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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 mode
one can get the mutual and specific binding sites of the two ligands on the protein. The model was examined by using human serum albumi
(HSA) as a receptor and tolmetin (TOL) and salicylic acid (SAL) as ligands. Proton longitudinal relaxatiorRiategile measured on a
500-MHz NMR spectrometer during the titration and used to derive the mutual binding sites. It was found that among the binding sites of
32+ 4 for SAL and 28+ 2 for TOL on HSA, there were 1 5 mutual sites for the two ligands. 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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in the blood, which shows a better correlation to the phar-
macological activity of the dru@l]. Over the last decades,
Studies on the binding of drugs to protein are of great several techniques have been developed and applied to study
importance in biological, biomedical and pharmaceutical the binding of ligands to proteif2—19], such as equilibrium
sciences. The binding affinity and capacity can be describeddialysis, ultrafiltration, HPLC, and so on. Nuclear magnetic
by the dissociation constant of the molecular complex and resonance (NMR) spectroscopy has been recognized as a
the number of the binding sites on the protein. Any interac- powerful tool in the study of interaction between protein
tion that interferes with the binding of a drug to its receptor, and drug[10-17] such as identifying high-affinity ligands
such as competitive binding, may affect the pharmacological by linking low-affinity binding fragments, screening drugs
activity of the drug. The competitive binding represents the that bind more tightly to a receptor in the presence of weak-
condition that two ligands compete for the same binding to medium-affinity ligands, and determining the number
site or sites on a protein molecule. This may happen on theof low-affinity binding sites and the corresponding disso-
target protein and on the transport protein as well, such asciation constant. NMR is a non-invasive approach, which
serum albumin. The interactions between drug and the serumneeds minimum sample preparation and requires neither
proteins have a strong impact on the drug’s transportation, chromophore nor radioactive-labeled ligand. Because the
metabolism, excretion, and the concentration of free drug sample composition and equilibrium are not affected during
the NMR experiment, the sample is ready for subsequent
* Corresponding author. Tel.: +86 27 87197305; fax: +86 27 87199201, analysis by using the other methods. In addition, there are a
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to, and can be used to characterize, the molecular interaction10% D,O added for the NMR spectrometer frequency lock.
The main disadvantage of the NMR method is its inherent In group G1, the concentration of TOL was varied: 4.0, 8.0,
limitation of low sensitivity compared to other spectroscopic 12.0, 16.0, 20.0 and 24.0 mM in each of the two sets of solu-
methods. tions. Set 1 containing 0.2 mM HSA served as controls. Set
Most of the above mentioned methods are focused on2 containing 4.0 mM SAL and 0.2 mM HSA, for the study
qualitatively characterizing the competitive binding phenom- of the competitive binding of SAL and TOL. The concen-
ena, particularly, on the high-affinity binding. Wang has pre- trations of SAL (4.0, 8.0, 12.0, 16.0, 20.0, 24.0 mM) were
sented a chemical model for analyzing the competitive bind- varied in group G2. The compositions of the samples in this
ing of two different ligands on a single high-affinity site of group were Set 3, only 0.2 mM HSA,; Set4, 8.0mM TOL and
a protein molecul@l8]. And a similar mathematical expres- 0.2 mM HSA. Another sample containing TOL and SAL but
sion has been tested using the displacement isothermal titrawithout HSA was also prepared to obtain the relaxation rates
tion calorimetry methodil9]. As for low-affinity binding, a of the free ligandsRys).
fast and reversible chemical-reaction (FRC) model has been The!H longitudinal relaxation ratedRf) were measured
widely accepted and used to derive the number of binding using a conventional inverse-recovery sequence on a Var-
sites and apparent dissociation constaqf) (20-25] The ian INOVA 500 NMR spectrometer, operating at proton fre-
competitive binding of two drugs on the low-affinity sites of quency of 500.12 MHz at 298 K. Sixteen recovery delays
human serumalbumin (HSA) has also beeninvestigated usingranging randomly from 0.01to 5 s, and from 0.03to 10 s were
NMR method[17]. For each ligand, the low-affinity binding  used for the measurement®f of TOL and SAL for the sam-
sites can be divided into specific and non-specific or mutual ples with HSA, respectively, and 30 recovery delays ranging
sites. Competitive binding happens only on the mutual bind- from 0.2 to 20 s were used for the samples without HSA. The
ing sites, which is expected to have significant effect on the number of scans was adjusted to gain enough signal-to-noise
interaction of ligand and protein. In this article, we propose a (S/N) ratio for the different samples. The free induction decay
chemical model for determining the mutual and specific low- (FID) was acquired into 16k complex data points covering a
affinity binding sites. We use HSA as a model protein because spectral width of 6000 Hz. The areas of the NMR peaks were
itis amajor drug carrier proteinin blood and has large binding used to derive the relaxation rate using a three parameter
capacity for most drugs and endogenous metab¢ies31] equation ofA(t) = Ag — [Ao — A(0)] exp(—Rut), where A(t),
Two non-steroidal anti-inflammatory drugs, tolmetin (TOL) A(0) andAg are the peak areas at the recovery time, @f
and salicylic acid (SAL), were used as ligands. It has been and at the thermal equilibrium, respectively. In general, the
shown that TOL has a primary binding site at si{82] and experimental error for thB; is less than 5%20,36].
has three classes of binding si{88]. SAL can also bind to
HSA at site | (in subdomain 11A})34] and has tens of low-
affinity binding site§17,25,35] Itis, therefore, expected that
TOL and SAL will interfere with each other in the binding

