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The functional role of three conserved amino acid residues in

Proteus mirabilis glutathione S-transferase B1-1 (PmGST B1-1)

has been investigated by site-directed mutagenesis. Crystallo-

graphic analyses indicated that Glu'&, Ser"!$ and Glu"!% are in

hydrogen-bonding distance of the N-terminal amino group of the

γ-glutamyl moiety of the co-substrate, GSH. Glu'& was mutated

to either aspartic acid or leucine, and Ser"!$ and Glu"!% were both

mutated to alanine. Glu'& mutants (Glu'&!Asp and Glu'&!
Leu) lost all enzyme activity, and a drastic decrease in catalytic

efficiency was observed for Ser"!$!Ala and Glu"!%!Ala

INTRODUCTION

Glutathione S-transferases (GSTs; EC 2.5.1.18) are a superfamily

of dimeric multifunctional enzymes, which metabolize a wide

variety of electrophilic compounds via GSH conjugation [1–4].

This reaction is the first step in mercapturic acid formation, a

pathway through which harmful xenobiotics and endobiotics are

inactivated and eliminated from an organism [1–4]. In eukaryotes

the large number of soluble GSTs so far investigated have been

grouped into several classes, i.e. Alpha, Mu, Pi, Theta, Sigma,

Kappa, Zeta and Omega, on the basis of their physical, chemical,

immunological and structural properties [2,4–5]. Despite their

low inter-class sequence identity (often less than 20%) crystallo-

graphic studies have indicated that the overall polypeptide fold

of the different classes of soluble GSTs is very similar [3,6–9]. An

additional GST family comprises membrane-bound transferases

called MAPEG (membrane-associated proteins involved in eco-

sanoid and glutathione metabolism), but these bear no similarity

to soluble GSTs [10].

A well-characterized prokaryotic GST is one isolated from the

Gram-negative bacterium Proteus mirabilis, i.e. Proteus mirabilis

glutathione S-transferase B1-1 (PmGST B1-1) [11–17]. PmGST

B1-1 displays biochemical and structural properties that disting-

uishes it from the GSTs of other families, and it has been

identified as the prototype of a new class, i.e. Beta class [14]. So

far five members of the Beta class have been identified [14], all

from bacteria, but many more are expected since GSTs are found

in many bacterial species. A characteristic feature of PmGST

B1-1 is a molecule of GSH covalently bound to Cys"! per subunit

even though the enzyme has GSH-conjugating activity [14]. The

presence of the disulphide does not appear relevant to the GSH-

Abbreviations used: CDNB, 1-chloro-2,4-dinitrobenzene; GST, glutathione S-transferase ; IPTG, isopropyl β-D-thiogalactoside ; LB, Luria–Bertani ;
MIC, minimum inhibitory concentration ; PmGST B1-1, Proteus mirabilis glutathione S-transferase B1-1.
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mutants toward both 1-chloro-2,4-dinitrobenzene and GSH. On

the other hand, all mutants displayed similar intrinsic fluores-

cence, CD spectra and thermal stability, indicating that the

mutations did not affect the structural integrity of the enzyme.

Taken together, these results indicate that Ser"!$ and Glu"!% are

significantly involved in the interaction with GSH at the active

site of PmGST B1-1, whereas Glu'& is crucial for catalysis.

Key words: circular dichroism, GST, site-directed mutagenesis.

conjugating activity of the enzyme based on mutagenesis studies

[15]. The mixed disulphide appears highly strained in the structure

and hence would be readily broken in the conjugation reaction.

A similar feature has recently been observed in an Omega class

GST [5].

Spectroscopic and kinetic studies have emphasized that the

thiolate form of GSH is involved in the catalytic mechanism of

GSTs [18,19]. GSTs normally utilize hydroxy residues in the N-

terminal domain of the enzyme for stabilizing the activated form

of GSH: a conserved tyrosine residue in Alpha, Mu, Pi and

Sigma class GSTs; and a serine or threonine residue in Theta

class GSTs [3,20]. However, previous studies have shown this is

not true for Beta class GSTs. In fact, we showed that none of the

tyrosine, serine or cysteine residues located in the N-terminal

domain of PmGST B1-1 are directly involved in its catalytic

mechanism [15]. Furthermore, the crystal structure of PmGST

B1-1 suggested the stabilizing role might be fulfilled in Beta class

GSTs by one or more residues in the C-terminal domain of the

enzyme. A recent report has demonstrated that His"!' and Lys"!(

are important for GSH binding but are not significant contribu-

tors to the catalytic mechanism [17].

