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Abstract

Quantitative analyses of the thermodynamics and kinetics of ligand—macromolecule interactions in biological systems
rely predominately on monitoring changes in the spectroscopic properties of the ligand or macromolecule, particularly
fluorescence changes, which accompany the formation of the studied complexes. However, in many instances the
interactions do not affect the fluorescence properties of interacting species and do not provide a resolution high enough to
perform quantitative and rigorous measurements of the thermodynamic and /or kinetic parameters. In this communication,
we describe the theoretical and experimental aspects of a method of studying complex, multiple ligand—~macromolecule
interactions by the fluorescence titration technique, when the intrinsic fluorescence changes accompanying binding do not
provide a resolution necessary to perform quantitative analyses. The method is based on the fact that a fluorescent ligand, or
binding sites of the macromolecule, can have different accessibility to the collisional (dynamic) quencher, when involved in
the complex, rather than in the free, unbound state. The presence of an external dynamic quencher in solution, i.e., the
presence of an extra collisional quenching process, transforms the fluorescence of the ligand or macromolecule, intrinsically
independent of the complex formation, into a property which is dramatically different in the free state than in the bound state
of the fluorophore. The approach is applicable to any model of noncooperative or cooperative ligand binding to a
macromolecule and allows for the optimization of the resolution of the binding or kinetic studies for a given ligand—macro-
molecule system. The application of the method is illustrated by applying it to the study of the binding of the fluorescent
derivative of a nucleotide cofactor, £ADP, to the six interacting sites of the E. coli primary replicative helicase DnaB
protein hexamer.
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1. Introduction

Any method used to study quantitatively the equi-

e librium aspects of ligand binding to a macromolecule
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techniques have been developed to study equilibrium
properties of specific and nonspecific ligand—macro-
molecule interactions in which binding is directly
monitored, including equilibrium dialysis, ultrafiltra-
tion, column chromatography, filter binding assay,
and gel electrophoresis [1-5]. These direct methods
are very straightforward; however, they are usually
time-consuming and some, like filter binding or gel
shift assays, are nonequilibrium techniques which
require many controls before the reliable equilibrium
binding data can be obtained. Therefore, these direct
methods are usually applied to systems where the
indirect spectroscopic approaches cannot be used due
to the lack of suitable signal changes accompanying
the formation of the complex.

Using indirect methods, the binding of the ligand
is determined by measuring a physicochemical pa-
rameter of the macromolecule—ligand mixture, most
often a spectroscopic one, e.g., absorbance or fluo-
rescence. The change in the physicochemical param-
eter is then correlated with the concentration of the
free and bound species. The advantages of using
spectroscopic measurements are that these can be
performed without perturbing the equilibrium and
are relatively easy to apply.

Fluorescence spectroscopy appears to be a partic-
ularly useful method for studying macromolecular
binding in biological systems [3,6—12]. This very
sensitive technique allows the experimenter to follow
the binding in a range below micromolar concentra-
tion, where the application of limiting thermody-
namic relationships is fully justified and the require-
ment for the studied material is very low. Many
biologically important compounds are intrinsically
fluorescing, e.g., proteins, enzyme substrates, cofac-
tors, etc. Upon forming complexes, these compounds
experience strong changes in their fluorescence prop-
erties. However, there are many ligand—macromole-
cule systems where, in spite of strong intrinsic fluo-
rescence, either there is no fluorescence change of
the ligand and /or the macromolecule accompanying
the binding or the change is too small to be adequate
to accurately determine the thermodynamic and ki-
netic properties of the interacting system.

In this communication, we present a method for
studying ligand—macromolecule interactions by a
fluorescence titration technique which is applicable
when the fluorescence change accompanying the

binding is very low or non-existent, and where the
fluorescence change originates from the ligand or the
macromolecule. The method utilizes the fact that, in
spite of a low or no fluorescence change accompany-
ing the binding, fluorescent ligand or fluorescent
residues of the macromolecule will have different
accessibility to the collisional quencher when en-
gaged in the complex than when in the free state. In
such a case, the addition of the collisional quencher
to the sample will induce a difference in the fluores-
cence of the bound and free fluorophore, thus provid-
ing the necessary signal change to monitor the bind-
ing and perform quantitative analyses of the interac-
tions.

We show that this approach is applicable to any
model of multiple cooperative or noncooperative lig-
and binding to the macromolecule and provides the
experimenter with a method to select the optimal
conditions to obtain a high-resolution binding
isotherm for a given ligand—macromolecule system.
We also show that, once such optimal conditions are
found, one can apply the same general method of
analysis to obtain absolute stoichiometries and inter-
action parameters, as in the cases where binding is
accompanied by a change in the ligand fluorescence,
as a result of an intrinsic property of the interacting
system [10,13-21].

2. Materials and methods
2.1. Reagents and buffers

All chemicals were reagent grade; £ADP, from
Sigma, was used without further purification. All
solutions were made with distilled and deionized 18
MQ (Milli-Q) water. The standard buffer (T3) was
50 mM Tris adjusted to pH 8.1 at appropriate tem-
peratures with HCl, 5 mM MgCl,, 25% glycerol.
The temperatures and the concentrations of NaCl in
the buffer are indicated in the text.

2.2. DnaB protein

The E. coli DnaB protein was purified as previ-
ously described by us [13]. The concentration of the
protein was determined spectrophotometrically, us-
ing the extinction coefficient £,4, = 1.85 X 10° ¢cm™!
M ! (hexamer) [18,19].
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2.3. Steady-state fluorescence measurements and
binding analysis

All steady-state fluorescence measurements were
performed using the SLM 48000S spectrofluorom-
eter as we previously described [13,16]. Analyses of
the isotherms of the £ADP binding to the DnaB
hexamer have been performed according to the
hexagon model which uses only two interaction pa-
rameters, the intrinsic binding constant, K, and co-
operativity parameter, o, to describe the nucleotide
binding process and is defined by the following
[13-15]

(Ev)g=(6x+6(3+20)x*
+6(1+60+30?%)x*
+12(302+20°) x*
+300%x’ +60°x%) /2, (1a)

Zy=1+6x+3(3+20)x?

+2(1+60+30?)x?
+3(Bc*+20)x* + 605 +a%x* (1b)

where (Xv;), is the average number of the nu-
cleotide bound to DnaB hexamer, and x = K[Lg]
and [Lg] is the free nucleotide concentration. The
quantity Z, is the partition function of the DnaB
hexamer—nucleotide system [13].

