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Ligand Binding Studies

INTRODUCTION

Ligand binding studies play an important role in many aspects of protein chemistry
and enzymology. As discussed in Chap. 1, many proteins must be assayed based on
their specific ligand binding since they have no enzymatic activity. In Chap. 1 we
briefly reviewed some’of the experimental approaches used for determining specific
ligand binding in the context of assaying nonenzymatically active proteins, and also
referred to the use of the determination of the number of binding sites per molecular
weight unit, and employing such information in establishing an extinction coefficient
for a purified protein. The chapters on initial rate kinetic studies (Chaps. 13 to 15)
have emphasized the importance of independently determined dissociation constants
that can be used in conjunction with kinetically determined dissociation constants
as a test of the validity of a proposed kinetic mechanism. In addition, as empha-
sized in Chap. 16, ligand binding studies are essential when examining systems that
exhibit nonhyperbolic kinetics. In Chap. 18 we emphasize the importance of inde-
pendently determined dissociation constants in studies of rapid kinetics and in the
elucidation of mechanisms of enzyme regulation.

In any binding study, two parameters describe ligand binding: B,,,, the maxi-
mum number of ligand molecules bound per mole of protein, and K, the dissocia-
tion constant of the reversible binding process. A variety of techniques have been
developed to study ligand binding, although some cannot give a value for B,,.x because
of the nature of the assumptions made in analyzing the data. Such methods have
great use, however, often in terms of ease and accuracy, and can be employed where
knowledge of K, but not B,,, is important. In other instances, B..x may be the
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parameter whose value is primarily required, and of course techniques must be chosen
that will yield such information.

Approaches for studying ligand binding can be divided into two categories—
direct and indirect—and we examine these separately. In addition to experimental
methods for determining ligand binding, a number of ways of presenting ligand bind-
ing have been developed, and depending on the information being sought, different
types of data presentation are more appropriate. In the context of the graphical
representation of ligand binding data we examine the effects of systems that do not
follow hyperbolic saturation.

METHODS TO STUDY LIGAND BINDING

Direct Methods

The various direct methods for estimating the amount of ligand bound to a pro-
tein have all evolved from equilibrium dialysis and depend on physically separating
bound ligand from free. Assuming that there are direct methods for quantitating the
amount of ligand bound and free in solution, these techniques all give unequivocal
(except for experimental error) estimates of Bg,, and K,. In equilibrium dialysis, a
typical setup of which is shown in Fig. 17-1, the free ligand is allowed to reach an
equilibrium across a semipermeable membrane that separates the protein from the
bulk phase of the solution.

Initial Set Up: At Equilioriom

Protein—Lb

Ligand Protein Lf

Ligand ¢
|

\/

Determine
ligand concentration

=Lf

—

Determine ligand
concentration, Li

Li=Lf+Lb

Iculati
Parameters needed: Lf, EL and EF

Lf determined directly Determine
BL=1b=0U - Lf protein

concentration
Ef = Etotal — EL
= Etotal

Figure 17-1 Scheme for an equilibrium dialysis experiment.
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At equilibrium the concentration of ligand in the non-protein-containing com-
partment equals the concentration of free ligand (L s) in the protein-containing com-
partment. If the total ligand concentration (L;) in the protein-containing compartment
is known (from experimental determination or, if this is not possible, by subtraction
of the amount of ligand in the non-protein-containing compartment from the total
amount of ligand initially added), the amount bound to the protein (L,) can be cal-
culated by subtracting the contribution of free ligand. From a single experiment one
can find K, by substitution into

K,= [_EJIJET[]LL] L (1;7-1)

where L, is experimentally determined, [EL] (= L,) is calculated as described pre-
viously and E, obtained by subtraction of [EL] from E,,;, which is presumably
known. Application of this equation provides a value for K, but does not give a
value for B,,,. In the simple situation where hyperbolic saturation of a single class
of sites occurs, K, is an accurate estimate. In a more complex situation, the dialysis
experiment is repeated with a series of different total ligand or protein concentrations.
Results are then plotted using one of the graphical methods described later.

Before moving on to some of the other direct methods for studying ligand binding,
we examine in more detail the experimental procedures of equilibrium dialysis. A
number of problems may be encountered:

1. True equilibrium of the free ligand may not be achieved. This'is usually con-
trolled for in two ways: (a) a duplicate experiment is set up with no protein in either
compartment—if equilibrium is reached in the time period used in the experiment,
the ligand concentrations in.each compartment will be equal, and (b) duplicate deter-
minations in the presence of protein are made, but in one the ligand is initially placed
in the compartment containing the protein, while in the other the ligand is initially
placed in the other compartment. If an effective equilibrium is established during
the time course of the experiment, identical results will be obtained.

