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Requirements for reliable determination of binding affinity
constants by saturation analysis approach
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Abstract

Accurate calculation of the equilibrium association constant (K) and binding site concentration (N) related to a receptor (R)/ligand (L) inter-
action, via R saturation analysis, requires exact determination of the specifically bound L concentration (BS) and the unbound L concentration
(U) at equilibrium. However, most binding determinations involve a procedure for separation of bound and unbound L. In such situations, it
was previously shown that correct calculation ofBS andU from binding data requires prior determination ofα, i.e. the procedure parameter
representing the proportion of equilibriumBS recovered after running the separation process, and ofkn, i.e. the equilibrium nonspecific binding
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oefficient. For the simplest model of R/L interaction, the consequences ofα neglect and/orkn neglect on determination ofK andN, via R
aturation analysis, are investigated. Whenα but notkn has been determined,BS can be accurately calculated, whereasU is overestimate
y factor (kn+ 1). Consequently the type (linear or hyperbolic) of theoretic curves obtained by usual representations (such as the

he Lineweaver–Burk or the Michaelis–Menten plot) of the R/L binding is unchanged; these curves afford correctN and underestimation
by factor (kn+ 1). Whenα (α< 1) has not been determinedBS andU are underestimated and overestimated, respectively. Then erro

epresentations of the R/L binding result (e.g. instead of regular straight line segments, Scatchard plot and Lineweaver–Burk p
onvex-upward and convex-downward hyperbola portions, respectively, suggestive of positive cooperativity of L binding), which
ncorrectN andK. Errors inN andK would depend on (i) the binding (K, N andkn) and method (α) parameters and (ii) the expressions u
o calculate approximateBS andU values. Simulations involving variableα, KN andkn values indicate that: (1) the magnitude of error iN
etermination (mainly involving moderate underestimation) directly depends on theα value; (2) the magnitude ofK underestimation main
epends on theKNvalue; it is moderate (usually < two-fold) withKNvalues < 1, but could become very high (e.g. >100-fold), whenKN> 102.

n this case, theK underestimation is modulated by theα andkn values. Practical situations which afford highKN and thus might result i
ery marked underestimation ofK are discussed. A single R dilution method is proposed to assess the validity ofK determinations using th
saturation analysis approach.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The determination of binding parameters (affinity bind-
ng constant, receptor concentration, etc.) relative to recep-
or/ligand interactions constitutes a basic operation in many
reas of endocrinology. Determination of these parameters
ould be very useful, e.g. to analyze physiopathological sit-
ations or evaluate new ligands synthesized to obtain more

∗ Tel.: +33 4 67 04 37 14; fax: +33 4 67 54 05 98.
E-mail address:borgna@montp.inserm.fr.

potent or selective receptor agonists or antagonists. In
free systems, a considerable number of studies have
fore been devoted to the determination of such binding
rameters. One of the most common approaches involve
uration experiments where the specific binding of incr
ing concentrations of a radioactive ligand to a recep
containing cell extract is determined under equilibrium
pseudo-equilibrium conditions. This approach – via gra
cal representation or computational analysis of binding
– should allow determination of the specific binding site c
centration, the equilibrium affinity constant, and could re
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Nomenclature

R receptor
L (radioactive) ligand
K equilibrium association constant
N specific binding site (or R) concentration in the

cell extract
kn equilibrium nonspecific binding coefficient
T total concentration of L
BS concentration of specifically bound L (or RL

complex concentration) at equilibrium
BNS andB′

NS concentrations of nonspecifically bound
L at equilibrium (in the absence and presence
of an excess of unlabeled L, respectively)

U andU′ concentrations of unbound L at equilibrium
(in the absence and presence of an excess of
unlabeled L, respectively)

B1 and B2 measured L concentrations after running
a procedure to separate bound and unbound
L from equilibrated media not-containing and
containing unlabeled L, respectively

α, β and γ proportions ofBS, B′
NS (or B′

NS), andU
(or U′) measured after running the separation
procedure

Ba
S and Bb

S calculated underestimates ofBS (cf. ap-
pendix for definition)

Ua, Ub, Uc andUd calculated overestimates ofU (cf.
appendix for definition)

φ andψ are (1−β)kn+ 1− γ and (α−β)kn+α− γ,
respectively

Xo andYo intercepts on axes of the Scatchard graph
related to the R/L interaction

So Yo/Xo ratio
Xr andYr intercepts on axes of a least-squares straight

regression line established from a set of
Scatchard graph points

Sr Yr/Xr ratio

multiple sets of binding sites or cooperative or noncoopera-
tive receptor/ligand binding. However, graphical represen-
tations or computational analysis can be validly interpreted
only if the data derived from saturation experiments are not
distorted by methodological errors. On the basis of papers
on the theory of protein/ligand interactions that were pub-
lished in the 1970 and 80s, the effects (mainly qualitative)
of the most common artefacts on graphical representation of
the R/L interaction were analyzed. Such common artefacts in-
volve ligand radiochemical impurity[1–4], ligand or receptor
degradation or capture[4–8], incomplete recovery of the re-
ceptor:ligand complex[4,7,8] and non-equilibrium binding
conditions[4,8]. These artefacts could result in underestima-
tion of the equilibrium association constant, and sometimes
in misinterpretation, concerning the number of involved re-

ceptor species or the cooperative or noncooperative type of
receptor/ligand interactions.

The considerable discrepancies between values reported
for binding parameters of the estrogen receptorα/estradiol
interaction clearly illustrate the difficulties that could be
encountered for reliable determination of such parameters.
Saturation analyses using [3H]estradiol have usually led to
109–1010 M−1 Ka values, whereas the ratio of the kinetic as-
sociation rate constant to the dissociation rate constant was
almost two orders higher[9,10]. Moreover, with the recep-
tor concentrations used (nM range), Scatchard transforms
of estradiol binding data were frequently convex curvilinear
suggesting positive cooperativity of estradiol binding[11,12],
whereas with much lower receptor concentrations (0.01 nM
range) Scatchard plots of 16�-iodoestradiol binding were lin-
ear, indicating a single class of binding sites, leading to aKa
value≥ 1011 M−1 [12].

For a large variety of R/L systems, most R satura-
tion analyses devoted to the determination ofK andN in-
volve a procedure (filtration, adsorption, precipitation. . .)
for the separation of bound and unbound L. The proce-
dure used could change the equilibrium concentrations of
specifically bound, nonspecifically bound and unbound L.
Moreover, an approximate expression (“B1 −B2”, cf Work-
ing hypotheses in the next section) is generally used to cal-
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ulate the specifically bound L concentration from bind
easurements. These two facts could lead to erroneoK
ndN.

In the late 1970s, on the basis of results obtained in e
en receptor/ligand binding studies, we proposed[13] reli-
ble calculations of specifically bound and unbound L
entrations which, in addition to the L binding measureme
nvolved two parameters, i.e.kn, the nonspecific binding c
fficient, andα, the proportion of equilibrium RL conce

ration measured under pseudo-equilibrium conditions
orking hypotheses). For the simplest R/L interaction mo

his paper mainly examines the effects of incorrect L
ific binding calculations resulting fromα and/orknneglect
n the determination of binding parameters via satura
nalysis. This investigation indicates that whenKN is high

here could be considerable underestimation of the bin
onstant as a result of inaccurate determination of sp
inding.

. Results

.1. Working hypotheses

The theory of protein/ligand interactions, involving l
nd specific and nonspecific binding, has been discuss
any authors (e.g. Rodbard[14] and Rodbard and Feldm

15]). However, to provide a background for the presen
estigation, the basis of the saturation analysis approac
he main graphical characteristics of specific and nonsp
inding will be briefly reviewed.
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The simplest binding process of a ligand (L) to its cognate
receptor (R) in a cell-free system is:

R + L
k1
�
k2

RL

where L molecules stoechiometrically associate with equiv-
alent and independent binding sites on R molecules, accord-
ing to a bimolecular process (rate constant,k1) and dissociate
from these sites according to a monomolecular process (rate
constant,k2). The characteristics of such a binding process,
defined as L specific binding, is high affinity (reflecting R/L
specific recognition) and saturability (resulting from the pres-
ence of a discrete number of L binding sites on R). In practice,
R-containing cell extracts include a wide variety of molecular
species, many of which nonspecifically interact with L and,
although the nature of this nonspecific binding is not clearly
understood, it is characterized by low affinity and very high
capacity, with linear nonsaturable binding up to L concentra-
tion ≥ 10−5 M [13–16].