3. Results and discussion.

3.1. General analysis of fluorescence titrations of a
ligand with the macromolecule in the presence of a
collisional quencher

3.1.1. Effect of the collisional quencher on the fluo-
rescence of a ligand, both free and bound to the
macromolecule

When the fluorescent ligand molecule is excited
by incident light, it can return to its ground state, via
either fluorescence or various radiationless processes
(quenching). The steady-state intensity of fluores-
cence of the molecule, F°, is a function of the

competing rates of these processes and is defined by
[22,23]
Foo Ly 2

= —— T

kf + E ki flo ( )
where k. is the rate constant of fluorescence emis-
sion, Lk; is the sum of the rate constants of all
radiationless processes which participate in depopu-
lation of the excited state, and 7, = (1/k; + Xk,) is
the excited-state lifetime of the fluorophore.

When a collisional quencher, Q, is present in
solution, an additional dynamic quenching process
appears and the steady-state fluorescence of the fluo-
rophore, F_, is described by

F ke
T ke + Tk, + & [Q]

(3)

where kg is the bimolecular quenching constant and
[Q] is the concentration of the collisional quencher.
Dividing Eq. (2) by Eq. (3) one obtains the Stern—
Volmer equation [22,24], which is a convenient way
of presenting the effect of the added collisional
quencher on the fluorescence of the studied molecule

o

f;_ — 1+ [Q] = 1 +Kp[Q] (4)

where Kp, =k,7, = [Tfﬁ’] is the Stern—Volmer
quenching constant [22].

Egs. (2)—(4) describe the effect of the collisional
quencher on the fluorescence of the ligand molecule
free in solution. The situation is more complicated
when the ligand forms a complex with the macro-
molecule, where it can exist in multiple bound states,
differing in the accessibility to the quencher. Let us
consider the situation where the fluorescent ligand
binds to the macromolecule (protein or nucleic acid)
and the complex formation is not accompanied by
any change in the fluorescence of the ligand. How-
ever, if the accessibility of the ligand molecule to the
added external collisional quencher, Q, is limited in
the complex, when compared to the free ligand in
solution, the quenching efficiency of the fluores-
cence of the ligand, at a given quencher concentra-
tion, [Q], in the complex with the macromolecule
will be lower.
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As we pointed out, in the general case, multiple
ligand molecules can bind to a macromolecule. The
observed fluorescence of the ligand, F,,, in the
presence of the macromolecule but in the absence of
the dynamic quencher, has contributions from the
free ligand, Fg, and the ligand bound to the macro-
molecule in all possible j bound states. Thus, the
fluorescence of the ligand in the presence of the
macromolecule, but in absence of the quencher Q, is

described by
Fo,=Fpglg+ LFL; (5)
where F, is the observed fluorescence of the ligand
in solution, in the presence of macromolecule, F;
and L are the molar fluorescence and the concentra-
tion of the free ligand, F; and L; are the molar
fluorescence and the concentration of the ligand
bound in state j, respectively. Because there is no
change in the ligand fluorescence upon complex
formation (F = F)), the molar fluorescence intensi-
ties, Fr and F; can be described in terms of emis-

sion and quenching rate constants by

kf
Fe=h) k;+ Lk, ©

Introducing Eq. (6), for F and F,, into Eq. (5),
one obtains

ks k¢
ki + Xk, ke+ Lk,

Eq. (7) states that the fluorescence of the ligand is
independent of the degree of saturation with the
macromolecule and is valid when the molar fluores-
cence of the ligand in solution is independent of its
concentration, e.g., in the absence of the ligand
and /or macromolecule aggregation.

If the dynamic quencher is present in solution, it
will quench, but in a different manner, the fluores-
cence of the free ligand and the ligand bound to the
macromolecule in all possible j bound states. There-
fore, in the presence of the dynamic quencher, at
concentration [Q], the fluorescence of the ligand—
macromolecule mixture is defined by

Fp.= Ly + XL (7)

where
kf
FFq =
ki + Xk, +k,[Q]

(8b)

and
F al
7 k4 Tk + b, [Q]

(8¢)

The quantities Fg, and F}; are the molar fluores-
cence of the free ligand and the ligand bound to the
protein in a particular state, j, in the presence of the
collisional quencher at concentration [Q]. The param-
eters, kq and qu, are the bimolecular quenching
constants for the free ligand and the ligand bound to
the macromolecule, in a particular state, j.

The resolution of the binding experiment depends
on the difference between the observed fluorescence
of a free and bound ligand. Thus, the larger the
difference between Fy, and F;, in Egs. (82), (8b)
and (8c), the more accurate the binding isotherms
that can be obtained. The effect of the collisional
quencher on the fluorescence of the ligand, free and
bound to the macromolecule, can be determined
using the Stern—Volmer analysis [24]. For simplicity,
we consider the binding of the ligand to two inde-
pendent classes of binding sites on the macro-
molecule, with each class having three binding sites.
The affinities for the first and second classes of
binding sites are characterized by intrinsic binding
constants, K, and K,, respectively. Thus, in the
presence of the macromolecule, the ligand exists in
solution in three different states: free, bound to the
first class, and bound to the second class. It should
be stressed that the analysis presented below is inde-
pendent of the model and is valid for any coopera-
tive, as well as noncooperative, binding system.

In the most general case, the ligand, free and
bound in two different classes of binding sites, will
have different Stern—Volmer quenching constants,
Kpss Kpy», and Kp,,, respectively. The Stern—
Volmer relationship for the considered model is given

Fy,=Fp L+ TF, L, (8a) by
Fa, Lr(1 + Ky [QD)(1 + Kpu[21)(1 + KonalQ))
F

obs - LF(I + KDbZ[Q])(l + KDbZ[Q]) +LBI(1 + KDf[Q])(l + KDbZ[Q]) +LBZ(1 + KDf[Q])(l + KDbZEg)])
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where L, is the total ligand concentration (the
derivation of Eq. (9) is given in Appendix A).

A series of theoretical Stern—Volmer plots for the
quenching of the ligand fluorescence at a different
degree of saturation of the ligand with the macro-
molecule is shown in Fig. 1. The degree of the
ligand saturation is defined as Ly /L, the ratio of
the concentration of the bound ligand, Ly, to the
total ligand concentration L. In the considered case,
the Stern—Volmer quenching constants for the ligand
bound to macromolecules, K, and K,,,, are lower
than the quenching constants for the free ligand, K
(Kpe=30 M7, K, =15 M7, Ky, =5 M)
Thus, the plot with the highest slope characterizes
the quenching of the fluorescence of the ligand at a
very low degree of saturation with the macro-
molecule. As the saturation of the ligand increases,
the slope of the Stern—Vomer plot decreases. Finally,
the slope reaches the lowest constant value character-
istic for the ligand which is virtually completely
saturated with the macromolecule. This slope is a
function of the quenching constants and the distribu-

0 005 01 015 02 025 03 035
[l

Fig. 1. Theoretical Stern—Volmer plots of the quenching of the
fluorescence of the ligand by the collisional quencher, [Q], at a
different degree of the ligand saturation with the macromolecule,
(Lg /Ly) and (Ly and Lp, are the bound and total ligand
concentrations, respectively). The binding of the ligand is de-
scribed by two independent classes of binding sites, each contain-
ing three sites, characterized by two intrinsic binding constants
K,=10° M~! and K,=10° M™' (see text for details). The
Stern—Volmer quenching constants for the ligand, free and bound
to the first and second classes of binding sites, are Kp; =30
M~ Kppy =15 M7, and Kp,, =5 M™!, respectively. The
values of the degree of the ligand saturation (L /L1) are: (a)
0.003; (b) 0.076; (c) 0.22; (d) 0.51; (e) 0.99.

tion of the ligand molecule on the macromolecule
between two classes of binding sites (see below).

