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Abstract

Proton relaxation enhancement has been used
to study the ternary complexes formed between
gadolinium(III), bovine serum albumin and a number
of low molecular weight plasma ligands. Only the
ternary citrate complex was formed under physiolog-
ical conditions, a formation constant of 11.0 log
units being obtained. Computer simulation of the
complexing conditions occurring in plasma was
used to construct a simplified model of human
blood plasma. The [Gd:serum albumin-citrate]
and [Gd-serum albumin] complexes are predicted
to predominate. This model was also used to assess
the effectiveness of EDTA against lanthanide(lI)
ion poisoning.

Introduction

A feature of mammalian plasma albumins is their
ability to bind reversibly to a wide variety of organic
compounds. Indeed, one of their primary functions
is the transport of free fatty acids [1]. The versatil-
ity of the albumins in this regard is attributed to their
flexibility, which enables any interaction with a par-
ticular molecule to be optimized.

At the same time the importance of serum al-
bumins as reversible metal-ion chelates has been
well established {2], and it is this function in which
we are interested here. In a previous study [3]
binary metal-ion/serum albumin complexes received
particular attention. Besides the proteins, however,
there are a large number of low molecular weight
ligands present in blood plasma. We have shown
that ternary complexes tend to be more important
biologically than do the simple binary complexes
[4], and hence a study of possible ternary metal-
ion/serum albumin/low molecular weight ligand
complexes was deemed necessary.

The experimental technique of choice in this
study was proton relaxation enhancement (PRE).
The technique is well documented [S] and has been
used extensively in the study of metal-ion binding
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to macromolecular systems. Unfortunately, the
most important metal ions biologically are generally
not sensitive to this technique and so are traditionally
replaced by more easily studied, chemically similar,
elements. In magnetic relaxation studies the paramag-
netic transition metal-ion, Mn(II), has been found
to be most suitable as a probe for Mg(II), Cu(Il)
and Zn(II). However, while this is a hard metal-ion
it does not show the preference for oxygen over
nitrogen coordination that Mg(Il) and Ca(Il) do.
In this respect gadolinium(ITl), which is also an s-
state ion with a relatively long electronic relaxation
time and a labile hydration sphere, is more suitable.
Indeed, inhibition by trivalent lanthanide-ions of
enzymatic reactions and of calcium transport across
membranes [7], has been reported. In this paper
we present results of an investigation aimed at estab-
lishing the most predominant gadolinium(III) com-
plex present in blood plasma.

Experimental

Crystalline bovine serum albumin (BSA) (Fraction
V, code 81-0.1-2, Lot 59M, MW 69024 g mol %)
was obtained from Miles Laboratories and used
without further purification. The relaxation time
(T,) of the solutions used in these experiments was
not altered by the addition of serum albumin to a
final concentration of 44 X 10™° M, indicating the
presence of minimal paramagnetic impurities. Solu-
tions of Gd(NQ,); were prepared from a 0.01 M
stock solution made by the action of concentrated
nitric acid on Gd,0; (BDH Laboratory Chemicals).
All the solutions were made 0.15 M in NaCl and the
pH maintained at 7.5 using HCl or NaOH. A total
volume of 10.0 cm™3 was used. No buffer was added,
thus eliminating any Gd(III)-buffer interaction. The
concentration of BSA was measured by its absorption
at 280 nm [8].

NMR spectra were recorded on a Bruker WH 90
spectrometer using D,0O as an external lock and at
a probe temperature of 27 °C. T, was measured
from the spectral line width at half-height, using
1/T2 = TTAVI/2.
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The data were analysed on a Univac 1106 com-
puter. The methodology used was to guess at initial
values for the stability constants and to optimize
these against the experimental data. At each stage
a simple Newton-Raphson iterative technique was
employed to calculate the species distribution. A
copy of the program is available upon request.

