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Introduction

The molecular basis of inheritance became clear only after the discovery of the struc-
ture of DNA almost 70 years agol. From this discovery, decades of scientific and
technical advances in DNA sequencing allowed the complete genetic information
(genome) of increasingly complex organisms to be determined. The first genome
of a multicellular eukaryote to be sequenced was to one belonging to the worm
Caenorhabditis elegans in 19982 followed two years later by two other illustrious
model organisms, the insect Drosophila melanogaster™ and the flowering plant Ara-
bidopsis thaliana®. In the last twenty years, the genomes of thousands of eukaryotic
species have been sequenced and the amount of sequencing is still increasing expo-
nentially. Despite this incredible wealth of information, our understanding of life is
progressing at a much lower pace. The genome contains all the information needed
to produce every RNA and protein present in an organism but fails to capture the
full complexity of life. In an analogy, we can imagine life as a symphony and the list
of genes of a genome as list of musical instruments; here, the full beauty and com-
plexity of the music is generated by the instruments playing together and interacting
with each other in coordinated harmony. As the musical instruments of the analogy,
also genes need to be turned on and off (expressed or not) in a precise manner to
obtain the desired effect. This control of gene expression happens at every step down
the central dogma of molecular biologiy®, which states that genes are transcribed into
messenger RNAs which in turn are translated into proteins. Transcriptional control
being the first of such controls makes it arguably the most important, as regulation
at this stage prevents the synthesis on superfluous intermediates.

The mediators of transcriptional control are called transcription factors
(TF, or alternatively transcription regulators) and allow the cell to express only
the genes needed to perform a particular function in the organism or to respond
to stimuli from the environment (e.g. from other cells). TFs activate or repress
transcription by binding specific DNA sequences (usually 6-8 bp, often called cis-
regulatory sequences or response element) in the promoter region of the genes that
they regulate (target genes). A common feature of eukaryotic TFs is their ability to
form dimers, the reason behind this feature is twofold: (I) the short sequence recog-
nized by a TF monomer appears by chance in the genome too often to be specific,
so doubling the number of recognized bases exponentially increases specificity; (II)
the increased number of stabilizing contacts with the DNA makes the interaction
much stronger, showing cooperativity. Moreover, when the dimerization is not very
strong, the interaction between the TF and its cis-regulatory sequence displays a
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steeper response to the increase in concentration of the transcription factor so that
the DNA target is bound in a more on/off like fashion.

Transcription factors are abundant in eukaryotic genomes (~3-10% of
protein-coding genes) and are divided into families based on the presence in their
DNA binding domain (DBD) of characteristic motifs®. In the genome of A. thaliana,
are present approximately 2000 TFs divided into ~ 60 families?; of these families,
about half are plant-specific as they are not related to families found in other eukary-
otic lineages®. An important family of plant-specific TF is the auxin response factor
(ARF) family which represent the main transcriptional effector to the presence of
the plant hormone auxin.

Auxin signalling

Auxins are a class of structurally similar plant hormones characterized by an aro-
matic ring and a carboxyl group. Three auxins have been identified as active and
endogenous in plants but indole-3-acetic acid (IAA) is the most abundant and most
studied”2; for this reasons the term auxin usually refers to IAA alone. Auxin
induces two kind of responses: A fast one, which occurs in seconds to minutes
after the application of the hormone and does not involve change in gene expres-
sion and a slow one (>10 minutes), which is a transcriptional response where genes
are either activated or repressed. The mechanism of the fast response is still not
completely established, as there is experimental evidence supporting different pos-
sible pathways*®. On the other hand, the transcriptional response is well estab-
lished and occurs via the nuclear auxin pathway (NAP); for this reason this is also
dubbed the canonical pathway¥. The NAP contains only three players: (I) TRANS-
PORT INHIBITOR RESISTANT1 / AUXIN SIGNALLING F-BOX (TIR1/AFB)
(IT) AUXIN / INDOLE-3-ACETIC-ACID (AUX/IAA) (III) AUXIN RESPONSE
FACTOR (ARF). In this pathway, TIR1/AFB and Aux/IAA act as corecep-
tor for auxin as the hormone physically stabilizes the interaction between the two
proteinst®’. Since TIR1/AFB is part of the SCEFTIR/AFB ybiquitin ligase com-
plex, the auxin-induced stabilization of the interaction with Aux/TAA leads to the
ubiquitinization and proteasome-mediated degradation of the latter. When present,
Aux/TAA binds ARF and the corepressor TOPLESS (TPL) preventing the activa-
tion of ARF’s target genes; then, the effect of auxin is to free ARF from Aux/TAA
repression leading to the trascription of ARFs target genes.

10
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Fluorescence

Fluorescence is defined as the spontaneous emission of radiation from an electroni-
cally excited species which occurs during the irradiation of a substance by electro-
magnetic radiation'®. Fluorescence emission ceases within nano/milliseconds after
the irradiation stops since the electron in the excited orbital is still paired by oppo-
site spin to the one in the ground state which makes the return to the ground state
spin allowed.,

A molecule that can display fluorescence is called a fluorophore (or fluores-
cent molecule). From a single-molecule perspective, fluorescence is caused by a fluo-
rophore cycling between a ground electronic state (Sp) and an excited electronic state
(S1). A fluorophore in the ground state can undergo stimulated adsorption of an
incoming photon which takes it to an excited state. In the timescale of the electronic
transitions, there cannot be rearrangement of the nuclei (Franck-Condon principle);
then, the absorption of the photon takes the molecule to an excited vibrational state
of the excited electronic state. The molecule can then relax through a radiation-
less decay to lower vibrational states losing energy to surrounding molecules. The
molecule can then return to the ground electronic state emitting a photon. Again
the transition being vertical will lead to the molecule in an excited vibrational state
of the ground electronic state followed by relaxation. The Franck-Condon princi-
ple applies to the molecules of the solvent as well, so that the adsorption of the
incoming photon occurs in the solvent arrangement characteristic of the electronic
ground state of the fluorophore while the photon emission happens in the solvent ar-
rangement characteristic of the electronic excited state. Then, the relaxation of the
solvent plays a role in defining the energy levels involved in the transitions and exert
an effect on the adsorption and emission spectra of a dye. The presence of the two
relaxation steps (of both molecule and solvent) cause the emitted photons to have
lower energy (longer wavelength) than the excitation photon, an effect quantified by
the Stokes shift.

Single-molecule fluorescence detection and TIRF microscopy

Single-molecule fluorescence detection (SMFD) allows to study biomolecular in-
teractions and conformational dynamics while enabling the identification of sub-
populations and transient intermediates???¥, In order to achieve a signal-to-noise
ratio (SNR) compatible with SMFD, the excitation is confined to a small volume
of the sample using high NA (numerical aperture) objectives in confocal or total

11
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internal reflection configurations?®. Total internal reflection fluorescent (TIRF) mi-
croscopy is based on the behaviour of light at the interface between two isotropic
media that are characterized by different refractive index. The angle of incidence
of the light that reaches the interface (6;) is linked to the angle of the refracted (or
reflected) light (62) by the Snell’s law

sinf); ng

sin92 N ni (11)
where n1 and n9 are the refractive indices of the two media. If light is travelling from
a medium with higher reflective index to one with lower reflective index (ny > ns),
the refracted ray enters the second medium with wider angle than the incoming
ray. As 61 increases, it reaches a value for which 05 = 90°, called the critical
angle. For values of #; bigger than the critical angle, the ray is reflected back into
the first medium but it creates an evanescent field at the interface that decreases
exponentially into the second medium. This effect generates a very shallow profile of
illumination (/~ 200 nm) that can excite fluorophores that are very close or tethered

to the surface=229,

Forster resonance energy transfer

Forster resonance energy transfer (FRET) describes the non-radiative energy trans-
fer from a donor fluorophore, present in an excited electronic state, to an acceptor
chromophore (often a fluorophore), present in the ground electronic state. The ef-
ficiency E of this energy transfer is dependent on the distance between the donor

and the acceptor fluorophores R according to the following function72®
1
E=———0rp, (1.2)
R
1+ (&)
where Ry is the Forster radius, a constant that can be calculated as
9ln10 k2®p

Ry = 6 ] 1.3
0 \/1287T5NA nt (1.3)

where n is the refractive index of the medium, ®p g is the fluorescence quantum yield
of the donor in absence of FRET, 2 is the orientation factor, N4 is the Avogadro
constant and J is the spectral overlap integral calculated as

T(\) = /0 T Fp(\ea(V)Atdn, (1.4)

12
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where Fp(\) is the normalized fluorescence of the donor and €4(\) is the extinction
coefficient of the acceptor. Each of these three equations is connected to one of
the three requisites to observe FRET between two fluorophores: (I) there must be
spectral overlap between the emission spectrum of the donor and the absorption
spectrum of the acceptor, (II) the orientation factor x? must be bigger the 0, (III)
the dyes needs to be at distance close to the value of their Ry, typical values of Ry for
organic dyes like the ones used throughout this thesis is ~5-7nm, which places the

2 can be calculated from the relative

range in which FRET can occur to 3-10nm. &
orientation of the transition dipole moments of the donor and acceptor but in the
vast majority of the application this is not possible as the fluorophores are usually
able to rotate freely and its value changes accordingly over time. A common solution
to this problem is to assume the dyes to be in an isotropic dynamic averaging regime;
in this regime, the dyes are expected to take all possible relative orientations during

the energy transfer which leads to a mean value of k? = 2/3.

There are two main ways to calculate the FRET efficiency E; the first is
based on measurements of the lifetime of the donor in presence (7p 4) or in absence
of the acceptor (7p)

(7D,A) |
(Tp,0)"

the second method, used throughout this thesis, is based on the measurements of

E=1-

(1.5)

the emission intensities (number of photons) collected from the donor (DD) and
from the acceptor (DA) during a donor excitation

DA

Bf=——
DD + DA

(1.6)
The second method returns a value of FRET efficiency (£*) that needs to be cor-
rected for several factors if the aim of the experiment is to obtain accurate distances

between the dyes2230,

Microfluidics

Microfluidics is the study or design of devices that have features with a characteristic
length in the order of microns to millimeters. The physical behaviour of fluids at
the microscale can be understood through the definition of dimensionless numbers
that express the relative importance of different physical phenomena?l®32. In the
field of microfluidics, the most important and ultimately least relevant number is

13
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the Reynolds number, Re, defined as

pUo Lo
n

Re =

(1.7)

where Uy is the flow velocity inside the microchannel, Ly is the characteristic length
of the microchannel, p is the density of the fluid and 7 is the dynamic viscosity
of the fluid. Re represent the ratio between inertial and viscous forces; systems
where Re>>> 1 are dominated by inertia and display turbulent flow whereas systems
characterized by Re< 1, like microfluidic devices, are dominated by viscosity and
show laminar flow. The importance of Re relies in the fact that it shows how the
microfluidics world is governed by viscosity whereas inertial effects are irrelevant; on
the other hand, inside the microfluidic world Re itself becomes irrelevant as it tells
nothing about the characteristic of a particular microfluidic device.

When microfluidic devices are designed to work in combination with
camera-based single-molecule fluorescence detection, they allow the tracking of sin-
gle fluorescent molecules as they pass through the field of view. The motion of the
molecules is governed by advection and diffusion. Advection is the movement of the
fluorescent molecules caused by the flow of the solution while diffusion is a random
movement of the fluorescent molecules caused by the collisions with the molecules
of the medium. Then, the information about the fluorescent molecule movement
can be used to calculate its diffusion coefficient as well as the characteristics of the
flow inside the microfluidic device®?. In particular, the determination of the diffu-
sion coefficient D is very informative as it is related to the radius of the fluorescent
molecule r according to the Einstein-Stokes equation

_ kpT
6w

D (1.8)
where kp is the Boltzmann’s constant, T" is the temperature and 7 is the dynamic
viscosity of the fluid.

Aim and outline of this thesis

In the past 20 years, the interaction between ARF and its response element has been
studied extensively with a number of different experimental methods leading to a
good understanding of ARF binding preferences. Despite this, little quantitative
information was available about the strength and the kinetics of this interaction.
The aim of this thesis is to develop methods that allow for a quantitative take

14
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on the determination of ARF-DNA affinity and to derive appropriate models for
it.
Chapter 2 reports the development of a quantitative method for the determina-

tion of the affinity and kinetics of ARF-DNA interaction using smFRET and
smPIFE-FRET.

Chapter 3 describes the use of the method based on smPIFE-FRET to determine
the effect of dimerization and oligomerization on the affinity and kinetics of
ARF toward its DNA response element. Moreover it contains the derivation
of an association model that describes the experimental data.

Chapter 4 presents a method for single-molecule fluorescence detection of labelled
biomolecules using microfluidic devices featuring nanochannels.

Chapter 5 describes the application of nanochannels to study ARF-ARF interac-
tion and ARF-DNA interaction without DNA immobilization.

Chapter 6 summarizes and discusses the main findings presented in this thesis and
highlights possible future directions for the continuation of the research.

Chapter 7 contains a summary of this thesis.
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Abstract

Auxin is a plant hormone that has been linked to almost all developmental pro-
cesses in higher plants. The main effectors to Auxin at the transcriptional level are
the transcription factors of the Auxin Response Factor (ARF) family. Despite their
importance, little quantitative data is available on the binding affinity and kinetics
of these transcription factors towards their response element. In this chapter, we
developed single-molecule DNA-binding assays that use Forster resonance energy
transfer alone or in combination with protein-induced fluorescence enhancement to
quantitatively determine the binding affinity and kinetics of different ARF DNA-
binding domains (ARF-DBDs) toward their response element. First, we validated
these assays on previously reported Arabidopsis thaliana ARF-DBDs interactions
with DNA. Then, we studied the binding preference of different Marchantia poly-
morpha ARF-DBDs. We found that ARF preference in binding is maintained in this
early-divergent land plant, with the sequence TGTCGG being bound as much or
even tighter than the canonical TGTCTC. Moreover, TGTCAA is bound with low
affinity. Our finding shows that doubly labelled DNA assays offer a reliable, sim-
ple and yet powerful way of studying ARF-DNA interaction at the single-molecule
level. In fact, we believe that the design principles of our assays can be applied to
characterise any transcription factor/response element interaction.

20



Studying ARF-DNA interaction using smFRET and smPIFE-FRET

Introduction

To better understand the function of transcription factors (TFs), an accurate knowl-
edge of their binding affinity to their response elements (REs) on genomic DNA
is crucial. The importance of this scientific quest led to the development of as-
says such as SPR (surface plasmon resonancel), EMSA (electrophoretic mobility
shift assay?), Chip-Seq (chromatin immunoprecipitation sequencing®), PBM (pro-
tein binding microarray*®), SELEX (systematic evolution of ligands by exponential
enrichment®), and more recently DAP-Seq (DNA affinity purification sequencing”)
and SIPDI (SYBR gold-based in vitro protein-DNA interaction®). All of these meth-
ods evaluate the binding of TFs, but vary greatly in the kind of information they
can provide. Some methods provide genome-wide insight on protein-bound motifs
(e.g., Chip-Seq and DAP-Seq) but suffer from a poor correlation between the ob-
tained occupancy values and transcriptional activity”. Other methods (e.g., PBM,
SPR, EMSA) report values of affinity and sometimes kinetics of binding but are
limited in their accuracy (PBM), repeatability (SPR) and experimental feasibility
(EMSA).

Many of these methods have been applied to study the interaction be-
tween the members of the Auxin Response Factor (ARF) transcription factor fam-
ily. ARF were initially identified as being able to bind the auxin-responsive element
(AuxRE) TGTCTC in EMSA experiments'®l Jater experiments using PBM re-
turned TGTCGG as an even higher affinity binding site for the DNA Binding Do-
main (DBD) of A. thaliana ARF1, 5% and 3% while TGTCAA was found to be weakly
bound by AtARF1-DBD and AtARF5-DBD*2. Further studies based on DAP-Seq
confirmed the preference of AtARF2 and 5% and several maize ARFs towards'4
TGTCGG; the same preference was found using other techniques like SIPDI® and
luciferase assayl® while testing several ARFs from various species. The wealth of
information about ARFs binding preferences coming from these methods, although
extremely valuable, fails to be quantitative about the affinities and do no contain any
information about the kinetics of the system. We sought a method that would be
simple, reliable, accurate and able to quantitatively asses both affinity and kinetics
of binding. To this end, we based our approach on single-molecule Forster Res-
onance Energy Transfer (smFRET) alone or in combination with Protein-Induced
Fluorescence Enhancement (smPIFE-FRET).

21
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Since its introduction® in 1996, smFRET has been extensively used in
the life sciences to probe intra- and inter-molecular conformations and dynamics
of biomolecules™”. SmFRET is a distance-dependent, non-radiative energy transfer
between a donor fluorophore and an acceptor chromophore that can precisely and

accurately report on distances between 3 and 10 nmS

, on a timescale that ranges
from ps to minutes (depending on the microscope configuration and the type of
samplet?). These length and time scales are well suited to investigate the interac-
tions and conformations of biomolecules; for this reason, smFRET is often referred
to as a spectroscopic or molecular ruler. The lifetime of TFs on the DNA in vitro is
typically in the range from 10~ !s to 10° s (reviewed in [20]). For analysing such slow
dynamics, smFRET experiments are usually performed using surface-immobilized
molecules and total internal reflection fluorescence (TIRF) microscopy?! in combina-
tion with camera based detection to record hundreds of molecules in parallel®?. The
immobilization allows following individual molecules up to tens of minutes; these
time series (called single-molecule time traces) can then be analysed using, for ex-
ample, Hidden Markov Modelling (HMM) to obtain information about the kinetics

of the system under study?328,

PIFE is an additional photophysical effect that can be used as a spectro-
scopic ruler to indicate changes in distances smaller than 3 nm“? ! PIFE relies on
the modulation of the quantum yield of a suitable dye by the presence of a protein
in its proximity. The molecular mechanism behind this modulation has been de-
scribed in detail for the carbocyanine dye Cy332. Cy3 molecules are excited from
the thermodynamically favored trans ground-state isomer to the trans excited state
isomer. The electronic configuration of the excited state allows for easier rotation

around any of the central C-C bondg3234

. This rotation passes through a 90° twisted
excited-state isomer that represents the starting point for an efficient deactivation
route towards both cis and trans ground-state isomers®®. Hence, the rotation (i.e.
photoisomerization) decreases the quantum yield of the dye; conversely, any steric
interaction that would limit the probability of photoisomerization results in an in-

creased quantum yield i.e. PIFE.

As the PIFE mechanism of Cy3 is well understood and Cy3 can be com-
bined with a red-shifted acceptor fluorophore to form a donor-acceptor FRET pair,
the combination of smPIFE and smFRET in a single experiment is intriguing®®. Sev-
eral different implementations of smPIFE-FRET have been reported in literature;
either aimed to combine the sensitive range of both methods resulting in a ruler that

22
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spans from angstroms to nanometers>? or to simultaneously monitor two distances
without the need of complex multi-color approaches®®3?, Cy3B is a fluorophore that
is structurally similar to Cy3 but in which photoisomerization is sterically forbidden
thanks to the addition of a rigid backbone around the central trimethine bond®".
This structural property makes Cy3B largely insensitive to environmental effects
affecting the dye’s conformational dynamics. As a result, the brightness of Cy3B
is maximised and tailing the one of Cy3 at maximum PIFE. Due to its superior
photostablility and brightness, Cy3B is an excellent choice as a donor fluorophore
in smFRET experiments; moreover, results obtained with Cy3B can be used to dis-
entangle PIFE from FRET in smPIFE-FRET experiment in which Cy3 was used as

donor®8,

In this chapter, we developed and applied a reliable DNA binding assay
to measure the binding affinities and kinetics of ARF towards its response element
in a quantitative manner. The method, based on smFRET alone or in combina-
tion with smPIFE, was tested on known interactions between A. thaliana ARFs and
the DNA and was subsequently used to investigate the binding preference of two
M. Polymorpha ARFs.

Materials and methods
Protein expression and purification

Protein expression and purification was carried out following the protocol used in
reference [12| and [41]. Briefly, the genomic regions corresponding to the DNA
binding domain (DBD) of Arabidopsis thalania ARF1, ARF2, ARF5 and Marchantia
polymorpha ARF1 and ARF2 were amplified and cloned in an modified expression
vector pTWIN1 (New England Biolabs) to generate fusions with the Chitin Binding
Domain (CBD) and Intein. ARF-CBD fusion proteins were expressed in E. coli
strain Rosetta DE3 (Novagen). Cells were inoculated in Difco Terrific Broth (BD),
supplemented with ampicillin and grown to an ODggg of 0.5-0.7, protein expression
was induced by adding IPTG and the temperature was switched from 37°C to
20°C; the growth was continued for 20h. Cells were harvested by centrifugation
and resuspended in extraction buffer (20 mM Tris, 500mM NaCl, 1mM EDTA,
0.1 % NP-40 and 2mM MgCl2, pH 7.8, 10 mg of DNase and 0.2 mM PMSF). Cells
were then lysed by passing the suspension twice through a French Pressure cell and
cell-free extract was generated by centrifugation. The supernatant was loaded onto a
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chitin column (New England Biolabs) and washed with 10 column volumes washing
buffer (20 mM Tris, 500 mM, pH 7.8) using an AKTA explorer 100 (GE Healthcare).
ARF-DBD proteins were eluted by 1h incubation with 40mM DTT in washing
buffer. Proteins were concentrated into a final volume of approximately 1 mL using
Amicon ultra-15 10K spin filters, and next passed over a Superdex 200PG size-
exclusion chromatography column. ARF-DBD proteins were eluted using washing
buffer with 1mM DTT, concentrated using Amicon ultra-15 10K spin filters and
stored until use at —80°C.

Accessible volume simulations

The web server 3D-DART#2 was used to model a standard B-DNA structure for the
37bp oligos used in the smPIFE-FRET experiments ("free" DNA structure) and to
extract the geometrical information (roll, tilt and twist between consecutive base
pairs) from the short 21 bp DNA present in the crystal structure of ARF1-DBD
(PDB ID:4LDX). The smPIFE-FRET oligo was then remodelled using 3D-DART
this time replacing, for the overlapping region, the standard B-DNA geometry with
the one extracted from the crystal structure; this 37 bp bent oligo was then docked
(rigid body docking) in place of the original oligo in the crystal structure of ARF1
using PyMOL ("bound" DNA structure).

The standard B-DNA oligo and the bent oligo bound to ARF1-DBD were
used as starting points to model the accessible volumes (AVs) of the FRET pair
using the FRET-restrained positioning and screening (FPS) software?d. For the
geometrical parameterization of the dyes, the dimension reported in table were
used. FPS was then used to calculate the distance between average dyes position
(Rpmp), the distribution of distances between dyes positions (Rp4) and the expected
mean FRET efficiency (E). An in-house/custom-written MATLAB function was
used to calculate the volume of the AVs.

DNA constructs

Single strand DNA oligos were ordered from Eurogentec. Each strand contained a
5-C6-amino-dT modification at the desired position for subsequent labelling. Some
of the strands were purchased biotinylated at their 5’- end to allow for surface im-
mobilization using a Neutravidin bridge. Strands were labelled with the desired dye
(NHS-ester) following a modified version of the protocol provided by the dye man-
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Table 2.1: AV simulations: Geometrical parameters of the dyes®3:2

Dye Linker Linker length Linker width R; Rg Rg

[A] [A] [A] [A] [A]
Cy3 C6-NHS 20.0 4.5 6.8 3.0 1.5
Cy3B C6-NHS 14.2 4.5 8.2 3.3 22
ATTO647TN C6-NHS 17.8 4.5 74 48 2.6

ufacturer and purified using polyacrylamide gel electrophoresis (20 % Acrylamide).
DNA constructs were annealed by heating complementary single strands to 95 °C in
annealing buffer (250 mM NaCl, 10 mM Tris HC1 pH 8, 1mM EDTA) followed by
cooling down to room temperature performed overnight. The sequence of the oligo
used throughout this chapter is 5’ -AGTCTTTTTGGTCTCTGGTCGGTCGACAATCCGTGTG-3”
with the exception of the titration to determine the binding preferences of MpARFs
where the sequence 5°-ACTCTTTTTTGTCNNGGAAAGGNNGACAATCCGTGTG-3’ was used
(NN being either TC, GG or AA).

