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D3. (Q)SARs for the Prediction of Reactive Toxicology

1. Summary

Electrophilic reactivity is an important issue to assist in the understanding and
description of interactions between xenobiotic toxicants and biochemical
macromolecules.! An increasing part of developing alternatives for the toxicological
assessment of chemicals, including in chemico (experimental measurement of
reactivity) and in silico (computational) approaches, involves the understanding of
reactive toxicity. It has long been understood that compounds capable of covalent

interactions with biological macromolecules are liable to elicit toxic effects.?

o,pB-Unsaturated compounds acting via Michael type reactions are considered
to be particularly reactive.®> They are capable of forming irreversible bonds with
biological macromolecules, such as proteins or DNA molecules.* This covalent
reactivity is known to result in a number of toxic effects, including evaluated acute
aquatic toxicity above baseline narcosis. Compounds with an «,B-unsaturated
carbonyl or carboxyl fragment are very important industrial substances, for example

in the manufacture of polymers, textiles, or auxiliary materials in medicine.> ®

Types of chemical fragments associated with this mechanism define the
Michael acceptor domain, which is a very important chemical domain in reactive
toxicity. Michael acceptors are characterised as having carbon-carbon double (C=C)

or triple (C=C) bonds with electron withdrawing substituents (see Figure 1).
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Figure 1. Michael addition domain: «,f-unsaturated carbonyl or carboxyl groups with
double or triple bonds, including cyclic systems (in addition, electron-withdrawing
groups for “Michael type” electrophiles might include pyridino heterocyclic groups
and, not considered in this deliverable, —CN, —SO,R, —NO,)".

The electron withdrawing group results in a polarisable electron density at the =-
bond, where the B-carbon atom is positively polarised and becomes the preferred

site of an attack with soft nucleophiles, for example glutathione.

Various studies have shown good quantitative relationships between reactivity
of chemicals acting as Michael type acceptors and acute aquatic toxicity to
Tetrahymena pyriformis.® For example, the differential toxicity of methacrylate,
acrylate and crotonate can be explained by their varying reactivity, although the
structures are very similar: methacrylate is poorly reactive, while acrylate is very

reactive, and crotonate lies somewhere in between (structures shown in Figure 2).°

There is current interest to use in silico techniques to predict potential in chemico
reactivity.’® This is an attractive approach, especially where experimental
measurements are not possible or restricted, for example because of low solubility or

high volatility, if required for prioritisation of chemical inventories.
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Figure 2. Structures of methyl propiolate (1), methyl acrylate (2), methyl crotonate (3)

and methyl methacrylate (4) in order of decreasing reactivity.

A quantitative in silico model has been constructed as a measure for reactivity
of Michael addition and potential toxicity. The model developed herein considers
both electronic and steric effects, while the descriptors are based on easily
computed ground state properties, performed by quantum chemical calculations.

2. Material and Methods

2.1 Data set

From the chemical reactivity database (as described in deliverable D5, referring to
various literature sources), 50% inhibition growth concentration to Tetrahymena
pyriformis data (IGCsp) have been collected for a,B-unsaturated compounds. 70
Michael type acceptor compounds are included in the dataset, which contains a,f-
unsaturated compounds with a double bond or a triple bond, cyclic systems, and with
or without substituents at the o-carbon. The compound classes included are

aldehydes, ketones, amides, and esters.

2.2 Computational Details

The geometries of all molecules have been optimised at the density functional
theory B3LYP/6-31G** level, using Gaussian 03.'* For all compounds frequency
analysis was carried out to confirm that correct ground-state geometries had been

obtained. Natural Bond Orbital (NBO) analysis methods were applied by means of
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the NBO 3.1 implementation in Gaussian 03.** '3 For the calculation of the local
electrophilicity we used an in-house program (which will be implemented into the
InSilicoTox Toolbox Software, as described in deliverable D5). Parameters for steric
hindrance were calculated by the freely available MSMS program,** using published
Connolly radii.”® Multilinear regression analysis was performed using the Minitab

15.1 statistical software.

3. Model for the Reactive Toxicity of Compounds Acting by Michael Addition

The aim of the method described is to predict Michael addition reactivity for acute
aquatic toxicity to Tetrahymena pyriformis, based on the ground state properties of a
single molecule. To estimate reactive toxicity in a physically reliable way, one should

take into account the following considerations:

In the chemical reaction between an a,p-unsaturated electrophilic compound and
soft cellular amino acid sites, it is probable that multiple steps are involved, all of

which have an influence on the toxicity initiated by Michael addition reactions.

