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in a wide temperature range. For this, the SHBG was immobilized on a chromatographic support. It was
established that this novel SHBG column was stable during an extended period of time. The affinity of
TT to SHBG is high and changes slightly with the Mg?* concentration because the number of Mg?* linked
to binding is low. The determination of the testosterone retention with the steroid hormone at different

IS(;yBMéordS: Mg?* concentrations and temperatures demonstrated that the Mg?* binding heat effect associated with
Testosterone this Mg2* release or uptake during this binding was in magnitude around 17 kJ/mol corresponding to
Magnesium the model describing the electrostatic attraction that occurs between the negatively charged non specific
Binding areas of SHBG and the positively charged of magnesium. At all the magnesium concentrations studied, the

AH values were negative due to van der Waals interactions and hydrogen bonding which are engaged at
the complex interface confirming strong TT-SHBG hydrogen bond networks. As well, the AS values were
all positive due to hydrophobic forces in the testosterone-SHBG complex formation. In addition our results
suggest that adaptive conformational transitions contribute to the specific testosterone-SHBG complex
formation. As well, in the biological Mg2* concentration domain, it was clearly demonstrated that there
was an uncompetitive inhibition of Mg2* on TT-SHBG binding which led an enhancement of bioavailable
TT. Our work indicated that our biochromatographic approach could soon become very attractive for study
other SHBG-steroid (or phytoestrogen) binding.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction signs and symptoms of low TT in adult men include diminished
libido, erectile dysfunction, decreased muscle mass and muscle
strength, and decreased bone mass. Other symptoms may include
decreased cognitive function and memory, depression, irritability,
sleep disturbance, fatigue and hot flashes. The presence of both a
compatible medical profile and a biochemical failure (defined as a
serum androgen deficiency) is necessary to diagnose and treat this
syndrome [4].

Most of the circulating plasma TT is protein bound with approx-

In men, ageing is associated with a progressive decrease in
testosterone (TT) levels [1]. This hormonal change has been related
to a complex clinical syndrome [2] and [3], which includes physi-
cal and psychological symptoms, and has received several names:
andropause, androgen deficiency of the aging male (ADAM), par-
tial androgen deficiency of the aging male (PADAM), late onset
hypogonadism (LOH) [4] or, more recently “testosterone deficiency

syndrome” [5].

The potential etiologies responsible for the decrease in serum
TT include a decrease in testicular function with age (primary tes-
ticular failure), a decrease in hypothalamic-pituitary axis function
with a corresponding decrease in circulating gonadotropins (sec-
ondary testicular failure), and an increase in the production of
sex hormone-binding globulin (SHBG) with subsequent increased
binding of TT. A mixed etiology has also been described [6]. The
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imately 2-3% available as a free form. In men, circulating TT is
44-65% bound to SHBG and 33-54% is bound to albumin. Albu-
min has a high capacity for binding to sex steroids but binds to TT
with low affinity, and as a result, the TT is loosely bound and physi-
ologically active [7]. Bioavailable testosterone (BTT) is the bioactive
fraction of circulating TT that is not tightly bound to SHBG and is
thought to more accurately reflect the clinical androgen state of the
patient (versus serum TT levels)[7]. Recently, it was shown that BTT
levels would be significantly lower among middle-aged (age 40-65
years), untreated depressed men when compared to a matched
non-depressed control sample [8]. The activity of TT depends on
its binding with SHBG. Human SHBG transports sex steroids in the
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blood and regulates their access to target cells. SHBG is a homod-
imer, and each monomer comprises 373 amino acid residues [9,10]
and consists of a tandem repeat of laminin G-like domains. Only
the N-terminal G domain (residues 1-194) in SHBG is needed for
steroid-binding and the formation of a homodimer [11]. The steroid
ligand 5a-DHT intercalates into the hydrophobic core of the SHBG
N-terminal G domain in between two 3-sheets. Its oxygen atom at
C3 of ring A points into the interior of the protein and is anchored
to Ser42, which is strictly conserved among species [9]. Only 2%
of the 5a—-DHT surface is accessible to solvent in the complex. The
partially accessible atoms are C12 and C17 from rings C and D of the
steroid, respectively, while rings A and B are completely buried. The
steroid-binding pocket is lined by residues contributed from eight
B-strands, and is predominantly hydrophobic. The main binding
contributions are from Phe67, Met107 and Met139. Two additional
hydrophilic contacts (hydrogenal bond) are formed between the
hydroxyl group at C17 and the strictly conserved residues Asp65
and Asn82. The conservation of Gly58 also appears to be impor-
tant because any side chain at this position would generate steric
clashes with atoms C6 and C7 of the steroid. The conformation of
5a-DHT does not change when bound to SHBG [12]. Studies of crys-
tal structure of human SHBG, have indicated that each monomer of
SHBG contains three metal-binding sites. One calcium-binding site
and two zinc-binding sites [13,14]. There are both divalent cations
such as Mg2*.

