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ABSTRACT: The Hu family of RNA-binding proteins plays a
crucial role in post-transcriptional processes; indeed, Hu−RNA
complexes are involved in various dysfunctions (i.e., inflammation,
neurodegeneration, and cancer) and have been recently proposed
as promising therapeutic targets. Intrigued by this concept, our
research efforts aim at identifying small molecules able to modulate
HuR−RNA interactions, with a focus on subtype HuR, upregulated
and dysregulated in several cancers. By applying structure-based
design, we had already identified racemic trans-BOPC1 as
promising HuR binder. In this Letter, we accomplished the
enantio-resolution, the assignment of the absolute configuration,
and the recognition study with HuR of enantiomerically pure trans-
BOPC1. For the first time, we apply DEEP (differential epitope mapping)-STD NMR to study the interaction of BOPC1 with HuR
and compare its enantiomers, gaining information on ligand orientation and amino acids involved in the interaction, and thus
increasing focus on the in silico binding site model.
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RNA-binding proteins (RBPs) are considered relevant
targets to modulate gene expression and therefore to face

several pathologies such as neurodegeneration and cancer.1−8

While most approaches focus on RNA interference-based
oligonucleotides targeting different RNA-binding domains
(RBDs),9−13 a more recent strategy involves the identification
of small molecules able to modulate ribonucleoprotein (RNP)
complexes. This strategy is intrinsically challenging, because
RBPs generally lack a defined small-molecule binding site. In
this context, in 2018, H3B-8800,14 a small molecule acting as
an inhibitor of SF3b, a protein with critical functions in pre-
mRNA splicing, reached the first stage of clinical phase for
selected types of leukemia. This is the first rationally designed
small molecule able to target RBPs to reach the clinic, and
therefore, it represents a milestone in the story of RBP
modulation, confirming that this strategy represents a way to
develop new effective therapeutic agents.
Within our medicinal chemistry research group, we have

been working in this field for several years, particularly
studying the Hu protein family, a RBP class with a pivotal role
in the stabilization of various RNAs.2,15−18 Among Hu
proteins, HuR is the most studied, as it is an intriguing target
for discovering new anticancer drugs.19,20 Nevertheless, to date
little is known about the features of the HuR−small molecule
interaction, even for proven interferers.21−23 In this context, to

supply the lack of structural data and with the aim of
discovering new HuR ligands able to modulate HuR−RNA
binding, we exploit highly informative NMR methodologies
combined with in silico studies.24−28 Briefly, according to a
structure-based approach, we have focused on a pocket-like
region of HuR formed by the RNP1 and RNP2 portions of
RRM1 and 2 (RNA-recognition motif-type domain). Within
the HuR RRM1/2−RNAc‑fos cocrystal (PDB 4ED5),29 this
region corresponds to the binding site of RNA−uridine
residues 8 and 9 (U8−U9); thus, their position and key
interactions represented the starting point (anchor) to our
design of new HuR ligands. New compounds characterized by
different cores were designed, synthesized, and subjected to a
combined STD (saturation transfer difference) NMR and in
silico investigation of their interactions with HuR.28

N-(2-(Benzylamino)ethyl)-2-(3,5-dimethoxyphenyl)-1-iso-
butyl-6-oxopiperidine-3-carboxamide, from now on BOPC1
(see Scheme 1), was effective in binding the target protein
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HuR. BOPC1 is characterized by the presence of two chiral
centers, and in our preliminary experiments, it was tested as
the trans-racemate. Since it is well recognized that enantiomers
of chiral bioactive molecules may have a different interaction
with the target, prior to the design of new derivatives, it is
mandatory to study trans-BOPC1 in its enantiomerically pure
forms. In this Letter, we accomplished the enantio-resolution
of racemic trans-BOPC1, the assignment of the absolute
configuration of the separated enantiomers, and their
recognition study with HuR.
As a first step, we investigated the binding mode of the two

