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ABSTRACT: The equilibrium dissociation constant (Kj) is a major ‘ + A : ¢L
characteristic of affinity complexes and one of the most frequently 5 Ky .
determined physicochemical parameters. Despite its significance, the Target Ligand Complex
values of Ky obtained for the same complex under similar conditions AL,
often exhibit considerable discrepancies and sometimes vary by orders of —— >
magnitude. These inconsistencies highlight the susceptibility of Ky AT, Error
determination to large systematic errors, even when random errors are g
ge sy: )
small. It is imperative to both minimize and quantitatively assess the AR "
systematic errors inherent in K determination. Traditionally, Ky values Log(L,/K,,.)
are determined through nonlinear regression of binding isotherms. This
analysis utilizes three variables: concentrations of two reactants and a fraction R of unbound limiting reactant. The systematic errors
in Ky arise directly from systematic errors in these variables. Therefore, to maximize the accuracy of Ky, this study thoroughly
analyzes the sources of systematic errors within the three variables, including (i) non-additive signals to calculate R, (ii) mis-
calibrated experimental instruments, (iii) inaccurate calibration parameters, (iv) insufficient incubation time, (v) unsaturated binding
isotherm, (vi) impurities in the reactants, and (vii) solute adsorption onto surfaces. Through this analysis, we illustrate how each
source contributes to inaccuracies in the determination of Ky and propose strategies to minimize these contributions. Additionally,
we introduce a method for quantitatively assessing the confidence intervals of systematic errors in concentrations, a crucial step
toward quantitatively evaluating the accuracy of Ky. While presenting original findings, this paper also reiterates the fundamentals of
Ky determination, hence guiding researchers across all proficiency levels. By shedding light on the sources of systematic errors and
offering strategies for their mitigation, our work will help researchers enhance the accuracy of Ky determination, thereby making
binding studies more reliable and the conclusions drawn from such studies more robust.

d,true

Log(|AK, ./ K

1. INTRODUCTION improving this accuracy, or in the other words, minimizing the
systematic error in Ky g

The ramifications of inaccuracies in Ky determination are
profound. Inaccurate K4 values can distort the ranking of drug
leads, potentially prioritizing low-potency compounds over

The equilibrium dissociation constants (Ky) of affinity
complexes drive important decisions, such as ranking drug
leads and choosing prevailing mechanisms in cellular
regulation.' ™ Correct decisions require accurate K values,

but K4 values determined for the same complex under similar high-potency ones, thereby compromising the efficacy of R&D
conditions often differ from each other by folds or even orders efforts in drug discovery S Moreover, inaccurate K, values
of magnitude while having small relative standard deviations can lead to misinterpretation of biological data and perpetuate
(i.e, random errors).”” Such substantial differences suggest fundamental misconceptions in biological research for
that Ky determination is subject to large systematic errors, or in extended periods.”'>"? It is crucial to emphasize the necessity
other words, is inherently inaccurate. of accurate Ky determination, which unfortunately remains a
A determined K value (Kj4,) always differs from the true challenge.
value of Ky (Ky.), and systematic error in Kgg. (AKy) is Opver the past decade, notable works and practical guidelines
defined as have been developed to help researchers improve the accuracy

of experimentally determined K; values.'*~'® Despite this, only

AKd,det = Ky ger = Ko prue (1)
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Since the true value of Ky is fundamentally unknown, the Ch@ﬁ)!ﬁol
systematic error of Ky 4., cannot be found using this definition. :
Therefore, the question of “how accurate is the determined
value of K42” lacks a definite quantitative answer. Our inability
to quantitatively characterize the accuracy of Kj 4. underscores

the imperative to implement all available measures aimed at
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a small portion of studies adhere to these established
guidelines,'* primarily due to two reasons. First, many
experimentalists are unaware of how significantly systematic
errors in variables (e.g., concentrations) can affect the accuracy
of Ky determination. Second, implementing the recommended
measures, such as constructing multiple binding isotherms with
varying incubation times and concentrations of the limiting
component, is both time-consuming and resource-intensive.
The lack of adherence to established guidelines has motivated
us to conduct a systematic theoretical study aimed at (i)
identifying fundamental determinants of Ky accuracy,'” (ii)
quantitatively demonstrating the importance of eliminating
common sources of systematic errors and providing guidance
for doing so, (iii) developing a practical approach for assessing
the accuracy of experimentally determined K from a single
binding isotherm,™® and, ultimately, and (iv) establishing
consensus standard requirements for binding experiments by
the broader research community.'” Here we focus on the
second aspect.

A classic way to determine Ky includes two major steps
(Figure 1A).>°7*" Step 1 is experimentally building a binding

Target + Ligand TComplex
d
1 L,= const
T Nonlinear regression K+
« ——> withR=F(K, T,L) [ > "ea*7
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R
0
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—_ T,, and R into systematic ¥
AR error of K, with :‘
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S [Phase 1 (linea

Log(L,/ K, ..)

Figure 1. Schematic representations of A) determination of K; and its
standard deviation (o) by nonlinear regression with three variables
from the binding isotherm (L, Ty, and R) and B) propagation of
systematic errors in these variables leading to a triphasic dependence
of the relative systematic error in Ky 4, on the ratio Lo/Ky . (The
right subpanel of panel B is modified with permission from ref 17.
Copyright 2023 American Chemical Society.)

isotherm using a set of equilibrium mixtures containing two
components: a limiting component, which we term ligand (L),
and an excess component, which we term target (T). The
ligand is kept at a constant total concentration L, across all
equilibrium mixtures while the total concentration of the target
T, is varied from mixture to mixture in a wide range. A binding
isotherm is the dependence of a fraction R of unbound (or
bound) ligand on T, at a constant L.

Step 2 in Ky determination is nonlinear regression of the
binding isotherm with a known regression model, R = F(L,, T,
K,), derived from the definitions of R and K as well as mass
balance for ligand, target, and complex. In this regression
procedure, K4 is an unknown sought parameter, Ly and T are
known independent variables, and R is a known dependent
variable. The result of nonlinear regression is a determined Ky
value and its standard deviation (random error) o obtained
under the assumption that all three variables (L,, T,, and R)
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are subject to random errors only. The value of ¢ describes the
precision of Ky 4, but suggests nothing about the accuracy of
Kd'det.%25 In other words, the probability of the Ky, to be
found inside of the K4, + o range is unknown and can be
very low.

As Ky is not measured directly but determined using
nonlinear regression with a known regression model, the
accuracy of Kjg is defined by the accuracy of the three
variables (L,, T, and R) (Figure 1B)."” Note, the use of an
incorrect regression model will lead to inaccurate Kg 4, even if
Ly, To, and R are free of systematic errors. Using error
propagation rules, we can link the systematic error in Ky 4, to
systematic errors in Ly, Ty, and R: AKy 4, = G(ALy, ATy, AR,
Ly, Ty, R). The dependence of AKg4,, on Ly is such that when
Ly is much greater than the unknown Kj.,. value, then the
relative systematic error in K4, is equal to a combination of
relative systematic errors in the variable multiplied by L,/
K(Ltrl,e.17 Decreasing systematic errors in Kj4. thus requires
decreasing both L, and systematic errors in the variables. As
decreasing L, is restricted by limits of quantitation (LOQ) of
instruments,” decreasing systematic errors in variables is
viewed as an effective way of improving the accuracy of Ky
determination.

Minimizing the systematic error in Ky 4 is an important task
which can be translated into minimizing systematic errors in
the variables. The drawback of such minimization is that it is
blind; we minimize the error without knowing its value. The
limitation of blind minimization is that even if all known
precautions are taken to minimize systematic errors in variables
(and, thus, in Kgg.), the resulting Kjg4, may still be
insufficiently accurate for an intended application, but we
will not know that. The major problem, which is not directly
addressed in this work, is the lack of a practical approach for
researchers who routinely determine Kj values to quantitatively
assess the accuracy of K4 Some numerical statistical
methods, such as bootstrapping and Bayesian analysis, exist
for assessing confidence intervals of parameters determined
through nonlinear regression.m_28 However, these methods
are very rarely utilized by molecular scientists particularly due
to the ambiguity associated with the inputs, which are
confidence intervals of variables. Thus, we started the
presented work with two goals in mind: (i) minimization of
systematic errors in variables and (ii) quantitative assessment
of the confidence intervals of the variables. Accordingly, after
providing the required theoretical background on Ky
determination and error propagation, we analyze major sources
of systematic errors in variables R, Ly, and T, and we also
identify means of minimizing these errors and study how their
confidence intervals can be quantitatively assessed.

This work represents a rigorous examination of the universal
sources of systematic errors in Ky determination using
equilibrium methods. As such, it serves as an indispensable
resource for researchers conducting binding studies by offering
detailed insights and practical methodologies to significantly
enhance the accuracy of Ky determinations. Furthermore, we
anticipate that this work will lay the groundwork for
incorporating Ky accuracy considerations into undergraduate
and graduate curricula focused on binding methods. Addition-
ally, it will support reviewers and editors in assessing the rigor
and adequacy of experiments reported in scientific publications
that present Ky values. By providing a comprehensive analysis
and practical guidelines, this study aims to elevate research
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standards in this field, ensuring more reliable and reproducible
results, ultimately benefiting the broader scientific community.

2. THEORETICAL BACKGROUND

2.1. Binding Process. Since the considerations of
stoichiometry and cooperativity of binding would greatly
complicate this study, here we only consider a simple 1:1
binding process between a target and a ligand, which is the
most abundant type of interactions in biological and
technological contexts:'¥>"*°

kD“
Target + Ligand = Complex

off

()

Here k,, and kg are rate constants of complex formation and
dissociation, respectively. Ky can be defined through either
these rate constants or equilibrium concentrations of the target

(T), ligand (L), and complex (C), as follows:
2
C

koff

K, =

‘ 3)
Lower Ky values correspond to higher thermodynamic stability
of the complex. The equilibrium concentrations are linked to
each other through the formal total concentrations of the
target (T,) and ligand (L,) according to the rules of mass
balance:

T,=T+C,

on

Ly=L+C (4)

T, and L, are concentrations of target and ligand, respectively,
after mixing solutions of these two reactants but before any
complex is formed. Experimentally, T, L, and C cannot be
directly measured to determine the Ky However, Ky can be
calculated with known T, L, and fraction of unbound ligand
R; the latter links K to T, and L.

2.2. Fraction R of Unbound Ligand. The determination
of Ky requires experimentally finding a fraction R of target-
unbound ligand (or a fraction of target-bound ligand, 1 — R),
in the equilibrium mixture of the target and ligand:

L

R=—

L, (8)

The general procedure for finding R starts with preparing the
equilibrium mixture of the ligand and target. The procedure is
facilitated by the physical or spectral separation of the
unbound ligands from the complex. The separation is complete
if the peaks or spectra of the unbound ligand and the complex
do not overlap; otherwise, it is incomplete. The choice of a
signal-processing approach depends on whether or not the
separation is complete.

Complete separation of the unbound ligand from the
target—ligand complex allows one to measure two signals from
the equilibrium mixture — one is a signal from the unbound
ligand (S;) and the other is a signal from the target—ligand

complex (Sc) — and express R using the two signals:***">*
_L_ s
Ly S, +Sc/¢ (6)

where ¢ is a factor by which the signal of ligand changes when
it binds the target, e.g., in the case of fluorescence detection, ¢
is the quantum vyield of the target-bound ligand relative to that
of the unbound ligand.

