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Accurate quantification of transcription factor (TF)-DNA interactions is essential for understanding the regulation of gene expression. Since
existing approaches suffer from significant limitations, we have developed a new method for determining TF-DNA binding affinities with high
sensitivity on a large scale. The assay relies on the established fluorescence anisotropy (FA) principle but introduces important technical
improvements. First, we measure a full FA competitive titration curve in a single well by incorporating TF and a fluorescently labeled reference
DNA in a porous agarose gel matrix. Unlabeled DNA oligomer is loaded on the top as a competitor and, through diffusion, forms a spatio-
temporal gradient. The resulting FA gradient is then read out using a customized epifluorescence microscope setup. This improved setup greatly
increases the sensitivity of FA signal detection, allowing both weak and strong binding to be reliably quantified, even for molecules of similar
molecular weights. In this fashion, we can measure one titration curve per well of a multi-well plate, and through a fitting procedure, we can
extract both the absolute dissociation constant (Kp) and active protein concentration. By testing all single-point mutation variants of a given
consensus binding sequence, we can survey the entire binding specificity landscape of a TF, typically on a single plate. The resulting position
weight matrices (PWMs) outperform those derived from other methods in predicting in vivo TF occupancy. Here, we present a detailed guide for
implementing HiP-FA on a conventional automated fluorescent microscope and the data analysis pipeline.

Introduction

Given the central role of transcription factors (TFs) in gene regulation, determining their binding preferences in a quantitative manner is of
paramount importance. Seminal studies by von Hippel introduced the notion that regulatory TFs rapidly recognize DNA, such that their binding

is well described by the thermodynamic equilibrium, while the downstream events of recruiting RNA polymerase to the promoter are controlled
by slower kinetics'. Recent in vivo binding studies suggest that this picture is likely more complex2’3; nevertheless, these general assumptions
serve as good apgroximations and have supported many computational approaches to find cis-regulatory elements and predict expression

from sequences4' ' While equilibrium binding has thus been successfully employed as a concept, current methods for determining TF-DNA
interactions focus on binding specificity and typically do not directly measure binding affinities at equilibrium. The systematic measurement of TF-
DNA binding represents a considerable technical challenge, and the existing methods have several different limitations.

Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq)7, the most prevalent in vivo technique, does not permit the
measurement of binding affinities or the precise localization of binding sites within genomic fragments. Several in vitro methods, including DNase
footprintings, electrophoretic mobility shift (EMSA)Q, surface plasmon resonance (SPR)w, and microscale thermophoresis11 are able to measure
binding affinities, but they are relatively low throughput. Conversely, high throughput techniques including protein binding microarrays12, HT-
SELEX"*' and bacterial one-hybrid (B1 H)15 are not able to measure binding affinities and typically yield overly specific binding sequences,
which is mainly due to the stringent selection or washing steps necessary. More recent developments include the deep sequencing based
HITS-FLIP'®, SELEX-seq"”, and the microfluidics-based MITOMI'® or SMILE-Seq"®, which allow for extraction of absolute binding affinities;
however, they rely on measuring fluorescence intensities of labeled TF and DNA. Fluorescence signals, therefore, become limiting at low protein
concentrations and in determining low Kp values (< ~10 nM). Moreover, the TF-DNA binding in these methods takes place on thin surfaces,
raising issues with unspecific binding and/or auto-fluorescence background, which makes it difficult to accurately quantify weak binding.

To address these limitations, we have developed a new method to determine TF-DNA affinity landscapes at equilibrium and in solution, which we
called high performance fluorescence anisotropy (HiP-FA)2°. The technique is based on the established fluorescence anisotropy (FA) assay21 but
modified to measure binding constants with high sensitivity and at large-scale using a customized automated microscope and analysis setup.

The FA assay monitors the interaction of fluorescently labeled species (like a DNA oligomer) to a binding partner, in this case a TF, by measuring
the molecular rotation of the labeled molecule. Upon binding to the TF, its rotational speed decreases due to the higher hydrodynamic radius and
molecular weight of the bound complex, which results in increased FA. The accurate measurement of very strong binding (Kp < ~1 nM) requires
the use of low concentrations of labeled, reference DNA (c < ~1 nM). This is difficult to achieve with a commercial instrument such as a standard
microplate reader. In addition, a large size difference (10-100 fold) between the bound and unbound complexes is usually necessary, prohibiting
measurement of interactions between TF binding domains and short DNA oligomers, which are typically of roughly similar molecular weights.
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Finally, a full titration curve normally requires the preparation and measurement of multiple wells containing a concentration series for the titrating
species.

