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Biophysical quantification of protein interactions is central to unveil molecular
mechanisms of cellular processes. Researchers can choose from a wide panel of
biophysical methods, including classical and more novel ones. A real-life proof-of-
concept was carried out during an ARBRE-MOBIEU training school held in June 2019
in Gif-sur-Yvette, France. Twenty European students benefited from a one-week

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Response to Reviewers:

training with lessons and practical sessions on six complementary approaches: (i)
Analytical UltraCentrifugation with or without a Fluorescence Detector System (AUC-
FDS), (ii) Isothermal Titration Calorimetry (ITC), (iii) Size Exclusion Chromatography
coupled to Multi-Angle Light Scattering (SEC-MALS), (iv) Bio-Layer Interferometry
(BLI), (v) MicroScale Thermophoresis (MST) and, (vi) switchSENSE. They
implemented all these methods on two examples of macromolecular interactions:
firstly, a protein-protein interaction between an artificial alphaRep binder, and its target
protein, also an alphaRep; secondly, a protein-DNA interaction between a DNA repair
complex, Ku70/Ku80 (hereafter called Ku), and its cognate DNA ligand. The students
acknowledged that the workshop provided them with a clearer understanding of the
advantages and limitations of the different techniques and will help them in the future to
choose the approaches that are most relevant or informative to their projects.

Reviewer #1: We have incorporated all of your suggestions into our revised manuscript
they were very helpful. You will find below the answer to your specific comments:
1)Despite the interest of some of the drawn conclusions—and their indubitable
didactical value—, the strongly promotional content of the manuscript should be
tempered. For instance, Figure S1 should be removed from the paper—maybe it can
be substituted for a link to the website of the course in the main text.

As required Figure S1 has been removed and substituted by a link to the website of the
course in the main text.

2)The need of in vitro validation of demonstrated interactions in cell is suggested in two
occasions (lines 48 and 630). However, the in cell detection of an interaction
constitutes a stronger evidence of its specificity. It would be more adequate to talk
about in vitro characterisation, which provides structural, physical and
thermodynamical details that cannot be obtained in cell (especially in a quantitative
way) and are also important to understand macromolecular interactions.

Now lines 49 and 688 have been corrected to describe in vitro characterization instead
of validation of macromolecular interactions observed in cell.

3)More detailed explanations about the followed procedures in "Materials and
methods" section would be desirable rather than general descriptions of the used
techniques, so the exposed experiments can be easily reproduced. Similarly, "Samples
preparation" subsection barely contains information about experimental procedures.

We agree with the reviewer that more detailed explanations about the procedures are
missing. A few important details have been included in the revised version.

4)Line 124 states that only the interaction between A3 and Rep17 has been studied
due to its stronger character versus the one between A3 and Rep2. However,
measurements on the A3-Rep2 complex are commented (312). This should be
clarified.

Now line 134 as required has been clarified in the text, both A3/Rep2 and A3/Rep17
interactions were measured by different methods during the preparation of the training.
We chose to measure only the latter during the training because of its higher affinity.

5)Regarding binding experiments with labelled AlphaReps, some aspects about
methodology and the results should be clarified.

We clarified the following questions regarding coupling or labelled A3:

- It seems plausible that the coupling of A3 to the DNA strand for switchSENSE (line
364) could affect the A3 binding with Rep2, positive or negatively. Has it been tested?

-Now line 415: Binding of coupled A3-DNA to Rep2 was tested during the preparation
of the training. The measured affinity was comparable with the values obtained
previously with other methods, i.e. ITC, SPR (Léger et al., 2019).

- Authors state that the used dye for MST experiments substantially improves the
signal detection and protein integrity versus the one used in AUC-FDS (line 400).
Then, does the latter produce protein instability? In this case, could the His-Tag Red-
tris-NTA labelling used for both techniques?

-Now line 448: His-Tag Red-tris-NTA labelling cannot be used for AUC-FDS
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experiment, because we are out of the excitation and emission wavelengths range of
the detector (488 nm and 505-565 nm, respectively).

- Authors suggest that the higher KD obtained by AUC-FDS and MST for the
AlphaReps interaction could be explained by a hindrance of the interaction site caused
by the fluorophore (lines 441-444). However, the KD measured by MST suffers a
considerably much bigger change, in spite of the suggested greater "respect to protein
integrity". Can this point be really explained by any other details? Please, discuss this
point deeper.

-Upon closer inspection we would like to omit the data set on A3-Rep17 from the blue
channel, this measurement does not fulfil the quality criteria applicable to MST data
(S/N) and the measured KD cannot be trust it under these conditions.

6)Regarding measurements on the Ku-DNA interaction, some points about the
obtained results should be clarified.

We clarified the following points regarding Ku-DNA interactions:

- Authors suggest that SEC-MALS provide peaks corresponding to Ku binding to a 42
bp DNA with both 2:1 and 1:1 stoichiometry (lines 452-459). However, in consistency
with the statement of that a 42 bp DNA should bind 2 Ku heterodimers (lines 144-146),
a 1:1 binding should be barely o not observed. Could this result be explained by the
use of an insufficient Ku concentration (not saturating) for the complexation reaction
prior to SEC?

-Now lines 153-155/lines 495-504: SEC-MALS experiments were carried out with an
excess of DNA, which corresponded to the last elution peak of the chromatograms.
Because, we used a sub-saturating Ku concentration, we observed two types of
complexes with the 42bp DNA, comprising one or two Ku heterodimers.

- Authors expose that they were not able to obtain a well fitted model for experimental
data obtained by BLI, arguing the low capability of the used model to explain a more
complex binding mechanism (lines 485-489). Should the obtained binding constants be
taken into account? Or measurements are only qualitative...

-Now lines 528-534: The first BLI experiments were not conclusive, as a result the
obtained binding constants are only qualitative in the presented conditions. We added
a sentence at the end of the corresponding paragraph to precise this point (lines 537-
538).

7)Authors suggest that the deployed approaches allow them to "characterize the
architecture" of the interactions (lines 555-557). However, no structural details or
predictions about the studied complexes are provided in this article.

Now line 601: We specified the term architecture by adding “(in term of size and
stoichiometry)” in the text as required.

8)In spite of the data provided by the results, a comparative discussion of the obtained
KD values is not present in the manuscript. It seems essential in order to evaluate the
scope of each of the presented biophysical techniques, as well as consider the use of
one or another for each particular case.

We add a comparative discussion of the KD measured by the students and highlight
that in the two systems studied the approaches tested allow to measured KD. We
compare the difference between the maximal and minimal values obtained for each
system (lines 622-630).

9)Some aspects about figures should be noted.

The following figures have been corrected:

- Abbreviations defined in the caption to figure 1 need to be revised. It contains
definitions for abbreviations that are not present in the figure (i. e. MT) and it lacks

definition for abbreviations that are present (i. e. MM).

-Figure 1: Abbreviations have been updated.
- Graphs in figure 3b should be more understandable. Line grids and marks have be
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enlarged.

-Figure 3b: A new figure is proposed with larger line grids and marks.

- Information displayed by figure 4 should be better organised. Sample quantities have
to be displayed separated for the measurable parameters or further observations.
-Figure 4: Sample quantities have been displayed separated for the measurable
parameters or further observations as suggested.

- Reference to figure 2e in line 398 should be changed by figure 2f.

-Figure 2e/2f references have been corrected.

10)Overall, the use of English should be revised. For instance, some informal
expressions have to be changed in order to become more polished or precise.
Specially, the repeated use of "amount of material" (lines 436, 569, 579, 589) referring
to quantity of sample or expressions like "the same column as above" (line 452) rather
than specifying the used material should be avoided.

The use of English has been revised.

Now lines 481, 591, 633, 642 have been corrected with quantity of sample instead of
amount of material.

Now line 495 has been corrected with the use material.

Reviewer #2: We thank you very much for your comments and we follow all your
recommendations.

1)Several of these techniques require a concentration series - the authors have chosen
well-characterised systems from their own laboratories, and so the concentration
ranges employed to accurately determine binding parameters are already known.
However, it might be useful for new users if the authors were to summarise (in a
sentence or two) how these concentration ranges were determined. Equally, when
discussing AUC the authors mention that dn/dc and UV extinction coefficients are
required. Again, it might be useful for novice users if the authors summarised how
these values were determined.

We summarized in a paragraph at the end of section “Sample preparation” how
concentration ranges can be determined (lines 356-362).

AUC required values, dn/dc and UV extinction coefficients are now described in
Materials and Methods section (lines 280-282).

2)| believe that the use of screenshots from analysis software in the figures, whilst
often not appropriate, is appropriate in a review of this type. However, the authors
should ensure that the resolution of the images is high enough to allow readers to read
the axis labels, etc where necessary. Where this isn't possible, legible labels should be
added to the figure though other means (illustrator, Inkscape etc).

A higher resolution Figure3b (SECMALS) is proposed with labels that are more legible.
In MST figures, legible labels have been added.

Specific minor comments.
Minor comments have been corrected:

Figure 1 typo - Limitated -> Limited.
Figure 1 typo has been corrected.

Line 116 missing word - "New applications of these artificial binders are currently
*being* explored in relation to their ability to be expressed in eukaryotic cells".

Now line 126 missing word has been added.

Line 153 typo - feedbacks -> feedback

Now line 163 typo has been corrected.

Line 283 - "In the conditions used, we assumed A3 is a monomer, as the simultaneous

presence of the monomeric and dimeric forms would make the analysis difficult." - for
completeness maybe expand on this with a sentence explaining how and/or why
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analysis would be difficult.

An explanation about how and why the analysis of an interaction A3/Rep17 in the
presence of monomeric and dimeric forms of A3 has been included in the text. (now
lines 328-332)

Line 301 missing words- "such as 0.1 % Tween-20, to reduce surface tension (*in the*
capillaries, chip, *and* biosensors)."

Now line 347 missing word has been added.
Line 619 - "The MoSBio training school over a week with 20 students proved to be a
very rich occasion for such discussions." - this sentence seems out of place. Perhaps it

was intended to be added to the following section (Line 628)?

The sentence “The MosBio training school...” has been moved to the following
paragraph as suggested (now line 683).

Line 636 - NMR shift mapping can also reveal residues involved in interaction surfaces.
Now line 692, NMR shift mapping has been added to the text.
Line 644 typo - feedbacks -> feedback

Now line 701 typo has been corrected.
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Authors' Response to Reviewers' Comments Click here to access/download;Authors' Response to
Reviewers' Comments;EBJ_AnswersReviewers_final2.docx

Dear Editors,

We are grateful that you and the reviewers appreciate the study presented in our article and
give us the opportunity to send a revised version of our manuscript following the
recommendations of the reviewers. You will find below a point-by-point response to the
corrections asked by the reviewers. The corresponding changes in the manuscript are
coloured in red in the clean version to help visualization. We would like to thank them for their
careful analysis of the manuscript and their suggestions that improve the article

Reviewer #1: We have incorporated all of your suggestions into our revised manuscript they
were very helpful. You will find below the answer to your specific comments:

1) Despite the interest of some of the drawn conclusions—and their
indubitable didactical value—, the strongly promotional content
of the manuscript should be tempered. For instance, Figure SI
should be removed from the paper—maybe it can be substituted for
a 1link to the website of the course 1in the main text.

As required Figure S1 has been removed and substituted by a link to the website of the
course in the main text.

2) The need of in vitro validation of demonstrated interactions in
cell is suggested in two occasions (lines 48 and 630). However,
the in cell detection of an interaction constitutes a stronger
evidence of its specificity. It would be more adequate to talk
about 1in vitro characterisation, which provides structural,
physical and thermodynamical details that cannot be obtained 1in
cell (especially in a quantitative way) and are also important
to understand macromolecular interactions.

Now lines 49 and 688 have been corrected to describe in vitro characterization instead
of validation of macromolecular interactions observed in cell.

3) More detailed explanations about the followed procedures in
"Materials and methods'" section would be desirable rather than
general descriptions of the used techniques, so the exposed
experiments can be easily reproduced. Similarly, "Samples
preparation” subsection barely contains 1information about
experimental procedures.

We agree with the reviewer that more detailed explanations about the procedures are
missing. A few important details have been included in the revised version.

4) Line 124 states that only the interaction between A3 and Repl7
has been studied due to 1its stronger character versus the one
between A3 and RepZ. However, measurements on the A3-RepZ complex
are commented (312). This should be clarified.

I+
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5)

6)

Now line 134 as required has been clarified in the text, both A3/Rep2 and A3/Repl7
interactions were measured by different methods during the preparation of the
training. We chose to measure only the latter during the training because of its higher
affinity.

Regarding binding experiments with labelled AlphaReps, some
aspects about methodology and the results should be clarified.

We clarified the following questions regarding coupling or labelled A3:

- It seems plausible that the coupling of A3 to the DNA strand
for switchSENSE (line 364) could affect the A3 binding with RepZ,
positive or negatively. Has it been tested?

- Now line 415: Binding of coupled A3-DNA to Rep2 was tested during the
preparation of the training. The measured affinity was comparable with the values
obtained previously with other methods, i.e. ITC, SPR (Léger et al., 2019).

- Authors state that the used dye for MST experiments
substantially improves the signal detection and protein integrity
versus the one used in AUC-FDS (line 400). Then, does the latter
produce protein instability? In this case, could the His-Tag Red-
tris-NTA labelling used for both techniques?

- Now line 448: His-Tag Red-tris-NTA labelling cannot be used for AUC-FDS
experiment, because we are out of the excitation and emission wavelengths range
of the detector (488 nm and 505-565 nm, respectively).

- Authors suggest that the higher KD obtained by AUC-FDS and MST
for the AlphaReps interaction could be explained by a hindrance
of the interaction site caused by the fluorophore (lines 441-
444) . However, the KD measured by MST suffers a considerably much
bigger change, 1in spite of the suggested greater "respect to
protein integrity". Can this point be really explained by any
other details? Please, discuss this point deeper.

- Upon closer inspection we would like to omit the data set on A3-Rep17 from the
blue channel, this measurement does not fulfil the quality criteria applicable to
MST data (S/N) and the measured Kp cannot be trust it under these conditions.

Regarding measurements on the Ku-DNA interaction, some points
about the obtained results should be clarified.

We clarified the following points regarding Ku-DNA interactions:

- Authors suggest that SEC-MALS provide peaks corresponding to
Ku binding to a 42 bp DNA with both 2:1 and 1:1 stoichiometry
(lines 452-459). However, 1in consistency with the statement of
that a 42 bp DNA should bind 2 Ku heterodimers (lines 144-14¢6¢),



7)

8)

9)

a 1:1 binding should be barely o not observed. Could this result
be explained by the use of an insufficient Ku concentration (not
saturating) for the complexation reaction prior to SEC?

- Now lines 153-155/lines 495-504: SEC-MALS experiments were carried out with an
excess of DNA, which corresponded to the last elution peak of the chromatograms.
Because, we used a sub-saturating Ku concentration, we observed two types of
complexes with the 42bp DNA, comprising one or two Ku heterodimers.

- Authors expose that they were not able to obtain a well fitted
model for experimental data obtained by BLI, arguing the low
capability of the used model to explain a more complex binding
mechanism (lines 485-489). Should the obtained binding constants
be taken into account? Or measurements are only qualitative...

- Now lines 528-534: The first BLI experiments were not conclusive, as a result the
obtained binding constants are only qualitative in the presented conditions. We
added a sentence at the end of the corresponding paragraph to precise this point
(lines 537-538).

Authors suggest that the deployed approaches allow them to
"characterize the architecture" of the interactions (lines 555-
557). However, no structural details or predictions about the
studied complexes are provided in this article.

Now line 601: We specified the term architecture by adding “(in term of size and
stoichiometry)” in the text as required.

In spite of the data provided by the results, a comparative
discussion of the obtained KD values 1s not present 1in the
manuscript. It seems essential in order to evaluate the scope of
each of the presented biophysical techniques, as well as consider
the use of one or another for each particular case.

We add a comparative discussion of the Kp measured by the students and highlight
that in the two systems studied the approaches tested allow to measured Kp. We
compare the difference between the maximal and minimal values obtained for each
system (lines 622-630).

Some aspects about figures should be noted.

The following figures have been corrected:

- Abbreviations defined in the caption to figure 1 need to be
revised. It contains definitions for abbreviations that are not
present 1in the figure (i. e. MT) and it lacks definition for
abbreviations that are present (i. e. MM).



- Figure 1: Abbreviations have been updated.

- Graphs in figure 3b should be more understandable. Line grids
and marks have be enlarged.

- Figure 3b: A new figure is proposed with larger line grids and marks.

- Information displayed by figure 4 should be better organised.
Sample quantities have to be displayed separated for the
measurable parameters or further observations.

- Figure 4: Sample quantities have been displayed separated for the measurable
parameters or further observations as suggested.

- Reference to figure 2e in line 398 should be changed by figure
2f.

- Figure 2e/2f references have been corrected.

10) Overall, the use of English should be revised. For instance,
some informal expressions have to be changed in order to become
more polished or precise. Specially, the repeated use of "amount
of material"” (lines 436, 569, 579, 589) referring to quantity of
sample or expressions like "the same column as above" (line 452)
rather than specifying the used material should be avoided.

The use of English has been revised.

Now lines 481, 591, 633, 642 have been corrected with quantity of sample instead of
amount of material.

Now line 495 has been corrected with the use material.



Reviewer #2: We thank you very much for your comments and we follow all your
recommendations.

1)

2)

Several of these techniques require a concentration series - the
authors have chosen well-characterised systems from their own
laboratories, and so the concentration ranges employed to
accurately determine binding parameters are already known.
However, it might be useful for new users 1f the authors were to
summarise (in a sentence or two) how these concentration ranges
were determined. Equally, when discussing AUC the authors mention
that dn/dc and UV extinction coefficients are required. Again,
it might be useful for novice users 1f the authors summarised
how these values were determined.

We summarized in a paragraph at the end of section “Sample preparation” how
concentration ranges can be determined (lines 356-362).

AUC required values, dn/dc and UV extinction coefficients are now described in
Materials and Methods section (lines 280-282).

I believe that the use of screenshots from analysis software in
the figures, whilst often not appropriate, 1s appropriate in a
review of this type. However, the authors should ensure that the
resolution of the images is high enough to allow readers to read
the axis labels, etc where necessary. Where this isn't possible,
legible labels should be added to the figure though other means

(illustrator, Inkscape etc).

A higher resolution Figure3b (SECMALS) is proposed with labels that are more legible.
In MST figures, legible labels have been added.

Specific minor comments.
Minor comments have been corrected:

Figure 1 typo - Limitated -> Limited.
Figure 1 typo has been corrected.

Line 116 missing word - "New applications of these artificial
binders are currently *being* explored in relation to their
ability to be expressed in eukaryotic cells'.

Now line 126 missing word has been added.
Line 153 typo - feedbacks —-> feedback

Now line 163 typo has been corrected.



Line 283 - "In the conditions used, we assumed A3 is a monomer,
as the simultaneous presence of the monomeric and dimeric
forms would make the analysis difficult." - for completeness
maybe expand on this with a sentence explaining how and/or
why analysis would be difficult.

An explanation about how and why the analysis of an interaction A3/Rep17 in the
presence of monomeric and dimeric forms of A3 has been included in the text.
(now lines 328-332)

Line 301 missing words- "such as 0.1 % Tween-20, to reduce
surface tension (*in the* capillaries, chip, *and*
biosensors)."

Now line 347 missing word has been added.

Line 619 - "The MoSBio training school over a week with 20
students proved to be a very rich occasion for such
discussions." - this sentence seems out of place. Perhaps it

was intended to be added to the following section (Line 628)7?

The sentence “The MosBio training school...” has been moved to the following
paragraph as suggested (now line 683).

Line 636 - NMR shift mapping can also reveal residues involved
in interaction surfaces.

Now line 692, NMR shift mapping has been added to the text.

Line 644 typo - feedbacks —-> feedback

Now line 701 typo has been corrected.
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Abstract

Biophysical quantification of protein interactions is central to unveil molecular mechanisms of
cellular processes. Researchers can choose from a wide panel of biophysical methods,
including classical and more novel ones. A real-life proof-of-concept was carried out during an
ARBRE-MOBIEU training school held in June 2019 in Gif-sur-Yvette, France. Twenty European
students benefited from a one-week training with lessons and practical sessions on six
complementary approaches: (i) Analytical UltraCentrifugation with or without a Fluorescence
Detector System (AUC-FDS), (ii) Isothermal Titration Calorimetry (ITC), (iii) Size Exclusion
Chromatography coupled to Multi-Angle Light Scattering (SEC-MALS), (iv) Bio-Layer
Interferometry (BLI), (v) MicroScale Thermophoresis (MST) and, (vi) switchSENSE. They
implemented all these methods on two examples of macromolecular interactions: firstly, a
protein-protein interaction between an artificial alphaRep binder, and its target protein, also

an alphaRep; secondly, a protein-DNA interaction between a DNA repair complex, Ku70/Ku80
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(hereafter called Ku), and its cognate DNA ligand. The students acknowledged that the
workshop provided them with a clearer understanding of the advantages and limitations of
the different techniques and will help them in the future to choose the approaches that are

most relevant or informative to their projects.

Keywords

Molecular scale biophysics, macromolecular interactions, artificial binders, double-stranded

DNA breaks repair factors

Introduction

Macromolecular interactions play a central role in the activation/inactivation of most cellular
mechanisms. These interactions can be measured in cellulo, or in vitro, and predicted in silico.
The classical in cellulo methods (such as tap-tag or two-hybrid) allow large-scale studies, but
in order to confirm that a direct interaction occurs between two macromolecules, quantitative
in vitro measurements are needed. These measurements allow to characterize interactions
not only in terms of affinity, but also to determine additional kinetic and thermodynamic
parameters, as well as to define the hydrophobic or hydrophilic nature of the interface. They
give access to the stoichiometry of the assembly and allow to map the regions involved by
using different constructs or mutants. In vitro measurements can also be useful to evaluate
the role of post-translational modifications or other regulatory events on the formation of
complexes. By in silico docking analysis, we can predict the structure of macromolecular
complexes or the impact of functional substitutions helping to optimize experimental design

(Andreani and Guerois, 2014).

The original idea of the project presented here originated during the organization of a

European Training School in Molecular Scale Biophysics (https://mosbio.sciencesconf.org/)

within the MOBIEU COST Action. We proposed to the participants to compare different
techniques allowing to measure macromolecular interactions in vitro. Nowadays, there is a
large panel of possibilities, and it becomes difficult to choose which technology will be the
best adapted when embarking into a new project. Each approach presents advantages and
drawbacks, and it is therefore difficult for the user to choose from the beginning which one

will be most adapted to the properties of the interaction partners. In the workshop, we
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focused on six approaches (Fig. 1). Choosing between the different techniques can be
considered in a progressive manner. If none of the interaction partners can be easily labeled
or immobilized on a surface, approaches in which the macromolecules are in solution (AUC,
ITC, and SEC-MALS) should be favored (Fig. 1, top). However, several of them require large
guantities of biological material. When a partner can be immobilized easily on a bio-surface,
without affecting its function, approaches like BLI, switchSENSE and Surface Plasmon
Resonance (SPR) will be often tested, since they offer the possibility to use small amounts of
the immobilized partner (called ligand) (Fig. 1, middle). Finally, when the partners can be
labeled, again without affecting their function, fluorescent probes can be grafted allowing the
use of reduced amounts of material and facilitated signal analysis (AUC FDS, MST, or
Microfluidic diffusional sizing (MDS)) (Fig. 1, bottom).The choice of the optimal approach may
further rely on additional criteria including the solubility of the partners, the instrument
environment or non-specific interactions with instrument surfaces. Finally, it should be
stressed that it is preferable to perform measurements using several orthogonal techniques
to fully validate and characterize a biological interaction, and specify its features, such as

stoichiometry, kinetics or thermodynamics.

Figure 1. Decisional tree to help choosing the biophysical approach that best suits the study

of a specific molecular interaction.
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Six approaches were used in the training school. They can be classified in three main groups: measurements in
solution and label free (bottom, left), on biosensor with a partner graft on a surface (bottom, middle), and
methods with a partner labeled with a fluorescent probe (bottom, right). If a quality sample (pure, stable,
monodisperse) is available in large quantity (up to mg amount) one may start with label-free and in solution
approaches. Otherwise, if material is limited for one partner, surface approaches are a good alternative. Finally,
when labeling is possible, MST and AUC-FDS are highly complementary approaches to cross-validate interactions
measurements. The six approaches give access to different parameters of the interaction and present some
specific limitations. AUC: Analytical Ultracentrifugation; ITC: Isothermal Titration Calorimetry, SEC-MALS: Size
Exclusion Chromatography with Multi-Angle Light Scattering; BLI: Bio-Layer Interferometry; MST: MicroScale
Thermophoresis; AUC-FDS: Analytical Ultracentrifugation with a Fluorescence Detector System; S: Sedimentation
coefficient; KD, dissociation constant; n, stoichiometry; Dh, hydrodynamic diameter or Rh, hydrodynamic radius;

kON, kOFF; association and dissociation rates; MT mass transport.
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In this training school, we used as examples two different macromolecular interactions
systems, that have been well characterized in our laboratories using several of the approaches
discussed here. One is an interaction between two proteins, and the other a protein-DNA
interaction, both with an affinity in the nanomolar range. Reference data were initially
produced in our laboratories. A group of 20 participants reproduced our measurements during

the five-day MoSBio Training School.

