
Available online at www.sciencedirect.com
JOURNAL OF

ARTICLE IN PRESS
www.elsevier.com/locate/jinorgbio

Journal of Inorganic Biochemistry xxx (2007) xxx–xxx

Inorganic
Biochemistry
Synthesis of a new gadolinium complex with a high affinity
for human serum albumin and its manifold

physicochemical characterization by proton relaxation rate
analysis, NMR diffusometry and electrospray mass spectrometry

C. Henoumont, V. Henrotte, S. Laurent, L. Vander Elst, R.N. Muller *

Department of General, Organic and Biomedical Chemistry, NMR and Molecular Imaging Laboratory, University of Mons-Hainaut, 24 avenue

du Champ de Mars, B-7000 Mons, Belgium

Received 9 May 2007; received in revised form 12 October 2007; accepted 31 October 2007
Abstract

A novel gadolinium complex, derived from Gd–DTPA (DTPA: diethylenetriaminepentaacetic acid) and sulfaphenazole, intended to
be a potential MRI contrast agent and to interact with human serum albumin (HSA), was synthesized and characterized. Its relaxometric
properties were evaluated in water, and its binding to HSA was investigated by three techniques: proton relaxation rate analysis, NMR
diffusometry, and electrospray mass spectrometry. The complex has a higher relaxivity than the parent compound (r1 = 7.8 s�1 mM�1 at
310 K and 0.47 T and 7.7 s�1 mM�1 at 310 K and 1.41 T), a fast water exchange, and a very good stability versus zinc(II) transmetal-
lation. All techniques agree with a high affinity of the complex for HSA, and competition experiments indicate that this contrast agent
competes with ibuprofen for HSA.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetic resonance imaging (MRI) is widely used as a
clinical diagnostic tool thanks to its very good spatial
and temporal resolution. Its main drawback is a poor sen-
sitivity, which can be compensated by the use of contrast
agents designed to enhance the nuclear relaxation processes
of the water protons [1–6]. The first commercial MRI con-
trast agent was Magnevist�, a clinical formulation of Gd–
DTPA (DTPA: diethylenetriaminepentaacetic acid, Scher-
ing, Germany) which is characterized by a biodistribution
restricted to the vascular and extracellular spaces, and a
rapid renal elimination. For early detection of some dis-
eases, more specific contrast agents, able to recognize spe-
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cific receptor molecules located inside or outside the cells,
are needed. In addition, contrast agents with a high relax-
ivity are also necessary. For most of them, a higher relax-
ivity is achieved by reducing the mobility through an
increase of the molecular size either by covalent or non-
covalent binding to a large structure like a macromolecule.
For example, several contrast agents able to bind to the
endogenous serum albumin have been developed and have
been shown to be very efficient [7–19].

Human serum albumin (HSA) is a 66 kDa blood pro-
tein, which is one of the most abundant proteins in plasma
(concentration of about 4%) and which is known to bind to
a large variety of ligands with a relatively high affinity. Two
major binding sites can be distinguished, according to the
Suddlow classification scheme [20–24]: the Suddlow site
II, located in the subdomain IIIA of HSA, is a hydropho-
bic pocket and binds small aromatic carboxylic acids, like
ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017
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L-tryptophan, ibuprofen, or thyroxine, while the Suddlow
site I, located in the subdomain IIA, is reported in the lit-
erature as ‘‘a large and flexible region” [23], and is able to
bind a wide diversity of ligands among which are salicylate,
warfarin or bilirubin.

In the present work, sulfaphenazole which has been
reported to strongly bind to HSA or BSA (bovine serum
albumin) (Ka of 7.5 � 105 M�1 (n = 0.7) [25], or ranging
between 9.5 � 105 and 16.1 � 105 M�1 (n = 0.5–1) [26] for
HSA at 298 K, and 1.55 � 105 M�1 (n = 1) [27] or
9.2 � 104 M�1 (n = 1) [28] for BSA at 310 K) was coupled
to a derivative of Gd–DTPA to give Gd–C4-sulfaphenazol-
DTPA. This new C4 substituted Gd-complex has a struc-
ture similar to that of MS-325 [7,8] and will be compared
to this known compound throughout the study (Fig. 1).

