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Inhibitory effect of carboxylic acid group on hERG binding
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Abstract—Drug-induced QT prolongation arising from drugs’ blocking of hERG channel activity presents significant challenges in
drug development. Many, but not all, of our benzamidine-containing factor Xa inhibitors were found to have high hERG binding
propensity. However, incorporation of a carboxylic acid group into these benzamidine molecules generally leads to hERG inactive
compounds regardless where the carboxyl group is tethered within the molecules. The inhibitory effect of a carboxylic acid group on
hERG binding has also been observed in many series of diverse structural scaffolds (including non-amidines). These findings suggest
that the negatively charged carboxylate group causes unfavorable interaction within hERG channel binding cavity by electrostatic

interaction.
© 2006 Elsevier Ltd. All rights reserved.

The human ether-a-go-go-related gene (hERG) potassi-
um channel is expressed in the human heart, is a key
effector of cardiac repolarization, and contributes to
the QT interval measured by ECG. Drug-induced QT
prolongation has been recently recognized to cause ad-
verse and fatal side-effects in many clinical settings.'
Several drugs have been withdrawn from the market
due to their hERG binding and attending QT interval
prolongation. For example, Terfenadine (Seldane@g,
Cisapride (Propulsid®), and astemizole (Hismanal®)
have been victims of hERG binding.? It has been shown
that inhibition of hERG potassium channel can lead to
a prolongation of the QT interval, widely considered a
critical risk factor for torsades de pointes (TdP)
arrhythmia. Thus, hERG binding has become a major
hurdle in current drug development. To overcome the
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hurdle, the high throughput in vitro assays that measure
a compound’s ability to inhibit hERG channels have
become powerful screening tools for medicinal chemists
to gain first hand SAR information, and to evaluate
their potential for side-effects in early stage of drug
discovery.?

Significant progress has been made during the last few
years, in the understanding of electrophysiology of
hERG channels,* mechanisms of drug-induced QT pro-
longation,’ the structural understanding of drugs bind-
ing to hERG channel,® and the relationship of hERG
binding potency with preclinical in vivo QT prolonga-
tion studies.” Recently, researchers have begun to report
hERG binding properties of their compounds along
with their activities against the desired drug targets, thus
providing valuable hERG SAR for a particular series of
compounds.® Pharmacophore modeling and QSAR
analysis have also helped to gain insights into under-
standing the SAR data.”> However, it is still highly
desirable to identify the structural determinants (or ele-
ments) that contribute to hERG binding, thus providing
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medicinal chemists with strategies on how to overcome
hERG binding problems.

During the discovery and investigation of potential oral
factor Xa inhibitors, we found that the majority, but not
all, of the benzamidine-containing factor Xa inhibitor
molecules inhibit hERG activity with high potency
(the anti-hERG activity of our factor Xa compounds
was measured by an in vitro binding assay described
in Ref. 10). The hERG binding SAR analysis of in house
compounds and the literature compounds indicates that
various basic groups such as amidines and amines are
likely to be principally responsible for the hERG bind-
ing activity. However, we discovered that incorporation
of a carboxyl group into the hERG active inhibitors
generally leads to hERG inactive compounds. In this
paper, we will present examples of compounds within
several distinct structural scaffolds, which inhibit hERG
with sub-uM affinity. Furthermore, we have found that
placing a carboxyl group or carboxyl-containing moiety
into potent hERG molecules at various locations results
in molecules devoid of hERG binding property. These
results indicate that a carboxylate group has a strong
inhibitory effect on hERG binding of these compounds.