trans-configured enantiomers in the previously considered
HuR binding pocket, through molecular modeling simulations.
The results of the in silico analysis, performed on the crystal
structure of the HuR RRM1/2 domains, according to the
computational approach recently we had published,27,28 clearly
suggested a stereoselective binding mode (see Figure 1). In
fact, though the two enantiomers bind to similar regions of the
HuR binding pocket, they do it in a different way, and in order
to evaluate the ligand binding free energy (ΔG bind) for
BOPC1 enantiomers, the MM-GBSA calculations were
performed [(2R,3R)-BOPC1MMGBSA value −41.27 kcal/
mol and (2S,3S)-BOPC1MMGBSA value −53.37 kcal/mol].

Particularly, docking analysis showed that the aromatic rings of
both BOPC1 enantiomers may establish different interactions
with HuR.
Prompted by these results, we prepared (2R,3R)- and

(2S,3S)-BOPC1 and investigated their interaction with HuR.
The synthetic strategy adopted for preparing BOPC1 is

outlined in Scheme 1. The intermediate trans-2-(3,5-
dimethoxyphenyl)-1- isobutyl-6-oxopiperidine-3- carboxylic
acid was obtained as a racemate, by a Castagnoli−Cushman
reaction, under the experimental conditions we had already
described, with slight modifications. The subsequent amidation
reaction provided racemic trans-BOPC1 (Scheme 1).28

To obtain enantiomerically pure BOPC1 in sufficient
amounts for the subsequent studies, we selected chiral high-
performance liquid chromatography (HPLC), an effective
approach for the resolution of chiral compounds on both
analytical and preparative scale.30−34 Upon screening various
chiral stationary phases (CSPs) and eluents, we obtained a
baseline HPLC separation of the two trans-BOPC1
enantiomers using the immobilized derivatized-cellulose
Chiralcel IC as CSP eluting with n-hexane/isopropyl
alcohol/DEA 75/25/0.1 (v/v/v). The good enantioselectivity
and efficiency of the methodology allowed for an effective
scale-up at the semipreparative level. By using a semi-
preparative IC column, we resolved 10 mg of sample for
each HPLC run, finally isolating about 20 mg of enantiomers
with an enantiomeric excess >98%.
To assign the absolute configuration to trans-BOPC1

enantiomers, we followed a multistep strategy, consisting in
(i) chiral resolution of the key intermediate 4, (ii) assignment
of the absolute configuration to (+)-trans-4 and (−)-trans -4,
and (iii) synthesis of enantiomeric BOPC1, starting from
enantiomerically pure 4.
Once again, the chiral resolution of the key intermediate

(±)-trans-4 was performed via enantioselective HPLC. In this
case a good resolution was obtained using the immobilized
amylose chiral Chiralpak IA column under reverse phase
elution conditions, eluting with isopropyl alcohol as mobile
phase. Both enantiomers of trans-4 were obtained in a 50-mg
scale, a suitable amount for further studies and with an
enantiomeric excess >90%.
As a first step of the empirical approach to assign the

absolute configuration of enantiomerically pure trans-4, we

Scheme 1. Synthetic Pathway of BOPC1a

a(i) 1,2, toluene, MS 4 Å, rt, 4 h; (ii) 3, p-xylene, reflux, 12 h, yield 60%; (iii) TBTU, DIPEA, THF, rt, 12 h, yield 71%; (iv) Chiralpak IA column,
IPA:DEA:TFA 100:0.1:0.3 (v/v/v), flow rate 2 mL/min, injection volume 1 mL, concentration 10 mg/mL; (v) Chiralpak IC column, n-
hexane:IPA:DEA 75:25:0.1 (v/v/v), flow rate 2 mL/min, injection volume 1 mL, concentration 10 mg/mL.

