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Introduction

Typical drug discovery programs aim to identify drug candi-
dates that are selective for a single target. Interactions with
two or several related targets might also be pursued, as in the
SNRI class of antidepressants.[1] Multiple activities at a number
of relevant targets might contribute to pharmacological activi-
ty, as with antipsychotic drugs,[2] or might lead to an improved
therapeutic effect, as with kinase-inhibiting anticancer drugs.[3]

Although such tailored polypharmacology can be beneficial,
unintended polypharmacology needs to be avoided, as it can
lead to adverse drug reactions (ADRs). For instance, the off-
target agonistic 5-HT2B receptor activity of a metabolite of the
anorectic drug fenfluramine (withdrawn in 1997) was linked to
irreversible and potentially fatal pulmonary hypertension[4] and
the development of heart valve abnormalities.[5] A compilation
of selected cardiovascular targets and potential ADRs can be
found in a report by researchers at Novartis.[6]

To detect unwanted off-target activities, compounds are
often submitted to contract research organizations (such as
Cerep, Novascreen, MDS PanLabs) for screening against panels
typically composed of 60–150 targets. In-house panel screens[6]

and in silico prediction tools[7, 8] have been used as less expen-
sive, higher-throughput alternatives to address pharmacologi-
cal promiscuity. These methods cover only a fraction of the es-
timated 3000 drugable targets in the human genome;[9] in sili-
co target profiling methods, which can cover greater numbers
of targets, have therefore been used to complement in vitro
results. Such drug target profiling suggests that drugs interact,
on average, with as many as 6.3 target proteins.[10]

Several structural features and molecular parameters have
been associated with promiscuity. Indole, furan, and piperazine
motifs were found to be over-represented in promiscuous

compounds, whereas carboxylic acid groups seem to prevent
promiscuity.[8] Several studies found that promiscuity increases
with lipophilicity.[8, 11–13] Bases are more prone to promiscuity
than uncharged compounds and acids.[12] These studies were
performed with different datasets, such as the BioPrint� data-
set,[12, 14] Pfizer HTS and project data,[11] or Novartis safety phar-
macology profiling (SPP) data.[8] To investigate which parame-
ters are the most relevant determinants for promiscuity within
the chemical space of recent compounds at our organization,
F. Hoffmann-La Roche Ltd. (Roche), we performed a similar
analysis for Roche compounds that were profiled at Cerep in
the years 2004–2007. The results of this analysis are described
below.

A special aspect of unwanted polypharmacology is the inter-
action of compounds with promiscuous targets such as the
hERG channel[15] or metabolic enzymes.[16] Furthermore, poly-
pharmacology might contribute to the phenomenon of “fre-
quent hitters”,[17] although assay perturbation, micelle forma-
tion, or compound aggregation are probably more impor-
tant.[18] Such issues are addressed differently and are therefore
not within the scope of this analysis.

The term “pharmacological promiscuity” describes a com-
pound’s pharmacological activity at multiple targets. Pharma-
cological promiscuity is undesired in typical drug discovery
projects, which focus on the “one drug–one target” paradigm.
Off-target activity can lead to adverse drug reactions, or can
obscure pharmacodynamic effects in animal models. Therefore,
advanced lead compounds, pharmacological tool compounds,
and drug candidates are usually screened against panels of
safety-relevant targets to detect unwanted pharmacological ac-
tivities. To identify determinants of pharmacological promiscui-
ty, we compared the panel screening outcomes of 213 recent

Roche compounds with their molecular properties. Pro-
nounced promiscuity was not observed below a threshold
Clog P value of 2. For basic compounds, the propensity for
weak off-target activity was found to increase with calculated
basicities, whereas the potential for strong off-target activity
depends more qualitatively on the presence of a positive
charge at physiological pH. Compounds originating from proj-
ects with an aminergic receptor or transporter as a therapeutic
target are particularly prone to promiscuity; the promiscuity of
such compounds is mainly caused by their activity at other
aminergic targets in the screening panel.
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Results and Discussion