Stern—Volmer plots provide an initial estimate of
the resolution of the binding experiment. The differ-
ence between the fluorescence of the free ligand and
of ligand bound to the macromolecule can be in-
creased by increasing the concentration of the colli-
sional quencher in the sample (Fig. 1 and Egs. (8a),
(8b) and (8c)). The computer-simulated fluorescence
titrations of the ligand with the macromolecule, in
the presence of different concentrations of the colli-
sional quencher, are shown in Fig. 2. The Stern—
Volmer quenching constants are the same as in Fig.
1. Progressive addition of the macromolecule to the
solution containing the ligand, in the presence of the
collisional quencher, results in an increase in the
fluorescence of the sample as more ligand molecules
are bound in the complex. This fluorescence increase
is due to the fact that by increasing the concentration
of the macromolecule, the population of the bound
ligand molecules, whose fluorescence is quenched to
a lower extent, is increasing, while, at the same time,
the population of the free ligand molecules, more
efficiently quenched by the quencher, is decreasing.
Also, at higher quencher concentrations, [Q], a larger
relative increase in the fluorescence of the ligand,
compared to the free ligand, is observed, resulting
from the larger difference between the fluorescence
of the free and bound ligand at a higher [Q]. Clearly,
titrations which are performed at higher collisional
quencher concentrations provide higher resolution
binding isotherms.

The maximum relative change of the ligand fluo-
rescence, Al ,,, in the presence of a given quencher
concentration, [Q], observed at a saturating concen-
tration of the macromolecule is defined by

YF_L.—Fg L
AImax=IqF—1LFq—l (10)
Fq =T

where L is the total ligand concentration, and Fp,
and F,, are defined by Eq. (8b) and Eq. (8c), respec-
tively. Notice that Fg, Ly is the initial fluorescence
of the solution of the ligand before addition of the
macromolecule, and L F, L; is the fluorescence of
the same ligand solution where the ligand molecules

are completely saturated with the macromolecule.
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Fig. 2. Computer-simulated titrations of the fluorescent ligand
with the macromolecule in the presence of different concentra-
tions of the collisional quencher. The binding of the ligand is
described by two independent classes of binding sites (see text for
details) with intrinsic binding constants X, =10* M~ ! and K, =
10° M~! for the first and second classes, respectively; the
quenching constants are as in Fig. 1. The quencher concentrations,
[Q], are: (a) 300 mM; (b) 200 mM:; {(c) 100 mM; (d) S0 mM; (e)
25 mM.

The absolute value of A, at high [Q] depends on
the concentration of the quencher in the solution;
however, the magnitude of AI_,, is independent of
the absolute values of the quenching constants, K.
Kpy- and K., but is dependent on their ratios.
This results from the definition of the A/ ,, which
is a relative increase in the ligand fluorescence upon
binding to the macromolecule, with respect to its
initial fluorescence in the absence of the macro-
molecule, as described by Eq. (10). For the model of
the ligand binding to the macromolecule, in the two
different classes considered here, AI_,, is defined in
terms of [Q] and the Stern—-Volmer quenching con-
stants by

AImax = (1 + KDf[Q])
Kl
(1 + KDbl[Q])( Kl +K2)
K2
T+ Kona QD) (K, 7 K3)
1
T[Q]) (o

The derivation of Eq. (11) is given in Appendix A).
Fig. 3a shows the dependence of the maximum

X
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change of the fluorescence, Al ,,, as a function of
the quencher concentration for the different values of
the dynamic quenching constants, Kp;, Kp,, and
Koy, and the same ratio Kpp:Kpp s Kpy, = 6:2:1.
Because the ratio is the same, all plots reach the
same plateau value, i.e., the same Al ., at a high
quencher concentration. However, for the low values
of Kypy Kpyy» and Kpy,, the same value of AT, is

reached at a higher concentration of the quencher,
which results from the fact that lower values of the
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Fig. 3. (a) The dependence of the maximum increase of the ligand
fluorescence, A, . in the complex with the macromolecule as a
function of the collisional quencher concentration at different
values of the dynamic quenching constants, Kp;, Kpp,. and

K. but at the same ratios, Kpe:Kpp i Kpyy =6:2:1; (- -+ )
15, 75, 2.5, (— — —) 30, 15, 5; (— — -) 60, 30, 10;
(——) 120, 60, 20. (b) The dependence of the maximum

increase of the ligand fluorescence, Al ,,, in the complex with
the macromolecule as a function of the collisional quencher
concentration at different ratios of the dynamic quenching con-
stants, K e Kpyi: Kppas ( )8,
2, L(———)62 1;( )42, 5(---)3,2, 1;
[CERRR ) 2, 2, 1. The binding of the ligand to the macromolecule is
described by two independent classes of binding sites, with three

sites in each class (see text for details).
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quenching constants indicate lower efficiency of the
quenching process [25].

Theoretical plots of the dependence of the maxi-
mum increase in the fluorescence of the ligand,
AI .. as a function of the quencher concentration
(Eq. (11)), for different ratios of the collisional
quenching constants, Kp;:Kpy, K pyy» are shown in
Fig. 3b. The value of Ky, is kept constant (2 M~')
and different values are assigned to Ky and Kp,.
Clearly, the higher the Kp;:Kp,:Kpp, ratio, the
higher the maximum increase of the fluorescence
Al .. As the ratio of Kp;:Kp,,:Kp,, decreases,
the possible maximum fluorescence increase is de-
creased and is lower for the lower ratio at any

concentration of the quencher.

3.1.2. Fluorescence titration of the ligand with the
macromolecule in the presence of a collisional
quencher. Determination of the absolute thermody-
namic isotherm for the ligand binding to the macro-
molecule

In macromolecular binding studies, the titration
can be performed in two ways. 1) The ligand is
added to the sample containing a constant concentra-
tion of the macromolecule. This method is called
"normal titration." As the titration proceeds, the
degree of binding increases, finally reaching satura-
tion. 2) The macromolecule is added to the sample
containing a constant concentration of the ligand
[10,11]. As the titration progresses, the degree of
binding, or the saturation of the macromolecule with
the ligand, decreases. This method is called "reverse
titration" . If the system is in equilibrium, both meth-
ods are completely equivalent. The "normal titra-
tion" technique is primarily used when the followed
signal originates from the macromolecule, whereas
the "reverse titration" technique is used when the
signal originates from the ligand. Therefore, in the
first case, the apparent saturation of the macro-
molecule is observed, whereas, in the second case,
the apparent fractional saturation of the ligand is
followed. In our discussion of the binding analysis in
this section, we assume that the data have been
collected by the fluorescence reverse titration method.

