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Abstract: Life on the molecular scale is based on a versatile interplay of biomolecules, a feature
that is relevant for the formation of macromolecular complexes. Fluorescence-based two-color
coincidence detection is widely used to characterize molecular binding and was recently improved
by a brightness-gated version which gives more accurate results. We developed and established
protocols which make use of coincidence detection to quantify binding fractions between interaction
partners labeled with fluorescence dyes of different colors. Since the applied technique is intrinsically
related to single-molecule detection, the concentration of diffusing molecules for confocal detection
is typically in the low picomolar regime. This makes the approach a powerful tool for determining
bi-molecular binding affinities, in terms of Kp values, in this regime. We demonstrated the reliability
of our approach by analyzing very strong nanobody-EGFP binding. By measuring the affinity at
different temperatures, we were able to determine the thermodynamic parameters of the binding
interaction. The results show that the ultra-tight binding is dominated by entropic contributions.

Keywords: single-molecule fluorescence detection; burst analysis; confocal fluorescence microscopy;
brightness-gated two-color coincidence detection (BTCCD); antibody-antigen interaction; nanobodies;
binding affinity; Van't Hoff plot; thermodynamic parameters

1. Introduction

Molecular interactions in living systems are relevant for almost all biological processes
and lie at the heart of biology. The interactions between biomolecules are orchestrated in
a highly tuned manner, closely related to their cellular functions. For a detailed under-
standing of the molecular mechanisms driving these processes, it is essential to investigate
molecular interactions with regard to binding stoichiometry, specificity, affinity, and coop-
erativity [1,2]. In this respect, equilibrium constants for association between biomolecules
represent a valuable measure of the binding affinity [3-5]. In particular, for high-affinity
binding interactions, the quantitative evaluation of binding interactions is highly sensitive
to many experimental conditions and to the performed procedures. Therefore, optimizing
these conditions and procedures is critical for obtaining high-quality and reproducible
data [5-7].

A large variety of experimental techniques are available to quantitatively evaluate
the binding affinity between two biomolecules. In many of these methods, the target
and the titrant molecules are mixed in different molar ratios to establish a binding equi-
librium, in which the bound complexes and the unbound components are quantified.
For such an approach, numerous methods have been developed, including calorimet-
ric methods, optical methods, and gel filtration methods [2,4]. Nevertheless, the most
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commonly used methods are isothermal titration calorimetry (ITC) [8,9], microscale ther-
mophoresis (MST) [10], surface plasmon resonance (SPR) [11], and several fluorescence-
based methods, like fluorescence anisotropy (FA) [12], Forster resonance energy transfer
(FRET) [13], or fluorescence correlation spectroscopy (FCS and FCCS) [14-16]. However,
these methods are often reagent-limited and typically require nanomolar to millimolar
concentrations of the involved reactants. For high-affinity interactions, typically with sub-
nanomolar Kp values, the quantities used for the corresponding measurements are simply
too small to obtain reasonable binding curves due to detection sensitivity issues. Besides
SPR and some electrophoretic mobility shift assays (EMSAs) [6], mainly fluorescence-
based approaches [7,17,18] ensure the necessary measurement sensitivity. In particular,
single-molecule fluorescence-based approaches are principally well suited for high-affinity
binding studies [18-20]. However, many of these studies, as well as studies employing
SPR, were performed with one immobilized binding partner, for which it is assumed that
surface-immobilized binding partners can cause biased results and, therefore, are not ideal
for studying in-solution interactions [21-23]. Thus, an approach which employs only diffus-
ing binding partners would be beneficial for binding studies in solutions, including more
physiological environments as crowded solutions. By attaching fluorophores of different
colors to each of the binding partners, simultaneous dual-color fluorescence detection is the
most straightforward to characterize binding interactions. For molecule concentrations in
the nanomolar regime, this approach has been utilized to study molecular binding reactions
with fluorescence cross-correlation spectroscopy (FCCS) [15,16,24]. For particularly strong
binding interactions, one has to work with molecule concentrations in the picomolar regime,
for which single-molecule counting has to be carried out. To perform binding studies in this
regime, two-color coincidence detection (TCCD) [25-27] and the more recently developed
brightness-gated two-color coincidence detection (BTCCD) [28,29] are effective approaches
to quantify fractions of bound and unbound molecules in solution.

Herein, we developed and established protocols which enable us to make use of
BTCCD to characterize high-affinity binding interactions. Since our approach allows us
to measure both labeled binding partners in a sample solution molecule by molecule, we
directly obtained reliable measures of the actual molecule concentrations in all samples and
over extended incubation or observation times. In order to validate the reliability and the
usefulness of our approach, we first characterized the hybridization of two complementary
DNA strands, a well-established model system; see for example refs. [18,30]. In the next
step, we characterized rather strong antigen—antibody binding, namely an EGFP and the
related fluorescently labeled nanobody. In contrast to conventional antibodies, nanobod-
ies consist of a single polypeptide chain (~14 kDa) but bind to their targets with similar
affinities as full-length antibodies [31]. Here, we demonstrate the potential of the BTCCD
approach for accurately measuring a strong non-covalent binding interaction, with corre-
sponding Kp values in the regime down to a few picomolar. Furthermore, measurements
at different temperatures allowed the use of Van’t Hoff plots and the extraction of relevant
thermodynamic parameters [32-34].