Assessment of pharmacological promiscuity

A recent report by AstraZeneca researchers demonstrated a
particularly compelling correlation between lipophilicity and
promiscuity,[12] and triggered our own investigations. Our anal-
ysis included 213 compounds, which had been sent to Cerep
for panel screening, and that fulfilled certain selection criteria
as described below in the Experimental Section. These com-
pounds were prepared for 62 recent projects from the thera-
peutic areas listed in Table 1. In analogy to the AstraZeneca

paper, we counted for each compound the number of off-tar-
gets at which the compound displayed �30 % activity at a
concentration of 10 mm. Because the overall number of targets
was different across screens, we normalized this count by di-
viding it by the overall number of targets tested (see Experi-
mental Section). This ratio, expressed in percent, was termed
“percentage of off-targets with �30 % activity”, and was used
as a measure of promiscuity.

Relationship between lipophilicity, basicity, and promiscuity

Similar to previous studies by others, we investigated the rela-
tionship between the promiscuity of our compounds and com-
monly assessed molecular descriptors, such as Clog P, calculat-
ed pKa, and molecular weight (Mr) (see Experimental Section).
In plots of promiscuity against Clog P (Figure 1 A) or Clog D7.4

(data not shown), we found a similar distribution of data
points as in the Pfizer[11] and AstraZeneca[12b] studies. Pro-
nounced promiscuity is not observed below a threshold Clog P
value of 2 (or a threshold Clog D7.4 value of 1). Although the
number of compounds below this threshold is too small to
draw definite conclusions, this corroborates the findings of
Pfizer scientists with larger datasets, that Clog P>2.5–3 is ob-
served for the most promiscuous compounds.[11] The only outli-
er in our dataset, with >10 % off-target hits despite a Clog P<
2, is a peptide (Mr>1000 Da), whereas all other compounds in
the dataset are small molecules. A large variation in promiscui-
ty is observed in the range of Clog P 2–6, and medium promis-
cuity is observed for Clog P>6. It is apparent that positively
charged compounds are more prone to promiscuity than neu-
tral or negatively charged compounds (Figure 1 A; for dataset
composition, compare Table 2). This is in agreement with the

observation by AstraZeneca researchers, that bases and quater-
nary bases in the BioPrint� dataset are notably more promiscu-
ous than acids, neutral compounds, or zwitterions.[12] Interest-
ingly, the likelihood of compounds with a basic center to show
promiscuity increases with rising pKa(B) (Figure 1 B); this trend
was observed across projects. A correlation between promiscu-
ity and molecular descriptors unrelated to pKa and Clog P was
not found. In particular, no relationship between Mr and pro-
miscuity could be established. Molecular weight can be regard-
ed as an estimate of molecular complexity,[11] which is generally
thought to have an impact on polypharmacology.[19] Observa-
tions from previous analyses of various datasets with regard to
Mr and promiscuity are inconsistent: Whereas compounds with
higher Mr were less promiscuous in the Pfizer HTS dataset,[11]

higher Mr led to increased promiscuity in the Novartis SPP da-
taset;[8] a more complex relationship was described in the As-
traZeneca analysis of BioPrint� data.[12]

“Weak” versus “strong” off-target activity

For comparability with the AstraZeneca paper, we used a
threshold of 30 % activity at off-targets at a concentration of
10 mm for our assessment of promiscuity in the analysis de-
scribed above. An activity of <50 % at 10 mm should, in theory,
correspond to IC50>10 mm. Such an activity can be regarded
as weak relative to the often low-nanomolar activity of ad-
vanced project compounds at their therapeutic targets. Al-
though some targets may cause a physiological response even
after weak stimulation or inhibition, or may be more easily ac-
cessible depending on the compound’s tissue distribution,
there is usually a sufficient therapeutic window if the off-target
activity of a compound is several orders of magnitude lower
than the activity at the therapeutic target. Weak (micromolar)
off-target activities are therefore rarely a major concern. Much
more relevant are off-target activities of 90 % or more at
10 mm, because they often correspond to an IC50 value in the
nanomolar range and can be regarded as strong. Such strong
off-target activities are often unacceptable in pharmacological
tool compounds and drug candidates. We therefore decided
to repeat our analysis with a threshold of 90 % activity at off-
targets at a concentration of 10 mm, a threshold which ap-
peared more relevant for Roche projects.

