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INTRODUCTION

Many vital cellular processes, including DNA replication, DNAai,
gene expression control, recombination and antiviral defence aratetedy
proteins that recognize specific DNA targets. These proteins locate their
target sites in the sea of the non-specific DNA sequences. Uukirsy
molecular mechanisms of how DNA binding proteins losgiecific sites amongst
huge amounts of non-specific DNA is a fundamental problem in both biofayy a
biophysics.Different regulatory proteins, like transcription factors, musd their
target sites first to initiate complex biological processgshsas gene activity
regulation. Enzymes thatexcise or modify DNA bases or hydrolyse
phosphodiester bondd specific sites have not only to locate their target sequence
but also trigger a chemical reactiapon formation of the specific protein-DNA
complex.

Type Il restriction enzymes (REases) form one of the laggesips of site-
specific DNA-acting enzymes. They recognize short (4-8 bp) DN@veseces and
cleave both DNA strands within or close to the recognition sitEasBs are part
of restriction-modification (R- M) systems that protect host bacteria and archaea
cells from foreign (e.g, bacteriophage) DNA (Pingoud et al., 2014). Duenfiesi
cofactor requirements (most enzymes require only**Mgns), extraordinary
specificity and efficiency, REases became indispensable tools itro DNA
manipulations, and also convenient model systems for the studiegyef sie
location, site-specific DNA recognition, and DNA cleavage by -siecific
proteins. For example, studies performed on REases have contributed to our
understanding of facilitated diffusion, i.e. target site location mesha
employed by most site-specific proteins involving sliding and hoppingdidil

2004). Of particular interest are studies that examine theomdhip between
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formation of a specific REase complex with the target sjtefgyme activation
and mechanisms of DNA cleavage (Kurpiewski et al., 2004). Indeed, elespit
similar function — DNA cleavage at specific sites — REaass a highly
heterogeneous group of enzymes that differ in their oligomerictstay domain
organization, recognition sites, and reaction mechanisms. For exantptejor
restriction enzymes, like EcoRI (Kim et al., 1990) or Munl (Ddib&999), are
symmetric homodimers, that place the catalytic centre and rsegwecognition
elements of one subunit against the scissile phosphate and DNAiaseshalf
of their palindromic recognition site, and the other subunit againstythmetry
related half-site. A similar strategy, where the numbecledved DNA strands
matches the number of catalytic centres, is also employdleblyomotetrameric
Type IIF enzymes, which simultaneously bind and cleave two cayidbe
symmetric recognition sequence (e.g., Cfr10l (Siksnys et al., 1988)MIV
(Embleton et al., 2001), Bse634l (Zaremba et al., 2005), and Cfe#3iuynas et
al.,, 2008)), and some Type IIS REases, which recognize asymmetific D
sequences and cut DNA at one side of the recognition site, including the
monomeric REase Mval269I (it contains two active sites in oryp@plide chain
(Armalyte et al., 2005)), and the monomeric enzyme Fokl (it dm@& upon
DNA binding (Catto et al., 2008)).

However, some enzymes introduce double-strand DNA breaks employing
just a single catalytic centre. For example, Type IS RiEd8as a homodimer
that contains a single catalytic centre at the interéhd¢ke nuclease domains, and
uses it for sequential nicking of the two DNA strands. Throughout tieas@ions,
which involve swivelling of the catalytic centre between DN#asds of opposite
polarity, the catalytic domains of Bfil remain tethered to A via the DNA
recognition domain (Sasnauskas et al., 2010). Available structural and
biochemical data indicate that some other REases also em@@mgle catalytic

centre for dsDNA cleavage. For example, Bcnl is a monomeric eREdsch
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forms an asymmetric complex with its pseudopalindromic redogngite 3-
CC/SGG-3 (where S is C or G, and /" marks cleavage position), platieg
single catalytic centre in the vicinity of the scissile phosphattne DNA strand
(Sokolowska et al., 2007). This raised a question of how Bcnl acctweplis
cleavage of double stranded DNA. We have employed various biocheantatal
biophysical methods, including bulk kinetics and single-molecule technitues,

elucidate the target site location and DNA cleavage mechanisms of Bcnl.

The specific aims of this study were:

i to determine the mechanism of double-stranded DNA cleavage yadplo
by the monomeric restriction endonuclease Bcnl;

I to characterise the process of target site location eragldyy Bcnl,
including the conformational states of Bcnl, dynamics of speaiiicreon-specific
Bcnl-DNA interactions, and facilitated diffusion on the DNA using easi single
molecule techniques.

Scientific novelty:

We present the first detailed kinetic analysis of double-stram2dA
cleavage by a monomeric restriction enzyme;

This is the first study that addresses the mechanism of itgdbcation
by the site-specific DNA binding protein using a combination of dffesingle-
molecule techniques, including, but not limited to, confocal microscopy stud
DNA binding and conformational dynamics of Bcnl using single/doubldiabe
protein, and Bcnl movement on stretched DNA using a combination df TIR

microscopy and magnetic tweezers.
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Practical value

The set of single-molecule techniques employed and describeddwdde
be successfully applied to characterisation of other DNA-bingingteins,
including DNA polymerases, CRISPR-Cas endonucleases, and various other DNA
modifying enzymes that are currently used as molecular toolgeimetic
engineering and genome editing. The Bcnl reaction mechanism chisexttegre
also enabled engineering of nicking endonucleases, i.e. Bcnl variantsysyayol

only one particular DNA strand at the recognition site (Kostiuk et al., 2011).

The major findings presented for defence in this thsis:

. Monomeric REase Bcnl sequentially hydrolyses two DNA stramitisin
the pseudopalindromic recognition site(CSGG-3

. The switch in Bcnl orientation on the DNA occurs without disdamaof
the enzyme into bulk solution;

. Target site location and the switch in Bcnl orientation involisirgl and
jumping of the enzyme on the nonspecific DNA;

. The conformational flexibility of Bcnl and the relative positions loé t
recognition and catalytic subdomains depend on DNA and divalent oetal

binding.
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1. REVIEW OF LITERATURE

The first two parts of this review cover various fluorescenceasd
single molecule force microscopy techniques, with a special foousiethods
used in this work. The final part of this review is dedicatefd¢ditated diffusion
of proteins on DNA, a target-site location mechanism demondtifate many

DNA-acting enzymes, including the monomeric restriction endonucleade Bc

1.1. Single molecule fluorescence spectroscopy
1.1.1. Fluorescence

Luminescence is the emission of light from any substance, angdsdtom
electronically excited states. Upon absorption of a photon, electbribe
fluorophores are excited from the ground singlet staget¢Sa certain vibrational
energy level of higher electronic singlet states, (B etc.). After excitation,
electrons rapidly relax to the lowest vibrational level qf sthglet state by
vibrational relaxation (VR) and internal conversion (IC) procesBes following
energetic return from;30 § singlet state, which causes energy release by light
emission, is calledluorescence(Figure 1A. Fluorescence emission spectra are
usually independent of the excitation wavelength, due to the fact tltatoake
rapidly return from higher excited vibrational state level$ilbwest vibrational
state level of Sby VR. In excited singlet states, the electron of the fluoropimore i
the excited orbital is paired by opposite spin to the seconttaiea the ground-
state orbital. Consequently, return to the ground state is spineallawd occurs
rapidly by emission of a photon. Fluorescence typically occursvagrlenergies
or longer wavelengths than excitation spectra because part of tly eéndost

during the return to the lowest vibrational level of Singlet state. This
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phenomenon is known &tokes shiftand is evaluated as the difference between
absorption and emission maxima)( Figure 1B). The energy of the &xcited
state can also be dissipated by non-radiative heat releasegoiebching, when
energy is transferred to another molecule during a collision.

Molecules can also undergo a spin conversion frqmoST;, which is
known a intersystem crossing (ISC) to the first triplet stat&mmission from Tis
termedphosphorescenceand is generally shifted to longer wavelengths (lower
energy) relative to the fluorescence. Reversible ISC pracassits electron back
to the S state and yielddelayed fluorescenceTransition from T to the singlet
ground state §is forbidden, and as a result the rate constants for triplissiem
are several orders of magnitude lower than those for fluores¢Eigae 1A
(Lakowicz, 2006).

1.1.2. Forster resonance energy transfer

Forster resonance energy transfer (FRET) is the phenomenondratesl
non-radiative energy transfer that occurs between a donor (D) fluosophor
molecule in the excited state and an acceptor (A) moleculeeirgitound state.

The fluorophore donor molecules typically emit light (see 1.1.1.phairter
wavelengths than absorption spectrum of the acceptor and partiallgpsverith

it (J(1), Figure 1B). Energy transfer occurs without the appearance of a photon and
Is the result of long range dipole-dipole interactions between the dadotha
acceptor. The transferred energy excites acceptor and enalte®ntit light

(see 1.1.1.), although acceptor does not need to be fluorescent becaudeeRET
not involve emission of light by the donor (Figure 1C). Forster resoramagy

transfer is characterized by the rki):

1 R
kr() = =G0 )
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whererp is the decay time of the donor in the absence of accépt the
Forster radius, and is the distance between donor and acceptor. Forster radius
(Ro) is the characteristic measure of the resonance energsfetrawhich is a
constant for a certain donor-acceptor pair of fluorophores. When the donor-to-
acceptor distance)(equals tdR,, then resonance energy transfer rate equals donor
decay rate in the absence of acceplidrp] and at this distance, half the donor
molecules decay by energy transfer and half decay bysilie radiative and non-
radiative rates. If the transfer rate is faster than donorydecéhe absence of
acceptor, then transfer is considered as efficient, if slowerinedBcient. For
convenience the measure of FRET efficiency was introducedtheifaction of

photons absorbed by the donor, which are transferred to the acceptor:

kr(r)

ORI

Epgpr =

The given fraction is the ratio of the transfer rate to the tt#aby rate of
the donor in the presence of acceptor. Combination of equations (1) agide&)

us the following expression for the FRET efficienByde) (eq. 3):

1+ (RLO)6

Equation (3) reveals that FRET efficiency is very senstiivéhe distance

(3)

Ergpr =

changes between the donor and the acceptor. In the range of E2=zB:8nearly
depends on the distance between donor and accdpgurd 10D, and for this
reason FRET is used as a “spectroscopic ruler® to measusnaist between
different sites of macromolecules or distances between diffargeracting
macromolecules (protein-protein, protein-nucleic acids) (Sty@r8). Multiple
methods employing FRET were developed that allow detection and olzenat
biochemical processes at the single molecule level (Joo et @8; Rim and Ha,
2013; Preus and Wilhelmsson, 2012; Roy et al., 2008; Sisamakis et al., 2010).
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To implement distance measurements, the distance between donor and
acceptor on the investigated protein or nucleic acids sites mustthe linear
region, and the Forster radiugy) for the corresponding pair of fluorophores must
be calculated.

Forster radiusK,) depends on multiple factors (eq. (4)), such as dipole
orientation factor %, dynamic averaged value of which is 2/3) (Loura, 2012),
guantum vyield ¢p) of the donor fluorescence in the absence of acceptor, spectral
overlap integral J(1)), Avogadro's numberN) and refractive indexnj of the
medium. All terms of the equation are constants excep®foandJ(1), which
have to be experimentally determined to calculate Forstersradiuhe actual
experimental conditions (Lakowicz, 2006).

. 9000In(10)k>®,] (A)
o 128m5Nn*

(4)

The fluorescence quantum yiel@d) (eq. (5)) is the ratio of the number of
emitted photons to the number of absorbed photons, or the fraction of
fluorophores that decay through emission (eqg. 5):

_ #of photons emitted I’
~ #of photons absorbed T + k,,,

(5)

D

where " is the sum of radiative decay constamtgs,— the non-radiative
decay constant. Quantum vyield of the donbs)(is determined by comparison of
the fluorophore to standard fluorophores (Vamosi et al., 1996) (see 2.2.8.1).
The overlap integrald(A) (eq. (6), Figure 1B) expresses the degree of
spectral overlap between the donor emission and the acceptor absorption:
Jy” Fp Mg (OA*dA

N = %
/&) [ Fy) dA
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Fp(4) is the corrected fluorescence intensity of theodaat 4, (1) is the
extinction coefficient of the acceptor Atwhich is typically in units of Mcm™
(Lakowicz, 2006) (see 2.2.8.2.).
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Figure 1. Fluorescence theory (A) Jablonski diagram. Upon absorption of a photon,
fluorophore molecules from the ground singlet sté¢) are excited to a certain
vibrational energy level of higher electronic silgstates (§ S, etc.). Rapid relaxation
to the lowest vibrational level of;Singlet state occurs by vibrational relaxation VR
and internal conversion (IC) processes. From tligtpcompetitive processes like
Quenching, Non-Radiative Relaxation, Fluorescenceersible Intersystem Crossing
(ISC) may occur. After ISC fluorophore molecule WR reaches the lowest vibrational
energy level of the electronic triplet stateahd then phosphorescence occursX%).
(B) Stokes shifts between Alexa488 excitation (cyam) @mission (green) spectra
maximum and between Alexa546 excitation (yellow)l amission (orange) spectra
maximum are marked asl. Overlap integrall(1) of Alexa488 (donor) emission spectra
and Alexab546 (acceptor) spectra are depicted asrk green area(C) Jablonski
diagram for the FRET proces@)) Errer dependence froniRy graph reveals linear
dependence in the 0.2-0Bret values interval. Figure 1D is adapted from (Rowlet
2008).
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1.1.3. Fluorophores

Observation of single molecules allows experimenters to detedt a
guantify subpopulations in a sample and directly observe the dyrsamatural
changes that macromolecules undergo during various biological processes.
Proteins and nucleic acids rarely have efficient naturahsitr fluorophores, for
this reason scientists use extrinsic fluorophores. High quantum yheit,
extinction coefficient and photostability are crucial for sucoésgmost all types
of fluorescence experiments (Stennett et al., 2014). Another impoentrd is
the fluorophore size, which can be suitable for certain experimees.tyhere are
three types of fluorophores: Quantum dots, fluorescent proteins and organic

fluorophores Figure 3.
1.1.3.1. Quantum Dots

Quantum dots (QDs), the biggest fluorophores, are inorganic nanocrystals
that fluoresce at sharp and discrete wavelengths depending onctteesize (1-
10 nm). QD’'s have high extinction coefficients (10 to 100 times those of
fluorescent proteins (see 1.1.3.2.) or small organic fluorophores (see 1.4ril3))
have high quantum yields. QDs typically contain a CdSe or CdTeatat&ZnS
shell Figure 2A. Their absorbance extends from short wavelengths, up to just
below the emission wavelength, so that a single excitation wavelengtile to
excite different QDs with different emission maxima. Cruda biological
applications was the development of coatings that make QDg-satble,
prevent quenching by water, and allow conjugation to protein-targetinguhede
such as antibodies and streptavidin (Medintz et al., 2005; Petryayaka2§13;
Zhang and Wang, 2012). Due to massive size QDs generally unsuitaBRE®r
applications (Hohng and Ha, 2005), but long lasting QDs emission as fiole
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particle tracking on the cell surface (Dahan, 2003) or on DNAr(@oret al.,
2007).

1.1.3.2. Fluorescent proteins

Small size (25-30 kDa) of fluorescent proteins (FP) allows #itachment
to any protein of interest. The prototypical green fluorescenteiprdiGFP)
consists of 238 amino acids that fold into a rigid 11-sidwmrrel with a central
a-helix (Figure 2B. The fluorescent chromophore 4-(p-hydroxybenzyliden)-5-
imidazolinone forms autocatalytically from a tripeptide @8elTyr66-Gly67 for
GFP) (Orm et al.,, 1996; Tsien, 1998). Single molecule emission idetect
experiments revealed that GFP are blinking, are involved in tripkaidaral states
(see 1.1.4.2.), and their emission often fluctuates. To avoid fluctuations, the
chromophore must be in planar orientation and rigidly trapped insiderdiein
(Ha and Tinnefeld, 2012). Discovery of GFP triggered scientists to@sga set
of FPs that span the visible spectrum from deep red to deep blyeafioh
Davidson, 2009; Shaner et al., 2005). Due tol0-times lower photostability in
comparison to small organic fluorophores FPs are unsuitable fozl@dréicking,
but FPs ability to be fused and genetically encoded with almosy evetein of
interest allows to monitor localization and interaction of prstanside living
cells (Day and Davidson, 2012; Miyawaki, 2011).

1.1.3.3. Organic fluorophores

The smallest known extrinsic fluorophores are organic fluorophores. Proper
positioning makes them the least perturbing and the most accuratersmpréers
for the single molecule system of investigation. Because orflaniophores are
less stable than quantum dots, a number of chemical modificai@hsnedium
developments were discovered that improve the photostability ofyiée dnd

have markedly expand their applicability almost in every imaging egipn
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thereby advancing our knowledge of molecular structure, dynamicsuantioh
(Zheng et al., 2014). According to structure, organic fluorophores are divided
three major categories: rhodamines, carbopyronins/oxazines, and carbhesyani

1.1.3.3.1. Rhodamines

Rhodamine dyes absorb in the 520-570 nm range, and their photophysical
properties depend greatly on the substituents attached to the amino gnoups
esterification of the carbonyl group in the phenyl rikgg@re 2G. Rhodamines
with amino groups alkylated (Rh6G) or integrated into aliphaticsrii®h101)
have quantum yield close to unity. Rhodamines containing non-esteriflazhgh
group (TMR and RhB), exhibit a pH-dependent equilibrium between fluemesc
cationic form at pH=2 and a higher quantum yield fluorescent zwtierform at
pH=8. Rhodamines are efficiently quenched by guanosine, tryptopinagnare
self-quenched when form dimers. Rhodamine derivatives have bulkytsebtsi
and sulphate groups to prevent strong interactions and to increasesuolability
respectively Figure 2GQ. Examples used in sm-fluorescence include Alexa 488,
Alexa532, Alexa546, ATTO 532, ATTO 565, ATTO 590, TAMRA (Stennett et
al., 2014).

1.1.3.3.2. Carbopyronines and oxazines

Carbopyronines are rhodamines with oxygen replacement by a dgemina
dimethyl group, it shifts absorption spectrum of dyes to longefmegaPopular
red-adsorbing carbopyronin is ATTO 64{HNigure 2D)used as acceptor in sm-
fluorescence experiments. Oxazines are a family of red-shifbswr@ation
spectrum compounds, where the central carbon atom of the xahteneophore
is replaced by a nitroge(Figure 2E) High oxidative potential (high electron
affinity) compared to rhodamines or cyanines makes them meststaxidation
by molecular oxygen, and thereby more resistant to photobleachang.(sé.1.).

In the presence of oxygen-scavenging buffer, oxazines form semi-reghamess
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with fluorescence lasting up to several minutes. They are also pooredox
blinking (see 1.1.4.2.) in the presence of oxidating and reducing agents. Examples
of commercial oxazines are ATTO 655, ATTO 680 and ATTO 700 (Steehett
al., 2014).

1.1.3.3.3. Cyanines

Cyanine dyes consist of two nitrogen atoms linked by a conjugated
polymethine chain containing an odd number of carbon atoms. Heticocy
groups are required to stabilize cyanine dyes at both ends. Thepomdar
cyanine dyes like Cy3 and Cy5 have indol groupgure 2F. The longer chain in
Cy5 is responsible for the redshift in absorption and emission spetGiking it
an ideal acceptor in FRET experiments when paired with a Cy3.donoontrast
to rhodamines, cyanines are not effectively quenched by tryptophanrasjua
due to their lower electron accepting tendency. Instead, stackiegadtions
between Cy3 and the DNA nucleobases or attachment to protein sesrea
fluorescence and lifetime. At room temperature carbocyaninas iexall trans
form at the ground state in solution. Upon light absorption competing gexces
like fluorescence, internal conversiofiqure 1B and rotation around C-C bond
of the polymethine chain occurs. Bond rotation results in a twistedmnediate
that deactivates rapidly to the ground state to ym$dor trans isomers. To
prevent formation of poorly fluorescests isomer, cyanine structure must be
rigidized around the polymethine chain like in Cy3B. Reaction of longer
polymethine chain’s double bond (Cy5) with thiols interrupts the conjugated
system and converts the cyanine to a dark state, which can bd bgaxcitation
below 540 nm or by excited Cy3 fluorophore presence closer than tB& FR
distance. Examples of commercial cyanines are Cy2, Cy3, G§8B.5, Cy5,
Cy5.5, Cy7 (Ha and Tinnefeld, 2012; Stennett et al., 2014).
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Figure 2. Fluorophores (A) Quantum Dots consist of core (green), shell (gayl
coatings (cyan) that increase water solubility-(¢)) and allows bioconjugation to
biomolecule of interest (BOI) ((vi)-(xi)). FigureA2adopted from (Petryayeva et al.,
2013).(B) Structure ofA.victoria GFP consists of a rigid 11-sheet beta barrel aith
helix in the centre (transparent green cartoon)réacent chromophore 4-(p-
hydroxybenzyliden)-5-imidazolinone (colourful spégy forms autocatalytically from a
tripeptide (Ser65-Tyr66-Gly67) (PDB ID 1EMA). Sttucal formulas of organic
fluorophores with functional groups for specificpagation:(C) Rhodamine Alexa488-
C5-maleimide.(D) Carbopyronine ATTO647N-NHS esthdE) Oxazine ATTO 655
carboxylic acid(F) Cyanine Cy3-hydrazide.

1.1.4. Improving the characteristics of the fluoropores

Upon appropriate illumination, an ideal fluorophangles between they S
and § states, resulting in a long-lasting fluorescentre. practice excited
fluorophore can return to,State through radiative or non-radiative relaxatio
pathways [Figure 1B. Excursions to the triplet state attenuate theeoled photon
emission rate and causbknking. Fluorophores in Ttriplet state are active in
electron transfer reactions that result in formatad the non-fluorescent radical
species Rand R, and subsequent degradation &fehaching of the fluorophore
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(Gust et al., 2014; Ha and Tinnefeld, 2012; Vogelsang et al., 2008; Zhehg et a
2014).

Two main problems for single-molecule biophysical studies using
fluorescence are photobleachifrgactions with oxygenand undesired intensity
fluctuations (blinking caused bintersystem crossing (ST,) or dark states
caused by formation of radical ions from the triplet stat€Ha and Tinnefeld,
2012)

1.1.4.1. Bleaching

Oxygen is a good triplex state quencher, although it is also the main
participant in fluorophore oxidation. Electron transfer from a tripliites
fluorophore to molecular oxygen produces a superoxide radiggl 4@ a non-
fluorescent cationic state {Rof the fluorophore. Energy transfer from a triplet
fluorophore to molecular oxygen produces excited singlet oxyd@g), (an
oxidizing agent stronger than ground state molecular oxygen. Superodici@sa
and singlet oxygen, along with other downstream reactive oxygeresg&ons),
including HO- , HO, - and HO,, can cause photobleaching by directly reacting
with the delocalizedr-electron system, or phototoxicity by reacting with nearby
biomolecules (Zheng et al., 2014). For this reason enzymatic oxygesngazy
systems were developed for imaging experiments. The most popaikeaOD-
CAT system (BENESCH and BENESCH, 1953), comprised of gluagisepse
oxidase and catalase, and the PCA-PCD system (Aitken et al.,, 200&)rised
of protocatechuic acid and protocatechuate-3,4-dioxygenase. Applicatioesef t
systems for oxygen removal leads to production of organic acidas decrease in
medium pH. For this reason the experimental medium must bebufétred An
alternative oxygen removal system is pyranose oxydase in oatidn with

catalase (POC), which produces ketone and has no effect on thanpther
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oxygen scavenging system is comprised from methylene blue &l §3ust et
al., 2014).

1.1.4.2. Blinking

Removal of molecular oxygen from solution reduces fluorophore
photobleaching, but accentuates the redox characteristics of the fluofephore
triplet state, which results in severe blinking due to formatiomadical states
lasting from milliseconds to hours.

The blinking problem can be solved using protective agents. One of the
first stabilizing agents was 2-ME, which is still used fobgization of Q-Dot
fluorescence (Schwarz et al., 2013). Most popular protecting agents 35,7
cyclooctatetraene (COT), 4-nitrobenzylalcohol (NBA) and 6-hyci®%y7,8-
tetramethylchroman-2-carboxylic acid (TROLOX). The combined af COT,
NBA and Trolox under oxygen scavenging conditions significantly increases t
mean fluorescence intensity and duration of photon emission. Protegmgs
are more effective if they act asducing and oxidizing systems(ROXS).
Systems like ascorbic acid — n-propyl galate, TROLOX/TROLOXquinone
(TX/TXQ) and NBA have been shown to function through ROXS mechanisms
(Zheng et al., 2014). After intersystem crossing to the fluorophore can be
reduced by the reducing agent yielding the radical anioanB then quickly re-
oxidized by the oxidizing agent to return to thg(8gure 1A). Alternatively, the
fluorophore is oxidized from Tby the oxidant to form Rand subsequently
returns to the ground state by reduction (Vogelsang et al., 2008).

It was demonstrated that the ROXS mechanism using TX/TX@owves
the photostability of Alexa647, ATTO647N or Cy3/Cy5 FRET pair. Photostabili
of fluorophores with excitation maximum below 600 nm are better imdrbye
geminal recombination (GR) mechanism — reduction combined with an efficient

back electron transfer by the same single thiol molecule likeE2vihich is
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trapped within the solvent cage of fluorescent molecules. GR werksctly with
ROXS (using 2-ME andTX/TXQ) for Alexa488, Alexa532, ATTO532 and
Alexa568 (Holzmeister et al., 2014).

COT increases fluorophores brightness by operating thrisyuét-triplet
energy transfer. This mechanism is efficient, when triplet energy of the donor
fluorophore is higher than the triplet energy of the triplet statenanex
(acceptor). In the presence of molecular oxygen, the tripleggéithe quencher
should also be lower than the triplet-singlet energy gap of moleoxlagen
(~94 kJ/mol) to prevent singlet oxygen generation (Zheng et al., 2014).

Acquired knowledge about fluorescence intensity stabilization mechanism
triggered scientists to overcome concentration dependence and dheatteah
photostabilizing compounds TROLOX, COT and NBA to organic fluorophore
Cy5 linking them with bis-N-hydroxysuccinimide. Obtained Cy5-TRXX, Cy5-
COT and Cy5-NBAself-healing fluorophoresshowed little blinking and reduced
photobleaching rates compared to Cy5 (Zheng et al., 2014).

1.1.5. Labelling of biomolecules

Fluorophores used for single-molecule FRET experiments have to match
several chemical and photophysical requirements: 1) to ensinelirlg
stoichiometry for object tracking and 2) to ensure biomolecule iagedfficiency

and specificity for sm FRET measurements.
1.1.5.1. Nucleic acids labelling

Four main strategies for fluorescent label incorporation intoeruelcids
are known: 1) terminal or internal nucleotide modifications, which allow
attachment of fluorophore derivative; 2) addition of intercalatingpriphore,
which binds to nucleic acids by stacking interactions; 3) nucleotmidifization

with a ligand molecule, which subsequently is recognized by fluoregcentl
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labelled protein; 4) addition of nucleic acids binding fluorescent pr¢kaicka
and Fortina, 2009).

1.1.5.2. Protein labelling

There are three major chemical derivatives of fluorophores:adimdes
that react with thiols, b) N-hydroxysuccinimide esters thattrevith primary
amines, and c) fluorophores modified with hydrazine that react with ketone groups
in genetically encoded unnatural amino acids (Roy et al., 2008).

Protein modification requires mild procedures to prevent chemical or
thermal denaturation. Despite sufficient fluorophores reactivitphipsiological
conditions, labelling withmaleimides (Figure 2C) at specific cysteines for FRET
experiments requires introduction of cysteine in the proper position and
substitution of other undesired cysteines to prevent unspecifilinigbdt is also
very important to correctly choose labelling position and to prevenipdisn of
protein structure upon fluorophore’'s reactions with the desired antitb a
(Toseland, 2013).

The labelling position and stoichiometry is not very important ippse of
the experiment is protein tracking, in this casehydroxysuccinimide
(Figure 2D) fluorophore could be used for labelling of side chains ateipr
surface lysines (Toseland, 2013).

