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Humans have extensive adverse exposure to alpha,beta-unsaturated carbonyl compounds (ABuCs) as these are
major toxins in smoke and exhaust fumes, as well as products of lipid peroxidation. In contrast, another ABuC,
dimethylfumarate, is used to treat psoriasis and multiple sclerosis. ABuCs undergo Michael adduction with
amine, imidazole and thiol groups, with reaction at Cys residues predominating. Here we report rate constants,
k2, for ABuCs (acrolein, crotonaldehyde, dimethylfumarate, cyclohex-1-en-2-one, cyclopent-1-en-2-one) with Cys
residues present on N-Ac-Cys, GSH, bovine serum albumin, creatine kinase, papain, glyceraldehyde-3-phosphate
dehydrogenase, and both wild-type and the C151S mutant of Keap-1. k2 values for N-Ac-Cys and GSH vary by >
250-fold, indicating a marked ABuC structure dependence, with acrolein the most reactive. There is also
considerable variation in k2 between protein Cys groups, with these significantly greater than for GSH. A linear
inverse correlation for acrolein with the thiol pKa indicates that the thiolate anion is the reactive species. The
modest k2 for GSH rationalizes the detection of protein adducts of ABuCs in cells. The k2 values for dime
thylfumarate also vary markedly, with the Cys151 residue on Keap-1 being particularly reactive, with the C151S
mutant giving a much lower k2 value. The data for crotonaldehyde, dimethylfumarate, and cyclohex-1-en-2-one
show little correlation with the Cys pKa values, indicating that steric/electronic interactions, rather than Cys
ionization are important. These data indicate that protein Cys residues, and particularly Cys151 on Keap-1, react
readily with dimethylfumarate, and this may help rationalize the use of this compound as a therapeutic agent.

1. Introduction
Alpha, beta-unsaturated carbonyls (ABuCs) are commonly found in
natural products and also as synthetic compounds used in agricultural
and industrial processes [1,2]. This results in widespread and unavoid
able human exposure. The simplest member of this family, acrolein
– CHCHO), is a combustion product of many organic
(2-propenal, CH2–
materials and is commonly found in automobile exhausts, is present in
oils that have been heated to high temperatures, and in cigarette smoke.
It is also an important intermediate in the industrial production of
acrylic acid. It is classified as an irritant, is highly toxic and is a suspect
carcinogen [1,3]. A wide variety of ABuCs, including acrolein, croto
naldehyde, 4-hydroxy-2-nonenal and some prostaglandins (e.g. PGA1/2,

PGB1/2, PGJ2) are produced in biological systems from oxidation of
polyunsaturated fatty acids, either enzymatically or via
radical-mediated lipid peroxidation. The generation of some of these
compounds has been associated with toxicity (e.g. acrolein), whereas
others have well established signaling functions (prostaglandins) and
can induce adaptive or protective responses [4,5]. A number of ABuCs
have been tested and employed as drugs, with well-known examples
including dimethylfumarate (DMFU), a front-line multiple sclerosis and
psoriasis therapeutic, which is one of the top 20 best-selling drugs, with
a market value of $4.27 billion in 2018 [6].
These compounds share a common motif – a carbonyl function
conjugated to a carbon-carbon double bond (alkene) in the alpha, beta
position (i.e. a general structure of R-C(=O)-CR’=CR’’R’’’). The
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electron attracting and delocalizing activity of the carbonyl function
results in an electron deficiency at the beta carbon (i.e. it can act as a soft
electrophile), and makes this site susceptible to attack by soft nucleo
philes (Fig. 1). This class of reaction is rationalized by the ‘Hard and Soft
Acid and Base’ theory of Pearson [7]. The thiol group of cysteine (Cys),
the imidazole function of histidine (His), and the amine groups of lysine
(Lys) and the N-terminus of peptides/proteins can all react in this
manner, though each requires the presence of a lone-pair of electrons,
and therefore reaction occurs only via the neutral (non-protonated)
forms of imidazole and amines. The ‘softest’ of these species, and hence
the most reactive, is considered to be the ionized (thiolate, RS-) state of
cysteine [8], with the rate constants for reaction of this species being up
to 100-fold faster than amine or imidazole functions [9]. Thus, analyses
of reaction products (e.g. by liquid chromatography-mass spectrometry)
indicate that Cys residues on proteins are modified to the greatest extent,
even though the Cys concentration in most proteins is low compared to
the total content of Lys and His [10]. It can therefore be postulated that
the different molecular actions of ABuCs are a result, amongst other
factors such as localization and concentration, on their differential tar
geting of particular residues on biological targets, and particularly Cys
residues on specific proteins.
It is well established that some proteins contain Cys residues that
have pKa values much lower than that for free cysteine (typically ~8.5
[11]). This arises from particular structural features that encourage
ionization of this residue by stabilizing the thiolate form via electrostatic
and hydrogen-bonding interactions. This is most commonly found in
enzymes that have Cys residues in their active sites, and where these act

