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Abstract. Fluorescence quenching technique is extensively applied for the
characterization of intermolecular interactions in the solution that is one of
the major problems in biochemistry and pharmacology. Using the Stern-
Volmer equation, one can obtain a measure of binding affinity calculated
under the assumption of static quenching, while the possibility to determine
other binding parameters is under discussion. Several mathematical
approaches are known, which allow determining the number of binding sites
from fluorescence quenching curves. However, they usually require high
concentrations of the ligand to obtain saturating binding curves that could be
complicated in a number of experimental conditions. In this paper, we
present a simple algorithm, which allows to prove that the number of binding
sites in the system is equal to one or not and to verify that the quantum yield
of the complex is zero. The advantage of the suggested approach is its
applicability at typical conditions used in tryptophan fluorescence quenching
experiments for the protein-ligand binding. A web interface for automated
processing of fluorescence quenching experiments based on the suggested
approach is presented. © 2020 Journal of Biomedical Photonics &
Engineering.
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1 Introduction

Quantitative characterization of binding affinities is a
central task of biochemistry and pharmacology [1, 2]. It
requires determination of binding sites number and
affinity constants for each site. To obtain a binding
curve, one should use a method, which is sensitive to a
change of a certain physical parameter upon complex
formation, e.g. diffusion coefficient, surface plasmon
resonance properties, hydrodynamic radius, enthalpy
etc. [3]. Among others, optical molecular spectroscopy
techniques can be used, including the fluorescence
quenching technique (FQT) - in cases when
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fluorescence is quenched upon binding [4]. In this
paper, we will focus on the assessment of protein-ligand
binding by analyzing intrinsic protein fluorescence
quenching.

Since there is still a confusion in terminology
concerning different types of quenching, we will first
introduce it according to Ref. [5]. In the systems where
fluorophore and quencher are different molecules, two
types of quenching could be distinguished: collisional
quenching (in which the diffusion is required to bring
the quencher close enough to fluorophore) and binding-
related (often called “static”) quenching (for which
quencher and fluorophore are bound, so that the
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quenching process occurs immediately upon excitation)
[5S]. The efficiency of binding-related quenching,
characterized by the quenching constant, depends on the
binding affinity, hence, by obtaining the dependence of
the fluorescence intensity on the ligand concentration,
one can determine binding parameters [4]. However,
even under the assumption of binding-related (static)
quenching, two distinct cases should be considered: the
first is when the fluorescence of protein-ligand complex
is negligible in comparison with the protein
fluorescence (i.e. complete quenching), and the second
when the fluorescence of protein-ligand complex is less,
but comparable with the protein fluorescence (i.e.
incomplete quenching). Obviously, affinity constants
calculated based on fluorescence quenching parameters
obtained in the case of incomplete quenching would
significantly differ from the real affinity constant.
Hence, understanding of fluorophore’s quantum yield
dependence on the occupied sites number is crucial for
correct interpretation of the FQT data. Moreover,
several papers point out the errors and pitfalls of FQT
application for quantification of binding affinities and
determination of the number of binding sites [6—10].

It should be noted that binding of a ligand to protein
does not necessarily lead to quenching of fluorescence,
and systems with the fluorescence enhancement are also
known [11]. Indeed, the wvariation of fluorescence
parameters upon binding ligands to proteins could be
rather complex [12], however, in this paper we will
focus on the most common case, when the emission
intensity of tryptophan residues within a protein
decreases upon ligand binding, i.e. fluorescence
quenching is observed. A number of methods was
suggested in the literature, which allow estimation of
the number of binding sites from titration curves [13—
15]. Nevertheless, these methods require measurements
of several titration curves in the regime when
concentration of ligand must be high and significantly
exceeds the characteristic dissociation constant of a
complex [14—15], that is sometimes hardly possible due
to experimental artifacts like the inner filter effect or
low quantities of the ligand available. Hence, a simple
and reliable test to assess the binding stoichiometry in
more realistic experimental conditions is still of interest.
In this paper, we suggest an algorithm for the
assessment the binding parameters from fluorescence
quenching curves, as well as a web-interface
implementing this algorithm for on-line data processing.

