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SUMMARY: 24 
Here we present a novel method for determining binding affinities at equilibrium and in solution 25 
with high sensitivity on a large scale. This improves the quantitative analysis of transcription 26 
factor-DNA binding. The method is based on automated fluorescence anisotropy measurements 27 
in a controlled delivery system. 28 
 29 
ABSTRACT: 30 
Accurate quantification of transcription factor (TF)-DNA interactions is essential for 31 
understanding the regulation of gene expression. Since existing approaches suffer from 32 
significant limitations, we have developed a new method for determining TF-DNA binding 33 
affinities with high sensitivity on a large scale. The assay relies on the established fluorescence 34 
anisotropy (FA) principle but introduces important technical improvements. First, we measure a 35 
full FA competitive titration curve in a single well by incorporating TF and a fluorescently labeled 36 
reference DNA in a porous agarose gel matrix. Unlabeled DNA oligomer is loaded on the top as a 37 
competitor and, through diffusion, forms a spatio-temporal gradient. The resulting FA gradient is 38 
then read out using a customized epifluorescence microscope setup. This improved setup greatly 39 
increases the sensitivity of FA signal detection, allowing both weak and strong binding to be 40 
reliably quantified, even for molecules of similar molecular weights. In this fashion, we can 41 
measure one titration curve per well of a multi-well plate, and through a fitting procedure, we 42 
can extract both the absolute dissociation constant (KD) and active protein concentration. By 43 
testing all single-point mutation variants of a given consensus binding sequence, we can survey 44 
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the entire binding specificity landscape of a TF, typically on a single plate. The resulting position 45 
weight matrices (PWMs) outperform those derived from other methods in predicting in vivo TF 46 
occupancy. Here, we present a detailed guide for implementing HiP-FA on a conventional 47 
automated fluorescent microscope and the data analysis pipeline. 48 
 49 
INTRODUCTION: 50 
Given the central role of transcription factors (TFs) in gene regulation, determining their binding 51 
preferences in a quantitative manner is of paramount importance. Seminal studies by von Hippel 52 
introduced the notion that regulatory TFs rapidly recognize DNA, such that their binding is well 53 
described by the thermodynamic equilibrium, while the downstream events of recruiting RNA 54 
polymerase to the promoter are controlled by slower kinetics1. Recent in vivo binding studies 55 
suggest that this picture is likely more complex2, 3; nevertheless, these general assumptions serve 56 
as good approximations and have supported many computational approaches to find cis-57 
regulatory elements and predict expression from sequences4-6.  While equilibrium binding has 58 
thus been successfully employed as a concept, current methods for determining TF-DNA 59 
interactions focus on binding specificity and typically do not directly measure binding affinities at 60 
equilibrium. The systematic measurement of TF-DNA binding represents a considerable technical 61 
challenge, and the existing methods have several different limitations.  62 
 63 
Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq)7, the most prevalent in 64 
vivo technique, does not permit the measurement of binding affinities or the precise localization 65 
of binding sites within genomic fragments. Several in vitro methods, including DNase 66 
footprinting8, electrophoretic mobility shift (EMSA)9, surface plasmon resonance (SPR)10, and 67 
microscale thermophoresis11 are able to measure binding affinities, but they are relatively low 68 
throughput. Conversely, high throughput techniques including protein binding microarrays12, HT-69 
SELEX13,14, and bacterial one-hybrid (B1H)15 are not able to measure binding affinities and 70 
typically yield overly specific binding sequences, which is mainly due to the stringent selection or 71 
washing steps necessary. More recent developments include the deep sequencing based HiTS-72 
FLIP16, SELEX-seq17, and the microfluidics-based MITOMI18 or SMILE-Seq19, which allow for 73 
extraction of absolute binding affinities; however, they rely on measuring fluorescence 74 
intensities of labeled TF and DNA. Fluorescence signals, therefore, become limiting at low protein 75 
concentrations and in determining low KD values (< ~10 nM). Moreover, the TF-DNA binding in 76 
these methods takes place on thin surfaces, raising issues with unspecific binding and/or auto-77 
fluorescence background, which makes it difficult to accurately quantify weak binding. 78 
 79 
To address these limitations, we have developed a new method to determine TF-DNA affinity 80 
landscapes at equilibrium and in solution, which we called high performance fluorescence 81 
anisotropy (HiP-FA)20. The technique is based on the established fluorescence anisotropy (FA) 82 
assay21 but modified to measure binding constants with high sensitivity and at large-scale using 83 
a customized automated microscope and analysis setup.  84 
 85 
The FA assay monitors the interaction of fluorescently labeled species (like a DNA oligomer) to a 86 
binding partner, in this case a TF, by measuring the molecular rotation of the labeled molecule. 87 
Upon binding to the TF, its rotational speed decreases due to the higher hydrodynamic radius 88 
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and molecular weight of the bound complex, which results in increased FA. The accurate 89 
measurement of very strong binding (KD < ~1 nM) requires the use of low concentrations of 90 
labeled, reference DNA (c < ~1 nM). This is difficult to achieve with a commercial instrument such 91 
as a standard microplate reader. In addition, a large size difference (10-100 fold) between the 92 
bound and unbound complexes is usually necessary, prohibiting measurement of interactions 93 
between TF binding domains and short DNA oligomers, which are typically of roughly similar 94 
molecular weights. Finally, a full titration curve normally requires the preparation and 95 
measurement of multiple wells containing a concentration series for the titrating species.  96 
 97 
To address these issues, we use a widefield microscopy setup, modified to achieve high detection 98 
sensitivity and allow FA measurements at different z-positions of a single well. This enables us to 99 
monitor binding interactions between species of similar molecular weight and with high affinities. 100 
Higher throughput is achieved by measuring FA in multi-well plate formats and carrying out an 101 
entire titration series in a single well using a controlled delivery system (Figure 1a). Furthermore, 102 
by employing a competitive binding assay, we extract not only the binding constants but also the 103 
concentration of active protein. This is an important feature of the assay, since only a portion of 104 
the expressed TF molecules are active due to protein misfolding or degradation. The 105 
experimental setup is based on a commercial epifluorescence microscope equipped with XY- and 106 
Z- piezo stages. We upgraded the system with external laser excitation, then detected the two 107 
emitted linear polarization components on the chip of an EM-CCD camera with high quantum 108 
efficiency for light detection (Figure 1b and 1c). The system uses a high numerical aperture (NA) 109 
objective coupled to an ultra-sensitive sensor and thus affords highly sensitive FA measurements. 110 
By recording fluorescence z-stacks, binding interactions can be measured along the optical z-axis 111 
when using a heterogeneous matrix for the reactants. All these modifications can be readily 112 
implemented on an existing system and are cost-effective. 113 
 114 
We employ a competitive binding assay in which the binding affinity of an unlabeled DNA 115 
oligomer is measured in comparison to the fluorescently labeled DNA, which serves as a 116 
reference. TF and reference DNA are incorporated at fixed concentrations in a porous agarose 117 
gel matrix (pore size ~1 µm) that constitutes a non-interacting environment for the binding. The 118 
reference DNA is labeled with Cy5. This dye proved to be well-suited for FA measurements due 119 
to its relatively long fluorescence lifetime (~1ns) and fluorescence emission in the far-red of the 120 
visible spectrum (low auto-fluorescence background). The TF concentration is in molar excess 121 
over Cy5-reference DNA, ensuring that all reference DNA is bound to protein. A solution of 122 
unlabeled competitor DNA is then deposited on the gel surface and diffuses inside the porous 123 
matrix, establishing a concentration gradient c(z, t) that changes over the z-position of the focal 124 
plane and time t (Figure 1a, Figure 2a-2c). The TF bound to the Cy5-reference DNA is thus locally 125 
exposed to different concentrations of the competitor DNA that competes for binding, leading 126 
to a dynamically changing FA of the Cy5-reference DNA FAREF(z, t) (Figure 2b and 2c).  127 
 128 
To determine the competitor concentration c(z,t), we measure in separate wells ( calibration 129 
wells) the dynamically changing FA signal of Nile Blue (NB) FANB(z,t) (Figure 2a and 3). This dye 130 
intercalates into DNA and thereby acts as a DNA sensor for the competitor DNA. With this 131 
controlled delivery system, tens to hundreds of different DNA-protein binding affinities can be 132 
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measured within one multi-well plate (96- or 384-well plate format). Measurement is then 133 
performed sequentially until complete displacement of the labeled reference DNA from the TF. 134 
We determined the binding specificity for a given factor by measuring the affinities of all 3 N 135 
single-base mutations of the consensus sequence of length N. HiP-FA requires low amounts of 136 
protein (~pmols per titration curve) and shows low variability in the determination of KDs 137 
[coefficient of variation (CV) < 20%], while allowing measurements at a relatively large scale. The 138 
method can be conducted manually or fully automated using a robotic system, resulting in even 139 
lower CVs (Figure 4, upper panel). Dissociation constants are measured with high accuracy down 140 
to 0.5 nM. For extremely high affinities (KD < 500pM), we use a standard competitive titration 141 
(Figure 5) due to the inaccuracies in measuring competitor DNA concentrations at low levels (< 142 
100 nM). 143 
 144 
HiP-FA can be implemented on nearly any standard, inverted, epifluorescence fluorescent 145 
microscope, provided the availability of an automated XY-stage and a piezo z-axis stage. Optical 146 
components were built around an automated widefield setup equipped with a long-distance 147 
objective. In practice, the assay can be adapted to objectives with other characteristics (in 148 
particular working, distance and numerical aperture). However, this requires optimization of the 149 
parameters (distances between the z-slices, porosity and height of the agarose gel, etc.). The use 150 
of other kinds of lasers or camera is also possible. A detailed description of the entire 151 
experimental procedure and data analysis is given below in the protocol section. 152 
 153 
PROTOCOL: 154 
 155 
1 Polarization Microscopy 156 
 157 
1.1 For widefield laser illumination, focus a 638 nm line of a continuous diode laser (40 mW) 158 
on the aperture of multimode optical fiber for beam cleanup. Mount a linear polarizer at the 159 
output of the fiber to set the polarization of laser light. 160 
 161 
1.2 Block the excitation component of the emitted light with a dichroic mirror (640 nm cut-162 
off) and a bandpass filter (bandpass 700/75).  163 
 164 
1.3 Let the fluorescence signal pass through a polarizing beam splitter, which splits the 165 
emitted light into its perpendicular and parallel polarized components. Then, focus the non-166 
reflected beam (parallel component) and the reflected beam (perpendicular component) with an 167 
achromatic lens of 200 mm focal length on the chip of a back-illuminated EM-CCD camera (Figure 168 
1b and 1c). Use a mirror to adjust the direction of the perpendicular beam toward the lens.  169 
 170 
2 Design and Testing of Fluorescent-Labelled Reference DNA Oligomer 171 
  172 
2.1 Determine the core sequence of the reference DNA: the method is based on a competitive 173 
assay that measures the dissociation constant (KD2) between a transcription factor and unlabeled 174 
competitor DNA oligomer that competes for binding with a fluorescently labeled DNA whose 175 
affinity to the TF acts as a references (KD1). The consensus sequence obtained from other sources 176 
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like DNase footprinting or bacterial 1-hybrid can serve as a starting point5,15. 177 
 178 
NOTE: As a rule of thumb, a suitable reference DNA has a 3 to 7-fold decrease in binding affinity 179 
to the TF compared to the consensus sequence. 180 
 181 
2.2 Measure by HiP-FA the KD1s of 2-3 tentative single mutations of the consensus sequence 182 
derived in the previous step. Try to mutate positions in consensus sequence that are not too 183 
specific to avoid complete loss of binding. 184 
 185 
NOTE: It is important that the reference sequence is bound by the transcription factor of interest 186 
(we used in this protocol Giant Gt), but not too strongly, so that weaker competitors can 187 
outcompete it at high concentrations. 188 
 189 
2.3 Extend the core motif (8-12 base pairs generally) to a length of 16 base pairs or more by 190 
adding symmetrically flanking sequence at both sides (add side chains for proper binding). If 191 
necessary (for longer biding domains, for example), use longer sequences (up to ~50 base pairs 192 
in length were tested with the HiP-FA assay).  193 
 194 
CAUTION: Be careful not to add bases that are expected to create ectopic binding sites. Use 195 
computational tools that predict binding sites from available PWMs to facilitate this process 196 
(e.g., PySite22). 197 
 198 
2.4 As labeled reference DNA, order oligomers that are fluorescently labeled on either 199 
forward or reverse strand at the 3’ or 5’ end. Use, for example Cy5, Bodipy-650 or any other 200 
suitable dye at a concentration of 10 µM (100 µM 10x stock) in water, and dilute stepwise as 201 
described in step 3.1. 202 
 203 
2.5 Prepare 500 mL of 1x binding buffer by adding 33 mM potassium phosphate buffer (pH = 204 
7.0), 90 mM NaCl, and 0.01% non-ionic detergent in distilled water. Also prepare 3x binding 205 
buffer, which contains the same components, except at threefold concentrations. If using 3x 206 
binding buffer as stock solution for the 1x binding buffer, prepare volumes > 500 mL; otherwise, 207 
prepare 250 mL. 208 