Labelling withhydrazine (Figure 2F) fluorophores does not yet have wide
application, since it requires genetically encoded unnatural amids gKim et
al., 2013a), and even proteins with ketone groups are labelled poorly (Ryu an
Schultz, 2006).

Analysis of protein dynamics and conformational changes using sm FRET
is widely used to characterise protein structure and function. Ndesthesite-
specific double labelling is still a challenge. Traditional labgl with two

fluorophores performing sequential labelling reactions with an inchatee
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chromatographic purification (Diki 2009), or labelling with a mixture of
fluorophores and selection of double labelled proteins during the sm egpéerim
provides double-labelled protein, but label positions in this case adoma
(Comstock et al., 2015; Theissen et al., 2008; Zhao et al., 2011). &dghw's
suggest site-specific double-labelled protein by encoding unique unnaoired
acids and then label them with hydrazine-Cy3 and azide-CyS. mbthod was

used to test the conformational changes in calmodulin (Kim et al., 2013b).

1.1.6. Experimental setups for fluorescence basedingle-

molecule measurements

The major condition for sm fluorescence detection is high sigrabite
ratio. There are two techniques used for sm fluorescence imaygfhgrescence

confocal microscopy and ii) total internal reflection fluorescenceRg).IR
1.1.6.1. Confocal microscopy

In confocal microscopy a laser beam is focused by a high NAostope
objective to a diffraction-limited volume of ~1 femtolitdfigure 3A. Both the
excitation and emission light is collected through the same objectm- (
fluorescence”). A micrometer-sized pinhole positioned in the eomdgiht path
filters out-of-focus light. Diffraction-limited volume, caused Hyigh-NA
objective enhances the signal-to-noise ratio and allows the cofieaftia greater
number of photons by avalanche photodiodes (Tian et al., 2011). Investigation of
single fluorescently labelled molecule that occupies the confposlase possible
if concentrations used are in the picomolar range. The transitlobrascently-
labelled molecule diffusing through the confocal volume can be detested a
photon “burst”. Low concentrations in these experiments are necdsseayse
relative intensity fluctuations are reciprocal to number of mdés at the

confocal volume. Autocorrelation function calculated from time ttajges of the
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fluorescent signal allows to extract information about protein ddfysi
stoichiometry and FRET efficiency applying fluorescence coroglat
spectroscopy (FCS) (Rigler and Elson, 2001) or fluorescences-cooselation

spectroscopy (FCCS) (Bacia and Schwille, 2007) methods respgcihata can

also be collected from immobilized molecules if a scanning sageegrated

(Gust et al., 2014).

1.1.6.2. TIRF microscopy

Total internal reflection fluorescence microscopy (TIRFM)aisnethod
based on the physical property of the evanescence wave. Evaneseeniswa
generated when a light beam propagating through a transparent medium of a
higher refraction index, (e.g. a solid glass prism) encounters an interface with a
medium of a lower index of refraction (e.g. sample solution), it undergoes total
internal reflection for incidence angles (measured from the notmathe
interface) greater than the critical angte(eq. (7)):

0. = sin~?! (%) (7)

1

Although the incident light beam totally internally reflectshag interface,
an electromagnetic field called the evanescent wave persetradenall distance
into the liquid medium and propagates parallel to the surface ipléme of
incidence. The evanescent electric field intenfity decays exponentially with
perpendicular distancefrom the interface (eq. (8)Figure 3B:

I1(z) = I,e™d (8)
A : 1
d= ﬁ[ni sin?8 —n%]"z2 (9)
whered (eq. (9)) is a characteristic penetration depth at which sitteaf

evanescent wave electric field decrease® by — light wavelength in vacuum
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and @ is angle of incidence (Axelrod, 2001, 2003; Axelrod et al., 1984; Fish,
2009).

TIRF can be generated by either coupling the laser beam through the
extreme edge of a high-NA objective (“objective TIRF”) or lmyling it into a
prism above the microscope coverslip (“prism TIRF”) to achieveatigde for
total internal reflectionKigure 3B. At the interface of two phases, evanescent
wave penetrates into the sample only 100-200 nm. Only fluorophoresdiinat
the evanescent field are excited, thus giving us high signal-to-noisd@aist et
al., 2014; Roy et al., 2008).

For FRET measurements the emission signal collected from the
observation volume is separated into donor and acceptor channelsisThis
achieved by a dichroic mirror, optical filters and separate tegeto monitor the
photon count for the two channels simultaneo(sigure 3B) FRET experiments
could be performed by constantly exciting the donor fluorophore (Roy et al.,
2008) or by using advanced excitation schemes called ‘alternateg-las
excitation’ (ALEX) (Hohlbein et al., 2014; Lee et al., 2005) or ‘pulsedrieaved
excitation’ (PIE) (Hendrix and Lamb, 2013; Miiller et al., 2005), whieeedonor
and acceptor excitation lasers alternate in order to sepaexigte the donor and
acceptor molecules. Molecule sorting for donor- and acceptor-ldisgkecies via
alternating laser excitation (ALEX) are possible for confodalorescence

spectroscopy method in solution and the TIRF setup (Gust et al., 2014).
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Figure 3. FCS and TIRF FRET setups (A) In the FCS (fluorescence correlation
spectroscopy) setup fluorescent molecules are freely diffusiraugh the confocal
volume (vivid cyan elipse, inset) of the focused 488 nm parallel lzsam (cyan),
excited fluorescent donor transfers energy to fluorescent acc@&uth signals travel
through a sophisticated optical system, it is splited by dicnaior (DM2) (green line
— donor signal, red line — acceptor signal) and separately detbgteavalanche
photodiodes (APDs). Recorded donor and acceptor intensity data allowrnoidetthe
diffusion time of fluorescent molecules through the confocal volume &RHETF
efficiency from correlated signals. Size of the confocal volythdemtoliter) and
specificity of excitation enable excitation of single molecualed detection of the signal
with high signal-to-noise ratio. Figure adopted from (Gust et al., 2@B4)FRET
experiments with TIRF (total internal reflection fluorescgnaetup are performed by
immobilizing on the glass surface DNA oligonucleotide labelleith viluorescent
acceptor withirR, distance from the specific site (see 1.1.2.) (black stick with red circle,
inset) and applying fluorescent donor-labelled protein (blue shapeyredn dot, inset)
to the experimental cell. High NA (numerical aperture) objedi¥ej) directs 488 nm
laser light to the flow cell in total internal reflectionlR) manner. The intensity of the
evanescent wave (gradient cyan rectangle) drops exponentiabyeicent wave
intensity (k) from penetration depth (z) graph depicted near inset), ther¢fexeiies
donor fluorophores that are close to the surface (up to 200 nm). The DNA-btaind s
specific protein transfers energy from an excited donor to arptaecdhe donor and
acceptor emission signals are splited by a dichroic mirrdtd2)Dand imaged side by
side on a charge-coupled device (CCD) camera. Only signalevedap in donor and
acceptor emmision chanels (red and green dots with white doigs) are analysed.
The lower graph depicts donor and acceptor anticorrelating intendiieng FRET
between a donor-labelled protein and an acceptor-labelled DNA. &owitavith
evanescent wave avoids donor excitation, resulting in high signal-te-ragis. Figure
adapted from (Roy et al., 2008). F —filter, S — slit, L — lens, M — mirror.

1.1.7. FRET techniques
1.1.7.1. Single-color FRET

In this technique FRET efficiency is determined from the flu@ese
intensity of the donor. Fluorescent donor Alexa-546 and a non-fluorescentl Dabsy
acceptor were selected to measure conformational changes of lapopiosis
protein Bax, which exists in cytosol and translocates to the mitoclaoodter
membrane upon induction of apoptosis. Internal label Alexa-633 was inttbduce
for normalization of donor intensity from fluorescence intendigtéiations in

different environments (Gahl et al., 2014).
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1.1.7.2. PIFE

Protein induced fluorescence enhancement (PIFE) is the methoddrased
the phenomenon whereby the intensity of a fluorophore increases upomadroxi
binding of a protein. This method can detect single base-pair stéfps extreme
vicinity of the fluorophore. This method does not require protein labedintyis
extremely sensitive to the distance changes in the range of 0-4 ravmadkes it a
good complement to FRET (Hwang et al., 2011).

1.1.7.3. 2-color FRET (fluorophore-fluorophore, fluorophore-QD,
QD-QD)

2-color FRET between two fluorophores is a classical and the most
common FRET technique, commonly used for the studies of protein
conformational changes and protein-ligand interactions. The basic theory
explaining the Foérster resonance energy transfer phenomenon msésbon the
fluorescent donor and acceptor interactiéiggre 1A (see 1.1.2.) (Lakowicz,
2006; Roy et al., 2008).

Alternative 2-color quantum dot-fluorophore FRET technique was wsed f
measuring FRET between quantum dot (QD) and attached Alexa594-labelled
duplex (Zhou et al., 2005). FRET was also measured between a QD QE5&5 a
acceptor Cy5 on the Holliday junction. Analysed low- and high-FRET dinedis
were almost identical to those obtained from the same experimémtthe
Cy3/Cys5 fluorophores. Narrow emission spectra of the QD (se& 1) Hecreases
the overlap integral(4), but it is compensated by higher quantum efficiency of
the QD (eq. (6)). Reduction of direct excitation prolongs Cy5 lifetiame, high
QD brightness allows to detect signal with higher signal-to-noise. rislajor
drawback of QD is its size (~20 nm), which is comparable to ittee &f the

protein, making it useless for the investigation of protein conformataraaiges;
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even Holliday junction FRET detection was sensitive to the stnejmalayer
thickness on the QD (Hohng and Ha, 2005).

FRET experiments employing donor and acceptor QDs are attrdoevie
QD brightness and photostability, making them promising candifiateievice-
on-chip applications and for various sensors designed for an outside-daporat

applications (Chou and Dennis, 2015).
1.1.7.4. 3- and 4-color FRET

3-color FRET technique was employed to monitor dynamics in single
molecules between three points of interest. More sophisticatidol @ed complex
data analysis are necessary to extract signals from threglpoERET pairs.
(Figure 4A. A 3-color FRET experiment was performed with Holliday juoct
with one end attached to the glass surface and three endsdabéh Cy3, Cy5
and Cy5.5 fluorophores. During Cy3 excitation anticorrelated Cy5 ard5Cy
intensity fluctuations consistent with two Holliday junction confatiores, where
the Cy3 end is closer either to the Cy5 or to the Cy5.5 &belhds. FRET
efficiencies between Cy3 and Cy5,{Ewere calculated from events with Cy5.5 in
the dark state, after reactivation FRET efficiency betweed &yd Cy5.5 (k)
was calculated from events with bleached Cy5, FRET betweena@y3y5.5
was calculated between states with active and inactive CydHng et al., 2004).
Alternatively, FRET between Cy5 and Cy5.5 could be evaluated byinex€y5
with a 633 nm laser (Figure 4A). The same scheme was applied Né&r R
polymerase (RNAP) translocation experiment on terminally doublelteed DNA
fragment.. Experiments confirmed downstream translocation of RiN&® et al.,
2007).

The 4-color FRET techniqueFigure 4B was tested in a confocal
microscopy setup (see 1.1.6.1) on the Holliday junction with all fods ¢éabelled

with Cy2, Cy3, Cy5 and Cy7. All possible six FRET efficienciesevobtained by
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exciting fluorophores in succession of three lasers (633 nm, 532 nm and 488 nm).
Using this setup, immobilized, partially ds DNA with Cy5 (atassl ds DNA
junction) and Cy7 (at the terminal part of ss DNA) labels waaggembled with
RecA protein; subsequently a homologous DNA duplex with terminallslabe
Alexa488 and Cy3 on the strand complementary to the ss partnodditized

DNA was injected. Two strong different FRET signals were detedtom
Alexa488-Cy5 and Cy3-Cy7 fluorophore pairs upon strand exchange (DeRocco et
al., 2010; Lee et al., 2010).

Multi-color FRET approaches that monitor multiple distances are
technically challenging. To reduce technical and analytical codtyland to
enable multiple distance monitoringwitchable FRET that sequentially probes
FRET between single donor and switchable acceptors is used. Saetcha
acceptors can be turned into dark state in the absence of oxyggmesence of
thiols and reactivated with laser excitation below 540 nm (Gg6,1.1.3.3.3) or
may switch reversibly in the presence of reducing agent and molenygen
(ATTO655) (Uphoff et al., 2010).
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Figure 4. Multi -color FRET techniques (A) 3-color FRET. 3 FRET pairs are possible
between 3 compatible fuorophores\jJ(see 1.1.2., Figure 1B). FRET values between
all FRET pairs could be determined by exciting gase donor fluorophore with a laser
of specific wavelength y3 with 532 nm, Cy5 with 633 nm) or by continuously
exciting the highest energy donor (Cy3) and using blinking acceptor (Cy5.5(B) 4-
color FRET. 6 FRET pairs are possible between 4 patitole fuorophores (),

see 1.1.2., Figure 1B). FRET values between all FR&rs could be determined by in
turn exciting different fluorophores with lasersggecific wavelength (488 nm, 532 nm
and 633 nm).

1.1.8. FRET applications in the studies of large necular

machines

The FRET-based methods were applied in the studiescomplex
molecular machines. Ribosome is the protein syrghemchine that exists in
every living cell. In prokaryotes it is comprisedl twwo 30S and 50S subunits,
which upon assembly form the 70S ribosome. FRET sonemnents were
performed between 13 FRET pairs on different pms#iof the head, tail and
platform domains of the 30S subunit in the fregesta complexed with the 50S
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subunit. Obtained data were used as distance constraints for retroncidelling.
Obtained models revealed that upon formation of the 70S ribosome, thefhea
the 30S subunit tilts towards the subunit interface, and the platfuates in a
clockwise fashion (Hickerson et al., 2005). FRET experiments witB-NDst-
tRNA™e! Cy5-Phe-tRNA™ and a mutated ribosome (rRNA G2252C, which
disrupts a contact with tRNA C74) helped to detect the hydiate 2, where one
tRNA stays in aminoacyl (A) site and the other tumblesvbeh the peptidyl (P)
and exit (E) sites (Munro et al., 2007). 3-color FRET experiments parformed

to define 16S rRNA conformation changes upon association with one bifsthe
ribosomal proteins S4, which defines the protein assembly higratahing
formation of 30S ribosomal subunit (Kim et al., 2014).

Spliceosome is another object for sm experiments with FREibrédcent
labels were incorporated into pre-mRNA or on spliceosome proteineRNA
formation or arrival of spliceosome proteins on pre-mRNA wal/sed (Hoskins
et al., 2011). Fluorescently double-labelled unfolded protein VHL was isgdm
with a GroEL/ES chaperone. After VHF incubation with GroEL, cartipa
between all examined labels was detected, after addition of Gno&EB TP, even
higher FRET values were detected between the hydrophobic regionswaard
FRET values between N- and C-terminal regions of the VHL (Kimal.e 2010).
Single molecule examination offR-ATP synthase with fluorophores og $tatic
subunit and fluorophores on the rotating subanénd c, helped detect elastic
deformation within the and c subunits of the rotor (Ernst et al., 2012).

FRET method was also applied to investigate various channels and
transporters. Luminescent resonance energy transfer (LREhodhéhat uses
lanthanide donor complex and conventional acceptor, was applied to detect
distance change on S4 transmembrane segment on voltage-sensitiva dbmai
voltage gated potassium channel as a result of scorpion toxin bindin@r{Rass

al.,, 2005). Neurotransmitter sodium symporter (NSS) removes the
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neurotransmitter from the synapse in the reuptake process. Condomhat
changes (modulation of intracellular gating) at the single moleculd igere
investigated for prokaryotic NSS homologue LeuT by changing sulsstrate
inhibitors or introducing mutations that alter binding, transmission dr f@hao

et al., 2011). FRET experiments revealed that 3 subunits of theitrigoalium-
coupled aspartate transporter changes conformation asynchronously when
transports aspartate and 3'Nans (Erkens et al., 2013). Single molecule patch-
clamp FRET microscopy study on the N-methyl-D-aspartatd@N) receptor
revealed that the ion channel electric “off* state is assatiavith multiple
conformational states, and the “on* state is associated withr@wea distribution

of conformational states (Sasmal and Lu, 2014).

Among other popular objects analysed with FRET-based methods were
LacY, tested for a conformational change upon binding of a galactopydanos
(Majumdar et al., 2007), and kinesin, which under saturating concentration of
ATP spends most of the time bound to the microtubule with both heads €Mor
al., 2007). Multiple conformational dynamics of the N-terminal donfliTD) of
the p53 were investigated in isolation and in the context of tetiamdrlength
p53 (Huang et al., 2009).

An elegant sm FRET study performed on RNA polymerase (RNAP)
revealed that abortive initiation of transcription initiation complaroceeds
through a “scrunching” mechanism, in which polymerase remains fixeddAa
promoter and pulls DNA downstream into itself. By placing fluoropkoon
different parts of polymerase and on DNA, experimenters werda@bebeclude all
the other possible abortive initiation mechanisms (Kapanidis et al., . 20R&)T
experiments also revealed that the HIV reverse transcripi®Beslides on the
DNA/RNA hybrid and flips to polymerisation orientation upon \atito the
terminal end of the primer. DNA- and RNA-dependent DNA synthess
detected as a gradual increase in FRET efficiency (Liul.et2@08). FRET
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experiments with DEAD Box Helicase YxIN (which consumes AT anwinds
RNA) revealed that the closed conformation of the RecA-likemalo could be
“opened” by simultaneous binding of RNA and ATP, and helicase magntali
closed conformation during ATP hydrolysis. Additional kinetic experiment
revealed that YxIN binds ATP in the presence of RNA with highenigf and
suggests that RNA unwinding begins upon the closure of helicase domains
(Aregger and Klostermeier, 2009; Theissen et al., 2008). Negatper®iling
reaction performed by gyrase was studied by following multig&adce changes
on different gyrase subunits (Gubaev et al., 2009; Lanz and Klosteyrd@11).
FRET experiments also revealed that DNA polymerase | (Klefragment)
exists in two conformations — “open“ and “closed”. Upon binding to the DNA
template, polymerase is always in an “open® conformation, and wporafion of

the ternary complex with the correct dNTP, it adopts the fullysex
conformation. Partially closed conformation was detected with incodsTPs
and with all dNTP in polymerase variants with mutated consdrsetity control
positions E710 and Y766 (Hohlbein et al., 2013).

The monomeric UvrD helicase translocates ss DNA. Experimeitts w
optical tweezers and a confocal microscope allowed to detebarge in the
DNA construct length and protein conformation. Investigation of the dimeri
UvrD helicase revealed that in the open conformation, the helicasadsnidNA
and re-anneals DNA (Comstock et al., 2015). Investigation of MutHisgatch-
repair (MMR) system employing FRET revealed that MutS adopidtiple
conformations when it is in the free state or while it isnsing mismatch-free
DNA, but MutS adopts a single defined conformation upon recognition of a
mismatch. Additional experiments revealed that MutL traps Mut® ratsmatch
before MutS undergoes a conformational change to the mobile siatet(@l.,
2012, 2015).
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1.2. Single molecule force spectroscopy

Since the elucidation of the DNA structure, it has become isicrglg
clear that many fundamental biological processes, such as [@pl&ation or
DNA transcription depend on the unwinding or melting of the DNA segsence
These processes are controlled by enzymes that convert chemergly into
mechanical force (Strick et al., 2003). One of the possible waysestigate the
biological functions of DNA, RNA and proteins, and various aspects aof the
mechanical behaviour, is to apply external force to the moleculeoofec Optical
and magnetic tweezers are the most common single-molecule-afgpbeng
techniques used as stand-alone experimental setups or in combination wit
fluorescence-based single-molecule techniques. The basic priofigie force
spectroscopy is to control the molecules of interest using vagexiesnal forces
(Ha, 2014; Neuman and Nagy, 2008).

1.2.1. Single molecule force spectroscopy technigue
1.2.1.1. Optical tweezers

Optical tweezers enabling trapping and manipulation of small behés. T
optical trap is created by focusing the laser to a diffraction limitetlgiph a high
numerical aperture (NA) microscope objective. Dielectriciglarin the vicinity
of the focus experiences a restoring force directed towards the. fiocused
dipole of the polarized particle by optical field interactshviite steep gradient of
the optical field near the focus of the laser, which results for@ along the
gradient. Along the beam direction propogates scattering force whiith the
trap position slightly off the focus. Stable trap is achieved wdty \nigh NA,
when force created by the steep gradient overcomes the scafierce. In the

range of small displacements of the trapped object, displacenm@opirtional to
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the gradient force, and the optical trap acts as linear spriggr@bA) (Heller et
al., 2014; Neuman and Nagy, 2008). Optical tweezers can be usedsetubps
with static or dynamic configurations (position-clamp, force-clamp, nhynéorce
spectroscopy) (Capitanio and Pavone, 2013).

Using the dumbbell assay, where bead-attached DNA end is trapfted wi
strong gradient and the RNA transcribing polymerase attached tdeihe,
trapped to weak gradient which allows to keep constant force, dodivbase-pair
steps of RNA polymerase translocation was observed (Sierda, @045), and
torque produced by RNAP before stalling was measured (Ma €0dl3). An
elegant study was performed using optical tweezers and a mictepijet
investigate the process of dsDNA packaging ip2® capsid by the multimeric
ring-shaped motor proteins. The study revealed the coupling between ATP
hydrolysis and DNA bp packing (9 or 10 bp/5 ATP for each packaging ctlote),
packaging rate and the dependence of packaging rotation per base gdaér on t
capsid fill level. It was also calculated that the pressusmle the capsid reaches
~20 atmospheres upon completion of viral DNA packaging (Liu et al., 2014).

1.2.1.2. Magnetic tweezers

Magnetic tweezers are the most straightforward, non-damaging single
molecule force technique that allows high-throughput experimentd/@einck
and Dekker, 2012; De Vlaminck et al., 2011). The basic magnetic tweezers consist
of two permanent magnets placed above a sample holder of an inverted
microscope (Figure 5B) connected to a CCD camera and a frahbegr The
main principle of the magnetic tweezers is that magnetic [emtiexperience
force proportional to the gradient of the square of the magnetic fisdepS
gradients of magnetic fields can be created with small perrhanagnets or
electromagnets. For single molecule experiments neodymium iragon bo

(Nd,Fe4sB) magnets are usually used because they have the strongest p¢rmane
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magnetic field. One end of single DNA or protein molecules iaflyi attached
to the surface of the flow-cell and the other end is bound to a suanggmetic
bead. Super-paramagnetic beads consist of 10-20 nm magnetic padudesdc
with a porous matrix, and is protected with a polymer layer. OsuHhace of this
layer specific chemicals or proteins can be attached enadfiaghment of the
investigated molecule. In the absence of magnetic field, beads haesidoal
magnetization, which prevents aggregation. Application of the magndtctdie
the super-paramagnetic beads aligns magnetic domains with theetafield
(Neuman and Nagy, 2008).This feature allows not only pull molschlg also to
rotate the (Strick et al., 1996). In addition to pulling and rotation, roonegplex
setups allow to stretch molecules in parallel to the surface and twelasi#usion

of single molecules (Schwarz et al., 2013).
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Figure 5. Optical and magnetic tweezer. (A) Optical tweezers. In tethered assay RNA
polymerase (purple) is attached to an opticallppgesl bead (green) and the free DNA
end is attached to the surface of the flow-cellribgitranscription by RNA polymerase,
the bead is pulled from the optical trap, but theving stage compensates the bead
position in the optical trap. In this way, positiaf the bead at a constant force is
recorded (upper panel). The dumbbell assay is @irol the tethered assay, but the free
end of the DNA is attached to the second optidatipped bead. The force on the bead is
kept constant by moving one of the traps (lowergbarfB) Magnetic tweezers. The
DNA molecule is attached to the surface and thersppramagnetic bead (green). Two
permanent magnets (red and blue) create a maghelic gradient along the axial
direction, which results in a force directed towsmattie magnets. The bead stretching
force is controlled by moving the magnets in thealdirection (black arrow). Rotation
of the magnets (black circular arrow) producestrataof the super-paramagnetic bead
with DNA in one-to-one correspondence (red circudarow). Figure adopted from
(Neuman and Nagy, 2008).

1.2.2. Experiments with magnetic tweezers

Linear shape of DNA, RNA and some proteins is miyesuited for their
investigation in the magnetic tweezers setup. Qme & the molecule must be
attached to the surface of the experimental cell another end bound to a
magnetic bead. Applied forces to the single moks@re high enough to induce
structural deformations and to investigate the bieha of single molecules at

different forces. Several control experiments nfagsperformed to define the type

44



of the molecule, length of the molecule and to calibrate the ma@viat®sas et
al., 2010; Strick et al., 2001, 2003; De Vlaminck and Dekker, 2012).

1.2.2.1. Magnetic tweezers calibration

The DNA molecule attached between the surface and the mageatiash
stretched by applying a constant magnetic force. A look-up tabieagfes of the
bead, which links the vertical position of the bead and its diffractitterpais
then created. During the actual experiments, the diffraction pattérthe bead
are compared to look-up table and the position of the magnetic bead
(corresponding to DNA length) is detected in real time (Huhld. g2@15a; Otto
et al., 2010). The force acting on the DNA molecule is obtained byrpspeetral
density analysis of the magnetic bead fluctuations perpendicul#ietdorce
direction (or in parallel direction to the flow-cell surfacejg(@op et al., 2015).
Obtained parameters allow to fit the worm-like chain (WLC) rheael calculate
the persistence length, the measure that describes theitglastithe polymer
chain (Bouchiat et al., 1999; Strick et al., 2003).

1.2.2.2. Magnetic tweezers application

Since its invention, magnetic tweezers were used to investgaieus
mechanical properties of nucleic acids, including stretching (Setital., 1992),
rotation of stretched DNA for torque measurements, DNA buckling, DNA
supercoiling at low stretching forces, and DNA denaturation at Hrgkclsing
forces (P-DNA) (Allemand et al., 1998; Strick et al., 2003). Thihrieue has
even wider applications in the studies of DNA-acting proteins.

Type | restriction-modification (R-M) enzymes perform DNA difaation
and cleavage. The protein is comprised of one recognition subunit (HaaS)
methyltransferase (MTase) subunits (HsdM) and two transtoeedstriction

endonuclease subunits (HsdR). Upon cognate DNA binding, the HsdR subunits
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start DNA translocation in opposite directions in ATP-dependent maane
hydrolyses DNA upon collision with another DNA-bound protein. During
translocation two DNA loops are formed, resulting in DNA shortenwiach can

be readily detected using magnetic tweezers. Experiments wotR124I allowed

to determine the translocation rate of the complex, its proagssithe
dependence of the translocation rate on force and ATP concentration, also
revealed that two HsdR subunits work independently and follow a heilich of

the DNA (Seidel et al.,, 2004). Experiments also demonstrated thsk D
translocation is initiated when the HsdS/HsdM subunits load HsdR $silaunto
adjacent DNA and stops upon HsdR dissociation (Seidel et al., Z2&3phate
detection and triplex displacement assays were employed talatalcATP
consumption and translocation rate dependency on ATP concentratioves It
shown that the complex on average uses ~1.26 ATP molecules per 1 bp of
translocated DNA. Translocation step size of 1 bp was extracted tinem
translocation noise by Fourier analysis (Seidel et al., 2008).

Experiments employing magnetic tweezers also revealed that upon
promoter binding, RNA polymerase unwinds DNA approximately by one tur
(Revyakin et al., 2004), thereby forming an open RNAP-DNA complex. The
subsequent transcription initiation complex repetitively pulls angbsels DNA
into RNAP without polymerase translocation and synthesizes 9-1bdpiva
RNA molecules. This mechanism (“scrunching”) was discovergzhiallel using
two different single-molecule techniques — magnetic tweezezsy@Rin et al.,
2006) and confocal microscope with ALEX (Kapanidis et al., 2006) (see 1.3.8.).

