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ABSTRACT: Hereditary angioedema (HAE) is a rare genetic
disorder in which patients experience sudden onset of swelling in
various locations of the body. HAE is associated with uncontrolled
plasma kallikrein (PKa) enzyme activity and generation of the
potent inflammatory mediator, bradykinin, resulting in episodic
attacks of angioedema. Herein, we disclose the discovery and
optimization of novel small molecule PKa inhibitors. Starting from
molecules containing highly basic P1 groups, which typically bind
to an aspartic acid residue (Asp189) in the serine protease S1
pocket, we identified novel P1 binding groups likely to have greater
potential for oral-drug-like properties. The optimization of P4 and
the central core together with the particularly favorable properties of 3-fluoro-4-methoxypyridine P1 led to the development of
sebetralstat, a potent, selective, orally bioavailable PKa inhibitor in phase 3 for on-demand treatment of HAE attacks.

■ INTRODUCTION
Hereditary angioedema (HAE) is a rare genetic disease in
which patients experience painful swelling in various locations
of the body, which can be life-threatening when occurring in
the upper airway. HAE attacks are associated with uncontrolled
plasma kallikrein (PKa) activity and generation of bradykinin
(BK). Ecallantide, an injectable PKa inhibitor, was shown to be
highly effective in treating HAE attacks and demonstrated the
critical role of PKa.1 C1 inhibitor (C1-INH) is the primary
physiological inhibitor of PKa. C1-INH deficiency caused by
mutations in the SERPING1 gene are responsible for the most
common forms of HAE. HAE associated with a low level of
C1-INH and with dysfunctional forms of C1-INH is
categorized as HAE type I and HAE type II, respectively.2,3

The estimated prevalence for HAE is approximately 1 in
50 000 people.4 HAE can also occur in the presence of normal
C1-INH activity, and PKa has been implicated in causing
attacks in people with normal C1-INH HAE.5

PKa is derived from its zymogen, plasma prekallikrein, which
circulates in the blood. Plasma prekallikrein is activated by
factor (F) XIIa to form PKa, which then forms a feedback loop
driving the conversion of FXII to its active form, FXIIa. The
physiological actions of PKa associated with HAE have been
primarily attributed to its capacity to cleave high-molecular-
weight kininogen (HK) to generate the nine amino acid
peptide hormone BK. The kallikrein−kinin system, shown in

Figure 1, is regulated by C1-INH, an important inhibitor of
both PKa and FXIIa. Inhibition of PKa is an established
therapy for HAE and has been implicated as a treatment for
other diseases including, for example, diabetic macular edema
and SARS-CoV-2.6,7

The active site of PKa comprises multiple subsites described
using the nomenclature of Schechter and Berger (e.g., S1, S2,
etc. for subsites and P1, P2, etc. for groups of the ligand that
occupy the corresponding subsites).8 PKa belongs to the
trypsin-like serine protease family; the specificity for this family
of proteases for positively charged amino acids such as lysine
or arginine is driven by an aspartic acid residue (Asp189)
situated at the base of the S1 pocket that forms a strong
interaction with the positively charged amino acids. Develop-
ment of orally bioavailable small molecule inhibitors of PKa
has proved challenging because the positively charged basic P1
groups that were believed to be required for high levels of
potency are often detrimental to oral bioavailability.9 This is
illustrated by the relatively few PKa inhibitors that have
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reached clinical development (Figure 2) despite the plethora of
small molecule PKa inhibitor patents published by numerous
organizations.10

Lowering the basicity of the P1 group has been a strategy
successfully used to identify orally bioavailable inhibitors of
other trypsin-like serine proteases such as thrombin, FXa, and
FXIa. For this reason, our aim was to identify a new class of
PKa inhibitor that contained a P1 group that was not charged
at physiological pH to increase the likelihood of attaining
favorable oral-drug-like properties. Taking inspiration from
highly ligand efficient, strongly basic benzamidine PKa
inhibitors 1 and 2 (calculated pKa 11.6) reported in the
literature,15 we systematically reduced the basicity of the P1
group, first to the benzylamine (calculated pKa 9.1), then to
the weakly basic aminoisoquinoline (calculated pKa 7.5), and
finally to the neutral P1 binders (calculated pKa <6).
Significant achievements during optimization are summarized
in Figure 3, culminating in the discovery of sebetralstat
(KVD900), a molecule that features a novel 3-fluoro-4-
methoxypyridyl P1 group.

■ RESULTS AND DISCUSSION
Reducing the Basicity of the P1 Group. Compound 2 is

a potent PKa inhibitor (IC50 62 nM); however, it lacks oral
bioavailability, as demonstrated by a prodrug approach having
been investigated.16 Compounds containing highly polar
charged groups tend to suffer from poor passive permeability
that impacts oral absorption and hinders development of oral
drugs. The potency and ligand efficient nature of compound 1
presented an ideal starting point to investigate P1 motifs of a
reduced basic nature with favorable properties toward
development of an oral drug. A variety of less basic P1
group motifs were installed onto the benzylpyrrole amide
scaffold. However, only compound 3, with a moderately basic
benzylamine P1 group (calculated pKa 9.1), was identified as
sufficiently potent to warrant further optimization. This was
pursued with the aim of identifying favorable alternative
contacts within other pockets of the PKa active site that could
compensate for the weaker salt bridge interaction provided by
the amine (compared with an amidine) with Asp189 in the S1
pocket.
Exploring the S4 Pocket. P4 groups attached to the

pyrrole core were explored based on literature protease S4
binders17−19 in combination with probing the size and length
of the S4 pocket (highlights of the SARs are shown in Table
1). The phenyl ring in 3 could be replaced with other
heterocycles such as thiophene 8 and the PKa potency would
be maintained. Investigations into the optimum length of the
linker between the pyrrole and the phenyl ring revealed a
preference for four methylene linkers (9c) and provided a 4-
fold improvement in potency. With the use of this information,
a series of biaryl substituents was synthesized looking at
combinations of five- and six-membered aryl rings 9e−9n and
4. A total of three P4 substituents, phenylthiazole 9h,
benzylpyrazole 9n, and benzylpyridone 4, all showed further
improvements in potency with PKa IC50 values of 72, 65, and
110 nM, respectively.

Taking the most active compounds 9h, 9n, and 4 and
replacing the pyrrole ring with a pyrazole ring afforded a 6-fold
increase in potency for 11 and even greater increase for 5
(Table 2). Interestingly, the phenylthiazole P4 group of 9h did
not show the same improvement in potency with the pyrazole
core 10. Additional five- and six-membered core rings were
investigated, but the pyrazole ring appeared optimal for
potency. With an optimized scaffold, we were then able to
identify alternative P1 groups. Changing the benzylamine P1
group to a 1-aminoisoquinoline P1 group achieved further
potency advances in both 12 (benzylpyrazole P4 group) and 6

Figure 1. Activation of the kallikrein−kinin system. Activation is
indicated by black solid arrows, and inhibition is indicated by dashed
lines.