2. During the time required to reach equilibrium (often 10 to 15 hours), either
the ligand or the protein may decay to inactive forms that interfere with the concen-
tration determination. A more serious problem exists if the ligand decays to a form
that competes with the true ligand at the protein binding site. The former artifacts
can be controlled for by assaying the protein activity and the effective total ligand
concentration before and after dialysis.

3. In many cases the free ligand concentration is conveniently assayed by spec-
trophotometric measurements. If the bound ligand has different spectral properties
from the free ligand, the total ligand concentration in the protein-containing com-
partment will be incorrectly estimated. This can be overcome by denaturing the
protein after equilibrium has been achieved and determining the concentration of the
total ligand in that compartment when it is all free in solution. As will be discussed
later, it is often possible to determine an extinction coefficient for the bound ligand
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via spectral titrations, and if it is known, the concentration can be determined directly
from the total absorbance of the protein-containing compartment after subtraction
of the absorbance of the free ligand (which is known from the compartment lacking
protein). These problems are overcome if a radioactive ligand is used.

4. In situations where the total ligand concentration is varied (usually the case),
one reaches a situation as B, is approached where the amount bound is calculated
by subtraction of one large number (for free ligand concentration) from a slightly
larger number (for [free] + [bound])—a situation that can lead to large experimental
error.

Having considered these potential pitfalls, we now examine some of the other
“direct” methods for following ligand binding together with some of their problems.

Forced Dialysis Methods. In a number of variants of equilibrium dialysis, there
is physical separation of free from bound ligand via a semipermeable membrane.
The ligand and protein are initially in the same compartment, separated from a
collection vessel by the semipermeable membrane (see Fig. 17-2). :

At the start of the experiment, pressure is applied to the protein-containing com-
partment to cause a “forced” dialysis: solvent, containing free ligand solute but not
the protein solute, is forced through the membrane, collected, and the concentration
of free ligand determined. In the early versions of such schemes the forced dialysis
was continued until the protein (and its bound ligand) remained associated with the
inside of the semipermeable membrane. The assumption was made that the solvent,
containing free solute ligand, was in equilibrium with the protein-containing com-
partment, and hence the concentration of ligand in the forced dialysate was equal to
the concentration of free ligand in the protein-containing compartment. To avoid
problems that might arise from concentrating the protein, the experiment is termi-
nated at a fixed point so that a constant protein concentration can be used. To

Initial Set Up:

Pressure
Protein .
+ Ligand Protein—Lb
9 —> |+ ) Determine Etotal , determine total
Li=Lb+Lf ligand concentration
'"L-f"“—> Determine ligand concentration
=Lf

Calculations as in Equilibrium Dialysis

Figure'17-2  Scheme for forced-dialysis method of determining equilibrium binding.
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achieve multiple determinations, buffer containing ligand is added to the protein-
containing compartment at the termination of one run and the process repeated,
allowing either increasing or decreasing total ligand concentrations to be used.

Protein Transport Methods. Several methods have been developed where pro-
tein is transported through a solution containing ligand, and the amount of ligand
associated with the region containing protein is compared to regions lacking protein
to give the amount of ligand bound to the protein. In particular, gel ﬁltratlon and
sedimentation have been successful in this approach.

The simplest way of using gel filtration chromatography to study ligand bmdmg
is exemplified by the Hummel-Dreyer method, the general principles of which are
given in Fig. 17-3A; a gel filtration column is equilibrated with buffer containing a
particular ligand at a defined concentration. Once the column is equilibrated (as
determined by the eluent containing the same ligand concentration as the starting
bufler), the protein sample (which is preequilibrated with the same ligand concen-
tration as the equilibrating buffer) is introduced to the column and the column devel-
oped with the equilibrating buffer. Under circumstances where the protein binds the
ligand, the sample solvent is depleted with respect to free ligand. As elution proceeds,

A Use of Gel Filtration to Study
Ligond Binding

A. Equilibrate column with ligand

B. Equilibrate Protein with some (ligaf

C. Chromatogroph protein with buﬂor oontnminq
some [ligand) os pre—equilibroted column

D. Monitor Cligand of elution profile

LM

[Ligond]

0 20 40 60 80 100

Elution Vol. (ml.)