Single-molecule FRET and PIFE-FRET

Imaging was carried out on a home-built TIRF microscope, described previously42.
The measurements were performed using alternating-laser excitation (ALEX)?Y; in
this excitation scheme, an acquisition frame during which the donor is excited is
followed by a frame in which the acceptor is directly excited and so on. The emission
of the fluorophores is spectrally divided into two different detection channels on
the emCCD camera sensor (Andor iXon 897 Ultra). This approach creates four
photon streams, three of which are relevant; (1) donor emission after donor excitation
(DD), (2) acceptor emission after donor excitation (DA, arising from FRET) and
(3) acceptor emission after acceptor excitation (AA). The three photon streams
can be used to calculate the raw FRET efficiency (E* = DA/(DD + DA)) and
stoichiometry (S = (DD + DA)/(DD + DA+ AA))*°. E* contains the information
about the relative distance of the two fluorophores whereas S contains information
about the photophysical state of a given molecule (allowing to filter out molecules
missing an active donor or an active acceptor) and the information about the spatial
confinement in case of environmental-sensitive dyes (PIFE). The camera acquisition
time and the excitation time were set to 250 ms; laser powers were set to 1.5 mW
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(Cy3) or 0.5mW (Cy3B) for green (A = 561nm) and 0.3mW (Cy3) and 0.5 mW
(Cy3B) for red (A = 638nm) lasers. The data reported in figure 2.2 is an initial
characterization of the system recorded at 50 ms and laser powers set to 8 mW (Cy3)
or 1.5mW (Cy3B) for green (A = 561 nm) and 0.75 mW for red (A = 638 nm) lasers.
The imaging buffer contained 137 mM NaCl, 2.7mM KCI, 10 mM phosphate, 1 mM
Trolox, 1% gloxy and 1% glucose.

Single-molecule titration experiments

Labelled dsDNA oligos were immobilized on a PEGylated glass coverslip as described
previously4”. In particular, the PEGylation was carried out inside the wells of sili-
cone gaskets placed on the coverslip (Grace Bio-labs). Each titration was performed
using a single well, washing it between data points with 600 nL of 1x PBS buffer.
Typically, each data point of a titration consists of three movies (1,000 frames each).
In the experiments with MpARFs, a waiting step of 5 min was added before starting
the acquisition of the first movie to allow the system to equilibrate.

Time traces analysis

First, the time traces from individual DNA molecules were filtered to remove the
sections in which either the donor or the acceptor were inactive (due to fluorophore
bleaching or blinking). A molecule was allowed to have values of E* and S outside
the thresholds (typically 0 to 0.8 for E* and 0.3 to 0.7 for S) for a maximum of
three consecutive data points; longer stays outside the thresholding range resulted
in the trace being interrupted. In case the molecule reentered the allowed range
for E* and S, the data points were saved as a new trace. A minimum length of
the traces was set to 50 data points. The filtered time traces were then loaded in
the software package ebFRET to perform and empirical Bayesian Hidden Markov
Modelling??. The analysis was performed assuming two states, with two restarts and
a convergence threshold of 1076, The results of the analysis were exported as ’.csv’
and the transition matrix was used to calculate ko, ko and Kgq = koft/kon-

Binding isotherms analysis

For each datapoint ¢ in a titration, the fit of the FRET efficiency distribution with the
two Gaussian pertaining to the free and bound populations returns an uncorrected
bound fraction: F{(i). Even in absence of ARF, the Gaussian fit centered on the
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E* of the bound DNA returns an apparent bound fraction Fj(0) > 0 (typically
~ 0.1). This value is an indication of the error connected to the two population
fit and can be later used to correct the entire titration under the assumption that
in case the DNA would be completely bound, the expected apparent free fraction
would have the same value (F5(0) = Fp(oc0)). Then the corrected bound fraction
for each datapoint can be calculated as

F4(i) — F5(0
Fé(z): B(z) B( )

1-2F% (0)

The corrected bound fraction (henceforth Fg) can be fit with the appropriate math-

(2.1)

ematical model for the interaction, in this case a simple binding isotherm
[ARF]

= % 1 (AR (2.2)

B
In order to obtain a reliable confidence interval for the Kg, a set of 1000
random bootstrap samples, each containing n titrations, were generated from the

4849 (a value of Fg for each con-

n experimental titrations by stratified resampling
centration i is drawn n times from the original n values, with replacement) and
fitted with the binding isotherm. The distribution of the obtained 1000 Kg4s can
be fitted with a log-normal distribution to obtain mean value and 95 % confidence

interval.

Results
DNA substrate and experimental design

To test the sequence-dependent binding of ARF to DNA, we chose a 37 bp sequence
from the promoter of the gene TMO5 of Arabidopsis thaliana known to be bound
by ARF5 in vive®Y. The sequence consists of two AuxREs (Fig. , highlighted in
grey), in an inverted configuration and separated by 7bp (called IR7).

smFRET and smPIFE-FRET necessitates care to be taken in the choice of
the positions where the donor and acceptor fluorophore will be attached (labeling
positions); a good pair of labeling positions should lead to a noticeable change in
FRET efficiency (F) and increase of the fluorescent quantum yield of Cy3 upon pro-
tein binding. In case of ARFs, the available crystal structure of the DNA binding
domain (DBD) of A. thaliana ARF1 bound to an IR7* provides valuable prior struc-
tural information. Modeling different potential labelling positions using the FRET-
restrained positioning and screening (FPS*?) software (see Materials and Methods)
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allowed us to optimize the expected change in FRET efficiency and PIFE. In par-
ticular, the software allows to calculate the region of space accessible to the dye (i.e.
accessible volume, AV) for every potential labelling position. We calculated the AVs
of a donor/acceptor pair in absence and in presence of the protein (Fig. —c) al-
lowing us to retrieve the expected change of the distance between the mean position
of the dyes (R,) and the expected relative change in FRET Efficiency (E) upon
protein binding. Furthermore, as the presence of the protein reduces the AV of Cy3
for some labelling positions, a first estimation on positions suitable for PIFE can be
given. For the labelling positions used in this study (Fig. , the oligo in absence
of protein (“free”) has an R,,, of 6.70nm (6.60nm for Cy3B), an expected E of
0.17 (Ro,cys = 5.1 nm=®; 0.40 for Cy3B [Ro.cys = 6.2 nm*¥]) and an AV for Cy3
of 13.9nm3; upon ARF binding, the Ry, increases to 7.8nm (7.6 nm for Cy3B), E
decreases to 0.08 (0.22 for Cy3B) and the AV for Cy3 decreases to 10.5nm>. The
large decrease of the AV for Cy3 (> 20 %) and the large decrease of E upon binding
(AE =~ 0.15) show that the chosen labelling position is a good candidate for both
smFRET and smPIFE-FRET experiments.

We note that of the calculated 1.11 nm increase in the distance between the
mean position of the dyes only 0.49nm are caused by the binding-induced bending
of the DNA; the remaining 0.62nm are caused by the steric effect of the proteins
reducing the accessible volume of the fluorophores thereby shifting the mean dye
position.

Interactions between DNA and unlabelled ARF-DBDs can be detected
using smFRET and smPIFE-FRET

We tested the ability of smPIFE-FRET and smFRET to report on ARF binding to
the DNA oligo by performing measurements in absence and in presence of saturating
concentration of A.thaliana ARF5-DBD. In brief, the construct was immobilized
on the surface of a coverslip through a neutravidin bridge and imaged on a TIRF
microscope using a buffer containing either 0 pM or 2 pM of protein; the resulting
movies were analyzed to obtain apparent FRET efficiencies (E*) and stoichiometries
(S) (for details see Materials and Methods). Values of E* and S are visualized
in a 2D histogram (E*S histogram); in this representation different population of
molecules will cluster together according to their labelling and biochemical state
(Fig.. The FRET efficiency contains information about the relative distance
of the fluorophores whereas the stoichiometry encodes the information about their
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A

Figure 2.1: dsDNA oligo and accessible volumes (AVs). (a) Schematic representation of the
dsDNA oligo; donor (either Cy3 or Cy3B, green) and acceptor (ATTO647N, magenta) indicate
the positions for internal labelling; similarly, the biotin (brown) used to immobilize the dsDNA
is conjugated to a modified 5- end. The binding sites for ARF (AuxREs) are highlighted in
gray. (b-c) Accessible volumes (AVs) for Cy3 and ATTOG647N in absence (b) and presence (c) of
AtARF1-DBD. The AVs show the volume that a fluorophore can explore thanks to its flexible
linker. The parts of the AV facing each other become partially inaccessible to the dyes upon
protein binding; this effect accounts for (= 56 %) of the expected distance change between the
mean position of the dyes, with DNA bending having a smaller effect (~ 44 % of the total change).
The fluorophores being on average further apart when the protein is present will lead to a decrease
in FRET efficiency. In addition, as the AV of Cy3 decreases by = 25 % upon ARF binding, PIFE
is expected.

relative brightness; molecules that are missing either the donor or the acceptor will
approach extreme values of stoichiometry and can therefore be filtered out easily (see
black boxes in Fig. and b). Moreover, the stoichiometry responds to changes in
the quantum yield of the fluorophores making it the main observable for monitoring
PIFE. The filtered data points can be projected on the 1D side histograms and
fitted with single or multiple Gaussians to obtain quantitative information about
the relative prevalence of different populations (or states) in the sample; moreover,
these 1D histograms (typically the ones representing the distribution of E*) can be
stacked vertically to obtain a stackplot (Fig.[2.2f).
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In the smPIFE-FRET experiments, the peak corresponding to the dou-
bly labelled DNA construct in absence of proteins is centered at E* = 0.64 and
S = 0.67 (Fig.2.2h, top); upon addition of 2pM AtARF5-DBD the peak shifts
to a lower FRET efficiency (0.45) in agreement with the expectations from the
AV simulations. Moreover, the peak shifts towards an higher stoichiometry value
(0.79) due to PIFE (Fig.]2.2h, bottom). SmFRET experiments return similar results
(Fig.[2.2p), with a clear change in FRET efficiency (from 0.47 to 0.33) upon binding,
but given the characteristics of the FRET pair used (Cy3B/ATTO647N), the change
in stoichiometry is small (AS < 0.02).

The affinity between AtARF5-DBD and IR7 can be strongly reduced by
performing point mutations of key amino acids that mediate the interaction; in
particular, the arginine in position 215 was found to be crucial for an high-affinity
binding of a canonical IR74. In presence of 2 M AtAR5-DBD, almost all DNA is
occupied by ARF. In contrast, using 2 pM AtARF5-DBD R215A only little binding
is seen (Fig.). These results confirm that the change in FRET efficiency seen
upon AtARF5-DBD addition is caused by specific binding of the transcription factor

to its response element rather then unspecific interaction of the protein with the
DNA.

smPIFE-FRET can reliably quantify differences in ARFs/IR7 affin-
ity

We asked if smPIFE-FRET is able to distinguish the affinity of different ARFs
towards an IR7 response element by conducting titrations with increasing concen-
tration of ARF. Assuming a simple binding model for bi-molecular association, the
value of the dissociation constant (Kq) coincides with the concentration of ARF at
which half of the DNA oligos are bound. Therefore, we are able to obtain the Ky
of a given ARF-IR7 combination from the analysis of the distributions of FRET
efficiencies.

For AtARF5-DBD, we saw binding at a concentration of 8 nM; at 16 nM
the bound fraction is &~ 30 % whereas at 32 nM most of the DNA is bound (Fig. [2.3).
This finding indicates that the K4 of AtARF5-DBD to the tested IR7 has a value of
~ 20nM. This tight binding is consistent with the tested IR7 being bound in vivo
by ARF5Y . ARF5-DBD carrying the single mutation R215A shows a decrease in
affinity of several orders of magnitude with the DNA being mostly free even at a
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Figure 2.2: ARF-DNA binding detected with smPIFE-FRET and smFRET; E*S histograms
show the FRET efficiency and stoichiometry of fluorescently labelled molecules present in the
sample. (a) smPIFE-FRET signature of a DNA when free (top) and when bound to AtARF5-
DBD (bottom). A clear shift in E* and S is visible upon binding as a result of the the increased
distance between the average position of the dyes and the increased quantum yield of Cy3. (b)
smFRET signature of a dsDNA when free (top) and when bound to AtARF5-DBD (bottom).
Because the quantum yield of Cy3B is not affected by the presence of the protein, only the shift
in E* is visible. (c) smFRET experiments carried out in absence or presence of 2 pM of AtARF5-
DBD or AtARF5-DBD R215A; the small bound population seen upon AtARF5-DBD R215A
addition is consistent with the expected lower affinity of this mutant and shows that the shift
in E* seen for the wild-type protein is caused by specific interaction with the response element
rather than others unspecific effects.

protein concentration of 2048 nM, placing the K for this mutant in the pM range.
We then tested ARF1-DBD and ARF2-DBD which showed a Ky of approximately
300 nM.

Taken together these results show that smPIFE-FRET can visualize ARF
binding to an IR7 over a large range of ARF concentrations while providing a first

estimate for the K4 of the interaction.
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Figure 2.3: Stackplots of smPIFE-FRET titrations of various AtARF-DBDs. AtARF5-DBD
shows tight binding with a Kq of &~ 20nM. When an amino acid that plays a key role in the
interaction between ARF5-DBD and its response element is mutated (R215A), the binding is
weakened and the Kg increases to the pM range. AtARF1-DBD and AtARF2-DBD show a
similar affinity of approximately 300 nM.
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smPIFE-FRET allows to study the kinetics of binding

The analysis of FRET efficiency distributions as shown previously can return values
for the binding affinity (Kg4) but leave the kinetics of the interactions unknown.
Since the DNA construct is bound to the surface of the cover slip, however, we can
obtain minute long single-molecule time traces that can be analysed using statistical
packages for Hidden Markov Model (HMM) analysis (in this case ebFRET2, see
Materials and Methods) to retrieve the kinetics of binding and dissociation.

In presence of AtARF1-DBD or AtARF2-DBD at concentrations around
the Kq, the time traces show clear transitions between the free and bound states
(Fig. and b respectively); in case of smPIFE-FRET experiments, the transi-
tions can be seen both in the trace reporting the FRET efficiency of the molecule,
which decreases upon binding (black trace) and in the trace that reports on the pho-
tons coming from the donor, which sees a noticeable increase due to PIFE (green
trace). The HMM analysis of the time traces returns a set of parameters that best
explain the observed signal (E*) and the most likely sequence of hidden states (Fig.
-b, in blue). From these parameters, we calculated the kinetics constants of the
system (kon and kog) and, from their ratio, the dissociation constant (Kg4). Apply-
ing HMM analysis to every data point of a titration returned values for the kinetic
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and equilibrium constants for every protein concentration tested (Fig. , left);
the values coming from these independent analysis were used to calculate the ex-
pected values for the constants and estimate their error (Fig. , right). AtARF1-
DBD and AtARF2-DBD show a similar value of ko, (1.1(4) x 10~4nM~'s™! and
0.9(3) x 1074 nM~1s™!) with their kog showing a bigger difference (0.08(2)s~! and
0.05(2)s~! respectively). The resulting Kq show a tighter binding for AtARF2-
DBD (500(50) nM) compared with AtARF1-DBD (800(100)nM). This difference
in affinity is driven by the change in ko, while the value of ko, stays constant at
~ 10° M~ !s™!; a value within the typical range for association constants between
transcription factors and their target (10 — 109 M—1s=1y2U,

smFRET allows to quantify the preference of ARF-DBDs towards
AuxREs of different sequence

We tested if our method is able to capture preferences of sequence bound by different
ARFs by measuring the affinity of two Marchantia polymorpha ARFs towards a DNA
constructs bearing three variations of the last dinucleotide of the AuxRE.

MpARF1-DBD showed nearly the same affinity towards IR7-TGTCTC and
IR7-TGTCGG (16 nM and 13nM; 95 % CI [13:20] and [10:16] respectively) whereas
the affinity towards IR7-TGTCAA was one order of magnitude lower at 140 nM,
95 % CI [120:170] (Fig. 2.5h). MpARF2-DBD showed a similar pattern (Fig. 2.5b),
where the binding to IR7-TGTCTC and IR7-TGTCGG was comparable in magni-
tude (86 nM and 41nM, respectively) but the difference in binding is statistically
significant (95 % CI [72:102] and [32:51] respectively). The low binding affinity to-
wards IR7-TGTCAA is even more pronounced with the value for the K, entering
the pM range (1.8 1uM, 95 % CI [1.7:2.0]).

These results show, how the TGTCGG element is bound at least as tight
as TGTCTC by ARF-DBDs of M. polymorpha while TGTCAA presents far weaker
interactions. This finding confirms the trends seen in other plant species and suggests
that the relative affinity towards different TGTCNN elements might be conserved
across ARFs evolution.
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Figure 2.4: HMM analysis of smPIFE-FRET titrations. (a and b) Single-molecule time traces
and HMM analysis. Labelled DNA molecules are observed for several minutes and the photons
coming from the donor (green trace), the acceptor (magenta trace) and the corresponding FRET
efficiency (black trace) are plotted as function of time. The FRET time traces are analyzed
using HMM to return the most probable sequence of states (blue trace). Addition of 256 nM
of AtARF1-DBD (a) or AtARF2-DBD (b) leads to modulations of the donor intensity (PIFE)
and, together with the change in average distance between the donor and the acceptor, generates
the observed changes in the FRET efficiency. (c) For each concentration of ARF tested, HMM
analysis returns a set of kinetic constants (kon and kog) and, from their ratio, the dissociation
constant (Kq); these values can be used to calculate the mean values (and relative standard errors)
of the kinetic constants of the system (right pane). The kon of AtARF1-DBD and AtARF2-DBD
are similar (1.1(4) x 107*nM~'s™* and 0.9(3) x 10~*nM~*s™'). Larger difference are seen in the
kot (0.08(2)s™" and 0.05(2)s™! respectively) which drives the difference seen in the K4 where
AtARF2-DBD appears to bind more tightly (500(50) nM, AtARF1-DBD: 800(100) nM).
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Figure 2.5: smFRET titration of (a) MpARF1-DBD and (b) MpARF2-DBD versus three
different TR7 variants. MpARF1-DBD shows strong binding towards both IR7-TGTCTC and
IR7-TGTCGG (with a Kq of 16nM and 13nM, respectively) but weaker affinity towards IR7-
TGTCAA (K4 = 140nM). MpARF2-DBD has slightly higher affinity towards IR7-TGTCGG
(Kgq = 41nM) compared to IR7-TGTCTC (Kq = 86nM). The binding to IR7-TGTCAA is
only noticeable when MpARF2-DBD is added to the solution at pM concentration indicative of
a dissociation constant of 1.8 uM. Either three or four independent titrations for each ARF-IR7
combination were acquired. The mean Kgs and relative 95 % confidence intervals are represented
as solid lines and shaded areas and were calculated via bootstrapping of the original datasets (see
Materials and Methods and Fig. S2.1)

Discussion

In this chapter we presented a DNA binding assay based on single-molecule Forster
Resonance Energy Transfer (FRET) alone or in combination with Protein Induced
Fluorescence Enhancement (PIFE).

We tested several A.thaliana ARF-DBDs and showed that the differences
in binding stability and kinetics are captured by the method. The smFRET and
smPIFE-FRET experiments in which the affinity of the single amino acid mutation
R215A of AtARF5-DBD was probed, showed the expected weaker interaction with
the tested IR7. Moreover, the experiments proved that the shift in E* seen when wt
AtARF5-DBD is added in concentration of tens on nM is due to the specific protein
interaction with the tested IR7 DNA motif.

The HMM analysis of the single-molecule time traces of AtARF1-DBD and
AtARF2-DBD returned a value of koy in the order of 10> M—!s~! which is consistent
with a diffusion limited model of the association®”. This finding implies that there

are no rate-limiting conformational rearrangements on the association path between

35



Chapter 2

the two macromolecules®2 which is confirmed by the high similarity of the crystal

structures of ARF1-DBD alone and co-crystallized with an IR71Z.

ARFs are divided in three phylogenetically conserved classes called A, B
and C°3; A-ARFs are considered activators while B and C-ARFs are considered
repressors®2 Y Recently, a mechanism for B-ARFs repression based on competition
for the same AuxREs bound by A-ARFs has been proposed as part of a minimal
auxin response system in Marchantia polymorpha®’. This model requires the affinity
of class A-ARF and class B-ARF to be within one order of magnitude in order to
allow for competition at near-stoichiometric A-ARF and B-ARF concentrations.
We previously validated this model on IR7-TGTCTC, since the ratio between the
affinity of MpARF2-DBD (a class B-ARF) and MpARF1-DBD (a class A-ARF) was
found to be ~ 5 (|41], Fig. ; the results shown in this chapter further support
the model for IR7-TGTCGG as the ratio between affinities is even smaller at ~ 3.
Interestingly, the ratio of the affinities towards IR7-TGTCAA is =~ 13 which hints
to a regulation for this element that does not involve competition between A and
B-ARFs.

The method presented here can be generally applied to study protein-DNA
interactions as long as the specific sequence targeted by the protein is known. If
further structural data is available (e.g. crystal structures), the design of the DNA
construct is simplified further by evaluating possible labelling positions in silico.
This allows to reject quickly the ones that do not display significant changes in
FRET efficiency and/or PIFE. Most importantly, the presented method does not
rely on protein labelling but on custom labelled DNA oligos that are commercially
available.

Conclusions

We studied the affinity and kinetics of ARF-DNA interaction using smFRET and
smPIFE-FRET. We showed that our approach can reliably quantify the affinity and
kinetics of ARF binding to its response element providing the kind of quantitative
information that was not available in literature. The method presented in this
chapter offers a convenient way to study protein-DNA interactions at the single-
molecule level, further helping smFRET and smPIFE-FRET to become a standard
and widespread tool in structural molecular biology.

36



Studying ARF-DNA interaction using smFRET and smPIFE-FRET

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Wegner, G. J., Lee, H. J., Marriott, G. & Corn, R. M. Fabrication of Histidine-Tagged Fusion Protein
Arrays for Surface Plasmon Resonance Imaging Studies of ProteinProtein and ProteinDNA Interac-
tions. Anal. Chem. 75, 4740-4746 (2003).

Hellman, L. M. & Fried, M. G. Electrophoretic mobility shift assay (EMSA) for detecting pro-
tein—nucleic acid interactions. Nat Protoc 2, 1849-1861 (2007).

Robertson, G., Hirst, M., Bainbridge, M., Bilenky, M., Zhao, Y., Zeng, T., Euskirchen, G., Bernier,
B., Varhol, R., Delaney, A., Thiessen, N., Griffith, O. L., He, A., Marra, M., Snyder, M. & Jones, S.
Genome-wide profiles of STAT1 DNA association using chromatin immunoprecipitation and massively
parallel sequencing. Nat Methods 4, 651-657 (2007).

Berger, M. F. & Bulyk, M. L. Universal protein-binding microarrays for the comprehensive character-
ization of the DNA-binding specificities of transcription factors. Nat Protoc 4, 393-411 (2009).
Franco-Zorrilla, J. M., Lépez-Vidriero, 1., Carrasco, J. L., Godoy, M., Vera, P. & Solano, R. DNA-
binding specificities of plant transcription factors and their potential to define target genes. PNAS
111, 2367-2372 (2014).

Moyroud, E., Minguet, E. G., Ott, F., Yant, L., Posé, D., Monniaux, M., Blanchet, S., Bastien, O.,
Thévenon, E., Weigel, D., Schmid, M. & Parcy, F. Prediction of Regulatory Interactions from Genome
Sequences Using a Biophysical Model for the Arabidopsis LEAFY Transcription Factor. The Plant
Cell 23, 1293-1306 (2011).

O’Malley, R. C., Huang, S.-s. C., Song, L., Lewsey, M. G., Bartlett, A., Nery, J. R., Galli, M., Gallavotti,
A. & Ecker, J. R. Cistrome and Epicistrome Features Shape the Regulatory DNA Landscape. Cell
165, 1280-1292 (2016).

Schreier, S., Petla, B. P., Lin, T., Chakravarty, S. & Subramanian, S. A simple and sensitive SYBR
Gold-based assay to quantify DNA-protein interactions. Plant Mol Biol 101, 499-506 (2019).
Lickwar, C. R., Mueller, F., Hanlon, S. E., McNally, J. G. & Lieb, J. D. Genome-wide protein—-DNA
binding dynamics suggest a molecular clutch for transcription factor function. Nature 484, 251-255
(2012).

Ulmasov, T., Hagen, G. & Guilfoyle, T. J. ARF1, a Transcription Factor That Binds to Auxin Response
Elements. Science 276, 1865-1868 (1997).

