2 — PROTEIN-LIGAND ASSOCIATION EQUILIBRIA

A common function of all proteins bestowed with biological activity is the non-
covalent binding of specific or non-specific ligands. The association of substrates
or diverse effector molecules — inhibitors or activators — to an enzyme, and the
association of biologically active molecules to a membrane receptor or to a soluble
transporter, are just some of the more familiar examples. The binding of protons,
H", to a protein is another particular case of protein-ligand interaction.

The binding of diverse compounds to proteins has been the subject of numerous
studies. Such associations lie within the scope of the theory of multiple equilibria
developed by VON MURALT in 1930. The studies presented by SCATCHARD (1949),
KLOTZ (1953), EDSALL and WYMAN (1958) are among the most classic. Different
cases of protein-ligand association equilibria will be discussed, including those for
proteins that possess one or more binding sites, either independent or dependent,
and equivalent or non-equivalent. These equilibria obey the law of mass action (see
Chap. 1).

2.1. PROTEINS POSSESSING A SINGLE LIGAND-BINDING SITE

When a protein P possesses only a single binding site for a ligand L, for example
a monomeric enzyme having a single substrate-binding site, the association takes
place according to a simple equilibrium:

P+L

PL
_ (P
o (P)L)

with the association constant:

and the standard free-energy change, AG,, for the formation of the complex:
AGy = RT In K

In order to determine the equilibrium constant, it is sufficient to measure the con-
centration of free ligand when equilibrium is reached:

_ (bound ligand)
®" (protein-bound ligand)(free ligand)
and: total ligand = bound ligand + free ligand
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By simply determining the free ligand concentration at equilibrium we can obtain
the association constant. The experimental methods used to achieve this are de-
scribed further in the chapter.

2.2. PROTEINS POSSESSING SEVERAL EQUIVALENT
AND INDEPENDENT SITES

Now let us consider the most general case where a protein possesses n sites that are
equivalent and independent. This is frequently encountered with oligomeric en-
zymes having a substrate-binding site on each protomer. There is a system of mul-
tiple equilibria, such that:

P+L =——= PL
PL+L —=—— PL,
PL2+L ES PL3

PLi_l +L =— PLI

PL,, =— PL,

with the following association constants:
_PL) o (PLy o (L) (PLy)
(P)L)’ (PLYL) "~ (L@ TN (PLy)(D)

Since all the sites are equivalent and independent, a ligand binding to one site can
be defined by a single microscopic or intrinsic association constant, K, which is
the same for all receptor sites. The successive equilibrium constants, K;, K», Kj...
Ki... K, only differ from the microscopic constant, K, by a probability factor; the
probability of binding to the first molecule being different from binding to the sec-
ond and so on. Thus, we have the relationships:

K] = nK

_ (n—l)K
2

1

K,

g [n=G=Dl

i
1
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Indeed, there are n different possibilities for the binding of the first ligand molecule
and only one for the dissociation of the complex PL (from where the probability
factor n for the first equilibrium is derived). There are (n — 1) ways to bind the sec-
ond ligand molecule and two ways to dissociate the complex PL,, which gives the
probability factor (n — 1)/2 for the second equilibrium and so on.

The average number of sites on the protein molecule occupied by the ligand may
be defined as:

n
> iPL,
i=1

n
> PL,
i=0

vV =

We can expand this expression in terms of the individual species:
_ _ (PL)+2(PL,)+3(PL3)+...+n(PL),
~ (P)+(PL)+(PL,)+...+(PL,)

Introducing the different equilibrium constants:
- K(L)+2KK,(L)?+...+nK /K, ... K (L)
1+K,(L)+ KK, (L)? +... K|K, ... K (L)»

We then substitute the equilibrium constants for their values, which are functions
of the microscopic constant multiplied by the probability factor:

(n—1)(n—=2)... IxKn-1(L)n-1 }

2x3... (n-1)
n(n-DK2(L)* = n(n-Dn-2)... IXK"(L)"
2 a 2x3...n

nK(L){l +(n-DK(L)+...+

vV =

I+nK(L)+

Both numerator and denominator contain binomial series expansions, so:
G = nK(L)[1+ K(L)]!
[1+K(@L)]"

.. . . _ K(L
giving the relationship: vV = K@)
1+ K(L)

The value v is experimentally measurable. This relationship corresponds to a hy-
perbola and can therefore be linearised. Two methods of linearisation have been
suggested, one by KLOTZ and the other by SCATCHARD. The KLOTZ expression is

written thus:
1 1

1
v n nK(L)
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The KLOTZ or inverse plot involves plotting 1/V as a function of 1/(L). This gives
a straight line with slope 1/nK that intersects the y-axis at 1/n (Fig. 2.1). The x-axis
intercept gives the value —K. This representation requires a sufficient number of
points corresponding to high ligand concentrations in the zone close to saturation,
which is not always experimentally feasible. Furthermore, experimental precision
in this zone is not reliable. An imprecise value for the extrapolated point of inter-
section on the vertical-axis will lead to quite a large error for n since it is its in-
verse: the larger the value of n, the smaller the value of 1/n and the greater will be
the risk of error. This representation is practically no longer used these days.