Figure 17-3 (A) Outline of steps in the use of gel filtration to study ligand binding;
(B) typical experimental data obtained in Hummel-Dreyer method.
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the protein is separated from ligand-depleted solvent and elutes as a peak with its
bound ligand such that the total ligand concentration in the protein peak is higher
than the concentration of the equilibration buffer: as a result, a corresponding trough
follows this peak. When the ligand concentration is monitored as the column develops,
the profile obtained looks like that in Fig. 17-3B. If the ligand does not bind to the
protein, the measured concentration of ligand during elution does not deviate from
the concentration of the equilibration buffer (the dashed line in Fig. 17-3B).

To achieve the best results, it is important to choose a gel matrix that gives
maximum separation between the ligand and the protein. This is usually one that
totally excludes the protein. It is also essential that the ligand elution profile has a
plateau of constant ligand concentration between the peak and the trough. This
indicates that for the flow rate used to elute the column, the bound and free ligand
are in effective equilibrium. If this plateau is not observed, the binding equilibria are
too slow relative to the flow rate of the column and the experiment must be repeated
at a lower flow rate.

The simplest way to calculate the amount of bound ligand is to collect fractions
and determine the ligand concentration per fraction. Although in theory the calcula-
tion of the amount of bound ligand can be made using either the peak or the trough,
in practice it is easier to use the trough, as interference of the ligand concentration
determination by the protein is minimized. Assuming that the ligand concentration
is determined by absorbance measurements, the concentration of bound ligand is
given by

Y. (A4)(ml)
pmol bound = ——— : (17-2)

EmM

where AA, is the difference in the absorbance of the fraction, i, and the baseline absor-
bance (determined by the equilibrating ligand concentration), ml; is the volume of
fraction i and ,,, is the millimolar extinction coefficient of the ligand. The summa-
tion is carried out for each fraction in the trough region of the chromatogram, giving
the amount of ligand bound by the amount of protein in the initial sample.

Although the dissociation constant for the ligand binding process can be cal-
culated from a single experiment, it is necessary to obtain additional data for more
detailed analysis of the binding isotherm. Therefore, the experiment must be repeated
at either different protein concentrations of the loaded sample or, preferably, at dif-
ferent concentrations of the equilibrating ligand. Essentially the same approach is
used when bound and free ligand are separated by centrifugation. This method is
outlined in Fig. 17-4.

Protein Precipitation Approaches. In a number of instances, especially where
large molecule ligands are involved, it is convenient to study binding by precipitating
the protein-ligand complex away from the free ligand and then determining the
amount of protein and ligand in the complex; the free ligand concentration is then
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Outline of Sedimentation Method
of Studying Ligand Binding

1. Sedimentation cell contains ligand

2. Protein is sedimented through ligand. solut.

3. Ligand bound to sedimenting protein is
estimated by one of two approaches:
i. By change in mol.wt. of protein at a
series of different [ligandl — this is
quite successful even with relatively -small
igands (mol.wts *500—600) L
ii. Using absorbance measurements.to give :
an estimate of bound ligand per -sedimenting. -.
protein molecule

Figure 17-4  Outline of approach used to determine ligand binding by sedimentation methods,

determined in the supernatant. This method is outlined in Fig. 17-5. Although fre-
quently used (out of necessity), it is subject to the criticism that the binding of ligand
in the presence of the appropriate precipitant may not accurately reflect that found
under normal circumstances. In addition, it is necessary to control for nonbound
ligand that is included in the precipitated material. When a radioactive ligand is
employed, this is often achieved by repeating the precipitation in the presence of a
large excess of unlabeled ligand. In this case precipitated radioactive material is used
as a control blank to be subtracted from the specifically bound ligand.

Indirect Methods

Spectroscopic Methods. These depend on either a change in the ligand’s or the
protein’s spectral properties on complex formation, and are probably the most widely
employed techniques for studying ligand binding. They have the advantages of being
rapid, reproducible, and quite accurate. However, there are some potential sources
of deception in what is an otherwise simple approach, and also (in general), these
methods do not give a value for B,,,, only for K,.

