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Our group demonstrated recently that arginase I inhibition reduces endothelial dysfunction and blood
pressure rising in spontaneously hypertensive rats [C. Demougeot, A. Prigent-Tessier, C. Marie, A. Berth-
elot, J. Hypertens. 23 (2005) 971; C. Demougeot, A. Prigent-Tessier, T. Bagnost, C. Andre, Y. Guillaume,
M. Bouhaddi, C. Marie, A. Berthelot, Life Sci. 80 (2007) 1128]. This discovery opens interesting perspec-
tives in the development of new drugs against hypertension. As well, in a previous paper [T. Bagnost, Y.C.

ieyyvords: Guillaume, M. Thomassin, ].F. Robert, A. Berthelot, A. Xicluna, C. Andre, J. Chromatogr. B: Analyt. Technol.
N;grl-rll\laosf-m Biomed. Life Sci. 856 (2007) 113], a novel biochromatographic column was developed in our laboratory for
Magnesium studying the binding of N®-hydroxy-nor-L-arginine (nor-NOHA), an arginase inhibitor, with this enzyme.

In this manuscript, using this novel biochromatographic concept, the effect of magnesium chloride on
the nor-NOHA/arginase binding was analyzed for the first time. This study demonstrated that the salt
ions interacted with arginase and played a great role in the nor-NOHA/arginase association. For a salt
concentration (x) in the medium less than 3 mM, the nor-NOHA/arginase binding decreased with x due
to a decrease of the charge-charge interactions between nor-NOHA and its arginase binding site. Above
3 mM of salt in the medium, the affinity of nor-NOHA to arginase increased slightly with x because the net
number of ions (n) (Mg2* or Cl-) released or bound upon complex formation is low. As well, it was clearly
demonstrated, that above 3 mM the n value depend on the salt concentration in the bulk solvent and was
approximately nil for x=12 mM. This dependence was due to a gradual and conformational change of the
arginase enzyme which around 12 mM adopted a less flexible structure; its binding site was thus less
accessible to nor-NOHA and nor-NOHA-arginase association decreased slightly.

© 2008 Published by Elsevier B.V.

1. Introduction

Arginase, a 105 kDa homotrimer containing a binuclear man-
ganese cluster in each protomer, catalyzes the hydrolysis of
L-arginine to form L-ornithine and urea through a metal-activated
hydroxide mechanism [4,5]. The binuclear manganese cluster is
located at the base of a 15 A deep active-site cleft in each monomer.
The metal ion that is more deeply situated in the active site cleft
(designed Mna2*) is coordinated by four amino acids and a solvent
molecule, with square pyramidal geometry [6-8]. The second metal
ion Mng2* is coordinated by four amino acids and the bridging sol-
vent molecule in distorted octahedral fashion. The MnaZ*-Mng2*
separation is 3.3 A. The arginase structure is the first atomic res-
olution structure of a functional metalloenzyme with a specific
catalytic site and physiological requirement for two Mn2* ions. The
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catalytic metal requirement is rooted in the preferred geometry
of manganese coordination, which properly orients the metal-
bridging solvent molecule for catalysis [8,9].

In mammals, arginase exists in two isoforms. Arginase I, a pro-
tein that is elevated in inflammatory diseases, is located in the
cytosol, and it is mainly expressed in liver and macrophages [10].
Arginase Il is primarily expressed in extrahepatic tissues, with high
abundance in the kidney [10]. Recently, our group demonstrated
thatarginase I inhibition reduces endothelial dysfunction and blood
pressure rising in spontaneously hypertensive rats [1,2]. A novel
chromatographic support was as well developed to determine and
quantify the forces driving association between N®-hydroxy-nor-
L-arginine (nor-NOHA) which is a very good arginase inhibitor [3].
The energetic of binding of the inhibitor to the enzyme as both
a function of temperature and pH was studied using this novel
biochromatographic approach [3]. Magnesium cation Mg2* is an
important factor in the physiology of cardiovascular apparatus and
the pathogenesis of cardiovascular diseases. In some hypertensive
patients, a magnesium deficit because of its numerous noxious
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actions on the cardiovascular apparatus must be controlled and
may behave as a cofactor of constitutional or acquired hypertensive
factors [11-13]. This seems to be particularly the case with stress
sensitive patients with labile hypertension because of the dose
links between magnesium deficit and stress [14-16]. Interaction
of arginase with divalent metal ions, like Zn?* [17], Ni%*, Co?* [18],
Cu?*, Hg?* [19], and Cd2* [20], were studied. But no study exam-
ines the potential Mg2* effect on arginase. In this study the effect of
magnesium chloride salt on the nor-NOHA/arginase binding was
analyzed for the first time using our novel biochromatographic
approach.