Then, we will consider that the incubation of a R-
containing cell extract with a given concentration of L under
equilibrium conditions results in L specific and nonspecific
binding whose respective concentrationBS andBNS are such
that:

BS = KNU

KU + 1
(1)

and

BNS = knU (2)

whereK=k1/k2is the equilibrium association constant for
the R/L interaction,N is the specific binding site concen-
tration (and the R concentration when each R molecule har-
bors only one L binding site),kn is the equilibrium non-
specific binding coefficient, andU is the concentration of
unbound L. When increasing concentrations of L are used,
the resulting binding data should allow determination of the
various binding parameters. Such binding data related to spe-
cific binding, nonspecific binding, and both, represented by
Michaelis–Menten and Scatchard plots, are shown inFig. 1.
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ig. 1. Michaelis–Menten and Scatchard graphs of specific and non
onsaturable binding (assimilated to nonspecific binding) of a ligand
quationBNS =knU, wherekn characterizes the L nonspecific binding
quilibrium leads to an equilateral hyperbola portion2, related to equati
lope of the tangent to hyperbola at the origin (T2) is KN. The Michaelis–
quationB +B = (KNU/(KU+ 1)) +knU. The intercept on the ordinate
S NS

t the origin (T3) is KN+kn. Note that interceptsX, A, B andC of any parallel to
C=XA+XB. (B) The Scatchard plot of L nonspecific binding gives rise to str

ine segment2, related to equationBS/U=K(N−BS). The segment intercepts o
he Scatchard plot of L total binding (BS +BNS) leads to a hyperbola segmen3
(K[N − (BS + BNS)] + kn)2 + 4Kkn(BS + BNS)) (cf. Appendix). The hyperb
yperbola asymptotes. Note that (i) intercepts A, B and C of any straight
C = OA + OB, and (ii) the slope of the tangent to hyperbola at the intercep

ntercept on the abscissa axis is higher thanN; therefore linear extrapolations m
rovided thatKN= 5kn (5 is the value selected for theKN/kn ratio to illustrate L

NS andBS +BNS related to various values ofK, N andkn. Unchanged represen
alculated from binding dataB1 andB2 obtained after running a separation met
his method is performed), using Eqs.(9) and(10). This requires prior determina
c binding under equilibrium conditions. (A) The Michaelis–Menten
ell extracts under equilibrium conditions gives rise to straight line1, related to
acts. The plot of L binding to a receptor R (simplest R/L interaction
NU/(KU+ 1). The ordinate of the hyperbola asymptote (A2) is N and the
plot of L total binding (BS +BNS) leads to a hyperbola portion3 related to

f the hyperbola asymptote (A ) isN and the slope of the tangent to hyperb
3

the ordinate axis on the abscissa axis, and1, 2 and3, respectively, verify
aight line1, related toBNS/U=kn. The plot of L binding to R leads to a straight
n abscissa and ordinate axes areN andKN, respectively, and the slope isK.
t, related to equation (BS + BNS)/U = (1/2)(K[N − (BS + BNS)] + kn+
ola intercept on the ordinate axis is (KN+kn) and lines1 and2 constitute
line stems from the axis origin (O) on1, 2 and3, respectively, are such that
t on the ordinate axis (short dashed line) is lower thanK, whereas the tangent
ade from the left part of the curve lead to erroneousK andN. (A) and (B)

specific and nonspecific binding), curves1, 2 and3 could account forBS,
tation2 of L binding to R could be obtained when equilibriumBS andU are
hod of bound and unbound L (even if a portion of the RL complex is lost when
tion of the nonspecific binding parameterknand the method parameterα.
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The Michaelis–Menten plot of the R/L interaction (BS as a
function ofU) is constituted by a portion of equilateral hy-
perbola (curve2 in Fig. 1A) corresponding to Eq.(1). The
limit value forBS (materialized by the horizontal asymptote
to the curve) isN, whereas the slope of the tangent to the
hyperbola at the origin isKN. ThenK could be determined as
the ratio of the two above parameters. The Scatchard plot of
the R/L interaction (BS/U as a function ofBS) is constituted
by a straight line segment (line1 in Fig. 1B) corresponding
to equation:

BS

U
= K(N − BS). (3)

The intercepts of the straight line on abscissa and ordinate
axes areN andKN, respectively; its slope isK.

In the present investigation, we assume that (i) both R and
L are homogeneous, and (ii) equilibrium binding (specific
and nonspecific) is reached before a procedure is run to sep-
arate bound and unbound L in order to gain access toBS and
U. To determineBS andBNS for a given concentration of radi-
olabeled L (T), two parallel incubations of the R preparation
with L are usually performed, one in the absence, and the
other in the presence of a large excess of unlabeled L (con-
centrationT◦, such asT◦ ≥ 100N andT◦ ≥ 100T, to nullify
the binding of radiolabeled L to R). In cases where the two
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and

T = B′
NS + U ′ (7)

with BNS = knU (Eq.(2)) and

B′
NS = knU ′, (8)

As previously demonstrated[13], from Eqs.(2) and(4)–(8),
BS andU can be expressed as:

BS = (B1 − B2)
T

αT − B2
(9)

and

U = αT − B1

αT − B2
× T

kn+ 1
. (10)

The calculation ofBS andU from T, B1 andB2 does not
involve β, andγ parameters but requires preliminary deter-
mination ofα and (only for the calculation ofU) kn. De-
termination ofα could be done by performing two parallel
equilibrium dialyses with the R preparation and a given con-
centration of radiolabeled L, in the absence and presence of
unlabeled L, respectively, and then submitting aliquots from
the protein-containing dialysis compartments to the separa-
tion process. Comparison of binding data obtained on one
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arallel incubations are carried out in dialysis cells, the bo
nd unbound radioligand concentrations at equilibrium c
e measured directly. However, performing equilibrium d
sis is laborious and could afford a high level of nonspe
inding. Therefore, alternative and more versatile met

nvolving filtration, adsorption, chromatography, precip
ion, etc., are used, which ideally induce the separatio
ound (BS +BNS andB′

NS, in the first and second incub
ions, respectively) and unbound L (U, andU′, respectively
hile strongly decreasing L nonspecific binding. Let us
1 andB2 the concentrations of L recovered after running
eparation method from equilibrated samples not-conta
nd containing unlabeled L, respectively. Since the se

ion procedure is applied to aliquots involvingBS, BNS and
(or B′

NS andU′), and since most of the separation pro
ures are not completely selective and not fully quantita

12,13,17–20], in theB1 andB2 expressions, correction c
fficientsα, β andγ (each≤ 1), which depend on the typ
f separation procedure used and on the particular R a
air studied, are assigned to the equilibrium concentra
f bound and unbound L:

1 = αBS + βBNS + γU (4)

nd

2 = βB′
NS + γU ′ (5)

hereas

= BS + BNS + U (6)
and by dialysis and on the other hand by the separation
ess will allow calculation ofα [13]. Determination ofkn
ould be made by performing a single equilibrium dial
f the R preparation with radioactive L in the presence

arge excess of unlabeled L[13].

.2. Consequences of common approximations in the
etermination of equilibrium bound and unbound ligand
oncentrations on the calculation of N and K

As stated above, accurate determination ofBS andU from
1, B2 andT requires prior determination of the separa
ethod parameterα and the cell extract nonspecific bindi
arameterkn. Inaccurate determination ofBS andU could

ead to graphical representations of binding data whic
ot reflect the actual R/L interaction, with possible inc
ectN andK determinations and erroneous interpretatio
he noncooperative type of binding. We will examine the
ect resulting fromα and/orkn neglect onN andK deter-
ination by means of saturation experiments, using m
ichaelis–Menten and Scatchard representations of the

ng data.

