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ABSTRACT

We studied a mango glutathione S-transferase (GST) (Mangifera indica) bound to glutathione (GSH) and 
S-hexyl glutathione (GSX). This GST Tau class (MiGSTU) had a molecular mass of 25.5 kDa. MiGSTU 
Michaelis-Menten kinetic constants were determined for their substrates obtaining a Km, Vmax and kcat 
for CDNB of 0.792 mM, 80.58 mM min-1 and 68.49 s-1 respectively and 0.693 mM, 105.32 mM min-1 

and 89.57 s-1, for reduced GSH respectively. MiGSTU had a micromolar affinity towards GSH (5.2 mM) 
or GSX (7.8 mM). The crystal structure of the MiGSTU in apo or bound to GSH or GSX generated a 
model that explains the thermodynamic signatures of binding and showed the importance of enthalpic-
entropic compensation in ligand binding to Tau-class GST enzymes. 



1. Introduction 

Glutathione S-transferases (GST, EC 2.5.1.18) are a heteroge- neous group of cell detoxifying 
enzymes, which catalyze the reduced glutathione (GSH) conjugation with hydrophobic com- 
pounds containing an electrophilic atom [1,2]. These electrophiles include both endogenous and 
xenobiotics compounds, which are targeted at specific sites either intra or extracellular [3e7]. The 
GSTs are ubiquitous proteins, mainly cytosolic, classified into different classes [8e10]. The theta, 
zeta, phi and tau GST classes have been reported mainly in plants, being phi and tau classes the 
most abundant between them [3,10e12]. The GST family has multiple functions in plants besides 
herbicide resistance and xenobiotic detoxification; they can be induced by pathogens or 
dehydration, and may even bind auxins and anthocyanin [7,13e15]. Other roles postulated for 
GSTs are as part of stress responses towards heavy metals, drought, salt and ozone [7,14,15]. 

All three-dimensional structures of GST known to date have a similar fold despite the low 
overall identity amongst the sequences of different GST classes. The GSTs are homodimers of 
about 50 kDa, where each monomer consists of a thioredoxin-folded N-terminal domain and an 
a-helical C-terminal domain connected by a linker loop region [16]. The catalytic cavity has two 
ligands binding sites per subunit, the glutathione-binding site (G-site) located in the N- terminal 
domain, and the hydrophobic xenobiotic binding site (H- site) located in the C-terminal domain 
[14]. The N-terminal domain is somewhat conserved and contains the specific residues that are 
critical for catalytic activity and binding GSH, mostly by hydrogen bonds. The catalytic residue 
in GST is tyrosine, cysteine or a serine, as occurs in Tau-class. These residues favor 
deprotonation of GSH to form a reactive thiolate anion [1]. 

GSTs can utilize a variety of substrates, due to the variability of its C-terminal domain. The 
enzyme conjugates activated GSH with almost any hydrophobic compound containing an 
electrophilic atom. The hydrophobic substrate binding site (H-site) is a pocket that mainly 
consists of non-polar side chains that provide favorable interactions with the xenobiotics [14]. 

The variability in H-site leads to a diversity of substrates that can be conjugated with GSH: arene 
oxides, organic halides, epoxides, a,b-unsaturated carbonyls, organic thiocyanates and esters 
[1,17]. The G-site is conserved in the many GST crystal structures deter- mined to date [17], 
being the H-site where the sequence is less conserved; therefore, structural information of this 
site is more useful. GSX is an excellent ligand for crystallographic and ther- modynamic studies 
since it occupies both G- and H-site, does not react with GST and allows structural comparison 
across classes and species. Among over 316 GSTs reported at the PDB (Protein Data Bank), only 
forty belong to plants, and their amino acid sequence share a total of a 10% identity [18]. 

Besides basic knowledge, the study of structure and function of GSTs is also important for 
applications as a biocatalyst in green chemistry applications [19] and directed evolution has been 
applied towards obtaining better GST catalysts [20]. 

This work reports three mango GST Tau-class crystallographic structures in apo (unliganded), 
glutathione (GSH) and S-hexyl- glutathione (GSX)-bound, these results are correlated with 
binding thermodynamics and enzyme kinetics. 



2. Materials and methods 

2.1. Chemical and biochemical reagents 

GSH, CDNB, GSX, biochemical reagents and culture media were obtained from Sigma-Aldrich. 
Synthetic gene synthesis and cloning services were provided by DNA2.0. 

2.2. Recombinant expression and purification 

A GST coding sequence (GenBank KX061499) was cloned from mango (cv. Haden) mesocarp and 
classified as Tau class through BLAST analysis by sequence comparison with the GenBank non- 
redundant database. Amino acid sequence alignments were done with ClustalW and phylogenetic trees 
were done using the neighbor-joining method and bootstrapping using 1000 replicates, as implemented in 
Geneious R8 (Biomatters, Ltd.) The amino acid sequence of MiGSTU was used to generate a codon-
optimized E. coli DNA sequence that was synthesized and cloned into the T5-ampR- vector pJExpress404 
(DNA 2.0) for recombinant over-expression. 

The E. coli BL21(DE3) bacteria transformed with the pJExpress404-MiGSTU construct were grown in 
LB broth contain- ing 100 mg/mL ampicillin, and induced with 1 mM IPTG for 6 h at 37 !C. After 
centrifugation (7000 g, 15 min, 4 !C), bacteria were lysed by sonication in lysis buffer (50 mM Tris pH 8, 
1 mM PMSF and 100 mg/mL lysozyme) in a ratio of 4 mL of buffer per g of pellet. After centrifugation 
(32,000 g, 30 min, 4 !C), 1% streptomycin was added to precipitate nucleic acids. The ammonium sulfate 
50% saturation supernatant was extensively dialyzed against 20 mM Tris-HCl pH 8.0 buffer and then 
loaded into a Hi-Trap Q Sepharose HP (GE Healthcare Life Sciences, USA) chromatographic column. 
Protein eluted with a NaCl gradient was analyzed by SDS-PAGE and assayed for GSH-conjugation 
activity toward CDNB as described below. Purity was confirmed by silver-stained SDS-PAGE. 

2.3. Enzyme activity 

Recombinant MiGSTU was assayed for GSH conjugating activity using a spectrophotometric assay [21]. 
Conjugation of CDNB with GSH was measured recording the change in absorbance for 2 min at 340 nm, 
in a Cary 50 Bio UVevisible spectrophotometer (Varian, Mexico) at 25  C. The reaction mixture in a final 
volume of 1 mL contained 100 mM sodium phosphate buffer, pH 6.5 and 1 mM each of GSH and CDNB. 
Reaction rates in the absence of substrates were recorded but their results were negligible. The GST 
activity was calculated using the molar ε 1⁄4 9600 M 1cm 1 of conjugated GSH. The protein concentration 
was determined by the Bradford assay using bovine serum albumin as the standard. 

2.4. Quaternary structure determination 

The oligomerization state of MiGSTU was analyzed by size- exclusion chromatography performed using 
a Superdex 75 HR10/ 300 GL gel filtration column (GE Healthcare). The column was previously 
calibrated with different size molecular mass markers, in a buffer containing 20 mM sodium phosphate 
buffer, pH 7.0 and 150 mM NaCl, in an A€KTA pure chromatography system (GE Healthcare). 

2.5. Kinetic characterization 

Steady-state kinetic measurements for MiGSTU were performed at 25 !C in 0.1 M sodium phosphate 
buffer, pH 6.5, as previously described [22]. Initial rates were determined in a 0.02e2.5 mM concentration 



range for each GSH and CDNB substrates, varying the concentration in one of them and keeping constant 
the other. The kinetic constants kcat and Km were determined by fitting the observed steady-state data to 
the MichaeliseMenten equation throughout the nonlinear regression analysis using Prism 3.02 (GraphPad 
Software Inc.). Turnover number was calculated based on one active site/subunit. 

2.6. Isothermal titration calorimetry (ITC) 

Titration experiments were conducted in a VP-ITC calorimeter (GE Healthcare Life Sciences) at 25 !C. 
Briefly, solutions of MiGSTU at 1 mg/mL were dialyzed thoroughly with 20 mM Tris-HCl buffer pH 8.0 
and titrated with 0.8 mM GSH or 1 mM GSX in separate experiments. Protein and ligands were dissolved 
in the same buffer from the final dialysis. Raw calorimetric data were corrected for ligand dilution. The 
binding parameters Kd, DH and N were directly obtained by fitting the titration curves to two sequential 
binding sites model with the Origin 7 ITC analysis software from Microcal. From these values, DG and 
DS were also calculated. 