1/v
Slope 1/nK

Intercept 1/n

Fig. 2.1 KL071Z plot

1/(L)

The SCATCHARD equation is expressed as follows:

Y K@-v)
(L)

The SCATCHARD plot, where Vv /(L) is plotted as a function of V is frequently
used for ligand-binding studies involving soluble or membrane proteins. Figure 2.2
shows the linear relationship between v/ (L) and v. The horizontal-axis intercept
gives n, the number of sites, and from the slope we obtain K, the intrinsic associ-
ation constant. The vertical-axis intercept is equal to nK. This diagram enables
greater precision in the estimation of the parameters n and K, which are obtained
directly, rather than from their inverses. A sufficient number of points are required,
however, to cover a range of ligand concentrations wide enough to include the
value of K.

v/(L)
Intercept Kn

Slope —K

Fig. 2.2 SCATCHARD
plot

Interceptn v
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Equally, we can define a function for the saturation of a protein by the ligand Y :
v K(L
Y, =~ = K@)
n 1+K(L)
During saturation, v varies from 0 to n while Y varies from 0 to 1; Y represents
the degree of saturation with respect to one site.

2.3. PROTEINS POSSESSING N INDEPENDENT
AND NON-EQUIVALENT SITES

A protein may contain several categories of binding site having different affinities
for the ligand, but independent of each other. Let us suppose that m categories of
binding site exist; in each category i the number of sites n;, defined by their in-
trinsic association constants Kj, is equivalent and independent. The total number
of sites, n, capable of binding the ligand is:

n = n.

1

Mz

1

—
Il

The average number of sites occupied by the ligand is given by:
vV = - niKi (L)
-1+ Ki (L)

When several categories of site exist, the SCATCHARD plot deviates from linearity
(Fig. 2.3). The value at the horizontal-axis intercept is equal to:

m
20
i=1
in other words (n; + n,), if m = 2. The value of the vertical-axis intercept is:
m
2K,
i=1
ie. (nK; + n,K,) for m = 2.
/L)

Intercept Eni K;

Fig. 2.3 SCATCHARD plot
for a protein possessing
n independent but
non-equivalent sites

Eni

<
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In the case of a protein that contains two categories of independent site, such that
n, sites are defined by their microscopic constant K; and n, sites by their micro-
scopic constant K,, the relationship becomes:
_ n, K, (L) N n,K, (L)
1+K,(L) 1+K,(L)

It is possible, on the condition that the intrinsic constants are sufficiently different,
to deconstruct the SCATCHARD plot and estimate the binding parameters. If the
constant K; >> K, by at least a factor of 50, we may estimate n; by the intercept of
the line of steepest slope on the horizontal-axis (values of v ) and n;K; by its verti-
cal-axis intercept. After taking the difference, we can obtain n,. By subtracting
point by point the first saturation polynomial, we can estimate the parameters K,
and n, using a new plot:
- n, K, (L) _ n,K, (L)
1+K, (L) 1+K,(L)

The values of n, and K; can be reintroduced into the equation and after progressive
refinement we may obtain the four system parameters with satisfactory precision.

When there are more than two categories of site, or even with only two but where
the constants K; and K, are not sufficiently different, it becomes difficult, indeed
impossible, to determine the binding parameters. For a complex system, an ap-
proximate solution may be found by curve-smoothing based on an initial hypoth-
esis, starting with the simplest possible. Initial estimates for each parameter are
used, which are subsequently refined in an iterative manner eventually revealing
the solution.

2.4. PROTEINS POSSESSING N EQUIVALENT
BUT DEPENDENT SITES

There are proteins that possess n equivalent sites for which interactions exist be-
tween the sites. This dependence may occur for various reasons, for instance as a
result of electrostatic interactions or steric effects, where the binding of one mol-
ecule interferes with the binding of a second, and so on. Additionally, it may be
related to the existence of several conformational states of the protein, either in-
duced or pre-existing, where ligand binding induces a conformational change or
shifts the equilibrium between several forms of the protein.

2.4.1. EQUIVALENT SITES PRESENTING AN ELECTROSTATIC DEPENDENCE

When a ligand molecule is electrically charged and its binding to the protein in-
volves electrostatic interactions, the net charge of the protein varies according to
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the extent of saturation. Consequently, there is an increase in work necessary to
bind a second charged molecule and the law of saturation includes an additional
term to represent the electrostatic contribution. The average number of occupied
sites per protein molecule is described by the relationship:

G = nK(L)e—2%Z
1+ K(L)e2vZ

where w is the electrostatic interaction coefficient, defined by the formula:

e ()
w = ——
2DKT \b 1+ya

e is the charge carried by one electron (4.8x 107" electrostatic units); k, the
BOLTZMANN constant; D, the dielectric constant of the medium; T, the absolute
temperature; b is the radius of the protein approximated to a sphere whose charge is
distributed uniformly over the surface; a is the exclusion radius (the combined ra-
dius of the protein plus ligand); 7y is a factor that depends on the dielectric constant

of the medium, in water it is equal to 0.38 x 1078\/E , W being the ionic strength of

the aqueous solution. The factor 2wZ represents the electrical work that would be
needed to discharge the sphere. In fact, everything proceeds as though the equilib-
rium constant were related to a macroscopic equilibrium constant extrapolated to
zero charge:

Due to the existence of electrostatic interactions the SCATCHARD plot deviates
from linearity, but using the formula:

AY

W = K(H—V)

it is possible to obtain a linear graph by plotting v/ (L)e™2%Z as a function of V. In
order to do this, both the electrostatic interaction factor and the protein charge must
be known.