process. 3.1. Competitive low-affinity binding model (CLAB)

3. Results and discussion

To establish the competitive low-affinity binding model
2. Experimental (CLAB) of two ligands (A and B) to protein (P), we used
the assumptions that (a) all binding sites on the protein are
Human serum albumin (fraction V, fatty acid free), tol- independent; (b) the binding reaction, RAB = PB+ A,
metin (sodium 1-methyl-P-toluoylpyrrole-2-acetate dihy- is reversible and fast on the time scale of the monitoring
drate) and salicylic acid were bought from Sigma (Poole, method (NMR in this case); (c) the observed parameter is
Dorset, UK) and used without purification. The numbering the fraction-weighted average of the parameters of the free
systems and molecular structures of SAL and TOL are shownand bound states; (d) the dissociation constant is the same
in Scheme 1 for the mutual and specific binding sites of each ligand, but
Two groups (G1 and G2), each containing two sets, of different for ligand A and B Kqg # Kga). Apart from the
samples were prepared in phosphate buffer (pH 7.4) with binding reaction, the concept of the assumptions is similar
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Scheme 1. The molecular structure and 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 RAB = PB+ A,
we have an equilibrium constant of

_ [PBIA
= [PAIB] @)

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 oKga (=[A][PJ/[PA]) and Kgg (=[B][P]/[PB]), re-
spectively. It must be indicated thi{ Kqa andKgg are the
apparent constants and their relationship is
K = Kaa )
KaB

If there areNa andNg binding sites for A and B, respec-
tively, andNy mutual sites, the number of total binding sites
(N) on the protein is

N = Na + Ng — Nm ®3)
According to the mass conservation, we have

NCp = [PA] + [PB] + [P] 4)

Ca = [A] + [PA] (5)

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

whereC,, Cp andCg are the total concentrations of protein
P, ligands A and B, respectiveldCp and [P] are the con-
centrations of the total and free binding sites on protein P,
respectively.

For the fast binding equilibrium, the observed parameter,
Aops IS the fraction-weighted average of the parameters of
the free statefs, and bound statéy,:

Aobs = XpAp + Xt At (7)

whereXp (=Chound Cotal) andXs (=Ctree/Crotal = 1 — Xp) rep-
resent the molar fractions of the bound and free ligand, re-
spectively. Eq(7) can be rewritten as
Xp = Aobs — At

Ap — As
From the above equatiorf$—6), one gets a cubic algebraic
equation as following (withga £ Kgg):

(8)

XEp +aXip +bXpa+c=0 )

with
1 K Cs KgB
- = 2 2% NCa,
=k 1 Tt K-1cA  Ca A
NC 1 (NCp KC
b= P P B dA+l ’
Ca 1-K\ Ca Ca Ca
NCp
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Solving Eqg.(9) in a conventional mann¢s9], we get two
meaningful solutions,

a 2 2+ 6
Xpar = —= + =+/(a? —
bA1l 3 + 3 (a® — 3b) cos( 3 )
for K4qa < KgB (10a)
2 27 — 0
Xbp2 = —= + = (a% — 3b) cos( il )
3 3
for Kga > KgB (10b)

