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Estrogen receptor α ligand-binding domains (ERα-LBD) expressing
tetracysteine motifs bind FlAsH-EDT2 upon transition of helix 12
(H12) to a folded state. Changes in ﬂuorescence intensity allowed
surveillance of ligand-mediated H12 transitions and facilitated the
determination of FlAsH association rates (kon) and apparent equilibrium dissociation constants (Kapp) to ERα-LBDs in the presence of
estrogenic ligands.

The human estrogen receptor α (ERα) is a member of the
nuclear receptor superfamily that functions as a ligandmediated transcription factor. The ERα is activated by the
natural steroid hormone 17β-estradiol (E2) and is responsible
for regulating estrogen-mediated cellular processes such as
growth, diﬀerentiation, transcription, signal transduction and
apoptosis.1,2 Dysregulated ERα activity has been linked to a
number of diseases including cancer, diabetes, osteoporosis
and neurodegeneration.3 Consequently, the ERα is widely considered to be an important target for therapeutic intervention.
The full-length ERα is comprised of five modular domains: an
N-terminal transactivation domain, a DNA-binding domain, a
hinge region, a ligand-binding domain (LBD) and a C-terminal
domain.4 Structurally, the ERα-LBD (30 kDa) is composed of
12 α-helices and a small β-strand arranged in a ‘sandwich fold’
that is conserved among members of the nuclear receptor
superfamily.5 The bulk of the ERα-LBD adopts a well-folded
globular structure, however, the C-terminal helix 12 (H12, residues 538–548) is dynamic and can occupy multiple binding
sites along the surface of the LBD. Crystallographic evidence
has revealed that the structural configuration of H12 relative to
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the ERα-LBD is heavily influenced by the ligand occupying the
binding pocket.6 For example, when the receptor is bound to a
pure ERα agonist such as E2, H12 packs against helices H3,
H5/6 and H11 of the globular protein.6 In this ‘active conformation’, H12 caps the ligand-binding site and facilitates
binding of transcriptional co-activators to the ERα-LBD.
Alternatively, when the ERα-LBD is bound to a selective estrogen receptor modulator (SERM) such as tamoxifen, H12 is
unable to cap the ligand-binding site and repositions itself to
bind the co-activator binding site between helices H3 and H5.7
This so-called ‘stable antagonist conformation’ of H12 is
thought to prevent dimerization and transcriptional activation
of the receptor. Given the essential role H12 plays in regulating
ERα activity, it is perhaps not surprising that there is considerable interest in evaluating how ligand-mediated H12 transitions aﬀect ERα function. Indeed, researchers have utilized
diverse strategies such as hydrogen deuterium exchange,8
mass spectrometry,9 spin labeling10 and trypsin-coupled fluorescence polarization11 to monitor H12 dynamics in vitro.
These approaches typically require extensive chemical modification of the ERα-LBD, however, and are often diﬃcult to
apply in live cells. Cell-based transcriptional activation assays
have also been employed to study ligand-mediated structural
changes within the ERα-LBD,12 although evaluating discrete
H12 transitions was not the primary focus of these investigations. Beyond these methods, much of our current understanding about ligand-mediated H12 transitions within the
ERα-LBD has been compiled from X-ray crystallography6,13 and
molecular modeling simulations.14–16 While crystallographic
studies have provided substantial information about the position of H12 in the presence of various estrogenic ligands, such
structures present only a snapshot of the receptor co-complex
and do not inform on the nature of H12 transitions in fluid
environments. Furthermore, molecular dynamics simulations
have been successful at modeling ligand-mediated H12 transitions under varied conditions, though the vast majority of
these models have not yet been confirmed by experimental
data.
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Fig. 1 Use of bipartite tetracysteine display to monitor ligand-mediated H12 transitions within the ERα-LBD. Unliganded receptor is shown with
H12 extended, illustrating overall ﬂexibility. Upon binding to 17β-estradiol (E2), H12 transitions to an active conformation that caps the ligand binding
pocket. Subsequent binding of FlAsH to the C4 motif formed by the H12 transition results in ﬂuorescence (green). H12 is shown in red; Cys residues
are shown as orange circles; E2 is shown as pink spheres. Figures modeled from PDB IDs: 1A52 and 1ERE.