Consider two cases, both involving fluorescence measurements (although the
same arguments that we will use could be made for any other spectral parameter).
Ligand Binding By Complex
Precipitation Methods

A. Protein and Ligand premixed at desired
total [ligandl and pH etc.

B. Protein—Ligand complex is precipitated by
addition of precipitating agent eg Amm.
SO4,Antibody, PEG etc.g

C. Bound ligand in precipitate is estimated

Figure 17-5 Scheme outlining the determination of ligand binding by complex precipitation.
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Figure 17-6  Fluorescence titrations in the presence and absence of protein.

In the first, we assume that the fluorescence of a ligand is enhanced upon binding
to the protein. A typical experiment is shown in Fig. 17-6.

In the absence of protein, fluorescence intensity is linearly related to the ligand
concentration. In the presence of protein the fluorescence intensity rapidly increases,
but eventually becomes parallel to that obtained in the absence of protein. The maxi-
mum change in fluorescence is defined as Aiaxo @s shown in Fig. 17-6. If experimen-
tally the two titrations do not become parallel, a value for A, can be obtained from
a double reciprocal plot of 1/A versus 1/[ligand], as in Fig. 17-7.

1/a
n

‘lntercept = 1/Amax

1/ [Ligand] KM

“Figure 17-7 Experimental determination of Ay from double-reciprocal plots.
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If it 1s assumed that A_,, occurs when all the protein sites for the ligand are
occupied. one can calculate the amount of ligand bound (L,) at any point in the titra-
tion curve. if the initial concentration of binding sites (which is B_, ) is known, from

A
L,=—2B8 17-3
b Amax max ( )

Knowing the total ligand concentration at any point in the titration allows cal-
culation of L, and subsequently a value for K,. This approach depends on prior
knowledge of B -

An alternative calculation is represented by the following: Let F,, be the experi-
mentally determined fluorescence in the presence of protein at a given total ligand
concentration T. L, is the concentration of bound ligand-at any-given total ligand
concentration. If we define F, as the specific molar fluorescence of bound ligand and
F as the specific molar fluorescence of free ligand, then at any. given point in the
titration. . ‘

Fa=FL+FAT=B "~ = 174
=FL,+F,T—F/B (17-5)

However..since the experimentally measured fluorescence in the absence of protein
F,=F,T we get

F,=FL,+F —F/L, (17-6)
Dividing both sides of Eq. (17-6) by F, gives
F, =F"L”+ i _F,L,

, TR TR 7
Therefore.
F, F, F;
2 =({2L2_LjL 17-8
F, (F, F.) : o
and we obtain an expression for L,:
(Fo/F)—1
L= "t (17-9)
" (Fy/F) - (F//F)
Since F,;T = F,.
F,./F)—1
Lb = _(__m__r)—F__ (17-10)
FI)T — —L
(FyF )T~ 55
Multiplying top and bottom by T gives
F,./F)—1
L,= T("‘—")— (17-11)

(Fy/Fy)—1
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Defining a new constant. the fluorescence enhancement. FE. as FE = F, F ;. vields

(Fm,//Fx) -1

L,=T
b FE — 1

(17-12)
which allows calculation of the amount of bound ligand, L,. at any point in the titra-
tion, provided that the total ligand concentration (T) and the fluorescence enhance-
ment (FE) are known. F,, and F, are the experimentally determined fluorescences at
any given ligand concentration in the presence and absence of protein, respectively.
Provided that FE is experimentally determined, these titrations permit calculation
of the amount of ligand bound without prior knowledge of B,,,,.

These two ways of approaching essentially the same type of experimental data
illustrate an important point: A_,, is a protein-dependent parameter, while FE is a
ligand-dependent parameter. The experimental determination of ligand-dependent
parameters allows B,,, to be determined from indirect methods: however, if only a
protein-dependent parameter can be followed, then only information about K, can
be obtained since B,,,, must be assumed.

Ligand-dependent parameters such as FE must be independently determined
from an experiment of the type illustrated in Fig. 17-8. FE is determined by fluores-
cence titrations at a fixed ligand concentration with varied protein concentrations.
Control titrations omit the ligand to allow the contribution (if any) of the protein to
the fluorescence. o, is the fluorescence of the chosen ligand concentration in the
absence of protein. ¢, is the measured fluorescence at various protein concentrations
(minus the protein fluorescence) and o,,,, is obtained when the experimental and
control titrations become parallel. At ., all the ligand is bound by protein and

10} Titration in 1}
Presence of
Ligand \ .
w 8r .8t
(&)
=z
o]
8 6 omax -6
& 1/0i
o Titration in
S 4r Absence of L4t
[ Ligand i
| \ ~
2 ol .2 &I t =
Fluoresence/ ntercept = 1/omax
of Ligand in i
Absence of L o s