RecA is prokaryotic protein that mediates homologous recombination. |
assembles into a filament along one DNA strand and catalyse$ estahange
with another dsDNA. The strand rearrangement, which is central tolbgous
recombination, was examined with magnetic tweezers. It wasmsrated that a

change in writhe AW) of supercoiled molecule correlates with the length of
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invaded RecA-ssDNA fragment (van der Heijden et al., 2008). Experimhts
magnetic tweezers also revealed that in the presence of A@IPMaf* the
eukaryotic RecA homologue Rad51 binds the dsDNA in two interchangeable
patterns on unwound DNA (18.6 bp/turn) and on native DNA. Changing DNA
twist of Rad51-dsDNA complex from 10.5 bp/turn to 18.6 bp/turn increasés DN
length 1.5 times, in contrast free DNA hardly increases its leagythe same
unwinding helicity. In the presence of ATP and?TaRad51-dsDNA locks
irreversibly upon DNA unwinding to 18.6 bp/turn in the increased length state
(Atwell et al., 2012). Using magnetic tweezers, bending persistengéh (Lp)

and torsional persistence length (C) values were determinedafts1RISDNA

and Rad51-dsDNA filaments, which revealed that complexes are riffiehtBan

free dsDNA (Lee et al., 2013).

Magnetic tweezers also helped to investigate nucleosome assevhbly,
nucleosome assembly protein 1 (NAP-1) and core histones werechppii
dsDNA and complete nucleosome formation was revealed by detebtnge in
linking number AL, is externally applied rotation by magnets that equals to DNA
rotations introduced by nucleosome formation and supercoils formefieen
DNA). Experiments revealed that each assembled nucleosome nsh@i¢A
molecule by 56 nm (VIijm et al., 2012). Experiments revealetttteatetrasome
of H3-H4 histones wraps DNA in a left-handed or right-handed fashion, but
addition of H2A/H2B stabilizes the left-handed nucleosome (Vlijm et al., 2015).

Magnetic tweezers are used extensively to investigate ohjextselicases
(Hodeib et al., 2016; Kemmerich et al., 2016), gyrases (Basu, €04l6), F1-
ATPase (Watanabe and Noji, 2015; Watanabe et al., 2010), Hollidayojunct
(Dawid et al., 2004), UvrABC repair system (Fan et al., 2016) ofrénsystem
(Adams et al., 2007), prooves that single molecule magnetic twesaeeos high

demand.
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1.3. Facilitated diffusion of proteins on DNA

Recognition and binding of specific sites on DNA by proteins israkfar
many cellular functions, such as transcription, replication andmigication.
During the search for the target site, the site-specific DNWlibg proteins are
facing two types of challenges: (i) thermodynamic, i.e. recagniaind tight
binding of the specific site in the presence of the billions of non{sp&NA
sequences and (ii) kinetic, i. e. rapid location of the speatécirs the crowded
cellular environment that is filled with nonspeicific DNA andeins (Tafvizi et
al., 2011a).

1.3.1. Diffusion-limited reaction rate

A typical macromolecule is usualy 10-100 kDa in size and haanaeter
of about 5 nm. Assuming that protein travels through the solution by Brownian
motion its trajectory can be described as a random walk (B888). The major
feature of Brownian motion is that the average of the distanceeshoavered by
a diffusing particle grows linearly with time (eq. (10)):

x? =2nDt (10)

wherex is distance covered by the diffusing particle from the s@mioint,n —
number of dimensions of diffusion environmebdt;- diffusion constant,— time.

The value of diffusion constant can be calculated from the Stoketefins
relation for spherical particles (eq. (11)):

p=tsT 4
~ 6mnr b

where n is the viscosity of the mediunksT is the energy of diffusing
particle at temperaturé According to Smoluchowski relation (eq. (12)), the rates
of chemical or biological reactions are limited by the ratethde-dimensional
(3D) diffusion that brings the reactants together (von Hippel and Berg, 1989).
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kencounter = n(DA + DB)(rA + TB) (12)

where D, and Dg is the diffusion constants and and rg are radii of
particles A and B and n is constd@afN,/100Q The real molecular association rate
(Kassog deviates from the Smoluchowski encounter rate for a numberstngaa)
the surface of the molecules is not uniformly reactive, b) possielerostatic
attractive or repulsive forces could modulate the diffusion-driveacation rate,
c) the reactive particles may not be spherical, d) the iniegadistance may
differ from the sum of the hydrodynamic radii of the intaragtparticles. Based
on these reasons, correctkds,. expression (eq. (13)) includes— multiplied
surface fractions of interacting moleculds- unitless factor of electrostatic
modulation anda — interacting distance. According to the corrected fornieda
(13)), the3D diffusion limit value for DNA and repressor was calculatedens
x=0.05 (0.2 (repressor)x0.25 (DNAP=50 A (40 A(repressor)+10 A(DNA)J=1
(both molecules negatively charged and repel one another, but atangsethey
attract each other since the DNA binding cleft of the repress positively
charged), Diffusion constant of the represddy) (was set to 5xI0cnf/s and the
low diffusion constant of the large DNA§) was ignored.

kassoc = nkaf (Dy + Dp)  (13)

Using the above parametekgssoc(€g. (13)) forlac repressor and a large
fragment of DNA approximately equals®d™s™. Thus, no 3D diffusion-driven

chemical reaction can exceed this rate (von Hippel and Berg, 1989).

1.3.2. Overcoming the diffusion limit

There are two ways for to overcome the diffusion limit: ael®ctrostatic

attraction, or b) via ‘facilitated diffusion’.
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1.3.2.1. Overcoming the diffusion limit by an electrostatic effect

Due to slow diffusion andan der Waaldorce, collided macromolecules
are too slow to drift apart and can include reiterated minicwmtlés which results
to appreciable rotational rearrangements that overcome suptreeneter of
interacting moleculesc (eq. (13)). Nature of non-elastic collisions between
macromolecules, approaches the association reaction rate mtiadigsdiffusion-
controlled, which according to classical Smoluchowski theory formspleom
upon every encounter between macromolecules (eq. (12)) (von Hipp8eagd
1989).

Some macromolecular reactions can exceed so-called ebsbffitision
limit. Computer simulations revealed that reactions betweenmsszyand highly
charged small molecules like superoxide dismutase and superoxide @hap (
et al., 1987) or cytochrome c peroxidase and cytochrome ¢ (Northalp £988)
exceeds diffusion limit, because enzymes set up large eledtrostéd about
themselves that guide the substrate into the active site. Th® eftreases steric
factork and in some directions increases reaction distaifeq. (13)) (von Hippel
and Berg, 1989). Electrostatic effect for protein-protein intemacias observed
for colicin E3 RNase and its inhibitor Im3. Increased salt conagon reduced
association constant of these reactions back to diffusion linditpaoved that
measured constants exceeded the diffusion limit due to eledtastatactions
(Walker et al., 2003).

There are just three DNA interacting proteins significantly edo®
diffusion limit repressors Gal, Lac and integration host fateviewed in
(Halford, 2004)). At least for Lac repressor the electrostateEraction between
positively charged protein and negatively charged backbone of the DNA is
probably an important factor in increasing the protein-DNA appassdcation
rate (Halford, 2009). The fact that the majority of DNA interagtiproteins
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(Halford, 2004), associates at rates close to the diffusion limit, implieththedte
limiting step in binding to the specific DNA site is the progeencounter to non-

specific DNA and then subsequent transfer to specific DNA site (Halford, 2009).
1.3.2.2. Overcoming the diffusion limit by facilitated diffusion

3D diffusion is insufficient as a search mechanism in molecutdody. It
was recognizedn theoretical groundy Adam and Delbruck, who suggested that
bimolecular interaction could be significantly increased by reduthe search
dimension, by nonspecific adsorption on a one-dimensional (1D) macraiaolec
or two-dimensional (2D) membrane and then diffusing in this smajpace
(Adam and Delbruck, 1968). Following this hypothesis, the associationfrdie
lac repressor protein to its binding site was measured and the obtainedoVal
10" M*s* was shown to be 100 times higher than the maximal theoreticaifrate
protein-DNA association achievable by diffusion in solution (Riggal.etl970).
To resolve this inadequacy, the mechanism was suggested that inwddiole3D
and 1D diffusion. This mechanism was first proposed by Riggs (Rigas,et
1970) and then studied and developed by other scientists (Berg and Bjpmbe
1976; Berg et al., 1981; Richter and Eigen, 1974).

1.3.3. Facilitated diffusion: Sliding, hopping, junping,

intersegmental transfer

Following the hypothesis of 1D/3D mechanism, different modes can be
envisioned to facilitate diffusional target location of protein on DNZne-
dimensional (1D) diffusion ofsliding’, during which the protein moves from its
initial nonspecific site to its target site along the DNA asmhains in contact with
the DNA for long enough periods so that significant diffusive motion odours
either direction along the chain contokigure 6A(Berg et al., 1981YHopping’

has two definitions, it is 1D protein movements along the DNsAaviseries of
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microscopic dissociation and reassociation events to nearby locatiois short
rounds of 3D diffusion where the protein dissociates from the DNAeidds at

a site very nearbyFgure 6B (Kolesov et al., 2007YJumping’ or diffusion in

3D is the dissociation-association event of protein moving over longandes

or even between different DNA moleculeBigure 6G. There are several
definitions which describe differences between 3D hops and 3D jumpdsy a
reassociation location hops reassociates at nearby siteléed) and jumps
reassociates at distant sites (uncorrelated) (Kolesov @08l7), these definitions
correspondingly meet intradomain and interdomain association-digsncia
events, wherédomains are distant volumes occupied by random-coiled DNA
molecules(von Hippel and Berg, 1989); b) by distance protein travelled between
dissociation and association hops travels <10 bp and jumps >100 bpr@alf
2009).'Intersegmental transfer’ is the type of translocation, when protein moves
between two sites via an intermediate ‘loop’, formed by the jprdti@ding both
sites concurrently. Such transfers have a mean step size of ~4@tdipis a
consequence of the 150 bp “bending persistence length” of DNA, the length over
which thermally excited bending occurs. Intersegmental transtelagant only

to proteins with two DNA binding surfaces (Halford, 2004). Direct irignsent
transfer does not favour target location for sites located elosg the contour of

the DNA (Figure 6D (von Hippel and Berg, 1989).
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Figure 6. Types of facilitated diffusion (A) Sliding. (B) Hopping.(C) Jumping.(D)
Intersegmental transfer. Figure adopted from (Hel|f2004).

1.3.4. A Theoretical Model for the Protein-DNA Seath Process

1.3.4.1 Key parameter: sliding length

Halford and Marko (Halford, 2004) modelled the 1Bfus$ion of protein
on DNA by a random walk in one dimension. The mpasition of the protein on
the DNA is always at the origin where it initialbound and started to slide. The
distribution of N2 visited base pairs around the mean broaden witeps.

Authors calculated proteins probability of findimgarby target of siza
from the distances by diffusion. They divided region of sizebetween the target
and protein intdr/a)® volumetric pixels ‘{zoxels) of width a. According to mean
square distance law for diffusideq. (10))each voxel is visited for a time/D
and the region of size visited for a timer?/D. Traveling distance, after time
r’/D protein visits(r/a)® ‘voxels' and binds to target site with probabiliayr or

diffuse away with probabilityl-a/r. Waiting of r/a times longer pushes the
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probability of protein association to target site up to near ogytagiving a total
association time offaxr¥D=1/(Dac) (where concentration is in units of number
of molecules per volume, th&r=1/c and in the case of single-molecule distance
between protein and target equatd/(c*®)) and association rate is inverse of this
(eq. (14)):

Kassoc = Dac  (14)

The main idea of theoretical study is that non-specific adsmtiaf
proteins with DNA can reduce the time required for proteinsnid thheir specific
target site, essentially by restricting their motion to aldimg DNA contour.
Facilitated diffusion provides accelerated targeting essentigllincreasing the
target sizea, without decreasing the diffusion constant of the protein. To prove
how facilitated diffusion modes ‘sliding’ and ‘hopping’ (see 1.3.3.) a&re&ds
target site location by protein, ‘sliding length’ and ‘searchetirmust be
determined.

When protein performs random walks along DNA, the number of hydrogen
bonds between protein and DNA must be broken and after that two sseaiai
possible: a) protein performs 1 bp step along the DNA with rat@n@ form
hydrogen bonds with adjacent bp or b) protein will dissociate from WA
dissociation ratd.;. The probability Py) that protein will stay on the DNA after
N steps is given by equation (15):

Py = [(ks)/(ks) + (kos)]Y  (15)

Even with the ratio of 10000:1 fd&/ky , 99.8 % of the protein molecules
will dissociate from the DNA before traveling 250 bp. It is doubtfigt tratio
kdkof can be large, because the transition state of the protein forodbp

dissociation requires to break the same number of hydrogen bonds with DNA.

54



If P<<1, thenN=1/P. Since the ‘sliding’ is diffusive, afted steps, protein
will explore the region oN**=1/(P*?) base pairs, giving the characteristic ‘sliding

length’ () in nanometres by equation (16):

whereh is pair pair step equals 0.34 nm (Halford, 2004, 2009).

To evaluate the search time, assume that DNA are homogeneously
distributed identical coils (Hu et al., 2006) of sRep(L) and a contour length L
with one target site in itc€1/V) under isolated coil conditionR¢<V'?). Target
search process are divided in two stages. In the first stageinpraust travel
through the volume/ in time «,=V?*/D with R\ probability to enter the coil.
Reciprocal of the probabilitg,=V**/R equals the number of times protein need to
diffuse volumeV to find the coil. In the second stage, inside the coil, protein
diffuse in the targeting radiusl, region where protein has 50 % probability to
find its target site. If protein diffuse in the region larger thengeting radius, the
probability to find specific site equad#R, so protein must visit con.=R/Z. DNA
coil hasn; regions of siz& (n=¢L/(RI), wherel is contour length of) giving a
total DNA visitation timenz:. Total search time (eq. (17)) consists of diffusions
through total volumeyny times and total DNA visitation timez; multiplied by
nc explorations inside the coil:

T= nenyTy + nengty  (17)

After some rearrangements we obtain total search time instefnthe

‘sliding length’ (eq. (18)):

VoLl

=i, "D,

The first term of the equation is the 3D diffusion time requied¢dme

T (18)

within the targeting radius of the target, the second term is takslating time
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needed to explore the whole DNA chaid, (- 1D diffusion constantD - 3D
diffusion constant). The equation can be rewritten in the form ofethetion rate

per unit protein concentration (eq. (19)):

— L ﬁ _1: i 2 -1
k= G+ 2H7=Da(> + 5 allye)™ (19)

The equation consists of 3-D diffusion-limited raia) and acceleration
factor. Equation analysis revealed that at fixed sliding lenigihtq¢ 100 bp, the
reaction accelerates to about 30 times above 3-D diffusion lihenwarget site
(a) concentration is reduced to low concentration limitlgh. According to
equation (19), acceleration factor (equals to theoretical associatamoranalized
to the diffusion limiting ratek/(Da)) plot to sliding length normalised to binding
site size Ig/a) revealed no acceleration lgka when sliding and 3-D diffusion
constants were kept equal. In the presence of slitjpg), the association rate is
increased to acceleration maximum at cerigirvalue and after this value is
exceeded, association rate starts to decelerate. Dea®leoaturs, because too
long sliding length results in oversampling of DNA contour symmeilyi¢eom
the association point. To obtain the acceleration, after sampling a®liding
length, preferably to periodically jump and associate to new region.

Similar facilitated diffusion analysis of DNA-binding proteinsasw

performed by Klenin (Klenin et al., 2006).
1.3.4.2 Key parameter: sliding time

Mirny and Slutsky (Slutsky and Mirny, 2004) describes searchiagegs
of specific DNA target site by protein as following rounds ofugiion in 3D and
1D. Consider a single protein searching for a single target siteMrbpa long
DNA and on average scansbase pairs in each round of 1D diffusion, then the

total search time is given by equation (20):
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ts = %(Tw,i +73p;) (20)
wherer;p; andsp; are the durations of 1D and 3D diffusion, in ke
round of searching
During 1D diffusion time intervad;p;, protein on average scams(16 Dip
71p/1) bps. Combiningn expression withts expression and settindjg/dz;p=0 to
find the minimum search time, authors obtained optimal seartineg(eq. (21))

and optimal number of bp scanned per single 1D search (eq. (22)).

M |nT3p
tS(nopt) = ? Dyip (21)

_ 16
Nope = FDlDT3D (22)

The optimal search regime was obtained;g{n.,)=13p, this means that

protein spends equal amount of time diffusing along nonspecific DNA and
diffusing in the solution, this result is irrespectivellg, or D3p, or genome size
M. Analysis revealed that optimal 1D/3D searchnjg; times faster than 3D
diffusion alone and/n, times faster than 1D diffusion alonenlf,=100 bp and
protein acts in optimal regime, the binding time to specific tasge is 100 times
faster than rate achievable by 3D diffusion.

The maximaln,,=500 bp could be reached at an optimal regime when
diffusion coefficients is set to the limi;;=Dsp=10" cnf/s and shortest possible

search time of the target at M=1i§ about 5 s.

1.3.5. The two-state model: Speed-stability and spé-selectivity

paradox

Since the energy of protein binding to DNA depends on the DNA

sequence, the protein experiences different energies at diffgssitions while
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sliding along the DNA. To model the energy of binding of protein-DNA
interactions, the position weight matrix approximation was appliekichw
assumes that base pairs in any fragment of DNA contributepandently and
additively to the total binding energy.

Authors (Slutsky and Mirny, 2004) assumed a sequence-dependent energy
landscape as a random field with energies independently and nodisailbuted.
By averaging the mean first-passage time for a 1D randomowvalkthe normally
distributed energies they obtained equation (23):

Dyp = exp[— v (ﬁ)] (23)

where y=1, and o is the variance of the protein-DNA binding energy

distribution. Based on the rapid decay of the diffusion coefficieat fasction of
the ruggedness of the energy landscape, authors suggested thtifagptis
possible to explain just for small variance of the sequence-dependenfye
landscapeo<1-2 kT. Assuming 1D/3D searching modet;Xz3), conditions
necessary for fast searching (slidingkX-2 ksT) are very different from the
recognition conditions, when protein must bind its cognate site widatgr
thermodynamic and kinetic stability to support its biological fumctand it
requires the lowest binding energy at the target site. Thanear of the sequence
— dependent binding energy determines not only the rate of sliding, buihals
energy of the target sitg,, and then equilibrium of the occupancy of the target
site P equals the fraction of time protein spends at the target site (eq. (24)):

p = exp(— Ey/kgT)
“ 2%1 exp(—E;/kgT)

(24)

where energief; of individual sites are drawn from a normal distribution
with the variances® and the target site with the lowest energy in the genome. It

was calculated that recognition conditioRg>0.25 requiress>5 kgT which is
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energetically inconsistent with searching mode2(kgT) and lead to speed -
stability paradox.

The authors proposed that presence of two distinct searching (S) and
recognition (R) conformational states of the protein could resolgeptmadox.
The system must be defined by the difference between the magy enthe two
states4Ggs and the rate of transitions between the two statefk &sp and

R—S (kr9, Which ratio gives equilibrium constant (eq. (25)):

k
== = exp(—A4Ggs) (25)

Kea = Tons

Fast search state S has two opposite effects on the sdahsps to
accelerate the search by fast 1D sliding in the S stateit lsah make search
prohibitively slow if the target site is visited only in thestdte and not recognized
in R state. The two states model requires: a) to undergo fast w@ti@nal
transition, faster tham/r;p=10°-10" s, b) R state should be favourable on the
target site, but unfavourable elsewhere. This means that mean keneiry of R
state must be much higher than in S state, in these conditions@pésids most
of the time in the S state and changes state to R mainly &rges site. If sliding
and recognition energy profiles are correlated, the lowest lyingygnevels in
the search mode are likely to correspond to the strongestrsites recognition
mode, transitions mainly happen at these sites (Slutsky and/,Mi@04). This
model is correct when scanning length of the DNA is signifigaliarger than

protein recognition site (Veksler and Kolomeisky, 2013).
1.3.6. Experimental observation of protein diffusio along DNA
1.3.6.1. Ensemble averaging experiments

Theory, that proteins employ facilitated diffusion for target ktzation,

became clear, when ensemble averaging experiments have been wiarted
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perform. First examined restriction enzyme EcoRI on 34 bp to 6200 bp DNA
substrates with centrally located EcoRI site revealed thégrreal DNA
sequences in the range of 34-4000 bp enhance the EcoRI - specific site
association and dissociation rates, and equilibrium constant remadependent
from the DNA contour length with all tested substrates (Jack,et982). It was
also observed that external sequences enhance cleavage ratepeicihe BNA
substrates by restriction enzymes EcoRI, BamHI and Hindhb(echt et al.,
1985). Kinetic experiments performed with EcoRI and linear or @rctwo
targets site DNA substrates separated by 51 bp revealearticassivity factor on
388 bp circular substrate were twice higher (0.77) than determinedhear li
substrates (0.38 for 1027 bp and 0.46 for 388 bp). On linear substrate it is
explained that EcoRI generates two DNA products and roughly hatheof
enzymes could slide to the second target site, while cleavape oirtular DNA
substrate produces one DNA product and after that protein can Sutlgesearch
second target from both ends of DNA. Most rapid cleavage of the stgsstvas
observed by EcoRI when target sites are centrally positioned. biswctiation
with unspecific DNA, EcoRI consumes equal amount of time to sé¢éA &nd

find specific site, starting from each side of whebstrate (Terry et al., 1985)
Kinetic experiments performed in competitive manner with two 30 bPaAdp
DNA substrates, each of them possess two EcoRI recognition seguanhce
position 5 and 13. Both recognition sites on 30 bp DNA substrate wereedle
with comparable rates, but on the 912 bp DNA substrate, rate enhanagn3e
times was observed for second target site in 894 bp distance and vayeleate
enhancement was observed for the first target site with 4 bp_anmg.DNA arm

acts as antenna, and enhances the cleavage of the second tarpegtlisiéar
diffusion. Experiment with 912 bp DNA substrate which possesses singR\E
target site at 13 position and different “star” sites (DN#uences which differs

from recognition sequence by 1 nt) adjacent to the target siteediorter arm,
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revealed that “star” sites slows down cleavage rate of ttwmgngtion sequence.
These experiments revealed, that only translocation type on DNAogedpby
EcoRl is sliding, because enzyme does not “overlook” any cleavi@gansi linear
diffusion is slowed down by sites which is resemble to target(3eltsch et al.,
1994). Sliding, as the only mechanism for target site locatiolsaseanployed by
restriction endonuclease BssHII. Kinetic experiments on DNA suéstith three
overlapping BssHII target sites revealed that only extermgkets are cleaved
(Berkhout and van Wamel, 1996).

Restriction enzyme ECORV investigation reveals that enzyme lahds
DNA sequences with equal affinity (Taylor et al., 1991) aragneement with
1D/3D facilitated mechanism, which consists of repetitive syofe3D diffusion,
which brings protein from solution to non-specific DNA contour, and firetein
slides along the DNA contour (1D) to its specific site (see 1.3.2.2rg(Bt al.,
1981). Kinetic experiments on linear DNA substrates with free ackield ends
revealed that EcoRV have very little probability to fall frenbstrate and after
“reflection” from the end it continues to diffuse on the DNA &l and Pingoud,
1998). EcoRYV kinetic analysis on two target sites substratesntgtisite distance
of 54 bp, 200 bp, 387 bp and 764 bp revealed that processivity factors (eq. (26)) of
substrates with increasing intersite distances declines byr$aaf 1.5-, 2-, or 3-
fold in comparison with 54bp substrate. Obtained results are far frgrb@-5and
200-fold processivity reduction predicted by random walks theory of 1D
diffusion. Absence okdk.; value (eq. (15)) that fits tfp values (eq. (26)) for all
tested substrates proves that transfer mechanism betweenstwggtist by 1D
diffusion is not sufficient and successive rounds of 1D/3D diffusion mecir.
Calculations revealed that during single 1D excursion, ECORV scans 5@dop be
dissociation, it follows that transfer efficiency is unprooessivhen intersite
distance is far bigger than 56 bp, and it becomes processive and indep#ndent

the spacing when it approaches 56 bp (Stanford, 2000). Further EcoRV kinetic
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experiments revealed specific site location on the supercoiled3&Chbp DNA
circle catenated to the larger DNA circle (3466 bp) over free b(p4®NA
minicircle. It proved existence of 3D steps during target searcipianein-DNA
binding rate enhancement by large non-specific DNA. SC plasmid (3466 bp)
preference over SC catenane (3466 bp+346 bp) could be explained by higher
fraction of 1D steps over 3D steps or higher degree of sped¢dic@nfinement in
SC catenane. Statement that supercoiling compresses the voltimeeDifiA and
shortens the searching distance by 1D/3D mechanism from anydoMAto the
target site plasmid was proven by SC plasmid preference owedeplasmid
(Gowers and Halford, 2003). Summary and comparison of EcoRl and EcoRV
target searching modes are described in paper of Norbert Reich §ualigk (et
al., 2014).

fr =05x%xPy (26)

The fact that restriction endonuclease BbvCl recognizes asymometr
sequence CCTCAGC, triggered authors to perform kinetic experiméht®NA
substrates containing two target sites in the repeated (Re)samnverted (I)
orientations. Varying distances between target sites (30 bp, 40 linp, 45 bp)
and NaCl concentration (0 mM, 30 mM, 60 mM, 150 mM ), set of kinetic
experiments was performed and the ratios of processivity $aat@re calculated.
Steady-state kinetic experiments revealed that BbvCl acts equal almost
maximum processivity on R substrates with small intersiteanists (30 bp,

40 bp, 45 bp) in the absence of additional salt. In the same conditions BitsCl a
more processively on substrates with R target sites than omagabswith | target
sites. Increase of NaCl concentration (30 mM, 60 mM) decreasedsprabe
factors itself and ratios of processivity factors (R/l) vahig equalized at 150 mM
NaCl. Kinetic experiments on R and | DNA substrates with 75 bergité
distance revealed equal processivity factors in all salt obratens. If BbvCl

would employ just 1D diffusion for target search, processivity fdctosubstrates
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with inverted target sites would be zero, thus 3D steps must denatsved in
the searching process. Additional experiments revealed, that imgeasi
concentration of salt weakens BbvCl binding to DNA. In other words hagfh s
concentration should increase the ratio of 3D/1D steps and decthas
probability to reassociate at the local sites after dissonialhese experiments
proved that at low salt concentration protein travels by 1D diffubemveen
target sites up to 50 bp apart. Transfers of >30 bp at in vivo saltowerd
distances of >50 bp at any salt, always included at least one idissoGtep
(Gowers et al., 2005).

DNA repair enzymes as the REases are also employgdaitad| diffusion
when acts on DNA. This fact was proved by testing DNA repair enzyme&lén D
substrates with two damaged nucleotides on the same or differentsbal#ds.
Uracil DNA glycosylase (UNG) is the enzyme which captuend excises
extrahelical uracil bases which emerged from DNA base stackpbntaneous
base pair breathing motions. Kinetic experiments on the two sibstrate
revealed that intramolecular transfer efficiency (processitagtor) decreases
from 41 % to 0 % when intersite distance increases from 20 bp tbB@dd
revealed that UNG slides along DNA over short distances. Eqtrahiolecular
transfer efficiencies obtained on substrates with short intet@tances (20 bp,
56 bp) regardless of the damaged nucleotide locations on the same or on the
different strands, supports the prediction that UNG also employs rgppr
target site location. Employing the theory of the probability of figdhe nearby
target (Halford, 2004; Stanford, 2000), calculated size of the effetdigget
appeared to be=10bp. Taking into account UNG binding time
(r=1/kes=1/KpxK,,) 0of 5 ms and T/A and U/A opening rate 8']n(sletermined by
NMR), four opening events will be sampled if one U/A base-pair wapfzkar in
the region of=10 bp (Porecha and Stivers, 2008). Using the same strategy, the
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ability of sliding between two target sites was demonstratedaligi-adenine
DNA glycosylase (AAG) (Hedglin and O’Brien, 2008).