The first project comes from P. Minard’s team, who uses an original family of artificial
helicoidal repeat proteins, called alphaRep (Guellouz et al., 2013). AlphaRep libraries allow to
select tight binders against a variety of targets by phage display. The alphaRep’s are highly
soluble proteins, easily expressed in E. coli, which display a very high thermal stability. These
proteins are cysteine-free and, thus do not contain disulfide bonds. They are composed by
repeated motifs made with two antiparallel alpha helices. Clusters of variable side chains,
mainly in the second helix, are positioned on the same face of the motifs. The ensemble of all
these variable motifs forms a library of surfaces from which tight binders can be extracted
against a given target. The alphaRep’s have been used for several applications, such as
chaperones for crystallization and structural studies of difficult targets (Valerio-Lepiniec et al.,
2015; Di Meo et al., 2017; Chevrel et al.,, 2018; Campanacci et al.,, 2019), as well as in
biophysical and live cell applications (Léger et al., 2019; Prasad et al., 2019; Fernandez et al.,
2020; Léger et al., 2020). New applications of these artificial binders are currently explored in
relation to their ability to be expressed in eukaryotic cells. Here we analyzed the interactions
between two alphaRep’s (Rep2 and Repl7) selected against a protein target, (A3), which is
itself an alphaRep. The interaction between the alphaReps has been extensively characterized
before in the laboratory by ITC, SEC-MALS and AUC, but also by Circular Dichroism (CD), SPR
and Fluorescence Resonance energy Transfer (FRET) (not used in this training school)
(Guellouz et al.,2013; Di Meo et al., 2017; Léger et al., 2019). Both A3 / Rep2 and A3 / Rep17
interactions were tested previously to determine which one was the most appropriate for the
training, and the former is weaker than the latter. During the training only A3 / Repl7

interaction was measured.

The second project comes from J.B. Charbonnier’s team. It concerns proteins involved in DNA
repair, and more precisely, in the classical Non-Homologous End Joining (c-NHEJ), the main

Double-Strand Break (DSB) repair pathway in human. The Ku70/Ku80 (Ku) heterodimer plays
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a central role in the recognition of DSB ends, as it is the first repair factor that interacts with
them. Ku binds tightly to DNA ends in a sequence independent manner thanks to its ring-
shaped structure (Walker et al., 2001). Ku then iteratively recruits different NHEJ partners
(ligase 4, nucleases and polymerases) (Chang et al., 2017; Frit et al., 2019). Ku also contributes
to the tethering (synapse) between the two DSB ends to avoid misrepair with other DSB ends.
J.B. Charbonnier’s team (Tadi et al., 2016; Nemoz et al., 2018) has recently described the
recruitment mechanism of some NHEJ factors by Ku at the molecular level. DSBs, despite being
deleterious DNA lesions, are generated on purpose during radiotherapy or in genome editing
by CRISPR-Cas9. Understanding the molecular basis of the c-NHEJ is thus central to improve
these major biotechnological applications. Here we analyzed the interaction between Ku and
DNA substrates of different lengths, to determine the most appropriate to the training and to
study the threading of Ku on DNA. The characterization of the interaction between Ku and
DNA was extensively studied in the laboratory by ITC, MST (Tadi et al., 2016; Nemoz et al.,
2018; Gontier, Chapter of MiMB, in press), switchSENSE, AUC, BLI (data not published) and,
more recently by other techniques not used during the training school (SPR, MDS or FRET).
One Ku occupies about 18 bp on DNA. Several Ku molecules can thread on DNA when the size
of the DNA is longer than 18bp, and a long DNA can be covered by one Ku molecule every

18bp.

We present in this article the results obtained by 20 students during a European Training
School in Molecular Scale Biophysics that took place from June 3™ to 7%, 2019 at I2BC at Gif-
sur-Yvette, France. We report the protocols used to analyze the two systems under study
(protein/protein and protein/DNA interactions) using the six biophysical methods mentioned
above. The results obtained by the students during this week are shown and compared to our
previous published data when available. Finally, we compare the advantages and drawbacks
of the different approaches used during this training and present some feedbacks from the
students, allowing to have a global overview of the pros and cons of these six complementary

biophysical approaches.
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Materials and Methods

Biophysical approaches in solution that do not require labeling of an interaction partner

Size Exclusion Chromatography with Multi-Angle Laser Light Scattering detection (SEC-
MALS): SEC-MALS allows to determine the absolute molar mass of the components of a
protein/multiprotein sample. It indicates if elution peaks are homogenous in term of protein
composition or if they are composed of mixtures, either of different oligomers or of different
conformers. SEC-MALS allows size determination if an online Dynamic Light Scattering (DLS)
detector is included in the setup (Folta-Stogniew, 2006). We used an HPLC system from
Shimadzu coupled to a MALS detector (miniDAWN TREOS) plus a DLS detector (QELS), and a
refractometer (optilab T-rEX) from Wyatt technologies (Fig. S1). To run an experiment, one
needs 1 L of running buffer to equilibrate the column and detectors, and 2 mg/mL of protein
(for MW of 20 kDa), down to 0.5 mg/mL if the MW is higher than 150 kDa. Depending of the
column used, the volume of the sample (30 uL for Bio-SEC-3 Agilent, 50 uL for KW-803/804
Shodex, and 100 pL for Superose 6, Superdex 75 or Superdex 200 increase 10/300 GL Cytiva)
and the time of elution can differ. A run (including an equilibration step and a control BSA

sample) takes typically a few hours and consumes about 40-200 pg of sample.

Isothermal Titration Calorimetry (ITC): ITC allows the direct, and thorough thermodynamic
characterization of interactions between molecules in solution with no limitation of partner
size (Holdgate, 2001; Krell, 2008; Velazquez-Campoy and Freire, 2006) and without labeling.
ITCis an equilibrium solution technique to quantify dissociation constants (Kp) values, but also
other interaction parameters (enthalpy, entropy, stoichiometry, and heat capacity). ITC is not
affected by the optical properties of the samples, but may be very sensitive to the composition
of the buffer (e.g. presence of DMSO or mismatches between solutions). For the ITC
experiments, we used three instrument models: VP-ITC, ITC200 and PEAQ-ITC all from
Malvern Panalytical (Fig. S1). One of the interacting partner is placed in a cell (1.4 mL for the
VP-ITC, 200 pL for the ITC200 and PEAQ-ITC) and the other in a syringe (300 pL for the VP-ITC,
40 pL for the ITC200 and PEAQ-ITC). Sequential injections are made from a syringe (5-10 pL
for the VP-ITC, 1-2 uL for the ITC200 and PEAQ-ITC). In the data described here, we used 80-
990 pg of the molecule in the cell, and 130-320 pug of the molecule in the syringe. The transient
heat effect due to complex formation (and other potential unspecific phenomena) upon

partner injection is measured as the titration progresses, from which the binding isotherm is
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constructed.
Biophysical approaches with a partner immobilized on a surface

Bio-Layer Interferometry (BLI): BLI is a fast, high throughput and label-free technology for
measuring biomolecular interactions analyzing the interference pattern of white light
reflected from a layer of immobilized macromolecules on a biosensor tip and an internal
reference (Abdiche et al., 2018). It enables real-time analysis for determination of affinity,
kinetics and concentration, with one of the binding partners immobilized onto the biosensor
surface (ligand) and the other in solution (analyte). This microfluidic-free technology is
particularly adapted for performing binding assays in crude lysates or cell culture media. We
used an Octet RED96e during the training, and previously a RED384, both from FortéBio (Fig.
S1). We used 1-5 pg/mL of ligand to load NTA sensors for 20-120 s for low density or 120-600
s for high density, and a range of at least 7 (2-fold dilutions starting at 100-200 nM) of the
analyte with an association time of 600-900 s. We consumed per run about 8 pg of protein A3,
and 400 ng of 42 bp biotinylated DNA for the immobilization, and about 2-14 ug of respective
analytes. The concentration of ligand could be reduced (at least by 2) in favor of a longer
incubation. The consumption of the analyte, depends on the affinity of the interaction, as the

concentrations used should range from Kp /20 to 10 x Kp.

switchSENSE: switchSENSE technology is based on short DNA nanolevers (48 bp in our case),
which are immobilized on gold electrodes in a microfluidic channel. The intrinsically negatively
charged DNA nanolevers can be electrically actuated (“switched”) on the gold surface to
oscillate at high frequencies (Knezevic et al., 2012). A switchSENSE microfluidic biochip
contains four flow channels, each containing six gold electrodes. Switching of the DNA is
mediated by alternating the voltage across the gold surface. The motion of the levers is
tracked in real time (us scale) via time-resolved single photon counting detecting a fluorescent
probe present on the immobilized DNA strands. The complementary DNA strands can be
cross-linked to a ligand via amine or thiol coupling or click-chemistry. By hybridization of this
conjugated complementary strand to the surface-tethered DNA nanolever, the surface is
functionalized with the ligand of interest. Upon binding of an analyte, the hydrodynamic
friction of the levers is affected and subsequently the movement of the levers is slowed down.
This change in switching speed is used by the system to determine the size (Dn) or

conformational changes of ligands and complexes. The kinetics of molecular interactions (kon,
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korr, Kp) can be followed using two measurement modes: dynamic or static. In the first case,
analyte binding is measured through the change of the oscillation rate of the electrically
actuated DNA nanolevers (changes in dynamic response). In the second case, the DNA
nanolevers are kept at an upright position, in a constant electric field, and analyte in close
proximity to a dye can alter the local chemical environment resulting in a fluorescence change
(also called Fluorescence Proximity Sensing). Binding is then measured thanks to the
fluorescence intensity variation of the functionalized nanolever. For the switchSENSE
experiments, we used a DRX? device from Dynamic Biosensors with two LED light sources (for
the excitation of red and green fluorophores) (Fig. S1). In all cases, a hundred ug of protein
where enough to generate cross-linked complementary strands (cNL-DNA) for several round
of experiments, since one measurement needs only 40 uL of 100 nM DNA-protein conjugate.
A sizing measurement classically takes less than an hour. The amount of analyte needed for a
kinetic experiment depends on the overall affinity, which delimits flow rates, and
association/dissociation times to be used. During association, a too slow flow rate can be the
cause for mass transport limitation effect and during dissociation an inadequate flow rate can
result in re-binding effects. Here we used flow rates of 100-500 pL/min, association times of
80-300 s, and 1500 s of dissociation time. In sample quantities, we used 150 ng of the cross-

linked ligands, and 2-20 ug of its partner for a series of 3 concentrations.

Biophysical approaches with a labeled partner

Analytical UltraCentrifugation with Fluorescence Detection (AUC-FDS): AUC is a powerful
technique for the characterization of macromolecules and macromolecular self- and hetero-
association processes in solution. It was used here with labeled protein or DNA, but it can be
used with non-labeled material like SEC-MALS and ITC. An analytical ultracentrifuge is a high-
speed centrifuge equipped with one or more detectors (absorbance/interference,
fluorescence) allowing to monitor sedimentation in real time. Two types of complementary
experiments can be performed, sedimentation velocity and sedimentation equilibrium (Zhao
et al., 2013). Sedimentation velocity experiments allow to determine the size distribution of
species, their aggregation and oligomerization, sedimentation coefficients, hydrodynamic
radius, shape and molar masses, their stoichiometry and Kp (by isotherm fitting sedimentation
coefficients measured at various concentrations). Sedimentation equilibrium is suited for well-

defined samples, and gives molar mass and Kp information. The centrifugation speed can be
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set between 600 and 260 000 g allowing to study all sizes of macromolecules. The duration of
sedimentation experiments ranges from 2 h to several days (Fig. S1). For the AUC-FDS
experiments we used a Proteomelab XL-I ultracentrifuge from Beckman Coulter equipped
with a Fluorescence Detection System (FDS) from AVIV Instruments (Fig. S1). A sedimentation
velocity experiment requires 100-450 uL of sample at 0.3 to 1.5 OD, for
absorbance/interference detection, and 5-60 nM concentration, for fluorescence detection,
whereas sedimentation equilibrium requires 130 uL at 0.2 to 0.5 OD. In interference, the limit
of detection is 0.1 mg/mL, but in absorbance it depends on sample extinction coefficients. To
produce the data described here, we used about 1-3.5 pg of the fluorescent molecule and 8-

80 pg of the non-fluorescent molecule.

Microscale Thermophoresis (MST): MST is a novel technology for the analysis of biomolecules
based on the modification of fluorescence intensity induced by the temperature, due to
Temperature Related Intensity Changes (TRIC) and the directed movement of particles in a
microscopic temperature gradient (thermophoresis) (Asmari et al., 2018; Jerabek-Willemsen
et al., 2011). Thermophoresis is influenced by a combination of changes at the level of the
hydration shell, shape, charge..., (all the parameters that influence the Soret coefficient) of
biomolecules, which result in differences of movement along the temperature gradient as well
as the brightness of the fluorescent tag. MST provides information on the binding affinities
with good accuracy and sensitivity in the pM to mM range. This technology allows
immobilization-free measurement of interactions in any buffer and complex biological liquid,
but requires one of the two partners to be labeled with a fluorescent dye to measure protein-
protein interactions (there is also a label free instrument that detects the intrinsic
fluorescence of proteins). Any size of unlabeled molecules can be used (from ions, to large
proteins). We used a Monolith NT.115 blue/green and red/blue from NanoTemper
Technologies (Fig. S1). MST experiments, performed in capillaries, require a low sample
consumption (200 uL at 20 nM of the fluorescent molecule, and 20 pL of the non-fluorescent
molecule at the highest concentration needed, depending on the expected Kp). To produce
the data described here, we used about 50-350 ng of the fluorescent molecule and 6-12 ug of

the non-fluorescent molecule.

Sample preparation

AlphaReps are recombinant proteins produced by standard overexpression procedures in
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E.coli (Guellouz et al., 2013). For our experiments, we used the following alphaRep proteins:
A3, which is the target and Repl7 and Rep2, which are the binders. Because A3 forms
homodimers at high concentration, it was used as ligand for real-time biosensors approaches
(BLI, switchSENSE) and was the labeled partner in AUC-FDS and MST experiments. In the
conditions used, we assumed A3 is a monomer, as the simultaneous presence of the

monomeric and dimeric forms would make the analysis difficult.

Ku is a recombinant protein produced by standard overexpression procedures in insect cells
(Nemoz et al., 2018). For our experiments, we used different lengths of dsDNA depending on
the assay format. Shorter DNA are not adapted for biosensor approaches, since a DNA too
close to the surfaces will hinder its interaction with Ku. DNA is practical to work with, because
it is easy to modify and is commercially available. For immobilized on BLI biosensors and for
detection in AUC-FDS and MST, we ordered biotinylated and 5-Carbofluorescein (5-FAM)-

labeled DNA oligonucleotides, respectively.

To perform biophysical characterization measurements, samples of high purity, stability and
monodispersity are needed (Fig. S2). All proteins were dialyzed to eliminate glycerol from the
storage buffer, which can interfere with the measurements. We chose the pH and ionic
strength of the buffer for the best solubility of the samples. To simplify as much as possible,
we used the dialysis buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 5 mM B-mercaptoethanol) as
running buffer in most experiments. Due to the particularities of each approach and
measurement devices, there are some limitation in the buffer choice. In some cases, blocking
agents were required, such as 1Img/mL BSA, especially for low protein concentrations (in the
nM range), to prevent surface adsorption, as well as detergents, such as 0.1 % Tween-20, to
reduce surface tension (capillaries, chip, biosensors). For AUC-FDS, we had to avoid Tris-HCI
or HEPES above 20 mM, which can cause problems at 230 nm wavelength, and be aware of
other absorbent molecules (nucleotides, old DTT or 3-mercaptoethanol). For MST experiment,
we used the commercial MST buffers (50 mM Tris-HCI pH 7.4, 150 mM NacCl, 10 mM MgCls,
0.05 % Tween-20) for Ku-DNA and, Roti®-Stock 1x PBS (10 mM Naz;HPO4, 2 mM KH;PO4 pH
7.6137 mM NaCl, 2.7 mM KCl, 0.005% Tween 20) for A3-Repl7. For switchSENSE sizing
experiments Dy estimation, a low salt buffer is required (10 mM Tris-HCI, 40 mM NaCl, 0.05 %
Tween-20, 50 uM EGTA, 50 uM EDTA).
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Results

Biophysical measurements of alphaRep interactions

We characterized the interaction of A3 with its binders Rep2 and Rep17 using the following
techniques presented in the Fig. 1: in solution approaches, which do not require labeling (SEC-
MALS and ITC), in solution approaches that require labeled protein or DNA (MST and AUC-
FDS), and surface approaches (BLI and switchSENSE). The students performed the
measurements presented here during the training (Fig. 2, Fig. S3 and Table S1). The studied
interactions data represent limited value due to students measuring and protein
concentration as common denominators, but added benefits of putting the techniques in
context. For most of them, additional measurements and controls are needed. When
available, we mention the values that have been reported for some approaches in previous

articles.
AlphaRep interactions measured by label free in solution approaches

Due to time limitations, the SEC-MALS experiments were performed in our platform prior to
the training. We used a Superdex 200 increase 10/300 GL column (Cytiva), and compared
three different runs with A3 alone, Rep2 alone and A3-Rep2 complex at 2 mg/mL
concentration each. A3 eluted as a dimer with a molar mass of 44.8 + 0.4 kDa and, a
hydrodynamic radius of 3.0 £ 0.2 nm. Rep2 eluted as a monomer with a molar mass of 11.6 +
0.9 kDa. The Rep2 concentration was insufficient, in view of the small molar mass, to make
accurate sizing measurement by DLS. Finally, the A3-Rep2 complex eluted before the free
proteins, with a molar mass of 65.5 + 0.4 kDa and hydrodynamic radius of 4.0 £ 0.2 nm (Fig.
2b). The stoichiometry was determined by using the protein conjugate method (Loiseau et al.,
2017). Accurate mass can be calculated from MALS data with this method, which uses two
concentration detectors simultaneously (a refractometer and UV spectrophotometer), and
information about refractive index increment (dn/dc) and UV extinction coefficient of each
component. In our case, the complex corresponds to one dimer of A3 and two Rep2

molecules.

Preparatory ITC experiments were performed in our platform on a PEAQ-ITC instrument with
A3 in the cell at 18 uM and Rep17 in the syringe at 187 uM (Fig. S3a). Three different groups

of students did a triplicate measurement (Fig. 2c) during the training using the same
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instrument. We observed bi-phasic thermograms, and isotherms were fitted using a model of
two identical binding sites with cooperativity. This cooperativity could stem from the
propensity of A3 to form homodimers at UM concentration as shown by SEC-MALS (Freire et
al., 2009; Vega et al., 2015). We could estimate two Kp values, the first Kp corresponds to an
interaction with a tight affinity (Kp1 0.5 - 0.7 nM) and the second one to a weaker affinity (Kpz
16 — 32 nM). With the obtained parameters for each site, described in the table at the bottom
of thermograms, an average global affinity (Wyman and Gill, 1990) could be calculated
(geometric mean of both dissociation constants: Kpav = sqrt(Kp1 x Kpz2), which for each assay
was 3.9 nM, 3.1 nM, and 3.2 nM, close to that obtained with other techniques. Data were
analyzed during the training using the Origin software and the new PEAQ ITC software for

comparison.

AlphaRep interactions measured by biophysical approaches with a partner immobilized on

a surface

Preliminary BLI experiments were performed before the training on an Octet RED384
instrument where His-tagged A3 protein was captured on Ni-NTA sensors at 5 pg/mL for 20 s
and Rep17 concentration ranges from 200 nM to 1.56 nM. In these conditions, in which A3 is
most probably in a monomeric form, the calculated kinetic rates were kon of 1.3 10*> Ms?,
korr 0f 5.9 103 51 and Kp of 22.4 nM (data not shown). We observed that the fit was not correct
with a single site model and that residuals showed systematic errors. During the training, a
duplicate experiment was performed on an Octet RED96e in a buffer containing 1 mg/mL BSA
and 0.1 % Tween-20 to limit the non-specific binding. In this case, the fitting was improved
(Fig. 2d). We obtained the following preliminary values: kon of 2.6 + 0.7 10*> M*s%, korr of 7.6
+0.7 10*s%, Kp of 3.2 + 1.1 nM. The Kp measured from the plateau of the curve (steady state)

was of 3.3 £ 0.8 nM, close to the one obtained from kinetics (Fig. S3c).

For the switchSENSE experiments, we first coupled A3 with the DNA strand (cNL-B48), which
was complementary to the surface-tethered DNA strand on the chip. In this case, the surface-
tethered DNA strand was labeled with a red fluorescent probe (NLB48-red dye). The DNA-
protein conjugate was purified using an anion-exchange-chromatography (Fig. S3d, top left).
We then hybridized the A3-cNLB48 with the NLB48 on the sensor surface at a concentration

of 100 nM. The hybridization step could be monitored in real-time by measuring the
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fluorescence increase (Fig. S3d, top right). Preliminary kinetic experiments were done using
the dynamic mode (switching of the nanolevers) in our platform. Rep2 alphaRep was used as
analyte at three different concentrations ranging from 100 nM to 11.1 nM. Preliminary kinetic
rates were calculated from a global fit for the three concentrations: kon of 2.40 + 0.05 10*® M-
151, korr 0f 6.86 £0.23 10 s and Kp 0f 0.29 + 0.01 nM (Fig. S3d, bottom, left). For each analyte
concentration, it was possible to perform a sizing experiment to measure the hydrodynamic
diameter of the ligand A3, before or after association with Rep2. The Dy of the dimeric form
of A3 calculated from the crystal structure (PDB 6FT) is found to be equal to 4.8 nm. Due to
protein dilution, we expect A3 to be present as a monomer on the DNA conjugated strand.
Indeed, the Dn of 3.0 £ 0.1 nm measured in our switchSENSE experiments is compatible with
a monomeric form of A3 (Fig. S3d, bottom, right). The Dn = 3.8 £ 0.1 nm measured for the
complex A3-Rep2 corresponds to an increase of 0.8 nm when compared to the hydrodynamic
diameter of the monomeric form of A3 (Fig. S3d, bottom, left). During the training, kinetic
experiments in static mode (nanolevers in up position) were performed, in the same
conditions as before for Rep2, but with Rep17 alphaRep as ligand. The calculated kinetic values
measured in this case were in the same range than the ones obtained previously: kon of 2.35
+ 0.17 10*® Ms%, korr of 2.30 £ 0.34 103 5! and Kp of 0.98 + 0.16 nM (Fig. 2e). During the

training, students did not have time to run a sizing experiment.

Comparable analysis using SPR classical technology, were carried out in our platform using a

ProteON XPR36 instrument from Biorad (data not published, Fig. S3b).

AlphaRep interactions measured by biophysical approaches with a labeled partner

Because AUC-FDS experiment were time consuming, data were collected before the training
in our platform. We first labeled A3 with the dye NT495 using the commercial NanoTemper
Monolith Protein Labeling Kit BLUE-NHS (Amine Reactive). In these conditions, we were able
to use a low concentration of A3 (5 nM). At this nanomolar concentration, A3 is a monomer
as observed before by switchSENSE. We used variable concentrations of Rep17 from 0.5 nM
to 0.5 uM, and an An-50 Ti rotor at 42 000 rpm (130000 g) speed. The sedimentation
coefficients for A3 and A3-Rep17 complex were 2.16 + 0.08 S and 2.96 + 0.05 S, respectively

and the calculated Kp at equilibrium was 13.4 + 1.8 nM (Fig. 2e).
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Finally, for the MST experiment, we decided to use another dye from NanoTemper Monolith
His-Tag Labeling Kit Red-tris-NTA 2"¢ Generation, this site-specific non covalent labeling
substantially improved the signal and respected better the integrity of protein. In this MST
experiment, labeled A3 was at 70 nM, and the highest concentration of Rep17 was 8 uM. The
titration curves we obtained allowed us to measure a Kp of 8.0 + 4.3 nM (Fig. 2g). Using the
labeled A3 produced for the AUC-FDS at 20 nM did not provide us with substantial results due
to high inhomogeneity in the sample preparation (Fig S3e), thus leading to a strong noise and
suggesting that this labeling of A3 influences the interaction on the time scale of the MST
measurement. Interestingly, we observed a titration curve with a Kp at 10.5 + 2.4 uM, which
could be linked to an additional interaction between A3-Repl7 complexes at the highest
Rep17 concentration of 288 uM or some steric hindrance of the fluorescent probe. Orthogonal
confirmation would help to better understand the origin of this Kp difference, unfortunately

none of the other approaches were performed at such high concentration.

Figure 2. Biophysical measurements of alphaRep interactions.
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a) Crystal structure of A3 alphaRep (a-A3, blue) in complex with Rep2 (bA3-2, green) (PDB: 4JW2) at 90° view
(left). b) SEC-MALS analysis. Elution profiles and molar masses of Rep2 in blue, A3 in red, and the complex of A3-
dimer and two molecules of Rep2 in green. c) PEAQ-ITC data of A3-Rep17 interaction obtained during the training
for three groups (A, B and C). K, Ko, and AH were the association constant, the dissociation constant, and the
interaction enthalpy of either of the two binding sites when the A3 dimer was unoccupied. o and Ah were the
cooperative interaction constant and the cooperative interaction enthalpy, which reflect the binding cooperative
phenomenon (a factor that modulates the binding affinity and a term that modulates the binding enthalpy to the
second site when there was a site already occupied, respectively). n was the active (or binding-competent)
fraction of protein, since the stoichiometry was already included in the model. Kp1 and AH1 were the intrinsic
site-specific dissociation constant and binding enthalpy for the first binding site (Ko1 = Ko, AH1 = AH). Koz and AH:
were the intrinsic site-specific dissociation constant and binding enthalpy for the second binding site (Kp2 = Kp1 /
o , AHz2 = AH1 + Ah). d) Octet RED96e BLI kinetic analysis of A3-Rep17 interaction in duplicate. Colors code of
Repl17 concentration: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM
(red), 200 nM (blue). e) switchSENSE kinetics analysis of A3-Rep17 interaction on dynamic mode, at three Repl17
concentrations. Normalized association (left) and dissociation (right) data were represented in function of time.
f) AUC-FDS distribution of sedimentation coefficients (left) with labeled A3 at 5 nM and increasing concentrations
of Rep17 from 0.5 nM to 0.5 uM, obtained with the program SEDFIT (Schuck, 2000) and GUSSI (Brautigam, 2015).
Colors code of Rep17 concentrations: 0 uM (navy blue), 0.5 nM (blue), 1 nM (cornflower blue), 2 nM (cyan), 4
nM (green), 8 nM (springgreen), 16 nM (yellow), 32 nM (orange), 64 nM (red), 128 nM (maroon), 256 nM (brown)
and 0.5 uM (black). AUC-FDS Kb calculation (right), by fitting with isotherm tool in the program SEDPHAT. g) MST
analysis with red fluorophore. Inset, MST traces, MST on used was 10 s (red band).