Figure 2. Oral small molecule PKa inhibitors with disclosed structures (avoralstat,11 berotralstat,12 ATN-249,13,14 sebetralstat) that have entered
clinical trials.
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(benzylpyridone P4 group) while also reducing basicity from a
pKa of 9.1 (calculated) with the benzylamine to a pKa of 7.5
(calculated) with the 1-aminoisoquinoline (Table 3). Ligand
efficiency (LE) was maintained, and improvements in
lipophilic ligand efficiency (LLE)20 were seen between
matched pairs 11 and 12 and 5 and 6. The benzylpyrazole
analogue 12 suffered from a high turnover in human liver
microsomes (HLM), while benzylpyridone 6 had more a
moderate turnover but was poorly permeable in a 3 day Caco-2
permeability model. Despite these limitations, compounds 6
and 12 demonstrated the concept that potent PKa inhibitors
could be achieved with a less basic P1 group when other parts
of the compound bind efficiently.
Identification of Neutral P1 Groups. An extension of

our strategy was to investigate the S1 pocket more widely with
a range of neutral or weakly basic monocyclic P1 groups and
potentially identify novel binding interactions. Compound 6
was selected over 12 as a starting point for further exploration
based on its higher LLE and lower turnover in human liver
microsomes; additionally, the synthetic ease and modular
nature of the scaffold made it suitable for parallel synthesis.
Hence, a library of amides was designed using the ZINC
fragment-like database,21 initially selecting primary amines
with MW < 250 and then filtering on physicochemical
properties, shape-based overlays of known PKa P1 groups,
and molecular docking experiments. This afforded a set of 140
amines. Reactions were performed in 96-well plates on a
0.0125 mmol scale; reactions were quenched with methanol
and, after evaporation of the solvent, redissolved in DMSO at a
fixed concentration. All compounds were screened without
purification in the biochemical assay with a fluorogenic
substrate to determine the ability to inhibit PKa activity.
Prior to testing of the library plates, it was demonstrated that
the carboxylic acid intermediate, methyl ester analogue (a

result of quenching with methanol), and a selection of the
substituted benzylamine monomers from the library set did not
possess any significant inhibitory activity up to 10 000 nM.
Compounds were initially tested twice, each at single
concentrations of 1000 and 100 nM, respectively. Compounds
that showed a percentage of inhibition greater than 70% at
1000 nM and greater than 30% at 100 nM were screened in a
dose−response mode for IC50 determination. A cluster of
substituted phenyl ring P1 groups was identified with PKa
inhibition; a selection of the SARs are presented in Table 4 to
highlight the effects of substituents and their positions on the
percentage inhibition. Reference compound 7a, with an
unsubstituted phenyl ring, showed limited inhibition (<30%)
at both 1000 and 100 nM. An interesting observation came
from the analysis of the trends of the monosubstituted
compounds. Of the monosubstituted compounds, the m-
methoxy 7h and p-methyl 7j achieved inhibitions of greater
than 30% at 100 nM, with IC50 values of 90 and 88 nM and
satisfying LEs of 0.31 and 0.32, respectively. Interestingly, an
increase in potency was also observed with ortho-ortho
disubstituted analogues 7l−7p compared with analogous
ortho monosubstituted examples 7b−7e. Hence, the 2-fluoro-
6-trimethylfluoro disubstituted analogue 7n showed 83%
inhibition at 100 nM and an IC50 value of 7.8 nM, maintaining
a ligand efficiency of 0.32. The nature of the substituent in
these two ortho positions did not seem to have any significant
effect. This SAR finding was difficult to rationalize prior to
obtaining a crystal structure but seemed to indicate either a
conformational preference for ortho-ortho substituted phenyl
rings in the S1 pocket or synergistic effects between the
substituents on the ring possibly intercepting different
interactions in the S1 pocket. To check if these two SAR
findings were additive, 13a was prepared combining the 2,6-
difluoro substitution with the 3-methoxy substituent. 13a

Figure 3. Evolution of our PKa inhibitors resulting in a highly potent scaffold (6) that inspired the design of a neutral P1 library. All PKa IC50
values reported were performed in-house and are the mean values of two or more independent assays. pKa values denoted with “∗” are calculated
values using ACD/Laboratories Percepta software (Toronto, ON, Canada). The pKa denoted with “#” is a measured value from PION using a UV-
metric method over the pH range 1.5−12.5.
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showed a further potency enhancement with an IC50 value of
3.0 nM (Table 5). This breakthrough compound initiated the
lead optimization program.
Lead Optimization of Compound 13a. A major

advancement that contributed to the significant improvement
of the ADME profile of this series involved the substitution of
the central pyrazole ring. The unsubstituted pyrazole analogue,
13a, suffered from low Caco-2 permeability (3 day model);
however, by incorporating substituents on the pyrazole ring,
we were able to increase the permeability 5-fold with a
methoxymethyl substituent, 13b. The improvement in
permeability was maintained for a range of substituted
pyrazoles, 13b−13f, 13j−13k, and 13m. We hypothesize
that the observed increase in permeability of compounds with
a pyrazole substituent is due to a combination of factors
involving the ability of the substituent to mask the H-bond
donor of the amide as well as an increase in the lipophilicity of
the compounds. The methoxymethyl core pyrazole substituent
13b was favored, as it gave a similar potency to the
unsubstituted pyrazole analogue 13a, and the impact on

HLM intrinsic clearance (CLint), although high, was limited
compared with those of the other pyrazole substituents tried
(13c, 13e, and 13f). Modifications to the methoxy R3 group,
involving removal of the methyl to afford the hydroxy analogue
13g, replacement of the methyl group with a difluoromethyl
group 13i, or exchanging the oxygen of the methoxy group
with a carbon to afford the ethyl analogue 13h, were all
detrimental to potency. The introduction of a pyrazole
methoxymethyl substituent did not alter the trend observed
for two ortho substituents; the removal of either fluorine at R2
or R4, 13d and 13l, respectively, negatively impacted potency.
Alternative substituents to fluorine at both R2 and R4 were
tolerated; a difluoromethyl group 13m at R2 or a chlorine 13j
or nitrile 13k at R4 all afforded potent PKa inhibitors, with 13k
being the most interesting, with an IC50 value of 1.0 nM and
promising ADME properties. Compounds 13b and 13k were
progressed for further profiling.

With our newly identified neutral P1 groups comprising
substituted phenyls, there was the potential for this class of
compounds to have modest aqueous solubilities. The kinetic

Table 1. Exploration of the S4 Pocket for Potency
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solubilities measured at the time did not reflect this and may
indicate that the solubilities of neutral compounds from a solid
physical form were underestimated when kinetic solubility
prepared from a DMSO solution was used as a guide.
Compounds 13b and 13k were further profiled in physiolog-
ically relevant thermodynamic solubility assays, and a solubility
flag for these compounds was noted (Table 7). Thus, our
second innovation toward oral inhibitors was to identify more

polar, but neutral (or weakly basic), heterocyclic P1 groups
with increased solubilities over those of the phenyl P1 series.