2.7. Protein crystallization 

The MiGSTU purified protein was extensively dialyzed against 20 mM TriseHCl pH 8.0 and concentrated 
to 15 mg/mL for crys- tallization trials. Crystallization conditions were obtained in the micro batch 
method and using Greiner plates (BioOne) for the apo MiGSTU, with 0.2 M ammonium acetate, 0.1 M 
bis-Tris pH 6.5, 25% w/v polyethylene glycol 3350. The hanging drop method was per- formed to obtain 
crystals of MiGSTU (15 mg/mL) with GSH and GSX incorporated in the crystallization solution. The 
plates were incu- bated at 16 !C and the crystals grew after 4 weeks. Typical crystals were rhombohedral 
shaped, on average dimensions of 0.4 0.2 0.2 mm. 

2.8. Data collection and processing 

Apo- and GSH-MiGSTU crystals were diffracted in a Bruker D8 QUEST single-crystal X-ray 
diffractometer equipped with a CMOS detector, an Incoatec mS CuKa microfocus (l 1⁄4 1.542 Å) with 
Helios MX optics and a kappa geometry goniometer. Crystals were soaked into a cryoprotectant made 
with mother liquor plus 20% PEG 400 and flash-cooled at 100 K for data collection with a cold nitrogen 
stream. The data was indexed, merged and scaled with the PRO- TEUM2 Bruker software suite. A 
MiGSTU crystal in complex with GSX were diffracted at the Stanford Synchrotron Radiation Labo- 
ratory (SSRL) on Beamline 14-1 (l 1⁄4 1.181 Å) and data was reduced and processed with HKL2000 [23]. 

Structural phases were estimated by molecular replacement in CCP4 [24] and using as a template a 
theoretical model of MiGSTU built with MOE (ChemComp) and based on wheat GST coordinates (PDB 
1GWC) [25]. Refinement was done with PHENIX [26] and manual building and ligand positioning was 
done with COOT [27], using 2Fo-Fc map at 1.5 s and omit maps elaborated in PHENIX. Structures were 
validated with MolProbity [28] and fulfilled quality parameters for deposition at the Protein Data Bank. 
Figures were elaborated with CCP4mg [29]. Ligand-protein interaction diagrams were generated using 
the LigPlot program in Windows, available at http://www.ebi.ac.uk/thornton-srv/software/LigPlus/) 
[30,31]. Dimer interfaces were calculated with PISA server (http://www.ebi. ac.uk/pdbe/prot_int/
pistart.html) [32]. 

http://www.ebi.ac.uk/thornton-srv/software/LigPlus/
http://www.ebi.ac.uk/thornton-srv/software/LigPlus/
http://www.ebi
http://www.ebi


3. Results 

3.1. MiGSTU primary structure analysis 

The cloned MiGSTU open reading frame size is 690 nucleotides long and encodes for a protein of 229 
amino acids with a predicted molecular mass of 25.5 kDa. The MiGSTU deduced amino acid sequence 
showed a maximum identity value of 77% with Citrus sinensis Tau-class GST [33] (Fig. 1A). 

Regions corresponding to both the G-site and H-site were identified in MiGST primary structure. As 
expected, the G-site is localized at the N-terminal domain between residues 14 and 69, and the H-site at 
the C-terminal domain between residues 106 and 220, being highly conserved within other GSTs of the 
same class (Fig. 1, panel A). Several regions most commonly conserved in the Tau class GSTs have been 
previously reported, which may become functionally relevant [34]. The HKK motif was conserved in the 
MiGSTU (residues 52e54), likewise F151 and G157; meanwhile, the HNG domain corresponded to HND 
(60e62) in mango GST. Other highly conserved residues within this class were CES (65e67), R18 and 
D103 [35e37], which were also present in MiGSTU. 

With regards to similarity to other plant GSTs, MiGSTU is very close to Vitis vinifera GST Tau class. 
Recently, mango amino acid sequences obtained by transcriptomics were found mostly similar to orange 
and grapes [38]. A phylogenetic analysis including MiG- STU (Fig. 1B) revealed that the resulting clades 
resemble an early reported GST phylogenetic analysis [39], where Phi-class is the most distant from Tau 
class followed by the Zeta-class. Our analysis includes the novel Lambda class that appears to respond to 
salinity and also has the ligandin activity [40]. 

Recombinant MiGSTU was produced and purified from E. coli, its purity was confirmed by silver-stained 
SDS-PAGE (Fig. 2). The yield was 10 mg of MiGSTU per liter of bacterial culture. The quaternary 
structure corresponds to a dimer with molecular mass of 50.83 kDa (Fig. 2). The specific activity of the 
recombinant MiGSTU toward the CDNB substrate was 43.76 mmol min!1 per mg of protein. 

3.2. Kinetic properties 

A steady-state kinetic analysis for GSH and CDNB showed a Michaelis-Menten kinetics behavior (Supp. 
Material S.1) and kcat and Km parameters were determined (Table 1). A lower Km value for GSH than the 
Km for CDNB was obtained by the kinetic analysis. The affinity for GSH and CDNB of other GSTs from 
different sources could vary even for different GST isoforms in the same species, because of gene 
duplication and divergent evolution [35,41]. 

The GST kcat value was 89.52 s!1 for the GSH substrate, compared to 68.49 s!1 for CDNB, revealing a 
slightly faster pro- cessing for GSH, which is consistent with those reported in other kinetic studies (Table 
1). This is also reflected in the catalytic effi- ciency ratios (kcat/Km), obtaining a higher catalytic efficiency 
for the GSH substrate with 129 mM !1 s!1, compared to 86.52 mM!1 s!1 for CDNB. 

3.3. GST binding thermodynamics 

Besides affinity, ITC led us to the identification of significant energetic differences between the binding of 
both ligands. Binding of GSH and GSX to MiGSTU was exothermic (Table 2, Supp. Mat. S.2). GSH 
binding had a large unfavorable entropic component (-TDS 1⁄4 19.2 kcal mol 1) that was compensated by



a large favorable enthalpic change (DH 1⁄4  26.4 kcal mol 1). The Kd for GSH was 5.2 mM, which is 

similar to the affinity values reported for other GSTs [42,43]. For GSX binding, the process was 
exothermic as well (Fig. 3), and directed by a favorable enthalphic change (DH) of  6.7 kcal mol 1 and 

almost no entropic component (-TDS 1⁄4 0.4 kcal mol 1), leading to a Kd of 7.8 mM. GSX is a molecule 

similar to the product, which is a conjugated glutathione with an aliphatic xenobiotic.  Enzymes that 
utilize hydrophobic substrate keep their binding sites hidden from the bulk solvent. Occupation of the G-
site by GSH is driven by a large favorable negative enthalpic change that com- pensates an unfavorable 
entropic component. The addition of the aliphatic chain appears to compensate this entropic component, 
since eTDS is near to zero. These results will be later compared to the crystal structures to verify the 
structural nature of ligand binding. 

3.4. Crystallographic structures of MiGSTU 

The MiGSTU crystals were obtained in the apo and holo form bound to GSH or GSX. Both MiGSTU apo 
and GSH-bound crystal structures were monoclinic, and contained a monomer in the asymmetric unit. 
Therefore, and because the unit cell parameter obtained, the biological unit was obtained by two-fold axis 
crys- tallographic symmetry from the C2 space group. GSX-MiGSTU complex was orthorhombic in the 
P212121 space group containing a dimer in the asymmetric unit. Final crystallographic statistics are 
presented in Table 3 and coordinates were deposited in the Protein Data Bank. The topology presented by 
MiGSTU is, in general, an N- terminal domain with a thioredoxin-like fold (residues 1e78) that contains 
the GSH-binding site (G-site) and a C-terminal globular domain (residues 90e219) that contains the 
hydrophobic substrate binding site (H-site) as shown in Fig. 4. 

All structures were compared and the root mean square devia- tion (RMSD) was calculated using a 
Gaussian-weighting model [44] in MOE [45] (Supp. Mat. S.3). To our knowledge, this is the first time a 
structural and thermodynamical comparative study is made be- tween an unligated, GSH and GSX-bound 
Tau-class GST. The RMSD between free and bound monomers was 0.40 Å for a Mu-class GST [46] 
whereas for MiGSTU was 0.99 Å (Supp. Mat. S.3). The three structures superimposed permit 
identification of three loops with large structural changes. The main change is located in the loop between 
a5 and a6 at the C-terminal domain of the structure and does not form part of the H-site, followed by a1-
b2 that is part of the G-site and contacts the glycyl group from GSH. Finally, loop a6- a7 is the less 
flexible and reflects a shift of helix a6 towards the H- site in the MiGSTU-GSX structure (Supp. Mat. S.
3). The position of GSX and GSH almost superimpose, with exception of the aliphatic C6 hexyl chain 
towards the H-site. 