The new complex was characterized in vitro in aqueous
solution and in the presence of human serum albumin.
Its interaction with HSA was evaluated by three different
techniques: proton relaxation rate analysis [7–19], NMR
diffusometry [29–39], and electrospray mass spectrometry
[19,40]. The first method takes advantage of the relaxivity
difference between the free paramagnetic complex and the
supramolecular assembly resulting of its binding to HSA.
Classically, the procedure consists of measuring the water
proton relaxation rate of solutions containing increasing
concentrations of gadolinium complex in a 4% aqueous
solution of HSA. The experimental data can then be fitted
with Eq. (1) in order to obtain an estimation of the associ-
ation constant and of the number of binding sites, assum-
ing that all sites are identical and independent.
RP
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Fig. 1. Chemical structure of (a) Gd–C4-s
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In this equation, p0 and l0 are the initial concentrations in
HSA and in the gadolinium complex, respectively; rl

1 and rc
1

are the relaxivities of the free contrast agent and of the
complex contrast agent/HSA, respectively; Ka is the associ-
ation constant; and n is the number of binding sites.

The second technique used in this work is based on the
analysis of the diffusion coefficient of the contrast agent in
the bound and in the free states. The diffusion coefficient is
measured by NMR in solutions containing various concen-
trations of the contrast agent and a fixed concentration of
HSA. If the exchange between the contrast agent and the
macromolecule is sufficiently rapid, the observed diffusion
coefficient (Dobs) is the mean of the diffusion coefficient
of the free contrast agent (Df) and the diffusion coefficient
of the bound contrast agent (Db), weighted by the molar
fraction of free (xf) and bound contrast agent (xb) (Eq.
(2)) [32–39]

Dobs ¼ xfDf þ xbDb ð2Þ

For this technique, it is necessary to replace the gadolin-
ium ion by a poorly relaxing analogue in order to avoid an
excessive reduction of the transverse relaxation time and a
subsequent broadening of the NMR signals. Europium(III)
ion was used since this lanthanide has the additional
advantage of shifting the chelate signals far away from
those of HSA, making it easier to measure the chelate’s dif-
fusion coefficient. One drawback of this NMR technique,
however, is the impossibility to detect compounds with
high affinity for HSA. Indeed, if the interaction is very
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K�1
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ulfaphenazol-DTPA and (b) MS-325.
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strong, the exchange is slow on the diffusion timescale and
often also on the chemical shift timescale. As a conse-
quence, the diffusion coefficients measured through the
resonances of the free and bound chelates are equal to Df

and Db, respectively. Moreover, the signal of the bound
chelate is usually broad and has a low intensity making it
difficult to distinguish from the noise. In such a case, com-
petition experiments with other ligands of medium affinity
and sharing the same binding site are useful [41–43]. This
approach has theoretically the additional advantage of pro-
viding information about the binding site of the studied
compound. In this work, we performed competition exper-
iments with ibuprofen, which binds to Suddlow site II, as
the primary site, and to other secondary sites [24], and with
salicylate, which binds mainly to Suddlow site I but also
with secondary sites in Suddlow site II [23].

As a third technique we used electrospray mass spec-
trometry to obtain mass spectra of HSA in the presence
of various contrast agent concentrations. Electrospray
ionization mass spectrometry (ESI-MS) is emerging as
a new method to study biomolecular non-covalent inter-
actions [19,40,44,45]. The ability of ESI-MS to study spe-
cific non-covalent complexes originates from its soft
ionization, which does not induce any unwanted molecu-
lar fragmentation thus allowing weak non-covalent inter-
actions to survive the electrospray process. Interaction
between the contrast agent and HSA induces peaks cor-
responding to the supramolecular complex, in addition to
the peaks corresponding to the free HSA. This method
gives direct information not only on the affinity of the
contrast agent for HSA but also on the stoichiometry
of the complex [19,40].
Fig. 2. Synthetic scheme of Gd
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2. Materials and methods

