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Background: Organic isothiocyanates (ITCs) are produced by plants, in which they are released from glucosino-
lates by myrosinase. ITCs are generally toxic and serve as a chemical defense against herbivorous insects and
against infections bymicroorganisms. In mammalian tissues subtoxic concentrations of ITCs can provide protec-
tive effects against cancer and other diseases partially by induction of glutathione transferases (GSTs) and other
detoxication enzymes. Thus, human consumption of edible plants rich in ITCs is presumed to provide health
benefits. ITCs react with intracellular glutathione to form dithiocarbamates, catalyzed by GSTs. Formation of
glutathione conjugates is central to the biotransformation of ITCs and leads to a route for their excretion. Clearly,
the emergence of ITC conjugating activity in GSTs is essential from the biological and evolutionary perspective.
Methods: In the present investigation an active-site-focused mutant library of GST A2-2 has been screened for
enzyme variants with enhanced ITC activity.
Results: Significantly superior activities were found in 34 of the approximately 2000 mutants analyzed, and the

majority of the superior GSTs featured His and Gly residues in one of the three active-site positions subjected
to mutagenesis.
Conclusions:Weexplored the propensity of GSTs to obtain altered substrate selectivity andmoreover, identified a
specific pattern of mutagenesis in GST for enhanced PEITC detoxification, which may play an important role in
the evolution of adaptive responses in organisms subjected to ITCs.
General significance: The facile acquisition of enhanced ITC activity demonstrates that this important detoxication
function can be promoted by numerous evolutionary trajectories in sequence space.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Organic isothiocyanates are natural products of wide-ranging inter-
est [1]. They are synthesized and stored as glucosinolates in plants and
are released by the action of myrosinase when the plant tissue is dam-
aged. The electrophilic isothiocyanates are toxic and serve to protect
plants against invading organisms such as insects and microorganisms.
Organic isothiocyanates are detoxified by conjugation with glutathione,
tathione; AITC, allyl isothiocya-
ITC, phenethyl isothiocyanate;
obenzene; Non, nonenal; BN,
acid; pNPA, p-nitrophenyl ace-
ydroperoxide; MD, molecular

mistry, Stockholm University,

. Mannervik).
which converts the electrophile to a dithiocarbamate in a conjugation
reaction catalyzed by glutathione transferases (GSTs) abundantly occur-
ring in the cells of most aerobic organisms. The plant tissues protect
themselves against organic isothiocyanates by multiple GSTs, which
are expressed in all tissues ranging from roots to leaves [2]. However,
herbivores such as insects mount a similar response by producing
GSTs as their resistance factors [3]. The biosynthetic pathways to the
glucosinolates and isothiocyanates originate from amino acid deriva-
tives and result in large variety of isothiocyanate analogues. From an
evolutionary perspective it is therefore of interest to investigate how
GST activities can evolve to meet the novel challenges arising from
emerging plant isothiocyanates.

It is noteworthy that GST activity with organic isothiocyanates is
widely occurring. In the study of two GSTs from cyanobacteria the
only prominent activity identified was that with PEITC [4]. In an evolu-
tionary experiment, isothiocyanate activity readily emerged from a GST
mutant library [5]. Most higher plants and animals investigated express
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GSTs with isothiocyanate activity. It would appear that there is a close
physiological connection between isothiocyanates and GSTs.

The present investigation was designed to explore the propensity
of GSTs to evolve altered substrate selectivity for isothiocyanates,
which may play an important role in adaptive responses in plants and
their cognate herbivores. Three point mutations in the active site of
a human GST were investigated in different combinations and the
resulting activities with representative GST substrates and alternative
isothiocyanate substrates were investigated.

