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ABSTRACT: Alkylating agents are considered to be archetypal
carcinogens. One suitable technique to evaluate the activity of
alkylating compounds is the NBP assay. This method is based on
the formation of a chromophore in the reaction between the
alkylating agent and the nucleophile 4-(p-nitrobenzyl)pyridine
(NBP), a trap for alkylating agents with nucleophilic characteristics
similar to those of DNA bases. NBP is known to react with strong
and weak alkylating agents, and much insight into such alkylation
mechanisms in vivo can be gained from kinetic study of some
alkylation reactions in vitro. Since 1925, the NBP assay has
evolved from being a qualitative, analytical tool to becoming a
useful physicochemical method that not only allows the rules of
chemical reactivity that govern electrophilicity and nucleophilicity
to be applied to the reaction of DNA with alkylating agents but also helps to understand some significant relationships
between the structure of many alkylation substrates (including DNA) and their chemical and biological responses. Given that
advances in this area have the potential to yield both fundamental and practical advances in chemistry, biology, predictive
toxicology, and anticancer drug development, this review is designed to provide an overview of the evolution of the NBP
method from its early inception until its recent kinetic−mechanistic approach, which allows the pros and cons of NBP as a
DNA-model to be analyzed. The validity of NBP as a nucleophilicity model for DNA in general and the position of guanosine
at N7 in particular are discussed.
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1. INTRODUCTION
Alkylating agents are considered to be archetypal carcinogens.
Certain alkylating agents are primary carcinogens, which do not
require metabolic activation to exert their biological effects,
whereas most frequently a previous bioactivation step is
required.1 Almost all the heteroatoms in the double helix
have the potential to become alkylated. The preferred sites of
alkylation in duplex DNA depend strongly on the nature of the
alkylating agent. For example, the N7 position of the guanine
residue is the most nucleophilic site on DNA bases and is a
favored site of reaction for almost all small, freely diffusible
alkylating agents.2 The electrophilic groups in many alkylating
agents are inherently labile and undergo relatively rapid
hydrolysis, which renders them inactive.
Because of their DNA-damaging ability, alkylating agents

were the first compounds identified to be useful in cancer
chemotherapy. Many antineoplastic drugs routinely used today
in cancer therapy are alkylating agents, including nitrogen
mustards such as melphalan, chlorambucil, cyclophosphamide,
and ifosfamide; nitrosoureas such as carmustine, lomustine, and
streptozotocin; alkyl sulfonates; thioTEPA; and, in a broader
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sense, even cisplatin and other platinum complexes. Several of
these drugs have at least two reactive sites and are able to form
cross-links between DNA strands, preventing their separation
for processes such as replication and RNA transcription.
One suitable simple and highly selective technique to determine

the activity of alkylating compounds is the colorimetric NBP
method. The nucleophile 4-(p-nitrobenzyl)pyridine (NBP), a trap
for alkylating agents with nucleophilic characteristics similar to
those of DNA bases,3,4 is known to react with strong5−7 and
weak8−12 alkylating agents, and much insight into such alkylation
mechanisms in vivo can be gained from the kinetic study of this
reaction in vitro.13−15 Accordingly, here we provide a brief
overview of the main aspects related to the NBP chemistry
because (i) almost all of the heteroatoms in the double helix have
the potential to be alkylated, such that the physical chemistry of
DNA damage is of crucial importance in diverse fields such as
medicinal chemistry, toxicology, and biotechnology;16−18 (ii) NBP
is often quoted as a model for DNA. This assumed relationship is
usually taken as a premise and applied with the aim to establish
correlations of the response in the NBP assay with the results from
other assays or the effects in vivo;7,19 (iii) to our knowledge, apart
from some analytical aspects of the NBP method, there is a lack of
a general review on aspects as relevant as the kinetics and
mechanisms of alkylation reactions, or correlations between the
chemical reactivity of alkylating agents (NBP method) and their
carcinogenicity.

2. DEVELOPMENT OF THE NBP ASSAY
2.1. Early Work. Early investigations addressing the

detection of alkylating agents were performed in the beginning
of the 20th century. A precursor of the NBP test was developed
by Decker, using α and γ-benzylpyridine,20 and the first
application of 4-(p-nitrobenzyl)pyridine to detect alkylating
agents was implemented in 1925 by Köenigs et al.21 This initial
attention paid to the NBP assay was a consequence of the
interest in the reactivity and detection of the vesicant,
mutagenic, and carcinogenic compounds used in chemical
warfare, and indeed, the US military was the first to try to
correlate color intensity with the reactivity of the alkylating
agent and also to propose a mechanism for the reaction
(Scheme 1). Epstein et al. improved the accuracy of the method

and applied it for quantitative determinations.3 This seminal
work has been cited profusely, and some authors refer to the
NBP assay as the Epstein test. In general, the experimental
procedure is based on spectrophotometric measurement of the
color intensity of alkylated NBP after basification (Scheme 1).
The colored adduct obeys the Lambert−Beer law, and the
absorbances measured can therefore be correlated with the
concentration of adduct. Since the chromophore is unstable in
alkaline medium, the measurements must be taken rapidly.

Depending on the solubility of the alkylating agent in water,
two general modifications of the test have been used: (i) In
aqueous media, solutions of the alkylating agent containing
phthalate as a buffer are mixed with NBP in acetone, heated at
100 °C for 20 min, and then cooled in an ice−water bath.
Potassium carbonate in water/acetone (1:4) is used as the base.
Many investigators have used this form of the assay with minor
modifications.19,22−48 (ii) For water-insoluble compounds, methyl
ethyl ketone is used as a reaction medium instead of water. Since
the alkylation reaction proceeds slowly in organic media, it is
allowed to run for 45 min. Acetone is added, and after cooling,
the base triethylamine is added. Higher temperatures are used to
dissolve the reagents in less volatile solvents such as
acetophenone49 and ethylene glycol.50 Ethylene glycol has the
additional advantage of preventing the formation of separate
organic and aqueous phases, as often occurs.22,51−62 The method
introduced by Preussman63 uses glycol monomethyl ether as
solvent, and piperidine has been used extensively as a base.64−70

2.2. Biological Samples. With the advent of alkylating
antineoplastic agents, interest in the NBP assay as an analytical
tool for biological samples increased. The ability to detect these
drugs in biological fluids, however, required some modification to
the method: centrifugation, precipitation, and chemical23,71,72 or
thermal denaturation73 to separate possible interfering constitu-
ents of biological fluids and changes in the solvents and buffers
with a view to improving sensitivity74 and reproducibility.73,75

