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Abstract

The competitive binding of two ligands, ibuprofen (IBP) and salicylic acid (SAL), to human serum albumin (HSA) was studied
by using nuclear magnetic resonance (NMR) relaxation measurements. When the concentration of one ligand was increased
in the solution containing IBP, SAL and HSA, the fractions of free IBP and SAL were increased because of the competitive
binding. The'H relaxation ratesR;) of both ligands were subsequently decreased. If a ligand is in fast exchanging between the
free and bound forms, the observéd relaxation rate is a weighted average of that for the free ligand and the protein-ligand
complex. The concentrations of the free and bound ligands can be quantitatively derived from the relaxation rates. The results
presented in this work revealed that IBP and SAL shared certain low-affinity binding sites on the HSA molecule, in addition to

the same high-affinity binding site of Alll.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Human serum albumin (HSA) is a principal binding
protein in blood plasma for a large number of drugs
[1-8]. The binding process controls the concentration
of the free or bioactive, drug, and hence affects the
drug’s pharmacokinetics, storage, toxicity, transporta-
bility to the tissue and through cell membranfés/].
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Itis, therefore, of great interest to study HSA-drug in-
teractions. HSA has three high-affinity binding sites,
named the phenylbutazone binding site (Site I), the
diazepam binding site (Site Il) and the digitoxin bind-
ing site (Site Il1), respectivel}8,9]. Sites | and Il are
also known as the warfarin binding s[&. The name

of the binding site is taken originally from the model
compound used to probe the site. In addition, there are
many low-affinity binding sites on the HSA molecule.
The low-affinity binding generally has higher binding
capacity and results in many molecules bound simul-
taneously to the HSA molecule. If two kinds of drug,
with similar molecular structure, are co-administrated,
competitive binding is expected, and the concentration
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ratio of the free drugs in the blood may be different
from that administered. Some of the metabolites in

serum may also compete for the same binding sites of
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for studying the competitive low-affinity binding of
ligands to HSA.
In the present work, we demonstrate that NMR

a drug and, therefore, affect the binding process of the spectroscopy can be used as an alternative approach

drug.
The competitive binding of drugs to serum albumin

to study the competitive binding of two ligands (IBP
and SAL) to protein (HSA) at the low-affinity binding

has been studied using various techniques. Recently,sites. We utilized an excess of ligands, IBP and SAL,
the extent and nature of cosalane, a potent inhibitor of over the albumin in order to saturate the high-affinity

HIV replication, binding to mucing-(1)-acid glyco-

binding sites and to ensure that the competitive bind-

protein (AAG), plasma, and human and bovine serum ing of IBP and SAL to HSA mainly occurs at the

albumin, has been examined via competitive inhibi-
tion studies in the presence of salicylic acid (SAL)
by a gel filtration techniqug10]. The binding con-

stant of several drugs toward IlIA subdomain of HSA

low-affinity binding sites. The competitive binding
was analyzed quantitatively using NMR basdd
spin-lattice relaxationK;) measurements. The values
of Ry were used to derive the fractions and concen-

was determined using near-infrared dye-displacementtrations of the bound and free ligands.

capillary electrophoresi§ll]. Another study using
equilibrium dialysis showed12] that the HSA Site
[I-ligand indoxyl sulfate influenced the binding of

dansyli-asparagine at the azapropazone binding area

in Site I, but did not affect the warfarin binding area
of Site I. The pH-profile showed that interaction be-
tween indoxyl sulfate and dansylasparagine was

very sensitive to the N-conformer to B-conformer
transition of HSA and competitive interaction was
observed for binding of the two ligands to the
N-conformer (pH 6.5), whereas in the B conforma-
tion (pH 8.5), binding of these molecules was nearly
“independent[12]. Sulbenicillinisomers can displace

each other competitively at high-affinity binding site
(Site I, stereoselective) and low-affinity binding sites
(non-stereoselective) on HSA by using site marker
ligands [13]. Nuclear magnetic resonance (NMR)

spectroscopy is used here as an alternative approach t

analyze the competitive binding of two drugs to HSA.
Ibuprofen (IBP) is a non-steroidal anti-inflammatory
drug and can bind to HSA at Site IJ2] with a dis-
sociation constant of about 1M [9]. Because of
its high binding affinity and selectivity, IBP has been

used extensively as a model compound in the study of

drug—HSA interaction14-19] Salicylic acid binds
to HSA at Sites Il and 1l with nearly equal distri-
bution [2]. A recent study using NMR spectroscopy
has shown that both IBP and SAL have tens of
low-affinity binding sites on HSA20]. Sharing the
same high-affinity binding Site Il and having large
number of low-affinity binding sites on HSA, IBP and
SAL are expected to interfere with each other in the