A classic example of multiple binding equilibria with electrostatic interactions
between the sites is the coupling of protons to a category of basic groups on a pro-
tein, for example carboxylates or tyrosinates, during acid titration. We may divide
all titratable groups on a protein into m categories of n; titratable groups that con-
tribute to electrostatic interactions. If the protein approximates an evenly charged
sphere, the expression corresponding to proton binding becomes:

_ m pK, (L2
v=y -
=11+ Ki(L)e—2wZ
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Here, the ligand is the proton; K; is the inverse of the ionisation constant of those
groups in category i, where:
Ki,diss = 1/1(1

_o;(H*)

and: dis = "o
1

o; being the average degree of dissociation:

2wz

Ki,diss = KiO,diss €

giving the expression for titration curves, known as the LINDERSTROM-LANG
equation:
o
log1 ‘— = pH —pK, 4iss +0.865WZ

1

2.4.2. EQUIVALENT SITES PRESENTING
STERIC OR CONFORMATIONAL INTERACTIONS

2.4.2.1. PHENOMENOLOGICAL ASPECT

Interactions between sites can lead to an association that is either cooperative or
anti-cooperative. For enzymes comprising several subunits and therefore several
substrate-binding sites, cooperative effects are generally observed, which result
essentially from variations in the conformational state of the protein. Purely steric
effects, which would be mainly anti-cooperative, are rare in enzymatic systems and
for proteins in general. Anti-cooperativity, however, can also arise from conform-
ational effects.

The interactions between ligand-binding sites on a protein have been discussed by
many authors: HILL (1910), ADAIR (1925 and 1949), WYMAN (1948 and 1964),
SCATCHARD (1949), (NOZAKI et al., 1957), EDSALL and WYMAN (1958), in terms
of their phenomenological aspect; the allosteric models suggested later will be
discussed in Part V.

In the case where interactions exist between sites, the events take place as if the
microscopic constant varies as a function of the degree of saturation of the protein.
We can define an apparent microscopic constant that is actually variable:

, v
(n—v)(L)
K’ varies as a function of V. As for electrostatic interactions, we can write:
K’ = Koe_f(v)

If f(v) is an increasing function of Vv, K’ increases gradually with saturation and
there is cooperativity. Conversely, if f(V) is a decreasing function, there is anti-
cooperativity. K is the intrinsic constant extrapolated at zero saturation.
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¥ By way of example, let us recall the system studied by NOZAKI et al. in 1957, which
was not a biological system but nonetheless a good model for the interactions be-
tween ligand-binding sites. Their system concerned the interactions of copper and
zinc metal ions with 4-methyl imidazole.

In the case of copper ions, K’ increased as a function of V (cooperative interaction);
with zinc ions, this “constant” was reduced (anti-cooperative interaction). Fig-
ure 2.4 illustrates these results.

log K a logK b
4.0 + L

32

3.6 3.0

32 2.6

2.8 22

24 1 1 1 1 1.8 1 1 1 1

Fig. 2.4 Interaction of 4-methyl imidazole
(a) with Cu'"": an example of a negative interaction
(b) with Zn"": an example of a positive interaction V'

When the sites are equivalent but show cooperative effects, the SCATCHARD plot
deviates from linearity (Fig. 2.5 below). With cooperative binding, the plot is con-
cave; with anti-cooperative binding, it is convex. However, the latter cannot be
distinguished from the situation described previously when several categories of
site exist. Where cooperativity is observed it is possible, by extrapolating the linear
part of the graph, to obtain the number of binding sites and the microscopic con-
stant corresponding to the binding of the first molecule.

If we consider, for example, the case of a tetrameric enzyme that has four bind-
ing sites for its substrate (or another specific ligand), the successive equilibrium
constants are K;, K,, K5 and K4, and the corresponding microscopic association
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constants: K;/4, 2K,/3, 3Ks3/2 and 4K, If Ki/4 < 2K,/3 < 3Kj3/2 < 4K4,
there is cooperativity between the sites. On the contrary, when
Ky/4 > 2K,/3 > 3K3/2 > 4Ky, there is anti-cooperativity. In effect, it is as
though the microscopic constant gradually increases (cooperativity) or, conversely,
decreases (anti-cooperativity) during the course of saturation.

V(L)

Fig. 2.5 SCATCHARD plot of a
protein possessing equivalent
but non-independent sites

(a) anti-cooperative effects
(b) cooperative effects

n v

2.4.2.2. INTERACTION ENERGY BETWEEN SITES

The interaction energy between two binding sites can be determined. The apparent
free-energy change for the ith ligand molecule is:

AGO’ = —RT In Ki

The constant K; contains a statistical factor, indeed:

[n-(-DIK
i

K. =

1

In order to determine the intrinsic free-energy change corresponding to the binding of
the ith ligand the contribution of this statistical factor must be taken into account.

AG’;y = —RThK; +RTIp I =0=D] (l D]

The interaction energy AGy;; between two sites is the difference in association en-
ergy of the ith and the jth ligand. Thus:

AGI,i,j = AGj,o - AGi,o

K Nz .
or: AG,;: = —RTIn—L+RTIn [n=(=Dl
o K, [n—(@{-D]j

If the jth ligand binds more strongly than the ith ligand, and AGy;; < 0, there is co-
operativity. If AGy;;>0, there is anti-cooperativity. If AGy;;=0, the sites are
equivalent and independent.
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2.4.2.3. EMPIRICAL EQUATIONS

When interactions exist between sites the saturation function can no longer be rep-
resented linearly. The classic representations (see Sect. 2.6.9) have curvilinear pro-
files. Diverse empirical equations have been proposed to describe this phenome-
non; the HILL equation (1910), introduced to account for the cooperative binding of
oxygen to haemoglobin, is shown below:

L - ke
-y,

where oy is the HILL number and K’, the apparent association constant. The coeffi-
cient oy reflects the interactions between the sites. If oy > 1, there is cooperativ-
ity. If oy < 1, there is anti-cooperativity. When oy = 1, all sites are equivalent
and independent. oy cannot be greater than the number of sites and is, at most,
equal when the cooperativity is optimal. Figure 2.6 shows the form of the satura-
tion curve for different values of oiy. The HILL number is defined by the equation:

_dIn[Y, /(1-Y,)]
H dIn(L)

The HILL equation can be written in logarithmic form:

log1 YY = oy log(L) +logK’

Fig. 2.6 Saturation curves
for different values (0.5, 1 and 2)

of the HILL coefficient 0 I ! ! ! L
0 2 4 6 8 10 (L)

By plotting logY/(1 — Y) as a function of log(L), we obtain a curve better known as
the HILL plot, which is often used to describe phenomena displaying cooperativity
or anti-cooperativity. If there is an interaction between the sites, we obtain a curve
that has an inflexion point where oy is a maximum (Fig. 2.7 below). The slope at
the origin is 1; the slope at saturation is also 1. Thus, the HILL plot is a tangent to
two straight lines each with a gradient of 1. In Part V (Chap. 13), we will analyse
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the HILL plot, in particular the way in which the plot is used to determine the inter-
action energy between sites.

logY/(1-Y)

Fig. 2.7 HILL plot

log (L)

In 1925, ADAIR proposed a general equation to describe cooperative binding; the
purpose of this study was also to explain the “abnormal” binding of oxygen to
haemoglobin. The ADAIR equation assumes that all sites are equivalent at the be-
ginning, but that the binding of one molecule modifies the intrinsic affinity of a
protein for the following molecule, and so on. This amounts to attributing different
microscopic constants to the saturation of successive sites on the protein. The
ADAIR equation is expressed as follows:
n 1
S LYK,
i=1 =1
n 1
1+ (LTIK,

i=1 =l

Thus, the binding of oxygen to haemoglobin is described by four microscopic con-
stants, namely K,/4<3K,/2 <2K3/3 <4K4.

2.5. LINKED FUNCTIONS

Before embarking on the formalism of a general case, let us consider the simple bind-
ing to a protein of two ligand molecules L; and L,. We have the following equilibria:

P+L, =—= PL, with the constants K; and AG
P+L, =— PL, with the constants K, and AG,
PL,+L, = PLL, with the constants K’y and AG"; o
PL,+L, =—= PL|L, with the constants K, and AG’,
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which may be written in the following form:

7N

P PL,L,
PL,

These four equilibria are not independent. They are linked by the free energy rela-
tionship:
AGo, = AGy,; +AG'o, = AG'o, + AGo,

with the constants related as follows:
KlK,z = KzKll

We will have the opportunity to study equilibria of this type in the case of an en-
zyme having two substrates that bind randomly to their specific sites (see Chap. 5).

An example of linked functions is provided by proteins that change conformation
when certain groups are ionised, in particular, groups that possess unusual ionisa-
tion pKs.

Let P and P’ be two conformations of a protein in an unprotonated form, and PH
and P’H the corresponding states when the protein is protonated. We have the fol-
lowing equilibria:
K, -
P —=< P’

H

PH > P’
Ky

A theoretical treatment of such a schema has been given by TANFORD and co-
workers (1960). The apparent constant of the protein’s conformational change is:
P)+(P'H Ko(1+K 1+K
_ )+ (PH) _ Ko(+K) , _ 1+Ky

PP py+(PH) K (1+Ko) | 14K ¢

This shows that the conformational change is linked to the protonation of the ion-
isable group. Reciprocally, the pK of the ionisable group is an apparent pK that
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comprises a contribution from the true ionisation constant and from the conforma-
tional aspect:
1+K,

K -
H.app H 1+K,

These two examples have been developed to give a simple and practical illustration
of the idea of linked equilibria.

P Let us now consider the more general case as developed by WYMAN in 1964 when
several different ligands bind to a protein. It is useful, first of all, to introduce a few
definitions given by WYMAN with respect to the binding of a single ligand type. Let
P be a protein capable of binding a ligand L. For the binding of i ligand molecules,
the global equilibrium is:

P+iL === PL,
with the microscopic association constant:
_ _(PL)
Y@L

and P, being the concentration of free protein, (L), the concentration of free ligand.
The following expression relates the total protein concentration to Py:

n

Pou = 2(PL) = PoZKLi(L)i = P X,
i=0 i=0

where X, is what WYMAN defined as the binding polynomial. A similar type of ex-

pression can be applied to the total ligand:

n

Ltotal = ZI(PLl) = pOZIKLl(L)l = PO
i=0

i=0

LdX,
dL

The saturation function may be written:

Y = lLtota] —

L
n Ptotal

1 LdX,
n nX;dL

In the presence of two ligands, L and L’, we have the equilibrium:
P+ilL +jL” == PLL
with the apparent microscopic association constant:
(PL;L’))
(P)(L) (L")

The saturation functions for L and L’ are, respectively:

y, = l(dlnXLXL,j
L

LiL'j —

n dinL

1 (dnX; X,
Y, = 4| S8
m\ dlnL" ),
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and the fundamental relationship for linked functions is written:
n( LR
InL" ), InL /., 4

2.6. METHODS TO STUDY LIGAND BINDING

A diverse range of methods is available to measure ligand-binding to proteins. The
choice depends essentially on the nature of the ligand, its properties and the change
in its properties upon protein binding. In certain cases, the spectral properties of the
ligand or the protein (absorption or fluorescence) can be used; alternatively, bind-
ing studies may be made possible by employing radioactive ligands. In order to
facilitate such experiments, many rapid methods have been developed. However, it
is important to bear in mind that some techniques are prone to giving erroneous
results, due to the fact that they disturb the thermodynamic equilibrium of ligand
association.

