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Herein we report on the multicomponent synthesis of a novel
imidazole-based compound, able to act efficiently as a minimalist
p-strand mimic. Biological evaluation proved its ability to impair
the LDLR-PCSK9 protein—protein interaction, disclosing it as the
first small molecule exerting a PCSK9-mediated hypocholesterole-
mic effect.

Introduction

Protein-protein interactions (PPIs) determine the biological
role of the relative proteins. Only in the last decade they have
begun to be considered as viable targets for therapeutic inter-
vention, dysregulation of PPIs being the cause of many dis-
eases, such as cancer, diabetes, neurodegeneration and HIV.!
Quite recently, the PPI between the proprotein convertase
subtilisin/kexin type 9 (PCSK9) and the hepatic low density
lipoprotein receptor (LDLR) has attracted the attention of the
scientific community.> More in depth, PCSK9 is expressed
primarily in liver, kidney, and intestine.® It binds to LDLR,
promoting its degradation,» which results in an increased
level of plasmatic low-density lipoprotein. A high concen-
tration of plasma LDL cholesterol is a major cause of athero-
sclerosis, which subsequently promotes the development of
cardiovascular diseases.*” For this reason, over the past few
years PCSK9 has become a sure and potent target for the treat-
ment of hypercholesterolemia.”> Moreover, as most of statin
drugs’ patents have expired recently, numerous pharma-
ceutical industries are devoting efforts to develop new mole-
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cules that can be used in patients with hypercholesterolemia,
in combination with, or as alternatives to, statins. On the other
hand, the only PCSK9 inhibitors approved for clinical use are,
at the moment, expensive monoclonal antibodies, such as
evolocumab and alirocumab.®

In the search for alternatives to the current therapy, the
design of small molecules able to efficiently impair the PCSK9/
LDLR PPI may become an attractive approach.” In general, it is
well known that the use of small peptidomimetics of the main
recognition motifs is a promising way to disrupt PPIs.” In this
context, while a-helix'® and p-turn** domains have been exten-
sively investigated, the f-strand motif has received less
attention,'” even though some p-strand peptidomimetics have
been successfully employed to inhibit enzymes’ activity, in
order to treat different diseases, ranging from cancer and AIDS
to anthrax and Alzheimer’s."

Concerning PCSK9/LDLR PPI, the X-ray crystal structure'*
clearly reports evidence of a f-strand-mediated interaction. In
particular, PCSK9 comes into contact with the EGF-A domain
of LDLR by means of a p-sheet shaped by the residues C378-
F379-V380-S381 of PCSK9 and V328-C329-N330-D331 (VCND)
of LDLR (Fig. 1).

Asp331
Val328
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=
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Fig. 1 Schematic representation of the PCSK9/LDLR PPI, as found in
the X-ray structure of the complex.
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Going on with our studies on PCSK9/LDLR PPI, we
reasoned that small, non-peptidic p-strand foldamers, resem-
bling or not the VCND sequence, could be able to positively
interfere with the PCSK9/LDLR reciprocal interaction.

Initial efforts towards the synthesis of a non-peptidic
p-strand foldamer could be traced back to the work of
Hirschmann and Smith in 1992." Their innovative idea was to
replace the peptidic backbone with a heterocyclic scaffold,
namely a polypyrrolinone, able to mimic native p-strands with
regard to both the side chain orientations and the inter-strand
H-bond donating capabilities. Later, various non-peptidic
B-strand mimics have been developed on the basis of
Hirschmann and Smith’s concept.'® A milestone in the pepti-
domimetic chemistry was then posed by Burgess and
coworkers in 2011,"” with the definition of minimalist mimics,
as frameworks in which only selected side chains of the
original peptide chain are present. In this context, Hamilton and

Fig. 2 (A) Native p-strand. (B) Hirschmann and Smith’s p-strand folda-
mer.*® (C) Hamilton's p-strand minimalist mimic.*®
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co-workers'® recently reported non-peptidic minimalist frame-
works, able to mimic the i, i + 2 and 7 + 4 residues of a f-strand
motif, stabilizing their conformations either by intramolecular
hydrogen bonds or by the dipolar repulsion effect (Fig. 2).

Relying on our experience with the synthesis of minimalist
peptidomimetics,'® we conceived a multicomponent reaction
(MCR)-based approach to a novel class of potential f-strand
mimics, which are characterized by the presence of multiple
C2-C5'linked imidazole rings, spanning N-R substituents in
place of amino acid side chains (Scheme 1). The synthetic
strategy is based on the van Leusen three-component reac-
tion®® (vL-3CR)/C2-formylation iterative protocol. The vL-3CR
is able to generate 1,4,5-trisubstituted imidazoles in a single
step, by a simple base-induced condensation between an alde-
hyde, a primary amine and tosylmethyl isocyanide (TosMIC).>

As a proof of concept of the goodness of our approach,
herein we report the synthesis of the N-methyl tetraimidazole
derivative 7 (Scheme 2), demonstrating its ability to mimic a
B-strand motif, by means of NMR, computational studies and
biological evaluation of PCSK9-LDLR PPI.