To address these issues, we use a widefield microscopy setup, modified to achieve high detection sensitivity and allow FA measurements at
different z-positions of a single well. This enables us to monitor binding interactions between species of similar molecular weight and with high
affinities. Higher throughput is achieved by measuring FA in multi-well plate formats and carrying out an entire titration series in a single well
using a controlled delivery system (Figure 1a). Furthermore, by employing a competitive binding assay, we extract not only the binding constants
but also the concentration of active protein. This is an important feature of the assay, since only a portion of the expressed TF molecules are
active due to protein misfolding or degradation. The experimental setup is based on a commercial epifluorescence microscope equipped with
XY- and Z- piezo stages. We upgraded the system with external laser excitation, then detected the two emitted linear polarization components on
the chip of an EM-CCD camera with high quantum efficiency for light detection (Figure 1b and 1¢). The system uses a high numerical aperture
(NA) objective coupled to an ultra-sensitive sensor and thus affords highly sensitive FA measurements. By recording fluorescence z-stacks,
binding interactions can be measured along the optical z-axis when using a heterogeneous matrix for the reactants. All these modifications can
be readily implemented on an existing system and are cost-effective.

We employ a competitive binding assay in which the binding affinity of an unlabeled DNA oligomer is measured in comparison to the
fluorescently labeled DNA, which serves as a reference. TF and reference DNA are incorporated at fixed concentrations in a porous agarose
gel matrix (pore size ~1 pm) that constitutes a non-interacting environment for the binding. The reference DNA is labeled with Cy5. This dye
proved to be well-suited for FA measurements due to its relatively long fluorescence lifetime (~1ns) and fluorescence emission in the far-red of
the visible spectrum (low auto-fluorescence background). The TF concentration is in molar excess over Cy5-reference DNA, ensuring that all
reference DNA is bound to protein. A solution of unlabeled competitor DNA is then deposited on the gel surface and diffuses inside the porous
matrix, establishing a concentration gradient c(z, ) that changes over the z-position of the focal plane and time ¢ (Figure 1a, Figure 2a-2c). The
TF bound to the Cy5-reference DNA is thus locally exposed to different concentrations of the competitor DNA that competes for binding, leading
to a dynamically changing FA of the Cy5-reference DNA FAgeg(z, t) (Figure 2b and 2c).

To determine the competitor concentration c(z,t), we measure in separate wells ( calibration wells) the dynamically changing FA signal of Nile
Blue (NB) FAng(z,t) (Figure 2a and 3). This dye intercalates into DNA and thereby acts as a DNA sensor for the competitor DNA. With this
controlled delivery system, tens to hundreds of different DNA-protein binding affinities can be measured within one multi-well plate (96- or 384-
well plate format). Measurement is then performed sequentially until complete displacement of the labeled reference DNA from the TF. We
determined the binding specificity for a given factor by measuring the affinities of all 3 N single-base mutations of the consensus sequence of
length N. HiP-FA requires low amounts of protein (~pmols per titration curve) and shows low variability in the determination of Kps [coefficient of
variation (CV) < 20%], while allowing measurements at a relatively large scale. The method can be conducted manually or fully automated using
a robotic system, resulting in even lower CVs (Figure 4, upper panel). Dissociation constants are measured with high accuracy down to 0.5 nM.
For extremely high affinities (Kp < 500pM), we use a standard competitive titration (Figure 5) due to the inaccuracies in measuring competitor
DNA concentrations at low levels (< 100 nM).

HiP-FA can be implemented on nearly any standard, inverted, epifluorescence fluorescent microscope, provided the availability of an automated
XY-stage and a piezo z-axis stage. Optical components were built around an automated widefield setup equipped with a long-distance objective.
In practice, the assay can be adapted to objectives with other characteristics (in particular working, distance and numerical aperture). However,
this requires optimization of the parameters (distances between the z-slices, porosity and height of the agarose gel, efc.). The use of other kinds
of lasers or camera is also possible. A detailed description of the entire experimental procedure and data analysis is given below in the protocol
section.