2. Results
2.1. Experimental and Methodical Design for the Determination of Kp Values Using BTCCD

As we will discuss below, the determination of reliable dissociation constants, in
particular in the picomolar regime, is rather challenging and requires precautions and
several cross-checks [3-6]. For bi-molecular binding, one assumes that one binding partner,
the ligand L, can bind to another one, for example a protein P, to form a protein-ligand
complex P-L. The reversible binding process

ka
P+Le=P L )
kq
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is characterized by the association rate k; and the dissociation rate k;. For equilibrium, the
dissociation constant Kp and the association constant K4 are defined by

Kn — ki _ i _ [P]free ’ [L}free @)
P7 kK [P-1L]
where [Plse, [Llfe, and [P-L] denote the concentration of unbound protein, unbound
ligand, and bound protein-ligand complexes, respectively. The physical parameter that is
usually employed to characterize the equilibrium is given by the binding fraction using the
hyperbolic model

per P Ll
f_ [P]total B [P}free—i_ [P'L] B [L]free+KD (3)

Our single-molecule approach, employing both binding partners labeled with differ-
ently colored dyes, allows the quantification of the concentration of all ingredients explicitly
(i-e., [Plfrees [Pliotal, [Llfree [Lltotar, and [P-L]). If one assumes L is labeled with a red dye (where
[L]total is, for example, calculated with Ng; see Section 4.3), we obtain [L]s,, values by using
one of the two possible formulas

[L]free = [Lltotar — fBR*[Pltotar 4

[L]free = [L]total'(l _fRB) (5)

where the involved coincidence fractions fpr and frp are defined and explained in Section 4.3.
To determine Kp, typically, the concentration of [Py is fixed to a certain value and [L] is
varied with 0.1-Kp < [L] < 10-Kp. However, when measuring the binding curve, one has
to choose the concentration of [P];y,; carefully. Only with [Pl << Kp (i.e., a “binding”
regime), one obtains a correct Kp value, while with [Pl >> Kp (i.e., a “titration” regime),
reliable Kp values are not determinable [5]. A transition between binding and titration
regimes is called the intermediate regime. In this regime, the relation between the binding
fraction, Kp, and the protein and ligand concentrations can be described by a quadratic
binding equation [3,5]

(1P rotat & [Wiotar + K0) = v/ (1Pliatat & Wiotar + K0)? = 41P] ot - Wit
2[P] total

In contrast to Equation (3), the quadratic model does not depend on the free ligand
concentration but on the total concentrations of protein and ligand.

In order to make use of our single-molecule-based BTCCD approach (see Section 4.3),
we developed a workflow specifying the sequence of individual steps in the sample prepa-
ration, in performing single-molecule measurements, and in data analysis (see Scheme 1).
We demonstrated all steps in an application by making use of a model system, namely
the hybridization of two complementary DNA strands with a length of 24 base pairs (see
Figure 1A).

Before a BTCCD-based binding study is truly considered for the potential binding pair,
it should be either known or pre-tested that the expected Kp value is in a regime suitable
for our single-molecule approach. For the type of sample investigated here, we knew from
previous studies that the affinity between both DNA strands is characterized by Kp values
in the picomolar regime [30]. Based on the fact that the distance between the dye label
positions in the dsDNA molecule used is relatively large (see Figure 1A), FRET can only
occur to a very small extent. Furthermore, we measure with pulsed interleaved excitation
(see Section 4.2). As a consequence, possible energy transfer in the potential acceptor
channel is not registered in the time window when we measure the direct excitation in this
channel. Therefore, any possible influence of FRET on our results is negligible.

f= (6)
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Pre-experiment

(@) Is an expected K, value known? The expected K, value has to be

information between 0.5 — 10 pM.
(b) s the label ratio for both binding partners known? It has to be lager than
~40 % for each.
Il Preparation a) FCS analysis with P, L and PL-complex in nM concentration regime:
experiments reasonable size (no aggregation), reasonable brightness of dyes, stable

biomolecule concentration over time?

(b) Dual color FCCS analysis for P plus L mixture samples in nM
concentration regime: high PL-complex fraction (cross-correlation
amplitude) is expected, see Figure 1B (otherwise: problems like dyes
block biomolecule binding, etc.).

(c) Labeling ratio determination: incubate and measure binding fraction
(with BTCCD) with one binding partner in excess, e.g. [P] = 40 [L] and [L]
= 40 [P].

(d) Make a best guess for the expected K, values and fix the respective
concentrations for the titration measurements, e.g. [P] = const. and 0.1
Kp <[L] <10 K.

