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ABSTRACT: Binding studies of the interaction of immobilized 1R- and 17R-aminoalkyl derivatives of 5R-
dihydrotestosterone (DHT) with purifiedN-deglycosylated homodimeric human sex hormone-binding
globulin (SHBG) were performed using a surface plasmon resonance biosensor. These 1R- and 17R-
derivatives with spacers of appropriate lengths between the amine function and the steroid ring skeleton
enabled privileged, sterically undisturbed, interactions of either the 17- or 3-characteristic functional groups
of DHT with SHBG. The association constants (Ka1) for the binding of these immobilized DHT derivatives
to the first binding site of SHBG, determined by SPR measurements, were 0.16× 107 M-1 for 17R-
aminopropyl-17â-hydroxy-5R-androstan-3-one (1), 1.64× 107 M-1 for 17R-aminocaproyl-17â-hydroxy-
5R-androstan-3-one (2), and 1.2× 108 M-1 for 1R-aminohexyl-17â-hydroxy-5R-androstan-3-one (3).
These values were compared with globalKa data for the corresponding nonimmobilized DHT derivatives
from equilibrium measurements using competitions with a tritiated testosterone tracer: theKa values
were 1.25× 107 M-1 for 1, 1.50× 107 M-1 for 2, and 140× 107 M-1 for 3, confirming a remarkably
high binding affinity of this latter compound for SHBG. A global fitting analysis of the biosensor data
revealed that the interaction of the three immobilized steroids with SHBG was best described by a kinetic
model assuming two structurally independent binding sites. This hypothesis of a bivalent binding model
was also directly suggested by a dual fluorescent signal observed by the flow cytometry analysis of SHBG
immobilized as a hybrid complex binding simultaneously two 1R-aminohexyl DHT ligands, one formed
by 3, covalently coupled to phycoerythrin-labeled latex microspheres, and the other by the same DHT
derivative, coupled to a fluorescein derivative (4).

Human sex hormone-binding globulin (SHBG),1 a 93.4-
kDa homodimeric glycoprotein produced by hepatocytes, is
the major sex steroid-binding protein in plasma (1). SHBG
binds testosterone (T), 5R-dihydrotestosterone (DHT), as well
as 17â-estradiol (E2) and related steroids in plasma with high

affinity (2-5). The glycoprotein is a product of a single gene
located on the short arm of chromosome 17 (6, 7). The
glycosylation of the monomeric protein forms oneO-linked
oligosaccharide at Thr-7 and twoN-linked oligosaccharides
at Asn-351 and -367 in the C-terminal region of the molecule
(8, 9). The two monomers of SHBG interact very strongly
with each other even in the absence of a steroid ligand (10),
although the dimerization is promoted in the presence of
ligand (11) and, independently, of divalent cations such as
calcium or zinc (12).

The major physiological role of SHBG is the regulation
of bioavailability of T and E2 by controlling their balance
and their respective metabolic clearance rates (13-16).
SHBG has also been reported to exert an influence on the
uptake of sex steroids (17-19) in target cells and in signal
transduction (20, 21). Plasma SHBG levels vary considerably
between individuals and are influenced by hormonal, meta-
bolic, and nutritional factors (1). It is of clinical interest that
low serum levels of SHBG have been found in women
suffering from disorders characterized by androgen excess
(1), and are also considered as a prognostic indicator for the
onset of type II diabetes mellitus, hyperthyroidism, and
cardiovascular disease (22). Thus, the understanding of the
interaction between steroid ligands and SHBG, the measure-
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ment of protein-bound and free steroid fractions (23), and
the knowledge of factors regulating SHBG levels, are of great
endocrinological significance.

Optimal steroid binding to SHBG requires a planar C19

steroid with a 17â-hydroxyl group and an electronegative
functional group at C-3 (24). The recently reported crystal
structure of theN-terminal recombinant human SHBG
ligand-binding domain (LBD) complexed with steroidal
ligands (25) has revealed a homodimeric structure in which
each recombinant monomer contains a LBD for a steroid
molecule, intercalated into the hydrophobic core. Addition-
ally, recent site-directed mutagenesis experiments have
shown that dimerization-deficient SHBG variants still contain
a LBD with an affinity and specificity indistinguishable from
wild-type SHBG (25, 26). Until these observations were
reported, the commonly accepted hypothesis of an equimolar
relationship between homodimeric SHBG and steroidal
ligand has seldomly been questioned (27). According to the
crystallographic data, the oxygen atom at C-3 of ring A of
DHT is anchored in the interior of the protein, while rings
A and B are completely buried. Most of the structural
modifications of the steroid ligand significantly reduce the
relative binding affinities for SHBG (3) except for substitu-
tions at positions C-4, C-12R, and C-17 which are well
tolerated (28-30). Mesterolone (17â-hydroxy-1R-methyl-
5R-androstan-3-one) also shows a high affinity for human
SHBG (29). This suggests that the 1R position might be
qualified as a potential candidate for introducing a larger
substituent to produce novel efficient SHBG ligands, struc-
turally complementary to the known 17R-DHT ligands (31)
since the D-ring instead of A-ring becomes optimally
exposed for interacting with SHBG. However, according to
the shape of the SHBG binding site, we speculated that a
long hydrophobic 1R-alkyl chain could have a reasonable
probability to be accommodated without too much sterical
clashes with proximal amino acids on theâ-side of the
1-position.