Only a cumulative signal S from the unbound ligand and the
target-bound ligand in the equilibrium mixture can be
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measured when their separation is incomplete. Typically, R is

determined using additive signals (signal additivity is explained

in detail in Note S1), which satisfy the principle of
L 2123,33,34

superposition:

s=s5"L 5. C

L, Ly (7)
where S;* and Sc* are signals from equimolar concentrations
of pure ligand and pure complex and S is a signal from a
mixture containing both unbound ligand and complex of a
total concentration equal to that used to measure S;* and Sc*.
Note that, signal being linearly dependent on concentration is
a sufficient condition for the establishment of eq 7 (Note S2).
In the case of incomplete separation of signals from the
unbound and target-bound signals, the value of R can still be
determined, but three signals, S, Sc*, and S *, are required
instead of two signals in eq 6:*>*%%

S-S
R=_—__"C

(8)

Measuring signal S for the mixture is trivial. Measuring signal
S * for pure ligand is also trivial as S * is the signal from the
ligand in the absence of target. Measuring signal Sc* from the
pure complex in the case of incomplete separation requires that
C > L, which is achieved via using a saturating total
concentration of the target in the equilibrium mixture:

Ty > Ly, Ty > Kd,true (9)
It is hard to ensure the second inequality is satisfied as K, in
fundamentally unknown. Moreover, target solubility and a
significant increase in viscosity of the sample due to excessively
high T, may limit the ability to find Sc*. Accordingly, complete
separation of the free and target-bound ligands is preferable to
incomplete separation.

2.3. General Approach to K; Determination. There are
two major ways to find Ky when R has been determined. In the
first way, a formula that explicitly relates Ky to R is used:*®

_ To—L(1 -R)

Kq =

(/R -1) (10)
This formula is obtained by solving eq 3 using mass balance
equations for both ligand and target (eq 4), and the definition
of R (eq 5). This approach requires a single value of R.
Calculation of K4 with this formula is most accurate for R
approximately equal to 1/2.** However, K; values determined
this way are very sensitive to random errors of R, T, and Ly,
especially when R is closer to zero or unity than to 1/2 (Note
S3). Therefore, an alternative approach, which relies on
nonlinear regression is typically used.

In the nonlinear-regression approach, Ky is determined by
using multiple values of R found for a constant value of L, but
different values of T,. The dependence of R on Tj is called a
binding isotherm, which exhibits a characteristic sigmoidal
shape in a semilogarithmic presentation of the isotherm (dots
in Figure 1). Ky is then computed by fitting the binding
isotherm with a theoretical dependence of R on T, (aka,
nonlinear regression model) while using K; as a fitting
parameter. A correct model can be obtained boy solving eq
10 for R without any simplifying assumption:'”*%**
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K+ To-Lo
2L, \/
(11)

An example of the best fit of a binding isotherm obtained with
eq 11 is shown as a red line in Figure 1. In the nonlinear-
regression procedure, Ky is a determined parameter, L, and T
are independent variables, and R is a dependent variable.

The regression model presented by eq 11 (as well as other
regression models) assumes that only random errors are
present in the variables, i.e., R, T;, and L,. Those errors result
in a random error of K4, which is reported at the output of
nonlinear regression as a standard deviation o. The standard
deviation (0) of Ky4 along with the mean value of Ky
indicates the precision of Ky 4... Importantly, it is not necessary
to repeat the determination of R for the same value of T, to
assess the random error of Ky 4.

If any of R, T, or L, has a systematic error, then Ky cannot
be determined accurately with a model presented by eq 11.
Furthermore, if systematic errors exist in R, Ty, or L, and their
magnitudes are unknown, then not only is Ky 4, inaccurate, but
also the systematic error in Ky g4, remains unknown. On the
other hand, if some information about the accuracy of R, T, or
L, is known then the correct regression model presented by eq
11 can, in principle, help assess the accuracy of Kd,dEt.l8,26—28

2.4. Propagation of Systematic Errors. The accuracy of
Kj 40 depends on the accuracies of Ly, Ty, and R. If the values
of Ly, Ty, and R were known accurately (i.e., had no systematic
errors), then Ky determination would be accurate (e.g., subject
to random errors only). However, this is not the case, and
systematic errors in Ly, Ty, and R (designated as ALy, AT, and
AR) always exist and translate to the systematic error in Ky g
(designated as AKj4,,) as explained below assuming (for now)
that ALy, AT, and AR are known.

The manner in which ALj,, AT,, and AR are translated into
AKj 4t is governed by the error-propagation rules. Such rules,
in turn, depend (though not critically) on whether AL, AT,,
and AR are strongly or weakly correlated. If they are strongly
correlated (which will be the case if similar procedures are used
for the preparation of solutions of ligand and target, and AR is
solely the consequence of AL, and AT,), then we can
approximate the absolute value of AKgg4. by the following
expression based on the using of error-propagation rule for

Joedan
dR {

fully correlated errors:
| oK
—4BAL,
oL,
(12)

We can apply eq 12 to the dependence of K4 on L, Ty, and R
(eq 10) and obtain'’

Kg+ To— Lo
2L,

Kq

EZ_

Lo

R =

+ +

|AK gl = | 9K AT,
d,det OTO 0

AKd‘det +b Lo

d,true

Kd‘true

(13)

where a4 is a constant depending only on |IAT,/ Tl and IAR/RI
while b is a constant depending on all three relative errors:
AT,/ Tol, IALy/Lyl, and IAR/RI.

If ALy, AT, and AR are weakly correlated (which will be
the case if different procedures are used for the preparation of
solutions of ligand and target, and AR is independent of AL,
and AT,), then we can approximate the absolute value of
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AKj4ee by the following expression based on the use of the
error-propagation rule for fully uncorrelated errors:

- 2 - 2 . 2
oK oK oK
|AKg gl = ([{——8 ATy® +{—2F AL," + i—dg AR?
* o, oL, R {
(14)

We can apply eq 14 to the dependence of K4 on L, Ty, and R
(eq 10) and obtain'’

. N
= 240 4
a m s

d

AKy det Lo

Kd,true Kd,true{

(15)
where @ and / are constants depending only on IAT,/T,l and
[AR/R| while f is a constant depending on all three relative
errors: |ATy/Tyl, IALy/Lol, and |AR/RI. In propagating the
errors to obtain eqs 13 and 15, a single simplifying assumption
was made, that the determined (from measured signals) value
of R is equal to 0.5, which leads to the least erroneous
Kd’derw,zz Thus, we are considering the best-case scenario, and
eqs 13 and 1S represent the lower limit for relative systematic
errors in Ky 4. Exact dependencies of a and b as well as a, 4,
and f on |ATy/Tyl, IALy/Lyl, and IAR/RI are not important
here but can be found elsewhere.'”

Although eqs 13 and 15 appear different, they are similar in
the triphasic shape of |AKy 40t/ Kyl dependence on Ly/Ky iy,
(Figure 1B). The first phase corresponds to low Lo/Kye
values and is linear with negligible dependence of IAK, 4./
Kyuel on Lo/Kyye- The reason for the first phase to be
virtually parallel to the x-axis is that the first term prevails over
the second in eq 13 and the first two terms prevail over the
third term in eq 15 for low values of Ly/Ky,,. For phase 3,
which corresponds to large Ly/Ky,, values, eqs 13 and 15
approach another linear phase: |AKy 40/Kqruel = b(Lo/Kygrue)
and 1AKy 4o/ Kgpruel = B(Lo/Kyrue), respectively; that phase
shows a high sensitivity of |AKy 4.t/ Kq el t0 Lo/Kg rye- There is
a nonlinear transition range (phase 2) between the two linear
phases. Moreover, both eqs 13 and 15 suggest that the
minimum |AKj 4../Kg el value (in phase 1) depends on a
single parameter (a in eq 13 or a in eq 15) that is defined only
by IAT,/T,l and |AR/RI, while the sensitivity of IAKg get/Kq el
t0 Lo/Kj e in phase 3 mainly depends on a parameter (b in eq
13 or f§ in eq 15) that is defined by relative errors of all three
variables: |AT,/T,l, IALy/Ll, and IAR/RI.

As suggested by eqs 13 and 15, to increase the accuracy of
Ko (i€, to decrease IAKy 4./Kyel), one can decrease the
ligand concentration L, (to reduce the Ly/Kj . ratio) and/or
minimize the relative systematic errors in Ly, T,, and R. Since
L, cannot be lower than the LOQ of an instrument utilized for
measuring signals (and, thus, finding the values of R)," it is
not practical to decrease Ly/Kg g to a very low value in many
cases, especially in the studies of very stable complexes (small
values of Ky ,.). Thus, understanding the sources of systematic
errors in Ly, Ty, and R and how these errors influence the
accuracy of Kyg4 is crucial for minimizing such systematic
errors and further improving the accuracy of Ky 4.

3. RESULTS AND DISCUSSION

3.1. Effect of an Incorrect Regression Model on K,
Accuracy. Before considering sources of systematic errors in
Ly, Ty, and R, we would like to demonstrate the importance of
using a correct regression model (e.g., eq 11). It is common in

https://doi.org/10.1021/acschembio.4c00259
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the research community to fit binding isotherms with a
simplified hyperbolic equation:'*~"°

Kg+ To (16)
This equation is derived from the definitions of Kj and R (eqs
3 and 5) and mass balance for ligand and target with assuming
T ~ T,"*7'° Eq 16 is only applicable to K, determination
under the condition of Ly <« Kd,tme;M_16 however, since Ky,
is fundamentally unknown and L, cannot be below the LOQ of
the instrument, it is hard to ensure that the condition of L, <«
K4 e is achieved. In essence, despite the simplicity of eq 16, it
is an incorrect (or inaccurate) regression model, and using it
will necessarily result in systematic errors in Ky g4, even if Ly,
To, and R are free of systematic errors. It is, therefore,
instructive to demonstrate the extent of inaccuracy of Kg g4
caused by the use of eq 16 instead of eq 11 in nonlinear
regression (Figure 2).

1000
100
o
2
©
X
=~
3
- 104
X
1j—n—n—n—n—"N
T T T T T
0.01 0.1 1 10 100 1000
Lo/Ky true

Figure 2. Dependence of Ky get/Kypye On Lo/Ky e When using the
simplified hyperbolic eq (eq 16) to fit the theoretical binding
isotherms that were simulated with eq 11. There was no error added
to Ly, Ty, and R.

Importantly, using eq 16 leads to an overestimation of Kj 4
and can result in Ly < Kyg. even when Ly > K. This
emphasizes the importance of not comparing L, to Ky 4., as it
not only is incorrect but also can be misleading. Our results
strongly suggest that the correct model (eq 11) should be used
for nonlinear regression if both T, and L, are known.
Exceptions include cases where determining what L, ripresents
is challenging, making the use of eq 11 impossible."* Classic
examples are methods with surface-immobilized ligand, such as
BLI and SPR. Therefore, using the correct regression model is
crucial for the accurate determination of Kj. Below, we will
only use eq 11.

3.2. Sources of Systematic Errors in R. Systematic errors
in Ky 4 can be attributed to systematic errors in R, which can
originate from various sources. Here, we analyze four common
sources of AR: (i) using non-additive signals to calculate R, (ii)
using an uncalibrated signal-detection instrument or incor-
rectly determined calibration parameters in calculating R, (iii)
using insufficient incubation time without allowing mixtures to
reach equilibrium, and (iv) measuring Sc* (signal for pure
complex) without satisfying saturation condition described in
eq 9. Most of these error sources result from theoretical or
experimental mistakes and should be addressed during the
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experimental design and preliminary experiments. Some other
less common but well-studied error sources, such as disturbing
equilibrium by (i) physical separation of the target—ligand
complexes from the unreacted ligand and (i) change of
conditions (e.g., temperature) caused by detection, etc,,' >3~
are not presented and discussed in this work.

In this Perspective, we consider only the universal origins of
inaccuracies in R. However, each method has its own specific
sources of inaccuracies. While we do not delve into these
method-specific sources, we strongly recommend that
practitioners thoroughly study the limitations and potential
inaccuracies associated with their chosen methods. Compre-
hensive analyses of these limitations and sources of inaccuracy
are available in the literature for all widely used methods of Ky
determination. Below, we provide references to some useful
materials for several methods that we subjectively view as most
widely used in the research community of Chemical Biologists:
Enzyme-Linked Immuno-Sorbent Assays (ELISA),*~** Sur-
face Plasmon Resonance (SPR),"~*” Bio-Layer Interferometry
(BLI),"**° Microscale Thermophoresis (MST),”' ™ Isother-
mal Titration Calorimetry (ITC),>*™>° and Nuclear Magnetic
Resonance (NMR).*”"™>?

