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Abstract—The impact of lipophilicity as a factor contributing to hERG potency is assessed for a large dataset of compounds of
differing ionisation type. This dataset is derived from compounds tested in the IonworksTM-based in vitro electrophysiology hERG
assay at AstraZeneca. Using logistic regression, a quantification of the risk associated with increasing lipophilicity is presented. The
anticipated differences between acidic, basic and neutral compounds are apparent in the data but lipophilicity is shown to be a stron-
ger driver for hERG potency than might have been expected. Simple rules defining target lipophilicity values for minimizing hERG
liability are derived.
� 2007 Elsevier Ltd. All rights reserved.
The interaction of pharmaceutical agents with the
human ether-a-go-go related gene (hERG)-encoded
cardiac potassium channel represents a significant safety
concern.1 Inhibition of the hERG channel can cause
delayed ventricular cell repolarisation (seen on the
electrocardiogram as prolongation of the QT interval).
In a very small percentage of people, this is associated
with a potentially fatal cardiac arrhythmia called
Torsades de Pointes. This has resulted in a number of
drugs being withdrawn from the market and represents
a significant regulatory hurdle for new molecular entities
in development.2

Due to the promiscuous nature of this interaction, the
in vitro screening of many compounds against hERG
is now carried out at an early stage in drug discovery
projects. In addition, a number of computational meth-
ods, both pharmacophore and descriptor based, that
would enable a prediction of hERG liability have been
reported.3 Whilst these methods all differ slightly in their
source dataset and the level of contribution from vari-
ous factors, the increased liability associated with basic,
lipophilic compounds is suggested strongly in all of these
studies. We were interested in the quantification of these
factors in order to allow evaluation of the hERG liabil-
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ity of individual compounds or particular series prior to
synthesis.

At AstraZeneca, a large dataset has emerged on a di-
verse range of compounds spanning a number of pro-
jects, compound classes and target disease areas. This
screening has been based on the IonworksTM whole-cell
electrophysiology-based system.4 This dataset, coupled
with octanol: water distribution coefficients (log D),
measured at pH 7.4, and a classification of compounds
as acidic, basic, neutral and Zwitterionic, was used to as-
sess the hERG liability associated with these factors.

At the time of analysis, data were available for 7685
compounds. Of the total set, 1211 compounds had logD
values measured at pH 7.4. Calculated logD values were
generated for the total dataset and the calculated data
validated against the measured data where available. A
number of methods for this purpose are available,5 but
the most accurate method evaluated was the in-house
AZlog D algorithm.6 This is trained directly on in-house,
measured logD7.4 data and it predicted the measured
data with a root mean square error (RMSE) of 0.57
and the residuals normally distributed about the zero-
point for compounds that were not in the original train-
ing set (see Supporting information). The compounds
were classified according to their anticipated ionisation
state (acidic, basic, neutral and Zwitterionic) based on
SMILES arbitrary target specification (SMARTS) codes
for those groups believed to be ionised at pH 7.4. A set
of example substructures illustrating groups considered
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to be acidic and basic is provided in the Supporting
information. The relative populations and mean values
of pIC50, AZlog D and clogP of these four categories
are given in Table 1.

Of course, for ionised compounds, the logD value is a
consequence of the partitioning of the neutral form of
the compound (log P) and the proportion of the com-
pound which is ionised at pH 7.4. This complicates, to
a degree, the use of logD to quantify the intrinsic lipo-
philicity of these classes. The use of a calculated logP
value was also considered. The commercial clogP meth-
od7 was found to handle the compounds in this dataset
less well than the AZlog D method; predicting the mea-
sured logD values of the neutral compounds with an
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Figure 1. Relationship between AZlogD and hERG pIC50 for acids, bases, n

the top concentration in the assay (shown in grey) are excluded from the fit

Table 1. Distributions and mean values of hERG pIC50, AZlogD and clogP

parentheses)

Acid Bas

n 350 430

Mean hERG pIC50 3.7 (0.53) 5.2

Mean AZlogD 0.71 (1.4) 2.5

Mean clogP 3.1 (2.2) 3.6
RMSE of 0.91 and evidence of systematic bias in the
prediction (see Supporting information).

In order to maximize the hERG dataset, not to con-
strain it to those compounds for which logD has been
measured and, more importantly, to assess the potential
for these analyses to predict future compounds, subse-
quent analyses have been carried out using the calculat-
ed AZlog D and clogP values. Given the differing
performance of the two models, it is likely that the
more rigorous conclusions should be drawn from the
analyses using the AZlog D data. However, since the
clogP method is more widely available, there is added
value in including complementary analyses using this
descriptor.
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The dataset is populated for the most part by com-
pounds from drug discovery projects. Two hundred
and fifty-two individual projects are represented within
the set. Some projects are represented to a greater extent
than others but none represents a significant fraction of
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Figure 2. Superimposed lines of best fit and 95% confidence curves for

bases (blue), neutrals (green) and Zwitterions (yellow).
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Figure 3. Logistic regressions showing how the probability of a compound

ionisation class. Those compounds with IC50 values above 10 lM are shown
the total (the largest contributor represents 3.3% of the
data).