Friedman and Boger added further modifications to the original
method, by extracting the colored product with ethyl acetate, using
NaOH as a base.73 This approach became the most commonly used
method for the estimation of alkylating agents in biological
samples.4,76−87 Other variations include gassing the sample88−91 or
changes in the solvents,60,92−95 often aimed at avoiding the extrac-
tion step.96 Skibba and Collins have also proposed some modi-
fications for the detection of antineoplastic nitrogen mustards.97

Additionally, after following the kinetics of the NBP alkylation
reaction by a variety of alkylating agents,98−100 Kawazoe concluded
that temperature and pH must be carefully monitored101 because of
the lability of the reactants, and a pH above 12.5 is needed for
quantitative dissociation of the adduct. After these works, small
modifications have been applied and then only on specific occa-
sions. An additional set of variations exists with regard to the use
NBP as a developing reagent in thin-layer chromatography, where
NBP is sprayed onto the plate, after which a base added.102−113

2.3. Alternative Assays. Several, less successful, at least in
terms of widespread use, alternatives to NBP have been proposed,
e.g., 8-quinolinol for the detection of bifunctional nitrogen
mustards.114 2,6-Dibromo-N-chloro-p-quinone imine and tricho-
loro-p-quinone imine show selectivity for the detection of com-
pounds containing PO and PS bonds.115 Substitute chromo-
gens such as that of p-nitrothiophenolate have also been used,116

with lower detection limits and better color stability.49 Fuchsin has
also been proposed as an alternative for the study of epoxide hydro-
lases since it gives better results for the less reactive oxiranes.117,118

On studying the stability of alkylating agents, NBP is appropriate
only for those with intermediate reactivity.29 A colorimetric assay
based on nicotinamide has been proposed, which allows the use
of more biomimetic conditions and better color stability.40 The
rate constants are also comparable to those for NBP.37

N-Mercaptoimidazole (MMI) has also been used to test
SN2 reactivity. However, the reaction must be monitored by

Scheme 1. Alkylation Reaction of NBP and Development of
Color
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1H NMR spectroscopy since the assay is not colorimetric.
In addition, MMI has two reactive sites: N- and S-atoms.
Reactions with H2O or trifluoroacetate are often used as a
measure of SN1 alkylating activity and thus as probes for
O-alkylation.119−121

3. NBP AS A DNA-MODEL
NBP has often been cited as a model for DNA in general and
for the N7 position of guanine in particular.4,72,122 This
assumed relationship is usually taken as a premise, and the
technique is applied with the aim of establishing correlations of
the response in the NBP method with the results from other
assays or the effects in vivo.19 Below, we explore whether NBP
might be a valid model for DNA and thus the validity of the
above premise.
DNA is a very complex polymer, with a variety of N (endo-

and exocyclic) and O (carbonyls and phosphates) nucleophilic
positions that may react with alkylating agents simultaneously,
affording different reaction products. Even nucleotides have
several reactive sites. This, together with other factors such as
the low solubility of nucleobases or the cost of commercial
DNA, and above all the difficulty of monitoring the reagents
and products, makes kinetic study of DNA alkylation very
difficult and encourages the use of models.
Whereas the multiplicity of reactive sites makes it impossible

to focus on a specific reactive site on polymeric DNA,
experimental work has suggested that guanosine (i.e., its N7
endocyclic nitrogen) is the most nucleophilic position in
DNA.123,124 As a consequence, the majority of adducts formed
between alkylating agents and DNA are N7-guanine adducts,2

and the ability of alkylating agents to modify this DNA site is
considered evidence of genotoxicity.
The alkylation of N7 guanine has several possible

consequences: (i) cross-linkage of two adjacent guanine
residues in the case of bifunctional agents; (ii) base mispairing,
which produces base-pair substitution (usually GC→AT
transitions) or strand breaks; and (iii) depurination; N7
alkylation causes cleavage of the imidazole ring and guanine
residue excision. Mutagenesis by depurination may occur by
insertion or deletion.125 In addition, the apurinic site formed
may result in a highly genotoxic strand break. Thus, the
reaction of N7 position of guanine and of the reactive site in
NBP is in fact a valid model for the most reactive sites in DNA.
3.1. Nucleophilicity of DNA. Despite the complexity of

DNA, many efforts have focused on applying the basic rules of
chemical reactivity that govern electrophilicity and nucleophil-
icity for the alkylation reaction of DNA by alkylating agents
(AA). One of the most simple scales of nucleophilicity/
electrophilicity and by far the one most frequently applied to
the reaction of DNA with alkylating agents is that developed by
Swain and Scott (eq 1).126

= − ·k k n n slog( / ) ( )N o N o (1)

This free-energy relationship127 relates the pseudo first-order
reaction rate constant (kN; in water at 25 °C) of a reaction,
normalized to the reaction rate of a standard reaction with
water as the nucleophile (ko), to a nucleophilic constant, (nN
and no), and a substrate constant, s. These depend, respectively,
on the nature of the nucleophile and the sensitivity of the
substrate to nucleophilic attack.128 Since the reaction is
assumed to take place in aqueous solution, no conclusions
can be drawn regarding the role of the solvent. More powerful
contemporary approaches, such as those of Ritchie129,130 or

Mayr-Patz,131 have been applied less frequently to the reaction
of DNA with electrophiles.
Table 1 shows the Swain−Scott nucleophilicity constants for

some common nucleophiles. The values reported show that
NBP and N7-guanine have almost identical n values and
therefore similar nucleophilicity. In contrast, pyridine and
aniline have somewhat higher values. More importantly, these
values are very different from those for DNA: double-stranded
DNA has much lower nucleophilicity, whereas its monomeric
form has much higher values. However, the values for either
single-stranded or duplex DNA are difficult to compare with
those of monomers, and such conclusions must be taken
carefully since (i) steric hindrance is not explicitly taken into
account in the Swain−Scott equation, and hence, steric effects are
seen as deviations from the ideal behavior rather than genuine
effects; (ii) DNA has a variety of different nucleophilic sites, with
very different reactivities; and (iii) electrophiles such as
carbocations, which include most SN1-acting alkylating agents,
deviate significantly from ideal Swain−Scott behavior.128

3.2. Site Selectivity. An interesting consequence of the
multiplicity of reactive alkylation sites is that certain alkylating
agents show particular preference for some nucleophilic
positions: for instance, carbocations react with oxygen atoms,
whereas other electrophiles, such as oxiranes, mainly react with
nitrogen nucleophiles. The factors governing this reactivity are
a combination of steric and electronic effects.132,133

Several approaches have been proposed to explain this
complex behavior (Table 2):

• In terms of the Swain−Scott equation, electrophiles with
low s values are less sensitive to the greater n value of
nitrogen nucleophiles and hence preferentially react at
O-sites. Alkylating agents with high s values are sensitive to
the increased nucleophilicity and react with N-sites.98,134

