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Abstract

Transcription is the tragier of information stored in the DNA genonm@o RNA ad an essential
processfor cellular life. In all three domains of life, transcription is carried out by structurally
conserved RNA polymerases (RNAR)haeaemploy only a single RNAP while eukaryotes have
evolved three functionally distinct viants, RMP I, Il and lll. Transcription is a cyclic process
divided into initiation, elongation and termination phases. During transcription initiation, RNAPs
are recruited to the promoter region of their target genes by transcription factors (TF) that
recognize equence elements in the promoter DNA, leading to formation of aimpiteation
complex (PIC). larchaealand all eukaryotic transcription systems, initiation relies on the TATA
binding protein (TBP) and a THik® factor.

TFIIIB, the centrahitiation factor of the human RNAP Il system is composed of TBP, the TFIIB
related factors Brfl or Brf2 and the RNAPRspicific factor Bdpl. At TADAx-containing
promoters, TFIIIB alone can recruit RNAP IlI. In contrast, RNAP Il recruitment caiebedaby

TBP and TFIIB. How TFIIIB dynamically assembles at the promoter and the role of Bdpl as an
additional required factor are still not well understood. Furthermore, TFIIIB forms highly stable
complexes on DNA that can persist for multiple roundsarfscripion. How transcription factors

are affected by mechanical forces exerted on DNA by cellular processes like transcription and DNA
compaction is mostly unexplored. The archaeal transcription machinery resembles the eukaryotic
RNAP Il system, but ge regulaion is performed by Bacteriéke transcriptional regulators. In
Pyrococcus furiosushe TFB recruitment factor 1 (THRB-1) can recruit TFB to promoters with a
weak B recognition element (BRE) by binding to a conserved upstream proeteteent. The
moleailar mechanism and potential conformational changes in the DNA are still elusive. Many
archaeaevolved paralogs of TBP and TFB that are involved in stress respor&dfdiobus
acidocaldariusTFB2, a paralog of TFB is expressed ifi eyote dependentnanner. However, its
function in the context of transcription is still unexplored.

Assembly of TFs at the promoters is highly dynamic and involvesnd@fed bending of the
promoter DNA by approximately 90°. This conformational charsgebe detected byForster
resonance energy transfer (FRET), a distategendent norradiative process that can report on
distance changes in the¢l0 nm regime with high time resolution. In this work, FRET
measurements are performed at the singt®leculelevel, which allars direct observation of
different conformational states of individual initiation complexes in+t&ak. Furthermore, force
measurements were performed with a DNA origdvased nanodevice that can exert constant
force in the piconewton ange on a double tsanded DNA fragment. To facilitate FRET
experiments, a total internal reflection fluorescence (TIRF) microscope was constructed. In this
work, TIRF and confocal fluorescence microscopy were used to study the molecular mechanisms
underlying human and archeal transcription initiation.

The stepwise assembly of TFIIIB at the U6 snRNA promoter was monitored, revealing transient
DNA binding of TBP on the millisecond timescale. Addition of Brf2 and Bdpl stabilized dynamic
DNA/TBP complexes. ite measurementsevealed that binding of human TFs to DNA under
mechanical strain is impaired. The complete TFIIIB complex can bind to DNA at forces yto 6.3
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whereas binding of TBP and TBP/Brf2 was strongly reduced at 2.6 pN and 6.3 pN, respActively.
comparison withthe RNAP i$pecific TFIIB and TFIIA provides evidence that thelitagstructure

of TFIIIB confers superior resistance to mechanical force.

S.acidocaldariusTFB2 cannot stabilize a bent promoter DNA/TBP complex and is thus not
functional as a transgstion initiation factor. Instead, sifold molar excess of TFB2 could
destabilize a DNAound TBP/TFB complex, suggesting a regulatory role for TFB2.

TFBRF1 can enhance TFB recruitment at promoters with weak or consensus BREs to similar
degree without indicing conformational changes in the DNA. However, formation of a bent
promoter DNA complex is slower at promoters with a consensus BRERHIFEkely acts as a
secondary binding site for TFB.

DNA origambased force spectroscopy furthéemonstrated forcedependent DNA bending of
archaeal TFsMethanocaldococcus jannaschiBP can beh DNA alone wherea®.furiosus
requires TBP and TFB. For both systems, low DNA bending efficiency was observed at 6.2 pN force.
Taken together, this work ghlights conservethechanisms employed by archaeal and eukaryotic
transcription systems to modulate the stability of the TBP/FhHfactor complex that nucleates

PIC formation, thereby enabling control over transcription initiation.
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Zusammenfassung

Transkription ist @r Transfer von im DN&enom gespeicherten Informationen in RNA und daher
ein wichtiger Prozess fur zellulares Leben. Transkription erfolgt in allen drei Domé&nen des Lebens
durch strukturell konservierte RNRolymerasen (RNAP Archaeerverwenden nur eineinzige
RNAP, wéahrend Eukaryoten drei funktionell unterschiedliche Varianten entwickelt haben, RNAP I,
I und 1ll. Transkription ist ein zyklischer Prozess, der in InitiaticdB®ngations und
Terminationsphasen unterteilt ist. Wahrerger Transkriptiosinitiation wird die RNARJurch
Transkriptionsfaktoren (Bf; die Sequenzelemente in der Promc@NA erkennen, in die
Promotorregion ihrer Zielgene rekrutiert. Dies fuhrt zur Formierung eindritiationskomplexes
(engl.: preinitiation complex, PIC). ml archaeellen und allen eukaryotischen
Transkriptionssystemen bilden das TAdiddende Protein (TBP) und ein TRilicher Faktor

die Kernkomponenten der Initiation.

TFIIIB, der zentrale Initiationsfaktor des humanen RNARstems, besteht aus TBRnu TFIIB
ahnlichen Faktor Brfl oder Brf2 und dem RNASpREifischen Faktor Bdpl. Die Rekrutierung von
RNARII kann an Promotoren mit einem TADAX Element allein durch TFIIB erfolgen. Im
Gegensatz dazu kann die Rekruiieg von RNAP Il durch TBP uréIB erreicht werden. Der
dynamische Assemblierungsprozess von TFIIIB auf der Promotor DNA, sowie die Rolle von Bdpl
als zusatzlich erforderlichem Faktor im RNIBystem, sind noch nicht gut untersucht. Dariiber
hinaus bitlet TFIIIB extrem stabile Koregk mit DNA, die fir mehrere Transkriptionszyklen
bestehen bleiben kdnnen. Wie Transkriptionsfaktoren durch mechanische Kréafte beeinflusst
werden, die durch zellulare Prozesse wie Transkription und-Rdipaktierung auf die DA
ausgeubt werden, ist weitgeimd unerforscht. Die archaeelle Transkriptionsmaschinerie &hnelt
dem eukaryotischen RNAP Il System, aber Genregulation ettolght Transkriptionsregulatoren,

die denen in Bakterien &hneln. Im Archae®yrococcus furiosusann TFB an Promotoren mit
einem schwachen HErkennungselement (engl.: Ecognition element, BRE) durch den TFB
Rekrutierungsfaktor 1 (THBF1)stimuliert werden, der an ein konserviertes Promotorelement
stromaufwarts des BRE bindet. Der molekulare Mechanss und mogliche
Konformationséderungen der DNA sind noch nicht bekannt. Viele Archaeen haben Paraloga von
TBP und TFB evolviert, die an Genregulation in Reaktion auf Stressbedingungen beteiligt sind. In
Sulfolobus acidocaldariwgird TFB2, ein Paralog wd@FB, zellzyklusabhangig erpdrt. Welche
Funktion TFB2 im Rahmen der Transkriptionsinitiation spielt ist jedoch noch unerforscht.

Die Assemblierung von 3FFan der PromotoiDNA ist dynamisch und eine wichtige
Konformationsanderung bei diesem Prozessise durch TBP induzierte Biewy der DNA um

circa 90°. Diese Konformationsanderung kann durch FéRsonanzenergietransfer (FRET)
detektiert werden. FRET tisein abstandsabhangiger, strahlungsfreier Prozess, mit dem
Abstandsanderungen im Bereich vogl® nm mit hoher zeitlicher Alifsung gemessen werden
konnen. In dieser Arbeit werden FRE&ssungen auf Einzelmolekulebene durchgefiihrt, wodurch
die direkte Beobachtung verschiedener Konformationszustande einzelner Initiationskomplexe in
Echtzeit mdglichist. Dartber hinaus wurden Ktafessungen mit einem DNA Origab@sierten
Nanogerat durchgefihrt, das eine konstante Kraft im PiconewteBereich auf ein



14 Zusammenfassui

doppelstrangiges DNAragment auslben kann. Fir FREperimente wurde ein internes
Totalreflektionsfloreszenzmikroskop (engl.total internal reflection fluorescence, TIRF)
konstruiert. In dieser Arbeit wurden TIRF und konfokale Fluoreszenzmikroskopie eingesetzt um
die molekularen Mechanismen der Transkription in archaeellen und eukaryetisch
Transkriptonssystemen zu erforschen.

DieUntersuchung der schrittweisen Assemblierung des FROBplexes am U6 snRNpAomotor
zeigte, dass TBiRduzierte DNABiegung transient erfolgt, mit Bindungszeiten im
Millisekundenbereich. Brf2 und Bdpl konnen dynamischeADRPKomplexe stabilisieren.
Kraftspektroskopiemessungen ergaben, dass die BM#ung humaner TFs beeintrachtigt ist,
wenn mechanische Kraft auf die DNA einwirkt. Der vollstandige ‘Kelitiplex kann bei Kréften

bis zu 6,3 pN an DNA binden, wéhrend drelBng von TBP und TBP/Brf2 Bg pN bzw. 6,8N

stark reduziert war. Ein Vergleich mit den RNIA#pezifischen Faktoren TFIIB und TFIIA liefert
Hinweise darauf, dass die kafigartige Struktur des TRUBplexes eine hohe Bestandigkeit gegen
mechanisch Kréfte vermittelt.

DerS. adilocaldariud=aktor TFB2 tragt nicht zur Stabilisierung eines Proridid®/TBRAKomplex

bei und ist daher keine funktionsfahiger Transkriptionsinitiationsfaktor. Stattdessen konnte ein
sechsfacher molarer Uberschuss an TFB2ereinDNAgebundenen TBP/TRBompex
destabilisieren, was auf eine regulatorische Rolle fir TFB2 hindeutet.

TFBRF1 kann die THBekrutierung sowohl an Promotoren mit schwachen als ametsensus
BREs in ahnlichem Mal3e verbessern. Dabei wurden keine Konfonsétderungen der DNA
beobachet. Die Formierung eines gebogenen PromdbhAKomplexes erfolgte jedoch bei
Promotoren mit consensus BRE langsamer.tEEm®minehmen, dass TH3-1 als eine sekundare
Bindungsstelle fur TFB am Promotor fungiert.

DNAOrigamibasierte Kraftspektroskopie ige ferner, dass DNRBiegung durch archaeelle
Transkriptionsfaktorerkraftabhangig istMethanocaldococcus jannascHiBP kann DNA allein
biegen, wahrend inP. furiosusTranskriptionssystem TBP und TFB bendtigt werden. &ideb
Systeme war bei einer ared DNA anliegenden Kraft von 6,2 pN die Effizienz der-Bibigung
stark reduziert.

Zusammengenommen beleuchtet diese Arbeit konservierte Mechanismen, die von archaeellen
und eukaryotischen Transkriptionssystemen genutzt warden die Stabilitédt des TBP/TF |
ahnlichen FakteKomplexes zu modulieren, der den Kern des PIC bildet, wodurch Kontrolle tber
die Transkriptionsinitiation erméglicht wird.
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1 Introduction

Singlemolecule techniques have reshaped our view on cellularoifer the last decades. The
molecular machines that perform the most fundamental processes within living cells such as DNA
replication, transcription and translation are highly dynamic by nature. Just as in large scale
machines, movement of individual compents ¢ domains and subunitg are critical to their
functionality and understanding the underlying molecular mechanism is the key to understanding
cellular life itself (reviewed ifit¢3]). The concept of interrogating such complex systems one
molecule at a time presents unique advantages over classical ensemble approaches:

Probing individual molecules provides information on the distrilutof values for a given
property, e.g. structural conformation, whereas averaging over an ensemble only reflects the
mean value of the observed parametdithus, singlenolecule approachesanreveal molecular
heterogeneity which is an intrinsic featurefdiological systemsAtheoreticalexample for this is
provided by a protein that can exist in two different conformational states that differ in the
distance between two domaingigurela). In an ensemble experiment, only the mean distance
canbe measured This valuadoes not correspond to eithezonformationand only reflects the
relative fraction of each conformer in theeterogeneousensemble. On the other hand, probing
individual molecules also yieldhe relative fraction of each conformgbut more importantly
provides information on the mean distance and its variance for esgarateconformational

state. If the state beach molecule remains constant over the timespan of the observatiorh

a systendisplaysstatic heterogeneity.

a) Static heterogeneity b) Dynamic heterogeneity
State 1 Q !
2T °
S g
i o } S ; : i
Ensemble o on Q?II'rﬁ'e.an o State 1 O R
e O {_Cbil distance §
.07 3
. a State 3 @
State 2 @ l
H Time

Figure 1. Concepts of molecular heterogeneitg) Static heterogeneity is observed in a sample by probing
the conformational state (distance between red and blue domaih)ndividual molecules. This approach
captures the distributin ofdistancevalues in a sample. In contrast, measuring the sample in an ensemble
approach only recovers thmeandistance resultingrbm the relative fraction of each conformer in the
ensemble (here 1:1)) Dynamic heterogeneity is observed famoleaile that fluctuates between three
conformational states in a stochastic manner.

In contrast, dynamic heterogeneity is observed if thefoomation of the molecules can change
over the timespan of the observation. Conformational transitions can be divided two
categories. The first are unidirectional transitions, e.g.uh#lding of a single proteif]. These
changes are per se also accessible to ensemble methsdthey can in some instances be
synchronied, i.e. the initial and finaktate are respectively identical foeach molecule in the
ensemble The second category are recurring transitions that occarsitochastic manner and are
thus inherently norsynchronizable Hgurelb). These processes are generally inaccessible to
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ensemble methods but constitute the majority of biomolecular motifBjsBy employing a single
molecule approach, the conformational transitions in a molecule cafobewed in realtime
providing information on th@rder andrelative occurrencef individual steps as well dee dwell

time of the molecule in each spéici state Figurelb). In this manner, rare subpopulatiomd
moleculescan be discovered and interrogaté®]. Consequatly, molecules can be further sorted

to focus downstream data analysis on only on relevant subpopulations. Hengk-solecule
methods provide a wealth of informatioand enable unique strategies approach biochemical
and biophysical questions.

Thedetection of single molecules can be achieved by several means (revie\Ww@yl thanges in
electrical current (patch clamp and nanopore DNA sequeri{8j)glocal differences in electronic
transmittance (electron microscopy) or exerted forces (atomic force micros@dipi) optical

and magnetic weezers[9,10]). But for biological applications, optical detection schemes have
proven to be the most versatile (reviewed[iL1]). In particular florescence provides a readout
parameter well suited for biological samples as fluorescent proteins can be genetically fused to a
protein of interest in living cell$12,13] Organic fluorophores, on the other hand, can be
covalently attached to proteins and nucleic acids through a plethora of chemical reactions, many
of which are suitable for application in livinglls [14,15](reviewed in11,16,17).

Singlemolecule fluorescence experiments involving biological samples encounter two main
challenges (reviewed ifil1,16,18). First, sensitivity to the fluorescence emission of a single
moleaule must be achieved.ofluorescence and light scatteringithin the sample can cause
significant background signals that can dominate the conbisenal[19]. Thus, rehble
detection of single molecules depends on either signal amplificgi@21] or background
reduction [22¢25]. The most coimonly utilized methods for singi®olecule fluorescence
experiments are confocdP2,26] and total internal reflection fluorescence (T)RRicroscopy
[25,27] which both rely on limiting the detection volume and thereby reducing the contribution
of background signal. Secondly, gdeamolecule methods generally operate at extremely low
concentrations (picomolar to nanomolar) to achieyssal separation between particlg48].
However, many biolgical systems often have considerably higher dissociation const@f&§].

This concentration barrier dictates that only biological interaction of labeled reactaith Ko
values below 5@IM are accessible to singleolecule technique§l6].

As stated above, the dettion of conformational changes in individual biological complexes is one
of the main aims of singlmolecule approaches in life sciences. Distamdermation in the
biologically relevant regime of(lOnm can be obtained in singlaolecule fluorescence
measurements by exploiting phenomenon termed Forster resonance energy transfer (FRET)
[28,29] FRET is a form nbn-radiativeenergy transfer from a fluorescent donor molecule to an
acceptor. The efficiency of thjgrocess is highly distanakependent and requires donor and
acceptor to bein close proximity(1¢10nm). By measuring the FRET efficiency between two
strategically placed fluorophorasithin a biomolecular complex, distances and distance changes
can be maitored[30,31] Hence singlemolecule FRET experimerfssnFRETan identify diinct
structural states of a biological macromolecaled detecttransient or rarespecies|In contrast to
classical structurabiology methods such as-pay crystallography or coyelectron microscopy,
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these data are attainable at high tinresolution, allowing reakttime observation ofentire
conformational cyclegreviewed in2,32¢35]).

SMFRET experiments have been variously applied to study the molecular mechanism of cellular
processes such as DNA replicatifc39] and mRNA translatio@0¢43). In this work, the focus

IS set on transcription, the transfef the genetic information encoded in the DNA genome into
RNA. Transcription is the first step in gene expression and this task is carried out by structurally
conservednultisubunit RNA polymerases (RNAPS) in all three domains qBdeteria, Archaea

and Eukarg [44]. While bacteria andarchaea rely on a single RNAdkaryotes have evolved
three functionaly distinct variants, RNAP |, Il and 1ll. RN&#lusively synthesizes ribosomal RNA
(rRNA), performing the bulk of transcription activity in dividing cpls]. RNARI primarily
produces messenger RNAsRNAX)hat are translated into proteins, as well as regulatory RNAs
and small nuclear RNAs (snRNA). RINARrscribes short structured RNAs swadiransfer RNAs
(tRNA), the SrRNA andhe U6snRNAs. These molecular machines consist of an evolutionary
conserved fivesubunit core complex that harbors the catalytic center of the RNA&chaeaand
eukaryotes this core complex iextendedby additional €12 subunits that share functional and
structural featureqreviewed in[44,46)).

Transcription i cyclic process that can be divided it tinitiation, elongation and termination
phases. During the initiation phase, the ANbindthe promoter DNA upstream aftarget gene

and separates the DNA duplex. In the elongation phase, the RNAP translates along the gene body
and synthesizes an RNéngplementary to the DNA matrix via nucleoside triphosphate hydrolysis.
In the termindion phase, the RNAP releases the trarismliRNA andlisengages the DNA. These
steps are supported by a multitude of accessory proteins dynamically associating with the
promoter DNA and RNAP to induce conformational changes that are critical for RNA&hflitg

and progression through the transcription cycle (revieweptif]).

During the initiation phse, the RNAP must bind to the promotegion of a gene separate
(amelt€) the DNA dplex and position the transcription start site (TSS) in the active cente
achieve this, RNAPs are aideyl transcription factors (TFs) that assist in promoter redigmi
precise RNAP positioning and DNA meltind3dcteria,” factors bind to the RNAP in solution to
form a holeenzyme. This complex can bind to different target promstipending on the bond

* factor (reviewed in48¢50]). The corenitiation Complex irarchaeaand eukaryotesconstitutes

the TATAbinding protein (TBP) that bisdo the TATAbox element of the promoterthereby
inducing a sharp b in the DNAand a TFIIBike factor that recruits the RNAP to the promoter,
forming a preinitiation complex (P1dp1¢53]. Ths cae arrangement igienerally conservednd
expandedby additional RNARpecific factorgreviewed in[46,54).

While snapshots of these intermediate asddies have been attained by classical structural
biology approachegeviewed in55,56), real timeobservation provides a more nuanced picture
of this highly dynamic process. Hence, siagldecule experiments are the preferred choice to
unravel the molecular mecimésms underlying transcription that have expanded our knowledge
over the past decades (reviewed [jB7¢60]). In this work several aspects surrounding the
mechanisms of trascription initiation ineukaryotesandarchaeawill be addressed by harnessing
the power of the singlenolecule FRET toolko
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2  Sngle-moleculemeasurements

2.1 Singlemolecule fluorescence measurements

Optical singlanolecule measurements can provide detailed insights into biological processes.
Fluorescence serves as a sensitive reporter that provides information on changeg in th
environment of the fluorophore such as pH valG#], temperature[62], viscosity, and the vicinity

of other molecules (e.g. FREZB] (Chapter2.1.2), protein induced fluorescence enhancement
[63]) or surface proximity (metal induced energy transfé4]). In this section, dheoretical
backgraund on thesinglemolecule fluorescence microscopy methods applied in this work is
provided.

2.1.1 Photophysics of organic fluorophores

Fluorophores are molecules that contaidelocalized -electrons, which can absorb light with a
wavelength<in the ultravioletto near infrared spectrum. ThenergyEowon Of absorbed photons
is described by:

Qeiof |QO(‘)o Equationl
where h is the Planck constant andis the speed of light in vacuum. The absorbed energy can
then be released via emission of light, which is termed luminescérue processes that occur
between the absorption and emission of lighy fluorophores, and their respective rat&sare
usuallyvisualizedn a Jablonski diagrarfigure2).

Initially, the fluorophore is in the singlet ground state 8pon absorption of a photon with an
energyequal or higher than the energy barrier of the first)(& seond excited singlet state S

the fluorophore is shifted to the respective state. The transition is near instantaneous
(kabsF 10" s?), and the excited electron is usually shifted thigher vibrational level of the;®r

S state,where it is spirpaired with the electron in thegState. From there, the molecule quickly
transitions to the lowest vibrational level of that state by vibrational relaxation under dissipation
of heat kvrF 102 s?). If overlap exists between the vibrational levels of tlectronic states, the
molecule can relax to the lower state in a process termed internal conveigion1(°¢10'?s?).
Internal conversion is more likely to occur in thetransition than the &S transition due to

the larger energy differencefahe latter. From the relaxed;State, further relaxation to &can
occur via emission of a photon as fluorescence, a subtype of luminescence. This transition is spin
allowed and can therfere proceed rapidlykg £ 10® s?). Alternatively, excited electrons in the S
state can undergo spioonversion to the first excited triplet state; Th a process called inter
system crossingkgc= 10° s1). From this state, the molecule can alsaliatively return to Sby
emitting phosphorescence. This transition is sforbidden and is several orders of magnitude
slower than fluorescencekn, F 10°¢10? s?). Additional nonradiative relaxation pathways exist,
such as collision quenching, colmp formation and resonance ergy transfer [65,66]
(Chapter2.12). Both radiative relaxation processes usually lead to a decay to a higher vibrational
level of &. From there, excess energgydissipated via vibrational relaxation.
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The energy losses incurred from intermediate relaxation pathways decrease the eneilgplava
for radiative relaxation. Thus, fluorescence and phosphorescence occur at a longer wavelength
than the absorbed ligh an effect termed Stokes shift. This phenomenon can be exploited in
technical applications to achieve spectral separation of etxaitaand emission photons.
The number of photons emitted as fluorescence versus the total amount of absorbed photons (or
the total amount of deexcitation events) is defined as the fluorescence quantumuyield
Gy .
[E T—QEI TQ o Equation2
where kq is the sum of all nomadiative rates competing for;Slepopulation. Conversely, ¢h
average time a molecule spends in the excited state prior to fluorescence emission is defined as
the fluorescence lifetimey of the fluorophore:
tE # Equation3
Qi Qo
Fluorescence lifetimes are usually irettange of £10ns. Fluorescence emission is a stochastic
process, that can be described by an exponential decay model:

0,0 UOggiXQyA Equation4
whereNe(t) is the number of excited statkiorophoresat time pointt after excitation andNg«o(t)

is the total number of excitefluorophores Thus, at =_s, on average63% of alfluorophores in
a simultaneously excited ensemble have returned to the ground state.
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Figure2: Simplified Jablonski diagramA fluorophore in the electronic ground state iS excited to the first
(S) or second ($excited singlet state via absorptiokugg of a photon. The molecule relaxes to the lowest
excited vibrational level by vibrati@l relaxation Kvg. From there, the molecule can relax radiatively via
emission of fluorescencé). Overlapping vibratioridevels (thirgraylines) and electronic states (thigkay
lines) allow the molecule to relax non radiatively via internal ession kic). Alternatively, the molecule
canundergointer system crossingkicy to the first triplet state Tand radiativey relax by emission of
phosphorescencekgno). Additional norradiative relaxation pathways aiacluded inknr. The electron spi
configuration of the ground state, first and second excited stdbmttom to top) are indicated byoxed
arrows. Rates areiggn in s

k

pho




20 Singlemolecule measuremen

2.1.2 Forster resonance energy transfer

An alternative route for excited state depopulation is Forster resonance eneaggfar, named
after Theodor Forster who developed the theoretical framework around this photophysical
phenomenon[28,67,68] FRET is a neadiative transfer of energy from an excited state donor
fluorophore to a ground state acceptor molecule via dipdigole irteraction [28]. For FRET to
occur, several conditions must be fulfillgg8]:

1) Donor and acceptor must be in close, but not too close, vicinitgd@nm).