Investigation of target search by human 8-oxoguanine DNA glycos¥lase
(hOGG1) was also performed using set of two target sites DNAratdss with
intersite distance (5-156 bp). Processivity factors anticoecklatith intersite
distances between target sites. Trap experiments with 8-oxoguanaiegue
were performed to determine processive action of protein from onlyb
pathway with trap or by 1D/3D pathway and calculate tran$fieremcy input by
only 3D. Reduction of processivity factor was observed becauseofsobf
hOGG1 molecules was irreversibly trapped during 3D steps. Thesdnesper
proved that hOGG1 employs both sliding and hopping for target searchicKine
experiments with trap on substrate with two target sites on @liffstrands (10 bp
intersite distance) and substrate with internal block betweegetsar(15 bp
intersite distance) revealed that hOGGL1 acts less butpsbilessively despite
dissociative search pathway is excluded under these conditionsexif@ement
revealed that hOGG1 can slide not only along phosphate backbone and can
overcome blocks without dissociation step (Rowland et al., 2014).

Ensemble studies made huge impact on our understanding of target-search
mechanism and remain valuable tool for assessing how proteins moveAn DN
However most experimental studies could only address whether orpnoteen
might travel by facilitated diffusion. Types of facilitated dgfon could be
distinguished relying on the properties of protein target recognitiow¢@ et al.,
2005; Porecha and Stivers, 2008) or on type of kinetic experiment performed
(Rowland et al., 2014). These and all the other ensemble averagingrexgsr
relies on endonucleolytic properties of examined proteins and canappled to

proteins which do not cleave nucleic acids (Gorman and Greene, 2008).
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1.3.6.2. Single-Molecule Experiments to Visualize Protein-DNA

Interactions

Investigation of target site searching paths by proteins that do natliagdr
nucleic acids requires to detect completely different signdlemploy different
method.

TIRFM (total internal reflection fluorescence microscopy)he method
based on the evanescent wave. Because of the exponential decayrdt@Eendo
solution about 100 nm and capable of exciting fluorescent molecule$.{séf.)
that might be present near the interface of two phases, but doesxeita
fluorescent molecules that diffuses deeper in solution, giving us sgial-to-
noise ratio of excited fluorescently labelled molecule of isteaad allows us to
detect single molecules. For this reason TIRFM are used in patidn with
other setups and became widely applied in explorations of prdteah®cts on
DNA.

Investigation of proteins that act on DNA, requires stretching oADN
molecules along the contact area of solution and glass by immioditne end of
DNA molecule on the prepared glass surface and employing biotinasticipt
(Diamandis and Christopoulos, 1991) or digoxigenin - antidigoxigenin (Kessler,
1991) strong interactions. Another end of DNA molecule could be stretisiegl
TIRF setup in combination with magnetic tweezé8chwarz et al., 2013)
(see 1.2.1.2.,2.2.11.3., Figure 19ptical tweezers (Harada et al., 1999)
(see 1.2.1.1.) or applying laminar flow (Kim and Larson, 2007) through
experimental cel{see 2.2.9.)

When the DNA are already stretched, fluorescently labelledeipsot
(see 1.1.5.2.) are applied to the experimental flow-cell in the rang&of to
nanomolar concentration. Excitation are performed with laser arssiem of the

fluorophore, which comes through the sophisticated optical system, tectede
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with EMCCD camera and recorded as the set of frames (Sclevaz, 2013).
The biggest challenge is to analyse and extract valuable informiedio the data.
For determination of the proteins 1D diffusion coefficient, easglsifluorescent
particle must be localized with point spread-function (PSF) andabelinates of
them must be tracked over the recorded set of frames (MicBaEd; Ruhnow et
al., 2011; Saxton and Jacobson, 1997; Thompson et al., 2002). Obtained data are
used to calculate 1D diffusion coefficient from particles meprased
displacement (MSD) over time graphs fit. If 1D diffusion coeéiti provides
information about particles diffusion rate, MSD shape provides irg&tom about
type of diffusion. There are three main types of diffusionalionota) pure
diffusion, b) diffusion with flow or c) confined diffusion (Qian et al., 1991;

Saxton and Jacobson, 1997).
1.3.6.3. Type of single protein motion along DNA.

Shape of the double helix DNA and a comparable size of the DNA
interacting proteins, suggests that during the 1D diffusion, proteins foilosv
the helical path of the DNA. The first theoretical model suggetttat protein’s
translational diffusion along DNA is accompanied by rotation aldN@\ helical
path. In this model the protein is approximated as a sphere of Rdunsl the
centre of the protein’s mass are always on the DNA axis (§ch@i79).
According to Stokes-Einstein relation (eq. (27), wheyés Boltzman’s constant,
T is absolute temperature afits drag coefficient), diffusion coefficient inversely
depends on the drag coefficient. Total translational drag coeffi@gn{28)) for
symmetrically bound protein (Figure 7A) reveals that rotationatidn with
dependence oR® (second term of the equation (28)) is by two orders of
magnitude larger than translational friction with dependenée(bfst term of the

equation (28)).
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D= kZ—T (27)

2

2T
YT — 6mnR + (m) 8mnR3 (28)

wherey is the viscosity of the medium an@z(10BP means2z radians
rotation after translation of 10 bB®=0.34 nm).

If protein binds to DNA asymmetrically and the distance betw2iii
symmetry axis and protein centre of mass ds fFigure 7B), then equation (29)
describes the drag coefficient where third term shows the comnbiat the total

drag from the asymmetricity (Bagchi et al., 2008).
2

Asymm 21 3 21T 2 ,
Trans :67T77R+<m) 8mnR +(m> 67-[77(R0C) R (29)

Diffusion of the single molecules on DNA appears as exclusively
translational, because of the spatiotemporal resolution limitatbribe single-
molecule setups. Nevertheless, limitations might be overcomeyaedof the
diffusion determined by varying siz®)(of the attached fluorescent probes to the
protein of interest and then pl@; values vs.1/R 1/R or U/(R+¥%R(Roo)?
(Blainey et al., 2009).
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Figure 7. Types of curvilinear motions According to(A) symmetric curvilinear type
motion, protein follows the path of the DNA doublelix and it experiences
hydrodynamic drags of linear motion and rotationoad its axis (see eq. (28)). In this
type of motion DNA symmetry axis and protein cerdémass overlaps. In the case of
(B) asymmetric curvilinear motion, DNA symmetry axigdgprotein center of mass are
separated by distand&c. During motion protein experiences hydrodynamiagdr of
linear motion, rotation aruond its axis and circulenslation withRoc radius (see
eg. (29)) where DNA binding site (purple elipseyays faces DNA symmetry axiR.—
protein radius.

1.3.6.4. Proteins that employ facilitated diffusion

The theoretical method described above (see 1.B.&&s applied for
single molecule experiments and asymmetrical matioupled translation
(eqg. (29)) was determined for human oxoguanine Dilycosylase 1 (hOggl).
Cy3B or fluorescent streptavidin labelled proteiaswmested on flow stretched
linear DNA templates (see 1.3.6.2.) on TIRF setg®e(1.1.6.2.) and obtain€g
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values perfectly fitted in th®; vs. 1/(Re+¥%R(Roo)?) linear plot (Blainey et al.,
2009). Asymmetrical rotation-coupled translational diffusion was prdeed
another seven proteins that R differs significantly frogiiflRthe complex with
DNA: E. coli Lacl-YFP dimer diffusing in the living cell (EIf et al., 200'B,
stearothermophilusMutY, E. Coli MutM M74A, the adenoviral AVP-pVic
complex, the BamHI restriction endonuclease dimer, and the Kler@mént of
E. coliDNA polymerase | (Blainey et al., 2009).

Complex and detailed analysis of EcoRV diffusion along DNA was
performed using D1 diffusion coefficients of EcCORV labelled with CyBBnnet
et al., 2008), Cy3-labelled streptavidin tetramer (Bonnet and DeshidD11),
guantum dots 655 (Biebricher et al., 2009), EO6, 605 and dimeric proté#tscR
Cy3B (Dikic et al., 2012). Four different theoretical diffusion friction modedsew
discussed, where translational and rotation-coupled diffusion were camiitine
flexible or rigid linker of the protein label. Analysis revealed theoRV diffuses
along DNA in rotation-coupled manner and linker of the labels ax#bfe (Dikic
et al., 2012). EcoRYV is the first DNA-interacting protein whichigbib perform
jumps was demonstrated employing single molecule methods. Thevehualof
measured EcoRV-Cy3B 1D diffusion constant in comparison with 3D diffus
value is explained as effect of hydrodynamic drag and modulafidine DNA-
protein interaction potential (Bonnet et al., 2008).

Gene alterations and mutations of tumour suppressor p53 are responsible
for more than 50 % of all human tumours. 1D diffusion experiments ofiative
stretched DNA molecules revealed that unlike full-length p53 o# domain of
p53, C-terminal domain translocates on DNA rapidly (Table 1). Theselts
suggest two-state p53 mechanism (see 1.3.5.). In the search mode, p53 i®bound t
DNA just with C-terminal domain, resulting fast sliding along DNiA the
recognition mode the protein is bound to DNA with both C-terminal corée

domain resulting in a slower translocation along DNA (Tafvizi et al., 2011b).
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Single molecule experiments on the flow-stretched DNA reve&ladSt
Cerevisiaeheterodimeric mismatch repair (MMR) complex Msh2-Msh6 (MutS
homolog ofE. Coli MutHLS mismatch repair system) rapidly diffuses along the
DNA while searches mismatches but never hops. No trapping arstanbn
diffusion rate was observed at different salt concentration or ddoypBNA.
Absence of 3D steps was directly proved by labelling Msh2-Mshéleonwith
different quantum dots and observing that diffusion paths or differeatiiiléd
complexes never crossing on DNA (Gorman et al., 2007). During MMR Msh2
Msh6 must locate lesions and differentiate parental and nascé&nsahds from
nearby signals, Mlh1-Pms1 must locate lesion-bound Msh2-Msh6 andircer
downstream steps in the MMR. Absence of punctures in MIh1-Pms1ffLiSioln
kymographs on doubly-stretched DNA curtains revealed that npsjumscurs
during MIh1-Pmsl1 DNA translocation, but increased 1D diffusion constant
(Table 1) using elevated salt concentration (200 mM vs. 25 mM Nagiligdrthat
hopping mechanism should occur. Diffusion detection of MIh1-Pms1 complexes
labelled with different quantum dots revealed that complexesl doydass each
other. Experiments on stretched DNA with nucleosomes and labelled Rins1
complex was performed and after it nucleosomes were labellid quantum
dots, comparison of QD positions with kymographs revealed that MirellP
complexes can overcome nucleosomes and proved hopping mechanism of MIh1-
Pmsl complex. Although Msh2-Msh6 and MIh1-Pms1 are both ATPases, neither
uses ATP for generating chemomechanical force (Gorman et al., Zihf)e
molecule experiments on the flow-stretched DNA “curtainsapplying different
flow rates, revealed that C-domain of E.coli repair protein AdAd&) searches
alkylated guanines and thymines employing 1D sliding along DNAowit hops
(Lin et al., 2009).

Rad51 is the primary eukaryotic recombinase responsible foatimgt

DNA strand exchange during homologous recombination. Single molecule
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experiments revealed that Rad51 slides along DNA in 1D diffusion mamuke
becomes immobile when reaches free end of ds DNA. Authors sedgisit
lateral diffusion may enable recombinase to scan damaged DNAnsegr
facilitate delivery of other repair proteins (Granéli et al., 2006).

Homotrimeric ring-shaped proliferating cell nuclear agent (PChadled
by replication factor C onto primer-template junction servgsrasessivity factor
for eukaryotic replicative polymeras&@sande and interacts with large number of
signalling, replication and repair proteins to coordinate repticaéind repair.
Molecular dynamics simulation suggests that conservative pogitstgrged
residues of the PCNA channel make dynamic contacts with DNAbbae
phosphates usually disrupted by ions from solution and weak PCNA-DN
interaction allows linear PCNA diffusion on the DNA. Single molecule
experiments were performed on the doubly-stretchd2NA molecules with
Alexa555 or Qdot605 labelled PCNA. Addition of low molecular weight
(glycerol), and high molecular weight (PEG 6000) viscogens, which resggcti
alters total (translational + rotation-coupled diffusion) or jastnslational
diffusion, revealed that Alexa555-PCNA tracks helical pitch whetingjialong
DNA because diffusion coefficient was decreased just byiaddf glycerol and
PEG6000 had no effect. For QDot605-PCNA, 62 times decrease of diffusion
constant for helically tracking model was expected in the buffehowi
viscogens, but just 2-fold smaller diffusion coefficient was obtaineabl€rll)
This result inconsistent with rotation-coupled diffusion theory (s@é.B.) and
suggests that increasing hydrodynamic radius of PCNA alscaseseprobability
of switch to non-helical diffusion path (Kochaniak et al., 2009).

Unlike PCNA, its structural homolog, processivity factor of herpreplex
virus UL42 binds to DNA as a monomer. UL42 diffusion on tethered DNfew
tested in different salt concentrations. Diffusion coefficientd&Jbé2 correlates

with salt concentration and supports UL42 hopping ability (Komazin-§itret
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al., 2008) (Table 1). According to Berg theory, at the higher ionic fometer
ions of DNA phosphates lower the binding affinity and increase tlotidraof
time the protein electrostatically not interacting with DNistallows to diffuse
further before rebinding to DNA and increase diffusion coefficienthénsliding
mode, electrostatic contacts are maintained constantlyffasidn coefficient are
independent from ionic force (Berg et al., 1981).

Type Il restriction endonuclease EcoP15] (JRé&sd,, Mod — responsible
for target methylation, Res — responsible for ATPase and endasadetivities)
can cleave DNA substrates with two recognition sites in the head-to-headafHtH)
tail-to-tail (TtT) orientation. EcoP15I associates with ésagnition site and after
hydrolysis of ~30 ATP molecules, conformational changes in the protei
undergoes and EcoP15I| starts to diffuse along DNA until collides tdemnot
specific site bound EcoP15I with Remnds and hydrolyses DNA near recognition
site (van Aelst et al.,, 2010; Ramanathan et al., 2009). Single molecule
experiments on magnetic tweezers stretched DNA helped to de¢ereaction
mechanism and diffusion coefficient of EcoP15I (Schwarz et al., 2013) (Table 1.).

First enzyme to perform 1D diffusion determined with single maéec
methods wag.coli RNA polymerase. On optical tweezers stretchedu@hage
DNA stretched with optical tweezers, 1D diffusion undergoing polyresragre
observed. Authors also mention that polymerase molecules bettariadss to
relaxed DNA than to stretched (Harada et al., 1999) (Table 1.). lLiZsidiff were
also determined for T7 RNA polymerase on the flow stretched DNble 1.).

On the single stretched DNA molecules, polymerisation was olaserveal time
due to incorporation of AlexaFluor 488-UTP or AlexaFluor 546-UTP (Kim and
Larson, 2007).
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Table 1. Proteins that employ facilitated diffusion.

Protein Label Dy, 10°pm%s | Method Reference

C-Ada Cy3 130+0.2 TIRFM+DNA curtains (Lin et alQ@9)

EcoP15I QD 625 9246 TIRFM+magnetic tweezer (Schveara., 2013)

EcoRV Cy3B 0.9-1.2¢0.2 | /RFM+both-ends bound DNA 1 g\ et ot al., 2008)
molecules

EcoRV QD655 0.3240.02 TIRFM+Optical tweezer (Bieber et al., 2009)

EcoRV QD655 0.32+0.04 TIRFM+both-ends bound DNA | gio ) ieher et al., 2009)
molecules

EcoRV savCy3 1.2+0.1 TIRFM+both-ends bound DNA (Bonnet and Desbiolles, 2011)
molecules

EcoRV QDEO6 1.1£0.2 TIRFM+both-ends bound DNA | iy ot a1 2012)
molecules

ECoRV QDBOSPEG | ) 4510 .07 TIRFM+both-ends bound DNA | e ot a1, 2012)

2 molecules

ECoRV QDBOSPEG | 06310.07 Eﬁgmjfs‘“h'e”ds bound DNA | ryipic et al., 2012)

ECORV-scRM6 | Cy3B 0.24:0.04 | [IRFM+both-ends bound DNA |y ot o1 2012)
molecules
TIRFM, two Lacl-lacO256 of

GFP-Lacl GFP 2.1(0.023-13) DNA dimer sites stuck to surfacel (Wang et al., 2006)
TIRFM+one-end bound DNA ,

hOgg1l Cy3B 56+13 molecule+flow (Blainey et al., 2009)

streptavidin- TIRFM+one-end bound DNA .

hOgg1l Alexa546 2611 molecule+flow (Blainey et al., 2009)

Mih1-Pms1 838:3(8)2 ,2\125%7 (25mM | 1\ REM+DNA curtains (Gorman et al., 2010)

Mlh1-Pms1 838:3(8)2 219;41\133((2:80 TIRFM+DNA curtains (Gorman et al., 2010)

Msh2-Mshé gggggg’ 124138 ;'gzmg’soth'e”ds bound DNA 1 = yman et al., 2007)

053 AlexaS55 | 16.2+1.7 TIRFM+one-end bound DNA | 371 et al., 2011b)

molecule+flow

See next page for Table 1 extension
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Extension of the Table 1

TIRFM+one-end bound DNA

p53 core domain Alexa555 2.4+0.5 (Tafvizi et al., 2011b)
molecule+flow

p53 C-terminal | 10 o555 | 77.640.8 TIRFM+one-end bound DNA | 3¢ i1 6t a1, 2011b)

domain molecule+flow

PCNA Alexa555 | 11647 TIRFM+both-ends bound DNA |\ o niak et al., 2009)
molecules

PCNA QD605 5544 TIRFM+both-ends bound DNA |\ o niak et al., 2009)
molecules

Rad51 Alexa555 | 4.2+5.4(0.1-21) | RFM+both-ends bound DNA 1 o o aji et al., 2006)
molecules

RNAP Cy3 1 TIRFM+Optical Trap (Harada et al., 1999)

T7 RNA pol Rhodamine 0.61-43 TIRFM+DNA curtains (iKend Larson, 2007)

uL42 Cy3B 2.08 TIRFM+both-ends bound DNA |\ 0 Meredith et al., 2008)

molecules
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2. MATERIALS AND METHODS

2.1. Materials
2.1.1. Chemicals

All chemicals used in this study were of the highest quality available.

2.1.2. Enzymes

DNA modifying enzymes (T4 polynucleotide kinase, T4 DNA ligase,
restriction enzymes and polymerases) were purchased from ThEisher
Scientific and New England Biolabs were used according to theufiacturer’s

recommendations.

2.1.3. Buffers and solutions

Buffer A+0.1: 10 mM potassium phosphate (pH 7.0 at 25 °C), 0.1 M NacCl,
1 mM EDTA,;

Buffer A+0.2: 10 mM potassium phosphate (pH 7.0 at 25 °C), 0.2 M NacCl,
1 mM EDTA;

Buffer A+1: 10 mM potassium phosphate (pH 7.0 at 25 °C), 1 M NacCl,
1 mM EDTA;

Storage buffer: 10 mM Tris-HCI (pH 7.4 at 25 °C), 0.2 M NaCl, 1 mM
EDTA, 1 mM DTT, 50 % (v/v) glycerol);

Labelling buffer: 100 mM K-Pi, 100 mM NaCl (pH 6.9 at 25 °C), 1 mM
TCEP;

Measurement buffer 33 mM Tris-acetate, 66 mM3;CHEOK, (pH 7.9 at
25°C), 0.1 mM EDTA, 0.02 mg/ml glucose oxidase, 0.008 mg/ml catalase,
20 mM glucose, 0.1 mg/ml BSA, saturated TROLOX solution;

75



Reaction buffer: 33 mM Tris-acetate, 66 mM LKDOK (pH 7.9 at 25 °C),
0.1 mM EDTA;

Binding buffer: 40 mM Tris-acetate (pH 8.3 at 25 °C), 5 mM Ca(QAc)
0.1 mg/ml BSA, 1046 (v/v) glycerol;

EMSA running buffer: 40 mM Tris-acetate (pH 8.3 at 25 °C), 5 mM
Ca(OAc);

NBE buffer: 0.1 M HBO3, 0.1 M NaOH, 0.2 mM EDTA, 15 mM sodium
acetate, pH 8.0 at 25 °C;

PBS buffer: 2.7 mM KCI, 137 mM NaCl, 10 mM phosphate, pH 7.4 at
25 °C, (Sigma);

TAE buffer: 40 mM Tris-acetate, 1 mM EDTA, pH 7.9 at 25 °C;

TBE buffer: 0.1 M Tris-HBO3, 2 mM EDTA, pH 8.3 at 25 °C;

Non-denaturing loading dye solution: 75 mM EDTA (pH 8.0 at 25 °C),
0.01% bromphenol blue (w/v), 0.% SDS, 50% (v/v) glycerol;

Denaturing loading dye solution: 95 % (v/v) formamide, 25 mM EDTA
(pH 8.0 at 25 °C), 0.01 % bromphenol blue (w/v);

SDS loading solution: 100 mM Tris-HCI (pH 6.8 at 25 °C), 4 % SDS
(w/v), 200 mM DTT, 20 % (v/v) glycerol;

PE1 buffer: 125 mM Tris-HCI (pH 6.8 at 25 °C), 0.1 % SDS (w/v);

PE2 buffer: 375 mM Tris-HCI (pH 8.8 at 25 °C), 0.1 % SDS (w/V);

PE3 buffer: 25 mM Tris, 190 mM glycine (pH 8.3 at 25°C), 0.1 % SDS
(Wiv);

“Acrylamide”  solution I. acrylamide/N,Nmethylenebisacrylamide
(37.5:1 (w/w)) solution;

“Acrylamide” solution II: acrylamide/N,Nmethylenebisacrylamide
(29:1 (w/w)) solution.
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2.1.4. DNA oligonucleotides

Annealing of the appropriate oligonucleotide strar@lshétrates for Benl —
DNA orientation FRET experiment, Substrates for Bcnl - DNA conédion
FRET experiment (Table Rwas achieved by placing the tubes with the DNA
solution into a thermocycler and cooling down from 95 °C to 20 °C with -
1 °C/min rate. Equimolar amounts of complementary DNA strands wuszd for
oligoduplex annealing; the final concentration of annealed DNA subsinates
1-2 pM.

#p_phosphate radiolabel at the 5-ends were introduced ugifiPJATP
(Hartmann Analytic, Braunschweig, Germany) and T4 polynucleotideiras-
nicked oligonucleotide substrates (C-nick, and G-nick, Tahlev&e made of
three oligonucleotides: the 30 nt strand with a radiolabel at'#tegrbinus for the
intact DNA strand, and two shorter (14-16 nt) unlabelled oligonuclectmtebe

nicked strand.
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Table 2. Oligonucleotides and primers used in this study.

Sequence (5-> 3)

Oligo's description

Purpose

5r-cttcgcagt acgCCG - Gccaat aacgcacgt - 3
3'-gaagcgtcat gcGECp CCgttattgcgtgca-5'

C-nick: 30 bp Bcnl substrate with the
pre-nicked C-strand. “p” marks-5
terminal phosphate at the position of
the nick

5r-cttcgcagt acgCC pGGECcaat aacgcacgt -3’
3'-gaagcgt cat gcGG - CCCgttatt gcgt gca- 5"

G-nick: 30 bp Benl substrate with the
pre-nicked G-strand. “p” marks-5
terminal phosphate at the position of
the nick

Preassembled
nicked substrates

5r-cttcgcagt acgCCGcaat aacgcacgt - 3
3'-gaagcgt cat gcGECCCgtt att gcgt gca- 5"

DNA TRAP 30/30 oligoduplex: 30 bp
cognate Bcnl substrate used in DNA-
trap experiments

Substrate for DNA
trap experiment

5r-cgcacgact t CCCGGaagagcacgc- 3"
3'-gcgtgcet gaaGEECCtt ctcgt gegttg-57

Specific oligoduplex

5r-cgcacgactt gt cacaagagcacgc- 3’
3'-gcgtgctgaacagtgttctcgtgegttg-5'

Unspecific oligoduplex

Substrates for
EMSA experiments

5r-ggt MtcagcgttattgCCCGGcgt act gcgagaaaagg- 3’
3'-ccaaaagt cgcaat aacGEECCygcat gacgctcttttcec-5"

C-DNA-Alexa546, M=dT-Alexa546

5r-ggttttcagcgttatt gCCCGGcgt act gcgagaaaagg- 3’
3'-ccaaaagt cgcaat aacGE3CCgcat gacgctctt M cc-5"

G-DNA-Alexa546, M=dT-Alexa546

Substrates for Benl
— DNA orientation
FRET experiment

5r-ggttttcagcgttatt gCCCGcgt act gcgagaaaagg- 3’
3'-ccaaaagt cgcaat aacGE3CCgcat gacgctcttttcc-5"

SP DNA

Specific oligoduplex
for quantum yield
and anisotropy

measurements
5r-gctgacgcggagt at t t ggt at CCCGCct ct gct gaagccagtt acctt cggaaacg- 3’ . Substrates for Benl
3'-cgact gcgcct cat aaaccat aGEECCgagacgact t cggt caat ggaagcctttge-5' sp Benl oligoduplex — DNA
5r-ggtgacgcggagt atttggt at gatt cct ct gct gaagccagttaccttcggaaacg-3’ . conformation FRET
3’-ccact gcgcct cat aaaccat act aaggagacgact t cggt caat ggaagcctttgec-5' nsp Benl oligoduplex experiment

5r-MtcagcgttattgCCCGCcgt act gcgagaaaagg- 3’
3'- aaagt cgcaat aacGEECCgcat gacgctcttttccB-5"

C-DNA-Cy5, M=dT-Cy5, B=biotin

5r-BggttttcagcgttattgCCCGcgt act gcgagaaa- 3’
3'- ccaaaagt cgcaat aacGEECCgcat gacgctctt M5

G-DNA-Cy5, M=dT-Cy5, B=biotin

Oligoduplex for
TIRF-based single-
molecule FRET
experiments

See next page for Table 2 extension
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Extension of the Table 2

ggtgt TcttgttatggatttaCGCtattgacc

C202A (TGT(Cys) ->GCT(Ser))
mutation direct primer, silent mutation
V196V (GTC ->GTT) removes Psyl
target site

cttaagtcttggtcaat aGCt aaat ccat aac

C202A mutation reverse primer

ggtgt Tcttgttatggatttat Ctatt gacc

C202S (TGT(Cys) -ICT (Ser))
mutation direct primer, silent mutation
V196V (GTC ->GTT) removes Psyl
target site

cttaagt ctt ggt caat aGat aaat ccat aac

C202S mutation reverse primer

acat gaaatt aaaTG aaagggt at cttt cagt Gccgact gatatg

N18C (AAT(GIn) ->TGT(Cys))
mutation direct primer, silent mutation
V24V (GTA -> GTG) removes Rsal
target site.

gt cggCact gaaagat accctttaCAtttaatttcatgtaatttattaac

N18C mutation reverse primer

aaaccct gaaTGCat gaaaaaaaagtt Attt acaaccatt aag

V105C (GTA(Val) ->TGC(Cys))
mutation direct primer, silent mutation
L110L (TTG ->TTA) removes Hpy8I
target site.

gtaaaTaacttttttttcat GCAtt cagggtttcgtgatg

V105C mutation reverse primer

caagactt Gagt TGCagt aaaggaccacat g

K209C (AAA(Lys) ->TGC(Cys))
mutation direct primer, silent mutation
L207L (TTA ->TTG) removes BspTI
target site.

ctttact GCAact Caagt ctt ggt caat ac

K209C mutation reverse primer

Bcnl mutagenesis
primers

ggat t acct cagcagaaagacggt ggcgcat

PCR1 for primer

att gacgcgaccagcttcat gaatt

PCR1 rev primer (biotin)

ggt aat cct cagcagaaagacggt ggcgcat

PCR2 for primer

cttcgcggeccgcgaccagcett cat gaatt

PCR2 rev primer

t gat at cgaat t cct gcagcc

Dig Handle PCR for primer

cagggt cggaacaggagagc

Dig Handle PCR rev primer

Oligonucleotides for
22.8 kb non-specific
(PCR1+PCR2+Dig
Handle PCR) DNA
construct for single
molecule
translocation
experiments

See next page for Table 2 extension
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Extension of the Table 2

Ggcct cagct cat gt cat cct cagcacact t gaccct cagcet -
cagct agcct cagect acaat cacct cageg

Gat ccgct gaggt gat t gt agget gaggct aget gaget gag-
ggt caagt gt gct gaggat gacat gagct ga

76 bp “replace” DNA fragment with 5
BbvCl sites.

gaacgt cccgagaaaggaagggaagaaagc

pBluescript Il SK+ “replace” for
primer with Aval site

aaaagct ggagct ccaccgcggt ggcggec

pBluescript Il SK+ “replace” rev
primer with Sacl site

ttcatcctcgggttcctctatggt get ggt

T7 for primer with Aval site

ggaat cgccggcagcagcecat agcct cagg

T7 rev primer with NgoMIV site

ctcttcctttttcaatattattg

Biotin Handle PCR pBluescript 1| SK+
for primer

gct cact ggccgtcgttttacaa

Biotin Handle PCR pBluescript 1| SK+
rev primer

t gat at cgaatt cct gcagcec

Digoxigenin Handle PCR pBluescript
Il SK+ for primer

tttgtgatgctcgtcagggg

Digoxigenin Handle PCR pBluescript
Il SK+ rev primer

t cagcMecat gt cat cct cagcacact t gaccct cagct caget agect cagect acaat cacc

Cy5 oligonucleotide (with M=T-Cy5)

Oligonucleotides
for DNA construct
for single DNA
molecule
hydrolysis
experiments

gaagt gCCCGCcaat acgt act gcgtt agcagt acgt at t gCCGCGca

dhp 2xCCSGG substrate hp part with
Benl site.

ggcggt ctcgcttctget cttget gg

dhp 2xCCSGG substrate universal di
primer

I

gtattggtctcgcttccaagcacat caccttgaatg

135 bp dhp 2xCCSGG substrate rev
primer

caaggtctctcttcgtctcattttgcatctcgge

535 bp dhp 2xCCSGG substrate rev
primer

tagcagt acgt at t gCCGGCGcacttctgectcttget gg

ds 2xCCSGG substrate universal dir
primer

tagcagt acgt at t gCCGGCcactt ccaagcacat cacctt gaatg

135bp ds 2xCCSGG substrate rev
primer

tagcagt acgt at t gCCGGCcacttcgtctcattttgcat ct cggce

535bp ds 2xCCSGG substrate rev

primer

Bcnl substrates
with two target
sites.
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2.1.5. DNA plasmids

pBAD24-R.Bcnl: ApR; araC promotor; pBAD24 cloning vector with
cloned R.Bcnl RE gene.

pPpACYC184-M.BcnIB: CmR; p15A replicon; pACYC184 cloning vector
with cloned M.BcnIB methyltransferase gene.

