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ABSTRACT: Inhibition of neprilysin (NEP) is widely studied as a therapeutic
target for the treatment of hypertension, heart failure, and kidney disease. 7
Sacubitril/valsartan (LCZ696) is a drug approved to reduce the risk of
cardiovascular death in heart failure patients with reduced ejection fraction.

LBQ657 is the active metabolite of sacubitril and an inhibitor of NEP. /}% s
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Previously, we have reported the crystal structure of NEP bound with LBQ657,

whereby we noted the presence of a subsite in S1’ that has not been explored _
before. We were also intrigued by the zinc coordination made by one of the -
carboxylic acids of LBQ657, leading us to explore alternative linkers to

efficiently engage zinc for NEP inhibition. Structure-guided design culminated ,
in the synthesis of selective, orally bioavailable, and subnanomolar inhibitors of Y=
NEP. A 17-fold boost in biochemical potency was observed upon addition of a mazfs
chlorine atom that occupied the newly found subsite in S1’. We report herein

the discovery and preclinical profiling of compound 13, which paved the path to

our clinical candidate.

AN 13
I hNEP IC55=1.5nM
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EP (EC 3.4.24.11; neprilysin, neutral endopeptidase, _L ]
enkephalinase; atriopeptidase) is a zinc-dependent type Q ¢

Il integral membrane endopeptidase belonging to the o

peptidase M13 family. It cleaves a variety of peptide substrates ' NH

such as atrial natriuretic peptide (ANP, also known as ANF), Oz . © 3Na* * 2"/, HyO

brain natriuretic peptide (BNP), bradykinin, adrenomedullin,

and endothelin-1." The increase in circulating ANP levels o °

achieved by NEP inhibition has favorable implications for the Sacubitril Valsartan

treatment of congestive heart failure and chronic renal - LCZ696 B

failure.”® Sacubitril/valsartan (LCZ696) is a drug approved
to reduce the risk of cardiovascular death and hospitalization
for patients with chronic heart failure (NYHA Class I[I-1V)
and reduced ejection fraction (HFrEF).* LCZ696 (Figure 1) is
a sodium salt complex containing the anionic forms of the

Figure 1. Schematic structural formula of LCZ696, showing sacubitril
and valsartan, in their respective anionic forms.

angiotensin II type 1 receptor antagonist valsartan and the LBQ657 binds in the active site of NEP making an intricate
NEP inhibitor prodrug sacubitril.® Upon oral administration, network of H-bonding and van der Waals interactions that
LCZ696 provides rapid systemic exposure to sacubitril and

valsartan. Sacubitril is converted by enzymatic cleavage of the Received: December 5, 2019

ethyl ester to the active metabolite LBQ657 (compound 1, Accepted: January 27, 2020

Figure 2b).° Published: January 27, 2020

We have reported the crystal structure of LBQ657 in
complex with NEP, rationalizing its potency and selectivity.”
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Figure 2. (a) Crystal structure of NEP (white carbon atoms) with LBQ657 (yellow) showcasing the S1’ subsite. The ligand binding pocket is
shown in gray and zinc atom is in magenta. H-bonding interactions are shown as black dotted lines and crystallographic waters are shown as red
spheres. The distance between the meta position of the aromatic ring and two S1’ residues (Arg717 and Thr721) is shown in green. (b) Schematic
representation of the concepts studied in this paper.

Table 1. Impact of Linker Length on NEP Inhibitory

Activity”
O
NH
(¢}
o
HO

Compound R, hNEP ICs, (nM)
1 (LBQ657) CH(CH,)COOH (R) 6
2 CH,COOH 550
3 C(CH,),COOH 20
4 COOH 25

“ICs values are the mean of at least two independent assays.
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Figure 3. (a) Pharmacodynamic and (b) pharmacokinetic time
courses of orally administered prodrug of 4 at 30 mg/kg in the ANP
potentiation model in conscious rats.
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Table 2. SAR of S1’ Substitution®

Ri Ry
O
oL
®'NH Rs Rs
(]
O
HO
hNEP ICy,

Compound R R, Ry, R, Rg (nM)
4 H H H H H 25

S Cl 8

6 F 24

7 CH, 213
8 CN 792

9 OCH, 45
10 OC,H; 413
11 CF, 1370
12 OCF, 212
13 Cl 1.5
14 F 6.7
15 NH, 44
16 CH, 16
17 C,H, 54
18 OCH, 60
19 CF, 111
20 OCF; 275
21 CN 6.9
22 NO, 26
23 NHCOCH; 4862
24 Cl 1950
25 F 1500
26 cl OCH, 0.38
27 OCH,; Cl 4182
28 Cl F 54