2 Backgrounds

Consider the case of the 1:1 stoichiometry interaction:
P+Q 2 PQ, )

where P, Q and PQ correspond to protein, quencher and

complex, respectively. Relation between equilibrium
concentrations in this system can be expressed as

[PIT _
Dt — 1+ KalQ), @
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where [P]r, [P] and [Q] are the total concentration of
protein and equilibrium concentrations of protein and
quencher, respectively, and K, is the affinity (binding)
constant. The Stern-Volmer equation is derived from (2)
under the following assumptions:

(i) the concentration of complex is much less than
quencher concentration ([PQ]<<[Q]), thus
yielding [Q] = [Q]r,

(i) the quantum yield of the complex is
approximately zero (complete quenching), thus
fluorescence intensity £ is proportional to [P].

Under these assumptions Eq. (2) transforms into the
Stern-Volmer equation:

2 =1+ Ksy[Qlr, (3)

where Fj is the fluorescence intensity in the absence of
quencher and Kgy is the Stern-Volmer constant, which
is used as a measure of binding affinity in FQ
experiments.

The violation of the assumptions (i—ii) may result in
discrepancies between Ksy and true binding affinity K,
of the considered ligand-fluorophore system. First, the
impact of equilibrium concentration of the complex
[PQ] cannot be neglected for large binding constants,
when significant part of ligand molecules is bound. This
fact becomes especially important when using FQT for
studying protein-drug binding, which is usually
characterized by high affinity constants [16]. Also,
derivation of the Stern-Volmer equation (3) implies that
the quantum yield #compex Of the complex is zero, but
this is not the case for a number of systems.

Further, in this work it will be shown that based on
multiple fluorescence quenching curves, measured at
different total fluorophore concentration one may
determine (a) if the number of binding sites in the
system is equal to one or larger and (b) the quantum
yield of the complex in the case of 1:1 stoichiometry.

3 Materials and Methods

3.1 Samples preparation

Bovine serum albumin (BSA), Congo Red (CR),
l-anilino-8-naphthalene  sulfonate (ANS), sodium
myristate (myr) and thioflavin T (ThT) were purchased
in Sigma-Aldrich (Germany) and used without further
purification. BSA stock solutions were prepared in
phosphate buffered saline (PBS, 0.1M ionic strength) at
pH 7.4. To obtain fluorescence quenching curves, stock
solutions of Congo Red, ANS, and ThT dyes at a
concentration of 100 uM in PBS were prepared, and
small volumes of obtained stock solutions were added to
the solution with fixed protein concentration.

3.2 Fluorescence measurements

Fluorescence spectra were measured using the
FluoroMax-4 (Horiba Jobin Yvon) spectrofluorometer.
To avoid the inner-filter effect excitation wavelength
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was set to 295 nm that corresponds to the red edge of
Trp absorption. Fluorescence emission was measured in
the 325-400 nm range that corresponds to the
fluorescence of tryptophan residues in BSA. Integral
fluorescence values F were calculated as the sum of
fluorescence intensity signal in the 325—400 nm spectral
range. Changes in fluorescence intensity F due to
changes in protein concentration upon titrant addition
were corrected for all measurements.

Numerical simulation and experimental data
processing were performed wusing the Python
programming language and NumPy, SciPy, Matplotlib
libraries. The online service for automatic data
processing is available at http://lid.phys.msu.ru/
fluorescence-quenching/.

4 Results and Discussion

4.1 Test on the difference between total and
equilibrium concentration of the quencher

To take into account that the total quencher
concentration is not equal to its equilibrium
concentration, one should use nonlinear fitting

procedure and modified Stern-Volmer equation [7],
which takes into account the assumptions on residuals
distribution implied in least-squares procedure [17].
However, an alternative correction procedure that could
be applied to experimental data to visually inspect
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whether the impact of the difference between total and
equilibrium concentration is significant could benefit
the data quality evaluation.

The equilibrium concentration could be derived
using the following expression:

[Q] = [Qlr — [PQ] = [Qlx — [Plr (1~ ). @)

Still assuming that the quantum yield of complex
equals zero, Eq. (3) can be rewritten as

y=1+ KA([Q]T - [Pz (1 —§)>, (5)

where y = F,/F. Plotting the same FQ curves in the
new coordinates (y over [Q]t — [Pl (1 - %) instead of