3.2.1. Non-additive Signals. Systematic errors in R can arise
from the use of a non-additive signal, which does not satisfy eq
7 and, accordingly, cannot be used in eq 8 (derived from eq 7)
to calculate R. Examples of Ky-determination approaches using
signals that have been proven to be additive/non-additive are
shown in Table 1. Note that the additivity status of some
signals listed in Table 1 is proven in this work, while we do not
have such information for Back-Scattering Interferometry
(BSI). Table 1 serves as a starting point for reviewing the
additive characters of the signals used in various K-
determination approaches. Researchers in the field of Ky
determination are invited to comment on and/or correct this
information on https://www.researchgate.net/post/
Additivity of signals used in Kd-determination
approaches, where we will upload the updated table regularly.
Here, considering examples of non-additive signals within the
context of specific Kg-determination approaches is instructive.
Our results indicate that a signal should be proven to be
additive before it can be used to calculate R. Otherwise, large
systematic errors in Ky 4., might be caused by mistakenly using
non-additive signals in R calculations.

3.2.1.1. Mobility-Based Methods. A method commonly
used for Ky determination for relatively unstable complexes is
based on mobilities of unbound ligand and target-bound ligand
in capillary electrophoresis (CE).”” In this method, a short
plug of the ligand of concentration L, is injected into a
capillary prefilled with the running buffer containing the target
at a concentration of T;. This plug of the ligand moves through
the capillary by an electric field under the condition of
pseudoequilibrium in binding process (eq 2) which is
equivalent to a condition that the characteristic equilibration
time (f,) is much smaller than the characteristic separation
time (t,):

teq < tsep (17)

The characteristic e%uilibration time for a case of T, > L, can
be approximated by*

teq ~ (Kot + konTO)_1 (18)
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Table 1. Examples of Kg-Determination Approaches with Information of Signals Used to Calculate R and Their Additivity

Approach

Accurate Constant via Transient Incomplete Separation

(ACTIS)
Affinity Capillary Electrophoresis (ACE)

Non-Equilibrium Capillary Electrophoresis of Equilibrium

Mixtures (NECEEM)
Back-Scattering Interferometry (BSI)
Surface Plasmon Resonance (SPR)

Bio-Layer Interferometry (BLI)

Enzyme-Linked Immuno-Sorbent Assays (ELISA)

Solid Phase Radio-Immuno-Assay (SPRIA)
Flow Induced Dispersion Analysis (FIDA)
Taylor Dispersion Analysis (TDA)

Rotational Depolarization of Fluorescence

Fluorescence Resonance Energy Transfer (FRET)
High-Performance Liquid Chromatography (HPLC)

Isothermal Titration Calorimetry (ITC)
Microscale Thermophoresis (MST)
Native Mass Spectrometry (MS)
Nuclear Magnetic Resonance (NMR)

Electrophoretic Mobility Shift Assay (EMSA)
Gel Filtration

References with ~ Supplementary
Signal Additivity” proo: references
Fluorescence intensity \/ 23 78, 79
Ion-signal intensity \/
Electrophoretic mobility \/ 63 60, 62
Migration velocity (with constant mobility of \/
electroosmotic flow)
Migration time X Section 3.2.1.1 N/A
Peak area \/ 37 22, 90
Refractive index in solution 2 N/A 91, 92
Refractive index on surface \/ 93 94—96
Wavelength shift \/ 97 98, 99
Absorbance v 100 101, 102
Radioactivity Vv 103 104, 105
Apparent diffusion coefficient X Section 3.2.1.3 72, 74
Reciprocal of apparent diffusion coefficient X Section 3.2.1.3 106
Anisotropy v 67 64, 107
Polarization X 68, Note S4 108—110
Fluorescence intensity \/ 111 112
Peak area \/ 113 114
Binding enthalpy \/ 115 116, 117
Fluorescence intensity \/ 118 21
Ion signal intensity \/ 119 120, 121
Chemical shift v 122 7,123, 124
Longitudinal and transverse relaxation rates X 125 126
Radioactivity or light/fluorescence intensity \/ 127 128, 129
Absorbance \/ 130 131

“Symbol \/ ” indicates that a proof of additivity exists, symbol “X” indicates that the proof of non-additivity exists, and symbol “?” indicates that the
authors did not find a proof of additivity or non-additivity. “In some references, it is not directly shown that whether the measured signals satisfy eq
7 or not. In these cases, if the measured signal is proven to be proportional to the quantities (e.g., concentrations, layer thicknesses, etc.) of target-
unbound and target-bound ligands, we consider that the additivity of the signal is proven (refer to discussion in Notes S1 and S2).

The characteristic separation time is
I
min(jvr — vl Ve = Vi) (19)

tsep =

where [ is the length of the plug of ligand, and vy, vy, and v¢ are
velocities of the target, ligand, and complex, respectively.
Usually, the complex moves with the velocity intermediate to
those of the unbound ligand and target, that is lve — v | < lvp —
vil, and eq 19 can be written as

|
e — Vi (20)

t'sep =

The migration time of the peak of ligand to the detector t is a
common measurable signal in capillary electrophoresis (CE) !

but time is not additive, while if the mobility of electroosmotic

flow is independent of T, the velocity and inverse migration
. o 60,62,63

time are both additive:

0 0
i1_1L . 1¢
t tLky tclo (21)

Binding isotherms with both time and velocity as a signal have
characteristic and undistinguishable sigmoidal shapes; how-
ever, they are shifted with respect to each other (Figure 3). If
one wrongly uses time instead of inverse time to calculate R
with eq 8, then the resulting Kjg4, will have significant
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Figure 3. Comparison of the results produced by using the additive
velocity (v) and non-additive time (t) as signals: binding isotherms
and K 4, obtained with signals of velocity (red) and time (blue) for
Lo/Kgmue = 0.01 (A) and Ly/Kye = 100 (B). In the simulation, the
theoretical/input Ky = SO0 pM.

systematic errors at both low and high Ly/Kj . values (Figure
3).

3.2.1.2. Methods Based on Fluorescence Anisotropy. Both
fluorescence anisotropy (r) and polarization (P) are the
parameters that quantitatively describe the degree of light
polarization in different contexts.”* Fluorescence anisotropy
was introduced specifically to characterize light emitted by a
fluorophore in three dimensions while polarization was
introduced to characterize polarization of a beam of collimated
light from a light source in a plane perpendicular to the beam.
Thus, fluorescence anisotropy and beam-light polarization are
applied to different dimensionalities which are reflected in
formulas expressing r and P through the two component light
intensities, factoring in the total light intensity.
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Fluorescence anisotropy is defined as follows:**

r= ———
1+ 21,

(22)

where I is the intensity of light emitted by a fluorophore with
a polarization orientation parallel to that of the excitation light;
I, is the intensity of emitted light with a polarization
orientation perpendicular to that of the excitation light. The
denominator of eq 22 contains a factor of 2 because there are
two symmetrical dimensions perpendicular to the direction of
excitation-light polarization, but only the intensity associated
with one of them (i, I,) is typically measured. The
denominator represents the total intensity of light in the
three-dimensional space.

Beam-light polarization is defined as follows:*

Imax_I
| + 1

S

min

B (23)

where I, is the intensity of light polarized in the direction
which corresponds to maximum intensity; I, is the intensity
of light in the direction perpendicular to the first one. The
denominator also represents the total intensity of light but in
two-dimensional space. eq 23 is sometimes written using I
instead of I, and I, instead of I, :**

max min

+
I” IJ_

(24)

which is legitimate provided that we understand that P
describes a two-dimensional case due to the missing factor of 2
in the denominator.

Formally, anisotropy and polarization calculated with eq 22
and ?ﬂ 24, respectively, are closely related and interconvertible
with”

_ 2P
S 3-P (25)
Anisotropy has been proven to be an additive signal:66
el O
0 0 (26)

and thus can be used to correctly calculate R with eq 8 and,
then, build an accurate binding isotherm and accurately
determine Ky with eq 11.° However, by combining the
interconversion formula (eq 25) and the proof of anisotropy
additivity (eq 26), we can easily conclude that P is non-
additive (Note S4) and, thus, cannot be directly used to
calculate R. The non-additivity of P (without transformations)
was explained decades ago,””®" but it is still mistakenly used
instead of r in eq 8 for finding R and Ky determination.

Additionally, some commercial instruments provide polar-
ization (P) as a default output,ég’m which can mislead users
into calculating R based on P. Such a mistake can only be
explained by a widely spread ignorance, as replacing P with r is
not only correct but also does not require any changes in
instrument hardware.

When one uses the non-additive P instead of additive r to
calculate R with eq 8, the binding isotherm will slightly shift
due to the systematic errors introduced to R (Figure 4).
Without including any other source of systematic errors, these
small shifts of binding isotherm cause <20% relative systematic
error in Ky 4 for small Ly/Kg.,.. However, the effect of this
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Figure 4. Comparison of the results produced by additive anisotropy
(r) and non-additive polarization (P): binding isotherms and Kj 4
obtained with anisotropy (red) and polarization (blue) at Lo/Ky e =
0.01 (A) and Ly/Ky e = 100 (B). In the simulation, the theoretical/
input Kye = S00 pM.

shift on the accuracy of K4 grows with increasing Lo/Kg e
and may result in >40% relative systematic errors for large L,/
Kygge (Figure 4B, Note SS and Figure S1). The large
discrepancy of Ky 4 from Ky, at high Lo/Ky . (Figure 4B,
Figure S1) indicates that non-additive P should not be used to
calculate R in K determination since the true value of L,/
Kyme is unknown a priori. If P is the default output of a
commercial instrument,***® it should be converted to r with
interconversion formula (eq 25) before calculating R and
conducting the standard downstream procedures of Ky
determination, such as building binding isotherm and non-
linear regression.

3.2.1.3. Diffusivity-Based Methods. A signal from the ligand
(used in eq 8) must change upon complex formation. The
target—ligand complex is larger than unbound ligand and this
size difference creates a foundation for size-dependent signals.
A larger size results in slower translational movement leading
to velocity as a signal (as discussed in section 3.2.1.1 above). A
larger size leads to slower rotational depolarization resulting in
anisotropy as a signal (as discussed in section 3.2.1.2 above).
Furthermore, a larger size leads to slower diffusion and,
accordingly, the apparent diffusion coefficient D,,, of the
ligand was suggested and used as a signal in Ky determination.
One of the methods utilizing D,,, is based on monitoring
Taylor dispersion of the ligand molecule in a laminar pipe flow
within a capillary filled with the target.”'~”® No inherent
sources of inaccuracy have been reported for this approach so
far. Here, we analyze D, for additivity, required for its use as
signal in eq 8 for calculation of R, and prove that D, is non-
additive.

Two geometrically different implementations of finding Ky
via determination of the apparent diffusion coefficient (by
monitoring Taylor dispersion) have been suggested:”' ™" one
method utilizes a short plug of the equilibrium mixture of T
and L, while the other uses a continuous flow of the
equilibrium mixture. In each method, the apparent diffusion
coefficient, D, is found by fitting the signal proportional to
the corregponding function with D,,, as an unknown
parameter. “7* In this work, we will not compare these two
implementations of determining D, but only analyze if D
is additive.

There are four components in the equilibrium mixture: L
(unbound ligand), T (unbound target), C (target—ligand
complex), and one solvent. If D, is additive, it must satisfy:

c

L
Dpp = Dygp.— + Dppc—
pp LY LT

app’ app

app

(27)
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where D, and D,,, ¢ are the apparent diffusion coefficients
for pure ligand L and pure complex C, respectively, and Dy, is
the apparent diffusion coefficient of L (resulting from both the
unbound and target-bound ligand) in the equilibrium mixture.

In the Supporting Information (Note S6 and Figure S2), we
prove the non-additivity of D,,, with mathematical derivations
and numerical simulations. As shown in the results of
simulations in Figure S, employing the additivity assumption

L /K

oK prue = 0-01 L /K

/Ko 1rue = 100

Theoretical binding Isotherm
|—Binding isotherm built based on D, |

—— Theoretical binding Isotherm
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Figure 5. Comparison of the results produced by using apparent
diffusion coefficient as signal (blue) and theoretical results (red) for
Lo/Kyprye = 0.01 (A) and Ly/Kye = 100 (B). In the simulation, the
theoretical/input Ky, = 1.0 uM.

of eq 27 results in large systematic errors in Ky 4., especially for
high Lo/Ky. (Figure SB). Consequently, we consider the
diffusion coefficient, along with Taylor-dispersion methods,
unsuitable for accurately determining Kj.