In a preliminary study, we could demonstrate that the
introduction of an unsubstituted 1R-aminohexyl linkage on
the A-ring of DHT leads to a higher binding affinity for
human SHBG than unsubstituted 17R-aminoalkyl DHT
derivatives (31). This finding prompted us to collect further
physicochemical data on the biochemical interaction of
these two families of androgen ligands with SHBG in the
view of determining whether a mechanism involving the two
potential steroid binding sites of native SHBG could be
detected. The 1R- and 17R-aminoalkyl DHT derivatives,
substituted at the two opposite A- and D-ring extremities of
the steroid skeleton, were covalently coupled onto com-
mercially available carboxymethylated (CM) dextran coated
biosensor chips designed for surface plasmon resonance
(SPR) technology, thus allowing kinetic studies aimed at
analyzing the binding mechanisms of these immobilized
steroids with native soluble human SHBG. The reactive
amine function of the 1R- and 17R-DHT derivatives ad-
ditionally offered the possibility of coupling these compounds
to latex microspheres. Thus, flow cytometry could also be
employed as an independent method for evaluating whether
the homodimeric SHBG, already bound to a steroid im-
mobilized on fluorescent latex beads has still a second LBD
available for binding a second soluble steroid ligand coupled
to another fluorescent molecule.

EXPERIMENTAL PROCEDURES

Chemicals.F1- and B1-chips (research grade), as well as
N-hydroxysuccinimide (NHS),N-ethyl-N′-(3-diethyl-amino-
propyl)-carbodiimide (EDC), ethanolamine-HCl, and HEPES-
buffered saline (HBS) (10 mM HEPES with 0.15 M NaCl,
3.4 mM EDTA and 0.005% surfactant P20 at pH 7.4) were
purchased in the original format from Biacore. Con A-
Sepharose was from Amersham Pharmacia Biotech, Freiburg,
Germany, and peptideN-glycosidase F (PNGase F, 500 000
U/mL) from New England BioLabs, Beverly, MA. 5R-
Dihydrotestosterone (DHT, 17â-hydroxy-5R-androstan-3-
one) and testosterone (T, 17â-hydroxy-4-androsten-3-one)
were from Merck, Darmstadt, Germany, [1,2,6,7-3H]-T
(specific activity: 2.92 TBq/mmol) was from Amersham
Pharmacia Biotech. 5-CarboxyfluoresceinN-hydroxysuccin-
imidyl ester (FLUOS) was from Molecular Probes, Eugene,
OR. The COOH-activated, streptavidin-conjugated latex
beads (1% s/v in 10 mM phosphate-buffered saline (PBS);
1.01 µm average diameter, SD 2.5%) were from Sigma,
Deisenhofen, Germany, whereas biotin-R-phycoerythrin (Bi-
otin-PE, stock solution 1 mg/mL in 50 mM sodium phosphate
buffer, pH 7.0) was purchased from DPC Biermann, Bad
Nauheim, Germany. All other laboratory chemicals, including
3-amino-9-ethylcarbazole (AEC), were from Sigma.

Antibodies.The monoclonal anti-testosterone antibodies
(mAbs) E2-3 (clone M40557), T-19 (clone M212051a), and
T-3 (clone M211244) were from Fitzgerald Industries
(Concord, MA). The polyclonal rabbit anti-SHBG antibody
(pAb) was from Dako A/S, Glostrup, Denmark. Fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG pAb
was purchased from Dianova, Hamburg, Germany, whereas
a secondary horseradish peroxidase (HRP)-conjugated don-
key anti-rabbit IgG pAb was from Amersham Pharmacia
Biotech.

Synthesis. The chemical syntheses of the 1R- and 17R-
DHT derivatives (1-3) (Figure 1) have been previously
reported (31).

The synthesis of 1R-(5′-carboxyfluorescein-N-amidohexyl)-
17âhydroxy-5R-androstan-3-one (4) was performed as fol-
lows: 0.9 mg (2.14µmol) of 1 (as hydrochloride) was
dissolved in 0.5 mL of freshly distilled dimethyl formamide
(DMF). Subsequently, a solution of 1.5 mg (3.17µmol) of

FIGURE 1: Steroidal DHT derivatives1-4 used for the study. In
the inset numbering and ring letters of DHT are given according
to the IUPAC recommendations from 1989.
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5-carboxyfluoresceinN-hydroxysuccinimide ester (FLUOS)
in 0.5 mL of DMF along with 0.6µL of triethylamine was
added. The reaction vessel was sealed and stirred under an
argon atmosphere. After 2 h the pH was adjusted to 8.0 by
further addition of triethylamine. The solution was kept under
argon overnight, and then the solvent was evaporated. The
product4 was dissolved in 160µL of DMF and purified by
semipreparative HPLC on a Vydac C18 column (4.6× 250
mm, 300 Å, 5µm; flow 1 mL/min) using the following
elution gradient: t ) 0 min, 100% A, 0% B;t ) 20 min,
5% A, 95% B. Eluent A: H2O/0.1% trifluoroacetic acid,
eluent B: acetonitrile/0.1% trifluoroacetic acid. The major
product was eluted at 72% B in a single peak. This peak
was collected in several fractions, which were pooled after
testing purity by analytical HPLC using the same solvent
system as mentioned above. The structure was confirmed
by mass spectrometry using a Q-TOF 2 apparatus (ion
source: Z-Spray) from Micromass, Manchester, UK. MS
(ESI, m/z, relative intensity %): 748.35 (M+H+ 100%).

