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Abstract: A method using chip-based nanoelectrospray mass spectrometry (nanoESI-MS) is described to detect
noncovalent ligand binding to the human estrogen receptor alpha ligand-binding domain (hERco. LBD). This system
represents an important environmental interest, because a wide variety of molecules, known as endocrine-disrupting
compounds (EDCs), can bind to the estrogen receptor (ER) and induce adverse health effects in wildlife and humans.
An efficient analytical method is therefore required to identify EDCs and characterize their solution-phase binding
affinity and character (i.e. agonist or antagonist). Using proper experimental conditions, the nanoESI-MS approach
allowed the detection of specific ligand interactions with hERo LBD. The best approach to evaluate solution-binding
affinity by nanoESI-MS was to perform competitive binding experiments with 173-estradiol (E2) as a reference ligand.
Among the ligands tested, the relative binding affinity for hERo. LBD measured by nanoESI-MS was 4-hydroxytamox-
ifen = diethylstilbestrol > E2 >> genistein >> bisphenol A, consistent with the order of the binding affinities in solution.
To discern agonist from antagonist, we used the specificity of a coactivator peptide for agonist-bound receptor. A spe-
cific coactivator-hERo. LBD complex was detected only in the presence of an agonist ligand. Therefore, the specificity
of nanoESI-MS combined with its speed (1 min/ligand), low sample consumption (90 pmol protein/ligand), and its
sensitivity for ligand (30 ng/ml) demonstrates that this method is promising for the identification and characterization

of suspected ER ligands in a high-throughput manner.
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Introduction

Within the different objectives of the Nation-
al Research Programme 50 (NRP 50), the
development of suitable analytical strategies
to assess the endocrine-disrupting activity of
suspected compounds was addressed. Active
compounds, known as endocrine-disrupting
compounds (EDCs), mimic the action of
natural hormones by binding with distinct
affinities to the hormone receptors and may
induce adverse health effects in humans and
wildlife.[l:2l Among the hormone receptors,
the estrogen receptor (ER) is a member of the
nuclear receptor (NR) superfamily of ligand-
activated transcription regulators, which are
involved in many processes such as growth,
organ differentiation, and development of re-
productive tissues. In response to the bind-
ing of a ligand to the ligand binding domain
(LBD), ER undergoes a conformational
change which modulates the recruitment of
coactivators required for transcriptional ac-
tivation of the target genes.l3# The ability
of ER to bind the coactivator is sensitive to
the nature of the bound ligand (i.e. agonist

or antagonist). Only agonist binding allows
the LBD to further interact with a conserved
motif LXXLL (known as NR box, where L
is leucine and X is any amino acid) of co-
activators.

The primary questions in the field of
EDCs are whether or not a given chemical
has an endocrine-disrupting activity, the
determination of its solution-phase bind-
ing affinity to ER and its agonist/antagonist
character. A suitable method should be able
to detect intact ligand bound to the ER in a
high-throughput manner. For many chemi-
cals, solution-phase binding affinity has
been determined by radiolabel assaysi-6 and
fluorescence polarization methods.l’-101 The
agonist/antagonist character of ligands was
mainly revealed with time-resolved fluores-
cence by measuring the variation of a coact-
ivator peptide affinity against the receptor
once incubated with a ligand.[11-14] The syn-
thesis of a specific labelled ligand by these
methods is often time consuming and the
added marker may alter the ligand-binding
interactions with the receptor. In contrast,
nondenaturing electrospray ionization mass
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spectrometry (ESI-MS) has successfully
demonstrated its capacity for studying non-
covalent complexes and for measuring so-
lution-binding constants without any ligand
modifications.!'5-221 With regard to its speed,
sensitivity, and ability to directly monitor
intact noncovalent complexes, ESI-MS has
the potential to become a superior screening
method to investigate the bioactivity of com-
pounds with a suspected endocrine-disrupt-
ing activity. The recent development of an
automated chip-based nanoflow electrospray
(nanoESI) adds other important advantages
to ESI-MS for studying protein-ligand com-
plexes, i.e. high sensitivity and low sample
consumption combined with high-through-
put capability.[23.24]

Here, we present an efficient method
based on nanoESI-MS for identifying and
characterizing compounds with suspected
endocrine-disrupting activity. Its develop-
ment was carried out with a triple mutant
hERo LBD for which the crystal structure is
known.[25] This mutant hERo. LBD (below
we will use the designation hERa LBD for
the mutant) has demonstrated to bind estra-
diol (E2) as strongly as the wild type, which
allows us to use it as a model. The gas-phase
stability of hERa. LBD complexed with a
natural hormone, drug molecules, an envi-
ronmental contaminant, and a phytoestrogen
will be investigated with nanoESI-MS. Us-
ing competitive binding experiments with
a reference ligand, we will further demon-
strate the ability of nanoESI-MS to probe the
relative solution-binding affinity of different
ligands. In addition, we used nanoESI-MS
to directly monitor the ligand-dependent
recruitment of a coactivator peptide by the
hERo LBD. Because only an agonist ligand
promotes the recruitment of the peptide by
the receptor, the mass spectrometric detec-
tion of an intact noncovalently bound pep-
tide to the receptor will indicate an agonist
character for the tested ligand.