Although the apparent diffusion coefficient cannot be
directly used to calculate R due to its non-additivity, R can
be determined by analyzing an additive signal (e.g,
fluorescence) that varies with the fraction of unbound ligand
due to the differing diffusivities of L and C.*’ Species with
different diffusion coefficients can undergo incomplete
separation in laminar flow, a phenomenon known as transient
incomplete separation (TIS).”~”” Based on the theory of TIS,
we developed the method of “accurate constant via transient
incomplete separation” (ACTIS) using laser-induced fluo-
rescence (LIF) or mass spectroscopy (MS) as detection
methods.”> ACTIS has been validated to be accurate, robust,
and rugged both in computer simulations and with physical
instruments.”* %

3.2.2. Mis-calibration of Signal-Detecting Instrument and
Inaccurate Calibration Parameters. K; determination relies
on measuring signal changes due to complex formation. For
accurate R values, the instrument detecting the ligand should
be properly calibrated, ensuring a linear relationship between
the detected signal and concentration. Mis-calibrated instru-
ments can introduce systematic errors in R, affecting the
accuracy of Ky 4. The necessity of appropriate calibration for
signal-detecting instruments is well known, and calibration
procedures vary from instrument to instrument.”’ ™*’ In the
Supporting Information (Note S7 and Figure S3), we
demonstrate the effect of a mis-calibrated fluorescence detector
on Ky ger-

Calibration parameters are often used in data analysis to
standardize detected signals.””**** Accurate calibration
parameters need to be determined prior to Ky-determination
experiments. Errors in calibration parameters lead to errors in
calculated R, impacting the accuracy of Kj4. As an example,
here we show the effect of errors in one common calibration
parameter, ¢ (the quantum yield of target-bound ligand
relative to that of unbound ligand in fluorescence detection),
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on the accuracy of K 4. Additionally, we discuss methods to
enhance the accuracy of the calibration parameter ¢.

In Kg-determination approaches detecting changes in
fluorescence intensity due to the target’s binding to the ligand
(where the ligand denotes the component labeled with a
fluorophore and of smaller size), fluorescence quenching (i.e.,
quantum yield change of a fluorophore) often occurs when the
ligand binds to the target.*> In complete-separation ap-
proaches, such as non-equilibrium capillary electrophoresis of
equilibrium mixtures (NECEEM), R is calculated with eq 6
which involves a calibration parameter, @, the quantum yield of
the tar§et-bound ligand relative to that of the unbound
ligand.”**"** Here, we compare Ky get t0 Ky by introducing
a 10% relative systematic error to ¢ (i.e, A@/@ = 0.1) across a
wide range of Ly/Kyyy. (Figure 6). The large relative

Aplp=10%

1000
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~.
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LK

d,true
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Figure 6. Dependence of relative systematic error of Kgge (ie.,
|AK 4ot/ Kygruel) 0n Lo/Kygrye with adding 10% relative systematic
error in ¢ (i.e, A@/@ = 10%) for a complete-separation approach
with fluorescence as the signal.

systematic error in Ky g (IAKgge/Kgruel) at high Lo/Kg e
(as depicted in Figure 6) underscores the importance of
accurately determining @ in complete-separation approaches.

In complete-separation approaches, ¢ is determined by
comparing the signal area under the peak for pure complex
(Sc*) to the area for pure ligand (S;*):***"*

Se”
SL*

Determining accurate ¢ necessitates finding S;* and S¢* from
pure ligand and pure complex, respectively, with identical
concentrations, and accurately measuring the corresponding
areas. To meet these requirements, we first need to decide on
the concentration of ligand L, to use in order to produce S;*
in eq 28. While using the ligand concentration of Ly = LOQ_
minimizes systematic errors in K4, derived from systematic
errors in Ly, Ty, and R,"” we recommend employing a higher
ligand concentration of Ly > 10 X LOQ in the preliminary

(28)

experiment to determine S *. A sample with higher ligand
concentration (e.g., Ly = 10 X LOQ) can yield a larger and
more easily defined area of S * (and S¢*), leading to more
accurate measured signal areas and reducing errors in
determined ¢.

To measure the area of Sc* from pure complex with the
same concentration, i.e., Ly, the conditions outlined in eq 9
should be met to bind all ligands with a total concentration of
Ly. To increase the likelihood of meeting the condition of T
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Figure 7. Dependencies of representative binding isotherms (A) and Ky 4./Kye (B) on incubation time t,. In the simulations, Ly/Kg . was
chosen to be 0.1. Due to the assumption of pseudo-first order conditions (either Ty < Lyand L & L, or Ly < T and T ~ T,) satisfied by each EM,
the stabilized Kj 4 was slightly smaller than the input K., ie., stabilized Ky 4o/Ky e Was slightly smaller than unit, which does not affect

estimating the sufficient incubation time.

> Ky e (unknown) (eq 9), the equilibrium mixture used for
measuring Sc*, should contain the highest possible target
concentration Ty, which is the solubility of the target in the
sample buffer. Note that the increase in sample viscosity
caused by high T, would unlikely affect the accuracy of
measured Sc* in complete-separation approaches because
signals (peak areas) are independent of viscosities. Further-
more, to ensure the condition of T, > L, (in eq 9) is met, L,
used in determining S;* and Sc* cannot be excessively high.
Therefore, we recommend using Ly = 10 X LOQ and T, =
“solubility of target” as the component concentrations in the
equilibrium mixture for measuring Sc*. It is important to
emphasize that all conditions of preliminary experiments, e.g.,
temperature, sample buffer, detection system, etc., should be
identical to those in the subsequent Kj-determination
experiments to ensure the determined ¢ is a correct calibration
parameter in downstream data analysis.

Unlike complete-separation approaches, incomplete-separa-
tion approaches, e.g, ACTIS, do not require the parameter ¢
to correct signal Sc* in eq 8 for calculating R, since the
detected fluorescence intensity multiplied with a constant
quenching coefficient satisfies the requirement of signal
superposition (eq 7).”* Thus, although fluorescence quenching
affects the detected signal S, its presence does not affect the
accuracy of Kyg4, obtained in approaches with incomplete
separation of free ligand from the complex.

In the Supporting Information (Note S8), we also
investigate the effect of the errors in another method-specific
calibration parameter, G (grating factor in fluorescence
anisotropy), on the accuracy of K4 and provide suggestions
on improving the accuracy of the experimentally determined G.

3.2.3. Not Reaching Equilibrium or Saturation. Careful
and correct pre-experimental calculations and experimental
design are crucial for the accurate determination of Kj. In these
preparative steps, researchers should decide on (i) the most
suitable Kg-determination approach for the studied binding
pair, (i) experimental conditions, such as temperature and
wavelength of the light source, (iii) the concentration of each
binding partner in each equilibrium mixture, and (iv) the
incubation time for the samples, among other factors. Among
these experimental parameters, the total concentrations of
binding partners in equilibrium mixtures (i.e., L, and T,) and
the incubation time for the samples are usually difficult to
choose due to the lack of reliable input information. Here we
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demonstrate the effect of insufficient incubation time and
failure to reach saturation in the binding isotherm (caused by
the mis-selection of concentrations) on the accuracy of Ky 4.
We provide suggestions on how to ensure the incubation time
is sufficient and how to ensure that the equilibrium mixture
with the highest T, satisfies the saturation condition.

3.2.3.1. Not Reaching Equilibrium in the Binding Process.
The first experimental step of the classic methodology of Ky
determination is to prepare a set of equilibrium mixtures
containing a constant concentration of the limiting component
L, and varied concentrations T of the target. To minimize the
systematic error in Ky 4, propagated from ALy, ATy, and AR,
we should choose L, = LOQ."” In practice, the lowest nonzero
T, is usually chosen as low as possible (often much lower than
Ly),"¢ for which the pseudo-first-order conditions of Ty < L,
and L = L, are satisfied. Therefore, the characteristic time ¢,
(eq 18) of the reversible binding process (eq 2) with the
lowest nonzero T is expressed as

teq ~ (koﬁ + I(onl-o)_1
tg & (Kot + konLOQ)™ when Ly = LOQ

or

(29)

which limits (represents the longest) characteristic time for all
the binding processes with different T, in a single Kg-
determination experiment. To reach >95% of the equilibrium
concentration of the complex with the lowest nonzero T, the
incubation time (t,,.) must reach at least 3 times toq shown in
eq 29 (Note S9). In studies of molecular pairs with high
affinity (ie., low Ky with high k,, and/or low k) and using
low L in all samples, the sufficient incubation time (i.e., t;,c >
3t,q) can be extremely long (e.g., a few days) (Note S9). Thus,
it is common to overestimate K4, due to using insufficient
incubation time."*

To demonstrate the effect of insufficient incubation time on
the accuracy of K4 4., we simulated the binding isotherms using
the spreadsheet Data S1. We utilized the incubation time
within a range of 0.1f, to 19¢, (teq was calculated using eq 29)
with a 1.5-fold step size, using Ly/Ky e = 0.1 (Figure 7A), and
summarized the dependence of Ky 4o/ Ky e On the incubation
time (Figure 7B). The results of the simulations (Figure 7B)
show that, even with low L;/Kyu, = 0.1, insufficient

incubation time can cause Kgg4. to be several times higher
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than Ky, As expected, both the binding isotherm and Kj 4,
stabilize when #,. > 3t,,.

Although there are some experimental and mathematical
approaches to estimate sufficient incubation time (Note S10),
at this stage, the only reliable method of eliminating the effect
of incubation time on the accuracy of Kgg4. is conducting
multiple Ky-determination experiments with increased incuba-
tion times until Ky g, stabilizes.'* Note that, as equilibration
time is longer at lower T, one can plan a sequence of
experiments so that equilibrium mixtures with higher T are
analyzed before equilibrium mixtures with lower T, allowing
the latter more time for equilibration.

3.2.3.2. Not Reaching Saturation in Binding Isotherm. For
Kg-determination approaches with complete separation of
unbound ligand from target-bound ligand, although a complete
binding isotherm with R ranging from O to 1 is preferable, a
partial binding isotherm can be used to determine Kj if the
quantum yield ratio ¢ is accurately predetermined (eq 28).
However, in most Kg-determination approaches, free ligand
and complex cannot be completely separated, and R is
calculated with eq 8, in which the signals from pure ligand
and pure complex (i.e,, S * and Sc*) play crucial roles. As we
mentioned above, the measurement of S; * is trivial, while the
determination of Sc* requires that the binding process reach
saturation, i.e, C > L. Since all the R values are calculated
based on S;* and Sc* (eq 8), an inaccurate Sc*, resulting from
a binding isotherm not reaching saturation, can distort the
whole binding isotherm and significantly reduce the accuracy
of Ky ger

Here, we simulated binding isotherms (with Data S1) by
adding 10% relative systematic error in Sc* (i.e., binding
isotherm does not reach saturation and AS-*/Sc* = 0.1) for a
large range of Ly/Ky,. (Figure 8A), and summarized the
dependence of the Ky 4.1/ Ky ratio on Lo/Ky . (Figure 8B).
Figure 8B indicates that, for binding isotherms not reaching
saturation conditions, K44, can be much lower than the true
K, (even reaching impossible negative values) at high L/
K e emphasizing the importance of using T, that allows the
binding isotherm to reach saturation condition.

To ensure that the binding isotherm reaches saturation, the
conditions of the equilibrium mixture with the highest T,
should satisfy eq 9, i.e, Ty > Ly and T 3> Ky - The condition
of Ty > L, is easy to satisfy if L, is chosen to be close to the
LOQ_of the instrument (usually in the pico- to nanomolar
range). However, it is difficult to conclude if the condition T,
> Ky Is satisfied without knowing the true Kj.
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A potential solution to this problem is to use the largest
possible target concentration T, (which represents the
solubility of the target in the sample buffer), in the equilibrium
mixture (as discussed in section 3.2.2. for determining ¢ in
complete-separation approaches). However, this solution has
two main limitations for incomplete-separation approaches.
First, using excessively high T itself may affect the accuracy of
measured Sc*. For instance, the increased viscosity of the
sample caused by high T, (e.g, protein concentration) can
affect the detected signals for diffusivity-based (or -related)
approaches such as ACTIS and MST. Second, if the binding
isotherm reaches saturation with T, much smaller than
solubility, reaching the highest possible T, would waste a
large amount of the target, which is often a precious protein.