Protein = ogo S 10 15 20 0 .2 .4 .6 .8 1

[PROTEIN] M 1/ [PROTEIN]

Figure 17-8 Outline of the determination of the ligand-dependent parameter of FE.
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Figure 17-9  Fluorescence titration data obtained when the ligand fluorescence is
quenched upon binding to protein.

hence FE is simply given by

FE = Jmax (17-13)
0o

If ..., is not experimentally obtained from the titration, a double reciprocal plot
of 1/, versus 1 [protein] gives an intercept of 1/o,,, as in Fig. 17-8.

This example involves a fluorescent ligand that undergoes a fluorescence en-
hancement on binding to a protein. In some instances the ligand fluorescence may
be quenched. and a titration of the type shown in Fig. 17-9 is obtained.

As with the case of enhanced fluorescence, equations for use in the calculation
of the bound ligand concentrations at any point in the titration can be derived using
either the protein-dependent parameter, A, or a ligand-dependent parameter, Q_,
defined by

Q.= (17-14)

where F, and F, are defined as previously. The equation for the protein-dependent
parameter is as before, while the equation using Q. is
1 - (Fm//Fr)

1 - Qc
Although this discussion has centered on fluorescent ligands, any spectral prop-

erty of the system (i.e., protein or ligand) that changes upon complex formation can
be used to study ligand binding. Some of these are summarized in Table 17-1.

L=T (17-15)
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TABLE 17-1 Spectral properties used to study ligand binding

Parameter® Dependence® Comment
Protein Usually P Usually quenching of protein fluorescence observed
fluorescence
Polarization L Bound ligand has higher polarization than free ligand
Absorbance PorL Can present problems if the ligand absorbs in the region

260-280 nm since protein absorbance changes may interfere
with detection of ligand absorbance changes

ESR Usually P Useful with paramagnetic metal binding (e.g., Mn): otherwise.
must introduce spin label to ligand
NMR Usually P In theory almost universally applicable; in practice is

limited by experimental considerations such as protein
concentration needed
NOE L Especially useful with weakly bound ligands

* ESR, Electron spin resonance; NMR, nuclear magnetic resonance; NOE, nuclear Overhausser effect.
" P. Protein dependent: L. ligand dependent.

In addition to the question of whether a protein-dependent or a ligand-dependent
parameter can be determined, spectral methods of following ligand binding suffer
from a fundamental limitation that can be resolved only through independently deter-
mining B,,, using a direct method. Implicit throughout all of this is the assumption
that in a multisite-per-molecule system (either two or more sites for the same ligand
per polypeptide chain or a multi-subunit situation) all molecules of bound ligand
contribute-equally to the followed parameter. If one or more sites in a multisite sys-
tem are spectrally unobservable, only binding of ligand molecules that do contribute
to the signal are observed, and the true B,_,, cannot be determined, even using a
ligand-dependent parameter.

Other Indirect Methods. Any property of a protein that changes upon the bind-
ing of a ligand can be used to study that ligand binding process. All such approaches
depend on the experimental determination of a parameter that is equivalent to the
A, discussed previously. As a result, these methods must assume a value for B,,,,
and can only allow determination of K,, but they are, however, quite useful, as they
are often experimentally easy.

Some of the experimental properties that have been used to study ligand binding
are given in Table 17-2.

TABLE 17-2 Protein properties that have been used to follow ligand binding

Property Comment
Susceptibility to proteolysis In all instances the presence of ligand in a protein-ligand complex
Denaturation by solvents may either increase or decrease susceptibility to approach; in either
Heat stability case the dependence of the change on ligand concentration can

Chemical modification give binding information.
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Affinity Chromatography

The general principles were described in some detail in Chap. 3. Because the
retardation of passage of a specific protein through an affinity column is directly due
to a specific ligand-protein interaction, it is natural that affinity chromatography
can be used to study ligand binding.