In summary, the students obtained preliminary results in one week with the six approaches
that were consistent in stoichiometry, and to a lesser extent, in kinetic rates or affinity (Table
S1). They could observe that the required amount of material, ligand or analyte, for each
approach differs significantly. They also observed that some approaches gave highly
complementary information on the system studied (Fig. S3). For example, ITC shows that the
interaction is cooperative when A3 alphaRep is used at high concentration needed for ITC
(18uM). This cooperativity, linked to the dimeric state of A3, was not observed with
monomeric ligand immobilized on BLI or switchSENSE. They observed higher Kp values with
AUC-FDS and MST, where one of the partner is labeled, reflecting possible steric hindrance
between the fluorophore and the interaction site. This was particularly true with the covalent

amine labeling strategy where the Kp measured by MST was three order of magnitude higher.
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Biophysical measurements of Ku-DNA interactions

We determined the interaction of the heterodimeric full-length protein Ku with four double-
strand DNAs (dsDNAs) of different lengths: 18 bp, 42 bp, 48 bp, and 200 bp (Fig. 3, Fig. S4). Ku
binds DNA through its ring-shaped structure (Fig. 3a). The main observations made during the
training for the Ku-DNA interactions, using the same six approaches, as for the alphaRep

interactions, are shown in Fig. 3 and Table S2.
Ku-DNA interactions measured by label-free in solution biophysical approaches

For SEC-MALS, we used the same column as above and ran first a quadruplicate experiment
with Ku alone, resulting in an average molar mass of 144.4 kDa (Fig. S4a). We then ran a
duplicate experiment with Ku and a 1.2 excess of 42 bp DNA. We obtained three peaks: the
first corresponded to 2 Ku : 1 DNA complex (average Mw of 306.2 kDa), the second
corresponded to 1 Ku : 1 DNA (average Mw of 171.0 kDa), and the last corresponded to the
excess of dsDNA alone (average Mw of 26.1 kDa). This suggests that there is an equilibrium
between 2:1 and 1:1 Ku-DNA complexes (Fig. 3b) with stoichiometries determined by using

the protein conjugated method (Loiseau et al.; 2017).

For ITC experiments, we used in our laboratory two different sizes of dsDNA, 18 bp and 42 bp
(Gontier, Chapter of MiMB, in press). Due to time limitations students repeated the
measurement only with the 42 bp. We used a VP-ITC instrument which consumes more
sample, but was more sensitive to study these protein-DNA interactions. The heat effects were
positive (endothermic interaction) and small (0.2 pcal.sec?) (Fig. 3c). Students did two runs,
the first at 20 uM and the second at 40 uM concentration of DNA in the syringe, and in both
cases Ku at 4 uM in the cell. We obtained a mean Kp at equilibrium of 3.7 £ 0.7 nM with a
molar ratio of 0.34 + 0.02 and a AH of 24.4 + 2.7 kcal/mol. The molar ratio was in good
agreement with a ratio of 0.5 expected for the interaction of two Ku molecules with a DNA of
42 bp. No evidence for cooperativity was observed. All the data were analyzed using the Origin

software and the new PEAQ ITC software for comparison.

Ku-DNA interactions measured by biophysical approaches with a partner immobilized on a

surface

Preparatory BLI experiments were performed on an Octet RED384 instrument. Firstly, we tried

the same strategy that was used for the A3 alphaRep protein, i.e. captured Ku heterodimer on
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Ni-NTA sensors. We did not observe any binding with an 18 bp DNA as analyte (data not
shown). We hypothesized that the DNA binding site may not be accessible when Ku is
immobilized through its His-tag. We therefore tested another strategy, which relied on the
capture of a biotinylated 42 bp DNA on Streptavidin sensors (at 10 nM for 120 s), which were
then incubated with Ku protein as analyte (at concentrations in 200 nM to 1.56 nM range). In
these conditions, we observed an interaction, with an estimated Kp around 40 nM (data not
shown). We repeated the experiment in duplicate during the training on an Octet RED96e
using an optimized buffer with 1mg/mL BSA and 0.1 % Tween-20, and Ku protein
concentrations ranging from 200 nM to 3 nM. The results of the two runs were consistent,
with apparent kinetic rates, kon of 1.91 + 0.02 10*® M1s, kogr of 7.17 £ 0.33 10 s, and a Kp
of 0.37 £ 0.01 nM (Fig. 3d). However, the deviation between the fitted curves and the
experimental data was high, indicating that the interaction mechanism was more complex
than a simple 1:1 binding. For instance, the association and the dissociation processes could
be limited by the diffusion of Ku towards and from the biosensor surface (mass transport
limitation). We therefore analyzed the concentration-dependence of the steady state
responses and measured a Kp of 5.2 + 0.2 nM (Fig. S4b). As several curves did not reached a
steady state, this Kp value could however be overestimated and experiments should be

reproduced with longer association times.

Preliminary switchSENSE experiments were done before the training by forming an 80 bp
dsDNA on the sensor. For that, we hybridized an 80-mer DNA with a 32-mer DNA. This DNA
was complementary to the NL48 ssDNA on the chip (Fig. S4c, top, left). We performed kinetic
analyses in duplicate using static mode and Ku protein at 500 nM concentration. We obtained
the following kinetic rates: kon of 9.3 + 0.1 10** Ms?, korr of 2.8 £ 0.1 10% s, and Kp of 3.1 +
0.1 nM (Fig. S4c, bottom). We monitored the dissociation over a long time (5000 s) to measure
a significant proportion of dissociated Ku molecules. In between, we performed a sizing
measurement. The calculated value (Dn = 8.9 £ 0.3 nm) was in good agreement with the one
obtained from the crystal structure of the Ku-DNA complex (PDB: 1JEQ; Di = 8.9 nm) (Fig. S4c,
top, right). During the training, we performed experiments in dynamic mode using a 48 bp
DNA (without overhang). We used Ku concentration range from 200 nM to 22.2 nM with 1/3
serial dilution this time. In these conditions, the protein was closer to the fluorophore at the

tip of the 48 bp DNA on the chip. We measured in these conditions a kon of 2.6 + 0.2 10" M~
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151, a korr 0f 2.3 £0.3 103 s, and a Kp of 1.0 + 0.2 nM (Fig. 3e). During the training, students

did not have time to run a sizing experiment.

Comparable preliminary data were obtained by SPR in our platform using a ProteON XPR36
instrument from Biorad (Fig. S4d, left), and in Institut Pasteur platform using a Biacore T200

instrument from Cytiva (Fig. S4d, right).
Ku-DNA interactions measured by biophysical approaches with a labeled partner

For AUC-FDS, we used an 18 bp DNA labeled with fluorescein (FAM) in 5’. We titrated Ku
protein from 0.5 nM to 0.5 uM concentrations with 60nM of DNA. The sedimentation profile
showed two species, corresponding to the DNA alone (2.15 + 0.05 S) and to the 1:1 protein-
DNA complex (7.25 £ 0.15 S), and we were able to determine the Kp at equilibrium (12.9 £ 3.2
nM) (Fig. 3f).

For MST, we used the same labeled 18 bp DNA as for AUC-FDS, but at 10 nM concentration;
and titrated Ku from 2 UM concentration. Training participants performed four runs in total,
in duplicates or triplicate measurements (Fig. 3g). We could see some variability in the curves
that might originate from the pipetting of the different students. All curves were fitted globally

resulting in a Kp of 2.8 nM.

Comparable data were obtained with a novel technology, microfluidic diffusional sizing (MDS)
in collaboration with Fluidic Analytics (Fig. S4e). The Fluidity One-W instrument measures the
rate of diffusion of macromolecules under steady state laminar flow in a microfluidic chip. In
a diffusion chamber with two parallel streams, the migration of a labeled partner depends on
its size. At the end, the streams are re-split and from the ratio of the fluorescence between
them, Rh is calculated. Then, changes in average size after titration of an unlabeled binding

partner against the labeled partner, give a binding curve to calculate a Kp value.
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Figure 3. Biophysical measurements of Ku-DNA interactions.
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with Ku70 colored in red, Ku80 in yellow cartoons and DNA in grey spheres. b) SEC-MALS elution profiles and
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molar masses of Ku-DNA complex in duplicate. Representation of elution volumes in mL and molar mass in g/mol.
c) VP-ITC data in duplicate. d) Octet RED96e BLI kinetics data in duplicate. Colors code of Ku concentration: 3.13
nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red), 200 nM (blue). e)
switchSENSE dynamic mode data for three Ku concentrations. F) AUC-FDS measurement of Ku-DNA interaction.
AUC-FDS distribution of sedimentation coefficients (left) with labeled DNA at 60 nM and increasing
concentrations of Ku from 0.5 nM to 0.5 uM, obtained with the program SEDFIT (Schuck, 2000) and GUSSI
(Brautigam, 2015). Colors code of Ku concentration: 0 uM (navy blue), 0.5 nM (blue), 1 nM (cornflower blue), 2
nM (cyan), 4 nM (green), 8 nM (springgreen) , 16 nM (yellow), 32 nM (orange), 64 nM (red), 128 nM (maroon),
256 nM (brown) and 0.5 uM (black). AUC-FDS Kp calculation by fitting with isotherm tool in the program SEDPHAT
(right). g) MST analysis. Representation of ligand concentration against AFNorm °/°° (left). Superposition of
several run in the similar conditions, but different excitation power and students. Summary of MST data (right).

In summary, the students obtained also for the Ku-DNA project results consistent in
stoichiometry, and in the same range for kinetic rates or affinity (Fig. 3, Table S2). As for the
alphaRep project, they observed that the amount of material varies between the different
approaches. ITC, SEC-MALS and AUC-FDS were very efficient for measuring the stoichiometry
of Ku on DNA with one Ku molecule bound every 18-21bp DNA. They observed that
measurements on surfaces, either by BLI or switchSENSE, were successful only when the DNA
was immobilized. They could observe that switchSENSE allows a quite accurate estimation of
the Ku size (Fig. S4d, bottom). Oligonucleotides with a fluorescent probe in 5 or 3’ are
inexpensive and allow to follow the interaction between a fluorescent DNA and a protein quite
easily by MST or AUC-FDS, without major steric hindrance between the fluorescent probe and

the interaction sites.

Discussion

The study presented here compares six different in vitro biophysical approaches to
characterize the architecture and binding parameters of two different types of complexes
(protein-protein and protein-DNA). It was designed to provide a rather complete overview of
six different techniques in a short period. During a week, 20 participants performed this study
in the context of a MoSBio Training School (ARBRE-MOBIEU COST Action). During the first day
of the training school, experts of each field presented the projects, the theory and examples
of applications for the three classical techniques (AUC, SEC-MALS, ITC), and the three more
recent ones (MST, BLI, switchSENSE). An additional presentation about, sample quality
control, a relevant subject regarding reproducibility of experimental measurements,
completed the first day training (Raynal et al.,, 2014). The remainder of the week was
dedicated fulltime to practical sessions where the participants could perform experiments on
instruments, analyze results and discuss with experts. All six approaches, except AUC, and SEC-

MALS for the alphaRep interaction, were successfully used during the training school to study
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two important types of macromolecular interactions (protein-protein and protein-DNA). The
training allowed the students, first, to compare the quantity of material consumed for each
technique, and, second, to understand the parameters that can be measured by each of them
(Fig. 4). This first edition of the MoSBio Training School was positively assessed by both experts
and participants. It was a unique opportunity to compare advantages and limitations of this
large ensemble of techniques. A new edition will be scheduled soon. The participants were
able to use all instruments quite easily by themselves, with the exception of AUC, which
requires a little more expertise and longer run times. Finally, this study showed that a
nanomolar range affinity is easy to be assessed with all tested techniques. Nevertheless, this

is not the case when we want to measure lower Kp (pM) or higher Kp (uM) values.

The results presented here for the alphaRep-proteins and Ku-DNA complexes highlight the
advantages and drawbacks of each approach. The amount of required material was not limited
in our case, but the participants clearly observed that the amounts of protein and DNA used
for each approach are very different (Fig. 4). AUC, SEC-MALS and ITC are the most sample-
consuming techniques. ITC200 and PEAQ-ITC were an important progress for ITC in this regard,
but we observed that for interactions with very weak heat exchange like Ku-DNA, the more
sensitive, but more sample-consuming VP-ITC was still needed to obtain good results. Surface
methods like BLI and switchSENSE require only small amounts of the immobilized protein. For
the study of high affinity systems (in the nM range) like those characterized here, the
consumption of analyte is small too. For weaker affinities (higher Kp in the uM range) the
amount of analyte will however rise significantly to cover concentrations from 1/10 of the Kp
to 10 times the Kp. The MST technique consumes very small volumes of material once the
labeling step is successfully achieved. Anyway, the time and sample consumption for a given
technique must be evaluated not just for a single successful experiment, but also considering

the experimental design and optimization stage.
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Figure 4. Comparison of results obtained for the alphaReps and the Ku-DNA interaction with

the six approaches.

SEC- AlphaReps ITC AlphaReps
v' 200 pg A3, 200 pg Rep2 v/ 80 ug A3, 130 ug Repl7
MALS . .
> Molar mass v' Biphasic curve
» Stoichiometry: (A3-dimer): 2 Rep2 » Cooperativity (A3 dimer)
»  Kbi, Koz, AH, -TAs
Ku-DNA Ku-DNA
v' 40ug of DNA, 200 pg Ku v" 990 pg Ku, 320 pg DNA
» Molar mass v Biphasic curve
» Stoichiometry: 1 Ku /18-21 bp »  Stoichiometry: 1 Ku /18-21bp
> Ko, AH,-TAS
BLI AlphaReps switchSENSE | AlphaReps
v' 8ugA3,2ugRepl7 v' 150 ng A3, 2-20 ug Rep17
v' A3-monomer v' A3-monomer
» Kb, kon, korr v Size (Dn)
v' Ko, kon, korr
Ku-DNA Ku-DNA
v' 400 ng DNA, 14 pg Ku v' 150 ng DNA, 2-20 pg Ku
v Failed with Ku immobilized v Ligand is the nanolever
» Ko, kon, korr v Size (Dn)
> Kb, kon, korr
AUC-FDS | AlphaReps MST AlphaReps
v 1ugA3, 8 ugRepl? v' 620 ng A3, 6 ug Repl7
» Sedimentation coefficient v' One labeling failed
» Stoichiometry > Ko
> Ko
Ku-DNA Ku-DNA
v" 3.5 ug DNA, 80 pg Ku v" 50 ug DNA, 12 ug Ku
v" DNA easily labeled v" DNA easily labeled
» Sedimentation coefficient > Ko
» Stoichiometry
> Ko

The experiments performed by the students on the two systems of study with the six approaches were
successful. Quantity of materials used for the different approaches are very different. Here are the amount
needed per run. The training highlighted the parameters that can be deduced from the different approaches.

All experimental approaches used in this study can provide Kp values of the interaction.
Interestingly, they provide additional information that may orient the users to one or the
other according to the main questions raised in their specific project. In the two examples we
studied, the stoichiometry issue is an important point, since the A3 alphaRep is a dimer when
its concentration is in the uM range, while it is a monomer in the nM range. According to this
oligomeric state, we can observe some cooperative binding of its partner or not, or some
influence on the binding parameters. In this regards, ITC, SEC-MALS and AUC allow
characterizing the ratio between the dimeric alphaRep target and its binders or between Ku

and DNA of increasing lengths, and confirm the information provided by their crystal
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structures. The sizing measurement in switchSENSE can also provide some information

regarding the stoichiometry/conformation.

Kinetic parameters are important data to estimate the half-time of a complex, which is an
interaction parameter gaining attention recently. BLI and switchSENSE (as well as SPR) proved
to be efficient in this study to determine kon and korr. We observed that the switchSENSE
allows to characterize very tight interactions with small korr values (korr about 10 s) by
monitoring the dissociation over a long time period (5000 s). Thermodynamic parameters
(enthalpy, entropy and Gibbs free energy) also provide key information about macromolecular
interactions, notably about the polar/apolar nature of the interface between a protein and its
ligand. The Ku-DNA thermograms for example indicate that the interaction is entropically
driven with a positive and unfavorable enthalpy probably linked to desolvation of the DNA
and Ku surface upon binding. The MoSBio training school over a week with 20 students proved

to be a very rich occasion for such discussions.

The choice of one technique over another depends mainly on the questions one wants to
answer. Some practical issues can also guide the choice of the method, such as the quantity
and solubility of protein and ligands available, the possibility to immobilize or to label one of
the interaction partners, and the time available. The presence of an instrument and experts
in or nearby the user is another criterion. Noteworthy, all these approaches are available in
many research institutions in Europe, especially in those engage in Structural Biology studies.
If needed, these approaches are also available through network infrastructures, like Instruct
in Europe or FRISBI in France. Finally, there are research networks, like ARBRE-MOBIEU,

allowing and fostering fruitful exchanges with experts in the different fields.

Studying macromolecular interactions in vitro are extremely complementary to in cellulo
analyses. Interactions observed in cells or in cellular extracts need often need in vitro
validation and target engagement to confirm the specificity of the proposed interaction.
Training school as the one described in this article are central to further disseminate the
importance of biophysical studies in cellular biology laboratories. This training school
contribute to initiate students from various fields on biophysical approaches and show in a

short period the added-value of quantitative measurements of protein interactions.

By mutagenesis or HDX-MS, one can determine the residues involved in the interaction, and

structural analysis can vyield information about their topology. One can play with the
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experimental conditions (pH, ionic strength, temperature) to expand the knowledge about the
nature of the interaction under study (electrostatic and/or hydrophobic, exo- or endothermic,
presence/absence of conformational changes, coupling with additional binding equilibria).
Furthermore, pharmacological studies require this kind of biophysical approaches. Finally,
molecular scale biophysics data can be also used to implement in silico simulations to predict
other interactions in basic research. A second edition of this Training School will be held as
soon as possible. The extremely positive feedbacks from the students, and from the academic
experts and industrials participating in this school highlights the need for a better
understanding of the theoretical bases and hands-on experimental practical of such a panel

of biophysical methods.
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Figure S2. Unfolding profile plot of Ku70/Ku80.
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Quality and stability of samples are crucial to obtain accurate biophysical data. For all the biophysical studies
shown in this manuscript, we used a full-length version of Ku (called KuFL), but for structural studies we used a
shorter version where the C-terminus of each monomer is deleted (called KuCC). We took advantage of the new
technology of NanoTemper, the Tycho NT.6 instrument, present during the training, to compare the thermal
stability of these two versions of Ku protein by a fast measurement. Fluorescence intensity is recorded at 330 nm
and 350 nm (emission profile of the Tryptophan residues). The brightness ratio 350 nm / 330 nm plotted against
the temperature is called the unfolding profile plot and inflexion temperatures can be derived representing
unfolding events. Tryptophan fluorescence of KuFL (orange) and KuCC (pink) were follow during a ramp of
temperature of 35-95°C. KuFL showed a higher temperature of unfolding than KuCC (vertical bars). Thus, KuFL

T T
60 70
Temperature [°C]

80 20

appears to be more stable than KuCC by a few degrees.
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Figure S3. Additional biophysical measurements of alphaRep interactions.
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a) PEAQ-ITC data obtained before the training in our laboratory. K, Ko, and AH were the association constant, the
dissociation constant, and the interaction enthalpy of either of the two binding sites when the dimer was
unoccupied. o and Ah were the cooperative interaction constant and the cooperative interaction enthalpy, which
modulate the binding cooperative phenomenon (a factor that modulates the binding affinity and a term that
modulates the binding enthalpy to the second site when there was a site already occupied, respectively). n was
the active (or binding-competent) fraction of protein, since the stoichiometry was already included in the model.
Kbp1 and AH1 were the intrinsic site-specific dissociation constant and binding enthalpy for the first binding site
(Ko1 = Kp, AH1 = AH). Kp2 and AH2 were the intrinsic site-specific dissociation constant and binding enthalpy for
the second binding site (Ko2=Ko1/ o, AH2 = AH1 + Ah). b) Sensograms of alphaRep A3-Rep17 interaction measured
in duplicate on a ProteON XPR36 instrument from Biorad. For this experiment, association and dissociation times
were 400 s and 1000 s, respectively with a flow rate of 50 uL/min in phosphate buffered saline with 0.1 % Tween-
20 (PBST) using His-Tag capturing (HTG) chip to immobilized A3 at 6.25 or 12.5 pug/mL during 80 s (inducing 60
RU and 95 RU, respectively). Rep17 ranges from 10 to 80 nM concentration. A kon of 2.8 10" Ms, a korr of 3.9
103 st and a Kp of 13.8 nM were measured in the first run, and a kon of 1.8 10" Ms%, a korr of 4.6 103 s and a
Ko of 25.9 nM in the second one. c) Octet RED96e BLI steady-state analysis in duplicate. Colors code of Repl7
concentrations: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red),
200 nM (blue). D) Sample preparation for switchSENSE experiments. Anion-exchange chromatogram of the A3
cross-linked protein (up, left). The cross-linked protein was the shoulder of the final peak that correspond to the
free DNA. Hybridization of the cross-linked ssDNA-A3 on the chip, which carries a red fluorescent probe (up,
right). Red profile corresponds to the control (free cNLB48 without protein) and the orange one to the cross-
linked cNLB48-A3 conjugate. switchSENSE dynamic mode data of A3-Rep2 at three concentrations (middle, left).
Normalized association (left) and dissociation (right) data were represented in function of time. switchSENSE
sizing measurement of A3 hydrodynamic diameter (Dn) (bottom, left), and of the A3-Rep17 complex (bottom,
right). Measured signal curve is in blue (conjugated DNA), the associated fitted curve in blank, reference signal
(cNLB48) is in orange, and the associated fitted curve in grey. d) MST analysis with blue fluorophore. Inset, MST
traces, MST on used was 10 s (red band).
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Figure S4. Additional biophysical measurements of Ku-DNA interactions.
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a) SEC-MALS elution profiles and molar masses of Ku alone in quadruple. b) Octet RED96e BLI steady-state data
in duplicate. Colors code of Ku concentration: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green),
50 nM (cyan), 100 nM (red), 200 nM (blue). c) switchSENSE measurement set up (top, left). By hybridization of
complementary DNA carrying the target sequence as overhang, the surface is functionalized with the sequence
of interest. switchSENSE static mode data of 1 Ku concentration in duplicate (bottom). switchSENSE sizing data
(top, right). Reference (bare DNA) is depicted in yellow. DNA-protein-complex is depicted in blue. d) SPR
sensograms by ProteON XPR36 of Ku-200 bp dsDNA interaction measured (right). A 200 bp biotinylated DNA was
immobilized on a Streptavidin (NLC) chip. Ku70/Ku80 ranged from 0.1 to 10 nM concentrations, one heterodimer
may induce 200 RU. A kon of 7.8 + 4 10*® M1s, a korr of 1.5 10* s and a Kp of 7.3 + 3 nM were measured. This
experiment showed the threading of Ku on DNA, approximately 10 heterodimers bound to this 200 bp DNA. SPR
sensograms by BlAcore T200 of Ku-42 bp dsDNA (middle) and, Ku-60 bp dsDNA (left) interaction measured by
biotinylated DNA immobilized in a serie S sensor chip SA at 10 nM concentration. Same buffer as in switchSENSE
experiment adding 0.2 mg/mL of BSA, flow rates of 20 to 100 pL/min, and Ku at 5 nM as higher concentration for
900 s of association and dissociation. A kon of 1.0 10*® M s, a korr of 11.7 10* st and a Ko of 1.2 nM (Rmax of 32.9
RU) were measured for the 42 bp DNA and, a kon of 1.4 10*® M1s} a korr 0f 5.0 10 st and a Ko of 35.4 nM (Rmax
of 31.6 RU) for the 60 bp DNA. Colors code of Ku concentrations: 5 nM (light green), 2.5 nM (purple), 1.25 nM
(orange), 0.625 nM (cyan), 0.3125 (pink), 0.156 (dark green), 0.078 (blue), 0.039 (red). The differences observed
in the results depend mainly on the setup strategy of the experiment. Nevertheless, open questions remain to
answers: the purity of dsDNA and the stability of the protein will affect the results, but there is also the possibility
of different ways of DNA fixation by Ku. e) In collaboration with Fluidic Analytics, we collected preliminary data
to test their new instrument, Fluidity One-W with the Ku-DNA interaction. This is a novel technique in solution
based in diffusional sizing of a complex in a microfluidic system. For this experiment we used the same 18 bp
dsDNA-FAM as before (AUC, MST) at 10 nM concentration, and 1/3 dilution of Ku70/Ku80 from 200 to 0.09 nM
concentration. We were able to measure Rn (DNA alone, complex) and Ko values.
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843  Table S1. Summary of the results for the alphaRep proteins interaction using different

844  techniques.
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845 In the last column in grey, previous SPR data obtained by P. Minard’s team.*Rep2
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17 848

16 847  Table S2. Summary of the results obtained for the Ku-DNA interaction using the different
techniques.