(e) Measurement of binding fractions (fzz and fzz using BTCCD) at [P] < K,
and [L] = K, for extended times to validate that the equilibrium is
achieved. This equilibration curve is used to determine the equilibration
time ., ~ 5-t,, for samples used in titration measurements (Figure 1F).

(  Validate concentration stability also in the pM concentration regime, see
Figure 1D (if needed, improve surface blocking)

(g) Ensure that the molecular brightness of at least one binding partner does
not change significantly as a result of the binding. Otherwise, samples
with new label positions must be prepared for the affected binding
partner(s).

Binding curve
measurements
and fitting

(a) BTCCD measurement of binding fractions (fz; and f5z) with samples
described in 1l.d (titrations curve), see Figures. 1E and 1G.

(b)  Make sure that enough data points (L concentration values) are
measured around the K, value and at least one data point at high [L].
Make sure that the concentration of the fixed binding partner (here P) is
constant for all measurements.

(c) Ifthe obtained K, value is below the concentration of the binding partner
with the fixed concentration (with K,< [P] being in the “binding” regime)
fits with the quadratic and the hyperbolic model give trustable results,
see Figure 1G. If not, check whether the hyperbolic model can fit the
data, otherwise repeat measurements with adapted [P].

Scheme 1. This scheme illustrates the workflow of sequential steps for measuring, analyzing, and
validating the data needed for producing a reliable binding curve.

In a first straightforward approach, the strong inter-molecular binding of both strands
was validated via an FCS analysis. As shown in Figure 1B, both strands exhibited an
aggregation-free diffusion and a significant degree of inter-molecular binding between
the complementary strands. The latter was demonstrated by the distinct dual-color cross-
correlation amplitude, as expected for diffusing molecules in the nanomolar concentration
regime. In order to make use of reliable single-molecule counting, we had to employ proper
IPL threshold parameters for the initial burst selection (see Section 4.3). This was crucial
for the extraction of meaningful Kp values, since the determined molecule concentration of
the binding partners in a sample is directly dependent on the number of initial bursts (see
Section 4.3, Equation (8)). Therefore, the IPL threshold parameters should be chosen in a



Int. . Mol. Sci. 2023, 24, 16379

50f16

200

way that the signal and the background populations are well separated (see Section 4.3 for
a definition of the relevant parameters). For samples labeled with bright fluorophores, this
was easily achieved (Figure 1C), while for fluorescent proteins (like GFPs), this separation
might be more challenging (see next subsection). Once the fluorescence detection of single
molecules was established, we had to have ensured that the molecule concentration was
constant over extended measuring times.
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Figure 1. Experimental data illustrating the typical workflow of analysis and validation steps in
a BTCCD-based measurement of a binding curve. (A) Schematic illustration of the DNA binding
reaction (1:1 binding stoichiometry). The model system used here consists of 24-base-pair DNA; each
complementary single strand is labeled either with Alexa488 (blue) or with Atto647N (red). (B) An
FCS analysis is shown for double-labeled dsDNA molecules (see A) as measured in the nanomolar
concentration regime. In addition to both autocorrelation functions (AC), each obtained for one color,
the related dual-color cross-correlation (CC) is shown. (C) Example of an IPL histogram showing
data from the red detection channel, taken from measurements at room temperature, with 1.5 pM
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molecule concentration. If the fluorophores are bright enough, the signal peak at lower IPL is easily
separable from the other peak at larger IPL values, which is related to the measured background. For
details, see Section 4.3 (D) The concentration stability for the blue and the red channel is demonstrated
in this graph. In this example, the blue-labeled molecules were measured at five times higher
concentration than that of the red-labeled ones. Importantly, the concentrations did not change
during a few-hundred-minutes overnight measurement. (E) Fractions of coincidence bursts as a
function of the normalized brightness threshold 1y, (for details, see Section 4.3). Reliable coincidence
fractions (see given frp- and fpr values) are obtained when they show saturation as a function of .
(F) Example of an equilibration curve for a binding experiment as a function of time (symbols, here
with data from fpg). Fitting the data with an exponential kinetics model with 1-exp(-t/t; ;) (see solid
line) describes the rise in the concentration of the formed dsDNA and gives for t;, ~ 1 day and for
teg= 5-t1/ ~ 5 days. (G) Example of a binding curve for the 24-base-pair binding experiment. The
data (from fgr coincidence fractions, see Equation (4)) are fitted with the hyperbolic model and reveal
binding affinity characterized by Kp ~ 0.24 pM. The dashed line in this graph represents the f2R value,
the highest possible coincidence fraction as obtained with a ligand concentration of about 40 pM.

In particular, the evaporation of sample liquids and the unspecific binding of sample
molecules to the surface of cover slide glasses are typically sources of problems in this
respect. Proper surface-blocking procedures could significantly reduce these problems [29]
and result in very stable molecule concentrations, even in the picomolar regime (Figure 1D).
Based on the single-molecule counting approach, we made use of the recently developed
brightness-gated two-color coincidence detection (BTCCD) [28,29] (see Section 4.3). Ex-
emplarily, we obtained for a sample with a red-labeled DNA strand at ~5 pM (and with
the blue-labeled strand at ~4 pM) fractions of coincidence bursts (i.e., fractions of bound
dsDNA) in the order of 0.9 (Figure 1E). Both fractions (frp and fzr) were rather similar and
showed reliable (i.e., saturated) values at 1, values of about 0.5 and 1, respectively.