A practical approach for studying protein dynamics in real
time is the use of genetically encodable tetracysteine (C4) tags
coupled with biarsenical ligands such as FlAsH-EDT2 or
ReAsH-EDT2.17,18 This method relies on a specific, highaﬃnity interaction between a small molecule biarsenical profluorophore and a protein sequence containing a C4 motif.
Binding of FlAsH-EDT2 to C4 motifs within proteins replaces
the bound ethanedithiols (EDT) with cysteine thiols and converts an otherwise non-fluorescent molecule into a highly-fluorescent probe. It was reported in 2002 that such biarsenical
dyes bind tightly to peptides that incorporate C4 motifs within
the optimized peptide sequence CCPGCC.19 Following this discovery, Schepartz and co-workers devised an elegant strategy
known as ‘bipartite tetracysteine display’ that replaces the
intervening PG sequence with a protein or protein interaction.20 The notion here is that as long as the optimized
C4 motif is approximated upon protein folding or association,
FlAsH can be used to quantify such interactions as a function
of fluorescence intensity. Importantly, the relatively small size
of FlAsH in relation to the larger protein complex makes it
ideal for studying structural dynamics without significantly
impacting the kinetics of folding or association. Moreover, this
method relies on incorporating natural (cysteine) amino acids
to bind FlAsH and does not require any additional chemical
modification of the protein or ligand. In this report, we apply
bipartite tetracysteine display and FlAsH-EDT2 to monitor
ligand-meditated H12 transitions within the ERα-LBD in vitro.
Our eﬀorts were initiated with the total chemical synthesis
of FlAsH-EDT2 21 and confirmation of its pro-fluorescence
using optimized control peptides (see ESI Fig. S1 and S2,
Table S1†). We then focused our attention on the rational
design of ERα-LBD mutants that could form an intramolecular
C4 motif between H12 and the globular portion of the receptor
upon ligand-mediated transition to an active conformation.
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We hypothesized that the protein–ligand interaction would
trigger association of H12 with the LBD, converting an
unfolded ERα-LBD with otherwise low aﬃnity for FlAsH into a
folded configuration that would bind FlAsH with high aﬃnity
(Fig. 1). To develop an optimized sequence for FlAsH binding,
we surveyed the interfacial contacts between H12 and the LBD
and identified discrete residues that could form a C4 motif
upon conversion to an active conformation. After considering
ERα-LBD crystal structures,6,22 ligand-binding parameters7,23,24
and mutagenesis studies,25,26 four ERα-LBD variants were
designed that allowed us to study ligand-mediated H12 transitions in vitro. All mutant receptors were generated using sitedirected mutagenesis on plasmids coding for wild-type
ERα-LBD (wtERα-LBD), with primers designed using Agilent
web-based software (ESI Fig. S3, Tables S2 and S3†). The four
mutants were engineered to express 0, 2 or 4 cysteines at
diﬀerent locations within their primary sequences (Fig. 2a).
For these mutants, ERα-LBD-ΔC0 contains no exposed
cysteines to mitigate non-specific labeling;27 ERα-LBD-ΔCCN
includes a dicysteine motif within H5 at positions 380 and
381; ERα-LBD-ΔCCC expresses a dicysteine sequence within
H12 at positions 546 and 547; and ERα-LBD-ΔC4 includes four
cysteines at positions 380, 381, 546 and 547. Importantly, the
spacing of the C4 motif within the active conformation of
ERα-LBD-ΔC4 was determined to be similar to that of the optimized CCPGCC peptide sequence bound to ReAsH28 (Fig. 2b).
All ERα-LBD mutants were expressed and purified from
E. coli lysates (see ESI† for experimental details). To assess the
impact of cysteine mutations on receptor structure, we evaluated our ERα-LBD proteins using wavelength-dependent circular dichroism (CD) spectropolarimetry (ESI Fig. S4†). Far-UV
CD spectra at 20 °C confirmed that each ERα-LBD mutant
adopts a well-folded, predominantly α-helical architecture that
is reminiscent of the wtERα-LBD.29 The thermal stability of
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Fig. 2 (a) Sequences of ERα-LBD mutants used in this work; dicysteine motifs are shown underlined in bold. (b) Close-up of the optimized C4 motif
formed between H12 and the ERα-LBD following ligand binding (active conformation). H12 is shown in red; the ERα-LBD is shown in grey; mutated
Cys residues are shown as ball and stick; distances (Å) between Cys thiols are indicated by dotted yellow lines. (c) Endpoint ﬂuorescence of solutions
containing FlAsH-EDT2 and ERα-LBD mutants. Values are displayed as normalized ﬂuorescence units (counts per second, cps) and represent the
average of three independent experiments. Dotted line indicates level of normalized FlAsH-EDT2 ﬂuorescence (0.419 cps) in the absence of protein.
Error bars are standard deviation. * p < 0.05; *** p < 0.005; NS: not signiﬁcant.

