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D1. Report on Reactivity Measurement and Estimation 
 
Introduction 
 

In the framework of the new European Union (EU) regulation Registration, 

Evaluation, Authorisation and Restriction of Chemicals (REACH), risk 

assessment of industrial chemicals is a very important issue in the upcoming 

decade.[1] REACH calls for persuasive data of produced and used chemicals 

to assure human health and to provide environmental risk assessment. 

Toxicological effects are, for example, the irritation potential, skin sensitisation, 

mutagenicity, acute and chronic toxicity, reproductive toxicity and 

carcinogenicity.[2] To reduce animal testing in the context of requested 

toxicological and ecotoxicological endpoints, there is an increasing demand to 

introduce alternative testing strategies. These alternative testing strategies 

include in vitro, in chemico and in silico methods.  

 

It is a common perception, that there can be a link between the toxicity of a 

compound and the specific chemical reactivity of the compound.[3] An 

indication of chemical reactivity can be provided by different in chemico and in 

silico assays, which will be represented in this report. 

 

Dealing with reactivity in connection with toxicity, one should consider different 

interaction types.[3] Weak reversible interactions, including hydrophobic van 

der Waals’ interactions, hydrogen bonding and ionic bonds (e.g. by charged 

amino acids), are of great biological relevance, as they govern the interaction 

between receptors and the substrate. Reversible, non-covalent interaction 

with membrane components is called narcosis. Secondly, the hydrophobicity 
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of a compound is principally responsible for the bioavailability at a specific 

target site.  

The formation of coordination bonds between metals or their salts and 

heteroatoms, such as nitrogen or oxygen, is a broad field in the disquisition of 

the allergenic potential of metals. 

Covalent bonds between a substrate and a target molecule are formed by 

reactions between electron-rich nucleophiles and electron-poor electrophiles. 

Electron-rich groups usually contain nitrogen, oxygen, phosphorus or sulphur, 

especially in nucleic acids and proteins. Depending on which target site is 

attacked by the electrophilic molecules, this can lead to mutagenic effects, 

toxic effects or sensitisation effects. 

 

The subject here is irreversible, reactive chemistry. Although one has to deal 

with a broad field of different mechanisms and biochemical pathways, the 

initiating steps often comprise a reactive, covalent binding between a small 

electrophile – the xenobiotic molecule – and an endogenous nucleophile.[4] 

This might be a target site at a peptide, a protein or an enzyme, the DNA 

molecule or related compounds. Besides covalent binding, oxidative or 

reductive modifications of the target sites are possible as well.[3]

 

 

Chemical Reactivity Assays 

 

A very early relationship between toxicity and reactivity was published by 

Landsteiner et al. (1936).[5] This workgroup found a good correlation between 

the skin sensitisation potential of guinea pigs by a series of 20 benzene 

derivatives with halogen or nitro substituents and their reaction with aniline as 

a reference nucleophile. The chemicals, dissolved in a mixture of absolute 

ethanol and aniline, were heated in a steam bath for two hours and the 

liberation of halogen was measured. If the chemical did not possess labile 

halogens, the solution was stirred in the steam bath for 15 hours and the 

possible formation of the substitution compounds was inspected. If a chemical 

reaction was observed under these conditions, the chemical acted as a 

sensitiser in every case, otherwise not. The workgroup measured the velocity 
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of decomposition of the same compounds with methylate and ethylate as well, 

with a good qualitative correlation (95%) between high velocity constants and 

observed sensitisation potential in the animal tests. 

 

For the reaction between an electrophile and a particular nucleophile, 

reactivity can be quantified in terms of the rate constant k (or log k).[3] Instead 

of absolute rate constants, relative rate constants krel (or log krel) can compare 

a set of electrophilic chemicals among each other. Rate constants are defined 

for a particular temperature, however, the Arrhenius equation can be used to 

correct for different experimental temperatures. 

The RC50 value (or pRC50) is the concentration of electrophile, which gives a 

defined half-life t for the nucleophile. The electrophile concentration has to be 

constant (or in a large excess) throughout the reaction by definition. The RC50 

value is inversely related to k, but independent of the initial nucleophile 

concentration: 

 

50
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k
⋅

=  

 

One should keep in mind that extrapolated RC50 values should not exceed 

water solubility (or solubility in the particular reaction medium). 