The question of whether the obtained values could be used for a binding curve was
answered by whether equilibrium for the binding reaction had been reached or not. In
Figure 1F, an example is shown of how the binding reaction in the corresponding sample
reached equilibrium. The kinetics of this reaction follow an exponential model, and here,
after approximately five days, equilibrium was reached. Finally, the coincidence fractions,
as measured for different ligand concentrations and always at equilibrium, were used for
generating a binding curve (Figure 1G). A fit with the hyperbolic model (see Equation (3))
gives a Kp value of about 0.24 pM. The obtained Kp values indicate a surprisingly strong
binding, with values well below 1 pM.

Unlike what was expected from Equation (3), the measured coincidence fractions fr
(e.g., in Figure 1G) did not reach a value of one at high ligand concentrations, but rather a
value fg%* <1 (e.g., 0.6 in Figure 1G). Assuming the samples were fully equilibrated, fg%*
was only affected by the fraction of fluorescent ligand molecules. As previously stated, we
used a fixed concentration of the blue-labeled strand [B] and varied the concentration of the
red-labeled strand [R]. However, only fluorescent molecules contribute to these measured
concentrations and the binding fraction. Thus, [R] and fpr need to be corrected by the factor
fpr’; the latter can be directly obtained from the fit. The analogous correction factor fz* for
[B] and frp needs to be determined via an additional measurement (compare Scheme 1, Il.c).
Taking those considerations into account, we obtained analytical mathematical expressions
for a corrected version of the hyperbolic model for fzr and Kp values, which are described
in Section 4.4. Unlike the hyperbolic model, the quadratic model cannot be corrected for

Br. in an analytical way. Thus, the correction of [R] needs to be performed in an iterative
manner. A comparison of corrected and uncorrected data from the binding interactions of
complementary DNA strands is shown in Figure S1. In general, the quality of the fit for
corrected and uncorrected data is rather similar but with partly different Kp values.

Although, in principle, we obtained reasonable titration curves for the extreme strong
binding affinity between both DNA strands, we cannot fully trust the obtained Kp values
since the data were measured in the titration regime. Furthermore, numerous measurement
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points of the corresponding titration curve were obtained from samples with ligand con-
centrations below an assumed minimum value (the smallest measurable concentration was
approx. 0.1-0.3 pM, depending on the dye used). In this sense, the presented result shows
that, at or below the limit of applicability of our method, only a rough guide value for the
Kp values can be provided. Since the binding strength between DNA strands depends
on the length of the complementary strands [30,35], a shorter length of chosen strands
would most probably lead to weaker binding affinity and would most likely ensure our
method had better applicability. However, here, we do not want to focus any further on
DNA hybridization, but we will expand and validate our approach by analyzing another
high-affinity binding system, as demonstrated in the next section.

2.2. Measuring the Nanobody-EGFP Binding Affinity and Thermodynamic Analysis

In order to elucidate details of the high-affinity antibody-antigen binding interaction,
we employed a red-labeled nanobody (the so-called GFP-booster) and a purified recom-
binant enhanced green fluorescent protein (EGFP); see Figure 2A. A special situation for
our method is given by the fact that one binding partner, the EGFP, is already intrinsically
fluorescent. On the one hand, this is advantageous because no labeling step with an organic
fluorophore is required. On the other hand, EGFP fluorescence at the single-molecule
level suffers from lower molecular brightness and more non-fluorescent molecules (due
to incomplete EGFP maturation or more pronounced photo-destruction) [28,36] as com-
pared to the Atto647N-labeled nanobody. However, a study with this system can provide
evidence as to whether GFPs are applicable or not. In order to investigate the robustness
and reliability of our method, we performed binding reactions at various temperatures.
Thereby, weaker binding (i.e., a larger Kp value) was expected for the reaction at the higher
temperature as compared to that performed at the lower temperature.

After ensuring the samples were fully equilibrated, coincidence fractions were mea-
sured with free ligand (nanobody) concentrations [R]z.. between 0.05 and 120 pM. The
fitting results with corrected [R]s, and Kp values are shown for three different temperatures
in Figure 2.

For all measured temperatures, the corresponding equilibrium curves (Figure S2) and
titration curves with fits for uncorrected and corrected data (corrected [R]s.. and Kp values;
see Section 4.4) are given in Figures S3 and 5S4, respectively. The obtained Kp values are in
the regime of a few picomolar. These values indicate much stronger binding affinity in the
complex, as observed for another nanobody-GFP complex that was described earlier. In
this similar but not identical system, Kp values between 0.3 and 1.4 nM were measured [37].
However, the analysis of our data revealed that we observed shorter equilibrium times and
larger Kp values (i.e., weaker binding) for samples at higher temperatures as compared to
those at lower temperatures. Since we measured titration curves at a total of eleven different
temperatures between 20 and 45 °C, we made use of Van’t Hoff plots (see Section 4.5,
Equation (18)) and, thereby, have access to the thermodynamic parameters AH, AS, AG,
and ACp of the binding reaction (see Figure 3).

