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Abstract

Accurate calculation of the equilibrium association constighad binding site concentratioN) related to a receptor (R)/ligand (L) inter-
action, via R saturation analysis, requires exact determination of the specifically bound L concergtimm 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 calculatiorBgfandU from binding data requires prior determinationagfi.e. the procedure parameter
representing the proportion of equilibriuBg recovered after running the separation process, akid 0€. the equilibrium nonspecific binding
coefficient. For the simplest model of R/L interaction, the consequencesiefllect and/okn neglect on determination &f andN, via R
saturation analysis, are investigated. Whelout notkn has been determineBg can be accurately calculated, wheréhis overestimated
by factor kn+1). Consequently the type (linear or hyperbolic) of theoretic curves obtained by usual representations (such as the Scatchard,
the Lineweaver—Burk or the Michaelis—Menten plot) of the R/L binding is unchanged; these curves affordamdainderestimation of
K by factor kn+1). Whena (« < 1) has not been determin&g andU are underestimated and overestimated, respectively. Then erroneous
representations of the R/L binding result (e.g. instead of regular straight line segments, Scatchard plot and Lineweaver—Burk plot involve
convex-upward and convex-downward hyperbola portions, respectively, suggestive of positive cooperativity of L binding), which leads to
incorrectN andK. Errors inN andK would depend on (i) the bindind<( N andkn) and methodd) parameters and (ii) the expressions used
to calculate approximat®s andU values. Simulations involving variable KN andkn values indicate that: (1) the magnitude of erroNin
determination (mainly involving moderate underestimation) directly depends envidlee; (2) the magnitude & underestimation mainly
depends on thkN value; it is moderate (usually < two-fold) witkN values < 1, but could become very high (e.g. >100-fold), wikisir 107,
In this case, th& underestimation is modulated by theandkn values. Practical situations which afford highN and thus might result in
very marked underestimation Kfare discussed. A single R dilution method is proposed to assess the valilijedérminations using the
R saturation analysis approach.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction potent or selective receptor agonists or antagonists. In cell-
free systems, a considerable number of studies have there-
The determination of binding parameters (affinity bind- fore been devoted to the determination of such binding pa-
ing constant, receptor concentration, etc.) relative to recep-rameters. One of the most common approaches involves sat-
tor/ligand interactions constitutes a basic operation in many uration experiments where the specific binding of increas-
areas of endocrinology. Determination of these parametersing concentrations of a radioactive ligand to a receptor-
could be very useful, e.g. to analyze physiopathological sit- containing cell extract is determined under equilibrium or
uations or evaluate new ligands synthesized to obtain morepseudo-equilibrium conditions. This approach — via graphi-
cal representation or computational analysis of binding data
* Tel.: +33 4 67 04 37 14: fax: +33 4 67 54 05 98, —should allow determination of the specific binding site con-
E-mail addressborgna@montp.inserm.r. centration, the equilibrium affinity constant, and could reveal
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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 and Byg concentrations of nonspecifically boung

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 excesg of

unlabeled L, respectively)
B; and B, measured L concentrations after running
a procedure to separate bound and unbou
L from equilibrated media not-containing and

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

The considerable discrepancies between values reported
for binding parameters of the estrogen recepi@stradiol
interaction clearly illustrate the difficulties that could be
encountered for reliable determination of such parameters.
Saturation analyses usingH]estradiol have usually led to
10°-100M—1 K, values, whereas the ratio of the kinetic as-
sociation rate constant to the dissociation rate constant was
almost two orders highg®,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 bindihg, 12],
whereas with much lower receptor concentrations (0.01 nM
range) Scatchard plots of d6dodoestradiol binding were lin-
ear, indicating a single class of binding sites, leadingk@ a
value> 1011 M~1[12].

For a large variety of R/L systems, most R satura-
tion analyses devoted to the determinatiorkodnd N in-
volve a procedure (filtration, adsorption, precipitatioh
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 expressioB{— B,", cf Work-
ing hypotheses in the next section) is generally used to cal-
culate the specifically bound L concentration from binding
measurements. These two facts could lead to erronkous
andN.

In the late 1970s, on the basis of results obtained in estro-
gen receptor/ligand binding studies, we propofk]] reli-
able calculations of specifically bound and unbound L con-
centrations which, in addition to the L binding measurements,
involved two parameters, i.kn, the nonspecific binding co-
efficient, anda, the proportion of equilibrium RL concen-
tration measured under pseudo-equilibrium conditions (cf.
Working hypotheses). Forthe simplest R/L interaction model,
this paper mainly examines the effects of incorrect L spe-
cific binding calculations resulting fromand/orkn neglect,
on the determination of binding parameters via saturation
analysis. This investigation indicates that wh€N is high
there could be considerable underestimation of the binding
multiple sets of binding sites or cooperative or noncoopera- constant as a result of inaccurate determination of specific
tive receptor/ligand binding. However, graphical represen- binding.
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 papers2. Results
on the theory of protein/ligand interactions that were pub-
lished in the 1970 and 80s, the effects (mainly qualitative) 2.1. Working hypotheses
of the most common artefacts on graphical representation of
the R/L interaction were analyzed. Such common artefactsin-
volve ligand radiochemical impurifit—4], ligand or receptor

containing unlabeled L, respectively

«, B andy proportions ofBs, Byg (or Byg), andU
(or U') measured after running the separatign
procedure

B and Bg calculated underestimates BE (cf. ap-
pendix for definition)

Ua, UP, U® andU? calculated overestimates bf (cf.
appendix for definition)

¢ andy are (1- g)kn+1—y and ¢ — B)kn+a — y,
respectively

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

S Yo/ X, ratio

X, andY; intercepts on axes of a least-squares straight
regression line established from a set of
Scatchard graph points

S Y/ X, ratio

The theory of protein/ligand interactions, involving lig-
and specific and nonspecific binding, has been discussed by
degradation or captulfd—8], incomplete recovery of the re- many authors (e.g. Rodbajt4] and Rodbard and Feldman
ceptor:ligand complefd,7,8] and non-equilibrium binding  [15]). However, to provide a background for the present in-
conditiong4,8]. These artefacts could result in underestima- vestigation, the basis of the saturation analysis approach and
tion of the equilibrium association constant, and sometimes the main graphical characteristics of specific and nonspecific
in misinterpretation, concerning the number of involved re- binding will be briefly reviewed.
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The simplest binding process of aligand (L) toits cognate  Then, we will consider that the incubation of a R-
receptor (R) in a cell-free system is: containing cell extract with a given concentration of L under
equilibrium conditions results in L specific and nonspecific

k1 binding whose respective concentrat®sandBys are such
R+L=RL that:

k2

KNU
: , N - Bs= i @

where L molecules stoechiometrically associate with equiv-
alent and independent binding sites on R molecules, accord-and
ing to a bimolecular process (rate constantand dissociate Bus = knU )

from these sites according to a monomolecular process (rate
constantky). The characteristics of such a binding process, where K=Kkj/kois the equilibrium association constant for
defined as L specific binding, is high affinity (reflecting R/L the R/L interactionN is the specific binding site concen-
specific recognition) and saturability (resulting from the pres- tration (and the R concentration when each R molecule har-
ence of adiscrete number of L binding sites on R). In practice, bors only one L binding site)kn is the equilibrium non-
R-containing cell extracts include awide variety of molecular specific binding coefficient, and is the concentration of
species, many of which nonspecifically interact with L and, unbound L. When increasing concentrations of L are used,
although the nature of this nonspecific binding is not clearly the resulting binding data should allow determination of the
understood, it is characterized by low affinity and very high various binding parameters. Such binding data related to spe-
capacity, with linear nonsaturable binding up to L concentra- cific binding, nhonspecific binding, and both, represented by