1. Polarization Microscopy

1. For widefield laser illumination, focus a 638 nm line of a continuous diode laser (40 mW) on the aperture of multimode optical fiber for beam
cleanup. Mount a linear polarizer at the output of the fiber to set the polarization of laser light.

2. Block the excitation component of the emitted light with a dichroic mirror (640 nm cut-off) and a bandpass filter (bandpass 700/75).

3. Let the fluorescence signal pass through a polarizing beam splitter, which splits the emitted light into its perpendicular and parallel polarized
components. Then, focus the non-reflected beam (parallel component) and the reflected beam (perpendicular component) with an achromatic
lens of 200 mm focal length on the chip of a back-illuminated EM-CCD camera (Figure 1b and 1c¢). Use a mirror to adjust the direction of the
perpendicular beam toward the lens.

2. Design and Testing of Fluorescent-Labelled Reference DNA Oligomer

1. Determine the core sequence of the reference DNA: the method is based on a competitive assay that measures the dissociation constant
(Kp2) between a transcription factor and unlabeled competitor DNA oligomer that competes for binding with a fluorescently labeled DNA
whose affinity to the TF acts as a references (Kp4). The consensus sequence obtained from other sources like DNase footprinting or bacterial
1-hybrid can serve as a starting point5’15.

NOTE: As a rule of thumb, a suitable reference DNA has a 3 to 7-fold decrease in binding affinity to the TF compared to the consensus
sequence.

2. Measure by HiP-FA the Kpss of 2-3 tentative single mutations of the consensus sequence derived in the previous step. Try to mutate
positions in consensus sequence that are not too specific to avoid complete loss of binding.

NOTE: It is important that the reference sequence is bound by the transcription factor of interest (we used in this protocol Giant Gt), but not
too strongly, so that weaker competitors can outcompete it at high concentrations.
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3.

Extend the core motif (8-12 base pairs generally) to a length of 16 base pairs or more by adding symmetrically flanking sequence at both
sides (add side chains for proper binding). If necessary (for longer biding domains, for example), use longer sequences (up to ~50 base pairs
in length were tested with the HiP-FA assay).

CAUTION: Be careful not to add bases that are expected to create ectopic binding sites. Use computational tools that predict binding sites
from available PWMs to facilitate this process (e.g., PySite22).

As labeled reference DNA, order oligomers that are fluorescently labeled on either forward or reverse strand at the 3' or 5' end. Use,

for example Cy5, Bodipy-650 or any other suitable dye at a concentration of 10 uM (100 pM 10x stock) in water, and dilute stepwise as
described in step 3.1.

Prepare 500 mL of 1x binding buffer by adding 33 mM potassium phosphate buffer (pH = 7.0), 90 mM NaCl, and 0.01% non-ionic detergent
in distilled water. Also prepare 3x binding buffer, which contains the same components, except at threefold concentrations. If using 3x binding
buffer as stock solution for the 1x binding buffer, prepare volumes > 500 mL; otherwise, prepare 250 mL.

NOTE: This composition was optimized for transcription factor stability and to prevent glutathione S-transferase (GST) dimerization.

Measure with the microscopy setup described in step 1 the FA of 200 pL of binding buffer containing 0.8 nM labeled reference DNA in the
presence of different amount of TF in a glass bottom microscopy 96-well plate (5-6 wells with different TF concentrations) to determine the TF
concentration to use. Perform a titration series with increasing amounts of TF and choose for the assay the concentration for which the curve
reaches a plateau, indicating complete binding of the DNA reference oligomer.

NOTE: The optimal TF concentration depends on the values of the TF-DNA dissociation constants. Generally, lower Kps require lower
concentrations.

3. Oligomer Annealing

To anneal the DNA oligomers of the labeled reference DNA (sequence determined in the previous step), mix 7 yL of a 10 mM dye-labeled
forward single-stranded DNA solution and 7 pL of a 10 mM concentration of its unlabeled reverse complement in 186 pL of water.

For the competitor DNA sequences, mix 20 pL of 100 mM solutions (in water, provided by the manufacturer) of forward single-stranded DNA
with 20 L of 100 mM of the corresponding reverse single-stranded DNA for each individual competitor sequence to be measured.