• In terms of molecularity, SN1-alkylating agents show a
greater preference for O nucleophilic positions, whereas
N7-guanine adducts are formed via SN2 reactions. This
view is controversial, and the particular behavior of
certain alkylating agents has been putatively interpreted
as an unexplained deviation from ideal Swain−Scott
behavior rather than as a fundamental difference in the
alkylation mechanism.135

Table 1. Swain−Scott Nucleophilicity Constants for Some
Nucleophiles of Biological Interest

nucleophile formula n

DNA211 2.5−2.6
monomeric DNA212 5.4
N7-guanine211 3.5−3.6
O6-guanine211 0.5−1.5
DNA phosphate133 1
-RS- and-RSH in cysteine (avg)211 ∼5
inorganic phosphate H2PO4

− 2.5
acetate128 CH3COO

− 2.72
thiosulphate128 S2O3

2‑ 6.36
water128 H2O 0.00
azide128 N3

− 4.00
hydroxide128 HO− 4.20
iodide128 I− 5.04
aniline128 C6H5NH2 4.46
pyridine190 C6H5N 4.27
NBP212 C12H10N2O2 3.5
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• In terms of the hard−soft reactivity theory,124 the
selectivity observed has been explained as follows.
Whereas small, diffusible alkylating agents react with
the N7 guanosine position, the reactivities at other
nucleophilic sites in DNA can be explained in terms of
soft−soft and hard−hard selectivity.2,135,136

None of these approaches wholly explains the fact that very
different adducts are formed in the reaction of DNA with
certain kinds of alkylating agents. However, as regards this
overview, it perhaps suffices to address the following issue.
3.3. To What Extent Is DNA Modeled by NBP? The first

and most important difference between DNA and NBP is their
polymeric and monomeric nature, respectively. Large differ-
ences in terms of steric hindrance, accessibility, and
nucleophilicity also exist. Thus, NBP can hardly be an accurate
model for DNA as a whole. It is, however, a valuable model for
one particular position.
The reactive site in NBP is an aromatic amine group in the

pyridine ring, whose electronic configuration is quite similar to
that of N7-guanine (Scheme 2), as demonstrated by their

almost equal Swain−Scott n factors.137 Steric hindrance is also
quite similar in NBP and monomeric guanosine, both sites
being fairly unimpeded. However, certain bulky alkylating
agents may react with a small molecule, such as NBP, but may
be unable to reach the nucleophilic nitrogen positions in DNA
due to the much more cramped nature of the macromolecule,
which would lead to false positives.
Thus, NBP is a suitable DNA-model insofar as the

electrophiles under study show high affinity for the N7 position
of guanine. That is, for small, diffusible SN2-reacting alkylating
agents the reaction with NBP is very similar to that of DNA,
and much insight into the in vivo alkylation mechanism can be
obtained.138 In this case, the observed reaction rate is that of
the bimolecular alkylation reaction.
In contrast, NBP is a poor model when hard SN1-reacting

electrophiles are studied because these mainly react at oxygen
sites in vivo. Also, because the NBP test is nonspecific138 when
the reaction kinetics is monitored, in fact it is the formation of
the unimolecular carbocation that is followed.
In conclusion, not much insight can be gained from the use

of NBP as an alkylation substrate to model the reaction of DNA
with alkylating agents that react via unimolecular cleavage or
have great affinity for centers other than N7 DNA. In these
cases, a probe with an O alkylation site could offer a better

model for O alkylation. For the same reasons, aniline is
expected to be a better model compound for the N2 guanine or
N6 adenine positions.

3.4. Pros and Cons of NBP as a DNA-Model. Beyond
discussion of its reactivity as a DNA-model, other consid-
erations about the (dis)advantages of the NBP test must be
taken into account. Apart from the ability to model the
nucleophilicity of N7 guanosine, the advantages that have
encouraged the use of the NBP assay range from its simplicity
(UV−vis detection), rapidness, and low costs77,139 to its
sensitivity, reproducibility,49,97 and versatility.49 It has also been
successfully coupled to in vitro metabolic activation systems.
The fact that alkylation products can be monitored

selectively by UV−vis spectroscopy has also encouraged the
use of NBP in kinetic and mechanistic studies since the use of
DNA is much more expensive and involves considerable
experimental difficulties.
The NBP assay has several drawbacks that should be kept in

mind: (i) NBP is insoluble in water, and aquo-organic mixtures
are required, which are very different from in vivo conditions
(although the dielectric constant of these water/organic
mixtures may be similar to that of the major groove of
DNA);140 (ii) occasionally, salt concentrations may be very
different from physiological values; (iii) NBP-AA adducts
hydrolyze in basic media, which requires fast measurements, or
at least for these to be made at equal time intervals;40,141 (iv)
the nonspecificity of the method hinders the use of NBP in the
case of mixtures of alkylating agents;40,78,92−94 (v) its use in
acidic media is complicated by the protonation of the
nucleophilic nitrogen, whose pKa must be taken into account;
and (vi) the most usual variations of the NBP assay do not take
into account bioactivation processes (e.g., oxidation by P450
cytochromes), and accordingly, indirect alkylating agents afford
false negatives. The degree of hindrance or benefit introduced
by these features depends on the application sought. For
instance, in order to correlate kinetic results with in vivo
activity, the electrophile under study must fulfill certain
requirements (vide supra), which are not needed for purely
analytical applications.

4. USES OF THE NBP METHOD AND ALKYLATION
MECHANISMS

4.1. Detection and Quantification of Alkylating
Agents. 4.1.1 Detection of Toxic Agents. As stated above,
since its inception the NBP test has been applied for the
detection of alkylating agents from a toxicological point of view,
that is, to determine whether air or water samples contain
alkylating agents, regardless of their nature. Some of these uses
have been proposed for applications in warfare. In such work,
the NBP test has been used as a qualitative method for the
detection of generic alkylating agents: first mustard gas and
later other alkylating agents (diethyl sulfate, butyl thiocyanate,
benzene sulfonyl chloride, diphenylchloroarsine, and diethyl
phosphorofluoridate).
As regards the formation of alkylating agents in foods, Archer

and Eng observed that nitrosodiethylamine reacted with NBP
to yield an alkylating agent in a nonenzymatic chemical
activation system. This approach was also applied to other
cyclic and acyclic nitrosamines.77 Unidentified alkylating
nitroso compounds were detected in the reaction of common
foods after incubation with nitrite under biomimetic gastric
conditions.142