—2a3 + 9ab — 27c

2/ (a2 — 3p)°

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 constantsi§fa andKyg, and the binding
sites (Na andNg), one can obtain the total and mutual binding
sites (N andNy) for the two ligands, as well as the specific
binding sites of la — N ) for ligand A and Ng — Ny) for
ligand B, by fitting the titration curveX{ppsversusCa) to Eq.
(20).

with & = arccos

3.2. Results

Fig. 1 shows the low-field regions(5.8-8.0) of 1H
NMR spectra of SAL and TOL in the absendéd. 1a) and
presence of 0.2mM HSAHKg. 1b—d). The figure shows
the binding induced up-field chemical shift-drift and line
broadening. When increasing the concentration of either
SAL or TOL, the line-width and chemical shift changes of
both ligands were reducedrify. 1c and d) because of the
competitive binding17]. In the spectrum of 8.0mM SAL
and 8.0 mM TOL Fig. 1a), there were no observable changes
in 1H NMR chemical shifts or line shapes compared to the
spectrum of pure TOL or SAL. There were no significant
differences betweetH relaxation rates of TOL or SAL in
the mixture and pure solutions. These results revealed that
the molecular dynamics of tolmetin and salicylic acid were
independent in the mixture without HSA under the experi-
mental conditions. Therefore, the relaxation rates measured
in the solutions without HSA were assigned to that of the
free forms Ryf): 0.48+0.01st (H7, 9), 0.51+0.03s!

(H8, 10), 0.46:0.02s! (H3), 0.42+0.02s! (H4)
for TOL, and 0.189:0.004s' (H6), 0.193+0.004s?
(H4), 0.187+0.004 st (H3, 5) for SAL. Due to the peak
overlapping, alkyl protons of TOL were excluded in the
measurements.

We used the FRC mod¢R0-25]to measure the num-
ber of binding sites and the apparent dissociation constants
of SAL and TOL to HSA. The!H relaxation ratesRiop9
of SAL and TOL were measured using samples Set 1 and
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Fig. 1. Down-field regions of 1BH NMR spectra of TOL and SAL in the solutions containing (a) 8.0 mM TOL and 8.0 mM SAL, (b) 8.0mM TOL, 4.0mM
SAL and 0.2 mM HSA, (c) 16.0mM 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 showrrig. 2a (SAL) 5

and Fig. 20 (TOL). The concentration dependence of the _Hl+ <ﬁ> (@) i (@)}

ligand relaxation rate and chemical shift suggests that the Cp/) \CL CL

chemical exchange of free and bound ligand is on the fast 12

NMR time scale. From these data, it was possible to ex- _4n, <2>}

trapolate the relaxation rate of bound ligafdp. The Ryp CL

values were 2.62£0.23s 1 (H7, 9), 2.77+0.34s 1 (H8,

10),2.90+ 0.25s1 (H3),2.87+0.26 s (H4) for TOL,and  The optimized values dfg andn were 2.68+ 0.48 mM and

2.80+0.25s 1 (H6), 2.83+0.46s 1 (H4), 2.90+0.27s1 3244 for SAL, and 1.75:0.24mM and 282 for TOL.

(H3, 5) for SAL. TheRyy, values of SAL were larger than  The results obtained here agree well with those of previous

that shown in Ref[17], which could be due to the fatty acid  study for SAL[17]. The dissociation constant of TOL is in

free HSA used here. The number of binding sit®safd the the same order dfg3 (Kg of the third class of binding sites)

dissociation constankg) of each ligand on HSA can be ob- measured at 23 and about seven times smaller tHégs

tained by fitting the data to the well-established FRC model measured at 37C, using an equilibrium dialysis method,

for HAS-ligand binary systerfi7,20,37,38] and the number of binding sites is within the rangengf

(number of the third class of binding sitg8g3]. This may

be due to the method and temperature dependent and the

2Xp = 2(Ra,00s — Ra)(Rab — Ray) limited number of the experimental data points. Since the
14 (Kd) (@) . (&) NMR method cannot separate the different classes (the first,

(11)

cp) \cL CL second and third) of binding sites, all of the binding sites are
2.0 22
() > (b)
1.84 .
oy 2.0
g 16 4
2 H6 18/ . = 1179
S 14 H4 » e 118,10
g H3.5 . A 13
= ¥ 1.6 ¥ v H4
& 1.24 ¥ b
4 1.4 :"
L0 ‘ ; ; .
0.02 0.04 0.02 0.04
Concentration ratio (C,,/C,, ) Concentration ratio (C,/C,, )

HSA" ~SAl

Fig. 2. Plots of proton longitudinal relaxation rates of SAL (a) and TOL (b) in HSA solutions as a function of the concentrationCata/CLigand. The
curves represent the best fit to Egj1).
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treated equally and assumed to be in the fast exchange regimeccupy about 60% of the 282 sites for TOL. This result
on the NMR time scale. Therefore, tKg andn determined indicates that although HSA has large binding capacities
here are the apparent values or the weighted average of alfor most ligands, there are still a reasonable amount of the
possible binding classes. low-affinity binding sites that are structure selective.