Substituted heterocycles were screened (Table 6) and
showed a range of PKa activities. Modest PKa potency was
observed with five-membered rings, e.g., pyrazole and
thiophene rings (14h−14k, IC50 values 210−570 nM). In
the case of six-membered rings, pyridines and pyrimidines were
explored, affording a range of IC50 values between 6.0 and
7900 nM. Pyridines with a nitrogen adjacent to the linker and a
small 4-alkoxy substituent provided the most potent examples,
with PKa IC50 values of <10 nM (14s, 14w, and 14x). The
isopropoxy analogue 14y afforded a significantly less potent
PKa inhibitor (2400 nM), suggesting a size limitation on this
alkoxy group in the S1 pocket. Compounds 14s, 14w, and 14x
were progressed to ADME profiling (Table 7). Data from
compounds 13b and 13k are also reported in Table 7 for
comparative purposes. All compounds in Table 7 with the
exception of 15 had acceptable permeabilities, with Papp values
ranging from 9.0 × 10−6 cm/s for 14w to 25 × 10−6 cm/s for
14s. HLM CLint values for this set appeared to follow a
lipophilicity trend: 13b with the highest cLogP (2.8) had the
highest HLM CLint of 92 μL/min/mg of protein and 14w with
a cLogP of 1.8 had the lowest value of 14 μL/min/mg of
protein. Solubility assays were performed in physiologically
relevant media to identify any potential solubility limitations.
Compounds 14s and 14w were above the threshold of 0.1 mg/
mL in FaSSIF and well above this threshold for fasted state
simulated gastric fluid (FaSSGF). Both 14s and 14w were in a
desirable LLE range for drug-like properties (LLE > 6, reduced
lipophilicity), and this was reflected in improvements in both
solubility and in vitro microsomal turnover values compared
with the phenyl P1 containing compounds 13b and 13k. The
pyrazole core substituent, R1, was reinvestigated for the pyridyl
P1 series by removing it altogether (15) or replacing it with
other substituents: a trifluoromethyl group 16 and a cyclo-
propyl group 17. Removing the substituent on the pyrazole

Table 2. P4 and Core Modifications for PKa Potency
Optimization

Table 3. Aminoisoquinoline P1 With Optimized Scaffoldsa

an.d., not determined.
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core (15) significantly reduced the permeability and matched
the trend previously observed. Other pyrazole core sub-
stituents were tolerated with 16 and 17 showing potencies and
permeabilities similar to those of 14s and 14w. However, HLM
CLint values for 16 and 17 were slightly higher at 49 μL/min/
mg of protein for both compounds. Of the two similar
compounds, 16 was further profiled because of its clean off-
target protease selectivity profile (Table S1).

Lead Profiling. Compounds 13b and 13k (phenyl P1
groups, methoxymethylpyrazole cores), 14s and 14w (pyridine
P1 groups, methoxymethylpyrazole cores), and 16 (pyridine
P1 group, trifluoromethylpyrazole core) all showed a favorable
balance of PKa inhibition and encouraging in vitro ADME.
Further selectivity profiling of these leads showed all had IC50
values of >10 000 nM against a panel of closely related human
serine proteases (FXIa, FXIIa, tissue kallikrein-1 [KLK1],
thrombin, trypsin, and plasmin), with the exception of 14s,

Table 4. Selected SARs from the P1 Group Librarya

PKa % inhibition

compd R1 R2 R3 R4 1000 nM 100 nM PKa IC50 (nM) LE

7a H H H H 29 0 n.d.
7b F H H H 59 13 n.d.
7c Cl H H H 67 12 n.d.
7d CH3 H H H 62 12 n.d.
7e OCH3 H H H 63 11 n.d.
7f H Cl H H 74 20 n.d.
7g H CH3 H H 57 11 n.d.
7h H OCH3 H H 83 35 90 0.31
7i H H Cl H 60 13 n.d.
7j H H CH3 H 84 36 88 0.32
7k H H OCH3 H 72 17 n.d.
7l F H H F 88 47 62 0.32
7m F H H Cl 92 61 31 0.33
7n F H H CF3 97 83 7.8 0.32
7o Cl H H Cl 94 56 40 0.32
7p CH3 H H CH3 89 53 68 0.31

an.d., not determined.

Table 5. Selected SARs from Substituted Phenyl P1 Groupsa

compd R1 R2 R3 R4

PKa
IC50
(nM)

Caco-2 Papp
(×10−6 cm/s)

HLM CLint
(μL/min/mg protein)

kinetic sol
0.1 N HCl
(mg/mL)

kinetic sol aq
assay buffer
(pH 7.4)
(mg/mL) cLogPb LLE

13a H F OCH3 F 3.0 3.2 36 n.d. n.d. 2.4 6.1
13b CH2OCH3 F OCH3 F 6.0 18 92 >0.12 >0.12 2.8 5.4
13c CH2N(CH3)2 F OCH3 F 6.3 14 280 n.d. n.d. 2.4 5.8
13d CH2OCH3 F OCH3 H 17 25 45 >0.12 >0.12 2.6 5.2
13e N(CH3)2 F OCH3 H 73 23 120 >0.12 >0.12 2.7 4.4
13f cyclopropyl F OCH3 H 23 24 170 >0.11 0.058−0.11 3.2 4.4
13g CH2OCH3 F OH H 440 n.d. n.d. >0.12 >0.12 2.2 4.2
13h CH2OCH3 F CH2CH3 H 140 n.d. n.d. 0.029−0.059 >0.12 3.2 3.7
13i CH2OCH3 F OCHF2 H 150 n.d. n.d. 0.063−0.12 >0.12 2.6 4.2
13j CH2OCH3 F OCH3 Cl 5.5 9.3 120 >0.12 >0.12 3.4 4.9
13k CH2OCH3 F OCH3 CN 1.0 14 58 >0.12 >0.12 2.1 6.9
13l CH2OCH3 H OCH3 F 35 n.d. n.d. >0.12 >0.12 2.4 5.1
13m CH2OCH3 CHF2 OCH3 F 6.8 11 100 >0.13 >0.13 3.1 5.1

an.d., not determined. bcLogP values generated using ACD/Laboratories Percepta software.
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which possessed weak thrombin inhibition (IC50 of 7500 nM)
but still had selectivity greater than 1800-fold relative to its
IC50 against PKa. Consequently, they were all progressed to
animal pharmacokinetic (PK) studies (Table 8).

PK studies in Sprague-Dawley rats were conducted at a
nominal 1 mg/kg iv and 10 mg/kg po dose (Table 8). Lead
compounds showed similar iv PK profiles, with plasma
clearances ranging from 7 to 16 mL/min/kg in the rat. 13b,
14w, and 16 all showed clearances at or below 1/3 of liver
blood flow (LBF). The volume of distribution at the steady
state (Vss) for all examples was below 1 L; this feature is
considered beneficial in restricting the inhibitors to the plasma

compartment where the biological target enzyme PKa is
located. The rat oral bioavailability was more variable, ranging
from 20% for 13k to 97% for 16. On the basis of the higher
oral bioavailability observed in rats, compounds 13b, 14w, and
16 were selected for PK studies in beagle dogs. Studies were
conducted at a nominal 1 mg/kg iv and 1 mg/kg po dose, and
profiles similar to the rat pharmacokinetic studies were
observed. Higher clearances were observed in the dog
pharmacokinetic study, with 13b showing a clearance of
approximately 3/4 LBF and 16 showing a clearance
approaching 1/2 LBF. The clearance of 14w in the dog was
similar to its clearance value in the rat at just over 1/3 LBF.