2. Experimental and method
2.1. Reagents

Water was obtained from an Elgastat option water purification
system (Odil, Talant, France) fitted with a reverse osmosis car-
tridge. nor-NOHA was obtained from Bachem (Germany) and bovin
native iver arginase I enzyme (NAIE) was obtained from Sigma
Aldrich (Paris, France). Magnesium chloride, potassium dihydro-
gen phosphate and dipotassium hydrogen phosphate used for the
preparation of the mobile phases were of analytical grade and pur-
chased from Merck (Darmstadt, Germany).

2.2. Apparatus

The HPLC system for these measurements consisted of a Merck
Hitachi Pump L-7100 (Nogent sur Marne, France), aRheodyne injec-
tion valve with a 20 pL sample loop (Montlucon, France) and a
Merck L-4500 diode array detector (Nogent sur Marne, France). The
preparation of the arginase column (50 mm x 4.6 mm) via the in
situ technique was given in [3]. Throughout the study, the flow-rate
was maintained constant and equal to 1 mL/min.

2.3. Column stability

The column stability was evaluated by comparing the nor-NOHA
retention factor before and after more than 4 months in the same
conditions. No significant change in retention was observed. This
column is thus stable during a long period of time. When not used,
the arginase column was stored at 10°C in the loading buffer (phos-
phate buffer (pH 7.4; 5 mM))

2.4. Chromatographic operating conditions for the
thermodynamic approach and magnesium effect study

The mobile phase consisted of 5 mM phosphate buffer. The phos-
phate buffer was prepared by mixing equimolar solutions of mono-
and dibasic sodium phosphate to produce the desired pH 7.4 with
a MgZ* concentration varying from 0.5mM to 15 mM (these val-
ues include cellular and cytosol Mg2* concentrations). To avoid the
presence of significant nonlinear effects, the solute amount added
onto the column corresponded to the smallest sample size allowing
the detection of nor-NOHA in all operating conditions. Nor-NOHA
solutions were prepared in the mobile phase at a concentration of
7 .M, and 20 pL was injected at least three times.

2.5. Thermodynamic relationships

The solute retention on the arginase stationary phase can be
evaluated using the retention factor k':
_t-=1tp
=%

kK (1)

where t is the retention time of the solute, and ty is the column void
time. To obtain the thermodynamic retention time, i.e., the accurate
measure of solute retention, t was determined by calculating the
first moment of the peak as previously described [21].

The void time was determined using the mobile phase peak.
The retention time and the column void time were corrected for the
extra-column void time. It was assessed by injections of solute onto
the chromatographic system when no column was present. At infi-
nite dilution, i.e., under linear elution conditions, and assuming that
non specific interactions between solute and chromatographic sup-
port was negligible (see below), the retention factor can be related
to the association constant K between nor-NOHA and arginase as
follows:

k' = oK (2)

where o is equal to the ratio of the active binding site number in the
column (my) over the void volume of the chromatographc column
(Vm)

3. Results and discussion

In order to study the salt concentration effect on the nor-NOHA
association to arginase, the plotIn k' versus In x was studied. The salt
concentration x varied from 0.5 mM to 15 mM (Fig. 1). To assess if
this retention factor change with increasing x was due to a variation
in the binding capacity of the arginase column, the concentration
dependencies of the nor-NOHA retention were measured at differ-
ent x values [22]. No change in the number of binding sites was
observed when x varied. The knowledge of the salt effect opera-
tive in the nor-NOHA-arginase interacting system could provide
valuable information on the role of the Coulomb interactions in
the association process. Previous papers have reported that rela-
tions derived from the Wyman concept constitute a valuable tool
to describe the salt dependence on the solute retention in affin-
ity chromatography [23-27]. The salt effects on the equilibrium
constant K between the nor-NOHA and arginase can be modeled
at a thermodynamic level in terms of the direct stoichiometric
participation of ions and water in the association reaction. The
dependence of K on the mean ionic activity a can be formulated
as follows, via the linkage Wyman relations [23-27]:

alnK pm
9lna ' 556 (3)

where nand N are respectively the net number of saltions and water
displaced or bound in forming the nor-NOHA arginase complex, m
is the molal concentration of salt and p is the total number of ions
released or bound upon complex formation. At low enough salt
concentration, the consequences of water release are insignificant.
So, the dependence of K on salt activity provides a measure of the
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Fig. 1. logarithm of the salt concentration x (M) dependence of the Ink’ values of
nor-NOHA, at 298 K.
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net number of ions released or bound upon complex formation.
Assuming that replacing the ionic activity a by salt concentration
x introduces little error over the experimental salt concentration
range, an approximate form of Eq. (3) is obtained:

dln k'
olnx

(4)

Combining Eqs. (2) and (4) the following relation can be
obtained:

Ink' =+ Bln x + 8(In x)? (5)