tion > 10"°M [13-16] Michaelis—Menten and Scatchard plots, are showridgn 1
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Fig. 1. Michaelis—Menten and Scatchard graphs of specific and nonspecific binding under equilibrium conditions. (A) The Michaelis—Menten plot of the
nonsaturable binding (assimilated to nonspecific binding) of a ligand L in cell extracts under equilibrium conditions gives rise to strdigtetiditesl to
equationBys = knU, wherekn characterizes the L nonspecific binding in extracts. The plot of L binding to a receptor R (simplest R/L interaction) under
equilibrium leads to an equilateral hyperbola portiyrrelated to equatioBs =KNU/(KU + 1). The ordinate of the hyperbola asymptote)(is N and the

slope of the tangent to hyperbola at the origin)(is KN. The Michaelis—Menten plot of L total binding¢ + Bys) leads to a hyperbola portidrelated to
equationBs + Bys = (KNU/(KU + 1)) +knU. The intercept on the ordinate axis of the hyperbola asympfgaleig N and the slope of the tangent to hyperbola

at the origin T3) is KN+kn. Note that interceptX, A, B andC of any parallel to the ordinate axis on the abscissa axis,la@dind3, respectively, verify
XC=XA+XB. (B) The Scatchard plot of L nonspecific binding gives rise to straightlljmelated taBys/U = kn. The plot of L binding to R leads to a straight

line segmeng, related to equatioBs/U =K (N — Bs). The segment intercepts on abscissa and ordinate axésardKN, respectively, and the slope ks

The Scatchard plot of L total bindind3§ + Bns) leads to a hyperbola segmetrelated to equationBs + Bns)/U = (1/2)(K[N — (Bs + Bns)] + kn +

\/(K[N — (Bs + Bns)] + kn)? + 4Kkn(Bs + Bys)) (cf. Appendix). The hyperbola intercept on the ordinate axisis € kn) and linesl and 2 constitute
hyperbola asymptotes. Note that (i) intercepts A, B and C of any straight line stems from the axis origin 102 and 3, respectively, are such that
OC=0A+0B, and (ii) the slope of the tangent to hyperbola at the intercept on the ordinate axis (short dashed line) is Idyenltieneas the tangent
intercept on the abscissa axis is higher thariherefore linear extrapolations made from the left part of the curve lead to erroeangN. (A) and (B)
Provided thakKN=5kn (5 is the value selected for th&\/kn ratio to illustrate L specific and nonspecific binding), curteg and3 could account foBs,

Bns andBs + Bys related to various values &f, N andkn. Unchanged representati@rof L binding to R could be obtained when equilibriudg andU are
calculated from binding dat®; andB; obtained after running a separation method of bound and unbound L (even if a portion of the RL complex is lost when
this method is performed), using Eq9) and(10). This requires prior determination of the nonspecific binding pararketend the method parameter
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The Michaelis—Menten plot of the R/L interactioBg as a
function of U) is constituted by a portion of equilateral hy-
perbola (curve in Fig. 1A) corresponding to Eq1). The
limit value for Bs (materialized by the horizontal asymptote
to the curve) isN, whereas the slope of the tangent to the
hyperbola at the origin iIKN. ThenK could be determined as
the ratio of the two above parameters. The Scatchard plot of
the R/L interactionBs/U as a function oBs) is constituted

by a straight line segment (lirkin Fig. 1B) corresponding

to equation:

B
75 — K(N — Bs).

- ®

The intercepts of the straight line on abscissa and ordinateU _

axes aréN andKN, respectively; its slope iK.

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 acce&gtand
U. To determind3s andBys 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 asl® > 100N andT° > 100T, to nullify
the binding of radiolabeled L to R). In cases where the two
parallelincubations are carried out in dialysis cells, the bound
and unbound radioligand concentrations at equilibrium could
be measured directly. However, performing equilibrium dial-
ysis is laborious and could afford a high level of nonspecific
binding. Therefore, alternative and more versatile methods
involving filtration, adsorption, chromatography, precipita-
tion, etc., are used, which ideally induce the separation of
bound Bs+Bns and By, in the first and second incuba-
tions, respectively) and unbound U,(andU’, respectively)
while strongly decreasing L nonspecific binding. Let us call
B1 andB; the concentrations of L recovered after running the
separation method from equilibrated samples not-containing
and containing unlabeled L, respectively. Since the separa-
tion procedure is applied to aliquots involvilg, Bys and
U (or By andU’), and since most of the separation proce-
dures are not completely selective and not fully quantitative
[12,13,17-20]in the B; andB, expressions, correction co-
efficientsa, 8 andy (each< 1), which depend on the type
of separation procedure used and on the particular R and L
pair studied, are assigned to the equilibrium concentrations
of bound and unbound L:

By = aBs+ BBns + YU 4)
and
Bz = BBys + YU’ )

whereas

T=Bs+Bns+U (6)

ry & Molecular Biology 92 (2004) 419-433

and

T=Bys+U ()
with Bys = knU (Eq.(2)) and

B\s = knU', (8)

As previously demonstratdd 3], from Egs.(2) and(4)~(8),
Bs andU can be expressed as:

Bs = (BL—BD)——— ©

B>
and
ol — By T
X .
ol — By kn+1

(10)

The calculation ofBs andU from T, B; and B, does not
involve 8, andy parameters but requires preliminary deter-

mination of« and (only for the calculation of)) kn. De-
termination ofa 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
hand by dialysis and on the other hand by the separation pro-
cess will allow calculation of [13]. Determination ofkn
could be made by performing a single equilibrium dialysis
of the R preparation with radioactive L in the presence of a
large excess of unlabeled[LL3].

2.2. Consequences of common approximations in the
determination of equilibrium bound and unbound ligand
concentrations on the calculation of N and K

As stated above, accurate determinatioBoandU from
B, B2 andT requires prior determination of the separation
method parameter and the cell extract nonspecific binding
parametekn. Inaccurate determination &s andU could
lead to graphical representations of binding data which do
not reflect the actual R/L interaction, with possible incor-
rectN andK determinations and erroneous interpretation of
the noncooperative type of binding. We will examine the ef-
fect resulting froma and/orkn neglect onN andK deter-
mination by means of saturation experiments, using mainly
Michaelis—Menten and Scatchard representations of the bind-
ing data.

2.2.1. Effect of kn neglect

Whenea but notkn has been determined, th&g can be
calculated fronl, By, B, anda using Eq.(9), whereadJ?,
an overestimate by factokif+ 1) of U, could be calculated
from the same terms by neglectikgin Eq. (10):

a_otT—Bl

=— T =T—-Bs=(k 1)U.
oT — B, s=(kn+1)

(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. Acati@ate calcul
of equilibriumBs (Eqg. (9)) andU (Eg. (10)) from T and the binding measuremernitg,andB, made after running a separation process of bound and unbound
L, requires prior determination of andkn. The various Michaelis—Menten (A) or Scatchard (B) plots of a simple R/L interaction obtainedswtenbeen
determined anéin (selected values: 1, 3 and 10) has been or not determined, are shown. (Akenbeen determined (lon=0) a regular plot is obtained
which involves a portion of equilateral hyperbdlavhose upper limit materialized by asymptote is N and slope of the tangent to hyperbola at the agigin (T
is KN. Whenkn (>0) has not been determined, E@1), which affordsU? an overestimate of U by factokif+ 1), could be used instead of E{.0). The
corresponding Michaelis—Menten pl@d as a function ofJ2) consists of another equilateral hyperbola portion (illustrated by c@\&and4, corresponding
tokn=1, 3 and 10, respectively) whose upper limit is stillwhereas the slope of the tangent to hyperbola at the origiiNiékn+ 1), suggesting an apparent