Particle Preparation and Coupling of Compound3 to
Carboxylate-ActiVated Latex Beads.For the flow cytometry
experiments the 1R-aminohexyl-DHT derivative3 was
coupled via EDC/NHS-chemistry to the COOH-activated,
streptavidin-conjugated latex beads. One microliter of the
latex bead suspension was washed twice in 1 mL of PBS.
After a final centrifugation for 5 min at 10000g, the
supernatant was removed and the beads were incubated for
30 min with 20 µg of Biotin-PE. Subsequently, the PE-
labeled beads were washed with 0.5 M 2-[N-morpholino]-
ethanesulfonic acid (MES), containing 25 mg/mL NaHCO3

(pH 6.8), and activated with 50µL of 400 mM EDC in
bidistilled H2O for 20 min at room temperature. Then 50
µL of 100 mM NHS in bidistilled H2O was added and the
incubation was continued for a further 20 min. The suspen-
sion was centrifuged at 10000g and the beads were washed
twice with MES buffer. For the steroid coupling, 300µL of
a solution containing 130µM 1R-aminohexyl DHT3 and
130µM ethanolamine in 0.1 M MES plus 5 mg/mL NaHCO3

were added. Following a 1-h incubation with two subsequent
washing steps, unreacted active ester groups on the bead
surface were blocked by incubation with 200µL of a 1 M
ethanolamine solution in MES buffer for 10 min.

Preparation of N-Deglycosylated Homodimeric SHBG.We
used SHBG affinity purified from human pregnancy plasma
(>98% by SDS-PAGE, lot no. A0011105) purchased from
Fitzgerald Industries International, Concord, MA. A total of
100 µL of a concentrated SHBG solution (5 mg/mL) were
prepared in bidistilled H2O from the supplied lyophilized
material (initially dissolved in 0.1 M PBS, pH 7.4, with 0.2%
NaN3). Five units PNGase F perµg of SHBG were added
and a 30-min incubation at 37°C was performed. Subse-
quently, the analytical size-exclusion chromatography was
performed according to a protocol given in ref31. The pooled
fractions of the main peak (at 64.56 min) were concentrated
using Microcon centrifugal filters (Millipore, Schwalbach,
Germany) with a molecular weight cutoff of 30 kDa. After
adjustment to a protein concentration of 0.2 mg/mL (2.2µM),
the N-deglycosylated homodimeric SHBG was stored in
aliquots at -20 °C until biosensor and flow cytometry
measurements.

Measurement of ImmunoreactiVe SHBG and Free T in
Serum.SHBG was measured in serum samples with the125I-

labeled SHBG IRMA kit from Orion (Espoo, Finland). For
the determination of free T levels the125I-labeled direct free
T Coat-A-Count RIA from DPC-Biermann, Bad Nauheim,
Germany, was used. Forγ-counting we used a 1277 Gamma
master counter from LKB Wallac, Bromma, Sweden.

Equilibrium Measurements.Relative binding activities
(RBA) of the 1R- and 17R-DHT derivatives1, 2, and3 were
determined under equilibrium conditions at 37°C using
3H-T as tracer, and Con A-Sepharose as solid separation
phase, as described in detail in ref31.

SPR Biosensor Measurements.The kinetic ligand-binding
measurements were performed on the BIAcore X system
(Biacore AB, Uppsala, Sweden) using Pioneer B1-chips.
Generally, the interaction of proteins/receptors with their
respective ligands, immobilized on the sensor chip, is
monitored as a function of time (as SPR sensorgrams),
expressed in arbitrary resonance units (RU). One RU
represents a change of 0.0001° in the angle of the intensity
minimum. For most proteins (including SHBG), this is
roughly equivalent to a change in concentration of about 1
pg/mm2 on the sensor surface.

The 17R- and 1R-aminoalkyl DHT derivatives (1-3) were
immobilized onto B1-chips via the NHS/EDC method using
the original Biacore amine coupling kit according to the
manufacturer’s instructions: while maintaining a continuous
flow of 5 µL/min HBS-P buffer over the sensor surface at
25 °C, the carboxyl groups of the dextran layer were
activated with an injection of a 1:1-solution of 0.2 M EDC
and 0.05 M NHS for 7 min followed by a further manual
6-min injection of a mixture of 100µM aminoalkyl DHT
derivative and 200µM of ethanolamine in 100 mM borate
buffer (pH 9.0) to ensure a low steroid surface density (32).
After the signal reached approximately 200-350 RU, the
unreacted active ester groups were blocked by a 7-min
injection of a 1.0 M ethanolamine hydrochloride solution.
In general, the flow cell FC2 of the BIAcore X instrument
was used for coating the steroidal ligands, whereas the
reference cell FC1 was used for a similar coating in the
absence of steroid/ethanolamine so as to allow the subtraction
of nonspecific binding phenomena. The binding functionality
of the steroid-coated B1-surface was tested with two different
anti-T mAbs, both highly cross-reactive with DHT. The
mAbs were applied at a concentration of 40µg/mL (final)
in a volume of 30µL. TheN-deglycosylated SHBG solutions
were applied in various concentrations (50-250 nM final
for the 17R-DHT compounds1 and2; 75-400 nM final for
the 1R-DHT compound3, in a volume of 75µL each). For
the ligand-binding measurements a temperature of 25°C and
flow rates of 10µL/min were chosen. The total sensorgram
recording times were 1050 s (delay time 600 s). In a typical
run, SHBG was injected into the flow cell over the solid-
state surface. This period defined the association phase, after
that the switch to buffer injection started the dissociation
phase. At the end of the delay time, after the dissociation
phase, an acidic buffer (100 mM H3PO4) was added for
regenerating the chip surface.

Analysis of Kinetic Data.Association and dissociation data
were calculated by the BiaEvaluation program (Biacore,
version 3.0.1.). The evaluation algorithms perform a non-
linear regression analysis of the measured sensorgrams.
Binding events can follow the respective interaction mod-
els: 1:1 binding; 1:1 binding with mass transfer; bivalent

Ligand Binding of DHT Derivatives to SHBG Biochemistry, Vol. 42, No. 46, 200313737



analyte binding; heterogeneous analyte or ligand binding and
two-state reaction with conformational change. The most
appropriate model was chosen by a fitting analysis based
on the residual plots with lowø2 values which were obtained
from analysis of the sensorgrams, theø2 value being a
standard statistical measure of the closeness of fit.

