in the presence of a surface, one would like to directly observe
DNA condensates along the contour of a stretched DNA molecule. To this end, an
optical-tweezers setup was used in combination with widefield epi-fluorescence de-
tection [192]. The endpoints of single λ-DNA molecules, sparsely labeled with the
fluorescent dye YOYO-1, were attached to two streptavidin-coated beads in a multi-
channel flow chamber (Chapter 4). These DNA molecules were then imaged while
held between optically trapped beads. When stretched DNA is relaxed in a buffer
without condensing agent, increasing lateral fluctuations yield a blurred image of the
polymer. In contrast, in the presence of spermine the DNA remains visible, because
the condensation force keeps the DNA stretched at 4-5 pN. Condensed regions are
expected to appear more intense because of the increased local DNA concentration.
Figure 6.1 shows movie frames and the time progression (kymograph, see Materials
and Methods) of a condensing λ-DNA molecule. The stretched uncondensed DNA is
just visible. Strikingly, when the beads are moved towards each other in the presence
of 100 µM – 1 mM spermine, a single bright fluorescent DNA condensate emerges,
roughly in the middle of the DNA molecule. The spot gets brighter as more and more
DNA is added to this condensate. Upon stretching of the DNA, the spot dims again,
until it completely vanishes in the background. These images provide the first direct
evidence that DNA under tension condenses into one single collapsed structure. Fur-
thermore, these results demonstrate that under these conditions the surfaces of the
(polystyrene) beads do not affect the process of DNA condensation.

The amount of DNA stored in the condensate can be determined from the ky-
mograph by comparing the relative intensities of the bright condensate and the un-
condensed DNA. In principle, this value should coincide with the length loss of un-
condensed DNA in the trace. Figure 6.2 displays both these traces for the part of
the kymograph highlighted. Although the low fluorescent intensity of the uncon-
densed DNA part induces a considerable uncertainty in the quantitative information
derived from the fluorescence images, the measured value roughly matches the value
predicted from the contour length decrease, with the added note that the observed
fluorescence in the DNA condensate is offset to a slightly lower value. This might
have to do with the photophysics of dye molecules in the closely packed condensate
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Figure 6.1: DNA condensates observed with fluorescence. Top: Snapshots from a
movie showing condensation in a single λ-DNA molecule. The DNA, just visible, is
fixed between two beads that appear bright. As the extension is reduced by moving the
lower bead upward, a bright (diffraction-limited) condensate appears along the DNA
contour, which grows in intensity. Upon stretching, the intensity of the spot fades again,
until bare DNA is left. Note that at all times, the uncondensed DNA remains in focus
due to the force applied by the condensate. Bottom: kymograph of the complete movie,
(total length 20 seconds), showing repeating condensation and de-condensation of the
same DNA molecule. The fraction of the movie in the top panel is highlighted by the
solid line. Since the slope of the condensate is about half that of the moving bead, it
can be concluded that DNA condenses from both sides of the polymer at about equal
rates. The dashed line shows the section that is used for the quantitative analysis in
described in figure 6.2.
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Figure 6.2: Quantitative analysis of the fluorescence intensity during condensation.
Dashed gray line: predicted DNA length incorporated in the condensate. Black data
points: total fluorescent intensity of the DNA condensate in units of length, calcu-
lated from the kymograph (see Materials and Methods). While the increase in intensity
matches the predicted slope, there is approximately two micrometer of DNA missing.

(e.g. quenching). The kymograph further shows that the location of the growing
condensate is neither stationary, nor does it follow the movement of the translocating
bead. This implies that the condensate is pulling DNA in from both sides. The same is
true for de-condensation: DNA condensates are unraveled from both ends. To quan-
tify the fractional velocity of the condensate with respect to the translocating bead, its
displacement over time was determined with sub-pixel resolution by fitting the spot
in each movie frame with a 2-D Gaussian. The fractional velocity of the condensate
in this trace was found to be 0.50 ± 0.02, indicating that there is no preference from
which of the two ends the DNA is added. Interestingly, this is not always the case, as
can be seen from the third condensation cycle in Figure 6.1, where the condensate
moves with a different speed relative to the bead.

6.2.2 Force-extension hysteresis

Relaxation of a DNA molecule under these conditions thus results in the formation
of a single condensate. To deduce information about the microscopic structure of
such a condensate, we analyzed the forces involved in the condensation process. The
force-extension curve of λ-DNA in the presence of 1 mM spermine displays several
marked features (Figure 6.3a): (A) At high forces the curve is well described by an
extensible worm-like chain with a persistence length of 40-50 nm. Upon relaxation
of the chain, this elastic rod behavior is followed to about 85% extension, until at
some critical force Fc the tension suddenly rises (B) towards a plateau level of 3-5 pN,
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presumably due to the formation of a DNA condensate. This irreversible process
is mostly completed within 50-100 milliseconds. The observed force plateau (C) is
analogous to the plateaus seen with other condensing agents [15, 14, 135]. (D)
When the DNA is stretched to about 90% of its contour length, the force plateau
abruptly ends and the force jumps back to the force measured for non-condensed
DNA. The marked hysteresis demonstrates that the formation of the DNA condensate
under tension is nucleation-limited. Gradually decreasing the tension introduces more
and more slack in the DNA, until the energy barrier to an unfavorable transition
state has been lowered enough to initiate condensation. After this first step, further
condensation of DNA proceeds rapidly, until the applied tension has reached the level
of the force plateau. The DNA length involved in this process is typically 1 µm. When
the plateau force is attained, the condensation force is balanced by the external DNA
tension.

The here described hysteresis originates from the nucleation characteristics of
DNA condensation and was not reported in earlier condensed-DNA stretching ex-
periments. Possible reasons for this are differences in force resolution and number of
data points per trace or stretching speeds. Earlier described force-extension hystere-
ses displayed the difference between condensation and forced de-condensation [14,
135, 150] and have a completely different origin. Nevertheless, in some of the traces
published in these reports a hint of the nucleation hysteresis can be discerned.

As DNA tension influences the barrier to the aforementioned transition state, we
expect a dependence of this parameter on the nucleation time. Indeed, we find that
the nucleation hysteresis depends on the DNA relaxation speed (Figure 6.3b). As-
suming an Arrhenius relation, the rate of nucleation should vary exponentially with
the induced change in free energy. Similarly, the critical force at which condensation
takes place (Fc) should depend on the rate at which this force is reduced, paral-
lel to dynamic force spectroscopy [60]. In this technique, the interaction between
bio-molecules is probed by accelerating dissociation using a known external loading
rate to the complex. From force-unbinding curves off-times and distances to energy
barriers can be extracted. In our case, we are decreasing the energy barrier to the
transition state for nucleation by lowering the force with a certain rate, the unloading

rate. To test this hypothesis, we measured Fc as a function of DNA relaxation speeds
in several stretch-relax cycles on the same λ-DNA molecule (Figure 6.3b). At the DNA
extensions over which Fc varies, the force-extension curve can be approximated by a
straight line. This enables us to attribute unloading rates (in pN/s) to each of the
applied relaxation speeds. In dynamic force spectroscopy, for a single energy barrier,
unbinding forces are proportional to the logarithm of the loading rate. We obtain a
linear dependence of the most probable nucleation force Fc on the logarithm of the
unloading rate (inset in Figure 6.3b). From the slope of the fit we determine the dis-
tance to the transition state to be around 27 nm. The interpretation of this number
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Figure 6.3: force-extension hysteresis. a. High-resolution force-extension curves of
λ-DNA with (black) and without (gray) 1 mM spermine in the solution. When the
extension of fully stretched DNA is slowly decreased until the tension reaches a critical
force Fc, the worm-like chain behavior (A) suddenly disappears and the force abruptly
(within 50-100 ms) rises to a value of ∼3.5 pN (B). This marked force jump, which
typically happens at extensions ∼85% of the contour length (16.4 µm), indicates the
rapid collapse of part of the DNA. With any further reduction in the extension, the
force on the DNA stays roughly constant at forces of generally 3-5 pN, implying that
the inward pulling force of the condensed part balances the outward tension applied
by the optical traps (C). When stretched again, this balance remains stable up to much
higher extensions (∼90% of the contour length), until a small but distinct force jump
down to the worm-like chain curve signifies the disruption of the last piece of condensed
DNA (D). The value of the force plateau depends on the concentration of condensing
agent [135], but also varies by about a picoNewton from experiment to experiment,
and even within multiple stretch-release cycles of the same DNA molecule. b. Inverted
dynamic force spectroscopy on condensing DNA. The graph shows force-extension data
from repeated stretch-release cycles with different speeds on the same λ-DNA molecule.
The critical condensation force Fc depends on the relaxation speed of the DNA. This
implies that the kinetic barrier in the energy landscape impeding DNA condensation is
lowered by the reducing force. By fitting the slope of Fc versus the natural logarithm
of the unloading rate with a line (linear correlation coefficient r = -0.93, normalized
χ2 = 0.9), the distance to this barrier is found to be ∼27 nm.
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will be discussed below.