Crystallographic analyses of PmGST B1-1 have demonstrated

that several residues interact to bind GSH in the active site [14].

One of these residues, Glu'&, is strikingly conserved between

many of the GST classes. This residue is located in the generously

allowed region of the Ramachandran plot and the strained

stereochemistry is presumably counteracted by binding to GSH.

The equivalent residue in other GST structures adopts the same

conformation [5,7,8,21–23]. Moreover, mutational studies on

eukaryotic enzymes suggested that the equivalent residue to

Glu'& was involved in GSH binding [24,25].
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The structural data for PmGST B1-1 indicate that Ser"!$ and

Glu"!%, together with Glu'&, contribute to binding of GSH

through hydrogen bonding to the amino group of the γ-glutamyl

moiety of the GSH molecule from the neighbouring monomer

[14]. To better understand the role of these residues in the

catalytic mechanism and}or binding properties of PmGST B1-1

they have been replaced by site-directed mutagenesis, and the

effects of the replacements have been examined.

MATERIALS AND METHODS

Chemicals

Isopropyl β--thiogalactoside (IPTG) and the antibiotics used in

the present study were purchased from Sigma–Aldrich (Milan,

Italy). All other reagents used were of the highest grade com-

mercially available.

Oligonucleotide-directed mutagenesis

The DNA encoding PmGST B1-1 in pBtac1 (pGPT1) [13] was

used as a template in the mutagenesis procedure. The single

mutations Glu'&!Asp, Glu'&!Leu, Ser"!$!Ala and Glu"!%!
Ala were made with the following oligonucleotides : Glu'&!Asp,

5«-T AGC AAC ACC GTC CGT TAA AAT ATC ACC-3«;
Glu'&!Leu, 5«-AAT AGC AAC ACC CAG CGT TAA AAT

AT-3«; Ser"!$!Ala, 5«-CC TTT ATG AAC TTC AGC GGC

AAG AAA G-3«; and Glu"!%!Ala, 5«-CC TTT ATG AAC

TGC ACT GGC AAG AAA G-3«. The oligonucleotide-directed

USE mutagenesis kit (Pharmacia Biotech) was used according

to the manufacturer’s instructions. Clones with the required

mutation were first identified by colony hybridization, using

5«-$#P-labelled mutameric oligonucleotides as probes, and con-

firmed by dideoxynucleotide sequencing [26].

Expression and purification of wild-type and mutant PmGST B1-1
enzymes

To induce gene transcription, IPTG was added at a final

concentration of 1 mM when Escherichia coli XL1Blue strains,

grown at 25 °C in Luria–Bertani (LB) medium [27] and

supplemented with tetracycline and ampicillin, reached an

approximate D
&&!

of 0.4, and the incubation was prolonged for

a further 16 h.

The purification of enzymes was performed as follows. The

bacterial cells were collected by centrifugation, washed twice and

resuspended in 10 mM potassium phosphate buffer (pH 7.0)

containing 1 mM EDTA (buffer A) and disrupted by cold

sonication. The particulate material was removed by centrifuga-

tion, the resulting supernatant was subjected to isoelectric

focusing and the concentrated enzyme obtained was further

purified by anion-exchange chromatography using a DEAE resin

as reported previously [17]. The supernatant was subjected to

isoelectric focusing on a column (110 ml) containing 3% (v}v)

Ampholine pH 3.5–10 in a 0–40% (w}v) sucrose density gradient.

After focusing for 72 h at a final voltage of 700 V (4 °C) the

content of the column was eluted and collected in 1 ml fractions.

The protein peak thus separated was concentrated and dialysed

against 10 mM Tris}HCl (pH 7.5) (buffer B) by ultrafiltration in

an Amicon apparatus. Concentrated enzyme was further purified

by anion-exchange chromatography using a DEAE column

(1.5 cm¬11 cm; Bio-Rad Laboratories, Milan, Italy) equili-

brated with buffer B. The enzyme was eluted with a 100 ml linear

gradient of 0–0.6 M KCl in buffer B (flow rate¯ 0.5 ml}min;

fraction volume¯ 1 ml). The peaks containing GST were eluted

in 0.11–0.13 M KCl.

The fractions were pooled, concentrated, dialysed against

buffer A by ultrafiltration and subjected to further analyses.