Table 6. Selected SARs from Substituted Heterocyclic P1 Groups
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The leads 14w and 16 containing pyridine P1 groups showed
slightly higher volumes than 13b, but all were still below 1 L.
As a general trend, the bioavailabilities in the dog were lower
compared with those in the rat. Compound 13b showed a
significant drop-off with a bioavailability of 16%, but the
bioavailabilities of 14w and 16 reached 34 and 32%,
respectively. A whole plasma screening assay was developed
to replicate in vivo kallikrein−kinin system activation during an
HAE attack. PKa activity in whole plasma was measured in the
presence of dextran sulfate (DXS) stimulation using a
fluorogenic substrate. The assay was used to evaluate the
potency of PKa inhibitors in preventing activation of the
kallikrein−kinin system. Compounds 14w and 16 stood out in
the DXS-activated whole plasma assay as the most potent
compounds (Table 9); 14w performed especially well, with
only a 1:9 potency ratio between the isolated enzyme IC50 and
whole plasma IC50 values. We observed a correlation between
the DXS-activated human whole plasma potencies and the free
fraction of compound in the plasma. Compound 13b has a
human plasma protein binding (PPB) of 97% and is the least
potent in the human whole plasma assay, 16 has a human PPB
of 87% and improved human whole plasma potency, and 14w
has the lowest human PPB of the set at 77% and shows the
best whole plasma IC50 value at 54 nM. All three compounds
demonstrated fast kinetics, another factor that has been shown
to affect this assay.23 hERG inhibition values were measured up
to a maximum concentration of 33 μM for 13b, 14w, and 16 in
the electrophysiology patch clamp assay (QPatch, Sophion
Bioscience A/S, Ballerup, Denmark) using Chinese hamster
ovary cells stably expressing the hERG channel. The IC50
values obtained were >33 μM for all lead compounds (13b,
14w, 16), thus indicating that they were unlikely to cause a
clinical change in ECG readings. The lead compounds were
also tested against a panel of CYP450 enzymes up to 25 μM.
13b was found to inhibit CYP450 enzyme 2C9 (IC50 = 13
μM) and both subsites of CYP450 enzyme 3A4; these were
tested using different substrates, midazolam (M) and
testosterone (T) (3A4(M) IC50 = 19 μM and 3A4(T) IC50
= 11 μM). By contrast, both 14w and 16 showed clean profiles
up to the highest concentration tested. Ultimately, 14w was
nominated as a clinical candidate over 16 due to its clearance
data (a lower human CLint as well as clearances in percent LBF
at or below 1/3 in both rat and dog PK studies),
thermodynamic solubility (10-fold improvement in FaSSIF
solubility), and its higher potency in the human PKa plasma
activation assay.
Characterization of the Clinical Candidate 14w.

Sebetralstat, 14w, is a potent, competitive, and reversible
inhibitor of human PKa (Ki = 3.0 nM) with fast kinetics (kon >
10 × 106 M−1 s−1) and an acceptably high selectivity profile of
>1500-fold against an extended panel of related human serine
proteases (Table 10). It demonstrated acceptable solubility in
FaSSIF (pH 6.5) and improved solubility in FaSSGF (pH 1.6)
due to the ability of the pyridine nitrogen to be protonated at
gastric pH (measured pKa 3.6). The ability to dissolve in
gastric fluids was considered a key advantage of 14w that could
facilitate fast dissolution and absorption in vivo. Sebetralstat,
14w, demonstrated high selectivity against an off-target safety
panel (Eurofins, St. Charles, MO, USA; 124 targets). At the
highest level tested (33 μM), no significant inhibition of hERG
channel was observed in the electrophysiology patch clamp
assay, which reduced the potential for cardiovascular risk
connected with QT prolongation. In CYP450 inhibitionT
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(human liver microsomes), 14w showed IC50 data of >25 μM
across the seven major isoforms, which predicted a minimal
risk of associated drug−drug interactions. Several different
CYP450 isoforms were found to contribute significantly to the
clearance of 14w, resulting in a lower risk of it being a victim of
a CYP-mediated drug−drug interaction. Additionally, 14w was
screened in a non-GLP bacterial mutagenicity Ames test and
showed no risk of genotoxicity.

We believe the excellent selectivity profile of 14w is due to
the induced fit around the benzylpyridone P4 group arising
from the Trp215 movement on binding 14w, together with the
fine-tuning of the substituents and substitution pattern around
the pyridine P1 group. The crystal structure of 14w complexed
with PKa was solved by single crystal X-ray crystallography
with a resolution of 2.06 Å using a soaking protocol previously
reported in the literature.24 The binding mode of 14w within
the active site was consistent with the previously reported
crystal structure of benzylpyrazole PKa inhibitors25 showing
the characteristic U-shaped conformation about the central

pyrazole core. This conformation is enabled by the movement
of Trp215 (“Trp flip”) that forms an induced hydrophobic
pocket wherein the ligand makes a network of π-stacking
interactions with the protein in addition to the hydrogen bond
with Gly99 (Figure 4).

An analysis of the occupation of 14w in the S1 pocket
showed unique and unexpected features. As expected, with the
lack of a strongly basic P1 group, the previously described salt
bridge with Asp189 was absent. However, no other specific
polar interactions were observed with any of the amino acids
lining the S1 pocket; thus, the reason for the exquisite affinity

Table 8. PK Parameters in Rat and Dog for Lead Compounds

compd species CLp (mL/min/kg) CLb (mL/min/kg) LBFa (%) Vss (L) t1/2 (h) F (%)

13b rat 12.8 23.7 30 0.39 0.7 64
13k rat 16.0 27.6 35 0.60 1.1 20
14s rat 14.0 35.0 44 0.21 1.0 31
14w rat 11.7 20.9 26 0.50 1.0 82
16 rat 7.1 11.1 14 0.31 1.1 97
13b dog 11.5 24.5 74 0.36 0.5 16
14w dog 8.7 10.9 33 0.65 1.0 34
16 dog 10.0 15.9 48 0.63 0.9 32

aLiver blood flows used: rat, 80 mL/min/kg; dog, 33 mL/min/kg.22

Table 9. PKa Plasma Activation Assay and Off-Target Safety Pharmacology

CYP450 inhibition (μM)

compd

human whole plasma
(DXS activation 6.25 μg/mL)

PKa IC50 (nM)
potency ratio

isolated IC50:plasma IC50

hERGa

(μM) 1A2 2B6 2C8 2C9 2C19 2D6 3A4(M) 3A4(T)

13b 500 1:84 >33 >25 >25 14 13 >25 >25 19 11
14w 54 1:9 >33 >25 >25 >25 >25 >25 >25 >25 >25
16 76 1:24 >33 >25 n.d. n.d. >25 >25 >25 >25 >25

ahERG measured using a whole cell (Chinese hamster ovary) patch clamp technique.

Table 10. Sebetralstat Protease Selectivity

enzyme IC50
a (nM) fold to PKa IC50

plasma kallikrein 6.0 −
tissue kallikrein (KLK1) >40000 >6667
factor XIIa >40000 >6667
factor XIa >40000 >6667
factor Xa >10000 >1667
factor VIIa >10000 >1667
plasmin >40000 >6667
thrombin >40000 >6667
trypsin >40000 >6667
β-secretase 1 >10000 >1667
cathepsin D >10000 >1667
cathepsin G >10000 >1667
renin >10000 >1667
tissue plasminogen activator >10000 >1667
tryptase >10000 >1667

aIC50 values for sebetralstat inhibition of PKa and related proteases in
isolated enzyme kinetic fluorogenic substrate assays.