The relationship between hERG potency and lipophilic-
ity can be shown for each of the four ionisation catego-
ries by plotting AZlog D against hERG pIC50 (Fig. 1).

As would be anticipated for a diverse set of compounds,
there is a large spread in the data and the correlations
are weak. However, the overall trend for increasing po-
tential for hERG potency with increasing AZlogD is
apparent in the lines of best fit for all but the acids,
and the p values indicate that these relationships are sig-
nificant. Superimposing the lines of best fit for basic and
neutral compounds (Fig. 2) shows that bases have a
greater inherent liability as anticipated; the Zwitterions
fall somewhere in between. The confidence curves indi-
cate that this difference is significant at the 95% level.
It is difficult to compare accurately the relative impor-
tance of a continuous variable such as logD with a clas-
sification such as acidic/basic, but it would appear from
these data that lipophilicity is a significant contributor
to hERG potency and is of similar importance to ionisa-
tion class.

Typically, a drug candidate is required to have a hERG
IC50 that is above a threshold value. Studies conducting
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analyses of the literature suggest that this can be based
on the margin between hERG IC50 and the maximal free
drug concentration required for clinical efficacy8 or,
more crudely, a margin to a primary target potency.
In our experience, for typical projects, for a compound
to satisfy such criteria, it is usually required to have an
absolute hERG IC50 of greater than 10 lM. For this
reason, we were interested in examining how the proba-
bility of meeting such a criterion was influenced by lipo-
philicity and ionisation.

The compounds were divided into two categories, those
with IC50 values below 10 lM and those with values
above. Logistic regression analyses were carried out to
quantify how the likelihood of a compound achieving
an IC50 of greater than 10 lM diminishes with increas-
ing AZlog D (Fig. 3) for each of the four classes.
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Figure 4. Logistic regressions showing how the probability of a compound ach

class. Those compounds with IC50 values above 10 lM are shown in green;

Table 2. The probability of a compound achieving a hERG IC50 of

greater than 10 lM for a given logD

AZlogD Probability of >10 lM

Acids Bases Neutrals Zwitterions

2 0.97 0.50 0.90 0.76

3 0.92 0.24 0.76 0.53

4 — 0.07 0.55 —
The logistic regression technique,9 although not widely
used in medicinal chemistry analysis, is ideally suited
to the question at hand. It is a statistical regression mod-
el which assesses how relative populations of a series of
categories (in this case hERG IC50 values above or be-
low 10 lM) change with a continuous variable (AZlogD
in this case). For such a large, structurally diverse data-
set, this can be interpreted as the probability of a future
compound of the same value of logD having a hERG
IC50 above the 10 lM threshold.

As expected, the differing liability of the four classes is
apparent in these plots, but the increasing liability of
all four classes with increasing lipophilicity can be seen
clearly. The probabilities of compounds of given
AZlogD achieving an IC50 of greater than 10 lM are
summarised (Table 2). Most markedly, the likelihood
of achieving this with a basic compound appears very
low. Even for non-lipophilic (log D = 2) bases, half of
these would be anticipated to be unacceptable against
this criterion.

As stated previously, complementary analyses were car-
ried out using the commercially available clogP method.
Whilst this method appears less accurate than the
AZlogD algorithm, its wider availability makes its con-
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values for a subset of basic compounds. The line shows the 1:1 (y = x)

line the overall RMSE around this line is 0.58. The compounds are

categorized according to their AZlogD values: <1.5 in red, RMSE

0.60; 1.5–3 in green, RMSE 0.55; >3 in blue, RMSE 0.59.

Table 4. The probability of a compound achieving a hERG IC50 of

greater than 10 lM for a given AZlogD in the binding assay

AZlogD Probability of >10 lM

Acids

(n = 126)

Bases

(n = 2289)

Neutrals

(n = 292)

Zwitterions

(n = 65)

2 0.98 0.59 0.98 0.72

3 0.98 0.26 0.93 0.47

4 — 0.08 0.69 —
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sideration valid. In addition, it might be anticipated that
the differences between ionisation classes may appear
different when considering logP as opposed to logD.

Logistic regressions against the 10 lM threshold show
that a dependence on clogP exists within each series
(Fig. 4). The same difference between the ionisation
types is apparent. There is a difference in the magnitude
of the probability when comparing the clogP equivalent
to the logD value reported previously (Table 3). This is
likely to be due to the difference between logD and logP
for ionised compounds but could also be attributed, in
part, to the systematic error in the clogP calculation.