Table 2. Selectivity in the Formation of DNA-Adducts via
Several Approaches

Swain−Scott molecularity hard−soft

AA site AA site AA site

low s O SN1 O hard O
high s N SN2 N soft N

small and diffusible N7-Guo

Scheme 2. Guanosine and NBP
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The formation of mutagenic chlorination byproducts was
addressed in early studies,28,143 before their identification as
halogenated hydroxyfuranones.
Several applications have also involved the detection of

organophosphorous pesticides,144 estimation of insecticide
levels on agricultural crop foliage,145 and the validation of an
oxidative treatment for alkylating agents present in residual
waters.146

NBP has very often been used as a TLC-developing agent,
usually to detect organophosphorous pesticides109,113,115 but
also aza-heterocycles, such as diazinon,147 trichothecene
mycotoxins,112 nitrosoureas,148 or drugs such as thioTE-
PA.104,111

Addressing the detection of phosgene, a toxic atmospheric
pollutant and an industrial chemical, Nakano et al. developed
a porous tape impregnated with a NBP solution able to detect
6 ppb of phosgene in air.139

The formation of alkylating metabolites of chemicals and
drugs has also been addressed: Guengerich et al. used NBP to
detect 2-cyanoethylene oxide, an alkylating metabolite of
acrylonitrile;149 Cioli et al. tested the alkylating capacity of a
putative metabolite of hycanthone, an antischistosomal drug;102

and Padgette et al. detected the formation of an epoxide
metabolite of 1-phenyl-1-(aminomethyl)ethane hydrochlor-
ide.41

The NBP test was applied by Fox et al. for the
characterization of the oxidative activity of methane mono-
oxygenase purified from Methylosinus trichosporium OB3b on
haloalkenes. The alkylating ability of the reaction products
helped to confirm that epoxides were formed.150 Similarly,
Newman et al. used NBP to capture the short-lived epoxide
formed in the oxidation of tricholoroethylene by toluene 2-
monooxygenase from Burkholderia cepacia G4.151 Forkert et al.
followed the formation of an epoxide from diallylsulfone in
their study of CYP2E1 inactivation.152,153

4.1.2. Detection of Pharmacological Agents. The NBP
assay has been proposed for the detection of antineoplastic
alkylating agents in biological tissues in order to determine their
pharmacokinetics and pharmacodynamics when administered
as a treatment.
Many examples exist: phenylalanine mustards in blood;

chlorambucil, sarcochlorine, mannomustine, and others in
plasma and urine;74 mannitol myleran in urine and blood;50

bis(2-chloroethyl)methylamine in plasma, lymph, urine, or
tissue homogenates;154 melphalan and mechlorethamine in
plasma;97 and 3-[bis(2-chlorethyl)-carbohydrazide]-2,2,5,5-
tetramethylpyroline-1-oxyl, a spin-labeled nitrogen mustard,53

and bioreductive diaziquones.79

NBP has often been used as the substrate of choice for the
study the metabolic fate of cyclophosphamide58,155 and the
activity of its alkylating metabolites.76,78,80,156 Mitomycin
C,88−91,157 thioTEPA,74,86,103,104,111,154,158 and ifosfamide92−95

have also attracted considerable attention.
Work is still being carried out on updating the NBP method;

Dierickx et al. revised the method using some alkylating agents
with therapeutic applications (using melphalan, m-sarcolysin,
chlorambucil, cyclophosphamide, and ifosfamide) in human
serum and aqueous media.141

4.1.3. Indirect Detection. The NBP test has also been used
as a purely analytical tool to study the solvolysis reactions of
alkylating agents by monitoring the concentration of unreacted
electrophiles.

Compounds such as bis(2-chloroethyl)methylamine (HN2)
and bis(2-chloroethyl)amine (nor-HN2),73 3-methyl-1-phenyl-
triazene and some cyclic derivatives,38 chloroethylene,31 or
epoxy-starch derivatives159 have been investigated. However,
the main application in this field has been the study of epoxide
hydrolysis and, in particular, the activity of epoxide hydro-
lases.160

One of the first of these NBP-based colorimetric assays was
that of Rink et al., who used a microplate variation to assess the
concentration of unreacted epoxide and thus evaluate catalytic
activity.161 This method, based on the work of Miller and
Guengerich (who themselves cite the study on chloroethylene
by Barbin31), has been improved several times.117,118,162−164

These assays have frequently been applied in the study of
epoxide hydrolases obtained from a variety of sources, such as
Streptomyces,165 Sphingomonas echinoides,166 Phanerochaete
chrysosporium,167,168 Cupriavidus metallidurans-CH34,169 and
also to study the oxidative activity of cytochromes170 or styrene
monooxygenase.171

4.2. Characterization of Alkylating Agents. Many
mutagenic agents afford positive results in the NBP assay (epoxides,
lactones, N-nitroso compounds, ethyleneimines, halogenated
compounds, alkyl sulfonic esters...), whereas many nonmutagens
or noncarcinogens show no response.55

Thus, NBP was proposed as a reagent for the search for
quantitative, semiquantitative, or simply qualitative correlations
between alkylating activity and biological effects (carcinogenicity,
mutagenicity, toxicity...). Kim and Thomas have suggested that “...
the test may prove to be a simple, non-biological indicator of
carcinogenic risks”,4 and as such, the NBP assay has been applied
as an alert system to assay new compounds whose in vivo effects
are unknown. These applications can be classified in two groups:
those that measure absorbance at a single, fixed time (nonkinetic
methods) and those that monitor the alkylation reaction to obtain
kinetic and mechanistic information.

4.2.1. Nonkinetic Applications. In nonkinetic applications,
the absorbance of the NBP + alkylating agent mixture in an
appropriate solvent is measured, after basification, when a certain
reaction time has elapsed (vide supra). The absorbance at the
wavelength of measurement is taken as the quantitative response.
These absorbance values are a measurement of the reactivity

of an alkylating agent and have been correlated, more or less

successfully, with biological properties such as toxicity,
mutagenicity, carcinogenicity, and antitumoral activity, as
discussed in the following sections.