AUC-
FDS

ITC

SEC-MALS

BLI

MST

switch
SENSE

SPR

Diffusional
sizing

22 DNA(bp)

18*

18

42

42

42%+

18*

48

200**

18*

Ratio Ku vs
DNA

1:1

1:1

2:1

2:1,1:1

N/A

N/A

1:1

20:1

1:1

26 Ko (nM)

129+
3.2

35+
0.8

3.6+0.4

N/A

04+0.1

52+0.2

2.8

1.0+0.2

7.3+%3.0

2.5

kon (M-1s?)
Korr (s2)

N/A

N/A

N/A

N/A

1.9+0.110%9
7.2+0.3 10

N/A

N/A

26+0.2
10+6
23+03
10+

7.8+4.0
10+6
1.5+0.8
10*

N/A

33 Other
34 information

(DNA)
=22%
0.1
S(1:1)
=73%
0.2

51+
0.1
kcal/
mol

23949
kcal/mol

Mw
(DNA)=
26.1 kDa
Mw (Ku) =
144.4 kDa
Mw (1:1)
=171.0
kDa Mw
(2:1) =
306.2 kDa

N/A

N/A

N/A

Dh=8.9nm

N/A

Rh=7.1nm

43 849
44 850
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

The last two columns came from additional data: Preliminary SPR obtained by Charbonnier’s team, and MDF in
collaboration with Fluidic Analytics. DNA modified *FAM or **Biotin.
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Abstract

Biophysical quantification of protein interactions is central to unveil molecular mechanisms of
cellular processes. Researchers can choose from a wide panel of biophysical methods,
including classical and more novel ones. A real-life proof-of-concept was carried out during an
ARBRE-MOBIEU training school held in June 2019 in Gif-sur-Yvette, France

(https://mosbio.sciencesconf.org/). Twenty European students benefited from a one-week

training with lessons and practical sessions on six complementary approaches: (i) Analytical
UltraCentrifugation with or without a Fluorescence Detector System (AUC-FDS), (ii) Isothermal
Titration Calorimetry (ITC), (iii) Size Exclusion Chromatography coupled to Multi-Angle Light
Scattering (SEC-MALS), (iv) Bio-Layer Interferometry (BLI), (v) MicroScale Thermophoresis
(MST) and, (vi) switchSENSE. They implemented all these methods on two examples of
macromolecular interactions: firstly, a protein-protein interaction between an artificial

alphaRep binder, and its target protein, also an alphaRep; secondly, a protein-DNA interaction
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between a DNA repair complex, Ku70/Ku80 (hereafter called Ku), and its cognate DNA ligand.
The students acknowledged that the workshop provided them with a clearer understanding
of the advantages and limitations of the different techniques and will help them in the future

to choose the approaches that are most relevant or informative te-for their projects.
Keywords

Molecular scale biophysics, macromolecular interactions, artificial binders, double-stranded

DNA breaks repair factors

Introduction

Macromolecular interactions play a central role in the activation/inactivation of most cellular
mechanisms. These interactions can be measured in cellulo, or in vitro, and predicted in silico.
The classical in cellulo methods (such as tap-tag or two-hybrid) allow large-scale studies, but

in order te—the characterization of eenfirm—that—a direct interaction between two

macromolecules eceursrelies on the—between—two—macremeleedules; quantitative in vitro

measurements-are-preeded. These measurements allow to characterize interactions not only
in terms of affinity, but also to determine additional kinetic and thermodynamic parameters,
as well as to define the hydrophobic or hydrophilic nature of the interface. They also give
access to the stoichiometry of the assembly and allow to map the regions involved by using
different constructs or mutants. In vitro measurements can also be useful to evaluate the the

drugability of the interaction site or to understand the role of pest-translationalmedifications
er—eotherendogenous regulatory events on the formation of complexes_(post-translational

modifications). These measurements are essential to set-up predictive By-in silico docking

analysistools. Conversely, by in silico analysis, we-can-prediet-the structure of macromolecular

complexes er-as well as the impact of functional substitutions can be predicted, helping to

optimize experimental design (Andreani and Guerois, 2014).

The original idea of the project presented here originated during the organization of a

European Training School in Molecular Scale Biophysics (https://mosbio.sciencesconf.org/)

within the MOBIEU COST Action. We proposed to the participants to compare different
techniques allowing to measure macromolecular interactions in vitro. Nowadays, there is a

large panel of possibilities, and it becomes difficult to choose which technology will be the
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best adapted when embarking into a new project. Each approach presents advantages and
drawbacks, and it is therefore difficult for the user to choose from the beginning which one
will be most adapted to the properties of the interaction partners. In the workshop, we
focused on six approaches (Fig. 1). Choosing between the different techniques can be
considered in a progressive manner. If none of the interaction partners can be easily labeled
or immobilized on a surface, approaches in which the-maeremeleeutesboth partners are in
solution (AUC, ITC, and SEC-MALS) should be favored (Fig. 1, top). However, several of them
require large quantities of biological material. When a partner can be immobilized easily on a
bio-surface, without affecting its function, approaches like BLI, switchSENSE and Surface
Plasmon Resonance (SPR) will be often tested, since they offer the possibility to use small
amounts of the immobilized partner (called ligand) (Fig. 1, middle). Finally, when the partners
can be labeled, again without affecting their function, fluorescent probes can be grafted
allowing the use of reduced amounts of material and facilitated signal analysis (AUC FDS, MST,
or Microfluidic diffusional sizing (MDS)) (Fig. 1, bottom).The choice of the optimal approach
may further rely on additional criteria including the solubility of the partners, the instrument
environment or non-specific interactions with instrument surfaces. Finally, it should be
stressed that it is preferable to perform measurements using several orthogonal techniques
to fully validate and characterize a biological interaction, and specify its features, such as

stoichiometry, kinetics or thermodynamics.

Figure 1. Decisional tree to help choosing the biophysical approach that-best suited fors the

study of a specific molecular interaction.
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are best candidates to get access to the kinetic parameters of interaction. Six of these approaches were used in
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In this training school, we used as examples two different macromolecular interactions
systems, that have been well characterized in our laboratories using several of the approaches
discussed here. One is an interaction between two proteins, and the other a protein-DNA
interaction, both with an affinity in the nanomolar range. Reference data were initially
produced in our laboratories. A group of 20 participants reproduced our measurements during

the five-day MoSBio Training School.

The first project comes from P. Minard’s team, who uses an original family of artificial
helicoidal repeat proteins, called alphaRep (Guellouz et al., 2013). AlphaRep libraries allow to
select tight binders against a variety of targets by phage display. The alphaRep’s are highly
soluble proteins, easily expressed in E. coli, which display a very high thermal stability. These
proteins are cysteine-free and, thus do not contain disulfide bonds. They are composed by
repeated motifs made with two antiparallel alpha helices. Clusters of variable side chains,
mainly in the second helix, are positioned on the same face of the motifs. The ensemble of all
these variable motifs forms a library of surfaces from which tight binders can be extracted
against a given target. The alphaRep’s have been used for several applications, such as
chaperones for crystallization and structural studies of difficult targets (Valerio-Lepiniec et al.,
2015; Di Meo et al., 2017; Chevrel et al., 2018; Campanacci et al., 2019), as well as in
biophysical and live cell applications-studies (Léger et al., 2019; Prasad et al., 2019; Fernandez
et al., 2020; Léger et al., 2020). New applications of these artificial binders are currently being
explored in relation withte their ability to be expressed in eukaryotic cells. Here we analyzed
the interactions between two alphaRep’s (Rep2 and Rep17) selected against a protein target,
(A3), which is itself an alphaRep. The interaction between the alphaReps has been extensively
characterized before in the laboratory by ITC, SEC-MALS and AUC, but also by Circular
Dichroism (CD), SPR and Fluorescence Resonance energy Transfer (FRET) (not used in this
training school) (Guellouz et al.,2013; Di Meo et al., 2017; Léger et al., 2019). Both A3 / Rep2
and A3 / Rep17 interactions were tested previously to determine which one was the most
appropriate for the training. Becauseard the former is weaker than the latter, we focused

only on the only A3 / Rep17 interaction —Bduring the training-enly-A3-/LRepi7interaction-was
meastired.

The second project comes from J.B. Charbonnier’s team. It concerns proteins involved in DNA

repair, and more precisely, in the classical Non-Homologous End Joining (c-NHEJ), the main
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Double-Strand Break (DSB) repair pathway in human. The Ku70/Ku80 (Ku) heterodimer plays
a central role in the recognition of DSB ends, as it is the first repair factor that interacts with
them. Ku binds tightly to DNA ends in a sequence independent manner thanks to its ring-
shaped structure (Walker et al., 2001). Ku then iteratively recruits different NHEJ partners
(ligase 4, nucleases and polymerases) (Chang et al., 2017; Frit et al., 2019). Ku also contributes
to the tethering (synapse) between the two DSB ends to avoid misrepair with other DSB ends.
J.B. Charbonnier’s team (Tadi et al., 2016; Nemoz et al., 2018) has recently described the
recruitment mechanism of some NHEJ factors by Ku at the molecular level. DSBs, despite being
deleterious DNA lesions, are generated on purpose during radiotherapy or in genome editing
by CRISPR-Cas9. Understanding the molecular basis of the c-NHEJ is thus central to improve
these major biotechnological applications. Here we analyzed the interaction between Ku and
DNA substrates of different lengths, to determine the most appropriate forte the training and
to study the threading of Ku on DNA. The characterization of the interaction between Ku and
DNA hwas been extensively studied in the laboratory by ITC, MST (Tadi et al., 2016; Nemoz et
al., 2018; Gontier_et al., 2021,-Chapterof-MiMB —npress), switchSENSE, AUC, BLI (data not
published) and, more recently by other techniques not used during the training school (SPR,
MDS or FRET). One Ku occupies about 18 bp en-BNA-Sand several Ku molecules can thread
on DNA when the-its size ef-the-DMNA-is longer than 18bp, andalengBNA-can-be-covered

bywith one Ku molecule every 18bp.

We present in this article the results obtained by 20 students during a European Training
School in Molecular Scale Biophysics that took place from June 3 to 7t", 2019 at 12BC at Gif-
sur-Yvette, France. We report the protocols used to analyze the two systems under study
(protein/protein and protein/DNA interactions) using the six biophysical methods mentioned

above. The results obtained by the students during this-the one-week course are shown and

compared to our previous published data when available. Finally, we compare the advantages

and drawbacks of the different approaches used during this training school and present some

feedbacks from the students, allowing to have a global overview of the pros and cons of these

six complementary biophysical approaches.
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Materials and Methods

Biophysical approaches in solution that do not require labeling of an interaction partner

Size Exclusion Chromatography with Multi-Angle Laser Light Scattering detection (SEC-
MALS): SEC-MALS allows to determine the absolute molar mass of the components ef=
proteintmultipreteinpresent in a macromolecular sample. It indicates if elution peaks are
homogenous interm-of-pretein-compesition-or if they are composed of mixtures, either of

different oligomers or of different conformers. SEC-MALS allows size determination if an

online Dynamic Light Scattering (DLS) detector is included in the setup (Folta-Stogniew, 2006).

In order to determine stoichiometry in a macromolecular hetero-complex, differences in

{Formatted: Font: 12 pt

extinction coefficients are required. An experimental determination of extinction coefficient

by analyzing each partner separately, will be more precise than in-silico prediction. For a more

precise estimation of molar mass of complex components, you need to know the refractive
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index increment (dn/dc value) of each complex partner at the wavelength of the MALS system

laser. We used an HPLC system from Shimadzu coupled to a MALS detector (miniDAWN

TREOS) plus a DLS detector (QELS), and a refractometer (optilab T-rEX) from Wyatt
technologies-Fig—S1}. To run an experiment, one needs 1 L of running buffer to equilibrate
the column and detectors, and-from 2 mg/mL of protein (for MW of 20 kDa), down to 0.5
mg/mL (if the MW is higher than 150 kDa). Depending ef-on the column used, the volume of
the sample (30 uL for Bio-SEC-3 Agilent, 50 uL for KW-803/804 Shodex, and 100 pL for
Superose 6, Superdex 75 or Superdex 200 increase 10/300 GL Cytiva) and the time of elution
can differ. A run (including an equilibration step and a control BSA sample) takes typically a

few hours and consumes abeut40-200 pg of sample.

Isothermal Titration Calorimetry (ITC): ITC allows the direct, and thorough thermodynamic
characterization of interactions between molecules in solution with no limitation of partner
size and without labeling (Holdgate, 2001; Krell, 2008; Velazquez-Campoy and Freire, 2006)

and-withoutlabeling. ITC isan-equilibrium-selution-technigueallows to quantify dissociation
constants (Kp)—valses, but also other interaction parameters (enthalpy, entropy,

stoichiometry, and heat capacity). ITC is not affected by the optical properties of the samples,

but may be very sensitive to the composition of the buffer (e.g—presence—ofBMSO-6f in
particular to mismatches between partner sample solutions). In a microcalorimeter the two
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cells (reference and sample) needs to be kept at exactly the same temperature. A heat sensing
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device detects temperature difference between the cells when binding occurs, upon serial

injection of a ligand, and give feedback to the heaters, which compensate for this difference

and return the cells to equal temperature. Each injection gives then rise to a peak of emitted

or_absorbed heat whose surface is proportional to the amount of binding. For the ITC

experiments, we used three instrument models: VP-ITC, ITC200 and PEAQ-ITC all from
Malvern Panalytical4{Fig-S1}. One of the interacting partners is placed in a cell (1.4 mL for the
VP-ITC, 200 pL for the ITC200 and PEAQ-ITC) and the other in a syringe (300 uL for the VP-ITC,
40 pL for the ITC200 and PEAQ-ITC). Sequential injections are made from a-the syringe (5-10
uL for the VP-ITC, 1-2 pL for the ITC200 and PEAQ-ITC) into the cell. +-To produce the data

deseribed-reported here, we used 80-990 pg of the molecule in the cell, and 130-320 pg of the
molecule in the syringe. The transient heat effect due to complex formation (and other
potential unspecific phenomena) upon partner injection is measured as the titration

progresses, from which the binding isotherm is constructed.,

Biophysical approaches with a partner immobilized on a surface

Bio-Layer Interferometry (BLI): BLI is a fast, high throughput and label-free technology for
measuring biomolecular interactions by analyzing the interference pattern of white light

reflected from a layer of immobilized macromolecules on a biosensor tip ard-versus an

{Formatted: Font: 11 pt
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internal reference (Abdiche et al., 2018). It enables real-time analysisfor-determination of
affinity, kinetic_parameters and concentration, with one of the binding partners immobilized
onto the biosensor surface (ligand) and the other in solution (analyte). This microfluidic-free
technology is particularly adapted for performing binding assays in crude lysates or cell culture
media. We used an Octet RED96e during the training, and previeushan RED384 during the
preparation phase, both from FortéBio+Fig—S3}. In all cases, one of the interaction partners

{Formatted: Font: 12 pt

will be non-covalently captured on a glass sensor probe. The sensor will then be incubated in

microplate wells containing the second interaction partner in solution. A light beam is sent
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through the sensor, and the reflected beam is analyzed using an interferometric detector, that

measures the spectral shift due to the variations of density (optical thickness) that the biolayer

undergoes upon association and dissociation of the complex. The real-time monitoring of

these variations allows to record a « sensorgram », from which the kinetic rates (kon and koer),

as well as the equilibrium constant Kp can be determined through mathematical curve fitting.

We used 1-5 pg/mL of ligand to load NTA sensors for 20-120 s, for low density, or 120-600 s,

{Formatted: Font: 12 pt

{Formatted: Font: 12 pt




237
238
239
240
241

242

243
244
245
246
247
248
249
250
251
252
253

254

255
256
257
‘258
259
260
‘261
262
263
264
‘265
266

267

for high density, and a range of at least 7 {2-fold dilutions (starting at 100-200 nM) of the
analyte with an association time of 600-900 s. We consumed per+run-about 8 ug of protein A3,
and 400 ng of 42 bp biotinylated DNA per run for the immobilization, and about 2-14 pg of the
respective analytes. The concentration of ligand could be reduced (at least by 2) in favor of a
longer incubation. The consumption of the analyte, depends on the affinity of the interaction,

as the concentrations used should range from Kp /120 to 10 x Kp.,

switchSENSE: switchSENSE technology is based on short DNA nanolevers (48 bp in our case),
which are immobilized on gold electrodes in a microfluidic channel. The intrinsically negatively
charged DNA nanolevers can be electrically actuated (“switched”) on the gold surface to
oscillate at high frequencies (Knezevic et al.,, 2012). A switchSENSE microfluidic biochip
contains four flow channels, each containing six gold electrodes. Switching of the DNA is
mediated by alternating the voltage across the gold surface. The motion of the levers is

tracked in real time (us scale) via electrically triggered time correlated single photon counting
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(E-TCSPC) detecting a fluorescent probe (dye) present on top of the immobilized DNA strands.

The recorded fluorescence intensity correlates to the orientation of the DNA nanolever

relative to the surface as the fluorescence is gradually qguenched upon approaching the gold

electrode due to energy transfer. time-reselved—single—photon—counting—detecting—a
fluoreseentprobepresent-ontheimmobilized BNA-strands: -The complementary DNA strands

can be cross-linked to a ligand via amine or thiol coupling or click-chemistry. By hybridization

of this conjugated complementary strand to the surface-tethered DNA nanolever, the surface
is functionalized with the ligand of interest. Upon binding of an analyte, the hydrodynamic
friction of the levers is affected-increased and subsequently the movement of the levers is
slowed down. This change in switching speed is used by the system to determine the size (Dn)
or conformational changes of ligands and complexes. The kinetics of molecular interactions
(kon, korr, Kp) can be feHewed-monitored using two measurement modes: dynamic or static.
In the first case, analyte binding is measured through the change of the oscillation rate of the
electrically actuated DNA nanolevers (changes in dynamic response). In the second case, the
DNA nanolevers are kept at an upright position, in a constant electric field, and analyte in close
proximity to a dye can alter the-its local chemical environment resulting in a fluorescence
change (also called Fluorescence Proximity Sensing). Binding is then measured thanks to the

fluorescence intensity variation of the functionalized nanolever. For the switchSENSE
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experiments, we used a DRX? device from Dynamic Biosensors with two LED light sources (for
the excitation of red and green fluorophores)4{Fig—S4}. In all cases, a hundred pg of protein
where enough to generate cross-linked complementary strands (cNL-DNA) for several round
of experiments, since one measurement needs only 40 pL of 100 nM DNA-protein conjugate.
A sizing measurement classically takes less than an hour. The ameunt-quantity of analyte
needed for a kinetic experiment depends on the overall affinity, which-delimitsthe flow rates,
and the association/disseciation times-te-be-used. During-asseciation,—aA too slow flow rate
can be-thecauseforresult in mass transport limitation effeetand-during adissociation and

inadequateflow-rate-can—resultin re-binding effects_during dissociation. Here we used flow
rates of 100-500 pL/min, association times of 80-300 s, and 1500 s of dissociation time. »

sample-guantities;wWe used 150 ng of the cross-linked ligands, and 2-20 ug of its partner for

a series of 3 concentrations.,

Biophysical approaches with a labeled partner

Analytical UltraCentrifugation with Fluorescence Detection (AUC-FDS): AUC is a powerful
technique for the characterization of macromolecules and macromolecular self- and hetero-
association processes in solution. It was used here with labeled protein or DNA, but it can be
used with non-labeled material like SEC-MALS and ITC. An analytical ultracentrifuge is a high-
speed centrifuge equipped with one or more detectors (absorbance/interference,
fluorescence) allowing to monitor sedimentation in real time. Two types of complementary
experiments can be performed, sedimentation velocity and sedimentation equilibrium (Zhao
et al., 2013). Sedimentation velocity experiments allow to determine the size distribution of
species, their aggregation and oligomerization, sedimentation coefficients, hydrodynamic
radius, shape and molar masses, their stoichiometry and Kp (by isotherm fitting of
sedimentation coefficients measured at various concentrations). Sedimentation equilibrium
is-experiments are suited for well-defined samples, and gives molar mass and Kp information.
The centrifugation speed can be set between 600 and 260 000 g allowing to study all sizes of

macromolecules. The duration of sedimentation experiments ranges from 2 h to several days
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{Fig—S3). dn/dc and UV extinction coefficients values, which are needed to analyse {Formatted: Font: (Default) Calibri, 12 pt }
data obtained with absorbance and interference optics, can be [Formatted: Font: (Default) Calibri, 12 pt J
determined from the protein sequence using the SEDFIT calculator module (Schuck, 2000). For { Formatted: Font: (Default) Calibri, 12 pt J
the AUC-FDS experiments we used a Proteomelab XL-1 ultracentrifuge from Beckman Coulter {Forma"ed: Font: (Default) Calibri, 12 pt }
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equipped with a Fluorescence Detection System (FDS) from AVIV Instruments—{Fig—S1}. A
sedimentation velocity experiment requires 100-450 uL of sample at 0.3 to 1.5 OD, for
absorbance/interference detection, and 5-60 nM concentration, for fluorescence detection,
whereas sedimentation equilibrium requires 130 uL at 0.2 to 0.5 OD. In interference, the limit
of detection is 0.1 mg/mL, but in absorbance it depends on the sample extinction coefficients.

To characterize an interaction using the AUC fluorescence

detector, a range of 2 nM to 2 uM is typically used. When the
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affinity _is very high, a range between 2 pM and 2 nM is chosen, but a

blocking agent - e.g. BSA at 1 mg / mL - is added in the sample to avoid

non-specific adsorption and loss of fluorescent dye. To produce the data described here, we

used about 1-3.5 pg of the fluorescent molecule and 8-80 ug of the non-fluorescent molecule.

Microscale Thermophoresis (MST): MST is a novel technology for the analysis of biomolecules
based on the modification of fluorescence intensity induced by the temperature, due to
Temperature Related Intensity Changes (TRIC) and the directed movement of particles in a
microscopic temperature gradient (thermophoresis) (Asmari et al., 2018; Jerabek-Willemsen
et al., 2011). Thermophoresis is influenced by a combination of changes at the level of the
hydration shell, shape, charge..., of biomolecules (all the parameters that influence the Soret
coefficient)-ef-biemelecutes, which result in differences of movement along the temperature
gradient as well as the-of brightness of the fluorescent tag. MST provides information on the
binding affinities with good accuracy and sensitivity in the pM to mM range. This technology
allows immobilization-free measurement of interactions in any buffer and complex biological
liquid, but requires one of the two partners to be labeled with a fluorescent dye to measure
protein-protein interactions (there is also a label free instrument that detects the intrinsic
fluorescence of proteins). Any size of unlabeled molecules can be used (from ions, to large

proteins). MST experiments are performed in capillaries, thus require a low sample

consumption. Method development for MST is usually fast and consists of three steps: (i)
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ensure there is enough fluorescence signal intensity. (ii) Check your sample for sticking to the

capillaries. (iii) Establish the noise floor of your experiment by measuring MST of just your

target without ligand at the final settings (final concentration, excitation laser and ‘MST

power’ = IR laser LED power to be used). We used a Monolith NT.115 blue/green and a
red/blue from NanoTemper Technologies,—Fig—S1): MST—experiments,—performed—in
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capillariesrequirea-tow-sample-consumption{200 pL at 20 nM of the fluorescent molecule;
and 20 pL of the non-fluorescent molecule at the highest concentration needed;-(depending
on the expected Kp). To produce the data described here, we used about 50-350 ng of the

fluorescent molecule and 6-12 pg of the non-fluorescent molecule.

Sample preparation

To perform biophysical characterization measurements, samples of high purity, stability and

monodispersity are needed (Fig. S1). We chose well characterized systems from our

laboratories, and the concentration ranges employed to accurately determine binding

parameters were already known.

AlphaReps are recombinant proteins produced by standard overexpression procedures in
E.coli (Guellouz et al., 2013). For our experiments, we used the following alphaRep proteins:
A3, which is the target and Repl7 and Rep2, which are the binders. Because A3 forms
homodimers at high concentration, it was used as ligand for real-time biosensors approaches
(BLI, switchSENSE) and was the labeled partner in AUC-FDS and MST experiments. In the
conditions used, we assumed A3 is a monomer—as—t. The simultaneous presence of the

monomeric and dimeric forms would make the analysis difficult.- A3 dimers are unable to

interact with Rep17, and it is only when they dissociate into monomers that, the interaction

with Rep17 occurs. A dissociation constant of 37 nM for the A3 / A3 dimer was measured by

AUC (Léger et al., 2019). This is why we observe several events in ITC: the dissociation of the

A3 dimer and the interaction with Rep17.