Therefore, to ensure that a binding isotherm reaches
saturation and to avoid the drawbacks associated with using
excessively high T, here we suggest a criterion for saturation in
a binding isotherm. The criterion entails ensuring that zero lies
within the uncertainty range of the slope for the linear fitting of
the “cumulative signal S versus T,” obtained from the
equilibrium mixtures with the three highest T,. Additionally,
the highest T, should be at least 2-fold greater than the lowest
T, in the three equilibrium mixtures.

3.2.4. Estimating Systematic Error in R Quantitatively. To
provide researchers a comprehensive guidance to minimize the
systematic error in R, we summarize the measures discussed
above into a checklist, which is an expanded version of the
checklist proposed by Jarmoskaite et al. (see Table S1)."* By
using the checklist in Table SI, researchers can reduce the
likelihood of common theoretical or experimental mistakes in
determining R and thus significantly reduce AR. Based on the
experimentalist’s confidence in the determined calibration
parameters, the accuracy of the instruments used to measure
signals, and other factors, the range of minimized AR/R
(relative systematic error of R) with a certain confidence level
might be estimated. However, at this stage, we have not
identified an approach for quantitatively determining the
interval of minimized systematic error of R that can be used as
a reliable input to calculate the systematic error range of K 4.
Note that, the random error of R (6R) is independent to AR
and is translated into the random error of Ky4 (o) through
nonlinear regression of a binding isotherm.

3.3. Sources and Confidence Intervals of Systematic
Errors in Concentrations. Sources of systematic errors in T,
and L, arise from various factors. If concentrations are
calculated based on the weight of solid material and volume
of solvent, imperfectly calibrated mass- and volume-measuring
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Figure 9. Demonstration of the relationship between the accurate concentration (C,,) of a stock solution in one single preparation and the
concentration distribution in an infinite number of preparations. With minimized systematic error in concentration, we assume the average

concentration is equal to the nominal concentration C,,.

equipment as well as errors in product purity, can lead to
systematic errors in concentrations. If concentrations are
calculated using spectrophotometry (Lambert—Beer law),
systematic errors in molar extinction coefficients will result in
systematic errors in concentrations. These common sources
can induce systematic errors in target and ligand concen-
trations of stock solutions, which, in turn, can propagate into
systematic errors in concentrations of other diluted solutions
used in Kg-determination experiments. Another common
source of systematic errors in T, and L, occurring at any
step of an experiment is solute adsorption onto pipet tips, vials,
channels, etc. In the Supporting Information, we illustrate the
effect of systematic errors in T, and L, on the accuracy of Kj 4
for a large range of Ly/Ky (Figure S5) and delve into the
common sources of systematic errors in concentrations along
with strategies to mitigate them (Note S11). To assist
researchers in minimizing systematic error in concentrations
L, and T, the measures to minimize AL, and AT, are
summarized in a checklist (Table S1) in the Supporting
Information.

When the systematic errors of variables are minimized, it is
important to have an approach that can quantitatively assess
the minimized systematic errors since estimating the system-
atic error in Ky 4. from a single binding isotherm using error-
propagation methods requires input values for AL, AT, and
AR."®*°7?% If exact values of systematic errors in variables can
be determined, then the case is trivial as the variable can be
simply corrected for this systematic error. Conversely, if
nothing is known about systematic errors in variables, then the
problem is ill-posed as completely unknown systematic errors
cannot be propagated. However, there is a third case where the
exact values of systematic errors in variables are unknown, but
the confidence intervals of the systematic errors with desired
confidence levels can be quantitatively assessed. Confidence
intervals of systematic errors are not commonly discussed in
statistics, but they likely play a crucial role in the determination
of physicochemical parameters with nonlinear regression.
Here, we discuss two cases of assessing confidence intervals
of systematic errors in concentrations.

The first case involves a rough estimation based on
experiences, akin to the estimation of AR/R range mentioned
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in section 3.2.4. If techniques listed in Table S1 (e.g., SDS-
PAGE) for determining large systematic errors or approaches
of method optimization (e.g., surface-modification) are
inaccessible, an experienced experimentalist should be able to
estimate the maximum ranges of relative systematic errors in
concentrations with some confidence, e.g., + 20% for ligand
concentration and +30% for target concentration with
confidence.

The second case involves a quantitative assessment based on
the relative random errors (i.e., relative standard deviations,
RSD) in concentrations of stock solutions. If all necessary
procedures for minimizing systematic errors (e.g, device
calibration, purity measurement, and method optimization)
have been properly conducted, we can reasonably assume that
the systematic errors in Lj and T, of equilibrium mixtures are
from the random errors in the concentrations of ligand and
target stock solutions, ie., the normally distributed concen-
trations of stock solutions in infinite preparations (Figure 9).
This assumption is valid because all the diluted solutions used
in Ky determination with nonlinear regression are prepared
from a single condensed ligand stock solution and a single
condensed target stock solution. The random errors in the
concentrations of stock solutions (present in an infinite
number of sample preparations) are usually much greater
than those of equilibrium mixtures due to the more
complicated preparation procedure with more error sources.
Thus, the confidence intervals of systematic errors in Ly and T,
(in equilibrium mixtures) can be estimated by measuring the
RSD of the concentrations of their stock solutions in multiple
preparations. Since there is no reliable measure to determine
concentration directly, RSD of concentrations should be
determined by experimentally measuring the spectroscopic
signals (e.g, light absorption or fluorescence intensity) from
stock solutions in multiple preparations (see an example in
Table S2).

For a single preparation of stock solution with a nominal
(desired) concentration C,,,, the confidence interval (e.g,
with 68.3% confidence level) of systematic error can be
calculated as AC € [-C,,,, X RSD, C,,, X RSD], for which
the confidence interval of accurate concentration C,, is C,., €

acu acu

[Coom(1 — RSD), C,om(1 + RSD)] (Figure 9). Note that, the
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confidence level of systematic error or accurate concentration
can be varied by using different numbers of RSD in the
calculation of confidence intervals. As a result, due to
equilibrium mixtures being prepared by diluting stock
solutions, the confidence intervals (e.g., with 68.3% confidence
level) of systematic errors in nominal L, and T, can be
assessed as AL, € [—RSD X L, RSD X L,] and AT, €
[-RSD X T, RSD X T,], respectively. It is important to
emphasize that the confidence intervals of AL, and AT,
derived from the RSD of concentrations of stock solutions
are the lower limits of systematic error ranges assuming that all
other systematic errors in the concentrations of stock solutions
have been eliminated. Despite lacking an approach for
quantitatively assessing the confidence interval of AR, the
approach of finding the lower limits of confidence intervals of
AL, and AT, explained here will make the existing numerical
statistical methods of calculating the confidence interval of
Ky ye more comprehensive and practical for molecular
scientists.””**

4. CONCLUDING REMARKS

Since the systematic error in a determined Ky (AKj4) is
translated from the systematic errors in the variables used to
determine Ky, ie., AL, AT, and AR (Figure 1B), under-
standing the sources of systematic errors in all variables and
minimizing these errors are pivotal to minimizing AKj 4. It is
crucial to emphasize that systematic errors in the variables can
result in an incorrect ranking of ligands during high-
throughput screening. This challenges the common belief
that such errors systematically shift all K 4, values in the same
direction without affecting the ranking order. For instance,
ligands with low true K; values can have high Ly/Kg . values;
without minimizing the systematic errors in variables, K 4o, can
be much greater than Ky, wrongly categorizing these ligands
as low-potency.

To determine an accurate Ky, the first step is to ensure there
is no theoretical or experimental mistake in the Kg-
determination approach. Such mistakes can introduce system-
atic errors in R, and eventually translate into systematic errors
in Ky 4y which can be extremely large at unfavorable (large)
values of Ly/Ky . (see, for example, Figure 3). In this work,
we discussed the most common sources of systematic errors in
R, such as non-additive signals, mis-calibrated instruments,
inaccurate calibration parameters, etc., and quantitatively
studied the effect of errors from these sources on the accuracy
of Kgg4er We also provided suggestions on how to reduce or
eliminate the systematic error in R caused by the common
error sources. With careful theoretical and experimental design
and proper instrument calibration, AR can be minimized, while
the confidence interval of the minimized AR cannot be
quantitatively determined at this stage.

The sources of systematic errors in concentrations (i.e., AL,
AT,), such as mis-calibrated measuring equipment, product
impurities, and reagent adsorption onto surfaces, have been
well-studied, and many approaches to eliminate these error
sources have been developed (Note S$11).°7% In this work,
we summarized the measures of eliminating or minimizing AR,
AL;, and AT, caused by the common error sources into a
checklist (Table S1), which is a convenient tool for researchers
in the field of Ky determination. For any specific Ky
determination approach, researchers should establish a stand-
ard operating procedure (SOP) for minimizing systematic
errors in concentrations based on the chemical properties of
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the ligand and target used. The SOP should be established
prior to any experiment, and it should be strictly followed
during the Kg-determination experiments.

Although the systematic errors in concentrations cannot be
fully eliminated, and their true values can hardly be determined
accurately, the confidence intervals of the minimized system-
atic errors in concentrations can be quantitatively assessed with
the quantitative study of random errors in concentrations of
stock solutions. By combining the quantitatively assessed
confidence intervals of systematic errors in concentrations with
the existing numerical statistical methods, the lower limit of
confidence interval of K, can be determined.”*™** In
addition, these confidence intervals are being instrumental in
the ongoing development of a new highly practical tool for
assessment of the accuracy confidence interval of Kdytme.l8

In summary, in this work, we theoretically analyze the
common sources of systematic errors in Ky determination. Our
findings offer valuable insights and practical strategies that are
crucial for researchers aiming to maximize the accuracy of Ky
measurements in binding studies. By thoroughly understanding
and addressing these error sources, this work provides a robust
framework that can be integrated into both academic curricula
and professional practice, thereby enhancing the reliability of
experimental outcomes. Additionally, our study serves as a
critical reference for peer reviewers and journal editors in
assessing the methodological soundness of research articles
reporting Ky values. Ultimately, the adoption of these
guidelines will foster higher standards of reliability in the
field, benefiting the wider scientific community and advancing
the quality of research in molecular interactions.
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B SYMBOLS

Ky, equilibrium dissociation constant

Kggeo (experimentally) determined value of K,

Kgryer (unknown) true value of Ky

AKj 4oy Systematic error of Ky 4

L,, total concentration of the ligand

L, equilibrium concentration of the ligand

AL, systematic error of L,

T, total concentration of the target

T, equilibrium concentration of the target

AT,, systematic error of T

C, equilibrium concentration of the target—ligand complex
R, fraction of unbound ligand in the equilibrium mixture of
ligand and target

AR, systematic error of R

OR, random error of R

o, standard deviation (uncertainty) of K4, obtained with
nonlinear regression

RSD, relative standard deviation

LOQ, limit of quantitation of the instrument used to detect
the ligand

ko, rate constant of complex formation

kg rate constant of complex dissociation

Sy, signal from the unbound ligand

Sc, signal from the target—ligand complex

S, cumulative signal from the unbound ligand and the target-
bound ligand in the equilibrium mixture

Sp*, signal from pure ligand with a concentration of L,
Sc*, signal from pure complex with a concentration of L,
@, factor by which the signal of ligand changes when it binds
the target

tey characteristic equilibration time under the condition of
pseudoequilibrium in the binding process

Loeps characteristic separation time

tno incubation time of a mixture of ligand and target

r, anisotropy, or the cumulative anisotropy determined from
the equilibrium mixture

I, intensity of light emitted by a fluorophore with a
polarization orientation parallel to that of the excitation light
I,, intensity of emitted light with a polarization orientation
perpendicular to that of the excitation light
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I..o intensity the of light polarized in the direction that
corresponds to maximum intensity

I intensity of light polarized in the direction that
corresponds to minimum intensity