2.1. Chemicals

1-p-isothiocyanatobenzyldiethylenetriaminepentaacetic
acid was obtained from Macrocyclics (Dallas, USA). Sulfa-
phenazole and human serum albumin (HSA, product no.
A-1653, powder 96–99%) were purchased from Sigma
(Bornem, Belgium). HSA was used without further purifi-
cation for the relaxometric and the diffusion measurements.
For mass spectrometry experiments, HSA was however
desalted by five dilution-concentration steps using Micro-
con YM-10 from Millipore (Brussels, Belgium). The pro-
tein concentration was measured spectrophotometrically
(UV k = 280 nm) on an 8452A diode array spectrophotom-
eter (Hewlett–Packard, Brussels, Belgium). The HSA con-
centration was 0.6 mM (4%) for the proton relaxation
rate analysis and the diffusometry technique and 5 lM
for the mass spectrometry experiments. The relaxometric
measurements were performed in water, except the compe-
tition experiments which were performed in a phosphate
buffer (0.2 M NaH2PO4 + 0.2 M Na2HPO4, pH 7.4). The
diffusion measurements were carried out in the same phos-
phate buffer but in heavy water and the mass spectrometry
measurements were performed in ammonium acetate,
which disturbs only slightly the conformation of HSA [40].

2.2. Synthesis of gadolinium and europium complexes

The reaction scheme is shown in Fig. 2. A water solu-
tion of sulfaphenazole was added to a water solution of
1-p-isothiocyanatobenzyldiethylenetriaminepentaacetic acid
–C4-sulfaphenazol-DTPA.

ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017
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(1.5 equivalents). The pH of the solution was set between 9
and 10 and the mixture was stirred during 48 h at room
temperature. After reaction, the product was purified by
dialysis on a Spectra/Por� Biotech Cellulose Ester (CE)
membrane with a cut-off of 500 (VWR, Leuven, Belgium)
and by column chromatography on silica gel 60 RP-18
(40–63 lm) (Merck, Darmstadt, Germany) with metha-
nol/water 40/60 (v/v) as elution solvent. 1H NMR (D2O,
d (ppm), m, multiplet; s, singlet; d, doublet; pyr, pyrazole):
2.7–3.1 (m, 7H, 3 � CH2 + 1 � CH); 3.1–3.3 (m, 2H,
1 � CH2); 3.6–3.7 (s, 10H, 5 � CH2–COOH); 5.7 (d, 1H,
1 � CH pyr.); 6.6 (d, 1H, 1 � CH pyr.); 7.1–7.2 (m, 6H,
6 � CH); 7.2–7.3 (m, 6H, 6 � CH); 7.5–7.6 (d, 1H,
1 � CH).

For the complexation, a water solution of gadolinium
chloride or europium chloride (1 equivalent) was added
dropwise while maintaining the pH between 6 and 8. The
resulting mixture was then stirred during 24 h. The pres-
ence of free gadolinium or europium ions was detected with
arsenazo III (2,7-bis(arsonophenylazo)-1,8-dihydroxy-
naphthalene-3,6-disulfonic acid, Aldrich, Bornem, Bel-
gium), a complexometric indicator [46]. The free ions were
removed with Chelex� 100 (Fluka, Bornem, Belgium). The
complex was then dialyzed using a membrane with an
MWCO of 500. Eu-complex: ES-MS (M + 2Na)+: 1047,
1049 (Eu isotopes); (M + 3Na)+: 1069, 1071; (M + 4Na)+:
1091, 1093.

2.3. Proton relaxation rate analysis

Proton relaxation rates were measured at 0.47 T and
310 K on Minispecs PC-20 or mq-20 (Bruker, Karlsruhe,
Germany) by a standard inversion-recovery sequence.

Proton nuclear magnetic relaxation dispersion (NMRD)
profiles were recorded on a Stelar Relaxometer (Mede,
Italy) working between 0.24 mT and 0.24 T. The additional
relaxation rates at 0.47 T, 1.41 T, and 7.05 T were mea-
sured on mq-20 and mq-60 Minispec systems (Bruker),
and on an AMX300 spectrometer (Bruker). The transmet-
allation measurements by Zn2+ ions were performed at
310 K and 0.47 T with a concentration of gadolinium com-
plex and of Zn2+ ions of 2.5 mM, in a phosphate buffer
([KH2PO4] = 0.026 mol/L and [Na2HPO4] = 0.041 mol/L)
[47].