Since the hERG potencies in this analysis are generated
in a cellular system, it might be argued that an element
of these relationships is due to changes in permeability
of the compounds rather than their true activity at the
hERG channel; cellular permeability is well established
to be related to lipophilicity.10 This can be addressed
by considering the relationship between the IonworksTM

cellular assay and the hERG radioligand binding as-
say.11 Whilst discrepancies in the relationship between
these two could be ascribed to poor cellular permeabili-
ty, they could equally be due to other differences be-
tween the two assays including differences in the
conformation of the expressed hERG channel; the latter
is highly likely to be a factor since in the cellular system
the hERG channel is membrane bound. However,
should there appear to be a bias towards compounds
showing increases in potency in the binding assay rela-
tive to the cellular system or should the discrepancy be-
tween the two appear related to lipophilicity then this
might raise concerns that the potency—lipophilicity
relationship is artefactual. There are 543 compounds
within the dataset that have hERG binding measure-
ments, of these 510 are basic. For these compounds,
the pIC50 measured in the binding assay was compared
to that measured in cells (Fig. 5). Overall, the two IC50

values compare reasonably well (RMSE 0.59) and the
average difference is not significantly different from zero.
Moreover, there is no difference between the RMSE val-
ues with changing AZlog D.

Carrying out the analogous logistic regressions with the
binding assay dataset revealed very similar trends to
those observed in the cellular system (Table 4). Given
that these are not all the same compounds as measured
in the cellular assay, it is likely that the small differences
in the results are ascribable to different structures and
sample sizes. This suggests that these relationships are
not due to differences in permeability of the compounds
across the global dataset. However, it may still be true of
isolated compounds or sub-series within it.
Table 3. The probability of a compound achieving a hERG IC50 of

greater than 10 lM for a given clogP

clogP Probability of >10 lM

Acids Bases Neutrals Zwitterions

2 0.99 0.67 0.85 0.85

3 0.98 0.47 0.79 0.79

4 0.98 0.27 0.67 0.73
An alternative way of reading the logistic plots is to use
them to define a target logD or clogP value to use as an
upper limit so as to achieve a minimum proportion of
compounds being >10 lM. The limits that would be
anticipated to lead to >70% of compounds satisfying
this criterion are shown for each class (Table 5).

Since the original analyses were carried out, a further
5748 compounds have been tested in the IonworksTM as-
say. The data for these compounds could be considered
as an independent test of the predictive nature of these
rules. The actual percentages of subsequent compounds
with hERG IC50 > 10 lM at these cut-off values were
calculated (Table 6). It is clear that these rules are pre-
dicting well the observed attrition for bases and neu-
trals; this is very close to the predicted 70% figure in
all cases. The Zwitterions appear to be handled slightly
less well although this may be due, at least in part, to a
smaller sample size.
Table 5. Target upper limits of logD and clogP to ensure >70% of

compounds achieve a hERG IC50 of greater than 10 lM

Acids Bases Neutrals Zwitterions

logD >4 1.4 3.3 2.3

clogP >9 1.9 4.0 4.4



Table 6. Test set compounds; actual percentages of compounds with hERG IC50 of greater than 10 lM for the values of AZlogD and clogP,

anticipated to give 70% attrition

Bases

(n = 2935)

Neutrals

(n = 2319)

Zwitterions

(n = 243)

AZlogD 1.4 clogP 1.9 AZlogD 3.3 clogP 4 AZlogD 2.3 clogP 4.4

75% 72% 73% 71% 80% 86%
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As anticipated, it is clear that basic compounds are
more likely to have hERG activity than neutral
compounds which are in turn more liable than acids.
However, these analyses suggest that lipophilicity is a
contributor comparable in magnitude to ionisation.
Targeting lipophilicities below those defined in Table 5
is likely to provide the greatest likelihood of avoiding
hERG issues within chemical series. Specific examples
of such strategies have been described in the litera-
ture.12 Based on this it has been proposed that lead
molecules with clogP > 3 can be optimized by reducing
lipophilicity should a correlation between clogP and
hERG be established. Should compounds have clogP
values <3 and still exhibit hERG potency then structur-
al modification is required. The findings described here
are broadly consistent with these observations although
it is likely that different limits should be appropriate for
different ionisation classes. The low probability of lipo-
philic bases achieving acceptable hERG potencies
might be considered prohibitive in the environment of
increasingly stringent regulatory views on hERG and
QT. Targets requiring such a motif for primary potency
may be required to adopt radical or innovative strate-
gies to avoid the problem. Moreover, the desirability
of targeting reduced lipophilicity in searching for drug
candidates13 is reinforced and, perhaps, further rationa-
lised by these findings.

These analyses should be useful in allowing the early
assessment of the risk of a new chemical series based
on ionisation state and lipophilicity as well as providing
a potential strategy for reducing hERG potency within a
more established project.
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