as nucleophiles in chemical transformations [12]. Thus, the pKa value of
the active site Cys of creatine kinase (CK), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and papain (Pap) are 5.6 [13], 6.03 [14] and
4.1 [15] respectively, whereas the sole Cys residue (Cys34) of bovine
serum albumin (BSA) has a pKa of 8.5 [16] and those for GSH and NAC
are 9.42 [17] and 9.52 [18], respectively. The low values of the active
site Cys residues of the enzymes suggest that these residues may be
possible targets for the soft electrophiles of ABuCs like acrolein or
DMFU, though the size and electrostatic interactions with functional
groups on these species may also play a role in determining the reac
tivity of ABuCs. Keap1 with 25 Cys residues that are conserved across
vertebrates is a well-known target of soft electrophiles. One of these
residues, C151, is surrounded by a series of basic residues (H129, K131,
R135, K150, and H154) that greatly increase its reactivity [19,20].
In the current study, we have developed and employed kinetic
methods to determine kinetically-favored targets for ABuCs by
measuring the absolute reaction rate constants, k2, between a range of
ABuCs [acrolein, crotonaldehyde (CA), DMFU, cyclopent-2-en-1-one
(CPN, as a model of the reactive motif in some prostaglandins),
cyclohex-2-en-1one (CHN)] with Cys containing amino acids, peptides
and proteins, including N-acetylcysteine (NAC), glutathione (GSH),
bovine serum albumin (BSA), glyceraldehyde-3-phosphate dehydroge
nase (GAPDH), creatine kinase (CK), papain (Pap) and Kelch-like ECHassociated protein 1 (Keap1). The resulting data indicate that there is a
large variation in the k2 values for the reactions of ABuCs with these
potential targets, with acrolein being the most reactive and least selec
tive. The acrolein reactions show a strong inverse dependence with the

Fig. 1. Panel A: Structures of the five examined alpha, beta-unsaturated carbonyls (ABuCs). Panel B: Adduct formation between an alpha, beta-unsaturated aldehyde
and a nucleophile.
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thiol pKa. In contrast, DMFU reacts with much lower k2 values, shows a
high relative selectivity for GAPDH and Keap1, when compared to the
low-molecular-mass thiols, and shows little or no pKa dependence
indicating that other factors determine the selectivity of this drug for
biological targets. The competitive reaction method developed here is
likely to be applicable to a wide range of ABuCs, and provides a refer
ence point for future quantitative determinations of the reactivity of this
large and important class of toxicants and drugs.

CA + GSH, m/z 378.13 ± 0.01; NAC + DMFU, m/z 308.077 ± 0.01; and
NAC + CH, m/z 282.076 ± 0.01).
2.4. Determination of second order reaction rate constants for reaction of
ABuCs with NAC or GSH
Second order reaction rate constants were calculated by determining
the loss of the ABuCs over time. A reaction mix consisting of NAC or GSH
(500 μM) was prepared in PBS (0.1 M, pH 7.4, 25 ◦ C). The reaction was
initiated by addition of defined concentrations of the ABuCs (typically in
the range 100–200 μM). Aliquots were removed at specific time points
and reaction stopped by adding TFA (0.6%). All samples and corre
sponding standards of NAC or GSH (0–600 μM) and ABuCs (0–250 μM)
were analyzed by HPLC. The mathematical treatment used to obtain the
desired values of k2 by the initial rate method was as follows: the initial
rate [Δ concentration (M)] divided by the time [Δ t (s)] was calculated
and plotted against the GSH or NAC concentration multiplied by the
ABuCs
concentration
[M].
Thus
(for
acrolein),

2. Materials and methods
2.1. Materials
Acrolein (89116), dimethylfumarate (DMFU) (242926), N-ace
tylcysteine (NAC) (A7250), cyclopent-2-en-1-one (C112909), cyclohex2-en-1-one (C102814), glutathione (GSH) (G4251), glyceraldehyde-3phosphate dehydrogenase (GAPDH) from rabbit muscle (G2267), crea
tine kinase (CK) from rabbit muscle (10127566001), bovine serum al
bumin (BSA) (A9647), papain (76220), and a GAPDH activity kit
(MAK277, used as recommended by the manufacturer) were obtained
from Sigma-Aldrich (Søborg, Denmark) and used as received. Tri
fluoroacetic acid (TFA, 153112E), formic acid (FA, 64-18-6) and
acetonitrile (ACN, 83640.320) were purchased from VWR (Søborg,
Denmark). ThioGlo-1 (methyl maleimidobenzochromenecarboxylate,
HC9080) was purchased from Berry and Associate (East Dexter, MI,
USA). Wild-type Keap1 protein was prepared as previously described
[21]. The Keap1 C151S mutation was introduced via site-directed
mutagenesis and confirmed by sequencing. This mutant was produced
in a similar manner except that 200 μM ZnCl2 was added to the growth
media.

(Acrolein[0]*NAC[t])
Ln (NAC[0]*Acrolein[t])

1
(Acrolein[0]− GSH[0])

was plotted against the reaction time,

with [0] representing the starting concentration, and [t] the concen
tration at the time point, t. The slope of the resulting linear regression
corresponds to the second order reaction rate constant, k2.

2.5. Competitive reactions with HPLC detection
For reactions with limited reagent availability (particularly the
proteins), a competitive reaction method was used, consisting of a
reference reaction of known rate constant, with this examined in both
the absence, and presence, of a competitor target. In the systems
examined here, the reaction between an ABuCs with NAC or GSH
(determined via the process outlined in section 2.4.) was used as the
reference reaction, and the protein of interest as the competitor species.
Increasing concentrations of the protein were expected to decrease both
the consumption of the low molecular mass thiol, and the yield of
product generated from this reaction. Each reaction contained NAC or
GSH (80-350 μM), the ABuCs (100 μM), and the protein competitor (0120 μM). The reaction was performed in PBS (0.1 M, pH 7.4, 25 ◦ C) with
the reaction stopped by the addition of TFA (0.6%). The reactions ach
ieved completion after 30 min for acrolein, and after 16 h for the other
electrophiles. The competitor protein was subsequently removed by
filtration through a 10 kDa molecular mass cut-off filter (20000 g, 30
min, 20 ◦ C) and the filtrate subsequently analyzed by HPLC (section
2.2.). The ratio of the relative reaction rates between NAC/GSH and