Flow Cytometry Analysis.The fluorescent latex beads,
covalently coupled to the 1R-aminohexyl DHT derivative
3, were incubated for 90 min with 10µg of PNGase
F-digested, gel-purified SHBG in PBS/0.02% Tween-20 at
room temperature. After two washing cycles, latex beads
were stained with 0.2µg of the HPLC-purified FLUOS
derivative4 (from a stock solution at 2 mg/mL in DMSO)
in PBS/0.02% Tween-20 for 60 min at room temperature.
In parallel, preparations of4 mixed with a 10-fold molar
excess of unlabeled2 or 3, respectively, were used for
competition analysis. The latex beads were washed twice,
resuspended in 1 mL of PBS, and directly used for cytometric
measurements. The density of SHBG, bound on the latex
bead surface, was evaluated with an immunofluorescence
method using a SHBG-specific primary and a FITC-labeled
secondary antibody preparation. In brief, after exposure to
SHBG, beads were stained with a 4.7 mg/mL solution of
rabbit anti-SHBG pAb for 60 min and a 1.5 mg/mL solution
of FITC-labeled goat anti-rabbit pAb for 20 min in PBS
supplemented with 1% BSA at room temperature. A prepa-
ration of fluorescent latex beads covalently coupled to the
1R-aminohexyl DHT derivative3, not exposed to SHBG,
served as control to exclude nonspecific binding of the
antibodies.

An Epics Elite ESP flow cytometer (Beckman Coulter,
Hialeah, FL) was used to interrogate microspheric beads.
The excitation wavelength of the laser was 488 nm. The
approriate optical filters were 525 nm for the FLUOS (FL1
channel) and 575 nm for the PE fluorochrome (FL2 channel).
Forward (FSC) and side (SSC) scatter properties were used
to exclude aggregates formed by the COOH-activated,
streptavidin-conjugated latex beads. Each fluoresence analy-
sis was performed on the basis of a total number of 25 000
gated events. Beads labeled with either FLUOS/fluorescein
or PE alone were used to find the best compensation settings
for all subsequently performed two color analyses. For data
evaluation and presentation the WinMDI software, version
2.8, by Joe Trotter (Scripps Research Institute, La Jolla, CA)
was used.

RESULTS

Purification and Characterization of SHBG. Digestion and
Purification.We used commercially available human SHBG,
affinity purified from pooled pregnancy sera. Although the
purity of this SHBG was high (>98% by SDS-PAGE), a
deglycosylation ofN-linked carbohydrates was performed
with PNGase F to improve the homogeneity of the SHBG
preparation used for the experiments, and was followed by
a stringent size-exclusion chromatography procedure to lower
possible contamination by both oligomeric forms of SHBG
and bound steroidal ligands (33). Native SHBG and PNGase
F digested SHBG both after size-exclusion chromatography
were controlled by an immunoblot after SDS-PAGE (Figure
2). For native SHBG (lane 1) the presence of two distinct
bands at molecular masses of approximately 50 and 47 kDa

documents the well-established size heterogeneity of SHBG
due to variations in carbohydrate content (34), whereas for
PNGase F digested SHBG (lane 2) the single band at 43
kDa reflects the successful deglycosylation procedure. Traces
of dimeric protein were seen at 95 kDa in line 1, while no
other impurities could be detected. The size-exclusion
chromatography of PNGase F digested SHBG was found
also to reduce endogenous steroid concentrations in the
concentrated eluate from 5 to 2 nM for T, from 500 to 20
pM for E2 and from 10 to 5 nM for progesterone.

QualitatiVe Assessment of the Binding ActiVity of Purified
SHBG.Three human male sera with low endogenous SHBG
concentrations (approximately 20 nM) and known free T
levels were spiked with the concentrated PNGase F digested
and gel-filtrated SHBG solution used for the biosensor
experiments, resulting in a final SHBG concentration of
approximately 200 nM (mean 175 nM). The spiking of the
sera produced a decrease of the free T concentrations from
42.78( 5.48 to 14.57( 2.67 pM. The data concerning the
binding activity of the purified SHBG preparation are
summarized in Table 1.

Kinetic Analyses Using the SPR Biosensor. Preparation
of the Steroid-Coupled Biosensor Surface.SPR-based binding
studies require that one of the two binding partners is
immobilized on the sensor surface. In this work, the three
17R- and 1R-aminoalkyl DHT ligands (1-3) were covalently
coupled to the CM dextran of the chip by use of the NHS/
EDC method so as to interact with the high-molecular-weight
SHBG protein, brought in solution into the flow system. This

FIGURE 2: Immunoblotting of processed SHBG after separation in
a 10% SDS-polyacrylamide gel. SHBG gel filtration preparation
before (1) and after PNGase F digestion (2). For detection, the
PVDF-membrane was probed with rabbit anti-SHBG pAb, then a
HRP-conjugated goat anti-rabbit IgG pAb was added; AEC was
used as dye. M) molecular weight marker.

