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ABSTRACT: This study outlines the development of a series
of quantitative mechanistic models enabling skin sensitization
potency in the LLNA to be predicted for direct acting Michael
acceptors. These models utilized several computational
descriptors based on knowledge of the Michael addition
reaction mechanism. The key descriptor was calculated using
density functional theory and modeled the stability of the reaction intermediate. A second descriptor relating to the available
surface area at the site of the reaction was also found to be important. Several poorly predicted compounds were identified, and
in all cases, these could be rationalized mechanistically. The analysis of these compounds allowed a well-defined mechanistically
driven applicability domain to be developed. The study showed that in silico quantitative mechanistic models, with a well-defined
applicability domain, can be used to predict skin sensitization potency in the LLNA. The approach presented has the potential to
be of use as part of a weight of evidence approach for predicting skin sensitization without the use of animals in risk assessment.

■ INTRODUCTION
Skin sensitization leading to allergic contact dermatitis (ACD)
is the most common form of immunotoxicity that occurs when
an individual is exposed to a sensitizing chemical. The resulting
immune response causes a range of skin conditions from mild
reddening through to painful blisters and wheals. Crucially,
once an individual has been sensitized to a chemical he or she
will remain sensitized for the remainder of his or her life. Given
that humans are regularly exposed to a wide range of chemicals,
it is important that skin sensitization is assessed thoroughly.
The local lymph node assay (LLNA) is the favored animal test
by which skin sensitization is assessed within the European
Union. The LLNA offers a number of advantages in terms of
animal welfare and the ability to assess skin sensitization
potency. However, in order to meet the demands of the
REACH legislation and the seventh amendment to the
cosmetics directive, nonanimal alternatives to the LLNA are
required.1,2 For example, at the time of writing 8,000 chemicals
have been registered with ECHA due to REACH.3 Using the
LLNA to assess all of these chemicals would use in excess of
100,000 animals and cost more than €50 million (assuming
OECD guideline 429 was followed). This is clearly costly, time-
consuming, and unethical in terms of animal usage. Thus, there
has been much research into the development of computational
methods for the assessment of skin sensitization.
Research has shown that the key step in the biochemical

pathway that leads to skin sensitization is the formation of a
covalent bond between a skin protein and a chemical.4−8 This
has led to the definition of structural alerts that outline the
mechanistic domains associated with covalent bond formation
(acylation, Michael addition, Schiff base formation, SNAr, SN1,
and SN2).

9−12 These structural alerts have been used to directly
predict skin sensitization potential (binary yes/no) and to form
chemical categories suitable for data gap filling.13,14 In the case
of the latter, and within a mechanistic domain, research has

shown the rate of covalent bond formation is a key factor in
predicting skin sensitization potency.15−20 A prediction of skin
sensitization potency is essential if computational methods are
going to play a role in replacing the LLNA in risk assessment.
The published methods rely on either experimentally
determined rate constants or the use of Taft parameters to
model the rate constant (Taft parameters are numerical values,
determined experimentally, that can be used to model
electronic effects).16−20 These models have been termed
quantitative mechanistic models or QMMs as they rely on
the use of mechanistically interpretable descriptors.8,21 These
are typically hydrophobicity and either the experimentally
determined rate constant or a descriptor(s) designed to predict
it. In addition, many common functional groups relevant to the
prediction of the LLNA do not have Taft parameters. For
example, there are no parameters for ortho-substituents in
aromatic ring systems. However, this research does demon-
strate that, given the availability of suitable descriptors to model
the rate of covalent bond formation, skin sensitization potency
in the LLNA can be predicted using the QMM approach.
Therefore, the aim of this study was to identify computa-

tional descriptors related to the rate of covalent bond formation
and thus develop a series of QMMs capable of predicting skin
sensitization potency in the LLNA. This was undertaken using
quantum chemical calculations to model the key mechanistic
step in the Michael addition reaction.