Perform the annealing separately in a standard PCR cycler by heating up the solutions to 70 °C for 3 min and decreasing the temperature

to RT at a rate of 0.1 K/s. If the PCR machine used does not support temperature gradients at that rate, simply do stepwise incubations with
decreasing temperatures (tested were 99 cycles of 3 s with -0.4 K per cycle).

4. Gel Preparation

NOTE: The following section explains the preparation of two different kind of gels: 1) the titration wells contain gels with protein and are
used to determine the Kps for the respective competitor DNA sequences, and 2) the calibration wells make use of NB to determine the DNA
concentration at every given time point and acquisition height. The focus is on the preparation of the experiment in a 96-well plate, but the
corresponding volumes for a 384-well plate format are also indicated.

1.

Dissolve 0.5% w/v low melting point agarose in the binding buffer by boiling it in a laboratory microwave oven. After complete dissolution,
adjust the volume again with ddH,O to compensate for possible evaporation.
NOTE: For convenience, prepare a stock of 10-20 10 mL aliquots of the gels and melt them at 75°C when they are needed. Gel stocks can
be stored at RT.
CAUTION: Be careful to avoid superheating of the gel solution in the microwave oven. Short heating time intervals with shaking in between
are preferable.
To prepare titration and calibration wells, first melt two 10 mL gel stock aliquots at 75 °C under shaking.

1. Use 240 pL (including 20% overhead) for each competitor (n = number of competitor sequences).

2. Use the same volume of gel for the NB calibration well to ensure an equal temperature and viscosity of both gels.

3. Then set the temperature to 35 °C and wait for the temperature to equilibrate.

For the titration wells, add 1.4 nM (final concentration) hybridized reference DNA (obtained in step 3), TF protein (final concentration C¢ =
20-60 nM, as determined in step 2.6), DTT (0.2 mM), and binding buffer in a total volume of n x 200 pL or n x 13 pL in a 96- or 384-well plate
format, respectively (plus overhead). Mix thoroughly by inverting/shaking (do not vortex).

Slowly add 200 pL per well in 96-well plate format (13 uL/well for 386 wells) of the gel solution prepared in the previous step into the titration
wells the well plate.

For the calibration wells, first add 5 nM NB to the melted gel outside the wells (total volume depending on the well plate format used and on
the number of calibration wells; usually 5-6 per well plate is enough).

Pipette 200 pL (13 pL for 384-well plate format) of NB containing gel slowly within the titration wells of the well plate and make sure to avoid
air bubbles.

NOTE: The usage of electronic pipets or robotics significantly increases reproducibility.

Let the gel solidify for 10 min at RT, and another 10 min at 4 °C (remove condensation from the glass afterwards if necessary). Make sure to
conduct all these steps on a perfectly horizontal surface to avoid inhomogeneous gel surfaces.

NOTE: The protein containing gels are usually stable for at least several hours at 4 °C.

5. Adding the Competitor DNA Solution

NOTE: The following solutions should be prepared before starting the titration and are added on top of the calibration and titration wells
simultaneously.

1.

Add the annealed labeled reference DNA and protein in 3x binding buffer at 3 times higher concentrations than the gel stock aliquots.
1. Mix 20 uL of the obtained solution with 40 L of each annealed competitor DNA solution obtained in step 3.
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2. For each calibration well, mix 20 pL of 3x binding buffer containing 15 mM NB solution with 40 uL of annealed competitor DNA (any
sequence of the same length is suitable).
NOTE: For the 384-well plates, use 21 L instead of 60 L in total.

2. Optionally, check the homogeneity of the gel height levels in the different wells of the plate spectroscopically by measuring the absorbance at
380 nm, using a multi-well plate reader (the absorbance values are proportional to the gel heights).

3. Add 50 pL (7 pL for 384-well plate format) of the mixed competitor DNA solutions (annealed in step 3) on top of the gels. Try to add all the
competitor solutions as simultaneously as possible by using electronic multichannel pipets or a 96-channel pipetting head, if available. After
addition of the competitor solutions, place the plate on the microscope stage and start the measurements immediately (step 7).

6. Image Acquisition

1. Sequentially acquire times series of z-stacks (e.g., use 12 planes and 100-300 ms of illumination time). Avoid taking images too close to the
well surface (< ~1.4 ym with the plates used herein) to exclude any polarization bias.