Figure 1. 3D representation of (2R,3R)- and (2S,3S)-BOPC1
predicted binding modes overlapped in the HuR binding pocket.
The protein is shown as light-blue cartoon, and the (2S,3S)-BOPC1
and the (2R,3R)-BOPC1 enantiomers are represented as green and
yellow sticks, respectively.
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used the enantiomers of the structurally related compound
trans-6 (Figure 2) as a reference. Briefly, we compared both

the electronic circular dichroism (ECD) spectra and the
elution order, under the same chiral chromatographic
conditions, of (+)-trans-4 and(−)-trans-4 with the structurally
related (+)-(2R,3R)-6 and (−)-(2S,3S)-6, for which we have
already assigned the absolute configuration by X-ray crystallo-
graphic analysis.35 The ECD spectra of trans-4 and the
reference compound trans-6, recorded in acetonitrile, are
shown in Figure 2a. As expected, the enantiomeric forms of
trans-4 exhibited specular patterns. The findings of the ECD
measurements allowed us to define a parallelism between
absolute configuration and CD band signs. Briefly, comparable
Cotton effects (CEs) for (+)-4 and (+)-(2R,3R)-6 compounds
are evident in two ranges of wavelengths: negative CEs
between 190 and 200 nm and positive CEs between 210 and
230 nm attributable to 1La and 1Lb electronic transitions of
benzene. The sign of the CEs of 1La is consistently opposite
that at the longer wavelength (1Lb). For compound (2R,3R)-
6 a twisting of the 1Lb band is observed, in accordance with
related literature.36 Based on these considerations, the (2R,3R)
absolute configuration of (+)- 6 may also be proposed for the
first eluted (+)-trans-4. Naturally, a reversed sign of the
ellipticity is expected from the second eluted (2S,3S)-
enantiomer. The analysis performed on the Chiralpak IA
column under the same elution conditions (n-hexane:IPA:-
DEA:TFA 75:25:0.1:0.3) confirmed the same elution order for
the enantiomers of both compounds (see Figure 2b).
Once it was determined the absolute configuration of the

two enantiomers of the key intermediate was trans-4, the
stereochemical assignment was extended to the stereoisomers
of trans-BOPC1 by a chemical correlation method (see
Scheme 1). The reaction of connection between the acid
intermediate and amine 5 is a stereoconservative process. So,
the absolute configuration of each single stereoisomer of trans-
BOPC1 is determined by the stereochemistry of the
enantiomerically pure key intermediate used in its synthesis.

The stereochemical course of reactions was monitored by the
enantioselective HPLC conditions described above. The
absolute configurations of the two stereoisomers of trans-
BOPC1 were then assigned as follows: first eluted isomer
(+)-trans-BOPC1 as (2S,3S), and second eluted isomer
(−)-trans-BOPC1 (2R,3R).
Once the absolute configuration of enantiomerically pure

trans-BOPC1 was defined, for the study of their interaction
with HuR, we employed STD NMR, a leading ligand-based
NMR technique used to characterize ligand−macromolecule
interactions as they occur in solution37 and identify ligand
moieties important for binding the target.38 The experiment is
based on the NOE effect and exploits the transfer of the
magnetization from the macromolecule, selectively irradiated,
to the ligand. The regions of the ligand closer to the
macromolecule receive the magnetization more efficiently
than those which are farther, producing differences in signal
intensity; data processing into binding epitope maps can
elucidate the structural features of the binding event. In
particular, we compared the binding modes of the two
enantiomers and elucidated additional binding site information
by applying differential epitope mapping (DEEP) by STD
NMR. This very recent technique can gain additional data to
the simple STD experiment thanks to the application of
differential conditions. Namely, it can identify the type of
protein residues contacting the ligand through the generation
of differential epitope maps and, if the 3D structure of the
protein is known, it helps in orienting the ligand in the binding
pocket, with a higher precision compared to the single STD
experiment.39,40 In particular, we exploited the two enan-
tiomers for interaction studies with the target HuR according
to a DEEP-STD protocol for both comparison of the two
enantiomers and to build a differential solvent epitope map.
First of all, STD NMR spectra were recorded for both
enantiomers of trans-BOPC1 in a 100% D2O buffer. Absolute
and relative STD% for each enantiomer are stated in S2.2 of
the Supporting Information, along with a schematic
representation of each enantiomer epitope mapping.
Nonetheless, absolute STD values coming from different

