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Abstract: Small ligands are a powerful way to control the
function of protein complexes via dynamic binding interfaces.
The classic example is found in gene transcription where small
ligands regulate nuclear receptor binding to coactivator
proteins via the dynamic activation function 2 (AF2) interface.
Current ligands target the ligand-binding pocket side of the
AF2. Few ligands are known, which selectively target the
coactivator side of the AF2, or which can be selectively
switched from one side of the interface to the other. We use
NMR spectroscopy and modeling to identify a natural product,
which targets the retinoid X receptor (RXR) at both sides of the
AF2. We then use chemical synthesis, cellular screening and X-
ray co-crystallography to split this dual activity, leading to
a potent and molecularly efficient RXR agonist, and a first-of-
kind inhibitor selective for the RXR/coactivator interaction.
Our findings justify future exploration of natural products at
dynamic protein interfaces.

Small ligands are a powerful way to control the function of
large protein complexes via the selective modulation of
dynamic binding interfaces.! A classic example of this is seen
in eukaryotic gene transcription initiation, and the protein
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Scheme 1. Regulation of the dynamic nuclear receptor interface—the
activation function 2 (AF2)—by using small synthetic ligands derived
from the same natural product (1): stabilization of the AF2 through
binding at the ligand-binding pocket (2); destabilization of the AF2
through binding at the coactivator side of the interface (3).""

complex formed between nuclear receptors and coactivator
proteins via the dynamic activation function 2 (AF2) binding
interface.”! Ligand binding to a hydrophobic pocket located
at the solvent-excluded side of the AF2 (Scheme 1), within
the nuclear receptor ligand-binding domain,F! allosterically
stabilizes or destabilizes coactivator protein binding at the
opposite, solvent-exposed side of the interface, which in turn
determines the transcriptional output. Ligand binding thus
functions as a molecular switch, where stabilization or
destabilization of the AF2 switches gene transcription either
“on” or “off”.[¥

Ligands targeting the nuclear receptor ligand-binding
pocket continue to be an important source of drug mole-
cules.”! However, issues of toxicity and drug resistance mean
that ligands with atypical modes-of-action are in urgent
demand.” For instance, ligands targeting the ligand binding
pocket but with atypical partial agonist/antagonist behavior—
so-called selective nuclear receptor modulators—are less
toxic due to tissue-selective behavior.”! Alternatively, modi-
fied peptides derived from the binding epitopes of coactivator
proteins or phage peptides selectively target the coactivator
side of the AF2.®¥ Small non-peptidic ligands'” are arguably
better suited than peptides as coactivator inhibitors due to
their high ligand efficiency, metabolic stability and cell
permeability, and some have shown promising NR-selective
behavior.’* Natural products, though well investigated at
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The RXR-coactivator interaction is important for the
development of cancer," metabolic disorder,"” and Alz-
heimer’s disease."”! Current RXR ligands target the ligand-
binding pocket, for which a rigid and bulky hydrocarbon-rich
moiety is typically needed for potent binding (e.g., LG100268,
4, Figure 1b).'"l Non-peptidic ligands targeting the coactiva-
tor side of the RXR AF2 are at present non-existent. For
these reasons we became interested in the atypical RXR
activity of honokiol (1, Scheme 1)."¥! Alongside related
natural products isolated from the Magnolia tree bark,!
1 displays an array of biological properties, including neu-
rite-growth induction and anti-angiogenic effects. It is likely
that 1 targets multiple proteins,” in light of its fragment-like
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the presence of a potent full agonist, 4. b) Fluorescence polarization data showing that full agonist 4 induces
binding of a fluorescently labeled coactivator peptide in a concentration-dependent manner. Repeating the assay in
the presence of increasing concentrations of 1 (10, 100 um) resulted in a progressive decrease in the maximum
polarization signal, but without changing the ECs, of 4, thus showing an alternative binding mode. c) A summary of
1D-"H NMR data revealing the atypical dual binding of 1: line broadening of the 'H resonances of 1 in the presence
of protein and agonist ligand; recovery of sharp intense signals on addition of a competitor LXXLL peptide; d)

"H NMR spectrum of honokiol (1; bottom) and STD (saturation transfer difference) spectrum of the system 1/RXR
(top) show rapid ligand exchange. e) The sum of separate theoretical CORCEMA-ST""® values at the ligand binding
pocket and coactivator side of the AF2 interface compare well with the experimental STD data for the system 1/
RXR, thus indicating the dual ligand binding mode.