K value ofK/(kn+ 1). (B) The regular Scatchard plot obtained wherhas been determined (kn=0) involves a straight line segmehtefiningN andKN

on abscissa and ordinate axes, respectively. WWingr0) has not been determined, the corresponding ScatchardBglttyas a function oBs) consists of
another straight line segment (illustrated by segm@nd} whose intercept on the abscissa axis is still N, whereas that on the ordinate liki§ka+ 1),
suggesting an appareiitvalue ofK/(kn+1). (A) and (B) Relative to that of the regular curs@ositions of curve@—4 are independent of tHé andK values.

would generate less favourable binding data for graphical

Then Egs(1) and(3) give:
. representation of the R/L interaction than those obtained by
Bs— KNU (12) usingU@ (cf. Appendix).
KU% +kn +1

2.2.2. Effect ol neglect
(13) When kn but notx (¢ <1) has been determined, neither

Bs nor U could be calculated. Neglectiagin Egs.(9) and
(10) affords approximate expressionsi®f andU, i.e.:

Bs _ K
Us  kn+1
Bs is represented as a function 0f by a portion of equi-

(N — Bs).

lateral hyperbola whose slope of the tangent at the origin is

KN/(kn+ 1) and whose limit value ibl (Fig. 2A). Similarly, BE = (B1— B2) T_B (15)
Bs/U? is represented as a function B§ by a straight line -0

segment whose intercepts on the abscissa and ordinate axe3nd

areN andKN/(kn+ 1), respectivelyFig. 2B). Irrespective of e T — B T T — B (16)

the representation used, the neglecknftherefore has no =7 By X i+l kntl

incidence on the calculated binding site concentration oron o
the apparent type (noncooperative) of R/L interaction, but BS is an underestimation s by factor (T — B2)/(aT — B2)

it results in underestimation of the equilibrium association (>1), whereasU® is an overestimation ol by factor

constant by factorkn+ 1). Obviously identical results would (T = B1)/(aT—B1)) x (T — B2)/(T — B2)) (>1). Note that
be obtained by using other types of representations, e.g. thehere are two other possible approximate expressions of

Lineweaver—Burk plot (Bs as a function of 1J%) and the ~ UP (already defined in the preceding section) and
Bs=f(T) plot (not shown). Note that in the examined context, ;;d _ ; _ B
exceptwhem = 1, the use of another approximate expression

However, provided thain> (y/(1 — B)) (a condition that al-

of U:
most always applied)?>UP > U (cf. Appendix). Then the
(14) use ofUP or U9 instead ofU® would lead to less favourable

17)

U=T-B;
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representation®s =f(U) or Bs/U =f(Bg), of the R/L inter- Scatchard plotsHig. 3) involve convex-upward portions of
action. hyperbolae (the hyperbola is equilateral only in the case of
Expression ofBg as a function olU¢ and expression of  the Scatchard representation). Using the Michaelis—Menten
Bfé/ Q“ as a function ofBg (cf. Appendix) involve all three  plot, whenU® — oo the BZ limit (apparentN) is N(v/¢),
binding parameters and all three method parameters:

o VL —0)KN+¢(1+ KU ¢V — )KN + ¢(1+ KU — 4p(1 — a) K2NU*

B = 1
S 2(1- a)Ko 2(1— a)Ko (18)
and
BY YK(YN — ¢BY) whereas the slope of the tangent to hyperbola at the ori-

— = (19) gin (apparenkN) is KN(y/((1 — «)KN+¢)) (Fig. 3A). So
ol _ _ '

v (1= )K(YN = ¢Bg) + ¢v the apparenK calculated from these two parameters is

where K(¢/((1 — «)KN + ¢)). Using the Scatchard plot, the obtained

curve suggests positive cooperativity for L binding to R (i.e.

¢=0-Pn+1-y (20) Hill coefficientn> 1). Intercepts of the hyperbola with coor-

and dinate axes aré, = N(y/¢) andY, = KN(v¥/((1 — a) KN + ¢)),
respectivelyFig. 3B), so the slope of the straight line defined

V= (a—phknta—y. (@1) by the two intercepts iS, = K(¢/((1 — «)KN + ).

Whena < 1, irrespective of thgs, y andkn values (even 0), ThenXo, Yo and & are identical to the apparei, the

BZ and B/ U* are hyperbolic functions df)® and BS, re- apparentKN and the appareri, deduced from the direct

spectively. Then the corresponding Michaelis—Menten and representation oBg as a function olJ°. Since¢ > (pro-

7 I S\ S 10 LKN
0.8NF 8t
(]
=
=)
o}
0.6N} 2 s}
o = 1
=
(o]
8 z
bl =3
g 2 ]
0.4N} 4l
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(A) UNBOUND (B) BOUND

Fig. 3. Michaelis—Menten and Scatchard graphs of specific binding when the method pararsetet taken into account. When the binding paramkster
but not the method parameter(« # 1) has been determined, E¢$5) and (16) which give BE andU°®, an underestimate @s and an overestimate &f,
respectively, could be used. Then for a simple R/L interaction, representation of binding data according to Michaelis-#3egenf(inction o, (A))

or ScatchardRS/U¢ as a function ofBg, (B)) involves a convex-upward portion of hyperbola whose characteristics are determined by the ndirzgnd

kn) and method¢, 8 andy) parameter values. Four hyperbola segme@nr&obtained for selected values N (10), kn (1), 8 (0.1), y (0.01) and various
values ofe (0.9, 0.75, 0.5 and 0.25) are shown together with the regular hyperbola pbrtignor the straight line segmernit(B) obtained wherx=1 (or
whena # 1 has been determined, and E(®.and(10) are used to exactly calculaBy andU). (A) The hyperbola upper limit, materialized by a portion of
asymptote Ay to As, for o =1 toa =0.25) isN(y/¢), wherey = (o« — B)kn+a — y and¢ = (1 — B)kn+ 1 — y; the slope of the tangent to hyperbola at the origin
(only specified for curve$ and4: T1 andTa) is KN(y/((1 — «)KN + ¢)) (or KN, whena =1). (B) The hyperbola intercept on the abscissa axi& s N(y/¢),
whereas the intercept on the ordinate axigjs KN(v/((1 — «)KN +¢)). The slope of the straight line defined by hyperbola intercepts on axes and that of the
tangent to hyperbola at the intercept on the abscissa ax& ané(¢/((1 — «)KN + ¢)) andK, respectively. (A) and (B) With the selected valuesdppg, y and

kn parameters, hyperbolae fit with any valueNpfprovided that the correspondikgis equal to 10M.
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Table 1
ApparentK/K ratios resulting fronw neglect-effects o andKN
SIK o
S/K 0.25 0.5 0.75 0.9 1
KN 102 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
1071 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 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
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
107 0.0246 0.0364 0.0703 0.159 1
0.0181(r=0.79 0.0275(r=0.79 0.0562(r=0.80 0.140(r=0.89
10° 0.00251 0.00377 0.00750 0.0185 1
0.00175r=0.70 0.00263(r =0.70 0.00530(r =0.71) 0.0135(r=0.73 1

Whena (o # 1) has not been determined, E¢k5) and(16), which give B andU® an underestimate d&s 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 cosaredés’) or Scatchard
coordinatesBg/ U¢ andBg). From hyperbola related to Michaelis—Menten or Scatchard coordinates two parafgeteds; (cf. Figs. 3 and #are considered.
S (S =K(¢/((1— «)KN + ¢)), wherep = (1 — g)kn+ 1 — y)is the slope of the straightline 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 represent&fomsad function olU° (cf. Appendix). In the Scatchard
plot § is the slope of the least-squares straight regression line defined by 10 hyperbola points (selected as indicé&tigd 4iebend);S is the apparerk
deduced from these 10 Scatchard coordinates. For constant vala€8.j,y (0.01) andkn (1) parameters and varioasandKN pairs of valuess, andS
were calculated as functions Kf The values 0&/K (normal numbers) an§/K (bold numbers) ratios are given for the varieuandKN pairs of values. The
correlation coefficient of each-related regression line is mentioned in brackets. Note that the use dflByiand(14) (B andUP) or Egs.(23) and(14) (BS
andUP) instead of(15) and(16) to calculate approximate valuesB§ andU, would change the values /K andS/K ratios by factor ¥ (i.e. 0.529 with
values attributed t@, y andkn).