2.6.1. EQUILIBRIUM DIALYSIS

Dialysis takes place across a semi-permeable membrane whose pores are relatively
small and hence permeable to the small ligand molecules, but impermeable to the
protein. In general, membranes are produced from cellulose, cellophane or collo-
dion. These membranes are sold commercially in the form of cylinders, which are
closed at each end to create a dialysis bag (Fig. 2.8).

_1 Free ligand

| Protein + free ligand

+ bound ligand
Dialysis bag
——m— | Magnetic bar
Magnetic stirrer |—|

Fig. 2.8 Equilibrium dialysis experiment

The protein solution is placed inside the bag, which also contains free ligand and
any ligand bound to the protein. Free ligand alone is found in the external solution.
When equilibrium is reached, the free-ligand concentration inside and outside the
bag is practically the same. In reality, this is not always possible due to the exist-
ence of the DONNAN effect. Indeed, if we consider a dilute salt solution of NaCl, the
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concentrations of CI” and Na® ions inside and outside of the dialysis bag are not
identical because of the existence of charges on the protein. In the interior of the
bag (i), the following equality holds true:

(CI)i+ (OH); = (P)Z+ (Na'); + (H);
where (P)Z is the charge on the protein. In the external solution (e), we have:
(CI)e + (OH). = (Na’). + (H).
The DONNAN equilibrium law leads to the following formula:
(Na®); _ (CI);
(Na*), — (CI),

This effect can be overcome by working at higher ionic strength (for example,
0.1 M NaCl) so that the protein charge becomes negligible relative to the charges
present in the solvent.

In order to study a ligand-binding equilibrium it is important to choose carefully
the protein concentration and to vary the ligand concentration in such a way that
there is significant variation in the concentration of free ligand. Clearly, this de-
pends on the equilibrium constant. The use of dialysis bags requires quite large quan-
tities of protein. When there is only a limited quantity of protein available (50-100 uL),
it is beneficial to use small dialysis cells comprising two compartments separated by a
semi-permeable membrane.

2.6.2. DYNAMIC DIALYSIS

P Equilibrium dialysis is quite a slow process; in order to reach equilibrium com-
pletely it may be necessary to wait several hours or, indeed, several days. This ex-
perimental requirement is a major limitation when using a particularly unstable pro-
tein. COLOWICK and WOMACK (1969) developed a continuous-flow dialysis method
or dynamic dialysis, which enables a complete dialysis experiment to be carried out
in 20 min. The principle of the method is outlined as follows. A dialysis cell is used
whose dimensions have been precisely calculated. The cell contains two compart-
ments separated by a semi-permeable membrane. The lower compartment receives a
constant flow of buffer solution, which is directed towards a fraction collector
(Fig. 2.9 opposite).

The upper compartment contains the protein in equilibrium with a radioactively
labelled ligand. The protein-ligand solution rapidly equilibrates; free radioactive
ligand passes into the lower compartment and is carried along by the flow towards
the fraction collector. The fractions are then recovered and their radioactivity con-
tent measured. Very quickly a steady state is reached wherein the rates of entry and
exit of the ligand to and from the lower compartment become equal. Under these
conditions, the radioactive ligand concentration in the flow-through is exactly pro-
portional to the concentration of free ligand in the lower compartment.
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Opening for the addition
of substrate

Protein solution
| Membrane

Magnetic W
AN

bars

Magnetic stirrer

/ N

Buffer To the fraction
solution entry collector

Fig. 2.9 Diagram of the apparatus for measuring ligand binding
by dynamic dialysis

The volume of buffer needed to reach this steady state is approximately four times
the volume of the lower compartment. The diffusion rate is therefore constant and it
remains so for a long time, as the quantity of substrate diffusing is low compared to
its concentration in the upper compartment. In the device described by COLOWICK
and WOMACK the lower compartment has a volume of 2 mL and the flow rate is
8 mL/min; the steady state is therefore reached after one and a half minutes. The
radioactive ligand is forced out incrementally with cold ligand, which is introduced
in the upper compartment. First of all, ligand alone is placed in the upper compart-
ment in order to determine the proportionality constant between the quantity of
radioactive ligand diffusing out and the concentration of free ligand left in this com-
partment. More precisely, the experiment is performed by placing the enzyme in the
presence of the ligand in the same conditions. A first plateau is reached from which
the concentration of free ligand in these conditions may be deduced. A small volume
of cold substrate solution is then added; a new steady state is reached as indicated by
a new plateau and so on until the final plateau is reached.