2.4. NMR diffusion measurements

The measurements were performed on an Avance200
spectrometer equipped with a variable temperature high
resolution diffusion probe (Bruker). A ‘‘PGSE” (pulsed
gradient spin echo) sequence with D = 4 ms and d = 1 ms
was used. The gradient strength was calibrated with water
(D = 3 � 10�9 m2/s at 310 K) and the maximum gradient
strength was 800 G/cm. The temperature was maintained
at 310 K by circulation of water in the gradient coil (water
bath HAAKE UWK 45). All the solutions were prepared
in a phosphate buffer made with D2O. The diffusion coeffi-
Please cite this article in press as: C. Henoumont et al., J. Inorg. Bi
cients were obtained by a fit of the peak heights, manually
measured, versus the field gradient using the following
equation:

I ¼ I0 expð�c2g2Dd2ðD� d=3ÞÞ ð3Þ
A biexponential fit of the data, where one of the compo-
nents was assumed to be governed by the diffusion coeffi-
cient of HSA, was necessary in order to calculate the
diffusion coefficient of ibuprofen or salicylate because of
a signal overlap between the ligand and the HSA. Depend-
ing on the concentration, the number of scans varied be-
tween 400 and 20,000.

2.5. Electrospray mass spectrometry measurements

Electrospray mass spectra were obtained on a Q-tof 2
(Micromass, Manchester, UK) in the positive ion mode
at a capillary voltage of 1.4 kV. Samples, dissolved in
ammonium acetate (100 mM), were injected with needles
at a flow rate of a few nL/min [40]. Each spectrum is the
sum of approximately 400 scans. The raw spectra were then
baseline-corrected before deconvolution, using the pro-
gram MaxEnt1TM. The concentration of albumin samples
injected in the mass spectrometer was 5 lM. All spectra
were recorded at a cone voltage of 180 V and a source tem-
perature of 353 K. The concentration of HSA was fixed at
5 lM in ammonium acetate and the concentration of con-
trast agent ranged from 5 to 50 lM.

3. Results and discussion

3.1. Water solution

The efficacy of an MRI contrast agent depends on its
magnetic interaction with water protons. The classical
description takes into account two contributions: the inner-
sphere model described by Solomon [48] and Bloembergen
[49], which refers to short distance interactions, and the
outersphere contribution described by Freed [50], which
accounts for the larger distance interactions. Various
parameters related to the structure and the dynamics of
the complex are used in these models. Some of them are
quite similar for all low molecular weight complexes, like
the distance of closest approach (d = 0.36 nm), the distance
between the protons of the coordinated water molecules
and the gadolinium (r = 0.30–0.31 nm), and the relative
diffusion constant which is close to the value of pure water
(D = 3.0 � 10�9 m2 s�1 at 310 K) [51]. The structure of the
complex determines other parameters, i.e., q, the number of
coordinated water molecules; sM, the residence time of
these water molecules; sR, the rotational correlation time
of the complex; sSO, the electronic relaxation time at very
low fields; and sV, the correlation time describing the mod-
ulation of the zero field splitting (ZFS).

Considering its structure, the number of coordinated
water molecules of our complex was assumed to be equal
to one. The higher boundary value of sM can be estimated
ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017



Fig. 3. Evolution of the water proton relaxivity of the Gd–C4-sul-
faphenazol-DTPA with temperature (B0 = 0.47 T). The curves for Gd–
DTPA, Gd–DTPA–BMA (Omniscan�), and MS-325, which where shown
to have sM values at 310 K of 143 ns, 967–1025 ns, and 83 ns, respectively
[7,18,52], are added for comparison.

Fig. 4. NMRD profiles of Gd–C4-sulfaphenazol-DTPA at 310 K. (a) Gd–
C4-sulfaphenazol-DTPA 1 mM. The NMRD profiles of Gd–DTPA
(dashed line) and of MS-325 (dotted line) have been added for compar-
ison. (b) NMRD profiles at three different concentrations. The lines
through the data aim at guiding the eye.