Ku is a recombinant protein produced by standard overexpression procedures in insect cells
(Nemoz et al., 2018). For our experiments, we used different lengths of dsDNA depending on
the assay format. Shorter DNA are not adapted for biosensor approaches, since a DNA too
close to the surfaces will hinder its interaction with Ku. DNA is practical to work with, because
it is easy to modify and is commercially available. For immobilizationed on BLI biosensors and
for detection in AUC-FDS and MST, we ordered biotinylated and 5-Carbofluorescein (5-FAM)-

labeled DNA oligonucleotides, respectively.

monodispersity-are-peeded{Fig-S2)-All proteins were dialyzed to eliminate glycerol from the
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storage buffer, which can interfere with the measurements. We chose the pH and ionic
strength of the buffer for the best solubility of the samples. To simplify as much as possible,
we used the dialysis buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 5 mM B-mercaptoethanol) as
running buffer in most experiments. Due to the particularities of each approach and
measurement devices, there are some limitation in the buffer choice. In some cases, blocking
agents were required, such as 1mg/mL BSA, especially for low protein concentrations (in the

nM range), to prevent surface adsorption. To reduce surface tension in capillaries and

microfluidic devices, as-wel-as-detergents were required, such as 0.1 % Tween-20,-te+reduce
surface-tension{capilarieschipbiesensors). For AUC-FDS, we had to avoid Tris-HCl or HEPES

above 20 mM, which can cause problems at 230 nm wavelength, and be aware of other

absorbent molecules (nucleotides, old DTT or 3-mercaptoethanol). For MST experiments, we
used the commercial MST buffers (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 10 mM MgCl,, 0.05
% Tween-20) for Ku-DNA and, Roti®-Stock 1x PBS (10 mM Na;HPOQOas, 2 mM KH2PO4pH 7.6137
mM NaCl, 2.7 mM KCl, 0.005% Tween 20) for A3-Rep17. For switchSENSE sizing experiments
Dh estimation, a low salt buffer is required (10 mM Tris-HCI, 40 mM NacCl, 0.05 % Tween-20,
50 uM EGTA, 50 uM EDTA).

In order for new users to determine the concentration ranges to work with in an unknown

system, preliminary experiments need to be done using a broad range, observe the results

and in consequence refine the initial conditions to a narrow range that could better suit the

system in _question. If an interaction partner is difficult to produce or not stable at high

concentration, in solution approaches will be the one to keep in constant concentration during

titration of its partner. In the other approaches must be the one to try first to immobilize or

label. Reverse configuration can be always tested to improve or confirm the results.
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Results

Biophysical measurements of alphaRep interactions

We characterized the interaction of A3 with its binders Rep2and-Rep17 (Rep2 was also used

during the preparation of the training) using the following techniques presented in the Fig. 1:

in solution approaches, which do not require labeling (SEC-MALS and ITC), in solution
approaches that require labeled protein or DNA (MST and AUC-FDS), and surface approaches
(BLI and switchSENSE). The students performed the measurements presented here during the

training (Fig. 2, Fig. S23 and Table S1). Fhe-studied-interactions-datarepresentiimited-value

controls—are-needed—When available, we mention the values that have been reported for

some approaches in previous studiesartictes.
AlphaRep interactions measured by label free in solution approaches

Due to time limitations, the SEC-MALS experiments were performed in-eurplatferm-prior to
the training. We used a Superdex 200 increase 10/300 GL column (Cytiva), and compared
three different runs with A3 alone, Rep2 alone and A3-Rep2 complex at 2 mg/mL
concentration—each. A3 eluted as a dimer with a molar mass of 44.8 + 0.4 kDa and, a
hydrodynamic radius of 3.0 + 0.2 nm. Rep2 eluted as a monomer with a molar mass of 11.6 +
0.9 kDa. The Rep2 concentration was insufficient, in view of the small molar mass, to make
accurate sizing measurement by DLS. Finally, the A3-Rep2 complex eluted before the free
proteins, with a molar mass of 65.5 + 0.4 kDa and hydrodynamic radius of 4.0 + 0.2 nm (Fig.
2b). The stoichiometry was determined by using the protein conjugate method (Loiseau et al.,
2017). Accurate mass can be calculated from MALS data with this method, which uses two
concentration detectors simultaneously (a refractometer and UV spectrophotometer), and
information about refractive index increment (dn/dc) and UV extinction coefficient of each
component. In our case, the complex corresponds to one dimer of A3 and two Rep2

molecules.

Preparatory ITC experiments were performed in-eurplatferm-on a PEAQ-ITC instrument with
A3 in the cell at 18 uM and Rep17 in the syringe at 187 uM (Fig. S23a). Three different groups

of students did a triplicate measurement-{Fig—2¢} during the training using the same PEAQ-
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ITCsame instrument. We observed bi-phasic thermograms, and isotherms were fitted using a
model of two identical binding sites with cooperativity. This cooperativity could stem from the
propensity of A3 to form homodimers at uM concentration as shown by SEC-MALS (Freire et
al., 2009; Vega et al., 2015). We could estimate two Kp values, the first Kp corresponds to an
interaction with a tight affinity (Kp1 from 0.485 ~to 0.667 nM) and the second one to a weaker
affinity (Kp2 from 16 —to 32 nM)_(Fig. 2c). With the obtained parameters for each site,
described in the table at the bottom of thermograms, an average global affinity (Wyman and
Gill, 1990) could be calculated (geometric mean of both dissociation constants: Kp,av = sqrt(Ko1
x Kp2), which for each assay was 3.9 nM, 3.1 nM, and 3.2 nM, close to that obtained with other
techniques. Data were analyzed during the training using the Origin software and the new

PEAQ ITC software for comparison.

AlphaRep interactions measured by biophysical approaches with a partner immobilized on

a surface

PreliminaryCemparable analysis using SPR—elassical-technology, were carried out in—eur
platformusing-a ProteON XPR36 instrument from Biorad (data not published, Fig. S23b).

Before the training pPRreliminary BLI experiments were performed befere-the-trainirg-on an

Octet RED384 instrument where His-tagged A3 protein was captured on Ni-NTA sensors at 5
pg/mL for 20 s and Repl7 concentration sanges-ranged from 200 nM to 1.56 nM. In these
conditions, in which A3 is most probably in a monomeric form, the calculated kinetic rates
were kon of 1.3 10*> Ms%, korr 0f 5.9 103 s'T and Kp of 22.4 nM (data not shown). We observed
that the fit was not correct with a single site model and that residuals showed systematic
errors. During the training, a duplicate experiment was performed on an Octet RED96e in a
buffer containing 1 mg/mL BSA and 0.1 % Tween-20 to limit the non-specific binding. In this
case, the fitting was improved (Fig. 2d). We obtained the following preliminary values: kon of
2.6 +0.7 10*° M5, korr of 7.6 + 0.7 10* 5’1, Kp of 3.2 + 1.1 nM. The Kp measured from the
plateau of the curve (steady state) was of 3.3 £ 0.8 nM, close to the one obtained from kinetics

(Fig. S23c).

For the switchSENSE experiments, we first coupled A3 with the DNA strand (cNL-B48), which
was complementary to the surface-tethered DNA strand on the chip. In this case, the surface-

tethered DNA strand was labeled with a red fluorescent probe (NLB48-red dye). The DNA-
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protein conjugate was purified using an anion-exchange-chromatography (Fig. S23d, top left).
We then hybridized the A3-cNLB48 with the NLB48 on the sensor surface at a concentration
of 100 nM. The hybridization step could be monitored in real-time by measuring the
fluorescence increase (Fig. S23d, top right). Preliminary kinetic experiments were done using
the dynamic mode (switching of the nanolevers)-in-eurplatferm. Rep2 alphaRep was used as
analyte at three different concentrations ranging from 100 nM to 11.1 nM. Preliminary kinetic
rates were calculated from a global fit for the three concentrations: kon of 2.40 + 0.05 10*® M-
151, korr of 6.86 + 0.23 10 st and Kp of 0.29 + 0.01 nM (Fig. S23d, bottom, left). For each
analyte concentration, it was possible to perform a sizing experiment to measure the
hydrodynamic diameter of the ligand A3, before or after association with Rep2. The Dy of the
dimeric form of A3 calculated from the crystal structure (PDB 6FT) is found to be equal to 4.8
nm. Due to protein dilution, we expect A3 to be present as a monomer on the DNA conjugated
strand. Indeed, the Dy of 3.0 £ 0.1 nm measured in our switchSENSE experiments is compatible
with a monomeric form of A3 (Fig. S23d, bottom, right). The Dn= 3.8 £ 0.1 nm measured for
the complex A3-Rep2 corresponds to an increase of 0.8 nm when compared to the
hydrodynamic diameter of the monomeric form of A3 (Fig. S23d, bottom, left). During the
training, kinetic experiments in static mode (nanolevers in up position) were performed, as

before for Rep2, with Repl7 concentration ranging from 100 nM to 11.1 nMin-the-same

igand. The calculated kinetic values

measured in this case were in the same range than the ones obtained previously with Rep2:
kon of 2.35 + 0.17 10%® M%s’%, korr of 2.30 + 0.34 103 s and Kp of 0.98 + 0.16 nM (Fig. 2e).

During the training, students did not have time to run a sizing experiment.

AlphaRep interactions measured by biophysical approaches with a labeled partner

Because AUC-FDS experiment were-was time consuming, data were collected before the
training—in—eur—platform. We first labeled A3 with the dye NT495 using the commercial
NanoTemper Monolith Protein Labeling Kit BLUE-NHS (Amine Reactive). In these conditions,
we were able to use a low concentration of A3 (5 nM). At this nanomolar concentration, A3 is

a monomer as observed before by switchSENSE. We used variable concentrations of Rep17
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from 0.5 nM to 0.5 uM, and an An-50 Ti rotor at 42 000 rpm (130000 g) speed. The
sedimentation coefficients for A3 and A3-Rep17 complex were 2.16 + 0.08 S and 2.96 + 0.05

S, respectively and the calculated Kp at equilibrium was 13.4 + 1.8 nM (Fig. 2fe).

Finally, for the MST experiment, we decided to use anether-the dyefrom—NaneFemper
Menolith—His-Tag—LabelingKit—Red-tris-NTA 2" Generation_dye from the NanoTemper

{Formatted: Font: Not Italic

Monolith His-Tag Labeling Kit, this site-specific non covalent labeling substantially improved

the signal respect to the 15t Generation dyes, and respected better the integrity of protein.

Red-tris-NTA labeled A3 could not be used in AUC-FDS experiment, because its excitation and

emission _maxima _are out of the fluorescence detector range (488nm and 505-565 nm

respectively). In theis MST experiment, labeled A3 was at 76-35 nM, and the highest

concentration of Rep17 was 8 uM. The titration curves we obtained allowed us to measure a

Ko of 8.0 £ 4.3 nM (Fig. 2g). Using-thetabeled-A3-produced-forthe AUC-FBSat20-rM-did-net

Figure 2. Biophysical measurements of alphaRep interactions.
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a) Crystal structure of A3 alphaRep (a-A3, blue) in complex with Rep2 (bA3-2, green) (PDB: 4JW2) at 90° view
(left). b) SEC-MALS analysis. Elution profiles and molar masses of Rep2 in blue, A3 in red, and the complex of A3-
dimer and two molecules of Rep2 in green. c) PEAQ-ITC data of A3-Rep17 interaction obtained during the training
for three groups (A, B and C). K, Kp, and AH were the association constant, the dissociation constant, and the
interaction enthalpy of either of the two binding sites when the A3 dimer was unoccupied. o and Ah were the
cooperative interaction constant and the cooperative interaction enthalpy, which reflect the binding cooperative
phenomenon (a factor that modulates the binding affinity and a term that modulates the binding enthalpy to the
second site when there was a site already occupied, respectively). n was the active (or binding-competent)
fraction of protein, since the stoichiometry was already included in the model. Kp1 and AH; were the intrinsic
site-specific dissociation constant and binding enthalpy for the first binding site (Kp1 = Kp, AH; = AH). Kp2 and AH,
were the intrinsic site-specific dissociation constant and binding enthalpy for the second binding site (Kpz2 = Kp1 /
o, AH; = AH; + Ah). d) Octet RED96e BLI kinetic analysis of A3-Rep17 interaction in duplicate. Colors code of
Repl7 concentration: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM
(red), 200 nM (blue). e) switchSENSE kinetics analysis of A3-Rep17 interaction on dynamic mode, at three Rep17
concentrations. Normalized association (left) and dissociation (right) data were represented in function of time.
f) AUC-FDS distribution of sedimentation coefficients (left) with labeled A3 at 5 nM and increasing concentrations
of Rep17 from 0.5 nM to 0.5 uM, obtained with the program SEDFIT (Schuck, 2000) and GUSSI (Brautigam, 2015).
Colors code of Rep17 concentrations: 0 uM (navy blue), 0.5 nM (blue), 1 nM (cornflower blue), 2 nM (cyan), 4
nM (green), 8 nM (springgreen), 16 nM (yellow), 32 nM (orange), 64 nM (red), 128 nM (maroon), 256 nM (brown)
and 0.5 uM (black). AUC-FDS Kp calculation (right), by fitting with isotherm tool in the program SEDPHAT. g) MST
analysis with red fluorophore. Inset, MST traces_from relative fluorescence versus time, MST on used was 10 s
(red band).

In summary, the students obtained preliminaryresults-in one week with-the-sixusing several
complementary approaches, results that were consistent in stoichiometry, and to a lesser
extent, in kinetic rates or affinity (Table S1). They could observe that the required ameuntof
materialquantity of sample, ligand or analyte, for each approach differs significantly. They also
observed that some approaches gave highly complementary information on the system
studied (Fig. S23). For example, ITC shows that the interaction is cooperative when A3
alphaRep is used at the high concentration needed for ITC (18uM). This cooperativity, linked
to the dimeric state of A3, was not observed with monomeric ligand immobilized on BLI or
switchSENSE. They observed higher Kp values with AUC-FDS and MST, where one of the
partner is labeled, reflecting possible steric hindrance between the fluorophore and the
interaction site. This was particularly true with the covalent amine labeling strategy where the

Ko measured by MST was three order of magnitude higher.
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Biophysical measurements of Ku-DNA interactions

We determined the interaction of the heterodimeric full-length protein Ku with four double-
strand DNAs (dsDNAs) of different lengths: 18 bp, 42 bp, 48 bp, and 200 bp (Fig. 3, Fig. S34).

Ku binds DNA through its ring-shaped structure (Fig. 3a). The main observations made during

the training for the Ku-DNA interactions ;-using-the-same-sixappreachesasforthealphaRep
interaetions;-are shown in Fig. 3 and Table S2.

Ku-DNA interactions measured by label-free in solution biophysical approaches

For SEC-MALS, we used a Superdex 200 increase 10/300 GL column (Cytiva)the-same-—celumn

as above and ran first a quadruplicate experiment with Ku alone, resulting in an average molar
mass of 144.4 kDa (Fig. S34a). We then ran a duplicate experiment with Ku and a 1.2 excess of
42 bp DNA. We obtained three peaks: the first corresponded to 2 Ku : 1 DNA complex (average
Mw of 306.2 kDa), the second corresponded to 1 Ku : 1 DNA (average Mw of 171.0 kDa), and
the last corresponded to the excess of dsDNA alone (average Mw of 26.1 kDa). This suggests
that there is an equilibrium between 2:1 and 1:1 Ku-DNA complexes (Fig. 3b) with
stoichiometries determined by using the protein conjugated method (Loiseau et al.; 2017).

The presence of these two types of complexes could be explain by the use of a non-saturating

Ku concentration.

For ITC experiments, we used in our laboratory two different sizes of dsDNA, 18 bp and 42 bp
(Gontier_et al., 2021,-Chapterof-MiMB,—n-press). Due to time limitations students repeated
the measurement only with the 42 bp. We used a VP-ITC instrument which consumes more
sample, but was more sensitive to study these protein-DNA interactions. The heat effects were
positive (endothermic interaction) and small (0.2 pcal.sec) (Fig. 3c). Students did two runs,
the first at 20 UM and the second at 40 uM concentration of DNA in the syringe, and in both
cases Ku at 4 uM in the cell. We obtained a mean Kp at equilibrium of 3.7 + 0.7 nM with a
molar ratio of 0.34 + 0.02 and a AH of 24.4 + 2.7 kcal/mol. The molar ratio was in good
agreement with a ratio of 0.5 expected for the interaction of two Ku molecules with a DNA of
42 bp. No evidence for cooperativity was observed. All the data were analyzed using the Origin

software and the new PEAQ ITC software for comparison.

Ku-DNA interactions measured by biophysical approaches with a partner immobilized on a

surface
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Preparatory BLI experiments were performed on an Octet RED384 instrument. Firstly, we tried
the same-strategy that was used for the A3 alphaRep protein, i.e. eaptured-capturing the Ku
heterodimer on Ni-NTA sensors. We did not observe any binding with an 18 bp DNA as analyte
(data not shown). We hypothesized that the DNA binding site may not be accessible when Ku
is immobilized through its His-tag. We therefore tested another strategy, which relied on the
capture of a biotinylated 42 bp DNA on Streptavidin sensors (at 10 nM for 120 s), which were
then incubated with Ku protein as analyte (at concentrations in 200 nM to 1.56 nM range). In
these conditions, we observed an interaction, with an estimated Kp around 40 nM (data not
shown). We repeated the experiment in duplicate during the training on an Octet RED96e
using an optimized buffer with 1mg/mL BSA and 0.1 % Tween-20, and Ku protein
concentrations ranging from 200 nM to 3 nM. The results of the two runs were consistent,
with apparent kinetic rates, kon of 1.91 + 0.02 10" M%s™, kogr of 7.17 £ 0.33 10 s%, and a Kp
of 0.37 £ 0.01 nM (Fig. 3d). However, the deviation between the fitted curves and the
experimental data was high, indicating that the interaction mechanism was more complex
than a simple 1:1 binding. For instance, the association and the dissociation processes could
be limited by the diffusion of Ku towards and from the biosensor surface (mass transport
limitation). We therefore analyzed the concentration-dependence of the steady state
responses and measured a Kp of 5.2 £ 0.2 nM (Fig. S34b). As several curves did not reached a
steady state, this Kp value could however be overestimated and experiments should be

reproduced with longer association times._Taking everything into account, BLI binding

constants were at this stage only qualitative.

Preliminary switchSENSE experiments were done before the training by forming an 80 bp
dsDNA on the sensor. For that, we hybridized an 80-mer DNA with a 32-mer DNA. This DNA
was complementary to the NL48 ssDNA on the chip (Fig. S34c, top, left). We performed kinetic
analyses in duplicate using static mode and Ku protein at 500 nM concentration. We obtained
the following kinetic rates: kon of 9.3 + 0.1 10" Ms%, korr 0f 2.8 £0.1 10 s, and Kp of 3.1
0.1 nM (Fig. S34c, bottom). We monitored the dissociation over a long time (5000 s) to
measure a significant proportion of dissociated Ku molecules. In between, we performed a
sizing measurement. The calculated value (Dn = 8.9 + 0.3 nm) was in good agreement with the
one obtained from the crystal structure of the Ku-DNA complex (PDB: 1JEQ; Dn = 8.9 nm) (Fig.

S34c, top, right). During the training, we performed experiments in dynamic mode using a 48
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bp DNA (without overhang). We used a Ku concentration range from 200 nM to 22.2 nM with
1/3 serial dilution this time. In these conditions, the protein was closer to the fluorophore at
the tip of the 48 bp DNA on the chip. We measured in these conditions a kon of 2.6 + 0.2 10*®
M1s? akorr0f 2.3+0.3103 5%, and a Kp of 1.0 £ 0.2 nM (Fig. 3e). During the training, students

did not have time to run a sizing experiment.

Comparable preliminary data were obtained by SPR in-eurplatferm-using a ProteON XPR36

instrument from Biorad (Fig. S34d, left), and intastitutPasteurplatform-using-a Biacore T200
instrument from Cytiva (Fig. S34d, right).

Ku-DNA interactions measured by biophysical approaches with a labeled partner

For AUC-FDS, we used an 18 bp DNA labeled with fluorescein (FAM) in 5’. We titrated the DNA
(60nM) with Ku preteir-frem-(concentration range from 0.5 nM to 0.5 uM)-concentrations

with-60rM-efBNA. The sedimentation profile showed two species, corresponding to the DNA
alone (2.15 £ 0.05 S) and to the 1:1 protein-DNA complex (7.25 £ 0.15 S), and we were able to
determine the Kp at equilibrium (12.9 + 3.2 nM) (Fig. 3f).

For MST, we used the same 18 bp labeled DNA samelabeled18-bp-BNA-as for AUC-FDS, but

at 10 nM—cencentration; and titrated it with Ku (concentration range from 2 uM)

eoneentration. Training participants performed four runs in total, in duplicates or triplicate
measurements-(Fig. 3g). We could see some variability in the curves that might originate from
the pipetting of the different students. All curves were fitted globally resulting in a Kp of 2.8
nM.

Comparable data were obtained in_parallel of the training with a novel technology,

microfluidic diffusional sizing (MDS) in collaboration with Fluidic Analytics (Fig. S34e). The
Fluidity One-W instrument measures the rate of diffusion of macromolecules under steady
state laminar flow in a microfluidic chip. In a diffusion chamber with two parallel streams, the
migration of a labeled partner depends on its size. At the end, the streams are re-split and
froem-the fluorescence ratio efthe-fluerescence-between the two allows to calculatem; Rh-s
calewlated. Then—changesin-average-size-aftertitrat variation of Ry observed when titrating

an—urlabeled-bindingpartneragainst-the labeled partner_by the unlabeled one allows to
generate;give a binding curve and to calculate a Kp value.
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618 a) Crystal structure of the Ku- DNA complex (PDB: 1JEQ). View down the DNA helix (left) and side view (right),
619 with Ku70 colored in red, Ku80 in yellow cartoons and DNA in grey spheres. b) SEC-MALS elution profiles and
620 molar masses of Ku-DNA complex in duplicate. Representation of elution volumes in mL and molar mass in g/mol.
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c) VP-ITC data in duplicate. d) Octet RED96e BLI kinetics data in duplicate. Colors code of Ku concentration: 3.13
nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red), 200 nM (blue). e)
switchSENSE dynamic mode data for three Ku concentrations. F) AUC-FDS measurement of Ku-DNA interaction.
AUC-FDS distribution of sedimentation coefficients (left) with labeled DNA at 60 nM and increasing
concentrations of Ku from 0.5 nM to 0.5 uM, obtained with the program SEDFIT (Schuck, 2000) and GUSSI
(Brautigam, 2015). Colors code of Ku concentration: 0 uM (navy blue), 0.5 nM (blue), 1 nM (cornflower blue), 2
nM (cyan), 4 nM (green), 8 nM (springgreen) , 16 nM (yellow), 32 nM (orange), 64 nM (red), 128 nM (maroon),
256 nM (brown) and 0.5 uM (black). AUC-FDS Kp calculation by fitting with isotherm tool in the program SEDPHAT
(right). g) MST analysis. Representation of ligand concentration against AFNorm °/°° (left). Superposition of
several run in the similar conditions, but different excitation power and students. Summary of MST data (right).

In summary, for the Ku-DNA project, the students also obtained alse-fortheku-DNA-project
results-consistent results ofin stoichiometry, and-in-the-samerangeforkinetic rates er-and

affinity (Fig. 3, Table S2). As for the alphaRep project, they-ebserved-that-the ameuntof

materialquantity of sample required varies between the different approaches. ITC, SEC-MALS

and AUC-FDS were very efficient for measuring the stoichiometry of Ku on DNA with one Ku
molecule bound every 18-21bp DNA. They observed that measurements on surfaces, either
by BLI or switchSENSE, were successful only when the DNA was immobilized. They could
observe that switchSENSE allows a quite accurate estimation of the Ku size (Fig. S34d, bottom).
Oligonucleotides with a fluorescent probe in 5’ or 3’ are inexpensive and allow to follow the
interaction between a fluorescent DNA and a protein quite easily by MST or AUC-FDS, without

major steric hindrance between the fluorescent probe and the interaction sites.

Discussion

The study presented here compares six different in vitro biophysical approaches to

characterize the architecture (in terms of size or stoichiometry) and binding parameters (kon,

korr, Kp) of two different types of complexes (protein-protein and protein-DNA). It was

designed to provide a rather complete overview of six different techniques in a short period.
During a week, 20 participants performed this study in the context of a-the MoSBio Training
School (ARBRE-MOBIEU COST Action). During the first day of the training school, experts of
each field presented the projects, the theory and examples of applications for the three
classical techniques (AUC, SEC-MALS, ITC), and the three more recent ones (MST, BLI,
switchSENSE). An additional presentation about, sample quality control, a relevant subject
regarding reproducibility of experimental measurements, completed the first day of the
training (Raynal et al., 2014). The remainder of the week was dedicated fulltime to practical
sessions where the participants could perform experiments on instruments, analyze results

and discuss with experts. All six approaches, except AUC, and SEC-MALS for the alphaRep
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interaction, were successfully used during the training school to study two important types of
macromolecular interactions (pretein-proteinalphaReps and Kupretein-DNA). The training
allowed the students, first, to compare the quantity of material consumed for each technique,
and, second, to understand the parameters that can be measured by each of them (Fig. 4).
This first edition of the MoSBio Training School was positively assessed by-both by experts
trainers and participantstrainees. It was a unique opportunity to compare advantages and
limitations of this large ensemble of techniques. A new edition will be scheduled soon. The
participants were able to use all instruments quite easily by themselves, with the exception of
AUC, which requires a little more expertise and longer run times. Finally, this study showed

students could observe that the Kp vary significantly with the technique used, though the Kp

measured were all in the nanomolar range. The maximal and minimal values of Kp measured

between the alphaRep and the different techniques differ by a factor 21. The extreme Kp differ

by a factor 13 for the Kp measured between Ku and DNA. We observed that in these two

systems the presence of a label on one partner, in MST and AUC-FDS approaches, comes with

a_higher Kp than without label. During the training school, the students could observe the

variability on the Kp values measured in the different groups or with the different approaches

(see Fig. 2 and Fig. 3). The training was also an opportunity to discuss on the technigues that

are more favorable Neverthelessthisisnetthe-case-whenwewantto measure lower kg-(pM)
or higher &s-(uM) Kp_values.