In the anthranilamide benzamidine series (Table 1), the
biphenyl thioether 1 has hERG K; of 0.089 uM.
Appendage of an ester group on the thiophenyl ring
gives compound 2 with similar hERG binding activity
(K; =0.071 uM), and the dimethylamide analogue 3 also
shows sub-micromolar activity (K; = 0.37 uM). Howev-
er, the corresponding acid 4 has K; of 4.6 pM, a 50-fold
decrease in hERG binding affinity relative to compound

Table 1. Anthranilamide benzamidine series I

HN 0
—N D’\

| HN X
o —
HN—O—CI
N Y
X Compound K; (hERG, uM)
—S—@ 1 0.089
—S—@—COZCH:, 2 0.071
—S—@—CONMeg 3 0.37
—S—@—COZH 4 4.6
—o—<i>—cogcn-|3 5 0.57
e W 0
—CH,CH,CO,CHj; 7 0.79
—CH,CH,CO,H 8 >10
-OCH,CO,C,H; 9 0.97
*OCHzCOzH 10 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

1. The same trend is also observed with the biphenyl
ether acid 6, which is inactive against hERG
(K; > 10 uM), while the ester counterpart 5 has hERG
K; of 0.57 uM. The same observation also holds true
for the analogues with straight chains (compounds
7-10). The esters 7 and 9 have K; of 0.79 and 0.97 uM,
respectively, while the corresponding acids 8 and 10
are all hERG inactive (K; > 10 uM).

To test the generality of the observed inhibitory effect
of a carboxyl group on hERG binding, we purposely
performed the modification at different sites of the
molecules. First, we carried out the modification at
the amidine functional group of the anthranilamides.
The results are shown in Table 2. The nipecotic ami-
dine ester 11 is a strong hERG inhibitor with K; of
0.016 uM. However, the corresponding acid 12
(K;> 10 uM) is strikingly inactive against hERG
(>625-fold decrease in binding affinity). The isonipe-
cotic analogues 13 (ester, K; =0.017 uM) and 14 (acid,
K; > 10 uM) also showed the same striking difference
in hERG activity. The difference in hERG binding is

Table 2. Anthranilamide benzamidine series 1T

R3
HN :< O R2
X HN R!
o —
A~ )-o
N—7
X R!' R*> R*? Compound K; (hERG, uM)
EtO,C
Cl H H 11 0.016
N_
HO,C
Cl H H 12 >10
N_
EtO,C N— ClI H H 13 0.017
HO,C N— Cl H H 14 >10

EtOZC—C— Cl OMe F 15 0.051
H02C—C— Cl OMe F 16 >10

N— cCH H 17 0.10
HOC\ cH H 18 14
7/
HOL "N~ Ca H H 19 1.4
7

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.
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globally observed when other parts of the molecule
have been modified (ester 15, K;=0.051 uM vs acid
16, K; > 10 uM). For the open chain analogues, such
as the dimethylamidine 17, potent hERG inhibition
is observed (K;=0.10uM). However, adding a
carboxylate group to the amidine moiety reduces
hERG binding by 14-fold (18, 19).

Encouraged by the general inhibitory effect of a carbox-
yl group on hERG binding activity, we designed and
synthesized additional analogues at the position X of
P3 phenyl ring. The detrimental effect of a carboxyl
group on hERG binding is further supported and evi-
denced by these substitutions (Table 3). Attachment of
piperidine at the site gives the compound 20 with com-
parable hERG activity (K;=0.14 pM) as the parent
compound 17 (K; = 0.10 uM). However, tethering car-
boxylate-containing moicties at the P3 site results in
greatly reduced hERG activity or virtually inactivity
against hERG, regardless of the positions of the carbox-
ylate on the piperidine ring (21-23, 27), or whether they
are cyclic (21-23, 27) or open chain form (24).

Motivated by the observation that a carboxyl group
inhibits hERG binding in the anthranilamide series, we
set out to design, synthesize, and examine if the same
phenomena can be translated into other structurally dis-
tinct series of factor Xa inhibitors. Very interestingly,
the carboxylate’s effect on hERG binding has been
found to be ubiquitous. For example, in the piperazinea-
mide series as shown in Table 4, the morpholinamide
compound 28 shows sub-micromolar hERG activity
(K; = 0.60 uM). However, the carboxylate-containing
analogues 29 and 30 are all hERG inactive
(K; > 10 uM).