■ COMPUTATIONAL METHODS
Data Set. Skin sensitization data for 33 chemicals previously

reported as acting via Michael addition were extracted from the
literature.22,23 Only chemicals containing a single site of nucleophilic
attack were included in the data set. This excluded chemicals such as
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Table 1. Summary of the Calculated Reactivity Parameters, Predicted Volatilities, and Experimentally Determined LLNA Data
for 33 Chemicals Acting via Michael Additiona
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pomarose and benzoquinone. All skin sensitization data were
converted to molar units prior to modeling.
Computational Chemistry Calculations. All calculations were

carried out using the Gaussian 09 suite of software using density
functional theory (DFT).24 All structures were optimized using the
hybrid B3LYP functional coupled with a triple-ζ basis set (6-
311+G(d,p)). All structures were either drawn or converted from
SMILES strings, using Avogadro V1.1.0 (freely available from http://
avogadro.openmolecules.net). The solvent accessible surface area
(SAS) available at the site of Michael addition was calculated using
the Chimera software (freely available from http://www.cgl.ucsf.edu/
chimera/). All vapor pressure calculations were carried out using the
Antoine method in the MPBPVP module of EPI Suite (V4.0) (freely

available from http://www.epa.gov/opptintr/exposure/pubs/
episuitedl.htm).

The activation energy (EACT) for each chemical investigated was
calculated as follows: (1) Optimization of the parent chemical
structure with the resulting energy value being the ground state energy
(EGS). (2) Optimization of the negatively charged intermediate
structure obtained by adding a negatively charged methyl thiol moiety
to the parent chemical structure. The resulting energy is the
intermediate energy (EINT). (3) Optimization of the negatively
charged methyl thiol moiety (ETHIOL). (4) EACT = EINT − (EGS +
ETHIOL).

Statistical Analysis. All QMMs, statistics, and plots were
developed using regression analysis in Minitab V16.

Table 1. continued

aSAS = solvent accessible surface area, logVP = logarithm of the calculated vapour pressure, NS = nonsensitizer, Diss = dissociates, NC = not
calculated.
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■ RESULTS AND DISCUSSION
The aim of this study was to utilize quantum mechanics
calculations to predict skin sensitization potency in the LLNA
for 33 chemicals previously assigned as being direct acting
Michael acceptors.8,23 This involved calculating two descriptors
based on the mechanism of the Michael addition reaction. The
first of these descriptors models the rate of covalent bond
formation by assessing the stability of the negatively charged
intermediate in the Michael addition reaction using DFT
calculations. The second descriptor assesses the accessible
surface area at the site of nucleophilic attack in the ground state
structures. The effect of volatility on the relationship between
skin sensitization potency and the calculated chemical reactivity
parameters was also investigated. All calculated data are
summarized in Table 1.
Quantum Chemical Modeling of the Michael Addition

Reaction. Density functional calculations were used to
investigate the relative stability of the negatively charged
species that has been proposed as the key intermediate on the
potential energy surface of the Michael addition reaction
(Figure 1).11,15 The stability of this species is related to the

activation energy and thus the rate of the Michael addition
reaction. Interestingly, this mechanism involving a negatively
charged intermediate is in contrast to that suggested by
previous quantum chemical calculations.25 These calculations
outlined a mechanism for Michael addition that proceeded via a
four coordinate transition state in which the neutral methane
thiol moiety added directly across the double bond. However,
the presence, and relative stability of, the negatively charged
intermediate located on the potential energy surface during the
current study suggests this concerted mechanism to be less
likely. The calculated energy of activation values for each of the
chemicals in the data set are tabulated in Table 1 under the
heading EACT.
Quantitative Mechanistic Modeling of the Michael

Addition Reaction. The ability of the calculated energy of
activation (EACT) to predict skin sensitization potency (pEC3)
was investigated using the quantitative mechanistic modeling
(QMM) approach. An initial QMM considering all of the data
together showed a poor correlation between skin sensitization
potency (pEC3) and the calculated energy of activation (EACT).
The QMM is shown in eq 1, with the correlation between
experimental and predicted pEC3 shown in Figure 2 (entitled
correlation 1).