T7 DNA

pBluescript SK+

pBluescript Il SK+

2.1.6. Bacterial strains

Bcnl mutant selection and over-expression experiments were done in
Escherichia coli strain E. coli K12 ER226F proA+B+ laclg A(lacZ)M15
zzf:mini-Tn10 (KanR)/A(argF-lacZ)U169 ginv44 el4-(McrA-) rfbD1? recAl relAl?
endAlspoT1? thi-1A(mcrC-mrr)114::1S10

2.2. Methods
2.2.1. Electrophoresis

2.2.1.1. Denaturing (SDS) polyacrylamide gel electrophoresis of

proteins

Denaturing SDS-PAGE of proteins was employed to verify homogeoieity
Bcenl proteins Protein samples were mixed at 1:1 (v/v) ratios with the SDS
loading solution and denatured at 95°C for 5 min. Polyacrylamide gelgrisech
of stacking and separation gel layers were used for protein electesghor
(Sambrook et al., 1989). The stacking gel consisted of 4% “Acrylansialetion
| in PE1 buffer, while separating gel was 12-15% “Acrylamiddtson | in PE2
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buffer (see 2.1.3.). Electrophoresis was run in PE3 buffer at room rizomgefor
1-1.5 hours at ~30 V/cm. Gels were stained with Page Blue pra&imng

solution (Thermo Fisher Scientific).
2.2.1.2. Non-denaturing electrophoresis through agarose

Separation of different DNA fragments or different forms of pidsbNA
was performed in 0.7-1.5% agarose gels in the NBE buffer (see 2.1.3)
supplemented with 0.pg/ml ethidium bromide. DNA samples were mixed with
1/3 volume of Non-denaturing loading dye solution (see 2.1.3) and
electrophoresed at 3 V/cm until the bromphenol blue dye migrate@® ¢on.
Digital images of the gels were taken with the BioDocAnalydedgeumenting

system (Biometra, Goettingen, Germany).
2.2.1.3. Non-denaturing polyacrylamide gel electrophoresis

Non-denaturing polyacrylamide gel electrophoresis (PAGE) wasoged
in gel-shift experiments (see 2.2.4). The gels consisted of 8 % [gkaige”
solution 1l in the EMSA running buffer (see 2.1.3), polymerisation wémied
by adding TEMED and ammonium persulfate. The gel dimensions
(lengthxwidthxthickness) were 20x15x0.1 cm. Prior to gel casting, orteeof
glass plates forming the gel chamber was processed with “bimhesil
(3-methacryloxypropyltrimethoxysilane) and the other with “resiaine” (5 %
(v/v) dichlorodimethylsilane in CHG).

Equal volumes of radiolabelled DNA samples and Non-denaturing loading
dye solution (see 2.1.3.) loaded on the gel. Electrophoresis was raomt r
temperature for 2-3 hours at ~6 V/cm. After electrophoresis the glate treated
with “repeal silane” was removed and the gel was dried on the glfies plate
under a hot air flow. Radiolabelled DNA was detected in the dyedd using
BAS-MS image plates (FujiFilm) and Cyclone phosphorimager (Ré&kner,
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Wellesley, MA, USA). The amounts of various DNA fragmentravquantified
with OptiQuant 3.0 software (Perkin Elmer, Wellesley, MA, USA).

2.2.1.4. Denaturing polyacrylamide gel electrophoresis

Denaturing PAGE was used to separate oligonucleotide DNA cleavage
products (see 2.5). Electrophoresis was performed in TBE buffer (see. Zhe3.)
standard 20x15x0.1 cm gels consisted of 20 % “Acrylamide” solution Il
(see 2.1.3.) supplemented with 8.5 M urea in the same buffer.

Samples of radiolabelled DNA were mixed 1:1 (v/v) with Non-denaturing
loading dye solution (see 2.1.3), placed for 4 min into a hot (95°C) Wwatierand
then placed on ice. Electrophoresis was run for ~1 hour at 30 V/cm witieut
samples and for another 3-4 h with the DNA samples.

Some samples were analysed on high resolution denaturing polyaicigla
gels (gel dimensions, length x width x thickness, 50x20x0.02 cm). Gel
composition was the same as described above. Electrophoresisnwas 30 min
at 50 V/cm without the samples and for another 2 hours with the Sdyidples.
During electrophoresis, the gel was thermostated at 60°C. Radiolabelled BANA w
detected as described in 2.2.1.3.

2.2.2. Design, preparation and purification of Bcnimutants for

fluorescent labelling

2.2.2.1. Labelling position and introduction of Cys mutations

Labelling positions on Bcnl where determined by measuring distances
between two residues on different subdomains. Results where confyeavesen
apo Bcenl (PDB ID 20DH) and Bcnl-DNA complex (PDB ID 20DBosition
pairs which encompass theoretical Alexa488-Alexad&tand has biggest
distance differences were chosen (see 3.2.2., Table 3). N18C+C202S,
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V105C+C202S, C202S+K209C and N18C+V105C+C202S mutants of Bcnl were
obtained by modified QuickChange mutagenesis protocol (Zheng, 2004). Fifteen
cycles of inverse PCR were performed using pBAD24_R.Bcnl plagtastiuk

et al.,, 2011) as a template, a pair of inverse primers with thigrasl mutation
(Table 2) in the overlapping region, and Pfu DNA polymerase. Followimgl D
digestion of the template DNA, the amplified DNA was used fomrdformation of
Escherichia coli host by Cafdinethod (Sambrook et al., 1989). Sequencing of the
entirebcnlR gene of each mutant confirmed that only the designed mutation had
been introduced.

2.2.2.2. Overexpression of Bcnl Cys mutants

To express Bcnl REase, the coli K12 ER2267 strain containing the
pACYC184_MB.Bcnl was transformed with pBAD24_R.Bcnl. Cells wgm@awvn
in LB medium with appropriate antibiotics at 37 °C Agy 0.7 and protein
expression induced by addition of arabinose to the final concentration of 0.2 %.
After 4 h of induction, the cells were harvested by centrifugatiahthe pellet

was stored at —20 °C.
2.2.2.3. Purification wt Bcnl and mutants

Frozen cells expressing Bcnl REase were thawed and resuspended in
Buffer A+0.1 (see 2.1.3.) supplemented with 7 mM 2-ME. The cell suspension
was disrupted by sonication and the cell debris was removedrigifugation at
35000g for 1h. Bcenl was purified by subsequent chromatography on
phosphocellulose P11 column (Whatman), Blue Sepharose and Heparin Sepharose
(Amersham Biosciences) columns using linear NaCl gradi@&ufef A+0.2 and
Buffer A+1 supplemented with 7 mM 2-ME (see 2.1.3.)) for protein elutidh. A
purification steps were monitored by SDS-PAGE (see 2.2.1.3.). Fractions
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containing Bcnl REase activity were pooled and dialyzed againstgStmatfer
(see 2.1.3.) and stored at —20 °C.

2.2.3. Fluorescent protein labelling
2.2.3.1. Single labelling

To remove glycerol and DTT, solution of the selected Bcnl cystairtant
(Bcnl(N18C+C202S), Bcnl(V105C+C202S) or Bcnl(C202S+K209C)) in the
Storage buffer was diluted 2-fold with the Labelling buffer (see 2.1Bhl
proteins where concentrated in Amicon Ultra 10 k centrifugal fil{&@000
MWCOQO) 5 times from 50@l to 50ul, between concentrations 4hD of the
Labelling buffer was added. Labelling was performed in the Labelludteib
using 20uM Bcnl and 10 or 20 times molar excess of AlexaFluor4838-C
maleimide (ThermoFisher Scientific), AlexaFluor546+Galeimide
(ThermoFisher Scientific) or Cy3MonoMaleimide (GE Healthdieorescent
dyes, reaction mixture was incubated 2 h at 25 °C and stopped addivyaf®@-
ME. Conjugates where purified applying the reaction mix on HepadAn(GE
Healthcare) column. Free dye was eluted with Buffer A+0.2 aimjugate was
eluted with Buffer A+1. Conjugate was concentrated against Bcnldgtdmaffer
and labelling efficiencies were calculated as described in 2.2/.similar
procedure was performed to obtain biotinylated Bcnl using Benl(V105C+8)202

and maleimide-PE&biotin (Thermo Fisher Scientific).
2.2.3.2. Double labelling

For double labelling, glycerol and DTT from Bcnl(N18C+V105C+C202S)
protein stock was removed similarly as for single labelling 2s268.1.). First
labelling was performed mixing 2M Bcnl(N18C+V105C+C202S) with 40 uM

of AlexaFluor488-G-maleimide (ThermoFisher Scientific), reaction mixture was
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incubated 2 h at 25 °C and stopped addinggM0Oof 2-ME. Unlabelled protein,
single-labelled protein, and double-labelled protein were separdteébd from a
Mono-S ion exchange chromatography column (GE Healthcare) usomg #40
column volumes) 250-550 mM NaCl gradient. The single-labelled pretas
used in the second labelling reaction with a 10-fold molar exadss
AlexaFluor546-G-maleimide  (ThermoFisher  Scientific). =~ The  protein
concentration and the labelling efficiency (see 2.2.3.3.) were meabyr&V-
VIS absorption spectroscopy. After the reaction was stopped witk,2double-

labelled conjugate was purified and stored as described in 2.2.3.1.
2.2.3.3. Determination of the labelling efficiency

Labelling efficiencies were determined from absorption measurement
employing Lambert-Beer law. Concentrations of dyegst — c(Alexa488 on
single-labelled Bcnl proteinstsgs ¢ — C(Alexad488 on double-labelled protein),
Css6d — C(Alexa546 on double-labelled protein)) and proteins, s — single-
labelled Bcnl,cg.n ¢ — double-labelled Benl) were calculated using equations (30)
to (34). Labelling efficiencies were calculated as the ratidhef dye and the
corresponding protein concentrations (e.ChgsdCscnis fOr the single-labelled

protein,Cagg d Cacni,d @NACs46 Caeni o fOr the double-labelled protein):

Agos
= 30
E405 * d (30)

Azgo — 0.11 * Ayos

Ceenls = Epomy * d (31)

Cug88,s

A495 —0.11 % A556

€495 * d

Caggd = (32)

Asse
c = 33
w00 = g 33
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A280 - 0.11 * A495 - 0.12 * A556

chnI * d

Cpenld = (34)
whereA, ande, is absorption and extinction coefficient {Mcmi') at x nm

wavelengthd=1 cm. All labelled proteins are listed in Table 6 and Figure 17.

2.2.4. Preparation and purification of DNA substraes

2.2.4.1. DNA construct for the observation of Benl sliding and

jumping

The unspecific DNA construct for single molecule diffusion experiments
was made by ligating two PCR fragments amplified from T7 pH2j§gé& and
digoxigenin-modified handle (Dig-handle) to form a 22.8 kbp nonspecific
construct (no recognition sites for Bcnl) as depicted in Figure 8&. @ the PCR
products was modified at the énd with biotin using a biotinylated primer. The
ligation of two PCR products was done using overhangs from Nt.BbvCl idigest
The overhangs from Notl digestion were used for ligation of the DigHba
(Table 2).

2.2.4.2. DNA construct for single molecule DNA hydrolysis
experiments

A 7.4 kb DNA construct suitable for direct observation of DNA cleavage
using magnetic tweezers was made by ligating a 5.9 kb PCR proelungidte —
T7 DNA), a 450 bp PCR product (template — pBluescriptliISK+) and twB PC
products modified with either biotin or digoxigenin (template -
pBluescriptlISK+), serving as Biotin- and Dig-handles, respectiigure 8B,
Table 2.

87



2.2.4.3. Construction of Bcnl substrates with twodrget sites

The two-site DNA substrates “135” (100 bp betweenlBsites) and “535”
(500 bp between Bcnl sites) were made by ligatibi@31I-digested and gel-
purified PCR products (usingX174 phage DNA as template) with-°P]-ATP-
phosphorylated hairpin oligonucleotides (Figure 8@ple 2). The non-ligated
fragments were removed by incubating the reactiotures with T7 polymerase.
T7 polymerase has strong=35 exonuclease activity, which degrades all DNA
fragments with free '&ends. Only the ligated di-hairpin DNA substrateishw?
Bcenl recognition sites remain. The final substratese gel-purified from 1 %
agarose gel (see 2.2.1.2.) in TAE buffer (see 3.1.3

pBluescript SK II
T7 phage DNA T7phage DNA  pBluescript SK Il
PCR PCR
PCR PCR PCR
Biotin v E v sacl  Sacl Aval
S Nou_—o ™  omr T7 phage DNA pBluescript SK I
(R R 06¥b b e
Digoxigenin
Ligation Ligation PCR PCR
v v v
Aval  Aval NgoMIV NgoMIV
9 + +
281 07kb 59kb 08 kb
Purification
C Ligaiion |
ex174 =
° =
PCR 74kb
Eco31l v Eco31l
Cleavag:
g —u
15bp 20bp
Ligati

100(500) bp
f *

Figure 8. DNA constructs (A) 22.8 kbp nonspecific DNA construct used in gtedy

of Benl sliding and jumping on the DNA. (B) 7.4 kiBNA construct used in the single
molecule DNA cleavage experiments. (C) Radiolalelld5 and 535 bp 2xCCSGG di-
hairpin DNA substrates used in the Bcnl procesgimeasurements, 33P-phosphate is
depicted as a dark red circle. The Bcnl specitie isi depicted as a red rectangle (A-C).

2.2.5. DNA binding studies

DNA binding by Bcnl Cys mutants was analysed by dkemobility-shift
assay, using natural SP (specifitjP-labelled DNA substrates (Table 2).

Oligonucleotide duplexes (0.1 nM) were incubatedhwdlifferent amounts of
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proteins in the Binding buffer (see 2.1.3) in a total volume qgiilZ0r 15 min at
room temperature. Free DNA and protein-DNA complexes weparaed by
non-denaturing polyacrylamide gel electrophoresis as described in 2.2.1.3.

Kp values for cognate oligonucleotide binding by Bcnl enzymes were
calculated by fitting binding data to equation (35) (Tamulaitis et al., 2006):

{s,—x—Kp+[(s, + x2+ Kp)? — 4 xs, * x]°%} 35)

wherey is the free DNA concentration (in terms of nM) at each protein

y:

concentratiorx, s, is the DNA concentration in binding mixture, aKkg is the
dissociation constant of protein-DNA complex. Data were andlysing the
KYPLOT 2.0 software.

2.2.6. Benl kinetic experiments
2.2.6.1. Reactions with supercoiled DNA

Rapid single turnover reactions on the supercoiled phiX174 DNA were
carried out at 25°C in a Kin-Tek RQF-3 quench-flow device. Fornpre
reactions, which were started by adding “Mdgo a solution containing both
enzyme and DNA, enzyme was preincubated with the phiX174 DNA stébsira
the Reaction buffer (see 2.1.3.) supplemented with 0.1 mg/ml BSA befoirggmi
with an equal volume (16l) of 20 mM Mg(OAc) in the same buffer. For post-
mix reactions starting with enzyme and DNA in separate solytidsl of Benl
with 20 mM Mg(OAc) were mixed with an equal volume of DNA substrate.
After a chosen time delay, the reactions were quenched by mixitg 6wiM
guanidinium chloride. The recovered samples (approximatelylO@ere mixed
with 60 pl of Non-denaturing loading dye solution (see 2.1.3) and electrophoresed
through agarose (see 2.2.1.2.).The final pre-mix and post-mix reactiongedntai
2nM phiX174 DNA, 200nM enzyme and 10 mM magnesium acetate.
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Alternatively, the magnesium acetate solution used for thenpteeactions was
supplemented with AM of DNA trap (30/30) (Table 2) or 16M of protein trap
(Benl mutant D55A). DNA was recovered by alcohol precipitation aralyaed
by electrophoresis through agarose as described (see 2.2.1.2.).

Cleavage of phiX174 RFL double-stranded DNA follows the first-order
consecutive reaction equation (36). The expressions for the time cmir§C
(initial supercoiled substrate), OC (open circular reactionmdrate) and FLL
(full-length linear product) forms (equations (37)-(39)) were siamdously fitted
to the corresponding experimental data giving the optimal values for tde ra

constantk; andks:

sc-kK - oc-k, - FLL (36)
[SC] = [SC]y X exp(—k, X t) (37)
[0C] = [0, - (2) - fexp(—ky - ) = exp(~k; -0} (38)
[FLL] = [SC], — [SC] - [OC] (39)

Multiple-turnover cleavage reactions were performed at 25°C #vitiM
phiX174 DNA and 0.1 nM wt Bcnl in the Reaction buffer (see 2.1.3))
supplemented with 0.1 mg/ml BSA. Reactions were started with N20 m
Mg(OAc), and aliquots (25ul) were removed at timed intervals, quenched by
adding 8 pl of Non-denaturing loading dye solution (see 2.1.3) and
electrophoresed through agarose (see 2.2.1.2.).

The amounts of supercoiled, open-circular and linear forms of theidlasm
were quantified using 1D Main software (Advanced American Biotechnplogy
Fullerton, CA, USA). Multiple-turnover cleavage data sets wetedfito linear

equation Regression analysis uskgiPlot 2.0 software (Yoshioka, 2002)
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2.2.6.2. Kinetics experiments with oligonucleotide substrates

Single turnover reactions on preassembled nicked oligonucleotide
substrates were performed in the pre-mix experimental conditiomsV 4of
radiolabelled 30 bp G-nick or 30 bp C-nick DNA substrates (see 3.1.2., Table 2)
were preincubated with 200 nM or 400 nM Bcnl(wt) in the Reaction buffer
(see 2.1.3.) supplemented with 0.1 mg/ml BSA and reaction was initgted
adding Mg(OAc) (final concentration 10 mM). Reactions were carried out at
25°C in a Kin-Tek RQF-3 guench-flow device. After a chosen timaygddhe
reactions were quenched by mixing with 2 M HCI. The recoveredplsam
(approximately 10Qul) were mixed with 45l of Neutralization solution (3.5 M
Tris and 3 % SDS) and 0 of Denaturing loading dye solution (see 2.1.3.).
Reaction products were separated by high resolution denaturing PAGE
(see 2.2.1.4.). Radiolabelled DNA was detected and quantified by phosagerim
(see 2.2.1.3.).

The amounts of various DNA fragments were quantified using
OptiQuant 3.0 software (Perkin EImerWellesley USA). Single-turnover
cleavage data sets were fitted to single exponential equaticsecteely
Regression analysis uskgPlot 2.0 software (Yoshioka, 2002).

2.2.6.3.Steady-state kinetic experiments with double-site

substrates

Steady state reactions were performed by manually mixing Bahi(wt)
with the solution of 100 nM unlabelled 135 or 535 bp 2xCCSGG DNA duplex in
Reaction buffer (see 2.1.3.) supplemented with 0.1 mg/ml BSA and 10 mM
Mg(OAc),, the reaction mixture contained 1/5 volume of purposivg-3P]-
ATP labelled 135 or 535 bp 2xCCSGG DNA di-hairpin. Samplegl)(8&vere

collected at timed intervals, quenched by mixing withplLANon-denaturing
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loading dye solution (see 2.1.3.) and electrophoresed through 6 % “Acrylamide”
solution 1l (see 2.1.3.) gel 20 h at 110 V. Radiolabelled DNA was detested a
described in 2.2.1.3. Rate constants of substrate cleavage (SS)ukatcunmof
single cleaved product (PS) and doubly cleaved product (PP) weraieehaby
linear fitting. Using these constants we also calculated ptysor fraction of

Bcnl  molecules that cut both targets during single binding event:
k(PP

accumulatio

Ykes +kPP_ ). The given expression equals to

k(PP )= |Vpp/Vsd.

accumulatio

Yk(S

S
cleavag

2.2.7. Fluorescence anisotropy measurements

Anisotropies of fluorescently labelled Bcnl proteins (see 2.2.3.1.) were
measured at constant wavelength analysis mage480 nm,1.,=515 nm) with
integration time of 5s with fluorimeter Fluoromax3. We usedub/sof labelled
Bcenl or labelled DNA oligoduplex, measurements were performed ictidea
buffer (see 2.1.3.). The fluorescence anisotropy (r) was calcuatsatding to
equations (40)-(41):

IVV - GIVH

- 40
" oy + 2GI (40)

I
G =22 (41)

~ lun
where /vy is the vertically polarized fluorescence intensity excitech wit
vertically polarized light,/vy is the horizontally polarized fluorescence intensity
excited with vertically polarized lightzy is the vertically polarized fluorescence
intensity excited with horizontally polarized light, adgy is the horizontally
polarized fluorescence intensity excited with horizontally poldrideght

(Lakowicz, 2006). Anisotropy values are listed in Table 6.
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2.2.8. Determination of the Forster radius Ry)

2.2.8.1. Fluorescence quantum yielgdp

Quantum Yield of labelled Bcnl proteins were measured inRibaction
buffer (see 2.1.3.) using fluorimeter Fluoromax3 and spectrophotometeleiNi
Evolution 300 as described in instruments manual. Fluorescein (0.10WNand
Rhodamin6G (KD) solutions were used as standards for QY measurements for
Alexad88 fe,=480nm, 1.,=495-600 nm) and Alexa546i,(=510 nm, Ac,=525-

630 nm) labelled Bcnl proteins. Gradients from integrated fluoresaatergsity
vs. absorbance were calculated and quantum vyields were calcukitey (42)

equation:

* 2
bx = bor <m> (42)

Gradgr * n;
where the subscriptS7 and X denote standard and test respectivehis
the fluorescence quantum yieldrad the gradient from the plot of integrated

fluorescence intensity absorbance, andthe refractive index of the solvent.

2.2.8.2. J overlap integral calculation

The overlap integral J(A)) expresses the degree of spectral overlap
between the donor emission and the acceptor absorption (see eq. (43)):
J(A) = 32295 Fp = Fp(4;) * €4(4;) * /1?
32295 FD (/11)

whereFo(1) is the fluorescence intensity of the donor at the wavelehgth

(43)

ea(2) is the extinction coefficient of the acceptor.at
2.2.8.3. Forster radius Rp) calculation

FRET efficiency strongly depends on the distance between donor and

acceptor (see eq. (44)). Forster radiBg) (s the distance between fluorophore
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donor and acceptor at which FRET efficiency is 0.5 half the donorcoleke
decay by energy transfer and half decay by the usual radattveon-radiative

rates.R, values were calculated by equation (45).
6

E = 44
r® + RS (44)

Ry = * ppxKkZ2xn~*x ] (45)

69000 * [n10
1281 * Ny

whereN, is the Avogadro’s numbepy - the donor quantum vyield? - the
dipole orientation factom the refractive index of the medium, ahdhe overlap
integral of the fluorescence and absorption spectra of donor and accgggor d
The dipole orientation factor was assumed to be 2/3 (equivalémeetootation of
the fluorophores (Stryer, 1978)). The refractive index of the media.34) was

measured experimentally. The determipgdandR, values are listed in Table 6.

2.2.9. Preparation of experimental cells

2.2.9.1. Preparation of capillary for Benl facilitated diffusion

experiments.

Cleaning, etching and activation of the glass surfaceCapillaries
(ViroCom) put in the teflon holder and placed in the glass box (heakedt2
200 °C before use), then covered with 80 % EtOH, sonicated for 3 min and
sediment for 3 min at RT. Transferred into acetone bath teflon heldar
capillaries were soaked for 30 min, sonicated for 10 min and rinsedrfon in
the bath with ddKD. Then in the bath with 2 % Hellmanex solution (Hellma
Analytics) capillaries were sonicated for 20 min at 50 °C, rinsidd ddH,O for
2 min and incubated in Pirahna solution (9 %OKH+ 49 % HS(O,) for 1 h at

60 °C. After washing with ddH2O, glass surface of capillaries \aetwated in
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0.1 M KOH for 10 min. After this step, capillaries can be stored atewy when
they are to be used, they need to be activated in KOH again.

Coating of the glass surface with polystyrenelwo capillaries were dried
from residual water with Nand mounted in the homebuilt spin coater. Capillaries
were filled with 1 % 35 kDa polystyrene solution in toluene (immedtiatade
from 10 % solution in THF) and spinned for 30 s at 3000 rpm/min, then capillaries
were exposed to UV on transilluminator for 5 min at full power.

Assembly of the flow cell.To assemby the flow cell the ends of the each
capillary are connected to microlader pipet tips (Eppendorf), whiehingerted
into the capillary. The connection point between the capillary and pies {p is
sealed with a flexible silicon-glue (Elastosil E41, Wacker Cleefv@). The inlets
of the microloader pipet tips are locked with silicon-glue extdlOul pipet tips.
After curing of the silicon-glue the capillary flow cell shouldtr@ days at 4C

before it is used.

2.2.9.2. Preparation of sample chamber for single DNA molecules

hydrolysis assay

Cleaning, etching and activation of the glass surfac@ut the glass slides
(Thermo Fisher Scientific Gerhard Menzel) into the teflon holé#rin half
slides with holes and half without holdginse glass slides with deionized water
for 2 min, and then treat slides with Helmanex, Pirahna and KOH as in 2.2.9.1.