Ulmasov, T., Hagen, G. & Guilfoyle, T. J. Dimerization and DNA binding of auxin response factors.
The Plant Journal 19, 309-319 (1999).

Boer, D. R., Freire-Rios, A., van den Berg, W. A. M., Saaki, T., Manfield, I. W., Kepinski, S., Lépez-
Vidrieo, I., Franco-Zorrilla, J. M., de Vries, S. C., Solano, R., Weijers, D. & Coll, M. Structural Basis
for DNA Binding Specificity by the Auxin-Dependent ARF Transcription Factors. Cell 156, 577-589
(2014).

Stigliani, A., Martin-Arevalillo, R., Lucas, J., Bessy, A., Vinos-Poyo, T., Mironova, V., Vernoux, T.,
Dumas, R. & Parcy, F. Capturing Auxin Response Factors Syntax Using DNA Binding Models. Molec-
ular Plant 12, 822-832 (2019).

Galli, M., Khakhar, A., Lu, Z., Chen, Z., Sen, S., Joshi, T., Nemhauser, J. L., Schmitz, R. J. &
Gallavotti, A. The DNA binding landscape of the maize AUXIN RESPONSE FACTOR family. Nature
Communications 9, 4526 (2018).

Lanctot, A., Taylor-Teeples, M., Oki, E. A. & Nemhauser, J. L. Specificity in Auxin Responses Is Not
Explained by the Promoter Preferences of Activator ARFs. Plant Physiology 182, 1533-1536 (2020).
Ha, T., Enderle, T., Ogletree, D. F., Chemla, D. S.; Selvin, P. R. & Weiss, S. Probing the interaction
between two single molecules: fluorescence resonance energy transfer between a single donor and a
single acceptor. PNAS 93, 62646268 (1996).

Lerner, E., Cordes, T., Ingargiola, A., Alhadid, Y., Chung, S., Michalet, X. & Weiss, S. Toward
dynamic structural biology: Two decades of single-molecule Forster resonance energy transfer. Science
359 (2018).

37



Chapter 2

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

38

Hellenkamp, B., Schmid, S., Doroshenko, O., Opanasyuk, O., Kithnemuth, R., Rezaei Adariani, S.,
Ambrose, B., Aznauryan, M., Barth, A., Birkedal, V., Bowen, M. E., Chen, H., Cordes, T., Eilert, T.,
Fijen, C., Gebhardt, C., Gotz, M., Gouridis, G., Gratton, E., Ha, T., Hao, P., Hanke, C. A., Hartmann,
A., Hendrix, J., Hildebrandt, L. L., Hirschfeld, V., Hohlbein, J., Hua, B., Hiibner, C. G., Kallis, E.,
Kapanidis, A. N., Kim, J.-Y., Krainer, G., Lamb, D. C., Lee, N. K., Lemke, E. A., Levesque, B.,
Levitus, M., McCann, J. J., Naredi-Rainer, N., Nettels, D., Ngo, T., Qiu, R., Robb, N. C.; Rocker, C.,
Sanabria, H., Schlierf, M., Schréder, T., Schuler, B., Seidel, H., Streit, L., Thurn, J., Tinnefeld, P.,
Tyagi, S., Vandenberk, N., Vera, A. M., Weninger, K. R., Wiinsch, B., Yanez-Orozco, I. S., Michaelis,
J., Seidel, C. A. M., Craggs, T. D. & Hugel, T. Precision and accuracy of single-molecule FRET
measurements—a multi-laboratory benchmark study. Nature Methods 15, 669676 (2018).
Sisamakis, E., Valeri, A., Kalinin, S., Rothwell, P. J. & Seidel, C. A. M. in Methods in Enzymology
(ed Walter, N. G.) 455-514 (Academic Press, 2010).

Kamagata, K., Murata, A., Itoh, Y. & Takahashi, S. Characterization of facilitated diffusion of tumor
suppressor p53 along DNA using single-molecule fluorescence imaging. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews. Special issue on Bioimaging 30, 36-50 (2017).
Martin-Fernandez, M. L., Tynan, C. J. & Webb, S. E. D. A ‘pocket guide’ to total internal reflection
fluorescence. Journal of Microscopy 252, 16-22 (2013).

Holden, S. J., Uphoff, S., Hohlbein, J., Yadin, D., Le Reste, L., Britton, O. J. & Kapanidis, A. N.
Defining the Limits of Single-Molecule FRET Resolution in TIRF Microscopy. Biophysical Journal
99, 3102-3111 (2010).

McKinney, S. A., Joo, C. & Ha, T. Analysis of Single-Molecule FRET Trajectories Using Hidden
Markov Modeling. Biophysical Journal 91, 1941-1951 (2006).

Okamoto, K. & Sako, Y. Variational Bayes Analysis of a Photon-Based Hidden Markov Model for
Single-Molecule FRET Trajectories. Biophysical Journal 103, 1315-1324 (2012).

Van de Meent, J.-W., Bronson, J. E., Wiggins, C. H. & Gonzalez, R. L. Empirical Bayes Methods
Enable Advanced Population-Level Analyses of Single-Molecule FRET Experiments. Biophys J 106,
1327-1337 (2014).

Schmid, S., Gotz, M. & Hugel, T. Single-Molecule Analysis beyond Dwell Times: Demonstration and
Assessment in and out of Equilibrium. Biophysical Journal 111, 1375-1384 (2016).

Hadzic, M. C. A. S., Borner, R., Konig, S. L. B., Kowerko, D. & Sigel, R. K. O. Reliable State
Identification and State Transition Detection in Fluorescence Intensity-Based Single-Molecule Forster
Resonance Energy-Transfer Data. The Journal of Physical Chemistry B (2018).

Du, C. & Kou, S. C. Statistical Methodology in Single-Molecule Experiments. Statist. Sci. 35, 75-91
(2020).

Hwang, H., Kim, H. & Myong, S. Protein induced fluorescence enhancement as a single molecule
assay with short distance sensitivity. Proceedings of the National Academy of Sciences 108, T414—
7418 (2011).

Hwang, H. & Myong, S. Protein induced fluorescence enhancement (PIFE) for probing protein—nucleic
acid interactions. Chem. Soc. Rev. 43, 1221-1229 (2014).

Qiu, Y. & Myong, S. in Single-Molecule Enzymology: Fluorescence-Based and High-Throughput Meth-
ods (eds Spies, M. & Chemla, Y. R.) 33-51 (Academic Press, 2016).

Stennett, E. M. S., Ciuba, M. A., Lin, S. & Levitus, M. Demystifying PIFE: The Photophysics Behind
the Protein-Induced Fluorescence Enhancement Phenomenon in Cy3. J. Phys. Chem. Lett. 6, 1819-
1823 (2015).

Murphy, S. & Schuster, G. B. Electronic Relaxation in a Series of Cyanine Dyes: Evidence for Electronic
and Steric Control of the Rotational Rate. J. Phys. Chem. 99, 8516-8518 (1995).

Cao, J., Wu, T., Hu, C., Liu, T., Sun, W., Fan, J. & Peng, X. The nature of the different environmental
sensitivity of symmetrical and unsymmetrical cyanine dyes: an experimental and theoretical study.
Phys. Chem. Chem. Phys. 14, 13702-13708 (2012).



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Studying ARF-DNA interaction using smFRET and smPIFE-FRET

Sanborn, M. E., Connolly, B. K., Gurunathan, K. & Levitus, M. Fluorescence Properties and Photo-
physics of the Sulfoindocyanine Cy3 Linked Covalently to DNA. J. Phys. Chem. B 111, 11064-11074
(2007).

Hohlbein, J., Craggs, T. D. & Cordes, T. Alternating-laser excitation: single-molecule FRET and
beyond. Chem. Soc. Rev. 43, 1156-1171 (2014).

Gidi, Y., Gotte, M. & Cosa, G. Conformational Changes Spanning Angstroms to Nanometers via a
Combined Protein-Induced Fluorescence Enhancement—Forster Resonance Energy Transfer Method.
J. Phys. Chem. B 121, 2039-2048 (2017).

Ploetz, E., Lerner, E., Husada, F., Roelfs, M., Chung, S., Hohlbein, J., Weiss, S. & Cordes, T. Forster
resonance energy transfer and protein-induced fluorescence enhancement as synergetic multi-scale
molecular rulers. Scientific Reports 6, 33257 (2016).

Lerner, E., Ploetz, E., Hohlbein, J., Cordes, T. & Weiss, S. A Quantitative Theoretical Framework For
Protein-Induced Fluorescence Enhancement—Forster-Type Resonance Energy Transfer (PIFE-FRET).
J. Phys. Chem. B 120, 6401-6410 (2016).

Cooper, M., Ebner, A., Briggs, M., Burrows, M., Gardner, N., Richardson, R. & West, R. Cy3B™:
Improving the Performance of Cyanine Dyes. Journal of Fluorescence 14, 145-150 (2004).

Kato, H., Mutte, S. K., Suzuki, H., Crespo, 1., Das, S., Radoeva, T., Fontana, M., Yoshitake, Y.,
Hainiwa, E., van den Berg, W., Lindhoud, S., Ishizaki, K., Hohlbein, J., Borst, J. W., Boer, D. R.,
Nishihama, R., Kohchi, T. & Weijers, D. Design principles of a minimal auxin response system. Nature
Plants 6, 473-482 (2020).

Van Dijk, M. & Bonvin, A. M. J. J. 3D-DART: a DNA structure modelling server. Nucleic Acids Res
37, W235-W239 (suppl_2 2009).

Kalinin, S., Peulen, T., Sindbert, S., Rothwell, P. J., Berger, S., Restle, T., Goody, R. S., Gohlke,
H. & Seidel, C. A. M. A toolkit and benchmark study for FRET-restrained high-precision structural
modeling. Nat Meth 9, 1218-1225 (2012).

Craggs, T. D., Sustarsic, M., Plochowietz, A., Mosayebi, M., Kaju, H., Cuthbert, A., Hohlbein, J.,
Domicevica, L., Biggin, P. C., Doye, J. P. K. & Kapanidis, A. N. Substrate conformational dynamics
facilitate structure-specific recognition of gapped DNA by DNA polymerase. Nucleic Acids Res 47,
10788-10800 (2019).

Farooq, S. & Hohlbein, J. Camera-based single-molecule FRET detection with improved time resolu-
tion. Phys. Chem. Chem. Phys. 17, 27862-27872 (2015).

Kapanidis, A. N., Lee, N. K., Laurence, T. A., Doose, S., Margeat, E. & Weiss, S. Fluorescence-
aided molecule sorting: Analysis of structure and interactions by alternating-laser excitation of single
molecules. PNAS 101, 8936-8941 (2004).

Evans, G. W., Hohlbein, J., Craggs, T., Aigrain, L. & Kapanidis, A. N. Real-time single-molecule
studies of the motions of DNA polymerase fingers illuminate DNA synthesis mechanisms. Nucleic
Acids Research 43, 5998-6008 (2015).

Efron, B. & Tibshirani, R. Bootstrap Methods for Standard Errors, Confidence Intervals, and Other
Measures of Statistical Accuracy. Statist. Sci. 1, 54-75 (1986).

Jones, G. Fitting and handling dose response data. J Comput Aided Mol Des 29, 1-11 (2015).
Freire-Rios, A., Tanaka, K., Crespo, 1., van der Wijk, E., Sizentsova, Y., Levitsky, V., Lindhoud, S.,
Fontana, M., Hohlbein, J., Boer, D. R., Mironova, V. & Weijers, D. Architecture of DNA elements
mediating ARF transcription factor binding and auxin-responsive gene expression in Arabidopsis. Proc
Natl Acad Sci USA, 202009554 (2020).

Qin, S., Pang, X. & Zhou, H.-X. Automated Prediction of Protein Association Rate Constants. Struc-
ture 19, 1744-1751 (2011).

Zhou, H.-X. & Pang, X. Electrostatic Interactions in Protein Structure, Folding, Binding, and Con-
densation. Chem. Rev. 118, 1691-1741 (2018).

Mutte, S. K., Kato, H., Rothfels, C., Melkonian, M., Wong, G. K.-S. & Weijers, D. Origin and evolution
of the nuclear auxin response system. eLife 7 (ed Yu, H.) 33399 (2018).

39



Chapter 2

54. Ulmasov, T., Hagen, G. & Guilfoyle, T. J. Activation and repression of transcription by auxin-response
factors. PNAS 96, 5844-5849 (1999).

55. Tiwari, S. B., Hagen, G. & Guilfoyle, T. The Roles of Auxin Response Factor Domains in Auxin-
Responsive Transcription. The Plant Cell 15, 533-543 (2003).

56. Roosjen, M., Paque, S. & Weijers, D. Auxin Response Factors: output control in auxin biology. J Ezp
Bot 69, 179-188 (2018).

40



Supplementary material

TC

GG

MpARF1

0.05 1

0.04 1

0.03

0.02 1

0.011

Lognormal distibution
41=2.7859
=0.098688
Mean = 16.2936
StDev = 16119

K, 95%Cl
1133628 : 19.6745)

0.06 1

0.04 1

0.02 1

Lognormal distribution
4=25311
7=01392

12 14 16 18 20

0.04 1

0.024

120

[120.1983 : 174.2723]

140 160 180 200

Kd

Studying ARF-DNA interaction using smFRET and smPIFE-FRET

0.07
Lognormal distribution
1= 44525
0.06 |
(71.9931 : 102.3492)
0,05
0,04
003
002
001
|
0= I S—
70 80 % 100 110 120
Kd
0.07
Lognormal distibution
1=36097
7=0.12005
0.06 Mean = 40.7262
StDev = 49072
K, 95%Cl.
31.9578 : 51.1627]
0,05 B
0,04
0.03
002
001
0 v == 5 |
30 35 4 45 50 55 60 65
Kd
0.06
005
11690.841 : 2027.9896]
0.04 |
0031
002
001
AN
0 : £ = |
1700 1800 1900 2000 2100
Kd
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Abstract

The plant hormone auxin coordinates many growth and development processes
mainly through the modulation of gene expression. The transcriptional response
to auxin is mediated by the auxin response factor (ARF) transcription factor fam-
ily. Monomers of this family recognize a DNA motif (TGTC[TC]/[GG]) called the
auxin-responsive element (AuxRE). ARFs can homodimerize through their DNA
binding domains (DBD) thereby enabling cooperative binding for a bipartite in-
verted AuxRE (IR7). In addition to the DBD, most ARFs contain a Phox and
Bemlp (PB1) domain which is capable of homotypic interactions; while this domain
is thought to promote protein dimerization and DNA binding on composite AuxREs
there has been no quantitative observation of these effects, nor are the relative con-
tributions of the two dimerization domains understood. Here, we utilize a DNA
binding assay based on smPIFE-FRET to study the equilibrium and kinetics of the
interaction of several A. thaliana ARFs with an TR7 AuxRE. We demonstrate that in
case of AtARF2, the PB1 domain increases the affinity towards the DNA response
element through stabilization of the protein dimer. Similarly, dimer stability can
explain most of the differences in affinity and kinetics seen for the DBDs of differ-
ent AtARFs. Lastly, we derived an analytical solution for a four-states model that
explains both the kinetics and the affinity of the interaction between AtARF2 and
IR7. The model further indicates that ARF dimerization both on the DNA and in
solution are relevant for the interaction. Our work demonstrates that the affinity of
ARFs towards composite DNA response elements can be tuned by small changes of
their dimerization equilibrium and that this effect has probably major implications
for ARF-mediated transcriptional activity.
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Introduction

The plant hormone auxin plays a pivotal role in many cellular and developmental
processes. Auxin triggers both non-transcriptional and transcriptional responses
with the latter being controlled by the nuclear auxin pathwayl ™. This pathway in-
volves three main players: the transcription factor ARF, its repressor Aux/IAA and
the ubiquitin ligase complex SCFTRI/AFB - Binding of auxin to TIR1 /AFB enables
the recognition and ubiquitination of Aux/IAA. Upon degradation of Aux/TAA,
ARF is able to modulate the expression of its downstream target genes.

The interaction between ARFs and Aux/IAAs is mediated by the Phox and
Bemlp (PB1) domain that is present in both proteins. The PB1 domain features
two oppositely charged surfaces (type I/II or AB [acid basic] PB1 domain) that can
oligomerize head to tail®*. Remarkably, this structural characteristic opens scenar-
ios of homo and hetero oligomerization among and between Aux/IAAs and ARFs.
In addition to the PB1 domain, ARFs consist of two other domains, the Middle
Region (MR) and the DNA Binding Domain (DBD). The MR domain is predicted
to be intrinsically disordered® and its amino acid sequence differs between the three
phylogenetically separated ARF clades (A,B and C)!%, When tested for their
effect on gene expression, some ARFs activate auxin-responsive genes while other
repress them; in general, activator ARFs belong to class A (e.g. A. thaliana ARF5)
while repressor ARFs belong to class B (e.g. A.thaliana ARF1 and 2). The DBD
domain physically interacts with its DNA response element called AuxRE (auxin-
responsive element). This cis-regulatory element was first identified in promoters of

1314 and was found to be necessary

an auxin-responsive genes in pea’ and soybean
for the inducibility of auxin. The canonical TGTCTC recognition sequence was later
shown to be bound by different members of the ARF family!>:!®. More recently, the
TGTCGG recognition sequence was found to have an even higher affinity for ARFs
in vitro-T 12 and was used to create an enhanced artificial auxin response reporter?’.
Single AuxREs are bound by single ARF monomers but ARF DBDs can dimerize in
solution and bind cooperatively to composite response elements bearing two AuxRE
in inverted configuration (IR)'”; moreover, ARF dimerization through its DBD is
necessary for ARF function in vive#2L, Interestingly, the PB1 domain seems to have
different effects on different class A ARFs as its deletion in M. polymorpha ARF1
generates a loss-of-function mutant® whereas in AtARF5 the mutant maintains its
function and is hyperactive?>. The effect of the homotypic interaction of ARF PB1

domains of another class A ARF, AtARF19, has been studied using synthetic auxin
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response circuits in yeast, showing that mutating either the positive or the negative
side of the PB1 domain reduces its transcriptional output??.

These studies show that much is known about the structures and the rel-
evant interactions among the players of the auxin nuclear pathway but at the same
time they highlight the lack of a quantitative view on this system. In particular,
the effect of the dimer/monomer equilibrium on the interaction between ARFs and
between ARFs and AuxREs or the effect of mutations on the DBD and PB1 domains
on ARF dimerization have never been studied quantitatively. This lack of informa-
tion about the affinity and kinetics leaves open questions about which interactions
are relevant.

Here, we utilize the DNA-binding assay based on smPIFE-FRET pre-
sented in chapter 2 to quantitatively assess the binding affinities between different
A. thaliana ARFs and a response element composed of two AuxREs in an inverted
repeat configuration with a spacing of 7bp. We found that the presence of the PB1
domain increases the affinity of AtARF2 towards the tested composite response el-
ement. In fact, this effect is caused by an increased stability of the dimer whereas
AtARF2 oligomerization has no sizable effect. The analysis of the kinetics of the
interaction between AtARF2 and the DNA response element revealed that the pres-
ence of the PB1 domain increases the k., thanks to the stabilization of the dimer in
solution while decreases the kg thanks to the stabilization of the dimer bound to the
DNA. Further analysis of variants of AtARF5-DBD showed that changes in dimer
stability generated through mutations in the DBD domain displays the same pattern
on the kinetics as the ones generated by changes in the PB1 domain, highlighting
that stable protein dimers are proxy to stable DNA binding, no matter the source
of their stability. Lastly, we introduce a general four-state cyclic model to quantify
the mechanisms of ARF interaction with bipartite DNA response elements.

Materials and methods

Protein expression and purification

Protein expression and purification was carried out following the same protocol used
in reference |17]. Briefly, the genomic regions corresponding to the DNA binding
domain (DBD) of Arabidopsis thalania ARF1, ARF2 ARF5 and full-length ARF2
were amplified and cloned in an modified expression vector pTWIN1 (New England
Biolabs) to generate fusions with the Chitin Binding Domain (CBD) and Intein.
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ARF-CBD fusion proteins were expressed in E. coli strain Rosetta DE3 (Novagen).
Cells were inoculated in Difco Terrific Broth (BD), supplemented with ampicillin
and grown to an ODggg of 0.5-0.7, protein expression was induced by adding IPTG
and the temperature was switched from 37°C to 20°C; the growth was continued
for 20 h. Cells were harvested by centrifugation and resuspended in extraction buffer
(20mM Tris, 500 mM NaCl, 1mM EDTA, 0.1 % NP-40 and 2mM MgCI2, pH 7.8,
10 mg of DNase and 0.2mM PMSF). Cells were then lysed by passing the suspen-
sion twice through a French Pressure cell and cell-free extract was generated by
centrifugation. The supernatant was loaded onto a chitin column (New England
Biolabs) and washed with 10 column volumes washing buffer (20 mM Tris, 500 mM,
pH 7.8) using an AKTA explorer 100 (GE Healthcare). ARF-DBD proteins were
eluted by 1h incubation with 40 mM DTT in washing buffer. Proteins were con-
centrated using Amicon ultra-15 10K spin filters, and next passed over a Superdex
200PG size-exclusion chromatography column. ARF-DBD proteins were eluted us-
ing washing buffer with 1 mM DTT, concentrated using Amicon ultra-15 10K spin
filters and stored until use at —80 °C.

DNA constructs

Single strand DNA oligos were ordered from Eurogentec. Each strand contained
a 5-C6-amino-dT modification at the desired position for labelling. Some of the
strands were purchased biotinylated at their 5’- end to allow for surface immobi-
lization using a Neutravidin bridge. Strands were labelled with the desired dye
(NHS-ester) following a modified version of the protocol provided by the dye man-
ufacturer and purified using polyacrylamide gel electrophoresis (20 % Acrylamide).
DNA constructs were annealed by heating complementary single strands to 95 °C in
annealing buffer (250 mM NaCl, 10 mM Tris HC1 pH 8, 1mM EDTA) followed by
cooling down to room temperature performed overnight.

Single-molecule PIFE-FRET

Imaging was carried out on a home-built TIRF microscope, described previously2”.
The measurements were performed using alternating-laser excitation (ALEX)2Y; in
this excitation scheme, each frame during which the donor is excited is followed by
a frame in which the acceptor is directly excited. The emission of the fluorophores
is spectrally divided into two different detection channels on the emCCD camera
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sensor (Andor iXon 897 Ultra). This approach creates four photon streams, three
of which are relevant; (1) donor emission after donor excitation (DD), (2) acceptor
emission after donor excitation (DA, arising from FRET) and (3) acceptor emission
after acceptor excitation (AA). The three photon streams can be used to calculate
the raw FRET efficiency (E* = DA/(DD + DA)) and stoichiometry (S = (DD +
DA)/(DD + DA+ AA))*L. E* contains the information about the relative distance
of the two fluorophores whereas S contains information about the photophysical
state of a given molecule (allowing to filter out molecules missing an active donor or
an active acceptor). The camera acquisition time and the excitation time were set
to 250 ms; laser powers were set to 3mW (Cy3) for green (A = 561 nm) and 0.5 mW
for red (A = 638nm) lasers. The imaging buffer contained 137 mM NaCl, 2.7mM
KC1, 10mM phosphate, 1 mM Trolox, 1% gloxy and 1% glucose.

Single-molecule titration experiments

Labelled dsDNA oligos were immobilized on a PEGylated glass coverslip as de-
scribed previously?®. In particular, the PEGylation was carried out inside the wells
of silicone gaskets placed on the coverslip (Grace Bio-labs). Each titration was per-
formed using a single well, washing it between data points with 600 nL of 1x PBS
buffer. The final washing step consisted of three washings separated by 15 minutes.
Typically, each data point consisted of four movies (1000 frames each).