3.5. Ligand binding to MiGSTU 

The GSH-binding site is conserved among GSTs to provide an adequate environment for sulfur activation 
and nucleophilic attack to substrates [1]. Electron density supported the modeling of GSH and GSX into 
the G-site (Fig. 5A and C). Overall ligand binding is conserved in both structures. 

Tau GSTs have a serine as their catalytic residue [47] and MiG- STU S14 makes a 2.6 Å-hydrogen bond 
with the sulfur atom of GSH, with good electron density supporting this contact. A nearby Y16 has van 
der Waals contact with GSH or GSX cysteinyl portion; this is consistent with the observed in others GSTs 
[1,48]. The cysteine amino group from GSH also makes a hydrogen bond with the main- chain of I55. 
GSH-a-glutamate makes hydrogen bonds with E67 and S68 and a hydrophobic contact between Y16 and 



the GSH- aliphatic chain (Fig. 5B). The GSH-glycine residue is more flexible and makes a hydrogen bond 
with K41. Similar contacts are found in other Tau-GST structures with GSH or GSX bound [49]. It is also 
remarkable that catalytic S14 is flanked by prolines (P13 and P15) and this feature is also shared with 
wheat Tau-class GST (PDB 1GWC). 

The a-glutamyl portion from GSH or GSX makes similar hydrogen bonds with S68 backbone and side-
chain hydroxyl and an ionic bond between E67 carboxyl and the alfa-amino (Fig. 5B and D). I55 makes a 
hydrogen bond with N-cysteinyl of GSH or GSX and the glycyl portion is exposed to the solvent, making 
no specific contacts to the G-site. 

Hexyl from GSX makes hydrophobic contacts with K41, Y108, W169 and Y216. GSX binding has been 
measured by Trp quenching in S. japonicus [42] and this is consistent with the proximity of W169 to the 
aliphatic chain. The GSH and GSX ligands, both are located on the G-site, are superposed on the same 
place and hexyl group stands in GSX (Fig. 6). 

4. Discussion 

The first approach to this enzyme study and the understanding of its function has been carried out through 
the analysis of its pri- mary sequence. Even though conserved domains prevail among different GST 
classes, such as the thioredoxin domain at the N- terminal, the C-terminal domain which binds the 
electrophilic substrates (as xenobiotics) is more variable among and within 

classes [50,51]. This variability could be related to the ability to combine the binding of a variety of 
xenobiotic compounds with different structures [1]. A serine residue that is highly conserved at the plant 
Tau, Theta and Zeta classes, prevails at the GSH binding domain [37]. Such residue that is present at the 
MiGSTU as S14 is postulated as the catalytic residue responsible for stabilizing the GSH thiolate anion 
bound to the enzyme [52]. In the binary com- plex with GSH, a bond between S14 and GSH-thiol is 
observed. GSH cysteinyl is substituted with the aliphatic hexyl that inserts into the H-site. 

Affinity and specificity towards their hydrophobic substrates vary among GST families. The Tau and Phi 
classes, which are mainly found in plants, are highly specificity towards CDNB, which is considered as 
the model substrate. The MiGSTU revealed a high activity value for this substrate compared to GSTs 
from other plants, suggesting that it may also work in exogenous compounds detoxification. A wide 
variability in catalytic prop- erties has been previously reported when studying the diver- gence of such 
family genes in Populus trichocarpa [12] and the moss Physchomitrella patens [54], even among 
isoenzymes from the same class. Moreover, differences in specific activity, using CDNB as a substrate, 
were reported in sweet orange Tau class GST isoforms [33], being the GSTU2 three times more active 
than those of the GSTU1, which was also shown in their catalytic properties. 

These enzymes mainly revealed a higher affinity to GSH rather than to the electrophilic substrate, which 
can be appreciated in lower Km values for GSH, as observed for MiGSTU; this is consistent with the 
highly conserved GSTs N-terminal domain. The higher affinity towards a substrate affect the more 
efficient use of it, as well as the further processing into the product, which in the case of catalytic 
efficiencies (kcat/Km) for GSTs, a greater efficiency is seen in the use of GSH compared with the 
electrophile [1,55]. The GSTs, in addition to the isoenzymes ability to use different substrates, use 
different catalytic mechanisms, causing a greater diversity in the catalytic constants of this enzyme 
family. 

Although random, ping-pong and sequential mechanisms have been reported for the GST enzyme family, 
the ordered binding of substrates seems to prevail. Even though some ex- ceptions have been found 



within this family, a Michaelis-Menten behavior has been revealed by most of the GSTs. Differences in 
two enzymes catalytic mechanisms of the same class (Tau) were reported in Phaseolus vulgaris [3], where 
a MichaeliseMenten kinetics was followed by the PvGSTU2-2 using CDNB as the substrate, while a 
sigmoid substrate dependence was revealed by the PvGSTU1-1. A rapid equilibrium random sequential 
bi-bi mechanism [35,56], has been reported in the GSTs from other plants, such as sorghum, as well as in 
three tomato GSTUs [57]. The MiGSTU showed a Michaelis-Menten kinetics, and a bi-bi mechanism 
type that could be sequential (ordered) is sug- gested, in accordance to that reported for other GSTs 
[3,35,57]. Since the kinetic mechanism is related to the enzyme structure, in the ordered mechanism the 
binding of the first substrate to the active site induces a conformational change, needed for the binding of 
the second substrate. A conformational change takes place upon the binding of the GSH substrate to the 
active site at the G-site in GSTs. This is revealed in the MiGSTU crystallo- graphic structure and many 
others, and it seems to be a requirement for the proper formation of the H-site. By overlaying the 
crystallographic structure Apo of MiGSTU against the struc- ture with GSH, we found an RMSD of 0.99 
Å calculated by MOE. The main difference between all structures is helices 4 and 5 together with the loop 
that links the region with more changes in their side chains. This is in accordance to the thermodynamic 
signature of GSH binding, which showed large enthalpy and entropy changes that could be related to 
active site interactions. It is assumed that the cytosolic GSTs broad substrate specificity correlates with a 
structural flexibility, which allows the different electrophilic substrate structures recognition with a 
minimum energy cost [58]. 

The observed thermodynamic values may arise from the binding mode of GSH to the MiGSTU active 
site. The favorable enthalpy change could reflect the strong interaction between GSH and the active site, 
mainly hydrogen bonds as observed in the crystallographic structure (Fig. 4-A). Similar observations have 
been found for other GSTs. The thiol from GSH is hydrogen bonded to S14, while it also has an 
interaction with K41. This binding mode is different to the structure of GSX-MiGSTU complex which 
does not show the hydrogen bond between S14 and the GSX sulfur atom. This explains the differences in 
DH values between GSH and GSX, because both present polar interactions through glutathione backbone 
[59e61]. 

The subtle conformational change that takes place upon GSH binding prepares the H-site for xenobiotic 
binding. Hydrophobic residues are exposed and these may account for the unfavorable entropy 
component. However, these conformational changes may be necessary for the formation of the H-site and 
tight binding of hydrophobic compounds. Conformational changes induced by substrate binding have 
been observed in several GST isoenzymes, like human GSTA1-1 and GSTP1-1 [62,63] as well as maize 
GSTF1-1 [64] and sorghum GSTU4-4 [35]. However, this is the first structural study that reports a 
comparison between an apo and GSH-bound GST from plants. 

The GST dimer has been described as the stacking of two sym- metrical arginine residues in a lock and 
key hydrophobic interac- tion for Sigma, Mu, Tau and Pi-class GSTs [65]. An electrostatic interaction 
between D77 (helix 3) and R93 and R97 from the opposite monomer (helix 4), was found in Tau-class 
GST (Fig. 2). The residue R93 at the apo structure has two alternate conforma- tions, reflecting the 
mobility of the guanidinium group, and both conformations are equally accessible for favorable 
electrostatic contacts with the acidic group. Helix 4 has more hydrophobic residues that the rest of the 
helices contribute to the dimer inter- face. A94 has van der Waals contacts with I70, and the latter con- 
tacts F98. A hydrophobic zipper is provided by W99 contact with F98 and C66. The interface area was 
very similar for the apo and GST-bound dimer (11,335 and 11,476 Å2), suggesting that substrate binding 
has no effect upon dimerization. In the MiGSTU-GSX structure, contact with S14 is lost, and the hexyl 
moiety contacts W108 and W169. 