2.2. HPLC instrumentation and analyses
Reactants and reaction products were separated using a Shimadzu
Nexera UHPLC system (Shimadzu, South Rydalmere, NSW, Australia)
and a Kinetex 2.6 μm EVO C18 100A column (250 × 2.1 mm) at 40 ◦ C.
The column was eluted at a rate of 1.1 mL min-1 for 15 min. Samples
were eluted using a gradient method with solvent A (0.1% v/v TFA in
H2O) and solvent B (0.1% TFA in 80% ACN). Elution was initiated with
0% solvent B for 2 min followed by a linear gradient elution from 0 to
100% over 7 min, 100% B for 3 min, and then re-equilibration at 0% B
for 4 min. Samples containing proteins were filtered (20000g, 20 ◦ C, 30
min) through a 10 kDa molecular mass cut-off filter (Vivacon 500,
Hydrosart) before 30 μL of sample was injected on to the column. The
eluted species were detected by their UV absorbance at 220 nm, with the
peak areas determined using Lab Solutions 5.32 SP1 software (Shi
madzu). Absolute concentrations were determined by comparing these
areas with those from authentic commercial standards conducted under
identical conditions.

adduct [max]
competitor were obtained by plotting Cys [0] adduct
[scavanged] against the

competitor concentration. The gradient of the linear plot gives the ratio
of the reaction rates between NAC/GSH and the competitor. Multipli
cation of this ratio by the absolute value of k2 for reaction of the ABuC
with NAC/GSH, yields the value for k2 for the reaction of the ABuC and
competitor protein. Further details of this approach are given in
Ref. [22]. This type of analysis is however only accurate when the
product is stable over the time of the reaction. This was checked by
examining the concentration all of the various ABuC + NAC/GSH ad
ducts over time by HPLC.

2.3. Mass spectrometer instrumentation and methods
Reactants and products were separated using a Dionex Ultimate
3000 LC-system equipped with an Aeris™ 2.6 μm PEPTIDE XB-C18 100
Å, LC column (250 × 2.1 mm) at 40 ◦ C. Samples were eluted at a rate of
0.2 mL min-1 for 20 min, using a gradient elution system with solvent A
(0.1% FA in MS water) and solvent B (0.1% FA in 80% ACN). Elution
was initiated using 96% solvent A and 4% solvent B for 2 min, followed
by a linear gradient to 70% solvent B over 7 min. This was followed by a
1 min gradient to 95% solvent B, followed by 95% solvent B for 6 min,
then a return to 4% solvent B over 1 min, and re-equilibration for 3 min
at 4% solvent B. The molecules of interest were detected using a Bruker
Impact II Q-Tof mass spectrometer, with data subsequently analyzed by
QuantAnalysis software (Bruker, Bremen, Germany). The relative
product concentrations were determined by the area under the curve for
the respective NAC or GSH adduct (NAC + acrolein, m/z 242.04 ± 0.01;

2.6. Competitive reactions with LC-MS detection
The overall approach, and kinetic analyses, were carried out as
described in section 2.5. Each reaction contained NAC or GSH (35 μM),
ABuC (10 μM) and a protein competitor (0-12 μM). The reaction was
performed in PBS (0.1 M, pH 7.4, 25 ◦ C) and stopped by adding TFA
(1%). The samples (200 μL) were subsequently desalted with a Waters
Oasis solid phase extraction column (WAT094225) with activation with
ethanol (1 mL), equilibration with 0.5% TFA (1 mL), loading of the
sample (190 μL), washing with 0.5% TFA (400 μL), and elution with
0.5% TFA in H2O with 25% ACN (400 μL). The eluate was then dried
3
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down under vacuum and resuspended in 0.1% FA (95 μL). Samples were
then analyzed by LC-MS as described above (section 2.3.) with a 5 μL
injection volume (corresponding to a maximum of 0.1 nmol adduct oncolumn).

autoxidation or modification of the thiol groups, the real thiol concen
tration present in the protein preparations was determined, and used to
normalize these values. This was achieved by quantification of the thiol
levels by the ThioGlo assay using 50 μL of this reagent from a 26 mM
stock [24,25]. The thiol concentration was then determined using a
standard curve constructed using commercial NAC.

2.7. Determination of second order rate constants for reaction of acrolein
or DMFU with GAPDH, via enzyme activity assay measurements

2.9. Statistical analysis

Second order rate constants for reaction of acrolein or DMFU with
GAPDH, were also determined by quantifying GAPDH activity in the
presence of different concentrations of the ABuC. Reaction mixtures
contained GAPDH (4 μM) in PBS (0.1 M, pH 7.4, 25 ◦ C) with the reaction
initiated by adding acrolein (0–80 μM) or DMFU (0.8–1.6 mM). The
reaction was stopped at the required time points by diluting 2.5 μL of the
reaction mixture 50-fold in ice-cold GAPDH activity buffer. The GAPDH
activity was then measured using a GAPDH activity kit following the
manufacturer’s instructions. The GAPDH activity was plotted as Ln
(relative activity) against time, with the slope of the linear regression
being the negative pseudo first-order reaction rate constant. The latter
values were then plotted against the ABuC concentration, with the
gradient of this plot giving the second order reaction rate constant for
the reaction between the ABuC and GAPDH. For further details of this
type of analysis, see Ref. [23].