Table 1: Bioactivity of the PNGase F Digested and Gel Filtrated
SHBG

sample no.( SHBG SHBG (nM) free T (pM)

serum 1/- SHBG 14.7 44.1
serum 1/+ SHBG 177.4 14.4
serum 2/- SHBG 20.2 36.9
serum 2/+ SHBG 164.4 12.0
serum 3/- SHBG 28.4 47.5
serum 3/+ SHBG 180.3 17.3
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design is advantageous for real time kinetic information in
terms of the sensor response obtained upon binding of the
macromolecular SHBG to immobilized steroidal ligands.
First, the steroids are coupled covalently through a stable
amide bond which prevents from loss of the ligands from
the surface. Second, the relatively long 1R- and 17R-alkyl-
amine linker arms allow an optimized recognition of the more
distant of the two characteristic 3- and 17-functional groups
of DHT and, possibly, at least, a partial recognition of the
remaining more vicinal group. Third, a low steroidal surface
density was employed to prevent major nonspecific coupling
phenomena and to limit mass transfer complications.

The surface density was optimized by use of Pioneer B1-
chips characterized by a low degree of carboxylation
providing a lower immobilization capacity and a less negative
charge, as compared with CM5 chips. The final concentration
of immobilized DHT derivative, derived from the net RU
increment values after coupling (100-250 RU, depending
on the DHT derivative) was estimated to approximately
100-250 pg of steroid bound per mm2.

The functionality of the steroid-coated surface for im-
mobilizing a steroid binding protein was tested with two
different anti-T mAbs (T3 and T19, both cross-reacting with
DHT) which showed RU values in the range of 300-800
RU and of 200-500 RU, respectively. This is in accordance
with the maximum RU values of the specific interactions
measured with SHBG.

Biosensor Measurements.The CM dextran hydrogel of
the FC1 cell, treated with EDC/NHS and ethanolamine in
the absence of steroidal ligands, served as reference for
eliminating unspecific binding. Additionally, the FC1 refer-
ence line showed that the changes due to the concentrated
protein solution were low in the absence of an immobilized
steroid. The resulting FC2- FC1 difference RU values are
shown as sensorgrams in Figure 3 for the interaction of
SHBG with the three immobilized DHT derivatives. All data
were recorded at 25°C with four independent experiments
for each tested DHT derivative. The SHBG-specific associa-
tion and dissociation profiles with the DHT ligands were
recorded at four different final protein concentrations ranging
from 50 to 250 nM for1 (Figure 3A), from 75 to 200 nM
for 2 (Figure 3B), and from 75 to 400 nM for3 (Figure
3C). Above the latter concentration oligomerization of SHBG
occurred and limited the kinetic analysis. The figure also

depicts the acceptable residuals from the fit of the SHBG
interaction in the bivalent model (see below).

Kinetic Interaction Analysis.A comprehensive fitting
analysis by use of the BiaEvaluation software for the
interaction of SHBG with the three DHT derivatives1-3
was performed. The binding and dissociation curves were
fitted simultaneously for all SHBG concentrations. The fitting
residuals for the sensorgrams of the interaction between
SHBG and the 1R-DHT derivative3 are exemplary presented
in Figure 4. Similar residual patterns were found for the 17R-
DHT compounds1 and2 and are presented as Supporting
Information. The four possible kinetic models are (i) simple
Langmuir 1:1 isotherm binding, (ii) mass transfer limited
1:1 binding, (iii) bivalent binding, and (iv) two-state reaction
with conformational change. The lowø2 residuals of the
global fitting analysis (35) for the three ligands strongly
suggested that the best fitting model is the one assuming
two independent binding sites (bivalent model). All kinetic
parameters are given in Table 2. These biosensor measure-
ments further enabled the calculation of the affinity constants
(Ka1) for the first step on an assumed bivalent interaction of
SHBG with each of the tested DHT derivatives. The
association constantKa1 for the 1R-aminohexyl DHT deriva-
tive 3 (1.2× 108 M-1) was remarkably higher than the values
observed for the 17R-aminoalkyl DHT derivatives1 and2
(0.16 and 1.6× 107 M-1, respectively).

Determination of Association Constants from Equilibrium
Measurements.These measurements, performed by competi-
tion of the three DHT derivatives1-3 with a tritiated T
tracer, using the Con A-Sepharose separation technique
(Table 3) have been previously reported (31).

Flow Cytometry Analysis Using Double Fluorescence
Labeling. Flow cytometry methodologies can be easily
applied to characterize proteins immobilized on silica or latex
microspheres if these proteins can be labeled by capture of
fluorochrome-conjugated ligand molecules. Thus, in this
study, our cytometric experiments were based on the
hypothesis that homodimeric SHBG could react at one of
its two potential steroid-binding sites with a steroid ligand
such as the 1R-DHT derivative3, immobilized on PE-labeled
latex beads, whereassif still activesthe remaining potential
binding site could also bind an additional FLUOS-labeled
steroid conjugate such as the 1R-DHT derivative 4. The
detection of a double fluorescent latex bead population,

Table 2: Kinetic and Thermodynamic Data for the DHT Derivatives1-3 Derived from the SPR Biosensor Measurementsa

compd n
k+1

[10+4 M-1 s-1]
k-1

[10-3 s-1]
Ka1

[10+7 M-1]
k+2

[10-3 RU-1 s-1]
k-2

[10-3 s-1]
Ka2

[10-1 RU-1]

1 4 3.69( 0.79 25.2( 9.11 0.156( 0.044 0.05( 0.02 0.18( 0.03 3.05( 1.59
2 4 0.91( 0.24 0.55( 0.08 1.64( 0.236 11.9( 13.9 674( 160 0.15( 0.14
3 4 2.15( 0.60 0.18( 0.02 11.7( 2.12 24.7( 36.4 323( 291 0.67( 0.42

a Values are given as mean( SD. SHBG was applied in the following concentrations: 75, 100, 175, 250 nM for1; 50, 100, 150, 200 nM for
2; 75, 100, 150, 200, 400 nM for3. TheKa1 andKa2 values were derived fromKa1 ) k+1/k-1 andKa2 ) k+2/k-2.