At closer distances, contabased energyransfer mechanisms become prevalent such as collision
quenching and complex formation between donor and accepi6i. It must be noted that for
biological applications, fluorophores are generally attached to flexible linkers, araingrim in

length. In praxis, intefluorophore contacts can already occur in theg8®m distance regimgr1].

At greater distances, reabsorption can be olvsel, wherein a photon emitted by the donor is
subsequently absorb by the acceptor and elicits acceptor fluorescence. Depending on the
experimental setup, the above phenomena can macroscopically be interpreted as FRET but
operate through entirely differeninechanismg70].

2) Spectral overlap is requiretietween the donor emission the acceptor absorption

As a simplification, donor and @eptor fluorophores can be visualized as groups of electrical
oscillators, each consisting of a stationary nucland an electron that can oscillate along one
direction. The donor and acceptor transition dipole moments each point from the center of the
respective molecule along its positivegative charge gradient generated by the sum of all
internal oscillatorg72]. Spectral overlap includes that the donor emission dipole moment and
accepbr absorption dipole moment oscillate at wavelengths that can resonate with each other.
This can be visualized by the intersection of theesstive spectraKigure3). The spectral overlap

is defined as the overlap integrdFigure3):

0 Q_3 _ QA Equation5

wherefp(<) is the areanormalized donor fluorescence spectrum, ank) is the molar extinction
spectrum of the acceptor (in #n?) integrated over the spectral range.
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Figure3: The spectral overlap integral Absorptian (abs.)and emission spectrgdem.) of the FRETonor-
acceptor fluorophore pair ATT&82 and ATTG647N, normalized to 1. The area shaded in yelisthe
overlap integralbaas a function of the wavelengtiLI: overlap integral units (X®mol* dm? cnr).
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3) Donor and acceptor dipoles must be in suitable alignment to each other
In addition to spectral overlap, resonance between both dipole moments is dependent on their

angular relation, defined as the oritation factor®2:

ll Al@ cAI-QAT-O Equation6
where p is the angle between the donor emission transition dipole moment and the denor
acceptor connection line, A is the angle between the acceptor absompti transition dipole
moment and the doncacceptor connection line andris the angle between the transition dife
moments of donor emission and acceptor absorptigigured). Extreme values df?2 can be
observedfor collinear orientation of both transition dipe moments (o= A= t=0°), where*2
becomes 4 and orthogonal orientations(= 1=90° A=0°), where*2 becomes OAveraging a
and pover all possible orientations yield@3=2/3 (Figured). This approximatiomequiresboth
fluorophoresto be inisotropic rotation at a rate much faster than tiate of energy transfd¢69].

When one of the dipoles is fixed in a static orientation whike other can freely rotate',2 takes
on values from 1/4 to 3/4, which is still reasonably approximated by 2/3 in most cases.

Figured: The orientationfactor 2. pand a

.................................................. are the angles between the dOﬂGICCGptOI’

“donor

connectionline (black) and thelonor emission
transition dipole moment (green arrow) or
acceptor absorption transition dipole momer
(red arrow). tis the angle betweethe planes

6
Bo aceptor *. !

defined by o and & (gray dashed line). Th
v 2=2/3 ext_remaofc_Zforgollinear(top) and othogonal
(middle) orientation of the dipole momentsse
well as the average obtained for fast isotrog
rotation of fluorophoregbottom) are depicted.

If the above conditions are fulfilled, a donor residing in theXgited state can transfer its energy

to the acceptor, thereby returning to the ground state. Simultaneously, the acceptor is excited to
the S state and can return too®ither nonradiatively or via emission of fluorescen¢égure5a).

Thus, acceptoemission upon donor excitation can be observed. The efficiency of the energy
transferEis defined as:

-Q IY(T[[)

O = . - Equation?
Q Tmagd ig a

Wherekris the energy transfer rateq pis thefluorescence lifetime of the donor fluorophore,a
is the distance between the donor and acceptBs.is the Forster radius, at which the energy
transfer efficiency is exactly 0.8 contains the spectral overlap and orientation conditions as:
wl b mdl g A
ToopcYd 2

Equation8

where Nx is the Avogadro constant andis the refractive index of the medium. Due to thé&
dependence ofE, FRET is highly sensitive to distance changethen0.9R¢1.5R, regime
(Figurebb). Values foR, are typically between & nm (seg[69] for a comprehensive list), which



22 Singlemolecule measuremen

is ideal to study protein and nucleic acid structures. Hence, FRE®risuskd ad¢ da Y2 f SOdzf I N
NHzf SNE ({2 -an8 ihté@e\eBulaidisténSadn biomolecular complekes)].

Experimentally, measuring FRET can be approached by multiple strategies that all employ
common basic principles.

i) FRET is detectable as changeaiirsince FRETquides an dditional pathway for excited state
depopulation, the donor fluorescence lifetime in the presence of an acceparis reduced

compared to the isolated dona¥p, which can be exploited to calculaias:

Th

0 _
Tr Equation 9

i) Alternatively, using fluorescence intensity as a readout parameter, FRET is detected as
quenching of donor fluorescence in the presence of an acceptor compared to the isolated donor.
iii) The emission of acceptor ftescence upon donor excitation (&gtor sensitization)
measured in the presence or absence of a donor provides informatida ©he first and second
approach offer the flexibility of using a ndlnorescent quencher as acceptpf4]. However,
numerous deexcitation processes can lead to quenching of donor fluorescence lifetime or
intensity, making this readout alone unreliable if the presence of an acceptor cannot be
confirmed. Thus, in praxis, a combination of all the above principles is favored. The single
molecule techniques employed in this work offer the unique advantage ofunieg all the above
gquantities simultaneously whilst also confirming the presence of an acceptor via direct excitation.
Thus, all parameters for accurate calculationEb€an be obtained from a single experiment
(Chaptes6.6.1and6.8.1).
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Figure5: Principles of Forster resonance energy transf&implified Jablonski diagram representing the
excitation of a donor fluorophore from the electronic ground stageigon absorpion of a photon Kavs) to

the first excited singlet stateiSfollowed by internal conversion to the lowest vibrational levebofblack
dashed arrow). Relaxation taw $an occur via emission of fluorescende),( nonrradiative decay K,
Figure3) or Forster resonance enertnansfer krre). For FRET to occur, the energy difference of the donor
S¢Stransition must be equal to theo& transition of the acceptor (depicted as connectgsllowarrows).
After FRET, the acceptor is in the excited state and can relax via emissfluorescence or neradiative
decay. b) FRET efficiency as a function of doacceptor distancerpa (donor: ATT®32, acceptor:
ATTOB647N) Ry is the Forster radius at which the FREficiency is 0.8, attessxattosa7n=5.9nm). FRET is
sensitive to distance changes in the Q&R range (modified fronf69]).
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2.1.3 Total internal reflection fluorescence microscopy

A powerful technique to realize singieolecule olservation is total internal reflection
fluorescence (TIRF) anoscopy, that provides a high sigitatbackground ratio by limiting

excitation to a 10§300nm section of the sample. This selective illumination is achieved by the

total internal reflection othe incident excitation laser beam at the sample interfad¢ecl creates

an evanescent light field.

Light striking thexy interface plane £=0) of two transparent, optically isotropic media of
refractive indices, andn; at an incidence angle is refracted atanangle. ¥ 2t t 2 Ay 3 { y St f

¢ OB+ ¢ OE}F Equation10
When transitioning into a medium of lower refractive index*n,), light is refracted towards
the boundary. At a certain incidea@ngle, termed critical anglei: (Equationll), »reaches

the maximum value of 90°. For incidence angles larggrrefraction no longer occurs and light
is instead totally internally reflectedrigure6a).

PR S
- AO Aég El Equationl1l
Simultaneously, aavanescent wavermsat the interface andoropagatesalong theboundary in

the relative direction the incident bearitheevanescent field intensitydecays exponentially with
increasing distancefrom the interfaceplane(Figure6b) according to:

o 0 - Equation12

wherelo is theintensity of the evanescent field at=0, andd is the penetration depth given by:

Q —0¢ OD0E+F ¢ Equation13
d decreases as; increases and is dependent on the wavelength of the eticitebeam e.g.for
light striking a quartz/water interfacéquarz = 1.46, Nwater = 1.33) at an incident angle of2°, the
resulting penetration depthis d=109nm for 532nm excitation andd =131 nm for 63/m
excitation (Figure6c). lp depends on the incidence angle and the polarization of the excitation
beaml-p F‘,Vvith the ppolarized componentl;:5 and the spolarized componenll,?, according to:

TA1 & cOEL i_
0O ° z Equaton 14
Al & O0EL &

|

3

. 1Al &
O O0O——— .
€ Equation15

P&
Equaton 14 and Equationl5, plotted forthe above quartz/water example igure6d, illustrate
that the evanescent field intensity can b&54times stronger than the excitation wave for

incidence angles close &5 it
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Figure6: Principles of total internal reflectiorfluorescencemicroscopy.a) Light stiking the interface of
two media with refractive index n is totally internally reflected if the argjlencidence 1 is larger than the
critical angle for total internaleflection cit. The resulting evanescent field intensity decays with increasing
distancez along the zaxis (green curve)) Evanescent field intensityas a function oz compared for
different excitation wavelengths and incidence anglesPenetraton depthd as a function of 1. d)
Evanescent field intensity at the bounddsyas a function of 1 for p- ([p) and spolarized @) excitation.
Arbitrary units (a.u.) are multiples of incident beam intenslty Interface media: niquarz=1.46,
N2,water = 1.33)

In a TIRF microscope, an evanescent field is created dtaiedaryof the microscope slidéor
cover glassand the sanple phase, usually an aqueous bufferselectivelyexcitea thin (10@
300nm) section of the samplelose to tle phase boundaryCompared to epfluorescence
microscopy, where the entire sample volume ¢100um) is excited and emits fluorescence, this
improves the signalo-background ratio by a factor of 1QD000. Ina suffciently diluted sample,
only moleculegethered directly to the surface of the microscope slidee excited, allowing the
observationindividual particles. With this technique, immobilized particles can be monitored over
extended periods of timelIRF microscopy is realized by two main appreac¢t evanesceriteld
geometry one is objectivébased, andne is prisrbased.

In objectivebased TIRF microscopes, lightlictedto the sample and collected from it by the
objective lens. To achieve total internal reflection, the excitation lighsthexit the objetive at

an angle 1 from the optical axis larger than.i as a parallel beam, allowing uniform reflection.
For this, the excitation laser is focused at the back focal plane of the objective and displaced
LI NI £ £ St G2 ( kKabaxis MO Bean? stiikeQ the efldelof xhe objective and is
refracted at an angle determined by the numerical aperthii, that defines the maximum half
angleh at which the objective can receive, or in this case, transmit light as:
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06 tOET Equation16

To achieve an incidence angle suitable for total internal reflection, aNwgbbjective, typically
NAX1.45, is requiredA disadvantage of this configuration is that in addition to the fluorescence
from the sampe, the reflected excitation beam is also efficiently collected by the objective and
must be removed using suitable filters. This reduces the emigsmton yieldwhich can be
problematic for weakly fluorescent samples.

In prismbased TIRF microscopy, tbgcitation beam is directed towards the interface through a
prism connected to the microscope slide bynadiumof similar refractive indexe.g immersion

oil or glycerol. This configuratigrintroduced by Daniel Axelrod in 19847], allows fora large
incidence angle, resulting in a thin evanescent fielguation12) and consequently a high signal
to-backgroundratio. Emitted fluorescence is subsequently collected yhjective opposite of

the excitation field. Thus, the reflected beamexcluded from the detectiopath. For cell and
tissue imaging, tis poses a disadvantage due to the need to focus trough the spegileging

to spherical aberrations caused by diition within the sample. Singlmolecule application are
largely unaffected by this, as the sampume is usually an isotropic aqueous phase, and the
benefit of reduced background signal is appreciated. Compared to the objéasexl approach,
accessto the sample, sandwiched between objective and prism, is limited and a specialized
sample chamber irequired to adjust buffer conditions during the experime@h@pter6.8.3.

b)

Sample chamber
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Excitation beam

Buffer solution
o ?
Prism Cover slide s
Glycerol Immersion oil : E\
Microscope slide Objective
Buffer solution
Cover slide Back focal plane

Immersion water/oil /@\ Excitation beam
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Figure7: Comparison of TIRRicroscope geometriesln a prismbased TIRF microscope, the excitation
beam is directed to the sample by a prism and totally internally reflected, if the angle of incidence is greater
than the critical angle«iit. The angle of indence can have any ved between it and 180°Fluorescence
emitted by surface tethered fluorescent molecules (orange arrigvepllected by the objective opposite of

the prism.b) In an objectivebased TIRF microscope, the excitation beam is focuseddh the back focal
plane and refracted by an objective with a high numerical aperttd&=nisinh). The range of incidence
angles is limited to values betweesit.to h. The emitted fluorescence is collected on the same side as the
excitationfield (adapted from[75]).

2.1.4 Confocal fluorescence microscopy

CGonfocal fluorescence microscopghieves a high signti-backgroundatio by axial confinement

of the excitation beam and by blocking eaftfocus emissiorj22,26] To achieve the first, the
excitation lagr beam is focused through the objectiteea diffractionlimited spotin the sanple

plane. The focused beam penetrates the entire sample along theiz and the emitted
fluorescence is collected by the same objective and focused on a microsieéel pitnole. By

this, outof-focus emission is physically blocked. Depending on the wavelength of the excitation
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laser and diameter of the pinhole the resulting confocal observation volume can be limited to
approximately one femtolite(Figure8).

Confocal microscopy is suitable for singielecule experiments with samples immobilized to a
surface or freely diffusing particles in solution. The latter requires a sufficiently low sampl
concentration (£100pM) to ensure thathe confocal volume is only ever occupied by a single
particle. This approach offers the advantage of removing potential interactions of the charged
glass surface with proteins and nucleic acids. Depending orsidiffitspeed of the sample, the
transit time through the confocal volume is approximately d&ns. During its transit, a
fluorescent particle is continuously excited and emits photongq(ll@) that are detected as a

& 6 dzNE& § ¢ inténsfty by AnZhvalashe photo diode (APD). These devicesdraracterized by
high time resolution (on average 2@8) high photon detection efficiency (on average 78%g)

offer singlephoton sensitivity.

Sample chamber " PR Figure8: Principles of confocalfluorescence
Buffer solution | Focal plane A microscopy. The excitation beam idocused
through the objective into a diffraction limitec

Cover slide spot. Diffusing molecules (graysphere$
Immersion oil transitioning through the excitation beam emi
fluorescence (orangesphere3. Emission is

Objective collected by the same objective and focused

a pinhole that block out-of-focus emission
(dotted and dashed gray line). Only emissi
close to the focal plane (orange line) can rec
the avalanche photodiode (APD), creating
confocal volume dreen circle)defined by the
excitation beam width and the pinhole diamete

Excitation beam

Dichroic mirror

Pinhole A

2.2 9ngle-molecule forcemeasurements

Forces play a fundamental role in cellular processes like transcript@gr8], DNA replication
[79,80] and transldion [42,81] as well as mechanisms of DMAmpaction[82¢85]. The most
widely employedmethodsfor force application and sensing in biological systems are optical and
magnetic tweezers as well as AFM (reviewedBB]). In magnetic tweezer measurements, the
molecule of interest is tethered to a surface on one end and to a magnetic pa@isg (um) on

the other. Force isapplied by an electromagnet positioned above the saniplé. Simiarly,
optical tweezers trap a dielectric particle in the diffraction limitedtspf a focused laser beam
[10]. The molecule of interest is tethered to the trapped particle on one end and either to a surface
or another trapped particle on the other erji8¢90]. Displacement of the particle from the laser
focus exerts a restoring fice that pulls the particle towards the foc{0]. In AFM experiments,
force sensing and application is facilitated by a cantilever equipped with a monomolecular tip. This
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requires the molecule of interest to be tethered to the cantilever and a surface while force is
applied by displacing the sample réige to the cantilever, e.g. via a piezoelectric st{@je

These methods fill specific nichedepending on the required temporal, spatial and force
resolution. AFM provides high spatial resoluticapgroximate 1 nm) but is limited in force
resolution below 1N, which is relevant for many biological processebaper 3.5). While
optical tweezers can, in principle, resolve single base pair steps in RNAP transcription
(<0.5nm)[91], they can only measure few molecules at once, limiting experimental
throughput[92]. Magnetictweezers on the other handare both force sensitive and multiple
immobilzed complexescan be imagedat once but their spatial resolutionis limited to
approximately 5nm. Additionally, long linkers are usually required in the above techniques that
connect the system of interest to a surface or large particle, thereby intioduconsiderable
noise and drif [93]. Moreover, surface connectors do not perniit vivo appications. To
circumvent theseilnitations, force application and sensing devices that are not connected to the
macroscopic world have been constructed by exploiting DNA nanotechn@4gg7].

2.2.1 DNA orgamtibased singlemolecule force spectroscopy

In DNA nanotechnology, DNA is repurposed from a carrier of genetic information to a building
material for the construction of nanometer scale structu[@8]. This can be realizdzy the DNA
origami technique that was introduced 2006 by Paul Rothemund and named in analogy to origami,
the art of folding a sheet of paper into a twor three-dimensional structurg99]. Likewise, DNA
origamiis the process of molecular selblding of a prescribedstructure using dong, circular
sDNA (scaffoldand hundreds ofshort single-strandedDNA(ssDNApligonucleotides These so

called staple stranddypically 2@60 bp long are designed tdind to complementary regionsf

the scaffold DNE G KSNBoe& 0O2yySOlaty @mto a@ndaiganizedt sBuctire. RA & G |
(Figure9a). DNA presents in ideal construction material due to the inherent complementarity of
WatsonCrick base paing, which allows selissembly of origami structures. Hence, all necessary
components can be combined @nsingle reaction.
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Figure9: Principles of DNA origamaé) Seltfolding of a DNA origami structure frontacularssDNA scaffold
and20-60 nt complementary staple strandb) Schematic representation of strand cremger in panar helix
monolayers. WatsoiCrick baseairings are indicated as connecting lines between scaffold and staples;
DNAhelices aredepicted asgray cylindersc) Honeycomb structure of thredimensionalDNA origami
constructs.Strand cossovers are indicateby connected dots. Slices represent possible combinations of
interconnection with a 2bp periodicity(adapted from[100,101).
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pairings. Tius, staple strands can be added in hightess, as strands that are only partially
complementary to a scaffold region wilkldisplaced by the correct strand during the cooling
process. This enables a high yield of fully folded DNA origami structuregapidies downstream
processing.

The first DNA origami structures utilized the circular sisglanded M13mpl8 phage gen@m
(7249nt) as a scaffold@9]. The design principle of these constructs wasdanect neighboring
helices via strand crossvers every &p, resulting in a 180° angle between helicEg(redb).

These helix monolayers were rdiatly flexible and only allowed construction of tanensional
structures. In order to realize three dimensional objects, Dougfiad introduced a honeycomb
structure, wherein each helix nnected to three adjacent ones at a 120° angle eveop 7
(Figure9c). Due to the tight packing of negatively charged phosphates in the DNA backbone, these
DNA origami structures require higbncentrations of M§ ions to remain stable.

A great advantage of DNA origami is that every position in the scaffold can be specifically
addressed by base complementarity. Thus, chemical modifications such as fluorophores or biotins,
covalently linked tataple strands, cangoprecisely positioned within a structure. This enables the
construction of functional nanometer scale devices (reviewgd @2]).

This techrmjue was utilized recently to construct nanoscale structures that enable force
application to biological sample@4,95] Force measurements on DNA/protein complexes
performed in this works were conducted using a DNA origzasied nanodevice designed by
Nickelset al.[94]. This construct exploits the entropic force generated by a constrained ssDNA
chain to exert a constarforce in the piconewon range on a system of interest fixed within the
spring. In convention with other constant force application techniques this device is termed DNA
origami force clamp (FC). The FC has already been applied to study theldpssalencyof
conformational fuctuations in small DNA structures as well as DNA bending b{gaBP

a)

“dsDNA promoter hlgh entropy - low force

3 ' Fooo
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N restriction sites/ 5
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Figurel0: The DNA origani force clamp.a) Schematic depiction of the DNA origami force clamp structure.
Gray cylinders represent DNA helices. The inset shows the multiple cloning Hie MfL3mpl18 phage
scaffold with a cloned target sequence (here: proeratequence) annealetd a complementary strand to

form a dsDNA probe segment that is under constant fd¥re@pliedby the entropic ssDNA sprinig) The

force of the entropic spring is tuned by using different sets of ten staple strands (fip@githat distribute
ssDNA btween the spring and the outer reservoir segment. Increasing the spring length raises the entropy
of the system, resulting in a lower entropic force, whereas shortening the spring has the opposite effect.
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The FC structure coisss of a rigid, brackdtke frame of horizontally aligned helixundles in a
honeycomb configuration. This frame has an outer diameter of 89@nd the opening formed

by the outer posts has a diameter of 4284 (FigurelOa). The scaffoldM13mpl8 phage
genome, 724%t) runs through the entire structure and emerges from the posts to span the
opening as ssDNA. The fixed anchor points limit the cordtiomal freedom of this ssSDNA
segment and as a result, it acts as an entropic spring thatt® constant force inversely
proportional to its length (Chapter6.4). Lowvering the length of the spring reduces the
conformational freedom and entropy of the system, resulting in higher forces. The length of the
ssDNA withirthe spring region can be adjusted by using different sets of ten staple strands that
bind to the scafftd in defined regions and allocate scaffold DNA betweensgigNAspring and

the outer ssDNAreservoir section (FigurelOb). Using a specific set of glas in the folding
reaction yields DNA origami structures with a fixed spring length and force that cannot be adjusted
afterwards. To utilize this force experimentally, different target sequences can be placed with
the spring using the multiple clonirsite of the M13mp18 scaffold, which is centered in the spring
segment. In the context of this work, archaeal und eukaryotic promoter sequences were inserted
into the scaffold. Annealing a complementary strand tasttairget sequence creates a double
stranded DNA (dsDNA3egment, which is under strain applied by the surrounding spring DNA
(FigurelOa). Conformational changes in the DNA such asimBiced DNA bending have to acr

in opposition to the applied force.
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3  Transcriptioninitiation

The primary goal during the transcription initiation phase is the specific recruitment of the RNAP
to the promoter region of a gene, leading to the formation a closkZl Bubsequently, tieNA

duplex is melted to form an open PIC. This includes the accurate positioning of the TS in the active
center of the RNAP. Afterwards, the RNAP repeatedly starts to synthesize and release small RNA
transcripts in a process termed aibive initiation, whch eventually results in the RNAP escaping
from the promoter to enters the processive elongation phase (review@dl/i). Bacteriaarchaea

and eukaryotes have evolved characteristic rhanisms to realize the individual steps of
transcription initiation and a selection of the involved factors and structures will be highlighted in
the following section.