6.2.3 Condensation kinetics

To further study the kinetics of intramolecular DNA condensation, we moved relaxed
DNA molecules quickly (®1 s) into buffer containing 100 µM or 1 mM spermine. Do-
ing so results in an immediate rise in tension to the expected 4-5 pN force plateau
level, indicating that spermine binding and subsequent formation of a DNA conden-
sate takes place within a second. Likewise, upon removal of the condensed molecule
out of the spermine solution and into low salt buffer (10 mM Tris-HCl, no added
monovalent salts), the measured force drops just as quickly, and the worm-like chain
behavior of the DNA is restored, implying a rapid dissociation of spermine from the
DNA backbone. Condensation kinetics in bulk have been shown to vary widely with
concentrations of DNA, condensing agent and ionic strength [210, 83]. Using light
scattering techniques, these studies showed that for low DNA concentrations in low
ionic strength buffer (≤1 mM NaCl), rates can be faster than 1 min−1, approximately
the maximal attainable time resolution. We observe that under these conditions the
nucleation and condensation rates are even much faster than this limit.

After the transfer of fully relaxed DNA molecules from low salt buffer into sper-
mine solution, the first force-extension curve often displays many force peaks instead
of the expected smooth force plateau. These features presumably reflect the dis-
ruption of disordered condensed structures, possibly on multiple locations along the
DNA. Subsequent relaxing and stretching curves on the same molecule do not show
these large force fluctuations, as do stretching curves of DNA that is pre-stretched
before entering the spermine solution. These observations suggest that relaxation of
tensioned DNA results in a more organized condensed structure. This is in agreement
with previous observations, where controlled release of DNA from viruses lead to the
formation of single toroidal condensates [108]. But is the structure of the condensate
in our experiments indeed toroid-shaped?

6.2.4 DNA toroid formation

To understand the nature of the condensate in our experiments, we first investigated
DNA condensation under constant-force conditions. In these experiments, we re-
leased one of the two beads attached to the DNA molecule and kept the DNA un-
der tension by hydrodynamic drag. When this flow was gradually reduced below
a threshold value, a large fraction of the DNA (several micrometers) abruptly con-
densed within the time span of a few hundred milliseconds. These results are con-
sistent with the nucleation limited condensation as inferred from the force-extension
hysteresis and coincide with two earlier constant-force experiments [175, 22]. By ap-
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Figure 6.4: DNA condensation against a nearly constant force. a. In order to slow down
DNA condensation against a constant force, a slightly parabolically rising potential was
created by applying a second optical trap with greatly reduced stiffness (∼0.3 pN/µm).
The maximum applicable force with such a weak trap is too low to oppose the pulling
force of the DNA condensate. Therefore, the required force was predominantly created
by added hydrodynamic drag on the free bead. The superimposed weak trap causes
a slight increase in tension with distance from the trap center. b. When the flow
on uncondensed DNA is reduced below a threshold value, stepwise condensation is
observed. As the decrease in DNA extension pulls the bead out of the trap center, the
force increases just enough to put up a small energy barrier for the wrapping of the
next loop. This way, consecutive condensation steps were observed until the bead was
completely pulled out of the optical trap. Further condensation proceeded at the usual
rapid pace (not shown).

plying our second optical trap as a force ramp for the free bead, however, we are able
to slow down this rapid condensation kinetics. To this end, the bead was positioned
in a very weak trap with estimated stiffness 0.3 pN/µm. In such a setup, shortening
of DNA due to condensation slightly increases the force on the construct, making pro-
gression of condensation increasingly energetically unfavorable. Strikingly, DNA was
found to condense in discrete regular steps (Figure 6.4). This observation matches
well with the formation of a torus-shaped DNA condensate into which DNA loops are
incorporated one by one.

This quantized condensation process can actually be studied with much higher
resolution by actively controlling the end-to-end distance using two relatively stiff op-
tical traps (∼300 pN/µm). Careful relaxation of DNA under condensing conditions
reveals that the presumed ‘roughness’ of the force plateau is not random noise, but in-
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Figure 6.5: Stepwise DNA condensation. a. Contour length plot of condensing DNA,
converted from the measured force and extension data. Data is shown at 128 Hz (gray),
and averaged to 16 Hz, rank 2 median filtered (black). The data clearly shows that DNA
condensation proceeds in discrete steps. The solid line is the output of the step fitting
algorithm. At the majority of steps this algorithm performs well, but occasionally it
misinterprets the data. In particular, transient back steps can be problematic, as can
be seen in the top left and bottom right corners of the graph. The inset shows the
corresponding force-extension curve. b. Histograms of all step sizes, acquired from
several condensation traces on different DNA molecules. The distributions obtained
from plateau fitting step analysis (light bars, N=592 steps) and the step fitting algorithm
(dark bars, N=501 steps) virtually overlap, except at negative step sizes (back steps).
In both cases, the shape of the distribution is the same. The data is fit with a function
consisting of multiple Gaussians having equal widths σ, spaced at integer multiples of
the elementary step size x0. Obtained parameters are: x0 = 40± 1 nm, σ = 22 nm
with normalized χ2 = 1.1 (step fitting algorithm) and x0 = 39±1 nm, σ = 20 nm with
normalized χ2 = 1.3 (plateau fitting step analysis).

stead consists of series of sawtooth-like steps (inset in Figure 6.5a). To elucidate this
feature, the force-extension data was converted into effective contour length (see Ma-
terials and Methods). The in this way acquired contour length traces of the relaxation
of DNA in the presence of 1 mM spermine (Figure 6.5a) clearly show that the DNA
condenses in a stepwise manner: individual DNA segments of a defined length are
added to the growing condensate one at a time. To analyze this stepwise behavior, we
employed a step fitting procedure developed by Kerssemakers and coworkers [100].
The resulting distribution of step sizes, displayed in Figure 6.5b, shows that some-
times two or more quanta are incorporated concurrently in the growing condensate.
Observed negative steps signify that occasionally the developing structure is tran-
siently disrupted. Fitting the data with multiple equidistant Gaussians having equal
widths gives an elementary DNA length of 40 ± 1 nm for a single step.
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Figure 6.6: Time evolution of observed steps in a condensing DNA molecule. Gray data
points show consecutive positive step sizes obtained from two different traces, acquired
with the step fitting algorithm. Black lines indicate the mean step size, averaged over
5 steps. These graphs show that there is no significant trend in the size of individual
loops wrapped onto the DNA toroid.

If indeed toroidal condensates are formed in these experiments, the step size
would correspond to loops with a diameter of only 12 nm. How does this small
step size fit with toroids seen in bulk? Despite a large variety of DNA lengths and
experimental conditions, toroids are generally observed with diameters between 50
and 100 nm [24, 94]. These findings imply that this shape represents the minimum
energy state for condensed DNA. For DNA under tension, however, this energy state is
dramatically altered. While DNA bending in bulk disfavors the formation of very small
DNA loops, under tension the reduction of the end-to-end distance due to looping re-
sults in work that has to be performed against the opposing force. Together, these two
energy contributions (bending and extension reduction) determine the energetically
most favorable loop size. The total energy of a circular DNA loop with radius a and
persistence length lp ≈ 50 nm under an applied force F is Eloop = πkBT lp/a+ 2πaF .
Energy minimization leads to the most probable diameter of a spontaneously formed
loop: d = 2

p

kBT lp/2F [172, 22]. For an external force of 4–2 pN as applied here, we
find d = 10–14 nm, or a circumference of 30–45 nm, almost an order of magnitude
smaller than the diameter of DNA toroids in the absence of tension. The observed
step size of ∼40 nm matches very well with this optimal DNA loop length for DNA
under an applied tension of ∼3 pN.

Recently, stepwise DNA condensation by Co3+(NH)6 (Cohex) was reported using
constant low force measurements in a buffer with slightly higher ionic strength [63].
In this study slow toroid formation in large steps was observed (10-100 seconds per
step). However, due to the constant force measurement conditions it is difficult to
determine if such steps consist of single or bursts of multiple DNA loops being added
to the condensate, as would be predicted from our results.
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Besteman et al. have recently shown that DNA condensation initiates with the
formation of a DNA loop due to fluctuations of the polymer [22]. Our observations
support this finding. In addition, we see that further condensation proceeds by wrap-
ping equally small DNA loops of ∼40 nm onto the toroidal condensate (Figure 6.6).
In equilibrium, once a few loops have been stabilized by spermine binding, these
loops could slide along each other and increase their circumference, thereby relaxing
DNA bending strain while keeping the contact area maximal. Apparently, this is not
the case. What mechanism could then explain why all the loops in the condensation
process have the same small size? It has been proposed that the first loop acts as
nucleation site for intramolecular toroid formation [93]. It was subsequently demon-
strated that DNA molecules containing localized static loops (constructed out of A-
tracts) in low ionic strength conditions condense into toroids that are considerably
smaller than toroidal structures formed from DNA lacking these intrinsically curved
parts [161, 39]. Based on these observations the authors concluded that the size of
the nucleation loop, rather than thermodynamics, determines the final diameter of the
fully formed DNA toroid. Interestingly, this model could explain the apparent small
and constant loop sizes we observe. Nonetheless, if the loops do slide along each
other and thermodynamical parameters eventually dictate the toroid size, only a very
weak dependence of the loop length on the number of loop sizes is expected [157].