[Q]) thus should result in the correction of nonlinearity
of FQ plots caused by differences between total and
equilibrium concentrations of quencher Q. The non-
modified FQ curves calculated for K, = 106 M~ and
different [P]r are presented in Fig. 1a, where significant
difference in their slope is clearly seen. This fact is due
to violation of the assumption (i) at high [P]r, while the
proposed correction yields coinciding lines with the
slope equal to K (Fig 1b).
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Fig. 1 (a) The FQ curves calculated for K, = 10° M~ and different [P]rusing Eq. (2). (b) FQ curves from Fig. la
corrected for the difference between total and equilibrium concentration of quencher by plotting in the

([Q]t — [Pl (1 - i),y) coordinates. (c¢) Diagram of 1:1 stoichiometry system parameters (K, - [P]t, [Qlt/[PlT),

where correction for the difference between total and equilibrium concentration of quencher should (gray area) and

[Ql

should not (white area) be considered. The gray area corresponds to i < 0.9, where the assumption [Q] = [Q] is

T

invalid. The orange areas correspond to parameters of the systems measured in this work. (d)-(e) FQ curves for
BSA-CR before (d) and after (e) the correction procedure. BSA-CR FQ curves obtained for different [P]r without
correction do not coincide due to significant difference between total and equilibrium concentration of quencher.
Correction resulted in the coincidence of two FQ curves measured at different [P]r. (f)—(g). FQ curves for BSA-ThT
before (f) and after (g) correction procedure. Correction does not affect the FQ curves significantly due to low affinity

constant in this system.
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As the criterion for significant difference between
[Q] and [Q]r we estimated parameter values of the

system where % < 0.9 (i.e. [PQ] > 10% of [Q]). The
results are presented in Fig. lc, where the gray area
corresponds to “forbidden” zone, meaning that at the
corresponding  parameters the assumption that
[Q] = [Q]t is violated and the affinity constant
determined from Eq. (3) will be estimated with a high
error.

To illustrate the importance of accounting for
[Q] # [Q]r, we also performed experiments for model
systems with high and low affinity constants: (a) BSA
and Congo Red, (b) BSA and ThT. One more example
with the BSA-ANS system is presented in the text
below (Section 4.3). The BSA-CR system has
K, ~10° M~ [17, 18], hence, for the total protein
concentration varying in range of 1-10 pM the
difference between equilibrium and total concentration
should be taken into account. While fluorescence
quenching curves for different [P]; differed
significantly (Fig. 1d), correction for [Q] # [Q]r using
Eq. (5) resulted in their coincidence (Fig. le). The
slopes of fluorescence quenching curves (i.e. binding
affinities) obtained from the non-corrected Stern-
Volmer plots (Fig. 1d) varied by an order of magnitude
for different protein concentration (4x10° M for
[P]r= 2.6 uM vs. 10° M for [P]r= 1.5 uM), while for
the corrected plots yielded binding affinities of
~5-10°M™ both for [P]r= 1.5 uM and [P]y= 2.6 uM,
respectively. Similar correction for the BSA-ThT
system had no effect (Fig. 1f~g) because of low binding
affinity in this system [18].

4.2 Assessment of fluorescence quantum yield
of a protein-ligand complex

Derivation of the SV equation (3) also implies that the
quantum yield #¢omplex Of the complex is zero, i.e. that
the quenching is complete. As this assumption is
violated in a number of systems, the question is whether
it is possible to prove that #compiex is Nnon-zero. The ratio
Fo / F for the 1:1 complexation in case of non-zero
quantum yield can be expressed as:

& — Mprotein [P]T —
F NProtein [P] + nPQ[PQ]

[Plr  _ [P]T
T [Pl4+n[PQ] ~ [PlT+(m-D[PQP ©)

_ TNcomplex

where n = is the relative quantum yield of the
MProtein

complex (0<n<1) By measuring y = % it is

possible to estimate the value of [PQ]:

1
Pk _Pir(15)
Y _[P]T+(77—1)[PQ]=>[PQ]_ 1-n

(7

Concentration of free quencher can be expressed as:
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Q] = [ — [PQ] = Qe — 0.

1-n

(8)

Next, combining Eq. (2) and Eq. (7) yields:

_F_ _[Plr _ 1+KalQ]

Y= T PremipQl T TrnKalQl ©)
Finally, by substituting the Eq. (8) into Eq. (9), one

may obtain the following parametric equation:

y—‘1=KA<[Q]T— [P]TE) (10)

1-ny

Eq. (10) describes the dependence of fluorescence
quenching ratio F,/F on total concentration of
fluorophore [P]t and quencher [Q]r without the
assumptions  [Q] = [Q]r and Neomprex * 0 . To
determine the values of n and K,, we suggest to
measure at least two FQ for different [P]y, and then
simultaneously fit these curves to Eq. (10) to obtain the
n and K, parameters. The main idea of this approach is
that the Eq. (10) allows to consider the y values as
function y = y([Qlt, [P]t, Ka, 1) with two independent
variables [Q], [P]r and two parameters K, 7, thus the
reliable evaluation of these parameters might be done.