In Bacteria, the RNAP binds to one of seveffalctors, the most common being the housekeeping
factor * 70, to form an RNAP hoknzyme[103,104] The bacterial core promoter features five
sequence elements: the35 motif, extended-10 motif, -10 motif, discriminator and the core
recognition element (CREN05]. The-35, extended10 and-10 motif as well as the discriminator
sequence are each recognized by te” 3, 2 and’ 1.2 domains of T, while the RNAP contacts

the CRE surrouling the TSSHgure 11a). Following DNA binding, the domain promotes DNA
melting by flipping and trapping thedll and-7 nucleotides of the NTS arldus destabilizes the

DNA duplex[105]. The RNAP then proceeds into abortive initiatid®6], transcribing and
releasing short RNA transcripts in a DNA scrunching mechdb®f108] Upon synthesis of a
sufficiently long transcript (approximateR¢11 nt), the RNAP can break the stroimgjeractions
withthe™ T I O é@sedpéslingd Broductive elontjian [109].

Archaea anceukaryotes display much higher structural homologyoagst their transcription
machineries as compared to the bacterial system and do not contain a homolog of I Ol 2 NA ®
Instead, thearchaeal RNAP utilizes TBP, TFB and TFE that are homologous to eukaryatit TBP
the RNARI specific factor§FIIB and TFIJELO¢117], respectivelyreviewed inf44,118,119]. TBP
(Chapter3.1) and an RNABpecific THBlike factor (Gapter3.2) bind to the promoter DNA
upstream of theTSS and subsequently recruit their cognate RNAP.

The archaeal transcription machinery is often described as a simplified version of thgatitka
RNARI system. Hence, transcription initiation archaeaonly requires a minimal amount of
factors (reviewed in [44,118;120]) (Fgurellb). In archaea, TBP binds the TAB&x around
position-24 relative to the TSS and induces a sharp kink in the]DXIA125]. The TFIHBke factor

TFB contacts the BRE around positi®d, establishing DNA contacts upstream and downstream

of the TATAox thereby stabilizing the bent promoter DNA/TBP complex in the correct
orientation[121,123,124,126]TFB then recruits the RNAP resulting in the formation of the closed
PIC [127]. This minimal factor combination is sufficient to support transcription
initiation [111,112,128,129s the TBfnhduced bent conformation destabilizes the DNA duplex
and assist in formation of a transcription bubble spanning-thé +1 regior{53]. The initiation

factor TFE supports DNA melting and transition itite elongation phasg129¢131] After
binding, the RNAP engages in abortive initiation and escapes the promoter upon synthesis of a
10¢14 nt transcript, breaking contacts with TEE2].
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a) Bacterial promoter b Archaeal promoter C) RNAP Il mRNA promoter d) Yeast RNAP | promoter
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FHgure 11: Trangription initiation complex assembly ifbacteria,archaea andeukaryotes. a) Model of a

bacterial core promoter containing th&5, extended10 (x-10),-10, discriminator (dcr) that are bound by

Tn R2YFAy&a yR 02NB NBO2m\RNAPY) Mydel SftarbarcBagal prambterd 0 0 2 dz
The TATA box is bound by TBP aredupstream BRE bound by TFB, which recruits the RNAP. The optional

factor TFE then binds to the RNAfYModel of an exemplary RNAP || mRNA promoter. The TATA box
promoter elemett is bound by the TBP and the flanking upstream (U) and downstream (D) BRitsiiad

by TFIIB which contributes to Pol Il recruitment. TFIIA binds the DNA upstream of thdd@Aihereby

stabilizing TBP. Binding of TFIIE and TFIIH completes thed Ml@del of ax S. cerevisiaeDNA promoter:

an upstream elementUE)is bound by he UAF which then positions tlvere factor CH at the core element

(CE)with the help of TBR?:positioning unresolved in structuresdjlowing for the recruitment of the

RNAR-Rrn3 complexe) Three types of Pol Il promoters. Type | promoters conth@ genemternal

St SYSyi WwWo2E / Q o62dzyR 6& ¢CLLL lthatlre;[rlmts'[ogefherwmmE 'Q St
TFIIB complex (TBP, Brfl and Bdp1l), theypewate D recruitRNARL LL @ ¢ & LJS L L LINBPY 2 i SNE&
YR | Wo 2ikthd by ORIIC pndichRnte@ad@s with TFIIB to re®@MARII. A vertebratespecific type

IIl promoter consists of a distaequenceelement(DSEpnd proximal sequence eleme(PSE)n addition

to amandatory TATAox flanked by the GR and TD mofiheDSE is bound by Ottthat supportsSNAPc

binding of the PSE. Together thecruit a specific TFIIIB version which contains Brf2 instead of Brél.

DNA is shown as a gray b#re transcription start site is indicated by an arrow. The gene body is shewn

a white box. Dark and light colors denote associated factors/sequence elelfaelzted from[54]).

TBP and TFHIe factors are conserved in all three eukaryotic transcription sys{@88]. Highly
regulated RNAR promoters are structurally similar to archaeal core promoters, featuring a-TATA
box around position24 to-31 relative to the TSR 34] and an upstream and downstream BRE
flanking the TATAoxaround position-32 to-38 and-17 to-23 respectively({135,136](reviewed

in [137]). These motifs are recognized by TBP and TFIIB that form a bent promoter complex
structurally similar to its archaeabunterpart[127,138,139] The initial step of TBP binding can
be stimulated by the RNARspecific factoiTFllAthat is not required for RNAM transcriptionin

vitro [140¢142]. TFIIA izomposed of two subunitand binds the DNA immediately upstream of
the TATAbox, stabilizing the bent DNA/TBP comp|@40¢142]. RNARI is recruited into the
complex via interaction with fierminal zineribbon of TFI1B143,144] This complex can be joined
by the dimeric factorTFIE[145¢148], the eukaryotichomologof TFE and TFI[E48¢151]that
stabilize the PIC and gport open complex formatiof51,152,153] RNARI relies on the ATP
dependentDNA translocasactivity of TFIIH, which is recruited by TFLE#], to facilitate melting

of the DNA downstream of the T$85¢157] (Fgurellc). Promoter clearance gends on
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abortive initiation coupled to TFIIB ejection upsynthesis of a-9nt RNA[158]. RNAR
exclusively tranzribes rDNA promoters and differs the most from the archaeal/RIN&Riation
mode (reviewed if159]). RNAR initiation inSaccharomyceserevisiagelies on the cee factor

(CF) or selectivity factor 1 (SL1) in mammals, which binds to the upstream core element and
includes the TFIHBke subunit Rrn7 (TAF1B in mammgls)3,16@162]. The CF can subsequently
recruit RNAR in complex with Rrn3, forming a basal AI&3¢165]. The upstream activating factor
(UAF) can stimate CF recruitment via interaction witfBP, that does ndtind a TATAox like
sequence on the DNA and insteisdpredicted tobridge UAF an€@H166¢168] without inducing

the characteristic kink irie DNA169¢171](Fgure11d). Open complex formation and promoter
escape do not require additional factdfsr2]. It is noteworthy thatin vitro, basalRNAR initiation

rates can be reconstructed in a system that IaEB§[163,173]

RNARII and its accompanying transcriptiontiation factors share a high similiéy to the RNARI
system feviewed in[133,174). A distinct difference is the stable incorporation of THiE TFIIF

like subunits into the RNAR (reviewed in[133,174). The C37/C53 dimer functionally
corresponds to TH[175,176] whereas the subunits C31/C34/C82 are structurally similar to TFIIE
[176,177] Transcriptiorby RNARII proceeds from three different promoter classes that contain
different promoter elements and require corresponding factors for initiation (reviewdd48]).

The only common factor required for transcription from all three promoter classes is TFIIIB, a
complex consisting of TB#Re TFIIBrelated factor 1 (Brf1)179¢181]and Bdpl (Rlouble prime,

. @[181¢183] ((hapter 3.3). Vertebrates additionally employ a TFIIIB variant in which Brfl is
replaced by Brf183¢185] Both factors are structurally similar, but Brf2 association to the
DNA/TBP compleis regulated by the redox state of the clB6]. The Brf2 containing variant of
TFIIIB is required for transcription from typkepromoterge.g. U6 snRNA and selenocystein tRNA)
whereas typd and Il promoters utilize the Brcontaining varianf187,188]

In most organisms, only tydd promoters contain a canonical TATA box that is recognized by the
TBP subunit of TFIIR89]. In vertebrates, typell promoters additionally feature a proximal
sequence element (PSE) and distal ssme element (DSEJ0 and-240 bp relative to the TSS
respectively[190]. These are bound by SNAPc and-QatespectivelyTypel and Il promoter
typically do not contain a canonical TATA §hd0]. Hence, nitiation from typel and typell
promoters requires additional factors to accurately position THI1M4BL]. Typell promoters (most
tRNAs) contain gene internal A and B box promoter elements that are both bound by the
multisubunit factor TFIIIC to recruit and deposit TRIg&ream of the TSS via a direct interaction
with TBH191,192] The 5S rRNA promoter is the only tyggomoter and further requires TFIIIA
for TFIIC bitding and subsequent TFIIB recruitment (reviewed1®3]). TFIIIB is sufficient to
recruit RNARII and to initiate transcriptiom vitro(Fgure 11e). Promoter melting is facilitated by
the RNARII subunit C34, which is structurally similar to TFIIE, and B®4£196]. RNARII also
engages in abortive initiation for fewer cycles than RINAR® bacterial RNAP before promoter
clearancg197].
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3.1 The TATAvinding protein

TBP is the pivotal initiation factor in archaeal and eukaryotic transcription initiation, and highly
consewed in both, structure and function (reviewed[B%,198,199] (Figurel2a) and is hecessary

to achieve high rates of transcription of archaeal RNAP and all three eukaryotic RINB&APS.
consists of a conserved 180 amino amide that is formed by two symmetrical TBP domains each
consisting of approximately 60 residues arrangedfine-stranded, afi A LI Nshdets & two
h-helices Figurel2b). The symmetry relates to the evolutionary origin of TBP as a result of gene
duplication of the bacterial RNadelll [198,200] Thei -sheets form a concave, hydrophobic
surface, which tightly binds the minor groove of the D8Able helix while the t& -Helices

form a convex surface on the opposite side, resulting in an overall satdf@ed structure. This
analogy is furthered by twostirrupé loops emerging between the outér-strandswhich each
containa conserved phenylahine[200]. A second conserved phenylalanine is located at the end
of strand 4 of either lobe Rigurel2c). The core structure is evolotiary highly conserved
(Figurel2d). Additionally, some TBPRroteins mainly ineukaryotes possess an {fierminal
extension that varies in length, sequence and functionality, but is generally enriched in iglutam
acid residues. Likewise, archaeal BRBften contain a short Merminal extension enriched in
glutamines(Figurel2a).

TBP shows a high affinity for the TAG@X sequence element found in archaeal and eukaryotic
core promoters (consensus sequence TATAWRARDL], W=T/A; R=G A). TBP binds to this
sequence with its concave sidw forming hydrophobic interactions with the nucleobases and
simultaneously inserts the conserved phenylalanines between bases 1/2 and 78 BAT»box

to induces a sharp,mproximately 90° benin the DNAhat also results in a Wening of the major
groove[121,123,202204]. This function had been predictdzhsed on gel assay$22] and was

later corfirmed by the crystal structuresf a DNATBP complex202,203] The TAich TATA
sequence isvell suited for bending due tohe low energy cost of inserting phenylalanines
between basegairs TA:AT and AT:@&D5,206]. Changes in the sequence can severely affect TBP
binding affinity [207,208] Even though TBP shows a high degree of internal symmetry,
hydrophobic esidues that form direct interactions with DNA bases are placed in an asymmetric
fashion, allowing for a unidirectional orientation of TBP on the consensus TATA sequence
[202,209] Stoppedflow experiments revealed that binding and bending by TBP occur
simultaneously210]. An analysis of the underlying kinetics suggested a thtep binding model,
proceeding through two DNBAound intermediates before reaching a stable complex. All
intermediates variedn DNA bending timéut showedidentical bending anglf11¢213].

As the central initiation factor, TBP dynamically interacts with a variety of other transcription
factors and regulators (reviewed jA14]). The most critical is the interaction with RNgyecific
TFIIBike factos, that primarily contact the Merminal lobe of TBI200] and act as adapters to
bridge the RNAP to the promotfr23,138,162,215|Chapter3.2). In contrast, the @erminal lobe

of eukaryotic TBPis targeted by regulatorproteins that either stabilize th&NA/TBReomplex

such as the RNAPspecific factor TFIIA or destabilize it such as BTAF1/Motl and NC2 that can
actively evict TBP from the promotf16¢218).
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Figurel2: Structural conservation of TBR) Comparison of eukaryotic (black) and archaeal (blue) TBP
amino acid sequences highlighting the pasit of the conserved 180 amino acid core region (gray thax)
contailsi KS LIKSy et |t yAyS§38gluamibe sGeiches (uicEs a§@QYirktheiNK S
terminal extension of eukaryotic TBPs and tl& 4jlutanic acidresidues (E) in thehort Gterminal tail of
archaeal TBP$) Schematic overview of the symmetric secondary structure organizati@morefTBP -
strand (S)h -helix (H) ¢) Xray crystal structure of human core TBP (PDB 1GiWjed according to (b)

d) Structure alignment of eukaryotic and archaeal core TBfBending of the promoter DNA by TBP bound
to the TATAbox sequence (blue). The bendiangle of theDNA is highligletd as black dashed line (PDB
1CDW) The human consensus TAD&Xx sequence on the NTS is shovip.Closeup of a set of
phenylalanines intercalating between the baskgTi/A1) and 2 (T2/A2) of the TATA bqg parts of the

structure were cut to improveisibility. (adapted from[54])

In Archaea,TBP and FB are necessary andfatiént for PIC formation and promoter dependent
transcriptionin vitro[111,112,128] This holds true for the closely related RNPgystem for TATA
box containing promoters if the DNA around the TES%turally susceptible to meltirf$53,219]
However, isolated eukaryotic TBP is insufficiantivo[220,221] as well as for transcriptiomdm
promoters without a TATA boj222], which constitute the majority of eukaryotic promoters.
[223]. For initiation at RNAP transcribed TATkRess promoters, correct TBP binding and
positioning requirehigher order complexes such as THRP4,225]or SAGA226,227]that are
centered around TBP arshcompass several TBBsociated factors (TAFs). These TAFs facilitate
recognition of core promoter elements accurately position TBPnd thus the TSS, on all types
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of promoters[220,228] TFIID has also been implied to facilitaéallocation of TBP between
initiation compexes[229]. TBPalso interacts with the 25 subunit Mediator coactivator complex
[230], which is required for initiation of most genesvivo(reviewed in231]).

3.1.1 Analysis of TBIDNA interactions with singlenolecule FRET

TBRinduced DNA bending in the absence of additional factors is a dynamic process that occurs in
a stochastic manner. Hence, DNA/TiBferaction have beentadied using smFRET approactes
unravel intermediate steps of DNA binding and bending.

Timeresolved smFRET experiments using TIRF microscopy demonstrated that DNA bending in
archaeaoccurs in a single step from the unbent to the fully bent complex duthll times in both

states inthe millisecond rang§232]. Furthermore, TBP from the euryarchaddnjannaschiican

bend the DNA without further factors, whereas TBP from the crenarch&aanidocaldarius

strictly relies am interaction with TFB to benithe DNA[232]. The requirement for both, TBP and

TFB has also been shown in confocal sSmFRET experiments for the euryaRlagasus
transcription systenj232,233]

For S.cerevisia€lBP, a threstep mechanism proceeding through a FTB&und unbent state, a
partially bent state and a final fully bent state has been demonstrf28a]. S.cerevisiaelBP has

also been show to bind DNA @&reverse orientation (@rminal Idbe facing downstream), in
particular in the absence of additional factors such as TFIIA and[ZB4B This has received
further confirmation by smFRET experiments utilizing fluorescently lab®ledrevisiaeTBP,

which also showed that TFIIA assists in positioning TBP in the correct orierj2tiin The
S.cerevisiaeDNA/TBP complex is highly stable with DNA binding times of several minutes
[217,218,232] TBP binding can be regulated by NC2 that causes DNA unbending and slides TBP
off the TATAbox[218].

Time resolved smFRET experiments using human TBP revealed two kinetically distinct populations
of DNA bound TBP with average batate dwell times of 5 and 50s, that showed identical
bending angle$235]. DNA bending also occurs in a single transition from unbent tp theint

state without partially benintermediateg235]. The bendig angle of human DNA/TBP complexes

has also been reported to be independent of the TATA box seqU2Bbe236]

3.2 TFIIBlike factors

The other essetial initiation factor crucially involved in PIC formation is a FilKé&Bfactor that

binds to the DNA/TBP complex and selectively recruits its cognate RNAP to the promoter. This
family of proteins is named after the RRII specific factor, which was tHest to be discovered

and is the best characteriz¢l27,237,238]In Artaea, TFB fulfills an identical r¢1e2,129,239]

The eukaryotic RNAR relies on Brfl for most transcriptiofi79¢181], but in vertebrates,
transcription of typdIl promoters requires Brfl83¢185] The TFIHBke factor corresponding to
RNAR was identified through sequence homology prediction as the subunit Rrn7 of the CF in
yeast and TAF1B of the human §180¢162]

All TFIIBike factor share a common core domain organizatibigrel3a), consisting of an
N-terminal zineribbon (Bribbon) that is connected via a reader-i@der) and linker domain
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(B-linker) to two Gterminal cyclin fold domains, each consisting of fivhelices[127 240¢242]
(Figurel3c). Brfl and Brf2 additionally feature at€@minal extension that wraps around TBP and
in Brf2 additionally confers redox sensityv[186,215] An extended @erminal domain is also
featured in the RNAPfactors Rrn7 and TAFIE1,162](Figurel3a). The cyclin domains bind the
DNA/TBP comipx by specific recognition of the BRE upstream of the TAa¥{139,243]to
stabilizing the bent DNA/TBP complex in the correct orientgtl@4,139,234,244]Figurel3c).
The zinearibbon is an essential domain for RNAP recruitnj@@¥,143,245] Interestingly, the zinrc
ribbon of Brfl is not strictly required to recruit RNIH246]. After RNAP recruitment, the-N
terminal domainmotif assists iInMTSS selectionia its Breader helix[242,245,247,248hnd with
the help of the Binker contributes topromoter melting[52,127,249] Additionally, the Beader
also interacts with the emerging RNA transcript, which triggers ejection of TFB/TFIIB and promoter
escape by the RNAP after synthesis of a sufficiéorily transcrip{132,158] The Blinker domains
are functionally interchangeable for all eukaryotic THK8& factors, whereas the-Bader confers
RNAPspecificity[161,162]
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zinc-ribbon reader linker N-term.cyclin  C-term. cyclin C-term. extension
b) C) C-term. cyclin  N-term. cyclin

@ PWTFB
O HsTFIIB
© ScBrfl
@ HsBrf2
@ ScRrn7
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N-term. cyclin

Figurel3: Structural conservation of TFHIie factors.a) Comparison oflomain organization in eukaryotic
RNAP I, Il and Il as well as archaeal RNAP (aRNAP) specifikelfaldBrs. Theedox sensingnolecular
pin structure inthe vertebrate-specificBrf2 is highlighted in yellogadapted from{162]). b) Structure model

of human TFIIB (PDB 51Y8)Structure alignment of the core cyclin fold domaared upstream promoter
DNA forP. woeseiTFB (PDB 1D3W), sapiensFIIB (PDB 5IYB).cerevisiaeBrfl (PDBF40),H. sajpens
Brf2 (PDB 4ROC) aid cerevisia®rn7 PDB6TPS)The upstream DNA is not fully resolved in the Rrn7
structure.
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3.2.1 Analysis ofTFIIBlike factormechanismswith singlemolecule FRET

The interactions of archaeal TFB have been subject &dyais usingmFRET experiments to
unravel the interactions of the flexible-tdrminal domains with the RNAP during transcription
initiation. In theM. jannaschitranscription system, the TFBIliBker and Breader domains move
along with the clamp domain of the RNARisIflexible domain can adopt several conformations
over the course of the transcription cy¢@50]. Addition of TFE has been denstrated to further
open the clamp in the open PJ250], a movement that is also reflected by the linker and reader
domain of TB[132].

In the human RNAP Il transcription system, smFRET experiments revealdetimadjority of
RNAPs that escape into productive elongation can release TFIIB at two distinct triggeryjmont
transcription of a ht and 9nt RNAP transcripfTFIIB releasewas demonstrated to occur at a
similar kinetic rate after either checkpoifit58].

3.3 The central RNA polymerase lll initiation factor TBII

The mechanisms of transcriptidrave been studied irdetail for the eukaryoticRNARI system
(reviewed n [251,252]), while knowledge © the mechanisms and, in particular, structures of
RNAR and IIl has only improxkin recent yearsdespite theircritical role in cell functionality
[164,169,172,194196,253](reviewed in[159,174). Transcription by RNARand lllis crucially
linkedto cellular growth and proliferation as their gene produ@BNA and tRNAgre directly
involved inprotein synthesis

Transciption initiation byRNARIIis strictly dependenbn the heterotrimeric factor TFIIIB, both

in vivo[254] and in vitro [189,191] For transcription initiation at type Il promoters like the U6
snRNApromoter, THIB is the only required basal factor $icerevisiag[255]. In vertebrates,
type Il promoters additionallyrequire SNAP@o recruit TFIIIB as well a®ct1 which enhances
recruitment of SNAP{56¢259] SNAPa@cts as a selectivity factor that coordinates RNIAP
initiation at TATAcontaining snRNA promoter and RNWHRnitiation at TATAess snRNA
promoters[260] (reviewed in[261]).

The frst step in & promoter dependent transcription initiationhe TATA box of the promotés
specifically recognized and bound by TBIEucing a sharp bend of the DIN86]. This complex

is joined by Brf2 that recognizes tli&R and TDnotifs adjacent tothe TATAbox [186]. A key
difference of both, Brfl and Brf2, their RNAP Il homolofFIIBs an extended ®&rminal domain
that binds along the convex surface DBP and enables stable binding of TBP in the absence of
DNA[186,262,2@]. The Gterminal domainof Brf2 harborsa unique structural element termed

a Y2t SO dzihiciNdonfdis yetlosensing capability by impairing Brf2 binding to a DNA/TBP
complex in an oxidized staf&86]. TheBdplsubunit of TFIIIB unique to the RNAP Il systenda

no paralogin the RNAPR or Il system has been identified. Structurally, all Bdpl proteins contain
an Nterminal core of approximatel$00 amino acids featuring a conserved SANMain(SVI3,
ADA2, N-CoR, andTFIIIB . Q @hich constitutes theprimary irteradion hub with the
DNA/TBPBrfl(2) complex[183,264,265]and bgether with the Nterminal linker and Gterminal
flanking regionss necessary for transcriptioj264¢266)]. Bdpl only weakly associates with the
TBP/Brfl(2) complexniabsence of DNA246] but allows formation of arextremely stable
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TFIIB/DNA complekl83,263,267,268][189,191,269,270jwith complex lifetimes of 95min
reported for S.cerevisiaeDNA/TFIIIBzomplex[271]. Consequently, TFIIIB can act as genomic
roadblock FurthermoreBdplinteracts with SNAPc to ensure seleciiviiation of RNARII at the

U6 promoter[272]. Interaction betweerS.cerevisiaBrfl and the RNAM subunits C34 and C17
are important for RNAP recruitmef®73¢275]. Post recruitment, Bdp1 supports DNA opening by
stabilizing the C34 subunit of RNIF194¢196] Together, TFIIIB and SNARmgtitute the
minimal factor combination required for U6 promoter directed transcription initiation by human
RNARII [276]. Several key functions of TFIHBve been discovered by biochemical approaches,
however, structural information, in particular for the human complexyéianly recently been
uncovered186,277]

3.4 Mechanisms of transcriptional regulation in archaea

Accurate regulation of gene expression is critical for the fitness of any living organism. The domain
of archaeain particular contains a high numbef extremophiles that thrive in habitats
characterized by fluctuating environmental conditions such as extreme tempergvgd
acidity[279] and salinityf280]. Consequently, archaeabrganisms must precisely tune
transcriptional outputievels in response to these chang&enetic regulation iarchaegresents

an interesting mosaic of botkeukaryotesand bacteria, witha core transcription machinery that
resembles a simplified eukaryotic RNIARsystem (reviewed in[44,118120]). In contrast,
regulatory factors such as activators and repressors gesater similarity to those dBacteriain
terms of operation mode and domain composition (reviewedlih9,281,282). Genomewide
analyses determined that structurally, most archaeal transcription factors include atinelix
helix (HTH), winged HTH, or ribbbelix-helix domainsthat also constitute the most prevalent
DNAbinding danains inBacteria[283].