Due to the small loop length of ∼40 nm, acquired data traces featuring conden-
sation of several micrometers of DNA must contain over a hundred DNA turns. How
does such a toroid grow? A toroid growth model that can account for this finding
is proposed by Hud et al. [93]. In this model, contiguous DNA loops of equal size
precess around the toroid axis. The radius of each such loop is equal to the average
of the inside and outside radii of the toroid. Another option would be a spontaneous
splitting into multiple smaller toroids, as recently put forward by Sakaue [152].

We can now understand our findings from the dynamic force spectrum described
above (Figure 6.3b). The distance in the energy landscape from the reference state
(uncondensed DNA) to the kinetic barrier preventing condensation was found to be
∼27 nm. This value, representing the energetically disfavored state in the condensa-
tion transition pathway, is about two thirds of the observed toroid loop length. We
tentatively hypothesize that, once thermal fluctuations cause a local molecular slack
of more than ∼27 nm, the attraction between close spermine-covered DNA segments
can become dominant over the applied force and pulls the DNA over the barrier into
forming a full loop, which then immediately recruits its neighboring DNA, starting
the condensation process. Apparently, the condensation process starts when not even
a full loop is present. It is important to note here that the critical force Fc at which
this of condensation takes place is about 2 pN lower than the force plateau. At the
plateau level, the height of the energy barrier to the transition state is too high for
spontaneous condensation initiation.
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Figure 6.7: Stepwise disruption of DNA toroids. a. Contour length plot of forced
stepwise de-condensing of DNA. Like the condensation process, DNA de-condensation
proceeds in discrete steps. The solid line shows the output of the step fitting algo-
rithm. The inset displays the corresponding force-extension curve. b. Histograms of
disruption step sizes, acquired from multiple de-condensation traces on several DNA
molecules. Steps were analyzed by plateau fitting (see Materials and Methods). The
distribution quantitatively appears the same as the toroid formation histograms in fig-
ure 6.5b. Fitting with the same function as used for stepwise condensation results in
x0 = 39± 1 nm, σ = 20 nm (normalized χ2 = 1.2), essentially the same parameters
as found for condensing DNA. Inset: Distribution of stick-release events, analyzed by
plateau fitting. Notice the difference in most frequent step size with the main graph.

6.2.5 DNA toroid disruption

The stepwise condensation in the DNA relaxation experiments is in accordance with
a toroid formation mechanism where one DNA loop at a time is incorporated. If such
DNA condensates are disrupted by pulling on it, we expect to see steps as well. The
force plateau during the stretching of condensed DNA contains a sawtooth pattern
similar as observed for relaxation. Converting the stretching force-extension data
into apparent contour length indeed reveals a stepwise pattern, analogous to that
observed for condensation, but opposite in direction (Figure 6.7). This implies that
not only the addition of DNA loops onto the condensate is a discrete process, but that
the same holds for toroid disruption: the loops are unraveled one at the time. Fitting
the distribution of step sizes yields a loop circumference of 39 ± 1 nm, in excellent
agreement with both the observed steps during condensation and the theoretical most
probably loop size.
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6.2.6 Back steps and switching

In most of the DNA relaxation and stretching (toroid formation and disruption) traces,
transient back steps are observed (see Figure 6.5a). The contour length change in
these steps is comparable to that of one toroid loop, approximately 40 nm, as can
be seen in the distributions shown in Figures 6.5b and 6.7b. The presence of these
occasional back steps signifies the reversible wrapping of complete DNA loops onto
the toroid. Due to the slow continuous movement of the optical trap, energy barri-
ers to transition states are constantly shifting over time. Hence, during this process
the DNA toroid can briefly be in a condition where the energy levels of the wrapped
and the unwrapped state of a certain loop are comparable, allowing transient wind-
ing/unwinding of the loop by thermal fluctuations. This effect, however, can most
clearly be seen when the DNA end-to-end distance is held fixed. Figure 6.8 displays
an example trace of this effect. The graph shows that the contour length switches be-
tween two distinct values, 44 nm apart in this case, signifying the reversible addition
and subsequent removal of a single toroid loop. As the winding is done against an
external force of ∼5.5 pN, the binding energy of a loop is ∼60 kBT (∼0.4 kBT/bp).
However, the energy required for incorporating DNA loops into the toroid is stored
as additional mechanical strain in the uncondensed DNA (here the stiffness of the
optical traps is much larger than the spring constant of the λ-DNA at the relevant ten-
sions). The DNA extension at which the DNA is kept thus alters the energy levels of
the wrapped and unwrapped state, making the total energy difference much smaller.
From the relative occupancies of the two states of the traces shown in Figure 6.8, we
calculate the energy difference between the two states to be ∼1.5 kBT in this case.
The kinetic barrier between these two states, however, is not expected to become that
small. Still, reasonable fast kinetics are observed (the lifetimes of the states are on
the order of ten seconds), indicating that the energy barrier between the wrapped
and unwrapped state in this situation cannot be tens of kBT .

6.2.7 Why steps?

Toroids or not, we clearly observe a stepwise (un)folding of the DNA condensate. How
does this fit with any microscopic structure? One would think that gradually rolling
in or peeling off DNA is energetically cheaper than condensing or disrupting it in a
quantized manner. This issue has recently been resolved by Kulic & Schiessel [105],
at least for the disruption process. They demonstrate that a spool-like structure is
kinetically protected from mechanical disruption. The underlying reason is that an
unfavorable rotation of the toroid under tension is requires for unwrapping. Our data
are in agreement with such a model and indicate that the same holds for the toroid
formation process.
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Figure 6.8: Reversible wrapping of DNA loops. Although the binding energy of a single
loop to the toroid is ∼50-60 kBT (∼0.4 kBT/bp), the DNA extension can be adjusted
such that the energy levels of the wrapped and unwrapped state are comparable. When
the DNA extension is held fixed at certain values close to the end of the force plateau,
a reversible wrapping of toroid loops can be observed. The measured force signal (gray
trace) switches between two levels (and occasionally even a third). Since the DNA
extension is constant, the effective contour length of the DNA (black trace) changes
accordingly (yet opposite in sign). The distance between the two peaks in the dwell
time histogram (inset) is 44 nm, indicative of a single toroid loop.

6.2.8 The last loops

An intriguing feature of the force-extension curve is the point where the force plateau
changes into worm-like chain elasticity. The sudden transition, marked by an irre-
versible drop in tension, suggests that this last step in the disruption process repre-
sents the destruction of the minimum stable condensed structure. Figure 6.9a displays
a histogram of the contour length gain of this last step, measured repeatedly for many
different DNA molecules. Similar to the histograms obtained for condensate forma-
tion and disruption, this histogram shows multiple peaks, but here no steps smaller
than 50 nm are observed. Interestingly, the measured distribution fits the same func-
tion as the other histograms (multiple Gaussians with equal width), but without the
presence of the first peak (at 40 nm). Fitting results in an elementary step size of
38 nm, in excellent agreement with the above obtained toroid loop length. The
smallest observed loop length is twice this value, implying that stable toroid struc-
tures comprise a minimum of two DNA loops.

The most pronounced peak in the distribution of last toroid sizes lays around
150 nm, equal to a length of four loops. In order to find a plausible explanation,
one has to consider the unwrapping mechanism during DNA stretching with optical
tweezers in somewhat more detail. The increasing force on the system tilts the en-
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Figure 6.9: Minimum stable toroid size. a. Distribution of observed last step sizes
in the toroid disruption process. Strikingly, no steps of 40 nm are detected. In fact,
the most common last step is around 150 nm in length, thus comprising four DNA
loops. The data is again fit with multiple Gaussians, resulting in a step size x0 =

38± 1 nm with width σ = 17 nm. The inset shows a schematic diagram of the energy
landscape during the unraveling of a loop. Extending the DNA increases the force on
the toroidal condensate, resulting in a lowered energy barrier to the loop disruption
transition state. The wrapped state for the last few loops present in the toroid is higher,
causing a reduction in the barrier that accelerates the disruption rate. b. Number
of interactions per remaining DNA loop in a toroid-shaped condensate, assuming a
hexagonally packed structure. The curve shows a steep decline starting roughly at four
loops.

ergy landscape, lowering the barrier for toroid unwinding. This is depicted schemat-
ically in the inset in Figure 6.9a. When a DNA loop is released from the toroid,
the force suddenly decreases, tilting back the energy landscape and raising the bar-
rier for subsequent unwrapping steps. This cycle is repeated throughout the force
plateau. Near the end of the stretching plateau, with only a few loops left in the
toroid, the average binding energy per remaining DNA loop decreases non-linearly
with the number of loops present, because of removal of shared nearest-neighbors
interactions [24, 92, 94] (. . . ,7,5,3,1,0 interactions for . . . ,5,4,3,2,1 loops packed in
a regular hexagonally lattice, shown graphically in Figure 6.9b). At some point, the
energy barrier for removing the next DNA loop becomes sufficiently small for ther-
mal energy to release all of the residual loops rapidly after each other. A DNA toroid
containing four loops is found to be the most likely structure where this happens. In
Figure 6.9b, it can be seen that the number of inter-strand interactions per DNA loop
declines steeply when only∼four DNA loops are left. Even so, we regularly find small-
est toroids consisting of two and three loops. Within this model, a toroid consisting
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of only one loop does not have sufficient overlap and is unstable. Indeed, single loops
as minimum last steps are never observed.