 209 
NOTE: This composition was optimized for transcription factor stability and to prevent 210 
glutathione S-transferase (GST) dimerization.  211 
 212 
2.6 Measure with the microscopy setup described in step 1 the FA of 200 µL of binding buffer 213 
containing 0.8 nM labeled reference DNA in the presence of different amount of TF in a glass 214 
bottom microscopy 96-well plate (5-6 wells with different TF concentrations) to determine the 215 
TF concentration to use. Perform a titration series with increasing amounts of TF and choose for 216 
the assay the concentration for which the curve reaches a plateau, indicating complete binding 217 
of the DNA reference oligomer.   218 
 219 
NOTE: The optimal TF concentration depends on the values of the TF-DNA dissociation constants. 220 
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Generally, lower KDs require lower concentrations. 221 
 222 
3 Oligomer Annealing 223 
 224 
3.1. To anneal the DNA oligomers of the labeled reference DNA (sequence determined in the 225 
previous step), mix 7 µL of a 10 mM dye-labeled forward single-stranded DNA solution and 7 µL 226 
of a 10 mM concentration of its unlabeled reverse complement in 186 µL of water.  227 
 228 
3.2. For the competitor DNA sequences, mix 20 µL of 100 mM solutions (in water, provided by 229 
the manufacturer) of forward single-stranded DNA with 20 µL of 100 mM of the corresponding 230 
reverse single-stranded DNA for each individual competitor sequence to be measured.  231 
 232 
3.3. Perform the annealing separately in a standard PCR cycler by heating up the solutions to 233 
70 °C for 3 min and decreasing the temperature to RT at a rate of 0.1 K/s. If the PCR machine 234 
used does not support temperature gradients at that rate, simply do stepwise incubations with 235 
decreasing temperatures (tested were 99 cycles of 3 s with -0.4 K per cycle). 236 
 237 
4 Gel Preparation 238 
 239 
NOTE: The following section explains the preparation of two different kind of gels: 1) the titration 240 
wells contain gels with protein and are used to determine the KDs for the respective competitor 241 
DNA sequences, and 2) the calibration wells make use of NB to determine the DNA concentration 242 
at every given time point and acquisition height. The focus is on the preparation of the 243 
experiment in a 96-well plate, but the corresponding volumes for a 384-well plate format are also 244 
indicated. 245 
 246 
4.1 Dissolve 0.5% w/v low melting point agarose in the binding buffer by boiling it in a 247 
laboratory microwave oven. After complete dissolution, adjust the volume again with ddH2O to 248 
compensate for possible evaporation.  249 
 250 
NOTE: For convenience, prepare a stock of 10-20 10 mL aliquots of the gels and melt them at 251 
75°C when they are needed. Gel stocks can be stored at RT. 252 
 253 
CAUTION: Be careful to avoid superheating of the gel solution in the microwave oven. Short 254 
heating time intervals with shaking in between are preferable. 255 
 256 
4.2 To prepare titration and calibration wells, first melt two 10 mL gel stock aliquots at 75 °C 257 



