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A B S T R A C T

Primary aromatic amines (pAAs) are attractive building blocks in medicinal chemistry programmes yet their
potential for mutagenic activity causes real concern owing to the risk of genotoxicity-related drug attrition. In
addition, despite the existence of a substantial body of experimental data, the prediction of aromatic amine
mutagenicity still poses a significant challenge for in silico tools. Major contributors to this dilemma are the
stability and physicochemical properties of a subset of aromatic amines that affords them capricious mutagenic
properties in the Ames test. Such inconsistent mutagenic potential is also compounded by the inherent varia-
bility with the assay itself and underscores the need for a rigorous approach in executing the experimental
protocol. In order to understand the utility of the in silico approach towards the prediction of pAAs mutagenicity
and to widen the availability of mutagenicity data, a group of pharmaceutical companies has formed a con-
sortium with the aim of exchanging their in-house data and making them publicly available for the first time.
Summary data compiled during the first phase of this effort is disclosed here and its utility in conjunction with in
silico prediction is discussed. Conclusions from this analysis highlight the critical role of expert judgement in
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rationalizing the experimental activity seen in the Ames test with predictions from in silico models. This colla-
boration demonstrates the value of sharing such data pre-competitively to aid in both the selection of Ames
negative building blocks for drug development while simultaneously helping to develop better in silico tools.

1. Introduction

Aromatic amines remain popular building blocks in medicinal
chemistry owing to their synthetic versatility coupled with their ability
to confer diverse properties on a chemical series. While this compound
class is ubiquitous in drug molecules, their potential for genotoxicity
(i.e. mutagenicity) is perceived as a serious safety issue. In many cases,
however, the potentially-mutagenic primary aromatic amines (pAAs)
are coupled to a chemical group such that the bioactivation pathway
associated with their genotoxic mechanism is no longer available.
Nevertheless compounds containing aromatic amines must be screened
in order to assess the risk from the drug product itself as well as any
potential synthetic impurities and/or metabolites. In 2009 [1] it was
estimated that 14% of marketed drugs contain aromatic amines (pri-
mary and secondary), and an analysis of one of the consortium mem-
ber’s compound collection suggests that around 25% of compounds
synthesized for medicinal chemistry programmes contain pAAs or their
potentially-metabolically labile derivatives. Within this proprietary
compound set, the number of heteroaromatic amines exceeded anilines
by a ratio of approximately 2–1. Examples of marketed drugs that
contain primary and functionalised aromatic amines are included in
Fig. 1.

In 2010 there was an increasing awareness amongst drug discovery
chemists that an extensive array of Ames test data (derived from syn-
thetic intermediates, starting materials, impurities, etc.) was being
generated within the pharmaceutical industry that could both be shared
and used to improve the prediction of pAA-mediated mutagenicity. To
address this issue, in February 2011 the Royal Society of Chemistry,
prompted by Pfizer scientists, invited a number of pharmaceutical
companies to discuss a joint approach to further understand the liability
of this common building block in drug discovery. A precompetitive
collaborative group was established to share data and Lhasa Limited
was tasked with coordinating this Consortium for the Investigation of
Genotoxicity of Aromatic Amines (CIGAA). The aims of this group were
to collect and publish proprietary summary Ames test data for pub-
lically disclosed aromatic amines and to use this data as a warehouse to
prevent unnecessary repeat testing and to improve in silico models.

The most reliable assay correlating mutagenicity to animal carci-
nogenicity is the widely used Bacterial Reverse Mutation Test or
“Ames” mutagenicity test [2]. Typically, medicinal chemists will aim to
de-risk their projects by assessing the mutagenicity of aromatic amine
building blocks and intermediate compounds through an in silico as-
sessment or by using a pre-screen assay before investing heavily in a
compound series. Unfortunately, in vitro testing at the early stages of
drug discovery can be demanding as material is often scarce, particu-
larly for proprietary building blocks and lead compounds, and rela-
tively large quantities of high purity test material are required for ro-
bust OECD compliant Ames testing. A large amount of Ames test results
are available in the public domain and form the basis of training sets for
the available predictive Quantitative Structure-Activity Relationship

((Q)SAR) tools, [3,4,5] however each drug company holds Ames test
data for many more drug-related chemical structures in their proprie-
tary repositories. These proprietary datasets may often cover quite
unique areas of chemical space and can pose a challenge for predictive
models built only on public domain data. Not only would the avail-
ability of more Ames test data provide the opportunity to improve (Q)
SAR models, it would be highly advantageous to medicinal chemists as
they would be able to minimize mutagenicity risk through the selection
of Ames negative building blocks without recourse to extensive synth-
esis, purification and testing of scarce materials.

The metabolism of pAAs occurs through their activation to aryl
hydroxylamines by the cytochrome P450 family of oxygenases, [6,7]
followed by additional Phase II metabolism to acetate, sulphonate or
glucoronides (Scheme 1). Whilst the intention of this metabolic mod-
ification is detoxification, these are relatively unstable species that have
the potential to bind covalently to nucleophilic bases in DNA and thus
lead to a potential mutagenic event [8]. The leading theory for the
mutagenicity of pAAs is the generation of a reactive nitrenium ion by
the heterolytic scission of the aryl nitrogen oxygen bond [9,10,11]. In
the context of the in silico prediction of mutagenic potency, the ni-
trenium ion hypothesis is an attractive mechanism as it is possible to
base predictions on the ease of formation of this electrophilic species
[3,12,13]. Indeed, in 2012, Birch and co-workers [14] used the energy
of the dissociation reaction between the aryl amino ester and the ni-
trenium ion to prioritise the synthesis of safer biphenyl amines, a class
of compounds associated with high mutagenic potency. While this is a
plausible mechanism for the origin of mutagenic activity, it must not be
forgotten that other interconnecting pathways may also contribute to
the observed activity, including intercalation in DNA and radical gen-
eration. Whilst not discussed in detail here, relevant publications where
the reader can find more information include Beland et al. [7] which
contains several examples of different routes of activation for different
aromatic amines and nitro compounds. Skipper et al. [8] describe thiol/
GSH adducts and Chao et al. discuss the role of reactive oxygen species
[15].

Notwithstanding additional mechanisms of mutagenic activity,
variations in the reproducibility of the Ames test have been reported;
both with respect to inter-laboratory studies [16] and within chemical
class [17]. Contributing factors towards these inconsistencies include
differences in test conditions, particularly with respect to the applica-
tion of metabolic activation, as well as the source and purity of the test
material.

For example, anthraquinone has been shown to be non-mutagenic
when synthesized via the Diels-Alder reaction between 1,4-naphtho-
quinone and 1,3-butadiene or via the Friedel-Crafts reaction between
benzene and phthalic anhydride [18]. In contrast, anthraquinone
sourced through the oxidation of anthracene has been shown to possess
direct mutagenic activity in Salmonella strains TA98, TA100 and
TA1537. Despite the high purity that was reported for this batch at the
time (99%), the observed mutagenic activity was associated with low-

Fig. 1. Example of drugs containing primary and
functionalised aromatic amines (highlighted in
bold).
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