As we pointed out above, in general, the colli-
sional quencher may have a different effect on the
fluorescence of the bound ligand in different classes
of binding sites. This generalization has been in-

cluded in our considerations by applying different
quenching constants for the two binding classes, as
expressed by Egs. (6), (7), (8a), (8b) and (8c). As a
result, the fractional change of the ligand fluores-
cence upon addition of the macromolecule will not
be equal to the fractional saturation of the ligand
[16,17]. In the following section, we show that the
general method of analysis used to obtain the ther-
modynamically rigorous isotherm for the general
case of multiple ligand binding, where the fractional
change of the ligand fluorescence upon addition of
the macromolecule may not be equal to the fractional
saturation of the ligand, can be applied when the
fluorescence change, used to monitor the binding,
results from the differential collisional quenching of
the free and bound ligand in the presence of an
external quencher [16,17].

If the ligand binds to the macromolecule in differ-
ent multiple classes of binding sites, the concentra-
tions of the free ligand, Lg, and the concentration of
the ligand bound in all different states, 2L, are
related to the total ligand concentration by the mass
conservation equation

Ly=Lg+ZLL (12)
Also, for every L; there is the relationship
L; =M, (13)

where v; is the binding density or degree of binding
(moles of ligand bound per mole of macromolecule)
for the j state, and M is the total concentration of
the macromolecule. In the presence of the collisional
quencher, the fluorescence of the ligand, in the pres-
ence of a macromolecule, is defined by Egs. (8a),
(8b) and (8¢). Introducing Eq. (12) and Eq. (13) into
Eq. (8a) gives

F,

obs

— FegLy = My Z(Fq = Fq)v; (14)

After dividing both sides of Eq. (14) by Fg Ly
(the initial fluorescence of the sample in the presence
of the quencher [Q], but before the addition of the
macromolecule) then multiplying by (%) one ob-

Ly —F,
e

tains

Fobs - FFq LT
Fey Ly

v; (15)
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or

L

Alobs(ﬁTT_) =Z(Almax)jvj (16)
where Al = (F,, — Fg, L1/ Fg,Lr)is the observed
change of the protein fluorescence for the particular
values of L; and My, and (Al ) =(F, —
Fry/ FFq) is the maximum fluorescence change of
the protein fluorescence when bound in state j, in the
presence of the collisional quencher at concentration
[Ql.

Egs. (15) and (16) indicate that the quantity AT,
(A—Lﬁ) is equal to £(A/_,,);v;, the net binding density
for all j states of ligand binding, weighted by the

extent of the fluorescence change of each bound
L
state. We refer to the quantity, Al (HT_) as the

"binding density function” [10]. For titrations car-
ried out under a given set of constant experimental
conditions and the same total quencher concentration
[Ql, the weighting factors, (AL, ), are intensive
molecular quantities which are characteristic for a
particular binding state, j, and are the sole function
of the structure of the ligand—macromolecule com-
plex j and the collisional quencher concentration

[Q]. Therefore, for a given binding density distribu-

. . F

tion, Zvj, the function, Al { — ], has the same
My

value, independent of the macromolecule concentra-

tion M;. In other words, the binding density distri-
bution, Xv;, depends solely on the free ligand con-
centration L. Therefore, at the same value of the
binding density function, at different macromolecule
concentrations, M, the total ligand concentrations,
Ly, are related to Ly and Xu; by the linear mass
conservation equation

Ly=Lg+ (Xv;) My (17)

Thus, one can obtain absolute measurements of
Yv; and Ly by performing two or more titrations at
different total ligand concentrations and plotting
Aly, (%) vs. loglM:l A series of theoretical

L)
MT VS.
log[ M, ], at different total ligand concentrations, and
at a given constant concentration of the quencher,
[Ql, are shown in Fig. 4a. These plots show the

"binding density function” plots, Al

2.5

Al(LJ/M)

ALM,]

0.0 J. I L L 1 1
-8.5 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0

Log[M.]

Fig. 4. (a) Plots of the binding density functions, A1, (ﬁ'T—), as
a function of the logarithm of the total macromolecule concentra-
tion, Log[ M1], at the single collisional quencher concentration,
[Ql= 100 mM. The curves have been generated for the case of the
reverse titrations of the ligand which binds to the macromolecule
in two independent classes of binding sites, each having three
sites, with intrinsic binding constants, K, =10° M~! and K, =
10° M~ for the first and second classes, respectively. The total
ligand concentrations are: (a) 2X 107 M; (b) 1.5X 107¢ M; (c)
1X107¢ M; (@) 7.5 1077 M; (e} 5X1077 M; (D) 2.5% 1077
M. The Stern—Volmer quenching constants for the ligand free and
bound in the first and second classes are Kp; =30 M™', Kp,, =
15 M7, and Kpp, =5 M7, respectively. (b) Plots of the
binding density functions, Al (ﬁ;) , as a function of the
logarithm of the total macromolecule concentration Log[ M;] at
the single total ligand concentration (1X107% M), but with
different collisional quencher concentrations, [Q]: (a) 200 mM; (b)
150 mM; (c) 100 mM; (d) 75 mM; (e) 50 mM. The intrinsic
binding constants and the Stern—Volmer quenching constants are
the same as in (a).

general behavior of the binding density functions
[10]. As the total ligand concentration increases, the

attainable binding density also increases. Because the
Ly

ordinate Al |—
T

scale weighted by constant factors (Al ). the

is a relative binding density
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plateau of the binding density function appears at
higher values with an increasing L. This is a simple
consequence of the fact that binding density, Lv;, is
a sole function of the free ligand concentration, L.
Therefore, at a very low macromolecule concentra-
tion, where Lp — L1, the value of Zuj is limited by
the value of L. An important consequence of this
fact is that binding density functions determined at
different L, do not span the same region of the
degree of binding, ):vj, at all concentrations of the
macromolecule (see Fig. 4a). In order to generate a
binding isotherm covering a full range of Yu,, it is
necessary to generate several overlapping binding
density curves. From these plots, the set of concen-
trations, L and M, for each titration, is obtained
for which the binding density function is constant (as
shown in Fig. 4a) and, subsequently, one obtains Ly,
and Lg, using the mass conservation equation Eq.
7).