It has been demonstrated that, the serum levels of MgZ* in young
men directly and significantly related to serum levels of proges-
terone. The data are compatible with the possibility that serum
Mg2* contributes to the regulation of circulating progesterone in
humans [15]. Moreover Mg%* has shown efficacy in treating depres-
sion and some related mental disorders [16], and depression is a
symptom of low TT in adult men.

It is important to investigate the mechanism of TT binding to
SHBG and the Mg?* effect on this binding. The main experimental
approach employs fluorescence spectroscopy, a simple and non-
invasive method for studying TT binding to SHBG [17,18]. However,
ambiguities exist in resolving the dominant mode of quenching and
in quantifying adsorption of incident radiation by SHBG (i.e., the
inner-filter effect) [19]. As well, equilibrium dialysis is very often
difficult to apply because of the technical difficulties such as unde-
sirable drug adsorption into the membrane and linkage of bound
drug through the membrane due to a high affinity of hydropho-
bic contaminant for SHBG. In recent years, high performance liquid
chromatography (HPLC) appeared to be powerful tool for study of
bio-molecular interactions. The association constants of many lig-
ands have been determined by zonal elution [20] or frontal analysis
[21]. The thermodynamic process involved in the binding have been
already studied [22,23]. Moreover Guillaume’s group focused on
the TT binding to human serum albumin (HSA) using HPLC. With
this method, they investigated the mechanism of TT binding to HSA
and demonstrated the role of Mg2* cation on the TT-HSA binding
process [22,23]. A novel high-performance liquid chromatography
column containing SHBG immobilized on silica was thus devel-
oped by our group. In addition, this technique consumes very small
sample volume, does not suffer from drug adsorption onto the
membrane, and allows one to obtain more information such as the
thermodynamic data on the binding process.

2. Experimental

2.1. Reagents

Water was obtained from an Elgastat option water purification
system (Odil, Talant, France) fitted with a reverse osmosis cartridge.

SHBG and TT were obtained from Sigma Aldrich (Saint Quentin,
France). Acetonitrile was analytical grade and supplied by Carlo
Erba (Val de Reuil, France). Magnesium chloride, potassium dihy-
drogen phosphate and dipotassium hydrogen phosphate used for
the preparation of the mobile phases were of analytical grade and
purchased 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), a Rheodyne injec-
tion valve with a 20 nL sample loop (Montlucon, France) and a
Merck L-4500 diode array detector (Nogent sur Marne, France).
The C1 reversed phase support (50 mm x 4.6 mm column size) was
purchased from Interchim (Montlugon, France). The SHBG column
prepared via the in situ technique was given below. This SHBG col-
umn temperature was controlled with a cryoimmerser (Elancourt,
France) for low temperature and an Interchim oven, TM no. 701 for
high temperature.