All HPLC data were processed with Lab Solutions software (Shi
madzu). Area under the curve (AUC) values were determined and
exported for further processing. Analysis of mass spectrometer data was
carried out using QuantAnalysis software (version 4.3, Bruker). The
AUC was determined from the extracted ion chromatograms for the
corresponding m/z values (see Section 2.3). Statistical analysis of the
data was conducted using the algorithms present in GraphPad Prism
(version 9.1.0) and linear regression was performed using the default
settings available in this program. Data are presented as mean ± SEM
from three independent experiments.
3. Results

2.8. Determination of thiol concentrations

3.1. Determination of rate constants for reaction of alpha, betaunsaturated carbonyls (ABuCs) with N-acetylcysteine (NAC) and
glutathione (GSH)

As the concentration of Cys present in protein samples rarely
matches the theoretical level indicated by the protein sequence due to

As the biological targets of ABuCs may be determined by kinetic
factors (i.e. the rate constants for reaction with protein nucleophiles,

Fig. 2. Panels A and C: Representative data of the consumption curves for acrolein (panel A) and DMFU (panel C) on reaction with NAC, over time, at 25 ◦ C, in 0.1 M
PBS, pH 7.4, with 500 μM NAC and 150 (▴), 175 (■), and 200 (●) μM acrolein (panels A and B) or DMFU (panels C and D). Panels B and D present the corresponding
kinetic analyses of the consumption data in panels A and C, showing the second order nature of these reactions, with the gradient of these plots giving the second
order reaction rate constant, k2. The latter values are compiled in Table 1. Data are presented as mean ± SEM from three independent experiments.
4
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and particularly Cys residues) we determined absolute rate constants for
the reactions of a range of ABuCs with both NAC and GSH. The former
was employed to model a protein-bound Cys residue, with the N-acetyl
group used to block reaction at the (protonated) amine function. Ki
netics with GSH were examined as this is both a model for protein Cys,
and a potential competing target for protein Cys within cells.
All of the ABuCs examined (for structures see Fig. 1) reacted with
NAC and GSH in a concentration- and time-dependent manner (Figs. 2,
3, Supplementary Figs. 1, 2). The time course of these reactions differed
significantly with the ABuC structure, with reaction with acrolein being
the most rapid by ~100-fold. These data indicate that any ‘decoration’
of the common alpha, beta-unsaturated carbonyl motif significantly af
fects the rate of reaction. Thus, reaction of acrolein with NAC occurred
over a time scale of minutes, whereas reaction with the other ABuCs
required hours to go to completion. These reactions were determined to
be second order in nature (i.e. are dependent on the concentration of
0 * NACt )
1
both reactants), providing a linear plot of Ln (Acrolein
NAC0 * Acroleint *(Acrolein0 −

Table 1
Summary of kinetic data.
Peptide/
Protein
target

Rate constants, k2, (corrected for actual thiol concentrations)/M-1 s-1
acrolein

DMFU

crotonaldehyde

CHN

CPN

NAC

65.04+/1.12
186.10+/6.46
279.41+/14.42
499.31+/12.91
764.30+/62.60
741.42+/182.33
–

0.52+/0.01
0.79+/0.03
0.45+/0.02
2.19+/0.07
0.52+/0.03
2.13+/0.27
22.81+/1.87

0.813+/-0.03

0.42+/0.02
0.52+/0.03
–

–

0.25+/0.01
0.53+/0.01
0.28+/0.03
0.34+/0.03
0.44+/0.06
4.27+/0.63
–

–

3.36+/0.56

–

–

–

GSH
BSA
GAPDH
CK
Papain
Keap1 –
wild
type
Keap1 –
C151S

NACt )

against reaction time (Figs. 2, 3). The gradient of such plots yields k2 for
the reaction (see also Supplementary Figs. 1, 2); these values are
compiled in Table 1 for each of the ABuCs examined. The values of k2 for
reaction with NAC were found to decrease down the order: acrolein ≫
CA > DMFU > CPN > CHN. A similar order was determined for GSH,
though in this case the values for CPN and CHN were similar (i.e.
acrolein ≫ CA > DMFU > CPN ~ CHN). However, the absolute rate
constants determined for GSH were approximately twice the values
detected with NAC, despite their similar thiol pKa values, possibly as a
result of electronic repulsion between the nearby (ionized) carboxyl
group on NAC with the electron-rich ABuC structure.

1.59+/-0.07
15.53+/-1.58
13.21+/-0.62
41.43+/-4.67
16.80+/-1.44

–
–
–
–

All experiments were conducted pH 7.4 and 25 ◦ C in 0.1 M PBS. The data dis
played here are corrected for the measured thiol concentration. BSA, bovine
serum albumin; CHN, cyclohex-2-en-1-one; CPH, cyclopent-2-en-1-one; CK,
creatine kinase; DMFU, dimethylfumarate; GAPDH, glyceraldehyde-3phosphate dehydrogenase; GSH, glutathione; Keap1, Kelch-like ECH-associ
ated protein 1; NAC, N-acetylcysteine. Data are presented as mean ± SEM from
three independent experiments.