Experimental

Sample Preparation

The triple mutant hERot LBD was over-
expressed in E. coli and purified as previ-
ously described.?>) Amino acids sequence
302553 of hERq, corresponding to the
LBD (containing three cysteines to serines
mutations at positions 381, 417 and 530)
was generated in fusion with thioredoxin,
six histidine residues, and a thrombin cleav-
age sequence (MW 43947 Da). Prior to
ESI-MS measurements, the protein stock
solution (4.5 mg/ml in 10% [v/v] glycerol,
50 mM NaCl and 100 mM Tris/HCI, pH 8)
was desalted and buffer exchanged against
50 mM NH,OAc (pH 6) using Micro Bio-
spin 6 columns (Bio-rad Laboratories). Fifty
microliters of the protein at 30 UM diluted
in 50 mM NH,OAc (pH 6) were used. As

the recovery of the purification step is un-
known, the hERo. LBD concentration in-
dicated throughout this study is based on a
100% recovery, an approximation that likely
overestimates the protein concentration used
during the experiments.

Stock solutions of the different ligands
were prepared in ethanol. 17B-estradiol
(E2), 4-hydroxytamoxifen (OHT) and di-
ethylstilbestrol (DES) were obtained from
Sigma, bisphenol A (BA) from Aldrich and
genistein (GE) from Fluka. The final etha-
nol volume of the ligand solution was kept
constant at 2% of the total volume. A ste-
roid receptor coactivator peptide (CAP) was
purchased from Anaspec (San Jose, USA)
and had the amino acid sequence LTER-
HKILHRLLQE (MW 1786.1 Da), which
contains the typical binding motif LXXLL.
The CAP was derived from the sequence of
SRC-1 coactivator protein, a member of the
p160 class of nuclear hormone receptor co-
activators, and contained the second NR box
of SRC-1, which has the highest affinity for
ERo..[M Lyophilised CAP was dissolved in
water to a final concentration of 100 uM.

Electrospray lonization Mass
Spectrometry

ESI mass spectra were acquired on a
quadrupole time-of-flight mass spectrom-
eter (Q-ToF ULTIMA, Waters) equipped
with an automated chip-based nanoESI sys-
tem (Nanomate 100, Advion Biosciences).
Calibration was performed by using the mul-
tiply charged ions produced by a mixture of
1 UM myoglobin and trypsinogen dissolved
in MeOH:H,O (1:1, v/v) with 1% (v/v) ace-
tic acid.

The source block was heated to only
40 °C to prevent dissociation of the noncova-
lent complexes. The mass spectrometer was
tuned with gentle desolvation parameters to
maintain hERo LBD-ligand noncovalent
complexes intact during their transfer from
the solution phase to the mass spectrometer
vacuum. The cone and first ion tunnel (RF1)
voltages, the parameters which control the
kinetic energy of the ions in the source re-
gion of the Q-ToF ULTIMA mass spec-
trometer, were optimized at 80 V and 60
V, respectively. The pressure in the source
region was increased to 4.5 mbar with a
Speedivalve (BOC Edwards) to enhance
the transmission of high m/z ions?6-28 and
to preserve the noncovalent complexes in
the gas phase.[!5-29-311 After passing the cone
and the ion tunnels, the ion beam entered
the quadrupole, which was used in RF-only
mode, and then passed through a hexapole
collision cell pressurized with argon (purity
5.0, PanGas). Collision-induced dissociation
(CID) experiments were performed by vary-
ing the acceleration voltage (CE), which de-
termines the kinetic energy of the ions when
they collide with the collision cell gas. For
competitive binding assays and titration ex-
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periments, the CE voltage was optimized at
10 V. Ions were detected with a multichannel
plate (MCP) detector assembly operated at
2250 V.