If we consider a situation where a solution containing a protein, P, ligand, L,
and complex. PL. are in equilibrium, we can write the equilibrium constant, Ky

_[PL]
" PIL]

If this mixture is now chromatographed on an affinity column with immobilized
X, which is capable of interacting reversibly with any component of the equilibrium,
we can write a series of equations for the appropriate equilibrium constants and.cal-
culate the product concentration,

K (17-16)

P + X < PX [PX] = K,.[P,][X,] L (1717
L+ X LX [LX] = K,[L,][X,] (17-18)
L+PX<—LPX  [LPX]=K,K,[P][L,][X,] (17-19)
P+LX<—LPX [LPX]=K,K,[P,J[L,][X,] (17-20)
X+PL<—LPX [LPX]=K.K,[P[L[X,] (1721

where the designation f indicates the free species.
The volume (V,) of the affinity column that is accessible to the protein is given
by
Vo= Vo + K&V, (17-22)
where 1} is the void volume, V, the volume of the stationary phase, and K¥* that
fraction of the stationary phase accessible to the protein.
Affinity chromatography usually involves a gel matrix as the stationary phase,

and retardation of the protein involves a gel filtering effect as well as specific interac-
tion. The concentration of “immobilized” protein, [P];, at any point is given by

[P = Kou[P/I[X,] + Y[PI[LI[X,] + [P,J1 + K,[L, DK% (17-23)

Where y = KIpr + KZKIX + KBKpI'
The concentration of protein in the mobile phase, [P],. is given by

and the ratio of the concentration of “immobilized” to “mobile” protein is given by
Pl.
K,, = L] (17-25)

a [P]m
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From Egs. (17-23) to (17-25) it is apparent that
_ K&+ X )(Kpe + YTL,])

K, KL (17-26)

K,, and K% are converted into elution volumes by
V¥ =V, + K&V, (17-27)
V=V, + K.V, (17-28)

where V, and V'} are the elution volumes of the protein in the presence or absence,
respectively, of interaction with the immobilized ligand, X.
From Egs. (17-26) and (17-27), the equation

V — V* = V;[Xf](pr + Y[Lf])
P 1+ K,[L/]

(17-29)

is obtained. [X,] may be written in terms of the total concentration of X, [X],, as
shown by

[X]:
Xr]= (17-30)
X = K P T + Rl T + VTP AT ]
Using Eqgs. (17-29) and (17-30), we get the general equation for (V, = V¥),
V[X]t(K Y[L
V= V= DXJKye + VLD (17-31)

P (1 + Ku[LXT + K [L,] + [PI0(K . + Y[L,])

where [P], is the total protein concentration.

Clearly, this is completely general in that it contains all six of the equilibrium
constants defined by Eqs. (17-16) to (17-21). Specific equations for use in particular
experimental systems are obtained from this general equation by setting certain equi-
librium constants equal to 0. We consider here the two cases most likely to be encoun-
tered. They are as follows: (1) protein binds to either immobilized ligand or to free
ligand B, but not to both, and (2) only the protein-ligand complex binds to the im-
mobilized ligand. These two cases yield the following equations (obtained by setting
other constants = 0):

Case 1:
1 K!TL 1+ K, [P
== p[ f] + pX[ ] (17-32)
V;r - Vp V;[X][pr] V;[X]pr
Case 2:
1 1 1 P
= 4+ L+ Ks[P] (17-33)

Vp - V; (V;[X]K3Kp1[l‘f] Vs[X]K3

In case 2, V} = V, and V, can be substituted directly. In case 1, however, VEis
not equal to V. but it is possible to use ¥, by subtracting the expression for V,— V3
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[obtained by setting [L] = 0], in which case V, = V7, giving
VIXIK

V,—Vy = P
o=V =1k 1P]

and we get, for case 1,

1 _ (1 + pr[P])z 1 + KPX[P] . .
A U o s R G

Now we have expressions in terms of V, and V} and where Vv, is the elutlon vol-
ume of the protein under conditions where 1t mteracts w1th the matrix and V3 is the
elution volume where no interaction occurs. T

These equations also involve the equilibrium concentration of the free hgand
[L,], which is related to the total ligand concentration [L] by

[L/]= ﬁ_%‘;lm (17-35)

which upon substitution into Egs. (17-32) and (17-33), gives, for cases 1 and 2
respectively,

1 _{(1 + Ku[P](1 + K,[P]) 1+ pr[P]} (17-36)
v, = V3 VK, [XIK,[L] ViKn{X]
and :
1 1+K,[P]  1+K;,[P] (17-37)

V= Vi VIXIK:K[L] © V[X]K,

p p

In either case a plot of 1/(V, — V¥) versus 1/[L] is curvilinear, and the limiting
slopes and intercepts (as 1/[L] — 0) are given in Table 17-3.