each mutant was then evaluated by monitoring the temperature-dependent CD signal at 222 nm. Here, we found that all
mutants underwent cooperative melting transitions between
49.8 and 51.0 °C (ESI Table S4†). To determine whether our
mutants could bind E2, we employed a fluorescence polarization competitive binding assay using a fluorescent E2-derivative (ESI Fig. S5 and Table S4†). These experiments showed
that ERα-LBD-ΔC0 and ERα-LBD-ΔC4 bound E2 with respective
IC50 values of 7.6 nM and 2.8 nM, which are similar to E2
binding aﬃnities observed for the wtERα-LBD in vitro.30 These
results suggested that the absence of exposed cysteines or the
presence of a C4 motif does not significantly aﬀect the ability
for the ERα-LBD to bind natural ligand. ERα-LBD-ΔCCN and
ERα-LBD-ΔCCC were shown to bind E2 with respective IC50
values of 68.1 nM and 456.3 nM, representing a 24- and
163-fold decrease in aﬃnity compared to ERα-LBD-ΔC4. While
these observations indicate that isolated dicysteine motifs
along H5 and H12 moderately reduce the aﬃnity of ERα-LBDs
for E2, each mutant bound the natural ligand with IC50 values
that were suitable for succeeding assays.
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Next, we evaluated whether FlAsH could target our mutant
ERα-LBDs and produce a measurable change in fluorescence
upon complexation with cysteine thiols in the absence of
ligand. For these experiments, we incubated our ERα-LBD variants with FlAsH-EDT2 in binding buﬀer (see ESI† for experimental details) and subsequently measured the endpoint fluorescence of the solution (Fig. 2c). All FlAsH-based association
experiments described herein were performed in binding
buﬀer supplemented with 10 μM EDT to minimize nonspecific labeling of exposed dithiols by FlAsH-EDT2.20,31,32 It
was observed here that ERα-LBD-ΔC0 exhibited fluorescence
counts that were similar to samples containing FlAsH-EDT2
alone. This result indicates that FlAsH does not target
ERα-LBDs that are devoid of solvent-exposed cysteines and that
the receptor itself does not contribute to the background fluorescence intensity of the sample. In contrast, dicysteine-containing mutants ERα-LBD-ΔCCN and ERα-LBD-ΔCCC each
exhibited non-negligible increases in fluorescence when compared to ERα-LBD-ΔC0. Specifically, ERα-LBD-ΔCCN showed a
1.3-fold increase in fluorescence compared to ERα-LBD-ΔC0 in
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the absence of ligand, while ERα-LBD-ΔCCC exhibited a nearly
2-fold increase compared to ERα-LBD-ΔC0 under similar conditions. Taken together, these data suggest that FlAsH can
bind to dicysteine motifs that are positioned within the globular portion of the LBD (H5), but binds more eﬀectively to dicysteine thiols that are located within H12. These results are supported by the previous finding that FlAsH can target exposed
dithiols in isolation, albeit with markedly less fluorescence
than when bound to a C4 motif.32,33 Of all mutants tested, the
ERα-LBD-ΔC4 variant showed the brightest fluorescence in the
absence of ligand. This construct exhibited a fluorescence
intensity that was nearly 3-fold higher than that observed with
ERα-LBD-ΔC0 and 1.3-fold higher than ERα-LBD-ΔCCC. This
result suggests that ERα-LBDs containing C4 motifs emit
higher fluorescence counts when bound to FlAsH compared to
proteins containing isolated dithiols. At this point, we noted
that biarsenical profluorophore reagents such as FlAsH-EDT2
can crosslink individual peptides and proteins containing
dicysteine sequences.19,20,32 We therefore hypothesized that
the fluorescence observed in unliganded samples may arise
not only from FlAsH binding to the organized C4 motif, but
also from FlAsH-mediated crosslinking through dithiols
located within H5 or H12. In order to distinguish additional
modes of association between FlAsH and ERα-LBD-ΔC4, we
performed in-gel fluorescence analysis19 of labeled receptor
complexes and monitored the gels for higher molecular weight
species. As expected, in-gel fluorescence was not observed for
ERα-LBD-ΔC4 proteins treated without FlAsH-EDT2 (data not
shown). Conversely, ERα-LBD-ΔC4 proteins treated with
FlAsH-EDT2 showed obvious fluorescent bands around 30 kDa,
indicating that FlAsH can eﬃciently label the monomeric
species of this receptor in the absence of ligand (ESI Fig. S6†).
In addition to the labeled monomeric bands, we also observed
a sharp fluorescent band near 60 kDa in lanes containing unliganded ERα-LBD-ΔC4. We reasoned that this upper band was a
dimeric form of the receptor that was crosslinked by FlAsH
through dicysteine motifs located within the ERα-LBD-ΔC4
protein. Comparative analysis of the monomeric and dimeric
fluorescent band intensities revealed that this sample contained 12.5% crosslinked receptor, indicating that a non-negligible amount of fluorescence emanates from this specific
mode of FlAsH binding. Finally, to determine whether FlAsHmediated crosslinking of ERα-LBD-ΔC4 is promoted through
dicysteine motifs located within H5 or H12, we treated
ERα-LBD-ΔCCN and ERα-LBD-ΔCCC with FlAsH-EDT2 and
attempted to visualize dimeric forms of the receptors using ingel fluorescence. Under these conditions, we observed no fluorescent bands at 60 kDa in samples containing unliganded
ERα-LBD-ΔCCN and a strong fluorescent band at 60 kDa in
samples containing ERα-LBD-ΔCCC (data not shown). This
result indicates that FlAsH-mediated crosslinking of ERα-LBDΔC4 is facilitated through dicysteine motifs located within H12