   

Page 6 of 14  revised Sept. 2018 
 

under shaking.  258 

4.2.1 Use 240 µL (including 20% overhead) for each competitor (n = number of competitor 259 
sequences).  260 

4.2.2 Use the same volume of gel for the NB calibration well to ensure an equal temperature 261 
and viscosity of both gels.  262 

4.2.3 Then set the temperature to 35 °C and wait for the temperature to equilibrate.  263 
 264 
4.3 For the titration wells, add 1.4 nM (final concentration) hybridized reference DNA 265 
(obtained in step 3), TF protein (final concentration CTF = 20-60 nM, as determined in step 2.66), 266 
DTT (0.2 mM), and binding buffer in a total volume of n x 200 µL or n x 13 µL in a 96- or 384-well 267 
plate format, respectively (plus overhead). Mix thoroughly by inverting/shaking (do not vortex). 268 
 269 
4.4 Slowly add 200 µL per well in 96-well plate format (13 µL/well for 386 wells) of the gel 270 
solution prepared in the previous step into the titration wells the well plate. 271 
 272 
4.5 For the calibration wells, first add 5 nM NB to the melted gel outside the wells (total 273 
volume depending on the well plate format used and on the number of calibration wells; usually 274 
5-6 per well plate is enough).   275 
 276 
4.6 Pipette 200 µL (13 µL for 384-well plate format) of NB containing gel slowly within the 277 
titration wells of the well plate and make sure to avoid air bubbles.  278 
 279 
NOTE: The usage of electronic pipets or robotics significantly increases reproducibility. 280 
 281 
4.7 Let the gel solidify for 10 min at RT, and another 10 min at 4 °C (remove condensation 282 
from the glass afterwards if necessary). Make sure to conduct all these steps on a perfectly 283 
horizontal surface to avoid inhomogeneous gel surfaces. 284 
 285 
NOTE: The protein containing gels are usually stable for at least several hours at 4 °C. 286 
 287 
5 Adding the Competitor DNA Solution 288 
 289 
NOTE: The following solutions should be prepared before starting the titration and are added on 290 
top of the calibration and titration wells simultaneously.  291 
 292 
5.1 Add the annealed labeled reference DNA and protein in 3x binding buffer at 3 times higher 293 
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concentrations than the gel stock aliquots.  294 