Data Processing

Before data processing, each spectrum
was background subtracted (fifth order poly-
nomial, 25% below curve) and smoothed
(Savitzky-Gollay smooth, 10 X 5 channels)
with the MassLynx software (version 4.0).
For CID experiments, the CE voltage giv-
ing a 50% complex dissociation was calcu-
lated by fitting the dissociation curve with a
sigmoidal curve. The relative abundances of
the free and the ligand-bound protein cannot
be directly obtained from the relative peak
intensities, because the peak position of the
ligand-bound protein partially matches the
one of the free protein. It was thus assumed
that the peak of the ligand-bound protein
differs only in its position on the mass scale
and its amplitude, but not in its shape. To
calculate the bound-to-free protein ratio R,
a reference nanoESI mass spectra of hERa
LBD alone was measured under the same
MS conditions as hERo. LBD incubated
with a ligand. The corresponding ion peak
was duplicated and shifted by the respective
m/z of the ligand. The abundances of the free
and bound protein were then evaluated by
adjusting the peak heights of the reference
mass spectra with the mass spectra of hERou
LBD incubated with the ligand.

Results and Discussion

Detection of hERo. LBD-Ligand
Complexes by NanoESI-MS

The ability to detect noncovalent com-
plexes using ESI-MS depends on both instru-
mental and solution conditions. To preserve
intact complexes in solution, itis necessary to
use an aqueous environment, which requires
harsher MS transfer/desolvation conditions
compared to organic solvents, under which
the complex may be destroyed. Therefore,
a compromise between sufficient desolva-
tion and intact complex detection has to be
found. As a first step, the solution conditions
(e.g. pH and buffer concentration) were opti-
mized to simulate a near-native environment
for hERo LBD in order to preserve noncova-
lent interactions, in particular ligand binding.
Under denaturing conditions, a broad distri-
bution of charge states (21+ to 60+) consis-
tent with ions of the unfolded hERow LBD
monomer was observed (data not shown).
With nondenaturing conditions (Fig. 1), the
resulting spectra show three charge state en-
velopes, which were assigned to the hERa
LBD homodimer (labelled D n+, m/z range
4000-5600), the folded monomer (labelled
M n+, m/z range 2500—4000) and the un-
folded monomer (m/z range 900-2500).
Increasing the pH from 6 to 7.4 enhanced
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the relative homodimer abundance and de-
creased the homodimer and monomer aver-
age charge state (from +18.4 to +18 and from
+13.1 to +12.7, respectively). This suggests
that a higher pH better simulates a native en-
vironment for the protein (native solution pH
of this protein is 7-8). However, the width
of the peaks measured at pH 7.4 (Fig. 1b)
indicates more trapped water/salt molecules
in the folded structure, which may compli-
cate the detection of low molecular weight
EDCs (MW 200-300 Da). A slightly acidic
pH was therefore selected for the analysis of
hERo LBD-ligand complexes to improve
the sensitivity and decrease the peak width
observed in Fig. 1b. The unfolded hERo
LBD monomer (charge state distribution be-
low m/z 2500) observed under nondenatur-
ing conditions was certainly due to a partial
misfolding during the overexpression or pro-
tein denaturation due to the freezing/thawing
cycles before sample preparation.

The detection of noncovalent hERa
LBD-ligand complexes by ESI-MS depends
on the collision frequency of the ions with
the residual gas along the path from atmo-
sphere to vacuum and on the center-of-mass
energy. Therefore, a careful selection of
the MS transfer conditions, i.e. the transfer
voltages and the gas pressure, is required to
keep the internal energy of the ions below
the dissociation threshold of the complex.[33]
Experimentally, this is controlled by reduc-
ing the transfer voltages, which control the
kinetic energy of the ions, and/or increasing
the source pressure.[!5-29-311 By selecting MS
transfer conditions carefully (see Experi-
mental part), intact hERo. LBD monomer
and homodimer bound to one and two E2
molecules, respectively, were detected (Fig.
2). Subjecting the ions to harsher MS trans-
fer conditions (i.e. higher transfer voltages)
helped to decluster them and produced nar-
rower peaks with higher signal-to-noise ra-
tio, but also led to the dissociation of hERo
LBD bound to E2 (Fig. 2). The heavier ho-
modimer ions require more collisions than
the lighter monomer ions for building up
sufficient internal energy for dissociation to
take place. Therefore, the transfer potential
should be selected carefully to find a balance
between good ion desolvation and complex
dissociation.