The results presented here for the alphaRep-proteins and Ku-DNA complexes highlight the
advantages and drawbacks of each approach. The gquantityameunt of required material
sample was not limited in our case, but the participants clearly observed that the amounts of
protein and DNA used for each approach are very different (Fig. 4). AUC, SEC-MALS and ITC
are the most sample-consuming techniques. The ITC200 and PEAQ-ITC instruments were an
important progress for ITC in this regard, but we observed that for interactions with very weak
heat exchange like Ku-DNA, the more sensitive, but more sample-consuming VP-ITC was still
needed to obtain good results. Surface methods like BLI and switchSENSE require only small
amounts of the immobilized protein. For the study of high affinity systems (in the nM range)
like those characterized here, the consumption of analyte is small too. For weaker affinities

(higher Kp in the uM range) the_required —ameuntquantity of analyte will however rise
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significantly to cover concentrations from 1/10 of the Kpto 10 times the Kp. The MST technique
consumes very small volumes of material once the labeling step is successfully achieved.
Anyway, the time and sample consumption for a given technique must be evaluated not just

for a single successful experiment, but must also eensidering—ttake into account he

experimental design and optimization stage.



692  Figure 4. Comparison of results obtained for the alphaReps and the Ku-DNA interaction with
693  the six approaches.
694
SEC- 200 ug A3, 200 pg Rep2 80 ug A3, 130 pg Repl7
ITc
MALS Molar mass Biphasic curve
Stoichiometry: Cooperativity (A3 dimer)
(A3-dimer): 2 Rep2 Ko, Kpa, AH, -TAs
8 ug A3, 2 ug Repl? . 150 ng A3, 2-20 pg Repl7
Alpha BLI Switch-
Reps o A3-monomer SENSE A3-monomer
Ko, kow, korr Size (Dp)
Ko, ko, kore
1ug A3, 8 ug Repl? 620 ng A3, 6 ug Repl7
AUC- (One labeling failed)
MST
EDS Sedimentation coefficient Ko
Stoichiometry
Ko
SEC- 40ug of DNA, 200 pug Ku 990 pg Ku, 320 ug DNA
ITc P
MALS Molar mass Biphasic curve
Stoichiometry: 1 Ku /18-21 bp Stoichiometry: 1 Ku /18-21bp
Kp, AH,-TAS
400 ng DNA, 14 ug Ku 150 ng DNA, 2-20 pg Ku
Ku- BLI (Failed with Ku immobilized) Switch- Ligand is the nanolever)
_ SENSE
DNA Ko, kow, kore Size (Dp)
Ko, kon, korr
3.5 ug DNA, 80 ug Ku 50 ug DNA, 12 ug Ku
AUC- (DNA easily labeled (DNA easily labeled)
FDS Sedimentation coefficient MST Ko
Stoichiometry
Ko
SEC- AlphaReps 1T AlphaReps
¥—200-1g A3,200 g Rep2 ¥ —80-4g A3, 130 g Repl?
MALS Ny +— Biphasic curve
> Stoichi A3 -3 pan3 > ¢ L 3 i
> —Kpi Ko AH—TFAs
DA DA
v—40pg of DNA 200 pg Ky ¥—990 pg K320 pa DNA
>—Melarmass ¥ Biphasic-curve
>—Stoichiometry: 1 Ku/18-21 bp >—Stoichiometry: 1 Ku-/18-21bp
Ko AH-TAS
BuU AlphaReps switchSENSE | AlphaReps
v¥—8ug A3 2 us Repl? ¥—150pg A3, 220y Repl?
+—A3-monemer ¥—A3-monemer
»—Koprkonkore v—Size{Bs}




695
696
697
698

699
700
701
702
703
704
705
706
707
708

709

710
‘711
712
‘713
714

715

—Korkonkorr
TRl TR
o Eai } ) . v )
»—Kprkonkorr v—Size{Bs}
»—Kprkonrkore
AUCEDS | AlphaReps MST AlphaReps
v —1pgA3 S g Repl? v¥—620-rgA36-pgRepl?
> Sedi A ffici Vg i fai
>—Stoichiometry >—Kp
Ku-DNA Ku-DNA
V3.5 pg DNA-80-pgKu v 50-pg DNA A2 peKu
v DNA-easitylabeled ¥ DNA-easitylabeled
> cedi . i > K
> Stoichi

The experiments performed by the students on the two systems of study with the six approaches were

successful. Quantity-ef-materialsThe sample quantities- used for the different approaches are indicate, as well as
ery-ch e-the ining-highlighted-the parameters that can be deduced

from the different approaches.

All experimental approaches used in this study can provide Kp values of the interaction.
Interestingly, they also provide additional information that may orient the users to one or the
other according to the main questions raised in their specific projects. In the two examples we
studied, the stoichiometry issue is an important point, since the A3 alphaRep is a dimer when
its concentration is in the uM range, while it is a monomer in the nM range. According to this
oligomeric state, we can observe some cooperative binding of its partner-ernet, ersemewhich
influences en—the binding parameters. In this regards, ITC, SEC-MALS and AUC allow
characterizing the ratio between the dimeric alphaRep target and its binders or between Ku
and DNA of increasing lengths, and confirm the information provided by their crystal
structures of the complexes. The sizing measurement in switchSENSE can also provide some

information regarding the stoichiometry or fconformation.

Kinetic parameters are important data to estimate the half-time of a complex, which is an
important interaction parameter-gainring-attentionrecently. BLI and switchSENSE (as well as
SPR) proved to be efficient in this study to determine kon and korr. We observed that the
switchSENSE allows to characterize very-tight interactions with small korr values (korr about
10* s) by monitoring the dissociation over a long time period (5000 s). Thermodynamic

parameters (enthalpy, entropy and Gibbs free energy) also provide key information about
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macromolecular interactions, notably about the polar/apolar nature of the interface between
a protein and its ligand. The Ku-DNA thermograms for example indicate that the interaction is

entropically driven with a positive and unfavorable enthalpy probably linked to desolvation of

the DNA and Ku surface upon binding. Fee-MeSBic—trainingschoslovera—weelcwith-20

%uée&%n.— ved ta b oy eick ionforcnch diconiccinn
L Y

The choice of one technique over another depends mainly on the questions one wants to
answer. Some practical issues can also guide the choice of the method, such as the quantity
and solubility of protein and ligands available, the possibility to immobilize or to label one of
the interaction partners, and the time available. The presence of an instrument and experts
in house or nearby the user is another criterion. Noteworthy, all these approaches are
available in many research institutions in Europe, especially in those engaged in Structural
Biology studies. If needed, these approaches are also available through retwerk-research
infrastructures, like MOSBRI and Instruct in Europe or FRISBI in France. Finally, there are
research networks, like ARBRE-MOBIEU, allowing ard-to fostering fruitful exchanges with

expertsin the different fields. The MoSBio training school over a week with 20 students proved

to be a very rich occasion for such discussions.

Studying macromolecular interactions in vitro are-is extremely complementary to in cellulo
analyses. Interactions observed in cells or in cellular extracts reed-often need further in vitro
validation—characterization and—of target engagement—te—cenfirm—the specificity—ofthe
propesed-interaction. Training schools, as the one described in this article, are central to
further disseminate the importance of biophysical studies in celletar biology laboratories. This
training school contributed to initiate students from various fields ena—to biophysical
approaches and showed in a short period the added-value of quantitative measurements of

protein interactions.

By mutagenesis, Nuclear Magnetic Resonance (NMR) shift or Hydrogen-Deuterium Exchange-

Mass Spectrometry (HDX-MS), one can determine the residues involved in the interaction, and

structural analysis can yield information about their topology. One can play with the
experimental conditions (pH, ionic strength, temperature) to expand the knowledge about the
nature of the interaction under study (electrostatic and/or hydrophobic, exo- or endothermic,
presence/absence of conformational changes, coupling with additional binding equilibria).

Furthermore, pharmacological studies require this kind of biophysical approaches. Finally,
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molecular scale biophysics data can also be alse-used to implement in silico simulations to
predict other interactions in basic research. A second edition of this Training School will be
held as soon as possible. The extremely positive feedbacks from the students, as well as and
from the academic experts and industrials participating in this school, highlights the need for

a better understanding of the theoretical bases and-hands-on-experimentatpracticat-of such

a panel of biophysical methods coupled to hands-on experimental practice.
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Figure $251. Unfolding profile plot of Ku70/Ku80.
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Quality and stability of samples are crucial to obtain accurate biophysical data. For all the biophysical studies
shown in this manuscript, we used a full-length version of Ku (called KuFL), but for structural studies we used a
shorter version where the C-terminus of each monomer is deleted (called KuCC). We took advantage of the new
technology of NanoTemper, the Tycho NT.6 instrument, present during the training, to compare the thermal
stability of these two versions of Ku protein by a fast measurement. Fluorescence intensity is recorded at 330 nm
and 350 nm (emission profile of the Tryptophan residues). The brightness ratio 350 nm / 330 nm plotted against
the temperature is called the unfolding profile plot and inflexion temperatures can be derived representing
unfolding events. Tryptophan fluorescence of KuFL (orange) and KuCC (pink) were follow during a ramp of
temperature of 35-95°C. KuFL showed a higher temperature of unfolding than KuCC (vertical bars). Thus, KuFL
appears to be more stable than KuCC by a few degrees.
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Figure S23. Additional biophysical measurements of alphaRep interactions.
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a) PEAQ-ITC data obtained before the training in our laboratory. K, Kp, and AH were the association constant, the
dissociation constant, and the interaction enthalpy of either of the two binding sites when the dimer was
unoccupied. o and Ah were the cooperative interaction constant and the cooperative interaction enthalpy, which
modulate the binding cooperative phenomenon (a factor that modulates the binding affinity and a term that
modulates the binding enthalpy to the second site when there was a site already occupied, respectively). n was
the active (or binding-competent) fraction of protein, since the stoichiometry was already included in the model.
Kp1 and AH; were the intrinsic site-specific dissociation constant and binding enthalpy for the first binding site
(Kp1 = Kp, AH1 = AH). Kpz and AH; were the intrinsic site-specific dissociation constant and binding enthalpy for
the second binding site (Kp2 =Kp1 / o, AH, = AH; + Ah). b) Sensograms of alphaRep A3-Rep17 interaction measured
in duplicate on a ProteON XPR36 instrument from Biorad. For this experiment, association and dissociation times
were 400 s and 1000 s, respectively with a flow rate of 50 uL/min in phosphate buffered saline with 0.1 % Tween-
20 (PBST) using His-Tag capturing (HTG) chip to immobilized A3 at 6.25 or 12.5 pg/mL during 80 s (inducing 60
RU and 95 RU, respectively). Rep17 ranges from 10 to 80 nM concentration. A kon of 2.8 10" M1s%, a kogr of 3.9
1073 s and a Kp of 13.8 nM were measured in the first run, and a kon of 1.8 10*> Ms™, a korr of 4.6 103 st and a
Kp of 25.9 nM in the second one. c) Octet RED96e BLI steady-state analysis in duplicate. Colors code of Rep17
concentrations: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red),
200 nM (blue). dB) Sample preparation for switchSENSE experiments. Anion-exchange chromatogram of the A3
cross-linked protein (up, left). The cross-linked protein was the shoulder of the final peak that correspond to the
free DNA. Hybridization of the cross-linked ssDNA-A3 on the chip, which carries a red fluorescent probe (up,
right). Red profile corresponds to the control (free ctNLB48 without protein) and the orange one to the cross-
linked cNLB48-A3 conjugate. switchSENSE dynamic mode data of A3-Rep2 at three concentrations (middle, left).
Normalized association (left) and dissociation (right) data were represented in function of time. switchSENSE
sizing measurement of A3 hydrodynamic diameter (D) (bottom, left), and of the A3-Rep17 complex (bottom,
right). Measured signal curve is in blue (conjugated DNA), the associated fitted curve in blank, reference signal
(cNLB48) is in orange, and the associated fitted curve in grey. d}-MSTanalysis-with-blue-fluerophore—tnset MST
traces, MST-onused-was10s{red-band)-
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Figure S34. Additional biophysical measurements of Ku-DNA interactions.
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a) SEC-MALS elution profiles and molar masses of Ku alone in quadruple. b) Octet RED96e BLI steady-state data
in duplicate. Colors code of Ku concentration: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green),
50 nM (cyan), 100 nM (red), 200 nM (blue). c) switchSENSE measurement set up (top, left). By hybridization of
complementary DNA carrying the target sequence as overhang, the surface is functionalized with the sequence
of interest. switchSENSE static mode data of 1 Ku concentration in duplicate (bottom). switchSENSE sizing data
(top, right). Reference (bare DNA) is depicted in yellow. DNA-protein-complex is depicted in blue. d) SPR
sensograms by ProteON XPR36 of Ku-200 bp dsDNA interaction measured (right). A 200 bp biotinylated DNA was
immobilized on a Streptavidin (NLC) chip. Ku70/Ku80 ranged from 0.1 to 10 nM concentrations, one heterodimer
may induce 200 RU. A kon of 7.8 + 4 10*® Ms™, a korr of 1.5 10 s and a Kp of 7.3 = 3 nM were measured. This
experiment showed the threading of Ku on DNA, approximately 10 heterodimers bound to this 200 bp DNA. SPR
sensograms by BlAcore T200 of Ku-42 bp dsDNA (middle) and, Ku-60 bp dsDNA (left) interaction measured by
biotinylated DNA immobilized in a serie S sensor chip SA at 10 nM concentration. Same buffer as in switchSENSE
experiment adding 0.2 mg/mL of BSA, flow rates of 20 to 100 pL/min, and Ku at 5 nM as higher concentration for
900 s of association and dissociation. A kon of 1.0 10*® M%s, a korr of 11.7 10 st and a Kp of 1.2 nM (Rmax of 32.9
RU) were measured for the 42 bp DNA and, a kon of 1.4 10" Ms%, a korr 0f 5.0 10 s and a Kp of 35.4 nM (Rmax
of 31.6 RU) for the 60 bp DNA. Colors code of Ku concentrations: 5 nM (light green), 2.5 nM (purple), 1.25 nM
(orange), 0.625 nM (cyan), 0.3125 (pink), 0.156 (dark green), 0.078 (blue), 0.039 (red). The differences observed
in the results depend mainly on the setup strategy of the experiment. Nevertheless, open questions remain to
answers: the purity of dsDNA and the stability of the protein will affect the results, but there is also the possibility
of different ways of DNA fixation by Ku. e) In collaboration with Fluidic Analytics, we collected preliminary data
to test their new instrument, Fluidity One-W with the Ku-DNA interaction. This is a novel technique in solution
based in diffusional sizing of a complex in a microfluidic system. For this experiment we used the same-18 bp
dsDNA-FAM as before (AUC, MST) at 10 nM concentration, and 1/3 dilution of Ku70/Ku80 from 200 to 0.09 nM
concentration. We were able to measure R, (DNA alone, complex) and Kp values.
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952  Table S1. Summary of the results for the interaction between alphaRep proteins

953  interaction-using different techniques.
1
b 5 i *
AUC SEC ITC MST switchSENSE BLI $PR { Formatted Table
FDS MALS*
His-A3 Monomer  [Dimer Monomer
Blue- . . Red-
NHS Dimer /high low His Rep2* Repl7 Monomer
affinity laffinity
Ratio N/A
1:1 1:1 1:1 1:1 N/A 1:1 1:1 N/A
Ko (nM) 134+ 029+ 397+
T + + U + + + T
18 N/A 0.6+0.1 21.3+7.5| 8.0 0.01 0.98+0.16 3.2+1.1 33+08 138
kon (M-1s2) 24+0.1 2.6+0.7 231
" +6 +6 5 - +5
Korr (s7) N/A N/A N/A /A N/A 10 2.4+0.210 10 Steady 1.79 10
6.9+0.2 2.3+0.310° 7.6 0.7 state 4.28
104 10 0.36 103
ther Mw
information (Rep2) =
11.6 kDa
~ Mw (A3) =
;?f) B 44.8 kDa D
0'1 - Ry, (A3) (A3)mono
S' dimer = AH=116 [AH=155 mer=3
(A3/R 3nm +0.6 1.0 N/A nm N/A N/A N/A N/A
17)= i Mw kcal/mol kcal/mol Dy (A3-
3 0; (A3/Rep2) Rep2) =
T =65.5 3.8nm
0.1
kDa
| R,
(A3/Rep2)
=3.8nm

954 In the last column in grey, previous SPR data obtained by P. Minard’s team.*Rep2
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956  Table S2. Summary of the results ebtained-for the interaction Ku-DNA interaction-using the

957 different techniques.
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sizingMDS
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958 The last two columns came from additional data: Preliminary SPR obtained by Charbonnier’s team, and MDF in

959 collaboration with Fluidic Analytics. DNA modified *FAM or **Biotin.
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Abstract

Biophysical quantification of protein interactions is central to unveil molecular mechanisms of
cellular processes. Researchers can choose from a wide panel of biophysical methods,
including classical and more novel ones. A real-life proof-of-concept was carried out during an
ARBRE-MOBIEU training school held in June 2019 in Gif-sur-Yvette, France
(https://mosbio.sciencesconf.org/). Twenty European students benefited from a one-week
training with lessons and practical sessions on six complementary approaches: (i) Analytical
UltraCentrifugation with or without a Fluorescence Detector System (AUC-FDS), (ii) Isothermal
Titration Calorimetry (ITC), (iii) Size Exclusion Chromatography coupled to Multi-Angle Light
Scattering (SEC-MALS), (iv) Bio-Layer Interferometry (BLI), (v) MicroScale Thermophoresis
(MST) and, (vi) switchSENSE. They implemented all these methods on two examples of
macromolecular interactions: firstly, a protein-protein interaction between an artificial

alphaRep binder, and its target protein, also an alphaRep; secondly, a protein-DNA interaction
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between a DNA repair complex, Ku70/Ku80 (hereafter called Ku), and its cognate DNA ligand.
The students acknowledged that the workshop provided them with a clearer understanding
of the advantages and limitations of the different techniques and will help them in the future

to choose the approaches that are most relevant or informative for their projects.

Keywords

Molecular scale biophysics, macromolecular interactions, artificial binders, double-stranded

DNA breaks repair factors

Introduction

Macromolecular interactions play a central role in the activation/inactivation of most cellular
mechanisms. These interactions can be measured in cellulo, or in vitro, and predicted in silico.
The classical in cellulo methods (such as tap-tag or two-hybrid) allow large-scale studies, but
the characterization of a direct interaction between two macromolecules relies on the
guantitative in vitro measurements. These measurements allow to characterize interactions
not only in terms of affinity, but also to determine additional kinetic and thermodynamic
parameters, as well as to define the hydrophobic or hydrophilic nature of the interface. They
also give access to the stoichiometry of the assembly and allow to map the regions involved
by using different constructs or mutants. /n vitro measurements can also be useful to evaluate
the drugability of the interaction site or to understand the role of endogenous regulatory
events on the formation of complexes (post-translational modifications). These
measurements are essential to set-up predictive in silico docking tools. Conversely, by in silico
analysis, the structure of macromolecular complexes as well as the impact of functional
substitutions can be predicted, helping to optimize experimental design (Andreani and

Guerois, 2014).

The original idea of the project presented here originated during the organization of a

European Training School in Molecular Scale Biophysics (https://mosbio.sciencesconf.org/)

within the MOBIEU COST Action. We proposed to the participants to compare different
techniques allowing to measure macromolecular interactions in vitro. Nowadays, there is a
large panel of possibilities, and it becomes difficult to choose which technology will be the

best adapted when embarking into a new project. Each approach presents advantages and
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drawbacks, and it is therefore difficult for the user to choose from the beginning which one
will be most adapted to the properties of the interaction partners. In the workshop, we
focused on six approaches (Fig. 1). Choosing between the different techniques can be
considered in a progressive manner. If none of the interaction partners can be easily labeled
or immobilized on a surface, approaches in which both partners are in solution (AUC, ITC, and
SEC-MALS) should be favored (Fig. 1, top). However, several of them require large quantities
of biological material. When a partner can be immobilized easily on a bio-surface, without
affecting its function, approaches like BLI, switchSENSE and Surface Plasmon Resonance (SPR)
will be often tested, since they offer the possibility to use small amounts of the immobilized
partner (called ligand) (Fig. 1, middle). Finally, when the partners can be labeled, again without
affecting their function, fluorescent probes can be grafted allowing the use of reduced
amounts of material and facilitated signal analysis (AUC FDS, MST, or Microfluidic diffusional
sizing (MDS)) (Fig. 1, bottom).The choice of the optimal approach may further rely on
additional criteria including the solubility of the partners, the instrument environment or non-
specific interactions with instrument surfaces. Finally, it should be stressed that it is preferable
to perform measurements using several orthogonal techniques to fully validate and
characterize a biological interaction, and specify its features, such as stoichiometry, kinetics

or thermodynamics.

Figure 1. Decisional tree to help choosing the biophysical approach best suited for the study

of a specific molecular interaction.
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To determine whether two macromolecular partners potentially interact, first indication of a binding event could
be obtained with qualitative methods (top right): Immunoprecipitation (IP) from cell extracts; Thermal Shift Assay
(TSA); Size Exclusion Chromatography (SEC) shift, measuring the elution volume change after complex formation;
Two-hybrid assay, in cellulo. The production and purification of the macromolecular partners should aim at
reaching high purity, time-stability and monodispersity of the preparation for the interaction measurements to
be reliable. Mass-Spectrometry (MS); Differential Scanning Calorimetry (DSC) ; TSA; Dynamic Light Scattering
(DLS); Activity test (for instance an enzymatic assay); Analytical UltraCentrifugation (AUC); Size Exclusion
Chromatography coupled with Multi-Angle Light Scattering (SEC-MALS). Macromolecular interaction methods
can be classified in three main groups: measurements in solution and label free (AUC; Isothermal Titration
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Calorimetry (ITC) (bottom, left)), on biosensor with a partner graft on a surface (Bio-Layer Interferometry (BLI);
Surface Plasmon Resonance (SPR); switchSENSE technology (bottom, middle)), and methods with a partner
labeled with a fluorescent probe (AUC-Fluorescence Detector System (AUC-FDS); Microfluidic Diffusional Sizing
(MDS); MicroScale Thermophoresis (MST) (bottom, right)). These approaches give access to different parameters
of the interaction and present some specific limitations. If a high quality sample (pure, stable, monodisperse) is
available in large quantity (up to mg amount) one may start with label-free and in solution approaches.
Otherwise, if material is limited for one partner, surface and labeling approaches are a good alternative and
highly complementary to cross-validate interaction measurements. Surface approaches are best candidates to
get access to the kinetic parameters of interaction. Six of these approaches were used in the training school.
Dissociation constant (Kb); stoichiometry (n); association and dissociation rates (kon, korf); hydrodynamic radius
(Rh); Molecular mass (MM).
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In this training school, we used as examples two different macromolecular interactions
systems, that have been well characterized in our laboratories using several of the approaches
discussed here. One is an interaction between two proteins, and the other a protein-DNA
interaction, both with an affinity in the nanomolar range. Reference data were initially
produced in our laboratories. A group of 20 participants reproduced our measurements during

the five-day MoSBio Training School.

The first project comes from P. Minard’s team, who uses an original family of artificial
helicoidal repeat proteins, called alphaRep (Guellouz et al., 2013). AlphaRep libraries allow to
select tight binders against a variety of targets by phage display. The alphaRep’s are highly
soluble proteins, easily expressed in E. coli, which display a very high thermal stability. These
proteins are cysteine-free and, thus do not contain disulfide bonds. They are composed by
repeated motifs made with two antiparallel alpha helices. Clusters of variable side chains,
mainly in the second helix, are positioned on the same face of the motifs. The ensemble of all
these variable motifs forms a library of surfaces from which tight binders can be extracted
against a given target. The alphaRep’s have been used for several applications, such as
chaperones for crystallization and structural studies of difficult targets (Valerio-Lepiniec et al.,
2015; Di Meo et al., 2017; Chevrel et al.,, 2018; Campanacci et al.,, 2019), as well as in
biophysical and live cell studies (Léger et al., 2019; Prasad et al., 2019; Fernandez et al., 2020;
Léger et al., 2020). New applications of these artificial binders are currently being explored in
relation with their ability to be expressed in eukaryotic cells. Here we analyzed the interactions
between two alphaRep’s (Rep2 and Repl7) selected against a protein target, (A3), which is
itself an alphaRep. The interaction between the alphaReps has been extensively characterized
before in the laboratory by ITC, SEC-MALS and AUC, but also by Circular Dichroism (CD), SPR
and Fluorescence Resonance energy Transfer (FRET) (not used in this training school)
(Guellouz et al.,2013; Di Meo et al., 2017; Léger et al., 2019). Both A3 / Rep2 and A3 / Rep17
interactions were tested previously to determine which one was the most appropriate for the
training. Because the former is weaker than the latter, we focused only on the only A3 /Repl7

interaction during the training.

The second project comes from J.B. Charbonnier’s team. It concerns proteins involved in DNA
repair, and more precisely, in the classical Non-Homologous End Joining (c-NHEJ), the main

Double-Strand Break (DSB) repair pathway in human. The Ku70/Ku80 (Ku) heterodimer plays
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a central role in the recognition of DSB ends, as it is the first repair factor that interacts with
them. Ku binds tightly to DNA ends in a sequence independent manner thanks to its ring-
shaped structure (Walker et al., 2001). Ku then iteratively recruits different NHEJ partners
(ligase 4, nucleases and polymerases) (Chang et al., 2017; Frit et al., 2019). Ku also contributes
to the tethering (synapse) between the two DSB ends to avoid misrepair with other DSB ends.
J.B. Charbonnier’s team (Tadi et al.,, 2016; Nemoz et al., 2018) has recently described the
recruitment mechanism of some NHEJ factors by Ku at the molecular level. DSBs, despite being
deleterious DNA lesions, are generated on purpose during radiotherapy or in genome editing
by CRISPR-Cas9. Understanding the molecular basis of the c-NHEJ is thus central to improve
these major biotechnological applications. Here we analyzed the interaction between Ku and
DNA substrates of different lengths, to determine the most appropriate for the training and
to study the threading of Ku on DNA. The characterization of the interaction between Ku and
DNA has been extensively studied in the laboratory by ITC, MST (Tadi et al., 2016; Nemoz et
al., 2018; Gontier et al., 2021), switchSENSE, AUC, BLI (data not published) and, more recently
by other techniques not used during the training school (SPR, MDS or FRET). One Ku occupies
about 18 bp and several Ku molecules can thread on DNA when its size is longer than 18bp,

with one Ku molecule every 18bp.