5.1.1 Mix 20 µL of the obtained solution with 40 µL of each annealed competitor DNA solution 295 
obtained in step 3.  296 

5.1.2 For each calibration well, mix 20 µL of 3x binding buffer containing 15 mM NB solution 297 
with 40 µL of annealed competitor DNA (any sequence of the same length is suitable). 298 
 299 
NOTE: For the 384-well plates, use 21 µL instead of 60 µL in total. 300 
 301 
5.2 Optionally, check the homogeneity of the gel height levels in the different wells of the 302 
plate spectroscopically by measuring the absorbance at 380 nm, using a multi-well plate reader 303 
(the absorbance values are proportional to the gel heights). 304 
 305 
5.3 Add 50 µL (7 µL for 384-well plate format) of the mixed competitor DNA solutions 306 
(annealed in step 3) on top of the gels. Try to add all the competitor solutions as simultaneously 307 
as possible by using electronic multichannel pipets or a 96-channel pipetting head, if available. 308 
After addition of the competitor solutions, place the plate on the microscope stage and start the 309 
measurements immediately (step 6). 310 
 311 
6 Image Acquisition 312 
 313 
6.1 Sequentially acquire times series of z-stacks (e.g., use 12 planes and 100-300 ms of 314 
illumination time). Avoid taking images too close to the well surface (< ~1.4 µm with the plates 315 
used herein) to exclude any polarization bias. 316 
 317 
6.2 Perform 10-25 cycles of measurements until complete unbinding of the labeled reference 318 
DNA from the TF. The endpoint is typically reached after 1-2 h, depending on the binding kinetics 319 
and diffusivity of the competitor DNA. 320 
 321 
7 Extraction of FA(z,t) from Raw Data 322 
 323 
7.1 Once a well plate has been imaged, compute from the raw fluorescence images the 324 
average pixel values of regions of interest for the parallel (I=) and perpendicularly (I+) polarized 325 
intensity components (Figure 1c). This can be done automatically using the HiP-FA software23. 326 
 327 
NOTE: The HiP-FA software, an instruction manual, and a test dataset can be downloaded23. 328 
Alternatively, use any other custom-written software to extract I= and I+ and perform the 329 
downstream analysis of the titration curves, as described in detail below. 330 
 331 
7.2 Calculate FA for each well. For each well, the script computes FA(z,t) at each z-position 332 
and time point t according to: 333 
 334 

Equation 1:   𝐹𝐴(𝑧, 𝑡) =
𝐼=(𝑧,𝑡) −𝐺∗𝐼+(𝑧,𝑡)

𝐼=(𝑧,𝑡)+2∗𝐼+(𝑧,𝑡)
 335 
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Where G is the instrument G-factor that corrects for any bias toward the perpendicular channel.  336 
 337 
7.3 Determine the G-factor of the microscopy setup by measuring the FA of any solutions 338 
containing a fluorescent dye of known anisotropy. Extract the two polarization components of 339 
the signal and then use Equation 1 to obtain G, knowing the FA of the solution (G = 1.15 in this 340 
setup). 341 
 342 
8 Calibration Curve for Determination of Competitor DNA Concentration from FANB 343 
 344 
8.1 Anneal 120 µL of each forward and reverse reference oligomer (100 mM stock 345 
concentration; any random sequence with the same length as the competitor sequence can be 346 
used) and mix with 120 µL of 3x binding buffer containing NB (15 nM). 347 
 348 
8.2 Prepare a dilution series with 1:2 dilutions in 1x binding buffer with 6 dilutions in total. 349 
Mix 50 µL of these dilutions with 200 µL of 0.5% low melting point agarose (T > 35 °C) gel in 1x 350 
binding buffer containing 5 nM of NB in triplicates. 351 
 352 
8.3 Add 200 µL of each of the 6 solutions prepared in the previous step in a 96-well plate and 353 
store the plate for 1 h at 4 °C to ensure complete gelation, then 1 h at RT.  Measure the FANB of 354 
the solutions by using the HiP-FA setup.  355 
 356 
8.4 Extract FANB (z,t) according to the previous step and fit the data using a Hill equation: 357 
 358 

Equation 2:   𝐹𝐴 (𝑧, 𝑡) =
𝐹𝐴𝑚𝑎𝑥 ×𝑐𝐷𝑁𝐴

𝑛

𝑐𝐷𝑁𝐴
𝑛 +𝑘𝑛  359 

 360 
Where CDNA is the concentration of the DNA oligomer; k the concentration of the DNA oligomers 361 
at which half of the binding sites are occupied; FAmax is a normalization constant; and n is the Hill 362 
coefficient. k, FAmax, and n are set as free parameters during the fitting procedure. 363 
 364 
8.5 Enter the three parameters obtained from the fitting procedure in the HiP-FA software 365 
(in the left lower panel). 366 
 367 
8.6 Repeat the determination of the calibration curve every few months or after making 368 
changes in the microscopy setup. 369 
 370 
9 Determination of Competitor DNA Concentrations 371 
 372 
9.1 Use the HiP-FA software to extract c(z,t) from the FANB(z,t) measurements (Figure 3). First 373 

obtain the calibration curve as described in the previous section and enter the fitting 374 
parameters to the software (see manual for details).  375 

 376 
9.2 Use the program to automatically extrapolate c(z,t) for c < 100  nM (see manual for details) 377 

using Equation 3 (Figure 3b), which describes the one-dimensional diffusion of the 378 



   

Page 9 of 14  revised Sept. 2018 
 

competitor DNA within the agarose gel matrix, assuming free diffusion.  379 
 380 