Figure 4. Crystal structure of 14w complex with PKa (PDB code
8A3Q). The characteristic U-shaped conformation is stabilized by the
movement of Trp215 (“Trp flip”) that enables a network of π-stacking
interactions with the ligand: Tyr174/terminal pyridone (face-to-face);
Trp215/phenyl linker (face-to-face) and pyrazole core (edge-to-face);
His57/pyrazole core (face-to-face). A total of three hydrogen bonds
are observed: Gly99 backbone N−H/pyridone carbonyl, Ser214
backbone carbonyl/amide N−H, and Lys192 side chain N−H/amide
carbonyl. The pyridine P1 group occupies the S1 subpocket without
forming specific polar interactions with any of the amino acids
including Asp189. Image created using Maestro (Schrödinger, New
York, NY, USA).
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of the disubstituted pyridine P1 group was initially puzzling.
Further analyses of the hydrophobicity and hydration of the S1
pocket were therefore performed (Figure 5). Profiling the
pocket with SiteMap (Schrödinger, New York, NY, USA)
showed that the 4-methoxy substituent occupies the hydro-
phobic volume present at the bottom of the pocket.
Accordingly, we concluded that part of the gain in affinity
was due to beneficial hydrophobic interactions. Nevertheless,
this observation did not explain the steep SAR observed in the
pyridine meta-position where methoxy was preferred to other
more lipophilic substituents such as chlorine and methyl. To
resolve this conundrum, a molecular dynamics simulation of
the water molecules in the unbound protein (apo form) was
performed, and their thermodynamic properties were calcu-
lated with WaterMap (Schrödinger, New York, NY, USA). It
was observed that a water molecule, predicted to lie above the
face of Tyr228, was calculated to have an unfavorable free
energy due to its positioning in a lipophilic local environment.
This water molecule was not detected in the crystal structure.
Consequently, we hypothesized that displacement of the
“unhappy” water molecule by the methoxy group favorably
contributes to the binding affinity. Overall, it is believed that
the combination of lipophilic interactions and the displace-
ment of the high energy water molecule make the 3-fluoro-4-
methoxypyridine P1 group exquisitely tailored to the S1
pocket, thus removing the need for the ionic interaction with
Asp189. Analysis of the crystal structure also allowed the
rationalization of SAR in other parts of the scaffold such as the
central pyrazole core. The methoxymethylene side chain was
heavily solvent exposed, which explained the tolerance of
diverse substituents observed in this region.

On the basis of the promising data described in this paper,
the pharmacological suppression of the kallikrein−kinin system
in whole plasma,21 and results from investigational new drug-
enabling studies, 14w was advanced into human clinical trials
for the on-demand treatment of HAE attacks. The phase 1
clinical trials in healthy volunteers demonstrated that the
human pharmacokinetic profile matched the desired on-
demand treatment profile with rapid absorption of sebetralstat
and near-complete inhibition of PKa enzyme activity
determined using PKa assay in whole plasma (Figure 6).26

Chemistry. We describe the preparation of 14w here in
detail. Syntheses of the other derivatives (3−6, 7a−7p, 8, 9a−
9n, 10−12, 13a−13m, 14a−14v, 14x−14z, 15−17) are
described in the Supporting Information or in filed patents
where referenced. The synthesis of 14w is described in Scheme

1. Reaction of 4-(chloromethyl)benzyl alcohol (CAS No.
16473-35-1), 18, with 2-hydroxypyridine in the presence of
potassium carbonate occurred regioselectively to give the N-
benzylpyridone alcohol 19. Regioisomeric assignment was
determined by NMR27 using through-bond information
(1H−13C HSQC and 1H−13C HMQC) and through-space
distance information (NOESY) (Figure 7).

Conversion of the hydroxyl function in the N-benzylpyr-
idone alcohol 19 to the corresponding chloride 20 proceeded
via the methanesulfonate intermediate. N-Alkylation of 3-
methoxymethyl-1H-pyrazol-4-carboxylic acid methyl ester
(synthesized according to the method described in WO
2012/009009,28 now commercially available CAS No. 318496-
66-1) gave a mixture of regioisomers in favor of the desired
isomer 21a that was isolated in 47% yield by column
chromatography. Regioisomeric assignments were determined
with NMR experiments (NOESY, 1H−13C HSQC, and
1H−13C HMQC) (Figure 8). The assigned regiochemistry
was confirmed once the X-ray crystal structure for 14w was
obtained. Subsequent hydrolysis of 21a gave the carboxylic
acid 22a that was then coupled with C-(3-fluoro-4-methoxy-
pyridin-2-yl)-methylamine (synthesized according to the
method described in US 10,781,181,29 now commercially
available CAS No. 1256812-75-5) via a HATU-mediated
amidation to afford 14w in 64% yield as a white solid.

Figure 5. (a) P1 group in 14w in relation to the S1 hydrophobic region (yellow volume, calculated with SiteMap). (b) Analysis of predicted water
molecules in the unbound form of the S1 pocket (calculated with WaterMap and the relative energy level in a color scale of green (favorable free
energy) to red (unfavorable free energy). A high energy water in the proximity of Tyr228 is displaced by the methoxy group upon binding in the S1
pocket.

Figure 6. Green line shows the rapid oral absorption of sebetralstat in
healthy volunteers. Blue line shows the effect of sebetralstat on
percentage PKa activity. From ref 26. CC BY NC ND.
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■ CONCLUSIONS
The design of sebetralstat (KVD900), an orally bioavailable,
selective, and neutral PKa inhibitor, has been described. The
SAR information collected from the early PKa inhibitor series

enabled the discovery of the highly potent scaffold exemplified
in compounds 4 and 6 with benzylpyridone P4 and pyrazole
amide core. This led us to investigate new binding modalities
within the P1 pocket that did not rely on the ionic interaction
with Asp189. Compound 6 with benzylpyridone P4 and
pyrazole amide core was considered an ideal starting point for
the design of a library of substituted phenyl P1 groups. The
SAR obtained from the library facilitated the identification of
the preferred o-o-difluoro-m-methoxy substitution pattern that
produced the 3 nM inhibitor 13a devoid of a basic P1 group.
Lead optimization of 13a introduced two important
innovations: (1) the substitution of the pyrazole core, which
improved permeability; (2) the pyridine P1 group exemplified
in compound 14w, which reduced the lipophilicity and
increased solubility. X-ray analysis of key molecules during
the project progression demonstrated several interesting
features. First, all our observed X-ray structures induced a
rotamer flip of Trp215 compared with the benzamidine-bound
structure (PDB code 2ANW). This rotamer flip opens a deep
S4 binding pocket resulting in characteristic U-shaped binding
conformations to PKa, unusual in this class of serine proteases.
Second, exploration of the S1 pocket and discovery of neutral
P1 groups has identified significant alternative opportunities in
P1 binding, particularly highlighting the importance of
hydrophobic interactions. Furthermore, the novel 3-fluoro-4-
methoxypyridine P1 group derives favorable binding energy via
displacement of a water molecule close to Tyr228. These
innovations, which resulted in profoundly different molecular
properties, led to the discovery of sebetralstat. This PKa
inhibitor showed no issues in off-target pharmacology and
possessed high selectivity against related human serine
proteases. These features, together with the rapid and high

Scheme 1. Synthesis of Sebetralstata

aReagents and conditions: (a) 2-Hydroxypyridine (1.2 equiv), K2CO3 (3.0 equiv), acetone, 50 °C, 18 h, 78%; (b) methanesulfonyl chloride (1.3
equiv), Et3N, (1.4 equiv), dichloromethane, rt, 18h, 93%; (c) methyl 3-(methoxymethyl)-1H-pyrazole-4-carboxylate (0.83 equiv), K2CO3 (2.0
equiv), DMF, 60 °C, 18 h, 54%; (d) NaOH (3.0 equiv), THF-MeOH-H2O, rt, 18 h, 34%; (e) 22a (1.0 equiv), C-(3-fluoro-4-methoxy-pyridin-2-
yl)-methylamine (1.0 equiv), HATU (1.1 equiv), Et3N (6.0 equiv), dichloromethane, rt, 4 h, 64%.