Prokaryotic tanscriptioral regulatorsaffect their target genes or operons by binding specific
sequence elements close to the core promoteith a DNA binding domaifThis binding activity
can additionally be modulated by a sensor domg@l]. In Archaea, activators typically bind
upstream of the TAT-Aox and the BRE to stabilize TBP and/or TFRititralirect proteinprotein
contacts at the promoterrd thereby enhance PIC formati¢284¢286]. Repressors, in contrast,
bind either oerlapping with these critical sequence elements, sterically blocking initiation factors
from assembling at the promoter, or binding downstream preventing recruitment of the RNAP
[281,283]. However, alternative modes of operation have been repoiftagr/].

The P.furiosus transcriptioral regulator TFB recruitment factor LPfTFBRF) stimulates
recruitment of TFB tpromoters with weak BREs like tpEL089locusupstream of its own gene,

as well as th@f1011/pfl012operon[285,288] The gene products of the latter were identifiad
components of an ABC transporter system by bioinformatic analysis that also preticied
transmembrane domains for PF1089, indicating a potential connection for all-RHEFBgulated
genes[288]. TFBRF1 likely binds a homodimé§289] to a conserved recognition sequence
upstream of its target genef285,288] Bochemical analysis revealed that TRB1binding
resulted in a sevefold increase intranscription from thepf1089 promoter [285]. In contrast,
introduction of a strong consensus B&HEhe pf1089promoter yielded onlytwo-fold activation.
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Gel shift experiments indicatihat TFBRF1 solely interacts with TFB and not with TBP, whereas
TFB1 and THRF1 cooperatively bind the promotd285]. However, the exacimolecular
mechanisnof recruitmentand pdential conformational changes in the promoter DNA could so
far not bedetermined

In addition to Bacterialike transcriptioral regulators many arbaeal organisms have evolved
different paralogsof the basal transcription factors TBP and TFB (reviewda9d]). Genome
analyses revealed that approximately 70%aofhaeaencode at least two copies of TBP and/or
TFH283,291] So far, only few ofthese paralog and their function have been characterized in
detail but they generally ®n to play role in stress response and the regulation @edintial
gene expressiork-or example, the genome &f furiosusencodes one TBP and two Tt are
both transcriptionally active[292]. Under heat shock conditions, the expression of TFB2 is
increased, suggesting a stress response funcfg@?]. Similarly,Thermococcus kodakargis
encodes two TFB paralogs. TFB1 controls the expression of genes essential for motility/adhesion,
while TFB2 initiates transcriptioat genes involved in mevalonate/lipid biosynthe§293]. A
complex system of six TBP and seven TFB paralogs, enabling 42 different TBP/TFB combinations,
is present in the halophilic archaedtalobacterium alinarum It has been demonstrated that
specific TBP/TFBcombinations recognize different promoter classesolved in heat shock
response, oxidative stress and adaptation to low temperatuyi2®l,294] A @mputational
analysiof sequence motifsevealed that slight variatiasin the BRE sequences determine which
of the seven FBs recognizesspecific promotef295].

The genoms of S.acidocaldariusand the relatedSaccharabus solfataricugncode three TFB
paralog, TFB1, TFB2 and THB36,297] Under standard growth conditionghe transcription
machinery of S.acidocaldarisutilizes TBP andFB1to direct PIC assemb]298]. SAFB3 is a
shortenedTFB variant thatacksboth cyclin domainsind instead features a coiled cdibmain
Additionally, SaTFB3 contaiasanonical Znibbon domain with four cysteine residues that bind
a Zrt*ion, whereas in SaTFB1 and SaTFB2, only two cysteines are J&2@nMultiple studies
demonstrded that SaTFB3 regulates the expressiongeines that encodéactors involved inJV-
induced DNA damage rep§99¢301] and that the alove structural features are essential for
this function[299]. In contrast, the functional role of TFB2 is still unexplorestudly on cekcycle
specific gene expression B.acidocaldariusdemonstrated a cycliincreaseof SaTFB2mRNA
levels,peaking at the @S phase transitionAdditionally,SaTFB2 expression is increased upon
nutrient depletion[302,303] Evidence from bdt studies suggests a regulatory role for TFB2, but
its funcion as an initiation factor or transcriptional regular has so far not been analyzed.

3.5 Influence of DNA strain and compaction on transcription

Most in vitro studies in transcription analysis are rflmmed using short naked DNAs. This,
however, diverges conigtely from thein vivosituation, where transcription occurs in the context
of a highly organized thredimensional chromatin structure (reviewed[B04]). The fundamental
organizing unit of eukaryotic chromatisthe nucleosome formed by histone octamers comprising
two copies each of the canonical histondd3, H4, H2A and H2Bat are wrapped by
approximately 14é&p of DNA305¢307] The individual histone proteins feae N-terminal tails
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that can be postranscriptionally modified with a variety of chemical gro§p88¢310]. Multiple
nucleosomes can form higherder structures such as tetranucleosome uii$1], which can be
further extended into compact fibel812].

These structures give rise to a complex, thddmensional genome architecture that affects gene
regulation on multiple levels. First, compartmentalization of transcriptioradtive euchromatin
and inactive heterochromatin, which are marked by histone modifications and allowratggng
control of gene expressiofB13]. At the megabaséevel, organization of DNA into topology
associated domainf814¢316] creates intricate networks of gerenhancer interactios. These
large-scale organizational domains are formed and maintained by DNdngiproteins such as
cohesin and the CCGbding factor that modulate the thredimensional chromatin structure
[304,314317,318] The nucleosome decoration of individual promoters and adjoining DNA
regions can vary for different promoter classes (revieweg@19®]) and has been demonstrated to
impact transcriptional efficiencjg20,321]

An often overlookedaspectin the analys of transcriptional regulation is that the context of

the chromatinsuperstucture, DNA is subject to mechanical fofoeviewed in322,323). Flexural

and torsional tension in the range dz30 pN @n be induced by a number dftracellular
processesdncluding transcriptior[76¢78], DNA replicatiorf79,80] and chromatincompaction
[82¢84]. Furthermore, extracellular forces transmitted to the nucleus via lawigie shown to
affect gene expression ewed in[324].

Due to thenanomechanical properties of the DNA fiber, this stre@m be transferreaver the
distance of several kilobas¢325,326] Experiments using ol tweezes demonstrated that
transcribingEscherichia coRNAP can generate forces up toc28pN [76,77,327] In contrast,
elongatingS.cerevisiaeRNAP |l is stalled by pulling forces of ™Nbor 16.9N in complex with

the elongation factor TFI[$8]. Transcription by RNAR$sogenerategositive supercoiling in the
downstream DNA and negative supercoilingtire trailing upstream DNA[328]. Excessive
supercoiling of the DNA duplex through repeated rounds of transcription can stall elongation
[304,329,330] The accumulated torsional stress, if not relieved by enzymaticitgciuch @
topoisomerasesganpropagate along the DNA he[B25,326,331]

The chromatin structure itself can also exhibit structural dynamics on various tireegoatieved

in [323]). These dynamics are controlled by various factors like-rasscriptional modifications

of histoneqd332,333] proteins that recgnize or nedify histone postranscriptional modifications
[310,334] chromatin binding proteins like linker histone BB5]and ATP dependent chromatin
remodelerg[334,336] Stackingnteractions within tetranucleosmes can resist forces up #pN
[337]. Force-clamp measurements at @\ revealedHl-induced conformationatlynamicon the
second timescale resultinigom transient loss of stacking interactiof®38]. Histone tails have
been reported to engage dynamiger-molecular contacts on a microsecond time s¢a&9]that

can exert forces on their coupled DI#%]. These influxes of force are contained and accumulate
within topologically constraint regions and can in return inhibit or enhance transcription on a
larger scale (reviewed if840]). As a result, force generation and management are inextricably
linked to transcriptional activity. Traasption initiation factors must accommodate this by either
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confining their binding to lowWorce environment such as nucleosome depleted regions or by
adapting to resist mechanical stress.

In this regard, the eukaryotic RNAPtranscription machinery psent a particularly interesting
case. High transcriptional throughput of RNARranscribed genes is suggested to be achieved
through the recycling of RNAP341¢343]. This in turn requires TFIIIB complexes that remain
bound to the DNA for multiple rounds of initiatigh91,344,345] Coherent with this, TFIIIB has
been described as highly resistant to both, ionic stress and heparin competition
[189,191,269,270]The ability of Bdpl to form roadblocks oN®is also abolished upon depletion
of Bdpl, indicating a crucial role for this RNARBpecific factor in complex stabilizatif46].
Moreover, an RNARI-transcribed tRNA gene and its associated factor decoration can prevent the
spreadingof heterochromatin into neighboring euchromati®47]. Activated transcription of
human U6 snRNA genes requires-Oéh addition to SNAPc for TFIIIB recruitment, which binds
cooperatively with SNAP§256¢258]. Cooperative binding is dependent on a positioned
nucleosome between the PSE and DSE that brings the two factors into interactioj2a8pé\s

a result, SNAPc and TFIIIB are in immediate proximity to the nucleosome and likely subjected to
force. Taken together, these factors suggest an increased stress tolerance of thellRNAP
transcription mackery. In contrast, RNAIP transcription initiation predominantly occurs in
nucleosome depleted regions, which implies a higher sensitivity to mechanical[8#48i349]
Similar toeukaryotes many archaeal species structurally organize their genoimteschromatin

and employ two distinct strategie® compact their DNAMost euryarchaeal species encode
histone proteins that mimic the core eukaryotic histone 386,35 352].

Archaeal histones gemnally lack the Nerminal tail structures found in eukaryotic histones which
critically interact with chromatin remodeling fers[353] Thus, archaeal chromatin serves
primarily as an architectural tool withouhe additional layer of information that histone talil
modifications provide ineukaryotes[308]. The absence of histone tails in archaeal histone
proteins allows for tight interactions beten individual nucleosomes, which can lead to
formation of extended nucleosome stacks resulting in a continuous helical rahigtone dimers
[350,351]up to 300bp in length[350].

In contrast, most crenarchaegbacies are reliant on small nucleeddsociated proteins (NAPS) to
organize their genome854,355] The beststudied example beinglba, an Sac10lamily protein
[356¢359]. However, several other lik&ul7 Cren7, CC1 and TrmBI2 have been ifiedt85,36Q;
362](reviewed iN363,364). Sacl0kype proteins ardound in most archaeal species, even those
that additionally encode histonef364]. Alba binds to ssDNA and dsDNA without sequence
specificityand possesses trimethylan-regulated DNA binding affinif356,359,365] Generally,
one or two isoforms of Alba are expressed that can bind DNA in honfeterodimeric manner.
Homodimers form DNA loops by bridging dist&®MNA region which causesmpme compaction

at low Alba concentrations[357,366] similar © eukaryotic cohesion [318]. At higher
concentrations, rigid linear DNpgrotein complexes can be forme[@57]. Heterodimers also
contribute to loop formation at low protein concentratid867], whereas ahigh concentration,
highly compacted DNA structures are formgb7]. In contrast to archaeal histones, post
translational modifications have beemscribed for Alb§356].
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While chromatin dynamics irukaryoteshave been subject to rigorous study over the past
decades, relatively little is known about its roleaithaea(reviewed in[119,3%3,364). However,
archaeal chromatin has beeaported to impact transcriptional activity during initiati¢d68]and
elongation[369¢371]. While some studies characterized the com@moters inarchaeato be
generally devoid of organized chromatin structuf@g2,373] in Methanocaldococcugnnaschii
histone assembly upstream of th2 gene has been shown to block formation of PICs and
thereby reduce transcription ratd874]. InP.furiosus reduced transcriptional activity of histone
bound DNA templates has been reported. The diminishing effect was greater for circular than fo
linear templates, suggesting that topological changes introduced by nucleosome assembly
accumulate in constraint DNA regiold§1]. How mechanical strain interactsvith the
transcriptional machinery has so far mostly been studie@acteriaand eukaryotes whereas
almost nothing is known about its influence on transcription in archaea. This is especially of
interest, since the bacterial RNAP has generally been destto generate higher forces than its
eukaryotic ortholog[322]. This, in turn should be reflected in the accompanying transcription
factors. Sincearchaeause both, a eukaryotike RNAP and basal TFs in combination with
bacteriallike transcriptional regulators, much can be learned by studying the effects of force on
archaeal transcription. In contrast to most eukaryotic transcription systems, wh@&fe is
sufficient to bend the promoter DNA, seveemathaearequire both, TBP and TFB for this critical
assembly stefi232,233] In this context, it is interesting to study how promoter strain affects a
system that is strictly dependenndhe interaction of two factors.
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4  Objectives

Transcription initiation irarchaeaand eukaryotesis a highly dynamic process and many of its
underlying molecular details are still unknown. In this work, SmFRET experiments coupled with
DNA origambased foce spectroscopy will be applied to analyze the assembly of the human TFIIIB
complex at the U6 snRNA promot€or further comparison, the human RNAP Il specific initiation
factors TFIIA and TFIIB will be examined in simgliecule force measurementsg.or archaeal
transcription systems, these techniques will be applied to examine different strategies to regulate
transcription initiation.

A Asaninitial step to facilitate SmFRET experiméngsiumentation fortime-resolved
singlemolecule fluorescenceletection wasimplementedin the form of a prism
based TIRF microscope and tested using a standard model system

A The stepwise assembly of the human TFIIIB complex from its subunits TBP, Brf2 and
Bdpl was anaked with smFRET measurements to determiieding dyramics of
individual factors and assembly hierarchy.

A The ability of transcription initiation factors to stably bind DNA under mechanical
strain is analyzed for the human TFIIIB complex and compared to factors sjpecific
the human RNAP Il trangation sysem (TFIIB, TFIIA) by employing the DNA origami
based force clamp

A The interaction of theS.acidocaldariusTFB paralog TFB2 with the canonical
transcription initiation factors TBP and TFB1 is analyzed to test whether TFB2 can
substitute TFB1 asn initigion factors or can modulate the assembly of a
DNA/TBP/TFB1 complex.

A The TFERFImediated recruitment ofP.furiosusTFB to the promoter is analyzed
with smFRET to monitor conformational changes in the DNA and the rate of factor
assembly to the pmoter.

A The effect of DNA strain on formation of a bent promoter DNA complex is further
analyzed for theéM. jannaschiitranscription system that only requires TBP for this
initiation step and theP.furiosussystem, where TBP and TFB are mandatory.
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Materials

5 Materials

5.1 Chremicals and reagents

Tablel: List of chemicalaind reagentsitems are listed in alphabetical order.

Reagent

Supplier

40% acrylamide/bisacrylamide solution (19:1)
I OSGAO | OARZ
Agarose LE

Ammonium acetate
Ammonium persulfate (APS)
Biotin-PEG

Boric acid

Bovine serum albumin (BSA)
Bromophenol blue

Catalase from bovine liver
Dimethyl Sulfoxide (DMSO)
Dithiothreitol (DTT)
QUKIy2f3 LIOI® % dpdy::
Ethanol, technical 99%
Ethylenediaminetetraacetic acid (EDTA,

Titriplex 111)

FastDigest BamHI

FastDigst Green buffer

GeneRuler kb Plus DNAddder

h-D-Glucose monohydrate

Glucose oxidase type VII

Glycerol 99%, PhuE

Hellmanex

Heparin sodium salt

Hydrochloric acid 37%

Hydrogen peroxide solutioB4.536.5%
4-(2-hydroxyethyl1-piperazineethanesulfonic acid
(HEPES)
6-Hydroxy-2,5,7,8tetramethylchroman2-carboxylic
acid (Trolox)

Magnesium acetate,

Magnesium chloride hexahydrate

Magnesiun sulfate

2-Mercaptoethanol

Methanol,LJ® | & x ddPyi:
Methoxy-polyethylene glycesuccinimidyl
valerate5000 (mPEG)

Midori Green Direct DNA stain

NeutrAvidin

PEGB000

Phenylmethylsulfonyl fluoride

Potassium chloride

Potassium dihydrogen phosphate

Sodium chloride

Sodium dodecyl sulfate (SDS)

Sodium hydroxide
Sulfuric acid

LIOF & X oy

Roth-Chemie, Karlsruhe

Merck, Darmstatl

Biozyme, Stloseph (MO, USA)
Merck, Darmstadt

Roth-Chemie Karlsruhe

Laysan Bio, Arab (AL, USA)
Merck, Darmstadt

SigmaAldrich, St. LouigVS, USA)
AppliChem, Karlsruhe
SigmaAldrich, St. Louis (MS, USA)
SigmaAldrich, St. Louis (MS, USA)
Roth-Chemie Karlsruhe
SigmaAldrich, St. Louis (MS, USA)
J.T. Baker, Deventer (NL)

Merck, Darmstadt

ThermoFisher Scientifigyaltham (MS, USA)
ThermoFisher Scientific, Waltham (MS, US
ThermoFisher Scientific, Waltham (MS, US
Merck, Darmstadt

SigmaAldrich, St. Louis (MS, USA)
Roth-Chemie Karlsruhe

Hellma, Mullheim

SigmaAldrich, St. Louis (MS, USA)

Merck, Darmstadt

SigmaAldrich, St. Louis (MS, USA)
Roth-Chemie, Karlsruhe

SigmaAldrich, St. Louis (MS, USA)

Merck, Darmstadt

Merck, Darmstadt

Merck, Darmstadt
Roth-Chemie Karlsruhe
Merck, Darmstadt

Laysan Bio, Arab (AL, USA)

Nippon Genetics Eurap Duren
ThermoFisher Scientific, Waltham (MS, US
SigmaAldrich, St. Louis (MS, USA)
Roth-Chemie Karlsruhe

Merck, Darmstadt

Merck, Darmstadt

neoFroxx, Einhausen

Merck, Darmstadt

Serva Electrophoresis

Fisher Scientific, Loughborough (UK)
Fisher Scientific, Loughborough (UK)
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Reagent Supplier

T4 ligase New England Biolabs, Ipgh (MS, USA)

T4 ligase buffer (10x) New England Biolabs, Ipswich (MS, USA)

N,N,N',N‘'Tetramethylethylenediannie (TEMED) Roth-Chemie Karlsruhe

N[3(Trimethoxysilyl)propyl]ethyldiamine SigmaAldrich, St. Louis (& USA)

Tris(hydroxymethyl)aminomethan(Tris) SigmaAldrich, St. Louis (& USA)

Tryptone Difco, Lawrence (KS, USA)

Urea SigmaAldrich, St. Louis (MS, USA)

Zinc sulfate heptahydrate HoneywellSpecialty ChemicalSeeltze
5.2 Buffers

Table2: Composition of buffersBuffers are listed in alphabetical order. Values in parenthesis denote the
concentration factor of the stock solution. All buffers were prepared with Millipore water in 90% of the final
volume. All reagents were mixed at room temperature if not statéteovise The pH value of all buffers
was adjusted after addingll reagentsAfterwards, solvent was added to the final volume. Buffers without
BSA or SDS were filterélsrough a 0.45uM syringefilter. If not stated otherwise buffers were stored at
roomtemperature RT,approximately 2XC)

Buffer Component Amount  Unit
Annealing buffer (10x) Tris/HCI, pH 7.5 100 mM
NaCl 500 mM
EDTA 10 mM
APS stock solution APS 10 % (w/v)
(10x) Storage at20°C
Blocking buffer Tris/HCI, pH 7.8 10 mM
BSA 2  mg/mL
Storage at20°C
Denaturing DNA Formamide 95 %
loading buffer SDS 0.02 %
Bromphenol blue 0.02 %
Xylen Cyanol 0.01 %
EDTA 1 mM
Folding buffer (10x) Tris/HCI, pH 7.6 100 mM
NaCl 50 mM
MgCh 200 mM
EDTA 10 mM
Glucoseoxidase Tris/HClIpH 7.5 50 mM
catalase stock sotibpn  Glucose oxidase 75 U/mL
(10x) Catalase 10  KkU/mL

The reagents were gently mixed at@, portioned at
50 uLaliquotsin PCR tubes and frozen in liquid nitroge

Storage at80°C

Glucose stock solution h-D-glucose 100 mg/mL

(10x) Storge at-20°C.

Hs1 buffer HEPES/NaOH, pH 7.8 50 mM
Ammonium acetate 500 mM
TCEP 1 mM
Glycerol 10 % (viv)

Hs2 buffer Tris/HCI, pH 8.0 20 mM
NaCl 150 mM
DTT 1 mM

EDTA 0.5 mM
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Buffer Component Amount  Unit
Mj1 buffer 200 mM TrisAcetate pH 79 200 mM

Magnesium acetate 100 mM
ZnSQ@ 0.1 mM
Potassium acetate 300 mM
Glycerol 10 % (viv)
2-Mercaptoethanol 0.05 % (viv)
Mj2 buffer NaHPQ/ NaHPQO, pH 7.0 25 mM
NaCl 1 M
Potassium acetate 15 M
NeutrAvidin solution  Tris/HCI pH 7.6 50 mM
NaCl 50 mM
NeutrAvidin 01 mg/mL
PEQoassivation NaHC® 1 mM
solution Methoxy-PEG succinimidyhlerate5000 200 mg/mL
BiotinPEG 5 mg/mL
Peroxomonosulfuric ~ Sulfuric acid 70 % (viv)
acid Hydrogen peroxide solution 30 % (viv)
Pf1 buffer Tris/HCI, pH 8.0 50 mM
NaCl 50 mM
MgCt 10 mM
Glycerol 20 % (viv)
Pf2buffer HEPES/NaOH, pH 7.8 20 mM
NaCl 250 mM
EDTA 2 mM
Glycerol 10 % (viv)
2-Mercaptoethanol 5 mM
Phenylmethylsulfonyl fluoride 0.5 mM
Storage at80°C
Pf3 buffer HEPES/NaOH, pH 7.5 25 mM
NaOH 300 mM
Glycerol 15 %(wiv)
Photo-stabilization any sample buffeplus:
buffer Trolox/trolox quinone stock solution 2 mM
h-D-Glucose 10 g/mL
Tris/HCI pH 7.5 5 mM
Glucose oxidase 7.5 U/mL
Catalase 1 kU/mL
The reagents were gently mixed in the sample buffer
used (e.gT78) atRTimmediately before use.
Precipitation buffer Tris/HCI, pH 7.6 100 mM
NaCl 500 mM
EDTA 1 mM
PEGEB000 15 % (w/v)
Sal buffer Tris /HCI, pH 7.5 25 mM
NaCl 300 mM
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Buffer Component Amount  Unit
Sa2 buffer Tris/HCI, pH 8.0 25 mM

MgCt 10 mM
ZnSQ@ 0.1 mM
NaCl 300 mM
TCEP 1 mM
Glycerol 5 % (viv)
Sa3buffer Tris/HCI pH 7.5 20 mM
NaCl 50 mM
MgCt 1 mM
EDTA 0.4 mM
DTT 0.1 mM
Glycerol 125 % (viv)
Silane coupling N[3(Trimethoxisilyl)propyl]ethyldiamineAcetic acids 2
solution The reagents were mixed in methanol imdiately 4 % (viv)
before use. % (vIv)
T78 Buffer (2x) Tris/HCI, pH 7.8 200 mM
KCI 120 mM
MgCk 6 mM
Glycerol 2 % (viv)
BSA 2 mg/mL
Storage at20°C
T78M Buffer (2x) Tris/HCI, pH 7.8 200 mM
KCI 120 mM
MgCk 30 mM
DTT 4 mM
Glycerol 2 % (viv)
BSA 2  mg/mL
Storage at20°C
TrisAcetateEDTA Tris/acetate, pH 8.2 500 mM
(TAE) buffer (50x) Acetic acid 1000 mM
EDTA 50 mM
TrisAcetate EDTA Tris/acetate, pH 8.2 10 mM
magnesium buffer Acetic acid 20 mM
(TAEN EDTA 1 mM
MgCh 125 mM
TrisBorate-EDTA Tris /borate, pH & 893 mM
(TBE) buffer (10x) Boric acid 890 mM
EDTA 27 mM
Tris bufferal saline Tris/HC|pH 7.6 10 mM
(TBS) NaCl 50 mM
TrisEDTA (TE) buffer Tris/HCI, pH 8.0 10 mM
EDTA 1 mM
Trolox/trolox quinone  Trolox 100 mM

stock solution (50x)

Trolox was dissolved in watfnee DMSO and partiall:
photo-oxidized to trolox quinone under UV light (BioBc¢