The Eq. (10) could be also rewritten in the form
suggested in Ref. [7]. Despite the correctness of the
equations in Ref. [7], we found out that using a titration
curve for a single concentration of protein could result
in poor accuracy in determination of binding constant
K, and relative quantum yield 7. To demonstrate this
we modelled the fluorescence quenching curves for
system with 1:1 stoichiometry and incomplete
quenching with K, = 2x105 M~! and n = 0.3 for two
concentrations of protein [Plr=1uM and
[P]t = 10 uM with total concentration of quencher Q
varied in such region so the F/F ratio was lower than
1.5 for both protein concentrations. It was found that the
binding constant and relative quantum yield of complex

system obtained at [P]p =1l were equal to
Lyt 0" )nnm e and n! 11" 1110.08
while for [P!, ! "Wl 1, 1 (114 4)x10'0 '?

andn ! ™ 11 110019 were obtained. At the same
time, simultaneous use of two titration curves modelled
for two concentrations of protein resulted in
Ky = (1111 1.3)x10%1 '*and! ! 1126 +0.02 that
coincided with the true values within the error. Hence,
we emphasize that even using correct equation for
analysing a single titration curve could be insufficient to
obtain reliable results on binding parameters of the
system, and using two titration curves is beneficial.

4.3 Estimation of the number of binding sites

Currently, in order to obtain the number of binding sites
from fluorescence quenching curves, the “log-log” Stern
Volmer equation is often used. However, it has been
demonstrated by several authors that this approach is
incorrect [6—8, 10]. The question about the possibility to
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obtain the information about stoichiometry using
fluorescence methods was reviewed in detail in Refs.
[14,15], and as it was already mentioned, for
determination of the exact number of binding sites it is
crucial to measure several titration curves with ligand
concentrations up to the values that significantly
exceed!! /K, [14, 15]. In this work we propose the
method for simple FQT data processing in the region of
parameters, where saturation is not achieved, to test the
hypotheses whether a single binding site (n! !) or
multiple binding sites (! ! !) are present in the system.
The procedure for this can be done as follows.

Step 1. One should measure fluorescence quenching
curves for two (or more) titration series for different
initial values of !! ]1. Theoretically, !! !, values should
be chosen in the way that K, 11 1571 1 and 1 111 ~1
as for at these values the FQ curves would differ
significantly. At the same time, one should find a
compromise between two experimental artifacts. On the
one hand, low values of [P!, lead to low intensity
signals. On the other hand, high values of ! |, lead to
inner filter effect, which also should be taken into

account. For example, for BSA these values can be
suggested to be equal to !l '”' 1t and
1ni

vt CIf the FQ curves measured at different
[P]T values coincide, it can be argued that both
assumptions of Stern-Volmer equation (i) and (ii) are
fulfilled and further corrections are not necessary.

Step 2. If the FQ curves measured at two [P]r values
differ, the procedure for fluorescence quantum yield

estimation, i.e. fitting them to Eq. (10) should be
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performed. As a result, the values !,!! will be
obtained.
Step 3. If for both FQ curves!' ! !'ll" and the

residuals are not correlated (that could be verified
visually or by using the Durbin-Watson statistical test)
the fitting procedure can be considered successful. In

this case, it can be argued that! ! ! and the relative
quantum yield of complex and binding affinity constant
K, are determined correctly. If ! 11" or residuals

are correlated, it can be concluded that the system is not
described by Eq. (10)and! I 1.

The described algorithm is visualized in Fig. 2.