= − EpEC3 1.55 0.02 ACT (1)

n = 30, r2 = 0.02, r2adj = 0.00, and s = 0.47.
Inspection of correlation 1 in Figure 2 shows methyl acrylate,

ethyl acrylate, and methyl methacrylate (shown as lower filled
squares) are predicted to be more potent skin sensitizers and
are thus outliers to the general trend in the remaining data.
Previous research has shown that these short chain acrylates
and methacrylates are less potent in the LLNA than predicted
from experimentally derived rate constants.17 This research

suggested that ethyl acrylate and ethylene glycol dimethacrylate
were susceptible to oxygen initiated free radical polymerization
resulting in the observed lower LLNA results. This hypothesis
was supported by the fact that the LLNA value for 2-
hydroxyethylacrylate was well predicted based on its rate
constant. This was rationalized in terms of the increased
solubility of this chemical due to the hydroxyl group that
protects it from the oxygen initiated polymerization. It is also
likely that the high volatility of these short chain compounds
contributes to their reduced skin sensitizing ability. This can be
seen in the significant reduction in the logarithm of the
calculated vapor pressure of 2-hydroxyethylacrylate compared
to methyl acrylate, ethyl acrylate, and methyl methacrylate
(−0.85 vs 1.95 vs 1.61 vs 1.59, respectively). In addition, β-
phenyl cinnamic aldehyde is also a significantly more potent
skin sensitizer than predicted from eq 1 (shown as the upper
filled square in the plot entitled eq 1 in Figure 2). The low
potency prediction of eq 1 can be easily rationalized in terms of
the severe steric hindrance at the β-carbon (the available
accessible surface area is reduced to 1.90 Å2 compared to that of
cinnamic aldehyde with a value of 13.95 Å2). In addition, the
geometry of the Michael addition intermediate involves the two
benzene rings on the β-carbon coming into close contact with
each other. This is due to the bond angle around the β-carbon
going from around 120° to around 109°. The higher potency of
this compound may be due to its reacting not by Michael
addition but via Schiff base formation at the carbonyl group. It
is possible to predict the skin sensitization potency in the
LLNA for β-phenyl cinnamic aldehyde via a Schiff base
mechanism, using a previously published QMM.26,27 This
QMM leads to a predicted pEC3 value of 2.36, which is in good
agreement with the experimental value of 2.54 (pEC3
calculated using the equation pEC3 = 1.12Σσ* + 0.42 log P
− 0.62; where Σσ* = 1.29, log P = 3.65). This analysis
illustrates that separate QMMs can be used to predict the skin
sensitization potency of chemicals with more than a single
mechanism. The prediction from the QMM resulting in the
higher skin sensitization potency value is the one of concern,
and thus, the chemical should be assigned to this mechanistic
domain. In the case of β-phenyl cinnamic aldehyde, this analysis
suggests that Schiff base formation is the primary mechanism
by which skin sensitization occurs. Removal of methyl acrylate,
ethyl acrylate, methyl methacrylate, and β-phenyl cinnamic
aldehyde, for the mechanistic reasons discussed above, results
in an improved QMM (eq 2 and correlation 2 in Figure 2).

= − EpEC3 1.91 0.06 ACT (2)

n = 26, r2 = 0.43, r2adj = 0.40, s = 0.22.
The correlation between the experimental and predicted

pEC3 values shows vinyl pyridine to be a significant outlier to
the remaining data (correlation 2 in Figure 2). This chemical
has a relatively large calculated energy of activation that results
in it being poorly modeled by the QMM shown in eq 2.
However, the β-carbon atom of vinyl pyridine is virtually free
from steric hindrance because it is substituted by two hydrogen
atoms. The effect of bulky substituents at the reaction site upon
the rate of a chemical reaction can be understood from the
Arrhenius equation (k = Ae−Eact/(RT)). In this equation, the pre-
exponential factor, A, represents the frequency of collisions that
could lead to a reaction, whereas the exponential term, EACT/
(RT), represents the fraction of colliding molecules that have
sufficient energy for a reaction to occur. This means an increase
in steric hindrance on going from the reactants to the transition