.2.1. Effect of kn neglect
Whenα but notkn has been determined, thenBS can be

alculated fromT, B1, B2 andα using Eq.(9), whereasUa,
n overestimate by factor (kn+ 1) ofU, could be calculate

rom the same terms by neglectingkn in Eq.(10):

a = αT − B1

αT − B2
T = T − BS = (kn+ 1)U. (11)
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Fig. 2. Michaelis–Menten and Scatchard graphs of specific binding when the nonspecific binding parameter kn is not taken into account. Accurate calculation
of equilibriumBS (Eq.(9)) andU (Eq.(10)) from T and the binding measurements,B1 andB2 made after running a separation process of bound and unbound
L, requires prior determination ofα andkn. The various Michaelis–Menten (A) or Scatchard (B) plots of a simple R/L interaction obtained whenα has been
determined andkn (selected values: 1, 3 and 10) has been or not determined, are shown. (A) Whenknhas been determined (orkn= 0) a regular plot is obtained
which involves a portion of equilateral hyperbola1 whose upper limit materialized by asymptote is N and slope of the tangent to hyperbola at the origin (T1)
is KN. Whenkn (>0) has not been determined, Eq.(11), which affordsUa an overestimate of U by factor (kn+ 1), could be used instead of Eq.(10). The
corresponding Michaelis–Menten plot (BS as a function ofUa) consists of another equilateral hyperbola portion (illustrated by curves2, 3and4, corresponding
to kn= 1, 3 and 10, respectively) whose upper limit is stillN, whereas the slope of the tangent to hyperbola at the origin isKN/(kn+ 1), suggesting an apparent
K value ofK/(kn+ 1). (B) The regular Scatchard plot obtained whenknhas been determined (orkn= 0) involves a straight line segment1 definingN andKN
on abscissa and ordinate axes, respectively. Whenkn (>0) has not been determined, the corresponding Scatchard plot (BS/Ua as a function ofBS) consists of
another straight line segment (illustrated by segments2–4) whose intercept on the abscissa axis is still N, whereas that on the ordinate axis isKN/(kn+ 1),
suggesting an apparentK value ofK/(kn+ 1). (A) and (B) Relative to that of the regular curve1 positions of curves2–4 are independent of theN andK values.

Then Eqs.(1) and(3) give:

BS = KNUa

KUa + kn+ 1
(12)

BS

Ua
= K

kn+ 1
(N − BS). (13)

BS is represented as a function ofUa by a portion of equi-
lateral hyperbola whose slope of the tangent at the origin is
KN/(kn+ 1) and whose limit value isN (Fig. 2A). Similarly,
BS/Ua is represented as a function ofBS by a straight line
segment whose intercepts on the abscissa and ordinate axes
areN andKN/(kn+ 1), respectively (Fig. 2B). Irrespective of
the representation used, the neglect ofkn, therefore has no
incidence on the calculated binding site concentration or on
the apparent type (noncooperative) of R/L interaction, but
it results in underestimation of the equilibrium association
constant by factor (kn+ 1). Obviously identical results would
be obtained by using other types of representations, e.g. the
Lineweaver–Burk plot (1/BS as a function of 1/Ua) and the
BS = f(T)plot (not shown). Note that in the examined context,
except when� = 1, the use of another approximate expression
of U:

Ub = T − B1 (14)

would generate less favourable binding data for graphical
representation of the R/L interaction than those obtained by
usingUa (cf. Appendix).

2.2.2. Effect ofα neglect
When kn but notα (α< 1) has been determined, neither

BS nor U could be calculated. Neglectingα in Eqs.(9) and
(10)affords approximate expressions ofBS andU, i.e.:

BaS = (B1 − B2)
T

T − B2
(15)

and

Uc = T − B1

T − B2
× T

kn+ 1
= T − BaS

kn+ 1
. (16)

BaS is an underestimation ofBS by factor (T−B2)/(αT−B2)
(>1), whereasUc is an overestimation ofU by factor
((T−B1)/(αT−B1)) × ((αT−B2)/(T−B2)) (>1). Note that
there are two other possible approximate expressions ofU,
Ub (already defined in the preceding section) and

Ud = T − BaS. (17)

However, provided thatkn> (γ/(1−β)) (a condition that al-
most always applies)Ud>Ub>Uc (cf. Appendix). Then the
use ofUb orUd instead ofUc would lead to less favourable
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representations,BS = f(U) or BS/U= f(BS), of the R/L inter-
action.

Expression ofBaS as a function ofUc and expression of
BaS/U

c as a function ofBaS (cf. Appendix) involve all three
binding parameters and all three method parameters:

BaS = ψ[(1 − α)KN + φ(1 +KUc)]

2(1− α)Kφ
− ψ

√
[(1 − α)KN + φ(1 +KUc)]2 − 4φ(1 − α)K2NUc

2(1− α)Kφ
(18)

and

BaS

Uc
= ψK(ψN − φBaS)

(1 − α)K(ψN − φBaS) + φψ
(19)

where

φ = (1 − β)kn+ 1 − γ (20)

and

ψ = (α− β)kn+ α− γ. (21)

Whenα< 1, irrespective of theβ, γ andkn values (even 0),
BaS andBaS/U

c are hyperbolic functions ofUc andBaS, re-
spectively. Then the corresponding Michaelis–Menten and

Scatchard plots (Fig. 3) involve convex-upward portions of
hyperbolae (the hyperbola is equilateral only in the case of
the Scatchard representation). Using the Michaelis–Menten
plot, whenUc→ ∞ the BaS limit (apparentN) is N(ψ/φ),

whereas the slope of the tangent to hyperbola at the ori-
gin (apparentKN) is KN(ψ/((1−α)KN+φ)) (Fig. 3A). So
the apparentK calculated from these two parameters is
K(φ/((1−α)KN+φ)). Using the Scatchard plot, the obtained
curve suggests positive cooperativity for L binding to R (i.e.
Hill coefficientn> 1). Intercepts of the hyperbola with coor-
dinate axes areXo =N(ψ/φ) andYo =KN(ψ/((1−α)KN+φ)),
respectively (Fig. 3B), so the slope of the straight line defined
by the two intercepts isSo =K(φ/((1−α)KN+φ)).

ThenXo, Yo andSo are identical to the apparentN, the
apparentKN and the apparentK, deduced from the direct
representation ofBaS as a function ofUc. Sinceφ >ψ (pro-

F
b
r
o
k
v
w
a
(
w
t
k

ig. 3. Michaelis–Menten and Scatchard graphs of specific binding when th
ut not the method parameterα (α �= 1) has been determined, Eqs.(15) and(16)
espectively, could be used. Then for a simple R/L interaction, representatio
r Scatchard (BaS/U

c as a function ofBaS, (B)) involves a convex-upward portion
n) and method (α, β andγ) parameter values. Four hyperbola segments2–5 obt
alues ofα (0.9, 0.75, 0.5 and 0.25) are shown together with the regular hyp
henα �= 1 has been determined, and Eqs.(9) and(10) are used to exactly calc
symptote (A1 toA5, for α= 1 toα= 0.25) isN(ψ/φ), whereψ = (α−β)kn+α− γ a
only specified for curves1 and4: T1 andT4) isKN(ψ/((1−α)KN+φ)) (orKN, wh
hereas the intercept on the ordinate axis isYo =KN(ψ/((1−α)KN+φ)). The slop

angent to hyperbola at the intercept on the abscissa axis areSo =K(φ/((1−α)KN+
nparameters, hyperbolae fit with any value ofN, provided that the correspondi
e method parameterα is not taken into account. When the binding parameterkn
which giveBaS andUc, an underestimate ofBS and an overestimate ofU,
n of binding data according to Michaelis–Menten (BaS as a function ofUc, (A))
of hyperbola whose characteristics are determined by the binding (K, N and

ained for selected values ofKN (10), kn (1), β (0.1),γ (0.01) and various
erbola portion1 (A) or the straight line segment1 (B) obtained whenα= 1 (or

ulateBS andU). (A) The hyperbola upper limit, materialized by a portion of
ndφ = (1−β)kn+ 1− γ; the slope of the tangent to hyperbola at the origin
enα= 1). (B) The hyperbola intercept on the abscissa axis isXo =N(ψ/φ),
e of the straight line defined by hyperbola intercepts on axes and that of the
φ)) andK, respectively. (A) and (B) With the selected values forα, β, γ and
ngK is equal to 10/N.
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Table 1
ApparentK/K ratios resulting fromα neglect-effects ofα andKN

So/K α

Sr /K 0.25 0.5 0.75 0.9 1

KN 10−2 0.996 0.997 0.999 0.999 1
0.996(r >0.99) 0.997(r >0.99) 0.999(r >0.99) 0.999(r >0.99) 1

10−1 0.962 0.974 0.987 0.995 1
0.962(r >0.99) 0.974(r >0.99) 0.987(r >0.99) 0.995(r >0.99) 1

1 0.715 0.791 0.883 0.950 1
0.713(r >0.99) 0.789(r >0.99) 0.883(r >0.99) 0.950(r >0.99) 1

10 0.201 0.274 0.431 0.654 1
0.182(r =0.90) 0.256(r =0.93) 0.418(r =0.97) 0.649(r =0.99) 1

102 0.0246 0.0364 0.0703 0.159 1
0.0181(r =0.74) 0.0275(r =0.75) 0.0562(r =0.80) 0.140(r =0.88) 1

103 0.00251 0.00377 0.00750 0.0185 1
0.00175(r =0.70) 0.00263(r =0.70) 0.00530(r =0.71) 0.0135(r =0.73) 1