4.2.1.1. Correlation of Chemical Reactivity with Muta-
genicity, Genotoxicity, and Carcinogenicity. The most
common mutagenicity assays, bacterial reverse mutation tests
(Ames test), use amino acid-requiring strains of Salmonella
typhimurium and Escherichia coli to detect point mutations

Table 3. Mutagenic Events and Target Sequences for Some
Salmonella typhimiurium Strains

Salmonella strain reversion event

TA 1536 Frameshifts
TA 98 frameshifts
TA 1538 frameshifts
TA 97 frameshifts
TA 1537 frameshifts
TA 100 base pair substitutions
TA1535 base pair substitutions
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(Table 3), which involves the substitution (strains TA100 and
TA1535), addition, or deletion of one or several DNA base
pairs (TA98, TA1538, TA 1536, TA 97, and TA1537).
Acceptable qualitative correlations have been found between
the results in nonkinetic NBP assays and mutagenicity in
several test systems (Table 4).
Other authors have reported semiquantitative correlations:

the mutagenic and alkylating potential followed the same order
for some epoxycyclohexanes,47 a series of three 1,2-dibromo
alkanes, and the compounds resulting from their conjugation
with GSH.57

More importantly, quantitative correlations between NBP
alkylating activity and mutagenicity have also been found
(Figure 1). These are generally consistent within groups of
related chemicals, such as haloallyl compounds,51,54,172

epoxides,36,37,47,48 nitrosocarbamates,173 nitrosoureas,174 and
other compounds.52

In addition, it must be taken into account that equal
absorption coefficients are usually assumed for all alkylating
agents since it is absorbance and not the concentration of the
adduct that is measured. This assumption may work within
classes of compounds, but attention must be paid to
substituents that have strong effects on chromophores, such
as carbonyl or diazo groups, and conjugated π systems, such as
allyl or aryl groups. Intergroup correlation, however, is often

poor,35,36 and discrepancies in response among different classes
of compound have been reported.32,44,45,67,175−177

Several explanations for this lack of consistency have been
advanced: (i) a higher competition by solvolysis in the case of
more reactive compounds;119 (ii) differences in selectivity
toward N and O nucleophiles;1,142 (iii) differences in the
mutagenic events arising from O6 and N7 lesions;119 (iv) the
mutagenic test system used was not appropriate;67 (v)
interference by other reactions, e.g., in the case of N-methyl-
N′-alkyl-N-nitrosoureas, the effective alkylating agent is formed
during the decomposition of nitrosoureas;178 and (vi)
mutagenicity is influenced more intensely than alkylating
activity by properties such as polarity,45 molecular volume,44

or the degree of unsaturation of aryloxides177 or glycidyl
oxides.176

Whereas chemical carcinogens exert their effects through
many different mechanisms, the NBP test has also been found
to be a good predictor of the carcinogenicity and in vivo
genotoxicity of alkylating agents (Table 5).
Several investigators have searched for a correlation between

genotoxicity in vivo and chemical reactivity in vitro. Giri et al.
studied four aliphatic epoxides that afforded positive results in
the NBP assay and also produced DNA strand breaks. The lack
of correlation between the response in both assays has been
attributed to the different half-lives of the alkylating agents
under physiological conditions.179 Good qualitative and

Table 4. Correlation between Nonkinetic NBP and Mutagenicity

Ames test NBP test

group compd −CASa +CAS −CAS +CAS

various213 bisphenol A − − −
nitrosylated bisphenol A +

halogenated compounds213 ethylene dichloride + + + +
trichloroethylene − + − +
tetrachloroethylene − − − −
1,2-dibromoethylene NR NR + +
p,p-1,1-dichloro-2,2-bis (chlorophenyl)ethane(DDT) − − − −
p,p-1,1-dichloro-2,2-bis (p-chlorophenyl)ethane(DDD) − + − −
p,p-1,1-dichloro-2,2-bis (p-chlorophenyl)ethylene(DDE) − + − +
p,p-1,1-dichloro-2,2-bis (p-chlorophenyl)-2-chloroethylene(DDMU) − − − −
p,p-1,1-dichloro-2,2-bis (p-chlorophenyl)ethylene(DDNU) − − − −

Michael acceptors214 allyl alcohol − − − +
acrylamide NR NR + +
acrylic acid NR NR + +
acrylonitrile + + + +

various214 diethylnitrosamine + + − +
fumaric acid NR NR + +
2-furoic acid − − − +
2,4-hexadienal NR NR + +
caffeine − − − _
1-methylhydrazine − − − +
1,1-dimethylhydrazine + + − +
styrene oxide + +

p-substituted α-methylstyrene oxides44 H + +
Br − +
Cl + +
CN + +
NO2 + +
phenyl + +

halogenated compounds55 neopentyl bromide − −
pentaerythrityl tetrachloride − −

aChemical Activation System.
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quantitative correlations between in vitro alkylating, mutagenic,
and genotoxic properties have been found for a series of allylic
compounds as measured by the NBP test, the Ames test, and
unscheduled DNA synthesis, respectively.180

A poor correlation was found between toxicity in mice and
leukemic L1210 cells for a series of N-nitrosoureas,181 whereas
the agreement between carcinogenicity, mutagenicity, and skin
sensitization by very different alkylating agents suggested that
the three processes share a common mechanism.182

Many alkylating agents have found use as antineoplastic
agents since cancer cells have a high division rate, and hence,
their DNA is more exposed as compared to healthy tissue.
Thus, it would seem that alkylating capacity would be a good
predictor of antitumor properties, although this is seldom the
case.65,84,85,183,184

The nonkinetic NBP assay has also been used for the
characterization of the in vivo mechanism of the action of
chemicals such as alkylhydrazones, which are autooxidized to
alkylating agents;99 atmospheric electrophiles;185 or [18F]-
labeled benzyl fluoride62 and drugs such as transferrin and
albumin conjugates of the clinical alkylating agent chlorambu-
cil186,187 and bifunctional alkylating agents.46

4.2.2. Kinetics of Alkylation: Alkylation Mechanisms. The
first efforts to correlate the biological effects of such antitumor
activity,23 toxicity,23 or tumor incidence188 with kinetic
parameters used common nucleophiles such as water,23

thiosulfate, or azide,189 and especially NBP.

A general mechanism for the alkylation of NBP by a generic
alkylating agent (AA) can be summarized as shown in Scheme 3:
the alkylating agent reacts with NBP, affording a labile adduct
(AD), which, in turn, decomposes. Simultaneously, the alkylating
agent undergoes solvolysis (in most cases, hydrolysis and also
alcoholysis in aquo-alcoholic mixtures190) and possibly other
deactivation processes such as isomerization. The hydrolysis
reaction also refers to rearrangements or any other deactivation
process. For simplicity, the catalytic terms in hydrolysis and
decomposition have been neglected.
The differential rate equations derived from such a mechanism,

when the reaction proceeds through an SN2 mechanism are

= − −
t

k k
d[AA]

d
[NBP][AA] [H O][AA]alk hyd 2 (2)

= −
t

k k
d[AD]

d
[NBP][AA] [AD]alk dec (3)

Their integrated counterparts are

= − +e[AA] [AA] k k t
o

( [NBP] [H O])alk hyd 2 (4)

=
− −

× −− + −

k
k k k

e e

[AD] [AA]
[NBP]

[NBP] [H O]

( )k k t k t

o
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dec alk hyd 2

( [NBP] [H O])alk hyd 2 dec (5)

Depending on the rates of the three processes, three different
approaches to the discussion of the kinetic NBP test exist: (i)
considering only the alkylation reaction;8 (ii) also including the
parallel hydrolysis;11 or (iii) taking into account the three
processes simultaneously.10

Choice of the appropriate approach is of importance, and
abundant instances of poor mechanistic perspective in the
kinetic application of the NBP test can be found in the
literature. For instance, competing hydrolysis and isomerization
reactions have often been completely overlooked in the study
of epoxides, especially those of polycyclic aromatic hydro-
carbons.26,27,69,191−193 Such assumptions are not unique to
oxiranes, and they have also appeared in the study of nitrogen
mustards and aziridines,23 chloroethylene,31 cyclophospha-
mide,194 3-methyl-1-phenyltriazenes,38 S-(2-haloethyl)-1-cysteine

Figure 1. NBP assay. Mutagenicity correlation for some alkylating agents: (a) Propylene oxides;37 (b) epoxides;36 (c) haloallyl compounds;172 and
(d) nitrosoureas174.