Coating of the glass surface with polystyreneSpin clean cover slides
(without holes) at 6000 rpom. Take 50 pl of 1% 35 kDa polystyrene solution
(see 2.2.9.1)) in the glass Pasteur pipette, pipette very fast on nthengpglass
and immediately take away the pipette to prevent additional dropsthe tip,
continue to spin 60 s. Bake the polystyrene layer at 150 °C for 1 h.

Assembly of the flow cellPut the layer of Parafilm between the glass with

holes and the coated glass. Put a thicker glass on a heat pl&@°&t Put the
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flow cell with holes downside to prevent break during working. Heat the flow cell
beginning at one end until the Parafilm becomes transparent. Capafsk with

g-tip on the flow cell to prevent encapsulated air bubbles.

2.2.9.3. Preparation of PEGylated sample chamber for TIRF-

based single-molecule FRET experiments.

Cleaning slides.Fill the glass containers with acetone and sonicate for
15 min, dispose of acetone and rinse the container 4-5 times wittfOddthce
the teflon holder with glass slides (Thermo Fisher Scien@iégrhard Menzel)
(with and without holes) into the glass container, fill with 5 M K@t sonicate
for 20 min. Rinse the glass slides 3 times with gldH? times with methanol to
remove KOH and dry them with,NBurn the cover slips with propane each side
for a few seconds, and put them back in the new glass contsgrecdted with
methanol for 10 min).

Aminosilanization and PEGylation. Pour 150 ml of methanol into the
200 ml flask (sonicated with methanol for 10 min). Add 7.5 ml of aeeiit with
glass pipette and 1.5 ml of N-(2-Aminoethyl)-3-aminopropyltrimetisdape
(Sigma-Aldrich) with a glass pipette with low speed into tlaskland mix well.
Pour the mixture into the container with glass slides without halespate for
10 min, sonicate for 1 min and incubate for additional 10 min. Then ringgatbe
slides with methanol, water, methanol and dry them wghP\ace the cover slips
inside the tip box, on top of the tips arranged to be on four corners shdhs.
Fill in the bottom part of the box with distilled water. Dilut® Tng of biotin-PEG
(a-Biotinyl-o-NHS esther PEG (Mw(PEG)=5000 Da, RAPP Polymexeq
120 mg of mPEG o-Methoxy-w-NHS esther PEG (Mw(PEG)=5000 Da,
RAPP Polymerg) in the 480 pl of 100 mM NaHGO(pH=8.5) in 1.5 ml
Eppendorf tube, spin solution 1 min at 10000 rpm. Put 70 pl of PEG solution on
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one cover slip. Place second cover slip gently on top of it. Incubate3dr @
overnight. After incubation period, disassemble the slides, rinse thignplenty
of H,O and dry completely with )\ Store the slides in the freezer.

Assembly of the flow cell.Flow cells were assembled as described in
2.2.9.2.

2.2.10. FRET data analysis

The FRET efficiency is defined as the rate of energy trarfsben the
donor to the acceptor divided by the rates of all processes thgtamiexcited
donor back to the ground state. In confocal FRET measurements the donor
fluorophore is excited, and two fluorescence intensities are umeshs
simultaneously: (i) the donor intensitypy (for donor excitation) and (ii) the
acceptor intensityips (for donor excitation). In order to obtain a real FRET
efficiency (according to its definition) from the measured ptmmreand donor
intensities, one has to consider the non-specific fluorescent backgegndark
count rate, autofluorescence of sample cell, etc), the ‘crosshbeiween the
donor and acceptor channels (correction facioy see below), direct acceptor
excitation (correction factod), and the different quantum yields of donor and
acceptor fluorophores as well as different detection efficieribigth combined in
the correction factoy) (Gust et al., 2014; Hohlbein et al., 2014; Theissen et al.,
2008).

2.2.10.1. Background correction:

All measured intensities where corrected for fluorescent backgrdimed.
background was determined by measuring for a given excitation-emission
configuration a sample that contained buffer only (e.g. no labelled DidbAs

proteins). The obtained intensitiegg™ , 154 and in case of acceptor excitation
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|bveras well as 14 (for donor and acceptor detection, respectively) were
subtracted from the measured intensities of a particular protefAalhple at the
same excitation/detection conditions. In the following, intensities without
background correction are denoted Bs and intensities with background

correction as.
2.2.10.2. Fluorescence cross-detection factarand p.

Photons emitted from the donor and from the acceptor fluorophore and
collected by the objective are separated by a dichroic bedittersgnd are
assigned to either donor or acceptor signal. This discrimination igveowot
perfect due to an overlap of the emission spectra of the twoashgkson-ideal
separation of emitted photons into the detection channels by the batsr.spl
This leads to cross-detection (cross-talk), i.e. that photong/ératemitted by the
donor are detected in the acceptor channelvaedversa

The relative amount of cross-detectwimf donor emission in the acceptor
channel was determined by exciting a donor-only sample at the daveftength
and measuring the intensities in both detection chamésthen provided by eq.

(46):
I*Donly __ sbuffer

_Ipgy DA
o= I*Donly __ rbuffer (46)
DD DD

Similarly, the relative amount of cross-detectibaf the acceptor emission
seen in the acceptor channel was determined by exciting an aeceiyteample
at the acceptor wavelength and measuring the intensities in bathticiet

channelsg is then provided by eq. (47):

I*Aonly __ sbuffer
_lap AD
ﬁ - I*Aonly . Ibuffer (47)
AA AA
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2.2.10.3. Correction for direct excitation of the acceptor:

correction factor o.

The correction for direct excitation is defined as the ratithefacceptor
excitation rate and the donor excitation rate when using the donaatexc
wavelength. It is thus the ratio of the extinction coefficies{t¥ and 2" of the
acceptor only and the donor only sample at the donor excitation wavelength. It can
be obtained from the absorbance spectra of the acceptor- and donsaimiples
and equals the ratio of the absorbance vahjes and A" of the acceptor only
and the donor only sample at the donor excitation wavelength normalizbe b

respective fluorophore concentrations (eq. (48)):
l Aonl
5 = 83011 g Apon y/CAonly

Donly = Donly
ED AD /CDonly

(48)

2.2.10.4. Correction for differences in quantum yield and

detection efficiency: correction factory.

The parametey corrects for different quantum efficiencies of donor and
acceptor fluorophores and different detection efficiencies of ehfitierescence
(eq. 49). It can be determined by exciting an acceptor only and a doryor onl
sample at the donor wavelength and measuring the corresponding acge&ptor
and donor 2™ emission intensity, respectively. is then the ratio of both

intensities corrected for the different excitation rates oftweedyes at the donor

wavelength:
I*Aonly _ Ibuffer
__Ipa DA -1
Y= I*Donly Ibuffer *0 (49)
DD ~ 'DD

The correction factors were determined by measuring the recgareples

at the conditions indicated above and using the provided formulas.
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With these correction factors, the FRET efficiency of a daaklled
sample (containing both acceptor and donor) can be calculated from the
background corrected intensities of acceptor and donor emission upon donor

excitationlp, andlpp according to eq. (50):

E _ (Ipa —a=*Ipp) —y8(Upp — B *Ipa) (50)
FRET (Upa—a*Ipp) +y(pp — B *1py)

2.2.11. Benl single-molecule FRET experiments
2.2.11.1. Confocal single-molecule FRET experiments

The studies of the binding orientation at the target site wererpeet
using the single-labelled Bcnl variants Bcnl(N18C+C202S)-Alexa488,
Bcnl(V105C+C202S)-Alexa488, and Bcnl(C202S-K209C)-Alexa488, as well as
the single-labelled oligonucleotide duplexes Alexa546-C-DNA and Alexa546-G
DNA (Supplementary Table S1). 50 ul reactions contained 50 pM protgther
with 50 pM oligoduplex in the Reaction buffer (see 2.1.3.) supplemented with
10 mM Ca(OAc). The conformational states of Bcnl were measured using 25-
50 pM of double-labelled Bcnl(N18C+V105C+C202S)-Alexa488-Alexa546 and
1-10 nM of specific (SP) and non-specific (NSP) DNA (Table 2henReaction
buffer (see 2.1.3.) with or without 10mM Ca(OACFRET measurements were
performed using an inverted Zeiss LSM 780 confocal microscope equipiiea
Confocor 3 unit allowing simultaneous dual-color fluorescence dete@&ingle
Bcnl-DNA complexes freely diffusing in solution were excitedhwa 488 nm
laser (using the built in beam splitter MBS 488/561). The emissgmalsivas
simultaneously separated on a ‘donor’ and an ‘acceptor’ channel aisi§ nm
dichroic mirror. The signals of the donor and the acceptor channels wer
additionally cleaned up using a 525+30 nm band-pass filter and a 580 nm long-

pass filter, respectively. Raw data sets were correctedessribed in 2.2.10.
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Obtained FRET values were plotted as histograms and multiple Gaussian
distributions were fitted to the data (Figure 18, Figure 22, Table 7).

2.2.11.2 TIRF-based single-molecule FRET experiments

TIRF-based single-molecule FRET experiments were performedhein t
flow cells coated with biotinylated-polyethylene-glycol (Royaét 2008) with a
combined magnetic tweezers-FRET instrument (Kemmerich.,e2@15). Flow
cell was incubated with 1 mg/ml streptavidin for 30 min, then washed with 1 ml of
PBS buffer (see 2.1.3.) and with 200of the Measurement buffer (see 2.1.3.)
with 10 mM Ca(OAc). 50ul of 0.1 nM Cyb5-labelled biotinylated DNA
oligoduplexes (Table 2) were incubated in the flow cell for 20 tmiallow DNA
attachment to the flow cell surface. Detached DNA was vebBben the flow cell
with 1 ml of PBS buffer and 20d of the Measurement buffer. Positions of
attached Cy5-labelled DNA molecules were determined by ilatimg the flow
cell with 43 mW 642 nm laser, then the flow cell was illunegawith 50 mW
532 nm laser and 0.1-0.2nM of Bcnl(N18C+C202S)-Cy3-maleimide were
injected. The emissions of the Cy3 and Cy5 fluorophores were dpectra
separated using a 635 nm dichroic mirror and were projectedhar balf of the
chip of an iXon 897-D EMCCD camera (Andor, Belfast, Ireland). @atkection
was controlled using custom software written in LabView (et Instruments,
Austin, United States). Single-molecule FRET traces were adgttafrom the
fluorescence images with MATLAB (MathWorks, Natick, United t&q 2-D
Gaussian distributions were fitted to Cy3 and Cy5 fluorescemgelsi that co-
localize with the initially detected positions of DNA molecuéesl the obtained
single-molecule FRET traces were corrected for the backgrountbaadp, v, 6

correction factors (see 2.2.10.).
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2.2.11.3. Single-molecule observation of Bcnl binding on
stretched DNA

Single-molecule binding experiments on stretched DNA, including the
flow cell preparation, the combined TIRF-magnetic tweezers satdpthe data
analysis have been previously described in désaihwarz et al., 2013). To enable
prolonged observation of fluorescent enzyme molecules, experiments were
performed using the Bcnl(V105C+C202S)-Maleimide-PEG2-Biotin conjugate
labelled with streptavidin-coated quantum dots (Qdot®625 Streptavidin
Conjugate, diameter 20 nm, Moidar Probes, Life Technologies) and a 22.8 kbp
DNA construct devoid of Bcnl sites (Figure 8A). The DNA constructs wa
preincubated with streptavidin-coated 1 pum magnetic beads (Dynabeg&izeM
Streptavidin  C1, ThermoFisher Scientific) and immobilized on the
antidigoxigenin-covered bottom surface of the flow cell consisting cdpallary
with a quadratic cross section (VitroCom). Subsequently, the ¥8# stretched
with a magnein almost parallel orientation to the glassrface (Figure 19 A
The small tilt angle arising from the attached magnetic beadapproximately
5°, such that its influence on the measured enzyme displacemene ceglected.
The sample was eied with a 10 mW 488 nm laser in total internal reflection
geometry. After injection of 0.1-0.2 nM Qdot-labelled Bcnl the bindimg a
diffusion events of single Bcnl molecules on DNA were recorded. The
measurements were carried out in the Reaction buffer supplemaernited
0.02 mg/ml glucose oxidase, 0.008 mg/ml catalase, 20 mM glucose, 0.1 mg/ml
BSA and 14 mM 2-ME. The positions of individual Bcnl molecules bound to
DNA were obtained from raw image data using the FIESTA soft@ruenow et
al.,, 2011). 1D diffusion coefficients were calculated from the megrare
displacement of the enzyme positios time plots (Figure 20 A). Kymographs
(Figure 19 B) were generated using ImageJ (Schneider et al., 2012).
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2.2.11.4. Single molecule DNA hydrolysis assay

The single-molecule DNA nicking and cleavage assay was carried out
using magnetic tweezers as previously described (van Aelst.,et2@l0;
Ramanathan et al., 2009). Flow cells were incubated for 1 h wiflg/54
antidigoxigenin in PBS buffer (see 2.1.3.) followed by a 1 h incubation with
20 mg/ml BSA. After rinsing the flow cell with the PBS buffer, fraagnetic
3 um polystyrene beads serving as reference (Huhle et al., 20k ppm@red to
the flow cell and incubated for 30 min to allow their binding lte surface.
Unbound reference beads were washed away using PBS. The 7.4 kb DNA
construct (Figure 8B) with biotinylated and digoxigenin-labelled termvas
incubated with streptavidin-coated 1 pm magnetic bedg® (e, Invitrogen and
injected into the flow cell. Excess of unbound DNA molecules wahedhasut
with PBS after 10 min, and DNA molecules were stretched usimgia of
magnets mounted on a motorized stage above the flow cell (seend€exm,
Kasaciunaite, & Seidel, 2016 for details on the magnetic tweessdup). The
DNA length was inferred from the position of the magnetic bead ath@véow
cell surface. Bead positions were obtained using videomicroscopygteulal.,
2015; Otto et al., 2010). The force acting on the DNA molecule wagmeldtay
power-spectral density analysis of the magnetic bead fluctugdepgndicular to
the force (Daldrop et al., 2015). Individual DNA molecules held ansida of
2 pN were positively supercoiled by applying 25 turns of the magnet4. ri\V2-
Bcnl(N18C+C202S) in the Measurement buffer supplemented with 10 mM
Mg(OAc), was injected into the flow cell and the DNA length was monitored.
DNA nicking by Bcnl resulted in an increase in DNA length due tdoitsional
relaxation. Upon cleavage of the second strand the bead was relEapeé
24 A).
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3. RESULTS AND DISCUSSION

3.1. The mechanism of double-stranded DNA cleavadpy

the monomeric restriction endonuclease Bcnl

Orthodox restriction endonucleases (REases) are homodimers tldat bi
palindromic 4-8 bp DNA sequences to form complexes in which the DNAhand
protein share a dyad symmetry. Such an arrangement placestittee site and
sequence recognition elements from one subunit against the scissile
phosphodiester bond and DNA bases in one half of the recognition sitheand t
other subunit against the symmetry related half-site, thenediyling concerted
cleavage of phosphodiester bonds in both DNA strands (Kelly andh,SIBif0).

In sharp contrast, Type Il restriction endonuclease Bcnl is a mmemo protein,
which forms an asymmetric Bcnl-DNA complex with the recognisequence’s
CCSGG-3 making base-specific contacts with the entire target sequamte
placing the sole catalytic center in the vicinity of DNA sttavith the central C
(5-CCCGG-3, C-strand), as observed in the co-crystal structure PDBRODI
(Figure 15B) (Sokolowska et al., 2007), or to the strand with the t&nt(&-
CCGGG-3, G-strand), as observed in the alternative structure (Fii@e PDB
ID 3IMB).

Several possible mechanisms for cleavage of double-stranded D% by
monomeric restriction endonucleases Bcnl were proposed (Figuren®g the
structures of DNA-bound Bcnl are inconsistent with transient dsagon of
enzyme on the target sequence (Figure 9A, “dimerisation” mexrhamm such
case two protein monomers would compete for interactions witsahe bases
and clash in various other places (Sokolowska et al., 2007a)), it was suggested that
Bcnl generates a double-strand break in two separate nickingonsachfter

hydrolysis of the first DNA strand enzyme switches itsraagon on the nicked
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intermediate and then cleaves the second DNA strand (Figure 9Buniiely,

the two alternative Bcnl-DNA structures mentioned above (Figure,Q)5B
represent the two types of Bcnl-DNA complexes that are formedgisequential
cleavage of the DNA strands. In addition, several alternative tioaac
mechanisms, including recruitment of another monomer from the solutioch

binds in the opposite orientation and displaces the originally bound monomer
(Figure 9A, “recruitment” mechanism), or cleavage via a haimpiarmediate
(Figure 9C), could not be ruled out (Sokolowska et al.,, 2007a). To distinguish
these possibilities, we have performed detailed single-turnover aadysstate

kinetics studies of Bcnl reactions on double-stranded DNA.

A Dimerization Recruitment B C
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‘ ‘ _ Flip formation
B" Association %
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Figure 9. Possible mechanisms for cleavage of double-stranded DI} monomeric
restriction endonucleases specific for palindromic DNA seagences.Protein monomer
is designated by a quadrangle shape, DNA is depicted as taitephlack lines, and
the recognition site is represented by a grey rectanglel'ti@)enzyme may either form
a transient dimer, or recruit a second monomer from solution thabckspthe first
monomer and binds in the opposite orientation. (B) Sequential mechaaftam
hydrolysis of the first DNA strand, the enzyme switches its orientation on &\dAhen
cleaves the second DNA strand. The switch may be achieved bijthdissociation-
reassociation of the enzyme with the target site, or biyp anflorientation without being
physically separated from DNA. (C) Both strands are cleaved inrigke sictive site via
a hairpin intermediate.
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3.1.1. Single-turnovers of Bcnl on supercoiled DNAubstrate

Characterization of double-stranded DNA cleavage by Bcnl waerpeetl
on supercoiled phage phiX174 DNA that carries a single Bcnl sE&E5GG-3
Incision of a single DNA strand converts the supercoiled subsi@ténto the
nicked open circular intermediate OC, and cleavage of the second D&l s
results in the final full length linear product FLL (Figure 10A); sup#éed, open
circular and linear forms of the substrate can be separated antlfigd using
agarose gel electrophoresis (see 2.2.3). Single-turnover experimaisthe
enzyme in molar excess of the substrate, can reveal direetlstéte of the
enzyme-bound DNA throughout the course of the reaction. Single turnovers of
Benl were performed in two modes: the pre-mix mode, where the supdrcoi
substrate was preincubated with large excess of enzyme piiatiation of the
reaction with M§" ions (diagram in Figure 10B), and post-mix mode, where the
reaction is initiated by mixing enzyme and DNA in the preseriddg®* (diagram
in Figure 10C). Pre-mix setup eliminates the stage of enzyme-Bd$Aciation
(Figure 10B), allowing measurement of the actual DNA cleavags.r&®eaction
profiles determined with 100 nM and 200 nM of Bcnl in the pre-mix mode wer
undistinguishable (combined data provided in Figure 10B), suggestinghthat
observed reaction rates are not affected by enzyme-DNA asisacbut instead
reflect just the conversion of enzyme-bound substrate to product. gaiallyr
converted supercoiled DNA into the nicked intermedikie8(3 s'), but cleavage
of the nicked DNA was much slowde£0.3 §*) (Figure 10B).
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Figure 1C. Single turnovers of Bcnl on supercoiled phiX174 DN/ (A) Proposed
mechanism for cleavage of double-stranded DNA. Upon binding to the suedrcoil
substrate SC (association rate conskapt the enzyme nicks the first DNA strand (rate
constants<;) converting the substrate into the nicked intermediate OC. To ctartpke
reaction, Bcnl must switch its orientation on the recognition sequand cleave the
remaining DNA strand generating the final product (FLL). Allctesn steps that lead to
cleavage of the second DNA strand are described by the ratertdasta the pre-mix
reaction, the enzyme and DNA are pre-equilibrated in the Reabtiffer (see 2.1.3.)
devoid of the cofactor M§; in this case cleavage of the first DNA strand starts
immediately upon addition of M§ions. In the post-mix setup, the reaction is initiated
by mixing enzyme and DNA, therefore DNA cleavage must beedext by the enzyme
binding step. (B-C) Bcnl cleavage of supercoiled phiX174 DNAefre-mix and the
post-mix reactions, respectively. The flow diagrams schematidalpict the two types
of experiments performed in a quench-flow device (see 2.2.6.2. fors)ldtaé amounts
of three DNA forms are shown: intact supercoiled substrate S@lédrdircles), nicked
intermediate OC (filled circles), and the linear product Flhfilled up-triangles). Solid
lines are the fit of the scheme in panel A to experimental dasaming that the enzyme
binding steps do not contribute to the observed DNA cleavage. Timg firocedure
gave k;=8.3+0.2 & and k,=0.27+0.01 ¢ for the pre-mix reaction (panel B) and
k=6.2+0.2 & andk,=0.30+0.01 ¢ for the post-mix reaction (panel C).
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Post-mix reactions also resulted in immediate formation of DNA
hydrolysis products (Figure 10C). Moreover, the determined rate¢etrage of
individual DNA strands were close to the values from the preerperiments
(Figure 10B-C). Similar DNA cleavage rates observed frormpreand post-mix
reactions imply that at the Bcnl concentration examined here (200 thigl)
bimolecular step of enzyme binding to its recognition site in the phiX174 substrate
(kon¥[Benl], Figure 10A) is faster than the subsequent DNA nicking§( s%).

This establishes a lower limit of 3x1B™'s* (6 $%/2x10" M) for the Benl-DNA
association rate constamt, constants of<3x10 M*s' would lead to the
association process limiting the subsequent rate of DNA cleavage.

High yield of nicked DNA (up to 90%), and the ratio of the rate @orist
ki/k, (>20), observed in the single turnovers of Bcnl (Figure 10B-C) alsoaitedic
that Bcnl reactions on the first and on the second DNA strandsaegjuivalent.

This is in agreement with the reaction mechanism that reqtie enzyme to
switch the orientation prior to cleavage of the second DNA straedquéntial
mechanism in Figure 9B); alternatively, the second strand malebaeed via a
different catalytic mechanism than the first strand (reactia hairpin
intermediate, Figure 9C). Unfortunately, the hairpin intermediasel it been
formed during the reaction, would have remained undetected in the supkrcoile
DNA cleavage experiments, as its electrophoretic mobility dv@alincide with

the final linear DNA. However, no hairpin intermediate was detectdtkiRihetic
experiments performed on radiolabelled DNA duplexes, suggesting that the
reaction involving hairpin DNA is an unlikely possibility. Experimeris
oligonucleotides also indicated that during the first reaction stepl B
predominantly nicks the G strand (the strand with the central-GCGGG-3),
though a significant amount (up to 25%) of the intermediate with itleediC
strand (the strand with the central GCEZCGG-3) was also detected.
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3.1.2. Single turnover reactions on preassembled aked
substrates.

As pointed out above, Bcnl cleaves the first DNA strand more thdol@0-
faster than the second strand (Figure 10B-C). Non-equivalent reactiomgon
strands are in agreement with the proposed Bcnl reaction mech@ggeme 9A):
the enzyme can hydrolyse the first DNA strand immediately upon formatitie of t
enzyme-DNA complex, but hydrolysis of the second DNA strand nbest
preceded by the switch in enzyme orientation. If the switdtoiwer than DNA
hydrolysis, it may limit the rate of the second DNA straledage. Alternatively,
Bcnl may have intrinsically lower catalytic activity agditise intact DNA strand
in the nicked intermediate. To distinguish these possibilities, werperd single-
turnover experiments on the pre-nicked DNA substrates.

The pre-nicked substrates 30 bp G-nick and 30 bp C-nick were assembled
from three DNA strands (see 2.3 and Table 2). Pre-mix experimere &0 bp
G-nick and 30 bp C-nick oligonucleotides performed at different enzyme
concentrations (200 nM and 400 nM) were undistinguishable (combined tata se
are provided in Figure 11), suggesting that enzyme binding steps aeadado
not contribute to the observed rate of DNA cleavage. Fitting sixglenentials to
the experimental results (see 2.7.2) gave the rate cok§@ifor cleavage of the
C strand in the G-nick DNA and the constk((®) for cleavage of the G strand in
C-nick DNA. Bcnl hydrolyses the pre-formed nicked substrates rfasthr, than
the nicked reaction intermediate formedsitu during cleavage of the supercoiled
phiX174 DNA (compar&k(Crk(GR8.5 s', Figure 11A-B, ank~0.3 $', Figure
10B-C). This confirms that slow cleavage of the nicked intermedibserved in
Bcnl reactions on an intact substrate is not caused by the intripdaaltatalytic
activity of Bcnl on nicked DNA, but instead must be due to the sleiicls in

109



enzyme orientation on DNA that brings the catalg@nter to the second DNA
strand (Figure 9B).

A C - nick B G - nick

100 f-—=rrr-srrmereeseeeeseeesseeesseeesseeesseeees
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Figure 11. Single turnovers of Bcnl on preassembled nicked sugkrates. Benl

complexes formed with nicked substrate are depiatedoth panels. Reactions were
performed in the pre-mix setup: the enzyme and D&tA pre-equilibrated in the
Reaction buffer (see 2.1.3.) devoid of the cofaddty®"; in this case reaction starts
immediately upon addition of M§ions. Solid lines are the fit of a single expofrtb

experimental data. The fitting procedure gay@)=7.6+0.3 & for the reaction with the
C-nick substrate (panel A) ank{C)=9.3+0.3 & for the reaction with the G-nick

substrate (panel B).

3.1.3. Steady-state Bcnl reactions on supercoiled NA

substrate

Unlike the single-turnover reactions, steady-seperiments reveal the
rate of the complete turnover of the enzyme, indgdDNA binding, cleavage
and product dissociation. Reaction products thatumclate in the steady-state
reactions are released by the enzyme. Thus, asatysiheir composition may
reveal the number of phosphodiester bonds cleayeddnl during a single
binding event. Dissociation of enzyme into bulkusian after cleavage of the first
DNA strand (“dissociation” mechanism in Figure 9Byuld result in high yield
(up to 50% of total DNA) of nicked intermediateyrmation of the final reaction
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product with a double-strand break would suggest that enzyme claatheBNA
strands during a single binding event (“flip” model in Figure 9B).

Bcnl steady-state reactions were performed with large exdéd3sIA (1-2
nM phiX174) over the enzyme (0.1 nM) (Figure 12). The reaction ras w
independent of substrate concentration, indicatingkhatvas significantly lower
than 1 nM, the lowest substrate concentration in our experimentsieiéenined
initial reaction rates, therefore are equal tgax and the ratioyax/[Bcnl]=0.05 §
! corresponds téi.,. Surprisingly, the major reaction product is full length linear
DNA with a double-strand break; the nicked intermediate compoisigs~ 10%
of total DNA (or= 25% of all products, Figure 12). This argues against cleavage
of double-stranded DNA via transient dimerisation (Figure 9A), agrisation is
unlikely under [Bcnl] << [DNA] reaction conditions, and rules out obbggat
dissociation of Benl from DNA after hydrolysis of the firsNB strand (Figure
9B, though dissociation mechanism may account for ~25% of nicked products).
Efficient formation of the final reaction product, on the other hamdpnsistent
with the switch in Bcnl orientation that occurs without physeaparation of

enzyme from the DNA (the “flip” mechanism in Figure 9B).
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Figure 1Z. Stead\-state reactions of Bcnl on the supercoiled phiX174 DN. The
scheme above the graph illustrates the various DNA forms dmaexist during Bcnl
reactions on supercoiled phage phiX174 DNA. The steady-state reactbained
2nM DNA and 0.1 nM Bcnl. The continuous red line is the linear fit to BA
cleavage data. The determined initial reaction rate is 0.0048+0.0003anlithe kcat
equals 0.048+0.003"s The continuous green line is the linear fit to the FLL product
formation data. The determined initial FLL formation rate eqQa36+0.0015 nM/s.
Thus, Benl converts ~75% (the ratio 0.0036/0.0048) of the initial substratet&@e
final reaction product FLL during a single binding event.