and not those within the globular portion of the receptor (H5).
Following this preliminary evaluation of how FlAsH associates with unliganded receptors, we shifted our attention to
assessing how FlAsH targets our ERα-LBD mutants complexed
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with E2. For these experiments, we pre-treated each ERα-LBD
variant with E2 and incubated the protein–ligand complexes
with FlAsH-EDT2 (Fig. 2c). Here, it was observed that the E2bound forms of ERα-LBD-ΔC0 and ERα-LBD-ΔCCN exhibited
the same fluorescence as their unliganded counterparts. This
result suggests that E2 does not influence the ability for FlAsH
to complex with these specific ERα-LBD mutants. On the other
hand, we noticed that E2-bound ERα-LBD-ΔCCC showed a significant decrease in fluorescence compared to its unliganded
construct. This observation indicates that binding of E2 to
ERα-LBD-ΔCCC causes a structural change in the receptor that
eﬀectively mitigates binding of FlAsH to the isolated H12
dithiol. Surprisingly, we found that E2-bound ERα-LBD-ΔC4
receptors exhibited nearly 30% lower fluorescence compared
to their unliganded forms (Fig. 2c). Initially, we anticipated
that FlAsH would bind the E2-bound receptor with higher
aﬃnity and display enhanced fluorescence over unliganded
ERα-LBD-ΔC4. Instead, FlAsH complexed to E2-bound
ERα-LBD-ΔC4 showed less overall fluorescence, suggesting that
E2 elicits a change in H12 conformation that ultimately
reduces the intensity of the FlAsH tracer. To rule out possible
quenching from the ligand, we performed FlAsH binding
experiments with control peptides (see ESI† for peptide
sequences) in the presence or absence of 10 μM E2. Here, we
determined that the fluorescence intensities of both samples
were essentially identical, indicating that solvated E2 does not
quench fluorescence or mitigate FlAsH complexation with the
control peptide (data not shown). While we cannot entirely
rule out the possibility that quenching of the fluorophore
occurs when both FlAsH and E2 are bound to ERα-LBD-ΔC4,
the fact that the phenolic (A) ring of the complexed E2 would
be positioned over 18 Å away from the bound FlAsH molecule
makes quenching under these conditions highly unlikely.6,34
We therefore speculated that the reduced fluorescence seen
with the E2-bound receptors was a result of H12 being tightly
associated with the LBD and precluding FlAsH-EDT2 from
undergoing eﬃcient thiol-arsenic exchange with the C4 motif.
To gain further insight into this conjecture, we used in-gel
fluorescence to determine whether E2-bound receptors are
subject to FlAsH-mediated crosslinking through extended H12
regions (ESI Fig. S6†). Comparative analysis of fluorescent
band intensities at 30 kDa revealed that unliganded ERα-LBDΔC4 was 41% brighter than that of its E2-bound counterpart,
suggesting that FlAsH labels ERα-LBD-ΔC4 monomers more
eﬃciently in the absence of ligand. We also observed that the
60 kDa band in the E2-treated lanes was noticeably fainter
compared to corresponding bands in samples containing no
ligand, indicating that the extent of crosslinking was markedly
reduced in the presence of E2. Indeed, quantification of the
fluorescent band intensities showed that only 2.6% of the E2bound receptors were crosslinked under these conditions.
These results suggest that binding of E2 causes a significant
conformational change in the ERα-LBD that prevents FlAsHmediated crosslinking through H12 and is consistent with the
model that E2 forces H12 into an active conformation that is
tightly associated with the receptor. More subtly, however,
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these findings suggested to us FlAsH-mediated crosslinking
may be used to qualitatively assess whether H12 can adopt
extended conformations when bound to various ERα ligands.
Encouraged by these findings, we applied FlAsH-based
kinetic, titration and crosslinking experiments to study how
various estrogenic analogs aﬀect ligand-mediated H12 transitions in vitro. For these studies, we determined the association rate (kon), apparent equilibrium dissociation constant
(Kapp) and crosslinking ability (%) of FlAsH for ERα-LBD-ΔC4
proteins complexed with E2, ethynyl estradiol (EE2) and fulvestrant (FUL). EE2 is a synthetic estrogen that acts as an ERα
agonist and is primarily used in hormone replacement therapies and contraceptives.35 FUL is a pure ERα antagonist that
exerts its physiological eﬀects by preventing ERα dimerization
and accelerating degradation of the receptor in vivo.36 In
addition, FUL is thought to inhibit H12 from binding in an
active conformation to the ERα-LBD.37 To evaluate the kinetics
of FlAsH association, we incubated FlAsH-EDT2 with ERα-LBDΔC4 in the presence or absence of each ligand and measured
fluorescence increase as a function of time (Fig. 3a). All estrogenic ligands used in these studies were incubated with
ERα-LBD-ΔC4 at 10 μM to ensure complete binding to the
receptor. This concentration was chosen as it is well-above the
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reported IC50 values for E2 (0.89 nM), EE2 (0.47 nM) and FUL
(2.4 nM) when targeting the ERα-LBD in vitro.38 In all cases,
formation of the FlAsH complex with ERα-LBD-ΔC4 resulted in
a measurable fluorescence increase that reached a plateau
after two-hours of incubation. Kinetic data were fitted to a
single exponential (see ESI† for details), which was used to calculate kon values of FlAsH to the liganded and unliganded
receptors (Table 1). The kon for FlAsH to unliganded ERα-LBD-