Binding isotherms analysis

The fit of the FRET efficiency distribution with the two Gaussian pertaining to the
free and bound populations returns an uncorrected fraction bound for each datapoint
i: F§ (7). When no protein is added, the Gaussian fit centered on the E* of the bound
DNA return an uncorrected fraction bound F§(0) > 0 (typically ~ 0.1). This value
is an indication of the error connected to the two population fit and can be used to
renormalize the entire titration under the assumption that, in case the DNA would
be completely bound, the expected uncorrected fraction free would have the same
value (F§(0) = Fyi(00)). Then, the corrected fraction bound for each data point can

be calculated as Fu(i) — F2(0)
C (s v~
Fi6) = =570
1 —2F%(0)

The corrected fraction bound (henceforth Fg) can be fit with the appropriate math-

(3.1)

ematical model for the interaction.
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Time traces analysis

First, the time traces from individual DNA molecules were filtered to remove sec-
tions in which either the donor or the acceptor were inactive (due to fluorophore
bleaching or blinking). A molecule was allowed to take values of E* and S outside
the thresholds (typically 0 to 0.85 for E* and 0.5 to 0.9 for S) for a maximum of
three consecutive data points; longer stays outside the thresholding range resulted in
the trace being interrupted. In case the molecule reentered the allowed range for E*
and S, the data points were saved as a new trace. A minimum length of the traces
was set to 50 data points. The filtered time traces were then loaded in the software
package ebFRET to perform and empirical Bayesian Hidden Markov Modelling4?.
The analysis was performed assuming two states, with two restarts and a conver-
gence threshold of 107%. The results of the analysis were exported as ’.csv’ text files
and the transition matrix was used to calculate koy, ko and Kgq = koft/kon-

Results

The affinity of AtARF2 towards an IR7 composite AuxRE is increased
by the PB1 domain

Following up on a ChIP experiment published in [24], we tested if the interactions be-
tween the PB1 domains increases the affinity of ARFs towards a composite AuxRE.
We designed smPIFE-FRET experiments in which the binding of ARFs to a small
doubly-labelled dsDNA oligo containing two AuxREs in an inverted configuration
spaced by 7 basepairs (IR7) leads to a decrease of FRET efficiency (Fig.[3.1] see
Chapter 2 for details on the assay). We then performed titrations with increas-
ing concentrations of AtARF2-DBD, AtARF2-FL (full length), AtARF2-FL K2S,
and AtARF2-FL OPCA (Fig.[3.2h). AtARF2-FL K2S (K737S) and AtARF2-FL
OPCA (D797-8S) carry mutations of amino acids on the positive (K2S) and neg-
ative (OPCA) side of the PB1 domain respectively, both of which were shown to
impair the interaction between PB1 domains®. These two mutants were tested in-

dividually or mixed in a 50/50 ratio (AtARF2-FL KpO).

The FRET efficiency distributions of the DNA sensor show a single popu-
lation centered at E* = 0.59 in absence of proteins. With increasing concentration
of AtARF2, a second population representing the bound DNA fraction (centered
at E* = 0.42) appeared. For saturating protein concentrations (2048 nM) all DNA
strands are bound. To demonstrate that the shift seen during the titration is gen-

49



Chapter 3

5
AGTCTTTTT

| 3
TGGT T TGT
gyCAGAAAAACﬂGﬂGACCAGCCEIE;TAGGCACA%

Figure 3.1: Schematic representation of the DNA-binding assay used to evaluate ARF binding;
the dsDNA is labelled with Cy3 and Atto647N on the opposite sides of the response element.
Upon protein binding, the increased distance between the dyes generates a decrease in FRET

—
C—

efficiency.

erated by specific binding of ARF to the DNA and that the binding is reversible,
we performed a washing step at the end of each titration that reverted the FRET
efficiency distributions to the ones seen in absence of any protein.

We then calculated the fraction of DNA bound by ARF (Fp) for every
datapoint (see Materials and Methods) in the titration and fitted each dataset with
a simple binding isotherm (F5 = [ARF]|r/(Kq+[ARF|1), Fig.|3.2p) to obtain the K4
of the interaction. AtARF2-DBD shows a Kq4 of 240nM (95 % CI [120:360]) whereas
AtARF2-FL shows a much tighter binding (K4 = 39nM, CI [31:47]) suggesting that
the stabilization of the dimer caused by the homotypic interaction of the PB1 domain
does stabilize the association between ARF and the IR7 response element. This
hypothesis is confirmed by the fact that when the PB1 domain is mutated on either
its positive (K2S) of negative (OPCA) side the increase in affinity is strongly reduced
(to 140 nM [100:180] and 220 nM [190:250] respectively). Furthermore, when the two
mutants are mixed in a 50/50 ratio (KpO), the gain in affinity is restored to levels
comparable with the wild type FL variant (K4 = 57nM, CI [35:78]). This further
demonstrates that on this RE topology, oligomerization does not play an important
role in stabilizing the interaction and that the dimer is the relevant species for DNA
binding.

The PB1 domain increases the probability of association and decreases
the probability of dissociation

We then tested the kinetics of AtARF2/IRT interaction by analyzing relevant data-
points of the titrations using ebFRET2?, a MATLAB suite for Hidden Markov Model
(HMM) analysis of single-molecule time traces. As the DNA oligos are immobilized,
their interaction with the proteins in solution can be monitored for several minutes
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Figure 3.2: Effect of the PB1 domain on the affinity between AtARF2 and an IR7 AuxRE. (a)
Titrations of the dsDNA with several ARF variants. The dsDNA alone has a FRET efficiency
E* = 0.59; as the protein concentration increases the population of bound DNA (centered at
E* = 0.42) increases until all the DNA is bound (saturating condition). A washing step suffice
to reset the system proving that the bound population is generated by specific and reversible
binding of ARF. (b) The fraction of DNA bound as function of the protein concentration can
be fitted using simple binding isotherms obtaining values of K4 for the interactions. The 95 %
confidence interval is reported as shaded areas, the only datasets that show significantly tighter
binding compared to AtARF2-DBD are AtARF2-FL and AtARF2-FL KpO which indicates that
the homotypic interaction of the PB1 domain is increasing the affinity of AtARF2 towards the
response element through stabilization of the dimer.
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(2505 in our experiments). The analysed FRET traces returned the most probable
hidden state sequence for each trace (Fig.|3.3p) according to the set of kinetic pa-
rameter that best explain the transitions and states seen in the entire dataset.

To facilitate the identification of transitions by ebFRET, we selected the
three concentrations that were closest to having equal population of bound and free
DNA for each AtARF2 variant. Each of these three concentrations (represented
as A, O and V in Fig.[3.3p) were tested during at least three independent "short"
titrations for each ARF variant; each of these datapoints was analyzed independently
and returned a value for ko, a value for k.g and, from their ratio, a value for Ky
(Fig.|3.3b). The mean values of ko, show a clear trend in which ARF variants with
higher affinity show faster association. On the other hand, the kog show similar
values for all the FL variants whilst AtARF2-DBD has a faster kog accompanied
by a large spread in the individual values. The resulting K4s show the expected
trend, with AtARF2-DBD having the lowest affinity (400nM, 95 % CI [220:590)),
AtARF2-FL KpO and wt showing the tightest binding (78 nM CI [47:109] and 53 nM
CI [29:76], respectively) and AtARF2-FL K2S and OPCA having an affinity in
between the two (140 nM CI [80:190] and 110 nM CI [20:190], respectively).

The trends seen in the ko, and kg suggest that the analysis of the kinetics
using HMM is capturing mostly the interaction between the dimer and the DNA
and that the interaction between the monomer and the DNA occurs on a timescale
shorter than the 500 ms acquisition time used in our experiments. Under this hy-
pothesis, the apparent ko, can be approximated by the probability of the DNA
encountering a dimer which is increased by the enhanced dimer stability in solution
brought by the PB1 domain. The kg is also a function of the dimer stability but
when it is bound to the DNA, as both the dissociation of either a dimer from the
DNA or one monomer from the other monomer and the DNA contribute to its value.
The nearly identical dissociation kinetics of all FL variants suggests that the pres-
ence of the PB1 domain, even when the homotypic affinity is reduced by mutations,
is sufficient to stabilize the ARF-FL dimer on the DNA and to make the probability
of dissociation of a single ARF-FL monomer from the other monomer and the DNA
negligible compared to the dissociation of the ARF-FL dimer from the DNA. On the
other hand, AtARF2-DBD shows a faster dissociation kinetics where the consensus
found by the HMM analysis converges on the sum of the kygs for both dissociation
processes. In fact, we explain the observed increased spread of kog values as being
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Figure 3.3: Kinetics of the interaction between AtARF2 variants and IR7 AuxRE. (a) Example
of FRET efficiency time traces of single doubly-labelled dsDNA in presence of 128 nM of either
AtARF2-DBD (left) or AtARF2-FL wt (right). The FRET efficiency is reported in black and the
most probable sequence of hidden states returned by ebFRET is represented in red (AtARF2-
DBD) and purple (AtARF2-FL wt). (b) Kinetics parameters obtained from ebFRET. For each
ARF variant three concentrations closest to having equal bound and free population were chosen
and repeated in at least three independent titrations. The concentrations were 128, 256, 512nM
for AtARF2-DBD, 64, 128 and 256 nM for AtARF2-FL K2S and OPCA and 32, 64, and 128 nM
for AtARF2-FL and ARF2-FL. KpO. Each repeat of each concentration was analyzed indepen-
dently using ebFRET and the resulting kon and ko (and, from their ratio the Kq4) are marked
with A, O and V in order of increasing ARF2 concentration. The black interval represent +1
standard deviation from the weighted mean values..
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the result of fitting the convolution of two dissociation processes with a single kinetic
parameter.

Stability of the dimer influences the binding kinetics of different ARF-
DBDs

In the previous paragraph we showed that the added dimer stability induced by the
presence of the PB1 domain influences the kinetics of the binding of ARF towards
its DNA response element. Here, we asked if the ability of ARFs to dimerize through
the DBD domain alone could have the same effect by testing the DBDs of different
AtARFs.

Experiments with AtARF1-DBD showed similar values of ko, and kg
(1.3 x 107*nM~1s71 95% CI [0.8:1.8], 0.080s™! 95% CI [0.062:0.098], respec-
tively) as AtARF2-DBD (1.1 x 10~*nM~ts~! 95% CI [0.7:1.4], 0.066s~! 95% CI
[0.045:0.087] , respectively; Fig. [3.4). On the other hand, AtARF5-DBD showed a
5-fold increase in kop (5.9 x 1074 nM~1s71 95 % CI [2.3:9.4]) and an 8-fold reduction
in kog (10.0085s71 95% CI [0.0051:0.0118]) compared to AtARF2-DBD; which lead
to a K4 of 15nM (95% CI [12:18]). In analogy with the considerations made for
AtARF2-FL, the increase in kon and part of the decrease in kg can be explained
with AtARF5-DBDs forming a tighter dimer compared to AtARF1 and AtARF2
DBDs. To prove this hypothesis, we tested AtARF5-DBD G279N, a single amino
acid mutation known to reduce AtARF5-DBD dimerization’. Strikingly, the kinet-
ics of the interaction between AtARF5-DBD G279N and the IR7 became similar
to the ones of AtARF1 and AtARF2 DBDs (1.2 x 10~*nM~1s~! 95% CI [1.0:1.5],
0.10s7! 95% CI [0.04:0.17]) validating hour hypothesis. Our results suggest that
AtARF5-DBD forms tighter dimers compared to AtARF1-DBD and AtARF2-DBD
and this explains part of the higher affinity towards the IR7. Finally, we tested
AtARF5-DBD R215A, a mutant in which a key amino acid for the interaction with
the DNA is mutated. This mutant showed a 13-fold reduction of ko, compared to
the wild-type (0.46 x 10~#*nM~'s~! 95% CI [0.41:0.51] as well as a 39-fold increase
of ko (0.33s71 95% CI [0.14:0.52]) which translates in a reduction of affinity of
three orders of magnitude. We note that the reduction of ko, is consistent in mag-
nitude with the effect of charge neutralization of DNA-contacting residues seen in
other protein-DNA interactions®’ and is a reminder of the importance of charged

residues in defining association kinetics? 32,
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Figure 3.4: Kinetics of the interaction between AtARF-DBDs and IR7.

Kinetic parameters

obtained from HMM analysis using ebFRET. The datapoints are marked with A, O and V in
order of increasing ARF concentration. The concentrations were 128, 256, 512nM for AtARF2-
DBD and AtARF1-DBD, 8, 16 and 32nM for AtARF5-DBD, 64, 128 and 256 nM for AtARF5-
DBD G279N and 128 and 512nM for AtARF5-DBD R215A. The error bars represent the stan-
dard deviations of the mean values. AtARF2-DBD and AtARF1-DBD behaved similarly while
AtARF5-DBD showed increased kon and decreased kog. Consistent with a model in which part
of the difference in kinetic can be explained by an increased stability of AtARF5-DBD dimer,

a weakening of the dimerisation (G279N mutant) leads to kinetic parameters that resemble the
ones of AtARF1-DBD and AtARF2-DBD. In addition, AtARF5-DBD R215A mutant in a key
amino acid for the interaction with DNA showed a one order of magnitude reduction of ko, and

an almost two order of magnitude increase of kog compared to the wild-type.
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The interaction between ARF and an IR7 follows a four-states cyclic
reaction mechanism

So far we explained the trends seen in the observed ko, and k.g in a qualitative
way, as being influenced by changes of the stability of ARF dimers in solution and
on the DNA. Our reasoning implied the existence of ARF in both monomeric and
dimeric forms and opens questions about the possible equilibrium landscapes of their
interactions with the DNA. In this paragraph we seek to explain the equilibrium and
kinetics of the binding seen for AtARF2/IR7 interaction using a unified, quantitative
model.

In case of an IR7 the most general model consists of a four-states cyclic
association mechanism (Fig.[3.5h). This model allows for monomers or dimers to
bind the DNA, for monomers and dimers to exist in solution and for dimers to form
or dissociate both in solution or on the DNA. The system is defined by four kgus
and four k.gs or alternatively by four equilibrium constants (Ks). The presence
of the PB1 domain (either wild-type or mutant) should not change the contacting
interface between the DBDs and the DNA; hence, it is safe to assume that the kog
of the dimer from the DNA (kogpr) and of the monomer from the DNA (kog nvr)
has the same value for all AtARF2-variants. Moreover, we assume that the PB1
domain has limited influence on the kq,s of the system which stay diffusion limited.
The only constants that are expected to be influenced by changes in the stability of
the dimer induced by the PB1 domain are the ones associated with the separation
of two monomers: the equilibrium dissociation constant of the dimer in solution
(K1 = kot Ds/konDs, see fig. ) and kg pm, which encompasses the stability of
the dimer on the DNA. Following these assumption, the titrations and the kinetic
analysis of time traces can be fitted with a system consisting of three parameters
shared across all AtARF2 datasets (kon, koff,pr and kogvr) and the dataset-specific
parameter Ki. We note that the dataset-specific parameter kog pv is defined, in our
derivation of the system, by the imposition of microscopic reversibility®? and is not
a free parameter of the fit. Moreover, the single kg, is defined as the microscopic
kon that a monomer displays when binding a single AuxRE and hence it is equal to
Eon M but it is half the value of kon M and kon p.

The fraction of DNA bound as a function of the total concentration of
ARF was fitted using the equation derived for the four-state association mechanism
(see Supporting note 1) while the observed ko, and kg were fitted according to the
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Table 3.1: Global fit: values and uncertainty of the fitting parameters
reported as mean [95 % CI]

Protein kon kot MF kot DF K
[nM~1s71] [s71) [s71] [nM]
AtARF2-DBD 4.5:8.8]x107% 0.2:2.0] 2.4:3.2]x1072 1.9 [0.8:3.0] x 103

6.6 [ ] 1.1 ] 2.8 [
AtARF2-FL OPCA 6.6 [4.5:8.8]x10™% 1.1 [0.2:2.0] 2.8 [2.4:3.2]x1072 3.6 [0.3:6.8] x 102
AtARF2-FL K28 6.6 [4.5:8.8]x107% 1.1 [0.2:2.0] 2.8 [2.4:3.2]x1072 3.1 [0.2:6.0] x 10?
AtARF2-FL KpO 6.6 [4.5:8.8]x10™* 1.1 [0.2:2.0] 2.8 [2.4:3.2]x1072 2.6 [-1.6:6.8]x10!
AtARF2-FL K28 6.6 [4.5:8.8]x107% 1.1 [0.2:2.0] 2.8 [2.4:3.2]x1072 0.0 [-0.4:0.4]x1073

expected theoretical transition probabilities (see Supporting note 2); the global fit
returned values for kon, koff,DF, Ko,mr and Kis that best explained the titrations
and the kinetic analysis (see Table 3.1); the results of the fit are reported as coloured
lines for the titrations and black markers for the observed k., and kqg (Fig. and
Fig., respectively). The global fit of the bound fraction converged to a K of
0nM for AtARF2-FL wt; in this situation the equation of the bound fraction for
the four-states system simplifies to a simple binding isotherm for the dimer (see
Supporting note 1). The global fit of the other datasets captured the shift of the
binding to higher [ARF|r thanks to increasing values of K1 which corresponds to a
decrease in dimer stability. The global fit for AtARF2FL KpO is still very close to the
one of the wt variant but because of the decrease in dimer stability (K7 =~ 0.03 nM)
its steepness is increased. The two AtARF2-FL mutants, K2S and OPCA, show
a similar value of K7 (~0.3pnM) but here the increased steepness of the function
returned a worse fit. Lastly, the titration of AtARF2-DBD, which was poorly fitted
by the simple binding isotherm, returned a value of K7 of ~2pM.

The global fit off of the kinetics with the four-states model captured both
the trends of observed kon and kog (Fig.[3.5c). The fit returned similar values of
observed ko, for the datasets of AtARF2-DBD, AtARF2-FL. OPCA and AtARF2-
FL K28, at around 2 x 1074 nM~!s~'. When the two mutants were mixed together
(AtARF2-FL KpO), the value increases to ~ 4 x 10~*nM~!s~!. AtARF2-FL wt
represents a limiting case since only dimers are present (K7 = 0) and the value
of observed kon converged to half the true kon of the dimer at 6.6 x 10~ nM~1s™!
(half because the observed rate is still divide by [ARF|r). The fit for the observed
kon at the three different protein concentrations of AtARF2-FL wt shows a slight
downward trend which is explained by the decrease survival probability of the DNA
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in the free state as the dimer concentration increases (see Supporting note 2). The
fits of the other AtARF2 variants show an opposite trend in which the observed
kon increases with increasing concentration of AtARF2. The main reason is that at
higher protein concentration the equilibrium of ARF dimerization is shifted towards
the dimer, thereby increasing its effective concentration. The fits for the observed kg
of AtARF2-FL wt and KpO converge to the value characteristic of the dissociation
kinetic of the dimer from the DNA (kogpr = 0.028s71). For the other datasets
(AtARF2-FL K2S, AtARF2-FL OPCA and AtARF2-DBD) the dissociation of the
dimer from the DNA is caused also by the loss of a monomer which becomes more
likely than the dissociation of the dimer from the DNA in the case of AtARF2-DBD
(koﬁ‘,DM = 0.036 S_l).

The solution of the four-states system generated by the global fit shows that
the monomer is the predominant species in solution for most of AtARF2 variants
during most of the titrations (Fig.[3.5d top, solid lines). Strikingly, the fraction
of DNA bound by a monomer never exceeds 11 % (Fig.[3.50d top, dashed lines).
Looking at the association mechanism shown in figure[3.5h, there are two routes
that lead from free DNA to dimer-bound DNA. In the first route, the dimer forms
(and dissociates) in solution and then binds the DNA. In the second route, the dimer
forms (and dissociates) on the DNA. While the first route is the only one used by
AtARF2-FL and AtARF2-FL KpO, dimerization on the DNA becomes relevant for
AtARF2-FL K2S and OPCA while becoming the preferred way to form a dimer-
bound DNA for AtARF2-DBD (Fig.[3.5d bottom).

Discussion

In this chapter we studied the equilibrium and kinetics of ARF-AuxRE interaction
focusing on the importance of dimer/monomer equilibrium of ARFs. We showed
that the presence of the PB1 domain increases the affinity of AtARF2 towards
an IR7 composite AuxRE and that this effect is caused by the increased stability
of the protein dimer. Moreover, our results show that oligomerization does not
further enhance the affinity towards bipartite response elements. This behaviour
is consistent with the fact that additional monomers (beside the initial two) do
not have any AuxRE left to further stabilize the binding to the DNA. This said,
the effect of the PB1 domain seen in our experiments predicts that oligomerization
should be relevant on response elements comprising of more than two AuxREs as
the PB1 domain would enable cooperative binding beyond the dimer (under the
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Figure 3.5: AtARF2-IR7 interaction follows a four-states cyclic association mechanism. (a)
Four-states association mechanism for ARF-DNA interaction. The binding of a dimer to a
bipartite response element can happen either through two successive binding events of a monomer
or through direct binding of a dimer that formed in solution. (b-c) Global fit of the fraction of
DNA bound (b, coloured lines) and kinetics of binding (c, black markers). (d) Features of the four
states system as solved by the global fit. Top: In solution, the monomer is the most abundant
species (solid lines). On the DNA, the monomer accounts for less then 11 % of the bound DNA
(dashed lines). Note that for AtARF2-FL the monomer is not present since K1 = 0. Bottom: The
binding of AtARF2 occurs by direct binding of the dimer in case of AtARF2-FL wt and AtARF2-
FL KpO; this is still the preferred way for AtARF2-FL K2S and OPCA. For AtARF2-DBD the
preferred way of binding is through dimerization on the DNA.
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assumption of a flexible middle region, MR). Binding of ARF to bipartite AuxREs
in the other two possible orientations (directed repeat DR and everted repeat ER),
should resemble the one seen for the IR with the difference that the dimerization
through the DBD domain should not be possible. Strikingly, titrations presented in
a recent publication by Freire-Rios et al®* confirmed this hypothesis; the binding of
AtARF1-DBD and AtARF5-DBD to a bipartite DR5 was compatible with a simple
binding isotherm, whereas binding to an IR8 showed steeper response, similar to the
one seen here for AtARF2-DBD. The equations of the 4-states model presented in
this chapter can be applied to a bipartite DR5 without any modification other than
the meaning of K7 which will no longer coincide with the one of the dimerization
K, in solution. Our model predicts that repeating the experiments presented by
Freire-Rios et al’3# with full length ARFs will return a tighter binding for both DR5
and IR8 but the steepness of the curve should swap; the DR5 should show a steep
response while the IR8 should display a simple binding isotherm.

Looking at the kinetics of AtARF2/DNA interaction, the observed k,, and
kofr can be explained as being function of the stability of the protein dimer in solution
and bound to the DNA, respectively. The same was found true for AtARF5-DBD
in which a mutation in the dimerization domain reduced the k., and increased the
kog. This finding suggests that the tighter binding of AtARF5-DBD compared to
AtARF1 and AtARF2 DBDs is in part due to the higher stability of its dimer. Then,
the DBD alone should be able to achieve stable binding on an IR even in absence of
the PB1 domain; this hypothesis explains why AtARF5APB1 is a gain-of-function

mutant that can activates auxin-responsive genes even in absence of the hormone??.

Full-length ARF5 is known to bind many differently spaced IR, DR and ER!%32 but
following our hypothesis, we expect AtARF5APB1 to modulate only genes whose
promoter contains IR, AuxREs.