Table 5. Correlation between Carcinogenicity, Genotoxicity,
in Vivo and the Nonkinetic NBP Assay

genotoxicity
alkylating
activitya

carcinogenicitya
in vivo Comet

assay +CAS −CAS

ethylene dichloride + +215 + +
trichloroethylene + −216 + −
tetrachloroethylene − −215 − −
DDT + − −
DDD + − −
DDE + + -
acrylamide + +217 + +
acrylonitrile − −218 + +
diethylnitrosamine + +219 + −
2-furoic acid − + −
caffeine − − −
1-methylhydrazine + + −
1,1-dimethylhydrazine + +220 + −
aTaken from ref 214.

Scheme 3. Generic Alkylation Mechanism
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analogues,83 antineoplastic agents,195 haloacetonitriles,196 N-methyl-
N′-aryl-N-nitrosoureas,175 and phosphoraziridines.25

The NBP test has obvious limitations: the lack of selectivity
and applicability only to SN2 alkylating agents, in addition to
the fact that correlating the results of the NBP assay with in vivo
results is sometimes oversimplistic and neglects important
processes such as metabolism or DNA-repair systems.
Regardless of these flaws, the results obtained in the kinetic
NBP test are often the product of an improper kinetic approach
rather than anything else. Hence, the presence or lack of
in vivo−in vitro−NBP correlations in these faulty kinetic studies
must be taken cautiously.
In the following sections, we discuss the different mechanistic

approaches to the kinetic NBP test.
4.2.2.1. Alkylation Alone. If the hydrolysis of the alkylating

agent is negligible and the adduct is reasonably stable under the
reaction conditions, then only the rate of alkylation is of
importance, and the rate equation can be simplified to

= − −e[AD] [AA] (1 )t
k t

o
[NBP]alk (6)

In this case, the alkylating potential of the species can be
correlated directly with its alkylation rate constant: the faster
the alkylation, the less time the organism has to excrete or
deactivate the alkylating agent and the more intense the effects.
However, if no alkylation is observed in vitro, or if it is
extremely slow, it may be concluded that the compound lacks
significant alkylating capacity. It should be noted that this
conclusion only applies to the tested compound itself; if the
effective alkylating agent is formed during the metabolism of
the compound studied, the NBP assay is useless unless it is
carried out in simulated metabolic conditions. This absence of
reactivity with NBP has been correlated with the lack of
mutagenicity (e.g., neopentyl bromide and pentaerythrityl
tetrachloride55 or DDNU-oxide, a presumed metabolite of
DDT).42 It has also helped to understand the low alkylating
potential attributed to weak electrophiles such as sorbic acid9

and sorbates,8 and acrylamide12 and other α−β unsaturated
carbonyls. All these compounds are stable in aqueous solution
for as long as the experiment lasts, and they react very slowly, if
at all, with NBP. This low reactivity is in agreement with the
low or null in vivo activity of these compounds.
Occasionally, the assumption that the hydrolysis reaction can

be neglected is quite arbitrary. For instance, Hooberman et al.
found a good correlation between mutagenicity and the NBP
alkylation rate in a study of seventeen propylene oxides. They
attributed some of the deviations to epoxide decomposition,
which they failed to include.37 Also failing to acknowledge the
hydrolysis reaction, Hemminki et al. compared the alkylation of
DNA, deoxyguanosine, and NBP by linear epoxides. A better
correlation was found for biological models, which was
attributed to the fact that the NBP test was carried out under
harsh, nonbiomimetic conditions.34

Styrene oxide derivatives are possibly the oxiranes most
studied. For instance, the alkylation rate of styrene oxide
derivatives, once again neglecting hydrolysis and variations in
molar absorptivity, has been used to discuss the role of the site
of nucleophilic attack on mutagenicity.44

Many authors have reported solid relationships between
kinetic parameters and biological effects. For instance, a
quantitative relationship was found between the alkylation
rate and the ability to induce point mutations, mitotic gene
conversion, and recombination in a diploid strain (D7) of

Saccharomyces cerevisiae for 3,4-epoxycyclohexene and some
analogues.47 Also, the LC50 values of different epoxy
compounds were correctly predicted using quantitative
structure activity relationship (Q-SAR) based on the alkylation
rate constant and hydrophobicity.33 N-Alkyl-N-nitrosoureas
decompose in water to form diazonium ions, the effective
alkylating agents. The benzenediazonium ion reacts with NBP
about 20,000-fold more slowly than methyldiazonium, which is
consistent with the fact that the methyldiazonium ion shows
higher carcinogenicity in animal tests.197

Mechanistic conclusions have also been obtained from this
approach to the kinetic NBP assay. The relative hydrolysis and
alkylation rates of N-diazoacetyl derivatives of amino acids
suggest that degradation is a prerequisite for alkylation.81

Peterson et al. concluded, partly from the alkylation and
hydrolysis rates of some cysteinyl and homocysteinyl analogues
of S-(2-haloethyl)glutathione (a carcinogenic metabolic prod-
uct of ethylene dibromide), that the ethylene dibromide−
glutathione conjugate forms an episulfonium ion prior to
reaction with DNA guanyl residues.198 Meier et al. studied the
formation of alkylating agents in the nitrosation of some amino
acids (aspartic acid, aspartame, and glycine ethylester),137 and
Garcıá-Santos et al. demonstrated that the alkylating species
resulting from the nitrosation of amino acids with an -NH2
group are the corresponding lactones.199,200

The use of the Initial Rate Method201 (IRM) allows researchers
to neglect both concurrent hydrolysis and subsequent adduct
decomposition, even in cases where these are quite rapid, as long
as the extent of the reaction remains low (under 5%). Thus, it is a
very useful approach for the calculation of alkylation rate
constants. However, knowledge of the adduct absorption
coefficient is essential to calculate the alkylation rate constants.