As can be observed in almost all thermodynamic binding studies, our Van’t Hoff
plots also show an upward curvature, indicating a negative value for the change in heat
capacity ACp [32,38]. Since hydration water (which partly interacts with the hydrophobic
surface) and bulk water have different properties, the change in heat capacity due to the
release of water molecules upon complex formation is proportional to the amount of surface
area involved. In this respect, a negative ACp value indicates the burial of non-polar or
hydrophobic surface areas upon binding [32,33].
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Figure 2. (A) Schematic illustration of the EGFP-nanobody binding reaction. EGFP (green) with
a molecular mass of 27 kDa and the nanobody (black), MW: 14 kDa, conjugated with Atto647N
(red). (B-D) Equilibrium time curves from which the fit gives equilibrium times t,; = 5-t; /, between
~350-20 min for reaction at temperatures between 25 and 45 °C. EGFP concentrations [B] were kept
at values of 1 pM for the 25 °C sample and of 4 pM for the 45 °C sample. Hyperbolic model fits are
shown for corrected [R]ﬁee values calculated with fgr (see E-G), while the hyperbolic model fit with
corrected [R]se, values calculated by using frp and quadratic model fits are shown Figure S4. The

max

dashed lines represent the f3i#* values as obtained in each fit. All given Kp values were corrected

according to Equation (12); see Section 4.4.
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Figure 3. Van't Hoff plot with Kp values as obtained from data corrected with fpr values (see
Figure S4, left panels). The experimental data points (symbols) were fitted by a function (solid
line) adapted from the integrated Van’t Hoff equation; see Equation (18) in Section 4.5. Relevant
thermodynamic parameters as obtained from the fit, as well as for the other corrected data (Figure S5),
are given in Table 1.

Table 1. Table summarizing thermodynamic parameters as obtained for several high-affinity binding
reactions at a reference temperature of Ty = 25 °C. Although enthalpic (AH) and entropic (TAS)
contributions to the Gibbs free energy AG are quite different for the presented complexes, in all cases,
the change in heat capacity ACp exhibits a negative value.

Complex Kp AG AH TAS ACp
[pM] [kJ/mol] [kJ/mol] [kJ/mol]l [k]J/molK]
(1) Nanobody-EGFP ! 1.69 —67.18 —224 448 —2.39
(2) Nb1-EGF 2 5833 —47.0 —44.6 25 -29
(3) Nb6_EGF 2 24,000 —43.5 —78.7 —35.2 —3.2
(4) HyHEL—5-hen egg lysozyme 3 23.49 —60.67 —94.56 —33.93 —1.42
(5) Ab 5F8—cytochrome C 3 64.67 —58.16 —90.79 —32.81 —0.72
(6) HigA2-HigB2 4 3.10 —65.69 —144.77 —79.91 —-1.92
(7) E9-Im9 ° 0.023 —77.82 —43.93 33.89 —1.88

! data from this study; 2 from ref. [34]; 3 from ref. [38]; % from ref. [39]; 5 from ref. [40].

As shown in Table 1, the nanobody-EGFP interaction has a strikingly strong entropic
contribution that stabilizes the binding of the complex. This observed mechanism is
remarkable because most high-affinity interactions, as well as most antibody—antigen
bindings, are enthalpy-driven; see complexes (3)—(6) in Table 1 and ref. [38]. However,
for nanobody-antigen interactions [34], as well as for other high-affinity bindings [39,40],
recognition mechanisms were already found that showed a strong entropic contribution to
high binding affinities. Especially in the case of nanobody—antigen binding, approaches
for optimizing binding affinities are of special interest. On the one hand, binding entropy,
which is highly dependent on the hydrophobic effect, is assumed to be easier to optimize
than binding enthalpy. It has been shown that increasing the hydrophobicity of a compound
is a straightforward way of increasing its binding affinity. On the other hand, an increase
in hydrophobicity can decrease the target selectivity and cause unfavorable effects on the
compound’s solubility [41].
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3. Discussion