Table 1 Association rates (kon), apparent equilibrium dissociation constants (Kapp) and dimerization percentages (%) for FlAsH and ERα-LBDΔC4 proteins in the presence or absence of estrogenic ligands

Ligand

kon a (M−1 min−1)

Kapp b (μM)

Dimerc (%)

No ligand
17β-Estradiol
Ethynyl estradiol
Fulvestrant
4-Hydroxytamoxifen
Raloxifene
Bazedoxifene

36 236
44 590
38 090
38 637
39 182
57 036
47 294

0.68 ± 0.58
1.64 ± 1.03
1.05 ± 1.01
2.47 ± 1.92
3.02 ± 1.82
2.91 ± 2.00
1.76 ± 0.55

29.8
8.4
9.3
29.4
28.8
40.0
42.4

a

Values calculated from data in Fig. 3, panels a and c. b Values calculated from data in Fig. 3, panels b and d. c Values calculated from ingel fluorescence Fig. S7.†

Fig. 3 (a) Initial rates of association and (b) equilibrium binding between FlAsH and ERα-LBD-ΔC4 in the presence or absence of estrogenic ligands.
(c) Initial rates of association and (d) equilibrium binding between FlAsH and ERα-LBD-ΔC4 in the presence or absence of SERM ligands. For kinetic
experiments, data points were collected every minute for 120 minutes and are displayed as normalized ﬂuorescence units (cps); all plots show the
normalized ﬂuorescence units (cps) of FlAsH solutions upon the addition of liganded or unliganded ERα-LBDs. Error bars are standard deviation.
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ΔC4 was determined to be 36 236 M−1 min−1, while the kon for
the E2-bound form was 44 590 M−1 min−1. In contrast, incubating the receptor with EE2 or FUL resulted in respective kon
values of 38 090 M−1 min−1 and 38 637 M−1 min−1. These
results suggest that FlAsH binds to the C4 motif of the E2bound isoform at a faster rate compared to unliganded receptors or receptors bound to EE2 or FUL. Despite a moderately
faster association rate, however, E2-bound receptors displayed
lower overall fluorescence intensities compared to unliganded,
EE2- and FUL-bound forms at all timepoints tested. This is
consistent with the lower fluorescence intensities observed for
E2-bound receptors in our endpoint and crosslinking experiments (Fig. 2c, ESI Fig. S6†). We next determined the apparent
equilibrium dissociation constant (Kapp) of FlAsH for liganded
and unliganded ERα-LBD-ΔC4 using fluorescence titration
experiments. For these assays, we incubated FlAsH-EDT2 with
ERα-LBD-ΔC4 in the presence or absence of ligand and quantified sample fluorescence as a function of protein concentration (Fig. 3b). Here, it was observed that unliganded
ERα-LBD-ΔC4 bound FlAsH with a Kapp of 0.68 ± 0.58 μM,
while FlAsH targeted the E2-, EE2- and FUL-complexed forms
with respective Kapp values of 1.64 ± 1.03 μM, 1.05 ± 1.01 μM
and 2.47 ± 1.92 μM (Table 1). These results suggest that under
these conditions, FlAsH has the highest aﬃnity for unliganded
ERα-LBD-ΔC4 and the lowest aﬃnity for receptors bound to
FUL. Furthermore, these data show that FlAsH has slightly
higher aﬃnity for receptors bound to EE2 compared to those
complexed with natural ligand. Finally, we quantified FlAsHmediated crosslinking of ERα-LBD-ΔC4 proteins bound to each
estrogenic ligand by performing in-gel fluorescence experiments (Table 1, ESI Fig. S7†). As expected, unliganded
ERα-LBD-ΔC4 showed a moderate amount of crosslinking
(29.8%), while crosslinking among E2-bound receptors was
substantially diminished (8.4%). It was also observed that EE2bound receptors displayed a similar level of crosslinking
(9.3%) to those bound to E2 and that FUL-bound forms were
crosslinked at the same percentage (29.4%) as unliganded
receptors (Table 1).
The combined results from these experiments allowed us to
reach several important conclusions about how the presence