6.2.9 Stick-release versus force plateau

The disruption of DNA condensates with optical tweezers has been reported ear-
lier [14, 135]. In these experiments, an external force was applied on the DNA in
order to unravel single condensed DNA molecules. In the latter study, the distribu-
tion of step sizes in low monovalent salt buffer was found to peak around 300 nm.
The equivalence with toroid outer diameters found in electron microscopy studies
(∼100 nm) led the authors to conclude that they were monitoring the unfolding of
individual turns of DNA toroids. In our high-resolution data we resolve much smaller
step sizes, suggesting smaller DNA toroids. The elementary DNA loop length we
obtain in our measurements, ∼40 nm, is in agreement with the optimal DNA loop
length under tension

�

2π
p

kBT lp/2F
�

. Furthermore, it has been proposed that in
low monovalent salt conditions it is this nucleation loop that governs the eventual
dimensions of the DNA toroid. For these reasons we believe that the 40 nm steps we
find correspond to actual individual toroid loops being inserted or removed.

How can we explain the large mismatch between our results and that of previ-
ous single-molecule work? The difference may have to do with the interpretation
of stick-release events in the force-extension curves. Stick-slip or stick-release refers
to occasions in the force-extension curve where the force rises up with extension,
followed by a sudden drop, marking the system’s resistance to stretching and its
subsequent yield. DNA stretching and relaxation in the previous studies showed a
reversible rough force plateau at low concentrations of condensing agents and stick-
release behavior for higher concentrations [14, 135]. Guided by these observations,
it was concluded that these two regimes represent different phases of condensation.
While the stick-release was viewed as the discrete unfolding of the condensate, the
constant force plateau regime was associated with a continuous transition between
condensed and relaxed DNA. We reveal here that there is no qualitative difference
between ‘plateau’ and stick-slip. Both regimes are characteristics of the stepwise un-
raveling of condensed DNA, yet in the latter case the enhanced attraction between
DNA tracts in the toroid causes disruption to occur in irregular large steps comprising
multiple toroid loops.

This conclusion is further supported by analysis of some of our force-extension
curves, in which we observed a modest stick-slip behavior. By evaluating those events,
we could qualitatively reproduce the shape of the step size distribution obtained by
Murayama et al. [135] (inset in Figure 6.7b). Notably, the histogram peaks at 150-
200 nm, much larger than the step size obtained for the force plateau data, yet sim-
ilar to the step size found by Baumann et al. [14] and approaching that found by
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Murayama et al. [135]. Based on these results, we conclude that stick-slip behavior
should be interpreted as the release of multiple loops in bursts from the DNA conden-
sate.

6.3 Conclusions and Outlook

In this chapter we have described real-time measurements of spermine-induced con-
densation of single DNA molecules. By visualizing DNA condensation in real-time
with fluorescence we have first demonstrated that only one condensate at a time is
present on DNA under tension. The nearby surfaces of the two beads do not play a
role in the condensation process. A remarkable finding is that the condensates grow
by taking in DNA from both sides at equivalent rates, suggesting a toroid growth
model where both the inner and outer walls of the spool expand. We have found
a marked hysteresis in the force-extension curve of condensed DNA, implying that a
significant amount of slack in the DNA molecule is required for the initiation of con-
densation. Once a nucleation loop is formed, condensation proceeds rapidly, until the
increasing DNA tension balances the force generated by the condensate.

Many single-molecule studies have drawn conclusions based on the assumption
that DNA under such experimental conditions condenses into a toroid-shaped struc-
ture. Although appealing, this concept had so far never been verified. Our results
now validate this hypothesis in several ways. We have shown that the presumed force
plateau actually comprises small sawtooth-like jumps, signifying the reversible wrap-
ping of single loops onto a toroidal condensate. By converting the force-extension
data into effective contour length data, we determined the size of these steps to be
40 nm, which is consistent with the energetically favored loop length under tension.
DNA toroids created under tension are thus considerably smaller than toroids formed
on relaxed DNA, as observed in electron microscopy studies. Analysis of forced dis-
ruption of DNA toroids showed that a DNA length of at least two loops long (∼80 nm)
is required for a stable toroid at those forces. This again matches well with the toroid
model, since two loops of DNA provide a full turn of overlapping segments that are
stabilized by the condensing agent. The presence of back steps in the formation and
disruption traces are a clear indication of reversible folding of the DNA condensate.
The detected switching of condensed DNA at fixed extensions between states differing
only the DNA length associated with a single loop subsequently confirmed this idea,
and provides further evidence for the formation of a DNA toroid.

Studying single-molecule DNA condensation with optical tweezers as demonstra-
ted here can provide information not accessible with bulk techniques. In particular,
fluorescence measurements on single condensing DNA molecules could be combined
with high resolution force spectroscopy, in order to resolve outstanding questions
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regarding DNA condensation. The ability of DNA condensates to incorporate DNA
from two sides also suggests a possible mobility of the toroid along the DNA con-
tour. Future studies could investigate one-dimensional diffusional motion of DNA
condensates along the contour. Such a mechanism could be aiding DNA condensa-
tion in sperm cells, where the chromosomal DNA is compacted into numerous toroids
packed closely together.

6.4 Materials and Methods

Lambda phage dsDNA (Roche Applied Science) was biotinylated on both ends, as de-
scribed previously [190] (Chapter 2). Spermine (Fluka Biochemika - Sigma-Aldrich)
was dissolved into distilled de-ionized water (milliQ) to a stock concentration of
100 mM and stored at 4◦ C. Spermine stock solutions were used for up to two weeks.
In all experiments spermine was diluted to a final concentration of 100 µM to 1 mM
in TE buffer containing 10 mM Tris and 1 mM EDTA, pH 7.5.

6.4.1 Experimental setup

The experimental setup used is described in detail in Chapter 4. For the experiments
reported here two optical traps were employed. One stationary trap was used for force
detection, while the other trap could be steered through the sample with nanome-
ter precision using acousto-optical deflectors (AODs). The motion of the bead dur-
ing DNA stretching and relaxation was continuous with speeds varying from 15 to
750 nm/s. Inter-bead distances were calculated in real-time by video image analysis
at 8 Hz. Raw force data was sampled at 8 kHz and pre-averaged to 128 Hz before
analysis.

The combined dual optical trap and fluorescence excitation and detection sys-
tem has been described previously [192]. High-sensitivity fluorescence imaging is
obtained using a 473 nm laser excitation source and a Cascade 512B CCD camera
interfaced with the WinView software package (both from Roper Scientific).

In order to leave the elastic properties of DNA unaffected and prevent inter-
ference of the (positively charged) fluorescent YOYO-1 with the condensation pro-
cess [211, 222], the number of dye molecules per DNA was kept low enough to
prevent detectable dye-induced lengthening of the DNA [17]. DNA condensation and
de-condensation was imaged without fluorescent dye in the solution, in a buffer con-
taining ®1 mM spermine, with an exposure time of 0.4 seconds. The size of observed
DNA condensates in the fluorescence images is limited by diffraction of the excitation
light (473 nm) and is spread out over several pixels. Its position along the DNA can
however be extracted with sub-pixel precision by fitting the spot with a 2-D Gaus-
sian [184].
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6.4.2 Fluorescence analysis

From the fluorescence images, a kymograph [205] was constructed. This was done by
a) selecting a narrow box encompassing the DNA contour in all frames, b) integrating
the pixel values across the DNA to obtain a single line of pixels per frame, c) subtract-
ing background values, and d) pasting these pixel lines into consecutive columns of a
single image. Thus, in the kymograph pixel columns represent the total fluorescence
intensity of the DNA, while rows indicate time.

From the kymograph, the total DNA length incorporated in the condensate was
calculated by comparing the fluorescence intensity of the bright condensate with that
of the uncondensed DNA on both sides of it, averaged over a width of 7 pixels. This
way, inhomogeneities of the excitation light are corrected for.

6.4.3 Step analysis

For each data point with force F and extension x the apparent DNA length L is calcu-
lated by rewriting the well-known interpolation formula for worm-like chain elastic-
ity [31] into

L (x , F) =
1

x

 

1−
È

kBT

F lp

!
�

1+
F

K

�

.