2. Results

2.1. Construction and quality of the focused library of GST A2*E

The H-site of GSTs is responsible for the binding of various electro-
philic substrates and thus is hypervariable among different GST species.
The H-site of human GST A2*E is composed of 13 amino acid residues,
including G10, I12, S14, E104, L107, L108, S110, F111, M208, L213,
S216, F220, and F222. Identification of key residues for activity enhance-
ment for a desired substrate is therefore not trivial. However, our previ-
ous attempt to enhance GST activity with azathioprine, as a spin-off
indicated that three residues (107, 108 and 222) might be important
for GSH conjugation with PEITC [6]. Therefore, a focused library
targeting these three positions was revisited for isothiocyanate activi-
ties. The library stochastically encoded Arg, Asn, Asp, Cys, Gly, His, Ile,
Leu, Phe, Ser, Tyr, or Val at each of positions 107 and 108 based on intro-
duction of the NDT codon degeneracy. At position 222His, Leu, Phe, Pro,
Ser, or Tyr were encoded via YHC degeneracy.

2.2. Sequence divergence of A2*E variants with enhanced PEITC activity

Roughly 2000 variant colonies as well as the parent enzyme A2*E
colony were picked individually into 96-well plates for growth and ly-
sate preparation. A screening method based on UV/Vis spectroscopy
was developed for identifying activity-enhanced variants from the
mutant library. By lowering the PEITC concentration to 33 μM, while
maintaining theGSH concentration constant at 1mM, the assaywas op-
timized to distinguish variants with improved enzyme properties from
GST A2*E, the starting enzyme. The mean activity of the parent enzyme
was 8.24 (10−3ΔA274/min) with a S.D. value of 1.30 (10−3ΔA274/min).
Of the enzyme variants investigated 18.9% (355/1881) exhibited im-
proved activity with PEITC, i.e., above the cut-off value of mean + 3 S.D.
for the parent enzyme (Fig. 1a).

2.3. Sequence diversity among the high-activity variants

The 34 variants showing activity N20 (10−3ΔA274/min) from the
initial screening were sequenced (Fig. 1a), all of which had defined
Fig. 1. (a). Activity values of crude bacterial cell lysates containing GST A2*E variants in twenty
above 12.1 (10−3ΔA274/min) (left of the dot-dashed line vertical line) are considered as variants
the dashed vertical line) were taken for sequence analysis. (b). A WebLogo [55] representatio
variants. The font height of the letter is proportional to the frequency of amino acid residue ap
sequences without any spurious mutation introduced during PCR am-
plification. The variants in the winning pool after screening exhibited
high molecular diversity. G and H were over-represented at position
107 and complemented with F and S from the 12 amino acids encoded
by NDT randomization. Positions 108 and 222 were highly diversified,
with the occurrence of 10 out of 12 possible amino acids encoded by
NDT degeneracy and 5 out of 6 using codon YHC, respectively (Fig. 1b).
The functional enrichment of G andH at position 107was then subjected
to determination of statistical significance using a binomial test. Both G
and H were overwhelmingly dominant with P values of 2.4 ∗ 10−10

and 2.3 ∗ 10−8, respectively. To shed light on the over-presentation of
G and H in terms of physico-chemical properties at position 107, differ-
ent quantitative descriptors of amino acids were used for analysis
[7–9]. But none of them could explain the under-representation of alter-
native residues encoded by NDT randomization in this position. It is
noteworthy that all GSTs that were highly active with PEITC harbored
at least two substitutions at the three targeted positions (Table 1).

2.4. Characterization of the most active variants

The six variants with the highest elevated activity with PEITC were
then subjected to specific activity determinations with various sub-
strates in order to obtain an overall picture of enzyme performance in
the multi-dimensional chemical-reaction space [6,10]. All of them
showed increased specific activity with PEITC by a factor from 8.1 to
17.1 fold as compared to the parent GST A2*E (Fig. 2a). The specific ac-
tivities with CDNB, butylnitrite and CuOOH, relative to A2*E, changed
modestly within in the range from 0.26 to 1.69 fold, while the differ-
ences relative to A2*E in the remaining substrates varied up to 15 fold.
It was interesting to find that all the selected variants displayed en-
hanced activities with nonenal and EA, considering the fact that the
molecular structures of nonenal and EA are quite different from those
of PEITC. On the other hand, both nonenal and EA are alkenes, which un-
dergo addition reactions with the sulfur of glutathione, a chemical
transformation initiated by nucleophilic attack on an sp2-hybridized
carbon, with mechanistic similarities to the ITC reaction.