To determine the mutual binding sites, we measured the
1H relaxation rates of SAL and TOL in the three-component 3.3. Discussions
system (HSA-SAL-TOL) at different concentrations
(4.0-24.0 mM) of either TOL or SAL (samples Set 2 and The CLAB model presented here can be easily utilized
Set 4). As expected, thtH relaxation rates of TOL and  to analyze the competitive low-affinity binding of ligands
SAL in the tertiary system were both smaller than those in to macromolecules through measurement of the changes
the binary system (samples Set 1 and Set 3). When TOL of spectroscopic parameters. To investigate the competitive
concentration was increased from 4.0 to 24.0 mM (Set 2), binding conveniently, a simplified chemical model is pro-
the relaxation rates of the protons of TOL changed towards posed here, which may neglect some information. For in-
those of free state protons, aRgcps Of SAL was decreased  stance, the co-binding of ligands on HSA may exist if the
too, which suggested that more and more free SAL had beenbinding site is large enough. Therefore, it is possible to form
displaced by TOL. These were obvious evidence for the ternary complexes like SAL, HSA and TOL on a single site.
competitive binding of these two ligands on the low-affinity In the present work, only binary complex was concerned,
binding sites of HSA. The molar fraction of bound TOL because it will be very complicated to solve the equation if
(Xp,ToL) could be obtained from E@8) using the observed the first and secondary dissociation constants are taken into
relaxation rates of TOL. There was no significant difference account.
of the values ofX,toL calculated using the relaxation It has been shown that SAL can decrease tolmetin
rates of different protons. The avera¥gtoL versus the binding [33] to HSA. This might be interpreted by the
variation of TOL concentrations could be fitted to Et0a) fact that they share a primary binding site at HB®,34]
to determine the number of total independent binding sites Theoretically, the model presented here can also be applied
sinceKga <Kgp. The best fitting to Eq(10a)was shown in  to the competitive medium-to-high affinity binding, if the
Fig. 3(a). The optimized value dff was 43+ 2. The number  exchange between free and bound state of the ligands is
of the overlapped binding sites\g) of SAL and TOL fast on the time scale of the monitoring method. It must be
on HSA was 16:5 (=NsaL + NtoL —N). The result was indicated that the NMR approach presented here focuses on
reasonable according fdro. and NsaL. Using the same  distinguishing between the mutual and specific binding sites.
principle, we obtained the total and overlapped binding sites Since different classes of binding sites are treated equally by
of 42+ 4 (N) and 18+ 6 (Nm), respectively, by fitting the  the NMR methodNy obtained here is the apparent number
titration curve ofXp,saL versusCsa to Eq.(10b)(Fig. 3b). of mutual binding sites.
Combining the two measurements, we got the average values In addition to the competitive binding, a number of other
of N andNm, as 42+ 3 and 1745, respectively, for SAL  factors, such as pH, temperature, ionic strength, allosteric ef-
and TOL on HSA. It is interesting to note that about half of fect, etc., may cause NMR parameter changes. To minimize
the 3244 binding sites for SAL are shared with TOL and those effects, we prepared the sample in phosphate buffer
the other half are specific, while the mutual binding sites and carried out the experiment at the same temperature. The

(a) (b) =
0.6 + PO
Lo
L] TOL
g:
=
=2
g
£ 044 +
=2
3
& SAL
0.2 e
T T T ¥ ¥ T 4 T
0.02 0.04 0.02 0.04
Concentration ratio (C,,, /C ) Concentration ratio (C,. /C. )

“HSA

Fig. 3. The averaged bound fraction of TOM)and SAL @) in the system of TOL-SAL-HSA as a function 6fsa/CroL (a) andCpsa/CsaL (b) are
diagramed. The solid curves represent the best fit td Hxp)(H) and Eq.(10b) (@), respectively.



G. Bai et al. / Journal of Pharmaceutical and Biomedical Analysis 38 (2005) 588-593

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.
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