Fig. 3. Panels A and C show the loss of acrolein and DMFU, respectively, over time at 25 ◦ C, on reaction with 500 μM GSH and 150 (▴), 175 (■), and 200 (●) μM
acrolein (panels A and B) or DMFU (panels C and D) in 0.1 M PBS, pH 7.4. Panels B and D present the corresponding kinetic analyses of the consumption data in
panels A and C, showing the second order nature of these reactions with the gradient of these plots giving the second order reaction rate constant, k2. The latter values
are compiled in Table 1. Data are presented as mean ± SEM from three independent experiments.
5
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The veracity of the above data was tested for reaction of NAC and
GSH with acrolein and DMFU using an alternative kinetic analysis
method, involving measurement of the initial rates of consumption of
the ABuC (Supplementary Fig. 3). These additional analyses yielded
comparable data to that reported above (Supplementary Fig. 3, Table 1).
However, as the initial rate method employs only a limited number of
data points obtained during the very early phase of the reaction, it is
likely to have larger associated error and, therefore, the linear plots
described in the previous paragraph are probably the more accurate, and
these values were used in subsequent analyses as a reference “clockreaction” to determine rate constants for reaction rates between ABuCs
and Cys residues present on proteins.

kinetic approach (for further details see Ref. [22]). The product yields
were quantified by either using HPLC or LC-MS analyses (see Materials
and methods) (Fig. 4). By using a standard competitive kinetic compe
tition analysis approach (for further details see Ref. [22]), these product
yields allow the rate constants, k2, for reaction of acrolein with the range
of Cys-containing proteins and enzymes to be obtained. As the thiol
concentration of commercially-sourced proteins rarely equates to the
theoretical concentration indicated by the primary sequence, these raw
rate constants were corrected, using the ThioGlo assay to determine the
exact thiol concentrations, and the thiol-corrected k2 values are reported
in Table 1. These values carry the caveat that reaction is assumed to
occur primarily at the Cys residues; this appears to be a valid assumption
from based on the data obtained with NAC and GSH, and also extensive
literature data [8,26–28]. Representative plots of the experimental data
are presented in Fig. 5 for the acrolein system.
The resulting k2 values indicate that reaction of acrolein with pro
teins is considerably faster than with NAC, with the values being be
tween 4- (for BSA) and 12-fold (for creatine kinase, CK) greater, with the
order of reactivity being CK > papain > GAPDH > BSA. Each of these
proteins also reacted more rapidly than GSH (Table 1). A plot of the k2
values against the pKa value of the (most reactive) Cys residues on these
proteins showed a strong negative correlation (r2 = 0.92), with the
proteins having low pKa Cys residues having the highest rate constants
for reaction with acrolein. Thus, the extent of ionization of the Cys
residue on the protein appears to be a major driver of the rate of reac
tion, and that other factors (e.g. steric interactions) are of little signifi
cance with this (small and neutral) molecule.
The rate of reaction of acrolein with GAPDH was also determined
using an alternative approach in which the activity of the enzyme was

3.2. Determination of rate constants for reaction of acrolein with Cys
residues present on proteins by competitive kinetic and enzymatic activity
analyses
As the above kinetic analyses require considerable amounts of the
reactants, similar analyses with purified proteins and enzymes would be
both costly and complex. Consequently, a competitive reaction
approach was employed where reaction of the ABuC with a target pro
tein was carried out in competition with NAC or GSH, with the yield of
the ABuC-NAC or ABuC-GSH product determined in the absence or
presence of increasing concentrations of the chosen proteins. For tech
nical reasons (overlap of the acrolein-GSH product peaks with other
materials) reaction with NAC was used as the primary reference
reaction.
The rate constants k2 for the reactions between acrolein and different
Cys-containing proteins and enzymes was determined via a competitive

Fig. 4. Panel A: The concept of competitive
kinetic analysis. An ABuC and a nucleophile
(NAC or GSH) react with a previously
determined rate constant, k21. This reaction
is used as the reference reaction as the
adduct-1 can be detected and quantified.
Introducing a competitor reduces the yield
of adduct-1, as a result of the formation of an
alternative product (adduct-2). Quantifica
tion of the extent of decrease of adduct-1
with increasing concentrations of the
competitor allows the unknown rate con
stant, k22, for reaction with the protein to be
deduced (see Section 2.5). Panel B: Extracted
ion chromatogram from the DMFU-NAC
adduct (m/z 308.077) of the reaction of
DMFU (12 μM) and NAC (35 μM) in absence
(top curve) and presence (bottom curves) of
increasing concentrations of Keap1 as a
competitive target, with this resulting in a
decrease in the concentration of the DMFUNAC adduct species (adduct-1).
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Fig. 5. Determination of rate constants for reaction of acrolein with BSA (panel A), GAPDH (panel B) and papain (panel C) by use of a competition kinetic approach
using reaction of acrolein with NAC as the clock reaction, and monitoring of the yield of the NAC-acrolein adduct in both the absence (Productmax) and presence of
increasing concentrations of a competing protein target (Productscavenged). The latter yield decreases with increasing concentrations of the competitor protein in the
reaction mixture. The gradients of the plots in panels A–C, when multiplied by the previously determined rate constant k2, for the acrolein-NAC reaction, yield the
raw competitor protein reaction rate constant. The latter values have been corrected for the lower than theoretically expected absolute thiol concentration, due to the
presence of low levels of oxidation of the protein thiols in the commercial samples. Panel D presents a plot of the thiol-corrected k2 for the various proteins examined
against the known pKa values of the Cys residues on these proteins. The data indicate a strong negative correlation (r2 = 0.92) between the k2 values for reaction of
acrolein with the protein, and the Cys pKa values. Data are presented as mean ± SEM from three independent experiments.