Since nonspecific protein—ligand ag-
gregation cannot generally be excluded
during the ionization process,34 the experi-
ments were repeated by incubating hERa
LBD with an inactive cholesterol derivative
(4-cholesten-3-one). Under the same instru-
mental conditions, the absence of binding
with 4-cholesten-3-one validates the detec-
tion of a specific hERo. LBD-E2 complex
by nanoESI-MS (data presented in [32]).
The observed 1:1 monomer:E2 and 1:2
homodimer:E2 stoichiometry of the gas-
phase complexes further supports the speci-
ficity of the receptor—ligand complex (Fig.
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2). Control experiments were also needed to
exclude protein aggregation during the ESI
process and confirm the specificity of the
noncovalently bound hERoe LBD homodi-
mer. The disappearance of the homodimer
envelope under denaturing conditions (data
not shown) is consistent with a specific in-
teraction, but is not sufficient to exclude
nonspecific aggregation of hERo LBD
monomer during the ionization process. The
nanoESI-MS data obtained after incubation
with E2, i.e. the detection of folded mono-
mer and homodimer bound to one and two
E2 molecules, respectively, clearly support
the assignment to folded hERa. LBD mono-
mer and homodimer.

Solution-phase Binding Affinity
Measured by NanoESI-MS

The above results demonstrate that nano-
ESI-MS is suitable to detect specific hERol
LBD-ligand complexes, which allows com-
pounds with suspected endocrine-disrupting
activity to be identified. With the chip-based
nanoESI system, an analysis time of 1 min/
ligand could be obtained, resulting in con-
sumption of <90 pmol of protein (i.e. 5 pl
of protein at 0.6 mg/ml, MW = 43947 Da).
The limit of detection of a bound ligand is in
the range of 30 ng/ml. With the present level
of clustering, and given the accuracy of the

Q-ToF instrument, it is possible to detect a
mass difference of 0.4 Da for the monomer
charge state +12. Thus, this currently allows
resolution of the mass of unknown ligand
bound to the hERow LBD with a 5 Da ac-
curacy. To be competitive with conventional
analytical methods, nanoESI should be able
to measure the wide range of solution bind-
ing affinities of EDCs against ER. A number
of studies have shown the capability of ESI
for providing solution-phase binding affini-
ties by competition experiments and titra-
tion experiments.l'>-221' A complementary
approach, collision-induced dissociation
(CID), consists of dissociating the nonco-
valent complex by increasing the collision
energy (CE) voltage. The acceleration CE
voltage required to dissociate 50% of the
complex (CEs ) is a measure of the complex
gas-phase stability. To determine the best
ESI approach for evaluating the solution-
phase binding affinity of EDCs, we investi-
gated CID, the competition experiment and
the titration experiment approaches for two
pharmaceutical compounds, OHT and DES;
an environmental estrogenic compound, BA;
and a phytoestrogen, GE. These ligands were
selected because they have a wide range of
affinities for hERo. LBD and represent the
different classes of interest for EDCs. The
MS data were compared with the relative
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binding affinities (RBAs) determined by
competition binding assays of radiolabeled
E2 for the hER0..[6]

CID analysis was performed on the 13+
charged complex of hERo. LBD monomer
ion (Fig. 3a). Every CEs, value was normal-
ized to a reference ligand, E2 (CE5,(E2) =
100%). As shown in Fig. 3b, the gas-phase
stability data clearly indicate that measure-
ments of relative gas-phase stability for
hERo LBD-ligand complexes do not reflect
the binding affinity in solution, in agreement
with other ESI studies.3>-381 These results
confirm the prominent role of hydrophobic
contacts for stabilizing ER-ligand com-
plexes in solution,[* an interaction that dis-
appears during the removal of solvent mol-
ecules in the ESI process. 40!

Qualitative analysis was then performed
using competitive binding experiments in
which hERo LBD was incubated with a ref-
erence ligand (E2) and the target ligand. The
peak height of the different protein—ligand
complexes was taken to be proportional to
theirrelative solution affinity. Due to the small
mass of the ligands relative to the protein, a
similar ionization efficiency can be assumed
for the free and bound protein.[*l When DES
or OHT was added with E2 to hERa. LBD
at an equimolar concentration (i.e. 0.5 UM
each), only the complex with DES or OHT
was observed, while only the E2 complex
was detected when incubation was done
with BA and GE. Therefore, OHT and DES
have a stronger solution affinity for hERo
LBD relative to E2; BA and GE must have a
lower affinity. The ability of a high-affinity
ligand to displace a low-affinity ligand from
the hERot LBD is another demonstration of
the specificity of the protein—ligand interac-
tions detected by nanoESI-MS. Subsequent
competition experiments were performed
between the stronger (OHT and DES) and
lower (BA and GE) affinity ligands. The re-
sulting nanoESI mass spectra are presented
in Fig. 4 and suggest the following relative
solution affinity of hRERo. LBD-ligand com-
plexes: OHT = DES > E2 >> GE >> BA.
This is in agreement with the binding affinity
measured in solution (i.e. RBA values pre-
sented in Fig. 3b). Thus, nanoESI-MS can
qualitatively estimate the solution-binding
affinity of EDCs.