MiGSTU showed very high activity during the tests using the xenobiotic CDNB, the kinetic results are 
within the range reported for other plant GST values, having more affinity to GSH that CDNB, which it is 
to be expected since it is their natural substrate. 

The information from the isothermal titration calorimetry in- dicates that each enzyme unit has two 
binding sites for GSH, i.e. consists of two monomers and in each of them there is a GSH binding site. 
Thus, this information gives us evidence that the enzyme is dimeric, plus a different affinity for each 
monomer is presented in this system. 

In this report, we present three crystal structures, one without ligand (apo), one with GSH and one with 
the ternary complex analog GSX. The conformational change induced by GSH on the site G was not as 
severe and specific interactions occurred between S14 and the GSH thiol group. Interestingly, the 
unoccupied H-site found in the MIGSTU-GSH structure matches with the unfavorable entropic 
component found during GSH titration, that is compen- sated when GSX binds to G- and H-sites. These 
results encourage further structural and thermodynamic studies into the ligandin function of plant Tau 
GSTs. 
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FIGURES

Fig. 1. (A) Amino acid sequence alignment of mango GSTU with representative plant tau GSTs. 
Conserved residues in all plant Tau GSTs are shaded in black and conserved replaces in gray. Alpha 
helices and beta strands are represented as blue helices and red arrows, respectively. Predicted G-site 
residues of MiGSTU are marked with a yellow D. AtGSTU18, Arabidopsis thaliana (AEE28570.1); 
AtGSTU16, Arabidopsis thaliana (AEE33605.1); ZMGSTU6, Zea mays (NP_001147035.1); DkGSTU1, 
Diospyros kaki, (BAI40146.1GSTU17, Solanum lycopersicum (XP_010320649.1); PtGSTU22, Populus 
trichocarpa (ADB11320.1); VvGSTU17, Vitis vinifera (XP_002273830); CsGSTU17, Citrus sinensis 
(XP_006483268.1). (B) Neighbor- Joining consensus tree phylogenetic tree built. In addition to the 
sequences mentioned in (A), the following sequences were included: AtGSTPHI2, Arabidopsis thaliana 
(NP_192161); VvGSTPHI, Vitis vinifera (XP_002262604); PtGSTPHI, Populus trichocarpa 
(XP_006386754); AtGSTZETA1, Arabidopsis thaliana (NP_178344); PtGSTZETA Populus trichocarpa 
(XP_006385118); CsGSTZETA Citrus sinensis (XP_006470782); VvGSTLAMBDA3 Vitis vinifera 
(XP_002281575); CsGSTLAMBDA3, Citrus sinensis (XP_006485968); DcGSTLAMBDA3 Daucus 
carota subsp. sativus (XP_017253337). The human GST Mu class amino acid sequence was used as an 
outgroup (NP_000552.2). The MiGSTU sequence is indicated with a red star. 

Fig. 2. Gel filtration. The chromatogram obtained in the gel permeation chromatography shown after 
injecting MiGSTU in the x-axis have the volume in milliliters on the y-axis have protein concentration 
(by absorbance at 280 nm) represented in milli absorbance units mAU; MiGSTU eluted at 10.63 mL, 
corresponding to molecular weight of the dimer. Calibration curve of logarithm of molecular weight (Log 
MW) versus partition coefficient (Kav), using the molecular weight of commercial standards; 
Conalbumine (75 kDa), Ovoalbumine (44 kDa), Anhidrase carbonic (29 kDa), Ribonuclease A (13.7 
KDa) and Aprotinine (6.5 kDa). Kav of MiGSTU was 0.167 so that the molecular weight is 50.83 KDa. 

Fig. 3. Binding of MiGSTU to GSH and GTX for isothermal titration calorimetry. Bars with positive 
energy are unfavorable processes, while negative are favorable. 

Fig. 4. Ribbon representation of a MiGSTU monomer. The N-terminus is shown in coral and the C-
terminal domain in tan. The G and H-site side chains are shown in surface and sticks representation. GSX 
bound in active site is shown in sticks colored by atom type. 

Fig. 5. Crystallographic model of GSH and GTX into the G-site. (A) GSH with electronic density in G-
Site. (B) Ligplot diagram of GSH in G-Site. (C) GTX with electronic density in G- Site. (D) Ligplot 
diagram of GTX in G-Site. 

Fig. 6. Superpose of MiGSTU with GSH (structure in green and GSH in yellow) versus MiGSTU with 
GSX (structure in blue and GSX in blue). 



TABLES

Table 1 Steady-state kinetic parameters of the recombinant MiGSTU and other GSTs from plants, using 
GSH and CDNB as substrate. The MiGSTU values shown are means calculated from three replicates. 
Table 2 Thermodynamics parameters for binding of GST.

Table 3 X-ray data collection and refinement statistics 



Table 1

Table 2

2.7. Protein crystallization

The MiGSTU purified protein was extensively dialyzed against
20 mM TriseHCl pH 8.0 and concentrated to 15 mg/mL for crys-
tallization trials. Crystallization conditions were obtained in the
micro batch method and using Greiner plates (BioOne) for the apo
MiGSTU, with 0.2 M ammonium acetate, 0.1 M bis-Tris pH 6.5, 25%
w/v polyethylene glycol 3350. The hanging drop method was per-
formed to obtain crystals of MiGSTU (15 mg/mL) with GSH and GSX
incorporated in the crystallization solution. The plates were incu-
bated at 16 !C and the crystals grew after 4 weeks. Typical crystals
were rhombohedral shaped, on average dimensions of
0.4 " 0.2 " 0.2 mm.

2.8. Data collection and processing

Apo- and GSH-MiGSTU crystals were diffracted in a Bruker D8
QUEST single-crystal X-ray diffractometer equipped with a CMOS
detector, an Incoatec mS CuKa microfocus (l ¼ 1.542 Å) with Helios
MX optics and a kappa geometry goniometer. Crystals were soaked
into a cryoprotectant made with mother liquor plus 20% PEG 400
and flash-cooled at 100 K for data collection with a cold nitrogen
stream. The data was indexed, merged and scaled with the PRO-
TEUM2 Bruker software suite. A MiGSTU crystal in complex with
GSX were diffracted at the Stanford Synchrotron Radiation Labo-
ratory (SSRL) on Beamline 14-1 (l ¼ 1.181 Å) and data was reduced
and processed with HKL2000 [23].

Structural phases were estimated by molecular replacement in
CCP4 [24] and using as a template a theoretical model of MiGSTU
built with MOE (ChemComp) and based on wheat GST coordinates
(PDB 1GWC) [25]. Refinement was done with PHENIX [26] and
manual building and ligand positioning was done with COOT [27],
using 2Fo-Fc map at 1.5 s and omit maps elaborated in PHENIX.
Structures were validated with MolProbity [28] and fulfilled quality
parameters for deposition at the Protein Data Bank. Figures were
elaborated with CCP4mg [29]. Ligand-protein interaction diagrams

were generated using the LigPlot program in Windows, available at
http://www.ebi.ac.uk/thornton-srv/software/LigPlus/) [30,31].
Dimer interfaces were calculatedwith PISA server (http://www.ebi.
ac.uk/pdbe/prot_int/pistart.html) [32].

3. Results

3.1. MiGSTU primary structure analysis

The cloned MiGSTU open reading frame size is 690 nucleotides
long and encodes for a protein of 229 amino acids with a predicted
molecular mass of 25.5 kDa. The MiGSTU deduced amino acid
sequence showed a maximum identity value of 77% with Citrus
sinensis Tau-class GST [33] (Fig. 1A).

Regions corresponding to both the G-site and H-site were
identified in MiGST primary structure. As expected, the G-site is
localized at the N-terminal domain between residues 14 and 69,

Fig. 3. Binding of MiGSTU to GSH and GTX for isothermal titration calorimetry. Bars
with positive energy are unfavorable processes, while negative are favorable.

Table 2
Thermodynamics parameters for binding of GST.

Kd (mM) DG (kcal mol$1) DH (kcal mol$1) -TDS (kcal mol$1) Reference

MiGSTU-GSH 5.2 $7.2 $26.4 19.2 This work
MiGSTU-GSX 7.8 $6.9 $6.2 $0.71 This work
Human GST P1-1-GSH 5.9 $5.5 $11.2 5.7 [1]
Human GST P1-1-GSX 1.2 $8.0 $16.3 8.0 [1]
Schistosoma japonicum GST-GSH 0.99a $4.9 $5.7 $0.8 [2]
A. thaliana GST-GSX 22.7 $26.1a $5.2 $20.9a [3]

a These values were calculated, as they are not shown in reference.