SDS}PAGE in a discontinuous slab gel was performed using the

method of Laemmli [28], and protein concentration was de-

termined using the method of Bradford [29] with γ-globulin as a

standard.

Enzyme assays

GST activity towards 1-chloro-2,4-dinitrobenzene (CDNB) was

assayed at 30 °C according to the method of Habig and Jakoby

[30]. For the enzyme kinetic determinations either CDNB or

GSH was held constant at 1 or 5 mM respectively, while the

concentration of the other substrate was varied (from 0.1 to

5 mM for GSH, and from 0.1 to 1.6 mM for CDNB). Each initial

velocity was measured at least in triplicate. The KaleidaGraph

Software package (Synergy Software, Reading, PA, U.S.A.) was

used to estimate the Michaelis constant (K
m
) and V

max
values.

The dependence of k
cat

}K
m

on pH was determined by using the

following buffers (0.1 M) at the indicated pH values : Bis-

Tris}HCl, from 5.0 to 7.0; and Tris}HCl, from 7.2 to 9.0. The

reactions were carried out using saturating GSH (5 mM) and

variable CDNB concentrations. The pK
a
values were obtained by

computer fitting of the data to the equation:

log(k
cat

}K
m
)¯ log[C}(1­[H+]}K

a
)]

where C is the upper limit of k
cat

}K
m

at high pH [31].

Thermal stability measurements of mutant enzymes (0.7 µM)

were carried out by incubating the samples at each temperature

for 15 min. Following incubation, samples were divided in half,

then they were utilized to determine both GST activity and

intrinsic fluorescence spectra.

Fluorescence measurements

The intrinsic fluorescence spectra of the proteins were recorded

on a Spex spectrofluorimeter (Fluoromax model) equipped with

a thermostatically controlled sample holder at 25 °C. Emission

spectra (excitation at 280 nm) were recorded in 1 nm wavelength

increments and the signal was acquired for 1 s at each wavelength.

Spectra were corrected by subtraction of the corresponding

spectra for blank samples.

CD spectroscopy

CD measurements in the far-UV region from 200–250 nm were

performed with a Jasco-600 spectropolarimeter. Samples con-

taining native and mutant enzymes at a concentration of 22 µM

were scanned at least five times at a rate of 10 nm}min and then

averaged. The temperature of the sample compartment was

maintained at 20.0³1.0 °C with a circulating-water bath. The

cuvette used had a light path of 0.1 cm. Each spectrum was

corrected by subtracting the corresponding blank.

Growth curve

A single colony of E. coli XL1Blue (pGPT1) was inoculated into

LB medium [27] and grown overnight in a water-bath shaker. LB

medium (150 ml) containing 3 ml of the overnight culture and

1 mM IPTG was then incubated at 25 °C in a water-bath shaker,

and the attenuance was monitored at 600 nm. When D
'!!

reached

a value of 0.250, the cells were exposed to 0.25¬ minimum

inhibitory concentration (MIC) of rifamycin (MIC¯ 50 µg}ml).

The MIC was determined by a standard broth microdilution

technique [32].

# 2002 Biochemical Society



191Essential residue in Beta class glutathione S-transferase

RESULTS AND DISCUSSION

Although key catalytic residues in other classes of GSTs have

been identified by mutagenesis studies, no key residues have been

discovered in a Beta class GST despite extensive studies [15–17].

Previous crystallographic analysis of PmGST B1-1 indicated that

Glu'&, Ser"!$ and Glu"!% all form potential hydrogen-bonding

interactions with GSH through the N-terminal amino group

of the γ-glutamyl moeity of GSH [14]. To investigate the role of

Glu'&, Ser"!$ and Glu"!% residues in the binding of GSH and the

catalytic mechanism of PmGST B1-1, site-directed mutagenesis

experiments have been performed.

Glu'& was replaced with aspartic acid in order to extend the

distance between the carboxy group and GSH. It was also

replaced with leucine to see the effect of changing the carboxy

group to an uncharged side chain. Both Ser"!$ and Glu"!%

residues were replaced with alanine in order to see the effect of

replacing the polar or charged side chains with an uncharged

group.

To test the overexpression of all mutant enzymes, total cellular

extracts of induced E. coli XL1Blue cells were examined by

immunoblot analysis using an antiserum against PmGST B1-1

[11]. All mutants co-migrated with the wild-type protein with

comparable levels of expression (results not shown).