As we pointed out above, the weighting factors,
(Al,,,);, are intensive molecular quantities which
characterize a ligand molecule in a particular binding
state, j. These quantities are not only the sole func-
tions of the structure of the given ligand—macro-
molecule complex, j, but also the collisional
quencher concentration, [Q]. The key element of the
analysis presented in this work is that the depen-
dence of (Al,,,); upon [Q] gives the possibility of
modulating the observed change in the ligand fluo-
rescence upon binding to the macromolecule by
changing [Q] to a level where the observed signal is
suitable for measurement, hence, increasing the reso-
lution of the titration experiments. The effect of
changing the weighting factors (A1, );, at the con-
stant distribution, Zuj, on the binding density func-
tion is illustrated in Fig. 4b, where the binding
density function is plotted for the same constant
concentration of the ligand (and the same binding
parameters), but for different concentrations of the
quencher. Because at a higher [Q] the difference
between the fluorescence of the free and bound
ligand is higher, the values of (A[,,); are also
higher (Egs. (8a), (8b) and (8¢) and Eq. (15)). As a
result of the increased (A] the binding density

T max )j’

. T . . .

function, Al - | shifted to higher values at
T

the same macromolecule concentration and the same

LT

—— |ratio, hence increasing the resolution of the
T

binding isotherms.

3.2. Application of the differential dynamic quench-
ing method to the studies of £ ADP binding to the
DnaB hexamer

To illustrate the method described in the previous
section, we will apply it to the analysis of the ADP
fluorescent analog, £ADP, binding to six nucleotide
binding sites of the DnaB helicase hexamer. This
system provides an excellent opportunity to demon-
strate all experimental aspects of the analysis.

Acrylamide is an efficient dynamic quencher of
the etheno-nucleotide fluorescence [15]. Moreover,
the neutral character of the quencher indicates that,
even at higher concentrations, acrylamide should not
affect the ligand—macromolecule interactions to any
significant degree (see below). A series of Stern—
Volmer plots of the £¢ADP fluorescence quenching
with acrylamide, in the presence of different concen-
trations of the DnaB protein, is shown in Fig. 5. As
expected, the largest slope and the largest Stern-
Volmer quenching constant are observed in the case
of the free ¢ADP in solution, where the quencher

F IF

0 0.02 0.04 0.06 0.08 0.1 0.12
[Acrylamide]

Fig. 5. Stern—Volmer plots of acrylamide quenching of the fluo-
rescence of ¢ADP, free and in the presence of different concentra-
tions of the DnaB helicase in buffer T3 (100 mM NaCl, pH 8.1,
10°C); A, =325 nm, A, =410 nm. Solid lines are linear least
squares fits of the Stern—Volmer equation (Eq. (4) in text) to the
data points using the following values of K, (M™'): (B) 25.3,
[DnaB] (hexamer) = 0; (O) 14.5, [DnaB]=5.4x10"7; (01) 9.9,
[DnaB]=1.08 107°; (@) 4.5, DnaB = 5.4x 1076,
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has full accessibility to the fluorophore. At increas-
ing concentrations of the DnaB protein, i.e., the
increasing degree of £ADP saturation with the en-
zyme, the slope decreases indicating the significantly
diminished accessibility of the bound fluorescent
nucleotide to the quencher [15,19]. The plots are
linear in the studied range of [acrylamide] (0—~ 115
mM), indicating that the fluorescence of the free and
bound £ADP is predominantly quenched by the
dynamic quenching process [15]. Because the effi-
ciency of the quenching of the free £ADP fluores-
cence is higher than the bound nucleotide, the differ-
ence between the fluorescence intensity of the free
£ADP and when bound to the helicase is higher at a
higher [acrylamide] (Fig. 5). The effect of the
quencher concentration on the resolution of the bind-
ing isotherms is demonstrated in Fig. 6 which shows
fluorescence titrations of £ADP with the DnaB pro-
tein in the absence and presence of different acryl-
amide concentrations in buffer T3 (pH 8.1, 100 mM
NaC], 10°C). The difference in the observed fluores-
cence increase accompanying the binding of £ADP
to the enzyme is dramatic. While in the absence of
acrylamide, the relative increase in the nucleotide

PSS o o 20 20 20 2
-7 -6 -5
Log[DnaB]

Relative Fluorescence Increase

Total

Fig. 6. Fluorescence titrations of £¢ADP, at the same concentration
of the nucleotide, with the DnaB helicase in buffer T3 (100 mM
NaCl, pH 8.1, 10°C) containing different concentrations of acryl-
amide: (#) 0; (O) 25 mM; (@) 50 mM; (W) 100 mM (A,, = 325
nm, A, =410 nm). The concentration of €ADP is 4X107% M.
Solid lines are computer fits of the binding isotherms, according
to the hexagon model (Egs. (1a) and (1b)), using the following
values of the intrinsic binding constant, K. and cooperativity
parameter, o: () K =4X10° M~ ', ¢ =0.31;(0) K =4x10°
M, 0=035 (@) K=43%x10°M~', 0 =035 (W) K=4
x10° M™', ¢ =04.

fluorescence reaches a plateau at ~ 21% of its initial
value, the relative fluorescence change increases to
the value of ~ 125% and ~ 235% of the initial
fluorescence intensity of the free £ADP in the pres-
ence of 50 and 100 mM acrylamide. Thus, in the
presence of the 100 mM quencher, the recorded
relative fluorescence change accompanying the bind-
ing is amplified by approximately an order of magni-
tude. This dramatic increase provides the required
resolution to perform quantitative analyses of the
binding process.

A series of fluorescence titration curves of £ADP
with the DnaB protein, in buffer T3 (pH 8.1, 100
mM NaCl, 10°C), at different nucleotide concentra-
tions and in the presence of 100 mM acrylamide, is
shown in Fig. 7. At higher nucleotide concentrations,
the curves are shifted toward higher concentrations
of the DnaB helicase as more enzyme is necessary to
saturate the increased amount of £ADP in the sam-
ple. All curves reach the same plateau of the relative
fluorescence increase, AF, at saturating concentra-
tions of the DnaB helicase. As we pointed out above,
in general, the fractional change in the ligand fluo-
rescence upon the macromolecule concentration does
not necessarily strictly correspond to the fractional
ligand saturation [16,18]. This is never a priori
known for any multiple ligand binding system. How-
ever, the estimate of the degree of binding and free
ligand concentrations can be obtained by using the
binding density function approach, as discussed
above. Fig. 8 shows the binding density function
plots for the £ADP-DnaB helicase system obtained
using fluorescence titrations presented in Fig. 7. For
the different total concentrations of ADP, at the
same value of binding density function, the absolute
degree of binding, Lv;, and free £ADP concentra-
tions [£ADP],,, must be the same, allowing their
determination using Eq. (17).