C. Henoumont et al. / Journal of Inorganic Biochemistry xxx (2007) xxx–xxx 5

ARTICLE IN PRESS
from the evolution of the proton relaxivity (defined as the
increase of the water relaxation rate induced by 1 mmol/L
of complex) versus temperature. The continuous increase
of the relaxivity between 318 K (r1 = 6.8 s�1 mM�1) and
278 K (r1 = 11.4 s�1 mM�1) is typical of a fast exchange
between the coordinated water molecule and bulk water
(Fig. 3). Indeed, the evolution of the water proton relaxiv-
ity with temperature for MS-325, which was reported to
have a sM of 83 ns at 310 K, is similar to that of our com-
pound [7,8]. On the contrary, the data observed for Gd–
DTPA–BMA (gadodiamide, Omniscan�; Nycomed, Oslo,
Norway), which has a sM of about 1 ls at 310 K [18,52],
clearly shows a quenching of the relaxivity at low temper-
ature. A relatively short value of sM at 310 K
(s310

M � 100 ns) can thus be assumed for our complex. It
should be noted that such a sM value has very little influ-
ence on the proton relaxivities of small or medium size
complexes at 310 K.

The proton NMRD profile of the complex (1 mM solu-
tion) was recorded at 310 K and compared to the NMRD
profiles of the parent compound Gd–DTPA and of MS-325
(Fig. 4a). The observed relaxivity of our new complex is
larger than for the parent compounds Gd–DTPA and
MS-325 (r1 = 7.8 versus 3.85 and 5.45 s�1 mM�1 at
0.47 T, respectively) and unexpectedly high above 5 MHz.
Based on the molecular weights and on the similarity of
the chemical structures of MS-325 and our complex, simi-
lar NMRD profiles were however expected. The differences
observed at high field result from an increase of the rota-
tional correlation time and could be explained by the for-
mation of aggregate by P-stacking between the molecules
in the solution. NMRD profiles recorded at several concen-
trations (1 mM, 2 mM, and 7.9 mM) (Fig. 4b) show a
hump at high fields for the larger concentrations, which
Please cite this article in press as: C. Henoumont et al., J. Inorg. Bi
agrees with the possible formation of aggregates resulting
from the intermolecular interaction between the aromatic
parts of the molecules.

The stability of the new complex was tested by measur-
ing the exchange between the gadolinium ion and the zinc
ion, which is known as the blood ion most likely to be able
to exchange with the gadolinium ion in plasma because of
its similar radius. This experiment was performed in the
presence of phosphate ions, which form an insoluble com-
plex with the gadolinium ions. During the transmetallation
process, the released gadolinium ions precipitate with the
phosphate ions and they no longer contribute to the proton
paramagnetic relaxation rate of the solution. As a result,
the paramagnetic relaxation rate of the solution decreases
[47]. For Gd–C4-sulfaphenazol-DTPA, a decrease of 30%
of the proton paramagnetic relaxation rate is observed
after 100 h, attesting to a very good stability of the
ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017
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complex. Its stability is slightly better than that of Gd–
EOB–DTPA (PrimovistTM), markedly higher as compared
to Gd–DTPA and Gd–DTPA–BMA (Omniscan�) [47]
and comparable to that of MS-325 [7] (Fig. 5).
3.2. HSA solution

3.2.1. Proton relaxation rate analysis

The NMRD profile of the complex at a concentration of
1 mM in the presence of HSA 4% (Fig. 6) is characterized
by a large hump at high fields (between 10 and 60 MHz),
reflecting the increase of the rotational correlation time
(sR) of the complex, which is the consequence of its non-
covalent interaction with HSA. The apparent maximum
Fig. 5. Comparison of the evolution of the paramagnetic proton
relaxation rate during transmetallation of Gd–EOB–DTPA (PrimovistTM)
[47], MS-325 [7], and Gd–C4-sulfaphenazol-DTPA by Zn(II) ions
(B0 = 0.47 T, T = 310 K, pH 7)). Data previously obtained for Gd–DTPA
[47] (dotted line) and Gd–DTPA–BMA (Omniscan�) [47] (dashed line) are
added for comparison.

Fig. 6. NMRD profile of the complex at a concentration of 1 mM in the
presence of 4% HSA at 310 K. The line through the data aims at guiding
the eye.

Please cite this article in press as: C. Henoumont et al., J. Inorg. Bi
relaxivity, i.e. the paramagnetic relaxation rate of the
1 mM solution in HSA 4%, is quite high and close to
25 s�1 mM�1, a value similar to that found for MS-325
[7,8].

