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Abstract

A competitive low-affinity binding model was proposed for determining the number of mutual (overlapped) and specific binding sites of
two ligands (A, B) on a protein (P). To use the model, one needs to carry out a titration experiment by adding either ligand A or B into a
three-component system (A–B–P), and to monitor the spectroscopic parameter changes. Fitting the titration curve to the proposed model,
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ne can get the mutual and specific binding sites of the two ligands on the protein. The model was examined by using human ser
HSA) as a receptor and tolmetin (TOL) and salicylic acid (SAL) as ligands. Proton longitudinal relaxation rates (R1) were measured on
00-MHz NMR spectrometer during the titration and used to derive the mutual binding sites. It was found that among the bindin
2± 4 for SAL and 28± 2 for TOL on HSA, there were 17± 5 mutual sites for the two ligands. This result indicates that, although HS

arge binding capacities for most ligands, there are still a reasonable amount of the low-affinity binding sites that are structure sel
2005 Elsevier B.V. All rights reserved.

eywords:Competitive binding; Mutual binding sites; NMR; Relaxation rate; Human serum albumin; Tolmetin; Salicylic acid

. Introduction

Studies on the binding of drugs to protein are of great
mportance in biological, biomedical and pharmaceutical
ciences. The binding affinity and capacity can be described
y the dissociation constant of the molecular complex and

he number of the binding sites on the protein. Any interac-
ion that interferes with the binding of a drug to its receptor,
uch as competitive binding, may affect the pharmacological
ctivity of the drug. The competitive binding represents the
ondition that two ligands compete for the same binding
ite or sites on a protein molecule. This may happen on the
arget protein and on the transport protein as well, such as
erum albumin. The interactions between drug and the serum
roteins have a strong impact on the drug’s transportation,
etabolism, excretion, and the concentration of free drug

∗ Corresponding author. Tel.: +86 27 87197305; fax: +86 27 87199291.
E-mail address:ml.liu@wipm.ac.cn (M. Liu).

in the blood, which shows a better correlation to the p
macological activity of the drug[1]. Over the last decade
several techniques have been developed and applied to
the binding of ligands to protein[2–19], such as equilibrium
dialysis, ultrafiltration, HPLC, and so on. Nuclear magn
resonance (NMR) spectroscopy has been recognized
powerful tool in the study of interaction between pro
and drug[10–17], such as identifying high-affinity ligand
by linking low-affinity binding fragments, screening dru
that bind more tightly to a receptor in the presence of w
to medium-affinity ligands, and determining the num
of low-affinity binding sites and the corresponding dis
ciation constant. NMR is a non-invasive approach, w
needs minimum sample preparation and requires ne
chromophore nor radioactive-labeled ligand. Because
sample composition and equilibrium are not affected du
the NMR experiment, the sample is ready for subseq
analysis by using the other methods. In addition, there
number of NMR detectable parameters that are very sen
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to, and can be used to characterize, the molecular interaction.
The main disadvantage of the NMR method is its inherent
limitation of low sensitivity compared to other spectroscopic
methods.

Most of the above mentioned methods are focused on
qualitatively characterizing the competitive binding phenom-
ena, particularly, on the high-affinity binding. Wang has pre-
sented a chemical model for analyzing the competitive bind-
ing of two different ligands on a single high-affinity site of
a protein molecule[18]. And a similar mathematical expres-
sion has been tested using the displacement isothermal titra-
tion calorimetry method[19]. As for low-affinity binding, a
fast and reversible chemical-reaction (FRC) model has been
widely accepted and used to derive the number of binding
sites and apparent dissociation constant (Kd) [20–25]. The
competitive binding of two drugs on the low-affinity sites of
human serum albumin (HSA) has also been investigated using
NMR method[17]. For each ligand, the low-affinity binding
sites can be divided into specific and non-specific or mutual
sites. Competitive binding happens only on the mutual bind-
ing sites, which is expected to have significant effect on the
interaction of ligand and protein. In this article, we propose a
chemical model for determining the mutual and specific low-
affinity binding sites. We use HSA as a model protein because
it is a major drug carrier protein in blood and has large binding
capacity for most drugs and endogenous metabolites[26–31].
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10% D2O added for the NMR spectrometer frequency lock.
In group G1, the concentration of TOL was varied: 4.0, 8.0,
12.0, 16.0, 20.0 and 24.0 mM in each of the two sets of solu-
tions. Set 1 containing 0.2 mM HSA served as controls. Set
2 containing 4.0 mM SAL and 0.2 mM HSA, for the study
of the competitive binding of SAL and TOL. The concen-
trations of SAL (4.0, 8.0, 12.0, 16.0, 20.0, 24.0 mM) were
varied in group G2. The compositions of the samples in this
group were Set 3, only 0.2 mM HSA; Set 4, 8.0 mM TOL and
0.2 mM HSA. Another sample containing TOL and SAL but
without HSA was also prepared to obtain the relaxation rates
of the free ligands (R1f).