The dependence of the fractional fluorescence
increase as a function of the fraction of ligand
molecules Ly /Ly =[Xv,(My/Ly)] is shown in Fig.
9. The value of Ly/L. has been determined using
the binding density function plots shown in Fig. 8. It
is clear that in the studied case, binding of £¢ADP to
the DnaB hexamer, there is a linear correspondence
between the relative increase in the nucleotide fluo-
rescence, Al, and the fraction of ligand bound,
Ly/L;, in the examined range of the degree of
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binding. Thus, application of the binding density
function approach to determine the absolute degree
of binding, Xv;, and the free ligand concentration,
Ly, free of any assumptions concerning the relation-
ship between the observed signal and the fractional
ligand saturation, allows us to verify this relationship
and to construct a true thermodynamic binding
isotherm. Moreover, short extrapolation (dashed line)
to Lg/Ly=1 gives the value of the maximum
relative increase Al ,, = 2.35 of the ¢ADP fluores-
cence upon saturation with the DnaB protein.

The dependence of the average degree of binding,
Lu,, as a function of the logarithms of the free ADP
concentration, determined using the binding density
method, is shown in Fig. 10. The isotherm has been
superimposed on the solid line which is a theoretical
isotherm according to the hexagon model, con-
structed using the intrinsic binding constant K =4 +
1X10° M™! and the cooperativity parameter o=
0.4 £ 0.1 (Egs. (1a), (1b) and (13)). These values of
K and o have been obtained independently using
the rigorous fluorescence titration method in which
the quenching of the protein fluorescence was used
to monitor the binding (data not shown) [13-15,19].
Clearly, there is excellent agreement between the

[

-

o

Relative Fluorescence Increase

L.og [DnaB]

Total

Fig. 7. Fluorescence titrations ("reverse titrations”) of £ADP, at
different concetrations of the nucleotide, with the DnaB helicase
in buffer T3 (100 mM NaC}, pH 8.1, 10°C) containing 100 mM
acrylamide (A, = 325 nm, A,,, = 410 nm). The concentrations of
the nucleotide are: (M) 4X107° M; (#) 6X10°¢ M; (&)
1X107° M; (O) 2X107% M; (3) 3x1075%; (@) 4x107° M.
Solid lines are computer fits of the experimental binding isotherms,
according to the hexagon model, using a single set of binding
parameters, K =4X10° M™', o =04, and Al =2.35.

max

1 2 i i i

AI(L /M)

0 L | |

-6.5 -6 ~8.5 -5 -4.5

Log[DnaB]
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Fig. 8. Dependence of the binding density function,
Al (Lt /M7), on the logarithm of the total DnaB protein
concentration at different concentrations of the £ADP in buffer T3
(100 mM NaCl, pH 8.1, 10°C): (M) 4X 107% M; (O) 6x107°
M: (@) 1X1073 M; () 2x107° M; (a) 3X107%; (@)
4x107% M. Solid lines separate different data sets and do not
have theoretical basis. The horizontal dashed line connects points
at the same value of the binding density function, at different
£ADP concentrations, at which [£ADPl;,.. and the degree of
binding, Zvj, of the nucleotide on the DnaB hexamer are the same
(see text for details),

binding isotherms obtained using the two guantita-
tive methods.

It should be pointed out that once the relation
between the observed signal and the fractional ligand
saturation, as well as the maximum relative change
of the ligand fluorescence upon saturation with the
macromolecule, Al _, ., are known, the binding pa-
rameters can be determined using direct computer
fits of the experimental fluorescence titration curves
of the ligand with a macromolecule. The solid lines
in Fig. 7 are computer fits of the fluorescence titra-
tion curves of ADP with the DnaB helicase using a
single set of the binding parameters, K =4 X 10°
M™', 0=04 and Al =235 It is evident that
this single set of binding parameters provides an
excellent description of the binding process at differ-

ent total concentrations of the ligand, £ADP.
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Fig. 9. Relation between the relative fluorescence increase and the
fractional saturation of the nucleotide for £ADP binding to the
DnaB helicase in buffer T3 (100 mM NaCl, pH 8.1, 10°C). The
selected concentration of £ADP is 2X 107> M. The concentration
of the bound nucletide has been calculated from [£ADPlg, g =
(X )[DnaBly,,. where the average degree of binding of ¢ADP
on the DnaB protein, Lv;, has been determined using the binding
density function approach described in the text.

3.3. Analysis of the ligand—macromolecule binding
in the case of one type of binding site

So far, we have considered the most general case
in which a ligand binds to a macromolecule, in
different classes of binding sites, characterized by

Zvl
w
T

-8 -7 -6 -5 -4 -3
Log[cADP]

Free

Fig. 10. The dependence of the average degree of binding of
£ADP on the DnaB helicase hexamer, as a function of the
logarithm of the free nucleotide concentrations [£ADPJg,. in
buffer T3 (100 mM NaC], pH 8.1, 10°C). The solid line is the
theoretical binding isotherm, according to the hexagon model
(Egs. (1a) and (1b)), using intrinsic binding constant K =4X 10°
M~! and cooperativity parameter o = 0.4.

different fluorescence properties. However, in the
simplest case, the ligand binds to the macromolecule
in only one class of binding sites. In such a model,
the ligand exists only in two states, free and bound
with the macromolecule. In the case of a single class
of binding sites, the equations developed for the
general case (see above) are greatly simplified. The
fluorescence of the ligand solution, in the presence
of the macromolecuie and without the collisional
quencher, is described by

Fo.=FgLg+ Fply (18)

ol

where Ly is the concentration of the bound ligand.
In the presence of the quencher, Q, the fluorescence
of the sample is described by

FobstFqLF-l-FquB (19)
where
ke
Fe = 20
M ke + Tk + k,[Q] (202)
and
k
- (20b)

F. =
® e+ Tk, + kg [Q]

The observed maximum change of the ligand
fluorescence upon saturation with macromolecule
(Ly = L) is a function of the quencher concentra-
tion and is defined as

F, — Fg
Al = ——>2 (21a)

max
Fyq

and

ki + Xk, +k,[Q]
Al = 4 -1 21b
T ke + Tk, + kg [Q] (21b)

Using the Stern—Volmer quenching constants for
free and bound ligands, (K and Kp,), Eq. (21b)
can be written as

I 1+ K [Q] B
™1+ Kp[Q]
At a very high quencher concentration, AI__,
reaches a constant value defined as
_ Ky

By (23)

1 (22)

Al

max
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Therefore, as we discussed above, for the general
case, the maximum possible relative change in the
ligand fluorescence, in the presence of the high
dynamic quencher concentration [Q], is solely depen-
dent upon the ratio of the two Stern—Volmer quench-
ing constants for the free and bound protein, Kp,
and K, respectively.