“ICy, values are the mean of at least two independent assays.

involves all functional groups of the compound giving rise to

the high inhibitory potency of $ nM® (Figure 2a).

https://dx.doi.org/10.1021/acsmedchemlett.9b00578
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Table 3. Testing SAR of S1’ Substitution in Pentanoic Acid

Series”
HO R4 Ra
IO
NH
O
(0]
HO
Compound R, R, hNEPIC;, (nM)
LBQ657 (R)-CH, H 6
29 (S)-CH, Cl 2
30 (R)-CH,4 ol 03
31 rac-CH, Cl 0.8

“ICs, values are the mean of at least two independent assays.

Scheme 1. Typical Synthetic Route Utilized for
Biphenylbutanoic Acid Derivatives”

Br Br
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“Reagents and conditions: (a) Etl, NaHCO;, DMF, rt; (b) 3-Cl-
Cg¢H,-B(OH),, Pd(PPh;),, ag. Na,CO;, DME, 95 °C; (c) 4 M HCl in
1,4-dioxane; (d) succinic anhydride, DIPEA, DCM; (e) 1 M aq.
NaOH, THF, MeOH, rt; 1 M aq. HCL

In the crystal structure of LBQ657 in complex with NEP we
observed a small subsite in S1’ extending out from the meta-
position of the phenyl ring toward the backbone carbonyl atom
of Arg717 and side chain of Thr721 (Figure 2). To the best of
our knowledge, interactions in this region were not explored at
the time when we conducted the study, leading us to probe the
structure—activity relationship (SAR) at this position. One
other observation made from the cocrystal structure was the
zinc coordination made by LBQ657. Unlike many previously
reported NEP inhibitor complex structures,””"* LBQ657 has a
longer linker between the zinc coordinating group (carbox-
ylate) and the chiral carbon atom that anchors the S1’ and S2’
binding moieties (Figure 2b). This led us to study alternative
linkers to efficiently engage zinc for NEP inhibition. We
investigated both of these findings by initially synthesizing a
few rationally designed compounds. Encouraged by the results,
we delved into a systematic exploration of the S1’ SAR. In this
report we describe the medicinal chemistry optimization, SAR,
validation of the binding mode by cocrystallization with NEP,
and results from preclinical investigation of selected com-
pounds.

As mentioned above, in four out of the seven previously
reported NEP inhibitor cocrystal structures,'’”" the zinc
coordinating moiety, which is either a thiol or phosphonic acid

190

analog, is separated from the chiral anchor atom by a single
linker atom which is either carbon or nitrogen. In LBQ6S7
there are two atoms including a chiral carbon atom that serves
as the linker presenting the carboxylic acid for zinc
coordination. We were curious to study the impact of
modifying the linker group and hence made compounds 2—
4, Table 1. A biochemical assay was developed to assess NEP
inhibition in vitro using recombinant human NEP (Supporting
Information). As shown in Table 1, removing the chiral methyl
group in LBQ657 resulted in almost a 100-fold loss in NEP
inhibitory activity (compound 2) while the dimethyl analog 3
was 3-fold less active. Based on these observations one may
conclude that the chiral methyl group in LBQ657 rigidifies the
linker and facilitates zinc coordination via the carboxylic acid.
Shortening the linker length by one carbon atom (4) was
equipotent to 3 indicating zinc coordination is plausible albeit
less efficient. Considering the biochemical potency of 4 was
within 5-fold of LBQ657, we characterized the in wvitro
absorption, distribution, metabolism, and elimination
(ADME) parameters followed by in vivo rat pharmacokinetic
(PK) profile. Compound 4 was stable in both rat and human
liver microsomes (Clint < 3.42 4L/min/mg in rat and human)
and hepatocytes (Clint = 2.1 and 0.68 #L/min per million cells
in rat and human, respectively). When administered to
Sprague—Dawley rats at 1 mg/kg IV, the plasma clearance of
4 was low (11 mL/min/kg) with a small volume of distribution
(0.2 L/kg) and half-life of 2.5 h. Based on our experience with
sacubitril the prodrug of LBQ657, the ethyl ester prodrug of 4
was administered orally at 3 mg/kg. The prodrug of 4 showed
rapid absorption and complete hydrolysis to generate 4 with a
bioavailability of ~66%.