2. Experimental

Human serum albumin (fraction V), ibuprofen
sodium salt and salicylic acid were bought from
Sigma (Poole, Dorset, UK) and used without purifi-
cation. For convenience, the numbering systems and
molecular structures of SAL and IBP are shown in
Scheme 1Three groups of samples were prepared in
phosphate buffer (pH 7.4, 0.2 M), in which 10% O
was added for the NMR spectrometer frequency lock.
The first group of the samples contained only IBP and
SAL and was used to measud relaxation rates of
the free ligandsRys). The second group consisted of
HSA (0.2 mM) and one of the ligands of variable con-
centrations (IBP: 4.0-60mM or SAL: 4.0-65mM).
The samples in this group were used to extrapolate

9H relaxation rates of the bound formRy(). The third

group consisted of two sets of samples and was used
to study the competitive binding of IBP and SAL to
HSA. In the first set, the concentrations of HSA and
SAL were 0.2 and 8.0 mM, and the contents of IBP

COOH
5 4 1
1 COOH
OH 10 2
2 8
? 3
5 3 10 6 7
4
Salicylic Acid Ibuprofen

Scheme 1. The molecular structures and numbering systems of

binding process and may be used as an ideal systemsAL and IBP.



Y.F. Cui et al. / Journal of Pharmaceutical and Biomedical Analysis 34 (2004) 247-254

were varied: 4.0, 8.0, 12.0, 16.0 and 20.0mM. In
the other set, the contents of HSA (0.2 mM) and IBP
(8.0mM) were fixed, and the concentrations of SAL
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HSA. In solutions of IBP and SALKig. 13, there
were no observable changes il NMR chemical
shifts or lineshapes when the concentration of either

were varied: 4.0, 8.0, 12.0, 16.0, 20.0, 24.0 mM.

All NMR experiments were carried out at 298 K
on a Varian Inova-500 instrument, operating at pro-
ton frequency of 500.12 MHz. The longitudinal relax- These results revealed that the molecular dynamics
ation rates Ry) of the protons were measured using of ibuprofen and salicylic acid were independent in
standard inversion-recovery methods with solvent sat- the mixture without HSA under the experimental con-
uration pulses being implemented into the pre-scan ditions. The relaxation rates measured in the solu-
delay and recovery delay periods. The 16 recovery tions without HSA were assigned to the free forms
delays randomly ranged from 0.1 to 4s and 0.1 to (Ryf): 0.486+0.018s1 (H4, 7), 053+0.02s 1 (H5,
20s were used for the solutions with and without 6), 135+ 0.02s! (H3), 099+ 0.02s ! (H10) for
HSA, respectively. Typically, 32 transients were ac- IBP, and 019+ 0.01s 1 (H6), 0194 0.01s1 (H4),
quired into 16 k complex data points over a spectral 0.19+ 0.01s ! (H3, 5) for SAL.
window of 6000 Hz. These data were multiplied by Significant NMR line broadening and chemical
a cosine-shaped window function (@ n/2) to im- shift up-field drift were observed when 0.2 mM HSA
prove the signal-to-noise ratio and were zero-filled by was present in solutions containing of IBP and SAL
a factor of two prior to Fourier transformation. The (Fig. 1b and 1 It can be seen from the figure that
areas of the NMR peaks were used to derive the relax- the IBP*H NMR line-widths were broader than those
ation rate using a three parameter equatiod Gj = of SAL at the same molar ratio of IBP to HSA and
Ag—[Ao— A(0)] exp(—R1t), whereA(t), A(0) andAg SAL to HSA (Fig. 1b. When the IBP concentration
are the peak areas at the recovery time, & and at was increased from 8.0mMFi{g. 1b to 20.0mM
the thermal equilibrium, respectively. (Fig. 10, the peaks of both IBP and SAL became
sharper and the chemical shifts drifted toward the
values of the free forms. These results are listed in
Table 1 The sharpness of IBP resonances can be un-

Fig. 1shows the aromatic region of one-dimensional derstood as an increased fraction of the free form, or
1H NMR spectra of IBP and SAL with and without  decreased proportion of the bound form, at the higher

IBP or SAL varied. There were no intermolecular
NOE between IBP and SAL in the NOESY spectrum
with mixing times as long as 1s (data not shown).