The presented BTCCD approach is based on single-molecule counting and, therefore,
gives highly direct access to characterize the ensemble of molecules in a sample. In order
to achieve this high detection sensitivity, both binding partners need to be labeled with
fluorescent probes. Fortunately, the degree of labeling with suitable fluorophores does not
need to be 100% in order to obtain reliable results. The reason for sub-optimal fluorescent
binding partners is often incomplete labeling, partly by photo-destructed fluorophores,
or a certain number of fluorophores not emitting a sufficient number of photons to be
recognized as a burst (i.e., reduced molecular brightness). However, as demonstrated, this
can be handled as long as the label ratio is at least ~40%. Below this threshold, errors
become too large and the obtained Kp values are not determined sufficiently precisely.
Such sub-optimal fluorescently labeled binding partners (for example, the EGFP) can nev-
ertheless contribute successfully to proper binding assays, partly because complementary
experimental parameters (like frp and fpr) can help to circumvent shortcomings in the
employed samples. Furthermore, complementary experimental parameters can help to
cross-validate the obtained Kp values (see Figure S4). However, the presented approach
is generally restricted by essentially two limits: (i) the low concentration limit, which
does not allow measuring concentrations below ~0.1 pM due to the very small number of
bursts (i.e., diffusing molecules), which causes insufficient counting statistics or extremely
long measuring times; (ii) the high concentration limit (above ~100 pM), above which one
would typically no longer observe single molecules in the confocal detection volume. The
latter causes chance coincidence events, which strongly distort the determined frp and
fBr values; see, for example, ref. [29]. As a consequence, this concentration regime would
allow measuring Kp values between 0.5 and 10 pM. Another potential problem in our
approach could be the scenario where the bound dyes have a different brightness between
the bound and unbound states. Fortunately, the single-molecule approach of our method
enables us to detect such behavior in our data. In such a case, it would be best to prepare
a sample in which the dye is bound to a different site on the protein. This sample must
then be used to validate that the aforementioned problem does not occur anymore. In the
case of using GFPs in a binding assay, in addition to lower molecular brightness in the
fluorescent molecules, a pronounced temperature dependence of the brightness can play
a role. This can potentially lead to falsified results if the Kp values are determined as a
function of temperature (for example, in Van't Hoff plots). An effective way to circumvent
such problems is not to vary the GFP-based binding partner in the molecular concentration
when measuring titration curves but to vary the molecule concentration of the other dye-
labelled binding partner. Since there is no comparable temperature dependence with the
other fluorescent dyes, we can obtain trustful results, as we demonstrated in the case of
EGFP-nanobody binding.

Further challenges for measuring extremely high binding affinities are not related
to aspects of single-molecule fluorescence detection but are associated with common
difficulties. On the one hand, related studies may suffer from the unspecific binding of
molecules to surfaces of test tubes or cover slides. This can significantly alter the targeted
concentration of freely diffusing molecules that are required for many binding assays. On
the other hand, high-affinity binding is often linked to rather long incubation times required
to reach equilibrium; see refs. [3-5]. In order to judge the reliability of our methodical
approach, a comparison of our results with those from other complementary standard
techniques would be helpful. So far, we have already observed reasonable agreement
between the binding affinity of nanobody-EGFP binding, which was characterized by a Kp
~ 2 pM at room temperature, as measured with another label-free method [17] (personal
communication ChromoTek, Planegg, Germany), and our results.

As demonstrated in this work, the BTCCD approach is, on the one hand, a very reliable
method to analyze high-affinity binding, but on the other hand, it is also limited to the
picomolar (Kp) binding regime. However, besides the fact that it is technically challenging
to obtain trustworthy Kp values in this regime, several high-affinity molecular interactions
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of great biological significance can only be investigated in this regime. In addition to DNA
hybridization [18,30,35] (also relevant for the amplification of DNA sequences or DNA
sequencing) and antigen—antibody binding [7,42], which were studied in this work, also
DNA-protein binding [6,43], protein-inhibitor binding or toxin—antitoxin [44] binding can
exhibit extremely high binding affinities and are, therefore, further potential targets for
the BTCCD approach. Only recently was it reported that intrinsically disordered proteins
(IDPs) can also exhibit surprisingly ultra-tight binding to their target molecules, with
Kp values of a few pM [39,45,46]. Here, it would be of interest to better understand the
differences between the binding of IDPs and globular proteins to their targets, a goal that is
well within the scope of the presented BTCCD approach.

4. Materials and Methods
4.1. Sample Preparation

For reversible DNA binding (hybridization) studies, we employed the following
dye-labeled DNA strands: 5'-Atto647N GGC GAT CTC TGT TTA CAA CTC CGA-3" and
5'-Alexa488 TCG GAG TTG TAA ACA GAG ATC GCC-3’ (IBA, Gottingen, Germany).
If not stated otherwise, the DNA samples were measured in PBS buffer at pH 7.4. The
manufacturer of the labelled DNA strands specified a label ratio of approx. 90%. In practice,
we also received samples with lower label ratios from the manufacturer, partly causing
maximal fractional binding ratios of f;;.x ~ 60% in samples for titration curve measurements.
For antibody-antigen binding studies, an anti-GFP VHH /nanobody (Alpaca single-domain
antibody, monovalent VHH binding) conjugated with Atto647N (degree of labeling: 2 fluo-
rophores per nanobody) and EGFP (both from ChromoTek, Planegg, Germany) were used.
Samples were aliquoted and measured in PBS buffer (14 mM KH,POj4, 36 mM K,HPOy,
150 mM NaCl, pH 7.2) and stored at 4 °C. All buffers contained 0.1% NaNj3 and 0.005%
Tween 20. For binding reaction equilibration, samples were stored in a TS-100C thermo
shaker (SIA Biosan, Riga, Latvia) at the required temperature.