UnliketheSer"!$!AlaandGlu"!%!Alamutants,Glu'&!Asp

and Glu'&!Leu did not bind to GSH-affinity matrices [15], and

could not be purified by this standard method. We thus

adopted a different approach to purify all mutants, as well as

Figure 1 SDS/PAGE analysis of purified wild-type and Glu65 ! Asp,
Ser103 ! Ala and Glu104 ! Ala mutant enzymes

Proteins (1 µg of each) were detected by silver staining. Lane 1, molecular-mass standards;

lane 2, wild-type; lane 3, Glu65 ! Asp; lane 4, Ser103 ! Ala; lane 5, Glu104 ! Ala.

Table 1 Specific activities and kinetic constants for wild-type and mutant enzymes, with CDNB as the second substrate

The values are presented as means³S.D. for at least three independent determinations. n.d., no detectable activity.

Enzyme

Specific activity

(µmol [min−1 [mg−1)

GSH CDNB

pK CDNB
a

Km

(µM)

kcat

(min−1)

10−3¬kcat/Km

(µM−1 [min−1) Km(µM)

kcat

(min−1)

10−3¬kcat/Km

(µM−1 [min−1)

Wild-type 1.100³0.080 686³91 58.1³6.1 84.7 730³82 69.3³7.0 95.0 6.40³0.27

Ser103 ! Ala 0.950³0.024 1156³204 37.1³0.5 32.1 5257³243 185.4³0.9 35.2 6.29³0.33

Glu104 ! Ala 0.220³0.003 4317³1193 26.1³5.3 6.1 6341³121 153.4³4.1 24.2 6.68³0.29

Glu65 ! Asp n.d.

wild-type, to apparent homogeneity. The enzymes were purified

by preparative isoelectrofocusing followed by anion-exchange

chromatography as reported in the Materials and methods sec-

tion. The electrophoretic mobilities and the apparent molecular

masses of Glu'&!Asp, Ser"!$!Ala and Glu"!%!Ala mutants

were indistinguishable from those of the wild-type enzyme

(Figure 1). A single band for each form of enzyme was obtained

indicating the absence of contaminating proteins. Unfortunately,

the Glu'&!Leu mutant could not be purified by this method

either. As well as forming a possible hydrogen bond with GSH,

Glu'& also forms a salt bridge with Lys%* and a possible

interaction with Asp** from the neighbouring monomer of the

dimer [14]. Therefore we did not utilize this mutant for further

analyses.

In Table 1 the specific activities and kinetic constants of the

mutant enzymes are compared with the wild-type enzyme using

GSH and CDNB as substrates. Mutation of Glu'& to aspartic

acid led to complete loss of the ability of PmGST B1-1 to catalyse

the conjugation reaction, suggesting that Glu'& is an essential

residue for catalysis. No significant decrease in the activity was

found when Ser"!$ was replaced with alanine, with 86% of wild-

type activity. In contrast, the replacement of Glu"!% with alanine

produced a decrease in activity of approx. 80%.

The Ser"!$!Ala and Glu"!%!Ala mutants showed increased

K
m

values for GSH and CDNB compared with the wild-type

enzyme. In particular, Glu"!%!Ala exhibited 6- and 8-fold

increases in K
m

values for GSH and CDNB respectively. The

effects of mutations on k
cat

}K
m

were also calculated. A decrease

of approx. 3-fold in k
cat

}K
m

values for both GSH and CDNB

were observed with the Ser"!$!Ala mutant. The effects on the

catalytic efficiency of Glu"!%!Ala were more significant, with a

decrease to approx. 7 and 25% towards GSH and CDNB

respectively. When the pH dependence of k
cat

}KCDNB

m
was ex-

amined for the wild-type enzyme and the mutants, no shift of the

apparent pK
a
of bound GSH occurred: the estimated pK

a
values

were very similar to that of wild-type (Table 1). In summary, the

kinetic data show that Ser"!$ and Glu"!% are important for

the binding of GSH but that they are not directly involved in the

activation and}or stabilization of the GSH thiol.

The intrinsic fluorescent properties of wild-type and mutant

enzymes were studied. The λ
max

was the same, indicating a

similar environment of the tryptophan residues in wild-type and

mutant enzymes. Tryptophan residues are useful monitors of the

folding state of the enzyme as there are two such residues in each

monomer: one located in the xenobiotic binding site and the

other close to the dimer interface. Furthermore, no significant

increase in fluorescence intensity was observed, suggesting that

the replacement of Glu'&, Ser"!$ and Glu"!% with other residues

did not result in a change in protein conformation (results not

shown). The effect of mutations on the secondary structure of
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Figure 2 Far-UV CD spectra of wild-type (——) and Glu65 ! Asp (-----)
Ser103 ! Ala (– - –) and Glu104 ! Ala (– –) mutant enzymes

The spectra were recorded at 25 °C.