= =
ε

r k
l

A
t

[AA] [NBP]
1 d

do alk o o (7)

As in nonkinetic approaches, very often the same molar
absorption coefficient is used for all the compounds in a study,
although this may afford misleading results.
The kinetic NBP test has been applied most often to

epoxides, and it is thus unsurprising that most examples of the
application of the IRM, (and most usually the concomitant
approximation regarding the molar extinction coefficients) are
found in the study of alkylation by oxiranes. A good correlation
has been found between the alkylation rate and mutagenicity of
trichloropropylene oxide, epichlorohydrin, styrene oxide,
glycidol, and propylene oxide;36 4-vinylcyclohexene metabo-
lites;48 and oxirane and vinyl oxirane.56

Allyl compounds have also received attention. Thus, Schiffmann
et al. found a correlation between unscheduled DNA synthesis,
mutagenicity in the Ames test, and the alkylation of NBP,180 and
Eder et al. found mutagenicity−alkylation rate correlations for six
allylic alkylating agents.54 The latter authors concluded that the
determination of kinetic data and activation energies does not add
significantly to the standard NBP test for the prediction of
mutagenic potentials of the group of compounds under test. Indeed,
the use of a kinetic approach without a mechanistic interpretation of
the results means that the kinetic data are of little use.
Other systems for which reasonable rate−activity relation-

ships have been found include organophosphate impurities of
malathion;67 pyrrolizidine alkaloid pyrroles202 and their
metabolites;203 acridine-linked aniline mustards,24 whose
alkylation rate constant also correlates well with the 15N
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NMR shifts;204 and quaternary ammonium derivatives of
chlorambucil and melphalan.205

4.2.2.2. Competing Hydrolysis. Since alkylating agents are
potent electrophiles, they often undergo hydrolysis in aqueous
media, and hence, a parallel reaction must be considered
(Scheme 3). The rate equation in this case is

=
+

× − − +

k
k k

e

[AD] [AA]
[NBP]

[NBP] [H O]

(1 )

t

k k t

o
alk

alk hyd 2

( [NBP] [H O])alk hyd 2 (8)

Therefore, the experimentally observed rate constant is the
sum of both the pseudofirst-order hydrolysis and the alkylation
rate constants.

= +k k k[NBP] [H O]obs alk hyd 2 (9)

From a kinetic point of view, selectivity toward NBP or
alkylating efficiency can be expressed as the quotient between
the alkylation rate constant and the hydrolysis constant as
follows:

=S
k
kNBP

alk

hyd (10)

The ratio between the concentrations of the alkylation and
hydrolysis products, even for an SN1-reacting agent, can be
considered a selectivity factor, not necessarily derived from
measurable kinetic rate constants.
Another useful parameter, which depends on the concen-

tration of NBP, is the fraction of the alkylating agent that finally
forms the adduct ( f):

= =
+

f
k

k k
[AD]
[AA]

[NBP]
[NBP] [H O]o

alk

alk hyd 2 (11)

SNBP and f are closely related since

= +
f S
1

1
1 [H O]

[NBP]NBP

2

(12)

Kawazoe et al. synthesized some N-Alkyl-4-(p-nitrobenzyl)-
pyridonium salts and, making use of their absorption
coefficients, calculated the SNBP values for a number of SN1
and SN2 alkylating agents. They found that log(SNBP) ranged
from 4.3 to 0.7 for some alkyl halides and were as low as −1 for
some nitrosoureas and nitrosoguanidines.101 The intermediate−
low values indicate a large amount of competing hydrolysis
(diethylsulfate, ethylmethanesulfonate, pentylmethanesulfo-
nate...), whereas the very low values obtained for some compounds
suggest that they act through SN1 mechanisms.
Ninomiya et al. also calculated the SNBP values for a number

of alkyl sulfonates (1.0 < log(SNBP) < 4.3). They observed that
the chemoselectivity depended strongly on the nature of the
alkoxy group: the bulkier the substituent (and hence the larger
the SN1-character), the smaller the selectivity. The order of
selectivity toward NBP for the compounds studied is therefore
methyl > ethyl > isopropyl. The nature of the leaving group
(R1SO3

−) is of less importance, although electron-deficient
sulfonic groups tend to decrease NBP selectivity.100 In terms of
the alkylation rate constant, the order of reactivity is methyl >
isopropyl > ethyl; the increase in the reactivity of the isopropyl
group with respect to the ethyl group can be attributed to the
SN1 reaction.

Kagn and Spears characterized the reactivity of some
selenium mustards by studying their alkylation rate and
competitive hydrolysis, finding a reactivity very similar to that
of nitrogen mustards, and pointed out their possible use as
drugs.206

The values of both SNBP and f have been used to correlate
reactivity against NBP and carcinogenicity/mutagenicity.
Thus, it has been observed that the doses required to equate
the carcinogenic effects of β-propiolactone (BPL) and
β-butyrolactone (BBL), which are considered as possibly
carcinogenic to humans (IARC 2A), are well correlated with
both their alkylation rate constants and their SNBP values
(Table 6).7

The competing hydrolysis reaction is significant, but not
major. Similar results were obtained by Hemminki, although
this author neglected the parallel hydrolysis reaction.35

As regards N-nitrosoureas, which decompose to form
alkylating diazonium ions, it has been observed that their f
and SNBP values correlate with their tumorigenicity in test
animals.15

1,4-Dinitro-2-methylpyrrole (NMP), a product of the
reaction between nitrite and sorbic acid, both of which are
common food additives, is a proven mutagen. A joint
experimental/in silico study of the NBP alkylation mechanism
revealed that the effective alkylating agent is 5-methyl-3-
nitro-2H-pyrrol-2-ol, a decomposition product formed after
nucleophilic attack of a hydroxide ion, the loss of nitrite, and
subsequent isomerization. The somewhat low f value obtained
(0.07; SNBP = 155 at 37.5 °C in 7:3 water/dioxane medium;
[NBP]o = 0.02 M) is coherent with the low mutagenicity of the
compound.11