2. Perform 10-25 cycles of measurements until complete unbinding of the labeled reference DNA from the TF. The endpoint is typically reached
after 1-2 h, depending on the binding kinetics and diffusivity of the competitor DNA.

7. Extraction of FA(z,t) from Raw Data

1. Once a well plate has been imaged, compute from the raw fluorescence images the average pixel values of regions of interest for the parallel
(I=) and perpendicularly (1) polarized intensity components (Figure 1c). This can be done automatically using the HiP-FA software®,
NOTE: The HiP-FA software, an instruction manual, and a test dataset can be downloaded?>. Alternatively, use any other custom-written
software to extract |- and |. and perform the downstream analysis of the titration curves, as described in detail below.

2. Calculate FA for each well. For each well, the script computes FA(z,t) at each z-position and time point t according to:
Equation 1: FA(z.t) = Btk

IFzt) 420 (zt)
Where G is the instrument G-factor that corrects for any bias toward the perpendicular channel.

3. Determine the G-factor of the microscopy setup by measuring the FA of any solutions containing a fluorescent dye of known anisotropy.
Extract the two polarization components of the signal and then use Equation 1 to obtain G, knowing the FA of the solution (G = 1.15 in this
setup).

8. Calibration Curve for Determination of Competitor DNA Concentration from FAyg

1. Anneal 120 pL of each forward and reverse reference oligomer (100 mM stock concentration; any random sequence with the same length as
the competitor sequence can be used) and mix with 120 pL of 3x binding buffer containing NB (15 nM).

2. Prepare a dilution series with 1:2 dilutions in 1x binding buffer with 6 dilutions in total. Mix 50 pL of these dilutions with 200 pL of 0.5% low
melting point agarose (T > 35 °C) gel in 1x binding buffer containing 5 nM of NB in triplicates.

3. Add 200 uL of each of the 6 solutions prepared in the previous step in a 96-well plate and store the plate for 1 h at 4 °C to ensure complete
gelation, then 1 h at RT. Measure the FAyg of the solutions by using the HiP-FA setup.

4. Extract FAng (z,t) according to the previous step and fit the data using a Hill equation:
Equation 2: FA(zt) = %
Where Cpp, is the concentration of the DNA oligomer; k the concentration of the DNA oligomers at which half of the binding sites are
occupied; FA . is @ normalization constant; and n is the Hill coefficient. k, FA,.x, and n are set as free parameters during the fitting
procedure.

5. Enter the three parameters obtained from the fitting procedure in the HiP-FA software (in the left lower panel).

6. Repeat the determination of the calibration curve every few months or after making changes in the microscopy setup.

9. Determination of Competitor DNA Concentrations

1. Use the HiP-FA software to extract c(z,t) from the FAyg(z,t) measurements (Figure 3). First obtain the calibration curve as described in the
previous section and enter the fitting parameters to the software (see manual for details).

2. Use the program to automatically extrapolate c(z,t) for ¢ < 100 nM (see manual for details) using Equation 3 (Figure 3b), which describes the
one-dimensional diffusion of the competitor DNA within the agarose gel matrix, assuming free diffusion.

Equation 3: ¢(z,t) = C, (1 + erf(ﬁ))
Where Cj is the initial concentration of the competitor DNA; erf is the error function; z is the position; D is the diffusion coefficient of the
competitor DNA; and tg is the starting time of the measurements. The free parameters used are C, and z/4/D.

10. Conventional Competitive Titration with HIP-FA for Very Strong DNA Binding

1. Serially dilute the different competitor DNA oligomers in the rows of a 96-well plate (or 384-well plate) at the concentrations of: 0, 1.25, 3.5,
9, 19, 45, 90, 190, 425, 900, 1900, and 4000 nM. Add the Cy5-labeled reference DNA (1 nM) and TF (20-50 nM) at a constant concentration,
with a total volume of 200 pL per well in binding buffer (Figure 5a). Wait 40 min until thermodynamic equilibrium is achieved and acquire (with
the HiP-FA setup) z-stacks for each well (acquiring several images per well reduces variability by averaging the calculated FA values).
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2. Construct the equilibrium binding titration curves and fit them with Equation 4 gFigure 5b). The Kps determined by conventional competitive
titration are identical to those obtained by HIP-FA using an agarose gel matrix 0,

11. Fitting Procedure of the FA Titration Curves

1. Display in the HiP-FA software the reconstructed titration curves for the individual competitor sequences FA(z,t) = f[c(z,t)] and visually check
the data quality (see manual for details). If needed, refine the parameters used for the determination of the competitor DNA concentrations in
step 10.