A set of isothiocyanate compounds occurring in human diets was
then used for more detailed steady-state kinetic studies of the enzyme
variants. Three naturally-occurring isothiocyanates besides PEITC (in
watercress and garden cress) were used for characterization, namely,
BITC (in red cabbage), AITC (in cabbage, mustard, and horseradish)
and PITC (in rapeseeds) [11]. For the reactionwith PEITC, all the selected
variants displayed N30 fold increases in catalytic efficiencies (Fig. 2b).
The enhancement in performance stemmed from both increases in kcat
and decreases in KM values. HLP, themost active variant with PEITC, ex-
hibited catalytic efficiency of 625 mM−1·s−1, with a 43-fold increase
compared to that of the parent enzyme. The kcat of HLP with PEITC
increased from 1.71 to 14.8 s−1, while KM was lowered from 0.12 to
96-well microtiter plates in descending order of PEITC activity. Variants exhibiting activity
with improved PEITC activity and variants with activity above 20 (10−3ΔA274/min) (left of
n of substitution patterns in the three randomized positions among the high-activity GST
pearance at each corresponding position.



Table 1
Specific activities of GST A2-2 variants with alternative substrates. Values (means ± s.d., n = 3) were determined as described in the Material and methods section.

GST variants CDNB Non BN AD EA pNPA Diiodoethane PEITC CuOOH

μmol·min−1·mg−1

A2*E 14.4 ± 0.2 0.11 ± 0.01 91.7 ± 1.2 0.0090 ± 0.0008 0.061 ± 0.005 0.55 ± 0.01 299.8 ± 6.9 3.41 ± 0.45 5.59 ± 0.05
HFF 16.1 ± 0.6 0.94 ± 0.08 54.5 ± 0.3 0.0545 ± 0.0014 0.135 ± 0.006 0.29 ± 0.003 28.1 ± 0.7 29.2 ± 2.0 8.81 ± 0.00
HYL 8.3 ± 0.2 1.15 ± 0.06 62.9 ± 0.7 0.0216 ± 0.0004 0.100 ± 0.016 0.19 ± 0.003 41.4 ± 1.2 27.7 ± 0.01 5.98 ± 0.16
HLP 10.3 ± 0.8 1.33 ± 0.13 53.6 ± 0.6 0.0026 ± 0.0002 0.200 ± 0.020 0.039 ± 0.010 100.6 ± 0.1 34.3 ± 0.4 5.08 ± 0.15
GLH 7.2 ± 0.2 0.38 ± 0.01 23.6 ± 0.2 0.0180 ± 0.0003 0.344 ± 0.009 0.038 ± 0.003 52.0 ± 0.8 25.0 ± 0.6 2.32 ± 0.03
HLH 5.0 ± 0.1 1.44 ± 0.10 30.2 ± 0.2 0.0026 ± 0.0003 0.275 ± 0.019 0.091 ± 0.001 107.0 ± 0.4 58.2 ± 1.2 3.33 ± 0.04
GRF 24.4 ± 0.6 0.57 ± 0.01 33.8 ± 0.3 0.0933 ± 0.0027 0.323 ± 0.029 0.224 ± 0.003 41.5 ± 1.0 28.3 ± 0.9 3.60 ± 0.08
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0.024 mM. Interestingly, all the selected variants also displayed in-
creases of the same magnitude in catalytic efficiencies with BITC, and
their ranking in terms of BITC activity was the same as for PEITC. The
catalytic efficiencies with AITC and PITC were two orders of magnitude
lower than those of PEITC and BITC, within only a two-fold difference in
absolute values.
Fig. 2. (a). Exploded-doughnut chart of relative specific activities of various substrates for select
with the same substrate. (b). Bar plot demonstrating the relative catalytic efficiencies of selecte
Ratios of catalytic efficiencies are transformed to natural logarithm of kcat/KM (mut) divided by
2.5. Modeling of GST A2*E, and mutants HLP and GRF docked with PEITC
and BITC