2.3. SHBG immobilization process

The SHBG solution was prepared by adding 1 wmol of SHBG
into 30mL of phosphate buffer 1mM, at pH 5.30 with NaCl
(0.5M). The C1 reversed-phase support in the column was first
equilibrated with a 0.20/0.80 (v/v) acetonitrile/sodium phosphate
buffer (1 mM) mixture at pH 5.35 (isoelectric point of SHBG) at
a flow rate of 0.6 mL/min. Then, the SHBG solution was pumped
through the column at a flow rate of 0.3 mL/min until SHBG
breakthrough was detected. From this point, the amount of SHBG
coupled to the chromatographic support was calculated. There-
fore the column was washed with the sodium phosphate buffer
at pH 5.3. When not used, the column was stored at 4°C in this
buffer.

2.4. Chromatographic operating conditions and column stability

The mobile phase consisted of a 0.20/0.80 (v/v) acetoni-
trile/phosphate buffer (1 mM, pH 6.0) with different concentrations
of magnesium x from 0.5 to 2mmolL-!. The experiments were
carried out over the temperature range 15-40°C and at a 215nm
detection wavelength. Throughout the study the flow rate was
maintained constant and equal to 0.6 mL/min. In order to confirm
the binding properties of the immobilized SHBG on the chromato-
graphic support, the study of the estradiol (an other well known
steroid which is known to bind on the same active site than testos-
terone) displacement of its SHBG binding site by testosterone was
investigated using the Langmuir approach [24-28]. For this, sin-
gle and multi-component isotherms were determined using the
perturbation technique [24]. This method was described previ-
ously for the analysis of the progesterone displacement of its
human binding site by [3-estradiol [29]. Briefly, single component
isotherms of testosterone and estradiol (each in the concentration
range 0.01-0.1. molL~1) and two-component isotherms of a mix-
ture of testosterone and estradiol (at a constant concentration ratio
0.01:0.01 t0 0.1:0.1 mol L~ 1) were measured in the phosphate buffer
(1mM; pH 7.4) at 20 °C. Each isotherm data point was measured in
11 subsequent steps after equilibration of the SHBG column with
a solution containing a single compound (testosterone or estra-
diol (0, 0.0025, 0.005, 0.0075, 0.01, 0.0125, 0.015, 0.0175, 0.02,
0.0225, 0.025mol L-1)) or a mixture of testosterone and estradiol
(Ctestosterone * Cestradiol = 0, 0.0025, 0.005, 0.0075, 0.01, 0.0125, 0.015,
0.0175,0.02,0.0225, 0.025 mol L) until a stable detector response
was obtained. Small volume (5uL) of the most concentrated
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sample (single or the mixture) was injected onto the column and
the apparent retention times were measured.

3. Results and discussion
3.1. Column binding properties and stability

The Langmuir approach was found to describe adequately the
experimental data (non-linear coefficients of the models were
always higher than 0.997). It was found that the column saturation
factor for the two compounds was identical (o« =97.20) (the differ-
ence for the two steroid hormones was always lower than 0.01%)
justifying the use of the competitive Langmuir isotherm equation
for this study [29]. For the evaluation of the coefficients of the
two-components competitive bi-Langmuir isotherms, the iterative
Marquadt approach was used to fit the best isotherm coefficients
values as shown previously [25,26,29]. There is a good agreement
between the theoretical and experimental data also confirmed by
the low standard deviation (& =1.11) for all total isotherm deriva-
tives. These results confirmed the importance of the competitive
effect between testosterone and estradiol to bind on the same active
binding site. For example, the corresponding equilibrium affinity
constant K calculated for testosterone was 1.10° + 3.108 M~ in the
same order magnitude as the one obtained by previous authors
[30,31]. This confirmed that bonded SHBG on silicea do not mod-
ify the structure of the active site and the binding properties. In
order to further investigate the SHBG column binding capacity for
testosterone, the concentration dependencies of the testosterone
retention factor were measured at 25 °C. The retention factor varied
linearly (12 > 0.98) from 20.35 at 10 mM of injected solute solution
to 17.45 at 20mM of injected solute solution. This variation con-
firms that testosterone retention is governed mainly by interactions
with specificsites [32] which are characterized by a high interaction
energy and a low saturation capacity. A high binding affinity of dihy-
drotestosterone derivatives to homodimeric SHBG was also clearly
demonstrated using a surface plasma resonance biosensor [33]. As
well, the number of testosterone binding active sites in the column
was evaluated. Under moderate non-linear conditions, Snyder and
co-workers [34,35] have established that the solute retention factor
k’ can be described by the following equation
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where k'j,, and Nj,, are respectively the retention factor and the
number of theoretical plate (at the lowest solute concentration
used), m; the number of active sites in the column, Qg the amount of
testosterone injected and wy, is the loading function. From the over-
loading experiments, the m; can be approached using the empirical
dependence k'[K'\ow Versus the loading function w) (table IV of
[35]). Using a polynomial fitting function as described [34], the
best fit testosterone my value obtained for the data of the con-
centration dependencies of the testosterone retention was found
to be around 0.97 pmol. As shown by Eble et al. [35], the bind-
ing capacity estimated by this approach reflects the number of
high-energy/low-capacity sites in the column for a heterogeneous
surface. Thus in our chromatographic system such value represents
roughly the number of specific sites for testosterone.