3. Results and discussion

SAL-H6

(© "
(b) M

SAL-H4

SAL-H3,5
IBP

H4,7 HS5,6

MA
i

(@

M

8(ppm) 7.8 7.6 74 72 7.0 6.8

Fig. 1. Aromatic regions of 1I3H NMR spectra of IBP and SAL in solutions containing (a) 4.0mM IBP and 4.0mM SAL, (b) 8.0mM
IBP, 8.0mM SAL and 0.2mM HSA, (c) 20.0mM IBP, 8.0mM SAL and 0.2mM HSA. The systematic line broadening and chemical shifts
up-field drifts revealed the competitive binding of IBP and SAL to HSA.
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Table 1

Relative chemical shift changed§) of the major resonances of IBP and SAL in the absence and presence of 0.2mM HSA, at different
concentrations of IBP and SAL

Concentration (mM) SAL 43, Hz) IBP (A8, Hz)

IBP SAL H6 H4 H3, 5 H4, 7 H5, 6 H3 H10
24.0 8.0 0.05 4.96 3.20 8.55 9.70 2.36 9.09
20.0 8.0 0.69 6.06 3.93 8.91 11.90 3.82 10.56
16.0 8.0 1.05 6.79 4.66 10.01 13.73 4.92 12.39
12.0 8.0 1.42 7.52 5.03 10.74 15.93 6.02 13.85
8.0 8.0 2.15 9.72 6.50 12.94 22.52 8.58 18.98
4.0 8.0 3.98 14.85 9.43 18.43 34.60 12.25 27.77
8.0 24.0 3.91 9.70 6.93 9.98 26.16 13.93 19.57
8.0 20.0 3.82 10.21 7.15 10.12 26.99 14.34 19.63
8.0 16.0 4.74 10.53 7.15 10.92 27.60 13.72 19.63
8.0 12.0 4.03 10.59 7.52 10.10 26.66 14.18 19.85
8.0 8.0 4.74 12.22 8.07 9.73 26.37 12.64 20.21

molar ratio of IBP to HSA. The increased resolution guish the binary and ternary complexes for the reason
of SAL peaks at higher concentrations of IBP revealed of simplicity.

that a noticeable fraction of the bound SAL had been  For a fast reversible binding process, the observed
replaced by IBP. Similar results were observed when 1H longitudinal relaxation rateRyop) of ligand can
excess SAL was added to solutions containing IBP be regarded as a weighted average of that of the free
and HSA. It was noticed that in the system containing (Ry;) and bound Ryp) forms[21-23}

IBP, SAL and HSA the chemical shifts of IBP and

SAL resonances showed a larger-dependence on theRlob: JiRat + foRib )
concentration of IBP than that of SAT4ble 1. The wheref; (=[L1]/CL) and § (=1 — f;) represent the
results indicated that IBP bound to HSA at higher molar fractions of a ligand in the free and bound forms,
affinity than SAL and provided the evidence of com- respectively.C 1 (=[L1] + [P-L4]) is the total con-
petitive binding of IBP and SAL to HSA. centration of the ligand L It is assumed here that

Since there were no additional peaks observed in the value ofRyy is independent of the binding site
the solutions containing the two ligands and HSA, the [21-23] This assumption is based on the fast binding
binding reaction could be considered as a fast processprocess and the hydrophobic binding mechanism of
on the NMR time scale. The competitive binding pro- IBP and SAL to HSA. The assumption also makes the
cess can, therefore, be expressed using a fast reversiblanalysis easier for such a complex system with multi-
equilibrum ple binding sites and two ligands. The ternary site was
IBP + HSA - SAL — HSA - IBP - SAL ) treated simp_ly as two independe_nt binary sites. quer

such a binding model, the fraction of the bound lig-
where HSAIBP and HSASAL represent binary and can be derived directly from the relaxation rate
molecular complexes. When the concentration of IBP [21-23}
is increased, the above equilibrium will move to the Riob — Rif
right side, which leads to increment of the free SAL /b= 5 ——— 3)
: 1b — Raf
fraction.