Table 1
Steady-state kinetic parameters of the recombinant MiGSTU and other GSTs from plants, using GSH and CDNB as substrate. The MiGSTU values shown are means calculated
from three replicates.

Enzyme GSH CDNB Reference

Km (mM) kcat (s$1) kcat/Km (mM$1 s$1) Km (mM) kcat (s$1) kcat/Km (mM$1 s$1)

MiGSTU 0.693 89.52 129 0.7918 68.49 86.51 This work
GmGSTU4-4 0.159 6.05 38 0.158 2.48 15.7 Axarli et al. [35]
GmGSTU10-10 0.0679 2.65 39 0.280 NR 9.5 Skopelitou et al. [49]
ZmGSTU1 0.56 NR NR 1.010 NR 18.4 " 106 Dixon et al., [66]
ZmGSTU2 1.72 NR NR 0.115 NR 30 " 107 Dixon et al., [66]
PtGSTU22 0.56 118.39 1997.12 1.72 574.6 334.07 Lan et al. [12]
PvGSTU2-2 0.049 10.84 6.6 0.864 21.2 24.75 Chronopoulou et al. [3]
PvGSTU1-1 0.1673 0.08396 2.58 ND ND ND Chronopoulou et al. [3]
CsGSTU1 0.5 13.8 " 10$3 27.7 " 103 0.75 23.8 " 10$3 31.7 " 103 Lo Piero et al. [33]
CsGSTU2 0.5 76.9 " 10$3 153.8 " 103 1.0 108.1 " 10$3 108.1 " 103 Lo Piero et al. [33]

ND: Not determined.
NR: Not reported.
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2.7. Protein crystallization

The MiGSTU purified protein was extensively dialyzed against
20 mM TriseHCl pH 8.0 and concentrated to 15 mg/mL for crys-
tallization trials. Crystallization conditions were obtained in the
micro batch method and using Greiner plates (BioOne) for the apo
MiGSTU, with 0.2 M ammonium acetate, 0.1 M bis-Tris pH 6.5, 25%
w/v polyethylene glycol 3350. The hanging drop method was per-
formed to obtain crystals of MiGSTU (15 mg/mL) with GSH and GSX
incorporated in the crystallization solution. The plates were incu-
bated at 16 !C and the crystals grew after 4 weeks. Typical crystals
were rhombohedral shaped, on average dimensions of
0.4 " 0.2 " 0.2 mm.

2.8. Data collection and processing

Apo- and GSH-MiGSTU crystals were diffracted in a Bruker D8
QUEST single-crystal X-ray diffractometer equipped with a CMOS
detector, an Incoatec mS CuKa microfocus (l ¼ 1.542 Å) with Helios
MX optics and a kappa geometry goniometer. Crystals were soaked
into a cryoprotectant made with mother liquor plus 20% PEG 400
and flash-cooled at 100 K for data collection with a cold nitrogen
stream. The data was indexed, merged and scaled with the PRO-
TEUM2 Bruker software suite. A MiGSTU crystal in complex with
GSX were diffracted at the Stanford Synchrotron Radiation Labo-
ratory (SSRL) on Beamline 14-1 (l ¼ 1.181 Å) and data was reduced
and processed with HKL2000 [23].

Structural phases were estimated by molecular replacement in
CCP4 [24] and using as a template a theoretical model of MiGSTU
built with MOE (ChemComp) and based on wheat GST coordinates
(PDB 1GWC) [25]. Refinement was done with PHENIX [26] and
manual building and ligand positioning was done with COOT [27],
using 2Fo-Fc map at 1.5 s and omit maps elaborated in PHENIX.
Structures were validated with MolProbity [28] and fulfilled quality
parameters for deposition at the Protein Data Bank. Figures were
elaborated with CCP4mg [29]. Ligand-protein interaction diagrams

were generated using the LigPlot program in Windows, available at
http://www.ebi.ac.uk/thornton-srv/software/LigPlus/) [30,31].
Dimer interfaces were calculatedwith PISA server (http://www.ebi.
ac.uk/pdbe/prot_int/pistart.html) [32].

3. Results

3.1. MiGSTU primary structure analysis

The cloned MiGSTU open reading frame size is 690 nucleotides
long and encodes for a protein of 229 amino acids with a predicted
molecular mass of 25.5 kDa. The MiGSTU deduced amino acid
sequence showed a maximum identity value of 77% with Citrus
sinensis Tau-class GST [33] (Fig. 1A).

Regions corresponding to both the G-site and H-site were
identified in MiGST primary structure. As expected, the G-site is
localized at the N-terminal domain between residues 14 and 69,

Fig. 3. Binding of MiGSTU to GSH and GTX for isothermal titration calorimetry. Bars
with positive energy are unfavorable processes, while negative are favorable.

Table 2
Thermodynamics parameters for binding of GST.

Kd (mM) DG (kcal mol$1) DH (kcal mol$1) -TDS (kcal mol$1) Reference

MiGSTU-GSH 5.2 $7.2 $26.4 19.2 This work
MiGSTU-GSX 7.8 $6.9 $6.2 $0.71 This work
Human GST P1-1-GSH 5.9 $5.5 $11.2 5.7 [1]
Human GST P1-1-GSX 1.2 $8.0 $16.3 8.0 [1]
Schistosoma japonicum GST-GSH 0.99a $4.9 $5.7 $0.8 [2]
A. thaliana GST-GSX 22.7 $26.1a $5.2 $20.9a [3]

a These values were calculated, as they are not shown in reference.

Table 1
Steady-state kinetic parameters of the recombinant MiGSTU and other GSTs from plants, using GSH and CDNB as substrate. The MiGSTU values shown are means calculated
from three replicates.

Enzyme GSH CDNB Reference

Km (mM) kcat (s$1) kcat/Km (mM$1 s$1) Km (mM) kcat (s$1) kcat/Km (mM$1 s$1)

MiGSTU 0.693 89.52 129 0.7918 68.49 86.51 This work
GmGSTU4-4 0.159 6.05 38 0.158 2.48 15.7 Axarli et al. [35]
GmGSTU10-10 0.0679 2.65 39 0.280 NR 9.5 Skopelitou et al. [49]
ZmGSTU1 0.56 NR NR 1.010 NR 18.4 " 106 Dixon et al., [66]
ZmGSTU2 1.72 NR NR 0.115 NR 30 " 107 Dixon et al., [66]
PtGSTU22 0.56 118.39 1997.12 1.72 574.6 334.07 Lan et al. [12]
PvGSTU2-2 0.049 10.84 6.6 0.864 21.2 24.75 Chronopoulou et al. [3]
PvGSTU1-1 0.1673 0.08396 2.58 ND ND ND Chronopoulou et al. [3]
CsGSTU1 0.5 13.8 " 10$3 27.7 " 103 0.75 23.8 " 10$3 31.7 " 103 Lo Piero et al. [33]
CsGSTU2 0.5 76.9 " 10$3 153.8 " 103 1.0 108.1 " 10$3 108.1 " 103 Lo Piero et al. [33]

ND: Not determined.
NR: Not reported.
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Table 3

and the H-site at the C-terminal domain between residues 106 and
220, being highly conserved within other GSTs of the same class
(Fig. 1, panel A). Several regions most commonly conserved in the
Tau class GSTs have been previously reported, which may become
functionally relevant [34]. The HKK motif was conserved in the
MiGSTU (residues 52e54), likewise F151 and G157; meanwhile, the
HNG domain corresponded to HND (60e62) in mango GST. Other
highly conserved residues within this class were CES (65e67), R18
and D103 [35e37], which were also present in MiGSTU.

With regards to similarity to other plant GSTs, MiGSTU is very
close to Vitis vinifera GST Tau class. Recently, mango amino acid
sequences obtained by transcriptomics were found mostly similar
to orange and grapes [38]. A phylogenetic analysis including MiG-
STU (Fig. 1B) revealed that the resulting clades resemble an early
reported GST phylogenetic analysis [39], where Phi-class is the
most distant from Tau class followed by the Zeta-class. Our analysis
includes the novel Lambda class that appears to respond to salinity
and also has the ligandin activity [40].

Recombinant MiGSTUwas produced and purified from E. coli, its
purity was confirmed by silver-stained SDS-PAGE (Fig. 2). The yield
was 10 mg of MiGSTU per liter of bacterial culture. The quaternary
structure corresponds to a dimer with molecular mass of 50.83 kDa
(Fig. 2). The specific activity of the recombinant MiGSTU toward the
CDNB substrate was 43.76 mmol min!1 per mg of protein.