Whenα (α �= 1) has not been determined, Eqs.(15) and(16), which giveBaS andUc an underestimate ofBS and an overestimate of U, respectively, could be
used. Then for a simple R/L interaction, there are hyperbolic relations between the corresponding Michaelis–Menten coordinates (BaS andUc) or Scatchard
coordinates (BaS/U

c andBaS). From hyperbola related to Michaelis–Menten or Scatchard coordinates two parametersSo andSr (cf. Figs. 3 and 4) are considered.
So (So =K(φ/((1−α)KN+φ)), whereφ = (1−β)kn+ 1− γ) is the slope of the straight line defined by intercepts on the abscissa and the ordinate axes of hyperbola
obtained in the Scatchard plot; it is also the apparent K deduced from the direct representation ofBaS as a function ofUc (cf. Appendix). In the Scatchard
plot Sr is the slope of the least-squares straight regression line defined by 10 hyperbola points (selected as indicated in theFig. 4 legend);Sr is the apparentK
deduced from these 10 Scatchard coordinates. For constant values ofβ (0.1),γ (0.01) andkn (1) parameters and variousα andKN pairs of values,So andSr

were calculated as functions ofK. The values ofSo/K (normal numbers) andSr/K (bold numbers) ratios are given for the variousα andKN pairs of values. The
correlation coefficient of eachSr-related regression line is mentioned in brackets. Note that the use of Eqs.(15)and(14) (BaS andUb) or Eqs.(23)and(14) (BbS
andUb) instead of(15) and(16) to calculate approximate values ofBS andU, would change the values ofSo/K andSr/K ratios by factor 1/φ (i.e. 0.529 with
values attributed toβ, γ andkn).

vided thatα< 1), apparentN, apparentKNand apparentK are
always lower thanN,KNandK, which would be obtained by
takingα into account in theBS andU calculations. It is note-
worthy that the (apparentN)/N ratio involves neitherN nor
K but is an increasing function ofα and a decreasing func-
tion of kn (provided thatγ <β), whereas the (apparentK)/K
ratio is a decreasing function ofKN and an increasing func-
tion ofα andφ or kn (variations inXo/N andSo/K, according
to α, KN and kn will be presented further inTables 1–4).
This suggests that bothα andKN play major roles in defin-
ing the characteristics of hyperbolae. For various values ofα

and given values of the other parameters (involvingKN= 10),
Fig. 3A and B show the hyperbola portions obtained using
Michaelis–Menten plot and Scatchard plot, respectively. As
α decreases, the hyperbola portion becomes increasingly dis-
tant from the regular curve accounting for the R/L interaction.
Note that in practice the random distribution of experimental
errors will overlap the systematic deviations resulting from
α neglect and could more or less mask such deviations.

Since simple algebraic manipulations convert one plot
to another plot, the same intrinsic apparentN and appar-
ent K could be obtained by using other plots, e.g. the
Lineweaver–Burk plot (cf. Appendix) and theBaS = f (T )
plot (not shown); the latter instead of overestimatedU (used
in the above representations) involvingT, which in the present
i ow-
e and
B hy-
p gular
s tions

Table 2
ApparentN/N ratios resulting fromα neglect-effects ofα andKN

Xo/N α

Xr /N 0.25 0.5 0.75 0.9 1

KN 10−2–103 0.206 0.471 0.735 0.894 1
10−2 0.206 0.471 0.736 0.894 1
10−1 0.208 0.473 0.737 0.895 1
1 0.218 0.489 0.750 0.902 1
10 0.268 0.582 0.844 0.958 1
102 0.334 0.743 1.10 1.20 1
103 0.351 0.798 1.24 1.46 1

For a simple R/L interaction, the use of Eqs.(15)(BaS) and(16)(Uc) instead
of Eqs.(9) and(10)to calculateBS andU, results in hyperbolic relations be-
tween Scatchard or Michaelis–Menten coordinates. From hyperbola related
to Michaelis–Menten or Scatchard coordinates, two parametersXo andXr (cf.
Figs. 3 and 4) are considered.Xo (Xo =N(ψ/φ), whereψ = (α−β)kn+α− γ
andφ = (1−β)kn+ 1− γ) is the intercept on the abscissa axis of the hy-
perbola obtained in the Scatchard plot;Xo is also the apparentN deduced
from the direct representation ofBaS as a function ofUc (cf. Appendix). In
the Scatchard plotXr is the intercept of the least-squares regression line,
defined by ten hyperbola points described in theTable 1and Fig. 4 leg-
ends;Xr is the apparentN deduced from these ten Scatchard coordinates.
For constant values ofβ (0.1),γ (0.01) andkn (1) parameters and various
α andKN pairs of values,Xo andXr were calculated as functions ofN. The
values ofXo/N (normal numbers) andXr/N (bold numbers) ratios are given
for the variousα andKN pairs of values. Note that the use of Eqs.(15)
and(14) (Ub) instead of Eqs.(15)and(16) to calculate approximate values
of BS andU, would not change theXo/N andXr/N values given in the Ta-
ble, whereas the use of Eqs.(23) (BbS) and(14) would change the values of
the two ratios by factorφ/(kn+ 1) (i.e. 0.945 with values attributed toβ, γ
andkn).
nvestigation was not hampered by any misestimation. H
ver,αneglect has different effects on Michaelis–Menten
S = f(T) plots (regular hyperbola is changed to another
erbola) and Scatchard and Lineweaver–Burk plots (re
traight line is changed to hyperbola). These latter situa
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Table 3
Apparent K/K ratios resulting fromα neglect-modulation of the effects ofα andKN by kn

So/K kn

Sr /K 0.1 1 10

KN= 1 α= 0.5 0.684 0.791 0.952
0.676(r >0.99) 0.788(r >0.99) 0.952(r >0.99)

α= 0.75 0.812 0.883 0.976
0.810(r >0.99) 0.882(r >0.99) 0.976(r >0.99)

α= 0.9 0.915 0.950 0.990
0.915(r >0.99) 0.950(r >0.99) 0.990(r >0.99)

KN= 100 α= 0.5 0.0211 0.0364 0.167
0.0114(r =0.61) 0.0215(r =0.67) 0.135(r =0.88)

α= 0.75 0.0414 0.0703 0.286
0.0250(r =0.68) 0.0473(r =0.76) 0.256(r =0.94)

α= 0.9 0.0975 0.159 0.500
0.0705(r =0.81) 0.128(r =0.87) 0.483(r =0.98)

For a simple R/L interaction, the use of Eqs.(15) (BaS) and(16) (Uc) to calculateBS andU, results in hyperbolic relations between Michaelis–Menten or
Scatchard coordinates. TheSo andSr parameters (described in theTable 1legend) were calculated as functions ofK for constant values ofβ (0.1) andγ (0.01)
and various values ofα, KN andkn. EachSr value was derived from a least-squares regression line defined by eleven hyperbola points having the following
abscissae 0, 0.1N(ψ/φ), 0.2N(ψ/φ) . . ., N(ψ/φ), whereψ = (α−β)kn+α− γ andφ = (1−β)kn+ 1− γ. The values ofSo/K (normal numbers) andSr/K (bold
numbers) ratios, which represent the (apparentK)/K ratio in Michaelis–Menten plots and Scatchard plots, respectively, are given for the various values ofkn,
KN andkα. The correlation coefficient of eachSr-related straight line is mentioned in brackets. The note in the last part of theTable 1legend, related to the use
of Eqs.(15)and(14) (Ub) or Eqs.(23) (BbS) and(14) instead of Eqs.(15)and(16), still applies for theSo/K andSr/K ratio values in the Table.

would have practical consequences on the determination of
apparentNand apparentK. For instance, using the Scatchard
plot, when a linear relationship betweenBS/U andBS is ex-
pected, reflecting a postulated R/L simple interaction, the
usual way to determineN andK is to establish the least-
squares straight regression line corresponding to a set ofBS

Table 4
ApparentN/N ratios resulting fromα neglect-modulation of the effects ofα
andKN by kn