Results and Discussion

In this study we were interested in the possible
complexes of Gd(III) existing in blood plasma.
A previous study [3] established a high affinity
between BSA and Gd(III), hence this ligand is likely
to be a major chelator of Gd(III) in blood plasma.
But besides serum albumin there are present in
vivo a number of potential low molecular weight
ligands. Gd(III) being a hard metal-ion will show
a preference for oxygen donor ligands and indeed
was found not to coordinate to the amino acids
under physiological conditions. Instead the ligands
carbonate, phosphate, citrate, malonate and lactate,
which are either present in relatively high concen-
tration in blood plasma or are potentially good
chelators of Gd(III), were considered more im-
portant. Before the possible ternary systems could
be studied, however, it was necessary to characterize
the nuclear relaxation behaviour of the binary sys-
tems. This was achieved by measuring the change
in transverse relaxation of the solvent water mole-
cules as a function of total metal and total ligand.

If the relaxation enhancement is defined by:

_ (UT*) ~ (1T%)
(U/T5) = (1T20)

where T, is the transverse relaxation time, * indicates
the presence of macromolecule and the subscript
the absence of paramagnetic metal-ion, under condi-
tions of fast exchange the enhancement of the bulk
solvent is given by:

*

€*= Y¢;[species] ;

where ¢ is the characteristic enhancement of a
particular species and the summation is over all such
species. A typical PRE curve is shown in Fig. | for
Gd(II1)/BSA. From this a formation constant of
2.2 X 10* was obtained. The binary Gd(III)/citrate
system is shown in Fig. 2. Since the aquo sphere of
the metal-ion decreases without the concomitant
change in correlation time modulating the relaxation,
in this case the enhancement, e€*, decreases as com-
plexation takes place. A computer analysis of this
system yielded formation constants (Table I) for the
species, [Gd-citrate], [Gd-citrate-H]™ and [Gd-:
citrate-OH] ~. The solid line in Fig. 2 is the theoret-
ical curve calculated assuming these constants to be
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Fig. 1. Variation of observed enhancement, *, with total
BSA concentration at 60 MHz. Total gadolinium(III) con-
centration = 5 X 107° mol dm™3, pH = 7.5 and T = 27 °C.
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Fig. 2. pH Dependence of observed enhancement, e*, for the
binary gadolinjum(III)/citrate system. Total gadolinium =
1.4 X 1073, total citrate =3.1 X 1073 mol dm™3, 1=0.15
mol dm™3 NaCl and T = 27 °C.

TABLE I. Formation Constants and Characteristic Enhance-
ments Determined in this Study at 27 °C, =150 mmol
dm™3 NaCl. For Clarity Charges have been Omitted. M =
Gd(Ill), BSA = Bovine Serum Albumin and CIT = Citrate.

Log (K) B
M-BSA 4.35 £ 0.05 140+ 0.5
M-CIT 40:04 0.6 £0.1
M-CIT-H 8.7+0.2 0.6 +0.1
M-CIT-OH -1.020.2 0.6 0.1
M.CIT-BSA 11.0: 0.3 5.0+0.1
BSA-CIT 5.5+£0.6 0.0
M.BSA-CO5 >8.0 -
M+BSA-.CO;5-H >16.0 -

correct. The [Gd-citrate] constant is in agreement
with potentiometric studies of other lanthanide(IIT)
ions [9]. The [Gd-citrate-H]* or [Gd-citrate-OH]~
species have not been detected previously.
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It is interesting to speculate on the structure of
the [Gd-citratesOH]™ complex, which may arise
from loss of a proton from either the hydroxyl
group of the citrate or from a coordinated water
molecule. Since the same characteristic enhancement
is obtained for all three species the indication is that
there is no change in the aquo-sphere of the metal-
ion, and so the proton must be lost from the
hydroxyl group. For this to occur the hydroxyl
group would have to be coordinated. A similar
conclusion was reached for the structure of [AI(IIT)-
citrate*OH] ™~ [10]. In addition, if we assume a co-
ordination number of 8 (or 9) for Gd(III), a denticity
of three can be calculated for the citrate ion [3].
Such a high denticity is not consistent with the
relatively low stability of the complex.