The1H longitudinal relaxation rates (R1) were measured
using a conventional inverse-recovery sequence on a Var-
ian INOVA 500 NMR spectrometer, operating at proton fre-
quency of 500.12 MHz at 298 K. Sixteen recovery delays
ranging randomly from 0.01 to 5 s, and from 0.03 to 10 s were
used for the measurement ofR1 of TOL and SAL for the sam-
ples with HSA, respectively, and 30 recovery delays ranging
from 0.2 to 20 s were used for the samples without HSA. The
number of scans was adjusted to gain enough signal-to-noise
(S/N) ratio for the different samples. The free induction decay
(FID) was acquired into 16k complex data points covering a
spectral width of 6000 Hz. The areas of the NMR peaks were
used to derive the relaxation rate using a three parameter
equation ofA(t) =A − [A −A(0)] exp(−R t), whereA(t),
A
a , the
e
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wo non-steroidal anti-inflammatory drugs, tolmetin (TO
nd salicylic acid (SAL), were used as ligands. It has b
hown that TOL has a primary binding site at site I[32] and
as three classes of binding sites[33]. SAL can also bind t
SA at site I (in subdomain IIA)[34] and has tens of low
ffinity binding sites[17,25,35]. It is, therefore, expected th
OL and SAL will interfere with each other in the bindi
rocess.

. Experimental

Human serum albumin (fraction V, fatty acid free), t
etin (sodium 1-methyl-5-p-toluoylpyrrole-2-acetate dihy
rate) and salicylic acid were bought from Sigma (Po
orset, UK) and used without purification. The numbe
ystems and molecular structures of SAL and TOL are sh
n Scheme 1.

Two groups (G1 and G2), each containing two sets
amples were prepared in phosphate buffer (pH 7.4)

Scheme 1. The molecular struct
0 0 1
(0) andA0 are the peak areas at the recovery time oft, 0
nd at the thermal equilibrium, respectively. In general
xperimental error for theR1 is less than 5%[20,36].

. Results and discussion

.1. Competitive low-affinity binding model (CLAB)

To establish the competitive low-affinity binding mo
CLAB) of two ligands (A and B) to protein (P), we us
he assumptions that (a) all binding sites on the protein
ndependent; (b) the binding reaction, PA+ B � PB+ A,
s reversible and fast on the time scale of the monito

ethod (NMR in this case); (c) the observed paramet
he fraction-weighted average of the parameters of the
nd bound states; (d) the dissociation constant is the

or the mutual and specific binding sites of each ligand
ifferent for ligand A and B (KdB �=KdA). Apart from the
inding reaction, the concept of the assumptions is sim

d numbering system of SAL and TOL.
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to that used for the low-affinity binding of a single ligand to
protein[20–25,37,38].