3.2. Kinetic properties

A steady-state kinetic analysis for GSH and CDNB showed a
Michaelis-Menten kinetics behavior (Supp. Material S.1) and kcat

and Km parameters were determined (Table 1). A lower Kmvalue for
GSH than the Km for CDNBwas obtained by the kinetic analysis. The
affinity for GSH and CDNB of other GSTs from different sources

Fig. 4. Ribbon representation of a MiGSTUmonomer. The N-terminus is shown in coral
and the C-terminal domain in tan. The G and H-site side chains are shown in surface
and sticks representation. GSX bound in active site is shown in sticks colored by atom
type.

Table 3
X-ray data collection and refinement statistics.

Parameters Apo-MiGSTU GSH-MiGSTU GSX-MiGSTU

Data collection statistics
Space group C121 C121 P212121
Unit-cell dimensions
a, b, c (Å) 88.2 49.4 53.3 87.5 48.2 52.7 64.3 88.8 96.6
a, b, g angles (degrees) 90.0, 103.2, 90.0 90.0, 104.2, 90.0 90.0, 90.0, 90.0
Resolution range (Å) 22.3e1.80 (1.86e1.80) 20.3e2.30 (2.38e2.30) 40.3e2.35 (2.48e2.35)
No. of reflections 404,742 18,448 346,557
No. of unique reflections 20,863 (2090) 9224 (954) 23,652 (3425)
Completeness (%) 99.9 (100.0) 96.30 (97.6) 100.0 (100.0)
Rmerge (%) 32.8 (45.6) 4.3 (29.9) 17.7 (111.3)
CC1/2 (%) 97.5 (90.6) 99.8 (82.1) 99.7 (86.8)
I/s(I) 28.0 (16.8) 25.0 (4.3) 11.8 (3.3)
Multiplicity 19.4 (11.9) 2.0 (2.0) 14.6 (14.7)
Monomers per asymmetric unit 1 1 2

Refinement statistics
Resolution range (Å) 22.3e1.80 20.3e2.30 40.3e2.35
Rwork/Rfree (%) 16.1/18.9 19.3/24.3 18.8/22.6
No. of atoms
Protein 1792 1726 3502
Ligand 25 48 94
Water 408 52 124

Mean B-values (Å2)
Protein 11.6 28.6 43.4
Ligand 19.0 33.1 43.6
Water 23.9 28.8 45.6
All atoms 13.9 28.7 43.9
Wilson plot 10.0 20.2 36.3

RMSD from ideal stereochemistry
Bond lengths (Å) 0.01 0.01 0.01
Bond angles (degrees) 1.23 1.04 1.22

Coordinate error (Maximum-Likelihood Base) 0.16 0.25 0.21
Ramachandran plot (%)
Most favored regions 98.7 96.8 97.0
Additional allowed regions 1.3 1.8 2.1
Disallowed regions 0.0 1.4 0.9

PDB code 5G5E 5G5F 5KEJ

Values in parentheses are for the last resolution shell.
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Figure 1

Fig. 1. (A) Amino acid sequence alignment of mango GSTU with representative plant tau GSTs. Conserved residues in all plant Tau GSTs are shaded in black and conserved replaces
in gray. Alpha helices and beta strands are represented as blue helices and red arrows, respectively. Predicted G-site residues of MiGSTU are marked with a yellow D. AtGSTU18,
Arabidopsis thaliana (AEE28570.1); AtGSTU16, Arabidopsis thaliana (AEE33605.1); ZMGSTU6, Zea mays (NP_001147035.1); DkGSTU1, Diospyros kaki, (BAI40146.1GSTU17, Solanum
lycopersicum (XP_010320649.1); PtGSTU22, Populus trichocarpa (ADB11320.1); VvGSTU17, Vitis vinifera (XP_002273830); CsGSTU17, Citrus sinensis (XP_006483268.1). (B) Neighbor-
Joining consensus tree phylogenetic tree built. In addition to the sequences mentioned in (A), the following sequences were included: AtGSTPHI2, Arabidopsis thaliana (NP_192161);
VvGSTPHI, Vitis vinifera (XP_002262604); PtGSTPHI, Populus trichocarpa (XP_006386754); AtGSTZETA1, Arabidopsis thaliana (NP_178344); PtGSTZETA Populus trichocarpa
(XP_006385118); CsGSTZETA Citrus sinensis (XP_006470782); VvGSTLAMBDA3 Vitis vinifera (XP_002281575); CsGSTLAMBDA3, Citrus sinensis (XP_006485968); DcGSTLAMBDA3
Daucus carota subsp. sativus (XP_017253337). The human GST Mu class amino acid sequence was used as an outgroup (NP_000552.2). The MiGSTU sequence is indicated with a red
star.
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and may even bind auxins and anthocyanin [7,13e15]. Other roles
postulated for GSTs are as part of stress responses towards heavy
metals, drought, salt and ozone [7,14,15].

All three-dimensional structures of GST known to date have a
similar fold despite the low overall identity amongst the sequences
of different GST classes. The GSTs are homodimers of about 50 kDa,
where each monomer consists of a thioredoxin-folded N-terminal
domain and an a-helical C-terminal domain connected by a linker
loop region [16]. The catalytic cavity has two ligands binding sites
per subunit, the glutathione-binding site (G-site) located in the N-
terminal domain, and the hydrophobic xenobiotic binding site (H-
site) located in the C-terminal domain [14]. The N-terminal domain
is somewhat conserved and contains the specific residues that are
critical for catalytic activity and binding GSH, mostly by hydrogen
bonds. The catalytic residue in GST is tyrosine, cysteine or a serine,
as occurs in Tau-class. These residues favor deprotonation of GSH to
form a reactive thiolate anion [1].

GSTs can utilize a variety of substrates, due to the variability of
its C-terminal domain. The enzyme conjugates activated GSH with
almost any hydrophobic compound containing an electrophilic
atom. The hydrophobic substrate binding site (H-site) is a pocket
that mainly consists of non-polar side chains that provide favorable
interactions with the xenobiotics [14].

The variability in H-site leads to a diversity of substrates that can
be conjugated with GSH: arene oxides, organic halides, epoxides,

a,b-unsaturated carbonyls, organic thiocyanates and esters [1,17].
The G-site is conserved in the many GST crystal structures deter-
mined to date [17], being the H-site where the sequence is less
conserved; therefore, structural information of this site is more
useful. GSX is an excellent ligand for crystallographic and ther-
modynamic studies since it occupies both G- and H-site, does not
react with GST and allows structural comparison across classes and
species. Among over 316 GSTs reported at the PDB (Protein Data
Bank), only forty belong to plants, and their amino acid sequence
share a total of a 10% identity [18].

Besides basic knowledge, the study of structure and function of
GSTs is also important for applications as a biocatalyst in green
chemistry applications [19] and directed evolution has been
applied towards obtaining better GST catalysts [20].

This work reports three mango GST Tau-class crystallographic
structures in apo (unliganded), glutathione (GSH) and S-hexyl-
glutathione (GSX)-bound, these results are correlated with binding
thermodynamics and enzyme kinetics.

2. Materials and methods

2.1. Chemical and biochemical reagents

GSH, CDNB, GSX, biochemical reagents and culture media were
obtained from Sigma-Aldrich. Synthetic gene synthesis and cloning

Fig. 1. (continued).
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Figure 2

services were provided by DNA2.0.

2.2. Recombinant expression and purification

A GST coding sequence (GenBank KX061499) was cloned from
mango (cv. Haden) mesocarp and classified as Tau class through
BLAST analysis by sequence comparison with the GenBank non-
redundant database. Amino acid sequence alignments were done
with ClustalW and phylogenetic trees were done using the
neighbor-joining method and bootstrapping using 1000 replicates,
as implemented in Geneious R8 (Biomatters, Ltd.) The amino acid
sequence of MiGSTUwas used to generate a codon-optimized E. coli
DNA sequence that was synthesized and cloned into the T5-ampR-
vector pJExpress404 (DNA 2.0) for recombinant over-expression.

The E. coli BL21(DE3) bacteria transformed with the
pJExpress404-MiGSTU construct were grown in LB broth contain-
ing 100 mg/mL ampicillin, and induced with 1 mM IPTG for 6 h at
37 !C. After centrifugation (7000"g, 15 min, 4 !C), bacteria were
lysed by sonication in lysis buffer (50mMTris pH 8,1mMPMSF and
100 mg/mL lysozyme) in a ratio of 4mL of buffer per g of pellet. After
centrifugation (32,000"g, 30 min, 4 !C), 1% streptomycin was
added to precipitate nucleic acids. The ammonium sulfate 50%
saturation supernatant was extensively dialyzed against 20 mM
Tris-HCl pH 8.0 buffer and then loaded into a Hi-Trap Q Sepharose
HP (GE Healthcare Life Sciences, USA) chromatographic column.
Protein eluted with a NaCl gradient was analyzed by SDS-PAGE and
assayed for GSH-conjugation activity toward CDNB as described
below. Purity was confirmed by silver-stained SDS-PAGE.