The potential for strong off-target activity depends onACHTUNGTRENNUNGpositive charge and compound origin

Promiscuity assessment at this point was based on a threshold
of �90 % response for consideration of an off-target as a hit.
Using this threshold, the potential for promiscuity was found
to be highly dependent on the presence of a positive charge
(Figure 1 C,D): essentially all compounds in our dataset that hit
>4 % of the targets in their Cerep panels carry a positive
charge. The only exception is a compound classified as neutral,
and that hits ~10 % of its Cerep targets. However, this com-
pound has a pKa(B) = 6.6, is therefore partly protonated at
physiological pH, and thus forms a positively charged fraction.
In contrast to the observation that the potential for “weak-ac-

Table 1. Origin of compounds from therapeutic areas.

Therapeutic Area Percentage
of Compounds

central nervous system 33 %
metabolic diseases 21 %
oncology 15 %
vascular diseases, lipid disorders 13 %
inflammatory diseases 7 %
others/not classified 11 %
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tivity-based” promiscuity increases gradually with pKa(B) (Fig-
ure 1 B), “strong-activity-based” promiscuity depends more
qualitatively on a pKa(B)>7, that is, on a positive charge (Fig-
ure 1 D). An inspection of our dataset revealed that strong off-
target activities are particularly common among compounds

from projects with aminergic GPCRs or transporters as thera-
peutic targets: approximately half (49 %) of the compounds
with such an origin showed strong activity at �3 % of their
Cerep targets. The majority of these compounds are positively
charged; this raised the question if a compound’s origin from

Figure 1. Relationship between Clog P, basicity, project type, and pharmacological promiscuity. The potential for weak off-target activity increases A) at a
threshold Clog P value of 2 and B) correlates with basicity. C, D) A positive charge (pKa(B)>7) is an important parameter governing strong off-target activity.
Compounds from projects targeting an aminergic GPCR or transporter are much more likely to show off-target activities than compounds from projects with
other targets. Charge and pKa(B) were calculated using the commercial prediction tool, MoKa, trained with Roche internal measurement data. Only com-
pounds with a basic center are included in panels B) and D); pKa(B) = pKa of protonated base. For illustration, the topmost data point in panel A) represents a
compound that elicits an activity of �30 % at >50 % of all targets in the screening panel.

682 www.chemmedchem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2009, 4, 680 – 686

MED J.-U. Peters et al.

www.chemmedchem.org


an aminergic project, rather than a positive charge, is the prin-
cipal determinant for the observed increased potential for pro-
miscuity. However, within the subset of compounds stemming
from “non-aminergic” projects, positively charged compounds
were also found to be over-represented (55 %) among the pro-
miscuous compounds hitting �3 % of their Cerep targets, and
under-represented (9 %) among the “clean” compounds hitting
no off-targets. Thus, a positive charge seems to increase a
compound’s potential for promiscuity, regardless of origin. On
the other hand, it is apparent that compounds that stem from
aminergic projects have a particularly pronounced risk of
being promiscuous (Figure 1C, D). For instance, the five most
promiscuous compounds, hitting �10 % of their Cerep targets,
originate from projects with aminergic targets. We concluded
that compounds with a positive charge carry a higher risk of

promiscuity than neutral or negatively charged compounds,
and that this risk is substantially increased if compounds stem
from projects with aminergic targets (“promiscuous” defined
as eliciting �90 % responses at off-targets at a concentration
of 10 mm).