To illustrate how this method works, the following
systems were selected: the BSA-sodium myristate (myr)
system, where n>1 [20, 21]; BSA-ANS, where it is
known that number of binding sites is 2 and
fluorescence of the complex is not completely quenched
[22]; and BSA-Congo Red where n =1 [18, 19]. For all
the systems two FQ curves were measured at different
IM'l, (Fig. 3a—c), and then the suggested approach was
applied. The!' value for the BSA-myr system was
equal to 0.407, there were clearly visible trends in
residuals behavior (Fig. 3d), and the value of the
Durbin-Watson’s statistics was equal to 0.05 (the value
of the Durbin-Watson statistic close to zero means the
presence of positive correlation between residuals, a
lack of correlation corresponds to the value of Durbin-
Watson statistic equal to 2). Hence, it was verified that
n > 1. Fit of the BSA-ANS data also exhibited poor
R*=0.915 value and correlated residuals (Fig. 3e).

Number of binding sites estimation using solely fluorescence quenching curves
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Fig. 2 Schematic representation of steps to be performed to analyze fluorescence quenching curves.
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BSA + myr system
R?=0.407

BSA + ANS system
R?=0.915
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Fig. 3 (a)—(c) Fluorescence quenching curves for the BSA-myr (a), BSA-ANS (b) and BSA-CR (c) systems. (d)—(f)
Residuals of fit of FQ curves by Eq. (10) for the BSA-myr (d), BSA-ANS (e), BSA-CR (). Clearly observable trends in
residuals may be noted for BSA-myr and BSA-ANS systems, verifying that number of binding sites is greater than 1 for

these systems.

On the contrary, when the proposed algorithm was
applied to the BSA-CR system, where n = 1 (Fig. 3c),
the ! ' value was equal to 0.998 (Fig. 3f), and the values
of the Durbin-Watson’s statistics were equal to 1.5.
Hence, it can be concluded that » = 1. The values
obtained from fitting the FQ curves to Eq. (10) were
O O (I I T e -t v B N I A1
suggesting complete quenching in the system.

The suggested algorithm was also investigated
numerically. Several systems were taken into
consideration: (a) the system with one binding site and
zero quantum yield of the complex, (b) the system with
one binding site and non-zero quantum yield of the
complex and (c) the system with several binding sites

(vt and!y ! !!I” L, zero quantum yields).
For each system the series of FQ experiments (two FQ
curves with [1]® 0t @ ) were
simulated. To simulate the experimental error, five
percent noise with uniform distribution was added to the
F values. Then the suggested method for estimation of
K and quantum yield was applied to fit the simulated
data. Overall, 10000 experiments were simulated for all
parameters sets. Fig. 4 demonstrates the contingency
matrices of algorithm predictions for the system with
low and high affinities (!, ! PPttty

Wy bt b respectively). For the high affinity
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systems the algorithm successfully distinguished three
cases: the 1:1 stoichiometry with zero quantum yield of
complex, 1:1 complexation with non-zero quantum
yield and the n>1 case, yielding almost 100%
accuracy. Higher error rates were observed for low
affinity systems: classification algorithm was prone to
falsely attribute » =1 systems with non-zero quantum
yield to systems with n > 1. However, firstly, the case of
high affinities is of more interest for biochemistry and
pharmacology, and, secondly, as it was demonstrated in
the section 4.1, FQ curves measured at different [P]t for
low affinity constants coincide before the correction
procedure, so one may classify the case of low binding
affinities without applying the suggested algorithm.

4.4 Web-interface for the FQ data processing

To simplify the data processing using the suggested
approach, the online service for data processing has
been  developed. (link: http://lid.phys.msu.ru/
fluorescence-quenching/). Users can upload their data
(two FQ curves), as a result, the procedure application
summary is displayed. At first, the cases of ! ! ! and
I'1 I are discriminated; then in case of ! ! | |
I, 1111 values and the values of Durbin-Watson’s
statistics are shown; in case of ! ! ! the!' value and
the values of Durbin-Watson’s statistics are displayed.
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properties.
Ka=5-10*M"1
(a) = 100
n=1
n=0 80
60
g n=1
— =
= 40
0
n=1 n=1 n>1
n=0 n=0.'3
Predicted
Ky=5-10M"1
(b) 2 100
n=1
n=0 80
60
03') n=1
S n=03
=" 40
n>1 20
0
n=1 n=1 n>1
n=0 n=0..3
Predicted

Fig. 4 The resultsof predictions of the proposed
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(a) The contingency matrixfor the system with low
affinity (-g L wus B ?9). b) Thecontingency matrix
for - L wusr 75 It can be noted that the proposed
algorithm is beter suited for highewalues of affinity
constants commonly occurring in biochemistry and
pharmacology.
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