Equation 3:   𝑐(𝑧, 𝑡) = 𝐶0 (1 + 𝑒𝑟𝑓 (
−𝑧

√4𝐷(𝑡+𝑡0)
))  381 

 382 
Where C0 is the initial concentration of the competitor DNA; erf is the error function; z is 383 
the position; D is the diffusion coefficient of the competitor DNA; and t0 is the starting time 384 

of the measurements. The free parameters used are C0 and z/√𝐷. 385 
 386 
10 Conventional Competitive Titration with HIP-FA for Very Strong DNA Binding 387 
 388 
10.1 Serially dilute the different competitor DNA oligomers in the rows of a 96-well plate (or 389 
384-well plate) at the concentrations of: 0, 1.25, 3.5, 9, 19, 45, 90, 190, 425, 900, 1900, and 390 
4000 nM. Add the Cy5-labeled reference DNA (1 nM) and TF (20-50 nM) at a constant 391 
concentration, with a total volume of 200 µL per well in binding buffer (Figure 5a). Wait 40 min 392 
until thermodynamic equilibrium is achieved and acquire (with the HiP-FA setup) z-stacks for 393 
each well (acquiring several images per well reduces variability by averaging the calculated FA 394 
values). 395 
 396 
10.2 Construct the equilibrium binding titration curves and fit them with Equation 4 (Figure 397 
5b). The KDs determined by conventional competitive titration are identical to those obtained by 398 
HIP-FA using an agarose gel matrix20. 399 
 400 
11 Fitting Procedure of the FA Titration Curves 401 
 402 
11.1 Display in the HiP-FA software the reconstructed titration curves for the individual 403 
competitor sequences FA(z,t) = f[c(z,t)] and visually check the data quality (see manual for 404 
details). If needed, refine the parameters used for the determination of the competitor DNA 405 
concentrations in step 10. 406 
 407 
11.2 Fit each individual titration curve automatically using Equation 4, which gives an analytical 408 
solution for competitive titration assays24. 409 
 410 
Equation 4:   411 

 𝐹𝐴 = 𝐴 ×
2√(𝑑2 − 3𝑒) cos (

𝜃
3) − 𝑑

3𝐾𝐷1 + 2√(𝑑2 − 3𝑒) cos (
𝜃
3) − 𝑑

+ 𝐵 412 

 413 
With:     𝑑 = 𝐾𝐷1 + 𝐾𝐷2 + 𝐿𝑆𝑇 + 𝐿𝑇 − 𝑅𝑇 414 
    𝑒 = (𝐿𝑇 − 𝑅𝑇)𝐾𝐷1 + (𝐿𝑆𝑇 − 𝑅𝑇)𝐾𝐷2 + 𝐾𝐷1𝐾𝐷2 415 

𝑓 = −𝐾𝐷1𝐾𝐷2𝑅𝑇 416 

        𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
−2𝑑3+9𝑑𝑒−27𝑓

2√(𝑑2−3𝑒)3
) 417 
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 418 
Where RT is the protein concentration; LT is the unlabeled and LST is the labeled DNA 419 
concentration; KD2 is the dissociation constant to be determined; RT is the concentration of active 420 
protein; and A and B are normalization parameters. 421 
 422 
First determine KD1, which serves as a reference for the determination of the different KD2 values.  423 
KD1 is can be readily determined with the assay by choosing the sequence of dye-reference DNA 424 
as the sequence of the unlabeled competitor DNA (see manual). 425 
 426 
11.3 Enter the obtained value of KD1 in the software and compute the KD2 values for all the 427 
competitor DNA on the plate. 428 
 429 
NOTE: The free parameters of the fitting procedure are KD2, RT, A, and B. 430 
 431 
11.4 Export the dissociation constant KD2 and concentration of active protein RT for all the 432 
individual titration wells of the plate by clicking the “Export” button in the software. 433 
 434 
12 PWM Construction, Specificity of Protein-DNA Interaction, and Pseudo Counts  435 
 436 
Create the sequence logos for the different PWMs using the online tool WebLogo 3.0 437 
(http://weblogo.threeplusone.com/create.cgi) as described previously20. 438 
 439 
REPRESENTATIVE RESULTS: 440 
We applied HiP-FA to TFs of the segmentation gene network25,26, which generates the anterior-441 
posterior body pattern of Drosophila embryos, largely through transcriptional regulation. From 442 
this network, we chose the bZIP domain TF Giant (Gt) for a detailed analysis (Figure 4). Since full-443 
length transcription factors are difficult to express and yield mostly the same binding preferences 444 
as their DNA binding domains (DBD)13, we used the DBD fused to GST and expressed the construct 445 
in E.coli GST fusion proteins to deliver the same results as DBDs alone20.   446 
  447 
The Gt consensus sequence (ATTACGTAAC) represents the strongest binding sequence that we 448 
determined as described above. We then investigated the influence on the binding energy of all 449 
possible single-point mutations within the 10-mer Gt consensus sequence (a total of 30), flanked 450 
by additional bases at the 5’ and 3’ ends. We measured two replicates whose gel samples were 451 
produced using automation, and one additional replicate produced manually for comparison. The 452 
KDs ranged from 0.6 to > 2000 nM for singly mutated sequences, and we also confirmed complete 453 
lack of binding to a “non-binding” sequence (data not shown). 454 
  455 
TF-DNA binding specificities are typically modelled using a position weight matrix (PWM), in 456 
which a score is assigned to each possible nucleotide at each position in the binding motif. The 457 
PWM assumes that each position contributes to binding strength independently and in most 458 
cases constitutes a sufficient model for TF binding preferences27. We generated revised PWMs 459 
based on our affinity measurements following established procedures28,29 and compared them 460 
to two PWMs previously reported in the literature. The first is based on nucleotide frequency 461 