Here K is the stretch modulus of double stranded DNA [139, 167]. For uncon-
densed DNA this simply results in a constant value L0 (∼16.4 µm for λ-DNA) for all
extensions. In a partially condensed λ-DNA molecule, the uncondensed part of the
DNA still obeys the worm-like chain, but a DNA length x is lost into a small (d ≪ L)
and inextensible condensate. The measured elasticity then corresponds to that of a
DNA molecule with length L = L0 − x . Changes in L over time thus correspond to
DNA being incorporated into or released from the DNA condensate.

To extract DNA loop sizes from the contour length traces, we used a semi-auto-
mated fitting procedure [100]. This algorithm has been proved successful in fitting
steps in noisy data [41, 168]. The program calculates the likelihood of a good fit for
a range of possible step numbers. After manually choosing a value for the number of
steps to fit, the fitting of step sizes and dwell times is performed automatically. The
number of steps in each trace was optimized by thoroughly inspecting the obtained
fits.

The step fitting algorithm sometimes had problems finding transient back steps,
occasionally leading to a misfit (an example can be seen in Figure 6.5a). To test
whether this has an effect on the step size distribution, we also tracked step sizes of
the same traces by a different method. This was done by computing the differences
between averages of the data in each (hand-picked) plateau. In both procedures,
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analysis was performed on data re-sampled to 128 Hz. The distribution obtained
from this plateau fitting step analysis is virtually identical to the one acquired by
using the step fitting algorithm (Figure 6.5b). The only significant difference is the
amount of detected back steps. Fitting results in a value of 39 ± 1 nm for the DNA
loop length, equivalent to that obtained with the step fitting algorithm (40 ± 1 nm).
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Samenvatting

Knippen, condenseren en manipuleren

van afzonderlijke DNA-moleculen

In de Griekse oudheid geloofde men dat de wereld was opgebouwd uit vier ele-
menten: aarde, lucht, water en vuur. Inmiddels weten we dat dit niet de elementaire
bouwstenen van de natuur zijn. Het idee dat alles is opgebouwd uit een handvol
bouwstenen is echter juist gebleken. De vier klassieke elementen zijn nu vervangen
door een hele rits elementaire deeltjes. De elementaire deeltjes zijn de bouwstenen
voor atomen. Groepen atomen vormen moleculen, die samen weer de eigenschappen
van een stof of materiaal definiëren. De onderlinge wisselwerking van bouwstenen
bepaalt dus steeds hoe een complexere structuur zich gedraagt.

Hoe zit het dan met levende materie? Hoe kan de enorme complexiteit die we zien
verklaard worden aan de hand van een paar simpele elementen? Als we vanuit de-
ze complexiteit een paar niveau’s inzoomen blijkt dat ook het leven functioneert aan
de hand van een handvol bouwstenen (en wetmatigheden). Elk levend organisme
gebruikt DNA-moleculen als drager van genetische informatie. Deze DNA-moleculen
zijn zeer lange ketens van aan elkaar geschakelde moleculen genaamd nucleotiden

of DNA-basen (zie Figuur 1.1 op pagina 3). Alhoewel het DNA van elk organisme
weer anders is – zelfs binnen soorten zijn er behoorlijke verschillen – zijn alle DNA-
moleculen opgebouwd uit slechts vier verschillende nucleotiden. Deze vier vormen
als het ware het meest basale alfabet van het leven: in groepjes van drie letters fun-
geren zij uiteindelijk als ‘blauwdruk’ voor de andere belangrijke groep biomoleculen:
de eiwitten (Figuur 1.2 op pagina 4). Eiwitten zijn ketens van aminozuren en zijn de
eigenlijke ‘motoren’ van het leven: zij zorgen voor transport van materialen, geven
de cel stevigheid en zijn betrokken bij celdeling. Als enzymen reguleren ze alle be-
nodigde chemische reacties in de cel en zorgen ze voor de omzetting van energie in
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beweging. Een groot aantal eiwitten heeft als functie het DNA te onderhouden. Er
moeten bijvoorbeeld stukken DNA gekopieerd of gerepareerd worden. Vaak herken-
nen deze eiwitten een bepaald stuk op het DNA. Ze ‘lezen’ het DNA af en gaan pas tot
actie over als ze een stuk met de juiste herkenningsvolgorde van DNA-basen hebben
gevonden.

Mijn promotieonderzoek heeft zich gericht op de vraag hoe dit soort plaats-speci-

fieke eiwitten hun herkenningsvolgorde vinden en hoe ze er vervolgens mee wissel-
werken. De eiwitten die ik voor dit doel bestudeerd heb zijn zogenaamde restrictie-

enzymen. Door hun hoge specificiteit en precisie zijn deze eiwitten zeer goede model-
len voor specifieke DNA-herkenning. Voordat ik mijn onderzoeksresultaten beschrijf
geef ik hieronder eerst een korte uitleg over de biologische functie van restrictie-
enzymen en waarom ze zo belangrijk zijn voor de moleculaire biologie.

Restrictie-enzymen

Net als planten en dieren staan ook de eencellige bacteriën constant bloot aan virus-
sen. Deze bacteriofagen infecteren hun slachtoffer door hun DNA in de bacteriële cel
te injecteren. Als de bacterie niet ingrijpt, zullen er virale eiwitten geproduceerd wor-
den die essentiële functies van de cel lamleggen. Vervolgens worden nieuwe virussen
aan de lopende band geproduceerd totdat op een gegeven moment de cel uit elkaar
barst en vele dochtervirussen op pad gaan om nieuwe bacteriën te besmetten.

Om dit te voorkomen, is het zaak dat de bacterie zo snel mogelijk het virale DNA
onschadelijk maakt. Daarom heeft hij een set restrictie-enzymen aan boord. Deze ei-
witten herkennen een specifieke, korte opeenvolging van DNA-basen en knippen het
DNA daar doormidden. Het DNA van de bacterie zelf is op dit soort herkenningsplek-
ken beveiligd tegen de knipreactie doordat een ander enzym juist daar iets aan het
DNA verandert. Het geniale van dit systeem is dus dat terwijl het genoom van de
bacterie beschermd is tegen de acties van de eigen restrictie-enzymen, malafide DNA
dat de cel binnentreedt snel aan stukken kan worden geknipt.

In de ontwikkeling van de moleculaire biologie hebben restrictie-enzymen een
buitengewoon belangrijke rol gespeeld. De eigenschap om DNA op specifieke plaat-
sen met hoge precisie te knippen is cruciaal voor genetische modificatie technieken.
Voor de ontdekking en het isoleren van de eerste restrictie-enzymen kregen de we-
tenschappers Arber, Nathans en Smith in 1978 de Nobelprijs. Tegenwoordig zijn
restrictie-enzymen onmisbaar gereedschap voor al het DNA knip- en plakwerk in het
biochemische lab. Ook worden ze ingezet bij forensisch DNA-onderzoek.

Ondanks dat er veel onderzoek is gedaan naar restrictie-enzymen zijn er nog veel
vragen onbeantwoord. In dit proefschrift heb ik een aantal van deze kwesties probe-
ren te beantwoorden:
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- Hoe (snel) verloopt het herkenningsproces en wat is de invloed van mechani-
sche spanning in het DNA op dit proces (Hoofdstuk 2)?

- Hoe vindt een restrictie-enzym zijn herkenningsplek op het DNA (Hoofdstuk 3)?

- Wat is het mechanisme van dubbel-bindende restrictie-enzymen (Hoofdstuk 5)?

Daarnaast beschrijf ik de resultaten van aanverwante projecten:

- Het realiseren van een nieuwe techniek om afzonderlijke aan DNA gebonden
eiwitten te detecteren (Hoofdstuk 4).

- Wat is de dynamica van DNA condensatie door polyamine moleculen (Hoofd-
stuk 6)

Al het onderzoek is uitgevoerd met behulp van experimenten afzonderlijke DNA-
moleculen en eiwitten. Door aan één enkel molecuul te meten kan men eigenschap-
pen achterhalen die met traditionele (biochemische) technieken doorgaans niet of
veel lastiger toegankelijk zijn. Een voorbeeld hiervan is hoe een eiwit omgaat met
mechanische veranderingen/spanning in het DNA. Een ander voordeel van de single-

molecule benadering is dat men, behalve over de populatie moleculen in z’n geheel,
informatie verkrijgt over het gedrag van de individuele deelnemers en de spreiding
hiervan.

Aangezien de biomoleculen in kwestie slechts een paar nanometer groot zijn (een
miljardste meter, oftewel 0.000001 millimeter), kun je deze moleculen niet zomaar
met het blote oog of zelfs onder de microscoop aan het werk zien. Ik heb daar-
om gebruik gemaakt van een techniek die het mogelijk maakt om individuele DNA-
moleculen te vangen en heel precies te manipuleren.