To structurally characterize the most active mutants, HLP and GRF,
we performed a modeling study of these variants and GST A2*E com-
plexed with the isothiocyanates PEITC and BITC. GST A2*E, HLP, and
ed variants. The specific activity of a given substrate was normalized to the activity of A2*E
d variants with representative ITCs compared to efficiency of the parent enzyme GST A2*E.
kcat/KM (A2*E) for ease of visualization.
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GRF models were submitted to MD simulations to obtain a more realis-
tic disposition of the mutated residues. Subsequently, PEITC and BITC
were docked to the MD reference structure of each model, respectively
(Figs. 3 and 4).

We observed that with the same enzyme variant the two isothiocy-
anates had a similar spatial arrangement. This is in accordance with the
similar effects of themutations on the catalytic efficiencies noted for the
two substrates (Table 2). In fact, PEITC and BITC are structurally similar,
both having a benzene ring and anN_C_S functional group. However,
between the three enzyme variants the positioning of the substrates
changed considerably. For GSTA2*E the benzene group of the substrates
was placed in the interface of the G-site with the H-site interactingwith
F222, while the N of the N_C_S groupwas hydrogen-bondedwith the
R15 side chain (Fig. 3). In the HLP and GRF variants, L107 was mutated
to H and G, respectively, which in both cases resulted in an opening of
the H-site. The bulky benzene group of the substrates was therefore
allowed to strongly interact through London dispersion forces with
the hydrophobic core of the H-site, explaining the lower KM values for
the two variants compared with GST A2*E (Table 2). This arrangement
was however different in the two variants mainly due to the different
residues in positions 222 and 108. In HLP, P222 was involved in a CH/π
interaction with F111, and the benzene group of both substrates in-
teracted with L108 and established a strong T-shaped π-stacking with
F111 (Fig. 4a). On the other hand, in the H-site of GRF we observed a
T-shape π-stacking between F111 and F222. When GRF was complexed
with PEITC, the benzene ring established a strong parallel-displaced
π-stacking with F111. However, when GRF was complexed with BITC a
less strong sandwich π-stacking with F111 was observed (Fig. 4b),
which seemed to be in accordance with a lower KM value for PEITC
than for BITC (Table 2). Moreover, in theHLP andGRF variants the sulfur
of the substrate N_C_S group was hydrogen bonded to the GSH main
chain (Fig. 4).

2.6. Predicted thermostability changes in the selected variants

Changes of Gibbs free energy of folding were computationally
obtained by FoldX [12]. All variants were predicted to have decreased
folding stability compared to the parent enzyme GST A2*E after the in-
troduction of hydrophilic or even charged amino acid residues in the
hydrophobic active site of GST, as a result of the overwhelming presence
of destabilizingmutations [13].ΔΔGfolding values among the selected var-
iants varied from 3.51 to 6.54 kcal/mol. The overall impact of mutations
Fig. 3. Active-site of the MD GST A2*E reference structure. On the left GST A2*E is complexed
shown in Å units.
on the calculated thermostability was 2.34 kcal/mol per mutation, close
to our previous calculations and experimental observations [6].

3. Discussion

3.1. Isothiocyanates are phytochemical inducers and substrates of GSTs

A variety of organic isothiocyanates are secondary metabolites in
plants, with cruciferous vegetables as particularly rich sources, enzy-
matically released from corresponding glucosinolates with the aid of
myrosinase. In fact, ITCs have drawn major attention from nutritionists
for decades because of their potential chemoprotective effects against
cancer [14–16], cardiovascular diseases [17], neurodegeneration [18],
and even the development of diabetes [19]. Although ITCs are mostly
credited for their chemoprotective activities against chronic degenera-
tive diseases, they are also regarded as potentially genotoxic com-
pounds due to their ability to form DNA adducts [20].