Quantification of the affinity of this contrast agent for
HSA was attempted by proton relaxation rate analysis at
20 MHz, which is in the frequency range of the NMRD
profile where the effect of the interaction is maximal
(Fig. 7a). The fitting of the data using Eq. (1), fixing the
lower limit of rc

1 as the largest values of the apparent relax-
ivity (defined as RP

1=½Gd-complex�), provides a Ka of about
5470 ± 4540 M�1 with 2.2 ± 0.8 binding sites and an rc

1 of
30 ± 0.5 s�1 mM�1. This Ka value is lower than that
reported for sulfaphenazole [25–28] and suffers from the
hypothesis of identical and independent binding sites and
Fig. 7. (a) Evolution of the paramagnetic relaxation rate of water protons
in the presence of various concentrations of the gadolinium complex and
of a 0.6 mM concentration of HSA (T = 310 K, B0 = 0.47 T). (b)
Apparent relaxivities calculated from the data in Fig. 7a. The dashed
line was calculated assuming one strong binding site (Ka1 = 7.5 �
105 M�1) with a relaxivity of 27.5 s�1 mM�1 and two sites of weaker
affinity (Ka2 = 2 � 104 M�1) with a relaxivity of 20 s�1 mM�1.

ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017



Fig. 8. Titration experiment with the NMR diffusometry technique. The
closed squares represent the evolution of the diffusion coefficient of the
europium complex in the presence of 4% HSA (T = 310 K, B0 = 4.7 T)).
The dashed line represents a simulation of the diffusion curve based on the
results obtained by the proton relaxation rate analysis technique
(Ka1 = 7.5 � 105 M-1 with n = 1 and Ka2 = 2 � 104 M�1 with n = 2) and
assuming a fast exchange of the lanthanide-complex.
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from a lack of precision because of the number of undeter-
mined and correlated parameters in Eq. (1): indeed, Ka, n,
and the relaxivity of the complex HSA–contrast agent ðrc

1Þ
are strongly correlated.

The apparent relaxivities calculated from the data in
Fig. 7a remain approximately constant at a value close to
27 s�1 mM�1 in the concentration range extending from
0.1 mM to 0.5 mM and then decrease as the contrast agent
concentration increases, due to the lessening of the bound
fraction of the Gd-complex (Fig. 7b). These data can be
explained by the presence of a strong binding site and addi-
tional weaker binding sites. Indeed, the experimental data
could be fitted using the assumption of one strong binding
site (Ka1 = 7.5 � 105 M�1) with a relaxivity of 27.5 s�1

mM�1 and two sites of weaker affinity (Ka2 = 2 � 104 M�1)
with a relaxivity of 20 s�1 mM�1 (see dashed line in
Fig. 7b). The resulting 1:1 HSA/contrast agent complex
has however a moderate relaxivity that could be explained
by a conformation that does not allow a very fast exchange
of the coordinated water with the bulk or by some displace-
ment of the coordinated water by other coordinating
groups of the binding site.

3.2.2. NMR diffusometry

NMR diffusometry was performed on the europium
complex as explained above (see Section 1). During the
titration experiment, i.e. the experiment in which the con-
centration of HSA is fixed to 4% and the concentration
of the europium complex varies, no evolution of the diffu-
sion coefficient was observed. This result differs from the
simulated curve performed on the basis of a fast exchange
between bound and free states and of the data obtained
from Fig. 7b, which predicts a significant evolution of the
diffusion coefficient (Fig. 8). This discrepancy can be
explained by a slow exchange between albumin and the
contrast agent on the diffusion timescale. The non-covalent
interaction with albumin is indeed usually described as a
two-step phenomenon: the first step is essentially driven
by enthalpy and is rapid, while the second step is mostly
driven by entropy and is very slow, corresponding to the
hydrophobic interaction between HSA and the ligand. In
most cases, the entropic factor is predominant, which
makes the exchange between the bound and the free ligand
very slow [23].