Het optisch pincet

Het principe dat licht een – minuscule1 – kracht kan uitoefenen op materie d.m.v.
impulsoverdracht is al meer dan een eeuw bekend. Relatief nieuw is dat er ook klei-
ne objecten mee gemanipuleerd kunnen worden. Het blijkt dat met een krachtige,
sterk gefocusseerde laserbundel plastic of glazen bolletjes ter grootte van een micro-
meter (een duizendste millimeter) kunnen worden ‘vastgepakt’ (zie Figuur 1.5 op pa-
gina 11). Doordat een grote hoeveelheid laserlicht door het bolletje wordt afgeketst,
kan er een substantiële kracht op worden uitgeoefend.2 Een belangrijke eigenschap
van een optisch pincet is dat we door het licht weer op te vangen deze krachten

1De stralingsdruk die de zon op het aardoppervlak uitoefent is bijvoorbeeld minder dan een miljoenste
kg/m2. Over de hele aarde genomen is dit echter een gewicht van 50000 ton. In zware sterren zorgt de
stralingsdruk er zelfs voor dat deze niet onder hun eigen gewicht imploderen.

2Conceptueel is dit vergelijkbaar met het wegduwen van een mammoettanker m.b.v. een reusachtig
pingpongballenkanon.

127



Samenvatting

ook heel precies kunnen meten. De met deze techniek toegankelijke krachten liggen
in hetzelfde bereik als de krachten die een rol spelen in biologische processen. We
hebben het dan over krachten van picoNewtons (pN).3

Deze bolletjes, die in tegenstelling tot DNA en eiwitten wèl zichtbaar zijn onder
de microscoop, zijn dus ideaal om te gebruiken als ‘handvatten’ voor de beïnvloeding
van afzonderlijke DNA-moleculen. De te onderzoeken DNA-moleculen heb ik daar-
toe aan de uiteinden gelabeld met biotine, dat stevig bindt aan chemisch behandelde
bolletjes. Dit stelt ons in staat om individuele DNA-moleculen te ‘vangen’ onder een
microscoop. In onze experimentele opstelling worden twee onafhankelijk beweegba-
re optische pincetten geproduceerd, zodat beide uiteinden van het DNA vastgepakt
kunnen worden.

Om de interactie van afzonderlijke DNA-moleculen met eiwitten te kunnen meten,
moet je, behalve een methode om DNA-moleculen individueel te manipuleren, ook
een manier hebben om ze te isoleren uit het reservoir. Voor dit doel hebben we een
flowsysteem ontwikkeld, waarbij vanuit kleine containers verschillende oplossingen
naast elkaar komen te stromen zonder te mengen (Figuren 1.8 en 1.9 op pagina’s 14
en 15). Door de flowkamer ten opzichte van het laserfocus te verplaatsen kunnen we
snel en effectief wisselen tussen de verschillende oplossingen. In het eerste kanaal
worden eerst twee bolletjes gevangen in de optische pincetten, in het tweede worden
DNA-moleculen tussen de bolletjes gekoppeld, en in een derde kanaal bevinden zich
de te bestuderen eiwitten.

Knippen door EcoRV en BamHI

Van de restrictie-enzymen is EcoRV (van de E. coli bacterie, die onder andere in on-
ze darmen voorkomt) een van de meest bestudeerde. Het eiwit fungeert veelal als
een modelsysteem van de eerdergenoemde specifieke DNA-herkenning. In dit proces,
ook wel induced fit genoemd, ondergaan DNA en eiwit beide grote structurele ver-
anderingen. Bij specifieke binding wordt het DNA lokaal 50 graden gebogen zodat
de actieve plek (active site) van EcoRV dichtbij de te knippen locatie van het DNA
wordt gebracht. Ondanks vele biochemische en structurele studies naar dit enzym,
waren de snelheden waarmee dit gebeurt en de krachten die hierbij een rol spelen
nog onbekend.

Om deze eigenschappen te bepalen heb ik onderzocht hoe de knipsnelheid van
EcoRV afhangt van mechanische spanning in het DNA. De achterliggende gedachte
hierbij is, dat als er aan het DNA molecuul getrokken wordt, het moeilijker wordt
voor het enzym om het te buigen. Zodra het buigen van DNA het langzaamste proces

3Eén Newton is gelijk aan het gewicht van iets van ongeveer 100 gram. Ter vergelijking: een mug
zittend op een tafel oefent een kracht uit van een miljoenste Newton. Een picoNewton, 10−12 Newton, is
dus nog een miljoen keer kleiner!
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in de hele knipreactie wordt, zouden we het moeten kunnen meten. De resultaten
van deze experimenten staan beschreven in Hoofdstuk 2, en ik heb inderdaad een
dergelijk effect gemeten. Voor krachten onder de 30 picoNewton is er geen invloed
op de gemiddelde knipsnelheid van EcoRV, wat aangeeft dat bij deze krachten een
ander proces dan het buigen het langzaamst verloopt. Vanaf ongeveer 40 pN is er
echter een scherpe daling in activiteit te zien (Figuur 2.8 op pagina 28). Bij een stuk
DNA met één kniplocatie was dit effect veel sterker dan bij een langer stuk DNA met
21 van deze plaatsen. Deze metingen zijn herhaald met een ander restrictie-enzym,
BamHI, dat het DNA juist niet buigt, maar in de natuurlijke configuratie laat. In dit
geval werd geen afhankelijkheid van de kracht op het DNA gevonden.

Door alle resultaten aan een model te toetsen, waren we in staat om verschillende
eigenschappen en reactiesnelheden van EcoRV en BamHI te bepalen. Met deze me-
thode kon de buigingshoek van EcoRV tot op een paar graden nauwkeurig bepaald
worden en is er een bovengrens gesteld aan de snelheid van het induced-fit proces.
De verkregen data van BamHI geven aan dat zowel de initiële binding aan het DNA
als het uiteindelijke knippen na de induced-fit reactie niet beïnvloed worden door
de DNA spanning. De gevonden resultaten leggen een verbinding tussen bestaan-
de biochemische en structurele informatie en zijn in principe toepasbaar op andere
DNA-bindende eiwitten.

In de experimenten met EcoRV vonden we aanwijzingen dat het vinden van de
kniplocatie op het DNA langzamer ging dan verwacht voor dit type eiwit. Dit zette
ons ertoe aan de invloed te onderzoeken van de mate waarin het DNA molecuul
samengepakt zit op de reactiesnelheid van EcoRV, beschreven in Hoofdstuk 3. In
onze DNA-spanning experimenten was het DNA immers compleet uitgestrekt, terwijl
het in de cel en in biochemische experimenten juist altijd in een dynamische kluwen
zit.

Waarom zou dit een verschil maken voor de snelheid waarmee de specifieke plaats
gevonden wordt? Om deze vraag te beantwoorden is het belangrijk om te weten dat
de restrictie-enzymen zoals hier onderzocht hun specifieke knipplaats localiseren via
diffusie, d.w.z. er is geen actief zoekmechanisme: alle beweging wordt veroorzaakt
door willekeurige fluctuaties (de zogenaamde Brownse beweging). In levende orga-
nismen zijn de specifieke bindingslocaties op het DNA veelal ingebed in lange DNA-
moleculen met duizenden of miljoenen niet-specifieke DNA locaties. De kans is dan
ook groot dat een door de cel bewegend eiwit eerst met zo’n niet-specifieke plaats in
aanraking komt. Sommige eiwitten kunnen het DNA dan als rails gebruiken en zo het
zoekproces naar de specifieke herkenningsplek tot wel honderd keer versnellen. Ook
EcoRV heeft deze eigenschap, maar de afgelegde afstand langs het DNA voordat het
DNA weer losgelaten wordt is te klein om een grote verbetering van de zoeksnelheid
te bewerkstelligen. Er is echter nog een ander effect dat de zoeksnelheid kan vergro-
ten. Lange DNA-moleculen in oplossing hebben net als in de cel grofweg de structuur
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van een kluwen, waarin een eiwit tijdelijk ‘verstrikt’ kan raken. Het eiwit kan in zo’n
geval ‘springen’ naar plekken op het DNA die vlakbij zijn in 3D ruimte, maar toch
ver van elkaar liggen gemeten langs de DNA contour. Door dit proces, dat jumping

genoemd wordt, bezoekt het eiwit gemiddeld vaker verschillende DNA locaties. De
specifieke locatie zal dus eerder worden gevonden en het DNA eerder geknipt dan
wanneer er geen jumping mogelijk is.