For a competitive binding reaction of PA+ B � PB+ A,
we have an equilibrium constant of

K = [PB][A]

[PA][B]
(1)

where [PA] and [A], [PB] and [B] represent the concentra-
tions of the bound and free ligands A and B, respectively. The
competitive binding reaction is, in fact, a combination of two
reactions of PA� A+P and PB� P+ B, with dissociation
constants ofKdA (=[A][P]/[PA]) andKdB (=[B][P]/[PB]), re-
spectively. It must be indicated thatK, KdA andKdB are the
apparent constants and their relationship is

K = KdA

KdB
(2)

If there areNA andNB binding sites for A and B, respec-
tively, andNM mutual sites, the number of total binding sites
(N) on the protein is

N = NA + NB − NM (3)

According to the mass conservation, we have

NCP = [PA] + [PB] + [P] (4)

P,

r,
of

e-

Solving Eq.(9) in a conventional manner[39], we get two
meaningful solutions,

XbA1 = −a

3
+ 2

3

√
(a2 − 3b) cos

(
2π + θ

3

)
,

for KdA < KdB (10a)

XbA2 = −a

3
+ 2

3

√
(a2 − 3b) cos

(
2π − θ

3

)
,

for KdA > KdB (10b)

with θ = arccos
−2a3 + 9ab − 27c

2
√

(a2 − 3b)3

To utilize this model, one of the ways is to carry out a
titration experiment using either ligand as titrating agent, and
to monitor the binding fraction changes. With pre-knowledge
of the dissociation constants ofKdA andKdB, and the binding
sites (NA andNB), one can obtain the total and mutual binding
sites (N andNM) for the two ligands, as well as the specific
binding sites of (NA −NM) for ligand A and (NB −NM) for
ligand B, by fitting the titration curve (XobsversusCA) to Eq.
(10).
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.2. Results

Fig. 1 shows the low-field region (δ 5.8–8.0) of 1H
MR spectra of SAL and TOL in the absence (Fig. 1a) and
resence of 0.2 mM HSA (Fig. 1b–d). The figure show

he binding induced up-field chemical shift-drift and l
roadening. When increasing the concentration of e
AL or TOL, the line-width and chemical shift changes
oth ligands were reduced (Fig. 1c and d) because of th
ompetitive binding[17]. In the spectrum of 8.0 mM SA
nd 8.0 mM TOL (Fig. 1a), there were no observable chan

n 1H NMR chemical shifts or line shapes compared to
pectrum of pure TOL or SAL. There were no signific
ifferences between1H relaxation rates of TOL or SAL i

he mixture and pure solutions. These results revealed
he molecular dynamics of tolmetin and salicylic acid w
ndependent in the mixture without HSA under the exp

ental conditions. Therefore, the relaxation rates mea
n the solutions without HSA were assigned to that of
ree forms (R1f): 0.48± 0.01 s−1 (H7, 9), 0.51± 0.03 s−1

H8, 10), 0.46± 0.02 s−1 (H3), 0.42± 0.02 s−1 (H4)
or TOL, and 0.189± 0.004 s−1 (H6), 0.193± 0.004 s−1

H4), 0.187± 0.004 s−1 (H3, 5) for SAL. Due to the pea
verlapping, alkyl protons of TOL were excluded in
easurements.
We used the FRC model[20–25] to measure the num

er of binding sites and the apparent dissociation cons
f SAL and TOL to HSA. The1H relaxation rates (R1obs)
f SAL and TOL were measured using samples Set 1
CA = [A] + [PA] (5)

CB = [B] + [PB] (6)

whereCp, CA andCB are the total concentrations of protein
P, ligands A and B, respectively,NCP and [P] are the con-
centrations of the total and free binding sites on protein
respectively.

For the fast binding equilibrium, the observed paramete
Aobs, is the fraction-weighted average of the parameters
the free state,Af , and bound state,Ab:

Aobs = XbAb + XfAf (7)

whereXb (=Cbound/Ctotal) andXf (=Cfree/Ctotal = 1−Xb) rep-
resent the molar fractions of the bound and free ligand, r
spectively. Eq.(7) can be rewritten as

Xb = Aobs− Af

Ab − Af
(8)

From the above equations(1–6), one gets a cubic algebraic
equation as following (withKdA �=KdB):