It, 302nm) for 20min. Storage at20°C.
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5.3 Proteins

All proteins used in experiments were kindly supplied by members ofDpartmen of

Microbiology (University Regensburg) or external collaborafbable3) andwere expressed and

purified as describedh the listed referaces. Upon arrival, proteins were partitioned into low

volume aliquotsZ¢20 L), frozen in liquid nitrogen and stored-80 °C. Before use, the samples

were thawed and stored on ice for a maximum offe4

Table3: List of used prteins. Theprotein variant tag, storage buffer, supplier and literaureference

(Ref.) are listed. Affinity tag refers to the fully purified protein. The complete amino acid sequences of all

proteins are listed inTablel4. *The used TFIIA single chain variant is a fusion proteorporating the

fA&A0SR aS3avySyida 2F GKS hi FYR 1+ adzodzyAada 27
Protein Residues Affinity tag Storage Supplier Ref.
Organism buffer
(Abbreviation)

TBP 159339 none Hsl Dr.Jerome Gouge, laboratory [277]

Homo sapiens buffer  of Prof. Dr. Alessandr

(HsTBP) Vannini, Institute of Cancer
Research, London, UK

Brf2 62¢419 none Hsl Dr.Jerome Gouge, laboratory [277]

Homo sapiens buffer  of Prof. DrAlessandro

(HsBrf2) Vannini, Institute of Cancer
Research, London, UK

Bdpl 130484 none Hs1 Dr.Jerome Gouge, laboratory [277]

Homosapiens buffer  of Prof. Dr. Alessandro

(HsBdpty Vannini, Institute of Cancer
Research, London, UK

Bdpl 241¢396 none Hsl Dr.Jerome Gouge, laboratory [277]

Homo sapiens buffer  of Prof. Dr. Alessandro

(HsBdp3) Vannini, Institute of Cancer
Researh, London, UK

TFIIB 1¢316 none Hsl Dr.Jerome Gougdaboratory -

Homo sapiens buffer  of Prof. DrAlessandro

(HSTFIIB) Vannini, Institute of Cancer
Research, London, UK

TFIHA(singlechain)* y (2¢103) Gterminal Hs2 Dr. Kapil Gupta, laboratory of [375]

Homo sapiens h i(2¢58) 6x histidine buffer  Prof. Dr. Imre Berger,

(HSTFIA) h 1(327¢ University ofBristol, UK

376)

TBP 1¢191 none Pfl Dr. habil. Winfried Hausner, [127]

Pyrococcus furiosus buffer  UniversityRegensburg

(PfTBP)

TFB1 1¢300 N-terminal Pf2 Dr. habil. WinfriedHausner, [127]

Pyrococcus furiosus 6x histidine  buffer  University Regensburg

(PfTFB1)

TFBRF1 1¢100 N-terminal Pf3 Dr. habil. Winfried Hausner, [285]

Pyrococcus furiosus 6x histidine  buffer  University Regensburg

(PTFERF)

TBP 1¢183 none Mijl Prof. Dr. Dina Grohmann, [250]

Methanocaldococcus buffer  University Regensburg

jannaschii

(MjTBR)

¢CLL! @
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TBP 1¢197 N-terminal Sal Frank Schult, laboratory of [376]
Sulfolobus 6x histidine  buffer  Prof. Dr. Bettina Siebers,
acidocaldarius University Duisburg Essen

(SaTBP)

TFB1 1¢307 Gterminal Sa2 Frank Schult, laboratory of [376]
Sulfolobus 6x histidine  buffer  Prof. Dr. Bettina Siebers,
acidocaldrius University Duisburg Essen
(SaTFB1)

TFB2 1¢291 N-terminal Sa2 Frank Schult, laboratory of [376]
Sulfolobus 6x histidine  buffer  Prof. Dr. Bdina Siebers,
acidocaldarius University Duisburg Essen
(SaTFB2)

5.4 DNA oligonucleotides

Synthetic DNA oligonucleotides were ordered at production scales ranging f@thpsol with
saltfree purification for noAmodified DNA and HPLC purification for modified DNAs. The
concentration wa checked via absorption spectroscopy upon arrival argbolicleotides were
stored at-20 °C. The annealed double stranded DNA constructs are listed in the relevant method
section.

Table4: quugnces ang modifications of oligonuclies. Internal rucleotide modifications are color
coded.p QY R [-efidRmodifi@ations are given in square brackets at the appropriate positions. Suppliers

are codedaccording to the following numberg1)IBA Lifesciences, @iigen, (2)SigmaAldrich St.Louis
(MS, USA), (Burofins Genomics, Luxennty, WX, (4Metabion, Planegg, (5) Biomers, Ulm.

Name 5SaONRLIIA2Y LkyR® &S1jdzSyO0S o6pQ Supplier
H1 CCTCCCTAGCAAGCCGCTGCTACGG (3)
H2 [ Cy3]CCGTAGCAGCGCGAGCGGTGGG (3)
H3 [Biotinl CCCACCGCTCGGCTCAACTGGG (3)
H4 CCCAGTTGAGCGCTTGCTAGGG] (3)
S1 [ ATTO 647N] CAGTATTTAAACTTTACTCCAATCTCCGGCGATGGTCGCGCTTTCGGTCCG (1)
s2 [Biotin CGGACCGAAAGCGCGACCATCGCCGGAITGGAGTAAAGTTTAAATACTG (1)
Cy3B
Ul TCAAGGGTTACTICACACCTATTTTAAGCTTCAATCAAATCATCTTGGTCCG (1)
ATTO 647N
u2 [ Biotin ] CGGACCAAGATGATTTEIBAAGGGCTTAAAATAGGTGTGAGAGTAACCCTTGA (1)
ATTO 532
F1 AAGCTIIAGGGCGCCTATAAAAG (1)
ATTO 532
E2 [Phosphate] GGGGT JCGGGCG (1)
ATTO 647N
E3 TTCGCGCCCGAACCCCCTTTTATAGGCGC )
F4 CGCCCGAACCCCCTTTTATAGGCGCCCTAAAGCTT (3)
F5 CGGACCAAGATGATTTEAAAGGGCTTAAAATA (1)
ATTO 532
E6 [ Phosphate] GGTGJAGAGTAACCCTTGA (1)
ATTO 647N
E7 GGTTACTCTAACACCTATTTT®BCCTTC )
F8 TCAAGGGTTACTCTAACACCTATTTTAAGCCCTTCAATCAAATCATCTTGGTCCG (3)
F9 TCATAGGATCCCCGGGTA (4)

FI0  TTTTGCTTTCATCAACATTAAATCCGTAATCGTAACCTTGGGTACAGG ®)
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Name 5SaONRLIIA2Y kYR aSIjdzSyO0S o6pQ Supplier
FI1I  TTTTAAGTTTCATTCCTCTGGAGAGGCTATACGCCAGGGTTTTCCCAGT ©)
FI2  TTTTCGCTCATGGACGAGCCG (3)
FI3  TTTTACTTGCCTGAGTAGAAGTAATTCCACGATT (3)
F14  AGCCTTCACCGCCTGGCGTTATCCGCTCACATAAC (3)
F15  GCTACAACATAAATACCATTGCAACAGGAAAAATTTT (3)
F16  ATGCAATGGTGAGAAAGGCATGATTAAGGTGCATCAGATTGTAATT (3)
F17  GTCAATAGCAAGGCACAGGCACCTCAGAGCTTTAA (3)
F18  TTTCCTGTGTGAAATTCGAGAGGGGTCG (3)
F19 GGGGATGTGCTACCTGTTTAGCTTTTT (3)
T1 [Biotin]  AGTACAAACCTAAGCTCTGAACTACAGAGTTTGACCTGAGTATAAATACLTHA7N] )
T2 AGGTATTTATACTCA@GAAACTCTGTAGTTCAGAGCTTAGGTTTGTACT 3)

ATTO 532
T3 [Biotin]  AGTACAAACCTAAGCTCTGAACAGEGTTTGACAAAAGTATAAATACETTO 647N] 3)
T4 AGGTATTTATACTTTTEEAAACTCTGTAGTTCAGAGCTTAGGTTTGTACT 3)
ATTO 532
5.5 Expendable items

Table5: List ofexpendable itemsltems are listed iralphabetical order. *Quartz mioscope slides were
customfitted with four or six Imm-drill holes to attach the tubing for flow chamber used in wiiddd
singlemolecule experiments by the glassblowing workshop of the Faculty of Chemistry and Pharmacy,

UniversityRegensburg.

Item

Manufacturer

1.5ml TubeOne Microcentrifuge Tube
Il ONBRA&AO Hp

YY {&@NRyYy3AS CA

STARLAB Group, Hamburg
Pall Corporation, Port Washington (NY,

USA)
CELLview slides Greiner BieOne, Frickenhausen
DisposabldPasteur pipettes, graduated Roth-Chemie Karlsruhe

Disposable needles Sterican, @®mx 30mm
HSW NORMECT -part disposable syringesril
LoBind microcentrifuge tubes 1.5 ml
Microscope cover glasses (higtecision)
24x60x0.17mm

neoProtectNitrile gloves, powdefree

t F NI FAf VratawyaFdm [ | 0 2

PCR Tubes with Attached Flat Caps

B.Braun Melsungen AG, Melsungen
HenkeSass Wolf, Tuttlingen
Eppendorf Hamburg

RothChemig Karlsruhe

neolLab Migge, Heidelberg
Bemis NA, Neenah (WI, USA)
VWR International, Radnor (PA, USA)

t ALSGGES GALA ¢ALhyYS mnnn STARLAB Group, Hamburg
t ALSGGES (AL uatkddhyS wWnn > STARLAB Group, Hamburg
t ALSGGES GALA ¢ALIhYS wnn > STARLAB Group, Hamburg

Quartz microscope slides ¥&@5.4x 1 mm *

Reagent & centrifuge tube 15ml

Plano, Wetzlar
Polygiences Inc., Warrington (PA, USA)
Sarstedt Nimbrecht

Reagent & centrifge tube 50ml Sarstedt Nimbrecht
RotilabeFEP tube, transparent, OrBm RothChemig Karlsruhe
Rotilaboesyringe filters, PES, sterile RothChenie, Karlsruhe
Safelock microcentrifuge tubes 2.0 mL Eppendorf Hamburg
Tube VERSIL01, 1.6 mm RothChemig Karlsruhe

Two-component epoxy resin adhesive
Vacuum foll
Whatman ME 25 MembranEilters

Faserverbundwerkstoff, Waldenbuch
CASO Design, Arnsberg
GE Healthcare, Chicago (IL, USA)
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5.6 Devices

Table6: List of electronic devices Items are listed inalphabetical order. Microscopy related
instrumentation is listed ifable7 and Table8.

Type Model Manufacturer

Analytical balance Sartorius CP2202S Sartorius Gottingen

Autoclave Sanoclav LaNICS Maschinenbau Wolf, Bad Uberkingen
Hausen

Centrifuge Avanti 325 Beckman CoulteBrea(CA, USA)

Electrophoresis system
Electrophoresis system

Freezer
Freezer
Freezer

Fridge

Fridge

Gel documentation
system

Gel documentation
system

Heating/drying calviet
Heating/drying cabinet
Ice flaker

Incubation shaker
Magnetic stirrer
Magnetic stirrer
Mini-Centrifuge
Mini-Centrifuge
Mini-Centrifuge
pH meter
Photometer

Pipette filler
Power supply
Power supply
Precision balance
Rotation shaker

Tabletop Centrifuge
Tabletop Centrifuge
Tabletop Centrifuge
Tabletop Centrifuge
Thermocycler
Thermocycler
Thermocycler
Thermocycler
Thermomixer
Ultrasonic bath
Vacuum sealer
Vortex mixer
Vortex mixer

Mini-PROTEAN® 3 Cell
Mini-SubCellGT system

Liebherr Comfort
Liebherr Premium

New Brunswick Innova U72E

G

Liebherr UK1720
Sanyo Labcool MPR0
ChemiDoc MP

BioDoelt

T 5090 E
UT 6120
Scotsman MF26

Infors WIE Multitron Pro
Heidolph MR 3002
IKAMAG REG

Galaxy NhiStar
PerfectSpin Mini
Sprout Minizentrifuge
PHM82 Standard
NanoDrop ND 1000

pipetus

PowerPac Basic
PowerPac HV
Acculab Atilon ATR24-|
Roto-Shake Genie

Biofuge 13
Centrifuge5424
Centrifuge 5810 R
MG13

Mastercycler Personal
MJ Mini

MyCycler

Primus 25 advanced
ThermoMixer C
Elmasonic S 30 H
VC100

Reax top
VortexGenie 2

Bio-Rad Laboratories,
Hercules (CA, USA)
Bio-Rad Laboratories,
Hercules (CA, USA)
Liebherr, Bulle (CH)
Liebherr, Bulle (CH)
Eppendorf Hamburg

Liebherr, Bulle (CH)
Ewald Innovationstechnik, Bad Nenndorf
Bio-Rad Laboratoriedjlercules (CA, USA)

UVC LLC, Upland (CA, USA)

Heraeus, Hanau

Heraeus, Hanau

Scotsman Ice Systems, ¥en Hills (IL,
USA)

Infors AG, Bottmingen (CH)

Heidolph Instruments, Schwabach
IKAWerke, Staufen im Breisgau

VWR International, Radnor (PA, USA)
PEQLAB Biotenblogie, Erlangen
Biozym Scientific, Hessisch Oldendorf
Radiometer A/S, Kopenhagen (DK)
ThermoFisher Scientific, Waltham (MS,
USA)

Hirschmann Laborgerate, Eberstadt
Bio-Rad Laboratoriegdjercules (CA, USA)
Bio-Rad LaboratoriedHercules (CA, USA)
Sartorius Gottingen

Scientific Industries Inc., Bohemia (NY,
USA)

Heraeus, Hanau

Eppendorf Hambug

Eppendorf Hamburg

Amicon Bioseparations, Beverly (MA, US
Eppendorf Hamburg

Bio-Rad Laboratdes,Hercules (CA, USA)
Bio-Rad Laboratories, Hercules (CA, USA
PEQLAB Biotechnologie, Erlangen
Eppendorf Hamburg

Elma Schndibauer, Singen

CASO Design, Arnsberg

Heidolph InstrumentsSchwabach
Scientific Industries, Bohemie (NY, USA)
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5.7 Microscope components

Confocal fluorescence microscopy was parfed with a commercial MicroTim200 system
(PicoQuant, Berlin) equipped to perform various fluorescemased measurements. Thus, only
critical components are listed ifable?.

Table7: List of optical components and devices integrated the MicroTime200 confocal fluorescence
microscopeltems are sorted based on function.

Component Model number Manufacturer
Optical table

Optical workstation Vision IsoStation Newport Corporation, rine (CAUSA)
Excitation

Pulsed laser diode head LDHP-FA530B PicoQuant, Berlin

Pulsed laser diode head LDHD-G640 PicoQuant, Berlin
Microscope

Microscope body Olympus IX72

Objective UplanSApo x60/1.20 W  Olympus, Tokio (JP)
Detection

Single photon detector SPCMAQRHL4A-TR Excelitas Technologies,

Dumbery (CAN)
TCSPC module HydraHarp 400 PicoQuant, Berlin

Filter/dichroic mirrors
Bandpass filter emission 582/64 nm BrightLine Semrock, Rochester (NY, USA)

Bandpass fier emission H690/70 Chroma Technology, Bellow Falls (VT, USA
Dichroic mirror excitation ZT 532/640RPC AHF Analysentechnik, Tubingen
Dichroic mirror emission T 635LPX Chroma Technology, Bellow Falls (VT, USA
Narrow band cleanup filter ZET 6380 AHF Analysentechnik, Tubingen

Table8: List of optical components and devices used in the construction of the hdmét prism TIRF
microscopesetup. ltems are sorted based on function.

Component Model number Manufacturer
Optical table
Optical table board HDT 200/25 Opta,Bensheim
Optical table base RMT 3 FAB Opta,Bensheim
Enclosure
Black hardboard plates TB4 Thorlabs Newton (NJ, USA)
Excitation
DPS%aser OBIS 488LS Coherent, Sant&lara (CA, USA)
DPS%aser OBIS 532LS Coherent, Santa Clara (CA, USA)
DPS%aser OBIS 561LS Coherent, Santa Clara (CA, USA)
DiodeLaser OBIS 637LX Coherent, Santa Clara (CA, USA)
Laser control OBISX/LS Scientific Coherent, Sant&lara (CA, USA)
Remote
Camerdlaser signal Multistream Cairn Researchraversham (UK)

synchronization
Postmounted optics

Pedestal base adapter BE1/M Thorlabs Newton (NJ, USA)
Post holder PH50/M-P5 Thorlabs Newton (NJ, USA)
Clamping fork 175 mm CF175C/M Thorlabs Newton (NJ, BA)

Clamping fork 125 mm CF125C/M Thorlabs Newton (NJ, USA)
Optical post 75 mm TR75/M Thorlabs Newton (NJ, USA)
Dielectric mirror BB1EO2 Thorlabs Newton (NJ, USA)

Kinematic mount KM100 Thorlabs Newton(NJ, USA)
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Component

Model number

Manufacturer

Optical post 50 mm

Kinematic base magnetic
Kinematic mount

M4 x 0.7 Threaded Counterbore
Adapter

Variable neutral density filter
Beam blocker

Pedestal pillar

Pillar post

Rotating beam steering assemb
Post clamp

Illumination

XYZranslation stage

Right angle clamp

Optical post 30 mm

Optical post 20 mm

Leng mount

Focusing leres

Angle bracket

X-translation stage

UV fused silica rigkangle prism

Detection

Optosplit 11l emission
beamsplitter
Optosplit filter cube
EMCCD camera

Microscope

DMi8 microscope body
DMi8 optics

DMi8 ocular

DMi8 object stage
Gmount adapter
Objective

Slidemounting frame

Filter/dichroic mirrors

Narrow band cleanup filter
Dichroic mirror excitation
Dichroic mirror excitation

Dichroic mirror excitation
Dichroic mirror emission
Longpasdilter emission
Bandpass filter emission
Dichroic mirror emission
Longpasdilter emission
Bandpass filter emission
Bandpass filter erssion
Longpasdilter emission

TR50/M
KB25/M
KM100SL
CBA4AM

NDG100G4M
LB1/M
RS4P/M
RS300/M
RS99B/M
RM1D/M

VT 4525-XYZSK
RA90/M
TR30/M
TR200/M
LMR1/M
AC254150-A-ML
DTSA03/M
DTS50/M
PS610

P280/310/0LS

P290/000/200
iXon Utra 897

11889110

11889039

11507802

11522076

11541510

HCPLAPO 63x/1.20 W
CORR CS2

K100

ZET635/10
ZT 488RDC
ZT 532RDC

H 568LPXBuperflat
HC BS 560 imaging
488 LP Edge Basic
525/40 BrightLine HC
HC BS 640 imaging
635 LP Edge Basic
595/50 H Bandpass
582/75 BrightLine HC
568 LP Edge Basic

Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJUSA)

Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)

Owis Staufen im Breisgau

Thorlabs Newton (NJUSA)

Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)
Thorlabs Newton (NJ, USA)

Cairn Researgclraversham (UK)

Cairn Researglraversham (UK)
AndorTechnology, Belfast (UK)

Leica microsystems, Wetzlar
Leicamicrosystems, Wetzlar
Leica microsystems, Wetzlar
Leica micreystems, Wetzlar
Leica microsystems, Wetzlar
Leicamicrosystems, Wetzlar

Leica microsystems, Wetzlar

ChromaTechnology, Bellow Falls
(VT, USA)
ChromaTechnology, Bellow Falls
(VT, USA)
ChromaTechnology, Bellow Falls
(VT, USA)
AHFAnalysentechnikT Gibingen
Semrock Rotester (NY, USA)
Semrock Rochester (NY, USA)
Semrock Rocheste(NY, USA)
SemrockRochester (NY, USA)
SemrockRochester (NY, USA)
SemrockRochester (NY, USA)
Semrock Rochester (NY, USA)
Semrock Rochester (NY, USA)
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5.8 Software

Table9: List of software Items are listed in alphabetical ordédnly the most recent veion is listed.

Software Version Producer

Andor Solid 4.31 AndorTechnology, Belfast (UK)

Coherent 3.0.0.8 Coherent, Santa Clara (CA, USA)

Connection

FPS 1.1 Laboratory of Prof. Dr. Claus Seidel, University Dusseldorf

ImageLab 6.0 Bio-Rad Laboratries,Hercules (CA, USA)

iISMS 1.06 Laboratory ofProf. Dr. Victoria Birkedal, Aarhus University,
Aarhus (DK]377]

MATLAB, version R201% The MathWorks, Natick (MA, USA)

Mendeley Desktp 1803 Mendeley, London (UK)

MS Office365 Microsoft Corporation, Redmond (WA, USA)

NanoDrop 1000 3.8.0 ThermoFisher Scientifigyaltham (MS, USA)

Origin 209 OriginLab Corporation, Northampton & USA)

PIEAnalysis in 1.20 Laboratory ofProf. Dr.Don C. LambMU Munich[378]

MATLAB development

(PAM) version

SymPhoTime 64 2.5 PicoQuant, Berlin

UCSF Chimera 1.13.1 Resource for Biocomputing, Visualization, and Informatics

UCSF, San Francisco (CA, USA)
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6 Methods

6.1 Annealing ofDNA oligonucleotides

For the preparation of dsDNA constructs, [ of the appropriate oligonucleotidesTéble4)
were mixed in 2QuL annealing buffer, heated to 9C for 3min and cooled down to 2€C for
80 min using a linear thermal ramp. Annealed DNasvstored at20 °C and freshly diluted prior
to experiments.

6.2 Absorptionspectroscopy

The concentration of proteins and nucleic acids was determined via absorption spectroscopy. To
this end, absorption spectra ahé appropriate wavelength were recordedtivia NanoDrop
absorption spectrometer. The concentration was calculatsihgLambertBee@ law

O 0.3.0 Equation17

Wherecis the concentrationA« is the absorbance at walangth<(<=260nm for nucleic acids,
<=280nm for proteins) < is the extinction coefficient at and d is the layer thickness of the
sample. The concentration of commercial oligonucleotides and supplied proteins was verified
prior to storage. Extirtion coeffcients for proteins were calculated using the webservice
ProtParan{379].

6.3 Preparation ofDNA origamiorce clamps

Scaffold DNAs for the Adenovirus major late promoter (MLP) and U6 snRNA promoter (U6P)
variant of the DNA origami FQaplel5) were kindly provided by Dr. Andréddanuel Vera
(laboratory of Prof. Dr. Philip Tinnefeld, LMU Munich). The purified SSV T6 promoter (T6P) variant
of the FC was kindly provided by Tim Schro@aporatory of Prof. Dr. Philip Tinnefeld, LMU
Munich)

6.3.1 Preparation of doubly labelleggromoter DNA

In order to detect TB#hduced promoter DNA bending via smFRET, two fluorescent dyes flanking
the TATAbox are required. Typically, one of the fluorophoresittached to the template strand

and the other to the nosiemplate strand of the promoter, becaashemical synthesis of a DNA
carrying two modifications is less efficient and hence more expensive. Since modifying the scaffold
DNA for DNA origami FCshwftuorescent dyes is not feasible, both fluorophores had to be placed
in the strand that complemds the promoter regions in the origami scaffold to form a double
stranded and doubly labelled promoter regidinese were prepared from individual DNA strand
that carry either the donor or the acceptor fluorophore, which are ligated via a partially
complementary strand94] (Figurel4). To this end, 1M of the appropriate donor strash(MLP:

F1, U6P: F5Tabled0 = -phospghdylated acceptor strand (MLP: F2, U6R:Tebled) and a
complementary ligation strand (MLP: F3, U6P: Fahled) were annealed in 10AL annealing
buffer, heated to 9CC for 3min and cooled down t@0°C over the course ofl2 For ligation,
20pL 10x T4 ligase buffer, p@ Millipore water and 1QL T4 DNA ligase were added to the
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anneala@l DNAs and incubated for &0in at 20°C to facilitate ligation of the doneand acceptor
coupled oligonucleotids. For purification of the doubly labeled singteanded promoter DNA
strand, the ligated DNA was separated on a preparative denaturing B&gdiTablel0). To this

end, denaturing DNA loading buffer was added to the ligation reaction and the sample was heated
to 80°C and cooled on ice.