Formation of the ternary Gd(III)/BSA/citrate
complex was studied by the addition of citric acid
to a solution 1.0 X107 M in GJ(III) and 3.8 X
107 M in BSA. Once again the enhancement de-
creased due to the displacement of coordinated water
molecules (Fig. 3). A computer analysis of the
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Fig. 3. Variation of observed enhancement, ¢*, with total
citrate concentration for the ternary Gd/BSA/citrate system.
Total gadolinium(III) concentration = 1.0 X 10~ mol dm™3,
total BSA =3.8 X 107% mol dm™3, pH=17.5, 1=0.15 mol
dm™3 NaCland T = 27 °C.

results yielded the constants given in Table I. Because
of the nature of the protein (BSA is a transporter
of free fatty acids [1]) account had to be taken of
the binding of the citrate to the protein, at a site
remote from the metal-ion. From the characteristic
enhancement of the ternary complex a hydration
number of 2 for the metal-ion was calculated. Since
the binary [Gd-BSA] complex was found to have
four [3] water molecules coordinated to the metal-
ion, if we assume no change in the chelation of the
BSA, the citrate must be bidentate. But the ternary
complex is far more stable than its constituent
binary complexes. This indicates that some protein-
citrate binding is present in the complex.

A species distribution diagram for the system is
shown in Fig. 4. Clearly low molecular weight com-
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Fig. 4. Species distribution diagram for the ternary Gd(III)/
BSA/citrate system calculated using the constants given in
Table I. Total gadolinium(III) concentration = 5.0 X 1075
mol dm™3, total BSA = 6.5 X 10~ mol dm™> and pH = 7.5.

plexes of Gd(III) are relatively unimportant but at
higher citrate concentrations the ternary [Gd-
BSA -citrate] complex predominates.

Similarly, ternary histidinate, carbonate, phos-
phate malonate and lactate systems were studied.
In each case no significant ternary complexation
was detected. For the carbonate system, from the
results it was possible to set upper limits for the
stability of the ternary complexes. Using these
constants, together with constants available from
the literature [9] and tables of analytical concen-
trations [11], it was possible to set up a simplified
model of blood plasma. This model included the
most predominant low molecular weight ligands
found in human blood plasma but only one metal-
ion, GA(IIT). The results (Fig. 5) show that under
physiological conditions the main Gd(II) complex
present in blood plasma should be the ternary
[Gd-BSA-citrate] complex, with some [Gd-BSA].
A significant amount of [Gd-BSA-HCO,] is pre-
dicted to be present but this may be a result of upper
limit formation constants being used in the calcula-
tion.
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Fig. 5. Calculated concentrations of most predominant
gadolinium(1II) complexes present in blood plasma under
physiological conditions, calculated using a computer model
of plasma. Analytical concentrations were taken from ref.
11 and literature formation constants from ref. 9. Total
gadolinum(III) concentration was 5 X 105 mol dm™3.
M = Gd(II), CIT = citrate, LTA = lactate and MAL = mal-
onate.
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Finally, of interest in chelation therapy is the
action of therapeuticals in promoting the excretion
of polluting metal-ions. The plasma mobilizing
index (PMI) [12] is a measure of a drug’s ability
to mobilize metal-ions, from the protein bound
fraction of plasma to a low molecular weight ex-
cretable form. The calculated PMI as a function of
EDTA concentration is shown in Fig. 6. Curves for
Cu(Il) and Pb(II) are included for comparison [12].
EDTA is ineffective in promoting the excretion of
Cu(Il) [13] but is one of the ligands of choice
in the treatment of plumbism [14]. Hence we might
expect EDTA to be reasonably efficacious against
Gd(III) poisoning in particular and lanthanide(III)
poisoning in general.
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Fig. 6. PMI curves for the metal ions Cu(ll), Pb(Il) and
Gd(II) with the chelating agent EDTA.
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