vided thatx < 1), apparenil, apparenkKN and apparerK are
always lower thamN, KN andK, which would be obtained by
takinga into account in th&s andU calculations. It is note-

L . Table 2

WO”hY that _the (ap_pareﬂNl)/N ratio involves neltth nor ApparentN/N ratios resulting fromx neglect-effects of andKN
K but is an increasing function eof and a decreasing func- XN o
tion of kn (provided thaty < ), whereas the (apparei)/K
ratio is a decreasing function &N and an increasing func- ~ X/N 0.25 0.5 0.75 0.9 1
tion of « and¢ or kn (variations inXo/N andS,/K, according KN 10-2-103 0.206 0.471 0.735 0.894 1
to o, KN and kn will be presented further ifables 1-% 1072 0.206 0.471 0.736 0.894 1
This suggests that bothandKN play major roles in defin- 10 0208 0473 0737  08% 1
: ot - 1 0.218 0.489 0.750 0.902 1
ing the characteristics of hyperbolae. For various values of

) . 10 0.268 0.582 0.844 0.958 1
and given values of the other parameters (involHiNg= 10), - 102 0334 0743 110 1.20 1
Fig. 3A and B show the hyperbola portions obtained using 108 0.351 0.798 1.24 1.46 1

Michaelis—Menten plot and Scatchard plot, respectively. AS For a simple RIL interaction, the use of E¢S) (B2) and(16) (U°) instead

a decreases, the hyperbola portion becomes increasingly disof Eqs.(9) and(10)to calculateBs andU, results in hyperbolic relations be-

tant from the regular curve accounting for the R/L interaction. twegn chtchard or Michaelis—Menten c_oordinates. From hyperbola related

Note that in practice the random distribution of experimental tFOINS“C:Zi'('f;a'Vr'S;f:S‘I’; :rce"g(zh(‘;‘;d_c,‘\’l‘(’;‘:gaﬁetrzzE?La”%m' (cf.

errors will overlap the systematic deviations resyltl_ng from angd¢=(1—,3)kn+1— ) is the intercept on the abscissa axis of th’; hy-

« neglect and could more or less mask such deviations. perbola obtained in the Scatchard plk is also the apparem deduced
Since simple algebraic manipulations convert one plot from the direct representation 8¢ as a function ofJ° (cf. Appendix). In

to another plot, the same intrinsic apparéhand appar- the_Scatchard ploX; is the inFercept of _the I_east-squares regression line,

ent K could be obtained by using other plots, e.g. the defined _by ten hyperbola points described in Table 1and Fig. 4Ieg-

. h ends;X; is the appareni deduced from these ten Scatchard coordinates.
Lineweaver—Burk pIOt (Cf' .Appendlx) and th&% = f(T) For constant values ¢ (0.1), y (0.01) andkn (1) parameters and various
plot (not shown); the latter instead of overestimateflised o andKN pairs of valuesX, andX; were calculated as functions Nf The
inthe above representations) involviRgvhich inthe present  values ofX,/N (normal numbers) an¥;/N (bold numbers) ratios are given
investigation was not hampered by any misestimation. How- for the variousa andKN pairs of values. Note that the use of E¢55)
evera neglect has different effects on Michaelis—Menten and 21d(14) (U") instead of Eqs(15) and(16) to calculate approximate values

_ . of Bs andU, would not change th&,/N and X;/N values given in the Ta-
Bs=f(T) plots (regular hyperbgla is changed to another hy- ble, whereas the use of Eq&3) (B%) and(14) would change the values of
perbola) and Scatchard and Lineweaver—Burk plots (regularne two ratios by factog/(kn+ 1) (i.e. 0.945 with values attributed £ y

straight line is changed to hyperbola). These latter situationsandkn).
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Table 3
Apparent K/K ratios resulting frora neglect-modulation of the effects @fandKN by kn
S/K kn
S/K 0.1 1 10
KN=1 0.5 0.684 0.791 0.952
0.676(r>0.99 0.788(r>0.99 0.952(r>0.99
a=0.75 0.812 0.883 0.976
0.810(r>0.99 0.882(r>0.99 0.976(r>0.99
«=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 0.5 0.0211 0.0364 0.167
0.0114(r=0.61) 0.0215(r=0.67) 0.135(r=0.88
a=0.75 0.0414 0.0703 0.286
0.0250(r =0.68 0.0473(r=0.76 0.256(r =0.99
«=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 E¢3$5) (B) and(16) (U°) to calculateBs andU, results in hyperbolic relations between Michaelis—-Menten or
Scatchard coordinates. TRgandS parameters (described in thable llegend) were calculated as functionsofor constant values ¢f (0.1) andy (0.01)

and various values af, KN andkn. EachS value was derived from a least-squares regression line defined by eleven hyperbola points having the following
abscissae 0, ON(y/¢), 0.2N(¥/9) ..., N(¥/¢), wherey = (o — B)kn+a — y and¢ = (1 — B)kn+ 1— y. The values o,/K (normal numbers) ang/K (bold
numbers) ratios, which represent the (appak&f ratio in Michaelis—Menten plots and Scatchard plots, respectively, are given for the various vatnes of

KN andka. The correlation coefficient of ea&related straight line is mentioned in brackets. The note in the last part datile llegend, related to the use

of Egs.(15) and(14) (UP) or Egs.(23) (B‘S’) and(14)instead of Eqs(15) and(16), still applies for thes,/K andS/K ratio values in the Table.

would have practical consequences on the determination ofandBs/U pairs derived from step-wise R saturation experi-
apparenN and appareri. For instance, using the Scatchard ments. A regression line defined from a seBgfandBg/ U¢
plot, when a linear relationship betweBg/U andBg is ex- pairs from the Scatchard hyperbola segment would afford an
pected, reflecting a postulated R/L simple interaction, the apparenN(X;) and an apparetdN(Y;) on abscissa and ordi-
usual way to determin®l and K is to establish the least- nate axes, respectively, and then an appafeequal to the
squares straight regression line corresponding to a 48 of  slopeS =Y,/X; of the regression linedjgs. 4 and b Depend-

ing on theBg and Bg/ U¢ pairs usedX; andS could vary

Table 4 and then more or less differ froddy and S (with X; > Xp
ApparentN/N ratios resulting from neglect-modulation of the effects of and usuallyS < &). However, when an appropriate set of
andKN by kn adequately incrementeBlg and BS/U¢ pairs (which fairly
Xo/N kn well account for the whole hyperbola segment) are used, the
XN 01 1 10 correspondingX; (Tables 2 an_d YandS (Tables 1 and B
are close toXg and Sy, respectively. Then, regardless of the
KN=1 @=05 0.491 0471 0449 ot used, apparertt (i.e. intrinsic Xo or X;) and apparent
%=075 %_572415 %_4;83% %_47523; K (i.e. intrinsicS or S) should not markedly vary. There- .
0.770 0.750 0727  fore,tocondense this study, only the Scatchard representation
«=0.9 0.898 0.894 0.890  (with relatedXp, X, S andS parameters), which involves
0.910 0.901 0891  the simplest relation between the graphical coordinates will
KN=100 «=05 0.491 0471 0449 he considered hereaftefifs. 4—6.
1.04 0.919 0.635
«=0.75 0.745 0.735 0.725
1.42 1.26 0.910 2.2.3. Modulation by K, N and kn of the effectof
a=0.9 0.898 0.894 0.890 neglect
1.43 1.28 1.00