STD spectra cannot be directly compared, due to possible
differences in sample preparation or instrument setting. For
this reason, in order to obtain a comparison between the
interaction of the two separate enantiomers with HuR, we
exploited the DEEP equation reported in S2.1 of the
Supporting Information.41 The experiment of (2S,3S)-
BOPC1 was chosen as exp1 (since the global saturation is
larger than that of (2R,3R)-BOPC1), and the ratio and average
ratio of STD intensities over all protons was calculated
affording “enantio DEEP-STD” values for each proton. The
raw and processed data and ΔSTD factors are shown in S2.3 of
the Supporting Information and represented schematically in
Figure 3. We recorded positive ΔSTD factors for the protons
of ring B and its methoxy group, while negative ΔSTD factors
were observed for protons 3, 9−10, and 16. These differences
suggest that the two enantiomers interact with the same
protons but different orientation into the binding site. Positive
ΔSTD factors suggest which moieties are most involved in the
interaction of (2S,3S)-BOPC1 with HuR, while negative
ΔSTD factors are used for (2R,3R)-BOPC1 and HuR.
We then performed differential solvent experiments on both

enantiomers by studying their interaction with HuR in
H2O:D2O 90:10 and comparing each experiment with the
respective one in D2O, following the literature procedure

Figure 2. (a) ECD traces in acetonitrile and (b) chromatographic
profiles at 220 nm (Chiralpak IA, mobile phase n-hexane:IPA:-
DEA:TFA 75:25:0.1:0.3, flow rate 0.5 mL/min) of (+)-(2R,3R)-6 and
(−)-(2S,3S)-6 (top), and (+)-trans-4 and (−)-trans-4 (bottom). For
(+) enantiomers the traces are reported in green, for (−) in blue.
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(S2.1).41 Briefly, DEEP STD negative values (obtained
considering D2O/H2O ratios) suggest an interaction with
exchanging protons of the protein (so, interaction mediated by
polar groups). The presence of signals with positive DEEP
STD values indicates the involvement in a binding with apolar
residues of the protein. The experiment highlighted that for
(2S,3S)-BOPC1, ring A points toward apolar residues, along
with protons 5 and 3, while protons 16 and 9−10 are projected
toward polar residues. A different interaction was observed for
(2R,3R)-BOPC1: ring A is still interacting with hydrophobic
residues, along with 16, while the signals of ring B and its
methoxy groups show vicinity to polar residues (all raw and
processed data are reported in S2.5 and S2.6 of the Supporting
Information).
The data thus obtained were exploited to confirm and refine

ligand orientation in the HuR binding pocket. In accordance
with experimental data, ring B of (2R,3R)-BOPC1 (MMGBSA
value −41.27 kcal/mol) establishes only an interaction
mediated by polar group namely an H-bond with Asn25.
Conversely, ring B of the (2S,3S)-BOPC1 (MMGBSA value
−53.37 kcal/mol) can form a stacking interaction with Tyr63
and three H-bonds, with Arg153 and with Asn25; this is
mirrored by low DEEP-STD values for this moiety indicating
no prevalence of either polar or apolar interactions. Combined
DEEP-STD and in silico results are shown in Figure 4.
The DEEP-STD protocol, applied in the present Letter to

study for the first time the interaction of trans-BOPC1
enantiomers with HuR, gains information on the orientation of
the compounds in the binding site and elucidates the type of
amino acids involved in the binding event. The two binding
modes reported in Figure 4 for the two trans-BOPC1
enantiomers are the best agreement between best docking
poses and DEEP-STD data. Given the precious information
originated from the collected spectroscopic and computational
data, and with the increased focus on the in silico binding site

model in hands, we plan to design and synthesize a focused
library of novel oxopiperidine-3-carboxamides, to gain
complete structure−activity relationships, and to identify
leads with improved affinity toward HuR, potentially active
against different types of cancer.
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