This should be identical to the plateau measured in a control experiment lacking en-
zyme in the upper compartment. The corresponding diagram (Fig. 2.10 below) may
be used to estimate the concentration of free ligand for each concentration of total
ligand, represented by each plateau in the radioactivity level. This simplification
results from the fact that the ligand concentration is exactly compensated by the iso-
topic dilution of the ligand. One consequence of this phenomenon is that, in the ab-
sence of enzyme, the addition of a non-radioactive ligand does not affect the plateau.
The diagram allows us to obtain directly the free-ligand concentration by dividing
each value corresponding to a plateau by the maximum value. From the difference,
we can calculate the concentration of bound ligand. In this manner, from the experi-
mental curve we can construct a SCATCHARD plot, from which the intrinsic affinity
constant and the number of binding sites may be determined.
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Fig. 2.10 Binding of radioactive ADP [ “cy
to sarcoplasmic reticulum vesicles (shown as stars)
The control curve without sarcoplasmic reticulum is also shown (black circles).
Inset: the binding parameters are determined from the SCATCHARD plot, V/ (L) the

concentration of ADP bound (in uM) as a function of the concentration of free ADP.
(Reprinted from Biochimie, 58, TENU J.P. et al., Binding of nucleotides ATP and ADP to sarcoplasmic
reticulum: study by rate of dialysis, 513. © (1976) with permission from Elsevier)

The quantitative aspect of the method when the steady state is reached can be easily
demonstrated. If N is the number of radioactive ligand molecules in the lower com-
partment at time t, after addition of substrate to the upper compartment, we have:

f
— =SD-N— 1
it | v (1]
S, is the concentration of radioactive free ligand in the upper compartment, f the buf-
fer flow rate (the buffer volume that crosses the lower compartment per unit time),
V, the volume in the lower compartment, D is a constant that depends on the dif-
fusing molecules and the characteristics of the apparatus. At steady state, dN/dt = 0
and:

N D

N g X 2

v oo (2]
N/V is the concentration of radioactive ligand in the lower compartment.

The time needed to approach the steady state is given by integrating the expression
[1]:
N _SD

v ; (l_e—(ﬁ/V))+ N(\t;o) e—(ﬁ/V)



2 — PROTEIN-LIGAND ASSOCIATION EQUILIBRIA 55

Thus, when the volume crossing the lower compartment is less than four (or more)
times the compartment volume, the exponential term e ™" is less than 0.018 and
the concentration is greater than 98% of the value at steady state.

In order for this experiment to be well controlled quantitatively it is important that
the flow rate, the mixing rate and the dimensions of the chamber are accurately cal-
culated and that these rates are maintained perfectly constant.

2.6.3. MEASURING PROTEIN-LIGAND INTERACTIONS
IN A BIPHASIC WATER-POLYMER SYSTEM

GRAY and CHAMBERLIN (1971) presented an alternative to the method of
COLOWICK, with two advantages: speed of execution and the need for only small
quantities of protein. The method involves partitioning in a two-phase system in
which dextran (MW 500 000) and polyethylene glycol are mixed with the protein
and ligand. The two phases are then separated; samples of each phase are removed
and the concentrations of protein and ligand are measured in each. Proteins tend to
partition preferentially in the dextran phase at weak ionic strength. Small ligands are
found in both phases. The equilibrium of ligand and protein partitioning in the two
phases is reached after a few minutes or even less. The technique requires only low
quantities (microlitre volumes) of reactant; the validity of the method rests on the
fact that the ligand molecules bound to protein partition into the same phase as the
protein. In order to analyse the results, the fractions of protein and ligand molecules
in both phases must be known. To achieve this, precise determinations are carried
out prior to ligand-binding experiments. For this study, it is essential that the protein
partitions preferentially into a phase in such a way that the concentration of bound
ligand is always negligible compared to the free-ligand concentration in the other
phase.

The dextran/polyethylene glycol system was chosen because the two phases can be
quickly separated and protein molecules partition preferentially in the dextran phase
if certain conditions are respected. However, numerous controls must be carried out
as this type of technique has two important limitations. The first is that certain pro-
teins, particularly small proteins, do not have a huge tendency to partition into a sin-
gle phase; theoretical considerations show that this phenomenon depends on the size
and on the surface properties of the molecule. The second limitation results from
the fact that the environment of a protein in a biphasic system is not the same as in
dilute aqueous solutions, in which ligand-binding studies are generally performed.
Thus, this environment may affect the association properties of the ligand and
protein. V'

2.6.4. SIZE-EXCLUSION CHROMATOGRAPHY

Molecular sieves, for example Sephadex, which retard the elution of smaller mol-
ecules and let larger molecules pass more quickly down a chromatography column,
can be used to separate free ligand from bound ligand that is carried along during
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the elution of the protein. The column used must be equilibrated with a buffer solu-
tion containing the ligand at a given concentration. The protein, in the presence of
the same ligand concentration, is then loaded onto the column and eluted by the
buffer solution including ligand. The ligand must have a property (radioactivity,
absorption band) that allows its total concentration to be measured in the eluate
(Fig. 2.11). This process is repeated for each ligand concentration (HUMMEL &
DREYER, 1962). The introduction of techniques of high performance liquid chro-
matography (HPLC) has improved the precision and speed of obtaining results.