http://weblogo.threeplusone.com/create.cgi
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counts from binding sites identified by DNA footprinting4,5, and the second PWM was obtained 462 
by bacterial one-hybrid (B1H) selection.15  463 
 464 
The high similarity of the PWMs for the three replicates (Figure 4, upper panel), including for the 465 
sample prepared manually (replicate 3), demonstrates the high reproducibility of the HiP-FA 466 
method. While the PWMs obtained by HiP-FA are overall similar to the PWMs obtained with the 467 
other methods (Figure 4, lower panel), there are significant deviations: at position 2 (black 468 
arrow), the start of the core bZIP motif, mutations T>(G,C,A) lead to complete loss of binding in 469 
the motif obtained by HiP-FA, which is consistent with the B1H motif but not with that obtained 470 
with DNase footprinting, in which the binding remains relatively strong for bases (G,A). 471 
Conversely, at position 7 (gray arrow), the mutation T>C leads to much stronger binding than 472 
what was expected based on the previously measured PWMs.  473 
 474 
Other deviations are subtler but no less important. Overall, the HiP-FA PWM is less specific than 475 
the other two, reflecting the fact that many mutations from the consensus still result in 476 
moderately strong binding. This can be quantified using the information content (IC). The IC is 477 
11.5 bits for the HiP-FA matrix (average of the three replicates), compared to IC = 13.4 bits and 478 
16.8 bits for the DNase footprinting and B1H matrices, respectively. Generally (though not 479 
universally), the PWMs obtained by HiP-FA are less specific than those obtained by other 480 
methods, based on 26 TFs investigated20. 481 
 482 
FIGURE AND TABLE LEGENDS:  483 
Figure 1: Schematic depictions of the HIP-FA assay and experimental setup. (a) Gel delivery 484 
system for titrating competitor DNA in single wells. (b) HIP-FA microscopy setup. Customized 485 
automated widefield microscope with polarized fluorescence light detection on an EM-CCD 486 
camera. (c) Raw fluorescence image with the two regions of interest used to determine the 487 
parallel (red) and the perpendicularly (green) polarized components. (d) Typical layout of a 96-488 
well plate. 489 
 490 
Figure 2: Raw FA data and reconstructed titration curves. (a) Typical FA(z,t) trajectory for a 491 
calibration well containing NB. (b,c) FA(z,t) time trajectories for two titration wells measuring 492 
binding to a strong (b) and more moderate (c) DNA binding competitor. (d, e) Corresponding 493 
reconstructed FA titration measurements and fitted curves for the strong (d) and moderate (e) 494 
binding. 495 
 496 
Figure 3: Determining the concentration of the competitor DNA c(z,t) using Nile Blue (NB). (a) 497 
FA-concentration calibration curve for 16 base pairs DNA oligomers. In a conventional titration 498 
series, NB is embedded in agarose gel together with different concentrations of competitor DNA. 499 
The affinity of NB to DNA is sequence-independent20; therefore, the same calibration curves can 500 
be used for determining c(z,t) for different DNA sequences of the same length. (b) Competitor 501 
DNA time diffusion profile at an arbitrary z height determined using five calibration wells. For 502 
each measurement cycle, the average FAs of four NB-containing wells are displayed as white 503 
dots. The curves are fitted using Equation 3 (white line, individual wells in color) and the c(z,t) at 504 
low concentrations (C < ~100 nM) is determined by the extrapolated fitting curve. 505 
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 506 
Figure 4: Binding specificities of the bZIP domain family TF Giant (Gt). HIP-FA PWMs of three 507 
replicates: two prepared using automation and one manually prepared (upper panel) are 508 
compared with PWMs generated by DNase footprinting and by the bacterial one-hybrid (B1H) 509 
selection method (lower panel). Overall, the HIP-FA binding motifs agree with previous data but 510 
also show significant differences, as highlighted with black and gray arrows. 511 
 512 
Figure 5: Conventional competitive titration with HIP-FA. (a) Plate design shows 8 different 513 
competitor DNA serially diluted in binding buffer in a single row of a 96-well plate. An FA heat 514 
map is shown for different arbitrary binding strengths. (b) Competitive titration of three 515 
competitor DNAs binding to the Bcd TF with different affinities. 516 
 517 
DISCUSSION: 518 
HiP-FA is a comprehensive new method for determining the binding preference landscapes of TF-519 
DNA interactions. It measures binding affinities of mutational DNA motif variants directly, 520 
avoiding any underlying assumption that binding preferences are reflected in the frequency of 521 
nucleotide occurrence in a set of above-threshold binders. Measurement takes place in the 522 
solution without immobilization and mechanical or chemical interference with the binding 523 
reaction, approximating equilibrium conditions as closely as possible. The controlled delivery 524 
system permits the measurement of a full titration curve within a single well and increases both 525 
throughput and reliability while saving protein. Using an objective with a high numerical aperture 526 
and EM-CCD camera with a high light collection efficiency allows for highly sensitive fluorescent 527 
light detection. Hence, with this setup, small FA changes as low as 10-15 mP can be accurately 528 
detected; in practice, this means that any binding reaction for which the mass increase after 529 
binding is minimal (as low as a mass ratio of 2) is readily detected. This is usually not the case 530 
with commercial systems like microplate readers. Due to its high sensitivity, HiP-FA extends the 531 
range of dissociation constants that can be measured reliably into the picomolar range. Binding 532 
energies are determined accurately over multiple orders of magnitude.  533 
 534 
To evaluate the quality of the revised PWMs, we performed two types of analysis20. We tested, 535 
for five factors of the segmentation gene network, how well different PWMs can predict 536 
experimental ChIP-seq profiles in the genomic regions of 21 segmentation genes. As a second 537 
test, we used a sequence-to-expression model4 that predicts expression patterns of 538 
segmentation enhancers on the basis of the binding preference and protein concentration of 539 
participating TFs. In both exercises, we found that the less specific HiP-FA PWMs perform 540 
significantly better than the more specific footprinting and B1H PWMs20. 541 
 542 
Unlike de novo methods, HiP-FA requires some prior knowledge of a given TF’s binding 543 
preference. However, consensus sequences are known for many TFs, and many existing methods 544 
can supply them13-15. If needed, the true optimal binding sequence can be found iteratively.  545 
 546 
We used DNA reference oligomers fluorescently labelled with Cy5 and Bodipy-650. These dyes 547 
have proven to perform well for FA measurements since the anisotropy of bound and unbound 548 
labelled-reference DNA were the largest among the different tested dyes. This ensures a 549 
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maximum dynamical range for the FA values. Generally, any fluorescent dye with a fluorescence 550 
lifetime ≥ 1 ns is likely to be suitable but needs to be tested first. If possible, it is advised to use 551 
dyes fluorescing in the near-IR range to minimize protein autofluorescence.  552 
 553 
The most critical step of the experimental procedure is the pipetting of the gel into the well 554 
plates. Good reproducibility requires the gel volumes to be as uniform as possible. Changes in gel 555 
height are translated into changes of diffusivity for the competitive DNA oligomer, and thus in 556 
apparent changes of affinity when evaluating the data. This is the main source of variance in a 557 
technical replicate. The use of an electronic pipet or automation techniques improves 558 
reproducibility. Air bubbles within the gel can be avoided by slow and careful pipetting. It is also 559 
important to add the all competitor solutions on top of the titration wells with as little delay as 560 
possible. For best reproducibility, the whole process can be automated using a pipetting robot 561 
with heat incubators. A critical part for transferring the protocol to automation is the necessary 562 
optimization of incubator temperature and the incubation times. Make sure to find an optimal 563 
balance between the viscosity of the gel (i.e., not too cold) and the stability of proteins (i.e., not 564 
too hot).  This depends both on the dispensing speed of the gels into the wells and stability of 565 
the protein used. 566 
 567 
HiP-FA makes use of a controlled delivery system for the competitor DNA oligomers. To construct 568 
the titrations curves, it is necessary to determine the competitor DNA concentration c(z,t) for 569 
each given z-position within the gel matrix and time point t. This is another critical step, since the 570 
determination of the KDs depends directly on c(z,t). Calibration wells containing the NB dye as a 571 
sensor for DNA concentration are used for this purpose (Figure 1d, Figure 2a). Usually, 3-5 572 
calibration wells containing NB per plate are sufficient. Before evaluating any HiP-FA experiment, 573 
a NB calibration curve should be constructed for the set-up by performing a conventional titration 574 
series of NB dissolved in the agarose gel with a competitor DNA of any sequence at different 575 
concentrations (Figure 3a), as explained in detail in step 8. In the case of very strong binding (KD 576 
< 500 pM), the extrapolation used for determination of low concentrations of competitor DNA 577 
becomes limiting, since it is less accurate than a direct measurement. However, for TFs with such 578 
low KDs, the HiP-FA setup can be used to perform a conventional competitive titration in binding 579 
buffer without the use of an agarose gel matrix (Figure 5). For example, one full titration with 12 580 
different concentrations of competitor DNA can be performed in a single row of a 96-well plate. 581 
 582 
The controlled delivery system also requires fast TF-DNA binding kinetics and stable proteins, 583 
since the diffusion though the agarose gel is dynamical (although slow). Both properties can be 584 
tested directly with the HiP-FA setup by following, over time, the FA of the TFs of interest when 585 
bound to their respective fluorescently labeled reference DNA. We measured KON and KOFF rates 586 
for the investigated factors and found them to be on the order of milliseconds to seconds20, in 587 
accordance with other studies30. This is sufficiently fast to ensure that measurements take place 588 
at equilibrium. In the case of other binding reactions with slower kinetics, the diffusivity of the 589 
competitor can be tuned by lowering its concentration or reducing gel pore size. In the case of 590 
the tested TFs, which all have fast TOFF (~seconds), a total measurement time of about 1-2 h is 591 
sufficient to ensure thermodynamic equilibrium at each measurement. 592 
 593 
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Another potential issue related to the protein is the formation of protein aggregates that may 594 
alter FA measurements. The use of other buffer conditions containing different additives (like 595 
tensides) can prevent aggregate formation, if necessary. 596 
 597 
We have worked under the linearity assumption of the PWM; however, HIP-FA can be scaled to 598 
include all possible di-nucleotide mutations of the consensus sequence. Finally, HiP-FA can be 599 
adapted to measure other types of binding interactions. The prerequisite is to have available a 600 
suitable reference molecule bound by the protein which can be fluorescently labeled. With the 601 
controlled delivery system, a concentration gradient can be generated for any kind of ligand; 602 
therefore, protein-protein and drug-protein interactions can be measured with similarly high 603 
fidelity and throughput. 604 
 605 
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Name of Material/ Equipment Company