measured in the absence and presence of acrolein (Fig. 6A). The second
order reaction rate constant determined using this method was of the
same magnitude, but approximately 4-fold lower than that determined
using the competitive kinetics method. This difference can be readily
rationalized by the specificities of these two methods, with the
competitive assay measuring reaction at all Cys residues present on
GAPDH, of which there are 4, whereas the activity assay only reports on
modifications that directly affect the active site, and particularly the
Cys149 residue (Cys152 in the human protein) in the reaction pocket of
GAPDH. The discrepancy in values may therefore arise from reaction of
acrolein at Cys residues on GAPDH that do not directly inhibit its
enzymatic activity.

to have a dramatic effect on the reaction kinetics, with the k2 values for
reaction of CA being ~100-fold lower than for acrolein with both NAC or
GSH, as well as the protein targets (Table 1). As the CA-GSH adduct
species was readily resolved from other material in the HPLC analyses
the formation of this species was used as the competitive reference re
action. The analyses for this species in the absence and presence of
competitive protein targets yielded data (Supplementary Fig. 4) for the
reaction of CA with BSA, GAPDH, CK and papain, and an overall order of
reactivity for CA of: CK > papain > BSA > GAPDH > GSH > NAC, and an
overall difference between fastest and slowest reactions of ~50-fold (cf.
a corresponding value of ~12 for acrolein), consistent with an overall
decrease in reactivity, and a greater selectivity between different target
species, with the presence of the methyl group on the beta carbon of the
ABuC structure (Table 1). A plot of these k2 values vs the different Cys
pKa values gave a lower correlation coefficient (r2 = 0.41), indicating
that the pKa value of the thiol is a less important factor in determining
the rate constants for the reactions of this species, when compared to
acrolein.
Related studies with CPN proved to be complex due to an apparent
rapid reversal reaction of the initial adducts, unlike the other ABuCs,
during the analysis of the competitive reactions with this resulting in an
equilibrium value of ~50% consumption; these data are in line with
previous observations [29]. Consequently, no analyzable data was

3.3. Determination of rate constants for reaction of other ABuCs with Cys
residues present on proteins by competitive kinetic analyses
The competitive approach outlined above was subsequently
extended to the other ABuCs to examine how the structure and charge of
these compounds affected their reactivity with the same target proteins.
The resulting data provided significant insights into the key factors that
determine the kinetic values. Thus, although CA is only marginally
larger than acrolein, the presence of the methyl group at the remote end
of the double bond (with respect to the carbonyl function) was observed
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Fig. 6. Decrease in GAPDH activity on treatment with increasing concentrations of acrolein (panel A) or DMFU (panel B). Both ABuCs inhibited GAPDH activity in a
dose dependent manner. Panel C: Comparison of the rate constants determined for reaction of GAPDH with acrolein and DMFU as determined by both the
competitive kinetics approach (see text) and the loss of enzyme activity (panels A and B). These are of comparable magnitude, but the values determined from the
activity assay are ~ 4-fold lower than those determined by the competition kinetics method, indicating that not all modifications result in a loss of enzymatic
function. Data are presented as mean ± SEM from three independent experiments.

obtained for this species with proteins. CHN, in contrast, did not show
this effect, and gave satisfactory competition plots using the NAC-CHN
reaction as the clock reaction (Supplementary Fig. 5). These experi
ments yielded the rate constants for reaction with CHN collected in
Table 1, and a reaction order of: papain ≫ GSH > CK > GAPDH > BSA =
NAC, with a 17-fold difference between the most and least reactive
targets. Of particular interest in this case was the somewhat higher
reactivity of GSH when compared to a number of the protein targets (CK,
GAPDH and BSA). A moderate correlation coefficient is observed be
tween these k2 values and the thiol pKa, with r2 = 0.44, however this
correlation value is strongly influenced by a single value, that for re
action of CHN with papain, with the correlation value being 0.012 in the
absence of the papain data. This suggests that there are specific in
teractions that occur with this cyclic species.
The clinically-used drug DMFU also provided good linear plots from
competition experiments, with the NAC-DMFU reaction used as the
clock reaction. This ABuC showed very modest differences between the
different model thiols and the majority of the thiol-containing proteins
examined. Thus, there was little difference between NAC/GSH and the
proteins BSA and CK, while the most reactive members of the standard
group of proteins (GAPDH and papain) were only ~4-fold more reactive
than NAC/GSH. Consequently, a plot of the k2 values against thiol pKa
showed only a shallow gradient and a modest correlation coefficient (r2
= 0.47, Fig. 7, panel D). As GAPDH has been reported as a potential
target of DMFU [30] the enzyme-activity assay was also employed to
assess possible inhibition of this key intracellular protein. These exper
iments confirmed the inhibition of this enzyme by DMFU (Fig. 6), and
analysis of the inhibition data provided a k2 value that was lower, by
~5-fold than that provided by the overall competition analysis experi
ments, suggesting interactions with other Cys residues in addition to the
Cys149 of the GAPDH active site (cf. the data reported for acrolein, see
above). The modest difference between the k2 values for GAPDH and
GSH has potentially important implications for the relevance of the
targeting of this enzyme within cells.