P, polarization, or the cumulative polarization measured
from the equilibrium mixture

D, apparent diffusion coefficient determined from the
equilibrium mixture

G, grating factor in fluorescence anisotropy

Cpomy nominal (experimentally desired) concentration

C,. accurate (true) concentration

AC, systematic error of concentration
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Note S1: Definition of Signal Additivity and the Calculation of the Fraction of Unbound
Ligand R with Additive Signals
In K4 determination, we call the measured signal (S) “additive” when it can be directly decomposed into
the sum of signals contributed by the target-unbound ligand (i.e., free ligand L) and target-bound ligand (or
complex C), i.e., Sv and Sc, such as:
S=58 +S¢c (S1)
If O and Qc are quantities of L and C in units of quantity, e.g., moles, then,
S = SLunit@L +Sc,unitPc (S2)
where St unic and Sc,unic are the signals from unit quantities of unbound ligand and complex (i.e., target-bound
ligand), respectively. If Q is the total quantity of L and C, such as:

0=0L+0c (S3)
then,
o O
S = (SL,unitQ)EL + (Sc,unit@zc
0 0
= 8= SL,per quantity Q ZL + SC,per quantity Q 3(: (S4)

= 8= SL,per quantity Qf L+t SC,per quantity Qf C

where fi and fc are the fractions of L and C in the total quantity of them.
Let’s assume the total quantity Q is a constant, S.* is the signal from quantity QO of L, and Sc* is the
signal from quantity Q of C, then eq S4 is converted to:

* *
§=S8. /L +Sc Jc (S5)
If the unit of quantity is concentration, then eq S5 can be expressed as:
L « C
S=8" +8S
LILvc Y L+c (56)

where L and C are equilibrium concentrations of the ligand and complex, respectively. If the total
concentration of ligand Ly is a constant (i.e., Lo = L + C = const), then eq S6 can be rewritten as:

L « C
S=8"—+5"—
L Lo C L (87
According to the definition of the fraction of unbound ligand R (R = L/Lo, eq 5 in the main text), eq S7 is
rewritten as:

S=8"R+S:-"(1-R) (S8)
By solving R from eq S8, we obtain:
S-S
R=—F""—"—
(89)
S =S¢

which is eq 8 in the main text. For using eq S9 to calculate R values (for constructing binding isotherms),
eq S1 must be satisfied, which is the additivity of signals. Note that, eq S5 is applicable to surface-based
methods, e.g., SPR (Surface Plasmon Resonance) and BLI (Biolayer Interferometry), as well."»?
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Note S2: Proof of Additivity of Signals That Linearly Depend on Concentrations
Assuming the detected signal is linearly related to components concentration, (e.g. fluorescence):*

S, =alL+N, Sc=pC+N

S10
SL*ZOZLO—FN, SC*ZﬁCO—FN ( )
where St is the signal from unbound ligand, Sc is the signal from complex (i.e., target-bound ligand), L is
the concentration of unbound ligand, C is the concentration of complex, a and f are the proportionality
factors for ligand and complex, respectively, and N is the background that is (assumed to be) independent
of components and their concentrations and thus only one N contributes to the cumulative signal S:

S=8.+Sc=al+pBC+N

carg L pry Lo ar, Ly pr, & NEEE

Ly Ly Ly Ly Ly Ly
:ozL0£+N£+ﬁL0£+N£

Ly L L Ly (S11)
(Lo + N) 4 (pry+ M) &

Ly Ly

L
:SL*_+SC*£

Ly Ly

which is the superposition equation (eq 7 in main text) required for an additive signal. Note that, if the
background noise is dependent on the concentration of any reactant, e.g. donor/acceptor concentration in
FRET (Fluorescence Resonance Energy Transfer), the background noise must be subtracted to calculate S,
Sp and Sc.* Otherwise, the measured signal would be non-additive.

Note S3: Sensitivity of Determined Ka (Kadet) to Random Errors in Variables for R
Approaching Either Zero or Unity
If K4 is determined with a single R value, the following formula is used:?

Ty —Ly(1-R)

Kd :W (812)

By applying the regular error propagation rule to eq S12, we have:

2 2 2
SKd det = aﬁ 8T02 + aﬁ SLOZ +(aﬁj 6R2
. or, oL, OR
2
\/STOZ +8Ly>(1- R)? +8R? (LO(I/R ~1)+(Ty - Lo(1 —R))/Rz)
) (R-1) s13)

\/STOZRZ +3Ly2((1-R)R) + SR (Lo(1-R)+(Ty — Ly(1 —R))/R)2
- 1-R
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It has been proven that, with the single-point approach, Kqqe: is the most accurate for R ~ %4.° Now let’s
investigate the sensitivity of Kq 4e to random errors of R, 7o, and Lo when R value approaches two extrema:
0and 1.

When R approaches 0,
\/6T0202 +3L2 ((1-0)x 0)* + SR*(Lo(1-0)+(Ty — Ly (1 —0))/0)2
llm SKd det =
R—0 7 1-0
2
=\3R* (Lo ~0) (S14)
=00

When R approaches 1,

\/6T0212 +3Lo2 ((1=1)x1)” +8R (Lo(1=1)+(Ty - Lo(1- 1))/1)2

lim 8K, =
Rl et 1-1
_ N'STOZ + 6R2T02
0 . (S15)
=w

Eqgs S14 and S15 suggest that when R approaches 0 or 1, any random error of R (or 7p) can be largely
magnified when propagated to the random error of the Kq 4.t If single-point Ky-determination experiments
are repeated many times, the large random error of K4 4c: (obtained for R being close to 0 or 1) will result in
very poor precision of the determined Kq4 values. If the single-point Ky-determination experiment is only
conducted once or repeated a few times, the large random error of Kq 4 (obtained for R being close to 0 or
1) becomes the systematic error of Kq e, resulting in very poor accuracy (and precision) of the determined
Kq values.

Note S4: Non-additivity of Polarization
Fluorescence anisotropy () has been proven to be an additive signal, which satisfies:’

r =n —L + 7 —C 1
L Iy C Iy (S16)
If polarization is additive, it must satisfy:
L C
P=P —+P-—
L Lo C Lo (S17)

where P and Pc are the polarizations of pure ligand and pure complex, respectively, with a concentration
of Lo. However, by replacing » in eq S16 with eq 25 in the main text, we obtain:

2P 2R L 2K C (S18)

3-P 3-B Ly 3-F L

which cannot be converted to eq S17 with any transformations. Therefore, polarization is non-additive.
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Note S5: The Dependence of Relative Systematic Error of Kd,det on Lo/Kd,true for Using Non-
Additive Polarization to Calculate R

To investigate the effect of using non-additive polarization to calculate R on the accuracy of Kgde, we
first used Data S1 to produce the theoretical binding isotherms “R versus 7o for Lo/Kg e from 0.01 to 1311
with a 2-fold step size. According to the definition of R (eq 5 in main text), eq S16 is rewritten as:

r=rnR+r-(1-R) (S19)

By assuming ¢ and rc to be 0 and 0.4, respectively, anisotropy r corresponding to each R value was
calculated. Eq 25 in the main text can be transformed to be an expression of polarization P with anisotropy
r
3r
247

P=

(S20)

Using eq S20, polarizations of pure ligand (PL) and pure complex (Pc), and P corresponding to each » were
computed. With Pr, Pc, and P calculated from each r, the R values (R’) determined with non-additive P for
different 7y were calculated with:
_P-R
R-R

(S21)

and formed the binding isotherms “R’ versus 75" for Lo/Kqme from 0.01 to 1311. By fitting isotherms “R’
versus 7o” with eq 11 in the main text, Kq 4 Obtained by using non-additive polarization to calculate R for
different Lo/K4 e were determined. The resulting dependence of accuracy of Kqdet (i.€.,|AKq det/ K true|) ON
Lo/Kq e 1s summarized in Figure S1.
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Figure S1. The dependence of relative systematic error of K det (i.€.,|AKd,det/Kd true|) 0N Lo/Kq e for using non-additive
polarization to calculate R.
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Note S6: Non-additivity of Diffusion Coefficients

S6.1: Determination of Kq Using Taylor Dispersion Analysis

Taylor dispersion analysis is a method that has been widely used to characterize the diffusion coefficient
of analytes in a solute within a laminar flow pipe.* ° Taylor described the concentration profile of the
dispersion of an injected plug as given by:!’

C(x,t)=yy+Aex (—lmJ (S22)
2 o2
where C(x,?) is the signal profile averaged over the cross-section of the flow pipe at time ¢ and distance x;
the fitting parameters yy, 4, tr and o° are the baseline, amplitude, average elution time and temporal variance
respectively.

The value of ¢® in eq S22 is related to the apparent diffusion coefficient Dy, of the diffusing analyte
through:

Dypp =771/ (2407) (S23)

where r is the radius of the flow pipe.

Taylor dispersion analysis has been used to find K4 of an equilibrium mixture (EM) via the determination
of the apparent diffusion coefficient Dypp.'!'* To obtain R = L/Ly, from which Kg4e can be obtained, an
additivity assumption is used:

L C
Dypp = Dapp,L L_o + Dapp,c L_o = Dypp LR+ Dypp c (1= R) (S24)

where Dapp,. and Dapp,c are the apparent diffusion coefficients for pure ligand L and pure complex C,
respectively, and Dqpp is the apparent diffusion coefficient of L (resulting from both unbound and protein-
bound) in the EM.

S6.2: Equilibrium Mixture (EM) Ternary System

The dispersion of the EM involves 5 components: pure L, pure complex C, pure protein P and the
solvent. Assuming that P and C are indistinguishable in their diffusion properties, this system can be
reduced to a simpler ternary system (two components L and C in one solvent). This system is described by
4 diffusion coefficients (eq S25): Dv and Dc which are the self-diffusion coefficients of L and C,
respectively and D¢ and Dy ¢ are the cross-diffusion coefficients describing the coupling between the

diffusion flux of L and C.
A D D
b=| b e (825)
Dcyp D¢

The apparent (i.e. observable) diffusion coefficients of L and C are given by the eigenvalues of the diffusion
matrix (eq S25) as:'* '

2
Dy + D¢ + \/ (DL —Dc)” +4Dy ¢Dc .

Dapp,L = 5
2
Dy, + D¢~ \/(DL —Dc)* +4Dy cDcy. (526)
Dapp,C = 5

It is worth noting that the (apparent) self-diffusion coefficients Dapp 1 and Dappc in eq S24 correspond to
their binary diffusion coefficients Dr and D¢ in the limit where the concentration of their partner
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component, i.e. C and L respectively, goes to zero.'s In general, cross-diffusion coefficients are functions
of both the type and concentration of species and may have an impact on the resulting apparent diffusion
coefficients.'® 17 However, the cross-diffusion coefficients can be neglected in very dilute solutions, i.e.
solutions where the molar fraction of the solvent is much greater than the molar fractions of L and C.'* The
above considerations result in:
D app,L — Dy (
S27)
Dapp,C = Dc = Dp
To describe the ternary system, an extension of the original Taylor dispersion expression for binary
systems (eq S22) was formulated. The adapted concentration profile S(#) of such system, taking into
consideration of eq S27 becomes:'®

B, 12D, (t-15 )

S =(tr /10"

r2t

2
B, 12Dapp,C (t —IR )
+ exp| — 5
Bl + Bz ret
where (S28)
(DC_DC,L)R 1/2
- app,L

+(th_Lk£J(L_R)_l%mgL

(DL_DL,C)(I_R) D1/2

+(De =Dy )R Dyppc 2ppC

Bzz—

S6.3: Simulation Parameters

The simulation parameters used in eq S28 were: tr = 150 s and » = 25 um, which are typical scales used
in Taylor dispersion analysis to satisfy conditions under which Taylor solution is valid.” Dy and D¢ were
chosen to be 425 and 50 pum?/s, respectively, which are in the range of typical values for diffusion
coefficients of L and P.'> "

To simulate titration curves, R values obtained from the theoretical dependence of R on Lo, Ty and Kq,
were used in eq S28. The expression for R is given by:

2
e KatTo-Ly | |[[Ke+Ty-1y) Ky o
21, 21, Ly (529)

S6.4: Binding Isotherms from Simulated Signals

The simulations were performed for Ks4=1 pM and Lo =0.01 and 100 pM. First, the signals S(¢) for
different R values were simulated with Data S1. Then, the simulated signals were fitted with eq S22 to find
o®. With the determined o, the apparent diffusion coefficients Dy corresponding to different 7, were
calculated with eq S23. Subsequently, the apparent R values (Rapp) were calculated with eq S24 according
to three types of signals: i) the signal of EM with pure L to find Dqpp1 (€.g., Figure S2A); ii) the signal of
EM with pure C to find Dqpp,c (€., Figure S2B), and iii) the signal of EM with a mixture of L and C to find
Daqpp (€.g., Figure S2C). By fitting the binding isotherms “Rqpp versus To”, the Kq values (Kqdet) determined

S8



with the assumption of additivity of D,y were found. The comparisons of the resulting binding isotherm
“Rapp versus Ty’ (along with Kqqe) to the theoretical binding isotherms “R versus 7,” (along with input
Kdgre) for Lo =0.01 and 100 uM are shown in Figure 5 in the main text.