Another method to quantify reactivity is using percent depletion (%DP) after a 

fixed time t. If an excess initial electrophile concentration [El]0 is used and the 

depletion of a nucleophile measured, the following expression can be used: 
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For example, Gerberick et al. (2004) and Natsch et al. (2007) use an 

approach based on this method.[6-7] One great disadvantage of this method is, 

when the percent depletion is close to 0 or close to 100, small errors in the 

depletion value lead to large errors in k. It is less accurate than a kinetics 

experiment, since only two data points are used. 
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Note, that reaction rates can only be compared in the context of the same 

mechanistic domain. This was not the case in the Gerberick assay, published 

in 2004 with 38 chemicals and updated in 2007, comprising 82 chemicals of 

different skin sensitisation potencies.[6,8]

 

Qualitative reactivity data can be obtained by the application of mass 

spectrometry (MS) and nuclear magnetic resonance (NMR) techniques:[3] 

With these sensitive and accurate methods it can be observed if any product 

formation takes place or not. Furthermore, they shed light on the possible 

mechanism. MS yields specific mass fragments of ionised products, which 

can be identified. NMR measures chemical shifts of nuclei (1H, 13C, 15N, 19F or 
31P), which depend on their electronic environment and shall be different for 

products and reactants. 

 

Chromatographic methods, such as HPLC-UV, help to separate and to 

identify compounds in a quantitative manner:[3] The concentration in a solution 

can be related to the absorbance of conjugated organic compounds (by UV-

VIS detection) or the fluorescence intensity (by fluorometric spectroscopy) at a 

specific wavelength. 

 

One should keep in mind that reactivity measures do not reflect the specific 

chemical mechanism necessarily. Often it is not clear which aspect of the 

reaction might be relevant for potency: the selectivity (e.g. towards a special 

amino acid target), the reaction rate or the stability of the conjugates (e.g. of a 

hapten-protein conjugate). Nevertheless, reactivity assays have proven their 

reliability to predict appropriate toxicity over the past decades, even in a 

quantitative manner. 

 

The tripeptide glutathione (GSH, L-�-glutamyl-L-cysteinyl-glycine) is one of 

the most widely used nucleophilic reference molecules in reactivity assays. It 

is the most prevalent cellular thiol and the most abundant low molecular 

weight peptide in cells.[4] GSH protects cells by detoxifying electrophilic 

compounds and acts as an antioxidant. The concentration of GSH depletes 

during the attack by electrophilic compounds, commonly by alkylation. A high 
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GSH depletion rate makes other endogenous thiol groups susceptible to 

attack, especially soft cysteine –SH moieties. Therefore, if the GSH 

concentration falls below a critical level in a cell, this can cause accumulation 

of damage.[9] Straight GSH depletion is modelled by a pure chemical reactivity 

assay. 

 

 

GSH is reactive towards soft electrophiles, for example �,�-unsaturated 

carbonyls, which act predominantly as Michael type acceptors. In general, soft 

molecules, which are readily polarisable and have a low electronegativity, are 

easily oxidised. 

 

In kinetic studies, an excess amount of the test chemical and GSH are 

dissolved in dimethyl sulfoxide (DMSO) and phosphate buffer. After a 

determined reaction time, the concentration of free thiol groups is measured, 

as described below. Depending on the particular assay, the conditions diverge 

from each other: The range of the pH value is 7-10, the temperatures range 

from 20°C to 37°C and maximum reaction times ranging from 10 minutes to 

24 hours are given in the literature.[6-11] Typical assays have been introduced 

by Gerberick et al. (2004), Schultz et al. (2005) and Natsch et al. (2007). 

Gerberick’s depletion assay is a fast screening 15 min method at 25°C and 

pH=7.4 with high excess of the electrophile (1:100).[6] Natsch works at higher 

temperatures (30°C) to avoid precipitation and less electrophile excess (1:20), 

but 24h are needed for a similar amount of depletion.[7] Schultz measures 

RC50 values after 180 min at 25°C; pH=7.4 and different electrophile 

concentrations.[11]

 

Free thiol groups are usually quantified by UV-VIS spectroscopy at 412 nm 

absorption after reaction with the chromophore DTNB, 5,5’-dithiobis-(2-

nitrobenzoic acid), also known as Ellman reagent. Since some GSH might 

exist in the oxidised form GSSG with a disulfide bridge, GSH and GSSG can 

be separated by reverse phase HPLC columns and detected. Alternatively, 

GSSG can be transformed to GSH selectively using a mixture of the enzyme 
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glutathione reductase and TPNH, triphosphopyridine nucleotide, as described 

by Tietze (1969).[12]

 

Different publications show a good qualitative relationship between the GSH 

reactivity of chemicals acting as Michael type acceptors and biological 

endpoints (e.g. acute fish toxicity or skin sensitisation).[4,9] For example, the 

different toxicity of methacrylate, acrylate and crotonate can be explained by 

their different reactivity, although the structures are very similar: methacrylate 

is only little reactive, while acrylate is very reactive and crotonate lies 

somewhere in between.[13]

 

The assays can be applied as long as the expected mechanism of action 

includes a Michael addition, and there is no activation required. This holds for 

other mechanisms (like nucleophilic substitution, aromatic nucleophilic 

substitution, Schiff base formation or acylation for skin sensitisation[14]), 

involving other reference nucleophiles, as well. 