Figure 1. Proposed Michael addition mechanism leading to a
negatively charged intermediate on the potential energy surface.
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state will increase EACT. The value of A can also be decreased by
the effect of steric hindrance between the reactants that limit
the range of collision approaches and rotational conformers
that can lead to a reaction. The consequence of these two steric
factors combined ultimately lead to a slower reaction rate, k.
Vinyl pyridine has a virtual absence of steric hindrance at the β-
carbon which, as discussed, results in an increased pre-
exponential term compared to the other Michael acceptors
(correlation 2, Figure 2). This effect is not accounted for by the
calculated energy of activation, which models only the EACT
term in the Arrhenius equation. Previous studies have shown
that the effect of steric bulk at a reaction site can be modeled
using the calculated solvent accessible surface area.25 Including
this calculated parameter resulted in an improved QMM in
which vinyl pyridine was no longer poorly predicted (eq 3 and
correlation 3 in Figure 2). This suggests that, in part at least,
the calculated solvent accessible surface area term is modeling
the pre-exponential term in the Arrhenius equation. Interest-
ingly, this QMM has a single outlier, the longer chain acrylate
2-ethylhexyl acrylate that is predicted to be a more potent skin
sensitizer than is observed experimentally (pEC3 1.82 vs 1.27,
shown as a filled square in correlation 3, Figure 2). Inspection
of the logarithm of the calculated vapor pressure value for 2-
ethylhexyl acrylate shows it to be significantly less volatile than
methyl acrylate, ethyl acrylate, and methyl methacrylate (−0.71
vs 1.95 vs 1.61 vs 1.59, respectively). This suggests that for
longer chain acrylates with low volatility, the reduction in skin

sensitizing potential (compared to what would be predicted
from reactivity) can be attributed to the polymerization
reaction alone. In terms of the QMM, the data show that the
skin sensitization potential of acrylates and methacrylates is
overpredicted and should be excluded from the model’s
applicability domain. Excluding these chemicals results in a
significantly improved QMM for the remaining 25 Michael
acceptors in the data set (eq 4 and correlation 4 in Figure 2).

= − +EpEC3 1.67 0.05 0.01SASACT (3)

n = 26, r2 = 0.60, r2adj = 0.56, and s = 0.19.

= − +EpEC3 1.60 0.06 0.02SASACT (4)

n = 25, r2 = 0.79, r2adj = 0.78, and s = 0.13.
Energy of Activation of Nonsensitizing Michael

Acceptors. Crotonyl thioglycerol, geranyl nitrile, and trans-2-
methyl-2-butenal are Michael acceptors that are reported as
being nonsensitizers in the LLNA. The energy of activation and
the solvent accessible surface area for these chemicals was also
calculated (Table 1). These results showed both crotonyl
thioglycerol and trans-2-methyl-2-butenal to be potentially
reactive with relatively low energies of activation (2.35 and 6.32
kcal/mol, respectively). In contrast, a stable intermediate could
not be isolated for geranyl nitrile, which was taken as evidence
of a lack of Michael addition reactivity. This is in keeping with
the absence of skin sensitizing ability for this compound. The
lack of skin sensitizing ability for crotonyl thioglycerol can be

Figure 2. Correlation between experimental (y-axis) and predicted (x-axis) pEC3 values for the QMMs developed in the current study (filled
squares are as follows: correlation 1, methyl acrylate, ethyl acrylate, methyl methacrylate, and β-phenyl cinnamic aldehyde; correlation 2, vinyl
pyridine; correlation 3, 2-ethylhexyl acrylate).
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potentially explained by it being rapidly hydrolyzed into
thioglycerol and crotonic acid reducing its skin sensitization
potential (Figure 3). This type of hydrolysis has been reported
to occur with similar compounds via the action of the
monoacylglycerol lipase enzyme, an enzyme that is widely
expressed in lipid metabolizing tissue such as the skin.28−30 The
discrepancy between the calculated energy of activation and
absence of skin sensitization for trans-2-methyl-2-butenal can
potentially be explained by the high volatility of such low
weight compounds. Inspection of the logarithm of the
calculated vapor pressure for trans-2-methyl-2-butenal shows
it to be significantly higher than the chemicals that are well
modeled, with a value closer to those for the methyl acrylate,
ethyl acrylate, and methyl methacrylate (1.28 vs 1.95 vs 1.61 vs
1.59, respectively). As discussed, the skin sensitizing ability of
these chemicals is lower than expected due to a combination of
volatility and free radical polymerization. The data for these
short chain chemicals suggest that volatile compounds are likely
to be weaker sensitizers in the LLNA than would be expected
based purely on their reactivity. These data suggest that
chemicals with a logarithm of the calculated vapor pressure
greater than 1 log unit should be considered as outside the
applicability domain of reactivity based models for the
prediction of skin sensitization potency. This physicochemical
boundary applies to both in silico models as developed in the
current study and to in chemico models such as those previously
published.17