In Hoofdstuk 3 beschrijf ik een methode die wij hebben ontwikkeld om het effect
van jumping te meten. De experimenten bestaan uit het meten van de knipsnelheid
van EcoRV als functie van de uitgestrektheid van de kluwen DNA. Deze variabele
wordt bepaald door de afstand tussen de twee bolletjes die het DNA vasthouden.
Door deze afstand per experiment te variëren kunnen we dus selectief jumping aan of
uit zetten (zie ook Figuur 3.1 op pagina 39). Dit bracht wel een extra meetprobleem
met zich mee. De kniptijd meten bij DNA onder spanning was eenvoudig; de kracht
op de bolletjes verdween op het moment van knippen. Zonder kracht op het DNA
is dit niet te observeren. Daarom lieten we één van de optische pincetten elke se-
conde razendsnel heen en weer bewegen, zodat het DNA heel even gestrekt werd tot
een meetbare kracht van een paar picoNewton. Het verdwijnen van dit terugkeren-
de krachtsignaal betekende dat het DNA ergens in de voorliggende seconde geknipt
was (Figuur 3.2 op pagina 41). Het belangrijkste resultaat van dit onderzoek was
dat EcoRV het snelst zijn herkenningsplek op het DNA vindt als het DNA het meest
compact is (Figuur 3.4, pagina 43). We denken dat in de bacteriële cel het effect van
jumping veel belangrijker zal zijn, aangezien daar de lokale dichtheid van het DNA
nog veel groter is dan in onze experimenten.

Manipuleren van twee DNA-moleculen

In de afgelopen decennia heeft de ontwikkeling van nieuwe technieken het mogelijk
gemaakt om het gedrag van individuele biomoleculen te bestuderen. Vóór die tijd kon
men alleen het gemiddelde gedrag van een verzameling moleculen meten. Sindsdien
is het aantal van dit soort single-molecule experimenten exponentieel toegenomen en
zijn vele nieuwe eigenschappen van biomoleculen aan het licht gekomen. Zo helpt het
hebben van precieze controle over één enkel DNA molecuul bij het onderzoek naar de
werking van veel DNA-bindende eiwitten en moleculaire motoren. Bij veel biologische
processen hebben eiwitcomplexen echter interactie met twee stukken DNA tegelijk.
Hierdoor zijn dit soort systemen met conventionele single-molecule technieken lastig
te bestuderen.

In Hoofdstuk 4 beschrijven we een nieuwe techniek waarmee we twee DNA-
moleculen tegelijk kunnen hanteren met in totaal vier optische pincetten. Hiermee
ligt de weg open voor experimenten met eiwitten die simultaan binden aan twee
stukken DNA. Voor het genereren van vier (of meer) optische traps wordt gebruik
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gemaakt van een acousto-optic deflector (AOD). Net als in de experimenten beschre-
ven in de Hoofdstukken 2 t/m 3 wordt de laserbundel in tweeën gesplitst. De AOD,
waar één van deze bundels doorheen gaat, wordt door de computer zo aangestuurd
dat de laserbundel pijlsnel heen en weer wordt geschakeld tussen drie verschillende
posities. Dit gaat zo snel (20000 keer per seconde) dat het voor de drie vastgepakte
bolletjes net lijkt of de laser steeds tegelijk op deze drie locaties aanwezig is. De posi-
ties van deze zogenaamde time-shared pincetten zijn m.b.v. een joystick onafhankelijk
in twee richtingen te besturen in het microscoopsample. Door een lens te verschui-
ven is bovendien het vierde optisch pincet behalve in het optisch scherpe vlak van de
microscoop ook in de diepte beweegbaar, zodat we de gevangen DNA-moleculen ook
om elkaar heen kunnen wikkelen.

Om de mogelijkheden van het apparaat te demonstreren hebben we een nieuw ty-
pe experiment uitgevoerd, waarbij twee DNA-moleculen onafhankelijk in drie dimen-
sies worden gemanoeuvreerd. Met de techniek kunnen specifiek gebonden eiwitten
op het DNA worden gedetecteerd en kan de sterkte van de eiwit-DNA binding wor-
den bepaald. Het experiment zit als volgt in elkaar. Nadat de twee DNA-moleculen
zijn gevangen wordt één DNA molecuul om het andere heen gewonden. Vervolgens
worden ze strakgetrokken zodat een gevlochten structuur ontstaat zoals weergegeven
in Figuur 4.1 op pagina 55. De bolletjes die het eerste DNA vasthouden worden nu
tegelijk bewogen zodat het ‘knoopje’ langs het tweede DNA schuift op een manier die
lijkt op de wijze waarop zogenaamde motoreiwitten in de cel langs het DNA ‘lopen’.
Als er nu obstakels op het DNA aanwezig zijn, kan dit knoopje erachter blijven haken,
waardoor er een extra kracht komt te staan op het DNA, die weer via een van de
bolletjes gemeten kan worden.

Het eerste verkregen resultaat, dat a priori niet zonneklaar was, was dat zonder
enige obstakels op het DNA de wrijving tussen de twee stukken DNA-moleculen die
in het lusje strak langs elkaar bewegen verwaarloosbaar klein is (< 1 pN, Figuur 4.4
op pagina 58). Dit betekent dat er geen sterke (aantrekkende) interacties tussen twee
stukken DNA zijn. Vervolgens hebben we het experiment herhaald in de aanwezig-
heid van EcoRI restrictie-enzymen, onder omstandigheden waarbij het eiwit wel aan
het DNA bindt maar het niet knipt. In dit geval zagen we duidelijke pieken in de
kracht, die precies overeen kwamen met de vooraf bekende locaties van de herken-
ningsplaatsen op het DNA (Figuur 4.6 op pagina 60). Dit betekent dus dat met deze
nieuwe tasttechniek de binding van afzonderlijke eiwitten in oplossing kan worden
gemeten. De kwestie die nu rijst is: blijven de eiwitten aan het DNA gebonden als
het knoopje wat strakker wordt getrokken en dus meer kracht uitoefent, of worden
ze er dan vanaf getrokken? Om deze vraag te beantwoorden hebben we het DNA
eerst ‘geladen’ met eiwitten, en vervolgens het scanningexperiment uitgevoerd in een
oplossing zonder eiwit. De resultaten hiervan zijn weergegeven in Figuur 4.7 op pa-
gina 62. Wat we zagen was dat, mits het DNA niet te strak aangetrokken was, de
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eiwitten aan het DNA gebonden bleven. Als we harder trokken, zagen we bij opeen-
volgende scans steeds minder eiwitten. De gemeten kracht per waargenomen eiwit
was hier ook een stuk groter. Hieruit concluderen we dat bij een strakke knoop het
eiwit van het DNA afgetrokken wordt, terwijl een lossere knoop op een gegeven mo-
ment langs het eiwit schiet zonder de binding te verstoren.

De nauwkeurigheid waarmee we individuele bindingslocaties kunnen meten is
ongeveer 50 baseparen. Dit getal is op zichzelf niet wereldschokkend. Wel is het zo
dat dit de eerste lokalisatietechniek is waarbij zowel het DNA als het eiwit intact blij-
ven. Wellicht is het in de nabije toekomst mogelijk om met deze techniek dynamisch
eiwitbinding te bestuderen.

DNA-lussen gevormd door dubbel-bindende restrictie-enzymen

Zoals eerder genoemd zijn er veel biologische processen waarbij meerdere DNA stuk-
ken betrokken zijn. Sinds een aantal jaar pas is bekend dat ook veel restrictie-
enzymen interactie hebben met twee kopieën van hun herkenningsplaats. Als deze
twee sites zich op één DNA molecuul bevinden kan er een lus (loop) in het DNA
worden gemaakt. Dit is in 1991 voor het eerst direct aangetoond aan de hand
van elektronmicroscopie-foto’s [186]. Sindsdien is DNA-lusformatie door restrictie-
enzymen bestudeerd met verschillende, veelal biochemische methoden. Bij deze
werkwijzen is het bewijs voor het vormen van DNA-lussen echter altijd indirect of
wordt er slechts een momentopname gemaakt. Hierdoor geven dit soort experimen-
ten weinig inzicht in de onderliggende DNA-lus kinetiek. In Hoofdstuk 5 beschrijf ik
zogenaamde tethered particle motion (TPM) experimenten aan de restrictie-enzymen
NaeI en NarI, die ik heb uitgevoerd in het lab van prof. Francesco Pavone in Florence
(Italië). De TPM techniek maakt het mogelijk om real-time de vorming van DNA-
lussen door deze enzymen te volgen. DNA-moleculen worden vastgemaakt met het
ene uiteinde aan een microscopisch klein plastic (polystyreen) bolletje, en met het
andere uiteinde aan het oppervlak van een microscoopglaasje, zoals weergegeven in
Figuur 5.2b op pagina 74. Door de Brownse beweging zullen de bolletjes willekeurig
heen en weer bewegen als een bal aan een touwtje. De gemiddelde uitwijking van
deze beweging ten opzichte van het bevestigingspunt hangt af van de lengte van het
DNA molecuul. Door simpelweg de positie van het bolletje in de tijd te meten met
behulp van een microscoop en een videocamera kan men veranderingen in de lengte
van het DNA dus direct bepalen.