A + Sit)at R=1(Pure L) B * SitatR=0(PureC) C + S(t)atR=039
1.0 S Gaussian fitting (eq $14) 1.0 —— Gaussian fitting (eq $14) 1.0 4 A —— Gaussian fitting (eq $14)
0.8 - 0.8 - 0.8

= Ropp=1 Rypp =0 R

< 0.6 0.6 o 0.6 o

®

c

204 0.4 0.4 4

7
0.2 0.2 4 0.2 4
0.0 0.0 0.0

T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
Time (s) Time (s) Time (s)

Figure S2. Examples of finding apparent diffusion coefficients along with apparent R values by fitting the simulated
diffusion signals obtained with the analytical solution of Taylor dispersion. In these three examples, the input
Kae=1puM and Lo =0.01 pM.

Note S7: Demonstration of the Effect of Mis-calibrated Instrument on the Accuracy of Ka,det

In this demonstration, we use fluorescence detection as an example. As we showed in Note S2, for
fluorescence signal to be additive, it should be linearly related to the concentration of fluorophore, i.c., the
calibration curve of “fluorescence versus fluorophore concentration” should be linear. Otherwise, the
detected signal can be non-additive. Here, we assume the dependence of fluorescence on fluorophore
concentration is nonlinear, such as:

C
S=a| ——uor___ .3
[ Chiuor +50 pMj (530)

where S is the detected fluorescence signal with unit of RFU (Relative Fluorescence Unit), Cpuoris the
concentration of fluorophore with unit of pM, / is a magnification factor (with unit of RFU) that depends
on the quantum yield of the fluorophore at different binding states. The constant “3” is the magnitude of
background noise with unit of RFU.

Here, we set A = 100 RFU for unbound ligand, and A = 50 RFU for bound ligand caused by fluorescence
quenching. The resulting (nonlinear) calibration curve (A) and the discrepancies of binding isotherms and
determined K4 values (at Lo/Kqwe = 0.1) caused by the instrumental nonlinear response to fluorophore
concentrations (B) are demonstrated here. In the simulation, the input Kq e was 500 pM.
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Figure S3. Demonstration of the effect of mis-calibrated instrument on the accuracy of Kgder: A) An exemplified
nonlinear calibration curve produced by eq S30 with setting A = 100 RFU and 50 RFU for unbound and bound ligand,
respectively; B) the discrepancies of binding isotherms and determined Ky values (at Lo/Kq e = 0.1) caused by the

exemplified instrumental nonlinear response to fluorophore concentrations. In the simulation, the input Kquue was
500 pM.

Note S8: Grating Factor in Fluorescence Anisotropy
Experimentally, the fluorescence anisotropy (r) of a fluorophore is determined with:?-*2
_ Ivw=Glvy (S31)
where Ivv and Ivu are the detected emission intensities with vertical and horizontal polarizations,
respectively, when the excitation light is vertically polarized. G is a grating factor used to correct the
instrumental bias on vertically and horizontally polarized lights, which can be determined by: 2*-**

G= Ty (S32)
Tyn

where Inv and /un are the emission intensities with vertical and horizontal polarizations, respectively, when
the excitation light is horizontally polarized. Any systematic error in G will lead to inaccurate r, and
consequently translate into systematic errors in R and Kqqe. To study the effect of inaccurate G on the
accuracy of Kqde, we demonstrate the dependence of systematic error in Kqgee 0n Lo/Kq e With adding an
experimentally reasonable 10% relative systematic error in G (i.e., AG/G =0.1) (Figure S4). Figure S4
shows that the effect of the inaccuracy of G on the accuracy of Ky is severe at high Lo/Kq e, €.g., at
Lo/Kg e = 10° and10% systematic error in G, the relative systematic error in Kagqe is greater than 100%.
Since the true value of Ky (Kdre) 1s unknown a priori in a K4-determination experiment, Lo/Kq4 e may be
large even when using the lowest suitable Lo for quantification, i.e., Lo = LOQ. Thus, determining an

accurate G factor is crucial for determining accurate K4 with fluorescence anisotropy.
To measure the grating factor G, as suggested by eq S32, the excitation light must be horizontally
polarized. Horizontally polarized excitation light ensures that the fluorophores’ exited-state distribution is
along the detection axis, thereby equalizing the intensities of emitted light with different polarization
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Figure S4. The dependence of relative systematic error of K et (i-€.,/AKddet/Kd true]) 0N Lo/Karue With adding 10%
relative systematic error in G factor (i.e., AG/G = 10%) for anisotropy-based K4 determination.

orientations on the plane of detection, which is perpendicular to the travel direction of the emitted light.**
24 In this scenario, any difference in the detected intensities of vertically and horizontally polarized
emissions is caused by instrumental bias, which can be corrected by the determined G factor. Since G is
dependent on wavelength and instrumental setup,’* ** its value should be re-determined when any optical
component, e.g., emission filter and excitation/emission polarizer, is changed in the instrument.

Note S9: Sufficiency of Incubation Time

For the lowest non-zero 7o, the pseudo-first order conditions of 7o << Lo and L = Lo are satisfied.

Thus, the exponential function of the dependence of the concentration of the formed complex
(C(%)) on time () can be expressed as:

C(1) = Coq (1 _ o e ) (S33)

with Ceq as the concentration of complex at equilibrium (i.e., at 1 = ). By replacing 7o with Lo, the
classic characteristic equilibration time (zeq) is converted to:*

-1
leq = (konLO + koff) (S34)

To reach C(¢) > 95%Ceq, we have:
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Ceq (1 — ¢l ) >0.95C,,

—to/

l—e inc

—t

> 0.95 = ¢ "' < 0,05 (S35)

_ftm <1n(0.05) = iy = ~1n(0.05) 1,
€q

line > 3leq

Therefore, the incubation time fi,c should be equal to or longer than three times of characteristic
equilibration time #.q to reach > 95% equilibration. For example, in a Ky-determination experiment, the Kq
of the studied binding pair is 1071 M with a kon of 10° M!s™!, and the experimentally used (constant) total
concentration of ligand Lo = 10! M which is the LOQ of the instrument for detection. With eq 3 in main
text, korr can be calculated as 10 s7!. Then, with the definition of z.q in eq S34 (eq 29 in main text), feq is
calculated as 9.1x10* s, which is ~25 h. As a result, the sufficient incubation time is finc > 75 h (3£eq), which
is more than 3 days.

Note S10: Experimental and Mathematical Approaches to Estimate Sufficient Incubation
Time

The sufficient incubation time can be determined experimentally. Some kinetic methods, e.g., stopped-
flow spectroscopy, can monitor a binding reaction in real-time, and intuitively show if the reaction reaches
equilibrium.?” If a real-time reaction monitoring method capable of detecting the signal from the target
(with low LOQ) is available in the lab, researchers can employ it to conduct a preliminary study for
determining the incubation time with a mixture of ligand with concentration Lo and target with
concentration 7y (<< Lo) as a sample. Here, Lo and Ty are the constant ligand concentration and lowest
nonzero target concentration planned for the Ky-determination experiment. Since the target is the limiting
component with a smaller concentration in this preliminary study, only the signal from the target should be
measured, and sufficient incubation time can be assumed to be the time for the reaction to reach 95%
completion.

If a real-time reaction monitoring method is unavailable in the lab, researchers can measure the mixture
of ligand with concentration L, and detectable target (with the lowest nonzero 7y) with a certain frequency
and construct a curve for the dependence of the target’s signal on time to determine the time after which
the signal stops changing significantly, using this time as the incubation time. However, if there is no means
of solely measuring the signal from the target or the lowest nonzero 7y is smaller than the instrument’s LOQ
for the target, researchers should conduct multiple K¢-determination experiments with different incubation
times. When Kqge stops decreasing with the increase of incubation time, it can be concluded that the
incubation time is sufficient for all samples to reach equilibrium.”®

All experimental methods mentioned above for determining the sufficient incubation time require
specialized equipment and expertise and are generally resource-intensive. Alternatively, a simple
mathematical estimation with the help of eq S34 can serve the purpose of finding sufficient incubation time
well in many cases. For example, when planning to study a molecular pair with an expected K4 value in the
nanomolar range (i.e., 1 — 1000 nM) using an instrument with LOQ = 0.1 nM for the ligand, the ligand
concentration Lo is chosen to be the LOQ (0.1 nM) to minimize the error of K4 4e translated from the errors
of variables. To assess the sufficient incubation time, ko, can be assumed to be near an “average” value of
~10° M~'s ! since generally kon ranges from 10° to 10° M's™'.2 Then, by assuming the true K4 value (K4 mue)
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to be the lowest possible value of 0.1 nM, kofr can be estimated (with eq 3, main text) to be around 10 s,
With all these considerations and eq S34, t, is calculated to be 1.4 h, and accordingly, the minimum
incubation time (3z.4) is calculated to be 4.2 h. This mathematical estimation of sufficient incubation time
can save researchers time and experimental resources However, since true kon can be much smaller than

10 M 's7!, ideally at least one more Kg-determination experiment should be conducted with a longer
incubation time to confirm that Kq 4. is stabilized.

Note S11: Common Sources of Systematic Errors in Concentrations

To emphasize the importance of eliminating the common sources of systematic errors in concentrations
(i.e., Lo and Ty) used in K¢ determination, here we simulated the effect of experimentally reasonable
systematic errors in 7y and Lo on the accuracy of K44« for a large range of Lo/Ka e (Figure S5). Figure S5
suggests that, without minimizing the systematic errors in concentrations, the experimentally determined
Kage can potentially be orders of magnitude different from Kq e for high Lo/Kgwe. The most common

sources of systematic errors in concentrations include mis-calibration and improper operation of measuring
equipment, product impurity, and solute adsorption.

S11.1: Mis-calibration and Improper Operation of Measuring Equipment

K4 determination using the nonlinear regression approach entails preparing a series of equilibrium
mixtures with constant Lo and varied 7y. Experimentally, all the equilibrium mixtures are prepared from the
high-concentration stock solutions of ligand and target.**3?> Thus, any systematic errors in concentrations
of stock solutions will translate to systematic errors in Lo and 7; for all equilibrium mixtures. In certain
experiments, a stock solution is created by dissolving a specific weight of solid material into a volume of
solvent (e.g., buffer) to achieve a desired concentration. In such cases, the mis-calibration or improper

operation of mass- and volume-measuring equipment can introduce systematic errors in the concentration
of a stock solution.
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S11.1.1: Calibration and Operation of Mass-measuring Equipment

Laboratory mass measuring equipment, including top-loading balances, portable balances, analytical
balances, semi-micro balances, and microbalances,* should be calibrated and operated meticulously.
Before using a laboratory balance, it is essential to carefully read the user manual provided by the
manufacturer to understand how to use and calibrate the device correctly. Regular calibration of any type
of lab balance is crucial to minimize systematic errors in measured mass.**

Traditionally, lab balances are manually calibrated by adjusting the balance readings using to standard
weights.*> This manual calibration process is time-consuming and usually conducted once per month.*
However, many modern lab balances now come with built-in automatic self-calibration functionality,
which offers convenience and time efficiency. Balances equipped with this function can be calibrated more
often, even before every measurement.*> %7 It is noteworthy that the most reliable calibration for balances
with self-calibration is a combination of manual and automatic calibrations.*

In addition to proper calibration, users must adhere to certain rules to ensure high accuracy and precision
when using a lab balance. These rules dictate:*®

i) level the balance perfectly,

ii) keep the device clean,

iii) place the sample in a suitable container for weighing to avoid damaging the weighing pan,

iv) tare the balance to subtract the weight of the sample container,

v) avoid vibration and heavy airflow around the balance during weight measurement,

vi) keep the balance away from any strong magnetic field.

vii) maintain the balance in an environment with a stable temperature (i.e., room temperature).