4.2. Confocal Microscopy and Data Acquisition

Confocal measurements were performed using a MicroTime200 (PicoQuant, Berlin,
Germany). The fluorophores were excited using LDH-D-C 485B and LDH-D-C 640B
lasers with 485 nm and 640 nm emission (PicoQuant, Berlin, Germany) and a power in
the regime of a few 10 uW. For BTCCD measurements, lasers were operated in a pulsed
interleaved excitation (PIE) scheme, in which blue and red excitation are alternated in
order to directly excite both channels [47]. The excitation light was focused and collected
using a high-numerical-aperture water immersion objective (UPLSAPO 60x; Olympus,
Hamburg, Germany) and directed through a 75 um pinhole. The emission signal was
separated using a dichroic mirror (T600lpxr, Chroma Technology, Olching, Germany) and
filtered with band pass filters of 535 nm (FF01-535/55-25, Semrock, Rochester, NY, USA)
and 685 nm (ET685/80m, Chroma Technology, Olching, Germany) for the blue and the
red channels, respectively. Photons were detected using single-photon avalanche diodes
(T-SPAD, PicoQuant, Berlin, Germany; COUNT-T, Laser Components, Olching, Germany).
Sample temperatures were adjusted via the use of a sample chamber P-Set 2000 and an
objective ring (both from PeCon, Erbach, Germany) both connected to a temperature-
controlled water bath circulator (DYNEO DD-300F refrigerator/heating circulator, Julabo,
Seelbach, Germany). In order to avoid the extensive evaporation of water immersion
liquid during long-lasting measurements above room temperature, we limited the time
of individual measurements and used renewed samples. All samples were measured on
PEGylated cover slides [29]. The typical time for measuring the data of a sample with
specific concentrations of the related binding partners (i.e., one point in the titration curve)
was about two hours. The concentration of differently labeled molecules in the samples
was first determined with FCS. After diluting to the target single-molecule concentrations
(i.e., pM concentration regime), the real single-molecule concentration was determined
with a burst analysis (see below).
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4.3. Burst Analysis and BTCCD

In order to identify and count individual (i.e., single) molecules, the inter photon
lag (IPL) trace was calculated from acquired intensity traces [48] and a corresponding
burst analysis was performed, as already described in detail previously [29]. Briefly, single
bursts in the red and the blue detection channels were discriminated from the background
by applying a suitable threshold (usually ~100-200 ps); see Figure 1C. Typical data sets
contain a number of 103-10* accepted bursts. In order to calculate the molar concentrations
C =N/(Na-Vep) of the labeled molecules in the sample (in the single-molecule regime), the
average number of detected molecules N and the dimension of confocal detection volume
need to be known (for each color). N can be calculated from the total number of detected
bursts, Bjess, and the dwell time of diffusing molecules visible in the detected bursts, 7,4, by
considering the total fluorescence time tr [49]. The total fluorescence time is defined as the
product of the total measurement time #0455 and the probability of detecting a molecule at a
given time (1 — exp(—N)) or through the product of By;ess and <74 > with

tp = [1 —exp(=N)] - tmeas = Bumeas - (Ta) @)
This equation can then be used to determine the average number of detected molecules with

N=—-In <1 - Bmeasm> ®)
tmeas

In order to determine trustable fractions of bound molecules, an improved version
of the conventional two-color coincidence detection (TCCD; see for example [25]) was
employed. Here, the so-called brightness-gated two-color coincidence detection (BTCCD)
overcomes the problem of coincidence fraction underestimation, caused by incomplete
detection volume overlap for different excitation wavelengths and lens aberrations. In
order to estimate the coincidence fraction precisely, only molecules that diffused through
both confocal detection volumes should be considered for analysis. As a consequence
of incomplete detection volume overlap for the two wavelengths, it was assumed that
molecule trajectories which correspond to bright bursts with a high number of emitted
photons are more likely to touch both volumes [28]. In contrast, molecule trajectories
corresponding to dim bursts with only a small number of emitted photons were more likely
to touch one of the volumes only slightly. For each accepted burst, the burst intensity, i.e.,
the number of photons detected between the start and end time, and the mean number
of photons per burst were calculated. To perform a coincidence analysis, the brightness
threshold #y,, defined as the number of photons in a burst, normalized to the mean number
of photons, was continuously increased. The coincidence was calculated for the red channel

(frp) and the blue channel (fgr) independently with

Ngrp(1pr)
NR(nbr)

Npr(np,)

fRB(nbr) = NB(nbr)