Voor de experimenten heb ik twee verschillende DNA-moleculen gebruikt, die elk
twee bindingsplaatsen hadden voor één van de twee restrictie-enzymen. Het DNA
geschikt voor het ene enzym kon dus tevens gebruikt worden als controlemolecuul
(geen sites) voor het andere enzym en vice versa. Met NaeI in de oplossing bleek
het niveau van de Brownse beweging te schakelen tussen twee discrete waarden, die
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bovendien onafhankelijk waren van de eiwitconcentratie (Figuur 5.3 op pagina 77).
Een logische verklaring hiervoor is dat wanneer het eiwit een lus van karakteristie-
ke grootte in het DNA introduceert, de effectieve lengte ervan met diezelfde omvang
afneemt. De geregistreerde gemiddelde uitwijkingen waren inderdaad in goede over-
eenstemming met de verwachte waarden voor specifiek gelust en vrij DNA. Door te
kijken naar de verdeling van lustijden hebben we de bindingstijd van het complex
bepaald. We hebben ook geconstateerd dat het vormen van een lus volledig bepaald
wordt door de snelheid waarmee de twee plekken op het DNA bij elkaar komen; het
eiwit blijft steeds aan één van de sites gebonden, terwijl de andere herhaaldelijk los-
laat en weer bindt. Deze constatering wordt ondersteund door de kristalstructuur van
NaeI, waarin twee verschillende DNA-bindende domeinen zichtbaar zijn.

Bij het eiwit NarI kregen we heel andere resultaten: hier fluctueerde de gemid-
delde uitwijking van het bolletje tussen veel meer dan twee waarden (Figuur 5.4 op
pagina 78). Dit is een aanwijzing dat NarI naast eventueel specifieke lussen, ook niet-
specifieke lussen maakt in het DNA. Dit vermoeden werd versterkt doordat bij steeds
hogere NarI concentraties door vele niet-specifieke lussen het DNA effectief almaar
korter werd.

De tot nu toe beschreven experimenten waren gedaan in een oplossing zonder
metaal-ionen, zodat de enzymen het DNA niet konden knippen. Over het algemeen
gebruiken restrictie-enzymen hier magnesium of mangaan voor. Het metaal-ion cal-
cium daarentegen heeft de handige eigenschap dat het wel specifieke eiwitbinding
stimuleert, maar knippen tegenhoudt. Door toevoeging van calcium-ionen werd de
NaeI binding dan ook enorm versterkt. De gemiddelde bindingstijd nam toe van een
tiental seconden tot een uur. Bij NarI verwachtten we eenzelfde soort resultaat. De
data van NarI met calcium, weergegeven in Figuur 5.5 op pagina 81, laten zien dat er
in dit geval wel degelijk specifieke binding plaatsvindt en dat de niet-specifieke lussen
worden onderdrukt. Maar de levensduur van het specifieke NarI-DNA complex is erg
kort, slechts een paar seconden. We denken dat deze korte levensduur de oorzaak is
dat NarI slechts één DNA streng knipt voor het complex weer uiteenvalt.

De in dit proefschrift beschreven metingen zijn de eerste waarin DNA lussen door
restrictie-enzymen in individuele DNA-moleculen direct en in real-time waargenomen
worden. Vóór deze experimenten was de TPM techniek alleen toegepast op andere
eiwitsystemen, zoals de gen-regulatoren Lac en Gal repressor. De nieuwe resultaten
bieden dus de mogelijkheid DNA-lus mechanismen van eiwitten met heel verschillen-
de structuur en functie te vergelijken.

Condenseren van individuele DNA-moleculen

In vrijwel alle levende organismen zit het genetisch materiaal dicht opeengepakt in
de cel of celkern. Virussen spannen hierbij de kroon. In water heeft het viraal DNA
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een volume dat 10000 keer zo groot is als het virus zelf! Omdat DNA ook nog sterk
negatief elektrisch geladen is – en dus zichzelf afstoot – wordt het DNA onder enorme
druk in de virushuls geperst. In de meeste bacteriofagen wordt de electrostatische
afstoting enigszins gereduceerd door de aanwezigheid van polyaminen, kleine posi-
tief geladen moleculen die binden aan de buitenkant van het DNA. Een interessant
verschijnsel is dat DNA los in een waterige oplossing in de aanwezigheid van lage
concentraties polyaminen samenklontert tot een spoelvormig ‘condensaat’, waarvan
de structuur verdacht veel lijkt op hoe het DNA in virussen zit opgerold. Figuur 1.4
op pagina 10 is een elektronenmicroscopiefoto van zo’n DNA condensaat.

Het laatste deel van dit proefschift, Hoofdstuk 6, gaat over DNA condensatie van
individuele DNA-moleculen door het polyamine spermine. Als eerste laten we m.b.v.
fluorescentiemetingen zien dat DNA dat vastgehouden wordt tussen twee bolletjes
in optische pincetten die langzaam naar elkaar toe bewegen samenpakt in een enkel
condensaat, waarvan de fluorescentie-intensiteit ruwweg overeenkomt het de hoe-
veelheid DNA die erin zit (Figuur 6.1 op pagina 91). De resultaten tonen ook aan
dat DNA van beide kanten van het condensaat met gelijke snelheid ingerold wordt,
en dat de bolletjes geen directe invloed hebben op het condensatieproces. Vervolgens
beschrijf ik een opvallende hysterese4 in het elastisch gedrag van DNA in de aanwe-
zigheid van spermine. We vonden dat, als er eenmaal een begin van condensatie is,
het proces heel snel verloopt en het DNA wordt strakgetrokken tot een kracht van
3-5 pN (Figuur 6.3 op pagina 94). Door het DNA met verschillende snelheden te re-
laxeren laten we zien dat de afnemende kracht de barrière voor condensatie verlaagt.
In onze experimenten hebben we heel precieze controle over de afstand tussen de
twee bolletjes, waardoor het mogelijk is de condensatie van DNA met hoge resolutie
te bestuderen. Een opmerkelijke ontdekking die we hebben gedaan is dat condensatie
en de-condensatie van DNA bij de eerder genoemde krachten in kleine discrete stap-
pen van ongeveer 40 nanometer (nm) verloopt (Figuren 6.5 en 6.7 op pagina’s 97 en
100). De omtrek van gecondenseerde DNA-spoelen in oplossing is veelal 200 tot 300
nm. De door ons gedetecteerde stappen zijn dus een stuk kleiner. Toch denken we
dat we hier te maken hebben met het (af)wikkelen van individuele DNA windingen.
Door de aanwezige kracht op het DNA is de energetisch optimale grootte van een
DNA-lus namelijk veel kleiner (30-40 nm) dan wanneer het DNA niet onder spanning
staat. Hier is in eerdere optisch-pincet metingen aan DNA condensatie geen rekening
mee gehouden. Tenslotte hebben we ontdekt dat voor een stabiel condensaat mini-
maal twee DNA windingen nodig zijn. Alle resultaten wijzen daarmee in de richting
dat er inderdaad spoelvormige DNA condensaten worden gevormd op DNA onder
mechanische spanning, iets wat met andere technieken nooit is aangetoond.

4Hysterese is het verschijnsel dat een gemeten grootheid (in dit geval de kracht) niet alleen afhangt van
de grootte van de variabele (hier de DNA-uitrekking), maar ook van de richting waarin deze verandert.
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Conclusies

Dit proefschrift beschrijft een van de eerste single-molecule onderzoeken naar Type II
restrictie-enzymen. De uitgevoerde experimenten hebben nieuwe kennis over deze
eiwitten opgeleverd die met andere strategieën niet of nauwelijks te achterhalen zou
zijn geweest. De algemene uitdaging van single-molecule experimenten om genoeg
statistiek te vergaren geldt extra voor restrictie-enzymen, die immers bij elke reactie
het DNA-construct kapotknippen. Dit probleem hebben wij aanzienlijk verkleind door
de ontwikkeling van een goed werkend flowsysteem met meerdere kanalen, waarin
DNA-constructen on the fly kunnen worden opgebouwd.

Onze resultaten dragen bij aan de kennis van knip- en zoekmechanismen van
DNA-eiwitten. We hebben ook ontdekt hoe sommige dubbel-bindende restrictie-
enzymen werken en wat voor invloed dit heeft op de knipreactie. De geconstrueerde
optisch-pincet opstelling is verder uitgebouwd zodat er ook twee DNA-moleculen te-
gelijk mee kunnen worden gemanipuleerd. Deze mogelijkheid hebben we gebruikt
voor een nieuwe DNA-scan techniek om DNA-gebonden eiwitten te detecteren. Daar-
naast hebben we sommige openstaande vragen over DNA condensatie opgelost.

In de nabije toekomst kunnen de hier beschreven experimenten worden gecom-
bineerd om zo een antwoord te kunnen geven op de vraag in welke mate de DNA
sites in gecondenseerd DNA bereikbaar zijn voor eiwitten. Met de experimentele op-
stelling zullen steeds complexere dynamische reacties en bindingen tussen meerdere
DNA-moleculen onderzocht worden, teneinde bij te dragen aan onze kennis van de
elementaire bouwstenen van levende systemen.
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