Results and discussion

Although diverse reaction conditions have been reported for
the vL-3CR,”° the combination of potassium carbonate as a
base and a highly polar solvent such as methanol, ethanol or
dimethylformamide (DMF) usually provides best results.”"
Therefore, we selected high-boiling DMF as the solvent, and
introduced a pre-condensation time of two hours, in order to
allow the in situ formation of the corresponding imine,
starting from the simple and easy-to-handle benzaldehyde and
aqueous methylamine.

The subsequent addition of potassium carbonate and
TosMIC, followed by a reaction time of 24 hours at 50 °C,
smoothly afforded the desired imidazole derivative 1 in high
yield. Starting from 1, we applied iteratively the vL-3CR con-
ditions on intermediate formyl derivatives 2, 4 and 6. In this
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Scheme 1 A non-peptidic, multicomponent approach to the synthesis of p-strand mimics.
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Scheme 2 Synthesis of tetraimidazole 7. Reaction conditions: (a)
MeNH, (40 wt% H,0, 2 eq.), DMF (1-0.25 M), 2 h, rt; then K,COs (1.5
eq.), TosMIC (1.2 eq.), 24 h, 50 °C; (b) BulLi (1.5 eq.), THF (0.5-0.25 M),
2 h, —78 °C, then DMF (2 eq.), —78 to rt, 24 h; (c) Buli (1.5 eq.), TMEDA
(2 eq.), THF (0.05 M), 2 h, =78 °C; then DMF (2 eq.), —78 to rt, 24 h.

way, we achieved bi- and tri-imidazoles 3 and 5 and finally the
desired four residue mimic 7. Intermediates 2, 4 and 6 could
be obtained by classical formylation conditions, using n-butyl-
lithium and dimethylformamide at low temperature. In par-
ticular, starting from 1 or 3, the corresponding aldehydes
2 and 4 were smoothly achieved in moderate to good yields.
Otherwise, under the same conditions, no appreciable for-
mation of the formylated triimidazole 6 could be observed,
due to the low solubility of the lithiated derivative of
compound 5. However, by adding TMEDA and lowering the
reaction concentration, we were able to obtain compound 6 in
moderate yield.

With tetraimidazole 7 in hand, we investigated its solution-
phase conformational behavior through the NOESY NMR
experiment in CDCl; (Fig. 3). Strong correlations between
N-Me groups and the aromatic proton of the next ring
(H10 < H3, H10 < H15, H16 < H21, H22 < H27 and
H28 < H25) were observed.

On the other hand, not even weak NOE contacts among
N-Me groups (H10 < H16, H16 < H22 and H22 < H28) could
be detected, clearly indicating an N-Me alternate, p-strand-like,
conformation for compound 7.

In order to properly assess tetraimidazole 7 as a minimalist
f-strand mimetic, computational studies were performed.
Molecular dynamics (MD) simulations with the GB implicit
water solvent model were executed by using the AMBER12
package, and GAFF force field.>**® In particular, the com-
putational model of 7 was investigated by minimizing, equili-
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Fig. 3 Selected region of the NOESY NMR (CDCls, 400 MHz, 298 K)
spectrum of compound 7, focusing on the cross-peaks between N-Me
groups and aromatic protons. Green arrows indicate the observed NOE
contacts.

brating and heating up the starting conformation to 300 K,
700 K and 1000 K for a short period (2 ns). Then, after an inter-
mediate equilibration step at 700 K, a production run of 20 ns
of MD simulations at 300 K was accomplished,"” acquiring
2800 conformational states. Analyzing the fluctuation of the di-
hedral angles connecting the imidazole rings, and their distri-
bution percentage (71, 72 and 73 in Fig. 4A), we were able to
confirm that compound 7 assumes the conformation
suggested by the NOESY experiment, with the most populated
values of dihedral angles in the range from 180° to 150° and
from —150° to —180° (for additional details see the ESIT).

To determine the robustness of compound 7 as a p-strand
mimic, the distances between the N-Me groups were measured
on the ab initio optimized (B3LYP/6-31 g(d)/CPCM-water level
of theory) lowest energy conformer. By comparing the found
values of 5.5, 7.3 and 11.4 A to those reported by Burgess and
coworkers'” for CP-CP distances in typical secondary struc-
tures, we can expect that 7 mimics the parallel p-strand motif
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Fig. 4 (A) Torsion angle distributions resulting from the MD simulations

of compound 7. (B) Superimposition between 7 (yellow) and a hypothe-
tical protein B-strand (cyan).