Pronounced promiscuity of positively charged compounds
is mainly due to monoaminergic activity

A frequent challenge in projects targeting aminergic GPCRs or
transporters is to achieve selectivity over related aminergic tar-
gets. This pointed to the possibility that the increased promis-
cuity potential of compounds from such projects is due to ac-
tivity at other aminergic targets in the screening panel. Indeed,
an inspection of the dataset unveiled that these “aminergic”
compounds and, to a lesser extent, positively charged com-
pounds from non-aminergic projects hit a disproportionately
high number of aminergic targets in their screening panels:
70 % of the targets hit by positively charged compounds were
aminergic targets, whereas aminergic targets constitute, on
average, only 28 % of the screening panels. Some aminergic
targets were hit by >5 % of the compounds which were
tested at that target, with many of the hits being positively
charged compounds (Table 3). The dominating influence of

aminergic activity on promiscuity might be a peculiarity of our
dataset, as psychiatric diseases, which are particularly rich in
aminergic targets, have been an area of focus at our company,
and 16 % of the analyzed compounds originate from aminergic
projects. Our dataset may, however, be representative for large
research organizations, which focus on similar disease areas, or
have aminergic ligands in their screening libraries. Similar re-
sults were obtained in the Novartis analysis of SPP data, in
which the 5-HT receptors, in particular the 5-HT2B receptor,
were found to attract a high hit rate.[6] A major contribution of
aminergic activity was also found in in silico target profiling
studies, where drugs targeting aminergic GPCRs showed the
most promiscuous pharmacological profiles.[20] These findings
suggest that cross-screening against a relatively small array of
aminergic receptors may be a fast and cost-effective way to
identify promiscuity liabilities of positively charged com-
pounds.

Table 2. Ionization states of compounds in the dataset.

Charge Percentage
of Compounds

positive (single/double charge) 21 %
negative (single/double charge) 15 %
neutral 63 %
zwitterionic 1 %

Figure 2. Overt promiscuity of positively charged compounds is mainly due
to activity at aminergic targets, especially if the compounds stem from proj-
ects targeting an aminergic GPCR or transporter. For instance, the top-right
data point represents a compound that hits 13 off-targets in a screening
panel, 12 of which are aminergic targets. (Only positively charged com-
pounds are shown.)

Table 3. Targets hit[a] by >5 % of the dataset compounds that were
tested at that target.

Target All Ionization
States [%][b]

Positively
Charged [%][c]

5-HT2A receptor 6.5 25.7
dopamine transporter 6.4 17.9
NE transporter 6.1 26.3
M1 receptor 6.1 24.3
5-HT2B receptor 5.9 33.3
5-HT1A receptor 5.4 16.7

[a] Showing activity of �90 % at compound concentrations of 10 mm.
[b] Percentage of compounds (all ionization states) active at target.
[c] Percentage of positively charged compounds active at target.
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The influence of poor solubility on panel screeningACHTUNGTRENNUNGoutcomes

Our dataset contains some very lipophilic compounds
(Clog P>6), which show a relatively benign polypharmacology
profile (Figure 1 C). Solubility data[21] were available for 13 of
these compounds. With two exceptions, solubilities are
<10 mm, the test concentration of the Cerep panel. Poorly
soluble compounds might precipitate upon dilution, may
therefore appear to be less active or inactive in pharmacologi-
cal assays, and, as a result, might appear less promiscuous.
This raised the question whether we failed to establish a rela-
tionship between promiscuity and very high lipophilicity due
to erroneous panel results caused by insufficient solubility. To
address this question, we compared all compounds for which
solubility data were available, with respect to promiscuity. We
found that the distribution over the promiscuity scale for
poorly soluble compounds and for highly soluble compounds
is similar, especially if compounds of the same ionization state
are compared (Figure 3).[22, 23] This indicates that the panel
screening outcomes, at least for the compounds in our data-
set, are not substantially affected by poor solubility. Poorly
soluble compounds may show reasonable pharmacological re-

sponses in in vitro assays because pre-dissolution in DMSO,
assay solution components, and a slow rate of precipitation
might contribute to sufficient solubility in the assay media.[24]