For low-affinity binding, it is also possible to form  Fig. 2a and 2kshowed the binding inducelH relax-
ternary complexes, IBRISA-IBP, IBP-HSA-SAL and ation rate changes\(R10p— R11)) of IBP and SAL as
SAL-HSA-SAL, if the binding site is large enough. a function of their concentration, respectively. From
In this case, the first and the secondary disassociationthese data, it was possible to extrapolate the relaxation
constants are expected to be different for each of the rate of the bound ligandR;p. The Ry, values were
complexes. In this work, we did not attempt to distin- 1.90+0.14s 1 (SAL H6), 194+0.18s 1 (SAL H4),
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Fig. 2. Plots of proton longitudinal relaxation rate changg®1on — R1¢) of IBP (a) and SAL (b) in solutions without and with 0.2mM
HSA as function of their concentration, respectively. The corresponding fraction of the bound IBP (c) and SAL (d) were derived from the

relaxation data.

2.02+0.14s 1 (SAL H3, 5), 363+0.18 51 (IBP H5,

6), 356+ 0.23s 1 (IBP H4, 7), 415+ 0.28s 1 (IBP

H3) and 421+ 0.25s 1 (IBP H10). Based on the val-
ues ofRyf, Ryp andRyqp, it was possible to derive the
fraction of the bound ligand usirigg. (3) The results
are shown irFig. 2cfor IBP andFig. 2dfor SAL. Af-

ter binding to HSA, the relaxation rate changes of the
four SAL protons were identicaF{g. 2b) since SAL is

a relatively small ligand. In contrast to SAL, the relax-
ation rate changes of IBP protons showed significantly
asymmetry Fig. 29. The smallerAR; of CH3(3) pro-
tons indicated that theo-propionic acid chain (IBP)
was away from the binding center. This agreed with
the observation of the binding of IBP to HSA at dif-
ferent pH[14]. Although AR; of the CH(3) protons
was smaller than that of the other protons of IBP, the
bound fraction derived was quite similar to that de-
rived from the other protond=(g. 29. This was also
true for the binding of SAL to HSAKig. 2d. Using

the well established binding mod@1-23] of
HSA-L =HSA+L 4)

it is possible to calculate the apparent dissociation con-
stant Kq) and number of binding sites)

_ [HSAJL] — (nCp — CL f)(1 = fb)

T HsA ~ Jo - 8
or
nCp Ky
- 6
S Ry ©

whereCp andC_ represent the total concentration of
HSA and ligand (IBP or SAL). From the datafiig. 2¢
and 2d Kq andn can be derived according &q. (6)
using ORIGIN (Microcal Software, Inc. Version 5.0).
The derived apparent dissociation constdfy)(and
number of the binding sites) were 139+ 0.16 mM
and 332 + 1.5 for IBP, and 427 + 0.48 mM and
35.0+ 2.3 for SAL, which agree well with previously
reported valueg18,19] These results revealed that
binding properties, such as the orientation of the ligand
molecule, were consistent in the concentration range
studied and that the above equations were applicable.
When the concentration of IBP increased from 4.0
to 20.0 mM in the solutions which contained 4.0 mM
SAL and 0.2mM HSA Fig. 39 the fractions of free
IBP (W) and SAL @) increased from 0.35 to 0.66 and
0.59 to 0.83, respectively. A similar phenomenon was
observed when the content of SAL was increased from
4.0 to 24 mM in the solutions that contained 8.0 mM
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Fig. 3. The fraction of the free ligands (a, b) and contents of the bound ligands (c, d) plotted as a function of the concentration of IBP
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(A), bound IBP in the system IBP-HSAVY, and bound SAL in system SAL-HSAA] were also shown for comparison.