3.4. Determination of rate constants for reaction of DMFU with Cys
residues present on Keap1 and a mutant protein by competitive kinetic
analyses
Keap1 has been widely discussed as a potential target for DMFU in
cells [31–33]. Consequently, limited experiments (due to the low
availability of the purified protein) were performed with DMFU and this
protein, and also a mutant form of this protein in which the Cys151
residue is mutated to a Ser residue (C151S). Interestingly, DMFU showed
a much higher reactivity with this protein than the other Cys-containing
proteins examined (see above, Fig. 7 and Table 1) with the competition
plots yielding a k2 value that was ~10-fold higher than that of GAPDH
and papain, and 50-fold higher than for BSA, CK, NAC and GSH
(Table 1). Furthermore, analogous experiments with the C151S mutant
showed convincingly that this high reactivity was associated with the
Cys151 residue as the mutant protein yielded a k2 value that was ~7-fold
lower than the wild-type protein (Fig. 7, panel C), bringing reactivity to
a similar (though slightly higher) value than with GAPDH and papain.
4. Discussion
We introduce here a kinetic approach that allows the identification
of kinetically-favored reactions of ABuCs with protein targets. The
resulting rate constants, when combined with abundance data, should
allow the relevance of particular pathways to be assessed in a quanti
tative manner. All the ABuCs examined react at significant rates with
both low-molecular-mass thiols (NAC and GSH) and protein thiols,
though these vary significantly in magnitude. The ABuC-sensitive pro
teome is therefore likely to consist, at least to some extent, of the
complete Cys-containing proteome, underlining the need for new tools
to distinguish functionally important reactions from those that are
merely bystander (non-functionally important) events. It should be
noted that pathways which include an activating step may not be
adequately represented by such an approach, and also that the abun
dance of a product does not always reflect the potential importance of a
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Fig. 7. Determination of rate constants for reaction of DMFU with BSA (panel A), GAPDH (panel B) and wild type (●) and C151S mutant (▴) Keap1 (panel C) by use
of a competition kinetic approach using reaction of DMFU with NAC as the reference reaction, and monitoring of the yield of the NAC-DMFU adduct (see Fig. 5 and
Material and methods). The plots in panels A–C present the inverse concentration dependence of the NAC-acrolein yield with increasing concentrations of the
competitor protein. The gradient of these plots yields the raw protein reaction rate constant. The latter have then been corrected for the experimentally determined
thiol levels on the protein. Panel D: presents a plot of the thiol-corrected k2 values against the protein Cys pKa values, revealing a weak correlation (r2 = 0.47). The
pKa value of the Cys residues on Keap1 are unknown. Data are presented as mean ± SEM from three independent experiments.

particular process. Therefore, this methodology has caveats, but it
should of use in screening and determining events that are of potential
importance, for further analysis.
Multiple factors play a role in determining the reactivity between an
ABuC and a given Cys, but a number of important features are indicated
by the data obtained. The first of these is the difference in reactivity of
different ABuCs, with acrolein being the most reactive. A second major
conclusion is that the rate constants vary with the Cys pKa value for a
number of the systems examined, and particularly the low-molecularmass species, and this appears to be a good proxy for their reactivity
with ABuCs [34]. A third major observation is that the accessibility of
the Cys residue is of significance, with this being determined by multiple
factors, including steric and electronic interactions. This is of particular
relevance for ABuCs of greater structural complexity (cf. the higher
reactivity of acrolein compared to crotonaldehyde and other ABuCs) and
also for protein Cys residues. Additional factors may be of significance in
cell and intact organism studies, including the concentration of both the
ABuC and protein targets at particular locations (within or external to
cells) and their rates of diffusion or penetration between sites; these
clearly cannot be assessed in the systems examined here.
Acrolein is the most reactive soft electrophile of those investigated.
This species is a widespread air and industrial pollutant, and also
generated endogenously via peroxidation of polyunsaturated fatty acids
[35,36]. In addition to its toxic effects, acrolein has also been proposed
as potential signaling molecule during oxidative stress [37]. The data for
acrolein indicate that its reaction rate constants correlate closely with
the pKa of its reaction partner Cys (r2 = 0.92). Thus, reaction between
acrolein and targets is mostly dependent on the pKa of the target Cys

(which is largely determined by its environment) and not on steric in
teractions. This results in a rather unspecific reactivity, and likely
adduction to a wide range of targets, supporting the notion that acrolein
is a toxicant with little or no capacity to induce specific signaling. The
toxicity of this species may therefore arise from multiple complementary
and additive events including GSH depletion, inhibition of enzyme ac
tivity and protein function, and DNA damage [35,38].
The lower reactivity of the methylated acrolein derivative, CA, as
well as the reduced correlation of its rate constants with the target Cys
pKa value, is in line with previous investigations on 4-hydroxy-2-none
nal [28,39]. Thus, it has been reported that the reactivity of bulky
ABuCs, including 4-hydroxy-2-nonenal (for which CA is a simple
model), does not have a strong dependence on, or correlation with, the
Cys pKa [28,39]. In addition, the data indicate that CA favors protein Cys
residues over low-molecular-mass thiols such as GSH and NAC. Thus, the
lipid-peroxidation derived species may have greater effects on proteins
(and related down-stream signaling events) than species such as acro
lein. The reason for the preference of CA for protein Cys residues is not
clear, as there is (at best) modest selectivity between different
Cys-containing proteins in terms of kinetically-favored reaction part
ners. This may relate however to the proportion of Cys residues present
in the ionized form, as all of the proteins examined, including BSA, have
a significant concentration of Cys residues present as the thiolate form.
The cyclic species CHN showed a further reduced rate constant
compared to CA by a factor of ~3 towards GSH and NAC, but interest
ingly, this species did not show an enhanced reactivity or selectivity
towards protein-incorporated Cys, when compared to GSH or NAC,
indicating that steric factors dominate over the Cys pKa effect for this
9
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4-benzoquinone with GSH has a rate constant of ~6 x 105 M-1 s-1 [12], a
value ~3200-fold greater than for acrolein. Interestingly, for this
quinone (and also others) there is a much greater difference between the
values for the low-molecular-mass species and those for protein Cys
residues. Thus, the quinone-GSH reactions are considerably faster than
all the proteins examined to date, whereas for acrolein the inverse is true
– the protein Cys values are higher than for GSH. For GAPDH, this results
in a much smaller difference between these two systems (k2 for reaction
of GAPDH with 1,4-benzoquinone is 1.7 x 104 M-1 s-1 [12], compared to
the k2 value of 499 M-1 s-1 for acrolein reported here, i.e. a ~34-fold
difference). The difference for the most reactive protein examined in
both studies (papain) is slightly greater at ~100-fold. These data provide
an interesting contrast, and the reason(s) for this major difference in
reactivity (low-molecular-mass thiols ≫ protein thiols for quinones, and
the inverse for ABuCs where protein thiols > low-molecular-mass thiols)
remains to be elucidated. Molecular modelling of these reactions may
shed additional light on these aspects.
Overall these data show that ABuCs react with a broad spectrum of
Cys-containing amino acids, peptides and proteins. These kinetic data
shed light on diverse effects of these compounds in biological systems
(cf. beneficial effects of DMFU versus toxic effects of acrolein). Addi
tional kinetic data should allow greater rationalization of the positive
versus negative effects of compounds that contain the ABuC motif.