or absence of estrogenic ligands aﬀect H12 dynamics within
the ERα-LBD in vitro. For example, FlAsH displayed the highest
aﬃnity and slowest association rate for unliganded ERα-LBDΔC4. We interpret these results as H12 being highly dynamic
in the absence of ligand, forming a somewhat loose active conformation C4 motif that can be targeted by FlAsH with high
aﬃnity once organized in the proper configuration. Moreover,
nearly 30% of the unliganded receptors were found to be crosslinked under these conditions, indicating that H12 can adopt
an extended structure that facilitates FlAsH-mediated crosslinking in the absence of ligand. Similar association rates and
receptor crosslinking percentages were observed with
ERα-LBD-ΔC4 proteins bound to FUL, suggesting that the
extent of H12 flexibility is similar in unliganded and FULbound receptors. Nevertheless, FUL-bound ERα-LBD-ΔC4
exhibited a 4-fold decrease in Kapp compared to unliganded
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proteins, which may be attributed to the inability for H12 to
form a fully-folded active conformation C4 motif in the presence of the pure antagonist.39 Notably, FlAsH was found to
associate most rapidly with ERα-LBD-ΔC4 receptors that were
bound to E2. This observation, coupled with the modestly low
Kapp of FlAsH for the E2-bound receptor, indicates that FlAsH
can bind favorably to the C4 motif that is formed upon transition of H12 to an active conformation. FlAsH was also
observed to have a slightly lower Kapp for ERα-LBD-ΔC4 proteins bound to EE2, but associated with this complex at a
slower rate compared to receptors bound to natural ligand.
Collectively, these results suggest that EE2 causes H12 to
adopt a structural conformation that is similar to the E2bound form, however, the ethynyl group of EE2 may cause
some slight structural perturbations within the receptor that
slow the rate at which H12 transitions to an active conformation. Finally, we observed that FlAsH-mediated crosslinking
was significantly reduced in receptors treated with E2 or EE2.
This finding suggested to us that these ligands force H12 into
a tight association with the LBD that eﬀectively mitigates
crosslinking through extended H12 domains. Furthermore,
the inability to crosslink though H12 likely contributes to the
reduced overall fluorescence observed in these samples compared to those containing unliganded or FUL-bound
complexes.
We next evaluated ligand-mediated H12 transitions in the
context of various SERM ligands, including 4-hydroxytamoxifen (4HT), raloxifene (RAL) and bazedoxifene (BAZ). 4HT is the
active metabolite of tamoxifen, a widely-used anticancer drug
that acts as a mixed ERα agonist/antagonist.40 RAL and BAZ
are mixed ERα agonists/antagonists that are primarily used to
treat
osteoporosis
in
post-menopausal
women.40
Crystallographic evidence has revealed that each of these
small-molecules bind the ERα-LBD within the ligand-binding
site that is naturally occupied by E2.6,7 However, the extended
structural architectures of these SERMs cause them to protrude slightly from the binding pocket and block H12 from
forming a well-organized active conformation with the receptor. In the presence of such ligands, H12 is reoriented to bind
a hydrophobic groove (the co-activator binding site) located
between helices H3 and H5 on the ERα-LBD.6,7 This stable
antagonist conformation elicited by SERM compounds is
thought to aﬀect modified or reduced ERα activity in certain
cell types.6,40
We applied similar in vitro FlAsH-based assays as described