3.2.3. Electrospray mass spectrometry

The electrospray mass spectra (Fig. 9) clearly show two
signals corresponding to a complex between HSA and the
gadolinium complex, besides that of HSA alone, when
the concentrations of HSA and of Gd–C4-sulfaphenazol-
DTPA are equal (5 lM). In addition, the lower intensities
of the HSA peaks as compared to the HSA/Gd-complex
peaks indicate a very strong affinity of the Gd-complex
for HSA. With increasing Gd–C4-sulfaphenazol-DTPA
concentrations, the number of signals corresponding to a
complex between HSA and the contrast agent increases
to reach a value of five (i.e., simultaneous presence of
Please cite this article in press as: C. Henoumont et al., J. Inorg. Bi
1:1, 1:2, 1:3, 1:4, and 1:5 HSA/Gd-complex entities) when
the concentration of the contrast agent is ten times larger
than the concentration of the protein. In order to obtain
more quantitative information, the peak heights of the
various multiply charged ions of the free HSA and of the
complex were summed to evaluate the respective concen-
trations. This treatment was carried out using the software
MaxEnt1TM which uses the maximum-entropy method to
reconstruct neutral molecular mass spectra from spectra
of multiply charged forms. Thanks to this treatment, the
concentrations of the different species were obtained. When
both concentrations of HSA and chelates are identical
(5 lM), it can be calculated that 53% of the Gd-complex
is bound to HSA. The corresponding Ka is 4.8 �
105 M�1, a value much higher than that found for MS-
325 in the same condition (Ka = 1.9 � 104 M�1) [19].
3.2.4. Competition experiments
The competition experiments with ibuprofen and salicy-

late were first performed with the proton relaxation rate
analysis technique. Addition of 1 mM of ibuprofen or salic-
ylate to a solution containing 1 mM of Gd-complex and
4% of HSA induced a moderate and similar decrease of
the paramagnetic relaxation rate (decrease < 15%) at
20 MHz. Further increases of the salicylate concentration
until 5 mM had little additional effect (maximum decrease
of 16%), whereas at the same concentration (5 mM)
ibuprofen induced a decrease of about 30%. Similarly,
ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017



Fig. 9. Mass spectra of HSA (5 lM) in the presence of Gd–C4-sulfaphenazol-DTPA at various concentrations: A (5 lM), B (10 lM), C (20 lM), D
(30 lM), and E (50 lM). *Corresponds to the peaks of HSA and **corresponds to the peaks of the 1:1 complex HSA/Gd–chelate.
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the NMRD profiles performed on solutions containing
2 mM of contrast agent, 4% of HSA, and 10 mM of com-
petitors (Fig. 10) show a larger decrease of the paramag-
netic relaxation rate when ibuprofen is present. Ibuprofen
seems thus to be a more efficient competitor of the contrast
agent than salicylate.

Competition was also assessed through the diffusometry
technique performed on solutions containing 2 mM of euro-
Fig. 10. NMRD profiles of 2 mM Gd–C4-sulfaphenazol-DTPA: alone in
an aqueous buffer, in the presence of 4% HSA, and in the presence of 4%
HSA and of each of the competitors (T = 310 K). The lines through the
data aim at guiding the eye.
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pium complex, 4% of HSA, and 10 mM of ibuprofen or salic-
ylate. In these experiments, the diffusion coefficient of the
competitor, i.e. ibuprofen or salicylate, was measured. Titra-
tion experiments were first performed for each of the compet-
itors (data not shown) and reflect only the secondary binding
sites of the ligands. As described in the introduction, if the
interaction with the main site is quite strong, the exchange
will be too slow to observe an evolution of the diffusion coef-
ficient. However, if the competitor and the Eu-complex
interact with the same primary or secondary site(s), the
competitor will be displaced from its binding sites and conse-
quently its diffusion coefficient is expected to increase. This is
the case for ibuprofen, for which the diffusion coefficient
increases from 3.08 � 10�10 m2/s in the absence of the
Eu-complex to 3.94 � 10�10 m2/s in its presence, whereas
no significant evolution of the diffusion coefficient of salicy-
late is observed (D salicylate = 5.34 � 10�10 m2/s and 5.17 �
10�10 m2/s before and after the addition of the Eu-complex,
respectively) (Fig. 11). The increase of the diffusion coeffi-
cient of ibuprofen corresponds to an increase of the concen-
tration of free ibuprofen from about 6 mM to about 8 mM
(concentrations estimated using Eq. (2) with Df = 4.52 �
10�10 m2/s and Db = 0.55 � 10�10 m2/s). From these results,
it appears that the Eu-complex (2 mM) displaced ibuprofen
from its binding sites (Ka1 = 2.73 � 106 M�1 (n = 1), Ka2 =
1.95 � 104 M�1 (n = 6–7)) [20]. These data confirm the
strong interaction of our complex with HSA, as shown by
the electrospray mass experiments and suggested by the first
diffusometry results (Fig. 8) and by the evolution of the
apparent relaxivity (Fig. 7b).
ochem. (2007), doi:10.1016/j.jinorgbio.2007.10.017