Figure 7. NMR assignments for 19. NOESY and HMBC crosspeaks
shown. NMR spectral analyses are included in the Supporting
Information.

Figure 8. NMR assignments for 21a. NOESY crosspeaks shown.
NMR spectral analyses are included in the Supporting Information.
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plasma exposure and near-complete inhibition of PKa in
preclinical studies, supported its progression into toxicology
assessments and ultimately clinical evaluation. Pharmacokinetic
and pharmacodynamic profiles demonstrating rapid and near-
complete PKa inhibition were observed in healthy patients
from the phase 1 study. Sebetralstat was shown to provide fast
symptom relief in a phase 2 study in patients with HAE, and
this investigational on-demand treatment has advanced to a
phase 3 clinical study.23,30

■ EXPERIMENTAL SECTION
General Chemistry Methods. All reactions were carried out with

commercial grade reagents and solvents and were used without
further purification. NMR chemical shifts (δ) are reported in parts per
million and were recorded on a Bruker (400 MHz) spectrometer
(Billerica, MA, USA) with reference to deuterium solvent or
tetramethylsilane and run at ambient temperature. Flash chromatog-
raphy was carried using silica gel for chromatography, 0.035−0.070
mm (220−440 mesh) (e.g., Merck silica gel 60, Rahway, NJ, USA) or
prepacked silica cartridges and eluted with gradients of the specified
solvents. Preparative reverse phase HPLC was carried out on C18
HPLC columns using acetonitrile/water gradients containing 0.1%
trifluoroacetic acid. Purities of all final compounds were determined
to be ≥95% by analytical HPLC. HPLC data were collected with the
use of an Agilent 1100 HPLC system with UV detection (Santa Clara,
CA, USA) and a Thermo Hypersil Gold C18 4.5 × 150 mm 5.0 mm
column (Thermo Fisher Scientific, Waltham, MA, USA). The
conditions were as follows: mobile phase A, −0.1% trifluoroacetic
acid in acetonitrile; mobile phase B, −0.1% trifluoroacetic acid in
water; flow rate 1.5 mL/min; gradient 2−98% B over 30 min. LC−
MS data were collected with the use of a Waters Acquity H-Class LC
system equipped with a Waters Acquity QDa mass spectrometer with
ESI (Milford, MA, USA) and a Waters Acquity UPLC BEH C18 2.1
× 50 mm 1.7 mm column. The conditions were as follows: mobile
phase , − 0.1% formic acid in acetonitrile; mobile phase B, − 0.1%
formic acid in water; flow rate 1.0 mL/min; gradient 2−98% B over 3
min.
Synthesis of Sebetralstat. 1-(4-Hydroxymethyl-benzyl)-1H-

pyridin-2-one (19). 4-(Chloromethyl)benzyl alcohol 18 (5.0 g, 31.9
mmol) was added to a solution of potassium carbonate (13.2 g, 96
mmol) and 2-hydroxypyridine (3.6 g, 38.3 mmol) in acetone (250
mL). The reaction mixture was heated at 50 °C for 18 h and then
concentrated in vacuo. The residue was partitioned between
dichloromethane (300 mL) and water (300 mL). The organic layer
was separated, and the aqueous layer was extracted with dichloro-
methane (2 × 300 mL). The combined organic layers were washed
with brine (300 mL), dried over magnesium sulfate, filtered, and
concentrated in vacuo. The residue was purified by flash
chromatography on silica (0−10% methanol in dichloromethane) to
afford 19 (5.4 g, 25.1 mmol, 78% yield) as a white solid. MS (ESI) m/
z 216.0 (M + H)+. 1H NMR (400 MHz, DMSO-d6) δ 7.76 (dd, J =
6.8, 2.1 Hz, 1H), 7.41 (ddd, J = 9.0, 6.6, 2.1 Hz, 1H), 7.34−7.21 (m,
4H), 6.41 (dd, J = 9.1, 1.3 Hz, 1H), 6.22 (td, J = 6.7, 1.4 Hz, 1H),
5.15 (t, J = 5.7 Hz, 1H), 5.07 (s, 2H), 4.46 (d, J = 5.7 Hz, 2H). 13C
NMR (100 MHz, DMSO-d6) δ 161.4, 141.9, 140.0, 139.0, 135.7,
127.5, 126.6, 119.8, 105.4, 62.6, 50.8.

1-(4-Chloromethyl-benzyl)-1H-pyridin-2-one (20). A reaction
flask containing 1-(4-hydroxymethyl-benzyl)-1H-pyridin-2-one (19)
(8.45 g, 39.3 mmol), dry dichloromethane (80 mL), and triethyl-
amine (7.66 mL, 55.0 mmol) was cooled in an ice−water bath.
Methanesulfonyl chloride (3.95 mL, 51.0 mmol) was added to the
reaction at 0 °C, and ice−water bath cooling continued. After 15 min,
the ice−water bath was removed and stirring continued at room
temperature overnight. The reaction mixture was partitioned between
dichloromethane (100 mL) and saturated aqueous ammonium
chloride solution (100 mL). The aqueous layer was extracted with
further dichloromethane (2 × 50 mL), and the combined organic
layers were washed with brine (50 mL), dried over sodium sulfate,
filtered, and concentrated to afford 20 (8.65 g, 36.6 mmol, 93% yield)

as a pale yellow solid. MS (ESI) m/z 234.1 (M + H)+. 1H NMR (400
MHz, DMSO-d6) δ 7.79 (ddd, J = 6.8, 2.1, 0.7 Hz, 1H), 7.49−7.39
(m, 1H), 7.40 (d, J = 7.8 Hz, 2H), 7.28 (d, J = 8.4 Hz, 2H), 6.42
(ddd, J = 9.2, 1.3, 0.7 Hz, 1H), 6.24 (td, J = 6.7, 1.4 Hz, 1H), 5.09 (s,
2H), 4.73 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 161.4, 140.1,
139.1, 137.6, 136.9, 129.0, 127.9, 119.9, 105.5, 50.8, 45.8.