The chemoprotective effects of ITCs are commonly attributed to the
inhibition of phase I cytochrome P450 (CYP) drug-metabolizing en-
zymes and induction of phase II drug-metabolizing enzymes, effected
by the sulfur-containing N_C_S functional group [21,22]. The enzyme
activity of CYPs is inhibited by various types of mechanisms at different
molecular levels, including gene transcription and enzymatic actions. By
contrast, both in vitro and in vivo data strongly suggest that expression
of detoxication enzymes such as GSTs, facilitating the inactivation and
excretion of toxic xenobiotics, can be significantly induced by ITCs
[23–25]. The signaling pathways and molecular mechanisms of detoxi-
fication enzyme induction modulated by ITCs have been well reviewed
elsewhere [26,27].

In addition to functioning as phytochemical inducers of GSTs, ITCs
belong to the group of a few verified natural substrates for GSTs. How-
ever, different GSTs exhibit diverging catalytic efficiencies with ITCs
occurring in plants [28,29], which may have consequences for the out-
come of dietary cancer chemoprevention [30]. The complex interaction
between ITCs and GSTs actually makes it a natural model to study sub-
strate induction of detoxication enzymes.

3.2. Screening of the library with PEITC

Although active-site reengineering aimed at alteration of substrate
specificity has been successfully achieved in various enzyme systems,
the prediction of appropriate mutations at the right positions is still
with PEITC and GSH, while on the right it is complexed with BITC and GSH. Distances are



Fig. 4. (a). Active-site of the HLP mutant structure. On the left HLP is modeled with PEITC and GSH, while on the right it is modeled with BITC and GSH. (b). Active-site of the GRFmutant
structure. On the left it is modeled with PEITC and GSH, while on the right it is modeled with BITC and GSH. Distances are shown in Å units.

Table 2
Steady-state kinetic parameters of GST A2-2 variants with alternative isothiocyanate substrates. Initial velocity data were fitted with the Michaelis–Menten equation using nonlinear re-
gression analysis. kcat values are expressed for each subunit. Changes of Gibbs free energy of folding were computationally determined by FoldX.

GST variants ΔΔGfolding (kcal·mol−1) PEITC BITC

kcat (S−1) KM (mM) kcat/KM (mM−1·S−1) kcat (S−1) KM (mM) kcat/KM (mM−1·S−1)

A2*E 0 1.71 ± 0.07 0.12 ± 0.01 14.5 1.83 ± 0.23 0.084 ± 0.024 21.7
HFF 3.51 10.9 ± 0.49 0.023 ± 0.004 464.6 25.4 ± 3.4 0.19 ± 0.04 133.0
HYL 5.66 9.39 ± 0.58 0.023 ± 0.006 413.0 16.6 ± 2.6 0.12 ± 0.04 141.0
HLP 5.88 14.8 ± 0.70 0.024 ± 0.005 624.8 9.05 ± 1.20 0.023 ± 0.010 395.6
GLH 6.54 9.08 ± 0.45 0.019 ± 0.004 474.2 223.5 ± 211.4 1.92 ± 2.22 116.6
HLH 4.50 17.4 ± 1.16 0.031 ± 0.008 557.8 59.9 ± 12.8 0.22 ± 0.07 278.5
GRF 4.32 10.2 ± 0.21 0.018 ± 0.002 567.9 21.3 ± 2.3 0.067 ± 0.017 317.1

GST variants ΔΔGfolding (kcal·mol−1) AITC PITC

kcat (S−1) KM (mM) kcat/KM (mM−1·S−1) kcat (S−1) KM (mM) kcat/KM (mM−1·S−1)