IBP and 0.2 mM HSAFig. 3b. These results revealed
that IBP and SAL shared certain binding sites on HSA.
The fraction of bound or free ligand can be con-
verted into the concentratiorCf = f,Ciota)).- The
results are shown itfrig. 3c for the solutions con-
taining variable concentrations of IBP, 8.0 mM SAL
and 0.2mM HSA, and irFig. 3d for the solutions
consisting of variable SAL, 8.0mM IBP and 0.2 mM
HSA. The concentrations of the total bound ligands
(= Cp,BP + Cb.saL) in the three-component system
of IBP-SAL-HSA @), bound IBP Cp gp) and SAL
(Cp,saL) in the two-component systems of IBP—HSA
(A) and SAL-HSA ¥) were given in the figure for
the comparison. In the solutions containing variable
IBP and 0.2 mM HSA Fig. 39, the concentration of
the bound IBP M) was increased when its content

was increased because of the large low-affinity bind-
ing capacity of HSA. When 8.0 mM SAL was present
in the system, the concentration of the bound I (
was reduced by about 0.5mM in the titration range.
This can be understood as some of the IBP binding
sites were occupied by SAL. When the content of
IBP was increased from 4.0 to 20 mM, the concentra-
tion of bound SAL ®) was, correspondingly, reduced
from 1.6 to 0.7 mM. Since the concentration of HSA
was fixed in the solutions, the increased bound IBP
meant decrement of the free binding sites. This, in
turn, caused disassociation of the HSAL complex.
Although similar phenomena were observed during
the titration using SALFig. 3d, the bound SAL @)
was significantly reduced (1.1-4.0 mM) when 8.0 mM
IBP was present in the solutions. The concentration
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of bound IBP @) was reduced slightly from 4.6 to
4.2mM when the SAL concentration was increased
from 4.0 to 24.0 mM. This can be explained by the
higher binding affinity of IBP to HSA than that of
SAL to HSA.

It was noticed that the total concentration of
bound ligands 4) was higher in the solutions of
HSA-IBP-SAL than that in the solutions of either
HSA-IBP (A) or SAL-HSA (V). This indicated that
each of IBP and SAL may have their specific bind-
ing sites in addition to the mutual ones. In the other
words, the binding sites of IBP and SAL on HSA
are not fully overlapped. The competitive binding
happens only at those mutual binding sites.

Theoretically, chemical shift change can also be
used to derive the bound fraction of IBP or SAL in
a similar manner. However, multiple line-shapes and
large line broadening caused by the binding make it
difficult to measure the accurate chemical shift of the
IBP and SAL resonances, especially at low ligand to
HSA ratio.
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IBP or SAL, 0.2mM HSA) may be the best choice.
It is more likely that the two ligands compete for the
high-affinity binding Site 11l on HSA, which may af-
fects the results presented in this work. However, con-
sidering the high concentration ratio of the ligand to
HSA and large number of low-affinity bind sites, the
effect of the high-affinity binding is well within the
experimental errors.

4. Conclusions

The competitive low-affinity binding of ibupro-
fen and salicylic acid to human serum albumin
was observed and studied using NMR relaxation
measurements. It was demonstrated that the fractions
and concentrations of bound ligands can be calculated
from theR; data based on the model of fast reversible
binding reaction. The relaxation rate changes during
the titration using either IBP or SAL revealed that a
majority of the low-affinity binding sites of IBP and

There are several sources of errors in the measure-SAL on HSA were mutual for the two ligands, in

ments. The uncertainty in the relaxation rate determi-

nation using inverse-recovery approach is about 5%.

addition to the specific binding Site Ill. The approach
presented here may be used as an alternative method

For the current system, the cross-relaxation betweento analyze the competitive binding of two ligands to

the protons of the ligand and HSA, also known as
the origin of the inter-molecular NOE, may affect the
values ofRiop. This problem has been addressed in
the study of ligand—protein interaction using diffusion
based NMR experimerj24,25] There is no attempt

to reduce such effects in this work since the majority
of the ligand is in the bound form, especially at the
lower ligand to HSA ratios, and this reduces the re-

a protein. The possible errors in the analysis are ad-
dressed. The number of the overlapped binding sites
and the dynamics need to be further studied.
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