profile (My =266 Da),l>? and because of the privileged
nature of the biaryl structural motif.”” Importantly, 1 has also
shown evidence of partial activity in a luciferase-based screen
using U20S cells overexpressing RXR.['

We profiled the RXR-activity of 1 alongside analogous
natural and synthetic biaryl ligands using a fluorescence-
based co-factor-recruitment assay (Figure 1a and Supporting
Information), where an increase in fluorescence signal would
correspond with ligand binding at the RXR ligand binding
pocket. In contrast to the other ligands tested, and contrary
to our initial expectations, 1 inhibited coactivator-binding at
100 pm ligand concentration in the presence and absence of
100 um of a potent full agonist, 4 (Figure 1a). At 100 pum, 4
fully saturates the ligand binding pocket, and thus excludes
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the binding of 1 at the ligand binding pocket. In support of
this, a separate fluorescence polarization binding assay was
performed, in which increasing concentrations of 4 predict-
ably induced recruitment of a fluorescently labelled coacti-
vator peptide (Figure 1b). Repeating the assay in the
presence of increasing amounts of 1 resulted in a concentra-
tion-dependent decrease in the maximum polarization signal,
but without detectable changes in the ECs, for 4 (Figure 1b).
The K; for 1 was determined to be 94 um + 9 pm (Supporting
Information). This atypical behavior of 1 indicated to us
a mode-of-binding distinct from the ligand binding pocket.
Despite a growing number of non-peptidic coactivator
inhibitor ligands,***! only a few are reported to be selective
for one nuclear receptor over others,"*4 of which none are
natural products and none selective for RXR. Importantly,
therefore, we found 1 to be selective for RXR over the
estrogen and androgen receptors (ER and AR) in a fluores-
cence-based co-factor-recruitment assay (Supporting Infor-
mation). Repeating the competitive fluorescence polarization
assay in the presence of detergent did not alter the binding
profile (Supporting Information),?! which, coupled with the
inactivity of 1 towards ER and AR confirms the physiological
significance of the interaction between 1 and RXR. In
conclusion, 1 selectively inhibits the RXR—coactivator inter-
action in a physiologically significant manner and via an
atypical mechanism, which is independent of the ligand-
binding pocket.

In-depth ligand-detected NMR studies were performed to
further elucidate the RXR-binding mode of 1 (Figure 1c,
Supporting Information). Severe line broadening of the 'H
resonances of 1 was observed in the presence of the RXR
protein, which could be explained by the moderate binding
affinity of the compound, as evidenced by our fluorescence
polarization data, and the rapid ligand exchange. Line
broadening of 1 was also observed in the presence of protein
and an excess of potent ligands 2 and 4 (Figure 1c, Supporting
Information). However, signal intensity and sharpening of
1 recovered upon addition of a coactivator-derived peptide
(Figure 1c¢), indicating competitive inhibition of 1 by the
peptide. STD experiments on the system 1/RXR revealed the
rapid exchange between free and bound states (Figure 1d).
These data, combined with detailed competition STD and tr-
NOESY NMR experiments (Supporting Information) sug-
gest a novel binding mode for 1 at the coactivator side of the
AF2. Moreover, theoretical CORCEMA-ST!"®! data show
that the experimental STD data collected for the 1/RXR
system correspond with a dual ligand binding mode (Fig-
ure 1d and e, Supporting Information) at both the ligand-
binding pocket and the coactivator side.

To capitalize on the dual-binding properties of 1, we
developed an orthogonal pair of RXR ligands capable of
selectively targeting opposite sides of the dynamic AF2
surface. We had reason to believe that 1 inhibits coactivator-
binding by mimicking the LXXLL binding motif, which is
highly conserved throughout coactivator proteins. Indeed, an
overlay of the energy-minimized state of 1 and the co-crystal
structure of an a-helical coactivator peptide bound to RXR
(PDB ID: 2P1T)™ identified a strong overlap of the
interacting Leu residues at positions i and i+4 of the a-
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Figure 2. a) Overlay of honokiol (1; orange) and LXXLL mimic 3 (cyan)
with the LXXLL-coactivator peptide (red, PDB ID: 2P1T) bound to the
RXR AF2.%% b) Cellular activities of 1 and 3 measured in a mammalian
two-hybrid luciferase assay in which increasing concentrations of the
ligand are co-incubated with a fixed, 100 nm, concentration of full RXR
agonist, 4.

helix and the allylic side-chains of 1 (Figure 2a). Furthermore,
the 4'-hydroxy functional group (para to the biaryl bond)
makes a stabilizing hydrogen-bonding interaction with
Glu453—a charge-clamp residue important for selective
binding of the helical LXXLL motif—on molecular docking
of the LXXLL-aligned model of 1 to the AF2.