 

Abiotic activation for pre-electrophiles can occur within the reaction medium, 

e.g. by air oxidation. Metabolic activation for pro-electrophiles needs separate 

consideration and is best modelled by special enzymatic or disparate in vitro 

assays.[3]

 

The choice of the reference nucleophile depends on the expected mechanism 

and the site of action: 

 

Soft interactions, involving the thiol group –SH, can be modelled by small 

molecules, like mercaptopropionate[15] or propanethiolate[16], and peptides, like 

GSH (see above), cysteine, acetylcysteine or peptides with a cysteine 

residue.[7]

 

Nucleophiles containing primary amino groups –NH2, such as in the amino 

acids lysine and arginine, can undergo Schiff base formation or acylation by 

way of example. Reference nucleophiles are aniline (see above, Landsteiner 
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et al.) and butylamine.[17-18] The reactivity of butylamine gets close to the 

reactivity of lysine, acetyllysine or peptides with a lysine residue.[6,19]

 

Histidine is a further amino acid with a secondary aromatic amino group –NH, 

which should be attacked by electrophiles in principal. However, no significant 

correlation has been observed between biological endpoints and the reactivity 

of histidine or peptides containing histidine so far.[6] A possible model 

nucleophile for histidine is imidazole.[18]

 

The –OH group of the phenolic amino acid tyrosine could be modelled by 

phenolates or alkylates. Furthermore, methalkylates or ethalkylates are used 

as model nucleophiles for nucleophilic substitution of activated aromatics.[20] 

Tyrosine has not been used in reactivity assays so far. 

 

Synthetic peptides, mimicking active protein sites, such as Cys-420 of the 

human  

coronin 1 C, or containing all key nucleophiles have been investigated.[3] Their 

purpose is to reproduce the spectrum of reactivity simultaneously. On the 

other hand, synthetic peptides can be very cost-intensive, which impairs their 

use in standard screening assays. One alternative might be to use 

purchasable proteins, like the widely-used human serum albumin (HSA), but 

in this case the technique to detect and to identify adducts is very time-

consuming and complex (MALDI-TOF-MS and  

nano-ES-MS/MS) and so this is not useful for a general screening at the 

present time. 

 

For this reason, Gerberick et al. (2007) and Natsch et al. (2007) suggested 

not to use one peptide assay alone, but a battery of assays, in order to 

achieve a holistic assessment of reactivity, related to different toxicological 

endpoints.[7-8] Gerberick utilised a depletion assay of a cysteine containing 

peptide and a lysine containing peptide for skin sensitisation. Both soft and 

hard interactions are covered by this model, and it is a good compromise 

between accuracy and time and effort. The model is able to distinguish 

between strong or moderate contact allergens on the one hand and weak 
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contact allergens or non-sensitisers on the other hand. The concordance is 

89% for 82 compounds. 

 

Reactivity of compounds, which can cause DNA damage, can be measured 

by model nucleic acids, like 2'-deoxyguanosine (GUA). This nucleic acid has 

been used to model aquatic fish toxicity so far.[21]

 

These assays make several assumptions:[9] The endogenous electrophile 

concentration remains constant (steady state kinetics) and is equal to the 

concentration in the reaction medium (here: DMSO). For example, aqueous 

solutions can be used, if the considered reactions take place in the cytosol. 

The assumption of constant concentration might not hold for liver, kidney or 

other tissues with a high clearance rate. However, relative reactivity should 

not be significantly affected by the reaction medium, if the transition state is 

similar. The assumption is that the response is instantaneous with a first-order 

endogenous consumption. Finally, a crucial point is that the reaction should 

be dominated by chemical reactivity, not enzymatic conjugation and 

biotransformation, such as glutathione transferase. 