IIIIIIII::T:Ilr@f?::}{?:}lllllll\‘l

T

¢ denaturing PAGE

~
rrrrrrrrrrrrrrrrrrrrrrror1rrrrrririri

Figurel4: Preparation of doubly labded promoter DNAfor DNA origami force clampslwo synthetic
oligonucleotides carrying a donogréen) or acceptor ed) fluorophore were annealed to a shorter
complementary strand, ligated and purified via denaturing PRGEt KS pQ Sy R ae@las@kK S 5b!
FNNRGgD tY pQ LIKR@EMIgroup. INBdzLIZ hl Y 0Q

The DNA was separated via electrophoresis at\209er 40min. The gel was visualized under UV
light and the band corresponding to the doubly labelled DNA strand was excised and pulverized
with mortar and pestle. DNA was extracted by agdirmL TBE buffer and light shaking &Cifor

2 h. The gel debris was pelleted via centrifugationrf80, RT, 1500€cf) and the supernatant was
extracted (repeated once). Afterwards, the DNA was predigitdy addition of 0.volumes of

5M ammonium aetate solution(pH 5)and 2.5volumes of 100% ethanol. The sample was
incubated at-80°C for 1h followed by centrifugation (h, 4°C, 15000cf). The supernatant was
carefully decanted, and the DNA wasshkiad by addition of BL of ice cold 70% ethanahd
centrifugation (30min, 4°C, 15000cf). The supernatant was completely removed, the pellet
dried for 10min at 21°C and resuspended in annealing buffer.

Table10: Composition ofa 15% denaturing TBEAGE gelThe volumes of &h component argivenfor
one gel in al mm gel cassette assembfgr the Mini-PROTEAN® 3 Cell. The third column shows the final
concentrations of the&eomponents.

Component Volume (5 nt) Final concentraibn
Amount Unit Amount Unit

Millipore water Add to 5.0 mL

40% (v/v) bisacrylamide/acrylamide (19:1) 1.88 mL 15.C % (viv

TBE (10x) 0.5C mL 10.C % (viv

Urea 1.8 g 6.C M

APS stock solution (10x) 50 L 0.1 % (w/v

TEMED 5 ul 01 % (Vv
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6.3.2 Restriction digestion of origami scaffolds

In order to generate FCs withplN force, the spring DNA was cleaved with BamHI restriction
endonucleaseRigurel5a). To this end, 20QAM of the singlestranded scaffold DNA and 3x molar
excess of the oligonucleotide complementary to the BamHI restriction siteT@tfe4) were
annealed in FastDigest Green buffer by heating the sample f&€36llowed by gradual cbong

to 20°C for 2h. Afterwards, U of FastDigest BamHI was added, incubated &tC37or 4h.
Subsequently, BamHI was heat inactivated at@@r 10min. To evaluate the complete digestion
of the DNA, L of the digested scaffold mixed with Qub Mdori Green Direct and 35L
Millipore water was loaded on a 1% TAE agaroselgdli€11) and separated via electrophoresis
at 80V for 40min. The intact circular scaffoldFigurel5b -BamHI) migrates slower than the
linearized scaffoldRigurel5b +BamHlI) indicating a scessful digestion reaction.

Table11l: Compogtion of a 1% TAEM agarose gdhe given volmes of each component are needed for
one gel in a MinBub Cell GT system. The third column shows the final concentrations of the components.

Component Volume (50 mL) Final concentration
Amount  Unit Amount Unit

TAEM 50 mL

Agarose 0.5 g 1 %(wlv)

a) force clamp scaffold b) M -BamHI + BamHI

51+ .« TACCCGGTACCCGGGGATCCTATGATCAAGGG: - -

3! ATGGGCCCCTAGGATACT

BamH| complementary strand

Figurel5: Enzymatic digestion of force clamp scaffold DN&\.The singlestranded force clamp scaffold

was annealed with a complementary DNA strand generating a double stranded BamHI restriction site (red).
This enabls the enzymatic digestion (dashed line) of the spring region of the force clamp, resultingih a 0
force on the promoterb) Agarose gel analysis of the FC7267_MLP DNA origami with scaffold with (+) and
without (-) BamHI was visualized on a 1% TAEM agagel stained with MidofsreenDirect. M: GeneRuler

1kb Plus.

6.3.3 Thermal annealingnd purification

DNA origamis were assembled as described previg84lyFor the folding reaction, the scaffold
DNA (2M), core staplestrands (200hM), force staple strands (400 nM), biotin adapter staple
strands (2000M) and the complementary fluorescently doubly labelled promoter DNAnsitr
(200nM, Chapter6.3.1) were mixed in folding buffer (total volume 3@Q) and subjected to a
multistep thermocycler protocolTablel2). Afterwards, the origami was pfied by addition of

30puL volume of precipitation puffer and centrifugation (3n, 4°C, 20000cf). The supernatant

was decanted and the pellet resuspended inp®0folding buffer for 3@nin at 3 °C under
constant shaking (300 rpm, ThermoMixX@y. Al purification steps were repeated once. The
concentration of purified DNA origami force clamps was checked via absorption spectroscopy
prior to storage at20 °C.
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Table12: Temperature ramp for the annealing of DNA origami force claps. The DNA origami mix
including all stapletrandswas heated for 2Znin (lid temperature 95C) and subsequently annealed using
a nonlinear temperature ramp.

Temperature Time per °C  Temperature Time per °C  Temperature Time per °C

(°C) (min) (°C) (min) (°C) (min)
65 2 55 75 38¢37 15
64¢61 3 54¢45 90 36¢30 8
60¢59 15 44 75 29¢25 2

58 30 43 60 8 storage
57 45 42 45

56 60 41¢39 30

6.4 Calculation of forces for DNA origami forocéamps

The singlestranded DNA in the spring of the force clamp b& modeled as a freely jointed chain
(FJC) formed by monomers (nucleotides) with a defined lendi(Ly =0.63+ 0.08nm [94]). For
semiflexible polymers like ssDNA, the actual length of an individual stiff chain segment is called
the Kuhn lengthk given as twice the persistence length (for ssONA1.5nm [94]). Thus, the
fully stretched contour lengthc of the polymer chain is calculated &durel6a):

0 0 0 D Equation18
whereNkis the number of Kuhn segments of the chadit>(Ly, Nk<N).
In the FJC, the thredimensional orientation of each segment is random and independent of the
previous segment and every combination of orientations is dyguikiely to occur. Additionally,
seltavoidance is neglected. The polymer chain can adopt ses@nébrmations for each possible
endto-end distanced. The number of possible conformations increases wheis reduced
(d <<Lc, Figurel6b) and decreases, whed is extended d approacheslc, Figurel6c). This
reduction in the number of conformatiorthat can be adopted, however, is accompanied by a
NBERdzOUGA2Y Ay (Th&,inOrdr toyiaQimiz Be/cnthpy bddhé ssDNA chaim
force is exertedbetween thetwo free endsthat reducesd and cdlapses the chain into a more
coillike conformation.

a) = Le | b)
€ D€ HX D€ Dt )
Ly Ly
c)
3/
; ;

Figurel6: Freely jointed chain model of singlstranded DNAa) Singlestranded DNA cahe described as

a polymer chairof a contour lengthlc (fully stretchedpolymer) and an endo-end distanced consisting of
multiple nucleotides of lengthw. In the context of the freely jointed chain model, several nucleotides are
groupd asstiff Kuhn ggments with alength L. b) For short eneto-end distartes(d <<Lc) the chain can
adopt a high number of different conformations (depicted in shades of grawjth the amount of possible
structures decreasing akapproachedc.
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For low forces (longhain, short endo-end distanced <<lLc>>Lx), the aveage forceover
multiple conformationgiFoexetted on each end ofn FJGwith a fixed eneto-end distanced can
be expressed as:

oJQy

0w —
ar 0 D

Equation19

where kg is the Boltzmann constant anfis the absolute temperature. The term in parentheses
effectively is the spring constant of the FCJ following the linear #reeli Sy a A2y 2F | 221
However, at higher forces thgd relation is no longelinear and forthe FJC can be described as

follows:

o Hee)) QY
Q0 0 002 u—~6—Y C)E Equation20

The forceextension behavior of theinglestranded spring DN# well described by modified
FJC modekhich includes a stretchable Kuhn segmg80], termed extensible freely FIC (exFJC)
model:

Q0 0 002 u—~cxj6i 32 Jp 9 Equation21

QY &D Y

whereSis the polymer stretch modulus (for ssDISA800 pN[380]).
For the force clampd =42.84nm is fixed by the origami geometryigurel7a). However, he
double-stranded promoter region inserted into the spring is relativeédyd compared to sSSDNA
(persistence length of dsDN£60 nm [381]) and thus effectively reduces the flexible etadend
distanced. This was accounted for by subtracting the width of the dowilanded promoeér wgs
from d (Figurel7a). Note that each promoter construct has a differewidth and thus the
negative contribution tad and the resulting forcearies(Figurel7b).
Additionally,wgs changes during the experiment, when the DNA istd®nTBRFigurel7c). For
simplicity, forces arecalculatedwith Wmean, the meanwidth of the unbent promotemwynpent and
bent promoterwpent, givenas:

0 0 0 Equation22

0 0 0 ¢ B ATINO Equation23
whereh A a (GKS 0SSy RAY Iwangvi r&SthewiBithsiokili prénoter segyhéts

upstream and downstream of the center of the TAB®x, calculated as:

v 0D Equation24

0 0 D Equation25

where Ny and Np are the number of baspairs upstream and downstream tife center of the
TATAboX, respectivelyls is the length of a single bagmir (s=0.34nm) (Figurel7a). Lcis
determined by the length of the single stranded DNA in ffge force applied to the ends of the
spring can be adjusted by exchanging the set of ten staple strands that fix the position of the spring
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inside the rigidbrigami bodyand control the amount of DNA from the reservoir region transferred
to the spring, andhus Lc (F10¢19, Table4, Chapter6.3.3. Tre parameters of all force clamps
incorporating the three different promoter constructs are listedliablel3.

a ) Woen, o Wmean |
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Figurel7: Forceextension calculation for DNA origami force clampa) Geometric model of the DNA
origami highlighting the doublstranded promoter within the sifg-stranded DNA spring in the unbent,
bent and mean state used fdne calculdion offorces. The upstreanw() and downstreamv(p) segments
are modeled as rigid rods with the bending angl§ ATAbox (blue), spring anchor region (grey) Entropic
force as a function of ssDNA length for all promoter construstslin this work The forces resulting from
the used staple sets are indicated as circld®e shaded area represents the erreaxis error derived from
the error oflLw. ¢) Fluctudion of the entropic force resulting from the length differences between the unbent
and fullybent state of the DNA. 25N staple set (dshedline), 6.2pN staple set (solid line, black, grey),
5.9pN staple setsolid line, tan).
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Table13: Parameters of DNA origami force clam@arameters wereletermined for thearchaeal SSV T6

promoter (T6P) and eukaryotic Adenovirus major late promoter (MLP) and U6 snRNA promoter (U6P)

variant of the FCONu and Nb are the number of baspairs upstream and downstream of the center of the
TATAboxX, respectivelyt is the bending agle of the DNAd is the endto-end distance of the ssDNA and

is the width of the dsDNA promoter for the unbent, bent and mean confoiomatespectively. The 2N
and 6.2pN staple sets are identical to referen@]. The 5.9N staple set was newllesigied for the MLP

(FIOGF19,Tabled).

Parameter T6P MLP U6k
scaffold lengthit] 7283 7267 7285
dsDNA [nt] 51 35 55
Nu 8 16 24
Nb 43 19 31
h 90° 100 100
Waunbent [NM] 17.34 11.90 18.70
dunbent[NM] 25.50 30.94 24.14
Whent [NM] 14.87 9.14 14.41
dbent[NM] 27.97 33.71 28.4
Wmean [nm] 16.11 10.52 16.%5
Omean [nm] 26.73 3232 26.29
W (Wunbent G Whbent) [NmM)] 2.47 2.76 4.29
spring ssDNft] (2.5pN staple set) 143 143 141
F[pN], (2.5pN staple set) 2.5 3.2 2.6
spring ssDNA [nt] (642N staple set) 72 - 70
F[pN] (6.2pN staple set) 6.2 - 6.3
spring ssDNA [nt] (548N staple set) - 90

F[pN] (5.9pN staple set) - 5.9

6.5 Transmission electron microscopy

Transmission lectron microscopy(TEM) measurements were kindly performed by Prof. Dr.
Christofh Engel (University Regensburg) using the listed reagentsample peparation and

equipment and software toalfor data acquisition and analysis.
Electron microscopy grids (copper, 400 mesh; PlanoEM, Germany) wemogiesl with a

around 8 nm-thick caNDb 2 y

a dzLJLJ2 NJi

FAEY 3ISYSNI GSR

gAlGK

Scientific Instruments, UKJ.uL of force clamp solution (10 nM) was applied to gidischarged
grids for 30 s, blotted off and the grids washed for 30 slidtilled water). Grids werdried and
imaged without staining using a JEM2100F transmissiontrele microscope (Jeol, Japan)
equipped with TemCamF416 detector (TVIPS, Germany). A total of 94 micrographs were semi

automatically collected at 40000 magnification (2.7 A/pix) and & defiz&

using the SeridEM software packag§382]. Contrast transfer functiofCTF)estimation and
manual particle picking were carried out in RelidB8&3]. A total of 2133 particles (2x binned; box
size 180 pixels/ 100 nm) were extracted, contrmsterted and 2D classifiednito three classes
with CTFamplitude correction from the first peak onward.

NI y3aS @nf bLuodp
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6.6 Confocal singlemolecule fluorescence microscomxperiments

Singlemolecule fluorescence experiments on freely diffusing complexes in solution were
conducted using a commercilicroTime200 confocal fluorescence microscope. A general
overview of the layout and function of the microscope setup is given in the following paragraph
(bold numbers refer td-igurel8):

The microscope is equipd with pulsed laser diodes for excitation at 538 (LDHP-FA530B,1)

and 636nm (LDHD-G640,2, cleanup filter ZET 635/18) that are combined and directed through

a singlemode fiber. Theexcitation beams are reflected at a multiband dichroic mirror
(ZT532/640RP)) and focused through a waté@mmersion microscope objectiv@planSApo
x60/1.20W,5) into the sample chamber. Molecules diffusing through the resulting confocal
volume are exited and emit fluorescence which is collected using the sanjectibe and then
focusedon a5 Y 02y T2 OB)fA dichojtKdrbr$T 685LPR), separates donor and
acceptor fluorescence. Additional bandpass filters (donor: 982164, 8, acceptor: H690/709)
complete spectral separation of the fluorescersignals. Each filtered photon stream is detected
by an avalanche photodiode detector (SRERIRHL4-TR,10) and processed by a tirmorrelated
singlephoton counting (TCSPC) module dkyHarp 400,11) which allows timestamping of
individual photon detectin events Operation of the microscope and data acquisition was
controlled and performed using the SymPhoTime 64 software package.

a) PicoQuant Microtime 200
sample chamber confocal volume |
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Figurel8: Confocalsinglemolecule fluorescence microscopyA schematic overview of the PicoQuant
MicroTime 200 confocal fluorescence microscope. All components are labeled accordiabléd: (1)
532nm pulsed laser diode LEPFA5S30B, (2) 636im pulsed laser diode LEBIG640, (3) clearup filter

ZET 635/10(4) excitation dichroic mirror ZT 532/640RPC, (5) watenersion objective UplanSApo
x60/1.20W, (6) 5QuM confocal pinhole, (7) emission beam splitter T 635LPX, (8) emission filter FFO1
582/64, (9) emission filter H690/70, (10) avalanche photodiode SRQRHL4-TR, (11) HydraHarp 400.
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6.6.1 Pulsed Interleaved Excitation

For FRET experiments, donor and acceptor fluoroghavere excited using an excitation scheme
called Pulsed Interleaved Excitation (FAEgUrel9). Here two lasersthat are synchronized by a
clock signahre alternate&l on a nanosecond timescalsuchthat every synchronizatiorperiod
contains both laser pulse¥$hus, molecules passing through the confocal volume are sequentially
excited at 5321m and 636m. The direct rcitation of the acceptor enables probing of the
emission of the acceptor independently of FRET to confirm if the detected particle is coupled to
both, a donor and acceptor fluorophore (spectral sorting). This is especially valuable for samples
with incomgete labeling of the biomolecules and samples watHow FRET efficiency that is
indistinguishable from crosstalk effects when dowoly excitation is employed. Consequently,
the information from separate detection channels and excitation events candxbtosspectrally

sort the molecules according tbeir labelling status and to calculate correction factors to account
for crosstalk effects see Chapter6.7.1). A crucial step in utilizing PIE is adjusting the
synchronization period so that the emission after one laser pulse completely decays before the
next pulse. The utilized fluorophores AT3& and ATT@47N have a fluorescence lifetime of
3.8ns and 3.51s, respectively, allowing the fluorescence to deaampletely within the chosen
25ns separation time between pulses.

macrotime |t 't ity oty clock signal
excitation [ ] [ | [
time
' donor detection
detection | : H
: : ] ® . i acceptor detection
T — :
microtime i

Figure 19: Pulsed interleaved excitationln pulsed interleaved excitatioPIE) the sample is excited
separately at 532m and 636 m using pulsed lasers (sqea) synchronized by a clock signal. Emitted
photons (circles) detected after spectral separation are tsteemped with a macrotime, the timgince the
start of the experiment, and a microtime, the time interval since last clock signal. (adapted3T&ih

6.6.2 Diffusion-based singlenolecule FRET nasurements

Prior to sample loading, the sample chambers (Cellview slide, Grein€@rigowere passivated
with 200pL blocking buffer for @min to saturate surfaces with adhering BSA and washed once
with the appropriate sample buffer. Fluorophores wenecged using PIE with a pulse frequency
of 40MHzat 532nm and &6 nm with a set power 020 pW each.All subsequenexperimental
conditions were tailored to fit each specific sample and are listed separately below:
i.  Measurements with DNA origami FCs ahdmantranscription factors Chapter7.3)
For steady state measurements, complexes were formed withN@®NA origami force

clamp (MLP or U6P) and a combination of 20 nM HsTBRVI28sBrf2, 2&M HsBdp1,
2uM TFIIA and 200 nM B and incubated for 30 min at room temperature in W78
buffer. Control reactions contained the corresponding linear promoter constructs (MLP:
F1F2+F4, U6P: F5F6+F8bled). The sample was transferred toettprepared sample
chamber and signals of diffusing molecules were collected foni&0
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For time course experiments, 20/ DNA origami in 1x TKBbuffer were loaded into the
sample chamber and data acquisition was started to measure the unbound DNA state.
After 2 min, 20nM HsTBP was added to initiate complex formation. Data acquisition was
continued for 30min.

ii.  Measurements withS acidocaldariugranscription factors (Chaptei7.4.1)
To facilitate complex formation, 0rffM SSV T6 pmoter (S1+S2;Tabled) and a
combination of 1.4M SaTBP, 0.38M SaTFB and 1.05 puM or 2.1 uyM SaTFB2 were
incubated for 20 min at 65 °C in 20 48 buffer. Afterwards, 30 uL Sa3 buffer (preheated
to 65 °C) was add and the sample was transferred to the prepared sample chamber.
Data were collected for 3tin.

i.  Measurements withP. furiosustranscription factors (Chaptei7.4.2)
To facilitate complex formation, 56M of either a SSV T6 promeo (S1+S2Tabled), a
native pf1089 promoter (Ra, T1+T2,Table4) or a TFBRF1 promoter with a consensus
TATAbox and BRE {R, T3+T4Table4) and a combination of 0,3M PfTBP, 0.aM PfTFB
and 0.3uM PfTFERF1 were incubated for 5 min at 65 °C in PfZdsuffterwards, the
sample was transferred to the prepared sample chamber. Data were collected f@n30
For time course exgriments, 500M R or Peon promoter and a combination of 08V
PfTFB and 0,3M PfTFERF1 in PF2 buffer were loaded into g@mple chamber and data
acquisition was started to measure the unbound DNA state. Aftain? 0.3uM PfTBP
was added to initis# complex formation. Data were collected for @ at room
temperature.

i.  Measurements with DNA origami FCs and archaeahsciiption factors (Chaptei7.4.3
For complex formation, 2pM SSV T6 promoter force clamp andu®d MjTBP or 10QiM
PfTBP and 20M PfTFB were incubated f@ min at RT inVlj2 buffer or Pf2 buffer,
respectively. Afterwards, samples were transferred to the sample chamber and data were
collected for 30min.

6.7 Data analysis for confocal fluorescenogcroscopyexperiments

Analysis of data collected during confocal FRET measurements was performed with the software
package PANI378]. The data file generated by a PIE FRET experiment contains the continuous
photon streams detected by both detectors. Each photon was designated twestianeps: i) a
macrotime, the runtime of the experiment at the detection everfigurel8b) and ii) a microtime,

the time interval between the last clock signal and the detection eveigufel8b). The latter is

used to determine whether a photon resulted from a 588 (donor excitation) or 636m
(acceptor excitation)aser pulse. Thiis accomplished using defined time gates on the microtime
information. Donor and acceptor excitation laser gerd were separated by a 2S time gap,
resulting in a total 5@is synchronization period. All photons detected during the firsd256f this

time window were defined to originate from donor excitation and consequently, photons
detected in the latter 2%s resulted from acceptor excitation. In PAM, these information in
combination with the respective detector signals (donor/acceptor) are usesbtophotons into

three socalled PIE channels: i) , donor detection upon donor excitai® @onor signal),i)
acceptor detection upon donor excitatiorDf FRET and crosstalk) and iii) acceptor detection
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upon acceptor excitation, AA acceptor signal(Figue 20a).Burst search and determination of
FRET efficiency

a) b) All-photon burst search
donor acceptor
N<M N>M
excitation  excitation "o @ Ao oo 000 | 1T o !
DD d
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Figue 20: PIE channel definition and burst search in PA&)IData from singlemolecule FRET experimant
employing pulsed interleaved excitation (Ph€re processewith the PAM software packagéhotons are
sorted based on the excit@in laser pulse and the detdoh channel The excitation laseassignedo a
photon is determined by its microtiméo) The photon bursts emitted by diffusing single molecules were
extracted from the photon stream usingne oftwo availableburst search gorithms: allphoton burst
search slides a time window of duration T over thece of all detected photons and detects a burst, if the
number of photons (circles) within the time window N is greater than the threskioldere:M =3). A dual
channel burstsearchoperates in a similar walgut separately on all photons originating frodonor and
acceptorexcitation, respectivelyindicated by background colorDnly burstan which photons in both
channels araletected areselected for further processingte synchronization clock signal is indicated by
grey dashed lines. Grayed outgihns are ignored for theespective search.

Bursts of photons emitted by single molecules were extracted from the PIE chsomtesdl photon
counttime traces using a burst sedn algorithm. The variant used in this work employs a sliding
time window of diration T centered around individual photons that is moved along the time axis
of the photon stream and identifies a burst if at ledsphotons lie within the window. As a fiha
filtering step, all bursts with a total photon countavere excluded from the search.

PAM implements two variants of the algorithm: a search on all photons togethgrh@ibn burst
search, APBS) or independgmnn photons resulting from donor (DD+Dakd acceptor excitation

(AA), keeping only bursts detected in both searches (dbahnel burst search, DCBS)
(Figue 20b). The APBS includes signals from molecules that are labelled only with a donor or
acceptorfluorophore. These signals are required for the calculation of correction factors (Chapter
6.7.7). The DCBS excludes these molecules, yielding only signals from doubly labeled molecules.
The burst search parameters were adjusetording to the sample under investigation. For an
APBS, the FRET efficiency of eagttas proximity ratiderand the raw stoichiometry factd®aw

were calculated as:

O — Equation26

Y n - - Equation27

whereNop, NoaandNaaare the number of photons detected in the respective PIE channels. These
were used to calculate the donor leakage and direct excitation correction fadtorsDCBS, the
FRET efficiendyand the stoichiometry factoBof each burst were calculated as:
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o 0 o X o _
D 5 o T Equation28
o r 0 o D o A
Y Equation29

P 0 I o D o D
where Ceak iS the correction factor for donor leakageyir is the correction factor for direct

excitation of the acceptors and ; are the detectionand excitation correction factors (Chapter
6.7.0).