However, the underlying mechanism for this “flip* remains elusive. To
cleave the second strand by the same active site, Bcnl otats by 180° around
the axis perpendicular to the DNA; as Bcnl forms a clamp arounddbpeate
duplex (Sokolowska et al., 2007a), such rotation would result in stiEsbes
between DNA and the protein. To evade the clashes, the protein obardpbe
straightened out after cleavage of the first strand via hinggtomaf Bcnl
subdomains (Sokolowska et al.,, 2007a), enabling the rotation withoutcahysi
separation from the DNA. But what would be the driving force fmhsrotation

and the attachment point of Bcnl to DNA?
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3.1.4. Experiments with DNA and protein trap

To directly probe the mechanism of the presumed switch in Bcnl
orientation occurring after cleavage of the first DNA strand pesdormed single
turnover experiments with DNA and protein trap (Figure 13). In the Didp.-
setup, Benl and phiX174 plasmid DNA were preincubated as in the pre-mix
reactions (Figure 10A.), but DNA cleavage was initiated by sanalbus addition
of Mg®* and large excess of cognate duplex DNA (final composition was 2 nM
phiX174, 200 nM enzyme and 2000 nM oligoduplex TRAP, see Table 2). Any
enzyme not bound to the substrate DNA at the initial reaction mipmeenzyme
that dissociates from the substrate during the reaction, shouldgpedr on the
unlabelled oligonucleotide duplex. Thus, if the switch in enzyme otienta
requires dissociation of Bcnl into bulk solution, cleavage of the secdd® D
strand should be inhibited by the trap DNA. Control reaction, inatiafemixing
Benl and phiX174 + TRAP oligoduolex solutions, revealed significantly slowe
hydrolysis of phiX174 and proved trap effectiveness (Sasnauskas 0H1).
However, the Bcnl reaction is resistant to challenge withssxttep oligoduplex
(Figure 13A). Like in the ordinary pre-mix experiment (Figure 10A), supked
phiX174 is first converted into the open-circular intermediate and titenthe
final product with a double-strand break. The rate constants favade of the
first and the second DNA strands in the pre-mix and DNA-trap @rpats are
also similar (Figure 10A and Figure 13A).

Taken together, DNA-trap reactions provide direct evidence that iBcnl
able to cleave both DNA strands without dissociation into bulk solutiors Thi
complements the steady-state phiX174 cleavage experimentgddsmoove (see
3.2.3). Moreover, complete cleavage of phiX174 supercoiled DNA in DNA-trap
setup (Figure 13A) confirms that all DNA was bound by the enzgunmg the
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preincubation and the rate for Bcnl-DNA dissociation is much sldvaar the rate
for the first DNA strand hydrolysis.

In the protein-trap experiment (Figure 13B), the phiX174 with pre-bound
Bcnl DNA was mixed with Mg ions and a large excess of a binding proficient,
but catalytically inactive Bcnl mutant D55A (final compositionni#l phiX174
DNA, 200 nM enzyme, &M D55A mutant). Since a control DNA cleavage
experiment performed with a mixture of D55A and wt Bcnl revedted the
mutant inhibits DNA cleavage by the wt enzyme (presumablgamapetition for
the recognition sites), any DNA substrate (either intact pthsom nicked
intermediate) liberated from the wt enzyme during the reachionld be trapped
by the D55A mutant (Sasnauskas et al., 2011). Indeed, in the protein-trap
experiment, Bcnl rapidly converts the majority of intact DNAoirthe nicked
intermediate OC, but contrary to the DNA-trap experiment, thetiopanearly
stops after the first nicking event, as the nicked intermediatains uncleaved
(Figure 13B). This points to dissociation of the enzyme from tlgetaequence
after nicking of the first DNA strand. Liberation of the recognitgite after
cleavage of the first DNA strand is also inconsistent withréfaetion involving a

hairpin intermediate (Figure 9C).

114



A DNA trap B Protein trap

Wt Bcnl400 nM  Mg?* 20 mM Wt Bcnl 400 nM Mg? 20 mM
phiX174 4 nM trap DNA 4000 nM phiX174 4 nM D55A Bcnl 16000 nM
=6 M GdmHCI <¢——— 6 M GdmHCI
Y
Sample Sample

100 B 100 =T

¥ 1

Q !

80 80 o 3

—_ | — P ..OC' ------------ @ @ i
X 60 R oe0ry T ¢
5 8 < s |
& 40 & 40l sc |
| o R I !
» O Orerrerseneneeas L o}

20 20 ¢ 3

: : FLL o
f e i
0 B> 0% ; [ A &
0 2 4 6 8 10 0 2 4 6 8 10

Time (s) Time (s)

Figure 12 Trap experiments In both panels, amounts of three phiX174 DNA forms
are shown: supercoiled substrate (SC, unfilled circles), opemlaircreaction
intermediate (OC, filled circles) and linear product (FLL,illed triangles). (A) Pre-
mix experiment with trap DNA. The flow diagram schematicdipicts the experiment
performed in a quench-flow device. A sample of enzyme preinalilveite phixX174
DNA was mixed with magnesium acetate and excess of unldbERAP oligoduplex
(Table 2). Oligoduplex DNA has no effect on the formation and cleavbties nicked
intermediate, indicating that rearrangement of Bcnl on the BNZ, required for
cleavage of the second DNA strand, does not involve dissociation of theemzaip
bulk solution. The fitting procedure gake=7.5+0.3 &, k,=0.31+0.01 €. (B) Post-mix
experiment with trap protein. A sample of enzyme preincubated with phiX174 DNA was
mixed with magnesium acetate and excess of inactive BatdnhD55A. The mutant
protein significantly inhibits cleavage of the open circular inteliate, indicating that
during the rearrangement on the nicked DNA, Bcnl exposes thgnidoa sequence,
enabling binding of the inactive mutant.

How can we reconcile the apparent dissociation of Bcnl from tHesdhic
intermediate in the protein-trap experiment (Figure 13B) withvelga of both
DNA strands during a single binding event inferred from DNA-trap sieddy-
state reactions (Figure 12 and Figure 13A)? We propose thatleti®age of the

first DNA strand Bcnl dissociates from the nicked target biteé does not diffuse
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into bulk solution; instead, it reassociates with a random site oratine DNA
molecule. This situation may arise because a protein atiauartposition in an
aqueous solution will, as a result of Brownian motion, tumble relgtnapidly
around that position but only rarely escape to a new positionGast al., 2005;
Halford, 2004). Multiple rounds of dissociation-reassociation to the saN# D
molecule (known as ‘hopping’ (see 1.3.3.)), interspaced with stagdsewhdl
motion along the DNA axis (known as ‘sliding’ (see 1.3.3.)), may atlmavsame
Bcnl molecule to locate, bind and cleave the opposite strand aktlognition
site. This would account for cleavage of both DNA strands during a simgleng
event observed in steady-state (Figure 12) and DNA-trap (Figure) 13 A
experiments. On the other hand, during the diffusional walk on the nicked
intermediate, the enzyme transiently unshields its taegpiesice. In the protein
trap setup, this permits binding of the inactive mutant to the nicked 8l
thereby inhibiting its further cleavage (Figure 13 B).

The above model can also account for the incomplete cleavage of the
substrate in the protein-trap experimeatsuscomplete cleavage in the DNA-trap
experiment (Figure 13 A-B). Complete cleavage of all substrateeidNA-trap
setup indicates that all DNA is bound by the enzyme at the moofigetction
start; however, this may be an equilibrium mixture of speddanl-DNA
complexes and DNA molecules with nonspecifically bound Bcnl. Upoiatioib
of the DNA-trap reaction, the nonspecifically bound enzyme may rajndbte
and cleave the target site, as excess of oligoduplex DNA, intrddute the
reaction together with Mg, does not interfere with sliding and hopping of Benl
on the substrate. In the protein-trap setup, the inactive mutanénpisa very
high concentration, may locate the unoccupied Bcnl sites before tlemAgine,
and in that way inhibit their cleavage (the slowly cleaved ifsaatorresponds to
~20% of phiX174, Figure 13 B).
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3.1.5. The overall reaction mechanism of Bcnl

The biochemical studies of Bcnl presented above are summarizegline F
14. The Bcnl reaction can be divided into five steps: (i) associati Bcnl with
the DNA substrate; (ii) cleavage of the first DNA straniily {he switch in Bcnl
orientation on the DNA,; (iv) cleavage of the second DNA strand; angr@duct
release.

Almost identical DNA cleavage rates observed from reactiotiated by
adding Md" to the preincubated enzyme and DNA (pre-mix setup) or by adding
enzyme to DNA (post-mix setup) (Figure 18B-C) established ardimit of
3x10 Ms* for the Bcnl association rate constdgt (see 3.1.1); this value is
close to the diffusion-limited rate of 1>®101's* (Halford and Marko, 2004) and
to the enzyme-DNA association rates determined for other atestrienzymes
(Laurens et al., 2009; Zaremba et al., 2010). Upon association with B&A,
cleaves double-stranded DNA in two separate and non-equivalent reactiacs:
DNA is rapidly converted into the nicked intermediatés cleavage of the first
strand (rate constanks is close to 879, but cleavage of the second DNA strand
occurs at a much lower rate (rate constanis less than 0.3% Figure 10).
Surprisingly, the cleavage rate of the intact strand in the pkedisubstrates is
much higher (rate constark¢éC) andk(G) are close to 8.5% Figure 11). Thus,
hydrolysis rate of the nicked intermediate formeadsitu (k;~0.3 s) must be
limited by the slow switch in Bcnl orientation on DNA. We proposd tha
switch in enzyme orientation involves a diffusional walk (or fetiéd diffusion)
of Bcnl on the nicked intermediate, involving sliding and hopping (see 3.1.4 and
3.1.5). Studies of other restriction endonucleases demonstrated dnag sind
hopping on DNA may facilitate target site location among exces®mspecific
DNA sequences (Bellamy et al., 2005; Gowers and Halford, 2003; o&danf

2000). Bcenl utilizes facilitated diffusion in an unusual way: slidiogfsing is not
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only the tool for target site location, but also the integral patti@Bcnl reaction
on the double-stranded DNA. Efficient use of facilitated diffusidomed Benl to
locate, bind and cleave the same target sequence twice duringle landing
event (only 10-25% of DNA is released by Bcnl after nicking oingls DNA

strand, Figure 12). Therefore, the final reaction product releagedonomeric
Bcnl — DNA with a double-strand break — is the same as the pradutie

orthodox homodimeric enzymes.

The reaction cycle of many restriction endonucleases islintiyy product
release (Sapranauskas et al., 2000; Sasnauskas et al., 1999; Waighl $99).
This may also be the case for Bcnl: the turnover nurkgrfor cleavage of
phiX174 DNA (~0.05 &', Figure 13) is significantly lower than the slowest
step observed in the single-turnover experiments, i.e. cleavage otdmel $8NA
strand k;~0.3 ', Figure 10 B-C), indicating that the rate-limiting step of Benl is
product release occurring after complete cleavage of the DNAratédbgtate

constankys, Figure 14).
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Figure 14. Mechanism of doubl-stranded DNA cleavage by Bcn Bcnl rapidly
associates with substrate DNA (rate conskggt ensuing hydrolysis of the first DNA
strand (rate constakt) converts the substrate into the nicked intermediate. The second
strand is cleaved at a much lower rate (rate conskant$he latter process consists of
two phases: (i) relatively slow switch of Bcnl on DNA (ratnstantsyicy involving
dissociation of Bcnl and diffusional search for the opposite Di&nd; and (ii) rapid
hydrolysis reaction (C) or k(G)). The reaction cycle is completed by the product
release (rate constakys) that limits the turnover rate of Bckly. Possible dissociation

of Benl into bulk solution after cleavage of the first DNA strgnthy correspond to
~1/4 of all Benl reactions on the phiX174 DNA) is not shown.
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3.2. Benl single molecule experiments

Kinetic studies in bulk solution indicated that the Bcnl reaction stssif
target site localisation, cleavage of the first strand, achviit enzyme orientation
via sliding and hopping, and cleavage of the second DNA strand. However, som
stages of this reaction mechanism, e.g. the interaction dynaiBsnl with
cognate and non-cognate DNA remained uncharacterized, while ,o¢hgrdhe
sliding and hopping of the enzyme on the DNA, remained hypothetic. Tesaddr
these questions, we have characterised the conformational sfaBsnl, the
dynamics of specific and non-specific Bcnl-DNA interactionsg dacilitated

diffusion of Bcnl on the DNA using various single molecule techniques.

3.2.1. Comparison of apo-Bcnl structure with Bcnl-INA

complex structure

Several crystallographic structures are available for Baeluding apo-
Benl (PDB ID 20DH) and Bcenl in complexes with cognate DNA, witmBc
active sites in the proximity of either ‘C’ strand-(BCSGG-3 PDB ID 20DI) of
the ‘G’ strand (5CCGGG-3, PDB ID 3IMB) (Sokolowska et al., 2007).
Structural data also indicates that formation of the speaifayme-DNA complex
Is accompanied by the transition of Bcnl from the more operoowmiation (PDB
ID 20DH) to a more closed conformation (PDB IDs 20DI, 3IMB). Upon
formation of the ‘closed’ structure the DNA recognition and gatalsubdomains

move closer to each other and lock DNA in the binding cleft (Figure 15).
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Figure 1E. Benl structures in the absence and in the presence of DN Structures of
apo-Bcenl (PDB ID 20DH) (panel A) and two alternatiBcnl-DNA complexes witlthe
catalytic center in the proximity of either the ‘Gtrand (PDB ID: 20DI) or the ‘G’
strand (PDB ID: 3IMB) (panels B and C, respectiyelJhe green and red spheres
indicate the @ atoms of N18 and V105 residues used for fluordstarelling. The
transition of Benl from the apo- (‘open’) to the BMound (‘closed’) conformation
reduces the distance between tifeaoms from 5.5 to 4.2 nm, causing an increase in
FRET efficiency. The central G and C nucleotideshef Bcnl target site are depicted in
magenta and cyan respectively.

3.2.2. Selection of labelling positions

To investigate the conformational states of indmadBcnl molecules in
solution, we have designed single molecule FREEBRENts with Benl variants
carrying a pair of fluorescent labels (Alexa488 aldxa546), one label on the
recognition and one on the catalytic subdomainsitidas for both labels were
selected such that the distance between tfeatdms of the corresponding
residues (N18 and V105) is close to the theorefgalalue for the Alexa488-
Alexa546 dye pair (6.4 nm), and the distance champga the transition from the
apo- (‘open’, PDB ID 20DH) to the DNA-bound (‘clate PDB ID 20DI),
(Figure 15A-B) form results in a significant changd-RET efficiency (Table 3).
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Table 3. The optimal positions for double-labelling of Benl.

E(():r?flormation 6] C o C o c
Benl residue E104 V105 K209
5.77 4.80 5.73 4.81 4.99 4.33
5.35 4.44 5.44 4.16 4.87 4.33
5.36 4.41 5.51 4.20 5.02 4.44
491 3.93 5.05 3.72 4.53 3.93

To verify Benl binding orientation on DNA, we have designed single
molecule FRET experiments with fluorescently labelled protein RNA. The
position for DNA labelling was selected 14 bp upstream of thegreton site on
either the ‘C’ strand (Alexa546-C-DNA, Table 2) or the ‘G’ stigAlexa546-G-
DNA, see Table 2). The dye positions on Bcnl (N18, V105 and K209 wer
selected such that the flip in protein binding orientation fromttC'G’ strand
would significantly change the distance between the C5 atom aintukfied
DNA pyrimidine base and thepCatom of the selected protein residue (Table 4).
The modeling was based on the Bcnl-DNA structures 20DI and 3IMB
(Figure 15).

! Residues from the DNA binding domain are listedtia top row (green), residues from the
catalytic domain are listed in the first columngioge). The distances (in nm) between tReatdms of the
corresponding protein residues are measured for ‘dpen’ (‘O’), and the ‘closed’ (‘C’) Bcnl
conformations. The measurements are based on tlay Xtructures of apo- and DNA-bound Bcnl (PDB
IDs 20DI and 20DH, respectively) using theoretidddxa488-Alexa546 Forster (RO) radius of 6.4 nm.
The positions that lead to the largest (>1 nm) gkaim the measured distance upon the ‘open’ /'dose
transition are shaded green, positions that lead®-1.0 nm change are shaded yellow, the othstign
are not shaded.
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Table 4. The optimal positions for DNA labelling.

AE(N18) AE(V105) | AE(K209) | AE(N18) | AE(V105) | AE(K209)

Positio ‘C’ -strand label ‘G’ -strand label

-10 0.21 0.02 0.22 0.25 0.06 0.25
-11 0.28 0.06 0.30 0.31 0.12 0.34
-12 0.33 0.11 0.37 0.37 0.17 0.42
-13 0.35 0.12 0.42 0.40 0.20 0.48
-14 0.34 0.11 0.43 0.39 0.20 0.51
-15 0.30 0.07 0.40 0.36 0.16 0.50
-16 0.24 0.03 0.35 0.29 0.12 0.47

The corresponding Bcnl mutants carrying a single cysteine residhe a
desired position, and the theoretidairer values calculated for both protein

orientations are listed in Figure 22.
3.2.3. Construction of Bcnl cysteine mutants

To enable site-specific labelling of Bcnl with maleimide denies of
fluorescent dyes, it is necessary to avoid unspecific labedif native cysteines.
The sole native cysteine (C202) present in wt Becnl was raplatth either an
alanine (this mutation completely removes the sulfhydryl mpietya serine (the
sulthydryl moiety is replaced by a hydroxyl). The mutant pnsté8cnl(C202A)

2 Optimal Alexa546 label positions on DNA for DNABenl FRET experiments were defined
measuring distances betweefy &oms of Bcnl selected residues (N18, V105, K289 C5-methyl
carbon atom on T nucleotide on the ‘C’ (DNA stramith 5-CCCGG-3 sequence of Bcnl target site) or
‘G’ (DNA strand with 3-CCGGG-3 sequence of Bcenl target site) DNA strands. Measardgs were
performed on Bcnl — DNA models made from structusdere the catalytic center of Benl contacts the
scissile phosphodiester bond either in the ‘C’ (P@B 20DI) or ‘G’ (PDB ID: 20DI) strands with
prolonged DNA in the complex. FRET efficiency dié@aces {Erre7) were calculated from distances
measured between Bcnl bound to DNA in ‘C’ and DN4leotide on the certain DNA strand upstream to
the Bcnl specific site and Bcnl bound to DNA in ‘@Gfientation and the same nucleotide (Theoretical
Alexa488-Alexa546 Forster radius {R6.4 nm). DNA position -14 with largestErgrer values for most
measurements were selected (coloured in green).
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and Bcnl(C202S) were expressed (see 2.2.2.2.), purified (see 2.2.2.3) iand the
biochemical properties were tested. Compared to wt Bcnl, both Batdnin
proteins exhibited almost equal affinity (see 2.2.5.) to specific DNgure 16A,
Table 5). Steady-state kinetic experiments on the 1-site aircdaluble-stranded
DNA substrate X174 (see 2.2.6.1.) revealed that both Bcnl(C202A) and
Bcnl(C202S) cleave substrate with comparable rates to wt @tgure 16B,
Table 5), but Bcnl(C202A) releases more nicked DNA intermediat€) (O
(approx.. 20 %) during the reaction course, which is not characteaastit Benl.
Therefore the Bcnl(C202S) mutant was chosen for the introductionstéicy
residues at the selected positions.
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Figure 16. Comparison of biochemical properties oBcnl(wt), Bcnl(C202A) and
Bcnl(C202S). (A) DNA binding experiments with Bcnl(wt), Bcnl(©2A) and
Bcnl(C202S). DNA binding experiments (see 2.2.6yavperformed with various Benl
concentrations (0.02-5 nM, marked under lines ef EMSA gels (2.2.1.3.)), 0.1 nM
*p.labelled specific oligoduplex (see Table 2) afdmiM Ca-acetate. Determind<,
values are provided in Table 5. (B) Activity of \Bcnl and mutants. Steady-state
reactions were performed with 0.1 nM Bcnl and 2 pMl74, reactions were started
with 10 mM Mg-acetate (see 2.2.6.1.). SC — supbddDNA (white circles), FLL —
full-length linear DNA (black circles). Reactiontea are provided in Table 5.

Selected residues (N18, V105 and K209) were regldme cysteines by
site-directed mutagenesis (see 2.2.2.1). The sedultBcnl(N18+C202S),
Bcnl(V105C+C202S), Bcnl(C202S+K209C) and Bcnl(N1888C+C202S)
mutants were expressed (see 2.2.2.2) and purifed @.2.2.3). Steady-state
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kinetic experiments opX174 (see 2.2.6.1.) revealed that mutants retained 52-
74 % activity comparing to wt Benl (Table 5); moreover, the mutathave little

effect on the binding affinity (Table 5).

Table 5. Binding affinity to specific DNA and catalytic activity of Bcnl mutarts
and Bcnl-dye conjugates.

_ ko(NM)+St. keat(S)£St. kean ST (Benl protein)/
Benl conjugate error error keas S™(Benl (wt)), %
Benl(wt) 0.210.050 0.042:0.0017 100
Bcnl(C202A) 0.20.038 0.03%0.0015 88
Bcnl(C202S) 0.290.045 0.036:0.0035 86
Bcnl(N18C+C202S) 0.249).065 0.022:0.0015 52
Bcnl(N18C+C202S)-Alexa488 0.18.037 0.0130.0012 31
Bcnl(V105C+C202S) 0.HD.041 0.026:0.0032 62
Bcnl(V105C+C202S)-Alexa488 | 0.16.037 0.026:0.0013 62
Bcnl(V105C+C202S)-Biotin - 0.03.0015 48
Bcnl(C202S+K209C) 0.1.049 0.02%0.0024 69
Bcnl(C202S+K209C)-Alexa488 0.40.080 0.01#0.0011 40
Bcnl(N18C+V105C+C202S) 0£8.094 0.0310.0026 74
Bcnl(N18C+V105C+C202S)-
Alexa488-Alexa546 0.01%0.0012 36

3.2.4. Labelling of Bcnl Cys mutants

Bcenl single cysteine mutants were labelled using 10- tooRD-4folar
excess of fluorescent dye and purified from the unreacted dye adieparin
column (see 2.2.3.1.). Bcnl double cysteine mutant at first wadlddbwith an
equimolar amount of the donor fluorophore. Unlabelled, single-labelled and
double-labelled Bcnl variants were separated on a MonoS colurapdying a
linear NaCl gradient, and then the single-labelled protein wasdabaith 10- to
20-fold excess of an acceptor fluorophore and purified using a Heparinrcolum
(see 2.2.3.2.). The purity of all conjugates was confirmed by asadystDS-
PAGE gel (see 2.2.1.1.). The detected positions of fluorescent dyelcdd

with protein positions in the gel and no free dye was observed (FigOre

125



Labelling efficiencies were calculated from absmmpimeasurements according to
equations (30)-(34) (see 2.2.3.3., Table 6).

1 2 3 4 5 6 7
T 250
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100
s—1 70
40 fown s | 40
e | 30 )
B | | e | | | Coomassie Blue
120
15
ws 115
4.6) 10
5
1.7

Cy2 excitation

Cy3 excitation

Figure 17. Benl labelling. Fluorescently labelled Bcenl variants were run onSbS-
PAGE gel (see 2.2.1.1.), scanned on a Fuji FLA-5lid@rescence scanner using laser
wavelengths for Cy2 and Cy3 detection, and thernetia with Coomassie Blue.
Fluorescence images (Cy2 and Cy3 excitation) rede#hat protein is labelled with
specific dyes and no free dyes are present. Stguagd gel revealed that Bcnl labelled
proteins are not contaminated with other proteihsSpectra Multicolor Low Range
Protein Ladder(26628), 2. Bcnl(N18C+C202S)-Alexa488 Bcnl(C202S+K209C)-
Alexa488, 4. Benl(V105C+C202S)-Alexa488, 5. Benl@CHV105C+C202S)-
Alexa488-Alexa546, 6. Bcnl(N18C+C202S)-Cy3, 7.@adguler TM Broad Range
(26630). 2ug of each single-labelled andufy of double-labelled Bcnl protein were
loaded on the gel.

3.2.5. Forster radius determination

Experimental Forster radius for a pair of fluoregogyes differs from the
theoretical value due to the fact that fluorophattachment to the protein and its
interactions with buffer solution components mawrde the radiative and non-

radiative decay constants rates of an excited diploore (see 1.1.2., eq. (5)). To
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calculate the experimental Forster radius, we have deterrtiieedxperimental
guantum yield ¢) (see 2.2.8.1., Table 6) and the spectral overlap intédssde
2.2.8.2.). The experimental Forster radii calculated for different erpatal
conditions (Table 6) allowed us to determine the theorefiga! values from the

available structures of Bcnl and Benl-DNA complexes (see 3.2.6., 3.2.8.1.).

Table 6. Labelling efficiencies, quantum yields#®), Forster radii (Ro) and
anisotropies of fluorescently labelled Bcnl proteins.
i R
Bcnl conjugate La_b(_allmg Conditions D 0 Anisotropy
efficiency nm
- 077 | 6.0 0.134
Bcnl(N18C+C202S)- . +10mM Ca(OAc) | 0.75 | 5.98 0.135
Alexa48s 75-9% (Alexad88) 1 omm ca(OAc)
0.79 | 6.04 0.112
+ 1uM SP DNA
- 0.80 [ 6.03 0.190
Bcnl(V105C+C202S)- | o +10mM Ca(OAc) | 0.75 | 5.97 0.182
Alexa48s 97% (Alexad88) =1 omm ca(0Ac)
0.77 | 6.01 0.087
+ 1uM SP DNA
- 0.64 | 5.81 0.232
Bcnl(C202S+K209C)- o +10mM Ca(OAc) | 0.70 | 5.90 0.223
Alexa48s 96.5% (Alexad88) 1 omm ca(OAc)
0.79 | 6.03 0.092
+ 1uM SP DNA
- - - 0.231
Bcnl(N18C+C202S)- o +10mM Ca(OAc) - - 0.245
Alexa546 98.2% (Alexa340) — 16mM Ca(OAc) 051
+ 1uM SP DNA '
- - - 0.248
Bcnl(V105C+C202S)- o +10mM Ca(OAc) - - 0.249
Alexa546 100% (Alexa546) +10mM Ca(OAcQ 0.215
+ 1uM SP DNA '
Bcnl(N18C+V105C+C 94.5% (Alexa48s)
202S)-Alexa488- 57.7% (Alexa546)| ~ - - -
Alexa546 ’

3.2.6. Conformational states of Bcnl

The single molecule FRET measurements on
Bcnl(N18+V105C+C202S)-Alexa488-Alexa546 proteins were performed using
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an inverted confocal microscope using various assay conditions: withdt D
with non-specific (NSP) DNA, and with specific (SP) DNA, ialthe absence and
in the presence of Gaions (Figure 18A-C). In the absence of DNA and‘Ca
ions, the mean FRET efficienclfze7=0.61) correlated with the theoretical FRET
efficiency of apo-Bcnl Erre=0.63,r=5.51 nm (Figure 15A)R,=6 nm (Table 6)).
The broadErgeT histogram §=0.41, Figure 18A and Table 7) indicates that under
these conditions Bcnl is flexible and the DNA recognition and yiatal
subdomains do not have defined positions relative to each other. The EBW-FR
part of the distribution presumably corresponds to the Bcnl confamnsattnat are
more ‘open’ than observed in the apo-structure (Figure 15A), wheredmsgtie
FRET part of the distribution indicates that a comparable idracof Bcnl
molecules exist in a more closed conformation, which is remmisdfehe DNA-
bound structure Hrre=0.89, r=4.2 nm (Figure 15B-C),R,=6 nm (Table 6)).
Addition of NSP or SP DNA resulted in significantly narrowestidlbutions for
the Erret Values §=0.2), indicative of a more defined Bcnl conformation, but the
Errer values in both experiments remained low (0.51-0.53, Figure 18B-C)isThis
consistent with the lack of SP/NSP DNA discrimination by Baorthe absence of
divalent metal ions Ky(Bcnl-DNAnsp)=870 nM, Ky4(Bcnl-DNAgp)=540 nM,
see 2.2.5., unpublished data). Bcnl forms slightly more closed complattes
both DNAs in the presence of %ie(EFRET:O.SY, Figure 18B-C), albeit a narrower
Errer distribution observed with SP DNA=£0.09 for SP DNAvs 0.21 for NSP
DNA) suggests that the conformation of Bcnl with SP DNA ssl#exible, i.e.
better defined. These findings revealed that in solution DNA-bound Bcnl
conformation differs from crystallographic structure conformation, SfatDNA
stabilizes Bcnl conformation. Interestingly, similrer values distributions for
Benl with SP and NSP DNA (Figure 18B-C), suggesting that durimggtaearch

(sliding), Bcnl encircles DNA in a similar way as in the speccomplex.
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Surprisingly, the highedErret value of 0.72 was observed for apo-Benl in the
presence of Ca (Figure 18A, Table 7).