Table 3: Thermodynamic Data for the DHT Derivatives1-3 Derived from the Equilibrium Measurementsa

1 (n ) 4) 2 (n ) 4) 3 (n ) 6)
testosterone
(T) (n ) 5)

RBA (%) R
Ka

(107 M-1) RBA (%) R
Ka

(107 M-1) RBA (%) R
Ka

(107 M-1)
Ka

(107 M-1)

0.62( 0.05 0.435( 0.024 1.25( 0.79 0.6( 0.01 0.395( 0.006 1.50( 0.10 52.0( 11.2 0.423( 0.041 140( 32 319.4( 31.7
a Ref 31. Values are given as mean( SD. RBA ) relative binding activity;R ) B/B0 at 50% displacement.
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which can only occur for SHBG still being immobilized on
the beads, would support the assumption of the existence of
a hybrid complex consisting of two DHT ligands bound
simultaneously by each of the two monomers of homo-
dimeric SHBG. A scheme of the experimental setup is
cartooned in Figure 5.

The precision of this microsphere-based flow cytometry
is contingent upon the monodispersity of the particles which
could be asserted by the presence of a major population of
more than 75% with low scatter properties (FSC and SSC

values). A gate was set around this population and used
for all flow cytometric experiments. The remaining 25%
of all events were a composite of impurities and particle
aggregates. Beads aggregated by cross-linking of SHBG via
two immobilized 1R-DHT ligands3 might be also present
in this population. An analytical influence, however, could
be prevented by the gate setting. Additionally, the latex
particles were described by the manufacturer to be uniform
in size with a diameter variation of 2.5%. Although this
appears to be a potential analytical limitation, the ease of

FIGURE 3: Typical sensorgram showing association and dissociation profiles of the SHBG interaction with the DHT derivatives1 (A), 2
(B), and3 (C) on a B1-chip surface along with the corresponding residual plots of the data fitting analysis using the bivalent analyte model.
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measuring a large number of particles (25 000 gated events)
made possible a satisfying precision.

The results presented here (Figure 6) are summarized as
biparametric dot plots of log FL1 values (FLUOS) vs log
FL2 values (PE), representative of three independent experi-
ments. The shift of the FLUOS/PE double positive bead
fraction toward the upper right quadrant of Figure 6A
indicated the formation of a SHBG hybrid complex.

A series of functional controls were performed to verify
the validity of the flow cytometry results. First, a competition
experiment underpined the assumption of a functional
integrity of the SHBG-ligand complex: The fluorescence
intensity FL1, caused by the FLUOS-labeled 1R-DHT
derivative4, was significantly reduced by addition of a 10-
fold molar excess of its unlabeled 1R-aminohexyl DHT
precursor3 (Figure 6B). This was either due to a direct
displacement of4 from SHBG or to a displacement of the
latex-immobilized compound3, leading to a reduced amount
of bound SHBG. On the other hand, a similar molar excess
of the 17R-aminoalkyl DHT compound2, characterized by
a much weaker affinity, had no inhibitory capability on the
binding of compound4 (Figure 6C) and could not signifi-
cantly displace SHBG from the microspheres. Second, two
control experiments were performed to check the specificity
of SHBG binding. In Figure 6D, a sample, completely
processed except for coupling of the steroid ligand3 to the
latex bead, is shown. The uniform bead population with low
FL1 values ruled out any nonspecific binding of SHBG to
the latex beads. In Figure 6E, a sample, processed without
incubation with SHBG prior to the addition of the FLUOS-
labeled steroid ligand4, proved the insignificance of

nonspecific binding phenomena caused by the hydrophobic
FLUOS-labeled conjugate to the bead surface. This can be
derived from the mean fluorescence intensity (MFI) values
of this control (MFI) 7), which is only slightly higher than
that observed in Figure 6F (MFI) 3) a plot that represents
latex beads being solely incubated with Biotin-PE conjugate.
The MFI value for Figure 6A with both incubation with
SHBG and FLUOS-labeled DHT ligand was 157. Third, the
efficiency of the steroid3-coated latex beads to bind SHBG
was proven by incubating steroid-coated latex beads with
buffer alone (Figure 6G) or with SHBG (Figure 6H) and by
staining in a two-step reaction with a rabbit anti-SHBG pAb
and a FITC-labeled goat anti-rabbit IgG pAb.

DISCUSSION

Until recently, it was generally accepted that the homo-
dimeric human SHBG had only a single active LBD
corresponding to an equimolar relationship between the
dimeric binding protein and the steroid ligand. This concept
was established by numerous binding measurements with
radioactive steroidal ligands including Scatchard plots at
different temperatures either on serum samples or on purified
SHBG (2). Accordingly, the hypothesis was suggested that
a single LBD could be located within the dimer interface
(4). An isolated article compared the molecular forms of
SHBG in serum by HPLC and claimed that human SHBG
in serum could be monomeric, whereas serum dilutions were
found to induce a progressive dimerization resulting in a
decrease of its apparent binding capacity (27). Recent crystal
structure data on recombinant homodimeric LBD domains,
first presented by Grishkovskaya et al. (25), have shown that