For the simple case of a single class of binding
sites, Eq. (16) reduces to

AIobs LB
A, L. (24)
max T
and it follows that
Alobs

The average degree of binding is then defined by
Al \( L
= ™ == (26)
Almax MT

3.4. General analysis of the multiple ligand—macro-
molecule binding when fluorescence originates from
the macromolecule

The analysis presented in the previous sections
applies when the binding of the ligand to the macro-
molecule is followed by the changes in the fluores-
cence originating from the ligand and resulting from
the differential dynamic quenching of the free and
bound ligand. An analogous approach can be devel-
oped where the binding of the ligand to the macro-
molecule is followed by the fluorescence changes of
the macromolecule, resulting from the differential
quenching of the macromolecule free and bound
with the ligand. The observed fluorescence F Ni of
the macromolecule in the presence of the ligand and
in the absence of the dynamic quencher, Q, is de-
scribed by
FM' =FM.+ LF"M, (27)
where F} and My are the molar fluorescence and
the concentration of the free macromolecule, P}M
and M; are the molar fluorescence and the concen-
tration of the macromolecule bound in state, j, re-
spectively.

In the presence of [Q], the fluorescence of the
ligand—macromolecule mixture is defined by

Fy =FiMp + LFYM, (28)

obs

where F ,{-‘g and F, qM are the molar fluorescence of the
macromolecule free and bound with the ligand in
state, j, in the presence of the dynamic quencher at
concentration, [Ql.

Analogously to Eq. (8b) and Eq. (8¢), the quanti-
ties FFq and Fjg M are defined in terms of the corre-
sponding rate constants for emission and radiation-
less processes as

o
P I T TA 1 e [Q] (292)

M
M _ kg

FM =
M+ TEM + ki[Q]

(29b)

The mass conservation equation relates the total
concentration of the macromolecule to My and M,

Mi=M.+ LM, (30)

From the definition of the binding density, v;, one
obtains

M,

v = — (31)

Introducing Eq. (30) and Eq. (31) into Eq. (28)
provides

M my Ui

ob< FFqM +Z( FI )7 (32)

Dividing by the initial fluorescence of the free

macromolecule, F}i‘g M-, and after rearranging, the

obtained macromolecule binding density function is

Fol\lfs Flg\g MT F}z/[ B Ffl:\g
Y =X i v (33)
Fq*™*'T Fq
or
M (Alrmlx )j
Al = Z——j v; (34)
For\b/[\ Flg\g MT

where AIM = | ——F"—
FiaM;

change of the macromolecule fluorescence upon
binding the ligand in the presence of the collisional

] is the measured
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uencher, [Q], and {22:): i the average molecular
q J

fluorescence change per bound ligand in the com-
plex, M, containing j bound ligand molecules.

3.5. Effect of the collisional quencher on the
ligand—macromolecule interactions

A true collisional quenching process, caused by
the presence of a nonionic quenchor, will not perturb
the thermodynamic and kinetic parameters of the
studied ligand—macromolecule interactions to any
significant degree, provided that the concentration of
the quencher is low (—0.3 M) [27-29]. Higher
quencher concentrations may affect the activity of
the principal solvent (water) and, thus, cause an
indirect effect on the complex formation. However.
there is a possibility that, besides participating in
collisional quenching, the quencher also binds to the
macromolecule. On the other hand, this additional
binding of a dynamic quencher like acrylamide is
usually very weak or nonexistent [25,26]. However,
since the concentration [Q] is most often in the range
of 0.05-0.3 M, some effect of the quencher on the
binding of the ligand to the macromolecule may
appear, in spite of very low binding affinity.

A very direct control to test whether or not there
is an effect of Q on the determined intrinsic binding
parameters would be to perform titrations at different
concentrations of the quencher. Because the binding
of the quencher, if any, is very weak, the correction
for the effect of the weak binding of Q on the
determined binding parameters can be performed
using the linear free energy model. This approach is
the most suitable for the weak interactions in solu-
tions. The excess free energy of the interaction can
be represented by the Taylor series in the component
concentrations [27-29]. In the limit of weak interac-
tions and the low concentration of [Q], the intrinsic
free energy of binding AG,,, is defined as
= AG?®

ntr

AG + RTAb,[Q] (35)

intr
where AG?,, is the intrinsic free energy independent
of the quencher concentration [Q], Ab, is a parame-
ter which is a function of temperature, pressure, and
R and T are the gas constant and temperature,

respectively [27]. Introducing intrinsic binding con-
stant K one obtains

InK =InK° — Ab,[Q] (36)

Thus, the dependence of the intrinsic binding
constant, K, versus the quencher concentration,
should be a straight line and the intercept at [Q] =0
equals the required value of InK°. If the binding of
the studied ligand to the macromolecule is coopera-
tive and the cooperative interactions are character-
ized by a cooperativity factor, o, then the same
relation can be derived, providing

Inoc=Ino°— Ab,,[Q] (37)

where o ° is the cooperativity factor in the absence
of [Q] and Ab,, is a constant, dependent only on
temperature and pressure.

The dependence of the intrinsic binding constant,
K, and the cooperativity parameter, ¢, upon the
acrylamide concentration, for the binding of £ADP
to the DnaB protein, is shown in Fig. 11. In the
studied range of [acrylamide] (=0 — 100 mM), both
binding parameters show very little dependence on
[acrylamide] with a slightly larger effect on o, which
is ~ 30% lower at 100 mM acrylamide than in the
absence of the quencher (see the legend to Fig. 6).
Thus, the data indicate a lack of a significant effect
of the neutral quencher, acrylamide, on the nu-
cleotide—DnaB protein interactions.

20 T T T T T
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? 10 g
-~ i 1 a
4 —
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= s | i
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-5 I 1 L L I
0 0.02 0.04 0.06 0.08 0.1 0.12

[Acrylamide]

Fig. 1i. The dependence of InK and Ing for the binding of
£ADP to the DnaB hexamer on the acrylamide concentration in
buffer T3 (100 mM NaCl, pH 8.1, 10°C). Solid lines are least
squares fits of Eq. (36) and Eq. (37) with Ab, and Ab,, equal to
0.089 and 2.3, respectively.
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4, Conclusions

The fluorescence titration technique is one of the
most often used spectroscopic approaches to the
quantitative study of the thermodynamics and kinet-
ics of the ligand—macromolecule interactions in bio-
logical systems. This technique is almost universally
applicable because proteins and many ligands are
highly fluorescent substances, and the binding is
accompanied by a significant change in the intensity
of the fluorescence. However, there are many inter-
acting systems where very little fluorescence change
accompanies the complex formation. The theoretical
and experimental bases of an alternative method to
study ligand—macromolecule interactions, using the
fluorescence titration technique, have been proposed
in this communication. The method is based on
induced differential collisional quenching of the in-
trinsic fluorescence of a ligand or a macromolecule,
by the presence of an efficient, preferably nonionic,
collisional quencher. A true collisional quenching
process simply transforms the fluorescence of the
ligand, or macromolecule, intrinsically independent
of the complex formation, into a property which is
different for the free and bound fluorophores. This is
a unique property of fluorescence and results from
the fact that an extra radiationless process can be
introduced without affecting, to any significant de-
gree, the thermodynamic equilibrium and kinetic
properties of the interacting system. If the collisional
quenching efficiency is different for the free and
bound fluorophore, the binding will be manifested by
a change in the fluorescence of the ligand or macro-
molecule, and the thermodynamically rigorous bind-
ing isotherm can be determined.