Cy5-labled 16- / 18-bp DNA-oligomers Eurofins

16- / 18-bp DNA-oligomers Eurofins

Nile Blue A Sigma

Sensoplate plus microplate 96- or 384-well, PS Greiner

384 Well Sensoplate, black Greiner

Agarose, low gelling temperature Sigma

Sodium Chloride Merck

Tween-20 Sigma

Di-Potassium hydrogen phosphate trihydrate Merck

Potassium dihydrogen phosphate Merck

Q-POD Element Merck Millipore

Millipak 40 Gamma Gold Filter Merck Millipore
Milli-Q Integral 3 Water Purification System Merck Millipore

Quantum TIX Merck Millipore

DL-Dithiothreitol Sigma

Mastercycler gradient Eppendorf

SafeSeal tube 1.5 mL Sarstedt

Tube 15 mL Sarstedt

Multiply-Pro cup 0.2 mL PP Sarstedt

MICROSCOPY SETUP:

Automated widefield microscope LEICA 

Long distance objective LEICA 

638 nm line continuous diode laser Omicron

Back-illuminated EM-CCD Camera Andor

Dichroic mirror AHF

Bandpass filter AHF

Linear polarizer Thorlabs

Polarizing beam splitter Thorlabs

Achromatic lens Thorlabs

Multimode optical fiber Optronis

ROBOTIC SYSTEM:
Our robotic system includes a Biomek NXP 

workstations with a 96-channel head and with Span-8 

pipettors, connected with a servo-shuttle, are used for 

all liquid transfer steps. In addition, the  system is 

equipped with orbital shakers and a microplate reader 

(Paradigm, Molecular device) served by the Span-8 

gripper Beckman Coulter 

SOFTWARE:

Programming language National Instruments
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Script for the HiP-FA software available at



Catalog Number Comments/Description

Custom synthesis

Custom synthesis

N5632-25G

655891 175 µm thick glass bottom

788896

A9414-50G

1.06404.1000

P1379-1L

1.05099.1000

1.04873.1000

ZMQSP0DE1

MPGL04GK2
ZRXQ003WW
QTUMOTIX1

43815-1G

Z316083

72.706.200

62.554.502

72.737.002

DMI6000

HCX PL FLUOAR L 60x/0.60 N.A. Dry

PHOxX 638-40,  40mW

iXon DV897

640nm cut-off

ET bandpass 700/75

LPVISC050-MP2

BS010

200 mm focal length 

FVP600660710

Biomek NXP

Labview 9.0 

http://www.merckmillipore.com/DE/de/product/Q-POD-Element,MM_NF-ZMQSP0DE1
http://www.emdmillipore.com/US/en/product/Milli-Q-Integral-3-Water-Purification-System,MM_NF-ZRXQ003WW
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HiP-FA / Supplementary Software 

The HiP-FA software is written in Labview 9.0. Open the “HiP-FA Software” script which 

appears on the top-level of the “HiP-FA_Labview9.0” library. The interface consists of six 

different modules: FILE, SETTINGS, ROIs, DNA CONCENTRATIONS, and TITRATION 

CURVES. 