Conclusions

There has long been awareness in the drug discovery com-
munity that molecular parameters such as lipophilicity, basicity,
ionization state, molecular weight, and complexity as well as
the presence of certain structural motifs have an influence on
pharmacological promiscuity. Several recent studies have pro-
vided a data basis for this tacit knowledge. We analyzed the
panel screens of 213 recent Roche compounds in a similar
study to identify the principal determinants of pharmacological
promiscuity within the Roche chemical space. In our assess-
ment of promiscuity based on “weak” off-target activities in a
panel screen, we found that the promiscuity potential of the
compounds in our dataset sharply increases at a threshold
Clog P�2, and that the promiscuity potential of basic com-
pounds increases gradually with their calculated pKa(B) values.
When promiscuity was assessed on the basis of “strong” off-
target activities, we found a positive charge to be a main de-
terminant of promiscuity potential for the compounds in our
data set. In particular, positively charged compounds originat-
ing from projects with an aminergic target were found to have
a high risk of being promiscuous. The pharmacological promis-
cuity of positively charged compounds is mainly due to activity
at aminergic off-targets in the screening panel. This might sug-
gest that the screening of positively charged compounds at a
representative set of aminergic targets is a time- and cost-ef-
fective way to recognize promiscuous compounds or com-
pound series early in the drug discovery process.

Experimental Section

Details on data collection and analysis

Selection criteria: This analysis includes the panel screens of 213
Roche compounds that were profiled at Cerep in the years 2004–
2007. Given the high cost of such screens, it is inferred that these
compounds are druglike and are of high value for Roche projects:
advanced lead compounds or reference compounds, for example.
Only screens performed at a compound concentration of 10 mm

were included. The screening panels contained 80 targets on aver-
age; screenings with fewer than 20 targets were omitted. An over-
view of the target type composition of the panel screens is given
in Table 4.

“Percentage of off-targets with �30 % activity”: This value was
calculated for each screen by counting the number of targets that
showed activity above a threshold of �30 %. Targets that were
measured several times were counted only once; project target(s)
were not counted. This count was regarded as the number of off-
target hits. “percentage of off-targets with �30 % activity” was
then calculated by Equation 1, and served as a measure of promis-
cuity based on “weak” off-target activity:

number of off-target hits
overall number of panel targets

� 100 % ð1Þ

Figure 3. Poorly soluble and highly soluble compounds are similarly distrib-
uted over the promiscuity scale, indicating that solubility below the test
concentration (red area) does not substantially compromise the validity of a
panel screen.
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“Percentage of off-targets with �90 % activity”: This value was
calculated as above, using a threshold of �90 %. The value served
as a measure of promiscuity based on “strong” off-target activity.

Molecular properties data collection : The data types collected are
listed in Table 5. Measured physicochemical properties were not
available for all compounds. Physicochemical properties were typi-
cally determined with the same compound batch that was also
submitted for panel screening; only if data from the same batch
were not available, the measured properties of a different com-
pound batch were used.

Correlations : All parameters listed in Table 5 were plotted against
“percentage of off-targets with �30 % activity” and “percentage of
off-targets with �90 % activity”, using Spotfire� Decision Site� 8.2.
Data points were jittered (displaced randomly for small distances)
for better visibility of overlapping data points. Parameters not
mentioned in the text were not found to correlate with promiscui-
ty. For correlations of promiscuity with basicity and lipophilicity,
calculated values (Clog P/Clog D7.4 for lipophilicity, pKa values pre-
dicted by MoKa) were used, because the use of measured data
would have led to the selection of biased datasets: very high lipo-
philicities are not routinely measured, and pKa values are only de-
termined for compounds with basic or acidic centers, with a bias
for compounds in which charge or high basicities are properties to
be optimized. For consistency, the predicted pKa values were also
used for the determination of ionization states: acidic compounds
with pKa<7 were regarded as negatively charged; basic com-
pounds with pKa(B)>7 were regarded as positively charged; com-
pounds with a basic and an acidic center, pKa<7, and pKa(B)>7
were regarded as zwitterions; and all other compounds (com-
pounds with no basic/acidic centers, acids with pKa>7, bases with
pKa(B)<7) were classified as neutral.
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