Xo/N kn

Xr /N 0.1 1 10

KN= 1 α= 0.5 0.491 0.471 0.449
0.521 0.488 0.453

α= 0.75 0.745 0.735 0.725
0.770 0.750 0.727

α= 0.9 0.898 0.894 0.890
0.910 0.901 0.891

KN= 100 α= 0.5 0.491 0.471 0.449
1.04 0.919 0.635

α= 0.75 0.745 0.735 0.725
1.42 1.26 0.910

α= 0.9 0.898 0.894 0.890
1.43 1.28 1.00

For a simple R/L interaction, the use of Eqs.(15) (BaS) and(16) (Uc) to cal-
culateBS andU results in hyperbolic relations between Michaelis–Menten
or Scatchard coordinates. The parametersXo andXr (the latter derived from
t d
i s
o f
X the
( pec-
t t
p
E
X

andBS/U pairs derived from step-wise R saturation experi-
ments. A regression line defined from a set ofBaS andBaS/U

c

pairs from the Scatchard hyperbola segment would afford an
apparentN(Xr) and an apparentKN(Yr) on abscissa and ordi-
nate axes, respectively, and then an apparentK equal to the
slopeSr =Yr/Xr of the regression line (Figs. 4 and 5). Depend-
ing on theBaS andBaS/U

c pairs used,Xr andSr could vary
and then more or less differ fromX0 andS0 (with Xr ≥X0
and usuallySr ≤S0). However, when an appropriate set of
adequately incrementedBaS andBaS/U

c pairs (which fairly
well account for the whole hyperbola segment) are used, the
correspondingXr (Tables 2 and 4) andSr (Tables 1 and 3)
are close toX0 andS0, respectively. Then, regardless of the
plot used, apparentN (i.e. intrinsicX0 or Xr) and apparent
K (i.e. intrinsicS0 or Sr) should not markedly vary. There-
fore, to condense this study, only the Scatchard representation
(with relatedX0, Xr, S0 andSr parameters), which involves
the simplest relation between the graphical coordinates will
be considered hereafter (Figs. 4–6).

2.2.3. Modulation by K, N and kn of the effect ofα
neglect

For given values ofα, β, γ andkn (involving α= 0.75)
and various values ofKN involving either a constantN value
and increasingK values (1/N, 10/N and 100/N) or a constant
K
F rva-
t line
s -
n
v -
i

he least-squares regression line mentioned in theTable 3legend) describe
n theTable 2legend, were calculated as a function ofN for constant value
f β (0.1) andγ (0.01) and various values ofα, KN andkn. The values o

o/N (normal numbers) andXr/N (bold numbers) ratios, which represent
apparentN)/N ratio in Michaelis–Menten plots and Scatchard plots, res
ively, are given for the various values ofkn, KN andα. The note in the las
art of theTable 2legend, related to the use of Eqs.(15) and(14) (Ub) or
qs.(23) (BbS) and(14) instead of Eqs.(15) and(16), still applies for the
o/N andXr/N ratio values in the Table. ( -
value and increasingN values (10/K, 30/K and 100/K),
igs. 4 and 5show the Scatchard graphs obtained. The cu

ure of the hyperbola segment (which looks like a straight
egment forKN= 1, as shown inFig. 4) becomes more pro
ounced with increasing values ofKN. Moreover, whenKN is
ery high relative toφ,Yo andSo are close to their upper lim
ts,ψ/(1 − α) (< (α(kn+ 1))/(1 − α)) andφ/((1 − α)N) (<
kn+ 1)/((1 − α)N)), respectively (Fig. 4). The former ex
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Fig. 4. Scatchard graph of specific binding when the method parameter�

is not taken into account-effect of K. Equilateral hyperbola segments1,
2, and3 represent Scatchard plots for a simple R/L interaction, resulting
from the use of Eqs.(15) and(16) which affordBaS andUc, an underesti-
mate ofBS and an overestimate ofU, respectively. These curves are related
to α= 0.75,β = 0.1, γ = 0.01,kn= 1, an undetermined but constant value
of N and increasing values ofK, such as:K1 = 1/N (curve 1), K2 = 10/N
(curve2) andK3 = 100/N (curve3). For comparison, corresponding straight
line segments1a, 2a and3a are shown, which are obtained when exact
expressions ofBS (Eq. (9)) andU (Eq. (10)) are used. Values attributed
to α, β, γ and kn parameters define a hyperbola family (whose mem-
bers are specified by the various values ofKN). Curve intercepts are only
specified for2, ((Xo)1−3 =N(ψ/φ) and (Yo)2 =K2N(ψ/((1−α)K2N+φ)),
whereψ = (α−β)kn+α− γ andφ = (1−β)kn+ 1− γ). The horizontal half
straight line atψ/(1−α) ordinate (short dashed line) marks the upper limit
of the hyperbola family area; this horizontal line (whose position is indepen-
dent ofKN) constitutes the limit for the tangent to hyperbola at the intercept
on the ordinate axis whenKN becomes very high. From each hyperbola,
apparentNand apparentK could be deduced from a set of hyperbola points.
This is illustrated for curve2; 10 hyperbola points, i.e. five having the ab-
scissae 0.2(Xo)1−3, 0.4(Xo)1−3, . . ., (Xo)1−3, and five having the ordinates
0.2(Yo)2, 0.4(Yo)2, . . ., (Yo)2, were used to determine a least-squares straight
regression line (long dashed line, correlation coefficient,r = 0.97). Appar-
ent N and apparentKN are then defined by intercepts ((Xr)2 = 0.844 N and
(Yr)2 = 3.53) of this regression line on abscissa and ordinate axes; apparent
K is then (Sr)2 = (Yr)2/(Xr)2 = 0.418K2. With values attributed toα, β, γ and
knparameters, hyperbola segments1, 2 and3 fit with any value ofN andK
provided thatK1N= 1,K2N= 10 andK3N= 100.

pression is independent ofKN, whereas the second expres-
sion is independent ofK. The former result indicates that for
given values ofkn, α, β andγ parameters, and irrespective
of K andN, the hyperbola segment is restricted to the area
defined by the vertical straight line atNabscissa and the hor-
izontal straight line atψ/(1−α) ordinate. Note that it would
be theoretically possible to determineK from the right sec-
tion of the hyperbola segment since the slope of the tangent

Fig. 5. Scatchard graph of specific binding when the method parameterα

is not taken into account-effect ofN. Equilateral hyperbola segments1, 2
and3 represent Scatchard plots for a simple R/L interaction, resulting from
the use of Eqs.(15)and(16)which giveBaS andUc, an underestimate ofBS

and an overestimate ofU, respectively. These curves are related toα= 0.75,
β = 0.1,γ = 0.01,kn= 1, an undetermined but constant value ofK and in-
creasing values ofN, such as:N1 = 10/K (curve1), N2 = 30/K (curve2) and
N3 = 100/K (curve3). For comparison, corresponding straight line segments
1a, 2a and3a are shown, which are obtained when exact expressions of
BS (Eq. (9)) andU (Eq. (10)) are used. Curve intercepts are only spec-
ified for 3, ((Xo)3 =N3(ψ/φ) and (Yo)3 =KN3(ψ/((1−α)KN3 +φ)), where
ψ = (α−β)kn+α− γ andφ = (1−β)kn+ 1− γ). Least-squares regression
lines (dashed lines), established as described in theFig. 4, are shown for
curves1 (correlation coefficient,r = 0.97),2 (r = 0.90), and3 (r = 0.80). Ap-
parentN, i.e. (Xr)3, and apparentKN, i.e. (Yr)3, are only specified for curve
3. (apparentN)/N and (apparentK)/K ratios (where apparentK=Sr =Yr/Xr)
calculated from the intercepts of regression lines on abscissa and ordinate
axes, are 0.844 and 0.418 for1; 0.954 and 0.182 for2; 1.10 and 0.0562 for
3. With values attributed toα, β, γ andknparameters, hyperbola segments
1, 2 and3 fit with any value ofN andK provided thatKN1 = 10,KN2 = 30,
andKN3 = 100.

to the curve atXo is equal toK (the same consideration ap-
plies for the left section of the hyperbola obtained using the
Lineweaver–Burk plot, not shown). In practice, especially
whenK is very high (>1010 M−1), reliable determination of
the tangent would require very accurateBaSvalues for increas-
ing R saturation levels, all of which should be very close to
full saturation. This requirement is very difficult to fulfil due
to the magnitude of experimental errors in the measurement
of B1 andB2 and then in the calculation ofBaS at high R
saturation level.