FILE. After starting the program, two different file paths are expected: first the raw data which 

are the raw images acquired with the camera converted into individual ASCII files. For 

example, the file name “044_I49_z11_ch00.txt”, where “044” is the well number, “I49” the 

49th cycle of acquisition, and “Z11” the z-slice number. Select the file corresponding to the 

very last image acquired i.e. highest well, cycle and z-slice numbers (“044_I49_z11_ch00.txt” 

in the “Sequence” folder of the exemplary dataset provided. 

“20140703_pdm2_Robot_Matrix_dupl1”). Select then a second file containing the numbers 

of the wells containing the Nile Blue (NB) intercalating dye embedded in agarose which 

serves as reference to determine the DNA concentrations c(z,t). It should be a text file 

containing the list of the wells (see “Calibration_Wells.txt”). The loading of the data can be 

monitored in the FILE panel. The data, consisting of the two polarization components, can be 

flipped vertically if necessary by activating the “Flip data” switch. The loading of the data can 

be deactivated after re-starting the scriSpt to save time by switching the “Load Data“ button 

to OFF. 

SETTINGS. The SETTINGS panel is used to set the G factor (gfactor), the concentration of 

the labelled-DNA reference oligomer (Conc. DNA) , the KD of this sequence (KD1, as 

determined by the titration of the same sequence as competitor DNA). In addition, the user 

can specify from which cycle number the data should be analyzed (Cycle Start), the number 

of cycles and of slices per z-stack to be analyzed (Nr Cylcles and Nr slices, respectively), if it 

is desirable to analyze only a sub-fraction of the data (most of the information is contained in 

the firsts 10-20 cycles). “X(raw)” and “z” are used to change the well number and the z-height 

for the display in panels TITRATION CURVES and DNA concentrations, respectively (see 

Fig. 1c and Supplementary Figure 2c of the publication).  

ROIs. The HiP-FA setup is very robust against small misalignments of the optical paths. 

However, after a new adjustment of the setup it is necessary to specify the two regions of 

interest (ROIs) corresponding on the raw data to the parallel and perpendicularly polarized 

components of the emitted fluorescence light (Supplementary Fig. 1b). In this example the 

parallel component is on top of the image and the perpendicular one on the bottom, but this 

could be readily inverted by switching “Flip data” to ON in the FILE panel. The two signals 

appear as Gaussian shaped patterns and the ROIs boundaries (in pixels) of two regions 

containing the Gaussian patterns can be defined the corresponding commands on the right 

hand side of the panel. Note that the choice of the ROIs does not need to be accurate since 

the HiP-FA method is insensitive to slight shifts of FA resulting from the choice of slightly 

different ROIs. 

DNA CONCENTRATIONS. The accuracy of the method depends strongly of how well the 

DNA concentration c(z,t) is determined be using the reference wells containing NB. The 

software first uses the calibration curve obtained from a direct titration of NB with a 

competitor DNA sequence (Supplementary Fig. 2a) to compute the competitor DNA 

concentration c(z,t) for each reference well (thin colored lines in the figure of the panel; the 

averages of the individual curved are displayed as thick white points). The fitted parameter 

obtained by using the Hill Equation (Vmax, k, n and y0; see Supplementary Fig. 2a) have to 

be entered if the “Parameters Hill equation” part of the panel. Due to the relatively low affinity 

of NB to DNA (~2µM), c(z,t) can be determined accurately only for c>~100nM. The 

Software Documentation Click here to access/download;Supplemental File (Figures,
Permissions, etc.);HiP-FA Software_Documentation.docx

http://www.editorialmanager.com/jove/download.aspx?id=912608&guid=0f7ea621-9d3e-4111-a5a2-263d4c500b28&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=912608&guid=0f7ea621-9d3e-4111-a5a2-263d4c500b28&scheme=1
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concentrations bellow are extrapolated by fitting the averaged curve using a one-dimensional 

diffusion model (thick white line; see Methods). This fitting procedure for each z-slice 

(change “z” in panel SETTINGS for visualization) is critical for the proper construction of the 

titration curves. To optimize the fitting procedure, it is useful to apply different thresholds for 

the FA (“Tresh” in “Tresholds”), to fix the offset for the FA values of NB (“offset FA” as the 

minimum FA value for NB), or to limit the number of cycles to be considered for the fitting 

procedure (“Cycle End”). Some guess constants can be changed, but this is usually not 

necessary. Only the parameter “t0” need to be adjusted every time: this parameter 

corresponds to the time period (in cycles) between the production of the gel matrix and the 

actual beginning of the measurements (usually this should be < 10-20min in time). Once the 

quality of the fits are satisfying to each z-height, the DNA concentrations are defined even at 

low DNA concentrations and the titration curves can be analyzed. 

TITRATION CURVES. One can visualize the individual titration curves using the “X (raw)” 

command of the SETTINGS panel. The fitting of the curved is achieved automatically online 

(in red) according to the procedure described in Methods. Two modes of fitting are possible: 

by default, all parameters are left free to evolve (see Methods). The concentration of the 

active protein (Rt) and the dissociation constant (KD2) are displayed in red in the “Fitting 

parameters” part of the panel. For more robustness and given that usually the protein 

concentration is the same in every well, the concentration of the active protein can be fixed 

by switching the “Fix conc. Rt0” to ON and its value can be set by using the command “Rt0”. 

The parameter B (see Methods) which corresponds to the lower offset of the titration curves 

is an additional free parameter that can be easily fixed and its value can be set by using the 

command “Offset”. The value usually corresponds to the FA of the unbound labelled 

reference DNA oligomer. 

The results can be automatically exported by pressing the command “Export” of the 

TITRATION CURVES PANEL. The software creates a text file containing an ordered list of 

the fit parameters for all the measurement wells of the plate. 

 

HiP-FA software / screenshot 

 