To favor selective AF2 binding, we synthesized isobutyl
analog 3 (Scheme 1; 25 %, 3 steps, Supporting Information),
which we initially hypothesized would serve as a better mimic
than 1 of the LXXLL motif. Experimentally, analog 3 was
inactive as agonist in a mammalian two-hybrid assay (M2H)
up to 50 uMm (Table 1). In the same agonistic assay, however,
1 alone elicited a complex response, which we explain by the
dual binding properties delineated in Figure 1c—e. Although
an ECy, value could not be determined for 1 in this case,
nevertheless at concentrations between 1-25 pum, 1 induced
partial activation of luciferase expression followed by inhib-
ition at the highest 50 um test concentration.'™ The catalytic
activity of the luciferase protein was unchanged, in the
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Table 1: Summary of fluorescence polarization (FP) and mammalian
two-hybrid (M2H) data for synthetic ligands vs. honokiol (1) and LG
100268 (4).1!

Compound® FP/ECs, [um]® M2H (Luciferase) /ECs, [um]
LG100268 (4) 0.15+0.04 0.0051 4 0.002

1 inactive el

2 0.26+0.11 0.0063 +0.004

3 inactive inactive

15 > 250 >50

17 >250 >50

18 83422 0.31+£0.04

19 1.2+£0.48 6.2+1.6

[a] Please refer to Supporting Information for activity curves. [b] See
Figure 3 for further synthesis details. [c] Fluorescence polarization (FP)
assay to determine direct binding (ECs). [d] Agonistic mammalian two-
hybrid (M2H) luciferase assay (ECs,). See the Supporting Information for
details about the different assay formats. [e] Partial activity measured,
see Supporting Information and reference [18a].

absence or presence of 1 and 3 (Supporting Information), thus
ruling out direct inhibition of luciferase as a possible mode-of-
action. Similar to 1, analog 3 also inhibited coactivator
binding to the AF2 in the fluorescence polarization assay,
albeit with slightly reduced affinity (K; =199 +2 pm). Impor-
tantly though, analog 3 was more effective than 1 at
suppressing the full agonistic activity of 4 in the mammalian
two-hybrid assay (Figure 2b). The improved cellular activity
of 3 can be explained by an improved selectivity for the
solvent-exposed coactivator side of the AF2. Indeed molec-
ular modeling suggested that the isobutyl substituents on 3
disfavor binding at the ligand bind-

ing pocket due to additional repul-

sive interactions (Supporting Infor- OMe
mation). We conclude therefore
that compared to 1, LXXLL
mimic 3 selectively inhibits the BPin
RXR-coactivator interaction via 6
a more preferential binding at the
coactivator side of the dynamic
AF?2 interface.

Our next aim was to switch
selectivity from the coactivator
side of the AF2 to the ligand-bind-
ing pocket. Potent RXR ligands
targeting the ligand-binding
pocket (e.g., 4, Figure 1b) typically
require a carboxylate group, which
forms a salt-bridge with residue
Argl16 in the hydrophilic region
of the binding pocket. Our model-
ing data (Supporting Information)
indicated that modifying one of the
allylic side-chains of 1 to a carbox-
ylate group would favor binding at
the ligand-binding pocket. Unsure
of the binding preference, we syn-
thesized analogs 15, 17, and 18
using an efficient palladium-cata-
lyzed cross-coupling route (Figure 3

=OMe, R? =

R1 OMe, R?=H, R®=
b |:R1 =H, R?=H, R® = Me: 13, (86%)