, fBr(ner) = ©)
where Nip and Npg are the number of coincident bursts in the red and blue channels, and
Ng and Njp are the total number of selected red and blue bursts, respectively. For each value
of the brightness threshold, only bursts that had more photons as defined by the brightness
threshold were considered for analysis. Two bursts were considered as coincident if the
start or end time tag of one burst was within the start and end time tags of the other burst.
Coincidence fractions increase with the increase in 7, and eventually saturates once all
bursts considered for the analysis correspond to molecule trajectories through both volumes
(see Figure 1E). The probability of having more than one molecule in the detection volume
at the same time is known as chance coincidence and has to be considered for samples with
a concentration higher than a few tens of picomolar. Therefore, the coincidence fractions
have to be corrected as described earlier [29]. A complete description of the BTCCD method
can be found in refs. [28,29].
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4.4. Corrections for Binding Fractions and Resulting Kp Values

Although we expected from Equation (3) that the measured coincidence fractions fgr
would reach a value of one at high ligand concentrations, we obtained values of fz* <1.
Since only fluorescent molecules contribute to these measured concentrations and the
binding fraction, [R] and fpr need to be corrected with the factor fzx*. The latter can be
directly obtained from the performed fit. The analogous correction factor fzg* for [B] and
frp need to be determined via an additional measurement (see Scheme 1, II.c). Taking
those considerations into account, we obtained an analytical mathematical expression for a
corrected version of the hyperbolic model

[R]free [B]
= fpgY - ——————> with [R],,, = [R];0; — fBR = (10
fBR BR [R]free n KaDpp [ ]free [ ]tot fBR Ir{nélx )
or f
RB
[R}free = [R}tot : (1 - 11%1]431)5) (11)
with a final value of
K“DPP
Kp = s (12)

Unlike the hyperbolic model, the quadratic model cannot be corrected for fzz* in an

analytical way. Thus, the correction of [R] needs to be performed in an iterative manner:

max (BFR)+Kp) —/(BI IR +Kp)*—4[B] R,
feR = fER"i 2[B]

(13)

i R as
with [R];; = % and [B] =

where i gives the number of iteration steps (for details, see SI Scheme S1). Typically, three
iteration steps were sufficient to obtain convergence in the results. In both models, fzz*
and Kp were free fitting parameters. The impact of these corrections was investigated
via the binding of the complementary DNA strands. First, we performed fits with un-
corrected data points; i.e., [R]se and KaDp P values were not explicitly corrected (i.e., we
used Equations (3)-(5) but not Equations (10)—(12)). The corresponding hyperbolic and
quadratic fits for DNA data are shown in Figure SIA-C. Furthermore, we observed a
deviation in the two Kp values for both hyperbolic fits (0.24 and 0.09 pM; see Figure S1A,B),
which was unexpectedly large. In the next step, we were able to obtain reasonable corrected
[Rlfee values for using frp (see Equation (11) and Supplementary Figure S1D, but not
when using fpr (see Equation (10)). In the latter case, we obtained very small [Rfree values
(partly < 0.01 pM), which excluded these data from a reasonable analysis (therefore, a graph
is not shown). In the case of quadratic fits, a correction corresponding to Equation (13)
was possible again (Figure S1E). In general, the quality of the fit for the corrected and
uncorrected data was rather similar. In contrast to the stronger deviation between the
obtained Kp values from the uncorrected data, the corrected data (including corrected Kp
values according to Equation (12)) exhibited more matching results (however, one data
set was missing). A much more consistent picture emerged for the nanobody-EGFP data.
Here, at higher temperatures, the corrected data (compared to the uncorrected data) at least
showed slightly higher Kp values (see Figures S3 and 54).

4.5. Thermodynamics of the Bi-Molecular Binding

For bi-molecular binding, the free-energy change between the unbound and bound
state is called binding free energy. It is known as

AGyjng = RT - In(Kp) (14)
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where R = 8.314 J-(mol-K) ! is the gas constant. The temperature dependence of the
dissociation constant is given by the Van't Hoff equation:

AGy,q = AHy, — TAS,,

bin
AH,, AS,.

AH,. —AS,,
& Kp = exp(iR’%’!"i) -exp<7R”’”d>

Here, AHy;,,y and ASy;;,; denote the enthalpic and the entropic parts of the binding free
energy AGp;,q, respectively. The temperature dependence of AH(T) and AS(T) is directly
related to the change in the systemic heat capacity (at constant pressure) by [9,32]

0AH 0AS
ACp=|—= ]| =T == 1
= (%r),-7(5r), 1
The integration of Equation (16) with the assumption of a constant heat capacity
change upon ligand binding leads to the so-called integrated Van’t Hoff equation with

AH(T) = AHyy + ACp(T — Tp)
(17)
AS(T) = ASyy+ ACp 1n(TlO)

which gives the enthalpy and entropy changes at a particular temperature T in terms of
entropy, enthalpy, and heat capacity changes at a second conveniently chosen reference
temperature Ty [32,33]. Inserting Equation (17) in Equation (15) leads to the temperature
dependence of Kp with

_ AHY,  ASY,  ACp[(To To
i) = S0 A% 8Ce[(To_ ) (1)) 09
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