To evaluate the column to column reproducibility, three SHBG
columns were prepared under identical conditions. The results
showed that the technique was reliable and reproducible. As well
typical reproducibility of these columns in retention time measured
as relative standard deviation was <0.4%. After half a year and more
than 60 times injections, the decrease for the values of the retention
factor on the three columns was <1%.

3.2. Testosterone-SHBG binding mechanism and magnesium

effect

To study the mechanism into the TT-SHBG association, the
experiments were carried out at five temperatures (i.e., 15, 20, 25,
30, 35°C). The testosterone solutions were prepared in the bulk sol-
vent at a concentration of 7 and 20 wM was injected at least three
times. If AG°, AH°, and AS° are the Gibbs free energy, enthalpy,
and entropy, respectively, for the TT-SHBG association, the van’t
Hoff plot equations are as follows.

—-AG°
with
AG® = AH® — TAS® (3)

where K is the association constant between testosterone and
SHBG, T is the temperature and R the gas constant. As K can be
linked with the testosterone retention factor (k') by K=k'/®, where
@ is equal to the ratio of the active binding site number in the col-
umn (myg) over the void volume of the chromatographic column
(Vm), k' represents the TT/SHBG binding intensity. Then combining
these the above equations gives:
Ink' = —AH + A"
RT R
As well, the testosterone retention on the SHBG stationary phase
can be evaluated using the well known equation:

=t
to

+In® (4)

k (5)
where t is the retention time of testosterone and t, is the col-
umn void time. To obtain the thermodynamic retention time,
i.e,, the accurate measure of testosterone retention, t was deter-
mined by calculating the first moment of the peak as previously
described [36]. The void time was determined using the mobile
phase peak. The retentions time and column void time were cor-
rected for the extracolumn void time. It was assessed by injections
of solute onto the chromatographic system when no column was
present.

The plots Ink’ versus 1/T (van't Hoff plots) were determined
for the different concentrations of magnesium in the bulk solvent.
Linear fits were obtained at all the Mg2* concentrations with cor-
relation coefficients r>0.98. This linear behaviour demonstrated
that, in the studied temperature range, there was no change in the
interaction mechanism in relation to temperature [37]. In order to
evaluate a possible change in the testosterone binding capacity with
increasing temperature, the concentration dependencies of the
testosterone retention factor k' were measured for all the column
temperatures. In order to compare the retention data, the normal-
ized parameter 100(k’/K' o ) Was used. For the column temperature
range 15-35°C the normalized parameter value was constant for
testosterone and around 99.7. This behaviour is in accordance with
no change in the number of binding sites when the temperature var-
ied [35]. According to Eq. (4), these linear van’t Hoff plots provided
a conventional way of calculating the thermodynamic parame-
ters AH° and AS°. For the determination of AS°, the number of
mole of immobilized SHBG (m| ) was used, assuming that the SHBG
immobilized on the column was available for an interaction with
testosterone. However, it is not always verified, and the number of
active sites in an affinity protein based column can be lower than
the number of moles of ligand effectively immobilized. This is due
to various factors such as steric hindrance, denaturation, or ineffi-
cient orientation [38-40]. For example, it has been shown that from
around 10% to around 80% of the [3 blocker sites [38], benzoin sites
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Fig. 1. Ink’ versus Inx at 20°C.