Fig. 11. Competition experiments with ibuprofen and salicylate by the
NMR diffusometry technique. A corresponds to the diffusion coefficients
of the competitors (D0 ibuprofen = 3.08 � 10�10 m2/s and D0 salicy-
late = 5.34 � 10�10 m2/s) in HSA solution, which were normalized to 1,
while B corresponds to the relative diffusion coefficients of the competitors
in the presence of HSA and of 2 mM Eu-C4-sulfaphenazol-DTPA (D/D0)
(D ibuprofen = 3.94 � 10�10 m2/s and D salicylate = 5.17 � 10�10 m2/s).
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During the competition experiments performed using
the proton relaxation rate analysis technique, high concen-
trations of salicylate could have partly displaced the Gd-
complex from the secondary sites, inducing a small
decrease of RP

1 , whereas ibuprofen possibly decreased the
binding of the chelate not only from its secondary sites
but also from its primary site. During the competition
experiments carried out using the diffusometry technique
(10 mM of salicylate and 2 mM of the Eu-complex), the
lanthanide-complex concentration is probably too low to
significantly displace salicylate from its binding sites (the
reported association constants of salicylate are:
Ka1 = 2.2 � 105 (n = 1), Ka2 = 1.6 � 103 (n = 5)) [20]. On
the contrary, the affinity of the chelate seems to be suffi-
ciently strong to compete for ibuprofen since 2 mM of
Eu-complex displace about 2 mM of ibuprofen from its
binding sites.
4. Conclusions

Gd–C4-sulfaphenazol-DTPA, a new gadolinium com-
plex is characterized by a high water relaxivity, a fast
water exchange, and a very good stability versus zinc
transmetallation. The study of its interaction with HSA
was performed using three techniques: proton relaxation
rate analysis, electrospray mass spectrometry, and NMR
diffusometry. In addition to the rough estimation of the
association constant and of the number of binding sites,
the simple proton relaxation rate analysis method gives
direct information about the efficacy of the contrast agent
in the presence of HSA on a wide range of magnetic
fields. Nevertheless, it has to be pointed out that this tech-
nique suffers from several drawbacks due to (i) the strong
correlation between the fitted association constant, the
number of sites, and the relaxivity in the bound state,
Please cite this article in press as: C. Henoumont et al., J. Inorg. Bi
(ii) the assumption of equivalent and identical binding
sites characterized by an hypothetic similar relaxivity,
and (iii) the possible very low relaxivity of the bound
complex if the coordinated water molecule is either
exchanging very slowly with the bulk or replaced by a
coordinating group present in the binding site. Some
improvement can however be provided by the analysis
of the apparent relaxivity which gives information on
the possible coexistence of high affinity sites and addi-
tional sites with weaker affinity. The electrospray mass
spectrometry gives direct information on the affinity of
the chelate for the protein and on the stoichiometry of
the complex, which is remarkable since the other methods
give this information indirectly from a theoretical fitting
of the data. The titration experiment with the diffusome-
try technique needs the use of an Eu analogue and do
not provide information about the affinity of the contrast
agent for HSA, however, it gives some indirect informa-
tion about the exchange kinetics of the complex: the dif-
fusion delay (D) of 4 ms does not allow the exchange of
the lanthanide-complex between the bound and the free
forms. We can thus conclude that the complex’s lifetime
is of the order or higher than 4 ms, in agreement with
published data [53–55]. In addition, the diffusometry
technique competition experiments show a competition
between ibuprofen and the Eu-complex.

The results obtained by the three techniques are compat-
ible with a strong interaction of the Gd-complex with HSA.
This new complex, therefore, appears as a potential MRI
contrast agent. Further in vivo experiments (pharmacoki-
netics, biodistribution, MRI) will be undertaken in a near
future.
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