Conclusions

In this work we presented a quantitative analysis of the interaction between members
of the ARF transcription factor family and their DNA response element. Our results
highlight the importance of protein dimerization in defining the affinity of the inter-
action between ARF and an TR7 composite AuxRE. Since stable DNA binding can
be achieved only by stable dimerization/oligomerization, the topology of composite
AuxREs could in theory dictate the affinity towards different ARF members differ-
entiating them based on the relative strength of the homotypic interaction through
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their DBD and PB1 domains. Tweaking the affinities of different ARFs towards the
same DNA sequence can be achieved by affecting their dimerization properties and

opens the possibility for easy evolution of complex interactions between members of

the family. The quantitative approach we employed in this chapter allowed us to

verify previous hypotheses about the affinities at play in ARF-AuxRE interaction

and we envision that combining quantitative single-molecule studies with biochemi-

cal bulk-studies will help to develop a complete understanding of the nuclear auxin

pathway.
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Supplementary material
Supporting Note 1: Derivation binding isotherm four states system

The dsDNA containing the DNA response element can be found in three states: free
(F), bound to a monomer (M) and bound to a dimer (D). The DNA oligo has a
certain probability P to be in each state and can transition to a different state by
either binding or dissociating from a monomer or a dimer. Applying the law of mass
action allows to write the following three ordinary differential equations, which can
further be simplified assuming the system is in equilibrium

dF
Zitﬁ/(: koff,DF * PD + koﬂ‘7MF * PM — kon,M * [ARF] * PF — kon,D * [ARFQ] * PF
(S3.1)

dP
7% EonM * [ARF] % Pp + ko DM * Pp — Kot MF * Pyt — kon v * [ARF] * Py
(83.2)

7£/= konD * [ARF2] % Pp + kon mm * [ARF] % Pyt — kot M * Pp — kosiDF * Pp.
(53.3)

Moreover, the sum of the probabilities of the DNA being in any of the three states

must be unity
Pr+ Py+ Pp=1. (83.4)

Assuming that the fraction of ARF bound to the DNA is negligible compared to the
one of ARF in solution, it is possible to derive the following equation linking the
concentration of dimers in solution with the total concentration of ARF added to
the solution

4[ARF]T + K1 — \/KI * (S[ARF]T + K)

[ARF,] = -

(93.5)

where K7 is the dissociation constant of the protein dimer into two monomers. Since
the four states system forms a closed circle, one of the kinetic constant must be obtain
from the equation imposing microscopic reversibilityt

kon M * kon MM * koff DF (83 6)

ko DM = K1
kot MF * Kon,D

64



ARF-AuxRE interaction: a tale of monomers and dimers

The equations to form a system that can be simplified by substitution to
obtain the equations for the expected Py; and Pp as function of [ARF]p. Moreover,
we can define the system as being function of a single microscopic association kinetic
constant kon mic, which represents the kinetics of the association of a monomer to a
single AuxRE. Then, the three kqys of the four states model can be defined in relation
to this single constant (kon M = Konmic, KonM = 2Kon,mic and konp = 2Kon,mic)-

K
8kon,mickofr, DF KT ((Klkon.michkoff,MF)A* o

-B K;
e+ 7—21+2[ARF]T>kon,mic*koff.MF

Py = - A

8kion,mic <,M + ((kotr — 3kof§,MF K+ [ RF]Tkoﬁ,MF Kon.mic + w) KA— s
3ko v 3ko
— 4K ((koﬁ',DF - %) K1 — A[ARF|r ( off, DF + ﬂ)) kg mic + 16koft DRk nr—
ko
_4kon,mic (KI (koﬁ',DF - %) kon,rmc + kgfm\“z) B+
+ 4 ((kot,pF + kot Mr) K1 + 4[ARF]1kot MF) Koft, MF Kon,mic
(S57)
—3kon,mic (Klkon,m;c (KI_ [ARF]T +2 )A+<4k°ﬂ‘MF Klkofn’mic B—(K1+4[ARF|r) ( K1kon, mm+—05£) Ko, MF

PD = )

8kon.mic (7 koﬁ'.MF];on,micB T ((koﬂ,DF 3koft, MF) K+ [ARF]Tkoﬂ,MF) Fon.mic + Skoﬁ.m;kofr,MF> KiA—
kot 3ko
—4Kj ((koff,DF - %ﬁ) K1 — 4[ARF|7 (koff DF + ﬂ)) k2 mic + 16koft DF k2 vr—

_4k0n?mic (KI (koH,DF - kOHALMF) kon,mic + kgﬁ'y]\{F) B+
+ 4 ((kost,pF + kot Mr) K1 + 4[ARF]rkog MF) Kot MF Kon,mic
(S5.8)

where A = /(8[ARF]t + K1)/K1 and B = /K1(8[ARF|r + K1). Then, Py and
Pp are defined by 4 parameters: Kon mic, Ko MF, Kof,pF and Kj. The experimental

determination of the fraction bound is based on fitting two Gaussians at the E*s of
the free and dimer-bound DNA; the monomer is expected to reside halfway between
these two populations and it is reasonable to assume that half of the monomer bound
population will be erroneously accounted as free and half as bound. Following this
assumption we can define the fraction bound as

1
Fg=Pp + §PM (83.9)

In the limit of an infinitely stable protein dimer (i.e. Kj = 0), the function for
Fg (S3.9) simplifies to the simple binding isotherm determined only by the kinetic
constants of the dimer binding

 [ARF),
[ARF], + 2ksoe’

(S3.10)
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On the other extreme, as the dimer becomes less stable in solution, the binding
event of a protein dimer to the DNA becomes rare and, consequently, the binding
events of monomers becomes more independent; in this scenario the function for Fp
numerically tends to the Klotz equation®

1 Kl[ARF]+2K1K2[ARF]2
21+ Kl[ARF] + KlKQ[ARF]2

Fpx1 = (S3.11)
and the DNA can be seen as a receptor featuring two binding sites for the ligand
monomer ARF. Here, K7 and K5 are stoichiometric association constants. For inde-
pendent binding, the Klotz equation simplifies to a simple binding isotherm in which
the dissociation constant is defined by the microscopic kinetic constants related to
the interaction of one monomer to one binding site (Kq mic = Koff,mic/Kon,mic). Strik-
ingly, using the four-states model allows calculating the expected K7 in case of
independent binding (K1 = 1.4 x 10°nM for the global fit presented in Fig [3.5)).
This number represent the limit of instability of the dimer in solution over which
the dimerization has no effect on the binding capabilities of the protein.

Summarizing the behaviour of the binding isotherm of the four-states sys-
tem (Eq. , at values of K7 close to zero it approximates the simple binding
isotherm of the dimer, for intermediate values of K7 the function is steeper capturing
the expected cooperativity, while at high values of K7 the function can be approxi-
mated with the Klotz equation for independent binding and its steepness decreases
back to a value consistent with a simple binding isotherm.
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Supporting Note 2: Derivation of observed ko, and k.g four states sys-
tem

Given the four state model we can write the following notable transition probabilities
involving changes in the binding state of the DNA

k

k
on,D *[ARFQ}‘F

kon —( ~=D oM IARF
R s )]

k KoM
oft MF | o%gIM*[ARFDt

kon -
PM>—>D(t) = F’—RMM * [ARF] * e ( FR

kon _(fonD  [ARF,)4 FonM ,ARF
Prop(t) = F}’{D*[ARFQ]M (2 sARF) - St ARE) ) (S3.12)

kot DM _ ( koff, DF | Koff,DM )t
PD,_}M (t) — OF,];{ xe FR FR

kot DF | Foft, DM
koH,DF *6_( OFR + DFR )t

Ppr(t) = ;
where FR is the frame rate in fps (f s7!) and the time ¢ is expressed in frames (f).
Since the monomer is expected to have short dwell time on the DNA (compared
to the frame time of 500 ms), the only transitions that can be observed are the
ones that lead to a protein dimer bound to the DNA. Then, the observed transition
probability associated with "binding" and "dissociation" can be derived as

Pr
Pr + Py

Py

+ ————Pu>p, (S3.13
PF+PM M—D ( )

Pryvisp = (Pr—p + Proswm * Paisp * Ta)

Poosp v = Posw + Poos, (S3.14)

where 7 is the dwell time of the monomer on the DNA (7 = FR/ (Ko, MF +Eon, MM *
[ARF])). Then, these probabilities can be converted to the observed ko, and kog

Pr v
kon s — : FR7 S3.15
Obs = TARFy (83.15)
koft,obs = Ppsr MFR. (S3.16)

We note that for the global fit the ks in the transition probabilities were substituted
with a single kon (Kon,mic, see Supporting note 1).
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non-equilibrium studies of single
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nanofluidic devices
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Abstract

Single-molecule detection schemes offer powerful means to overcome static and dy-
namic heterogeneity inherent to complex samples. However, probing biomolecu-
lar interactions and reactions with high throughput and time resolution remains
challenging, often requiring surface-immobilized entities. Here, we introduce glass-
made nanofluidic devices for the high-throughput detection of freely-diffusing single
biomolecules by camera-based fluorescence microscopy. Nanochannels of 200 nm
height and a width of several micrometers confine the movement of biomolecules.
Using pressure-driven flow through an array of parallel nanochannels and by tracking
the movement of fluorescently labelled DNA oligonucleotides, we observe conforma-
tional changes with high throughput. In a device geometry featuring a T-shaped
junction of nanochannels, we drive steady-state non-equilibrium conditions by con-
tinuously mixing reactants and triggering chemical reactions. We use the device
to probe the conformational equilibrium of a DNA hairpin as well as to continu-
ously observe DNA synthesis in real time. Our platform offers a straightforward
and robust method for studying reaction kinetics at the single-molecule level.
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Introduction

Single-molecule techniques are playing an increasingly important role in identify-
ing and analyzing static or dynamic interactions of (bio-)molecules with high spa-
tiotemporal resolution?™. Among the large number of available frameworks?, single-
molecule fluorescence detection (SMFD) schemes, such as confocal or camera-based
total-internal reflection fluorescence (TIRF) microscopy, are frequently chosen due
to their simplicity, robustness and ease of use®. However, users often have to choose
between high throughput or high time resolution®®, many experiments require sur-
face immobilization techniques to extend the observation time, and it is difficult to
access non-equilibrium conditions or follow biochemical reactions.

Many creative solutions have been proposed to overcome these hur-

%10 These include mixers for studying single-

dles wusing fluidic platforms
molecule kineticst*!2, titration devices'?, devices to confine molecules in polymer
nanochannels'¥, electroosmotic molecular traps™®, or microfluidic droplets contain-
ing individual enzyme analytes'®. These fluidic platforms are, despite their clear ben-
efits, not yet widely used due to complex fabrication procedures, limited reusability

and configurability or restrictions in integration into microscopy platforms.

Here, we introduce a fluidic platform for SMFD consisting of nano-
/microchannel devices fabricated entirely in glass thereby overcoming limitations
imposed by previous designs utilizing polydimethylsiloxane (PDMS) such as the
susceptibility to swelling by some organic solvents and the limited modifiability of
the surface to prevent non-specific adsorption. The design goals of our platform were
(1) to achieve single-molecule detection at high time resolution by geometrically con-
fining the flow through nanochannels (200 nm channel height and micro-scale width
and length), (2) to use camera-based detection to monitor many molecules in par-
allel, (3) to enable straightforward device integration, and (4) to observe chemical
reactions at the single-molecule level and in real time using mixing in a T-shaped
nanochannel.

We utilize the new nanofluidic devices for high-throughput sensing of short
DNA oligonucleotides in an array of parallel nanochannels by detecting single-
molecule Forster resonance energy transfer (smFRET) between a donor and an
acceptor fluorophore attached to the DNA. Using an updated excitation scheme,
several hundred thousand events are combined to gather reliable single-molecule
data within minutes.
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We probe the conformational equilibrium of a DNA hairpin in nanochannel
devices with a mixing geometry. By imaging the T-junction, we probe conformations
before, during and after mixing with a buffer containing a high salt concentration
that stabilizes the closed hairpin conformation.

Finally, we continuously monitor reaction kinetics at the single-molecule
level by observing DNA synthesis upon mixing DNA oligonucleotides, DNA poly-
merases and nucleotides. Reactions are observed by a change in FRET efficiency
downstream in the outlet nanochannel allowing us to translate a spatial position
into a corresponding moment in the time evolution of a reaction. Thus, our plat-
form demonstrates the ability for a wide range of applications in probing complex
kinetics.

Materials and methods
Device fabrication and surface passivation

Nano-/microfluidic devices were fabricated by Micronit with a 45mm x 15 mm foot-
print to be compatible with a commercially available chip holder Fluidic Connect
PRO (Micronit Microtechnologies B.V., The Netherlands). In brief, the devices
consist of two thermally bonded borosilicate glass layers with photolithographically
defined and wet-etched nano- and microchannels. Microchannels and ports to con-
nect to tubing are structured in the upper 1 mm thick glass, while nanochannels are
etched into the bottom layer. Here, coverslip type D263 borosilicate glass (Schott)
with a thickness of 175 pm was used enabling high-resolution fluorescence imaging
with inverted oil-immersion microscope objectives with shortest working distances
whilst minimizing undesirable autofluorescence.

To prevent non-specific adsorption in experiments with proteins, channels
were passivated with PEG using a variation of a method described previously*’. The
fluidic devices were first flushed and incubated (3 x 5min) with a 1 : 50 (vol/vol)
Vectabond : acetone solution. All subsequent washing and passivation steps were
performed by flushing the channels with ~100 pL of the respective solutions. PEGy-
lated channels were filled with PBS and stored in a humid chamber at 4 °C.

DNA and buffers

Fluorescently labelled oligonucleotides were ordered from IBA, Germany. To con-
struct the DNA hairpin, a 30-mer primer sequence (biotin-5-CCT CAT TCT TCG
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TCC CAT TAC CAT ACA TCC-3’) was annealed to a 75-mer hairpin sequence (5'-
TGG ATT AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA TCC
ATT GGA TGT ATG GTA ATG GGA CGA AGA ATG AGG-3’). The primer was
internally labelled with ATTOG647N at the -12 position; the hairpin was labelled with
Cy3B at the 5’ end. Gapped DNA, used to study the binding of DNA polymerase [
(Klenow fragment, KF), was constructed using the same primer sequence, annealed
to a template strand (5- CCA CGA AGC AGG CTC TAC TCT CTA AGG ATG
TAT GGT AAT GGG ACG AAG AAT GAG G-3’) and a downstream complemen-
tary strand (5-TAG AGA GTA GAG CCT GCT TCG TGG-3’). The template
strand was labelled with Cy3B at the +12 position. The DNA sensor used for the
polymerization experiment consists of the same primer and template sequences, but
with ATTO647N on the -7 position and Cy3B on the 425 position, respectively.
dNTPs were ordered from Sigma-Aldrich/Merck, Germany.

DNA constructs (as well as KF, if specified) were diluted in an imaging
buffer containing 50 mM Tris HCI (pH 7.5), 100 pg/mL BSA, 10mM MgCly, 5%
glycerol, 1mM DTT, 1mM Trolox, 1% glucose oxidase/catalase and 1% glucose.
Trolox is a triplet-state quencher and prevents fluorophore blinking. Glucose, glucose
oxidase and catalase was used as an oxygen scavenger system to prevent premature

1819 The concentration of gapped DNA was 1nM

photobleaching of fluorophores
and, if used, the concentration of KF was 10nM. DNA hairpin concentrations were
500 pM in parallel channels and 1nM in the mixing channel (DNA hairpins were
diluted in a similar imaging buffer without magnesium, but with additional NaCl
as specified). Prior to mixing, the concentration of DNA polymerization sensors
was 1 nM; the concentration of KF was 5nM, and the concentration of ANTPs was
200 pM each. For this polymerization experiment, we added neutravidin directly to
the imaging buffer in a concentration of 0.6 pg/mL to block 5’ end of the biotinylated
DNA primer. We found this prevents the formation of a low E* state, the cause of
which is probably binding of multiple KF polymerases to the same DNA molecule.
The imaging buffer was applied to a 100 pL syringe (ILS, Germany), which was
then connected to the nanofluidic device using ethylene tetrafluoroethylene (ETFE)
tubing (1/16” outer diameter, 0.010” inner diameter; Micronit Microtechnologies
B.V., The Netherlands).
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Single-molecule detection

We used a home built TIRF microscope and a fiber-coupled laser engine (Omi-
cron, Germany) equipped with lasers of four different wavelengths (405 nm, 473 nm,
561 nm, and 638nm). Laser intensities were independently controlled by a home-
written LabVIEW program. Divergent light from the fiber output was collimated
(f = 30mm, Thorlabs, Germany) and focused by a second lens (f = 200mm,
Thorlabs, Germany) into the backfocal plane of a 100x NA 1.49 objective (Nikon,
Japan). A polychroic filter and a multi-bandpass filter (Chroma, USA) prevented
laser light from entering the emission path. A tube lens focused the emission on an
aperture, which reduced the effective field of view to a rectangle. Next, the light was
spectrally split into a blue, a green and a red emission channel. The three beams
were focused on an Ixon Ultra 897 emCCD (Andor, UK) with 512 by 512 pixels
(maximum acquisition rate: 56 Hz at full frame and 100 Hz after cropping the frame
to 343 by 256 pixels). In our configuration, one pixel on the camera corresponded
to a length and width of 112nm in the sample plane. We used a rapid automated
modular microscope (RAMM) system as a stage holder (ASI, USA), combined with
motorized x, y-scanning stage and a z-piezo for focusing.

Molecules were excited with a laser power of 130 mW (measured after the
fiber output, 561 nm and 638 nm laser) for the fluidic experiments and with 30 mW
(561 nm) and 15mW (638 nm) for the surface immobilized experiments. Excitation
in total-internal reflection mode ensured the highest possible signal-to-noise ratio.
A stroboscopic alternating-laser excitation (SALEX?Y) scheme was used to reduce
motion blur of diffusing molecules. Laser pulse widths were 1.5 ms (fluidic devices)
and 3ms (surface immobilized experiments) in a frame time of 10ms. Green and
red pulses were aligned back-to-back, so that particle movement between a green
and a red frame was minimal.

Extracting intensities and positions from single molecules

Particles were localized and tracked with a home-written variation on GaussStorm#L

(Matlab). Time traces, histograms and binned maps were generated with custom-
built software packages. We applied a bandpass filter to find local intensity maxima
before fitting the local maxima with elliptical 2D Gaussian functions from which we
obtained the photon count as well as the position with sub-pixel accuracy?!. After
filtering of localizations based on their intensities, our algorithm links corresponding
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particles in the green and red channels and calculates FRET efficiency E* and
stoichiometry ratio S for each molecule.

Tracking of single molecules and determination of flow speeds and diffu-
sion coefficients

A tracking algorithm was applied to track particles from frame to frame?4. The
distribution of the displacements of single particles was used to calculate mean
flow speed and mean diffusion coefficient in the entire field of view or in selected
regions. In the case of one-dimensional diffusion along the direction of the flow, the
probability distribution for the position of the particle (p) is Gaussian with variance
proportional to the diffusivity D of the particle (62 = 2Dt) and mean proportional
to the flow speed v (p = vt). For an example of displacement distribution see Fig.
S4.5.

FRET and alternating laser excitation (ALEX)

The apparent FRET efficiency E* is calculated from the emission intensities of donor
and acceptor after donor excitation (denoted DD and DA, respectively) for each
molecule in each camera frame according to

DA
~ DD+ DA’

*

(4.1)

To verify the presence of an acceptor fluorophore on the DNA we applied alternating
laser excitation (ALEX) in which every frame of donor excitation is followed by a
direct excitation of the acceptor fluorophore using a second laser resulting in a third
photon stream (AA) for each molecule® 2. The detection of AA in addition to DD
and DA allows for calculating the stoichiometry ratio S, defined as

DD+ DA

S:DD+DA+AA

(4.2)

S can be used to filter molecules: molecules with a stoichiometry close to 0 have
no photoactive donor (e.g. because of donor bleaching), and molecules with a sto-
ichiometry close to 1 have no photoactive acceptor. Depending on the ratio of the
laser intensities for direct donor and acceptor excitation, a stoichiometry around
0.5 represents molecules having both a photoactive donor and acceptor that can
undergo FRET. In this work, we show FRET data based on molecules that have
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stoichiometry values 0.3 < S < 0.8 (nanochannel data) or 0.5 < .S < 0.9 (immobi-
lized hairpins).

Results

Single-molecule fluorescence detection of nanometer sized, non-immobilized entities
is challenging due to the limited photon budget of the fluorophores. In the case of
surfaceimmobilized molecules, the integration of photon emission from a diffraction
limited spot quickly leads to an acceptable signal-to-noise ratio, but moving particles
distribute the emitted photons over a larger area on the camera, compromising the
signal-to-noise ratio. For this reason, fluorophore excitation must be limited to an
interval as short as possible. In the following, we describe the fluidic design and flow
control enabling conditions in which the induced flow is slow enough as not to cause
additional broadening of the point spread function, and enables the observation of
DNA-protein interactions, salt-dependent conformational equilibria of DNA, and
enzymatic driven DNA synthesis.

Achieving low nanochannel flow speeds via parallel flow control

The first device consists of parallel nanochannels wet-etched into a first glass wafer
and connected via wafer-bonding with feeding microchannel etched into a second
glass wafer (Fig. see also Materials and methods). We use the principle of
parallel flow control (PFC2%27) in which liquid driven by a syringe pump is divided
into nanochannels and a parallel bypassing microchannel. Due to the high ratio
of hydraulic resistance between the nanochannels and the microchannel, the flow
speed is reduced by orders of magnitude in the nanochannel, and the dead volume
in feeding channels and tubing is replaced quickly (see also Fig. and Supporting
Note 1). The resulting typical flow rates in the nanochannels are in the range of 0.2—
20 pL/min per channel, corresponding to average flow velocities of 5-500 nm/ms. We
validated our implementation of PFC by measuring the flow speeds (see Materials
and methods) and computing velocity profiles at different pump rates (Fig.|S4.3]).
The shape and magnitude of the velocity profile show an excellent agreement with
the theoretical model for Poiseuille flow in rectangular nanochannels at the pump
rate tested experimentally (Fig. Supporting Note 2).

The second device applies, for the first time, the PFC approach to a mixing
geometry. Here, two syringe pumps deliver flow to two microchannels and two
respective parallel feeding nanochannel inlets which merge to a single nanochannel
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Figure 4.1: Design of glass nanofluidic chips. (a and b) High-resolution confocal scans based
on reflection of light. The parallel channel design (a) contains 21 straight nanochannels (I x w
x h: 120 by 4.1 by 0.2um) and a microchannel (w X h: 21 by 5pm). The design of the mixing
device (b) contains a single T-shaped nanochannel (horizontal part: 1 x w x h: 40 by 3.8 by
0.2 pm, vertical part 1 x w x h: 100 by 4.7 by 0.2 pm) in between two microchannels (1 X w x
h: 95 by 21 by 5 pm). Fluidic chips fit in a Micronit chip holder for easy connection to tubes and
pumps (see also Fig.|[S4.1). (c) Schematic cross-section of the parallel channel array, showing the
dimensions of the microchannel and the nanochannels (not to scale).

at a T-junction (Fig.. The mass transfer in such device is summarized by the
Péclet number o

y
in which v, is the velocity along the channel’s axis, w is the channel’s width and
D is the diffusion coefficient of the transported species. This dimensionless number
evaluates the relative magnitude of convection (flow along the channel) to diffusion
(Brownian motion), and in the T-sensor geometry it estimates how many channel

widths downstream of the junction mixing will be completed?®. Given the low veloc-

79



Chapter 4

ities required to achieve single molecule detection and the high diffusion coefficients
of the molecules and ions used in our experiments, the mixing nanochannels oper-
ates at Péclet number ranging from 0.01-100. In the limit of low Péclet numbers
(Pe < 10), axial diffusion (i.e. diffusion of a species from one inlet upstream into the
other inlet) has been predicted for this geometry but had never been experimentally
observed??2Y, The presence of axial diffusion is confirmed in our experiments.

Detecting fluorescence of moving particles inside nanochannels

As probes, we opted for doubly labelled DNA molecules providing a FRET efficiency
E* that is calculated using photon numbers after donor excitation emitted by the
donor (DD) and the acceptor (DA), respectively (see Materials and methods). To
verify the presence of the acceptor, we applied alternating-laser excitation (ALEX)
in which every camera frame of donor excitation is followed by a frame of direct ac-
ceptor excitation creating photon numbers AA (Materials and methods)**2%. Since
motion blur severely affects the ability to determine emission intensities of individual
molecules inside the nanochannels we opted for stroboscopic ALEX (sALEX4Y) in
which the molecules are only excited for a fraction of the camera exposure time. We
further aligned the green and red laser pulses back-to-back to facilitate successive lo-
calizations in the acceptor channel allowing to link donor and acceptor signals (Fig.
, top). The stroboscopic excitation pulses (1.5ms) lead to spots which are barely
affected by motion blur and have an excellent signal-to-noise ratio allowing us to fit
2D Gaussians to obtain photon numbers and positions with sub-pixel localization
accuracies for individual DNA molecules (Fig.[4.2h, bottom).

Parallel nanochannels: visualizing DINA—protein interactions

To prove that, after passivating the glass surface using PEG (see Materials and
methods), our parallel device can be used to study protein binding without immobi-
lization, we measured a sample containing 1 nM gapped dsDNA in the absence and
presence of 10nM of DNA polymerase I (Klenow fragment, KF). The nanochannels
were imaged for five minutes obtaining ~ 10> FRET efficiency readouts from single
molecules flowing through the field of view; this allowed us to compute high quality
FRET efficiency histograms (Fig.[t.2b).