X3
bA + aX2

bA + bXbA + c = 0 (9)

with

a = 1

K − 1
− 1 + K

K − 1

CB

CA
− KdB

CA
− NCA,

b = NCP

CA
+ 1

1 − K

(
NCP

CA
+ KCB

CA
+ KdA

CA
+ 1

)
,

c = NCP

CA (K − 1)
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Fig. 1. Down-field regions of 1D1H NMR spectra of TOL and SAL in the solutions containing (a) 8.0 mM TOL and 8.0 mM SAL, (b) 8.0 mM TOL, 4.0 mM
SAL and 0.2 mM HSA, (c) 16.0 mM TOL, 4.0 mM SAL and 0.2 mM HSA, (d) 8.0 mM TOL, 20.0 mM SAL and 0.2 mM HSA. The systematic line broadening
and chemical shifts up-field drifts reveal the competitive binding of TOL and SAL to HSA.

Set 3, respectively. The results are shown inFig. 2a (SAL)
and Fig. 2b (TOL). The concentration dependence of the
ligand relaxation rate and chemical shift suggests that the
chemical exchange of free and bound ligand is on the fast
NMR time scale. From these data, it was possible to ex-
trapolate the relaxation rate of bound ligand,R1b. TheR1b
values were 2.67± 0.23 s−1 (H7, 9), 2.77± 0.34 s−1 (H8,
10), 2.90± 0.25 s−1 (H3), 2.87± 0.26 s−1 (H4) for TOL, and
2.80± 0.25 s−1 (H6), 2.83± 0.46 s−1 (H4), 2.90± 0.27 s−1

(H3, 5) for SAL. TheR1b values of SAL were larger than
that shown in Ref.[17], which could be due to the fatty acid
free HSA used here. The number of binding sites (n) and the
dissociation constant (Kd) of each ligand on HSA can be ob-
tained by fitting the data to the well-established FRC model
for HAS–ligand binary system[17,20,37,38]:

2Xb = 2(R1,obs− R1f)(R1b − R1f)

= 1 +
(

Kd

CP

) (
CP

CL

)
+ n

(
CP

CL

)

−
{[

1 +
(

Kd

CP

) (
CP

CL

)
+ n

(
CP

CL

)]2

−4n

(
CP

CL

)}1/2

(11)

The optimized values ofKd andnwere 2.68± 0.48 mM and
32± 4 for SAL, and 1.75± 0.24 mM and 28± 2 for TOL.
The results obtained here agree well with those of previous
study for SAL[17]. The dissociation constant of TOL is in
the same order ofKd3 (Kd of the third class of binding sites)
measured at 23◦C and about seven times smaller thanKd3
measured at 37◦C, using an equilibrium dialysis method,
and the number of binding sites is within the range ofn3
(number of the third class of binding sites)[33]. This may
be due to the method and temperature dependent and the
limited number of the experimental data points. Since the
NMR method cannot separate the different classes (the first,
second and third) of binding sites, all of the binding sites are

F L (b) i
c

ig. 2. Plots of proton longitudinal relaxation rates of SAL (a) and TO
urves represent the best fit to Eq.(11).
n HSA solutions as a function of the concentration ratio ofCHSA/CLigand. The
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treated equally and assumed to be in the fast exchange regime
on the NMR time scale. Therefore, theKd andn determined
here are the apparent values or the weighted average of all
possible binding classes.

To determine the mutual binding sites, we measured the
1H relaxation rates of SAL and TOL in the three-component
system (HSA–SAL–TOL) at different concentrations
(4.0–24.0 mM) of either TOL or SAL (samples Set 2 and
Set 4). As expected, the1H relaxation rates of TOL and
SAL in the tertiary system were both smaller than those in
the binary system (samples Set 1 and Set 3). When TOL
concentration was increased from 4.0 to 24.0 mM (Set 2),
the relaxation rates of the protons of TOL changed towards
those of free state protons, andR1,obsof SAL was decreased
too, which suggested that more and more free SAL had been
displaced by TOL. These were obvious evidence for the
competitive binding of these two ligands on the low-affinity
binding sites of HSA. The molar fraction of bound TOL
(Xb,TOL) could be obtained from Eq.(8) using the observed
relaxation rates of TOL. There was no significant difference
of the values ofXb,TOL calculated using the relaxation
rates of different protons. The averageXb,TOL versus the
variation of TOL concentrations could be fitted to Eq.(10a)
to determine the number of total independent binding sites
sinceKdA <KdB. The best fitting to Eq.(10a)was shown in
Fig. 3(a). The optimized value ofNwas 43± 2. The number
o
o s
r e
p sites
o e
t
C alues
o
a f of
t nd
t ites

occupy about 60% of the 28± 2 sites for TOL. This result
indicates that although HSA has large binding capacities
for most ligands, there are still a reasonable amount of the
low-affinity binding sites that are structure selective.