2.3. Enzyme activity

Recombinant MiGSTU was assayed for GSH conjugating activity
using a spectrophotometric assay [21]. Conjugation of CDNB with
GSHwasmeasured recording the change in absorbance for 2 min at
340 nm, in a Cary 50 Bio UVevisible spectrophotometer (Varian,
Mexico) at 25 !C. The reaction mixture in a final volume of 1 mL
contained 100mM sodium phosphate buffer, pH 6.5 and 1mMeach
of GSH and CDNB. Reaction rates in the absence of substrates were
recorded but their results were negligible. The GST activity was

calculated using the molar ε ¼ 9600 M$1cm$1 of conjugated GSH.
The protein concentration was determined by the Bradford assay
using bovine serum albumin as the standard.

2.4. Quaternary structure determination

The oligomerization state of MiGSTU was analyzed by size-
exclusion chromatography performed using a Superdex 75 HR10/
300 GL gel filtration column (GE Healthcare). The column was
previously calibrated with different size molecular mass markers,
in a buffer containing 20 mM sodium phosphate buffer, pH 7.0 and
150 mM NaCl, in an €AKTA pure chromatography system (GE
Healthcare).

2.5. Kinetic characterization

Steady-state kinetic measurements for MiGSTU were performed
at 25 !C in 0.1 M sodium phosphate buffer, pH 6.5, as previously
described [22]. Initial rates were determined in a 0.02e2.5 mM
concentration range for each GSH and CDNB substrates, varying the
concentration in one of them and keeping constant the other. The
kinetic constants kcat and Km were determined by fitting the
observed steady-state data to the MichaeliseMenten equation
throughout the nonlinear regression analysis using Prism 3.02
(GraphPad Software Inc.). Turnover number was calculated based
on one active site/subunit.

2.6. Isothermal titration calorimetry (ITC)

Titration experiments were conducted in a VP-ITC calorimeter
(GE Healthcare Life Sciences) at 25 !C. Briefly, solutions of MiGSTU
at 1 mg/mL were dialyzed thoroughly with 20 mM Tris-HCl buffer
pH 8.0 and titrated with 0.8 mM GSH or 1 mM GSX in separate
experiments. Protein and ligands were dissolved in the same buffer
from the final dialysis. Raw calorimetric data were corrected for
ligand dilution. The binding parameters Kd, DH and N were directly
obtained by fitting the titration curves to two sequential binding
sites model with the Origin 7 ITC analysis software from Microcal.
From these values, DG and DS were also calculated.

Fig. 2. Gel filtration. The chromatogram obtained in the gel permeation chromatography shown after injecting MiGSTU in the x-axis have the volume in milliliters on the y-axis
have protein concentration (by absorbance at 280 nm) represented in milli absorbance units mAU; MiGSTU eluted at 10.63 mL, corresponding to molecular weight of the dimer.
Calibration curve of logarithm of molecular weight (Log MW) versus partition coefficient (Kav), using the molecular weight of commercial standards; Conalbumine (75 kDa),
Ovoalbumine (44 kDa), Anhidrase carbonic (29 kDa), Ribonuclease A (13.7 KDa) and Aprotinine (6.5 kDa). Kav of MiGSTU was 0.167 so that the molecular weight is 50.83 KDa.
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2.7. Protein crystallization

The MiGSTU purified protein was extensively dialyzed against
20 mM TriseHCl pH 8.0 and concentrated to 15 mg/mL for crys-
tallization trials. Crystallization conditions were obtained in the
micro batch method and using Greiner plates (BioOne) for the apo
MiGSTU, with 0.2 M ammonium acetate, 0.1 M bis-Tris pH 6.5, 25%
w/v polyethylene glycol 3350. The hanging drop method was per-
formed to obtain crystals of MiGSTU (15 mg/mL) with GSH and GSX
incorporated in the crystallization solution. The plates were incu-
bated at 16 !C and the crystals grew after 4 weeks. Typical crystals
were rhombohedral shaped, on average dimensions of
0.4 " 0.2 " 0.2 mm.

2.8. Data collection and processing

Apo- and GSH-MiGSTU crystals were diffracted in a Bruker D8
QUEST single-crystal X-ray diffractometer equipped with a CMOS
detector, an Incoatec mS CuKa microfocus (l ¼ 1.542 Å) with Helios
MX optics and a kappa geometry goniometer. Crystals were soaked
into a cryoprotectant made with mother liquor plus 20% PEG 400
and flash-cooled at 100 K for data collection with a cold nitrogen
stream. The data was indexed, merged and scaled with the PRO-
TEUM2 Bruker software suite. A MiGSTU crystal in complex with
GSX were diffracted at the Stanford Synchrotron Radiation Labo-
ratory (SSRL) on Beamline 14-1 (l ¼ 1.181 Å) and data was reduced
and processed with HKL2000 [23].

Structural phases were estimated by molecular replacement in
CCP4 [24] and using as a template a theoretical model of MiGSTU
built with MOE (ChemComp) and based on wheat GST coordinates
(PDB 1GWC) [25]. Refinement was done with PHENIX [26] and
manual building and ligand positioning was done with COOT [27],
using 2Fo-Fc map at 1.5 s and omit maps elaborated in PHENIX.
Structures were validated with MolProbity [28] and fulfilled quality
parameters for deposition at the Protein Data Bank. Figures were
elaborated with CCP4mg [29]. Ligand-protein interaction diagrams

were generated using the LigPlot program in Windows, available at
http://www.ebi.ac.uk/thornton-srv/software/LigPlus/) [30,31].
Dimer interfaces were calculatedwith PISA server (http://www.ebi.
ac.uk/pdbe/prot_int/pistart.html) [32].

3. Results

3.1. MiGSTU primary structure analysis

The cloned MiGSTU open reading frame size is 690 nucleotides
long and encodes for a protein of 229 amino acids with a predicted
molecular mass of 25.5 kDa. The MiGSTU deduced amino acid
sequence showed a maximum identity value of 77% with Citrus
sinensis Tau-class GST [33] (Fig. 1A).

Regions corresponding to both the G-site and H-site were
identified in MiGST primary structure. As expected, the G-site is
localized at the N-terminal domain between residues 14 and 69,

Fig. 3. Binding of MiGSTU to GSH and GTX for isothermal titration calorimetry. Bars
with positive energy are unfavorable processes, while negative are favorable.

Table 2
Thermodynamics parameters for binding of GST.

Kd (mM) DG (kcal mol$1) DH (kcal mol$1) -TDS (kcal mol$1) Reference

MiGSTU-GSH 5.2 $7.2 $26.4 19.2 This work
MiGSTU-GSX 7.8 $6.9 $6.2 $0.71 This work
Human GST P1-1-GSH 5.9 $5.5 $11.2 5.7 [1]
Human GST P1-1-GSX 1.2 $8.0 $16.3 8.0 [1]
Schistosoma japonicum GST-GSH 0.99a $4.9 $5.7 $0.8 [2]
A. thaliana GST-GSX 22.7 $26.1a $5.2 $20.9a [3]

a These values were calculated, as they are not shown in reference.

Table 1
Steady-state kinetic parameters of the recombinant MiGSTU and other GSTs from plants, using GSH and CDNB as substrate. The MiGSTU values shown are means calculated
from three replicates.

Enzyme GSH CDNB Reference

Km (mM) kcat (s$1) kcat/Km (mM$1 s$1) Km (mM) kcat (s$1) kcat/Km (mM$1 s$1)

MiGSTU 0.693 89.52 129 0.7918 68.49 86.51 This work
GmGSTU4-4 0.159 6.05 38 0.158 2.48 15.7 Axarli et al. [35]
GmGSTU10-10 0.0679 2.65 39 0.280 NR 9.5 Skopelitou et al. [49]
ZmGSTU1 0.56 NR NR 1.010 NR 18.4 " 106 Dixon et al., [66]
ZmGSTU2 1.72 NR NR 0.115 NR 30 " 107 Dixon et al., [66]
PtGSTU22 0.56 118.39 1997.12 1.72 574.6 334.07 Lan et al. [12]
PvGSTU2-2 0.049 10.84 6.6 0.864 21.2 24.75 Chronopoulou et al. [3]
PvGSTU1-1 0.1673 0.08396 2.58 ND ND ND Chronopoulou et al. [3]
CsGSTU1 0.5 13.8 " 10$3 27.7 " 103 0.75 23.8 " 10$3 31.7 " 103 Lo Piero et al. [33]
CsGSTU2 0.5 76.9 " 10$3 153.8 " 103 1.0 108.1 " 10$3 108.1 " 103 Lo Piero et al. [33]

ND: Not determined.
NR: Not reported.
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Figure 4

and the H-site at the C-terminal domain between residues 106 and
220, being highly conserved within other GSTs of the same class
(Fig. 1, panel A). Several regions most commonly conserved in the
Tau class GSTs have been previously reported, which may become
functionally relevant [34]. The HKK motif was conserved in the
MiGSTU (residues 52e54), likewise F151 and G157; meanwhile, the
HNG domain corresponded to HND (60e62) in mango GST. Other
highly conserved residues within this class were CES (65e67), R18
and D103 [35e37], which were also present in MiGSTU.