4.2.2.3. Adduct Decomposition. In more complex cases, the
adducts formed are unstable and undergo hydrolysis in the
reaction medium. This reactivity explains the disappearance of
color for some cromophores and their increased stability in
nonaqueous media. In general, this decomposition reaction has
been observed to undergo general base catalysis by hydroxide,
acetate, phosphate, and even NBP itself.141,207 In these cases,
the alkylation efficiency does not include all possible effects,
and a new parameter was introduced to take into account the
decomposition of the NBP-AA adduct: adduct life (AL).
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Table 6. Correlation of Tumorigenicity and NBP Alkylation
Kinetics for β-Lactonesa

in vitro NBP alkylation in vivo tumorigenicity

mice rats

lactone
kalk

(10 M−1 min−1) SNBP
dose
(mg)

tumors/
animals

dose
(mg)

tumors/
animals

BPL 8.2 ± 0.3 5000 4 13/20 0.73 18/30
BBL 0.78 ± 0.04 3200 100 9/20 10 18/30

aTaken from ref 7. T = 37.5 °C; 7:3 water/dioxane medium. [NBP]o =
2 × 10−2 M.
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AL is defined as the area under the kinetic profile of the
reaction per unit of alkylating agent. Since it includes all
possible effectors (the alkylation rate, the rate of the competing
hydrolysis, and the adduct stability), this parameter gives an
idea of the cumulative effect of an alkylating agent, combining
the concentration and time factors. A higher AL implies a
combination of more adduct being formed and this having a
longer life and thus more time to exert its biological effect.
Since AL depends directly on f, a greater selectivity for NBP

implies a higher concentration of adduct and hence a larger
cumulative effect over time.

=
f

k
AL

dec (15)

In addition, the faster the adduct decomposition, the lower the
AL (Table 7).

Ethylnitrolic acid10,208 (ENA), a product of the reaction
between nitrite and sorbic acid, is a proven mutagen. ENA
decomposes in aqueous medium, which, together with the
presence of an induction period in the reaction between ENA
and NBP, suggests that the active alkylating agent is a
decomposition product of ENA. In aqueous media, ethylnitrolic
acid is transformed into acetonitrile oxide, the active species
that alkylates NBP. The adduct thus formed is rather short-
lived, and both the low f and AL values are consistent with its
low mutagenicity (Table 7).
The alkylating potential of α-angelicalactone (AAL), a γ-lactone

with chemopreventive activity, has also been investigated on the
basis of its alkylation rate and AL.13 The extremely high value of
kalk (the alkylation reaction lasting less than a second) suggests
that α-angelicalactone might react rapidly with the most exposed
positions, protecting them from other alkylating agents. The
short life of the AAL-DNA adducts would then prevent
α-angelicalactone from causing permanent DNA damage.
Diketene (DIK), a β-lactone, reacts rapidly with NBP by

acyl-oxygen cleavage. The alkylation reaction is much faster
than the hydrolysis of DIK,209 and thus an f value close to unity
is obtained. However, the adduct formed is an aromatic amide,
rather than the pyridonium cation afforded by lactones that
undergo alkyl-cleavage such as BPL and BBL. This amide is
very labile and undergoes rapid hydrolysis in the reaction
conditions. The low value obtained for AL (Table 7) is in
keeping with the lack of biological effects: if formed, the DNA
adducts are expected to undergo hydrolysis within few minutes,
which prevents them from having in vivo effects.14

p-Nitrostyrene oxide (pNSO), a mutagenic compound used
as a model for epoxide hydrolase activity due to its slow
spontaneous hydrolysis, has also been investigated using the
NBP test. Although styrene oxides generally react through both
the α and β carbons of the oxirane ring, α adduct formation is

negligible for pNSO. The hydrolysis reaction of the epoxide
competes with the formation of the unstable β adduct, whose
decomposition is also relevant.6 The high f (0.82) and low AL
(3300 min) values indicate that it is a strong alkylating agent
with low alkylating effectiveness. This is in accordance with the
lower mutagenicity of pNSO in comparison with BPL, which
has a similar f value but forms a stable adduct.

5. CONCLUSIONS
The first application of 4-(p-nitrobenzyl)pyridine to detect
alkylating agents was in 1925.1 Half a century later, Francis
Crick wrote, “DNA is such an important molecule that it is
almost impossible to learn too much about it.”210 In 2009, Kent
S. Gates wrote, “Characterization of the chemical reactions of
endogenous cellular chemicals, anticancer drugs, and mutagens
with cellular DNA is important because the biological responses
engendered by any given DNA-damaging agent are ultimately
determined by the chemical structure of the damaged DNA.”2

Since (i) a large number of mechanisms by which
environmental molecules cause DNA damage are alkylation
processes; (ii) several antitumor drugs are also alkylating,
carcinogenic, and mutagenic agents; and (iii) NBP is known to
react with strong and weak alkylating agents, and much insight
into alkylation mechanisms in vivo can be gained from the study
in vitro, the NBP assay can be viewed as an easy and efficient
method for the assessment of the genetic risks of the vast
majority of current, as well as emergent, alkylating agents.
From this perspective, we believe the main conclusion to be

drawn from the studies reviewed here is that since 1925 the
NBP assay has evolved from being a qualitative, analytical tool
to being a useful physicochemical method that not only allows
the rules of chemical reactivity that govern electrophilicity and
nucleophilicity to be applied to the reaction of DNA with
alkylating agents but also helps to understand some significant
relationships between the structure of many alkylation
substrates (including DNA) and their chemical and biological
responses. Advances in this area have the potential to yield both
fundamental and practical advances in chemistry, biology,
predictive toxicology, and anticancer drug development.

■ NOTE ADDED IN PROOF
Two recent examples for the application of the NBP Method to
the kinetic study of alkylation mechanisms are as follows:
Ceśpedes-Camacho, I. F., Manso, J. A., Gonzaĺez Jimeńez, M.,
Calle, E., and Casado, J. (2012) The reactivity of vinyl
compounds as alkylating agents. Monatsh. Chem. 143, 723−727.
Arenas-Valgañoń, J., Goḿez-Bombarelli, R., Gonzaĺez-Peŕez, M.,

Gonzaĺez-Jimeńez, M., Calle, E., and Casado, J. (2012) Taurine-
nitrite interaction as a precursor of alkylation mechanisms. Food
Chem. 134, 986−991.
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Table 7. Alkylating Agents That Form Unstable Adducts

molecule log SNBP f AL (min)

ethylnitrolic acid10 2.5 0.13 7.3
p-nitrostyrene oxide6 4.0 0.82 3300
diketene 5.7 1.0 1.2

T = 37.5 °C; 7:3 water/dioxane medium. [NBP]o = 2 × 10−2 M.
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M., Manso, J. A., Calle, E., and Casado, J. (2008) Chemical reactivity
and biological activity of diketene. Chem. Res. Toxicol. 21, 1964−1969.
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■ NOTE ADDED AFTER ISSUE PUBLICATION
An error occurred in the PDF version of this review when issue
6 was published on June 18, 2012, which resulted in extra space
on page 1186 and the disappearance of references 189−220 on
page 1191. The extra space on page 1186 was removed, and
references 189−220 were added back into page 1191. The
corrected version was published on July 20, 2012.
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