FIGURE 4: Residuals obtained by global fitting analysis of SHBG sensorgrams. Different final concentrations of SHBG (50, 75, 100, 150,
175, 200, and 400 nM) were injected over a B1 surface with 63 RU of amine-coupled 1R-DHT derivative3. The kinetic models are 1:1
binding (a), 1:1 binding with mass transport limitation (b), bivalent analyte (c), and two-state reaction (d).
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each monomer contains a functional LBD for a DHT steroid
molecule within theN-terminal laminin G-like domain.
Avvakumov et al. (26) showed by site-directed mutagenesis
that dimerization-deficient SHBG variants contain a LBD
with an affinity and specificity indistinguishable from wild-
type SHBG. These results raise the question whether a direct
extrapolation of these findings can be made in the case of
native SHBG for which the steroid-binding stoichiometry is
a primordial functional parameter. In this work, steroid-
binding properties of purified native SHBG were first
analyzed using a biosensor methodology for which SHBG
was N-deglycosylated to eliminate glycosylation variants
which might cause a microheterogeneity leading to corrupted
biosensor sensorgrams. For instance, the absence of long
carbohydrate side-chains of the protein may prevent interac-
tions with the CM dextran moieties on the chip surface which
would be responsible for attenuated dissociation rates in the
sensorgram.

We applied a biosensor with a photometric transducer,
based on the SPR technique, as sensitive tool for the
biomolecular interaction analysis. This system detects the
change in mass concentration in the surface layer as a change
in the RI via the SPR effect (36, 37). This is an optical
phenomenon producing a reduction of the intensity of a light
reflected over a thin gold film at the interface between the

glass support and the surface of the sensor chip. The effect
is maximal at a particular angle which varies as a function
of the RI according to the changes in mass concentration of
the soluble protein interacting with ligands covalently
attached to the flexible three-dimensional CM dextran matrix
on the sensor chip of the BIAcore instrument. We used solid-
state surface-bound steroid ligands and added SHBG as
binding partner in solution. The DHT derivatives were
modified at the 1R- and 17R-position by alkylamine spacers
that can be covalently coupled to the CM dextran surface
and let the opposite functional 17- or 3-groups of the steroid
fully accessible for recognition according to the LBD
specificity for these two complementary extremities of the
DHT ligand. The great flexibility of the dextran polymer
layer (38), which extends approximately 100 nm out of the
chip surface, enables a local arrangement of two immobilized
ligands in such a way that they can be sterically available
for a simultaneous binding to the two end-to-end standing
LBDs of the SHBG homodimer. Thus, substantial high
sensor signals for mass adsorption and desorption could be
obtained. Moreover, the low density of covalent attachment
of the aminoalkyl DHT derivatives to B1-chips led to a stable
surface, resulting in highly reproducible sensorgrams. The
steroid-coated B1-chips were storable under HBS buffer at
4 °C for several months without remarkable loss of activity.

FIGURE 5: Scheme of the experimental setup to prove bivalent ligand binding of SHBG dimers by cytometric analysis using latex beads
as solid support. (i) Binding of Biotin-PE to the streptavidin-linked beads and coupling of3 via EDC/NHS-chemistry; (ii) incubation with
SHBG; (iii) incubation with4.
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The kinetic data from the real time molecular interaction
analysis (Table 2) were evaluated by the BIAevaluation
program based on numerical integration algorithms (39, 40).
Inherent to the method is the assumption of true association
and dissociation rates for an one-to-one interaction model
(41). The method is applied to reactions at a heterogeneous
phase which have to be clearly discriminated from measure-
ments in solution. The good fit of the experimental data with
the complex bivalent analyte model is consistent with a two-
step nature of the binding of the bivalent SHBG molecule
with DHT derivatives immobilized at the surface (42). The
initial intermolecular binding is defined by the affinity
constantKa1, given in M-1. The affinity constant for the
second binding event at the surface isKa2, given in the
unconventional unit RU-1. This is because the second
association rate constantk+2 is expressed in RU-1 s-1 as the
concentration of the initial complex bound to one ligand at
the surface (SHBG-DHT) is calculated during the fitting
process in terms of the observed RU response. The overall
affinity constant results from the sum of the free energy
changes which occur in the two binding events. Thus, the
association constantKa is given by the product of the two
binding constantsKa1 andKa2 (Ka ) Ka1 × Ka2), its unit
being M-1 RU-1. The surface ligand capacity of the biosensor
chips was calculated to be 100-200 RU for the three tested
DHT derivatives as described in Results. Thus, in an
approximation theKa values for1-3 must be multiplied by
150 when they are to be compared with association constants
measured under equilibrium conditions (see below).

Relating to the kinetics of the interaction, it should be
stated that the association rate constants for the initial
SHBG-DHT complex (see Table 2) were found quite similar
for all three DHT derivatives. On the other hand, the

dissociation rate constants were high for1, in the middle
range for2 and low for3, explaining the stronger binding
affinity of compound3. Then, SHBG complexed with one
immobilized aminoalkyl DHT binds to another immobilized
ligand to form a divalent complex. For this second step the
association rate constants, but also the dissociation rate
constants, are also highest for3 with a declining tendency
for 2 and1. The question of whether the first ligand binding
event modulates the second LBD properties cannot be
answered in detail solely by this investigation. However,
additional circular dichroism analyses were performed (data
not shown). No relevant conformational rearrangement of
the end-to-end homodimeric protein could be detected.