[39] and warfarin sites [40] are active in various protein-based col-
umn. Therefore, AS values were also determined using an my value
arbitrarily fixed to a value representing around 50% of the number
of moles of testosterone effectively immobilized. Very low changes
in ASvalues are observed. The entropy change was only 0.6% higher
than the AS value obtained using the number of moles of testos-
terone effectively immobilized. The maximum relative difference
observed of the AS values between these different measurements
was always 0.7%. Therefore, neglecting these effects has no serious
consequences on the interpretation of the thermodynamics. The
enthalpic values obtained were negative (i.e., exothermic) at all the
magnesium concentrations studied and consequently favourable
for the TT-SHBG association. For example, for a magnesium con-
centration equal to 0.8 mM, AH=-7.90 k]/mol. The transfer of the
testosterone molecule from the bulk solvent to the testosterone
binding cavity was enthalpically driven and can be described as
the replacement of weak TT-bulk solvent interactions by strong
TT-SHBG surface interaction. This indicates that enthalpic factors
associated with hydrogen bonding and van der Waals interactions
(characterized by negative enthalpy values at these temperatures)
[41] of the TT with SHBG dominate the binding. As well, the positive
entropy values (for example, for a magnesium concentration equal
to 0.8 mM, AS=+3.39]/mol/K) obtained at all the magnesium con-
centrations can be justified by the hydrophobic effect [42], which is
defined as the tendency of hydrophobic surfaces “sticking together”
in water under the exclusion of solvent molecules [43,44]. The
testosterone/SHBG binding is thus also entropically driven, indi-
cating a contribution from hydrophobic effect due to the release of
water molecules when TT and SHBG associated. These results con-
firmed by Grishkovkaya et al. study which demonstrated that the
steroid ligand intercalates into the hydrophobic core of the SHBG
(entropically driven) and hydrogen bonds are formed between TT
and SHBG (enthalpically driven) [12]. The logarithm of retention
factor Ink’ of the testosterone molecule with SHBG was also plot-
ted against the logarithm of the magnesium concentration x in the
bulk solvent and the same profile plot was observed at all the stud-
ied temperatures. An example of plot at 20°C is presented in Fig. 1.
To assess if this retention factor change with increasing x was due
to a variation in the binding capacity of the column, the concentra-
tion dependencies of the testosterone retention were measured at
different x values [35]. As reported above for the temperature exper-
iments, the normalized parameter value was constant around 99.6.
Then the binding capacity of the SHBG column was invariant when
x changed and thus the magnesium concentration did not alter the
number of binding sites of the immobilized SHBG [35]. For all tem-
peratures, the plot showed a favourable TT association affinity for
SHBG (domain 1, x<x.1 =0.8 mM) followed by a decrease (domain

2, X1 <X<Xc =1.04mM) and an increase (domain 3, x> Xxc;) of the
TT-SHBG binding. When the Mg2* concentration in the bulk solvent
changed, a fuller description is essential, which explicitly maintains
conservation of mass of each species and takes into account binding
of Mg2* to TT, SHBG, and the complex TT-SHBG:

TT(Mg?")a + SHBG(Mg?*)g +nMg?*+ = TT-SHBG(Mg?*)c

wheren=C— (A+B)is the number of Mg2* linked to this SHBG bind-
ing reaction of TT. The association constant of this equilibrium was
given by:

K = [TT-SHBG]/([TT][SHBG][Mg**]") (6)
Eq. (6) can be rewritten as:
K=Ko/[Mg?+]" (7)

where Kj is the K values for x=1 M. Taking the logarithm of Eq. (7)
gives:

InK = InKg — nIn[Mg?*] (8)
after derivation of Eq. (8), the following equation was obtained [41]:
9InK/d1In[Mg?**] = —n (9)
as k' was proportionnal to K (K=k'/®), Eq. (9) was rewritten as:
dlnk’
P 10
0In[Mg2+] (10)

where n is linked to the Mg2* molecule release or uptake at the
TT-SHBG interface.