We present in this article the results obtained by 20 students during a European Training
School in Molecular Scale Biophysics that took place from June 3™ to 7%, 2019 at I2BC at Gif-
sur-Yvette, France. We report the protocols used to analyze the two systems under study
(protein/protein and protein/DNA interactions) using the six biophysical methods mentioned
above. The results obtained by the students during the one-week course are shown and
compared to our previous published data when available. Finally, we compare the advantages
and drawbacks of the different approaches used during this training school and present some
feedback from the students, allowing to have a global overview of the pros and cons of these

six complementary biophysical approaches.
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Materials and Methods

Biophysical approaches in solution that do not require labeling of an interaction partner

Size Exclusion Chromatography with Multi-Angle Laser Light Scattering detection (SEC-
MALS): SEC-MALS allows to determine the absolute molar mass of the components present in
a macromolecular sample. It indicates if elution peaks are homogenous or if they are
composed of mixtures, either of different oligomers or of different conformers. SEC-MALS
allows size determination if an online Dynamic Light Scattering (DLS) detector is included in
the setup (Folta-Stogniew, 2006). In order to determine stoichiometry in a macromolecular
hetero-complex, differences in extinction coefficients are required. An experimental
determination of extinction coefficient by analyzing each partner separately, will be more
precise than in-silico prediction. For a more precise estimation of molar mass of complex
components, you need to know the refractive index increment (dn/dc value) of each complex
partner at the wavelength of the MALS system laser. We used an HPLC system from Shimadzu
coupled to a MALS detector (miniDAWN TREOS) plus a DLS detector (QELS), and a
refractometer (optilab T-rEX) from Wyatt technologies. To run an experiment, one needs 1 L
of running buffer to equilibrate the column and detectors, from 2 mg/mL of protein (for MW
of 20 kDa), down to 0.5 mg/mL (if the MW is higher than 150 kDa). Depending on the column
used, the volume of the sample (30 pL for Bio-SEC-3 Agilent, 50 pL for KW-803/804 Shodex,
and 100 puL for Superose 6, Superdex 75 or Superdex 200 increase 10/300 GL Cytiva) and the
time of elution can differ. A run (including an equilibration step and a control BSA sample)

takes typically a few hours and consumes 40-200 pug of sample.

Isothermal Titration Calorimetry (ITC): ITC allows the direct, and thorough thermodynamic
characterization of interactions between molecules in solution with no limitation of partner
size and without labeling (Holdgate, 2001; Krell, 2008; Velazquez-Campoy and Freire, 2006).
ITC allows to quantify dissociation constants (Kp), but also other interaction parameters
(enthalpy, entropy, stoichiometry, and heat capacity). ITC is not affected by the optical
properties of the samples, but may be very sensitive to the composition of the buffer (e.g in
particular to mismatches between partner sample solutions). In a microcalorimeter the two
cells (reference and sample) needs to be kept at exactly the same temperature. A heat sensing
device detects temperature difference between the cells when binding occurs, upon serial

injection of a ligand, and give feedback to the heaters, which compensate for this difference
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and return the cells to equal temperature. Each injection gives then rise to a peak of emitted
or absorbed heat whose surface is proportional to the amount of binding. For the ITC
experiments, we used three instrument models: VP-ITC, ITC200 and PEAQ-ITC all from
Malvern Panalytical. One of the interacting partners is placed in a cell (1.4 mL for the VP-ITC,
200 L for the ITC200 and PEAQ-ITC) and the other in a syringe (300 pL for the VP-ITC, 40 uL
for the ITC200 and PEAQ-ITC). Sequential injections are made from the syringe (5-10 pL for
the VP-ITC, 1-2 plL for the ITC200 and PEAQ-ITC) into the cell. To produce the data reported
here, we used 80-990 ug of the molecule in the cell, and 130-320 pg of the molecule in the
syringe. The transient heat effect due to complex formation (and other potential unspecific
phenomena) upon partner injection is measured as the titration progresses, from which the

binding isotherm is constructed.
Biophysical approaches with a partner immobilized on a surface

Bio-Layer Interferometry (BLI): BLI is a fast, high throughput and label-free technology for
measuring biomolecular interactions by analyzing the interference pattern of white light
reflected from a layer of immobilized macromolecules on a biosensor tip versus an internal
reference (Abdiche et al., 2018). It enables real-time determination of affinity, kinetic
parameters and concentration, with one of the binding partners immobilized onto the
biosensor surface (ligand) and the other in solution (analyte). This microfluidic-free technology
is particularly adapted for performing binding assays in crude lysates or cell culture media. We
used an Octet RED96e during the training, and an RED384 during the preparation phase, both
from FortéBio. In all cases, one of the interaction partners will be non-covalently captured on
a glass sensor probe. The sensor will then be incubated in microplate wells containing the
second interaction partner in solution. A light beam is sent through the sensor, and the
reflected beam is analyzed using an interferometric detector, that measures the spectral shift
due to the variations of density (optical thickness) that the biolayer undergoes upon
association and dissociation of the complex. The real-time monitoring of these variations
allows to record a « sensorgram », from which the kinetic rates (kon and ko), as well as the
equilibrium constant Kp can be determined through mathematical curve fitting. We used 1-5
ug/mL of ligand to load NTA sensors for 20-120 s, for low density, or 120-600 s, for high
density, and a range of at least 7 2-fold dilutions (starting at 100-200 nM) of the analyte with
an association time of 600-900 s. We consumed about 8 pg of protein A3, and 400 ng of 42 bp
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biotinylated DNA per run for the immobilization, and about 2-14 pg of the respective analytes.
The concentration of ligand could be reduced (at least by 2) in favor of a longer incubation.
The consumption of the analyte, depends on the affinity of the interaction, as the

concentrations used should range from Kp /10 to 10 x Kp.

switchSENSE: switchSENSE technology is based on short DNA nanolevers (48 bp in our case),
which are immobilized on gold electrodes in a microfluidic channel. The intrinsically negatively
charged DNA nanolevers can be electrically actuated (“switched”) on the gold surface to
oscillate at high frequencies (Knezevic et al., 2012). A switchSENSE microfluidic biochip
contains four flow channels, each containing six gold electrodes. Switching of the DNA is
mediated by alternating the voltage across the gold surface. The motion of the levers is
tracked in real time (us scale) via electrically triggered time correlated single photon counting
(E-TCSPC) detecting a fluorescent probe (dye) present on top of the immobilized DNA strands.
The recorded fluorescence intensity correlates to the orientation of the DNA nanolever
relative to the surface as the fluorescence is gradually quenched upon approaching the gold
electrode due to energy transfer. The complementary DNA strands can be cross-linked to a
ligand via amine or thiol coupling or click-chemistry. By hybridization of this conjugated
complementary strand to the surface-tethered DNA nanolever, the surface is functionalized
with the ligand of interest. Upon binding of an analyte, the hydrodynamic friction of the levers
is increased and subsequently the movement of the levers is slowed down. This change in
switching speed is used by the system to determine the size (Dn) or conformational changes
of ligands and complexes. The kinetics of molecular interactions (kon, kore, Kp) can be
monitored using two measurement modes: dynamic or static. In the first case, analyte binding
is measured through the change of the oscillation rate of the electrically actuated DNA
nanolevers (changes in dynamic response). In the second case, the DNA nanolevers are kept
at an upright position, in a constant electric field, and analyte in close proximity to a dye can
alter its local chemical environment resulting in a fluorescence change (also called
Fluorescence Proximity Sensing). Binding is then measured thanks to the fluorescence
intensity variation of the functionalized nanolever. For the switchSENSE experiments, we used
a DRX? device from Dynamic Biosensors with two LED light sources (for the excitation of red
and green fluorophores). In all cases, a hundred pg of protein where enough to generate cross-

linked complementary strands (cNL-DNA) for several round of experiments, since one
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measurement needs only 40 pL of 100 nM DNA-protein conjugate. A sizing measurement
classically takes less than an hour. The quantity of analyte needed for a kinetic experiment
depends on the overall affinity, the flow rates, and the association time. A too slow flow rate
can result in mass transport limitation during association and in re-binding effects during
dissociation. Here we used flow rates of 100-500 pL/min, association times of 80-300 s, and
1500 s of dissociation time. We used 150 ng of the cross-linked ligands, and 2-20 ug of its

partner for a series of 3 concentrations.

Biophysical approaches with a labeled partner

Analytical UltraCentrifugation with Fluorescence Detection (AUC-FDS): AUC is a powerful
technique for the characterization of macromolecules and macromolecular self- and hetero-
association processes in solution. It was used here with labeled protein or DNA, but it can be
used with non-labeled material like SEC-MALS and ITC. An analytical ultracentrifuge is a high-
speed centrifuge equipped with one or more detectors (absorbance/interference,
fluorescence) allowing to monitor sedimentation in real time. Two types of complementary
experiments can be performed, sedimentation velocity and sedimentation equilibrium (Zhao
et al., 2013). Sedimentation velocity experiments allow to determine the size distribution of
species, their aggregation and oligomerization, sedimentation coefficients, hydrodynamic
radius, shape and molar masses, their stoichiometry and Kp (by isotherm fitting of
sedimentation coefficients measured at various concentrations). Sedimentation equilibrium
experiments are suited for well-defined samples, and give molar mass and Kp information. The
centrifugation speed can be set between 600 and 260 000 g allowing to study all sizes of
macromolecules. The duration of sedimentation experiments ranges from 2 h to several days.
dn/dc and UV extinction coefficients values, which are needed to analyse data obtained with
absorbance and interference optics, can be determined from the protein sequence using the
SEDFIT calculator module (Schuck, 2000). For the AUC-FDS experiments we used a
Proteomelab XL-I ultracentrifuge from Beckman Coulter equipped with a Fluorescence
Detection System (FDS) from AVIV Instruments. A sedimentation velocity experiment requires
100-450 pL of sample at 0.3 to 1.5 OD, for absorbance/interference detection, and 5-60 nM
concentration, for fluorescence detection, whereas sedimentation equilibrium requires 130
uL at 0.2 to 0.5 OD. In interference, the limit of detection is 0.1 mg/mL, but in absorbance it

depends on the sample extinction coefficient. To characterize an interaction using the AUC
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fluorescence detector, a range of 2 nM to 2 uM is typically used. When the affinity is very high,
a range between 2 pM and 2 nM is chosen, but a blocking agent - e.g. BSA at 1 mg / mL - is
added in the sample to avoid non-specific adsorption and loss of fluorescent dye. To produce
the data described here, we used about 1-3.5 pg of the fluorescent molecule and 8-80 ug of

the non-fluorescent molecule.

Microscale Thermophoresis (MST): MST is a novel technology for the analysis of biomolecules
based on the modification of fluorescence intensity induced by the temperature, due to
Temperature Related Intensity Changes (TRIC) and the directed movement of particles in a
microscopic temperature gradient (thermophoresis) (Asmari et al., 2018; Jerabek-Willemsen
et al., 2011). Thermophoresis is influenced by a combination of changes at the level of the
hydration shell, shape, charge..., of biomolecules (all the parameters that influence the Soret
coefficient), which result in differences of movement along the temperature gradient as well
as of brightness of the fluorescent tag. MST provides information on the binding affinities with
good accuracy and sensitivity in the pM to mM range. This technology allows immobilization-
free measurement of interactions in any buffer and complex biological liquid, but requires one
of the two partners to be labeled with a fluorescent dye to measure protein-protein
interactions (there is also a label free instrument that detects the intrinsic fluorescence of
proteins). Any size of unlabeled molecules can be used (from ions, to large proteins). MST
experiments are performed in capillaries, thus require a low sample consumption. Method
development for MST is usually fast and consists of three steps: (i) ensure there is enough
fluorescence signal intensity. (ii) Check your sample for sticking to the capillaries. (iii) Establish
the noise floor of your experiment by measuring MST of just your target without ligand at the
final settings (final concentration, excitation laser and « MST power » = IR laser LED power to
be used). We used a Monolith NT.115 blue/green and a red/blue from NanoTemper
Technologies, 200 pL at 20 nM of the fluorescent molecule and 20 pL of the non-fluorescent
molecule at the highest concentration needed (depending on the expected Kp). To produce
the data described here, we used about 50-350 ng of the fluorescent molecule and 6-12 pg of

the non-fluorescent molecule.

Sample preparation

To perform biophysical characterization measurements, samples of high purity, stability and

monodispersity are needed (Fig. S1). We chose well characterized systems from our
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laboratories, and the concentration ranges employed to accurately determine binding

parameters were already known.

AlphaReps are recombinant proteins produced by standard overexpression procedures in
E.coli (Guellouz et al., 2013). For our experiments, we used the following alphaRep proteins:
A3, which is the target and Repl7 and Rep2, which are the binders. Because A3 forms
homodimers at high concentration, it was used as ligand for real-time biosensors approaches
(BLI, switchSENSE) and was the labeled partner in AUC-FDS and MST experiments. In the
conditions used, we assumed A3 is a monomer. The simultaneous presence of the monomeric
and dimeric forms would make the analysis difficult. A3 dimers are unable to interact with
Repl7, and it is only when they dissociate into monomers that, the interaction with Rep17
occurs. A dissociation constant of 37 nM for the A3 / A3 dimer was measured by AUC (Léger
et al., 2019). This is why we observe several events in ITC: the dissociation of the A3 dimer and

the interaction with Rep17.

Ku is a recombinant protein produced by standard overexpression procedures in insect cells
(Nemoz et al., 2018). For our experiments, we used different lengths of dsDNA depending on
the assay format. Shorter DNA are not adapted for biosensor approaches, since a DNA too
close to the surfaces will hinder its interaction with Ku. DNA is practical to work with, because
it is easy to modify and is commercially available. For immobilization on BLI biosensors and for
detection in AUC-FDS and MST, we ordered biotinylated and 5-Carbofluorescein (5-FAM)-

labeled DNA oligonucleotides, respectively.

All proteins were dialyzed to eliminate glycerol from the storage buffer, which can interfere
with the measurements. We chose the pH and ionic strength of the buffer for the best
solubility of the samples. To simplify as much as possible, we used the dialysis buffer (20 mM
Tris-HCl pH 8, 150 mM NaCl, 5 mM [3-mercaptoethanol) as running buffer in most experiments.
Due to the particularities of each approach and measurement devices, there are some
limitation in the buffer choice. In some cases, blocking agents were required, such as 1mg/mL
BSA, especially for low protein concentrations (in the nM range), to prevent surface
adsorption. To reduce surface tension in capillaries and microfluidic devices, detergents were
required, such as 0.1 % Tween-20. For AUC-FDS, we had to avoid Tris-HCl| or HEPES above 20

mM, which can cause problems at 230 nm wavelength, and be aware of other absorbent
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molecules (nucleotides, old DTT or B-mercaptoethanol). For MST experiments, we used the
commercial MST buffers (50 mM Tris-HCl pH 7.4, 150 mM NacCl, 10 mM MgCl;, 0.05 % Tween-
20) for Ku-DNA and, Roti®-Stock 1x PBS (10 mM Na;HPO4, 2 mM KH,PO4pH 7.6137 mM NaCl,
2.7 mM KCI, 0.005% Tween 20) for A3-Repl7. For switchSENSE sizing experiments Dn
estimation, a low salt buffer is required (10 mM Tris-HCIl, 40 mM NacCl, 0.05 % Tween-20, 50
UM EGTA, 50 uM EDTA).

In order for new users to determine the concentration ranges to work with in an unknown
system, preliminary experiments need to be done using a broad range, observe the results
and in consequence refine the initial conditions to a narrow range that could better suit the
system in question. If an interaction partner is difficult to produce or not stable at high
concentration, in solution approaches will be the one to keep in constant concentration during
titration of its partner. In the other approaches must be the one to try first to immobilize or

label. Reverse configuration can be always tested to improve or confirm the results.
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Results

Biophysical measurements of alphaRep interactions

We characterized the interaction of A3 with its binder Rep17 (Rep2 was also used during the
preparation of the training) using the following techniques presented in the Fig. 1: in solution
approaches, which do not require labeling (SEC-MALS and ITC), in solution approaches that
require labeled protein or DNA (MST and AUC-FDS), and surface approaches (BLI and
switchSENSE). The students performed the measurements presented here during the training
(Fig. 2, Fig. S2 and Table S1). When available, we mention the values that have been reported

for some approaches in previous studies.
AlphaRep interactions measured by label free in solution approaches

Due to time limitations, the SEC-MALS experiments were performed prior to the training. We
used a Superdex 200 increase 10/300 GL column (Cytiva), and compared three different runs
with A3 alone, Rep2 alone and A3-Rep2 complex at 2 mg/mL each. A3 eluted as a dimer with
a molar mass of 44.8 + 0.4 kDa and, a hydrodynamic radius of 3.0 £ 0.2 nm. Rep2 eluted as a
monomer with a molar mass of 11.6 + 0.9 kDa. The Rep2 concentration was insufficient, in
view of the small molar mass, to make accurate sizing measurement by DLS. Finally, the A3-
Rep2 complex eluted before the free proteins, with a molar mass of 65.5 + 0.4 kDa and
hydrodynamic radius of 4.0 + 0.2 nm (Fig. 2b). The stoichiometry was determined by using the
protein conjugate method (Loiseau et al., 2017). Accurate mass can be calculated from MALS
data with this method, which uses two concentration detectors simultaneously (a
refractometer and UV spectrophotometer), and information about refractive index increment
(dn/dc) and UV extinction coefficient of each component. In our case, the complex

corresponds to one dimer of A3 and two Rep2 molecules.

Preparatory ITC experiments were performed on a PEAQ-ITC instrument with A3 in the cell at
18 uM and Repl17 in the syringe at 187 uM (Fig. S2a). Three different groups of students did a
triplicate measurement during the training using the same PEAQ-ITC instrument. We observed
bi-phasic thermograms, and isotherms were fitted using a model of two identical binding sites
with cooperativity. This cooperativity could stem from the propensity of A3 to form
homodimers at uM concentration as shown by SEC-MALS (Freire et al., 2009; Vega et al.,

2015). We could estimate two Kp values, the first Kp corresponds to an interaction with a tight
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affinity (Kp1 from 0.48 to 0.66 nM) and the second one to a weaker affinity (Kp2 from 16 to 32
nM) (Fig. 2c). With the obtained parameters for each site, described in the table at the bottom
of thermograms, an average global affinity (Wyman and Gill, 1990) could be calculated
(geometric mean of both dissociation constants: Kp,ay = sqrt(Kp1 x Kp2), which for each assay
was 3.9 nM, 3.1 nM, and 3.2 nM, close to that obtained with other techniques. Data were
analyzed during the training using the Origin software and the new PEAQ ITC software for

comparison.

AlphaRep interactions measured by biophysical approaches with a partner immobilized on

a surface

Preliminary analysis using SPR, were carried out a ProteON XPR36 instrument from Biorad

(data not published, Fig. S2b).

Before the training preliminary BLI experiments were performed on an Octet RED384
instrument where His-tagged A3 protein was captured on Ni-NTA sensors at 5 pg/mL for 20 s
and Rep17 concentration ranged from 200 nM to 1.56 nM. In these conditions, in which A3 is
most probably in a monomeric form, the calculated kinetic rates were kon of 1.3 10*> Ms?,
korr 0f 5.9 103 st and Kp of 22.4 nM (data not shown). We observed that the fit was not correct
with a single site model and that residuals showed systematic errors. During the training, a
duplicate experiment was performed on an Octet RED96e in a buffer containing 1 mg/mL BSA
and 0.1 % Tween-20 to limit the non-specific binding. In this case, the fitting was improved
(Fig. 2d). We obtained the following preliminary values: kon of 2.6 + 0.7 10*> M!s%, korr of 7.6
+0.7 10*s%, Kp of 3.2 + 1.1 nM. The Kp measured from the plateau of the curve (steady state)

was of 3.3 + 0.8 nM, close to the one obtained from kinetics (Fig. S2c).

For the switchSENSE experiments, we first coupled A3 with the DNA strand (cNL-B48), which
was complementary to the surface-tethered DNA strand on the chip. In this case, the surface-
tethered DNA strand was labeled with a red fluorescent probe (NLB48-red dye). The DNA-
protein conjugate was purified using an anion-exchange-chromatography (Fig. S2d, top left).
We then hybridized the A3-cNLB48 with the NLB48 on the sensor surface at a concentration
of 100 nM. The hybridization step could be monitored in real-time by measuring the
fluorescence increase (Fig. S2d, top right). Preliminary kinetic experiments were done using

the dynamic mode (switching of the nanolevers). Rep2 alphaRep was used as analyte at three
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different concentrations ranging from 100 nM to 11.1 nM. Preliminary kinetic rates were
calculated from a global fit for the three concentrations: kon of 2.40 + 0.05 10*® M1s?, koer of
6.86 + 0.23 10* s and Kp of 0.29 + 0.01 nM (Fig. S2d, bottom, left). For each analyte
concentration, it was possible to perform a sizing experiment to measure the hydrodynamic
diameter of the ligand A3, before or after association with Rep2. The Dy of the dimeric form
of A3 calculated from the crystal structure (PDB 6FT) is found to be equal to 4.8 nm. Due to
protein dilution, we expect A3 to be present as a monomer on the DNA conjugated strand.
Indeed, the Dn of 3.0 £ 0.1 nm measured in our switchSENSE experiments is compatible with
a monomeric form of A3 (Fig. S2d, bottom, right). The Dr = 3.8 £ 0.1 nm measured for the
complex A3-Rep2 corresponds to an increase of 0.8 nm when compared to the hydrodynamic
diameter of the monomeric form of A3 (Fig. S2d, bottom, left). During the training, kinetic
experiments in static mode (nanolevers in up position) were performed, as before for Rep2,
with Repl7 concentration ranging from 100 nM to 11.1 nM. The calculated kinetic values
measured in this case were in the same range than the ones obtained previously with Rep2:
kon of 2.35 + 0.17 10*® M"s%, kogr of 2.30 + 0.34 103 s and Kp of 0.98 + 0.16 nM (Fig. 2e).

During the training, students did not have time to run a sizing experiment.

AlphaRep interactions measured by biophysical approaches with a labeled partner

Because AUC-FDS experiment was time consuming, data were collected before the training.
We first labeled A3 with the dye NT495 using the commercial NanoTemper Monolith Protein
Labeling Kit BLUE-NHS (Amine Reactive). In these conditions, we were able to use a low
concentration of A3 (5 nM). At this nanomolar concentration, A3 is a monomer as observed
before by switchSENSE. We used variable concentrations of Rep17 from 0.5 nM to 0.5 uM,
and an An-50 Ti rotor at 42 000 rpm (130 000 g) speed. The sedimentation coefficients for A3
and A3-Repl17 complex were 2.16 £ 0.08 S and 2.96 + 0.05 S, respectively and the calculated
Kp at equilibrium was 13.4 + 1.8 nM (Fig. 2f).

Finally, for the MST experiment, we decided to use the Red-tris-NTA 2" Generation dye from
the NanoTemper Monolith His-Tag Labeling Kit, this site-specific non covalent labeling
substantially improved the signal respect to the 1 Generation dyes, and respected better the
integrity of protein. Red-tris-NTA labeled A3 could not be used in AUC-FDS experiment,

because its excitation and emission maxima are out of the fluorescence detector range
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(488nm and 505-565 nm respectively). In the MST experiment, labeled A3 was at 35 nM, and

the highest concentration of Rep17 was 8 uM. The titration curves we obtained allowed us to

measure a Kp of 8.0 £ 4.3 nM (Fig. 2g).

Figure 2. Biophysical measurements of alphaRep interactions.
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analysis with red fluorophore. Inset, MST traces from relative fluorescence versus time, MST on used was 10 s
(red band).

In summary, the students obtained in one week using several complementary approaches,
results that were consistent in stoichiometry, and to a lesser extent, in kinetic rates or affinity
(Table S1). They could observe that the required quantity of sample, ligand or analyte, for each
approach differs significantly. They also observed that some approaches gave highly
complementary information on the system studied (Fig. S2). For example, ITC shows that the
interaction is cooperative when A3 alphaRep is used at the high concentration needed for ITC
(18uM). This cooperativity, linked to the dimeric state of A3, was not observed with
monomeric ligand immobilized on BLI or switchSENSE. They observed higher Kp values with
AUC-FDS and MST, where one of the partner is labeled, reflecting possible steric hindrance

between the fluorophore and the interaction site.
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Biophysical measurements of Ku-DNA interactions

We determined the interaction of the heterodimeric full-length protein Ku with four double-
strand DNAs (dsDNAs) of different lengths: 18 bp, 42 bp, 48 bp, and 200 bp (Fig. 3, Fig. S3). Ku
binds DNA through its ring-shaped structure (Fig. 3a). The main observations made during the

training for the Ku-DNA interactions are shown in Fig. 3 and Table S2.
Ku-DNA interactions measured by label-free in solution biophysical approaches

For SEC-MALS, we used a Superdex 200 increase 10/300 GL column (Cytiva) as above and ran
first a quadruplicate experiment with Ku alone, resulting in an average molar mass of 144.4
kDa (Fig. S3a). We then ran a duplicate experiment with Ku and a 1.2 excess of 42 bp DNA. We
obtained three peaks: the first corresponded to 2 Ku : 1 DNA complex (average Mw of 306.2
kDa), the second corresponded to 1 Ku : 1 DNA (average Mw of 171.0 kDa), and the last
corresponded to the excess of dsDNA alone (average Mw of 26.1 kDa). This suggests that there
is an equilibrium between 2:1 and 1:1 Ku-DNA complexes (Fig. 3b) with stoichiometries
determined by using the protein conjugated method (Loiseau et al.; 2017). The presence of
these two types of complexes could be explain by the use of a non-saturating Ku

concentration.