 

 

Estimating chemical reactivity 
 

Predictors of chemical reactivity, obtained by in silico methods, can be divided 

into two classes: qualitative and quantitative reactivity estimates.[22]

 

Firstly, qualitative structure-activity relationship models (SAR) evaluate the 

presence or absence of a specific substructure in a molecule.[23] These are 

called structural alerts. They imply a specific mechanism is associated with a 

substructure. For this purpose, expert knowledge has to be assembled: The 

substructures should be specific enough for reliable prediction of a particular 

mechanistic pathway. If �,�-unsaturated carbonyls are taken as an example, 

Michael addition does not occur in case of an alkylated �-carbon atom, which 

opposes the withdrawing effect of the carbonyl group.[13] Here other 

mechanisms are more likely, e.g. Schiff base formation. 
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Computational expert systems are – to name just a few examples – 

ChemProp, Derek for Windows, M-CASE, TOPKAT and TIMES-SS.[24-28] 

These have in common that molecular structures are entered into the program, 

and the likelihood of potential chemical toxicity is estimated based on 

knowledge rules. In ChemProp and Derek, these knowledge rules are based 

on validated mechanistic considerations, while M-CASE and TOPCAT use an 

automatically learning algorithm. TIMES-SS is a hybrid, based on a 

combination of both approaches. 

 

The use of SMARTS (SMiles ARbitrary Target Specification) patterns has 

been introduced by Enoch et al. (2008) to distinguish between different 

mechanisms of action.[29] Structural features are given by a two dimensional 

string, the SMARTS code, thereafter a dataset can be searched through 

specific strings, which are associated with a particular mechanism. However, 

it is difficult to assign a chemical a single mechanism, and the authors suggest 

adding some weight of evidence to the results. 

 

Secondly, quantitative reactivity estimates can be achieved using electronic, 

geometry or topological descriptors.[22] Empirical statistical approaches and 

so-called global models, which can associate a number of (often non-

interpretable) reactivity descriptors with toxicity, can lack mechanistic 

understanding, which leads to a disputable prediction quality. Models, which 

combine for example bioavailability (log P) and reasonable electronic 

properties, are more trustworthy in this context. 

 

Local, mechanism-based models deal with electronic properties, which are 

connected to the underlying reaction mechanism. Taft’s and Hammett’s 

coefficients predict substituent effects of reactive chemicals. Mostly, the 

electronic properties are based on quantum chemical calculations.[30] Highest 

occupied and lowest unoccupied molecular orbital (HOMO and LUMO) 

energies are broadly used as indicator variables of molecular electron donor 

or acceptor affinity, which should represent the electrophilicity or 

nucleophilicity of a compound to a certain extent. 
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There exist more site-specific counterparts to describe electron donor or 

acceptor affinities of a reactive atom or functional group (see ref. [31]). Local 

softness and the electrophilic Fukui function are able to describe nucleophilic 

activation.[32] To this end, Parr’s electrophilicity index and its local counterpart 

has been identified as the best descriptor for the electrophilicity of a 

compound.[33] This descriptor was used for an electrophilic ranking of reactive 

compounds, which seems to be related to toxic effects (here: skin 

sensitisation potential pEC3 values) and to reactivity of unsaturated 

compounds towards nucleophilic additions.[34]

 

Quantum chemical calculations might provide a closer insight in chemical 

reactivity, these are an alternative to labour-intensive in chemico methods: 

Thermodynamic properties can be obtained by the calculation of electrophilic 

and model nucleophilic reactants and their products as well as kinetic data. 

The latter is more difficult, because the calculation of appropriate transition 

states is needed. Nevertheless, these types of calculation are often very time-

consuming, and there is no established routine method available to predict 

chemical reactivity to this end. 
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Conclusions 
 

The chemical reactivity of xenobiotic electrophiles towards nucleophilic 

reference compounds is a model for their biochemical behaviour towards 

bioactive sites, such as proteins or DNA. This leads to a promising way to 

make statements about their potency of toxicity. 

 

This report summarised in chemico reactivity assays as well as in silico 

estimation methods. 

 

In the past, various reactivity assays have proven their reliability to predict 

biochemical activity of a compound. Mostly a compound is able to undergo 

several chemical mechanisms. In order to get a holistic view about a particular 

compound, the results of different reactivity assays should be compared to 

each other. This includes the use of different reference nucleophiles (e.g. soft 

and hard ones) or different experimental conditions (e.g. change of pH range). 

 

Computational estimation methods are a promising alternative to labour 

expensive experimental measurements. Based on a reliable database with 

experimental reactivity data, it is intended to model and estimate these data 

based on computer-aided methods. 
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