The Mg2* binding heat effect associated with this Mg2* release
or uptake can be described by the following single function [42,43]:

oN
AH* = —2.3RT? <> (11)
Mg2+
(Mg#+) oT (Mg?]

The n values were determined from the slope of the plot Ink’
versus Inx and at 25°C were, respectively equal to —0.40; +1.20
and —0.50 in domain 1, 2 and 3, respectively. In the three domains,
the plots n versus T were determined. Linear fits were obtained
with correlation coefficients r higher than 0.97. Using Eq. (11),
AH(*MgZﬂ values were calculated and a value in magnitude around
17.0 (0.9) k]J/mol was obtained in the three domains at 25°C. This
value was in the same order as the one obtained for HSA-Mg?2* bind-
ing [45]. Solubility modifiers such as magnesium chloride can affect
(i) the energy required to produce a solvent cavity (cavitation pro-
cess) into which the testosterone can go and (ii) the energy of solute
medium solvation interaction [46]. Thus in domain 1 and 3, the
magnesium cation increased the TT-SHBG association (Fig. 1) by
electrostriction that squeezed out free space, made cavity creation
harder and increased surface tension [46]. In these two domains,
contrary to the classical results (i.e., the salting-out addition led
to an increase of the thermodynamic data) [47], the enthalpic
and entropic values of this association mechanism decreased with
the Mg2* concentration in the bulk solvent (Figs. 2 and 3). This
thermodynamic trend can be explained by the fact that differ-
ent interactions (van der Waals interactions and hydrogen bounds
between the TT and the SHBG molecule) were implied in the TT
association on the SHBG molecule. As well, ion-induced effects on
surface tension, in addition to affecting hydrogen bonding [48,49],
can also affect hydrophobic interactions within the SHBG protein
[50], resulting in the burial of certain amino acid residues into the
protein hydrophobic core and slowing down hydrogen exchange
rates. Such conformational changes would result in a more com-
pact and less flexible structure [51-54]. Therefore, the change of
the net number of ions released or bound upon TT-SHBG complex
formation when the salt concentration increased demonstrated
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Fig. 2. AH° (kJ/mol) values versus x (mM).

changes in the SHBG conformation. For x.; <x <X, the SHBG pro-
tein adopted a less flexible structure, its binding site was thus less
accessible to testosterone and the TT-SHBG association decreased
slightly (Fig. 1). This confirmed the importance of the SHBG protein
conformation for the interaction between SHBG and testosterone
and the conformation change on SHBG immobilized on silica. As
well, in order to confirm this change, the enthalpy entropy com-
pensation (EEC) phenomenon was used. The enthalpy entropy
compensation temperature is a useful thermodynamic approach to
the analysis of physicochemical data [55-57]. Mathematically, the
enthalpy entropy compensation can be described by the following
equation [55,56]:
AH° /1 1\ AG,

o s
In ki = 220 (T—E>—W+ln¢ (12)

where AG; is the corresponding Gibbs free energy variation at the
compensation temperature 8. According to this last equation, when
enthalpy entropy compensation is observed; when the magnesium
concentration x varied in the bulk solvent, testosterone molecule
has the same free energy AG;} at the temperature g for all the x
values. The plots In k’ versus AH° (kJ/mol) (Eq. (12)) determined in
domain 1 (x<x.; =0.8 mM), domain 2 (x¢1 <X <X =1.04mM) and
domain 3 (x>x.,) were drawn. The regression lines for the three
domains were:

X < Xc1 Ink’ = —0.062 AH° +3.061 r?=0.96 (13)
Xeq <X <Xg Ink' =-0.120 AH®° +2.762 r*>=0.97 (14)
119, ASTUmOlK)

g

7 4 -

5 * : Y

3 * .