For ITC experiments, we used in our laboratory two different sizes of dsDNA, 18 bp and 42 bp
(Gontier et al., 2021). Due to time limitations students repeated the measurement only with
the 42 bp. We used a VP-ITC instrument which consumes more sample, but was more sensitive
to study these protein-DNA interactions. The heat effects were positive (endothermic
interaction) and small (0.2 pcal.sec?) (Fig. 3c). Students did two runs, the first at 20 pM and
the second at 40 uM concentration of DNA in the syringe, and in both cases Ku at 4 uM in the
cell. We obtained a mean Kp at equilibrium of 3.7 + 0.7 nM with a molar ratio of 0.34 + 0.02
and a AH of 24.4 + 2.7 kcal/mol. The molar ratio was in good agreement with a ratio of 0.5
expected for the interaction of two Ku molecules with a DNA of 42 bp. No evidence for
cooperativity was observed. All the data were analyzed using the Origin software and the new

PEAQ ITC software for comparison.

Ku-DNA interactions measured by biophysical approaches with a partner immobilized on a

surface



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

Preparatory BLI experiments were performed on an Octet RED384 instrument. First, we tried
the strategy that was used for the A3 alphaRep protein, i.e. capturing the Ku heterodimer on
Ni-NTA sensors. We did not observe any binding with an 18 bp DNA as analyte (data not
shown). We hypothesized that the DNA binding site may not be accessible when Ku is
immobilized through its His-tag. We therefore tested another strategy, which relied on the
capture of a biotinylated 42 bp DNA on Streptavidin sensors (at 10 nM for 120 s), which were
then incubated with Ku protein as analyte (at concentrations in 200 nM to 1.56 nM range). In
these conditions, we observed an interaction, with an estimated Kp around 40 nM (data not
shown). We repeated the experiment in duplicate during the training on an Octet RED96e
using an optimized buffer with 1mg/mL BSA and 0.1 % Tween-20, and Ku protein
concentrations ranging from 200 nM to 3 nM. The results of the two runs were consistent,
with apparent kinetic rates, kon of 1.91 + 0.02 10*® M1s, kogr of 7.17 £ 0.33 10 s, and a Kp
of 0.37 £ 0.01 nM (Fig. 3d). However, the deviation between the fitted curves and the
experimental data was high, indicating that the interaction mechanism was more complex
than a simple 1:1 binding. For instance, the association and the dissociation processes could
be limited by the diffusion of Ku towards and from the biosensor surface (mass transport
limitation). We therefore analyzed the concentration-dependence of the steady state
responses and measured a Kp of 5.2 £+ 0.2 nM (Fig. S3b). As several curves did not reach a
steady state, this Kp value could however be overestimated and experiments should be
reproduced with longer association times. Taking everything into account, BLI binding

constants were at this stage only qualitative.

Preliminary switchSENSE experiments were done before the training by forming an 80 bp
dsDNA on the sensor. For that, we hybridized an 80-mer DNA with a 32-mer DNA. This DNA
was complementary to the NL48 ssDNA on the chip (Fig. S3c, top, left). We performed kinetic
analyses in duplicate using static mode and Ku protein at 500 nM concentration. We obtained
the following kinetic rates: kon of 9.3 + 0.1 10** Ms?, korr of 2.8 £0.1 10 s, and Kp of 3.1 +
0.1 nM (Fig. S3c, bottom). We monitored the dissociation over a long time (5000 s) to measure
a significant proportion of dissociated Ku molecules. In between, we performed a sizing
measurement. The calculated value (Dn = 8.9 £ 0.3 nm) was in good agreement with the one
obtained from the crystal structure of the Ku-DNA complex (PDB: 1JEQ; Dn = 8.9 nm) (Fig. S3c,

top, right). During the training, we performed experiments in dynamic mode using a 48 bp
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DNA (without overhang). We used a Ku concentration range from 200 nM to 22.2 nM with 1/3
serial dilution this time. In these conditions, the protein was closer to the fluorophore at the
tip of the 48 bp DNA on the chip. We measured in these conditions a kon of 2.6 + 0.2 10 M~
s, a korr 0f 2.3 £0.3 103 s, and a Kp of 1.0 £ 0.2 nM (Fig. 3e). During the training, students

did not have time to run a sizing experiment.

Comparable preliminary data were obtained by SPR using a ProteON XPR36 instrument from

Biorad (Fig. S3d, left), and a Biacore T200 instrument from Cytiva (Fig. S3d, right).
Ku-DNA interactions measured by biophysical approaches with a labeled partner

For AUC-FDS, we used an 18 bp DNA labeled with fluorescein (FAM) in 5’. We titrated the DNA
(60nM) with Ku (concentration range from 0.5 nM to 0.5 uM). The sedimentation profile
showed two species, corresponding to the DNA alone (2.15 + 0.05 S) and to the 1:1 protein-
DNA complex (7.25 £ 0.15 S), and we were able to determine the Kp at equilibrium (12.9 £ 3.2
nM) (Fig. 3f).

For MST, we used the same 18 bp labeled DNA as for AUC-FDS, but at 10 nM; and titrated it
with Ku (concentration range from 2 uM). Training participants performed four runs in total,
in duplicates or triplicate (Fig. 3g). We could see some variability in the curves that might
originate from the pipetting of the different students. All curves were fitted globally resulting

in a Kp of 11.9 nM.

Comparable data were obtained in parallel of the training with a novel technology,
microfluidic diffusional sizing (MDS) in collaboration with Fluidic Analytics (Fig. S3e). The
Fluidity One-W instrument measures the rate of diffusion of macromolecules under steady
state laminar flow in a microfluidic chip. In a diffusion chamber with two parallel streams, the
migration of a labeled partner depends on its size. At the end, the streams are re-split and the
fluorescence ratio between the two allows to calculate Rn. The variation of R» observed when
titrating the labeled partner by the unlabeled one allows to generate a binding curve and to

calculate a Kp value.
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a) Ku-DNA

b) SEC-MALS
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576 a) Crystal structure of the Ku- DNA complex (PDB: 1JEQ). View down the DNA helix (left) and side view (right),
577 with Ku70 colored in red, Ku80 in yellow cartoons and DNA in grey spheres. b) SEC-MALS elution profiles and
578 molar masses of Ku-DNA complex in duplicate. Representation of elution volumes in mL and molar mass in g/mol.
579 ¢) VP-ITC data in duplicate. d) Octet RED96e BLI kinetics data in duplicate. Colors code of Ku concentration: 3.13
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nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red), 200 nM (blue). e)
switchSENSE dynamic mode data for three Ku concentrations. F) AUC-FDS measurement of Ku-DNA interaction.
AUC-FDS distribution of sedimentation coefficients (left) with labeled DNA at 60 nM and increasing
concentrations of Ku from 0.5 nM to 0.5 uM, obtained with the program SEDFIT (Schuck, 2000) and GUSSI
(Brautigam, 2015). Colors code of Ku concentration: 0 uM (navy blue), 0.5 nM (blue), 1 nM (cornflower blue), 2
nM (cyan), 4 nM (green), 8 nM (springgreen), 16 nM (yellow), 32 nM (orange), 64 nM (red), 128 nM (maroon),
256 nM (brown) and 0.5 uM (black). AUC-FDS Kp calculation by fitting with isotherm tool in the program SEDPHAT
(right). g) MST analysis. Representation of ligand concentration against AFNorm °/°° (left). Superposition of
several run in the similar conditions, but different excitation power and students. Summary of MST data (right).

In summary, for the Ku-DNA project, the students also obtained consistent results of
stoichiometry, kinetic rates and affinity (Fig. 3, Table S2). As for the alphaRep project, the
quantity of sample required varies between the different approaches. ITC, SEC-MALS and AUC-
FDS were very efficient for measuring the stoichiometry of Ku on DNA with one Ku molecule
bound every 18-21bp DNA. They observed that measurements on surfaces, either by BLI or
switchSENSE, were successful only when the DNA was immobilized. They could observe that
switchSENSE allows a quite accurate estimation of the Ku size (Fig. S3d, bottom).
Oligonucleotides with a fluorescent probe in 5’ or 3’ are inexpensive and allow to follow the
interaction between a fluorescent DNA and a protein quite easily by MST or AUC-FDS, without

major steric hindrance between the fluorescent probe and the interaction sites.

Discussion

The study presented here compares six different in vitro biophysical approaches to
characterize the architecture (in terms of size or stoichiometry) and binding parameters (kon,
korr, Kp) of two different types of complexes (protein-protein and protein-DNA). It was
designed to provide a rather complete overview of six different techniques in a short period.
During a week, 20 participants performed this study in the context of the MoSBio Training
School (ARBRE-MOBIEU COST Action). During the first day of the training school, experts of
each field presented the projects, the theory and examples of applications for the three
classical techniques (AUC, SEC-MALS, ITC), and the three more recent ones (MST, BLI,
switchSENSE). An additional presentation about, sample quality control, a relevant subject
regarding reproducibility of experimental measurements, completed the first day of the
training (Raynal et al., 2014). The remainder of the week was dedicated fulltime to practical
sessions where the participants could perform experiments on instruments, analyze results
and discuss with experts. All six approaches, except AUC, and SEC-MALS for the alphaRep
interaction, were successfully used during the training school to study two important types of

macromolecular interactions (alphaReps and Ku-DNA). The training allowed the students,
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first, to compare the quantity of material consumed for each technique, and, second, to
understand the parameters that can be measured by each of them (Fig. 4). This first edition of
the MoSBio Training School was positively assessed both by trainers and trainees. It was a
unique opportunity to compare advantages and limitations of this large ensemble of
techniques. A new edition will be scheduled soon. The participants were able to use all
instruments quite easily by themselves, with the exception of AUC, which requires a little more
expertise and longer run times. Finally, this study showed that a nanomolar range affinity can
be easily assessed with most tested techniques. The students could observe that the Kp vary
significantly with the technique used, though the Kp measured were all in the nanomolar
range. The maximal and minimal values of Kp measured between the alpharep and the
different techniques differ by a factor 21. The extreme Kp differ by a factor 13 for the Kp
measured between Ku and DNA. We observed that in these two systems the presence of a
label on one partner, in MST and AUC-FDS approaches, comes with a higher Kp than without
label. During the training school, the students could observe the variability on the Kp values
measured in the different groups or with the different approaches (see Fig. 2 and Fig. 3). The
training was also an opportunity to discuss on the techniques that are more favorable to

measure lower (pM) or higher (uUM) Kp values.

The results presented here for the alphaRep-proteins and Ku-DNA complexes highlight the
advantages and drawbacks of each approach. The quantity of required sample was not limited
in our case, but the participants clearly observed that the amounts of protein and DNA used
for each approach are very different (Fig. 4). AUC, SEC-MALS and ITC are the most sample-
consuming techniques. The ITC200 and PEAQ-ITC instruments were an important progress for
ITCin this regard, but we observed that for interactions with very weak heat exchange like Ku-
DNA, the more sensitive, but more sample-consuming VP-ITC was still needed to obtain good
results. Surface methods like BLI and switchSENSE require only small amounts of the
immobilized protein. For the study of high affinity systems (in the nM range) like those
characterized here, the consumption of analyte is small too. For weaker affinities (higher Kp in
the uM range) the required quantity of analyte will however rise significantly to cover
concentrations from 1/10 of the Kpto 10 times the Kp. The MST technique consumes very
small volumes of material once the labeling step is successfully achieved. Anyway, the time

and sample consumption for a given technique must be evaluated not just for a single
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successful experiment, but must also take into account he experimental design and

optimization stage.

Figure 4. Comparison of results obtained for the alphaReps and the Ku-DNA interaction with

the six approaches.
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The experiments performed by the students on the two systems of study with the six approaches were
successful. The sample quantities used for the different approaches are indicate, as well as the parameters that
can be deduced from the different approaches.

All experimental approaches used in this study can provide Kp values of the interaction.
Interestingly, they also provide additional information that may orient the users to one or the
other according to the main questions raised in their specific projects. In the two examples we
studied, the stoichiometry issue is an important point, since the A3 alphaRep is a dimer when
its concentration is in the uM range, while it is a monomer in the nM range. According to this
oligomeric state, we can observe some cooperative binding of its partner, which influences
the binding parameters. In this regard, ITC, SEC-MALS and AUC allow characterizing the ratio

between the dimeric alphaRep target and its binders or between Ku and DNA of increasing
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lengths, and confirm the information provided by the crystal structures of the complexes. The
sizing measurement in switchSENSE can also provide some information regarding the

stoichiometry or conformation.

Kinetic parameters are important data to estimate the half-time of a complex, which is an
important interaction parameter. BLI and switchSENSE (as well as SPR) proved to be efficient
in this study to determine kon and korr. We observed that the switchSENSE allows to
characterize tight interactions with small korr values (korr about 10 s) by monitoring the
dissociation over a long time period (5000 s). Thermodynamic parameters (enthalpy, entropy
and Gibbs free energy) also provide key information about macromolecular interactions,
notably about the polar/apolar nature of the interface between a protein and its ligand. The
Ku-DNA thermograms for example indicate that the interaction is entropically driven with a
positive and unfavorable enthalpy probably linked to desolvation of the DNA and Ku surface

upon binding.

The choice of one technique over another depends mainly on the questions one wants to
answer. Some practical issues can also guide the choice of the method, such as the quantity
and solubility of protein and ligands available, the possibility to immobilize or to label one of
the interaction partners, and the time available. The presence of an instrument and experts
in house or nearby the user is another criterion. Noteworthy, all these approaches are
available in many research institutions in Europe, especially in those engaged in Structural
Biology studies. If needed, these approaches are also available through research
infrastructures, like MOSBRI and Instruct in Europe or FRISBI in France. Finally, there are
research networks, like ARBRE-MOBIEU, allowing to foster fruitful exchanges with experts in
the different fields. The MoSBio training school over a week with 20 students proved to be a

very rich occasion for such discussions.

Studying macromolecular interactions in vitro is extremely complementary to in cellulo
analyses. Interactions observed in cells or in cellular extracts often need further in vitro
characterization of target engagement. Training schools, as the one described in this article,
are central to further disseminate the importance of biophysical studies in cell biology
laboratories. This training school contributed to initiate students from various fields to
biophysical approaches and showed in a short period the added-value of quantitative

measurements of protein interactions.
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By mutagenesis, Nuclear Magnetic Resonance (NMR) shift or Hydrogen-Deuterium Exchange
Mass Spectrometry (HDX-MS), one can determine the residues involved in the interaction, and
structural analysis can yield information about their topology. One can play with the
experimental conditions (pH, ionic strength, temperature) to expand the knowledge about the
nature of the interaction under study (electrostatic and/or hydrophobic, exo- or endothermic,
presence/absence of conformational changes, coupling with additional binding equilibria).
Furthermore, pharmacological studies require this kind of biophysical approaches. Finally,
molecular scale biophysics data can also be used to implement in silico simulations to predict
other interactions in basic research. A second edition of this Training School will be held as
soon as possible. The extremely positive feedback from the students, as well as from the
academic experts and industrials participating in this school, highlights the need for a better
understanding of the theoretical bases of such a panel of biophysical methods coupled to

hands-on experimental practice.
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835  Figure S1. Unfolding profile plot of Ku70/Ku80.
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836 Quality and stability of samples are crucial to obtain accurate biophysical data. For all the biophysical studies
837 shown in this manuscript, we used a full-length version of Ku (called KuFL), but for structural studies we used a
838 shorter version where the C-terminus of each monomer is deleted (called KuCC). We took advantage of the new
839 technology of NanoTemper, the Tycho NT.6 instrument, present during the training, to compare the thermal
840 stability of these two versions of Ku protein by a fast measurement. Fluorescence intensity is recorded at 330 nm
841 and 350 nm (emission profile of the Tryptophan residues). The brightness ratio 350 nm / 330 nm plotted against
842 the temperature is called the unfolding profile plot and inflexion temperatures can be derived representing
843 unfolding events. Tryptophan fluorescence of KuFL (orange) and KuCC (pink) were follow during a ramp of
844 temperature of 35-95°C. KuFL showed a higher temperature of unfolding than KuCC (vertical bars). Thus, KuFL
845 appears to be more stable than KuCC by a few degrees.



846

Figure S2. Additional biophysical measurements of alphaRep interactions.
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a) PEAQ-ITC data obtained before the training in our laboratory. K, Ko, and AH were the association constant, the
dissociation constant, and the interaction enthalpy of either of the two binding sites when the dimer was
unoccupied. o and Ah were the cooperative interaction constant and the cooperative interaction enthalpy, which
modulate the binding cooperative phenomenon (a factor that modulates the binding affinity and a term that
modulates the binding enthalpy to the second site when there was a site already occupied, respectively). n was
the active (or binding-competent) fraction of protein, since the stoichiometry was already included in the model.
Kp:1 and AH1 were the intrinsic site-specific dissociation constant and binding enthalpy for the first binding site
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(Kp1 = Kp, AH1 = AH). Kp2 and AHz were the intrinsic site-specific dissociation constant and binding enthalpy for
the second binding site (Ko2 = Ko1/ o, AH2 = AH1 + Ah). b) Sensograms of alphaRep A3-Rep17 interaction measured
in duplicate on a ProteON XPR36 instrument from Biorad. For this experiment, association and dissociation times
were 400 s and 1000 s, respectively with a flow rate of 50 uL/min in phosphate buffered saline with 0.1 % Tween-
20 (PBST) using His-Tag capturing (HTG) chip to immobilized A3 at 6.25 or 12.5 pg/mL during 80 s (inducing 60
RU and 95 RU, respectively). Rep17 ranges from 10 to 80 nM concentration. A kon of 2.8 10" Ms, a korr of 3.9
103 s and a Kp of 13.8 nM were measured in the first run, and a kon of 1.8 10" Ms%, a korr of 4.6 103 s and a
Kb of 25.9 nM in the second one. c) Octet RED96e BLI steady-state analysis in duplicate. Colors code of Repl7
concentrations: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green), 50 nM (cyan), 100 nM (red),
200 nM (blue). d) Sample preparation for switchSENSE experiments. Anion-exchange chromatogram of the A3
cross-linked protein (up, left). The cross-linked protein was the shoulder of the final peak that correspond to the
free DNA. Hybridization of the cross-linked ssDNA-A3 on the chip, which carries a red fluorescent probe (up,
right). Red profile corresponds to the control (free cNLB48 without protein) and the orange one to the cross-
linked cNLB48-A3 conjugate. switchSENSE dynamic mode data of A3-Rep2 at three concentrations (middle, left).
Normalized association (left) and dissociation (right) data were represented in function of time. switchSENSE
sizing measurement of A3 hydrodynamic diameter (Dn) (bottom, left), and of the A3-Rep17 complex (bottom,
right). Measured signal curve is in blue (conjugated DNA), the associated fitted curve in blank, reference signal
(cNLB48) is in orange, and the associated fitted curve in grey.

Figure S3. Additional biophysical measurements of Ku-DNA interactions.
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874 a) SEC-MALS elution profiles and molar masses of Ku alone in quadruple. b) Octet RED96e BLI steady-state data
875 in duplicate. Colors code of Ku concentration: 3.13 nM (teal), 6.25 nM (purple), 12.5 nM (orange), 25 nM (green),
876 50 nM (cyan), 100 nM (red), 200 nM (blue). c) switchSENSE measurement set up (top, left). By hybridization of
877 complementary DNA carrying the target sequence as overhang, the surface is functionalized with the sequence
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of interest. switchSENSE static mode data of 1 Ku concentration in duplicate (bottom). switchSENSE sizing data

879 (top, right). Reference (bare DNA) is depicted in yellow. DNA-protein-complex is depicted in blue. d) SPR
880 sensograms by ProteON XPR36 of Ku-200 bp dsDNA interaction measured (right). A 200 bp biotinylated DNA was
881 immobilized on a Streptavidin (NLC) chip. Ku70/Ku80 ranged from 0.1 to 10 nM concentrations, one heterodimer
882 may induce 200 RU. A ko~ of 7.8 + 4 10*® M1s%, a korr of 1.5 £ 0.8 10* s and a Kp of 7.3 + 3 nM were measured.
883 This experiment showed the threading of Ku on DNA, approximately 10 heterodimers bound to this 200 bp DNA.
884 SPR sensograms by BlAcore T200 of Ku-42 bp dsDNA (middle) and, Ku-60 bp dsDNA (left) interaction measured
885 by biotinylated DNA immobilized in a serie S sensor chip SA at 10 nM concentration. Same buffer as in
886 switchSENSE experiment adding 0.2 mg/mL of BSA, flow rates of 20 to 100 uL/min, and Ku at 5 nM as higher
887 concentration for 900 s of association and dissociation. A kon of 1.0 10*® M™%, a korr of 11.7 10 s and a Kp of
888 1.2 nM (Rmax of 32.9 RU) were measured for the 42 bp DNA and, a kon of 1.4 10*® M1s?, a korr 0of 5.0 10 s and
889 a Ko of 35.4 nM (Rmax of 31.6 RU) for the 60 bp DNA. Colors code of Ku concentrations: 5 nM (light green), 2.5 nM
890 (purple), 1.25 nM (orange), 0.625 nM (cyan), 0.3125 nM (pink), 0.156 nM (dark green), 0.078 nM (blue) and 0.039
891 nM (red). The differences observed in the results depend mainly on the setup strategy of the experiment.
892 Nevertheless, open questions remain to answers: the purity of dsDNA and the stability of the protein will affect
893 the results, but there is also the possibility of different ways of DNA fixation by Ku. e) In collaboration with Fluidic
894 Analytics, we collected preliminary data to test their new instrument, Fluidity One-W with the Ku-DNA
895 interaction. This is a novel technique in solution based in diffusional sizing of a complex in a microfluidic system.
896 For this experiment we used the 18 bp dsDNA-FAM as before (AUC, MST) at 10 nM concentration, and 1/3
897 dilution of Ku70/Ku80 from 200 to 0.09 nM concentration. We were able to measure Rn (DNA alone, complex)
898 and Kp values.
899 Tables
900 Table S1. Summary of the results for the interaction between alphaRep proteins using
901 different techniques.
AUC- SEC- ITC MST switchSENSE BLI SPR*
FDS MALS*
His-A3 Bl Monomer |Dimer Red Monomer
ue Dimer /high low o.a i Rep2* Rep17 Monomer
NHS .. . His
affinity affinity
Ratio N/A
1:1 1:1 1:1 1:1 N/A 1:1 1:1 N/A
Ko (nM) 134+ 029+ 0.98 +
18 N/A 06+01 [21.3+7.5| 8.0 0.01 b 16 3.2+1.1 33408 3.97+1.38
Kon (Ms") 24+01 [2.4+0.2
korr (s%) 10* 10+ 2.6+0.710* | Steady- 2.31+1.79 10*°
N/A N/A N/A N/A N/A 69+02 [23:+03 [7.6£0.710*% | state 4.28+0.36 10
10+ 10°
Other Mw
information (Rep2) =
11.6 kDa
Mw (A3) =
44.8 kDa
S(A3) = Rn (A3) Dh (A3)
5'2 +01 g:?ner - AH=11.6 |AH=155 Tgl?nmer
a3/Rep | Mw io.lj | il.ltj | N/A Dn (A3- N/A N/A N/A N/A
17)= (A3/Rep2) | <AYmel jeaymo Rep2) =
3.0:01 | =655 3.8nm
kDa
Rn
(A3/Rep2)
=3.8nm




902

In the last column in grey, previous SPR data obtained by P. Minard’s team.*Rep2

903 Table S2. Summary of the results for the interaction Ku-DNA using the different
904  techniques.
AUC- ITC SEC-MALS BLI MST switch SPR MDS
FDS SENSE
DNA(bp) 18* 18 42 42 42%* 18* a8 80 200%* 18*
Ratio Ku vs
DNA 1:1 1:1 2:1 2:1,1:1 N/A N/A 11 20:1 1:1
Ko (nM) 31}22.9J_r 0.71 3.7+07 N/A 04+01 | 52+02 | 11.9 ;'gt 3.1+0.1 | 7.3+3.0 | 2508
26+
0.2 03+0.1 | 7.8+4.0
kon (M"s%) 1.9+0.110% 10 [10* 10%
Korr (s%) N/A N/A N/A N/A b2+03104 VA N/A 23+ pasro1 | 15208 | VA
0.3 10 10
1073
Other Mw (DNA)
information S =26.1kDa
AH =
(DNA) 10.9 AH=24.4 Mw (Ku) =
=22% | .|/ +2.7 144.4 kDa o Rh=7.1
0.1 e kcal/mol Mw (1:1) N/A N/A N/A 7N N/A +0.2
mol 8.9nm
S(1:1) e n=034+% =171.0 nm
=73% | ;5 0.02 kDa Mw
0.2 ’ (2:1) =
306.2 kDa
905 The last two columns came from additional data: Preliminary SPR obtained by Charbonnier’s team, and MDF in
906 collaboration with Fluidic Analytics. DNA modified *FAM or **Biotin.
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