: : : For given values ofy, 8, y andkn (involving « =0.75)
For a simple R/L interaction, the use of E¢s5) (Bg) and(16) (U°) to cal- and various values d&€N involving either a constar value

culateBs andU results in hyperbolic relations between Michaelis—Menten . .
or Scatchard coordinates. The parameXgrandX; (the latter derived from and mcreasmg( values (1N’ 10N and 1OON) or a constant

the least-squares regression line mentioned iéxe 3legend) described K_ value and increasind{l values (10K, 30K _and 100K),

in the Table 2legend, were calculated as a functio\ofor constant values  Figs. 4 and Show the Scatchard graphs obtained. The curva-
of g (0.1) andy (0.01) and various values ef KN andkn. The values of ture of the hyperbola segment (which looks like a straight line
Xo/N (normal numbers) an¥;/N (bold numbers) ratios, which represent the segment folkKN=1. as shown irFig. 4) becomes more pro-

(_apparenN){N ratio in M|ch§1ells—Menten plots and Scatchard plots, respec- nounced with increasing valueskl. Moreover, whetkNis
tively, are given for the various values laf, KN anda. The note in the last

part of theTable 2legend, related to the use of E5) and(14) (UP) or very high relative t@, Y, andS, are close to their upper lim-
Egs.(23) (BR) and(14) instead of Egs(15) and(16), still applies for the its, ¥/(1 — a) (< (a(kn + 1))/(1 — @)) andp/((1 — &)N) (<
Xo/N andX;/N ratio values in the Table. (kn + 1)/((1 — )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 segménts
2, and 3 represent Scatchard plots for a simple R/L interaction, resulting
from the use of Eq(15) and (16) which afford B{ andU°®, an underesti-
mate ofBs and an overestimate &f, respectively. These curves are related
to «=0.75,=0.1,y=0.01,kn=1, an undetermined but constant value
of N and increasing values d&€, such asKj; =1/N (curve 1), K» =10N
(curve2) andK3 = 100N (curve3). For comparison, corresponding straight
line segmentdla, 2a and 3a are shown, which are obtained when exact
expressions 0Bs (Eq. (9)) andU (Eg. (10)) are used. Values attributed
to o, B, y and kn parameters define a hyperbola family (whose mem-
bers are specified by the various valuekdf). Curve intercepts are only
specified for2, ((Xo)1-3=N(¥/¢) and (o)2=K2N(¥/((1— )KoN+¢)),
wherey = (¢ — B)kn+a — y and¢ = (1 — B)kn+ 1 — y). The horizontal half
straight line at//(1 — «) 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 whekN becomes very high. From each hyperbola,
appareniN and appareri could be deduced from a set of hyperbola points.
This is illustrated for curve; 10 hyperbola points, i.e. five having the ab-
scissae 0.2%)1-3, 0.4(Xo)1-3, - - -, (Xo0)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 coefficiert).97). Appar-

ent N and apparerKN are then defined by intercepts((}> =0.844 N and
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Fig. 5. Scatchard graph of specific binding when the method parameter
is not taken into account-effect &f. Equilateral hyperbola segmerits2
and3 represent Scatchard plots for a simple R/L interaction, resulting from
the use of Eqg15) and(16) which give BE andU°¢, an underestimate &s

and an overestimate &f, respectively. These curves are relatea t00.75,
B=0.1,y=0.01,kn=1, an undetermined but constant valueko&nd in-
creasing values dfl, such asN; = 10K (curvel), N =30K (curve2) and

N3z = 100K (curve3d). For comparison, corresponding straight line segments
1a, 2a and 3a are shown, which are obtained when exact expressions of
Bs (Eqg. (9)) andU (Eq. (10)) are used. Curve intercepts are only spec-
ified for 3, ((Xo)3=N3z(¥/¢) and (Yo)3 = KN3(¥/((1 — ¢)KN3 +¢)), where

Y =(a— B)kn+a —y and¢=(1— B)kn+1— y). Least-squares regression
lines (dashed lines), established as described irFihe4, are shown for
curvesl (correlation coefficient; =0.97),2 (r =0.90), andB (r =0.80). Ap-
parentN, i.e. (X;)3, and apparerkN, i.e. (Y;)3, are only specified for curve

3. (apparenN)/N and (apparerk)/K ratios (where apparet=S =Y,/X;)
calculated from the intercepts of regression lines on abscissa and ordinate
axes, are 0.844 and 0.418 fjr0.954 and 0.182 fo; 1.10 and 0.0562 for

3. With values attributed ta, 8, y andkn parameters, hyperbola segments
1, 2 and3 fit with any value ofN andK provided thatkN; =10, KN, =30,
andKN3 =100.

to the curve ak, is equal toK (the same consideration ap-
plies for the left section of the hyperbola obtained using the

(Yr)2 =3.53) of this regression line on abscissa and ordinate axes; apparent| jneweaver—Burk plot, not shown). In practice, especially

Kisthen &)2 =(Y;)2/(Xr)2 =0.418K,. With values attributed ta, 8, y and
kn parameters, hyperbola segmeht& and3 fit with any value ofN andK
provided thak;N=1, K;N=10 andK3N =100.

pression is independent &N, whereas the second expres-
sion is independent d&f. The former result indicates that for
given values okn, «, 8 andy parameters, and irrespective

whenK is very high (>18°M~1), reliable determination of
the tangentwould require very accura&gvalues 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 and By and then in the calculation a8g at high R

of K andN, the hyperbola segment is restricted to the area saturation level.

defined by the vertical straight line ldtabscissa and the hor-
izontal straight line at//(1 — «) ordinate. Note that it would
be theoretically possible to determikefrom the right sec-

The combined effect dKN and« on apparenN and ap-
parentk determined from the Michaelis—Menten plot (0&.
and &) and from a regression line related to the Scatchard

tion of the hyperbola segment since the slope of the tangentplot (i.e. X; andS) was then assessed. For given values of
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crease whea increases and decrease wikincreases. For
KN < 1, irrespective of the value, the two practically iden-
tical ratios are close to 1. In contrast N > 10, regardless
of thea value, the two ratios (differing by a factor <1.5) are
much lower, and the ratios decreasexatecreases dfN in-
creases and become very low, e.g. close to 0.02 £00.25,
KN=100 ora=0.9,KN=1000. In sharp contrast with the
variations in $/K and S/K, those inXo/N andX;/N, accord-
ing to @ andKN, are considerably smaller. Th&/N ratio
(independent fronkKN) remains very close to the value,
whereas theX//N ratio (X; > X,) increases with increasing
a or increasingKN. ForKN <1, X;/N is very close taX,/N
and tow. It becoms > 1 whene > 0.75 andKN > 100, but
remains < 1.5 even for higkN (as high as 1000) and (as
high as 0.9) values. The results shownTable lindicate
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 illustratedrig. 5 (involv-

Fig. 6. Scatchard graph of specific binding according to expressions useding a= 0.75) with three different concentrations of Ry,

to determineBs and U. In the case of a simple R/L interaction charac-
terized byKN=100, a L nonspecific binding, whose coefficienkis=1,
and a separation method characterized by parametefs9, 8=0.5 and
y=0.01, curvedl to 4 illustrate Scatchard plots, related to the R/L inter-

N2, andNs, proportional to 1, 3 and 10, respectively, such
asKN; =10. In all three cases, calculatég (0.74N) and
X; are close td\, whereas 3- and 10-fold increases in the R

action, which are obtained according to the expressions used to calculateconcentration result in 2.1-fold and 6.1-fold decrease%in