In the piperizinone series as shown in Table 5, the inac-
tivity of the acid 32 (K; > 10 uM) is in a stark contrast to
the exhibited high potency of the corresponding ester 31
against hERG (K; = 0.071 uM).

The effect of a carboxyl group on suppressing hERG
binding is also evident in the pyrazole series as shown

Table 4. Piperazine series

(0]
Table 3. Anthranilamide benzamidine series 111 o ﬁx
N
X \
HN o N \I(©)L \/N\
- «,N SO,
N HN R' =
o —
o
N / Cl
X R! Compound K; (hERG, pM) X Compound K; (hERG, uM)
H Cl 17 0.10 /\
O N— 28 0.60
—/
{ N— cl 20 0.14 HO-C
29 >10
N_
CO,H
Cl 21 >2.0
N— H020—<:/\ — 30 >10
HO,C The K; values of the carboxylic acid-containing compounds are high-

HOZC—C -« 23 >10
a 24 6.6
C — OMe 25 0.20
EtOQC—C —  OMe 2 0.60
HOZC—C -~ OMe 27 >10

lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

Table 5. Piperizinone series

X
Wese
/N O)\’ N\
NH 702
HN
Cl

X Compound K; (hERG, uM)
-CO,Et 31 0.071
-COH 32 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.
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in Table 6, where the acid 34 is hERG inactive
(K; > 10 uM), while the nitrile 33 has hERG K; of
0.88 uM. In the acrylamide series!'! as shown in Table
7; and in the anilinesulfonamide series'? as shown in Ta-
ble 8, the detrimental effect of the carboxylate on hERG
binding is also evident.

Having concluded that a carboxyl group is almost uni-
versally detrimental to hERG binding of the benzami-
dine-containing molecules, we were intrigued to
investigate if the effect could be utilized and extrapolated
to other non-amidine compounds such as amine-based
and neutral molecules. In our tertiary amine-based pyr-
azole FXa inhibitor series (Table 9), compound 39
shows hER G binding with K; of 1.0 uM. However, when

Table 6. Pyrazole series 1

HN H R
>\—< >— .N
N N

X Compound K; (hERG, pM)
-CN 33 0.88
-COH 34 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

Table 7. Acrylamide series

SOQNHQ

X' R CHs
O—Oy=
o)
HN? NH,

X Compound K; (hERG, uM)
H 35 0.53
—-CH,COH 36 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

Table 8. Anilinesulfonamide series

O/O\ :

NH - O
0=S_
/i
OI X O

HNZ > NH,
X Compound K; (hERG, pM)
—CH; 37 39

-CH,CO,H 38 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

Table 9. Pyrazole series 11

X Compound K; (hERG, uM)
H 39 1.0
COH 40 >10

The K; values of the carboxylic acid-containing compounds are high-
lighted in bold for easy reading and comparison. The carboxylic acid
groups in the structures are also highlighted in bold.

we tethered a carboxylic acid to the molecule, the com-
pound 40 becomes hERG inactive.

In the literature, there are also some scattered informa-
tion showing that a carboxyl group reduces hERG bind-
ing of amine-based compounds.'>°P-82-2 Terfenadine 41
(Fig. 1), an antihistamine drug, has been shown to be
able to induce QT prolongation in patients due to its
ability to block the hERG potassium channel (hRERG
1Cs5y = 56 nM, from patch clamp assay). Furthermore,
terfenadine is metabolized extensively by a hepatic en-
zyme (CYP3A4) to a metabolite, fexofenadine 42, which
contains a carboxylate. Interestingly, the terfenadine
carboxylate 42, the deemed active antihistamine compo-
nent, has been shown to be hERG inactive (hERG
1Cs59p = 23 uM, from patch clamp assay), and it does
not cause QT prolongation. Since terfenadine is normal-
ly metabolized to the hERG inactive metabolite, its sys-
temic exposure is usually below toxic level at a normal
dose. However, its cardiotoxicity will emerge when it is
overdosed or its metabolism is blocked by other drug
interactions. The finding that a hERG active drug is
transformed to a hERG-negative metabolite by intro-
duction of a carboxyl group to the molecule is in agree-
ment with the effect of a carboxyl group on suppressing
hERG binding of the parent compound.