Failure to comply with these rules can potentially result in significant systematic errors in measured mass.

S11.1.2: Calibration and Operation of Volume-measuring Equipment

A wide array of specialized volume-measuring equipment is usually available in well-equipped
laboratories, including beakers, flasks, graduated cylinders, burettes, and pipettes.”” Since most studied
binding partners are valuable materials (e.g., proteins), well-established Kj-determination approaches
typically require small quantities.**** Therefore, using volume pipettes alone is often sufficient for volume
measurements in a Kg-determination experiment. To ensure high accuracy and precision in measured
volumes, volume pipettes must be routinely calibrated and operated correctly. Pipettes should be calibrated
every 3—6 months, and after thorough cleaning.** Detailed guidelines on correctly calibrating and operating
pipettes are provided as follows.

The calibration of a pipette relies on the relationship between the volume and mass of distilled water

aspirated/dispensed by the pipette.** Therefore, calibrating volume pipettes necessitates the use of an
analytical balance that has been properly calibrated and is operated correctly, as discussed in Note S5.
Pipettes are calibrated using professional tools by adjusting the readings to correspond to the volumes of
distilled water aspirated and dispensed, as weighed by a highly accurate analytical balance.** This
conversion between mass and volume is facilitated by the density of distilled water
(volume = mass/density), which, assuming negligible effects of atmospheric pressure on water density,
varies with environmental temperature.*

Typically, a pipette is calibrated for both its lower- and upper-limit volumes.** If the lower- and upper-
limit volumes cannot be calibrated simultaneously, the pipette should not be used for volume measurement
and should either be replaced or sent back to the vendor for maintenance.

When using a calibrated pipette, it is essential to adhere to the following rules to enhance the accuracy
of pipetting:*®

1)  pre-wet the pipette tip at least three times before aspirating the final volume,
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ii) hold the pipette at a consistent angle not exceeding 20 degrees to the vertical,

iii) before aspirating, immerse the pipette tip to an appropriate depth (based on the volume to
aspirate/dispense) below the liquid surface to ensure contact with the liquid throughout the
aspiration process,

iv) touch off after each dispense,

v) pipette viscous liquids slowly, while pipetting volatile liquids quickly.

Failure to use calibrated pipettes or to follow the aforementioned rules can result in inaccuracies in
measured liquid volume.

S11.2: Product Impurity

The purified material of binding partners (target and ligand) is either obtained from commercial vendors
or produced internally in a laboratory. The quality and purity of the purified material vary from batch to
batch.*” Since any impurity or degradation of binding partners will result in systematic errors in
concentrations, preventing reagent degradation and determining their purity are crucial for reducing
systematic errors in Lo and To.

To avoid reagent degradation, it is crucial to store reagents under appropriate conditions and adhere to
specific guidelines. For instance, for long-term storage of single-stranded DNA (ssDNA) with high
concentration (> 100 ng/uL), the ssDNA suspension should be divided into small aliquots with small
aliquots (e.g., 2 uL) and stored at —20 °C for no longer than 2 years.*® Repeated freeze-thaw cycles for DNA
solutions should be avoided since they can lead to DNA degradation.” Additionally, long-term exposure to
light, including UV light and ambient lab light, should be avoided for fluorophore-modified ssDNA to
avoid photobleaching.® A working solution of ssDNA with a lower concentration can be stored in a
refrigerator at +4 °C for one year and should be placed on ice when used to prepare samples on the bench.™!
Similarly, to prevent preserving proteins, solutions with high concentrations (> 1000 ng/uL) or lyophilized
proteins should be divided into small aliquots and stored at —80 °C for long-term storage.>> Repeated freeze-
thaw cycles for lyophilized protein and protein solutions should also be avoided.>

Due to the propensity of microorganisms to grow in protein solutions under nonfreezing conditions,
working solutions of proteins with a lower concentration can only be stored at +4 °C for days to weeks at
the longest.5 Improper storage of reagents can significantly reduce the concentrations of active ligand and
target molecules compromising their native structures and unavoidably introducing large systematic errors
in Lo and To.

To minimize systematic errors in concentrations, researchers often employ spectrophotometry
(Lambert-Beer law) to measure “true” concentrations. However, this method has two limitations:
(7) spectrophotometry cannot distinguish impurities or contaminations from the product, and (i7) systematic
errors in molar extinction coefficients will translate into systematic errors in concentrations. Thus, if the
purities of ligand and target products are unknown a priori, they must be determined using analytical
approaches. For example, high-performance liquid chromatography (HPLC) and CE can quantitatively
determine the purity of ssDNA,**3* and sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and liquid chromatography-mass spectrometry (LC-MS) can estimate the purity of proteins.>> ¢
Based on the quantitatively determined purities of products, the concentrations calculated from measured
mass and volume or determined by spectrophotometry need to be corrected.

On the other hand, determining the accurate concentration of a pure product in solution using the
Lambert-Beer law requires knowledge of the accurate molar extinction coefficient for the component in
solution, which is influenced by various chemical conditions such as buffer type, ionic strength, and pH."’
Hence, when using a widely accepted molar extinction coefficient to calculate the concentration of a
component, one should ensure that the conditions of the measured solution are similar (if not exactly the
same) to conditions used to determine the molar extinction coefficient. Otherwise, the concentration
determined with the Lambert-Beer law according to a known molar extinction coefficient should be

515



considered inaccurate.”” In many cases, accurate molar extinction coefficients for studied components are
unavailable; thus, the systematic errors in Lo and 7y can only be reduced by correcting the concentrations
based on the experimentally determined purities of the reagents.

S11.3: Solute Adsorption

Systematic errors in concentrations can also result from solute adsorption, i.e., reagent adsorption, which
occurs in most steps of a Kq-determination experiment. Reagent adsorption can significantly reduce reagent
concentration at low concentrations, which is typically the case for Lo = LOQ and 7 in a low-concentration
range.>® Solute adsorption to pipette tips and sample vials can occur during sample preparation, while solute
adsorption to fluidic paths and channels may occur during sample analysis.">* Although reagent adsorption
cannot be fully eliminated, it can be minimized by careful experimental design and optimization.

The most common and straightforward method to mitigate reagent adsorption and nonspecific binding

to surfaces is by incorporating blocking reagents such as BSA protein, Tween® 20, and Triton X-100 into
solutions. The addition of blocking agents to solutions has been proven to be an effective strategy for
reducing nonspecific bindings.*"-¢*

Since the extent of reagent adsorption to a surface is significantly influenced by the surface's chemical
properties, instrumental parts made of adsorption-resistant materials, such as titanium and polyether ether
ketone (PEEK), are preferred for use along the fluidic path.®

Furthermore, surface modification with biocompatible coatings is a widely adopted and effective
approach for reducing reagent adsorption. Coatings such as Bovine Serum Albumin (BSA), Polyethylene
glycol (PEG), and polyvinyl alcohol (PVA) have been shown to effectively reduce DNA and protein
adsorption. *+6¢

To minimize reagent adsorption to the inner walls of vials, some manufacturers have developed various
types of low-binding tubes. These tubes can be used in conjunction with other adsorption elimination
methods to further mitigate reagent losses resulting from solute adsorption.®’

Table S1: Checklist for Minimizing the Systematic Errors of Variables in Ka Determination
with Nonlinear Regression

This checklist is an extended version of the checklist proposed by Jarmoskaite e al.”® This checklist is
also stored on Figshare (DOI: 10.6084/m9.figshare.25464685) as a PDF file.

S16



Checklist for Improving the Accuracy of Determined Kq

Ligand (limiting component):

Target (excess component):

Ka-determination method:

CONDITIONS: Temperature: Buffer:
Other:

ABBREVIATIONS AND SYMBOLS:

R, fraction of unbound ligand; AR, systematic error of R; AKgy 4, Systematic error of determined Ky; Kqget, €Xperimentally determined
Kg; L, equilibrium concentration of ligand; Ly, total concentration of ligand; 7, equilibrium concentration of target; 7, total concentration
of target; C, equilibrium concentration of target-ligand complex; S, measured cumulative signal; Q, total quantity of ligand and complex;
01, the quantity of ligand at equilibrium; Qc, the quantity of complex at equilibrium; St per quantity 0, Signal of ligand with quantity Q;
Scper quantity 0, Signal of complex with quantity 0; LOQ, limit of quantitation; EM, equilibrium mixture.

e Has the additivity of the signal used to calculate R been proven? 0 Yes. Continue.

. &+ S % O No/Not sure. Prove the
et quantity 0 0 C.per quantity 9 0 additivity or change to a
different method.

Additivity of signal: §=8

|

Yes. Continue.

e Has the instrument used to detect signals been calibrated? .
! v 18 ! O No/Not sure. Calibrate the

instrument.

O

Yes. Use Lo =LOQ.
[0 No. Determine LOQ.

o Is the LOQ of the instrument for the ligand known?

e Vary incubation time to confirm equilibration.

Time range: Number of time points:
O Yes. Incubation time is
» Is Kuadet independent to the tested incubation time? sufficient.

[ No. Increase incubation time.

¢ Does the binding isotherm “R vs To” reach saturation?
» Check approach:

1) Linear fit the data points of “S vs 7;” obtained from the EMs with the three
highest Ty to get a fitting equation of “S = a + bT,” with a slope of “b + b”, i.e., O No. Increase the highest To (if
uncertainty range of slope is [b — b, b + 3b].

2) If0 € [b— &b, b + 5b], the binding isotherm reaches saturation.

Note: The highest 7, should be at least twofold greater than the lowest 7 in the
three EMs.

|

Yes. Continue.

solubility allows).

O Minimize AR (and minimize AKq 4ot caused by too high Lo)

O

o . Yes. Continue.
e Have the measuring instruments (e.g., balance and pipette) been

calibrated? O No/Not sure. Calibrate the
measuring instruments.

O Yes. Correct Lo and 7o based
Have the purities of ligand and target been measured with analytical on the determined purities.

- 2
approaches (e.g., HPLC and SDS-PAGE)? O No. Determine the purities of

ligand and target.

e Are the ligand and/or target prone to adsorption to surfaces? 0
» Common measures to reduce reagent adsorptions:
- Adding blocking agents (e.g., BAS and Tween® 20) into solutions.
- Surface modifications with biocompatible coatings
- Using instrumental parts and lab supplies that are made of low-binding O No.
materials.

Yes/Not sure. Apply the
measures of reducing reagent
adsorptions.

[0 Minimize ALy, and AT

Comments
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Table S2: Determination of the Random Error in the Concentration of Fluorescein (Ligand)
Solutions

To demonstrate the determination of the random error in the concentration of fluorescein solutions, we
prepared five 800 pL fluorescein stock solutions with nominal (desired) concentration of 300 uM. Each
solution was prepared separately from scratch. For each sample, the absorbance at a light wavelength of
488 nm (A4gs) with path length /=1 mm was measured with a NanoDrop 1000 (Thermo Scientific)
spectrophotometer. The measured absorbance for each sample and the calculated relative standard deviation
(RSD) are summarized here. The absorbance of each sample was measured in triplicate.

Sample # A Average Overall ]S)Zztv?;lgzﬂ RSD
P 488 8 (8Lo/Lo)

Average (SD)

1.721
1 1.708 1.72
1.723
1.694
2 1.675 1.69
1.685
1.648
3 1.667 1.67 1.69 0.025 0.015
1.684
1.658
4 1.654 1.66
1.666
1.710
5 1.702 1.71
1.714
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