Figure 3 Effect of temperature on the stability of wild-type (D), and
Ser103 ! Ala (*) and Glu104 ! Ala (^) mutant enzymes

The enzymic activity at 25 °C was taken to be 100%.

PmGST B1-1, monitored by CD spectroscopy in the far-UV

region, was also analysed. None of the mutations had a significant

effect on the secondary structure of the enzyme (Figure 2).

The effect of temperature on the stability of the mutant and

wild-type enzymes is shown in Figure 3. The curve of the

Ser"!$!Ala mutant is coincident with that of the wild-type

enzyme. At approx. 72 °C this mutant and the wild-type retained

50% of initial activity. In contrast, the Glu"!%!Ala mutant is

more thermolabile than the wild-type enzyme, with 50% inac-

tivation at 49 °C. Glu"!% is involved in two salt bridges, with

Lys"$# and Arg"!( of the other monomer of the dimer, as well as

the interaction with GSH [14]. Thus the thermal instability can

be explained by the loss of all these contacts. Because the Glu'&

mutant had no CDNB-conjugating activity, we studied the effect

of temperature on this mutant form by intrinsic fluorescence. As

D
60

0

Figure 4 Effect of rifamycin (0.25¬MIC) on the growth rate of cells
overexpressing wild-type (D) and Glu65 ! Asp (_), Ser103 ! Ala (*) and
Glu104 ! Ala (^) mutant enzymes

The MIC value for rifamycin is 50 µg/ml.

temperature increased from 25 to 75 °C, the spectrum changed

with a gradual increase of the fluorescence while maintaining the

same λ
max

. A similar pattern was observed for the other mutants

and the wild-type enzyme (results not shown).

The fluorescence data, CD spectra and thermal stability

experiments demonstrated that Glu'&, Ser"!$ and Glu"!% are not

important for maintaining the proper conformation of the

protein. In particular, these results indicated that the mutation of

Glu'&, which caused a total loss of activity, did not lead to any

obvious conformational changes of the protein.

It has previously been suggested that PmGST B1-1 may play

a role in antimicrobial resistance [13]. In fact, PmGST B1-1 is

able to bind, in �i�o, several classes of antimicrobial drugs, such

as rifamycin. Analysis of the crystal structure of PmGST B1-1

has lead to the identification of a hydrophobic binding site as a

possible location for antibiotic binding [14]. Ser"!$ and Glu"!% are

located on helix α4 which contributes to the hydrophobic binding

site, and Glu"!% forms part of the base of that site. To examine

the possibility that these residues are involved in antibiotic

binding, in �i�o experiments were carried out. The growth rate of

cells overexpressing Ser"!$ and Glu"!% mutants in the presence

of rifamycin was measured and compared with cells over-

expressing the Glu'& mutant and the wild-type enzyme. As can be

seen in Figure 4, similar growth curves were obtained for all

bacterial strains tested, indicating that the antibiotic did not

affect the growth rate of cells. These results suggest that none of

the mutated residues are involved in antibiotic binding.

In conclusion, the results presented here show that Ser"!$ and

Glu"!% are involved in the interaction with GSH at the active site

of PmGST B1-1 but that they do not contribute significantly to

the catalytic process. Furthermore, mutation of these residues

did not induce changes in protein conformation and stability of

PmGST B1-1. In contrast, Glu'& is an essential residue for

binding GSH. The mutation of this residue to the shorter
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aspartic acid side-chain caused a loss of interaction with GSH

and consequently a total loss of GSH activity. However, our

results also indicate that this residue is not directly responsible

for the activation of GSH or stabilization of the GSH thiolate

ion.

This work was partially supported by grants from Ministero dell’ Istruzione dell’
Universita’ e della Ricerca PRIN2000 no. MM 05534237 and by European
Community Contract no. QLK3-CT1999-00041.