The mean FRET efficiency for the DNA molecules in the absence of
KF shows a single species centered around E* = 0.4. The addition of KF
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Figure 4.2: Detection of single molecules and DNA-protein interactions inside parallel
nanochannels. (a) Top: Schematic of stroboscopic alternating laser excitation (sALEX); the
excitation time is considerably shorter than the required acquisition time of a camera frame,
reducing motion blur. The laser pulses are placed back to back to facilitate the linking of the
AA signal to the correct DD/DA couple of signals. Bottom: Example of raw movie frames
showing the gapped DNA construct flowing through the parallel nanochannels at a flow speed of
218(1) nm/ms (mean value and 95 % interval of confidence). Excitation colors are indicated by
the surrounding boxes. For each molecule, photon counts of DD and DA after donor excitation
are determined simultaneously. The photon counts of AA after acceptor excitation are collected
during the next camera frame. Nanochannel boundaries are indicated with green bars (green
detection channel) or red bars (red detection channel). (b) Top: Schematic of a gapped DNA
construct in its free and bound conformation. The dsDNA is labelled with a donor and acceptor
dyes located on opposite sides of the one-nucleotide gap. Bottom: E* histograms (100 bins) of
the gapped DNA construct, measured in the parallel channels for 5 minutes. Top: 1nM DNA.
Bottom: 1nM DNA in presence of 10nM DNA polymerase I (KF), a DNA polymerase known
to change the conformation of gapped DNA upon binding. Dashed lines are added for visual
guidance. For full E*/S histograms see Fig..

causes an increase of FRET efficiency to 0.6 which reflects the expected short-
ened donor-acceptor distance upon binding and DNA bending®!. We note that
using freely diffusing molecules, we obtained a second independent readout for
the binding in the form of the decreased apparent diffusion coefficient along the
channel upon KF addition and complex formation from Dpyxa = 35.3(3) pm?/s to

Dpxa/kr = 30.6(3) pm?/s.
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Parallel nanochannels: resolving salt-dependent conformational equilib-
ria of DN A hairpins

To compare the accessible dynamic range of FRET measurements in nanochannels
with those of immobilized entities, we utilized DNA hairpins that can interconvert
between an open (low FRET) and closed (high FRET) conformations. The chosen
DNA hairpin is mostly open at 0 M NaCl and mostly closed at 1 M NaCl, while show-
ing fast opening and closing at an intermediate concentration of 0.5 M NaCI2Y, Upon
addition of salt, we further note a small shift of the FRET peak of the open confor-
mation due to a salt-depended compaction of the single stranded DNA overhang?2.
The FRET histograms of the freely flowing DNA hairpins are similar to the immo-
bilized ones (Fig.[4.3h), indicating that we access a broad FRET range and resolve
the individual conformational states of “open” and “closed”. Combining consecutive
localizations from individual molecules allowed us to obtain time traces that show
opening and closing of individual DNA hairpins in real time (Fig.).

Nanofluidic mixing: spatially resolving shifts in the conformational equi-
libria of DNA hairpins

Next, we validated the mixing devices by shifting the conformational equilibrium
of the DNA hairpin from mostly open to mostly closed. To this aim, we mixed a
buffer containing 1 M NaCl with a buffer containing DNA hairpins at 0 M NaCl.
The viscosity of the solution containing NaCl is expected to be approximately 10 %
higher than the solution with zero salt®¥; the pump rates were then adjusted by
visual inspection.

We constructed a map of spatially resolved, binned FRET efficiencies for
various flow rates (Fig.—e, center). For each bin, the color indicates the median
FRET efficiency, but 1D FRET efficiency histograms can be reconstructed from any
part of the field of view. We selected two regions, one from the right inlet and one
below the mixing intersection (Fig. fe, top and bottom histograms).

At the three pump settings tested, the mixing device operates at Pe < 20
for DNA (Dpna ~ 35nm?/s) and Pe < 0.4 (Dnac1 =~ 2000 pm?/s2%) for salt ions.
Under these conditions, identification of a well-localized onset of mixing is not pos-
sible since axial diffusion becomes relevant: at the lowest flow speeds at which DNA
molecules are transported with Pe ~ 5 (Fig.7 center), many molecules diffuse
back in the salt inlet whereas maintaining a convective displacement toward the
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Figure 4.3: Detecting conformational equilibria of DNA hairpins in nanochannels. (a) Single-
molecule detection of DNA molecules immobilized or non-immobilized within parallel nanochan-
nels. The conformational equilibrium of DNA hairpins is salt dependent; DNA hairpins are
mostly open (low FRET) at [NaCl] = 0M; the conformational equilibrium shifts towards the
closed state (high FRET) with increasing salt concentrations. The DNA hairpin shows similar
behavior when imaged in parallel nanochannels compared to a standard immobilized sample.
For full E*/S histograms see Fig. [S4.7p. (b) Single-molecule time traces obtained from tracking
individual molecules flowing through the channels at [NaCl] = 0.5 M. The AA signal (blue trace)
remains largely constant. The clear anti-correlation of the DD (green trace) and the DA (red
trace) signal and the resulting FRET time traces (black trace) indicate conformational changes
in the millisecond timescale of the DNA hairpin during its passage. Dashed vertical lines are
added for visual guidance indicating the expected FRET efficiencies of the open and closed DNA
hairpin conformation, respectively. (c—e) Mixing of a high salt solution [NaCl] = 1M with DNA
hairpins [NaCl] = 0M at increasing flow speeds. Center: binned maps (4 x 4 camera pixels per
bin), in which color represents the median FRET efficiency and opacity indicates the number
of localizations in a bin over the time span of the measurement. Given the low Péclet number,
axial diffusion of the DNA hairpin in the salt inlet is visible at lower flow speeds (given with
95 % interval of confidence) (c and d) but becomes negligible at the highest one (e). Top: FRET
histograms reconstructed from the inlet (boxed region); the salt diffuses into the inlet channel of
the hairpin stabilizing the closed conformation of the hairpin at the lowest flow rate; this effect
decreases at higher flow rates. Bottom: FRET histograms reconstructed below the T-junction
(boxed region); at higher flow speed, the concentration of the salt in the outlet decreases because
the effect of axial diffusion becomes less prevalent originating a rise in the open conformation
compared to the lower flow speeds.
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junction. The effect of axial diffusion on DNA transport diminishes at higher flow
rates in agreement with finite element Comsol simulations for these transport con-
ditions (Fig., Supporting Note 3). As the diffusion coefficient of salt is almost
two orders of magnitude higher than the one of the DNA hairpin the simulations
show a considerable amount of axial diffusion for this species; in particular, the
concentration of the salt in the outlet is predicted to be between 400 mM for the
highest flow rate up to 500 mM at the lowest flow rate. Experimentally, the salt
concentration in a given region of a nanochannel can be estimated from the FRET
efficiency profile reconstructed from that region. The histograms generated from
the inlets (Fig.[4.3k and d, top) confirm that the salt diffuses to the other inlet indi-
cated by a small “closed” population and its relative decrease with increasing flow
speed. The histograms taken below the intersection show a relative increase of the
“open” population for increasing flow speeds, consistent with the expected lower salt
concentration.

Nanofluidic mixing: triggering enzymatic catalysis of DNA synthe-
sis

To establish our mixing device as a tool for non-equilibrium studies, we utilized a
FRET-based DNA polymerization sensor. The sensor consists of a primer DNA,
labelled with an acceptor fluorophore, that is annealed to a long template DNA in
which the single stranded overhang (25 bases) is labelled with a donor fluorophore
(see Materials and methods). Since the single strand overhang is randomly coiled,
the FRET efficiency is high (E* ~ 0.6) before decreasing substantially upon addition
of DNA polymerases and nucleotides (ANTPs: deoxyribonucleotide triphosphates)
to E* ~ 0.2. When the DNA construct is immobilized on a surface, we previously
found that full polymerization adding 25 bases takes on average 1.6s%%. Due to
this long reaction time, we acquired movies using three different field of views and
stacked them together (Fig.. Two different pump settings, which resulted in a
flow speed of approximately 20 pm/s and 10 pm/s in the common nanochannel and
a residence time in a given field of view of 1.5s and 3 s respectively.

In the control without dNTPs, the median FRET efficiencies binned and
traced back to the field of view stays constant (Fig.[4.4p); upon addition of nu-
cleotides in the left inlet (200 nM), the mapped median FRET efficiencies decrease
from E* ~ 0.6 to E* ~ 0.2 (Fig.[4.4k; T-maps) as the underlying population of the
fully polymerized sensor increases (Fig. [4.4p, 1D FRET histograms). Halving the
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Figure 4.4: Monitoring DNA polymerization in mixing nanochannels. (a) Using the T-
configuration, nucleotides and DNA polymerases (KF) are flowing from the left inlet encoun-
tering the doubly labelled DNA polymerization sensor and DNA polymerases from the right
inlet. Successful DNA polymerization increases the distance between donor and acceptor fluo-
rophore leading to a decrease in FRET efficiency. (b—d) Binned maps (8 x 8 camera pixels per
bin) and corresponding FRET efficiency histograms containing data from three adjacent field of
views (FOV); the borders of new FOVs are indicated with grey arrows. Color maps represent the
median FRET efficiency; opacity indicates the number of localizations per bin, normalized for
each map separately. Fewer molecules are localized in the lower parts of each FOV due to prema-
ture fluorophore photobleaching. Experimentally derived flow speeds are given with their mean
value and 95% interval of confidence. (b) Control experiment in absence of nucleotides. The
DNA sensors show no changes in the mapped FRET efficiencies (map max = 126 localizations
per bin) and the FRET histograms (100 bins) establish E* = 0.6 as the center point of the high
FRET species. (c) After addition of nucleotides via the left inlet, the mapped median FRET
efficiencies of the FRET sensor decreases from ~ 0.6 to 0.25 towards the outlet. Almost complete
polymerization is achieved at the third FOV (map max = 66). (d) Decreasing the flow speed by
half, shows that the polymerization is be almost completed in the second FOV, consistent with
the doubling the residence time in the first FOV (map max = 58). For full E*/S histograms see

Fig. @

flow speed doubles the residence time in a given field of view and the polymeriza-
tion is almost complete already at the second field of view (Fig.}4.4() confirming the
expected polymerization time of 1-2s. The single molecule displacement analysis re-
vealed the presence of backflow in the dNTPs inlet; nevertheless, simulations of such
conditions revealed a concentration of ANTP after the junction higher than 20 pnM for
the fast flow speed and higher than 40 pM for the slow flow speed (Fig.). The
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effect of the axial diffusion of the dNTPs in the T-sensor allowed the polymerization
to take place even in presence of backflow.

Discussion

We introduced two nanofluidic device designs for single-molecule detection under
equilibrium and non-equilibrium conditions: the first one with a series of parallel
nanochannels for equilibrium studies, and the second one with a T-shaped nanochan-
nel for non-equilibrium studies. Both designs combine camera-based single-molecule
detection, which allows monitoring many fluorescent molecules in parallel, with con-
stant replenishment of freely flowing molecules. An updated stroboscopic excitation
scheme utilizing back-to-back illumination resulted in near-circular emission spots
on the camera sensor. Furthermore, in both designs we employed the concept of
parallel flow control allowing us to work with simple syringe pumps whilst obtain-
ing extremely low flow speeds that are necessary for single-molecule detection using
image-based data acquisition.

Our design featuring the parallel array of nanochannels is especially suited
for high-throughput measurements. Using 1 nM of fluorescently labelled DNA hair-
pins, we obtained a throughput of ~ 10* FRET data points per minute of measure-
ment, even though the current field of view on our setup (29 um by 191um) covers
only 3 out of 21 channels.

In single-focus, diffusion based confocal microscopy, fluorescence bursts of
molecules passing the focus are collected with the time between individual bursts
being kept long enough to avoid doubly occupancy in the focal volume”. Assum-
ing 500 ms required between obtaining two single FRET data points, a 1 minute
measurements yields only around 100 FRET data points; more than two orders of
magnitude less than in our nanochannels. The throughput of camerabased smFRET
detection with immobilized samples can in principle be higher than in our devices®?,
but requires elaborate protocols for surface immobilization restricting the range of
potential applications and potentially introducing surface-induced artefacts. Fur-
thermore, as experiments at high time resolution require high laser powers leading
to premature photo-bleaching, the continuous replenishment of molecules in our

method is advantageous.

Using our nanochannel mixing devices, we first accessed non-equilibrium
conditions by mixing primarily open DNA hairpins from one inlet with a high-salt
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solution from a second inlet triggering hairpin closing. Additionally, we observed
polymerization of 25 bases on a DNA template by a DNA polymerase, illustrating
that complex biological reactions can be followed in real time and in a continuous
fashion.

In our current mixing design, the distance from junction to outlet is 100 pm,
corresponding to a maximum residence time in the nanochannel of around 10s. To
gain access to further time points after mixing, designs using meandering channels
could be implemented as demonstrated for confocal microscopy 3 or widefield
microscopy“’. Furthermore, our current field of view is cropped by a factor of two
do ensure data acquisition at 100 Hz. With the use of faster cameras (sCMOS) and
by reducing the overall magnification of the optical system (e.g., by replacing the
100x TIRF objective with a 60x objective), more molecules could be simultaneously
observed for a longer time over a larger area and with greater time resolution®?.

Conclusions

The introduced devices enable single-molecule studies with high throughput and
millisecond time resolution under both equilibrium and non-equilibrium conditions.
We used our platform to determine conformational changes and kinetic DNA syn-
thesis by mapping the timescale of single reaction as a position in the nanochannel.
We believe that the flexibility of the underlying design principles and the glass-only
fabrication will allow for many applications in the (bio-) chemical sciences.
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Supplementary material

Figure S4.1: Overview of the fluidic setup on a home-built microscope.
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Figure S4.2: Equivalent circuit diagram of the nano-/microfluidic channel geometries. Syringe
pumps act as current sources delivering constant flow rates () and channels oppose flow by a
hydraulic resistance Rnyq. (a) Parallel flow configuration of a bypassing microchannel and a
nanochannel array. (b) Diagram of a micro-/nanofluidic mixing circuit. Here, reaction products
are imaged at and downstream the nanochannel junction.
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Figure S4.3: Experimental flow velocity profiles for different pump rates in three parallel
nanochannels (40, 20, and 10 uL/h). (a) Velocity profiles along x: this direction is orthogonal to
the applied flow thus the profiles are not influenced by the pump rate and are averaged around
zero. The negative and positive velocities at the edges of each nanochannels arise from the border
effect, in which a molecule very close to the nanochannel wall cannot diffuse further hence on
average will diffuse back toward the central axis of the channel (b) Velocity profiles along y:
Reference lines are drawn at (—60, —120 and —240 nm/ms. The flow speed registered inside the
nanochannels scales linearly with the pump rate as expected for our system. All the profiles show
a plateau for the velocity in the center of the channels (see also Fig. [S4.4).
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Figure S4.4: Theoretical 3D and 2D velocity profiles (see also Supporting Note 2). (a) Theoret-
ical 3D velocity surface for Poiseuille flow in a nanochannel. The velocity surface was calculated
using the dimensions of one parallel nanochannel. Along the height of the channels (z, 0.2 pm)
the velocity profile is parabolic. Along most of the width (z, here 4.1 pm) the flow speed is
constant (parallel plate-like scenario). (b) Theoretical 2D velocity profiles for Poiseuille flow in
a nanochannel. Theoretical velocity profiles calculated for different pump rates: 10, 20, and
40 pL/h; the value of the plateau velocity (vmqz) scales linearly with the pump rate.
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Figure S4.5: Example of frame-wide displacement distributions. Bending sensor in absence
of KF in parallel nanochannels at pump rate of 20puL/h. The displacement distribution is a
normal distribution with mean proportional to the flow applied on that direction and variance
proportional to the diffusivity of the tracked species (see also Material and Methods). (a) The
distribution along x is centered on zero since there is no flow along this direction. Note that
the 95% interval of confidence for the mean (u) contains the value 0. (b) The mean of the
displacement distribution along y is shifted to —169.4 nm; this, given the 1.5 ms between the green
and red laser excitations results in a mean velocity across the field of view of 112.9(9) nm/ms
(95 % interval of confidence on the mean).

92



High-throughput, non-equilibrium studies of single biomolecules in nanochannels

Low flow speed (nm/ms) Medium flow speed (nm/ms) High flow speed
(nm/ms)

1
l 38 1 75 1150

0.9
. 35 71 141
Normalized —_— —_ —_—
DNA hairpin 08
concentration
T 6 I T 12
Normalized I I
NaCl

concentration 0z

o
-

Low flow speed (nm/ms) High flow speed (nm/ms)

1
47

09
Normalized
DNA 08
concentration

07

06

Normalized
dNTPs
concentration
i i

Figure S4.6: Finite element simulations (COMSOL, see also Supporting Note 3). A three-
dimensional geometry of inlet channels of combined 52 pm x 3.8 pm x 0.2 pm and a downstream
outlet/observation channel of 50 pm x 4.7 pm X 0.2 um was used. Concentration profiles in the
center plane at z = 100nm are shown. (a) Simulations of the DNA hairpin experiment in
the mixing nanochannels. The simulated flow velocities for the three tested pump settings are
reported. The experimentally obtained value for the diffusion coefficient of the hairpin was used
(35 um?/s), together with an approximate value for the diffusion coefficient of salt (2000 pm?/s).
(b) Simulation of the DNA polimerization experiment. The simulated flow velocities for the two
tested flow rates are reported. The experimentally obtained value for the diffusion coefficient of
the DNA was used (25um?/s), together with an approximate value for the diffusion coefficient
of the dNTPs (400 pm?/s).
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Figure S4.7: E*/S histograms of data shown in the main figures. (a) Fig. 4.2b. (b) Fig. 4.3a.
(c) Fig. 4.4b-d. Only data inside the red box is projected on the axes. FRET efficiency E* is on
the x-axis, stoichiometry S is on the y-axis.
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Supporting Note 1: Achieving parallel control

Flow was driven by syringe pumps (Pump 11 Pico Plus Elite; Harvard Apparatus,
USA). In Parallel Flow Control (PFC), low flow rates are achieved by dividing
the syringe flow rate Q into the microchannel and nanochannels according to the
channels’ hydraulic resistance, which is calculated ag'*

12nL 1

063k IPw for h<w (S4.1)

Rhyd ~

Here, 7 is the dynamic viscosity and h, w and L are the height, width and
length of a nanochannel, respectively (A pressure Ap across a channel drops ac-
cording to the Hagen-Poiseuille Law @) = Ap/Rpyq, and for parallel resistances
Rorray = 1/ ZRﬁyld,i applies.). Due to the cubic dependence h3, the flow rate in
each nanochannel is strongly reduced compared to the microchannel. For high flow
rate of 20 pL/min inside one nanochannel of the parallel design, the pump generates
a pressure of about 15kPa while operating at 85nL/h. This large ratio of flows
allows the dead volume in the 1mm wide and up to 2cm long feeding microchan-
nels (0.1 pnL) to be replaced in seconds. For the mixing device, two syringe pumps
deliver flow to both feeding nanochannel inlets (each 20 pm long, 3.8 pm wide and
200nm high). A single nanochannel (100 pm long, 4.7 pm wide and 200 nm high)
is positioned downstream of the junction. Two bypassing microchannels lead to an
overall reduction factor of 140.000 of the nanochannel flow compared to the com-
bined microchannel flows. We note that a geometry similar to the one of our parallel
devices, where narrow channels are flanked with wide channels has been previously
used in literature to achieve a different goal: maintain hydrostatic equilibrium be-
tween reservoirs connected by the channels®®. Any small difference in hydrostatic
pressure between the two reservoirs would be rapidly equilibrated through the wide
channels; at the same time, thanks to the high reduction factor of this geometry
the flow induced in the narrow channels would stay negligible, allowing to perform
experiment where this condition is required.
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Supporting Note 2: Poiseuille flow in rectangular nanochannels

The velocity for Poiseuille flow in our nanochannel geometry can be calculated using

(reviewed in refererence!)

2 > cosh (nm% z
vy(z,2) = AR Ap Z ! [1 M] sin (mr—) (S4.2)

mnL = n3 cosh (nmr) h

Here, Ap is the pressure difference between the two ends of the channels, 7 is the
dynamic viscosity of the fluid, and A, w and L are the height, width and length of
a nanochannel, respectively. The resulting flow surface (Fig. [S4.4h) shows a central
velocity plateau along most of the width (x) of the nanochannel whereas along the
height (z) a parabolic profile is present. While taking a movie of molecules flowing
through the nanochannels we are acquiring the projection of the position of the
particles in the z,y-plane; still, particle speed will also be a function of height.
By calculating the displacements on the plane, we are neglecting the position of
the molecule along z and the velocity profiles obtained in this way will therefore
represent the velocity averaged along z:

h
vy(x) = %/vy(:r,z)dz (S4.3)
0

Using this equation, it is possible to calculate the expected velocity profile as seen
in our experiments (see Fig. ).
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Supporting Note 3: Finite element simulations

Three-dimensional finite element modeling (COMSOL Multiphysics 5.2a) was
employed to determine steady-state concentration profiles of the different
species. The geometry consists a T-shaped channel with a top seg-
ment of 52pm x 3.8 pm x 0.2 um connected to downstream channel of segment
50pm x 4.7pm X 0.2pm pm as shown in Figure [S4.6] A laminar flow profile was
determined by solving the Stokes equations for an incompressible fluid:

Vp=nV3 , Vi=0 (S4.4)

As boundary conditions, inflow velocities as indicated in Figure an outlet exit
pressure 0Pa, and no-slip conditions for all other boundaries were chosen. The
calculated flow profile ¥ was used to evaluate drift diffusion equations

v ﬁci = DZ'V2CZ' (84.5)

where ¢; and D; are the concentration and diffusivities of DNA hairpin, salt, DNA
and ANTP as defined in the caption of Figure[S4.6] We chose boundary conditions of
¢(DNA hairpin) = 1 mM and c(salt) = 0mM at the right/upper inlet and of c¢(DNA
hairpin) = 0mM and c(salt) = 1mM for the left/lower inlet. For mixing in the
polymerization experiment we chose ¢(DNA) = 1mM and ¢(dNTP) = 0mM at the
right /upper inlet and of ¢(DNA) = 0mM and ¢(dNTP) = 1 mM at the left/lower
inlet, respectively.
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Abstract

Single-molecule fluorescence detection (SMFD) schemes offer powerful ways to study
biomolecules and their interactions. In particular, camera-based SMFD of freely dif-
fusing molecules minimizes potential surface-induced artifacts while enabling high-
throughput measurements. In this chapter, we utilize a nanofluidic device to perform
SMFD experiments on a single-molecule TIRF microscope. We studied the interac-
tion of unlabelled, transcription factors (ARF-DBDs) with a doubly-labelled DNA
oligo containing their response element. We show that the binding of ARF-DBD to
the DNA can be detected by both changes in the FRET efficiency between an donor
and an acceptor fluorophore on the DNA and the diffusion coefficient of the DNA. In
addition, our data on fluorescently labelled ARF-DBDs showed that, at nanomolar
concentrations, they are present exclusively as monomers. Lastly, the ability of a
DNA sporting two binding sites for ARF monomers to stabilize the protein dimer
was directly observed. In general, the additional information coming from SMFD
of freely diffusing molecules proved to be instrumental in shading more light on
the interactions between ARF-DBDs monomers and between ARF-DBDs and their

response element.
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Introduction

Single-molecule techniques are playing an increasingly important role in the inves-
tigation of properties and dynamics of proteins and biomolecular complexes thanks
to their ability to resolve inter- and intramolecular heterogeneity. In particular,
fluorescence-based techniques became widely employed thanks to their ease of usel.
Traditionally, single-molecule fluorescence detection (SMFD) can be carried out ei-
ther on a confocal microscope, which use one or more avalanche photodiodes as point
detectors, or on a wide-field microscope used in total internal reflection (TIR) mode,
which use emCCD or sCMOS cameras to monitor hundreds of molecules in parallel.
SMFED of free-diffusing molecules on a confocal microscope allows for high time reso-
lution (typically us) at the expense of throughput and short observation times while
SMFD of surface-immobilized molecules on a TIRF microscope displays a somehow
complementary behaviour with lower time resolution (typically ms?) compensated
by high throughput and long observation times. During the past decade, different
frameworks were proposed to overcome the limitations imposed by these traditional
implementations of SMFD. For confocal microscopy, the main focus has been pro-
longing the observation times®® while in TIRF-based applications, the aim was to
eliminate the need of sample immobilization™ ™. Performing SMFD experiments on
a TIRF microscope without immobilization allows to minimize surface-induced ar-
tifacts whilst maintaining the high throughput inherent to camera-based detection
schemes.