From these it is obvious that in either case, a single set of experiments at a fixed
protein concentration yields two expressions in three unknowns. A third expression
is required. Although several approaches can be used, the simplest is to perform a
second set of experiments at a different protein concentration with a range of ligand
concentrations, including 0, to allow determination of the new value of V,. The dis-
sociation constant K, for the protein-free ligand complex can now be determined.

TABLE 17-3 Values of slopes and intercepts from plots of 1/(V, — V') versus 1/[L]

Case Slope Intercept
1 _ {(1 + K,,,[P])z} _ {1 + K,,x[P]}
Vstlex[x] Vstx[x]
1 1 + K;[P]

VIXIKK, VXJK;
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REPRESENTATION OF LIGAND BINDING DATA

For the simple equilibrium P + L = PL, the dissociation constant, K, is given by

[PIL,]

K, =—=— 17-38
where f denotes the concentration of free species at equilibrium. The total concen-
tration of protein, P, = [PL] + [P,], and the concentration of PL, may be expressed
as a function of [L,] if [P,] is eliminated from Eq. (17-38), as shown in

[P.]
PL]=——r— 17-39
If P, is constant, as is usually the case, a plot of [PL] versus [L ] is a rectangular
hyperbola and, analogous to the Michaelis—Menten equation, the concentration of
[L,] at which [PL] = 4[P,] is equal to K,. This is summarized in Fig. 17-10.
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(@] 4r--- ’
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I I
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0 N N N i " "

0 S0 100

[LIGAND]  pM

Figure 17-10 Saturation curves for ligand binding to protein.

As with enzyme kinetics, several linearized versions of this equation are used,
most notably the Klotz equation,

11 K, 1

Rl S 17-40
[P ~ [P “TPIIL] (17:40)
and the Scatchard equation,
K,[PL]
PL]=[P] - 17-41
[PL] = [P/] [L,] ( )

The equivalent linear plots, the Klotz plot and the Scatchard plot, are illustrated
“in Figs. 17-11 and 17-12, respectively. All of these equations refer to a case where a
single protein molecule has a single binding site for ligand.
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Figure 17-11 Klotz plot of equilibrium Figure 17-12  Scatchard plot of equilibrium
binding data. binding data.

Identical, Independent Binding Sites

Many oligomeric proteins contain more than one binding site per molecule for
a particular ligand. and in cases where the sites are independent and have the same
microscopic dissociation constant, the.interactions of the protein (P) with the ligand
(L) can be characterized by the following equilibria:

Py +L—P,
Pn—l + L «— Pn
where the number indicates the number of ligand molecules that are bound to the
protein. Each site has the same microscopic dissociation constant, designated by mK.

The macroscopic dissociation constant K 4» however, depends on the level of occupancy
of the molecule, as indicated by

_ [Po][L,]
" [PLy]

_[PLIL]
“ = [PL,]

— [PLn—l][L ]
Ko ="TpL]

(17-42)

(17-43)

(17-44)
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The macroscopic dissociation constant Ky, is related to the microscopic disso-
ciation constant mK in such a system by the relationship given in

3 Yoni—1 )
Kd._< s ) (17-45)

where Y n.i is the number of microscopic forms that make up PL;. From Egs.
(17-42) to (17-45) we can write
PL,_,]JIL
[PL,] =[ i 1}[ f]

17-
X, (17-46)

and since Y n,i= n'/(n — 1)i', we can write
—i+1[L/]

[PL] = [PL,, ] b

(17-47)

Similarly. from expressions for PL{i — 1), PL(i — 2), and so on, we get

PL = PL0< R 1)(%) (17-48)

J

The moles of ligand bound per mole of protein, designated as L,, is given by

> i[PL]
L= (17-49)
3 [PL]
and usihg Eq. (17-48) for [PL,], we get
n 1
_Z {H [(m—j+1) /j]} ((L,]/mKYy
ik ——— (17-50)
DRI D} L Yk
which, using the expression for Y n, i, simplifies as follows:
n!
H[n-JHJ]— (17-51)

— !
Therefore,
S i{n(n — Y (L, ]/mK)
L,=—=h (17-52)
+ ,; [n!/(n — i) i1 ([L]/mK)

The denominator of this equation is the binomial expansion of (1 + [L,]/mK)":