The plot Ink’ versus Inx can be divided into two salt
concentration domains demonstrating a change on the nor-
NOHA/arginase binding (Fig. 1). At the lowest salt concentrations
(0.5mM<x<3mM) (domain 1), the CI~ anion of the MgCl, salt
and the positively charged a-amino group of the substrate [28]
formed an ion pair. Consequently, the ionic attraction between
the negatively charge side chain of Asp 181 of arginase and the
positively charged a-amino group of the substrate [28] decreased
and the nor-NOHA-arginase affinity was decreased. This result was
in accordance with some authors who indicated that electrostatic
interactions are critical for catalysis [29,30]. Moreover, modeling
studies have shown that divalent cations can be bound to negatively
charge side chain of Asp 181 of arginase [30]. Thus the nor-NOHA
complexation decrease with the enzyme was also attributed to a
competition effect between the salt ions and the charged substrate
nor-NOHA for binding with arginase. Integrating form of Eq. (5) is
obtained as:

In k' ~1In ky+nln x (6)

where ki is the retention factor in a hypothetical 1M salt con-
centration reference state. From the linear Ink’ versus Inx plot in
domain 1, i.e., 0.5 mM < x <3 mM, the n value was determined using
Eq. (6) (2 =0.969). The obtained value n=—0.40 was in accordance
with the one obtained with other ligand/receptor binding such as
ligand/HSA [31].

For 3mM<x<15mM (domain 2), looking at the experimental
data, it is evident that the trend is not linear (Fig. 1 in domain 2).

This is highlighted by the following quadratic function:

In k' =+ Bln x + §(In x)? (7)

where @, 8 and 6 were constants. These constants were determined
using Eq. (7) (r2=0.985). The o, 8 and § values were respectively
equal to —9.75, —5.62 and —0.64. From a full regression model, a
Student’s t-test was used to provide the basis whether or not the
model’s coefficients were significant. Results of this test show that
no variable can be excluded from the model. From Eq. (5) the slope
of the curve Ink’ versus Inx (i.e.; by derivation of Eq. (7)) gives the
net number of salt ions, n displaced or bound in forming the nor-
NOHA-arginase complex:

n=-1.28Inx-5.62 (8)

Fig. 2 and Eq. (8) showed how the magnitude of n decreased
linearly with Inx and is practically zero for x=12 mM. In princi-
ple, solubility modifiers such as MgCl, can affect (i) the energy
required to produce a solvent cavity (cavitation process) into which
the solute (such as nor-NOHA) can go and (ii) the energy of
solute medium solvation interaction [32]. Thus in domain 2, the
Mg?2* cation increased the nor-NOHA-arginase association by elec-
trostriction that squeezed out free space, made cavity creation
harder, and increased the surface tension [32]. As well, ion-induced
effects on surface tension, in addition to affecting hydrogen bond-
ing [33-34], can also affect hydrophobic interactions within the
protein [35], resulting in the burial of certain amino acid residues
into the protein hydrophobic core and slowing down hydrogen
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Fig. 2. logarithm of the salt concentration x (M) dependence of the linked salt ions
(per mol arginase), n, at 298 K.

exchange rates. Such conformational changes would result in a
more compact and less flexible structure [36-39]. Therefore in
domain 2, the decrease of the net number of ions released or bound
upon complex formation when the salt concentration increased
(Fig. 2) demonstrated changes in the enzyme conformation. Around
x=12mM, the arginase enzyme adopted a less flexible structure,
its binding site was thus less accessible to nor-NOHA and the
nor-NOHA-arginase association decreased slightly. This confirmed
the importance of the arginase conformation for the interaction
between the arginase and the nor-NOHA and the conformation
change on arginase immobilized on silica. The arginase immobiliza-
tion on the chromatographic support did not alter its conformation
change capacity. As well, our result confirmed that adaptive confor-
mational transitions are associated with the nor-NOHA-arginase
complex formation where both components are able to adjust
their recognition surfaces in order to maximize complementarities
through tightly packed contacts involving hydrogen bonding [3]. In
addition, the results presented here provide evidence for an Mg2*-
mediated variation of nor-NOHA/arginase association, suggesting
a contribution to the regulation of the arginase activity.

4. Conclusion

For the first time, the effect of magnesium chloride on the
nor-NOHA /arginase binding was analysed using a novel biochro-
matographic column developed in our laboratory. The affinity of
nor-NOHA to arginase was high and changed slightly with the
salt concentration. For a salt concentration in the range 3-10 mM,
the nor-NOHA/arginase binding increased and could thus improve
the enzyme activity inhibition by nor-NOHA. As well, the results
obtained in the presence of salt could be presented in a coher-
ent plot in which the concentration of salt was expressed by the
number of salt ions (n) displaced or bound in forming the nor-
NOHA-arginase complex. A conformational change of the arginase
enzyme due to a variation in the number of ions displaced or bound
was vizualized. Further experiments are now in progress in our lab-
oratory in order to demonstrate the role of other divalent salt cation
(Zn?*, Ca2*) on both nor-NOHA-arginase binding and the enzyme
activity.
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