Methyl 3-(Methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)-
benzyl)-1H-pyrazole-4-carboxylate (21a) and Methyl 5-(Methox-
ymethyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-
4-carboxylate (21b). Methyl 3-(methoxymethyl)-1H-pyrazole-4-
carboxylate (2.11 g, 11.77 mmol; CAS No. 318496-66-1) was
added to a solution of potassium carbonate (3.25 g, 23.54 mmol) and
1-(4-chloromethyl-benzyl)-1H-pyridin-2-one 20 (3.30 g, 14.12
mmol) in N,N-dimethylformamide (5 mL) and heated at 70 °C for
3 h. The reaction mixture was diluted with ethyl acetate (50 mL) and
washed with brine (2 × 100 mL), and the organic layer was dried over
magnesium sulfate, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (120 g column, 0−
100% (10% ethanol in ethyl acetate) in isohexanes to afford two
regioisomers: 21a (2.03 g, 5.47 mmol, 47% yield) as an off-white solid
and 21b (350 mg, 0.92 mmol, 8% yield). 21a MS (ESI) m/z 368.1
(M + H)+. 1H NMR (400 MHz, DMSO-d6) δ 8.42 (s, 1H), 7.76 (dd,
J = 6.8, 2.2 Hz, 1H), 7.41 (ddd, J = 8.9, 6.5, 2.1 Hz, 1H), 7.25 (d, J =
1.2 Hz, 4H), 6.40 (dt, J = 9.1, 1.0 Hz, 1H), 6.22 (td, J = 6.7, 1.4 Hz,
1H), 5.30 (s, 2H), 5.07 (s, 2H), 4.49 (s, 2H), 3.72 (s, 3H), 3.23 (s,
3H). 13C NMR (101 MHz, DMSO-d6) δ 163.2, 161.8, 150.5, 140.6,
139.6, 137.6, 136.3, 135.6, 128.5, 128.4, 120.3, 111.8, 106.0, 66.0,
58.0, 55.1, 51.5, 51.2. 21b MS (ESI) m/z 368.1 (M + H)+. 1H NMR
(400 MHz, DMSO-d6) δ 7.88 (s, 1H), 7.76 (dd, J = 6.8, 2.1 Hz, 1H),
7.41 (ddd, J = 8.9, 6.6, 2.1 Hz, 1H), 7.28−7.21 (m, 2H), 7.17 (d, J =
8.2 Hz, 2H), 6.43−6.36 (m, 1H), 6.22 (td, J = 6.7, 1.4 Hz, 1H), 5.35
(s, 2H), 5.06 (s, 2H), 4.78 (s, 2H), 3.75 (s, 3H), 3.25 (s, 3H). 13C
NMR (101 MHz, DMSO-d6) δ 163.4, 161.8, 142.4, 140.9, 140.5,
139.6, 137.4, 136.2, 128.3, 120.3, 112.8, 106.0, 61.7, 58.2, 53.0, 51.7,
51.2.

3-(Methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-
1H-pyrazole-4-carboxylic acid (22a). To methyl 3-(methoxymeth-
yl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-car-
boxylate 21a (3.77 g, 10.26 mmol) in tetrahydrofuran (5 mL) and
methanol (5 mL) was added 2 M aqueous sodium hydroxide solution
(15.39 mL, 30.80 mmol), and the reaction mixture was stirred at
room temperature overnight. The reaction was acidified with 1 M
aqueous HCl solution (50 mL) and extracted with ethyl acetate (50
mL). The organic layer was washed with brine (50 mL), dried over
magnesium sulfate, filtered, and concentrated in vacuo to afford 22a
(1.22 g, 3.45 mmol, 34% yield) as a white solid. MS (ESI) m/z 354.2
(M + H)+. 1H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 1H), 8.32 (s,
1H), 7.76 (ddd, J = 6.8, 2.1, 0.7 Hz, 1H), 7.41 (ddd, J = 8.9, 6.6, 2.1
Hz, 1H), 7.30−7.20 (m, 4H), 6.40 (ddd, J = 9.1, 1.4, 0.7 Hz, 1H),
6.22 (td, J = 6.7, 1.4 Hz, 1H), 5.29 (s, 2H), 5.07 (s, 2H), 4.50 (s, 2H),
3.22 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 164.3, 161.8, 150.5,
140.6, 139.6, 137.6, 136.4, 135.6, 128.5, 128.4, 120.3, 113.0, 106.0,
66.0, 58.0, 55.1, 51.2.

3-Methoxymethyl-1-[4-(2-oxo-2H-pyridin-1-ylmethyl)-benzyl]-
1H-pyrazole-4-carboxylic Acid (3-Fluoro-4-methoxy-pyridin-2-yl-
methyl)-amide (14w). 3-(Methoxymethyl)-1-(4-((2-oxopyridin-
1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-carboxylic acid 22a (75 mg,
0.212 mmol), C-(3-fluoro-4-methoxy-pyridin-2-yl)-methylamine (49
mg, 0.212 mmol; CAS No. 1256812-75-5), and HATU (89 mg, 0.233
mmol) were suspended in anhydrous dichloromethane (3 mL) to
which triethylamine (177 μL, 1.270 mmol) was added, sonicated, and
then left to stir at room temperature for 4 h. The solvent was removed
under reduced pressure, and the resulting residue was quenched with
saturated aqueous ammonium chloride solution (5 mL). An off-white
solid resulted, which was sonicated, filtered under reduced pressure,
washed with water, and dried in a vacuum oven at 40 °C overnight.
The residue was purified by chromatography eluting with 1% NH3 in
MeOH/dichloromethane to afford 14w as a white solid (67 mg, 64%
yield). MS (ESI) m/z 492.0 (M + H)+. 1H NMR (400 MHz, DMSO-
d6) δ: 8.42 (t, J = 5.4 Hz, 1H), 8.29−8.21 (m, 2H), 7.75 (ddd, J = 0.7,
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2.1, 6.8 Hz, 1H), 7.41 (ddd, J = 2.1, 6.6, 8.9 Hz,1H), 7.28−7.17 (m,
5H), 6.39 (ddd, J = 0.7, 1.4, 9.2 Hz, 1H), 6.22 (td, J = 1.4, 6.7 Hz,
1H), 5.28 (s, 2H), 5.07 (s, 2H), 4.57−4.46 (m, 4H), 3.92 (s, 3H),
3.25 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 161.9, 161.3, 153.0
(JC−F = 8.7 Hz), 147.5, 146.8 (JC−F = 253.5 Hz), 146.0 (JC−F = 7.2
Hz), 145.2 (JC−F = 11.6 Hz), 140.1, 139.1, 137.1, 136.0, 133.2, 128.1,
127.9, 119.9, 116.3, 108.7, 105.5, 66.3, 57.5, 56.4, 54.6, 50.7, 38.3.
General Biological Methods. Determination of Percentage

Inhibition and IC50 for PKa and Related Proteases (Isolated
Enzyme). PKa inhibitory activity in vitro was determined with the use
of standard published methods.31 Following preincubation for 5 min,
the enzymatic activity was analyzed with kinetic assays of fluorogenic
substrate cleavage using a fluorometer (Spark 20M, Tecan,
Man̈nedorf, Switzerland). Human PKa (Calbiochem, MilliporeSigma,
Burlington, MA, USA) activity was measured by using H-D-Pro-Phe-
Arg-AFC (Peptide Protein Research, Southampton, Hampshire,
U.K.). To estimate the IC50, a four-parameter logistic dose−response
curve was fitted to the normalized rate of fluorescence increase. The
effects of 14w on the catalytic activity of a panel of serine proteases
(Table 10) were analyzed by using fluorogenic substrate cleavage
assays specific for each protease using standard published
methods.32,33 The compound was preincubated with each enzyme
for 5 min prior to substrate addition. To estimate the IC50, a four-
parameter logistic dose−response curve was fitted to the normalized
rate of fluorescence increase. The active proteases typically purified
from human plasma and corresponding substrates are commercially
available.

Determination of PKa Activity in Whole Plasma. PKa enzyme
activity was measured in human pooled plasma (control plasma,
Affinity Biologicals, Ancaster, Ontario, Canada) by using H-D-Pro-
Phe-Arg-AFC. The kallikrein−kinin system in plasma was stimulated
by the addition of DXS 500 kDa (Sigma-Aldrich, St. Louis, MO,
USA). PKa activity in the plasma was estimated based on the
maximum rate of fluorescence increase. To determine the PKa plasma
IC50, compounds (at eight concentrations) were preincubated for 5
min in control plasma prior to DXS stimulation. Plasma samples were
stimulated with 6.25 μg/mL DXS, and PKa enzyme activity was
measured as described above.