3.3. Discussions

The CLAB model presented here can be easily utilized
to analyze the competitive low-affinity binding of ligands
to macromolecules through measurement of the changes
of spectroscopic parameters. To investigate the competitive
binding conveniently, a simplified chemical model is pro-
posed here, which may neglect some information. For in-
stance, the co-binding of ligands on HSA may exist if the
binding site is large enough. Therefore, it is possible to form
ternary complexes like SAL, HSA and TOL on a single site.
In the present work, only binary complex was concerned,
because it will be very complicated to solve the equation if
the first and secondary dissociation constants are taken into
account.

It has been shown that SAL can decrease tolmetin
binding [33] to HSA. This might be interpreted by the
fact that they share a primary binding site at HSA[32,34].
Theoretically, the model presented here can also be applied
to the competitive medium-to-high affinity binding, if the
exchange between free and bound state of the ligands is
f t be
i es on
d ites.
S lly by
t ber
o

her
f ic ef-
f imize
t buffer
a . The

F stem o
d 10b)(�
f the overlapped binding sites (Nm) of SAL and TOL
n HSA was 16± 5 (=NSAL +NTOL −N). The result wa
easonable according toNTOL andNSAL. Using the sam
rinciple, we obtained the total and overlapped binding
f 42± 4 (N) and 18± 6 (Nm), respectively, by fitting th

itration curve ofXb,SAL versusCSAL to Eq.(10b)(Fig. 3b).
ombining the two measurements, we got the average v
f N andNm as 42± 3 and 17± 5, respectively, for SAL
nd TOL on HSA. It is interesting to note that about hal

he 32± 4 binding sites for SAL are shared with TOL a
he other half are specific, while the mutual binding s

ig. 3. The averaged bound fraction of TOL (�) and SAL (�) in the sy
iagramed. The solid curves represent the best fit to Eq.(10a)(�) and Eq.(
ast on the time scale of the monitoring method. It mus
ndicated that the NMR approach presented here focus
istinguishing between the mutual and specific binding s
ince different classes of binding sites are treated equa

he NMR method,NM obtained here is the apparent num
f mutual binding sites.

In addition to the competitive binding, a number of ot
actors, such as pH, temperature, ionic strength, alloster
ect, etc., may cause NMR parameter changes. To min
hose effects, we prepared the sample in phosphate
nd carried out the experiment at the same temperature

f TOL–SAL–HSA as a function ofCHSA/CTOL (a) andCHSA/CSAL (b) are
), respectively.
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high concentration ratio of ligand to protein was expected to
attenuate the allosteric effect and to enhance the low-affinity
binding induced relaxation changes. Considering that the
concentration of the compounds in blood may range from
micromole to tens or even hundreds of millimole, the ligand
concentration used in this experiment is acceptable.

There are several sources of errors in the analysis. The
uncertainty in the relaxation rate determination using inverse-
recovery approach is about 2–6%. The background resonance
of protein[21] and inter-molecular NOE[40,41]may affect
the values ofR1. The error in extrapolation ofR1b is about
10%, and in simulation ofNTOL or NSAL is approximately
15%[20], which result in on uncertainty of about 30% in the
determination ofNM. The results will be improved if more
data points are concerned.

4. Conclusions

A chemical model CLAB was established for describing
competitive low-affinity binding of ligands to the receptor in
solution. It was examined with two drugs (SAL and TOL)
and HSA as model ligands and receptor, respectively. The
numbers of overlapped binding sites of these two drugs on
HSA can be determined when the dissociation constants and
numbers of binding sites of them are obtained from the binary
s
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