The combined effect ofKN andα on apparentN and ap-
parentK determined from the Michaelis–Menten plot (i.e.X0
andS0) and from a regression line related to the Scatchard
plot (i.e.Xr andSr) was then assessed. For given values of
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Fig. 6. Scatchard graph of specific binding according to expressions used
to determineBS andU. In the case of a simple R/L interaction charac-
terized byKN= 100, a L nonspecific binding, whose coefficient iskn= 1,
and a separation method characterized by parametersα= 0.9,β = 0.5 and
γ = 0.01, curves1 to 4 illustrate Scatchard plots, related to the R/L inter-
action, which are obtained according to the expressions used to calculate
BS andU. Regular straight line segment1, independent ofkn, α, β and
γ is obtained when Eqs.(9) and (10), which afford exactBS andU val-
ues, are used. Whenα has not been determined andknhas or has not been
determined, various eqns which give approximate values ofBS and/orU
could be used. Equilateral hyperbola segment2 is obtained when Eqs.(15)
(BaS) and(16) (Uc) are used. The various characteristics ((Xo)2, (Yo)2, ap-
parentN, apparentK, upper limit area, etc.) of this hyperbola are defined
in the Figs. 3–5andTables 1–4legends. Equilateral hyperbola segment3
is related to the use of Eqs.(15) and(14) (Ub) and hyperbola4 to the use
of Eqs. (23) (BbS) and (14). Hyperbola3 derives from2 by affine trans-
formation (applied from the abscissa axis, transformation coefficient 1/φ,
whereφ = (1−β)kn+ 1− γ). Then curve3 affords (Xo)3 = (Xo)2 =N(ψ/φ)
(whereψ = (α−β)kn+α− γ) and (Yo)3 =KN(ψ/(φ[(1 −α)KN+φ])) (in-
stead of (Yo)2 =KN(ψ/((1−α)KN+φ)) for hyperbola2 family). Hyperbola
4 derives from3 by homothety (applied from the axis origin, coefficient
φ/(kn+ 1)). Consequently, (i) curve4 affords (Xo)4 = N(ψ/(kn+ 1)) and
(Yo)4 =KN(ψ/((kn+ 1)[(1−α)KN+φ])), and (ii) straight lines defined by
intercepts of3 and4 on axes are parallel (slope,K(1/((1−α)KN+φ))); this
is also the case for tangents to the two curves at the abscissa intercept (slope
K(1/φ)). Upper limits of hyperbolae3and4 families are materialized by half-
horizontal straight lines A3 and A4 atψ/(φ(1−α)) andψ/((kn+ 1)(1−α))
ordinates, respectively (instead ofψ/(1−α) materialized by A2 for hyper-
bola2 family). ApparentNs ((Xr)2,3 and (Xr)4) and apparentKNs ((Yr)2, (Yr)3

and (Yr)4), defined on axes by least-squares regression lines (long dashed
lines), are shown for the three hyperbola segments. They were established
from twenty hyperbola points, with ten having the abscissae 0.1Xo, 0.2Xo,
. . .,Xo and ten having the ordinates 0.1Yo, 0.2Yo, . . .,Yo. Calculated (appar-
entN)/N ratios (Xr/N) are 1.20 for2and3, and 0.90 for4, whereas calculated
(apparentK)/K ratios (where apparentK=Yr/Xr) are 0.113 for2, and 0.0759
for 3and4; the common correlation coefficient for the three lines isr = 0.87.
With values attributed toα, β, γ andknparameters, hyperbola segments2,
3 and4 fit with any value ofN provided thatKN= 100.

kn, β andγ (kn= 1,β = 0.1 andγ = 0.01, the two latter values
reflecting the use of a selective separation method) and for
variousα andKN pairs of values,Tables 1 and 2show the
calculated values ofSo/K andSr/K ratios and those ofXo/N
andXr/N ratios, respectively. BothSo/K andSr/K (Sr ≤So) in-

crease whenα increases and decrease whenKN increases. For
KN≤ 1, irrespective of theα value, the two practically iden-
tical ratios are close to 1. In contrast forKN≥ 10, regardless
of theα value, the two ratios (differing by a factor < 1.5) are
much lower, and the ratios decrease asα decreases orKN in-
creases and become very low, e.g. close to 0.02 forα= 0.25,
KN= 100 orα= 0.9,KN= 1000. In sharp contrast with the
variations in So/K and Sr/K, those inXo/N andXr/N, accord-
ing to α andKN, are considerably smaller. TheXo/N ratio
(independent fromKN) remains very close to theα value,
whereas theXr/N ratio (Xr ≥Xo) increases with increasing
α or increasingKN. ForKN≤ 1, Xr/N is very close toXo/N
and toα. It becomes > 1 whenα≥ 0.75 andKN≥ 100, but
remains < 1.5 even for highKN (as high as 1000) andα (as
high as 0.9) values. The results shown inTable 1indicate
that, especially for a high affinity R/L interaction, the appar-
entK determined by R saturation analysis decreases as the R
concentration increases. This is illustrated inFig. 5 (involv-
ing α= 0.75) with three different concentrations of R,N1,
N2, andN3, proportional to 1, 3 and 10, respectively, such
asKN1 = 10. In all three cases, calculatedX0 (0.74N) and
Xr are close toN, whereas 3- and 10-fold increases in the R
concentration result in 2.1-fold and 6.1-fold decreases inS0
and 2.3-fold and 7.4 fold decreases inSr.

The influence of thekn parameter value combined with
t
t -
t
k r
K c-
t
t 1
t r-
e ing
k
r ,
r
X
v
f ng
t s
(
k y
m

to 1
( ient
r od),
t n
t ever
s
v )
i
r
X
w
d

hat ofα and that ofKNwas determined.Tables 3 and 4show
he So/K and Sr/K ratios and theXo/NandXr/N ratios, respec
ively, calculated for threeα values and twoKN values when
n ranges from 0.1 to 10 (usingβ = 0.1 andγ = 0.01). Fo
N= 1 and for the variousα andknpairs of values, the, pra

ically identical,So/K andSr/K ratios are close to theα value;
hey slightly increase (<1.5-fold) whenkn ranges from 0.
o 10. ForKN= 100, the still close (less than two-fold diffe
nce)So/K andSr/K ratios markedly increase with increas
n, e.g. starting from very low values: 0.01–0.07, theSr/K
atio increases 12-, 10- and 7-fold forα= 0.5, 0.75 and 0.9
espectively, whenkn increases from 0.1 to 10 (Table 3). The
o/N ratio does not markedly vary, according tokn, it remains
ery close to theα value. TheXr/N ratio is close to theα value
or KN= 1. ForKN= 100, this ratio varies slightly accordi
okn, with in all cases 0.6 <Xr/N< 1.4 (Table 4). These result
related to lowβ andγ values) indicate that at highKN, the
n value weakly affects the apparentN, but could markedl
odulate theKN-induced decrease in apparentK.
Asβ andγ parameters should usually be small relative

due to dissociation of most nonspecific binding and effic
emoval of unbound L when running the separation meth
he effects on apparentN andK resulting from variations i
hese two parameters were not thoroughly studied, how
imulations made withβ = 0.5 instead of 0.1, using variousα
alues (from 0.5 to 0.9) andKN values (from 0.01 to 1000
ndicated that this marked increase in the� value mainly
esulted in little decrease (<2.3-fold) in apparentN (Xo or
r) irrespective ofα andKN, whereas apparentK (So or Sr)
as practically unchanged forKN≤ 1 and at most∼1.3-fold
ecreased forKN= 100 or 1000 (not shown).
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All these results suggest that, depending mainly on the
KN value and to a lesser extent onα andknvalues, consider-
able underestimation ofK could result from the R saturation
analysis approach whenα �= 1 is not taken into account.

2.2.4. Effect ofα and kn neglect
When neitherα nor kn have been determined, Eqs.(14)

and (15), which only involveB1, B2 andT, could be used
to calculateUb andBaS. SinceUb/Uc=φ (cf. Appendix), the
equation relatingBaS/U

b toBaS , established from Eq.(19), is:

BaS

Ub
= ψ

φ
× K(ψN − φBaS)

(1 − α)K(ψN − φBaS) + φψ
. (22)

The representation ofBaS/U
b = f (BaS) leads to a portion of

equilateral hyperbola, which derives from the previous hyper-
bola (related toBaS/U

c = f (BaS) by an affine transformation
applied from the abscissa axis, with coefficient 1/φ (Fig. 6).
Consequently, the intercept of the curve on the abscissa axis is
still Xo =N(ψ/φ), whereas its intercept on the ordinate axis is
Yo =KN(ψ/(φ[(1 −α)KN+φ])).The slope of the straight line
defined by hyperbola intercepts,So =K/((1−α)KN+φ), and
that of the tangent to the curve atXo,K/φ, as well as that of the
regression line homologous to that of the previous hyperbola
areφ-fold lower than those of the previous hyperbola. This,
however, does not changeXr. Therefore the values ofXo/N
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So =K/((1−α)KN+φ) andK/φ, respectively. Then values of
So/KandSr/K in Table 1and those ofXo/NandXr/N in Table 2
related to the first hyperbola family, should be divided byφ
(i.e. 1.89, with the values attributed tokn, β andγ) and by
(kn+ 1)/φ (i.e. 1.0582), respectively, to account for the ratios
related to the third hyperbola family. Therefore the use ofBbS
andUb, instead ofBaS andUc, has different effects on thekn
modulation of apparentK and apparentN, with little effect
on apparentN and a marked decrease in apparentK at high
kn (not shown).