Finally, the binding constant of E2 against
hERo LBD was also evaluated by titration
experiments (data presented in [32]). The
limited reproducibility of the bound-to-free
receptor ratio measured by nanoESI-MS for
this system only yielded a rough estimate
for the binding constants (K;) in the low
nanomolar range for E2 (data presented in
[32]), in reasonable agreement with the 0.92
nM reported in the literature.2] Although a
number of studies have demonstrated that
binding affinities determined by ESI are
in a good agreement with solution-phase
data,[15.16.20-22] the use of correction factors
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or assumptions to derive relative solution
concentrations from the ion intensities of
the different species generally limits the ap-
plication of this approach.!!5.18421 According
to our investigations, the preferred method
for evaluating solution-binding affinities of
EDCs using nanoESI-MS is clearly com-
petitive binding experiments, which yields a
relative affinity order.

Discerning Agonist from Antagonist
Ligands by NanoESI-MS

To discern agonist from antagonist li-
gand, we monitored the ligand-dependent
recruitment of a coactivator peptide (CAP,
see Experimental section) by the receptor
with nanoESI-MS. Because only agonist
binding allows the LBD to further interact
with CAP, the detection of a specific hERa
LBD-CAP complex by nanoESI-MS after
incubation with a ligand will indicate an
agonist character for the tested compound.
CAP contained the conserved motif LXX-
LL of coactivators, a short sequence neces-
sary and sufficient to mediate the binding
of the coactivators to ligand-bound recep-
tor.[1443]

To validate an agonist-dependent inter-
action of CAP with the hERa. LBD, we incu-
bated the receptor with a known agonist and
antagonist ligand (i.e. E2 and OHT, respec-

tively). Because the homodimer ion distri-
bution (m/z 4000-5600) is not sufficiently
resolved to discern the ligand-bound from
the apo homodimer, our analysis is based
on the monomer range (m/z 2500—4000).
For simplicity, the analysis is discussed for
the monomer charge state 14+. Once incu-
bated with E2, the apo and E2-bound hERou
LBD were detected (Fig. 5a). After incuba-
tion with E2 and CAP, the apo and ligand-
bound monomer were detected with a new
pair of peaks appearing at higher m/z val-
ues (Fig. 5b, m/z 3250-3350). These new
species correspond to the specific hERa
LBD-CAP complex with and without li-
gand. The incubation with the antagonist
OHT only led to a very small intensity of
the hERo LBD—CAP complex, i.e. there is
very little binding of CAP to hERa LBD
(Fig. 5¢). Therefore, our results support the
ability of this short peptide to differentiate
ligand-induced conformational changes in
the receptor. The nanoESI-MS approach
reveals that agonist and antagonist ligands
promote different receptor conformational
changes, which differentially expose the
coactivator-binding surface of the LBD and
allow agonist from antagonist ligand to be
discerned. Because in vitro coactivator pep-
tide recruitment profiles have previously
shown a good correlation with cell-based
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assays,[*4 the nanoESI approach presented
here can be used to suggest the biological
consequences of ligand binding within a
cell. The short analysis time of mass spec-
trometry is a real advantage compared to
conventional transactivation assays, which
require time-consuming and complex steps
for handling specific cell cultures.

Conclusions and Outlook

We have shown that nanoESI-MS is an
efficient identification and characteriza-
tion method for suspected EDCs in terms
of specificity, sample consumption, speed,
and the possibility for automation. Ligand
binding was clearly observed, even for low-
affinity ligands. The best approach to eval-
uate qualitatively solution-binding affinity
of ligand to hERot LBD by nanoESI-MS
was a competition experiment with a refer-
ence ligand. The ligand-dependent binding
of a coactivator peptide by the hERo. LBD
allows agonists from antagonists to be dis-
cerned with mass spectrometry. Based on
these findings, we propose a simple in vitro
methodology using nanoESI-MS to iden-
tify and characterize compounds with sus-
pected endocrine-disrupting activity. This
method will be extended to a larger library
of compounds. In addition to nanoESI-MS,
we plan to explore the use of high-mass
matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) com-
bined with chemical cross-linking to detect
intact coactivator-receptor complexes after
ligand incubation. Prior to MALDI analy-
sis, cross-linking chemistry can be used
to prevent protein complex dissociation
induced by standard MALDI protocols,
which extend the application of MALDI-
MS to the area of large noncovalent com-
plexes.[45:46]
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