A2*E 0 0.91 ± 0.04 1.01 ± 0.20 0.91 2.08 ± 0.23 0.72 ± 0.15 2.90
HFF 3.51 0.47 ± 0.03 0.31 ± 0.07 1.54 4.64 ± 0.28 1.12 ± 0.11 4.13
HYL 5.66 1.02 ± 0.05 0.61 ± 0.17 1.67 5.03 ± 0.46 1.23 ± 0.17 4.10
HLP 5.88 1.43 ± 0.05 0.80 ± 0.25 1.8 5.34 ± 0.66 1.54 ± 0.28 3.48
GLH 6.54 0.57 ± 0.02 1.10 ± 0.19 0.52 4.49 ± 1.25 2.89 ± 1.01 1.55
HLH 4.50 0.28 ± 0.03 0.63 ± 0.06 0.44 3.36 ± 0.41 1.45 ± 0.24 2.32
GRF 4.32 0.90 ± 0.02 0.53 ± 0.24 1.68 5.24 ± 1.37 2.33 ± 0.80 2.25
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not trivial considering the fact that the volume of active site comprises
somewhat about 10–20% of the total enzymemolecule [31,32]. In a pre-
vious study, we integrated molecular docking and proposed reaction
mechanism into a general approach for the construction of a high-
quality focusedmutant library of humanGSTA2-2 [33]. The bestmutant
in the library, a triple mutant (L107G/L108D/F222H) of GST A2-2*E
approached the upper limit of activity of the GST scaffold toward our
target substrate azathioprine. This GST mutant also showed significant
enhancement of the activity with PEITC [6], which differs with azathio-
prine in several aspects including chemical structure and reaction
mechanism (addition versus substitution). Thus, we decided to take a
retrospective look at the performance of the library on detoxication of
organic isothiocyanates.

Since at least two A2*E variants investigated in the previous study
exhibited significantly enhanced activity with PEITC [6], we decided to
use PEITC as a model substrate for screening. Hit identification was
based on preliminary screening of crude lysates, which depends on
multiple factors, such as expressivity of the target proteins, contents in
crude extracts, assay conditions and intrinsic enzymatic activities. By
optimizing the PEITC concentration in the assay, a significant difference
in spectroscopic signal between wild-type A2*E and the GDH variant
was achieved. The focused library of GST A2*E was thus screened suc-
cessfully under these conditions (Fig. 1a).

Although kcat and kcat/KM values of A2*E and GDH differed over 22
fold [6], the signals based on the current settings of screening differed
only by 3 times (8.24 compared to 24.3 × 10−3ΔA274/min). A cut-off
value of 20 (10−3ΔA274/min) to distinguish activity-enhanced variants
from the less active enzyme variants was determined and a total of 34
variants were considered as hits for sequence analysis.

3.3. Natural diversity of residue 107 in homologous GST A2-2 sequences

A total of five hundred sequences homologous to GST A2-2 (data ob-
tained from protein Blast searches) were aligned with ClustalW2 [34]
using the software default parameters to understand the natural diver-
sity of residue 107 of human GST A2-2 among its homologs. Since plant
GSTs are only distantly related to mammalian GSTs, the majority of
human GST A2-2 homologs belonged to the category of animals with
the remaining minority belonging to cellular slime molds, ciliates,
apicomplexans, choanoflagellates or even bacteria. H at the position
corresponding to residue 107 in human GST A2-2 was found to exist
in graminivores, such as gorilla, chimpanzee, macaca, horse, cow, and
sheep. This observation suggests evolutionary and functional impor-
tance of H at this specific position in herbivores.

Previously our laboratory and other research groups explored the
use of reduced amino acid alphabets in randomized positions only in-
cluding amino acids found in naturally occurring homologous proteins,
to minimize the number of variants in the selection/screening effort of
directed evolution [35,36]. Although the strategy has been found useful
for finding desired mutants, in our current case, we did not observe any
naturally occurring human GST A2-2 homolog displaying G at position
107 in spite of its abundance in the screening of the mutant library. It
thus appears that potentially advantageous mutations can be missed if
the mutagenesis incorporates only the natural diversity observed.