The association constants, derived from the biosensor
studies (Table 2), have to be compared with those from
previously reported measurements under equilibrium condi-
tions (Table 3) (31). The two unsubstituted 17R-aminoalkyl
DHT derivatives1 and 2 reacted almost identically with
SHBG in the equilibrium measurements. This is compre-
hensible since the structural differences of both compounds
are small. Functional side chains in the 17R-position,
different in size and length, are well tolerated in the LBD,
as described in ref30. The molecular size of the compounds
1 and2 in the vicinity of the C-17 position were found quite
similar according to1H NMR NOSY experiments in nonpolar
solvents (31). One can speculate whether this observation
would still be valid in aqueous medium and in the presence
of the hydrophobic steroid binding site of SHBG. TheKa

value of compound2 derived from equilibrium measurements
(1.50× 107 M-1) was in the same range as theKa1 values
found with the SPR biosensor analysis (1.64× 107 M-1).
The Ka value of compound1, measured under equilibrium
conditions (1.25× 107 M-1) was much higher than theKa1

FIGURE 6: Biparametric dot plots of log FL1 (fluorescein) vs log FL2 (PE). The fluorescein/PE double positive bead fraction in (A)
indicates the formation of a SHBG hybrid complex. The binding of4 could be competed by a 10-fold molar excess of3 (B), whereas
steroid 2 has no inhibitory effect (C). In (D) the latex beads were solely incubated with biotin-PE conjugate. Samples without conjugation
of 3 to the latex bead (E) or without SHBG incubation prior addition of4 (F) served also as controls. To prove SHBG binding capability,
3-coated beads were incubated with buffer alone (G) or SHBG (H) and subsequently stained with rabbit anti SHBG pAb and FITC-labeled
goat anti rabbit IgG pAb. In the insets of each dot plot the percentages of counted events per quadrant are presented together with the MFI
value of the total events for FL1.
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value of 1 (0.16 × 107 M-1) measured with the SPR
biosensor. This discrepancy, however, could be explained
by sterical hindrance at the CM dextran moiety of the sensor
surface due to the short linker arm of this 17R-aminoalkyl
DHT derivative. The unsubstituted 1R-DHT derivative 3
showed a much higherKa value being 140× 107 M-1,
measured under equilibrium conditions, representing half of
the Ka value of T (3.19× 109 M-1), measured in parallel
and comparable to theKa value of mesterolone (3.6× 109

M-1) given in the literature (28, 29, 43-45). The SPR
technique provides for the immobilized ligand3 aKa1 value
of 11.7× 107 M-1 which represents approximately 10% of
that measured under equilibrium conditions. Again a sterical
hindrance at the sensor surface may be responsible for a
weaker interaction of the ligand with SHBG.

Several reports raised concerns over the validity of the
kinetic data generated by the SPR biosensor as they might
be affected by proteic binding site heterogeneity and/or mass
transfer limitations (46-48). We tried to avoid these two
pitfalls by using a highly purified and functional active
SHBG preparation (see Figure 2 and Table 1). Additionally
a low surface density of steroid ligands bound to B1-chips
(with a reduced degree of carboxylation of the CM dextran
compared to CM5 chips) was applied. We could minimize
variations caused by analyte heterogeneity, nonspecific bind-
ing effects or bulk RI changes. The binding interaction was
not limited by mass transport in relation to the immobilization
density as shown by the excellent fitting to the bivalent model
and confirmed by the fact that the kinetic parameters were
independent of the flow rate used (data not shown).

Flow cytometry analysis of steroid-coupled latex beads
was used as a second, independent method to provide direct
evidence for the presence of two functional steroid binding
sites on homodimeric native SHBG. This technique can
detect inert microspheres of different sizes, dyed with various
fluorochromes. Microspheres have been used as calibrators
and also as a solid support for numerous molecular reactions
quantitated by flow cytometry. Proteins and other molecules
have been adsorbed or chemically coupled to the surface of
microspheres to capture analytes that are subsequently
measured by a fluorochrome-conjugated detection molecule
(49). In our study, 1R-aminohexyl DHT was covalently
coupled, on one hand, to latex microspheres bearing a first
fluorescence dye and, on the other hand, to a second
discriminative steroid-bound fluorophore. The detection of
a dual fluorescence signal directly reflected a simultaneous
occupation of the two potential LBDs of native homodimeric
SHBG, one by the immobilized 1R-aminohexyl DHT, and
the other, by the fluorochrome-conjugated 1R-aminohexyl
DHT probe molecule. Thus, the bivalent binding model,
proposed for the three studied 1R- and 17R-aminoalkyl DHT
by the global fitting of the SPR sensorgrams, was confirmed
by this analytical technique at least for the 1R-aminohexyl
DHT derivative3, reflecting the ligand-binding situation in
solution without any interferences by a solid-state surface.
Flow cytometry measurements with the 17R-aminoalkyl
DHT analogues1 and2 under similar experimental condi-
tions could not be performed due to the lower binding
affinities of these ligands to SHBG.

In summary, the SPR biosensor as well as flow cytometry
analyses of this study revealed for the first time a bivalent
interaction of native human SHBG with a novel 1R-

aminohexyl DHT ligand structure, fully consistent with the
presence of two active binding sites, recently suggested by
X-ray crystallography of recombinant human homodimeric
SHBG fragments of Grishkovskaya et al. (25) and by binding
studies of nondimerizable SHBG mutant monomers, per-
formed by Avvakumov et al. (26). It remains to be verified
whether this conclusion depends on binding properties
specific of immobilized 1R-aminohexyl DHT derivatives or
can be extended to other steroid ligands of lower affinity
such as 17R-aminoalkyl DHT. Although the bivalent binding
characteristics of these 17R-derivatives were also strongly
suggested by the SPR biosensor kinetic studies, this still
needs to be confirmed by a second technique. The flow
cytometry technique, however, could not be extended to these
ligands of lower binding affinity. Our study may be relevant
for a better understanding of SHBG-ligand interactions with
natural and synthetic steroids as well as environmental
nonsteroidal ligands and therefore of the role of SHBG in
endocrinopathies with underlying hyperandrogenic disease
states with impaired SHBG metabolism and possibly altered
biological function.
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