One important step in the reaction is the formation of a peptide or protein adduct
complex. This peptide binds to the B-carbon atom of an a,B-unsaturated compound.
Therefore, a sound reactivity descriptor is needed which models the capability to
accept electrons at the B-carbon atom reliably. As a site specific reactivity descriptor
is desired here for the prediction of reactivity, a local counterpart of the
electrophilicity index is applied, which has been described in Deliverable D2 already.
We have defined the local electrophilicity index weq(r) at an atomic reaction site r in

the following way:

Eroc(r)2 + 2Eroc(r) EQvac(r) + EQvac(r)2
4(EQvac(r) - Eroc(r))

(1)

Weq (r)=

In this equation, EQqc(r) is the effective (charge limited) electron donor energy,
and EQy(r) the analogous electron acceptor energy. Both functions are site specific,

located at the B-carbon. These, and related, descriptors were originally invented by
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Klamt (1993).'® They were recently reintroduced by Schiiirmann and co-workers, in
order to predict the rate constants of indirect photolysis by *OH radicals,*” '8 and the

1921 Furthermore, we define a maximum

affinity to form hydrogen bonds.
electrophilicity index wmax Which accounts for the observation that after a certain
point higher (calculated) electrophilicity indices do not reflect higher (experimental)

rate constants.

Next, we have assumed that resonance stabilisation of the (nominally) carbanionic
intermediate plays an important role in the reaction pathway, in the case of a,p-
unsaturated aldehydes and ketones accompanied by a keto-enol-tautomerism. In all
likelihood, the carbanionic intermediate or the enolic form are reactive intermediates
while forming the peptide-electrophile-complex. Moreover, this reaction should
involve the rate limiting step. Therefore, a second descriptor is needed to describe

the energetic of this intermediate.

The resonance stabilisation of the carbanionic adduct intermediate is difficult to
describe from the ground state properties alone. For that reason, we have made the
following assumption: The easier it is to switch from the notation on the left (3a) of
the transition state to that on the right (3b) in Figure 3, the better should be the

resonance stabilisation and the higher the reaction rate.

(@) (b)

Figure 3. Resonance stabilisation of the Michael type addition transition state and

participation of the a-carbon atom in the transition state structure (solvent mediated).




InSilicoTox — D3. (Q)SARs for the Prediction of Reactive Toxicity

In the notation on the left (3a) there is, formally, a single bond between the ipso
carbon atom (the carbonyl or carboxyl C atom) and the a-carbon atom. The energy
level E4(C-C) of this o-bond can be calculated by Weinhold’s natural bond orbital
(NBO) analysis.*® ** In the notation on the right (3b), this bond turns into a double
bond. As is known, n-bonds always have a higher energy level than o-bonds. Now
the approximation is that the closer the original c-bond comes to the =n-bond
character, in the calculations assumed by a higher s-bond NBO-energy level, the
easier it should be to switch from the notation on the left (3a) into the resonance
stabilising notation on the right (3b). The last step, the reaction from any enolic
intermediate to the final keto product, should be very fast and not rate limiting, so this
step can be neglected in the modelling.

Electronic effects will have, almost certainly, the main influence on the reaction
rates. Nevertheless, steric hindrance could slow down the reaction significantly, so
we have considered steric hindrance as an additional term in modelling rate
constants. This could be another reason why molecules with a highly accessible
triple bond react significantly faster with glutathione (GSH), but molecules with an a-
substituent remarkably slower compared to analogous molecules® (e.g. methyl
methacrylate: rate constant log kesy = —1.14 [M™ min™] < methyl acrylate: log kgsH =
1.06 < methyl propiolate: log kesy = 2.07; the structures are shown in Figure 1). The
main reason remains the higher (or lower) polarised — and thus higher (or less,
respectively) reactive — p-carbon atom, but to this end we cannot explain this

phenomenon by electronic effects alone.

If the steric effect of the a-substituent plays a major role, it is involved in the
transition state of the rate determining step, e.g. by solvent mediated stabilising of
the transition state. Indeed, further calculations confirm the involvement of the a-
carbon atom in the transition state (currently prepared as a publication), shown in

Figure 3.

One way to quantify steric hindrance is to calculate site specific solvent accessible
surface areas osas (SAS, in percent accessibility of a particular atom). The higher

the accessible surface area, the lower is the steric hindrance and, therefore, the
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higher is the reaction rate. We take both the local accessible surface area at the o-

carbon as well as at the -carbon atom into account.
The combined reactive toxicity (RT) model is shown in the following equation:
log (|GC50‘RT-1) =RT=a CUEQ(CB) +b E; + clog GSAs(Cﬁ) +dlog osas(Cy) +e  (2)

The equation estimates 50% inhibition growth concentration (IGCsp) to
Tetrahymena pyriformis after 40h by the following descriptors: the local
electrophilicity index weq at the B-carbon as a reactivity descriptor, the energy level
E; of the o-bond between the a-carbon and the ipso-carbon as an indication of
resonance stabilisation of the carbanionic intermediate, and the steric accessibility
osas at both the a-carbon and the B-carbon atoms. a, b, ¢, d and e are regression

coefficients.