Applicability Domain of the Quantitative Mechanistic
Model. There have been several publications in the literature
relating to the nonanimal prediction of skin sensitization for
direct acting electrophiles within the Michael addition
mechanistic domain.13,15,17 Upon first inspection, it seems as
if these publications contradict each other, as it has been
previously suggested that subcategorization into smaller
groupings is required for predictions of skin sensitization to
be made using reactivity parameters.13 In contrast, other
research makes no mention of the need for subcategorization
within the Michael addition domain for direct acting electro-
philes.15,17 These differences highlight an important aspect in
the use of alternatives methods, the applicability domain. It is
important to realize that differing methods (in chemico, in vitro,
and in silico) will have different applicability domains. The key
aspect to using an alternative method (or combination of
methods in a weight of evidence approach) is to ensure the
chemical for which a prediction is being made falls within the
applicability domain of the method being used. Thus, it is
important that the applicability domain of the QMM detailed
by eq 4 is clearly outlined in order for it to be of use in
predictive toxicology. The domain can be defined in terms of
the chemical space that has been explored during the
development of the QMM described by eq 4. Therefore,
chemicals that meet the following criteria can be considered as
within the domain: direct acting Michael acceptors with a single
reactive site; cyclic and acyclic alkenes and alkynes polarized by
an aldehyde, ketone, ester, cyano, or aromatic ring moiety; in
the case of polarized alkenes, the substituents at the α- and β-

carbon atoms can be any combination of hydrogen or carbon
(sp3 or sp2 hybridized); in the case of polarized alkynes, the
substituents at the β-carbon atom can be any combination of
hydrogen or carbon (sp3 or sp2 hybridized); chemicals with a
calculated vapor pressure less than or equal to 1 log unit
(calculated using the Antoine method in the MPBPVP module
of EPI Suite V4.0); and chemicals with a calculated SAS value
greater than 2.00 Å2 (calculated using the Chimera software).

Weight of Evidence Approach for the Prediction of
Skin Sensitization. The data presented in this study outline
how skin sensitization potency (as measured in the LLNA) can
be predicted using computational methods within a well-
defined applicability domain. However, it is important to realize
such a method is unlikely to be used as a one-to-one
replacement for the LLNA (or other in vivo assays) in
regulatory toxicology. Instead, it is envisaged that it will be used
as part of a weight of evidence scheme consisting of data from
both experimental (in chemico and/or in vitro) and computa-
tional sources (predictions of potential and potency). Existing
computational tools such as Derek Nexus and the OECD
QSAR Toolbox enable skin sensitization potential to be
predicted (either via the presence of a structural alert or
category formation/read across). In contrast, the method
outlined in the current study allows skin sensitization potency
to be predicted for chemicals acting via Michael addition.
Clearly, a computational prediction of skin sensitization
potency supported by data from other in silico, in chemico,
and in vitro studies is more likely to be accepted by a regulatory
agency than a single piece of evidence (either computational or
experimental).

■ CONCLUSIONS

This study has outlined how quantum chemical calculations can
be used to predict skin sensitization potency in the LLNA for
chemicals acting via Michael addition. The results showed that
the stability of a negatively charged intermediate on the
potential energy surface is the rate determining step in the
reaction. The study also highlights how mechanistically driven
modeling can lead to a quantitative mechanistic model with
good predictability and a well-defined applicability domain. In
terms of predicting the LLNA for direct acting Michael
acceptors, the data showed that volatile chemicals and those
able to readily polymerize are outside the applicability domain
of the model. In silico quantitative mechanistic models have the
potential to be of use in risk assessment as part of a weight of
evidence approach for the nonanimal prediction of skin
sensitization.
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