molecule. This may be related to the accessibility of the Cys residues
present in BSA, GAPDH and CK. The rate constant for reaction between
CHN and papain is ~10-fold higher than for the other reactions exam
ined, and is consistent with a degree of specificity for this reaction.
Interestingly, the 5-membered ring analogue CPN did not yield
analyzable data as a result of a significant reverse reaction, which
resulted in plateau values in the consumption data, that preclude ex
amination using this competitive reaction approach. The increased rate
of the reverse reaction may be a result of steric interactions in the adduct
that enhance the reverse reaction: such interactions would be expected
to be lower for the 6-membered ring of CHN. The (apparent) ready
reversibility of the CPN addition reactions is of potential biological
significance due to the presence of this ring structure in the prosta
glandin J2 family, and whether these adduction reactions act as (readilyreversible) signals.
The use of DMFU in treating psoriasis and multiple sclerosis is
consistent with specific molecular actions [40,41], and although these
are incompletely understood, the compound is considered to have great
potential [42–44]. Current theories on the actions of DMFU are centered
on its capacity to modify Cys residues on specific proteins [31,45]. A
number of targets have been identified, including (amongst others),
hydroxycarboxylic acid receptor 2 [46], GSH [47], protein kinase Cθ
[48], IRAK4 [49], GAPDH [30] and Keap1 [50,51]. A limited number of
these species (GSH, GAPDH and Keap1) have been examined here.
Studies with the others could not be carried out as a result of the amount
of pure protein required.
The weak pKa correlation between the Cys pKa values and the rate
constants is consistent with the assumed specificity of DMFU. Although a
higher reactivity was observed for DMFU with some proteinincorporated Cys residues (except for BSA and CK) when compared to
NAC and GSH, these differences were modest (~5-fold variation), which
is not consistent with a marked selectivity for these targets in vivo.
Indeed, the higher cellular concentration of GSH when compared to
GAPDH would suggest that GSH should (quantitatively) be the more
important target, and the activity of glutathione-S-transferases may
enhance this selectivity (though this may not equate with biological
importance; see above). However, both these species have much lower
rate constants than Keap1, an often-discussed target for DMFU, which
has a ~10-fold higher value than GAPDH, and ~30-fold higher than
GSH. The high reactivity of Keap1 appears to arise from the Cys151
residue, as the kinetic studies carried out with the C151S mutant protein
showed a much lower rate constant (by ~7-fold).
Whether (and how) reaction at Cys151 affects the interactions of
Keap1 with Nrf2 remains to be established. It is established that de novo
protein synthesis is required for Nrf2 accumulation and nuclear trans
location (and hence gene transcription) [32]. It has been reported that
simple dissociation of existing Keap1-Nrf2 complexes is unlikely to be
sufficient to induce Nrf2 accumulation [21,32,52], though other studies
have suggested that Keap1-Nrf2 complex can become dissociated in
response to oxidative stress [53]. Indeed, it has been shown using an
in-cell association study that existing Keap1-Nrf2 complexes remain
associated, and that Keap1 utilizes a unique cyclic mechanism to target
Nrf2 for ubiquitination and proteasomal degradation, which also leads
to Keap1 regeneration [52]. Furthermore, it has been reported that there
are no changes in Keap1-Nrf2 affinity in vitro in response to a wide va
riety of electrophiles that modify Keap1 Cys residues [21]. Therefore,
Michael addition reactions of ABuCs (and other electrophiles) at Cys
residues on Keap1, and particularly Cys151, may lock the Keap1-Nrf2
complex in a non-functional complex [21,52].
It is also of interest to compare the data for ABuCs (Table 1) with
those for quinones, which contain related motifs: thus 1,4-benzoquinone
can be considered as two fused acrolein molecules. The data for qui
nones with Cys residues (both low-molecular-mass and protein) ob
tained under similar conditions [10,12] indicate that these are
considerably more reactive than ABuCs, as expected on the basis of the
presence of two electron-withdrawing carbonyl functions. Reaction of 1,
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