—_
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o
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T

Fig. 2.11 Elution profile monitored
by absorbance at 285 nm following
1 the passage of ribonuclease

04 | down a Sephadex G25 column,

previously equilibrated with

2’cytidilic acid

(Reprinted from Biochimica Biophysica Acta,

63, HUMMEL J.P. & DREYER W.J.,

0 L 1 1 ! Measurement of protein-binding phenomena by
0 10 20 30 40 gel filtration, 530. © (1962) with permission

Elution volume (mL) from Elsevier)

2.6.5. ULTRAFILTRATION

¥ Ultrafiltration uses the property of certain filters to absorb proteins while free ligand
is not retained on them. In principle, it suffices to filter an homogenous, mixed solu-
tion of protein and ligand through these filters (e.g. nitrocellulose, semi-permeable
membranes etc.). Subsequently, the proportions of ligand retained on the filter and
free ligand in the filtrate are measured. Importantly, it must be stressed that this
method may lead to errors because it disturbs the association equilibrium. Equally, it
should be noted that the filters used might become saturated by relatively weak pro-
tein concentrations (YARUS & BERG, 1970). A

2.6.6. ULTRACENTRIFUGATION

In this method the homogenous protein-ligand solution is subjected to a gravitation-
al field. After a suitable period of time, at the top of the centrifugation tubes the so-
lution contains only free ligand whose concentration can be determined (STEINBERG
& SCHACHMAN, 1966). Originally, the method required analytical or preparative
ultracentrifuges. It has since been adapted for use with ultra-rapid tabletop micro-
centrifuges (HOWLETT et al., 1978).
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2.6.7. DIRECT SPECTROPHOTOMETRIC METHODS

If a substrate, or more generally, a ligand possesses a chromophore that absorbs in
a region not interfering with the absorption spectrum of the protein, then spectro-
scopic methods offer a rapid and easy means to study its association to the protein.
The absorption spectrum of the protein-ligand complex needs to shift with respect
to the spectrum of the free ligand and is often the case. Furthermore, a wavelength
must be found where the difference in absorbance is large enough for any variation
to be measurable in a relatively large zone of ligand concentrations (Fig. 2.12).

L EL

AA

Absorbance

AA(EL -L)

and of the enzyme-ligand complex, EL
.. A
so the conditions are favourable \\/
for the application of this method
escence signal of the substrate changes sufficiently for detection. Since fluores-

Fig. 2.12 Spectrophotometric method )Y
(a) absorbance spectrum of a ligand L
b
(b) difference absorbance spectrum. /—\
The difference is significant, |
It is often preferable to employ much more sensitive fluorescence methods where
possible. Such methods are applicable when, upon binding to an enzyme, the fluor-
cence methods are highly sensitive it is crucial to ensure that buffer solutions do
not contain fluorescent impurities.

In certain cases, the fluorescence of the enzyme itself may be monitored if ligand
binding significantly affects its signal.

2.6.8. DIRECT TITRATION OF A NUMBER OF ACTIVE SITES

When a ligand possesses a very strong affinity for a protein, the protein concentra-
tion can be much higher than the dissociation constant. Under these conditions,
virtually all the added ligand binds and the number of binding sites may be directly
titrated. In this way, for example, it was possible to titrate directly the catalytic
sites of aspartate transcarbamylase with N-phosphonacetyl-L-aspartate (PALA), an
analogue of a substrate transition state (KERBIRIOU et al., 1977). Figure 2.13 be-
low shows below the results of the titration.
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Fig. 2.13 Spectrophotometric titration of the catalytic sites of aspartate
transcarbamylase (ATCase) by N-phosphonacetyl-L-aspartate (PALA)
(a) using isolated catalytic subunits (catalytic trimer) — (b) using the full-length enzyme,
which possesses six catalytic subunits. (From J. Biol. Chem., 252, KERBIRIOU D. et al., 2881.
© (1977) with permission from The American Society for Biochemistry and Molecular Biology)

2.6.9. INTERPRETATION OF EXPERIMENTAL DATA

The analysis of experimental data from ligand-binding studies is often very sensi-
tive and may lead to errors in interpretation, notably when a protein possesses sev-
eral categories of binding site, or when it displays cooperative or anti-cooperative
interactions. If only one category of equivalent and independent binding site exists
the situation is simpler, although certain precautions must still be taken. Firstly, the
experimental study must span a wide ligand concentration range. If possible this
should vary by two orders of magnitude and around the intrinsic affinity constant
(or constants). Indeed, if the concentration range covered in the experiment is too
narrow the conclusions may sometimes lead to the perception of only a single cat-
egory of binding site, when in fact several exist.

In order to illustrate this last point, we will consider one of the most discussed ex-
amples in articles regarding the analysis of ligand binding: that of carbamyl phos-
phate binding to aspartate transcarbamylase. SUTER and ROSENBUSH (1976) car-
ried out several experiments in a concentration range of carbamyl phosphate
varying between 0.5 and 200 uM. The corresponding SCATCHARD plot is clearly
not linear (Fig. 2.14 opposite). The results were interpreted on the basis of two
classes of site, that is, three (2.9 =0.2) high-affinity sites (K;giss =2.3 uM) and
three (2.9 + 0.2) sites with lower affinity (K 4is = 62.5 uM), the enzyme concentra-
tion being 1.7 uM. If the authors had explored a narrower concentration range, they
might have concluded that four equivalent and independent sites existed with an
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affinity corresponding to K'giss = 3.2 uM. This type of error arising through ex-
periment flaws is still frequently encountered in the literature. Furthermore, it is not
always easy to reach sufficiently high ligand concentrations (due to low solubility)
or, conversely, sufficiently low concentrations (due to inadequate sensitivity). It is
therefore essential to bear in mind that in some experiments the presence of cer-
tain sites may not be detectable and this must be taken into account during their

interpretation.

v/(L)
1.5 F
Fig. 2.14 Binding of carbamyl-
phosphate to aspartate 1
transcarbamylase
Dashed lines mark a narrower
ligand concentration range. 05
(From J. Biol. Chem., 251, SUTER P.
& ROSENBUSH J.P., 5986. © (1976) with
permission from The American Society

for Biochemistry and Molecular Biology) : : ~

Amongst the errors found in the literature, it is useful to point out the erroneous
interpretations of the non-linear SCATCHARD plots mentioned by NORBY et al.
(1980). Figure 2.15 illustrates this type of error. Figure 2.15a represents the false
interpretation, which involves comparing the slope of the linear parts of the dia-
gram to the dissociation constant and simply extrapolating in order to have the num-
ber of sites of each category. Figure 2.15b represents the rigorous deconvolution of
this diagram according to the procedure previously indicated (see Sect. 2.3.3).