6.7.1 Calculation of correction factors

In order to determine accurate FRET efficiencies, the burst data were corrected for the
contribution of crosstalk effects (donor leakage and direct excitation of the acceptor), different
detection efficiencies and quantum yields of donor and acceptor fluorophertadtor) and
different excitation efficiencies of donor and acceptp+féctor). Domr leakage occurs when the
donor emission is detected in the acceptor channel, due to incomplete sesetparation. The
correction factorceakwas determined from the proximity ratio of the donor only populati®r
(0.8<Saw<1.1) in APBS bursidtograms as:

’ O

W

— Equation30
p O j a

Analogously, the correction factas: was calculated from the raw stoichiometry factor of the
acceptor only populatio®awaa(E>0.1,-0.2 <Saw <0.2):

5 Y - Equation31

The correction tool utility of ta PAM Burst Browser was used for this purpose. The APBS
histograms of all measurements (with identical fluorophores) recorded in one session were pooled
and Brppand Saw.aa Where determined by fitting the respective population with a Gaussian
distribution (Figure21a).

Subsequently, these correction factors were applied to the respect®BP histograms of all
pooled measurementt calculatethe r- andi - factor using a global fit on multiplé Sseparated
FRET populations. First, all populations were fitted using one or multipleditwensional
Gaussians to determine the me&mand Spostions, which were plotted as SversusE A linear

fit wasperformed to obtain the slopen and yaxis intercepin to calculate ther and s factor as
(Figure21b):

[ Equation32

T & a p Equation33

Correction factors were calculated for datasets acquired at the same day. Fully corrected dataset
(Figure21c) were used for further analysis.
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Figure21: Determination of correction factors for anfocal SmMFRET data) The correction factors for
donor leakageeak and direct excitation of the acceptatir are determined fronEed Saw histograms based

on an aliphoton buist search (APBS). Fnkk, the mean FRET efficiency of the dowaly population (green
circle) and forcair, the mean stoichiometry of the acceptor only population (red circle) are determined by
Gaussian fits (insetsh) The excitation and detection ocection factor/- and r- are calculated fronTeak

and cqir correctedE Shistograms based on a dual channel burst search (DCBS). TheermedSvalue for

at least twoH Sseparated population are determined via Gaussian fits (blue circles) and a linear f& of 1/
vsE(inset) determines the-axis intercept and slop&) TheGeak, Cdir-, 7- and /- corrected histogram has a
mean stoichiometry 06=0.5. The cumulativEand Shistograms of the current (black) and previous (blue)
step are showrfor comparison.

6.7.2 Calculation of FRET efficiency histograms

The final analysis of corrected DCB®&bdata was performed with Origin 2019b. FRET efficiency
histograms were calculatefrom all bursts using a binning range aflOwith a bin size of 0.025
(40bins). Histograms were normalized to the total number of counts and the mean of each bin
was catulated for three technical replicates to generate the final histogram. To deterthime
mean FRET efficiency of each population, the data were fitted with a Gaussian distribution using
one or multiple peaks with axgd yoffset of0. Additionally, expements with DNA origami force
clamps which showed a medium FRET density were fittiéldl avtriple Gaussian fit due to a
medium FRET densitfg£0.4¢0.5) that was observed in all origami experiments involving
proteins, but not in control measurements witlhéar promoter constructs. Therefore, this effect
seems to have no connection to the biological system. To account for this density during data
analysis, the additional Gaussian with a fixed area was added to improve the overall fit quality but
was not intuded in the analysis.

6.7.3 TBRinduced bending probability

The TBHDNA system can be modeled as fluctuating between two discrete energetic states: the
low-energy unbent state and the higgnergy bent conformation. In equilibrium, the probabilRy

of encounteing the system in the respective state is directly proportional to the relative
distribution of bent and unbent molecules. Thus, the bending prditalof TBPPen: can be
calculated from the ratio of the low (unbent) and high FRET (bent) populationsumeshin
equilibrium smFRET experiments as:

- ®
V] T Equation34
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where a.rand agrare the areas of théitted Gaussian$or the low FRET efficiency and high FRET
efficiency populationThe probabilityd RSLISY RSy 2y (KS Rbhem@8&BNBYy OS
the two states given by the Boltzmafactor:

O y
v Q Equation35

where, kg is the Boltzmann constant an@ithe absolutetemperature. Tha G cd&nbe calculated
as:

o .0 o
Yo | IG Q7Y Equation36

When force is applied to the promoter, tesultingchange in the probability distribution can be
describedby the Boltzmann distributian

. Q
v —m Equation37
B QO
wherep; is the probability of staté, ; is the energy of state andM is the total number of states
available to the system. Thus, for the two ##dDNA/TBP system, the force dependent bending

probability can be calculated as:

<
@

v 5 Equation38

3
A A
4 K S N&pwiskthe differencen free energy between the urent and bent state at ®N, Fis the

force applied to the prom@NJ 5 b ! wlisyfhR enkito-end distance change of the dsDNA
LINE Y 2 U S NJ vt =D Foivtlse yiribentskate)

6.7.4 Dwell time calculation for diffusiorbased experimets

Data were processed as described above. All bursts were sorted according to their FRET efficiency
population and binned by macrotime using a range appropriate for the respective complex with a
bin size of 2nin. Low FRET and high FRET bins were noeaitdithe combined sum to determine
relative ratios of both populations over time.

For complex association experiments, where TBP was added after the start of the experiment,
fitting the decaying unbent population to a momxponential model yields theomplex assembly

rate superimposed with the simultaneous complex disasserkbly® and the low FRET ratio in

the new equilibrium (l]new- A perturbationrelaxation kinetics modelas usedo extract both

rates from the datg384]. The modeDNATBRsystem is in an equilibrium of two states: the
unbent state and the bent state.

G AATUBMALLL A AT 6 Equation39
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Wherekpent is the bending rate an#linvent is the unbending rate. Converselyipvent and _pentare
the mean lifetimes of a molecule in thmbent or bent state. The equilibrium constais given
by the ratio of bent and unbent fractionb][and ]:

® p o6 10O
3 = Equation40

0 ;
0 Q

The system iperturbed by a change in the TBP centration (spiken of TBP after the start of
the experiment) and will relax in a first order process to its new equilibri8mcekpen: is
concentration dependenthe unbent fraction §i] will vary according to

o 0o o O~ Equaion 41

The amplitudeAis the change of the unbent fraction and the new equilibrium unbent fraction is
[ulnew- The relaxation time is given by both rate constants:

t ) ) Equation42
With the new equilibrium constariew:

. p 0O

V] 5 Equation43

and the relaxation time, both rate constants can be calculated for the new equilibrium as:

.. L

EART &7 P Equation44
20  p

Esi AATZG i 5 Tp Equation45

6.7.5 FRET2CDE filter

In order to assess whether molecular complexes showed conformational dynamics on the
microsecoml timescale, that is, during the transition through the confocal volume and at the level
of individual photon bursts, the datavere analyzed withthe FRE-RCDE tvo-channel kernel
based density distribution estimator) filter implemented in Pf885]. In essence, thiélter grades
individual bursts based on the stability of the donor/acceptor photon ratio ¢herduration of
the burst. This is achieved by calculating the local FRET effi¢tecy) around each donor
photon Eqca,pin analogy tdEquation26 as:

P LOQ

O v +—0 /= — Equation46
Y VLOQ@ vOOj

where Ny is the number of photons in the donor detection channelO'Q, (kernel density

estimator) is the density of donor photons around tRedonor photon and) ‘O'Q, is the density
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of acceptor photons around thé& idonor photon. For a static distriltion of donor and acceptor
photons, Bqcaip CONverges to the averagér (Figure22a). However, for nosstatic distributions,
time intervals wih low FRET efficiency are considered more often, due to the inherently higher
number of donor photons and in turn gain a higher weight in the calcul&iens In such a case,
EocaipcONvVerges to values lower than the averdge(Figure2200 @ { AYAf I NI &3 (GKS
Cw9¢ STFAOASYOe¢ | NRdeyaRulafesd@3:K NBR LIK20G2y oM

o P 5 LOQ
A - : : E i
p ho 5 L0G 000G quation47

where Nxa is the number of photons in the acceptor detections chanbed Q is the density of
acceptor photons around thé"jacceptor photon and) ‘O'Q, is the density of donor photons

around the {" acceptor photonAccordingly(1 - BlecaiacOnverges to the average-Ervalue for
static photon distributionsKigure22a) and values smaller than the averageBxfor non-static
distributions Figure22b). CombiningEquation46 and Equation47 yields the final fom of the
FRERCDHilter:

&2 %EA# $ Y% p ip TAO p ©O R Equation48

Forastatic inburst photon distributiorthe FRET2CDE valuis 10. For bursts showinfjuctuations
in FRET efficiency, the termparenthesis becomesZ and thus FREACDEvalues become 0.

a) static FRET efficiency b) in-burst FRET efficiency fluctuations
local high FRET o local low FRET

Q Q Q@ Q donor detection Q Q@ QO QQQ @

o 3 : ; ' : A VYOV, V:

B 5 photon for local calculation — 3 B —
I.LTO time
o0 o0 0 o 0 acceptor detection @0 o © 60 o o
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o
o
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= 66 006 0o o0 acceptor detection 66 © 006 &) o)

Figure22: Working principle of the FREICDE filterThe filter calculates the average local FRET efficiency
arounddonor photonsEocaip by estimating the localonor/acceptorphoton density green/red cames) and

its counterpart (1¢ Bocaia by estimating the photon density arouratceptorphotons.a) For static FRET
efficiency across the burst, the local photon density is evenly distribute&or fluctuations in the local
FRET efficienciaocaip gives more weight testretches of local low FRET efficiency and Elocaia gives more
weight tostretches of local highFRET efficiency.
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6.7.6 Fluorescence correlation spectroscopy

In fluorescence correlation spectroscopy (FCS), time dependent change niz@ NBE & OSy OS

seltsimilarity is used to infer information on diffusion behavior. This is accomplished by

calculating the autocorrelation functio&(tcor) as:

oo o O
600 O

00 p Equation49
wheretcor is the correlation time] is the signal intensity antis the experiment time. Triangular
brackets denote the timaveraged value. Generallyowly diffusing speciedisplay a higher auto
correlation at hightcor, as the molecule stays inside the confocal volume for extended periods of
time. The inverse holds true for fast diffusing species.

FCnalysioof DNA origamis and short linear DNA swwactswas performed \ith the PicoQuant
software package SymPhoTime 64. The autocorrelation of the acceptor signal for an arbitrary
10min interval of each dataset was calculated andi¢ resulting curve was féd to anexponential

decay model that alsaccounts for photoblinking of the observed fluorophokeish one (linear
dsDNA) or two (origami) diffusion componensif):

ME
R — o Equation50
P+ P 7

"00 p YA  p

where T is the fraction of triplet state moleculesy is the lifetime of the triplet state;; is
contribution of the 1 diffusing species arfdis the length to diameter ratio of the confocallume.
Note, that the diffusion times given were calculated with a +oafibrated confocal volume and
are only comparable within the respective dataset.

6.8 TIRF microscopy experiments

For the experimental pardf this work, a TIRF microscope with singielecde sensitivity was
constructed to conduct measurements on immobilized molecules. A detailed overview of the
construction is given i€hapter6.10. The general layout and function of the system will be given
in this section (boldhumbers refer tarigure23):

The TIRFnicroscope is equipped with four continuous wave lasers for excitation ahdg8
532nm, 561nm (OBI$.S,1¢3) and 63/m (OBIS 640LX, cleanup filterZET 635/105). For
experiments in this work, only a maximum of two lasers were wedltaneously. The excitation
beams are combined with dielectric and dichroic mirr@s8j and focused onto the sample. The
biomolecules in the sample are immobilized in a custmriit sampé chamber consisting of a
quartz microscope slide and covershpith the sample volume sandwiched in between
(Chapter6.8.3. The excitation beams are guided through a quartz prnth@t is connected to

the sanple chamber with a thin layer of glycerol to create a uniform light guide. The incident angle
of the excitation beam at the quartz/buffer interface is 72°, which is greater than the critical
angle ciica=65°, and thus the light is totally internallyfiected at the quartz/buffer interface.

The sample immobilized on the quartz slide is excited by the resulting evanescent field that
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reaches 116130nm into the samplgEquation13). Assuming a height of 1Qfm for the sample
chamber this reduces the background signal by a factor of 830 WOnI2OOum). The
fluorescence is collected by a water immersion objectd€RLAPO63x/1.20W CORRES210)
anddirected to an Optosplitll emission beamsplitter that incorporates all optical components for
spectral separation of up to three channels. An aperture adjusts the entering emission. A dichroic
mirror (HC BS 640 imagingyl) splits the emission into don@nd acceptor fluorescence, which

are passed through additional bandpass filters (dob82/75 BrightLine HQ2, acceptor635 LP

Edge Basjcl3) to complete spectral separation. Each filtered signal is detected and spatially
separated on the same EMCCéamea (iXon Ultra 89714).

Prism TIRF

glycerol

| quartz slide
[ buffer

' cover glass

e
N

emission beamsplitter

I | B apperture

R

® © © ©
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dielectric mirror x
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dichroic mirror %

Figure23: Total internal reflection fluorescence(TIRF)microscopy.A schematic overview of the home

built prism TIRF microscope. All components are labeled accordifighie8: (1) 488 m laser OBIS 488LS,

(2) 532nm laser OBIS 532LS, (3) 5®d laser OBIS 561LS, (4) B®&1 laser OBIS 561LS, (5) clearfilter

ZET 635/10, (6) dichroic mirr@T 568PXR superflaty) dichroic mirrorZT 53RDC, (8) dichroic mirr@T

488RDC, (9) quartz prism PS610, (10) water immersion objective HC PL APO 63x/1.20 W CORR CS2 (11)
emission beam splitter HC BS 640 imaging, (12) emission filter 582/75 BrightLine HC, (13) emis&igh filter

LP Edge Basic, (14) EMCCD caixena Ultra897, (15) camera/laser synchronization device Multistream

EMCCD camera

modulation

&
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®
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6.8.1 Alternating laser excitation

For FRET experiments, a special illumination scheme called alternating laser excitation (ALEX) was
used, which functiog analogous to PIE apter6.6.1), but on the millisecond to microsecond
timescalg[386]. With ALEX, the donor and acceptor are individually and sequentially excited.
Combined with the separatdetection of donor and fluorophore emission, the ALEX excitations
scheme allows to verify the existence of both, a donor and acceptor fluoropboreach
measured particle. The fluorescence intensity of each individual fluorophore can then be further
usedto calculate correction factors to account for crosstalk effects caused by imperfect spectral
separation Chapter6.9.1). ALEX is integrated in the TIRF setup via the commercial Multistream
device Figure23150 G KI G &a&y OKNER y A I-t&yger sighabwittOtheY1&setd and F NI Y
modulates their intensity in a manner such that only one of the two used lasers is active per given
frame.

6.8.2 Passivation of microscope slides

Tofacilitate surface immobilization ofittin-modified nucleic acids, the quartz microscope slides
used for widefield singlemolecule experiments were functionalized with bietioted PEG. This
modification also limits the unspecific adherence of protedmsi nucleic acids to the charged
quartz surface[387], thus reducing the background signal and aitay/finer control of protein
concentraton in solution (reviewed ifiL5]).

Prior to functionalization, quartz microscope slides were cleaned in freshly prepared
peroxomonosulfuric acid for 3@in and washed three times with Millipore water followed by
incubation in2%Hellmanex washing solutidor 20min and a further washing stepitlr Millipore
water under sonication for 1in. From this point on, all preparation steps where additionally
performed with microscope cover glasses.

Microscope slides and cover glasses were incubated in methan@0fmin and sonicated for

5 min. For dane modification, the slides and cover glasses were incubated in a freshly prepared
silane coupling solution for 1fin, sonicated for Inin and incubated again for IQin.
Afterwards, the slides and cover glassesevensed with methanol five times, aadditional
20times with Millipore water and dried for & at 37°C. For PE@odification, 10QuL of freshly
prepared PEG passivation solution was sandwiched between a slide and a cover glass. The slides
were placed a elevated racks in closed boxes abawwater film and incubated for R in under
humid atmosphereAfterwards, slides and cover glasses were separated, rinsed with Millipore
water 20 times and dried at 3T (23 h). The fully dried slides and cover gles were transferred

to 50mL centrifug@ tubes (one slide and one cover glass per tube), vaeseated in those tubes
and stored at20°C.

6.8.3 Flow chamber preparation

For the construction of flow chambers, the passivated quartz microscope slides and essesg|
were equilibrated to room temperature before breaking the vacuum seal. The assembly scheme
is depicted irFigure24:
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b) light pressure

I 90°C

Figure24: Flow chamber assemblySchematic workflow for the ass®ly of a flownchamber for widefield
singlemolecule experimentsa) A Parafilm sheet (gray) with cut channels connects the drill holes of the
microscope slide (bluep) The stacked slide, parafilm and cover glass (cyan) are fused by heat and pressure.
¢) Cut pipette tips (white) are inserted as tube adaptets0.4mm tube pieces (yellow) as adapters are
fixed with epoxy resin (orangeg) 0.1 mm tube (black) for samplmading sealed with epoxy resin.

f) Syringeneedle (purple) and inL syringe (pinkpr sampleloading sealed to one tubger channel.

a)A sheet of Pafilm with incisions connecting the drill holes is sandwiched between a
microscope slide and a cover glass ajdheated to 90°C on a flat surface under light pressure
(e.g. a heated matgtic stirrer) until the Parafilm becomes transparent {B320s). c) After
cooling, the lower Tam of a 1QuL pipette tip are cut and inserted into the drill hold3A 10mm
piece of a 0.4nm tube (tube VERSILON) is placed over the pipette tips anddsteatlee quartz
slide with Smin-epoxy resine) After hardening oftie resin, 1§20 cm pieces of 0.inm FEP tubes
are inserted into the 0.4nm tubes and sealed withrin-epoxy resin and hardened agafhFor
eachflow chamber channel, one tube is equagpwith a syringeeedle for the attachment of a
1.5mL syringe forample loading, sealed with epoxy resin and hardened.

6.8.4 Photo-stabilization

For quantitative FRET measurement on immobilized complexes a stable fluorescence emission of
the dyes is requiredver the time course of the experiment (seconds to minutes). Thenham

factors that can impair fluorophore stability are: i) photobleaching, the irreversible conversion of
the fluorophore to a norffluorescent species, and ii) blinking, a transient cosiom of the
fluorophore to a noremitting species.

Reactive oxygespecies are primary contributors to photobleaching as they can rapidly react with
exposed chemical groups of the fluorophore, thereby disrupting the delocaligéetctron system
resulting in nonfluorescent dyesThis can severely limit the observatiomé or the number of

usable traces in an experiment. In order to decrease the impact of reactive oxygen species, the
sample buffer is supplemented with an enzymatic oxygen scavengingnsytbt depletes
molecular oxygen (§. The most commonly used systémbased ora combination of glucose
oxidase/catahse [388] or protocatechuatedioxygenasd389]. Thefirst variant is employedor
experiments in this workFjgure25a0 @ Ly (KS ¥ A NDgllcoselss bxiliaedl 2oyD & (i S LIz
gluconel,5lactone by glucose oxidase under the consumption cdrd the release of hydrogen
peroxide (HO,). The resulting Byluconel,5lactone can hydregize in the aqueous buffer to
D-glucont acid.Catalase converts ¥, to water and Q. The accumulation of gluconic acids can
reduce the pH value of the buffer over prolonged experiments. This is mitigated by using a high
buffer capacity (typically 10&M).
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Photoblinking is a recurring trangiti of the fluorophore to a dark stafeusually on the
microsecond to millisecond timescaJ@90]. Blinking is mainly induced hisiplet states[391],

radical ion§390] and isomerization of the fluoropholf@92]. Triplet oxygerefficiently quenches

dye triplet statesand thereforeplays a key role in modulating dye stabiliThus, the degition of

O incurs an increase of blinkif@93]. Blinking is especially detrimental for quantitative studies

of DNA/protein dynamics as no information is gained on conformational transition occurring
RdAzZNAYy 3 (GKS Ff dz2 NB LK 2 NB Quifer B &ddlitiosslyi supperdentéd2witiNS Y S R @
reducing and oxidizing system (ROXS) that depopulates triplet states via electron transfer and
quickly recovers the formed radical ions through the complementary redox reafBo4
(Figure25b). The variant employed in this work uses the ROXS pair trolox and its oxidized form
trolox quinoneg[394¢396] (Figure25c).

a) 3-D-Glucose D-Glucono-1,5-lactone D-Gluconic acid
HOW HO\'
H,0
HO.,, Glucose HO,, | 2 C')H CE)H (0]
' oxidase 9 HO\/\/?\)k
+ 0, : : OH
NN ; \
HO 1 OH HO Y 0
i H,0, i H,0 OH OH
OH OH

Catalase

2 H202 I 02 + 2 H20

Trolox

c)
OH
0

Trolox quinone

T
- +
R R OH
OX red 0 OH
0
0

Figure25: Mechanisms of photestabilization. a) The combination of twaenzymecatalyzed reaction is
used to deplete molecular oxygen in the sample buffer for singiéecule FRET experimenitsD-glucose

is oxidized to Byluconoel,5lactone by glucose oxidase under release of hydrogen peroxide. Imtlemas
buffer, DGluconel,5lactone hydrolyses toQluconic acid. The resulting hydrogen peroxide is converted
to water and molecular oxygerylithe enzyme catalase) The fluorophore is excited (ex) to the éxcited
state and relaxes under emissionflaforescence (fl). Inter system crossing (ISC) competes with fluorescence
and leads to the formation of the triplet state (T) that can slowlgxesia emission of phosphorescence (p).
The ROXS system (black lines) rapidly depopulates the triplet statedvietion (red) or oxidation (ox) of
the dye leading to the formation of a radical aniom)(Br radical cation (R The radical ions are
subgquently recovered to the ground stateofSvia the complementary redox reaction (adapted from
[396]). c) Molecular structure of the ROXS pair trolox (reducing agent) and toplmone (oxidizing agent).

b)




76

Methods

6.8.5 Surfacebased singlemolecule FRET measurements

Singlemolecule FRET measurementsimmobilized DNA/protein complexes were carried out in
custombuilt flow chambers Chapter 6.8.3. For all experiments, the flow chamber wésst
incubated with 0.Jmg/mL NeutrAvidin solution for 5 min and washed with 500 pL TBS. This step
is crucial to enable surface immobilization of biotinylated oligonucleotides. All subsequent
experimental condibns were tailored to fit each specific sal@@nd are listed separately below:

Conformational dynamics of a DNA Holliday junctig@hapter7.1)

The chamber was flushed with the arated Holliday junctionTable4, annealed with
H1+H2+H3+H4, afterwards diluted tod@ in TBS), incubated until a density of 2800
molecules per field of view was reached andstvad with 50QuL Tris/HCI (pH 7.5).
Afterwards, the chamber was flushed with 280 Tris/HC{pH8.0)}photo-stabilization
buffer supplemented with 2200mM MgC}. The sample was incubated forn before
video acquisition was started in order to allow fibre oxygenscavenging reaction to
proceed. The fluorophore Cy3 was excited at BB2(donor excitation, no ALEX) with a
set power of 5nW. Videos of 40@cameswere recordedat a rate of 2Hz with an EM
gain of 200. Depending on sample densityl @ viccos were collected per experimental
condition.

Measurements withlinear DNA constucts and human TFIIEChapter7.2)
The flow chamber was flushed with the annealed U6P DNablé4, annealed with

Ul+U2, afterwards diluted to 8M in TBS), incubated until a density 2060c300
molecules per field of view was reached and washed with|BOOBS. Afterwards, the
chamber wadlushed with 25QuL T78photo-stabilization buffer supplemented with a
combination of 1M HsTBP, @M HsBrf2 and/or hM HsBdpl. The sample was
incubated for 5min before video acquisition was started to facilitate complex formation
oxygen depletionThefluorophores ATTG32 and ATT®47N were excited using ALEX at
532nm and 637m with a set power of 3thW and 50mW, respectively. Videasf 400
frameswere recordedat a rate of 4Hz. Depending on sample density 15 videos were
collected per experimatal condition. In order to assess the complex stability, the sample
chamber was then flushed with 5QL T78 buffer to wash off any ndiound proteins
Afterwards, the chamber was flushed with F@8oto-stabilization buffer and incubated
again for Gmin before another set of videos was taken.