We illustrated the application of the method to
quantitative studies of the binding of the fluores-
cence nucleotide analog, £ADP, to the E. coli DnaB
helicase hexamer. Binding of eADP to the enzyme is
accompanied by a very modest nucleotide fluores-
cence increase (~ 21%). Although such a change in
the fluorescence intensity could be used to determine
a single binding constant in the case of a simple
system characterized by a 1:1 stoichiometry, how-
ever, it is not adequate to perform quantitative analy-
ses of the complex binding to six interacting sites of
the hexameric enzyme. This results from the fact that
common, small errors in the signal measurement

constitute much larger errors of the total signal ob-
served, and this error can be additionally increased
when the data are transformed to construct a binding
density function. However, in the presence of 100
mM acrylamide, this modest fluorescence increase is
amplified ~ 10 times, providing the high resolution
necessary for rigorous analyses of this complex,
cooperative binding process [13].

In principle, there are two main criteria in the
selection of a quencher. First, it must have a differ-
ent effect on the fluorescence of the free and bound
ligand or macromolecule. Different quenchers may
demonstrate different capabilities in differential
quenching. The efficiency of the quenching process
will certainly depend upon the electronic structure of
the quencher; however, in some cases quenchers
with a larger molecular size may be preferred. Larger
quencher molecules may be prevented from colliding
with the fluorescent part of the ligand, or macro-
molecule, to a greater extent than smaller molecules,
and this effect may be further amplified when the
fluorophore is engaged in the complex [30]. Second,
the presence of the quencher should introduce very
weak, if any, perturbation to the thermodynamics or
kinetics of the studied interactions. This can be
achieved by using a nonionic quencher, e.g., acryl-
amide, H30, H,0, etc. [30]. In this context, acryl-
amide is the dynamic quencher of choice. The
quenching characteristics of acrylamide, with differ-
ent biological molecules, are well studied and docu-
mented [25,26]. There are also several studies indi-
cating that acrylamide binds very weakly, if at all, to
the protein with the association constants around
0.5-1.0 M~! and the effect of acrylamide on the
enzyme activity is very low, or negligible [25,26]. As
we have shown in this work, acrylamide does not
exert any significant effect on the nucleotide binding
to the DnaB helicase (Fig. 11). Nevertheless, it is
important to perform necessary controls to test for
any effect of the quencher on the determined binding
or kinetic parameters and to introduce, if necessary,
corrections which can be obtained by using Eq. (35)
and Eq. (36).
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Appendix A

Derivation of Eq. (9)

Consider the situation where the fluorescent lig-
and binds to the macromolecule in two different
binding classes, each having multiple binding sites,
and the binding process is not accompanied by any
change of the fluorescence of the ligand. The fluo-
rescence of the ligand in solution, in the presence of
the macromolecule, but in the absence of the colli-
sional quencher, Q, is then described by

Foy=Fp(Lp + Ly, + Lgy) (A1)
where F7 is the molar fluorescence of the free ligand

and L; =Ly, + Ly, is the total ligand concentration.
In the presence of the quencher, the collisional

FO

quenching process is characterized by different
Stern—Volmer quenching constants, K, Kpy,, and
K 2, for the free and bound ligand in the first and
second binding classes, respectively. Thus, in the
presence of the quencher and the macromolecule, the
fluorescence of the ligand is described by

Lg Lg,

+
I+ Kp[Q] 1+ Ky, [Q]

Ly,
- ) (A2)

Foo=Fy

_+_ _—
1+ KDbZ[Q]

where [Q] is the molar concentration of the quencher.
The Stern—Volmer relationship is then obtained by
dividing Eq. (A1) by Eq. (A2). After rearrangement,
Eq. (A3) is obtained

obs Ly (1 + Koy [QI)(1 + Ky [QI)(1 + K2 [Q])

F,

Appendix B

Derivation of Eq. (11)

Consider the fluorescent ligand binding to the
macromolecule which has two different classes of
binding sites, each site characterized by the intrinsic
binding constants, K, and K, and the binding is not
accompanied by any change in the fluorescence of
the ligand. The molar fluorescence of the ligand free
and bound in two independent classes of binding
sites, in the absence of a collisional quencher [Q], is
Fp,. In a general case, the presence of the quencher
will have a different effect on the fluorescence of
each species in solution, i.e., each of the possible
states of the ligand in solution (free and bound to the
sites in the first and second binding classes) will
have a different Stern—Volmer quenching constant.
Egs. (A4), (AS) and (A6) give the relationships for
the fluorescence of the free and bound ligand in the
presence of a collisional quencher

Foo— it A4)
Y ) (
FFo
(AS5)

F —
B 14Ky, [Q]

Fas  Le(1+ Ko [QD(1+ Koo [ Q1) + Loy (1 + K [QD) (1 + K [ Q1) + Loz (1 + K [QD(1 + KDb(ZIL?)])]

Fe

: 7 1+ K, [Q]

where Kp; Kp,,, and Kp, are the Stern—Volmer
quenching constants for the free ligand and bound in
the first and second classes, respectively. In the
absence of the macromolecule, and in the presence
of the quencher, the fluorescence of the ligand solu-
tion, F,, is
F,=F:L; (A7)
In the presence of the collisional quencher and the

macromolecule, the fluorescence of the ligand, F, is
described by
F=FgLg+ Fg Ly, + FgyLg, (A8)
where Lg, and Ly, are the concentrations of the
ligand bound in the first and second classes, respec-
tively. The relative change of fluorescence, A/, at a
given titration point, is defined by
F—F,

Al=

F

o

Fy (A6)

(A9)

The maximum possible change in the fluores-
cence of the ligand, in the presence of the saturating
concentration of the macromolecule, is described by
Eq. (A10) which simply takes into account that at a
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very high macromolecule concentration the binding
density is very low, L =0, and the distribution of
the bound ligand between two classes of binding
sites is solely the function of the intrinsic binding
constants, K, and K,.

Al = (1 +KDf[Q])
Kl

(1 +KDbl[Q])(Kl +K2)
KZ

T+ Ko [Q1) (K, T K3)

X

1
ol (A1
It should be noted that at a very high quencher
concentration, ([Q] — ), the maximum change in
the fluorescence of the ligand, at the saturating con-
centration of the macromolecule, becomes indepen-
dent of [Q] and Eq. (A10) reduces to

_ [KIKDbZKDf+ KZKDblKDf
KDthDb2(K1 + KZ)

Al

max

]-1 (Al1)
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