2. Fit each individual titration curve automatically using Equation 4, which gives an analytical solution for competitive titration assaysz4.

. 2,/(d* —3e) cos(%) —d
Equation4: Fa=4x g +B
3K, +2,/(d* — 3e) cos (E) —d
With: d=kp, + Ky, +Ler+ L — Ry
e =(Ly— Rp)Kpy + (Lsg — Rp)Kpy + Kp Ky
f=—Kp,Kp,Ry

2/(d"-35)%
Where Rt is the protein concentration; L1 is the unlabeled and Lst is the labeled DNA concentration; Kp; is the dissociation constant to be
determined; Ry is the concentration of active protein; and A and B are normalization parameters.
First determine Kp4, which serves as a reference for the determination of the different Kp, values. Kp,is can be readily determined with the
assay by choosing the sequence of dye-reference DNA as the sequence of the unlabeled competitor DNA (see manual).

3. Enter the obtained value of Kp4 in the software and compute the Kp, values for all the competitor DNA on the plate.
NOTE: The free parameters of the fitting procedure are Kp,, R, A, and B.

4. Export the dissociation constant Kp, and concentration of active protein R for all the individual titration wells of the plate by clicking the
"Export" button in the software.

—2d® +9de—27,
8 = arccos (7”)

12. PWM Construction, Specificity of Protein-DNA Interaction, and Pseudo Counts

Create thezgequence logos for the different PWMs using the online tool WebLogo 3.0 (http://weblogo.threeplusone.com/create.cgi) as described
previously~.

Representative Results

We applied HiP-FA to TFs of the segmentation gene network??8, which generates the anterior-posterior body pattern of Drosophila embryos,

largely through transcriptional regulation. From this network, we chose the bZIP domain TF Giant (Gt) for a detailed analysis (Figure 4). Since
full-length transcription factors are difficult to express and yield mostly the same binding preferences as their DNA binding domains (DBD)13, we
used the DBD fused to GST and expressed the construct in E.coli GST fusion proteins to deliver the same results as DBDs alone®.

The Gt consensus sequence (ATTACGTAAC) represents the strongest binding sequence that we determined as described above. We then
investigated the influence on the binding energy of all possible single-point mutations within the 10-mer Gt consensus sequence (a total of
30), flanked by additional bases at the 5' and 3' ends. We measured two replicates whose gel samples were produced using automation, and
one additional replicate produced manually for comparison. The Kps ranged from 0.6 to > 2000 nM for singly mutated sequences, and we also
confirmed complete lack of binding to a "non-binding" sequence (data not shown).

TF-DNA binding specificities are typically modelled using a position weight matrix (PWM), in which a score is assigned to each possible
nucleotide at each position in the binding motif. The PWM assumes that each position contributes to binding strength independently and in most
cases constitutes a sufficient model for TF binding preferences”. We generated revised PWMs based on our affinity measurements following
established procedures%’29 and compared them to two PWMs previously reported in the literature. The first is based on nucleotide frequency
counts from binding sites identified by DNA footprinting4'5, and the second PWM was obtained by bacterial one-hybrid (B1H) selection.®

The high similarity of the PWMs for the three replicates (Figure 4, upper panel), including for the sample prepared manually (replicate 3),
demonstrates the high reproducibility of the HiP-FA method. While the PWMs obtained by HiP-FA are overall similar to the PWMs obtained with
the other methods (Figure 4, lower panel), there are significant deviations: at position 2 (black arrow), the start of the core bZIP motif, mutations
T>(G,C,A) lead to complete loss of binding in the motif obtained by HiP-FA, which is consistent with the B1H motif but not with that obtained with
DNase footprinting, in which the binding remains relatively strong for bases (G,A). Conversely, at position 7 (gray arrow), the mutation T>C leads
to much stronger binding than what was expected based on the previously measured PWMs.