Bs and U. Regular straight line segmeft independent okn, «, g and

y is obtained when Eqgg9) and (10), which afford exacBs andU val-
ues, are used. Whenhas not been determined akwhas or has not been
determined, various egns which give approximate valueBsoénd/orU
could be used. Equilateral hyperbola segntistobtained when Eq$15)
(B%) and(16) (U®) are used. The various characteristio&fé, (Yo)2, ap-
parentN, apparenK, upper limit area, etc.) of this hyperbola are defined
in the Figs. 3—5and Tables 1-4egends. Equilateral hyperbola segm@nt
is related to the use of Eql5) and(14) (UP) and hyperbolat to the use
of Egs. (23) (B’é) and (14). Hyperbola3 derives from2 by affine trans-
formation (applied from the abscissa axis, transformation coefficignt 1/
where¢ =(1— B)kn+1—y). Then curve3 affords )3 = (Xo)2 = N(¥//¢)
(where yr= (o — B)kn+a —y) and (Yo)3 = KN(¥/(#[(1 — )KN+g])) (in-
stead of ¥,)2 = KN(¥/((1 — «)KN + ¢)) for hyperbola2 family). Hyperbola

4 derives from3 by homothety (applied from the axis origin, coefficient
¢/(kn+1)). Consequently, (i) curvd affords ;)4 = N(¥/(kn+1)) and
(Yo)a =KN(y/((kn+ 1)[(1 — «)KN +¢])), and (ii) straight lines defined by
intercepts o8 and4 on axes are parallel (slop€(1/((1— a)KN+ ¢))); this

and 2.3-fold and 7.4 fold decreasesSn

The influence of thén parameter value combined with
that ofa and that oKN was determinedlables 3 and $how
the $/K and S/K ratios and th&y/N andX;/N ratios, respec-
tively, calculated for three values and twdN values when
kn ranges from 0.1 to 10 (using=0.1 andy =0.01). For
KN =1 and for the various andkn pairs of values, the, prac-
tically identical,S/K andS /K ratios are close to thevalue;
they slightly increase (<1.5-fold) whem ranges from 0.1
to 10. ForkKN =100, the still close (less than two-fold differ-
ence)S/K andS/K ratios markedly increase with increasing
kn, e.g. starting from very low values: 0.01-0.07, &K
ratio increases 12-, 10- and 7-fold fe= 0.5, 0.75 and 0.9,
respectively, wheknincreases from 0.1 to 10#ble 3. The
Xo/N ratio does not markedly vary, accordingdg it remains

is also the case for tangents to the two curves at the abscissa intercept (slopqery close to ther value. TheX;/Nratio is close to the value

K(1/¢)). Upper limits of hyperbolag@ and4 families are materialized by half-
horizontal straight lines Aand Ay at ¥/(¢(1 — «)) andy/((kn+ 1)(1— «))
ordinates, respectively (instead vf(1 — «) materialized by A for hyper-
bola2 family). ApparentNs ((Xr)2,3and (X;)4) and apparer€Ns ((Yr)2, (Yr)3

for KN=1. ForKN =100, this ratio varies slightly according
tokn, within all cases 0.6 X;/N< 1.4 (Table 4. These results
(related to lows andy values) indicate that at higkN, the

and (Y;)4), defined on axes by least-squares regression lines (long dashedkn value weakly affects the appareWt but could markedly
lines), are shown for the three hyperbola segments. They were establishedmodulate théKN-induced decrease in apparé&t

from twenty hyperbola points, with ten having the abscissa¥.Q.2X,,
..., Xo and ten having the ordinates ¥l 0.2Yy, . . ., Yo. Calculated (appar-
entN)/Nratios (X;/N) are 1.20 fo2 and3, and 0.90 fo#, whereas calculated
(apparenK)/K ratios (where apparekt=Y,/X;) are 0.113 foR, and 0.0759
for 3and4; the common correlation coefficient for the three lines#$.87.
With values attributed te, B, y andkn parameters, hyperbola segmeats
3 and4 fit with any value ofN provided thalKN=100.

kn, B andy (kn=1,8=0.1 andy =0.01, the two latter values

As g andy parameters should usually be small relative to 1
(due to dissociation of most nonspecific binding and efficient
removal of unbound L when running the separation method),
the effects on appareht andK resulting from variations in
these two parameters were not thoroughly studied, however
simulations made witj$ = 0.5 instead of 0.1, using various
values (from 0.5 to 0.9) ankN values (from 0.01 to 1000)
indicated that this marked increase in tBevalue mainly

reflecting the use of a selective separation method) and forresulted in little decrease (<2.3-fold) in appar&h{X, or

variousa andKN pairs of valuesTables 1 and Zhow the
calculated values d&,/K andS/K ratios and those of,/N
andX;/Nratios, respectively. Bot&/K andS/K (S < &) in-

X) irrespective otx andKN, whereas appareit (S, or §)
was practically unchanged f&iN < 1 and at most-1.3-fold
decreased foKN =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 @andkn values, consider-
able underestimation & could result from the R saturation
analysis approach whert 1 is not taken into account.

2.2.4. Effect ofv and kn neglect

When neithewr nor kn have been determined, Eq44)
and (15), which only involveB;, B> and T, could be used
to calculateU® and B. SinceUP/UC = ¢ (cf. Appendix), the
equation relatingdg/ U’ to BS, established from E¢19), is:

By KN -9¢BY
Ub ¢ " (- o)K(UN — $BY + ¢¥°

The representation a#g/ Ut = f(Bg) leads to a portion of
equilateral hyperbola, which derives from the previous hyper-
bola (related taBg/ U¢ = f(Bg) by an affine transformation
applied from the abscissa axis, with coefficient {¥ig. 6).

(22)

429

S =K/((1 — a)KN + ¢) andK/¢, respectively. Then values of
S/KandS/Kin Table 1land those 0Ko/N andX;/Nin Table 2
related to the first hyperbola family, should be dividedgby
(i.e. 1.89, with the values attributed km, 8 andy) and by
(kn+ 1)/o (i.e. 1.0582), respectively, to account for the ratios
related to the third hyperbola family. Therefore the useg)f
andUP, instead ofBg andU¢, has different effects on tHen
modulation of appareri{ and appareni, with little effect

on apparenN and a marked decrease in appaf€rst 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 parametérs

Consequently, the intercept of the curve on the abscissa axis |$ind K by saturation ana|ysis experimentS, invo|ving a pro-

still Xo =N(v¥//¢), whereas its intercept on the ordinate axis is
Yo =KN(¥/(¢[(1 — «)KN + ¢])). The slope of the straight line
defined by hyperbola intercep®, = K/((1 — «)KN + ¢), and
that of the tangent to the curve)&, K/¢, as well as that of the

cess to separate bound and unbound L, should require prior
determination of the nonspecific binding paraméteiand
especially that of the separation method parameterhe
consequences &n or « (<1) neglect on theN and theK

regression line homologous to that of the previous hyperbola determinations are very dissimilar. Wherbut notkn has

are¢-fold lower than those of the previous hyperbola. This,
however, does not changg. Therefore the values of,/N
andX;/Nratios inTable 2still apply for this second hyperbola
family, whereas the values &/K andS/K ratios inTable 1
should be divided by (i.e. 1.89 with values attributed ta,
B andy) to apply to the new hyperbola family. It is note-
worthy that the latter ratios are still decreasing functions of
KN and increasing functions ef However, in sharp contrast
with the previous situation, they are decreasing functions of
¢ orkn.