3. Discussion

This investigation, is related to a simple R/L interaction
(with equivalent and noncooperative binding sites) in the
presence of nonspecific (linear) L binding. The results in-
dicate that reliable determination of binding parametersN
andK by saturation analysis experiments, involving a pro-
cess to separate bound and unbound L, should require prior
determination of the nonspecific binding parameterkn and
especially that of the separation method parameterα. The
consequences ofkn or α (<1) neglect on theN and theK
determinations are very dissimilar. Whenα but notkn has
been determined, the use of appropriate expressions to cal-
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ndXr/N ratios inTable 2still apply for this second hyperbo
amily, whereas the values ofSo/K andSr/K ratios inTable 1
hould be divided byφ (i.e. 1.89 with values attributed tokn,
andγ) to apply to the new hyperbola family. It is no
orthy that the latter ratios are still decreasing function
Nand increasing functions ofα. However, in sharp contra
ith the previous situation, they are decreasing function
or kn.
In most binding studiesBS is assimilated to:

b
S = (B1 − B2) (23)

ince

BaS

BbS

= T

T − B2
= kn+ 1

φ
(24)

he equation relatingBbS/U
b to BbS could be obtained b

hangingBaS toBbS((kn+ 1)/φ) in Eq.(22):

BbS

Ub
= ψ

kn+ 1
× K[ψN − (kn+ 1)BbS]

(1 − α)K[ψN − (kn+ 1)BbS] + φψ
.

(25)

he curve representingBbS/U
b = f (BbS) derives from hy

erbola representingBaS/U
b = f (BaS), by a homothety ap

lied from the axis origin, with coefficientφ/(kn+ 1) (Fig. 6).
he curve intercepts on axes areXo =N(ψ/(kn+ 1)) and
o =KN(ψ/((kn+ 1)[(1−α)KN+φ])), respectively. As fo

he second hyperbola family, the slope of the stra
ine defined by the hyperbola intercepts on axes and
f the tangent to the curve at the abscissa intercep
ulate bound (BS) and unbound (U ) L concentrations doe
ot change the type (linear or hyperbolic) of regular p
nd the latter afford correctN and underestimation ofK by

actor (kn+ 1). Whenα (α �= 1) has not been determined,
ype of theoretical binding isotherms is changed (i.e. an e
ateral hyperbola segment is obtained using the Scatc
lot, whereas non-equilateral hyperbola portions are obta
sing the Michaelis–Menten plot and the Lineweaver–B
lot) and the curves lead to apparentNand apparentK, which
re lower thanNandK. The values of the various binding (K,
andkn) and method (α,β,γ) parameters and the expressi
sed to calculate specifically bound (BaS orBbS) and unboun
Ua,Ub orUc) L concentrations determine the magnitude

andK underestimations. In the common situation wheβ
ndγ are relatively low (reflecting the use of a selective s
ration method) only four parameters (α, K, N andkn) have

mportant but differing impacts on the magnitudes ofN and
underestimations. ApparentN (X0, independent ofKN, or

r) is roughly equal toαN; then theNunderestimation is us
lly moderate. In contrast, the magnitude of potentialK un-
erestimation is primarily determined by theKN value with,
egardless of theα andknvalues, little underestimation wh
N< 1, and an underestimation which could be consider

or high KN values. In the latter case, in addition toα, kn
odulates the magnitude ofK underestimation. Obviousl
s shown inFig. 6 the various expressions used to calcu
pproximate values ofBS andU affectNandK underestima

ions differently. In order to minimize such underestimati
especially theK underestimation), it is important to use
ost appropriate expressions forBS andU, i.e. expression

nvolving minorBS underestimation or minor U overestim
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tion (e.g.BaS better thanBbS, andUc better thanUb, whenα
has not been determined).

Whenα �= 1 is not taken into account, theK underestima-
tion is primarily due toBS underestimation which results in
U overestimation sinceU (which is not directly determined)
is connected toBS via T. The use of expressions such as
Ub andUc, which overestimateU by including a significant
fraction (related to (1−α)) of BS, results in the limitation
of the apparentBS/U ratio (Figs. 3–7). At low R saturation
level instead of being close toKN, the apparentBS/U ratio
will be <α/(1−α), a value independent ofK andN. This
roughly explains why theK underestimation is greater asKN
increases.

Note that other artefacts not analyzed in this study, due to
the presence of radiochemical impurities in L[1–4], incom-
plete equilibrium[4,8], the instability of unbound R[4–6],
etc., could result in similar erroneous binding isotherms (i.e.
the Scatchard graph accounting for the R/L interaction would
consist of a convex-upward curve) and then could similarly
result inBS underestimation and/orU overestimation. In the
case of highKN, as documented in this paper, forα �= 1, such
artefacts could lead to considerable underestimation ofK. Ob-
viously, a combination of such anomalies andα< 1, would
have additive deleterious effects on the theoretical binding
isotherms and theK determination in the case of highKN.
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a k1/k2 ratio [10] and a competitive binding efficiency[21]
∼300-fold lower than those of estradiol, showed in saturation
analysis experiments an apparentK only∼10-fold lower than
that of estradiol[10], and (ii) the dissociation rate of estradiol
from the His 524 Ala estrogen receptorα mutant was found
∼250-fold higher than that from the wild-type receptor[22],
whereas the estradiol apparentK for the mutant receptor was
found only to be∼12-fold lower than that for the wild-type
receptor[23].

As discussed above in the case of estrogen receptor/ligand
interactions,α< 1 could be common to standard separation
processes. More generally the decrease inBS could be due
to the fact that, relative to R recovery, the process is not
quantitative, and/or (even concerning a quantitative process)
the RL complex displays moderate stability, so a fraction
of the RL complexes dissociates during the separation pro-
cess. HighKN values (>102) could be especially obtained
in the case of very high affinity R/L interactions, but also
with lower affinity R/L interactions provided that the R con-
centrations in cell extracts are high (e.g. in the�M range,
possibly resulting from R overexpression in cells, yeast or
bacteria).
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In many instances, the combined conditions ofα �= 1 and
ighKN apply. This especially occurs for determination
related to estrogen receptor�/[3H] ligand interactions. (1
hen compared with equilibrium dialysis, the usual p

esses (charcoal absorption, ion exchange chromatog
el filtration, etc.) run to separate receptor-bound and
ound estrogen or antiestrogen, affordBS values clearly

ower than that obtained by running equilibrium dialysis[13],
ndicating thatα< 1 for these separation methods. (2)
ointed out by (i) saturation analysis experiments[12] involv-

ng [125I] iodoestradiol and highly diluted receptor samp
∼10−11 M-allowed by125I specific activity), and (ii) kineti
xperiments (fork1 andk2 determinations)[9,10] involving
otent estrogens (such as estradiol) or potent antiestr
such as 4-hydroxytamoxifen), theK values related to the
eceptor/ligand interactions are in the 1011–1012 M−1 range
3) Due to3H relatively low specific activity (compared
hat of 125I) receptor saturation experiments involving [3H]
strogen or [3H] antiestrogen require the use of samples

aining nM concentrations of receptor. As a consequen
he above points (1)–(3), the latter experiments are chara
zed both byα< 1 (sometimes markedly lower than 1[12])
ndKN> 102. These two characteristics alone could exp
hy, for potent estrogens and antiestrogens,K determined
y saturation analysis of the receptor using [3H] ligands is
sually close to 109 M−1 [9,10], i.e. considerably underes
ated. Obviously, as previously mentioned, other artef
.g. resulting from radiochemical impurities in the [3H] lig-
nd source, could contribute to theK underestimation.