Table 7. FRET efficiency values.FRET efficiency (see 3.2.6. and 3.2.8.1.) maan (
and standard deviatiors)( values from normal distribution fits to confocal single
molecule FRET results.

Benl conjugate Conditions Errer
uis.e.m. ois.e.m.
if;”;;ﬁéiiﬁ;’j&i%*02025)' - 0.61+0.04 0.41%0.05
ifg:g%g%gj;ﬂ%’mozs)' 10 mM Ca(OAc) 0.72+0.04 0.12+0.01
i@ﬂéﬁéﬁ%ﬁ’fﬁfﬁ”zox* nsp DNA 0.510.01 0.240.02
Aoxaasb Aonabie | Caoagy T |0se002 | 0213002
i;;r;(lgég%;/j%i?czozs)- sp DNA 0.530.01 0.14+0.01
Aoxaasb Aonabe | oy 057001 | 0.00:002
Bcnl(N18C+C202S)-Alexad88 /i\(')e’r;al\i"‘g;(:(')DA’g')A* gzggigzgi 8;158:8111
Bcnl(N18C+C202S)-Alexad88 /i\(')e’r;al\i"‘&?cﬁ';‘)ﬁ* 8:22i8:8% 828—‘%21
Bcnl(V105C+C202S)-Alexa488 /i\(')e’r;al\i"‘&((:éi’;'f* 8:23:22 8:5260.1
Bcnl(V105C+C202S)-Alexa488 /i\(')e’r;al\i"‘&?cﬁ';‘)ﬁ* 8:2;i8:(1)1 8:?2390;
Bcnl(C2025+K209C)-Alexa488 /i\(')e’r;al\i"‘&((:éa’;'f* 8:2‘&8;8; 8:1;28:8%
Bcnl(C2025+K209C)-Alexa488 /i\(')e’r;al\i"‘&?cﬁ';‘)ﬁ* gégig:gi gzggigzgfz

Presumably, Ca coordination by the negatively charged side chains in the
DNA binding cleft brings the catalytic and recognition subdomams close
proximity. Noteworthy, the observed changes in FRET efficiencies ugditican
of DNA/C&* were not due to changes of the relative orientations of the dye
dipoles, since the dye mobilities as measured by the flummescanisotropies of

single labelled Bcnl were not affected by the presence Bf(Table 6).
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Figure 18. Bcnl conformational dynamics in the absece and in the presence of
DNA. Single molecule FRET experiments were performedh wdouble-labelled
Bcnl(N18C+V105C+C202S)-Alexa488-Alexa546 using afogal microscope. FRET
efficiency histograms obtained for double-labell&tnl(N18C+V105C+C202S)-
Alexa488-Alexa546 in the absence or presence 6f as are shown for Benl only
(A), Benl in the presence of non-specific DNA (B)daBcnl in the presence of specific
DNA (C).

3.2.7. Dynamics of the non-cognate Bcnl-DNA interdions

3.2.7.1. 1-D diffusion and jumping of single Bcnl ralecule on

DNA

Bulk kinetic data suggested that the flip of thenBarientation (Figure 14),
which is required to complete the dsDNA cleavagactien, involves sliding

and/or hopping of enzyme molecule on the nonsmed@iNA surrounding the
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recognition site (Sasnauskas et al., 2011). To visualize the motiowigidual
Bcnl molecules on stretched DNA molecules and to determine thditqtise
parameters for the dynamics of the Bcnl-nonspecific DNA iotenas, we
employed a custom-built experimental setup, which combines iotainal
reflection fluorescence (TIRF) microscopy with magnetic tweeZ{Schwarz et
al., 2013). A 22.8 kbp DNA fragment devoid of Bcnl recognition sequences was
immobilized between the bottom surface of a flow cell and a ntiegoead. The
magnetic tweezers were used to stretch the DNA constructllgteuch that the
DNA molecules were almost parallel to the glass surface. Aihding and
movement of individual quantum dot-labelled Bcnl molecules wasnaddeising
the TIRF unit of the setup (see 2.2.11.3., Figure 19A). Enzyme bindingeckgult
the appearance of diffraction limited fluorescence spots at rapdsitions on the
DNA. Following binding, the enzyme molecules were mobile and movedjalo
the DNA. Two types of motion could be distinguished: 1D diffusion of Bcnl
resulting in a continuous change of the Bcnl position along the DN& asiwell

as abrupt changes of the Bcnl positiea@0 nm between two consecutive frames
separated by 100 ms) that were interpreted as jumps, i.e.idtgsoof Bcnl and
re-association with the DNA at a distant site. Taking intooaet the
subnanomolar concentration of Bcnl used in the experiments and the fregfiency
association of new Bcnl molecules, arrival of a second Bcnl meestwding a
single time frame (100 ms) during the jump event is highly improk@uaenet et
al., 2008).

1-D diffusion of Bcnl on DNA was tested in the absence of divaletaim
ions, in the presence of €aand in the presence of Kigons. In the absence of
divalent cations diffusion events of Bcnl appeared to be long-livedagthdut
jumps. In contrast, in the presence of &gnd C&", the diffusion events were

shorter and frequently terminated by jumps or dissociation events (HigBje
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Benl+nsp DNA+Mg

Benl+nsp DNA+Ca

Figure 1¢. Bcnl sliding and jumping on DNA. (A) Experimental configuration. A
22.8 kbp DNA molecule lacking Bcnl recognition sitéblack) was attached to a
magnetic bead (grey sphere) and to the surfaceflofracell. The DNA was stretched
side-wards using a magnet placed next to the flelv An evanescent field (green) of a
TIRF-microscope was illuminating quantum-dot labéllenzymes bound to the DNA
(yellow). Most of the freely diffusing enzymes ialgtion (orange) were outside of the
evanescent field. (B) Representative kymographshef movement of quantum-dot
labelled Benl on the DNA in the presence of Mipns (top) (straight horizontal line in
the lower part of the kymograph depicts proteirtlston the surface of the flow cell), in
the presence of Gaions (middle), and without divalent metal ions tbm). Protein
association, jumps, and protein dissociation argkethwith red, green and blue arrows,
respectively. Positions of the magnetic bead andréiscent Bcnl proteins are marked
on the right-hand side with magenta and black asro@spectively.

From the time trajectories of enzyme position dgrdiffusion on DNA,
mean-square displacement (MSE3 time plots were calculated and used to
estimate the 1D diffusion coefficientdD4p). We found that the diffusion
coefficientD;p, for 1-dimensional sliding of Bcnl on the DNA is710? unt/s in
the absence of divalent metal ions, 0.8 %@r/s in the presence of 10 mM €a
and 0.4x1G pnf/s in the presence of 10 mM Kig(Figure 20A). 1D diffusion
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constants in the order of 1xiounf/s were also reported for other DNA-
interacting enzymes (Bonnet and Desbiolles, 2011; Bonnet et al., 2008;dDiki
al., 2012; Gorman et al., 2007, 2010; Granéli et al., 2006; Harada et al., 1999; Kim
and Larson, 2007; Komazin-Meredith et al., 2008; Laurence et al., 2008 &/an
al., 2006).D;p is at least 1000-fold lower than the calculated 3-dimensional
diffusion coefficientD3p of the Qdot-labelled Bcnl (30 [fs) (Halford, 2004;
Wilkins et al., 1999). This drastic reduction, also observed for other-BdtiAg
enzymes (Bonnet et al., 2008), can be attributed to the hydrodynamibe
guantum-dot conjugated enzyme during its helical path around the DNA heli
(Bagchi et al., 2008; Schurr, 1979), as well as DNA-protein interactions during the
sliding process (Slutsky and Mirny, 2004). Slower diffusion in ihesence of
divalent metal ions correlates with the more closed Bcnl conf@mabserved in

the presence of Gaand DNA (Figure 18). Such tighter contacts between enzyme
and non-cognate DNA may be required for probing the DNA sequence and
recognition of the cognate site.

Current theoretical and experimental studies indicate thakettasie
localization by site-specific proteins involves both 1D sliding altmg DNA,
which allows probing of all DNA sites in the scanned region, and 3@psu
which relocate the protein to a nearby or a distant DNA Aitenterplay of 1D
and 3D diffusion may significantly accelerate target site iooah comparison to
a simple 3D search (Halford, 2004).

Along with protein sliding, our single molecule diffusion experiments
revealed sudden translocations of Bcnl on the DNA with a length of 100at600
between two consecutive time frames (100 ms) (Figure 19 B, Figure. Zu&)
protein movements would require a diffusion coefficient of ~0.1-1&'s4which
Is significantly higher than the 1D diffusion coefficieDtp discussed above
(Bonnet et al., 2008). We therefore attribute these Bcnl movemeBi3 fomps
on the DNA. Intriguingly, we find that the jump frequency is signifibatgwer
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in the absence of divalent metal ions (on average,>d®® nm translocation
every 160 s) than in the presence of‘Gad Md" (one translocation every 20-25
s, Figure 19 B), indicating that metal ions facilitate enzymeodiagon from the
DNA. As with EcoRV (Bonnet et al., 2008; Loverdo et al., 2009), the jump
frequency decreased with the jump length (Figure 20 B). Due to phgals
resolution of our experimental setup, jumps shorter than 100 nm could not be
detected, but their frequency could be estimated using a thebretadel
developed by Kolesov et al., stating that each jump is on avacagenpanied by
~5 hops (i.e. jumps shorter than 50 nm, a single DNA persisterggh)
(Kolesov et al., 2007) This gives us the upper estimate of the avgcagsliding
duration, ~30 (150/5) s in the absence of divalent metal ions, and ~4 (20/5) s
the presence of E4Mg?*. Given the experimentally determined 1D diffusion
coefficients, the average Bcnl sliding length=[2-D;p-t)°7] in the absence of
divalent metal ions is ~1000 nm or 3500 bp, and up to ~200 nm or 700 bp in the
presence of M{j or C&*. Note that the sliding length could be up to 2-fold longer
for a Qdot-free Bcnl, given the smaller hydrodynamic radiushefunlabelled
protein (Dikic et al., 2012). The sliding distance of Bcnl eswuahere is
consistent with a high processivity of Bcnl on DNA substrateth witer-site
distance as large as 500 bp (Figure 21).

According to Halford and Marko (Halford, 2004), acceleration of thgetar
site localization ratek{) beyond the diffusion-limited valudgp-a) is expressed
by eq. (51):

ka —(a+D3 Ll )_1 51

Assuminga=1.7 nm (length of the 5 bp Bcnl recognition site3,1000 nm
(length of a 3000 bp DNA fragment=1x10'° nm® (~0.1 nM target site
concentration expressed as the number of molecules per cubic nar)prmed

using the sliding lengthy) and diffusion coefficientsi;p, D3p) estimated in the
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present study, a quite significant acceleratiorithi@ presence of divalent metal
ions of 3- to 8-fold is obtained. Intriguingly, dilent metal ions seem to play a
dual role in the nonspecific Bcnl-DNA interactionthey decrease the 1D
diffusion coefficientD,p (presumably due to tighter protein-DNA interactan

the presence of divalent ions), and simultaneouisigrease the protein

dissociation rate (or jumping frequency).
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Figure 2C. Bcnl 1D diffusion coefficients and jump size. (A) Mean square
displacements as a function of time for the motdBcnl along DNA in the absence of
divalent ions or in the presence of?Cand Md*. The diffusion constant®;p where
obtained from linear fits to the data at short snfeed lines). (B) Jump size distribution
of Benl in the presence of Mand C&". Jumps in the absence of divalent ions were
too rare to obtain statistically meaningful data.

3.2.7.2. Benl processivity

To obtain an independent estimate of the Benlrsljdength, we have also
measured the processivity of Bcnl, being definedhasability of the enzyme to
act on multiple recognition sites during a singleding event. It is analogous to
reactions of some orthodox restriction endonuckeaseDNA substrates bearing
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two (or more) recognition sites, that upon cleavage of the Bi=ignition site
remain associated with the surrounding nonspecific sequences ardiffusg to
another target site on the same DNA molecule and cleaveeitl(365.1.). The
extensive 1D diffusion of Bcnl on dsDNA suggested that the processive att
Bcenl should extend to long inter-site distances. To test the pratgss Benl,
we performed Bcnl cleavage reactions (see 2.2.6.3.) on two-site fEAg&ents
with inter-site distances of either 100 or 500 bp (see 2.2.4.3., Figure 8C). The
maximal processivity of Bcnl (equivalent to the fraction of DNA ecoles
cleaved at both sites during a single Bcnl binding event) is exptctse 50 %,
since upon cleavage of the first recognition site there is only &-pbbability
for Benl to remain on the fragment with the second recognition(site other
~50 % of Bcnl will remain associated with the fragment devoidhef gecond
recognition site, see Figure 21C). The processivity of Bcnl wasndied as
IVed/Vsd being the ratio of the initial rates of formation of the doubleproduct
vpp and of the total cleavage rate of the uncut subsiggtét is thus the fraction of
the double-cut products among all cleaved DNAs at early time polis
measured processivity approaches the theoretical maximum of \sbéf, the
diffusion of Bcnl to the second recognition site and its subsequeavage is
much faster than the dissociation from the fragmkgis{>> Kyjis9. Considering
the competition between these two processes in case that thayabcgimilar
rates, one can express the processivity as 90Q,3a¥K.rosstKais) -

To gain insight into the processivity of Benl, amounts of uncut, siogie
(corresponds to non-processive cleavage reaction) and double-cut (corrésponds
processive Bcnl reaction) DNA forms (Figure 21A) were quantifiedifferent
reaction time points and the processivity was determined fromattte|vep/Vsd
(Figure 21B). We find that Bcnl processively cuts ~41-43 % of both dautele
fragments tested, indicating thiat.ss is ~4-fold higher tharky;ss Thus, Bcenl is
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able to locate DNA sites 100 bp or 500 bp away fritwe search start position

with high efficiency.
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Figure 21. Representation of Bcnl reactions on thdéwo-site DNA substrates.
Steady-state kinetic experiments (see 2.2.6.3.g werformed with Benl and 135 and
535 bp two-site DNA (2xCCSGG) substrates (intez-glistances 100 bp or 500 bp,
respectively, see Figure 8C). (A) Uncut (SS), ssngit (PS) and double-cut (PP) DNA
forms were separated by polyacrylamide gel elebwogsis and (B) amounts of
different DNA forms were determined by densitonwetnalysis of gel images. The
initial rates of the SS DNA cleavage and formatdithe PP product were calculated by
linear regression. (C) Reaction scheme. Proces$pavage of the two-site substrate is
possible only if upon cleavage of the first recatigmni site Bcnl remains associated with
the DNA fragment containing the second recognitsite (probability 1/2) and then
locates the second site before dissociation frarNA [probabilityKerosd (KerosstKaisd)]-
The calculated processivity of Benl (the fractiohpsocessively cleaved DNA) was
equal to 0.43 for the “135” and 0.41 for the “53&gment.
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3.2.8. Site-specific Bcnl-DNA interactions
3.2.8.1. Bcenl orientation on DNA

Bcnl recognizes the pseudopalindromic DNA recognition sequefice 5
CC(C/G)GG-3 Being an asymmetric monomeric protein with a single dataly
site, Bcnl can bind the recognition sequence in two orientations, i.e.dggpthe
catalytic center either in the vicinity of the ‘C''{6CCGG-3) strand (the ‘C’
binding orientation), or in the vicinity of the ‘G’ f® CGGG-3) strand (the ‘G’
binding orientation). Cleavage of double-stranded DNA by Bcnl therehust
involve sequential binding of the enzyme in both orientations and cleaVaige
corresponding DNA strands (Figure 22). Though the structures of both types of
Bcnl-DNA complexes were solved (PDB IDs 20DI and 3IMB) (Figdf,
(Sokolowska et al., 2007), bulk studies demonstrated that Bcnl clehges
majority of DNA via an intermediate with a nick in the ‘G’ strand, implying that
the ‘G’ binding orientation is preferred by Bcnl (Sasnauskas,e2@l1). To test
this prediction, we performed single molecule FRET measurementseealf

diffusing protein-DNA complexes in a confocal detection scheme (see 2.2.11.1.).
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Figure 2Z. Benl preferred binding orientation. Single molecule FRET experiments
were performed with Alexa488-labelled Bcnl(N18C+23) and Alexa546-labelled
DNA. (A) FRET efficiency histogram obtained for ‘Gtrand-labelled DNA. Based on
the available structures of Bcnl-DNA complexes (PIBs 20Dl and 3IMB), the
expected distance between the Alexa488 (greenapaerd Alexa546 (red sphere) dyes
is 71.3 and 56.2 A for the different orientatiorigtee protein-DNA complexes. This is
equivalent to FRET efficiencies of 0.27 and 0.6d gootein bound in the ‘C’ and ‘G’
orientations, respectively (see sketches at the $ep 3.2.2., Table 4). A double-
Gaussian fit to the FRET efficiency data (red liegonsistent with preferred binding
of Benl in the ‘G’ orientation. (B) FRET efficiendyistogram obtained for ‘G’ strand-
labelled DNA. The expected FRET efficiencies ai@l0and 0.23 for protein bound in
the ‘C’ and ‘G’ orientations, respectively (see tshes at the top). As with the ‘C’
strand-labelled DNA, the experimental data is cstesit with the preferential binding in
the ‘G’ orientation. Expected theoretidalrer valuesand single molecule experiments
data for Alexa488-labelled Bcnl(V105C+C202S) and exs488-labelled
Bcnl(C202S+K209C) are depicted in (C), (D) and H), ((F) respectivelyR, values
determined for Benl conjugates withCand DNA are listed in Table 6
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Measurements with Bcnl(N18C+C202S)-Alexa488 and Alexa546-C-DNA
revealed twoEgret populations: a less abundant with a low FRET efficiency
(Erre=0.35) and a more abundant with a high FRET efficierteaze(=0.69,
Figure 22A). Both values were in agreement with the theoretieapigcted FRET
efficiencies for protein binding to the Alexa546-C-DNA in the ‘@nd ‘G’
orientations of 0.27 and 0.61, respectively (Figure 22A). The opposite disinibut
was observed for the Alexa546-G-DNA, where the Bwer state (0.26) was
more populated, and the hiarer state (0.62) was less populated, both values in
good agreement with the expected values of 0.23 and 0.61 (Figure 22B)thEhus
single molecule FRET data obtained with both DNAs is consistetit &
preferential binding of Bcnl to DNA in the ‘G’ orientation. Thisnclusion is also
supported by data obtained with Bcnl(V105C+C202S)-Alexa488 and
Bcnl(C202S+K209C)-Alexa488 (Figure 22C-F, Table 7).

3.2.8.2. Dynamics of site-specific Bcnl-DNA interactions

According to bulk kinetic measurements, Bcnl rapidly localizespeific
recognition site (the lower limit for the bimolecular rate ¢ansis 3x16M™s™),
followed by rapid cleavage of the first strand (first-order catestant ~773), and
a subsequent slow cut of the second DNA strand (observed rate corstb
0.3 s' (Sasnauskas et al., 2011). The latter reaction stage must involyaesnz
dissociation from the nicked intermediate, a switch in enzymentation, and
DNA hydrolysis itself (Figure 14). Rapid cleavage of the pré&edcDNA by
Benl (first-order rate constant ~100ssuggested that the rate-limiting step of the
second DNA strand cleavage is enzyme dissociation from the ni2kidd To
probe the dynamics of Bcnl-specific DNA interactions at theglei molecule
level, we employed a custom-built setup, which supports objetyipee-TIRF
microscopy with simultaneous dual-color FRET detection (Kemimeeic al.,
2015). Cy5-labelled 36 bp DNA oligoduplexes (Table 2) were attached to the
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bottom surface of a flow cell and positions of tlatached fluorescent
oligoduplexes were determined by short illuminat{e2 s) with a 642 nm laser.
Upon injection of Cy3-labelled Bcnl (final conceation 0.2 nM) into the flow
cell, the Bcnl-Cy3 conjugates were excited with3 Bm laser (see 2.2.11.2.).
Association of the Cy3-labelled Bcnl with Cy5-laleel DNA correlated with a
significant increase of fluorescence intensity othbthe donor and the acceptor
channels (Figure 23A). The durations of the evemith significant FRET
(apparenEerer>0.1) in the presence of €4C&* supports specific DNA binding
but not cleavage by Bcnl) were best described byloable exponential
distribution indicative of two types of Bcnl-DNA otplexes (Figure 23B). The
short-lived binding events (mean duration 0.35 syemmore frequent (~70 % of
all events) than the long-lived binding events (medaration 8.3 s). Presumably,
the short Bcnl-DNA association events correspondai-specific enzyme-DNA
complexes (target search intermediates), while don@ssociation times

correspond to specific enzyme-DNA interactions.

A _ . . Figure 23. Dynamics of Bcnl binding to
: its target site. Single molecule TRIF-

based FRET experiments using surface-
tethered 36 bp long Cy5-labelled DNA
and Cy3-labelled Bcnl(N18C+C202S).
(A) Time trajectory of donor and acceptor
fluorescence measured on a single DNA
in the presence of &a Arrows indicate
the event duration times. (B) Cumulative

Time (s) distribution of the measured event
B durations. Double exponential fit to the
|\ data is shown as a solid line. Fit
parameters are given next to the plot.
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3.2.8.3. Kinetics of the DNA second strand cleavage

To directly assess the time required for a Bcnl moleculehange its
orientation on the recognition site after nicking of the first tagjeind, we
employed magnetic tweezers to measure DNA cleavage (see 2.2(\drdAelst
et al.,, 2010; Rutkauskas et al., 2015). Different termini of the 7.4 kbp DNA
construct with a single Bcnl recognition site were attached tdaktem surface
of a flow cell and a magnetic bead. Using a pair of magnets pédomack the flow
cell the DNA was held stretched at a tension of 2 pN, whilagogositively
supercoiled. Introduction of 25 positive turns reduced the length of the DNA
construct due to formation of a plectonemic superhelix (Figure 24A). Vet
were observed upon addition of Bcnl: first, the full DNA length wasveed
due to nicking of the first strand, followed by the disappearanteediead due to
cleavage of the second DNA strand (Figure 24B). The cumulatiu@dison of
time intervals between the first and the second strand niekasyfitted with a
double-exponential function, vyielding rate constants for the second strand
cleavageky,d1)=0.3 +0.1 8(30% of cleavage events) ag,{2)=0.06+0.01 %
(70% of cleavage events) (Figure 24B inset).

These values are in good agreement with the second DNA steaage
rates determined from bulk kinetics, the rate con#gqiG) for cleavage of the
‘G’ strand in the ‘C-nick’ intermediate (0.32'5~30 % of all DNA), and the rate
constank,,{C) for cleavage of the ‘C’ strand in the ‘G-nick’ intermediate (14
1 ~70 % of all DNA) (Sasnauskas et al., 2011). Thus, the slower ge@wents
[Kopd2)] Observed in the single molecule setup may correspond to the pnashdm
(70 %) DNA cleavage pathway, where ‘C’ strand is cleavest diie ‘G’ strand,
and the more rapid cleavage evemtgd1l)] may correspond to the alternative (30

%) pathway, where the cleavage order is reversed. The dominartee'Gknick’
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pathway in bulk kinetics (Sasnauskas et al., 2011) was attribute@fergntial
binding of Bcnl to DNA in an orientation that places the catalyicter close to
the ‘G’ strand. We now confirm this Bcnl binding preference usingylsi
molecule FRET measurements with labelled Bcnl and DNA (Fig2ye The
second strand cleavage rigg; can be expressed by equation (52)

LR S S D)
kobs kdissoc kflip kchem

where Kgissoo Kiip @nd kehem are the rate constants for enzyme dissociation from
nicked DNA, re-binding, and DNA hydrolysis, respectively. Sincehydrolysis
stepkenemis rapid, 8-10 §(see 3.1.1., 3.1.2.), and we show here that Benl jumps
on the DNA take less than 0.1 s (Figure 19 B), the rate limitieg fairky,s must

be Kyissoo 1. €. Slow dissociation of Bcnl from the nicked intermediate. dbefifit

kons Values observed for the ‘G-nick’ and ‘C-nick’ reaction pathways tmus
therefore reflect different enzyme dissociation rates fitoen'G-nick’ and the ‘C-
nick’ intermediates. Here slower dissociation from the ‘G-nintermediate prior

to ‘C’ strand cleavage correlates with tighter enzyme bindingthim ‘G’

orientation.
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A Figure 24. Single DNA molecule
cleavage by Bcnl(A) Scheme of the

experiment. A 7.4kbp DNA

¢ ¢ fragment with a single Benl
— Inm | recognition site was attached to the
I 1 | flow cell surface and a magnetic

bead. The DNA was held stretched at
2 pN force and supercoiled with +25
turns. Subsequently, 0.2-1 nM Bcnl
was added. DNA nicking recovered
the initial DNA length and cleavage
of the second DNA strand released
the bead. The time intervalt
between these two events is the
{ lifetime of the nicked intermediate,
or the inverse of the second DNA
strand cleavage rate. (B)
Experimental results. The cumulative
Lf . distribution of the measuredat
k,=0.3+0.1s"(30.1%) ) . .
k, = 0.06 +0.01 s (69.9%) ] values is shown in the inset. A
12580 double-exponential ~ fit  yielded
Time (s) kob1)=0.3+0.1 8 (~30 % events)
’ ' ’ ' and kopgd2)=0.06+0.018 (~70 %

0 20 40 60 80
Time (s) events).

0 20 40 60 80
Time (s)

9y,

N
o

-
(6]

DNA extension (um)
o
L)
# of events
N
o

-
o

o
(6]
T
o
-

Taken together, we have performed a thorough staidyne monomeric
restriction enzyme Bcnl-DNA interactions, employiagdiverse set of single
molecule techniques. This allowed us to characerigaction steps that are
difficult or impossible to access using conventiotechniques, for example,
direct observation of 1D diffusion and jumping bétprotein on the DNA, protein
binding orientation and conformational dynamicsg atynamics of specific and
non-specific protein-DNA interactions. Our resultsnfirm the Bcnl reaction
mechanism proposed from bulk solution studies, agdvide additional

mechanistic details, such as enzyme-DNA dissocidiimes, sliding length and
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jumping frequency of the protein. The set of single-molecule technipsesibed

here could be successfully applied to other DNA-interacting proteins.
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CONCLUSIONS

. To generate a double-strand break Bcnl binds H@&CSGG-3recognition
seqguence in one orientation, cleaves the first DNA strand, ®aiith orientation
on DNA and then cleaves the second DNA strand.

. The rate limiting step for the second DNA strand cleavage isvtfiteh in
enzyme orientation, which occurs without an excursion into bulk solutiofeas
same Bcnl molecule acts processively on both DNA strands.

. Target site location and the switch in Bcnl orientation involisirgl and
jumping of the enzyme on the nonspecific DNA; sliding and jumping alable
processive cleavage of multiple Benl target sites located as far as 500 top apar
. The DNA-binding cleft, formed by the catalytic and DNA recognition
subdomains of apo-Bcnl is relatively wide and flexible; DNA and ldivametal

ion binding brings the catalytic and recognition subdomains into close proximity.
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