Encouraged by the PK data, we decided to study the in vivo
pharmacodynamics (PD) in an ANP potentiation model in
conscious rats. In this animal model, conscious chronically
cannulated adult male Sprague—Dawley rats were infused
intravenously with rat ANP to saturate the natriuretic peptide
clearance receptors and, thereby, shift the elimination of ANP
to predominantly enzymatic degradation by NEP. Blood
samples were withdrawn before dosing with compound or
vehicle (baseline) and at various times up to 8 h postdosing to
simultaneously assess PK/PD. PD readout was the potentia-
tion (% baseline) of plasma ANP (PANP), which was used as
an index of a surrogate for the extent and duration of NEP
inhibition. When administered orally at 30 mg/kg, the ethyl
ester prodrug of 4 rapidly (within 15 min) augmented PANP
(Figure 3a). PANP levels remained elevated for almost the
entire experiment, reflecting the compound’s long duration of
action. Plasma levels of 4 remained >2 uM (Figure 3b). In this
model, the prodrug of 4 was found to be more effective than
sacubitril when administered at 30 mg/kg orally.

Synthesis of 4 with one less chiral center was much simpler
relative to LBQ657. The promising in vivo profile of 4 and its
simplified synthesis resulted in the selection of 4 as a lead
compound for SAR exploration of the S1’ binding moiety. In
the LBQ657-bound NEP crystal structure, the distance
between the meta position of the second phenyl ring (Figure
2) and the Arg717 backbone carbonyl was 5.3 A. The side
chain of Thr721 was at a distance of ~5.6 A. We started out by
adding small substituents in this meta position (Table 2) to fill
this space.

Compound 13 with chlorine at R2 was 17-times more active
than its unsubstituted analog 4. Methyl analog 16 was
equipotent to 13. The added substituents likely fill the S1’

https://dx.doi.org/10.1021/acsmedchemlett.9b00578
ACS Med. Chem. Lett. 2020, 11, 188—194
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Figure 4. Crystal structure of NEP complexed with 13 (yellow). Zinc atom is shown in magenta. H-bonding interactions are shown as black dotted
lines. Chlorine is colored green. (a and b) Two different orientations of the binding site are shown to provide clarity of the interactions. (c) Overlay
of crystal structure of LBQ657 (cyan) on 13.

Table 4. Pharmacokinetic Parameters of 13 and 26 in Sprague Dawley Rat Dosed at 1 mg/kg IV (Parent Compound) and 3
mg/kg PO (Ethyl Ester Prodrug)“

Administered Compound ~ Route  oral C,,, (nM)  AUC(,_; (nM-Hours)  CL (mL/min/kg)  Vd (L/kg)  Elimination t,/, (IV) (Hours)  %F

13 (active) v 8730 5 0.1 0.8
36 (prodrug) PO 12600 10100 42
26 (active) v 8100 S 0.1 1.0
39 (prodrug) PO 5380 5630 25

“36 is the ethyl ester prodrug of 13; 39 is the ethyl ester prodrug of 26.

subsite making van der Waals interaction with NEP residues bulky group, chloro and fluoro substituents were added at
thereby improving the binding affinity. The tolerance for bulk, ortho (5 and 6) and para position of the biphenyl ring (24 and
H-bond donor/acceptor groups was also explored with various 25), respectively. It was interesting to note that adding
R2 substituents (13—23,Table 2) although no further chlorine at the ortho position was 3-fold better compared to
improvement in potency was observed relative to 13 and 16. parent compound 4 while being ~80-fold less active when
For additional confirmation that the improved potency seen in substituted at the para position (24). This led us to further
13 was indeed a result of filling the space rather than adding a probe the ortho position although being conscious that bigger

191 https://dx.doi.org/10.1021/acsmedchemlett.9b00578
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Figure S. Dose-dependent potentiation of PANP (a) pharmacody-

namics and (b) pharmacokinetic time courses of orally administered

36 (ethyl ester prodrug of 13) in the ANP potentiation model in

conscious rats.

substituents would change the torsion between the two phenyl
rings of the S1’ biphenyl group. Clearly, with the exception of
compound 9 (vs 18), all substituents at the ortho position (5—
12) and para position (24—25) were less active than the
corresponding analogs at the meta position.

Considering the symmetrical nature of the phenyl ring, it
was critical to understand the exact location of the methoxy
group, so compounds 26 and 27 were synthesized. The
significant loss of potency of 27 vs the synergistic improvement
seen for 26 led us to conclude that the binding mode of 13 and
26 was comparable to LBQ657. Dimeta substitution was less
explored as the initial data with 28 negated the beneficial effect
of chloro substitution.