The fact that asKN increases theK underestimation in
reases could explain why the apparentK related to a hig
,

In most binding studies involving a separation proced
is not predetermined; moreover, the (B1 −B2) expression

s assumed to account forBS. An easy way to ensure th
(related to a simple R/L interaction) determined from

seudo-equilibrium approach is not underevaluated (re
ng from α< 1 or other artefacts such as the presenc
adioactive impurities in L), is to carry out parallel expe
ents with two or three different dilutions of the R pre

ation. If experimentalK proves to be independent of t
concentration, then the determined value is probabl

iable, whereas ifK increases as the R concentration
reases (as shown inFig. 5), this would suggest that th
onditions used forK determination are not adequate
hatK is likely underestimated. In this situation, to limitK
nderestimation, it would be better to run experiments

he highest dilution of R, compatible with accurate bi
ng data determinations. Checking experiments, invol

dilution, would be especially required when experime
N> 1. Note that when, e.g. due toα neglect,K is under-
stimated, the shape of the theoretical R/L binding isoth
uggests positive cooperativity (Figs. 3–6); however, the ob
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he saturation analysis approach. The advantages and l
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Appendix

A.1. Relation between Scatchard coordinates when no
distinction is made between specific binding and
nonspecific binding

When no distinction is made betweenBS andBNS (e.g.
when a single series of equilibrium dialyses, using increasing
concentrations of radioactive L are performed), the Scatchard
coordinates become,X=BS +BNS and Y= (BS +BNS)/U,
then:

Y = K(N − BS) + kn = K[N − (BS + BNS)] +KBNS+kn
hence

Y = K(N −X) +KknU + kn.

SinceX/Y=U, the above expression could be written:

Y

t

Y

T
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o

Y

T es are
d

A r
L
a

a ined
b ns
i

B

(

B

(BS underestimation factor,T/(αT−B2) = (kn+ 1)/ψ),

Ua = αT − B1

αT − B2
T = T − BS = (kn+ 1)U (11),

(U overestimation factor, (kn+ 1)),

Uc = T − B1

T − B2
× T

kn+ 1
= T − BaS

kn+ 1
(16),

(U overestimation factor, (ψ(T−B1))/(φ(αT−B1)) > 1),

Ub = T − B1 = φUc (14),

Ud = T − BaS = (kn+ 1)Uc (17),

whereφ = (1−β)kn+ 1− γ, andψ = (α−β)kn+α− γ.
Note that providedγ < (1−β)kn, a condition that practi-

cally always applies,Ud>Ub>Uc>U.
Depending on whetherα and/orknhave or have not been

determined, equations which lead to minor underestimation
of BS and minor overestimation ofU should be used in order
to minimize error inNandK determination. Three situations
could occur:

A.2.1. � determined, kn not determined
In this case, Eqs.(9) and (11) which determineBS and

Ua, an overestimate by factor (kn+ 1) of U should be used.
W
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t n-
s
b

U

t

U
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S
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h

T n
e seg-
m a
s a and
o
s two
= K(N −X) +Kkn
X

Y
+ kn

hen

2 +KYX− (KN + kn)Y −KknX = 0.

his equation leads to:

= Y (KN + kn− Y )

K(Y − kn)

r

= K(N −X) + kn+
√

[K(N −X) + kn]2 + 4KknX

2
.

hese equations apply to an hyperbola whose asymptot
efined byY=K(N−X) andY=kn, respectively.

.2. Relations between Michaelis–Menten, Scatchard o
ineweaver–Burk coordinates when equations with
pproximate BS and U values are used

When α and/orkn have not been determined, Eqs.(9)
nd(10)cannot be used. Related equations, mainly obta
y neglectingα, kn or both, could be used. The equatio

nvolving underestimates ofBS or overestimates ofU are:

a
S = (B1 − B2)

T

T − B2
(15),

BS underestimation factor, (T−B2)/(αT−B2) =φ/ψ),

b
S = (B1 − B2) (23),
henα< 1 the use ofUb instead ofUa (γ < (1−β)knimplies
hatUb>Ua) will have very unfavourable consequences
he determination ofN andK. This can be observed, for i
tance, through the Scatchard plot. From Eq.(14), Ub could
e written:

b = [BS + (kn+ 1)U] − [αBS + (β kn+ γ)U]

herefore,

b = (1 − α)BS + φU

nd

U

Ub
= 1

(1 − α)(BS/U) + φ
.

ince

BS

Ub
= BS

U

U

Ub

nd

BS

U
= K(N − BS)

ence

BS

Ub
= K(N − BS)

(1 − α)K(N − BS) + φ
.

he Scatchard plot ofBS/Ub= f(BS) would then involve a
quilateral hyperbola segment, instead of the straight line
ent obtained for the plot ofBS/Ua = f(BS). The hyperbol

egment is convex-upward and its intercepts on absciss
rdinate axes areXo =NandYo =KN(1/((1−α)KN+φ)), re-
pectively; the slope of the straight line defined by these
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intercepts isSo =K(1/((1−α)KN+φ)); then theSo/K ratio is
an increasing function ofα and a decreasing function ofKN
andφ (or kn).

Note that whenα= 1,BaS = BS, then the use of Eqs.(15)
and(14)or Eqs.(23)and(14), would afford a linear Scatchard
plot, whose intercepts on abscissa and ordinate axes areNand
KN(1/φ) or N(φ/(kn+ 1)) andKN(1/(kn+ 1)), respectively,
therefore in both cases apparentK would beK/φ

A.2.2. kn determined,� not determined
In this case, Eqs.(15) and(16) which result from neglect

of α in Eqs.(9) and(10), respectively, should be used. As
previously mentioned:

BaS

BS
= ψ

φ
and

Uc

U
= ψ

φ
× T − B1

αT − B1
.

Since

T − B1 = (1 − α)BS + φU

and

αT − B1 = ψU

then

Uc

U
= ψ

φ
× (1 − α)BS + φU

ψU
= 1 − α

φ
× BS

U
+ 1.

B

S
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−
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b to the

hyperbola at intercepts on the abscissa and ordinate axes are
K andK[φ/((1−α)KN+φ)]2, respectively.

Considering the Michaelis–Menten plot, Eq.(19) could
be used to establish the relation between corresponding
Michaelis–Menten coordinates (X=Uc and Y = BaS). Eq.
(19)affords:

[φ(1 − α)K]Y2 − [φψK]YX− [ψ(1 − α)KN + φψ]Y

+[ψ2KN]X = 0.

The latter equation applies to a hyperbola whoseY asymp-
totic limit is N(ψ/φ) whenX→ ∞. The slope of the tan-
gent to the curve (convex-upward) at the origin (slope
corresponding to apparentKN), calculated from the de-
rived function of the above second degree equation (not
shown), is KN(ψ/((1−α)KN+φ)); apparentK is then
K(φ/((1−α)KN+φ)). Note that contrary to theBS = f(U)
representation which givesU= 1/K, for BS =N/2, theBaS =
f (Uc) representation givesUc= ((1−α)KN+ 2φ)/(2Kφ)
(and notUc= ((1−α)KN+φ)/(Kφ)), for BaS = N(ψ/(2φ)).

Considering the Lineweaver–Burk plot, Eq.(19) could
still be used to establish the relation between the correspond-
ing double reciprocal coordinates (X= 1/Uc, andY = 1/BaS).
Eq. (19)gives:

[ψ2KN]Y2 − [ψ(1 − α)KN + φψ]YX− [φψK]Y
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= K(N − BS) = K
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ψ
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)
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Uc
=ψ
φ
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(
N− φ

ψ
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)
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((1 − α)/φ)K(N − (φ/ψ)BaS) + 1
.

he latter equation can be rewritten:

BaS

Uc
= ψK(ψN − φBaS)

(1 − α)K(ψN − φBaS) + φψ
(19).

q.(19)applies to an equilateral hyperbola whose asymp
re defined by:

= N
ψ

φ
+ ψ

(1 − α)K

nd

= ψ

1 − α
.

he derived function of(19) is:

K(φψ)2/[(1 − α)K(ψN − φBaS) + φψ]2.

Then regardless ofα, β, γ, K,N andknvalues, the hype
ola segment is convex-upward. The slopes of tangents
+[φ(1 − α)K]X = 0.

he latter equation applies to a non-equilateral hyper
hoseY limit (corresponding to 1/(apparentN)) is φ/(Nψ)
henX→ 0. The slope of the asymptote (stems from the
rigin) to the useful hyperbola portion (slope correspon

o 1/(apparentKN)) is ((1−α)KN+φ)/(ψKN) ApparentN
nd apparentK are thenN(ψ/φ) andK(φ/((1−α)KN+φ)),
espectively. Note that the slope of the tangent to
urve (convex-downward) at the ordinate intercept,
ulated from the derived function of the above sec
egree equation (not shown), isφ/(KNψ); the intercep
f this tangent on the ordinate axis is then at−K (not
hown).

.2.3. α and kn not determined
This last situation was considered in Section 2.2.

he case of the Scatchard representation. Using the
pproach as that described in the above section,

ions and then characteristics of the Michaelis–Menten
ineweaver–Burk curves related to the present situa
ould be established from Eq.(22) or (25) involvingBaS and
b
S, respectively.
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