-~~~ ~~
& —
= a = b
I~ [
n;+ny v ny n, nj+mnp v

Fig. 2.15 Theoretical SCATCHARD diagrams for the binding of a ligand
to two categories of different sites

(a) incorrect resolution of the data — (b) correct resolution of the data
(Reprinted from Anal. Biochem., 102, NORBY J.G. et al., Scatchard plot: common misinterpretation of binding
experiments, 318. © (1980) with permission from Elsevier)
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P When the experiment is conducted in a correct manner and there is no ambiguity in
the graphical plot, it is still important to select the best procedure for data analysis.
This has been the object of numerous discussions in the literature. It has been previ-
ously underlined that among the linear representations, the SCATCHARD plot enables
a better determination of the experimental parameters than the KLOTZ plot. This will
be demonstrated in Part II (Chap. 5, Sect. 5.2.3) for the EADIE and LINEWEAVER-
BURK plots, which, in the case of enzyme reactions, are equivalent to the
SCATCHARD and KLOTZ plots, respectively.

KLOTZ (1982) criticised the use of the SCATCHARD plot, in particular when extrapo-
lating to deduce the number of sites in biological systems, where several categories
of receptor site with different affinities often exist; so too for non-specific binding,
since often these experiments do not allow values close to saturation to be reached.
KLOTZ proposed the use of another type of representation in which the concentration
of bound molecules is plotted as a function of the logarithm of the free ligand con-
centration. If all sites are equivalent and independent, this representation has the fol-
lowing properties: the inflexion point corresponds to half saturation, the sigmoidal
curve is symmetrical about the inflexion point, the plateau corresponding to n, the
number of sites, is reached asymptotically for very large values of free-ligand con-
centration. KLOTZ emphasised that in many cases extrapolation of the SCATCHARD
plot is carried out when actually the inflexion point is not yet reached. Figure 2.16
illustrates KLOTZ’s argument. In fact, the same arguments can be made for the semi-
logarithmic plot, because it is often very difficult to locate the inflexion point on
such a diagram and the symmetry that enables deduction of the saturation is only
valid when the sites are both equivalent and independent.

v a v/(L) . b v ¢
nk .- 008 1000
ny, | . 0.06 600 |
0.02 200
1 1 1 1
log (L) 200 400 600 800 V 2 3 4 log (L)

Fig. 2.16 (a) semi-logarithmic representation of bound ligand as a function of the
logarithm of the free-ligand concentration, for a receptor with n identical sites (b)
SCATCHARD plot for the binding of diazoprane to benzodiapine receptors from rat
cerebral cortex membranes (c) changes in bound ligand as a function of the free-

ligand concentration (same representation as in (a) with the data from (b))
(From Science, 217, KLOTZ, Numbers of receptor sites from Scatchard graphs: facts and fantasies, 1248.
© (1982) reprinted with permission from American Association for the Advancement of Science)

Incidentally, MUNSON and ROBARD (1983) raised a “constructive criticism” of both
the SCATCHARD and KLOTZ representations and underlined that the semi-logarithmic
plot is not superior to the SCATCHARD plot; the important point being that they
should be used and interpreted correctly. They recommended using a statistical
method to analyse the data. These authors (1980) suggested a mathematical proced-
ure for the analysis of ligand-binding data. They employed a weighted least-squares
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method for the determination of binding parameters by considering different multi-
ple-binding models likely to be encountered in several areas of biology such as en-
docrinology, neurology, immunology, enzymology and the physico-chemistry of
proteins. The SCATCHARD plot, despite its advantages, does not lend itself to statis-
tical analysis, since the variables plotted on the horizontal and vertical axes are not
independent. However, it is frequently used as an initial means to obtain provisional
estimates for the constants. A detailed treatment of the statistical analysis methods is
given in Part II (Chap. 5, § 5.2.3). Other calculation procedures have been sug-
gested such as the simulation method based on the binding polynomial of WYMAN
(see § 2.5) proposed by JOSE (1985). Several programs for the statistical data analy-
sis of protein-ligand binding have been developed and are available. The program
CMFITT, developed by M. DESMADRIL, is currently commercialised by the CNRS.

The fact remains that ligand-binding equilibria involving proteins that comprise dif-
ferent classes of binding site or interactions between the sites are always difficult to
interpret and may lead to false conclusions even if the experiments have been con-
ducted correctly and a statistical analysis of the data carried out. This notion has
been emphasised by several authors, in particular LIGHT (1984) (see also the re-
sponse of PAUL et al., 1984). Therefore, it is worth independently obtaining com-
plementary information such as structural data, for example. Thus, in the case of the
binding of carbamyl phosphate to aspartate transcarbamylase, the statistical treat-
ment of FELDMAN (1983) and the comments by KLOTZ and HUNSTON (1984) clearly
indicate that structural data were able to remove the ambiguity. 4
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