The profound impact on potency improvement upon chloro
substitution was investigated on LBQ657. It was astounding to
see a perfect translation of the SAR wherein a 20-fold
improvement was seen for 30 (Table 3). The S-methyl isomer
of 30 (compound 29) and the racemic analog 31 also had
improved inhibitory potency relative to LBQ657.

A typical synthesis of biphenylbutanoic acids is depicted in
Scheme 1. Treatment of acid 32 with iodoethane in the
presence of NaHCOj afforded ethyl ester 33, which was then
converted to 34 by performing Suzuki—Miyaura coupling.
Deprotection of Boc of 34 by HCl/dioxane gave the amine
hydrochloride 35. The amine was reacted with succinic
anhydride to afford the amide 36 followed by hydrolysis of
the ethyl ester under basic conditions to furnish diacid 13.

While most synthesized compounds were modeled in the
crystal structure of NEP prior to synthesis, we sought to
validate the binding mode experimentally. The crystal structure
of NEP complexed with 13 was solved using experimental
conditions described for LBQ657.” The complex of 13 with
NEP crystallized in the orthorhombic space group P212121
with two copies in the asymmetric unit diffracting to 2.54 A
resolution.

The structure was solved by molecular replacement. The
overall binding mode of 13 is comparable to LBQ657 (Figure
4c) and validates our hypothesis of maintaining the zinc
coordination with a shorter linker. The orientation of the
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carboxylic acid making zinc coordination is stabilized by
interaction with His711 (Figure 4a and 4b). While we noted
small movement in side chains of Phel06 and Asn542 relative
to LBQ6S7 X-ray, this did not impact the H-bonding
interaction of 13 with Asn542, Argl02, and Argl10. The
succinic acid in S2" has undergone a rotation of 75° relative to
LBQ657. Owing to the flexible nature of the succinic acid,
alternate orientations cannot be ruled out in solution. The
amide carbonyl of 13 makes H-bonding interactions with the
side chain of Arg717. In being consistent with our rationale, it
was comforting to see the chloro group occupying the S1’
subsite pointing toward the backbone carbonyl of Arg717 and
Thr721. It efficiently fills the available space surrounded by
side chain from Met579, Asp650, Phe689, Arg717, and Ile718.

We routinely profiled compounds in in vitro ADME assays,
which gated compound selection for in vivo PK/PD studies in
rat. The combination of in vitro potency and ADME profile
resulted in selection of 13 and 26 for PK studies in rats. Oral
administration of the ethyl ester prodrug of 13 and 26 showed
rapid absorption and hydrolysis to 13 and 26 with
bioavailability of 42% and 25%, respectively (Table 4). Both
compounds showed low clearance (5 mL/min/kg) and similar
apparent half-life after a single IV administration in rats.
Considering 13 had ~2-fold higher bioavailability than 26, we
selected 13 for further in vivo profiling studies. Plasma
clearance was low for 13 in monkey (3 mL/min/kg) and
moderate in dog (29 mL/min/kg). The apparent half-life was
0.8 h for 13 in dog and ~4 h in monkey.

36, the prodrug of 13, was rapidly absorbed in all species
after a single oral dose. However, the extent of absorbed
prodrug converted to active drug was different among rat
(99%), dog (5%), and monkey (69%).

The ethyl ester prodrug of 13 was tested in the rat ANP
potentiation model. The prodrug (36) dose-dependently
elevated PANP (Figure Sa). At the highest doses, PANP
levels remained elevated for the entire experiment, reflecting
the compound’s long duration of action. Plasma levels of 13
followed a similar profile (Figure Sb). Upon evaluation across
an internal panel of ~110 enzymes, receptors and ion channels
13 furnished ICg, values of >30 uM.

In conclusion, a structure-guided approach resulted in the
identification of subnanomolar inhibitors of NEP. We took
advantage of the simplified synthesis of the biphenyl butanoic
acid series to quickly explore the SAR in the S1’ subsite. The
potency drop with a less optimal linker (4) was compensated
by addition of chlorine in the S1’ subsite. In our preclinical
pharmacology model, 13 was found to be 100-fold more
potent than sacubitril. While we profiled 13 as a potential
clinical candidate, the early success encouraged us to explore
other linkers and modifications of the S2’ binding moiety.
Results from the new chemical series that evolved from the

effort will be published in the future.
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