8 on a TIRF microscope to

Here, we utilize a glass-made fluidic device
study some members of the transcription factor family of Auxin Response Factors
(ARFs) and their interaction with their response element via SMFD. We were able
to detect the interaction between ARF DNA Binding Domain (ARF-DBD) with
a doubly labelled DNA construct containing the response element by monitoring
the change in its FRET signature and the diffusion coefficient upon DNA binding.
We then studied fluorescently labelled ARF-DBDs to show that they are present
in their monomeric form at the concentration used in our experiments (~1nM),
which contrast with the dimeric form portrayed in multiple crystal structurest%LL,
Finally, we show that the presence of the DNA construct is likely to support ARF

dimerization.
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Materials and methods
Device fabrication, surface passivation and cleaning

The fluidic devices were fabricated by Micronit (Micronit Microtechnologies B.V.,
The Netherlands) following the same methodology and design described previously®.
To prevent non-specific adsorption of the analytes, we opted for passivating cleaned
nanochannels using polyethylene glycol (mPEG, MW = 5000 Da, Laysan Bio Inc.,
USA) as follows. First, the channels were washed with acetone and then incubated
for 5 minutes with a 50:1 acetone:Vectabond solution; then, channels were washed
with acetone (1X) followed up by MilliQQ (3X) and incubated with a solution of
mPEG in MOPS buffer for 3 hours. The pegylated channels were then washed with
PBS buffer and stored in a wet chamber at 4°C. After the experiments, the devices
were washed by flowing and incubating a solution of 50:1 MilliQ:Hellmanex®III
(Hellma, Germany). After rinsing with MilliQ, the devices were burned in a furnace
at 500°C. The detailed protocols for passivation and cleaning can be found in the
Supplementary Materials.

Protein expression and purification

The DBDs of MpARF1, MpARF2, AtARF1 and AtARF5 were amplified and cloned
in a modified pTWIN1 vector. The expression and purification of recombinant ARF-
DBDs were performed as previously described!%1L,

Protein labelling

The labelling buffer is composed of 20 parts of solution 1 (274 mM NaCl, 5.4 mM
KCl, 10 mM phosphate) and one part of solution 2 (0.2 M NaHCOj3, pH adjusted to 9
using NaOH); the pH of the final labelling buffer was adjusted to 8.3 using solution
1 or 2. Buffer exchange was carried out by two consecutive runs on Zeba™Spin
Desalting Columns TMWCO (Thermo Fisher Scientific, USA) that was equilibrated
in labelling buffer.

For labelling ARF5-DBD, 60 pL of a 3.5 mg/mL ARF5-DBD solution was
supplemented with 12 pL of 800 pM DNA duplex and 1mM TCEP (final protein
concentration: 65 M, final DNA concentration: 1331uM). 5L of 10 mM label was
added. The labelling reaction was carried out overnight at 4 °C; then, the labeled
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Table 5.1: AV simulations: Geometrical parameters of the dyes taken from reference |14].

Dye Linker Linker length Linker width R; Ro Rs

[A] [A] [A] [A] [A]
Cy3B C6-NHS 14.2 4.5 82 33 22
ATTO647TN C6-NHS 17.8 4.5 74 4.8 2.6

protein was separated from free dye on a PD-10 desalting column (Cytiva, USA)
that was equilibrated in PBS supplemented with 5mM DTT.

For ARF1-DBD, the labelling was performed as described for ARF5-DBD
but in absence of the DNA duplex.

Accessible Volume simulations

The web server 3D-DART!2 was used to first model a straight, standard B-DNA
structure for the oligo used in the single-molecule FRET (smFRET) experiments.
A second, bent oligo was modelled using the geometrical information extracted from
the short DNA present in the crystal structure of MpARF2., The bent oligo was
then rigid-docked in place of the short oligo that was present in the crystal structure.
Both oligos were then used as starting points to model the accessible volumes of
the FRET pair using the FRET-restrained positioning and screening software?.
The accessible volume is defined by the region of space that each dye can explore
given its own geometry, the geometry of the linker and the attachment point on the
biomolecule (see table [5.1).

Single-molecule detection and tracking

Single-molecule detection was performed using a TIRF microscope (previously
described®) equipped with a fiber-coupled laser engine (Omicron, Germany). The
triggering of the lasers and the camera as well as the laser intensities were controlled
by a home-written LabVIEW program. The power of the lasers was set to 100 %
which results in a measured laser power at the fiber output of approximately 280 mW
for the green excitation (561 nm) and 140 mW for the red excitation (638 nm). The
illumination was based on the stroboscopic alternating-laser excitation (sALEX?)
scheme with laser pulses of 1.5 ms in a frame time of 10ms. Green and red pulses of
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two subsequent frames were placed back-to-back to facilitate tracking between these
coupled frames. Particles were localized using a modified version of GaussStorm!>
and tracked using Maria Kilfoil's MATLAB porting of a tracking algorithm devel-
oped in IDL*. For samples containing only one fluorophore (e.g. singly-labelled
proteins), a scheme based on stroboscopic back-to-back illumination was applied to
the single excitation laser. Per condition, we acquired 4 movies of 4000 frames for a

total acquisition time of 160 s.

Particle displacements analysis

The particle displacements between two back-to-back illuminated frames were ob-
tained using 2D Gaussian fitting of the imaged point spread functions as de-
scribed previously®. From the variance of the 1D Gaussian distributions of all one-
dimensional displacements in either z, or y-direction (o2, also called mean-square-
displacement MSD), we calculated the mean particle diffusion coefficient D using

0.2

D=—, 5.1
57 (5.1)

here, t is the time between the mean time of two back-to-back illuminations (1.5 ms).

In case the displacements are calculated along the direction of the flow, the mean

flow speed ((v)) is determined by the mean (u) of their distribution
w

We note that equations [5.1] and do not take into consideration the uncertainty
associated with the localization. While equation holds true, calculating the
diffusion coefficient from requires knowledge on the variance that was generated
by the localization uncertainty (of both localizations) and its subtraction from the
total variance to isolate the component that was generated by the Brownian motion.
Consequently, diffusion coefficients calculated without accounting for the localization
uncertainty will overestimate the real value.

Calculation of theoretical diffusion coefficients

The predicted diffusion coefficients presented in this chapter were calculated using
HYDROPROM. This software uses the crystal structure of a macromolecule to
estimate its diffusion coefficient. The calculations were performed loading the pdb
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file of the protein or complex of interest, setting the temperature to 20 °C and the
viscosity of the solution to 1cP; the calculations were performed in Mode 1 (shell-
mode from atomic-level) using a radius of the atomic elements of 2.84 A.

Results

SMFD in parallel nanochannels

Detecting non-immobilised, nanometer-sized molecules in fluidic devices using
camera-based microscopy is challenging as the movement of the molecule due to
diffusion and advection within the time of a single camera frame results in the
spreading of emitted photons over many pixels. Given the already limited photon
budget of single emitters, the movement further decreases the signal-to-noise ratio
(SNR).

To mitigate the motion blur caused by advection, the fluidic design should
provide sufficiently slow flow speeds while still allowing for fast exchange of sample
solutions ensuring low dead times. A convenient way of implementing such charac-
teristics is to use parallel flow control (PFC!Y). In our implementation of PFC®,
the flow coming from a syringe pump is divided between the imaging channels (i.e.
nanochannels) and a bypassing microchannel (Fig.—b) such that most of the lig-
uid passes through the microchannel due to its lower hydraulic resistance thereby
reducing the fluid velocity inside the nanochannels by several orders of magnitude
(to values in the tens or hundreds of nanometres per millisecond). This arrangement
further assures that the dead volume in the tubing and feeding channel is replaced
in minutes (i.e. reduced dead time). The nanochannels have an height of 200 nm
thereby limiting the movement of the fluorescent molecule to the evanescent field
of the TIRF microscope and enabling reliable single-particle tracking (Fig.|[5.1p).
Another source of spreading of the emitted photons over additional pixels is the
movement of the fluorescent molecule due to diffusion; the effect can be strongly
reduced by applying a stroboscopic illumination scheme in which the molecule is
illuminated only for a fraction of the acquisition time of the frame?. Moreover, the
illumination of two neighbouring frames can be arranged in a back-to-back con-
figuration (Fig.[5.1c) to further minimize the displacements between those frames
thus allowing for higher concentrations of molecule in the channels before successful
tracking is compromised by overlapping pathways.
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Figure 5.1: Design of the fluidic device and excitation (Adapted from reference ) (a) High-
resolution confocal reflection scan of the parallel nanochannels device; both the array of imaging
nanochannels (1 x w x h: 120 by 4.1 by 0.2pm) and the bypassing microchannel (I x w x h:
120 by 21 by 5pm) are visible. (b) Schematic cross-section of the parallel channel array, showing
the dimensions of the microchannel and the nanochannels. The microchannel has a larger cross-
section thereby causing lower resistance to the fluid. As a result, most of the sample liquid passes
through the microchannel minimising both the speed of the analyte inside the nanochannels and
the dead time of the fluidic system. (c) Schematic representation of the laser excitation schemes.
The concept of stroboscopic illumination is used to reduce the motion blur of single-particle
localization while the excitation of two successive frames are placed back-to-back to facilitate
tracking and allowing for higher concentrations of fluorescent molecules to be analysed.

The interaction between ARF and labelled DN A can be visualized using
smFRET in nanochannels

We tested the feasibility of visualizing the interaction between ARF and its DNA
response element in nanofluidic devices by flowing a DNA construct through the
channels in presence or absence of ARF transcription factors. We utilized a doubly-
labelled DNA construct similar to the one we previously used as immobilized entity
in single-molecule FRET experiments to determine the binding affinity of the DNA
Binding Domains (DBDs) of Marchantia polymorpha ARF 1 and 2. The con-
struct contains two high affinity AuxREs (TGTCGG) in an inverted topology with
a spacer of 7bp (IR7) and is labelled with a FRET pair featuring Cy3B as the donor
and ATTOG647N as the acceptor fluorophore (Fig.[5.2h). The accessible volumes of
the dyes, as well as the average distances between each other, were calculated us-
ing the FPS softwaré™ (see also Materials and Methods). Upon binding to DNA,
ARF is expected to bend the DNA and sterically confine the movement of the dyes
(Fig.); thus, ARF binding causes a decrease in the FRET efficiency of the DNA
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constructt!. Measuring the DNA construct alone (2.5nM in PBS buffer containing
oxygen scavenger system?22t: 1 mM Trolox, 1% gloxy and 1% glucose ) in the flu-
idic devices let to a single population centered at E* = 0.39 (Fig.[5.2c); a second
sample containing saturating concentration (256 nM) of MpARF2-DBD showed the
characteristic shift toward a lower FRET efficiency (E* = 0.31, Fig[5.2k, bottom).
The fraction of bound DNA in the sample containing 256 nM of MpARF2-DBD
was 86 %, a value close to the ones obtained in experiments with immobilized DNA

samples 94(8) % (see Chapter 2, Fig.[2.5p).

We asked to which extend the use of parallel nanochannels allows perform-
ing titration experiments without the supervision of an operator. To this end, we
opted for sequentially loading the samples containing DNA and increasing concen-
tration of ARF inside the syringe or, alternatively, inside a long connecting tubing.
To prevent mixing of neighbouring samples, we separated them by an air bubble.
This arrangement abolishes dispersing effects created by convection (i.e. Taylor dis-
persion) while the air bubbles provide a visual cue for the position of the sample. We
tested the general feasibility by loading two samples separated by an air bubble into
a syringe before feeding the nanochannels. The first sample contained the DNA con-
struct in PBS 1X buffer (2.5nM, Fig.,e top) while the second contained both
DNA and 256 nM of either MpARF2-DBD (Fig.[5.2ld, bottom) or MpARF1-DBD
(Fig. [p.2k, bottom). The ARF containing samples showed the characteristic shift
towards lower FRET efficiencies when compared to the one without ARF; however,
the noise present on the £*S histogram makes the evaluation of the DNA bound frac-
tion inaccurate. The time duration of an entire titration combined with the presence
of air bubbles between the samples makes the use of enzymatic oxygen scavenging
system (OSS) problematic; given the presence of molecular oxygen in the sample, we
explain the lower quality of the data to be caused by a relevant portion of the counts
in the E*S histogram originating from doubly-labelled DNA molecules in which ei-
ther the donor or the acceptor fluorophore photobleached during the acquisition of
a single frame.

Taken together, these results show that the characteristic shift in FRET
efficiency seen in experiments with the surface-immobilised DNA construct can be
also seen using freely diffusing DNA. This finding further confirms that the shift in
E* is caused by specific ARF to DNA binding rather than surface-induced artefacts
(e.g. protein absorption on the surface).
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Figure 5.2: Visualizing ARF-DNA interactions in nanofluidic devices. (a) Schematic repre-
sentation of the doubly-labelled DNA construct. The two AuxREs are highlighted in bold. At-
tachment points for the donor (D, Cy3B) and acceptor (A, ATTO647N) fluorophores are shown
in green and magenta respectively. (b) Accessible Volume (AV) simulation for the dyes for free
(left) and ARF-bound (right) DNA construct. The accessible volume is the region of space that
can be visited by the dye thanks to the flexible linker that attaches it to the DNA. When the
protein is present, the mean distance between the dyes increases resulting in the decrease of the
FRET efficiency E*. (c¢) E*S histograms of a sample containing the DNA construct (top) and a
sample additionally containing a saturating concentration of MpARF2-DBD (256 nM, bottom).
The characteristic change in FRET efficiency is noticeable and the fraction of bound DNA can
be calculated from the relative areas of the two Gaussians centered at the E™ of the free and
bound DNA. (d) The same samples of (c) were loaded consecutively on the syringe while being
separated by a air bubble, and without the standard enzymatic oxygen scavenger system being
present in the buffer. The expected shift in FRET efficiency upon ARF binding can be seen,
but the reduced data quality due to higher photobleaching does not allow to reliably identify the
relative amount of bound and free DNA. (e) Same experiment as in (d) but with MpARF1-DBD
instead of MpARF2-DBD.
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Changes in the diffusion coefficient of labelled DN A can be used to mon-
itor ARF-DNA interaction

In the previous section we described experiments in which doubly-labelled single
DNA constructs were imaged and tracked to determined their FRET efficiency (E*)
in absence or in presence of ARF; the resulting change in E* was then used as
readout for ARF binding. In this section, we will analyse the change in diffusion
coefficient (D) of the DNA constructs to obtain an independent second readout for
binding.

During two back-to-back illuminations, the DNA construct in the
nanochannels will move due to flow and diffusion. In the direction perpendicular to
the flow, the movement is due exclusively to Brownian motion and the distribution
of the displacements can be used to calculate the diffusion coefficient (D = o2 /2t,
see also Materials and methods). The diffusion coefficient of the DNA construct
in 1x PBS buffer (without OSS) was found to be 62 and 67 pm?/s in two inde-
pendent experiments (Fig.,b top) and thereby close to the theoretical one of
69.8 pm? /s (see Materials and Methods). Upon addition of either MpARF1-DBD or
MpARF2-DBD, the diffusion coefficient of the DNA construct decreases to 52 pm? /s
and 54 pm?/s respectively (Fig.,b bottom); these values are again consistent
with the theoretical value for the diffusion coefficient of the complex formed by a
dimer of MpARF2-DBD bound to the DNA construct which is 51.0 pm?/s. The
analysis of the diffusion coefficients in presence of an OSS shows decreased diffusion
coefficients for both free DNA and bound DNA. This effect is likely to be caused by
(I) the reduced photobleaching which in turn reduces the average localization error
and (IT) the increased viscosity of the sample when OSS are present in the solution.
(e.g. 1%glucose = +2 %viscosity??). Similar to the experiments without the OSS,
addition of ARF decreased the diffusion coefficient of the DNA by around 12 pm?/s.
We note that even though the change in viscosity upon OSS addition has an effect
on the measured diffusion coefficients, the same does not hold for the addition of
ARF as at the tested ARF concentrations the effect is too small to be detectable
(see Supporting Note 1).

ARF-DBDs at nanomolar concentration are monomeric

A common feature of ARF-DBDs as portrayed in crystal structures is that they form
dimers caused by interactions between their dimerization domains (DD). Unfortu-
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Figure 5.3: Displacement analysis of the labelled DNA construct in absence or presence of
MpARF1-DBD and MpARF2-DBD. (a) The diffusion coefficient of the DNA construct decreases
by 10 pm? /s when 256 nM of MpARF1-DBD is added to the solution, consistent with the forma-
tion of a complex of the DNA construct with a protein dimer. (b) Same experiment as (a) but
using MpARF2-DBD instead of MpARF1-DBD; the starting and final diffusion coefficients are
in good agreement with the results in (a). (c) Same experiment as in (b) but with the addition
of an enzymatic oxygen scavenger system (Glucose Oxidase/Catalase, glucose and Trolox); the
decrease in diffusion coefficient upon MpARF2-DBD addition is consistent with (a) and (b) but
the absolute values are lower due to the decrease in localization error and an increase of the
viscosity of the solution.

nately, the structures do not provide information on the dimerization equilibrium
in solution. To the best of our knowledge, the only data available (acquired using
SAXS, Small Angle X-ray Scattering) reported ~ 60 % dimer when 78 pM AtARF1-
DBD was added in solution!’. This places a dissociation constant of the dimer
to be ~ 10pM. Given the scarcity of information about ARF dimerization in so-
lution we decided to perform experiments in parallel nanochannels. We imaged
stochastically labelled AtARF1-DBD and AtARF5-DBD (~ 1nM) whilst applying
the back-to-back stroboscopic illumination scheme®; the proteins were tracked and
the distributions of displacements were determined (Fig.[5.4)).

Despite the passivisation of the glass surfaces with PEG, a small but no-
ticeable fraction (< 20 %) of single-molecule localization came from ARFs that were
adsorbed on the surface; for this reason a two Gaussian fit was employed, in which
one Gaussian fits the displacements of the free flowing fraction and the second one
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the apparent displacements of the adsorbed population. Fitting the distribution
of displacements perpendicularly to the direction of flow (along x, Fig.top) re-
sulted in two Gaussian distributions centred at 0. The wider Gaussian belongs to
the free-flowing molecules and its width is proportional to the diffusion coefficient
of the free-flowing species while the narrow one belongs to the adsorbed popula-
tion and its width is equal to double the localization error for an immobile particle
(double since it comes from the sum of the errors of the two localizations used to
calculate the displacement, see Materials and methods). An apparent diffusion co-
efficient for the adsorbed population was calculated and subtracted from the one of
the free-moving particles to account for the localization error; we note that although
moving particles are expected to have a higher localization error due to motion blur,
we used stroboscopic illumination which minimizes this contribution. We obtained
diffusion coefficients of 78 pm? /s for AtARF1-DBD labelled with Cy5, 651m? /s for
AtARF5-DBD labelled with ATTO647N and 69 pm?/s for AtARF5-DBD labelled
with Cy3B. These values can be compared with the theoretical ones for monomeric
and dimeric AtARF5-DBD (extracted from the crystal structures PDBID:4LDU, see
Materials and methods) of 73 pm?/s and 55 pm? /s respectively (given the high sim-
ilarity in structure and size, the values obtained for AtARF1-DBD using the crystal
structure PDBID:41DV showed no difference when rounded to two significant dig-
its). The comparison of the simulated and experimental values for the diffusion
coefficient suggests that, at the concentration tested (~ 1nM), both AtARF1-DBD
and AtARF5-DBD are present as monomers in solutions. Fitting the distribution
of displacements along the direction of the flow (along y, Fig.bottom) proved
that the fraction with a low apparent diffusion coefficient corresponded to absorbed
molecules and not proteins aggregates. Here the narrow distribution is still cen-
tred around zero while the wide population of the freely-moving particles is centred
around a value which is proportional to the mean flow speed in the field of view ((v),
see Materials and methods). In general, the lack of a narrower population centred
around the mean flow speed proves that protein aggregation, if present, is negligible.
We note that the diffusion coefficient of the moving particle along y is affected by
additional broadening due to the inhomogeneous velocity field inside the channels
and cannot be used to determine the diffusion coefficient directly.
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Figure 5.4: Displacements analysis for AtARF1-DBD (Cy5), AtARF5-DBD (ATTOG647N) and
AtARF5-DBD (Cy3B). The displacements perpendicular to the flow (along z, top) and parallel
to the flow (along y, bottom) are best fitted with two Gaussians. The slow population (narrow
Gaussian) belongs to the proteins absorbed to the surface of the channel as it appears centred
around zero even along the direction of flow. The width of the Gaussian fit for this population
equals double the localization error and was used to correct the diffusion coefficient D of the freely
moving population (wide Gaussian). The resulting diffusion coefficient along x was 78 um? /s for
AtARF1-DBD labelled with Cy5, 65um?/s for AtARF5-DBD labelled with ATTO647N and
691m?/s for AtARF5-DBD labelled with Cy3B.

DNA promotes dimerization of AtARF5-DBD in solution

The standard DNA response element containing two AuxREs sequences arranged in
an inverted manner and spaced by 7bp (IR7) is known to be bound in a cooperative
fashion by ARFs!; in chapter 3 we showed that this topology stabilizes the dimeric
form of A. thaliana ARF2 with it being 40 times more stable on the DNA compared
to in solution. We asked if this stabilization could be directly seen in solution
using labelled ARFs and an unlabelled dsDNA oligo containing an IR7 response

element.

We performed smFRET experiments using SALEX with samples containing
~ 1nM AtARF5-DBD (Cy3B) and ~ 1 nM AtARF5-DBD (ATTO647N) in presence
or in absence of 1nM unlabeled DNA bearing the IR7 from the TMO5 promoter
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known to be bound by AtARF5 in vivo®® (see also Chapter 3). As the labelling
positions of the protein were stochastic, multiple dyes can be located on the surface
of each protein. Then, mixing two samples containing AtARF5-DBD labelled with
either donor or acceptor dyes does not generate a well determined FRET signature
for the dimer. However, the degree of dimerization can be inferred by the appear-
ance of a signal at E* larger than the one of the donor-only population £} ~ 0.1.
Without DNA being added in solution, the donor-only protein (E* < 0.3) repre-
sented 89 % of the FRET distribution (Fig5.5h). The remaining 11% (E* > 0.3)
is characterized by a rather noisy estimation for the diffusion coefficient with values
closer to the one of the monomer (Dy, = 73um?/s). Therefore, AtARF5-DBD in
absence of DNA is mostly found in its monomeric form, which further confirms the
results presented in the previous section. When unlabelled IR7 was added at a con-
centration similar to the one of the protein ([DNA] = 1 nM), approximatively 20 %
of the FRET distribution is found at E* > 0.3 and the diffusion coefficient of such
fraction was consistent with the one of a dimer bound to the DNA (D, = 50 um? /s,

Fig.[p.5p).

These results are consistent with a model in which a DNA bearing an IR7
DNA response element is capable of stabilizing the protein dimer by interacting
simultaneously with two monomers and underlines once again the importance of
cooperativity in this protein-DNA interaction.

Discussion

In this work, we used single-molecule fluorescence detection performed in fluidic
devices to study the DNA binding domain of several members of the family of Auxin
Response Factor (ARF) transcription factors and the interaction between them and
their DNA response element.

We found that the interaction between doubly-labelled dsDNA bearing the
response element and unlabelled ARF led to changes in both the FRET efficiency
and the diffusion coefficient. Notably, the readout via a change in diffusion can be
compared to the theoretical values for the DNA in the bound and unbound states.
Furthermore, monitoring the diffusivity serves as an internal quality control check as
potential surface-induced artifacts can easily by identified. We further investigated
the possibility of performing titrations without the intervention of an operator. The
samples were loaded sequentially inside the syringe and were separated using a bub-
ble of air. This approach impeded the use of standard enzymatic oxygen scavenging
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Figure 5.5: FRET efficiency distributions of samples containing donor and acceptor labelled
AtARF5-DBD (= 1nM each) and different concentrations of unlabeled DNA. (a) In absence of
DNA, the fraction of the probability distribution above E* = 0.3 is characterized by a diffusion
coefficient close to the one of the monomer ARFs, indicating that this fraction represents noise
from the measurement. (b) When DNA is present at approximately the same concentration of
the protein (1nM), the fraction of ARFs showing E* > 0.3 increases. The associated diffusion
coefficients decrease, consistent with the formation of a bulkier complex of a ARF dimer bound
to DNA.

systems which in turn reduced the overall data quality; nevertheless, the character-
istic reduction in FRET efficiency and diffusion coefficient in the samples containing
ARF-DBDs was seen. In future experiments, the samples could be loaded in an inert
environment (e.g. inert gas atmosphere), to suppress the presence of oxygen between

the samples and enable the usage of effective oxygen scavenger systems.