With regards to similarity to other plant GSTs, MiGSTU is very
close to Vitis vinifera GST Tau class. Recently, mango amino acid
sequences obtained by transcriptomics were found mostly similar
to orange and grapes [38]. A phylogenetic analysis including MiG-
STU (Fig. 1B) revealed that the resulting clades resemble an early
reported GST phylogenetic analysis [39], where Phi-class is the
most distant from Tau class followed by the Zeta-class. Our analysis
includes the novel Lambda class that appears to respond to salinity
and also has the ligandin activity [40].

Recombinant MiGSTUwas produced and purified from E. coli, its
purity was confirmed by silver-stained SDS-PAGE (Fig. 2). The yield
was 10 mg of MiGSTU per liter of bacterial culture. The quaternary
structure corresponds to a dimer with molecular mass of 50.83 kDa
(Fig. 2). The specific activity of the recombinant MiGSTU toward the
CDNB substrate was 43.76 mmol min!1 per mg of protein.

3.2. Kinetic properties

A steady-state kinetic analysis for GSH and CDNB showed a
Michaelis-Menten kinetics behavior (Supp. Material S.1) and kcat

and Km parameters were determined (Table 1). A lower Kmvalue for
GSH than the Km for CDNBwas obtained by the kinetic analysis. The
affinity for GSH and CDNB of other GSTs from different sources

Fig. 4. Ribbon representation of a MiGSTUmonomer. The N-terminus is shown in coral
and the C-terminal domain in tan. The G and H-site side chains are shown in surface
and sticks representation. GSX bound in active site is shown in sticks colored by atom
type.

Table 3
X-ray data collection and refinement statistics.

Parameters Apo-MiGSTU GSH-MiGSTU GSX-MiGSTU

Data collection statistics
Space group C121 C121 P212121
Unit-cell dimensions
a, b, c (Å) 88.2 49.4 53.3 87.5 48.2 52.7 64.3 88.8 96.6
a, b, g angles (degrees) 90.0, 103.2, 90.0 90.0, 104.2, 90.0 90.0, 90.0, 90.0
Resolution range (Å) 22.3e1.80 (1.86e1.80) 20.3e2.30 (2.38e2.30) 40.3e2.35 (2.48e2.35)
No. of reflections 404,742 18,448 346,557
No. of unique reflections 20,863 (2090) 9224 (954) 23,652 (3425)
Completeness (%) 99.9 (100.0) 96.30 (97.6) 100.0 (100.0)
Rmerge (%) 32.8 (45.6) 4.3 (29.9) 17.7 (111.3)
CC1/2 (%) 97.5 (90.6) 99.8 (82.1) 99.7 (86.8)
I/s(I) 28.0 (16.8) 25.0 (4.3) 11.8 (3.3)
Multiplicity 19.4 (11.9) 2.0 (2.0) 14.6 (14.7)
Monomers per asymmetric unit 1 1 2

Refinement statistics
Resolution range (Å) 22.3e1.80 20.3e2.30 40.3e2.35
Rwork/Rfree (%) 16.1/18.9 19.3/24.3 18.8/22.6
No. of atoms
Protein 1792 1726 3502
Ligand 25 48 94
Water 408 52 124

Mean B-values (Å2)
Protein 11.6 28.6 43.4
Ligand 19.0 33.1 43.6
Water 23.9 28.8 45.6
All atoms 13.9 28.7 43.9
Wilson plot 10.0 20.2 36.3

RMSD from ideal stereochemistry
Bond lengths (Å) 0.01 0.01 0.01
Bond angles (degrees) 1.23 1.04 1.22

Coordinate error (Maximum-Likelihood Base) 0.16 0.25 0.21
Ramachandran plot (%)
Most favored regions 98.7 96.8 97.0
Additional allowed regions 1.3 1.8 2.1
Disallowed regions 0.0 1.4 0.9

PDB code 5G5E 5G5F 5KEJ

Values in parentheses are for the last resolution shell.
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could vary even for different GST isoforms in the same species,
because of gene duplication and divergent evolution [35,41].

The GST kcat value was 89.52 s!1 for the GSH substrate,
compared to 68.49 s!1 for CDNB, revealing a slightly faster pro-
cessing for GSH, which is consistent with those reported in other
kinetic studies (Table 1). This is also reflected in the catalytic effi-
ciency ratios (kcat/Km), obtaining a higher catalytic efficiency for the
GSH substrate with 129 mM !1 s!1, compared to 86.52 mM!1 s!1

for CDNB.

3.3. GST binding thermodynamics

Besides affinity, ITC led us to the identification of significant
energetic differences between the binding of both ligands. Binding
of GSH and GSX to MiGSTU was exothermic (Table 2, Supp. Mat.
S.2). GSH binding had a large unfavorable entropic component
(-TDS¼ 19.2 kcal mol!1) that was compensated by a large favorable
enthalpic change (DH ¼ !26.4 kcal mol!1). The Kd for GSH was
5.2 mM, which is similar to the affinity values reported for other
GSTs [42,43]. For GSX binding, the process was exothermic as well
(Fig. 3), and directed by a favorable enthalphic change (DH)
of !6.7 kcal mol!1 and almost no entropic component
(-TDS ¼ 0.4 kcal mol!1), leading to a Kd of 7.8 mM. GSX is a molecule
similar to the product, which is a conjugated glutathione with an
aliphatic xenobiotic.

Enzymes that utilize hydrophobic substrate keep their binding
sites hidden from the bulk solvent. Occupation of the G-site by GSH
is driven by a large favorable negative enthalpic change that com-
pensates an unfavorable entropic component. The addition of the
aliphatic chain appears to compensate this entropic component,
since eTDS is near to zero. These results will be later compared to
the crystal structures to verify the structural nature of ligand
binding.

3.4. Crystallographic structures of MiGSTU

The MiGSTU crystals were obtained in the apo and holo form
bound to GSH or GSX. Both MiGSTU apo and GSH-bound crystal
structures were monoclinic, and contained a monomer in the
asymmetric unit. Therefore, and because the unit cell parameter
obtained, the biological unit was obtained by two-fold axis crys-
tallographic symmetry from the C2 space group. GSX-MiGSTU
complex was orthorhombic in the P212121 space group containing
a dimer in the asymmetric unit. Final crystallographic statistics are

Fig. 6. Superpose of MiGSTU with GSH (structure in green and GSH in yellow) versus
MiGSTU with GSX (structure in blue and GSX in blue).

Fig. 5. Crystallographic model of GSH and GTX into the G-site. (A) GSH with electronic density in G-Site. (B) Ligplot diagram of GSH in G-Site. (C) GTX with electronic density in G-
Site. (D) Ligplot diagram of GTX in G-Site.
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the crystal structures to verify the structural nature of ligand
binding.
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The MiGSTU crystals were obtained in the apo and holo form
bound to GSH or GSX. Both MiGSTU apo and GSH-bound crystal
structures were monoclinic, and contained a monomer in the
asymmetric unit. Therefore, and because the unit cell parameter
obtained, the biological unit was obtained by two-fold axis crys-
tallographic symmetry from the C2 space group. GSX-MiGSTU
complex was orthorhombic in the P212121 space group containing
a dimer in the asymmetric unit. Final crystallographic statistics are

Fig. 6. Superpose of MiGSTU with GSH (structure in green and GSH in yellow) versus
MiGSTU with GSX (structure in blue and GSX in blue).

Fig. 5. Crystallographic model of GSH and GTX into the G-site. (A) GSH with electronic density in G-Site. (B) Ligplot diagram of GSH in G-Site. (C) GTX with electronic density in G-
Site. (D) Ligplot diagram of GTX in G-Site.
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