above to evaluate how 4HT, RAL and BAZ aﬀect H12 transitions within the ERα-LBD. To determine the kinetics of
FlAsH binding in the context of these SERM ligands, we incubated FlAsH-EDT2 with ERα-LBD-ΔC4 complexed to 4HT, RAL
or BAZ and measured fluorescence increase as a function of
time (Fig. 3c). As with our estrogenic ligands, all SERMs were
incubated with ERα-LBD-ΔC4 at 10 μM to ensure complete
binding to the receptor. This concentration was again chosen
as it is well-above the respective IC50 values for 4HT (5.13
nM),38 RAL (2.4 nM)41 and BAZ (26 nM)41 when targeting the
ERα-LBD in vitro. It was observed here that all treatments
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resulted in a measurable increase in fluorescence that reached
a plateau within two hours. Additionally, it was noted that
each complex resulted in a maximal fluorescence that was
similar to samples containing unliganded receptor. All kinetic
data were fitted to a single exponential (see ESI† for details)
that was used to calculate kon values of FlAsH to the SERMbound receptors (Table 1). Specifically, the association rate for
FlAsH to 4HT-bound ERα-LBD-ΔC4 was found to be 39 182
M−1 min−1, which is similar to kon values observed with unliganded and FUL-bound complexes. The respective association
rates for FlAsH to RAL- and BAZ-bound receptors were 57 036
M−1 min−1 and 47 294 M−1 min−1, indicating that FlAsH is
able to target these specific complexes more rapidly than unliganded or 4HT-bound forms. We next used fluorescence titration experiments to evaluate Kapp of FlAsH for ERα-LBD-ΔC4 in
the presence and absence of SERM ligands. For these studies,
we pre-incubated ERα-LBD-ΔC4 with 4HT, RAL or BAZ and subsequently treated each sample with FlAsH-EDT2. We then plotted
the level of FlAsH fluorescence as a function of protein concentration (Fig. 3d). These studies revealed that FlAsH had the
highest aﬃnity for BAZ-bound ERα-LBD-ΔC4 proteins with a Kapp
of 1.76 ± 0.55 μM. It was also observed that FlAsH targeted 4HTand RAL-bound receptors with similar aﬃnities, having Kapp
values of 3.02 ± 1.82 μM and 2.91 ± 2.00 μM respectively (Table 1).
Notably, we found that all SERM ligands resulted in a relatively
high level of FlAsH-mediated crosslinking of ERα-LBD-ΔC4.
Specifically, 4HT showed 28.8% crosslinking, while RAL and BAZ
each showed respective crosslinking percentages of 40.0% and
42.4% under these conditions.
The results from these experiments showed that the association rate, apparent equilibrium dissociation constant and
dimerization eﬃciency of FlAsH is heavily influenced by which
SERM is complexed to the ERα-LBD. Ultimately, we found that
each SERM caused H12 to adopt a discrete structural configuration that has a unique interaction profile with FlAsH. For
example, FlAsH had the slowest association rate and lowest
aﬃnity to receptors bound to 4HT, indicating that this ligand
forces H12 into a conformation that is not optimized to bind
FlAsH. On the other hand, RAL seemed to cause H12 to adopt
a structure that allowed rapid association of FlAsH to the
receptor, albeit with a relatively low binding aﬃnity. Receptors
bound to BAZ showed moderate association rates with FlAsH
and had the lowest Kapp value out of all SERMs evaluated
under these conditions. Notably, each SERM ligand resulted in
modest to high levels of receptor crosslinking, with RAL and
BAZ showing the greatest percentage of dimers out of all
ligands tested. These results imply that H12 remains flexible
and can adopt extended structures even in the presence of
SERM-based ligands that drive the ERα-LBD into stable antagonist conformations.