In most binding studieBg is assimilated to:

B2 = (B1 — Bo) (23)
since

B¢ T kn+1

°s _ _ (24)
B T—B ¢

the equation relatings2/U® to B% could be obtained by
changingB4 to BS((kn + 1)/¢) in Eq. (22).

v

b
BS_ »
kn+1

b=

K[YN — (kn + 1)BY]

(1 — a)K[YN — (kn + 1)BY + ¢y’
(25)

The curve representing?/U® = f(B%) derives from hy-
perbola representingg/ Ul = f(Bg), by a homothety ap-
plied from the axis origin, with coefficiet/(kn+ 1) (Fig. 6).

The curve intercepts on axes aX@ =N(y/(kn+1)) and

Yo =KN(y/((kn+ 1)[(1 — «)KN+¢])), respectively. As for
the second hyperbola family, the slope of the straight

been determined, the use of appropriate expressions to cal-
culate boundBs) and unbound?) L concentrations does
not change the type (linear or hyperbolic) of regular plots
and the latter afford corredd and underestimation d€ by
factor kn+1). Whena (« # 1) has not been determined, the
type of theoretical binding isotherms is changed (i.e. an equi-
lateral hyperbola segment is obtained using the Scatchard
plot, whereas non-equilateral hyperbola portions are obtained
using the Michaelis—Menten plot and the Lineweaver—Burk
plot) and the curves lead to apparbrdand appareri, which

are lower thamN andK. The values of the various bindin,(
Nandkn) and methodd, 8, y) parameters and the expressions
used to calculate specifically bounggor Bg) and unbound
(U2, UP or U°) L concentrations determine the magnitudes of
N andK underestimations. In the common situation whére
andy are relatively low (reflecting the use of a selective sep-
aration method) only four parameters K, N andkn) have
important but differing impacts on the magnituded\oand

K underestimations. Apparent(Xp, independent oKN, or

Xr) is roughly equal teN; then theN underestimation is usu-
ally moderate. In contrast, the magnitude of poteriain-
derestimation is primarily determined by tK&l value with,
regardless of the andknvalues, little underestimation when
KN<1, and an underestimation which could be considerable
for high KN values. In the latter case, in addition dokn
modulates the magnitude &f underestimation. Obviously,

as shown irFig. 6the various expressions used to calculate
approximate values ds andU affectN andK underestima-
tions differently. In order to minimize such underestimations
(especially the< underestimation), it is important to use the

line defined by the hyperbola intercepts on axes and thatmost appropriate expressions ¢ andU, i.e. expressions
of the tangent to the curve at the abscissa intercept areinvolving minorBs underestimation or minor U overestima-
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tion (e.g.Bg better thanBZ, andU°C better tharlJ?, whena
has not been determined).

Whena # 1 is not taken into account, thkeunderestima-
tion is primarily due taBs underestimation which results in
U overestimation sinct (which is not directly determined)
is connected tdBgs via T. The use of expressions such as
UP andUC, which overestimatél by including a significant
fraction (related to (+ «)) of Bs, results in the limitation
of the apparenBg/U ratio (Figs. 3—7. At low R saturation
level instead of being close N, the apparenBs/U ratio
will be <a/(1—«), a value independent d€ and N. This
roughly explains why th& underestimation is greater K|
increases.
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affinity R/L interaction is sometimes not markedly different
from that corresponding to a much lower Rtr R/L in-
teraction, e.g. (i) ligands such as tamoxifen displaying both
a ki/ko ratio [10] and a competitive binding efficiend1]
~300-fold lower than those of estradiol, showed in saturation
analysis experiments an apparkmnly ~10-fold lower than
that of estradio]10], and (ii) the dissociation rate of estradiol
from the His 524 Ala estrogen receptomutant was found
~250-fold higher than that from the wild-type recepi22],
whereas the estradiol appar&nfior the mutant receptor was
found only to be~12-fold lower than that for the wild-type
receptof23].

As discussed above in the case of estrogen receptor/ligand

Note that other artefacts not analyzed in this study, due to interactions <1 could be common to standard separation

the presence of radiochemical impurities ifil=4], incom-
plete equilibrium[4,8], the instability of unbound R4—6],

processes. More generally the decreasBgrtould be due
to the fact that, relative to R recovery, the process is not

etc., could result in similar erroneous binding isotherms (i.e. quantitative, and/or (even concerning a quantitative process)
the Scatchard graph accounting for the R/L interaction would the RL complex displays moderate stability, so a fraction
consist of a convex-upward curve) and then could similarly of the RL complexes dissociates during the separation pro-
result inBs underestimation and/d# overestimation. Inthe  cess. HighkN values (>18) could be especially obtained
case of highkKN, as documented in this paper, tog£ 1, such in the case of very high affinity R/L interactions, but also
artefacts could lead to considerable underestimatién Ob- with lower affinity R/L interactions provided that the R con-
viously, a combination of such anomalies and 1, would centrations in cell extracts are high (e.g. in {®! range,
have additive deleterious effects on the theoretical binding possibly resulting from R overexpression in cells, yeast or
isotherms and thiK determination in the case of hidg. bacteria).

In many instances, the combined conditionsref 1 and In most binding studies involving a separation procedure,
high KN apply. This especially occurs for determinations of « is not predetermined; moreover, tH#&; (— By) expression
K related to estrogen recepiof{2H] ligand interactions. (1)  is assumed to account f@s. An easy way to ensure that
When compared with equilibrium dialysis, the usual pro- K (related to a simple R/L interaction) determined from a
cesses (charcoal absorption, ion exchange chromatographypseudo-equilibrium approach is not underevaluated (result-
gel filtration, etc.) run to separate receptor-bound and un-ing from « <1 or other artefacts such as the presence of
bound estrogen or antiestrogen, affddd values clearly radioactive impurities in L), is to carry out parallel experi-
lower than that obtained by running equilibrium dial\{di3], ments with two or three different dilutions of the R prepa-
indicating thate <1 for these separation methods. (2) As ration. If experimentaK proves to be independent of the
pointed out by (i) saturation analysis experimghgy involv- R concentration, then the determined value is probably re-
ing [29] iodoestradiol and highly diluted receptor samples liable, whereas ifK increases as the R concentration de-
(~10~11 M-allowed by'?9l specific activity), and (i) kinetic ~ creases (as shown iRig. 5), this would suggest that the
experiments (fok; andky, determinations)9,10] involving conditions used foK determination are not adequate and
potent estrogens (such as estradiol) or potent antiestrogenshatK is likely underestimated. In this situation, to linkt
(such as 4-hydroxytamoxifen), tlkevalues related to these  underestimation, it would be better to run experiments with
receptor/ligand interactions are in the'40102M~1range.  the highest dilution of R, compatible with accurate bind-
(3) Due to3H relatively low specific activity (compared to  ing data determinations. Checking experiments, involving
that of 129) receptor saturation experiments involvintH] R dilution, would be especially required when experimental
estrogen oryH] antiestrogen require the use of samples con- KN>1. Note that when, e.g. due toneglect,K is under-
taining nM concentrations of receptor. As a consequence of estimated, the shape of the theoretical R/L binding isotherm
the above points (1)—(3), the latter experiments are charactersuggests positive cooperativitlyi¢s. 3—6; however, the ob-

ized both byx <1 (sometimes markedly lower than12])

served increase in experimentélby R dilution would be

andKN > 10%. These two characteristics alone could explain totally incompatible with positive cooperativity of L bind-

why, for potent estrogens and antiestrogdfigletermined
by saturation analysis of the receptor usifgl][ligands is
usually close to 19M~1[9,10], i.e. considerably underesti-

ing.
Kinetic association and dissociation experiments and
competition binding at equilibrium are alternative approaches

mated. Obviously, as previously mentioned, other artefacts, for determiningK (ki/ks ratio and relativek, respectively),

e.g. resulting from radiochemical impurities in thd] lig-
and source, could contribute to teunderestimation.