<1 + -[J]‘—If(]> =1+ ii [nin — i)i'] <[Lf]> (17-53)
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which, upon differentiation with respect to [L,]/mK and multiplication by [L,]/mK,

yields
(L] (LAY _a [ n (LY
L= L= = — _ |(i=d 7-
"(mK 1+50K Liloom |Gag (17-34)
Substitution into the expression for [L,] gives
n[L/]/mK

[L,] = T+ L, JmK (;7-55)

Since by definition L, = [PL]/[P,], we get, after multiplication of both sides by [P,],

___ n[P] o
[PL]"mK/[L,]H o L (17-56)

giving
mK
[PL] + [PL] m = n[P,] (17-57)

which rearranges to

PL
[PL] = n[P,] — mk [P (17-58)
(L,]
which is the Scatchard equation derived earlier for a single site per molecule, where
n is the number of sites per molecule. As before, a plot of [PL] versus [PL]/[L,]is
linear with a slope of —mK and an intercept of n[P,].

Multiple Classes of Independent Sites

A frequently encountered situation is the case where a Scatchard plot is non-
linear, as illustrated in Fig. 17-13. Where there are n; independent sites with intrin-
sic microscopic dissociation constants mK;, we can write

n[L,]/mK;

=Y _SLs T 17-59
[Ll=217 [L,]/mK, (17-59)
which gives (following the same process as previously)
[PL] =3 n[P,] - Y mK E—L]] (17-60)
7 7 I .

In the Scatchard plot of Fig. 17-13, the intercept on the [PL] axis is, for the
case shown (which involves two classes of sites) n; + n,, and the intercept on the
[PLY/[L,] axis is n,/mK, + ny/mK,. The most realistic values of ny, ny, mK,, and
mK, are obtained by an iterative process.

Assuming initially that the x-axis intercept is dominated by the smaller mK value
(ie, mK,), a tangent to the curve at regions approaching [PL] = 0 gives an intercept
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Figure 17-13 Nonlinear Scatchard plot as might arise from two independent but
nonidentical binding sites.

of n;/mK, and on the y-axis an initial value for ny. With initial estimates of n, and
mK ,, we can subtract the contribution of the high-affinity sites from the data obtained
at higher degrees of saturation, which can then be plotted to give initial estimates of
n, and mK,. Once these estimates of n, and mK 2 have been obtained, the contribu-
tion of the low-affinity sites to the data at low degrees of saturation can be subtracted
and new estimates of n; and mK, obtained. Throughout the procedure n, + n, must
equal the observed [PL] intercept, and the iterations are continued until Y (n/mK)
equals the x-axis intercept. i

Dependent Binding Sites

In a situation where two identical ligand molecules bind to a protein molecule
(either one subunit with two sites or two subunits, each with a binding site), it may
be that binding the ligand to the first binding site alters the affinity of ligand binding
to the second site. Two cases are possible: In the first, ligand binding at the first site
increases the affinity of the second site, while in the second case, ligand binding at
the first site decreases the affinity of the second site. In either instance nonlinear
Scatchard (Fig. 17-14) or Klotz (Fig. 17-15) plots result.

As discussed in the chapters on nonlinear kinetics and allosteric models (Chaps.
16 and 21, respectively) it is not possible to distinguish cases of independent noniden-
tical sites from cases where the first ligand decreases the affinity of the setond ligand.
The Scatchard plot in Fig. 17-13 resembles that of F ig. 17-14, curve B. Mechanistically,
such binding can result from allosteric interactions giving negative cooperativity, or
from direct steric interaction of the bound ligands. In contrast to this situation,
Scatchard or Klotz plots indicating that the first ligand molecule to bind increases
the affinity of the second ligand molecule can be explained only by allosteric models.
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second ligand; (B) decreased affinity of second ligand.
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Figure 17-15 Klotz plots for dependent binding sites: (A) increased affinity of second

site; (B) decreased affinity.
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This chapter examined a variety of experimental approaches for determining the
dissociation constant and maximum binding capacity of a ligand binding to a protein.
It must be emphasized that in the treatments developed here the binding is assumed
to be in a free equilibrium on the time scale at which the experiment is performed. As
discussed in Chaps. 14 to 16, such equilibrium binding studies are of extreme impor-
tance in elucidating kinetic mechanisms of enzymes and establishing the basis of non-
linear kinetics in systems that show non-Michaelis—Menton behavior. Similarly, as
developed in Chap. 18, equilibrium binding studies complement the information ob-
tained in rapid kinetic studies on the rates of ligand binding and release to and from
protein complexes.