Terfenadine 41
hERG IC50 = 56 nM

Fexofenadine 42
hERG IC50 = 23uM

Figure 1. Terfenadine and terfenadine carboxylate.
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Probucol 43 AGI-1067

Figure 2. Probucol and AGI-1067.
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Cetirizine 44 Grepa-floxacin 45
hERG IC50 > 30 uM hERG IC50 > 50 uM

Figure 3. Cetirizine and Grepa-floxacin.

Another example is Probucol (Sinlestal®) (a neutral
molecule) 43 as compared to its metabolically stable
analogue AGI-1067 that contains a tethered carboxyl
group (Fig. 2). In contrast to Probucol, which is a pow-
erful antioxidant with properties of inducing prolonga-
tion of QT interval, AGI-1067 does not inhibit hERG
channel and does not induce prolongation of QT inter-
val as evidenced in Phase II clinical trial.'#

Examination of literature data as well as our in house
data suggests that basic amine compounds, similar to
benzamidines, have a high tendency for hERG bind-
ing.”®!7 However, the amine compounds that contain
a carboxylic acid group are generally hERG inactive,
as exemplified by Cetirizine 44 (hERG ICsq > 30 uM,
from patch clamp assay) and Grepa-floxacin 45
(hERG 1ICs59> 50 uM, from patch clamp assay)
(Fig. 3).9%17

The data we presented in this communication have
shown that our benzamidine-containing molecules of di-
verse structural origins often found themselves possess-
ing strong hERG binding property. However, it is
remarkable that by simply tethering a carboxyl group
on the molecules regardless of where it is tethered, it
generally suppresses their hERG binding affinity by
more than two orders of magnitude. Furthermore, this
effect has been shown to be ubiquitous in structurally di-
verse series (including non-amidines).

Considering that hERG is a potassium cation channel,
it is not surprising that monovalent cations are stabi-
lized within the pore of the KcsA potassium chan-
nel,'> and many potassium channels including hERG
are blocked by positively charged amines,'®? such as
terfenadine. We have now found that the positively
charged benzamidine molecules also have pronounced
tendency for hERG binding, suggesting that the elec-
tric charge of the ligands plays an important role in
the receptor binding by electrostatic interaction. Fur-
thermore, we have also demonstrated that the Ii-
gand-binding affinity can be almost universally
suppressed by introducing a negatively charged car-
boxylate group into the ligand, an effect not exhibited
by the corresponding neutral ester groups (for exam-
ple, ester 11 vs acid 12). The findings suggest that
the ligand’s electric charge is an important factor for
hERG binding, in addition to other factors such as
hydrophobicity, structural complementarity, and steric
and conformational effects.” It would also be interest-
ing to examine whether this effect could be exerted by
other acidic functionalities such as sulfonic acids, tet-
razoles, acyl sulfonamides, and sulfonylureas.

Although the data presented here are empirical observa-
tion, we are also in the process of rationalizing the ob-
served SAR from the perspectives of structure-based
ligand-receptor interactions. These results will be pub-
lished in due course. Nevertheless, this piece of SAR infor-
mation should prove to be useful to medicinal chemists in
their efforts to overcome potential hERG binding prob-
lems. Although adding a carboxylic acid group into a mol-
ecule could modify the compound’s physiochemical
property in some undesirable ways, for example, a zwit-
ter-ionic property of an amine compound containing a
carboxylic acid in some cases might cause problems in
compound’s oral absorption, the ease of tethering a car-
boxylic acid into a molecule as well as the freedom of
choosing the tethering positions and lengths as demon-
strated in this article should provide a convenient exercise
to battle hERG binding liability in drug discovery.
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