Conclusions
In summary, we have utilized bipartite tetracysteine display
coupled with FlAsH-EDT2 to develop a novel system for moni-
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toring ligand-mediated H12 transitions within the ERα-LBD
in vitro. We present this approach as a proof-of-principle to
observe how discrete interactions between the ERα-LBD and
select estrogenic ligands aﬀect the position and flexibility of
H12 as it relates to the globular portion of the receptor. The
value of this technique is apparent in that it provides an
entirely genetically encodable, fluorescence-based assay that
can be used to monitor ligand-mediated H12 transitions
within the ERα-LBD in real time. What is more, this strategy
does not require any chemical modification of the ERα-LBD or
the ligand itself, allowing for minimal impact on the natural
ligand–receptor interaction. The studies outlined herein
demonstrated that this technique has high temporal resolution, which enabled us to determine kinetics of association for
FlAsH to ERα-LBDs complexed with diﬀerent ligands. We also
applied fluorescence titration assays to quantify the Kapp
values of FlAsH for each ERα-LBD in the context of various
estrogenic compounds. Such experiments were used to infer
an equilibrium value for FlAsH binding and all fluorescence
data were interpreted strictly as empirical measurements of
H12 conformational dynamics. As an additional advantage, ingel fluorescence allowed us to observe FlAsH-mediated crosslinking of ERα-LBDs, which was construed as a qualitative
indication of H12 flexibility.
It should be noted that FlAsH-mediated crosslinking does
not necessarily bear any relation to physiological dimerization
of the ERα-LBD, particularly since crosslinking is observed
when the receptor is bound to compounds that elicit stable
antagonist conformations. Nevertheless, there is evidence indicating that antagonists such as FUL and 4HT provide greater
kinetic stabilization of dimeric receptors over ERα agonists
in vitro.27 It is therefore possible that higher incidences of
FlAsH-mediated crosslinking are observed with FUL, 4HT, RAL
and BAZ because a greater percentage of receptors are physiologically dimerized when bound to these ligands. While this
possible correlation is interesting and certainly warrants future
study, it should not aﬀect the interpretation of our results, as
H12 flexibility can be determined by our system regardless of
the dimeric state of the receptor.
Taken together, our results indicate that H12 remains flexible when the ERα-LBD is bound to FUL, 4HT, RAL or BAZ.
These findings suggest that the presumed stable antagonist
conformation elicited by SERM-based compounds is, in fact,
dynamic and that H12 can adopt extended conformations even
when bound to such ligands. Contrarily, ERα-LBD agonists
such as E2 and EE2 appear to drastically reduce the proportion
of extended H12 by forcing the helix to associate with the
receptor in a ‘tight’ active conformation. Going forward, we
seek to employ our FlAsH-based system to study how clinically
relevant mutations within the ERα-LBD aﬀect H12 dynamics in
the presence or absence of ligand. For instance, Y537S and
D358G mutations within the ERα-LBD enable hormone-free
transcriptional activity and result in reduced agonist
potency.42 Work in our laboratory is currently focused on
repeating our FlAsH-based assays in the context of these
mutations. Finally, the successful application of bipartite tetra-
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cysteine display to monitor ligand-mediated H12 transitions
within the ERα-LBD suggests that this approach may be useful
for studying helix transitions in other members of the nuclear
receptor superfamily and may be applied to visualize ligandmediated H12 dynamics in living cells.
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