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (A) Inhibitory effects of compound 7 on the PCSK9-LDLR PPI
in vitro. Data points represent averages + SEM of three independent

experiments in triplicate. (B) Effect of compound 7 on the HepG2 ability
to uptake LDL from the extracellular environment. Data points represent
averages + SEM of three independent experiments.

almost perfectly (optimal i-i + 1, i-i + 2 and i~ + 3 distances
are 5.8, 7.1 and 11.1 A respectively, see Table S1, ESIY).
Moreover, superimposing compound 7 with a hypothetical
protein f-strand motif, we observed very good overlapping
(Fig. 4B), with distances between the N-Me groups of 7 and the
C? atoms of p-strand side chains lower than 0.5 A.

This last observation drove the biological investigation of
compound 7’s capability to inhibit the therapeutically relevant
PPI between PCSK9 and LDLR (Fig. 5)."* Remarkably, the
in vitro PCSK9-LDLR binding assay showed that compound 7
induces a concentration dependent inhibition of the LDLR
binding on PCSK9, with an ICs, value equal to 11.2 + 0.2 pM
(Fig. 5A). In the same experiments, instead, compound 5 gave
an ICso equal to 116.3 + 0.16 uM, indicating that the presence
of three imidazole rings in the structure are not enough to
efficiently impair the PCSK9-LDLR PPI. For comparison, we
refer to two known PCSK9 inhibitors. Both are peptides
showing ICs, values in a low micromolar range. The first one,
recently reported by us, is a natural decapeptide derived from
lupin (P5) and showing an ICs, value equal to 1.6 pM.>* The
other one, singled out by Zhang and coworkers,”” is Pep2-8
(13 amino acids) displaying an ICs, value of 0.8 pM. The
disclosed micro-molar ICs, of compound 7, along with its
peptidomimetic nature, is in our opinion particularly relevant
and can pave the way for an original, non-peptidic approach to
PCSK9 inhibition. With this in mind, we carried out deeper
investigation into the activity of compound 7. Thus, the
change of the functional capability of HepG2 cells, previously
treated with this compound, to uptake extracellular LDL was
investigated, by performing fluorescent-LDL uptake experi-
ments. We could observe that the ability of compound 7 to
impair the PCSK9-LDLR binding, stabilizing the active LDLR
on the cell membrane, leads to an improved ability of hepatic
cells to uptake extracellular LDL, with a final hypocholesterole-
mic effect (Fig. 5B). This evidence indicates that compound
7 does not directly bind the LDLR, localized on the cellular
membranes; otherwise the improved capacity of HepG2 cells
to absorb extracellular fluorescent LDL would have been
severely impaired. MTT experiments have also been per-
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formed, in order to exclude any potential cytotoxicity effect
after treatment of HepG2 with 1, 10, 50, and 100 pM of com-
pound 7 for 24 h. As clearly shown by the attained results
(Fig. S1, see the ESIt), compound 7 is safe for HepG2 cells.

In conclusion, we have developed a novel synthetic route to
a C2-C5'-linked tetraimidazole scaffold, by means of an itera-
tive vL-3CR/C2-formylation protocol. Its solution-phase confor-
mational behaviour was investigated through NOESY, NMR
and computational studies, demonstrating its ability to mimic
the i, i + 1,71 + 2 and 7 + 3 amino acid residues of a f-strand
motif. This evidence led us to test the capability of this com-
pound to effectively disrupt a p-strand-mediated PPI. With this
aim, the therapeutically relevant PCSK9-LDLR PPI was chosen
as the biological target. The attained results confirmed that
the tetraimidazole scaffold is able to impair the PCSK9-LDLR
reciprocal interaction, with an ICs, value equal to 11.2 pM.
Also the LDL-uptake is increased (ECso = 6.04 pM), while MTT
assays assured that such a compound is also safe on liver
HepG2 cells.

Undoubtedly, compound 7 constitutes a versatile scaffold
for a generation of new molecular entities capable of poten-
tially mimicking any p-strand motif. Furthermore, since there
are no reports yet in the literature on small molecules able to
inhibit PCSK9, we are also confident that compound 7 will
constitute a lead compound for the rational design of a new
class of PCSK9 inhibitors. Further work is underway in order
to better refine the chemical framework, in particular, through
substitution of N-Me groups with different residues, more
strictly resembling the actual LDLR p-strand side chains.

We are grateful for financial support from the University of
Milan, Grant 2015, Line 2 — Action A (PI GG).
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