The diffusion coefficients D of stochastically labeled AtARF5-DBD and
AtARF1-DBD were then used to determine their state of oligomerization in free
solution. The values found were compatible with a situation in which the DBDs are
present mainly as monomers whereas in crystal structures ARF-DBDs are always
present as dimers. This apparent discrepancy serves as a stark reminder that static
images of crystal structures, although extremely useful, fail to capture the dynamic
nature of biological processes. We further note that the analysis of the displace-
ments along the flow inside the nanochannels allows detecting protein aggregation,
if present, which would lead to a slowly diffusing population characterized by advec-
tion. As for the individuation of possible surface-induced artifacts, this is a quality
control of the sample that is embedded into the methodology.
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Lastly, we tested if the addition of unlabbeled DNA to a solution contain-
ing a mix of AtARF5-DBDs labelled with either donor or acceptor would help the
formation of a dimer. Our result confirmed that, in absence of DNA and at a total
concentration of 1nM, AtARF5-DBD is present primarily in its monomeric form.
Moreover, the addition of DNA supported dimerization as seen by the increase on
the population of molecules having E* > 0.3 and D ~ 50 um?/s.

Conclusions

In this work we used SMFD inside parallel nanochannels to study the interaction
between ARF-DBDs and between ARF-DBDs and their genomic response element.
We showed that our approach is able to report on ARF binding by detecting changes
in the FRET efficiency similar to experiments with immobilized DNA samples, while
obtaining additional information in the form of the displacements distributions. The
analysis of this distribution is able to identify the population of absorbed molecules
and to separate it from the population of potential aggregates. Moreover, the ob-
tained diffusion coefficient can be used to infer the nature of the tracked molecule/-
complex. Taken together, our approach allowed us (I) to check for surface induced
artifacts and sample quality during the experiment, (II) to confirm the results coming
from changes in E* with a second readout, (IIT) to infer the oligomerization state of
ARF-DBDs in solution and (IV) to confirm the effect of the presence of the response
element in solution on the dimerization of ARF-DBDs. In general, the combination
of information from smFRET measurements together with displacement analysis
makes SMFD inside nanochannels a powerful method to study protein-protein and
protein-DNA association and dissociation.
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Supplementary material

Supporting Note 1: Effect of protein content on the viscosity of a solu-
tion

Particles dissolved in a liquid act as obstacles that hinder its movement; this results
in an increase of the viscosity of the liquid. A mathematical description of this effect
was first derived by Einstein in his doctoral thesis™*2 under the assumption that the
liquid contains rigid and spherical particles at very low concentration (very low solid
fraction ¢)

n="o <1 + 290) (S5.1)

and later extended by Batchelor?* for monodisperse suspension with a maximum
solid fraction ¢ = 0.15 — 0.2

n="1o (1 + 250+ 6.2(pz> (S5.2)

where 7 is the viscosity of the liquid in absence of particles and 7 is the viscosity
of the suspension. This theoretical framework can be used to predict the effect of
the presence of the protein on the viscosity of the solution®®. In our case, we have a
solution containing 256 nM of MpARF2 monomers (0.0108 mg/mL) and a monomer
volume of 45nm? (average of the two monomers found in PDBID:6SDG, calculated
using VADAR 1.57), which results in a solid fraction ¢ of 6.75 x 1076, This value
is three orders of magnitude lower than the solid fraction necessary to increase the
viscosity by 1% (¢ =4 x 1073).
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Supporting Note 2: On the use of Cy3 in nanochannels

The use of Cy3 instead of Cy3B in nanochannels is challenging since its lower pho-
tostability (compared to Cy3B) is exacerbated at the high laser powers needed for
stroboscopic ALEX. To obtain a comparable photon count from the single-molecule
localizations, a ~ 6 fold increase in laser power would be required but cannot be
achieved since the excitation power currently used is already close to the limit im-
posed by the objective. A way around this technical limitation could be prolonging
the green excitation; however, this comes at the price of lowering the effectiveness of
stroboscopic excitation, with the photons being spread on a bigger area and lowering
the obtainable signal to noise ratio. See image below.

Cy3B ATTO47TN 1 Cy3 ATTOB47N
A 15ms  15ms 15ms  1.5ms
1 1

Counts
Counts

0 02 04 06 08 1 234 0 02 04 06 08 1 36
£ Counts £ Counts

Cy3 ATTOBATN Cy3 ATTOB47TN
ms  15ms 2ms  1sms

Cy3  ATTOBTN
ams  15ms

Counts
Counts

0 02 04 06 08 1 23 0 02 04 06 08 1 166 0 02 04 06 08 1 408
£ Counts = Counts = Counts

Figure S5.1: E*S histograms comparing Cy3B/ATTO647N-labelled DNA with with
Cy3/ATTO647N-labelled DNA imaged using different donor excitation times (both without
0SS). Cy3 being several times dimmer than Cy3B makes single molecule detection challenging
with the standard 1.5 ms illumination used for Cy3B. The laser being already set to maximum
power leaves as only way of increasing the excitation to increase the excitation time. This comes
at the cost of reducing the effectiveness of the stroboscopic illumination in reducing motion blur.
As result in none of the tried excitation schemes distinguishable populations are present.
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Passivation protocol for fluidic devices

1.
2.
3.

10.

11.
12.

Fill the channel with spectroscopy grade acetone. Use a glass Pasteur pipette.
Leave the acetone incubating for 5 min

Empty the channel. Use pressurized Na, connect the gas outlet to a P1000
pipette tip and use it to push out the acetone

. Prepare Vectabond solution (aminosilane solution). Add 0.1 mL of Vectabond

reagent to 5mL of acetone and mix thoroughly

. Fill the channel with Vectabond solution. Put a droplet (=~ 20puL) of

Vectabond solution on one end of the channel and move it into the chan-
nel by pulling from the other end. This can be done using a P1000 pipette (in
case the pipette does not manage to pull enough use a syringe pump)

. Leave the channel filled with Vectabond solution for 5 min

Empty the channel

. Rinse the channel with acetone:

(1) Fill the channel as in step 1
(2) Leave the acetone incubating for 1 min

(3) Empty the channel

. Rinse the channel three times with milliQ:

(1) Fill the channel as in step 5
(2) Leave the MilliQ incubating for 1 min
(3) Empty the channel

In a 1.5mL Eppendorf tube, dissolve 40 mg of mPEG in 200 pL of MOPS
buffer (50 mM MOPS, PH 7.5), mix the solution carefully

Spin down any remaining mPEG aggregates by 1 min centrifugation at 16000g

Fill the channel with mPEG solution as described in step 5. Do not take
the solution from the bottom of the tube since you might collect the mPEG
aggregates. Once the channel is filled, put two droplets of mPEG solution on
the channel ends to prevent the channel to dry
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13. Leave the device in a wet chamber at room temperature for 3h. During the
incubation check the droplets at the channel ends and add MOPS buffer if
they are drying out

14. Empty the channel

15. Rinse the channel 3 times with PBS:
(1) Fill the channel as in step 5
(2) Leave the PBS incubating for 1 min
(3) Empty the channel

16. Fill the channel with PBS leaving two droplets at its ends. Store the passivated
channel in a wet chamber at 4°C
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Cleaning protocol for fluidic devices

1.

9.

10.

Wash the exterior of the fluidic device soap and hot water to remove visible
dirt and immersion oil

. Rinse the chip with deionized water and dry it using a tissue paper

. Prepare cleaning solution for the channels. Add 1mL of Hellmanex®III

(Hellma, Germany) detergent to 50 mL MilliQ

. Fill the channels with the cleaning solution using a syringe pump

. Place the device into a suitable container (e.g. a Petri dish or a beaker) and

pour the remaining detergent solution into it. Cover the container and store
it in the fume hood overnight

. Rinse the chip with deionized water and dry it using a tissue paper

Empty the channels. Use pressurized Ng, connect the gas outlet to a P1000
pipette tip and use it to push out the cleaning solution

. Wash channels three times with MilliQQ times

(1) Fill the channels. Put a droplet (= 20pL) of PBS on one end of the
channel and move it into the channel by pulling from the other end. This
can be done using a P1000 pipette (in case the pipette does not manage
to pull enough, use a syringe pump)

(2) Leave the MilliQ incubating for 1 min
(3) Empty the channels
Burn the devices in a furnace
(1) Heating rate 90°C/h
(2) Plateau at 500°C for 1h
(3) Cooling rate 150°C/h

Store cleaned devices in clean tinfoil at room temperature.
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General discussion

Throughout this thesis we developed and applied methods to study protein-
DNA and protein-protein interactions one molecule at a time. We focused our
study on an important transcription factor of plants called Auxin Response Factor
(ARF) and its interaction with its DNA response element. We set to obtain a
quantitative understanding of this system that was not present in literature. To
this aim, we based our DNA-binding assay on two well-characterized photophysical
effects, namely Forster Resonance Energy Transfer (FRET) and Protein-Induced
Fluorescence Enhancement (PIFE).

ARF-DNA interaction: a quantitative view

As discussed in chapter 2, the interaction between ARF and its response element
(AuxRE) has been studied extensively and with a wide range of techniques. De-
spite this, limited quantitative information about the interaction was available. In
chapter 2 and 3 we applied our methods to the known interaction between an
IR7 (two AuxREs in an inverted repeat and spaced by 7bp) present in the pro-
moter of the gene TMOb5 in Arabidopsis thaliana and ARF5Y; we found that the Ky
of the interaction is 15(2) nM. When we tested two class B ARF (AtARF2-DBD
and AtARF1-DBD) on the same DNA construct, the K4 was ~ 500nM. Interest-
ingly, when a single mutation in a key amino acid for the dimerization of the DBD
was introduced, AtARF5-DBD showed a behaviour similar to AtARF2-DBD and
AtARF1-DBD both in the kinetics and the affinity (see chapter 3). This result
showed once again the importance of protein dimerization to obtain stable bind-
ing on the DNA and highlighted the capacity of our method to obtain quantitative
information.

We tested the DBDs of AtARF1 and AtARFb5 on different AuxRE topolo-
gies (published in [1]) showing that they bind directed repeats (DR5) with an ~ 5
fold decrease in affinity compared to an IR8. Strikingly, titrations using the DR5
construct followed a simple binding isotherm whereas titration using IR8 showed a
steeper binding response (the latter being a characteristic seen for all DBDs when
titrated on inverted topologies constructs throughout this thesis). This behaviour is
consistent with the fact that the DBDs cannot dimerize through their dimerization
domain when binding to repeated response elements which are in a direct orienta-
tion. This hypothesis can be tested in future experiments by titrating ARF DBDs
mutated in their dimerization domain; these variants should bind the DR5 with
affinity comparable to the wild type while showing a strong reduction of affinity
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towards the IR8. Regarding the PB1 domain, thanks to the predicted flexibility of
the middle region?, it should be able to stabilize the binding on any topology; to
confirm this conclusion, future experiments with full-length ARF variants would be
necessary.

PB1: different functions, one domain

The PB1 domain is present in both ARFs and their repressors Aux/IAAs and me-
diates their association through an homotypic interaction. Since this interaction is
head-tail, it should allow hetero and homo oligomerization of ARFs and AuxIAAs.
The role of the PB1 domain to mediate the binding of Aux/TAA to ARFs allowing for
repression to take place is well established but to which extent the PB1 domain helps
to stabilize DNA binding has been an open question. In chapter 3 we tested the
binding affinity of different full-length variants of AtARF2 towards an IR7 response
element. We found that the addition of the PB1 domain caused a 5-fold increased in
affinity and that this effect was due to the enhanced stability of the dimer. Strikingly,
through the analysis of both kinetics and affinity data based on a four-states model,
where ARF can bind the DNA as monomer or dimer and can dimerize in solution or
on the DNA, we were able to quantify the protein dimerization affinity. For exam-
ple, AtARF2-DBD showed a dimerization Kq of ~ 21M. Through the comparison
of the kinetics of AtARF2-DBD-IR7 and AtARF2-FL-IR7 with AtARF5-DBD-IR7,
it is possible to place the dimerization K4 of AtARF5-DBD in the hundreds of nM
range; this higher dimer stability in conjugation with an intrinsic higher affinity of
single monomers to AuxREs allows AtARF5-DBD to display stable binding of the
DNA even in absence of the PB1 domain. This evidence is in agreement with in
vivo experiments in which AtARF5APB1 was seen to be a gain-of-function mutant
that can activates auxin-responsive genes even in absence of the hormone?. Then,
the role of the PB1 domain of AtARF5 appears to be only to bind the PB1 domain
of Aux/IAAs coupling the transcriptional output with the presence of auxin. This
hypothesis is confirmed by the fact that the PB1 domain of AtARF5 has a homod-
imerization K4 of 870nM but an heterodimerization K4 with the PB1 domain of
Aux/TAA17 of 73nM®. Strengthening this hypothesis, AtARF5 and many others
activator ARFs (also called class A ARFs) have been found to interact with many
different Aux/IAA in a series of protein-protein interaction assays® Y A different
scenario is seen in case of AtARF2 (a class B ARF), where our data suggest that
the interaction between PB1 of different AtARF2 monomers might be necessary to
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achieve the stable binding to the DNA necessary for the protein function. This
behaviour of the PB1 domain might be a common feature of other repressor (class
B) ARFs and explains why this class of ARFs has been seen to interact with fewer
members of the Aux/TAA family?3LoL7,

Summarizing, a model where the PB1 domain has two different function
in the two mayor ARF classes can be drawn. In class A ARFs, the PB1 domain
serves as mediator of auxin responsiveness whereas in class B ARF it stabilizes the
DNA binding. This model of action for the PB1 domain is similar to the one found
in M. polymorpha as part of the minimal auxin response system that we recently
published ([18]) with one difference: MpARF1 (the only class A ARF in this species)
cannot function without its PB1 domain. Therefore, the PB1 domain of class A
ARFs in M. polymorpha probably has the double function of stabilizing the binding
to the DNA and interacting with MpAux/IAA. This double function opens the
possibility of a double repression by Aux/IAA, where to the standard recruitment
of the corepressor TOPLESS' (TPL) an additional destabilization of ARF-DNA
interaction might play a role. We note that the relevance and entity of this second
type of repression can be easily tested using the DNA-binding assays presented in
this thesis.

SMPFD in microfluidic devices

In chapter 4 we presented two microfluidic devices designed to provide the through-
put typical of single-molecule fluorescence detection (SMFD) on a total internal
reflection (TIRF) microscope while imaging non-immobilized molecules. The first
device using an arrangement of parallel nanochannels allows to study systems that
are in equilibrium. The second device features mixing nanochannels, allowing to
mix two different samples and triggers reactions directly in the field of view; this
allows to keep monitoring the reacting species before, during and after the reaction
has started since it is kept in a steady state. In both designs, the molecules are
kept inside the evanescent field thanks to the shallow depth of the nanochannels of
only 200nm. When imaging flowing and free-diffusing molecules it is important to
reduce the motion blur induced by the movement. To this end we employed parallel
flow control (PFCO2%21) to obtain the required slow flow velocities (5-500 nm/ms)
while the illumination was carried out with an updated stroboscopic illumination
pattern that allowed to reduce motion blur while facilitating the tracking of the

single molecules between coupled frames?2.
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We tested the parallel nanochannels design studying (I) the well charac-
terized interaction between DNA polymerase I (KF) and a doubly-labelled gapped
DNA%¥ and (IT) the conformational dynamics of a DNA hairpin®®. In both cases,
the results were similar to the ones obtained with immobilized molecules with the
added benefit that bleached molecules were promptly replaced by new ones thanks
to the convective motion of the fluid in the channels. This is particularly important
for applications in which camera-based detection is pushed to its limits (studying
sub-millisecond dynamics) since the high laser intensities that are required will pho-
tobleach all fluorescent molecules immobilized in a given field of view in seconds
even in presence of oxygen scavenging systems.

The parallel nanochannels proved useful in studying the interaction be-
tween ARF-DBD and its response element. In chapter 5 we demonstrated that
quantitative data similar to the one coming from immobilized samples can be
obtained from smFRET experiments using free-flowing doubly-labelled DNA con-
structs. The similarities of these results served as an additional proof that surface
immobilization does not interfere with the assays introduced in chapter 2. More-
over, inside the nanochannels binding was detected with a second, independent,
readout which is the decrease in diffusion coefficient upon binding. The values of
the diffusion coefficients of fluorescently labelled AtARF5-DBD and AtARF1-DBD
was then used to asses that at the low concentrations tested in our channels (~ 1 nM)
ARF-DBDs are present as monomers which is consistent with the data available in
literature=® as well as the one presented in chapter 3. As an additional information,
the analysis of the diffusion coefficient of labelled ARF in solution provides a fast
way to check for the presence of protein aggregates.

Finally, flowing a mixture of AtARF5-DBDs labelled with a donor or an
acceptor further proved that no dimer is formed in solution at these concentrations
since no FRET was detected. When an unlabelled DNA containing an IR7 response
element was added, a small population displaying FRET and characterized by slow
diffusion coefficient emerged. This result is consistent with the formation of dimer on
the DNA which is possible at such low ARF-DBD concentration thanks to the IR7-
induced stabilization of the dimer. This effect is predicted by the four-state model
presented in chapter 3 and highlights how all interactions between the members of
a complex contributes cooperatively to its stability.
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Future Outlook

In the past years, our understanding of the nuclear auxin pathway has increased
considerably but the are still many outstanding questions that can (and probably
will) be answered in the next years. As discussed earlier in this chapter, the effect of
the presence of the PB1 domain when AuxREs are in an everted or directed repeat
can be easily analyzed using the methods presented chapter 2 and 3; moreover, if
Aux/TAA can act also via destabilization of ARF-DNA interaction can be checked
using our methods. These experiments are performed adding increasing amounts of
Aux/TAA while the concentration of ARF is kept close to the one that gives 50 %
DNA bound, expecting to see a decrease in bound population as the concentra-
tion of repressor increases. When we tested AtARF2-FL with AtAux/IAA 12 and
AtAux/IAA 33, no effect on the binding was observed even when the repressor was
present in pM concentration. These negative results obtained using a class B ARF
are consistent with the lack of interaction seen using other methods'® and can be
repeated in the future as negative control for experiments in which full-length class
A ARF will be tested.

Since ARFs (and Aux/IAA) can potentially hetero oligomerize, under-
standing the composition and stoichiometry of ARF complexes is challenging, but
necessary to understand the function of these proteins. We deem single-molecule
pull-down?® (SiMPull) as the method that can best answer this question. SiM-
Pull has been already used in planta to reveal the stoichiometry of the HD-
ZIPIILLITTLE ZIPPER complex®” and can easily be applied to the study of ARF
and ARF:Aux/TAA complexes.

In this thesis we applied single-molecules fluorescence techniques to study
ARF-DNA and ARF-ARF interactions. We see our work as being part of a bigger
change of paradigm, where method development is coupled to the problem it has
to solve. We foresee a future in which there will be a tighter integration between
scientist that develop methods and scientist who utilize them.
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Summary

The plant hormone auxin is a key regulator of many growth and developmental
processes. The presence of auxin changes the gene expression of the cell via a
short pathway called the nuclear auxin pathway (NAP). The NAP contains three
players: TIR1/AFB, Aux/TAA and the transcription factor ARF. Under conditions
of low auxin, Aux/TAA binds ARF repressing it. At higher concentrations of auxin,
TIR1/AFB binds Aux/IAA and marks it for degradation, thereby freeing ARF.
Members of the ARF family bind a DNA motif called AuxRE (TGTCTC) and
their DNA binding domains (DBDs) are known to dimerize and bind cooperatively
on response elements composed by two AuxREs present in an inverted orientation.
Although the affinities at play inside the NAP and between ARFs and AuxREs
had been studied extensively with a range of techniques, a quantitative view on this
system was still lacking. Throughout this thesis, we therefore developed and applied
methods with the goal of obtaining a quantitative understanding of ARF-ARF and
ARF-AuxRE interactions.

In chapter 2 we developed and utilized a method based on smFRET and
smPIFE-FRET to study the interaction between ARF and composite DNA response
elements. We tested several A. thaliana ARF-DBDs and showed that the differences
in binding stability and kinetics are quantitatively captured by the method. The
smFRET and smPIFE-FRET experiments in which the affinity of a DNA-binding
deficient mutant of AtARF5-DBD (R215A) was probed, proved that the shift in
FRET efficiency seen when wt AtARF5-DBD is added in concentration of tens on
nM is due to the specific protein interaction with the DNA motif. We then tested
the binding preferences of Marchantia polymorpha ARF1 and ARF2, which are,
respectively, the only member of the phylogenetically conserved class A-ARF and
B-ARF in the species. Whereas A-ARFs are considered activators, B-ARFs are
considered repressors. In M. polymorpha, a mechanism in which B-ARFs repression
is based on competition for the same AuxREs bound by A-ARFs had been proposed
as part of a minimal auxin response system. We validated this model on a composite
response element carrying two TGTCTC in an inverted repeat spaced by 7 basepair
(IR7-TGTCTC) showing that the ratio between the affinity of MpARF2-DBD and
MpARF1-DBD is ~ 5, allowing for competition; similarly, IR7-TGTCGG showed
a ratio of &~ 3. Interestingly, IR7-TGTCAA showed a ratio of ~ 13 which hints
to a regulation for this element that does not involve competition between A and
B-ARFs.
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We then applied the method based on smPIFE-FRET to determine the ef-
fect of dimerization and oligomerization on the affinity and kinetics of ARF-AuxRE
interaction. In chapter 3 we tested the binding affinity of different variants of
AtARF2 towards an IR7 response element. We showed that the presence of the
PB1 domain increases the affinity of this protein-DNA interaction and that this
effect is caused by the increased stability of the protein dimer brought by the ho-
motypic interaction of the PB1 domain; the effect of further oligomerization on the
affinity towards this composite AuxRE was found to be negligible. The kinetics of
AtARF2-IR7 interaction, showed and increase of the observed ko, and a decrease in
the observed kqg in the full-length protein compared to the DBD, with full-length
variants carrying mutations that reduce the interaction between the PB1 domains
(K2S and OPCA) showing intermediate values. Remarkably, both the trends in
the kinetics and the differences in affinity towards the DNA shown by the different
AtARF2 variants were captured by a global fit based on a four-states association
model. The model explained the differences between variants as being caused by
changes in the dimerization equilibrium of the proteins and returned a dimerization
K4 for AtARF2-DBD of ~ 2 uM.

In chapter 4 we introduced two microfluidic devices aimed for single-
molecule fluorescence detection on a TIRF microscope without requiring the im-
mobilisation of DNA constructs. Both designs feature a (nano-)channel height of
200 nm which confines the fluorescent molecules into the evanescent field of the TIRF
microscope allowing for single-molecule tracking to take place. The first design fea-
turing parallel nanochannels was tested studying the well characterized interaction
between DNA polymerase I (KF) and a gapped DNA construct and the conforma-
tional dynamics of a DNA hairpin; these experiments returned results comparable
with the ones obtained in sSmFRET experiments with immobilized DNA molecules.
Using the second design featuring a T-shaped mixing (nano-)channel we accessed
non-equilibrium conditions by mixing primarily open DNA hairpins with a high-salt
solution triggering the closing of DNA hairpins. Moreover, we observed polymeriza-
tion of 25 bases on a DNA template by a DNA polymerase, illustrating that complex
biological reactions can be followed in real time and in a continuous fashion.

The parallel nanochannels proved useful in studying the interaction be-
tween ARF-DBDs and between ARF-DBD and its DNA response element. In
chapter 5 we demonstrated that quantitative data similar to the one coming from
immobilized samples can be obtained from smFRET experiments using free-flowing
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Summary

doubly-labelled DNA constructs; moreover, a decrease in diffusion coefficient can be
detected and used as an independent readout for the DNA binding.

The values of the diffusion coefficients of fluorescently labelled AtARF5-
DBD and AtARF1-DBD showed that they are present as monomers at the ~ 1 nM
concentrations tested. Finally, flowing a mixture of AtARF5-DBDs labelled with a
donor or an acceptor showed that the addition of unlabelled DNA containing an IR7
response element is likely to stabilize the dimer as a population displaying FRET
and characterized by slow diffusion coefficient emerged. This stabilization once
again underlines the importance of cooperativity for the stability of biomolecular
complexes.
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