Hydrophobicity (logarithm of the octanol-water partition coefficient, log P) is
related to baseline toxicity, often connected with a narcotic mode of action. Ellison et
al developed the following equation for baseline toxicity (BT) for Tetrahymena

pyriformis:?®
log (IGCsoar") = BT = 0.78 log P — 2.01 ()

The overall toxicity has been defined as the maximum value of equations (2) and

(3):
log (IGCs™) = maximum(RT; BT) 4)

If a particular compound has no significant reactive toxicity, then it will produce a

minimum of baseline toxicity for acute aquatic toxicity.
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4. Results and Discussion
4.1 Model Calibration

The Michael addition reactive toxicity model has been applied and tested for all 70
potential Michael acceptor compounds. Because the descriptor eeq contains two
internal non-linear parameters (namely the limiting charge amount Q. of the
descriptor EQqcc for occupied MOs, and the equivalent limiting charge amount Q¢ Of
the descriptor EQyac for virtual MOs), they were obtained by an in-house iterative
root-mean-square error (rms) minimisation algorithm, comparing experimental and
model values in each iteration step. Based on those optimised parameters, a

multilinear calibration was performed using the Minitab statistical software.

At first, equation (2) was calibrated for 44 compounds, where excess toxicity (=
log IGCso,exp'1 — log IGCspgr?) is greater than 0.7. In principle, Michael acceptor
compounds are considered to be highly reactive. However, at least 37% of the
toxicity values in our dataset can be explained by baseline toxicity: equation (3)

applies to 26 compounds with excess toxicity values lower than 0.7.

The overall prediction quality is good. The correlation between predicted and
experimental values is shown in Figure 4. The statistical parameters of the prediction
quality are: number of compounds n = 70; squared correlation coefficient r> = 0.87;
predictive squared correlation coefficient g = 0.86; root mean square error rms =
0.34; bias = —0.04.

It should be noted that calculation of excess toxicity is based on experimental
toxicity values, which are needed to distinguish between reactive and narcotic level
compounds. A way to overcome this problem is the use of a minimum toxicity,
defined by equation (4). At first, the toxicity of a compound is defined by its baseline
toxicity; if the reactive toxicity value is higher than its baseline toxicity, then the
reactive toxicity value is taken, instead. This approach is very straightforward.
Moreover, the statistical parameters using equation (4) are very similar to the
combination of equations (2) and (3): n = 70; r* = 0.86; g = 0.85; rms = 0.35; bias =

-10 -
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+0.06. Therefore, equation (4) is appropriate to predict toxicity to Tetrahymena
pyriformis.
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Figure 4. Predicted and experimental IGCsy values for acute aquatic toxicity to
Tetrahymena pyriformis: Eq. (2) was used for reactive compounds (excess toxicity >
0.7), and Eqg. (3) for narcotic level compounds (excess toxicity < 0.7, defined as the
difference between experimental [log IGCsoex '] and baseline toxicity values [log
IGCs0,7]).

4.2 Non-reactive and reactive compounds

It is an important issue in toxicology to distinguish qualitatively between reactive

and non-reactive compounds. For this reason, narcotic compounds are defined by

-11 -
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predicted toxicity values (equation 4), which are lower than 0.7 logarithmic units
above baseline toxicity, (equation 3). All remaining compounds are defined as having

excess toxicity.

Applying this definition, both sensitivity (the ratio between the number of
correctly predicted compounds and the actual number of experimental compounds in
a category) and predictivity (the ratio between the number of correctly predicted
compounds and the number of all predicted values in a category) are good. For
baseline toxicity, sensitivity is 85% and predictivity 81%. For excess toxicity, the

values are even better, with a sensitivity of 89% and a predictivity of 91%.

Therefore, the toxicity model of potential Michael acceptor compounds, is both

robust and valid.

5. Conclusions

We have introduced a model to predict reactive toxicity of o,B-unsaturated
compounds, in terms of acute aquatic toxicity to Tetrahymena pyriformis. For the first
time a quantum chemical overall model for various compound classes involved in
Michael addition has been shown to work in a quantitative manner. The model has
good statistical performance and is mechanistically interpretable. Even more, the
model is based on easily computed ground state properties, which are less
computational demanding than, for example, quantum chemical transition state

calculations.

This knowledge might help in the reactivity or toxicity profiling of electrophilic
compounds. It can support mechanistic grouping to order compounds according to
reactivity and also confirm, that a compound is reactive. It should be noted in this
context, that whilst there is no global model likely for reactivity, the use of local
models will deepen confidence into the prediction of reactive peptide-binding or

DNA-binding for mechanistically developed groupings and categories.

-12 -
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