3.4. Role of active-site structure on catalytic activity with ITCs

In the present investigation, we successfully evolved GST activity
with PEITC from A2*E up to 43 fold in terms of catalytic efficiency
from a small focused library. A total of 355, corresponding to 19% of
the variants in the libraries, displayed enhanced activities with PEITC.
Since crude lysatewasused for the initial screening, confounding factors
such as enzyme expressivity, stability and even the extent of cell lysis
and protein retrieval could lead to false hits. Interestingly, all the mu-
tants subjected to detailed kinetic studies were predicted to have im-
paired thermostability and significant increases in terms of catalytic
efficiencies with the screening substrate, PEITC. For detoxication en-
zymes, such as GSTs and CYP450, which have evolved for millions of
years to bind andmetabolize a wide range of diverse substrates, confor-
mational diversity appears favored for enzyme–substrate complemen-
tarity at the cost of stability. Based on studies of two structurally
related GST isoenzymes, GST A1-1 and GST A4-4, with very different
promiscuity profiles, it has been suggested that functional promiscuity
stems from enzyme global flexibility [37–39]. Moreover, stability to-
ward urea denaturation was shown to be negatively correlated with
functional promiscuity.

In summary, we explored the propensity of GSTs to altered substrate
selectivity and moreover, identified a specific pattern of mutagenesis in
GST for enhanced PEITC detoxification, which may play an important
role in adaptive responses in plants and their predators.

4. Materials and methods

4.1. Reagents

Pfu DNA polymerase and DpnI restriction enzyme were purchased
from Fermentas. QIAquick gel extraction kit was from Qiagen. Oligonu-
cleotides used were ordered from Thermo Fisher Scientific. Escherichia
coliXL1-Blue obtained from Stratagenewas used for protein expression.
Nunc 96-well microplates were from Thermo Scientific. Cumene hydro-
peroxide and Δ5-androstene-3,17-dione were obtained from Fluka and
Steraloids Inc., respectively. Other chemicals were from Sigma-Aldrich.

4.2. Library construction

DNA encoding human GST A2-2 allelic variant E (GST A2*E), cloned
in the pGΔETac vector [40], was used as a template for focused library
construction. The focused mutant library was constructed by a dual-
tube approach as reported previously [33]. All proteins were expressed
asN-terminus polyhistidine-tagged proteins for ease of purification. The
quality of the mutant library was checked by sequencing randomly
picked colonies after transformation into E. coli XL1-Blue.

4.3. Screening in 96-well microplates

After quality confirmation of the mutant library, randomly picked
colonies were individually grown in 250 μl LB media supplemented
with 100 μg·ml−1 ampicillin for 16 h at 37 °C in 96-well plates. 2 μl
overnight LB culture was inoculated into 250 μl 2 × YT culture contain-
ing 100 μg·ml−1 ampicillin for each single well. Target enzymes were
overexpressed with shaking for 20 h at 30 °C, in the absence of IPTG in-
duction. Cells were then pelleted by centrifugation at 3500 g for 15min.
The pellets were then subjected to lysis by lysozyme (200 μg·ml−1) in
NaPi buffer (pH 7.0). After shaking the microplates at 50 rpm on ice
for 1 h, three rounds of freezing–thawingwere performed for complete
lysis (10 min at −80 °C, followed by 4 min at 37 °C with shaking at
200 rpm). The lysate was clarified by centrifugation at 4000 g for
60 min and used for assay in 250-μl reactions at 30 °C according to
Kolm et al. [28]. Briefly, GSH concentration was constant at 1 mM,
while PEITC concentration was set at 33 μM. All measurements were
performed in duplicate andmean valueswere subjected to further anal-
ysis for hit identification.