Other deviations are subtler but no less important. Overall, the HiP-FA PWM is less specific than the other two, reflecting the fact that many
mutations from the consensus still result in moderately strong binding. This can be quantified using the information content (IC). The IC is 11.5
bits for the HiP-FA matrix (average of the three replicates), compared to IC = 13.4 bits and 16.8 bits for the DNase footprinting and B1H matrices,
respectively. Generally (though not universally), the PWMs obtained by HiP-FA are less specific than those obtained by other methods, based on
26 TFs investigated”".
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Figure 1:Schematic depictions of the HIP-FA assay and experimental setup. (a) Gel delivery system for titrating competitor DNA in single
wells. (b) HIP-FA microscopy setup.Customized automated widefield microscope with polarized fluorescence light detection on an EM-CCD
camera. (c) Raw fluorescence image with the two regions of interest used to determine the parallel (red) and the perpendicularly (green)
polarized components. (d) Typical layout of a 96-well plate. Please click here to view a larger version of this figure.
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Figure 2: Raw FA data and reconstructed titration curves. (a) Typical FA(z,t) trajectory for a calibration well containing NB. (b,c) FA(z,t)
time trajectories for two titration wells measuring binding to a strong (b) and more moderate (c) DNA binding competitor. (d, e) Corresponding
reconstructed FA titration measurements and fitted curves for the strong (d) and moderate (e) binding. Please click here to view a larger version

of this figure.
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Figure 3: Determining the concentration of the competitor DNA c(z,£) using Nile Blue (NB). (a) FA-concentration calibration curve for 16

base pairs DNA oligomers. In a conventional titration series, NB is embedded in agarose gel together with different concentrations of competitor
DNA. The affinity of NB to DNA is sequence-independentzo; therefore, the same calibration curves can be used for determining c(z,t) for different
DNA sequences of the same length. (b) Competitor DNA time diffusion profile at an arbitrary z height determined using five calibration wells. For
each measurement cycle, the average FAs of four NB-containing wells are displayed as white dots. The curves are fitted using Equation 3 (white
line, individual wells in color) and the c¢(z,f) at low concentrations (C < ~100 nM) is determined by the extrapolated fitting curve. Please click here

to view a larger version of this figure.
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Figure 4: Binding specificities of the bZIP domain family TF Giant (Gt). HIP-FA PWMs of three replicates: two prepared using automation
and one manually prepared (upper panel) are compared with PWMs generated by DNase footprinting and by the bacterial one-hybrid (B1H)
selection method (lower panel). Overall, the HIP-FA binding motifs agree with previous data but also show significant differences, as highlighted

with black and gray arrows. Please click here to view a larger version of this figure.
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Figure 5: Conventional competitive titration with HIP-FA. (a) Plate design shows 8 different competitor DNA serially diluted in binding buffer
in a single row of a 96-well plate. An FA heat map is shown for different arbitrary binding strengths. (b) Competitive titration of three competitor
DNAs binding to the Bed TF with different affinities. Please click here to view a larger version of this figure.

HiP-FA is a comprehensive new method for determining the binding preference landscapes of TF-DNA interactions. It measures binding
affinities of mutational DNA motif variants directly, avoiding any underlying assumption that binding preferences are reflected in the frequency

of nucleotide occurrence in a set of above-threshold binders. Measurement takes place in the solution without immobilization and mechanical

or chemical interference with the binding reaction, approximating equilibrium conditions as closely as possible. The controlled delivery system
permits the measurement of a full titration curve within a single well and increases both throughput and reliability while saving protein. Using an
objective with a high numerical aperture and EM-CCD camera with a high light collection efficiency allows for highly sensitive fluorescent light
detection. Hence, with this setup, small FA changes as low as 10-15 mP can be accurately detected; in practice, this means that any binding
reaction for which the mass increase after binding is minimal (as low as a mass ratio of 2) is readily detected. This is usually not the case with
commercial systems like microplate readers. Due to its high sensitivity, HiP-FA extends the range of dissociation constants that can be measured
reliably into the picomolar range. Binding energies are determined accurately over multiple orders of magnitude.

To evaluate the quality of the revised PWMs, we performed two types of analysiszo. We tested, for five factors of the segmentation gene network,
how well different PWMs can predict experimental ChIP-seq profiles in the genomic regions of 21 segmentation genes. As a second test, we
used a sequence-to-expression model* that predicts expression patterns of segmentation enhancers on the basis of the binding preference and
protein concentration of participating TFs. In both exercises, we found that the less specific HiP-FA PWMs perform significantly better than the
more specific footprinting and B1H PWMs?.