The fact that aN increases th& underestimation in-
creases could explain why the apparkntelated to a high

which are much less susceptibleKounderestimation than
the saturation analysis approach. The advantages and limita-
tions of these approachesdrdetermination will be the focus

of another investigation.
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la Recherche sur le Cancer”. (U overestimation factorkf+ 1)),
. T—B T T — B
US = ! S (16),

T T-B x kn+1: kn+1
(U overestimation factory((T — B1))/(¢(«T — B1)) > 1),
A.1. Relation between Scatchard coordinates when no Ub =T — By = ¢U* (14),

distinction is made between specific binding and
nonspecific binding

Appendix

U =T — B¢ = (kn + 1)U° (17),

When no distinction is made betwe8gs and Bys (e.g. whereg = (1— g)kn+1—y, andy = (¢ — B)kn+ o — y.
when a single series of equilibrium dialyses, using increasing  Note that provided’ < (1 — B)kn, a condition that practi-
concentrations of radioactive L are performed), the Scatchardcally always applies ) >UP>U°¢>U.
coordinates becomeX=Bs+Bns and Y=(Bs+ Bys)/U, Depending on whether and/orkn have or have not been
then: determined, equations which lead to minor underestimation
of Bs and minor overestimation &f should be used in order
to minimize error inN andK determination. Three situations
could occur:

Y = K(N — Bs) + kn = K[N — (Bs + Bns)] + K Bns+kn
hence

Y =K(N—X)+ KknU + kn. A.2.1. a determined, kn not determined

In this case, Eq99) and (11) which determineBs and
U2, an overestimate by factokrf+ 1) of U should be used.
Whena < 1 the use ob® instead ofJ2 (y < (1 — g)knimplies
that UP > U®) will have very unfavourable consequences on
the determination o andK. This can be observed, for in-

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

X
Y:K(N—X)—G-Kkn? + kn

th
en stance, through the Scatchard plot. From @¢), UP could

Y24+ KYX — (KN + kn)Y — Kkn X = 0. be written:
This equation leads to: U’ = [Bs+ (kn + 1)U] — [Bs + (Bkn + y)U]

Y(KN +kn —Y) therefore,

K(Y — kn) U’ = (1—a)Bs+ ¢U
or and
Y_K(N—X)+kn+\/[K(N—X)+kn]2+4Kan U 1
2 ' Ub~ (1—a)(Bs/U)+ ¢
These equations apply to an hyperbola whose asymptotes argijnce
defined byY=K(N — X) andY =kn, respectively. E B B_sﬂ
ub U b

A.2. Relations between Michaelis—Menten, Scatchard or

Lineweaver—Burk coordinates when equations with and
approximate B and U values are used Bs _ K(N — Bg)
U
When « and/orkn have not been determined, E(9) hence
and(10) cannot be used. Related equations, mainly obtained p K(N — Bs)

by neglectinge, kn or both, could be used. The equations

Dy ne . : UP T 1—a)K(N —B '
involving underestimates dds or overestimates dfl are: (1 - a)k( s+é

The Scatchard plot dBs/UP =f(Bs) would then involve an

<= (B1— B) (15), equilateral hyperbola segment, instead of the straightline seg-
T—B ment obtained for the plot d8s/U2=1f(Bs). The hyperbola
(Bs underestimation factorT(— Bo)/(aT — Bp) = /), segment is convex-upward and its intercepts on abscissa and

Y ordinate axes ané, =N andY, = KN(1/((1— a)KN + ¢)), re-
B¢ = (B1 — B) (23), spectively; the slope of the straight line defined by these two
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intercepts i, = K(1/((1— a)KN + ¢)); then theSy/K ratio is

an increasing function af and a decreasing function KN
and¢ (or kn).

Note that wherv =1, B = Bs, then the use of Eq$§15)
and(14)or Eqs(23)and(14), would afford alinear Scatchard
plot, whose intercepts on abscissa and ordinate axésand
KN(1/p) or N(¢/(kn+ 1)) andKN(1/(kn+ 1)), respectively,
therefore in both cases appar&nivould beK/¢

A.2.2. kn determinedy not determined

In this case, Eqq15) and(16) which result from neglect
of o in Egs.(9) and(10), respectively, should be used. As
previously mentioned:

B¢ U¢ T—B
=S = v nd— = v X L
Bs ¢ U ¢ ol —B;
Since

T — By =(1—a)Bs+ ¢U

and

oT — B1 =yU

then

U¢ v (@A—-a)Bs+¢U 1—a Bs

- = = X—+1

u ¢ YU ¢ U

B¢/ U¢ can be written:

Bs _Bs Bs U

Uec Bs U Ue’

Since

Bs b 4

— =K(N—Bs)=K|{N—-—B

T ( v S)

then

B ¢ ( ¢ a) 1
S="K(N--B .
Uc ¢ v °) (1—a)/9)K(N — (¢/¥)BY + 1

The latter equation can be rewritten:
By VKN —9BY
Ue (1-a)K(YN — ¢BY) + ¢y

Eq.(19)appliesto an equilateral hyperbolawhose asymptotes
are defined by:

(19).

N P
X_N¢+(1—a)K
and
v
Y_l—a'

The derived function of19)is:

—K@¥)?/[(1 - )K(WN — $BY + ¢y1*
Then regardless af, 8, v, K, N andknvalues, the hyper-

bola segment is convex-upward. The slopes of tangents to the

ry & Molecular Biology 92 (2004) 419-433

hyperbola at intercepts on the abscissa and ordinate axes are
K andK[¢/((1 — «)KN + ¢)]?, respectively.

Considering the Michaelis—Menten plot, H4.9) could
be used to establish the relation between corresponding
Michaelis-Menten coordinates< € U® and Y = Bg). Eq.
(19) affords:

[p(1 — 0)K]Y? — [pYK]YX — [Y(1 — &)KN + Y
+[¥2KN]X = 0.

The latter equation applies to a hyperbola wh¥sesymp-
totic limit is N(y/¢) when X— oo. The slope of the tan-
gent to the curve (convex-upward) at the origin (slope
corresponding to apparemtN), calculated from the de-
rived function of the above second degree equation (hot
shown), is KN(¢/((1—«)KN+¢)); apparentK is then
K(¢/((1 — «)KN+¢)). Note that contrary to th&g=f(U)
representation which gived = 1/K, for Bs=N/2, the Bg
f(U) representation givedJ®=((1— a)KN+ 2¢)/(2K¢)
(and notU°® = ((1 — a«)KN + ¢)/(K¢)), for B = N(v/(2¢)).
Considering the Lineweaver—Burk plot, E(.9) could
still be used to establish the relation between the correspond-
ing double reciprocal coordinate$€ 1/U°, andY = 1/BS).
Eq.(19)gives:

[W2KN]Y? — [y(1 — a)KN + ¢py]YX — [pyK]Y
+[¢(1 — a)K]X = 0.

The latter equation applies to a non-equilateral hyperbola
whoseY limit (corresponding to 1/(apparei)) is ¢/(Ny)
whenX — 0. The slope of the asymptote (stems from the axis
origin) to the useful hyperbola portion (slope corresponding
to 1/(apparenKN)) is ((1— a)KN+¢)/(KN) ApparentN
and apparenk are thenN(y/¢) andK(¢/((1 — a)KN+ ¢)),
respectively. Note that the slope of the tangent to the
curve (convex-downward) at the ordinate intercept, cal-
culated from the derived function of the above second
degree equation (not shown), #&/(KNy); the intercept

of this tangent on the ordinate axis is then-aK (not
shown).

A.2.3. « and kn not determined

This last situation was considered in Section 2.2.4 in
the case of the Scatchard representation. Using the same
approach as that described in the above section, equa-
tions and then characteristics of the Michaelis—Menten and
Lineweaver—Burk curves related to the present situation
could be established from E2?2) or (25) involving B and
BY, respectively.
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