Measurements with DNA origami FCs ahdmantranscription factors(Chapter 7.3.3

The chamber was flushed with the biotiatgd U6P force clamp (diluted to P/ in
folding buffer), incubated until a density of 20800 molecules per field of view was
reached (520s) and washed with 500L folding buffer. Afterwards, the chamber was
flushed with 25QuL T78rphoto-stabilizationbuffer supplemented with 1@M HsTBP.
The sample was then incubated fonbn before video acquisition was started in order to
facilitate complex formation anaxygen depletion The fluorophores ATT&B2 and
ATTGB47N were excited using ALEXG82nm and 637/m with a set power of 30 and
50mW, respectively. Videos of 6@@&meswere recordedat a rate of 4Hz. Depending
on sample density, K15 videos were collected per experimental condition.
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6.9 Data analysis folf IRF microscopy experiments

Thevideos were analyzed employing the iISMS software padi@@ For the detection of doubly
labeled moleculespots, the donor and acceptohannel regions within the video were defined
and overlaid. Molecule spots were detected using a signal to noise threshold of 50/30 for Cy3 and
Cy5 and 100/150 for ATTO 532 and ATTO 647N. Donor and acceptor molecule dpota wit
3 pixels distance (254m per pixel) were considered as-mcalized and subsequently analyzed.
Fluorescence intensitime traces were calculated from a pixel group that averages the
intensity point spread function (PSF) of each molecule spetaVhrage intensity of all dapixels

on a 2pixel radius around the center was subtracted as a background corre¢tignré26a).
These traces were corrected for donor leakage, ptaredirect excitation and using the tools
implemented in iISMSJhapter6.9.1). Afterwards, the FRET efficiendi&nd stoichiometry values
Swere calculated as:

0O v - - - Equation51

rJo O ® JO o J0

30 0 ©, ® J0 & J0 Equation52

wherel is the averagdluorescence intensity before the first bleaching event. The indices DD and
DA denote donor and acceptor detection after donor excitation, respectively. The index AA
denotes acceptor detection after acceptor excitatiamax is the correction factor fordonor
leakage cir is the correction factor for direct excitation amds the detection correction factor.
Note, that noy-correction was applied as the software does not support this function.

6.9.1 Calculation of correction factors

TheiSMS correction tool calculates correction factors from individual time traces. Donor leakage
occurs when the donor emission is detected in the acceptor channel as a result of incomplete
spectral separation. The correction factpkkis calculated fromlfiorescence intensityime traces
showing acceptor photobleaching &dure26b):

. Ok
w - '
O r Equation53

Wherelpadenotes the average fluorescence intensity of the acceptor upon donor excitation and
loo,2 IS the average fluorescence intensity of the donor upon donor excitatior) efter the
acceptor has bleached. Direct excitation of the acceptor aceihren the emission spectrum of
the laser used for donor excitation overlaps with the acceptor absorption spectrum.
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Figure26: Determination of correction &ctors for wide-field sSmFRET experiments) Video images of
detected siigle molecule spashowing donor and acceptor fluorescence and the resulting fluorescence
intensity-time trace. Raw fluorescence intensity was calculated as the average opiaekset (colored
border) that approximates the point spread functiontibé emission. Background signal was calculated from
blank pixels with a pixel distance to the molecule spot (grey bordé&)Donor leakage correctior) Direct
excitation correction,d) r correction. Ioa Ibo and Iaa denote the average fluorescence émisity of the
acceptor upon donor excitation, donor upon donor excitation and acceptor upon acceptor excitation,
respectively. The average intensity befotg &nd after {2) after photobleaching is indicated by sabripts.
Arrows indicate the intensitympfiles used for calculation.

The correction factocy; is calculated from individual fluorescence intenditpe traces showing
donor photobleaching ag-{gure26c):

oF |
or Equation54

A

where laar is the average fluorescence intensity of the donor upon donor excitation after the
donor has bleachedAdditionally, ther factor corrects for differences in detectiarf the donor
and acceptor fluorophores and is given by

B O
I B o Equation55

whereu and' are the quantum yieldsand detection efficiencies of thedonor (D) and acceptor
(A) fluorophores respectively Experinentally, the factor can be determined from fluorescence
intensity-time traces showingcceptor photobleachin@Figure26d) as

Or Op ,
0 ; 0 ¢ Equation56

Since all excitation events thegsulted in FRET should contribute to donor fluorescence after the
acceptor has bleached, the ratio Ik and Iop before ¢1) and after(tz) bleaching of the acceptor
can be used to infer whether detection is biagedards donor { <1) or accepto(r >1).
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6.9.2 Calculation of FRET efficiency histograms

Traces were manually selected based on quality, i.e. stable signal of the aeoeptdrace
(acceptor emission after acceptor excitation), no molecule spots overlapping wigibigel PSF,
bleaching of donor or acceptor. Additionally, nbleaching traces showing FRET efficiency
profiles comparable to bleaching traces were considered for analysis. Traces were categorized as
either static (if no conformational changes occurradidgthe video), or dynamic (if at least one
transition between different FRET efficiencies was observed). FRET efficiency histograms were
calculated in Origin 2019b from all frames of traces with either static FRET efficiency or dynamic
switching betweerstates with a stoichiometry value of 0;@.6 using a binning range of Dwith

a bin size of 0.025 (40 bins). Histograms were normalized to the total number of frames and the
mean of each bin was calculated for three technical replicates to generatintldistogram. To
determine the mean FRET efficiency of each histogram peak, the data were fitted with a Gaussian
distribution with a fixed yoffset (yo) of 0.

6.9.3 Dwell time calculation from FRET efficientiyne traces

FRET efficieneyme traces displayindynamtc switching between different FRET efficiencies were
further analyzed to calculate the average dwell time in the respective FRET state. To this end, the
traces were fitted with the vbFRET algoritlji@®97] (integrated in iSMS). The algorithm fits the
FRET efficiency time traces using a Hidden Markov Model (HMM), a disti@biodel in which

an observedsignal, the FRETefficiency, is dependent on @& unobserved parameter: the
conformation of he DNAThe algorithm fits stretches of similar FRET efficiency to a discrete state
of dwell time t, effectively removing shot noiseFiure27a). Geneally, traces within the
boundaries of the respective FRET efficiehisfogram population with at least five transitions
were chosen. All dwell times adhering the above criterion were used to calculate the dwell time
histogram with Origin 2019b. For theagsis of DNA Holliday junctions, a binning rangec8f9

with a binsize of 0.3 was chosen, and for the analysis of TBP dynamics a binning rangesof 0
and a bin size of 0 2was used. Histogramgre normalized to a range 6f 1 and the mean dwell

time _ in each fitted state was determined from the fit with a meagponential decay function
(Equation57, Figure27b):

00 Um! A~ Equation57

where N(t) is the occurrence of dwell timeand A is the amplitude of the decainformation on
occurringtransitions were visualized in a density plot displaying possible transitions of individual
traces or entire data set$igure27c).
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Figure27: Dwell time analysis of dynamic FRET traces using a hidden Markov majldixemplary
fluorescence intensityime traces showing donor excitation followed by donor emissiasiia, green) and
acceptor enssion ([xAem, red) and the resuihg FRET efficiency (gjafitted with a twostate hidden
Markov model (black). The two fitted states are highlightetght/dark blue. b) Individual dwell timestj

in one state were thercounted in a histogram and fét with a moneexponential decayblack line)to
determine the mean dwell time in that state.c) Transitions between states were visualized in a density
plot showing the relative occurrence of statesthte 2 @ray arrow$ and state tate 1 transitionsiflack
arrows); relative occurrace indicated by gray scale from low occurrerfehite) to high occurrence (black).
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6.10 Construction of a prisntype TIRF microscope

This section covers the key modules of the TIRF microscope setup and provides insight into
underlying desigflecisions. From an experimental point of view, the construrcigofocused on
smFRET measurements on immobilized proteins and/or nucleic acidse Hbe microscope is

set on an optical table resting on a base with rubber shock absorbers. This confers passive isolation
to ambient shocks and vibrations which is seeable for smFRET experiments. The table
breadboard is fitted with a 2825mm gridof M5 screw threads, which simplifies spacing and
installation of components. The setup is divided into three functional units: i)-tasabining, ii)
illumination and i) detection, which will be covered detail in the following sectiong-{gure28,
Figure29).

Detection unit Illlumination unit Laser-combining unit

N

Figure28: Photographsof the homebuild TIRFmicroscope setup.a) Overview of the entire microscope
setup, showing the (right to left): laseombining unit with the protective enclosure, the illumination unit
based on the Leica DMi8 microscoaed the detection wit with the beamsplitter and EMCCD camera
b) Clase-up of the lasercombining unit with the four lase@nd beam pathgChapter6.10.]). ¢) Closeup of
the illuminaton unit with prismmount and lense mount (Chaptérl10.2. A flow chamber is set on the
object stagePhotographs were kindly provided by Katharina Lippl, DepartroEhticrobiology, University
Regensburg.
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Figure29: Layout of thehome-built TIRAMicroscopesetup. A true to scale top view of all components that
were installed on an optical table fitted with a 2825mm grid of M5 screwhreads. (E1) Custotuilt
enclosure forlasercombiningunit. (L) Custonbuilt lasermount (Fgure30). Excitation lasers (L1) OBIS
488LS, @) OBIS 532, (L3) OBIS 561LS, and (L4) OBIS 637LX. (NhoBowtd dielectric mirrors
(Figure31a). (F1) Postounted clearup filter (Figure31b). Postmounted dichroic rirrors (D1) H 568LPXR
superflat, (D2) ZT 532RDC, and (D3) ZT 488R@e31c). (F2) Postmounted variable neutral density
filter (Figure31d). (P) Periscope assembhidure3le). (L) Custorbuilt prism and lensmount. (O) water
immersion objective HELAPO 63x/1.2 W CORR CS2, (B) Cusharitdd beam blocker. (E2) Custdwnilt
enclosure for the EMCCD camera. The DMi8 microscopeisdn the table using four CF125C/M clamping
forks. All components were fixed to the table using M5 screws. The Optosplit 11l emigsiorsplitter is
attached to the @nount of the DMi8. The iXon Ultra 897 EMCCD camera is attached tentioi@ output
port of the Optosplit 11l and rests on a sheet of insulating fgdaceddirectly on the optical table.

6.10.1 Lasercombining unit

This unit haises four lasers that are set on a custbmilt aluminum pedestal Kigure29 L,
Fgure30) that elevates them to the height of other optical components (approximatelymi®n)

and provides heat conductance through the 2¥%75mm baseplate. Three diodeumped solid
state lasers allow excitath at 488nm (Figure29L1), 532nm (Figure29L2 and 561nm
(Figure29L3 and a diode laser excitation at 68ih (Figure29L4). The 637 nm laser is further
cleaned up through a 635/10 narrow band filtéfigure29 F1, Figure31b) because of its broad
emission spctrum (637+5 nm [398]).

The laser beams are dirext via dielectric mirrorsHigure29 M, Figure31a) and longpass dichroic
mirrors Figure29 D1¢3, Figure31c) to converge at mirror M The dichroic mirrors are set up in a
sequential manner from 568m longpass to 488m longpass so that in principal, all four lasers
can be combined simultaneously. The daib mirrors are installed on magnetic basts
exchange without compromising the overall alignment of the beam path. The beam positions of
the laserd_1-L3can each be controlled with one mirror and one dichroic mirror to provide four
degrees of freedomdr positioning.L4functions as a referencaser and can only be controlled
with mirror M. from which all combined beams are directed to the periscopgyre29P,
Figure31le) of the illumination unit. Although the laser power can be controlled via the software,
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a variable neutral density filterF{gure29 F2, Figure31d) was installed in the &am path for
immedate control of the laser intensity. For safety, the entire lasembining unit and the
periscope are housed within an enclosure constructed of laser absorbing hardboard plates
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FHgure 30: Construction plan of the lasemount. @) (i) Top plate, (ii) connector bars, and base pla)dzront
view (xz) of the finalized assembly. Custbuilt components are depicted in white and labeled according
to a). Commeral components are depicted in gray and labebsctording toTable8. All lengths are
indicated in millimeters. All components were assembled using the designated sdZeswtmmade
aluminum components were producdyy the workshop of the Faculty of Biology and Preclinical Medicine
UniversityRegensburg.
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Figure31: Assembly of posimounted optical components.Schematics of) post mounted dielectric
mirrors, b) postmounted excitation fiers, ¢) postmounted variable neutral density filters]) post
mounted dichroic mirrors and) periscope assemblies. All components are labeled accordimgtite8.
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6.10.2 lllumination unit

The periscope is used to direct the exdibatbeam upwards at a 90° angle to reach the height of
the microscope object stage. The upper mirror is used to direct the light towards the prism at the
angle required for total internal reflection.h& core of the illumination unit consists of a
commercal Leica DMi8 inverse microscope body fitted with a-$&de Gmount as the emission
output. The illumination turret is replaced with a prisand lensmount (Figure29 L, Figure32)

to enable total internal reflection at the sample chamber.

The moulits are set on a custothuilt aluminumbase Figure32ai) that attaches to the default
illumination turret holder of the DMi8 on which thether components are installed.

The lensemount (Figure32d) consists of a xyzanslation stage to adjust the lense position during
use and the attachment rods that are used to position the lense in the beanspdttat the beam

is focused directly above ¢hmicroscope objective (O). Varying thaxis position of the lense to

be outof-focus (focal length: 156m) is utilized to adjust the size of the illumination area. Varying
the xy-axis position of the lensprovides control over the positioning of thbumination area
within the field of view.

The prismmount (Figure32c) features a clamp construction with two sigéates Figure32a iv,

v, Vi), which stabilize the prism between two Parafilm sheets. The clamp is connected to the main
arm ([igure32aiii) whichis attached to a precisiontranslation stage to facilitate uand down
movement of the prism. At installation, the wide drillings for M&&ews in the side plates and

for M5-screws in themainarm are used to position the central axis of prism above the objective.
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Figure32: Construction plan of the gms- and lense-mounts. @) (i) base plate for the attachment to the
DMi8 illumination turret. (ii) connection rod for thensemount. (iii) Mairarm, (iv) attachmentirm, (v)
sideplates and (vi) connector of the pristmount. The prism is fixed betwedhe sideplates with para
film. b) Front (xz) view of theompleteassembly. Side view (yz) ©fthe prism mount and) the lense
mount. Custorrbuilt components are depicted in white and labeled accordingajo Commercial
components are depicted in graynd labeled accordingtTable8. All lengths are indicated in millimeters.
All components were assembled using the designated scréwstommade components were produced
by the workshop of the Faculty of BiologgdPreclinical Medicine, UniversiRegensburg.



Methods 85

In order to achieve total internal reflection at the sample chamber, the upper mirror of the
periscope directs the excitation beam to hit the prism front side at ghitedf approximately Inm

with a 37° anlg of incidence with respect to the prism plane normiEggre33). This can be
achieved with a 265m distancebetween the prism and the periscope and a8 height
difference.The beam is thus refracted at a 2&1gle at the air/quartz interface.

A thin layer of glycerol is used to connect the prism to the quartz slide of the sample chamber to
create a uniform ght guide (refractive indeMguarz = 1.46,Ngycero= 1.47[399,400). The excitation
beam reaches the quartz/buffer interface at a 7@igle of incidence, which is greater than the
critical angle ciica=65° and is thus the beam tetally internally reflected. This configuration
allows for sample buffers with a refractive index of uplt88 which is equivalent to a glycerol
content of up to 35%401]. Sodium chloride increases the reftawe index of a water/NaCl
solution by approximately 0.02 per M of NaCl[402]. For most experiments, the NacCl
concentration was in the range of &600 mM and carbe neglected The resulting evanescent
field reaches approximately 14030nm into the sample chambeChapter2.1.3 andprimarily
excites molecules immobilized on the surface of the quaitesiThe resulting fluorescence is
transmitted through the sample chamber and collected bywater immersion objective
HCPLAPO63x/1.20W CORRES2 and guided to ther@ount output port via theintegrated optics

of the DMi8.The obijective is corrected fehromatic aberrations, which result from the different
refractive behavior of light of different wavelengths. In essence, this shifts thesijion of donor

and accepar channel images which interferes with exact alignment of the channels.

For safety, ®eam blockerKigure29B,Figure34) isinstalled opposite of the periscope to capture
the excitation beam exiting the prism. A commercial mialjiered stack of black aluminum sheets
absorbs the main beam and an additional back wall of black anodized aluminum blocks diffuse
reflections that maype caused by impurities in the glycerol.

. prism central axis

: prism = 1.0 mm
: e(:rit:ica|= 65°

| glycerol =0.2mm

slide 1.0 mm

T buffer =0.1mm
ng=1 | Ngyartz = 146 | j",glycerol=1-4‘7 [ Nyater=1.33

Hgure 33: Total internal reflection at the prism/sample interfaceThe beam path of the laser (solid line)
and the angle of refraction in relation to the plane normal (dashed lare) shown. The laser hits the
air/prism interface & a height of approximately fam above the microscope slide at an incident angle of
37° and is refracted towards the planed normal. The angle of incidence at the slide/buffer interface is
72°> cica = 65° (red) resulting in the total internal reflection of the beam. The refractive indiees! the

layer thickness of the propagation materials are indicated by cdlorrefraction was calculated for the
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quartz/glycerol interface due to the igligible diference of the refractive indices
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Figure34: Construction plan of the beam blocker assembd).(i) Post, (ii) mountindpar for beam blocker,

(i) back wallb) Front (xz) view of the finalized assembly. Custom camepts are depicted in white and
arelabeled according t¢g). Commercial components are depicted in gray and labeled accomifajie8.

All lengths are indicated in millimeters. All components were assembled) ubi designated screws.
Custommade aluminum components were produced by the workshop of the Faculty of Biology and
Preclinical MedicineUniversity Regensburg. All components are anodized in Aiddiek to minimize
reflectivity.

6.10.3 Detection unit

The emis®n light is collected by the Optosplit emission beamsplitter that is attached to the
Gmount output port of the DMi8 and integratedl components for cropping of the emission and
for spectral separation of donor and acceptor fluorescence. Light mwtehe Optosplitll is
focused on a set of apertures to adjust the section of the recorded image. This is critical when
multiple spectally separated images are projected onto the same camera chip for detection. The
Optosplit 11l supports the separatiarf up to three emission channels. However, for experiments
conducted in this work only two channels were used simultaneously. Theclamel
configuration of the Optospliil will be explained for the ATTE32/ATTGB47N fluorophore pair

that was used fomost FRET measuremerfE&gure35).

A 640nm longpass dichroic mirror reflects both, the donor excitation laser {538m) and the
ATTOB32 fluorescence (emission maximum: 588). Additionally, the acceptor eixation laser
(6375 nm) is partially reflected. For the dondetection channel, a 582/75 bandpass filter limits
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the detection window to only include the ATBA2 fluorescenceRigure35top). Congruently, the
wavelengths transmitted by the dichroic mirror include the acceptor excitation laser and the
ATTOB47N fluorescence (emission maximum: &6d). A 645 m longpass filter (note: the filter

is labeled as 63BP by the supplier) is used to exclude the excitatight from the acceptor
detection channel. Additionally, a minor part of the AT932 emission is also transmitted by the
chosen filter Figure35 bottom). This is acceptable as the spectral crosstalk can be ¢edec
during data analysisChapter6.9.1) and excluding this section of the spectrum woaldit the
emission peak of ATT&7N. The final mirrors in each beam path of the Optosilitan be
rotated to adjust theposition of each image on the detector, a back illuminated EMCCD camera
iXon Ultra 897. The camera features a ¥BA2 pixel detecto (pixel size 1§um) and allows for
detection at up to 56 frames per second when the full detector is used. This is kiit@an

18 ms time resolution, suitable for many biological processbs.reduce background noise
generated from internal electrons (darkcurrent), the camera is cooled-89 °C during use via an
integrated thermoelectric cooling system. A main featwf the camera, the electron multiplier
(EM) gain, enables high detection sensitivity at high readout speed. Owing to the higmésight
of the used fluorophores, only a moderate EM gain of 30 was set fexpdriments. However,
for experiments involvig fluorescent proteins (also performed with this microscope setup), which
are considerably dimmer than organic fluorophores, a hidgidrgain (206300) should be used.
Due to space constrains, the camera is placed directly on the optical table on ayttufo&m
sheetin a sideways manner. To protect the camera, a cusgbeiift enclosure from perforated
steel plate Figure29 E2 was installed.
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Figure35: Emission detection channels for AKEexperiments.The filter configuration for the Optosplit 111
emission beam splitter enables the separate detection of the emissions of the FRET donor/acceptor
fluorophores ATTO 532 (Efros3p and ATTO 647N (&ffo s47) after alternating excitation &32nm and
637nm. The normalized transmission of the applidiedfs and normalized emission of the fluoroplesrand

lasers, as well as the transmitted (white) and rteemsmitted (grey strikes) spectra are plotted against the
wavelength. Dichroic mirrorand bandpass/longpass filters are color coded: HC BS 64Mhign@mgange),
582/75 BrightLine HC (yellow), 635 LP Edge Bagipl€) [398,403]
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6.10.4 Control of electronic devices

Electronic devices were set up to be controllable from the desktop workstation via the appropriate
software:

All lasers used in an experiment were coupled to the QBI&SScientific Remote whicls
connected to the workstation via USB 2.0. This allows rencontrol of e.g. laser power and
operation mode (continuous wave/digital modulation) via the Coherent Connection software. The
OBISLX/LSScientific Remote is additionally connected to the tidtleam, which interfaces the
camera trigger signal with thader control and allows the execution of ALEXapter6.8.1). The
Multistream does not support connection to a workstation and has todrgrolledmanually. The
EMCCD camera is connected to the workstation via a USB 2.0 port and all functions are controlled
by the Andor Solis software e.g. cooling, live view of the sample and video acquisition.
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7 Results

7.1  Conformational dynamics of DNA Holliday jumns

In this chapter, measurements on immobilized DNA Holliday junctions (HJ) were performed as a
proof of concept to assess the performance of the hdoodt TIRF microscope in time resolved
SmMFRET experiment¥he HJ is a fotstranded DNA intermediatdormed during genetic
recombination, e.g. in a crosshayer event during meiosis or doubsgrand break repaif404¢

406]. The structure is formed biyvo homologous dsDNA moleculeghat are joined by a single
strand crossover resulting infaur-way dsDNAjunction Figure36a). Upon formationtwo types

of structural dynamics determathe outcome of the recombination event:bjanch migration,
whereby the heteroduplex region shifts or ertds along the strands, which determines taegth

of the genetic overlag407¢409]andii) conformer exchange between structuisbformsthrough
basestacking interadbns[410,411] Junction resolving enzymes can recognize and resolve these
intermediates[412¢414]. Which conformational isoform is bound by junction resolving enzymes
(e.g. by RuvC) dictates whether enzymediated cleavage of the junctidncludes or excludes

the flanking parental DNA sequendd45]. The conformer dynamics are also influenced by metal
ions[410,416] In the absence of metal ions, repulsibetween phosphate groups of the DNA
enforces a fowfold symmetric structure with an open center, hence termed open conformation
[417]. Upn addition of metal ions (e.dMg?), i K S & (i NHzO (i dzN&-shape iy Raaxiak y (i 2 |
pairwise stacking of the arnj{418¢420]. Depending on sequence, a junction cadopt two
possible stacked structures.

Figure36: Sequence and structure of a synthetic DNA Holliday junctiapNucleotide sequences of the

four synthetic oligonucleotide ®NA modificationsf the oligonucleotides engineerdd enable TIRBased
singlemolecule FRET measurements are shoudmderlyid O2f 2 NBR | NNR® aR ANNGR INBAA2Sy/1-(i
Dashed sequences bapair with each other. Schematic representation of conformational isoforms of the

Holliday junction. In the alesice of metal ions (e.g. MY, the junction is in the open conformationddition

of metal ions stabilizes the stacked conformations isoform | and 1. DNA modification depicted as: Cy3 (green
circle), Cy5 (red circle), biotin (gragtagon. b) X-ray crystal structure of a stacked Hiday junction isoform

(PDB: 1DCWjdoptingisoform I. A coordinated Naon is colored in brown. Notthat the 3y {i -oyerflang

of strand4 (light gray)s irrelevant forthe experimentsshown.


































































































































































































































































































































