Caco-2 Permeability Assay. In vitro permeability was determined
by using the Caco-2 model for oral absorption. The methodology was
adapted from standard published methods.34 The Caco-2 cells
(ATCC, Global Biological Resource Center, Manassas, VA, USA)
were seeded at a density of 2 × 105 cells/well on 24-well fibrillar
collagen PET insert plates, 1 μm pore size (Corning Life Sciences,
Tewksbury, MA, USA), and maintained for 3 days in Corning
Intestinal Epithelium Differentiation Medium in a humidified
incubator at 5% CO2. For the assay, test compounds were prepared
in DMSO and diluted 100-fold in Tyrode’s buffer pH 7.4 (Sigma-
Aldrich) and added to the apical side of the insets with Tyrode’s
buffer added to the basolateral compartment. Assay plates were
incubated for 1 h at 37 °C on a shaking platform (120 rpm). Apical to
basolateral transport was determined by measuring the test article in
both compartments by LC−MS/MS following incubation. The
integrity of the Caco-2 monolayers was confirmed by two methods:
(1) comparison of pre- and postexperiment transepithelial electrical
resistances and (2) assessment of Lucifer Yellow flux. Papp was
calculated as (VB/(AUCA + AUCB))(1/S)(AUCB/t), where VB is the
volume of Tyrode’s buffer in the basolateral compartment, AUCA is
the total peak area of the test drug in the apical compartment
postincubation, AUCB is the total peak area of the test drug in the
basolateral compartment postincubation, S is the surface area of the
monolayer, and t is the incubation time.

In Vitro Clearance Determinations with Human Liver Micro-
somes. The CLint in human liver microsomes was determined by
using standard published methods.35 For the assay, test compounds
were prepared in 50:50 DMSO:acetonitrile and mixed with human
liver microsomes (0.5 mg/mL; BD Gentest, Woburn, MA, USA) in
0.1 M phosphate buffer at a final substrate concentration of 5 μM.
Reactions were initiated by the addition of NADPH-regenerating
system with the assay plate shaking (150 rpm) at 37 °C for the

duration of the assay. Samples were taken at 0, 6, 12, 18, 24, and 60
min, and test compound concentrations were determined by LC−
MS/MS against a calibration curve. The intrinsic clearance was
calculated with methodology described in the literature.36,37

The absorbance of the plate was read in the SpectraMax Plus plate
reader (Molecular Devices, San Jose, CA, USA) (at 25 °C) at 650 nm
before the addition of DMSO stock compound solutions. The stock
compounds (10 mM in 100% DMSO) were then added at 0.1 μL
quantities to 83 μL of (a) 0.1 N HCl (Sigma-Aldrich) or (b) Tyrode’s
buffer pH 7.6 (Sigma-Aldrich) plus 1% DMSO (Sigma-Aldrich) and
1% bovine serum albumin. Thus, 0.1 μL gave 12 μM, 0.2 μL gave 24
μM, etc. After the last additions, the plate was mixed for 30 s on a
Variomag Teleshake (Thermo Fisher Scientific) at a quarter speed
and then transferred to the SpectraMax Plus plate reader, where the
absorbance was measured at 650 nm. Plate wells containing
absorbances above 0.005 were checked under a microscope for
foreign contamination prior to reporting results.

Thermodynamic Solubility. FaSSIF/FeSSIF/FaSSGF powder
(Biorelevant, London, U.K.) was made up to the relevant buffer
according to the manufacturer’s instructions.38

FaSSIF Solubility. The solubilities of test compounds in FaSSIF
were determined at pH 6.5 after 4 h of equilibration at room
temperature.

FaSSGF Solubility. The solubilities of test compounds in FaSSGF
were determined at pH 1.6 after 4 h of equilibration at room
temperature. Volumes of FaSSIF/FeSSIF/FaSSGF powder were
added to test compounds to give nominal concentrations of either
1 or 100 mg/mL (as free base) in (preheated to 37 °C) media. The
samples were vortexed before being placed in a Titramax 1000 shaker
(Heidolph Instruments, Schwabach, Germany) for 4 h at 37 °C and
approximately 500 rpm. On completion, the samples were transferred
to Eppendorf tubes and centrifuged at 15000g (relative centrifugal
force) for 10 min at 37 °C. Aliquots were taken and diluted, and the
assay was run against calibration standards.39

Pharmacokinetics. Rats. Pharmacokinetic studies were per-
formed to assess the pharmacokinetics following a single iv or po
dose in male Sprague-Dawley rats sourced from Charles River
Laboratories (Harlow, Essex, U.K.). Two rats were given a single
dose: 1 mg/kg iv as 1 mL/kg of a nominal 1 mg/mL formulation of
test compound in vehicle or 10 mg/kg po as 5 mL/kg of a 2 mg/mL
formulation of test compound in vehicle.

Dogs. Pharmacokinetic studies were performed to assess the
pharmacokinetics following a single iv or oral po dose in male beagle
dogs sourced from either Harlan UK (Blackthorn, Oxfordshire, U.K.)
or Pharmaron Biologics (Cardiff, Wales, U.K.). Two dogs were given
a single dose: 1 mg/kg IV as 1 mL/kg of a nominal 1 mg/mL
formulation of test compound in vehicle or 1 mg/kg po as 5 mL/kg of
a 0.2 mg/mL formulation of test compound in vehicle.

Following dosing, blood samples were collected over a period of 24
h. Sample times were 2, 5, 15, and 30 min and then 1, 2, 4, 6, and 12 h
following iv administration and 5, 15, and 30 min and then 1, 2, 4, 6,
8, 12, and 24 h following oral administration. Following collection,
blood samples were centrifuged, and the plasma fraction was analyzed
for the concentration of the test compound by LC−MS.
Pharmacokinetic parameters were determined with noncompartmen-
tal analysis.40

hERG Inhibition. The QT prolongation potential of sebetralstat
was evaluated by in vitro inhibition of the human hERG K+ channel
performed with whole-cell patch clamp electrophysiology.

CYP450 Inhibition Assay. Isoform-specific assay conditions were
employed. Test compound (0.1, 0.25, 1, 2.5, 10, 25 μM) was
incubated with pooled human liver microsomes (0.25 mg/mL;
Corning Life Sciences), an appropriate isoform-specific probe
substrate, and NADPH (1 mM) at 37 °C for an isoform-specific
incubation time. The reactions were terminated by the addition of an
aliquot of the incubation into methanol. The samples were
centrifuged at 2500 rpm for 30 min at 4 °C, and aliquots of the
supernatant were diluted for LC−MS/MS analysis. The formation of
isoform-specific metabolites acetaminophen (CYP 1A2), hydroxybu-
propion (CYP 2B6), 6α-hydroxypaclitaxel (CYP 2C8), 4 hydrox-
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ydiclofenac (CYP 2C9), 4-hydroxymephenytoin (CYP 2C19),
dextrorphan (CYP 2D6), 1-hydroxymidazolam, and 6β-hydroxytes-
tosterone (CYP 3A4) were monitored. A decrease in the amount of
metabolite formed compared with vehicle control was used to
calculate an IC50 value for each experimental condition.
Ethical Statement. All scientific procedures on living animals

conducted in the United Kingdom are subject to legislation under the
Animals (Scientific Procedures) Act 1986. The Act is administered by
the U.K. Home Office and provides for establishment designation,
issue of project license for specified programs of work, and issue of
personal licenses for individuals conducting procedures. All animal
studies conducted were ethically reviewed and carried out in
accordance with this Act, U.K. Home Office guidance on the
implementation of the Act, and the Pharmaron UK Ltd. codes of
practice for the care and housing of laboratory animals.
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