1 4
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Fig. 3. AS° (J/mol/K) values versus x (mM).

X>Xo Ink'=-0.071 AH° +2.920 r?=0.97 (15)

It appeared that the slopes were different confirming well a
change in the TT-SHBG binding mechanism between the differ-
ent x domains and thus a change of the SHBG conformation. The
SHBG immobilization on the chromatographic support did not alter
its conformation change capacity. As well, our result confirmed
that adaptive conformational transitions are associated with the
testosterone-SHBG complex formation where both components
are able to adjust their recognition surfaces in order to maxi-
mize complementarities through tightly packed contacts involving
hydrogen bonding [9,12]. As well, in domain 2, the enthalpic val-
ues progressively became less negative and were accompanied by
a conventional increasing variation of entropic values attributed
to a weaker adsorption process of the TT molecule with its bind-
ing site (Figs. 2 and 3). A general phenomenon found in early
studies on SHBG is its ability to bind divalent inorganic cations
(Zn%*, Ca%*) [13,14]. The determination of the Mg2* binding heat
effect associated with Mg?* release (or uptake) on the SHBG was
in magnitude approximately 17(0.9) k]/mol and in the same order
as the one obtained for HAS-MgZ* binding [45]. This confirmed
that in domain 2, the Mg2* bound to SHBG by electrostatic inter-
actions between its positively charge and the oppositively charged
surface of SHBG (SHBG at pH 7 was negatively charged) for dif-
ferent ‘non specific’ areas of SHBG. Then the non-specific binding
mode of MgZ* with SHBG led an uncompetitive inhibition between
the steroid hormone and this divalent cation to bind to SHBG
and consequently a decrease of TT-SHBG affinity, because SHBG
adopted a less flexible structure. In this Mg2* concentration domain
(domain.2), the decrease of the interactions between the TT and
SHBG cavity due to the uncompetitive inhibition additive to the
classical salt effect on the surface tension in the bulk solvent
(i.e., water activity) led an increase of the thermodynamic data
(Figs. 2 and 3). Moreover, the positive values of n obtained in domain
2 (i.e., related to the decrease of the TT-SHBG affinity) demon-
strated the inhibition effect between the magnesium cation and
the steroid hormone to bind to SHBG. In addition, the results pre-
sented here provide evidence for an MgZ*-mediated variation of
the testosterone-SHBG association, suggesting that an increase of
the Mg2* concentration inside the biological concentration range
(0.75-1.0mM) could lead an enhancement of the bioavailable
testosterone.

4. Conclusion

For the first time, the binding TT-SHBG was analyzed in a wide
temperature range from 15 to 40°C using a novel biochromato-
graphic approach developed in our laboratory. This novel SHBG
column was stable during a long period of time and allowed us
the determination of the thermodynamic data of this association.
The affinity of TT to SHBG was high and changed slightly with the
Mg2*concentration. The binding is accompanied by a Mg2* release
(or uptake) with a corresponding heat effect around in magnitude
17 kJ/mol. For a magnesium concentration in the biological range,
the TT-SHBG affinity decreased and could thus lead an enhance-
ment of the bioavailable testosterone. As well, the results obtained
in the presence of salt ions could be presented in a coherent plot
in which the concentration of salt was expressed by the number
of salt ions (n) displaced or bound in forming the TT-SHBG com-
plex. Further experiments are now in progress in our laboratory in
order to demonstrate the role of other divalent cation (Zn%*, Ca%*)
on testosterone-SHBG binding. As well, the binding of a series of
phytoestrogens (genistein, diadzein, genistin and daidzin), estro-
gen like compounds, with SHBG will be analyzed using this novel
SHBG column.
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