4.4. Expression and purification of GST A2*E variants

After screening for PEITC activity, GST variants exhibiting significant-
ly enhanced activity were chosen for large-scale expression. Single
colonies with GST A2*E variant coding sequences in pGΔETac were cul-
tured in LB media with ampicillin at 37 °C. Overnight cultures were
diluted 100-fold in 500 ml 2 × YT medium containing ampicillin. Over-
expression of the target enzymes were induced at 30 °C for 20 h by
adding 0.2 mM isopropyl-β-D-thiogalactoside (IPTG) when OD600
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reached 0.3. Cells were harvested by centrifugation and lysed by con-
stant cell disruption systems at 20 kpsi. After centrifugation, clarified
cell culture supernatants were filtered through 0.45 μm nylon mem-
brane filters prior to loading the samples into the His GraviTrap™ col-
umns. Purification was performed according to the manufacturer's
instructions. After overnight dialysis in Tris–EDTA–mercaptoethanol
buffer, the purity of the purified enzymes was assessed by SDS-PAGE.
The protein concentrations were further determined by Bradford
assay, using bovine serum albumin as a standard.

4.5. Kinetic studies

GSH conjugation reactions were investigated at 30 °C in 100 mM
NaPi buffer in a Shimadzu UV2501-PC spectrophotometer. Further de-
tails on the measurement of specific activities and steady-state kinetics
can be found elsewhere [41].

4.6. Estimating the effects of mutations on thermostability

The changes of thermostability caused by mutations at positions
107, 108 and 222were calculatedwith FoldX [12]. First, the 3D structure
of glutathione transferase A2-2 in complex with glutathione (2WJU)
was optimized by the repair function of FoldX. Secondly, the optimized
structurewas used as a template for the production of structuralmodels
of mutants with the BuildModel command. Thirdly, energies for all the
variants were calculated by the energy calculation function, and the ef-
fects of corresponding mutations on thermostability were estimated by
subtracting the values from that of human GST A2*E. Fourthly, realistic
energy valueswere deduced by the correlation function between exper-
imental and calculated data (ΔΔGExperimental = (ΔΔGFoldX + 0.078) /
1.14) [42].

4.7. Molecular dynamics simulations

Amodel of GST A2*E was obtained by mutating P110S and T112S in
the wild-type allelic variant C (GSTA2*C) (PDB number: 2WJU). Posi-
tions 107, 108 and 222 of GST A2*E were further mutated to obtain
modeled structures of HLP and GRF. Then the three models were sub-
mitted to MD simulations. Charges of the glutathione molecule were
based on Dourado et al. [43], while dihedrals, angles, bonds, and van
der Waals parameters were obtained in the Amber99 force field [44,
45]. All the modeled structures were solvated with single point charge
(SPC) [46] waters. The three model systems were submitted to 100
steps of steepest descent energy minimization to remove bad contacts
between the solvent and the protein and later equilibrated with a
200 ps restrained MD simulation to relax the water molecules. For
all systems, production simulations were run for 20 ns using a time
step of 0.002 ps, with the trajectories saved at each 20 ps. The tempera-
ture and pressure were maintained constant by the use of a v-rescale
thermostat [47] and a Parrinello-Rahman barostat [48] (parameters:
τT = 0.1 ps, Tref = 300 K, Pref = 1 bar). The particle mesh Ewald
(PME) [49] method was applied to compute electrostatic interactions
with a cut-off of 1.0 nm. A twin range cut-off with a neighbor list cut-
off 1.0 and a cut-off of 1.0 was used for the van der Waals interactions.
Periodic boundary conditions were used in all simulations. All the
bonds involving hydrogen atomswere keptfixedby the LINCS constraint
algorithm [50]. All simulations and analyses were carried out using the
Gromacs 4.6.5 software package conjugated with the PARM99 force
field [44–45, 51–53].

4.8. Molecular docking

For each model a reference structure of the 20 ns MD simulation,
which corresponds to the one more similar to the average structure,
was used to dock the substrates. The docking of PEITC and BITC sub-
strates was performed with AutoDock 4.2 [54]. The substrates were
maintained flexible while the enzyme structures were kept rigid. The
grid was centered on the active site (G-site and H-site) of GSTs. The
population was 150, the maximum number of generations was 27,000
and the maximum number of energy evaluations was 250,000. For
each system, the docked structure with the best binding energy was
chosen.
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