Unlike de novo methods, HiP-FA requires some prior knowled1ge of a given TF's binding preference. However, consensus sequences are known
for many TFs, and many existing methods can supply them™"*15 |t needed, the true optimal binding sequence can be found iteratively.

We used DNA reference oligomers fluorescently labelled with Cy5 and Bodipy-650. These dyes have proven to perform well for FA
measurements since the anisotropy of bound and unbound labelled-reference DNA were the largest among the different tested dyes. This
ensures a maximum dynamical range for the FA values. Generally, any fluorescent dye with a fluorescence lifetime = 1 ns is likely to be suitable
but needs to be tested first. If possible, it is advised to use dyes fluorescing in the near-IR range to minimize protein autofluorescence.

The most critical step of the experimental procedure is the pipetting of the gel into the well plates. Good reproducibility requires the gel volumes
to be as uniform as possible. Changes in gel height are translated into changes of diffusivity for the competitive DNA oligomer, and thus in
apparent changes of affinity when evaluating the data. This is the main source of variance in a technical replicate. The use of an electronic pipet
or automation techniques improves reproducibility. Air bubbles within the gel can be avoided by slow and careful pipetting. It is also important

to add the all competitor solutions on top of the titration wells with as little delay as possible. For best reproducibility, the whole process can be
automated using a pipetting robot with heat incubators. A critical part for transferring the protocol to automation is the necessary optimization of
incubator temperature and the incubation times. Make sure to find an optimal balance between the viscosity of the gel (i.e., not too cold) and the
stability of proteins (i.e., not too hot). This depends both on the dispensing speed of the gels into the wells and stability of the protein used.
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HiP-FA makes use of a controlled delivery system for the competitor DNA oligomers. To construct the titrations curves, it is necessary to
determine the competitor DNA concentration c¢(z,t) for each given z-position within the gel matrix and time point t. This is another critical step,
since the determination of the Kps depends directly on c(z,t). Calibration wells containing the NB dye as a sensor for DNA concentration are
used for this purpose (Figure 1d, Figure 2a). Usually, 3-5 calibration wells containing NB per plate are sufficient. Before evaluating any HiP-

FA experiment, a NB calibration curve should be constructed for the set-up by performing a conventional titration series of NB dissolved in the
agarose gel with a competitor DNA of any sequence at different concentrations (Figure 3a), as explained in detail in step 8. In the case of very
strong binding (Kp < 500 pM), the extrapolation used for determination of low concentrations of competitor DNA becomes limiting, since it is less
accurate than a direct measurement. However, for TFs with such low Kps, the HiP-FA setup can be used to perform a conventional competitive
titration in binding buffer without the use of an agarose gel matrix (Figure 5). For example, one full titration with 12 different concentrations of
competitor DNA can be performed in a single row of a 96-well plate.

The controlled delivery system also requires fast TF-DNA binding kinetics and stable proteins, since the diffusion though the agarose gel is
dynamical (although slow). Both properties can be tested directly with the HiP-FA setup by following, over time, the FA of the TFs of interest
when bound to their respective fluorescently labeled reference DNA. We measured Kqy and Kogr rates for the investigated factors and found
them to be on the order of milliseconds to secondszo, in accordance with other studies™. This is sufficiently fast to ensure that measurements
take place at equilibrium. In the case of other binding reactions with slower kinetics, the diffusivity of the competitor can be tuned by lowering its
concentration or reducing gel pore size. In the case of the tested TFs, which all have fast Torr (~seconds), a total measurement time of about
1-2 h is sufficient to ensure thermodynamic equilibrium at each measurement.

Another potential issue related to the protein is the formation of protein aggregates that may alter FA measurements. The use of other buffer
conditions containing different additives (like tensides) can prevent aggregate formation, if necessary.

We have worked under the linearity assumption of the PWM; however, HIP-FA can be scaled to include all possible di-nucleotide mutations of
the consensus sequence. Finally, HiP-FA can be adapted to measure other types of binding interactions. The prerequisite is to have available
a suitable reference molecule bound by the protein which can be fluorescently labeled. With the controlled delivery system, a concentration
gradient can be generated for any kind of ligand; therefore, protein-protein and drug-protein interactions can be measured with similarly high
fidelity and throughput.
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