Information.
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and Supporting Information) in which the key biaryl bond
was formed under Buchwald-modified Suzuki conditions.””
Whereas 15 and 17 were only weakly active in both
fluorescence polarization and M2H assays, analog 18
showed significant activity (ECsyrpy =8.3+2.2 um;
ECsoom =0.31£0.04 v, Table 1). Our binding model
hinted at further activity gains by removing the 4’-hydroxy
group (Figure 3, R’=OH—H). Therefore, analog 2
(Scheme 1 and Figure 3) was prepared via a similar synthetic
route, and, was gratifyingly 40-fold more active than 18
(ECsrpy=0.26 £ 0.06 um; ECsomamy = 0.063 £ 0.004 pm,
Table 1). The 20- to 30-fold difference between the FP and
M2H data is a common phenomemon,”™™ which can be
explained by intrinsic differences between the two different
assay formats, in particular, the different protein and peptide
concentrations used.

To gain further molecular insight at the ligand-binding
pocket, the X-ray co-crystal of 2 bound to the RXR ligand-
binding domain was solved at 2.6 A resolution (Figure 4). The
carboxylate group of 2 is seen making a canonical interaction
with Argl16, while the flexible allylic side-chain occupies the
lipophilic region of the binding pocket. A molecular overlay
with known RXR co-crystal structures (PDB IDs: 2P1T and
4K6I) did not reveal any significant differences in global
protein conformation. We could not find electron density in
the X-ray structure, nor evidence from MS data (Supporting
Information) to suggest covalent attachment of 2 to the RXR
protein, thus ruling out irreversible inhibition as a possible
mode-of-action. Combined with the biochemical and cellular
results, this data suggests that, in contrast to current RXR

(o]
©A\)L0Me ©/ ©/\/
63% 76%

(2 steps)
7
O
BPin
Pd° Pd°
73% B 89%
(2 steps)
8
a a
RO OR
o o
Me: 11 (84%) R Me, 14 (85%) R Me, 16 (7. 8%

b,c

R =H, 15 (22%, 2 steps) R =H, 17 (7%, 2 steps)

=OH, R? = OH, R® = H: 18 (23%, 2 steps)
R'=OH, RZ=H, R® = H: 2 (15%, 2 steps)
R'=H, R2=H, R®=H: 19, (75%, step b)

Figure 3. Synthesis of ligands targeting the ligand-binding pocket. Reagents and conditions: a) [Pd,-
(dba);], SPhos, 1,4-dioxane/H,0, 110°C, 18 h; b) ag. NaOH; c) BBr;. Details see Supporting
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Figure 4. Ribbon representation of the X-ray co-crystal structure (PDB
ID: 40C7) of 2 bound to the RXR ligand-binding domain: a) protein
(green), TIF2-derived coactiavator peptide (red), 2 (orange).

b) Zoomed-in view of the RXR ligand-binding pocket with amino acid
side-chains represented as sticks, and the electron density map of 2.

ligands, a rigid and bulky hydrophobic moiety is not necessary
for potent binding at the ligand-binding pocket. However,
analog 19 lacking the hydroxy groups at the 2- and 4'-positions
(Figure 3) was significantly less active than 2 (>200-fold),
highlighting the importance of the 2-hydroxy group for
activity,®®! by simultaneously restricting the rotational free-
dom about the biaryl bond and through formation of a hydro-
gen-bonding interaction with residue Asn306. Thus, by
rational design and using a short and focused synthetic
route, we managed a selective switch of the targeting proper-
ties of 1 from one side of the dynamic AF2 interface of RXR
to the other—from the solvent-exposed side to the ligand-
binding pocket—and most notably with improved ligand
efficiency (BEI)?" compared to known RXR ligands (2,
BEIgp, =23.5 vs. 4, BEIzp, = 18.8).

In summary, we demonstrate the rational splitting of the
dual-binding properties of a natural product at a dynamic
protein interface. This outcome has resulted in two distinct
and molecularly efficient ligand types targeting opposite sides
of the activation function 2 (AF2) of the retinoid X receptor
(RXR). The first ligand type, represented by 3, exhibits an
atypical behavior, inhibiting coactivator binding at the
solvent-exposed side of the AF2 interface. Notably, ligand 3
is the first of its kind selective for RXR. The second type,
represented by 2, potently binds to the ligand-binding pocket,
thereby inducing coactivator binding via an established
mechanism. Our findings justify the future exploration of
natural products at dynamic protein interfaces.
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