REFERENCES

1 Mannervik, B. and Danielson, U. H. (1988) Glutathione transferases : structure and

catalytic activity. Crit. Rev. Biochem. Mol. Biol. 23, 283–337

2 Hayes, J. D. and Pulford, D. J. (1995) The glutathione S-transferase supergene

family : regulation of GST and the contribution of the isoenzymes to cancer

chemoprotection and drug resistance. Crit. Rev. Biochem. Mol. Biol. 30, 445–600

3 Armstrong, R. N. (1997) Structure, catalytic mechanism, and evolution of the

glutathione transferases. Chem. Res. Toxicol. 10, 2–18

4 Hayes, J. D. and McLellan, L. I. (1999) Glutathione and glutathione-dependent

enzymes represent a co-ordinately regulated defence against oxidative stress. Free

Radical Res. 31, 273–300

5 Board, P. G., Coggan, M., Chelvanayagam, G., Easteal, S., Jermiin, L. S., Schulte,

G. K., Danley, D. E., Hoth, L. R., Griffor, M. C., Kamath, A. V. et al. (2000)

Identification, characterization, and crystal structure of the Omega class glutathione

transferases. J. Biol. Chem. 275, 24798–24806

6 Wilce, M. C. J. and Parker, M. W. (1994) Structure and function of glutathione

S-transferases. Biochim. Biophys. Acta 1205, 1–18

7 Ji, X., von Rosenvinge, E. C., Johnson, W. W., Tomarev, S. I., Piatigorsky, J.,

Armstrong, R. N. and Gilliland, G. L. (1995) Three-dimensional structure, catalytic

properties, and evolution of a sigma class glutathione transferase from squid, a

progenitor of the lens S-crystallins of cephalopods. Biochemistry 34, 5317–5328

8 Wilce, M. C. J., Board, P. G., Feil, S. C. and Parker, M. W. (1995) Crystal structure of

a theta-class glutathione transferase. EMBO J. 14, 2133–2143

9 Dirr, H., Reinemer, P. and Huber, R. (1994) X-ray crystal structures of cytosolic

glutathione S-transferases. Implications for protein architecture, substrate recognition

and catalytic function. Eur. J. Biochem. 220, 645–661

10 Jakobsson, P.-J., Morgenstern, R., Mancini, J., Ford-Hutchinson, A. and Persson, B.

(1999) Common structural features of MAPEG – a widespread superfamily of

membrane associated proteins with highly divergent functions in eicosanoid and

glutathione metabolism. Protein Sci. 8, 689–692

11 Di Ilio, C., Aceto, A., Piccolomini, R., Allocati, N., Faraone, A., Cellini, L., Ravagnan,

G. and Federici, G. (1988) Purification and characterization of three forms of

glutathione transferase from Proteus mirabilis. Biochem. J. 255, 971–975

12 Mignogna, G., Allocati, N., Aceto, A., Piccolomini, R., Di Ilio, C., Barra, D. and

Martini, F. (1993) The amino acid sequence of glutathione transferase from Proteus
mirabilis, a prototype of a new class of enzymes. Eur. J. Biochem. 211, 421–425

13 Perito, B., Allocati, N., Casalone, E., Masulli, M., Dragani, B., Polsinelli, M., Aceto, A.

and Di Ilio, C. (1996) Molecular cloning and overexpression of a glutathione

transferase gene from Proteus mirabilis. Biochem. J. 318, 157–162

14 Rossjohn, J., Polekhina, G., Feil, S. C., Allocati, N., Masulli, M., Di Ilio, C. and

Parker, M. W. (1998) A mixed disulfide bond in bacterial glutathione transferase :

functional and evolutionary implications. Structure (London) 6, 721–734

Received 24 October 2001/12 December 2001 ; accepted 28 January 2002

15 Casalone, E., Allocati, N., Ceccarelli, I., Masulli, M., Rossjohn, J., Parker, M. W. and

Di Ilio, C. (1998) Site-directed mutagenesis of the Proteus mirabilis glutathione

transferase B1-1 G-site. FEBS Lett. 423, 122–124

16 Allocati, N., Casalone, E., Masulli, M., Ceccarelli, I., Carletti, E., Parker, M. W. and

Di Ilio, C. (1999) Functional of the evolutionarily conserved proline 53 residue in

Proteus mirabilis glutathione transferase B1-1. FEBS Lett. 445, 347–350

17 Allocati, N., Casalone, E., Masulli, M., Polekhina, G., Rossjohn, J., Parker, M. W. and

Di Ilio, C. (2000) Evaluation of the role of two conserved active-site residues in Beta

class glutathione S-transferases. Biochem. J. 351, 341–346

18 Graminski, G. F., Kubo, Y. and Armstrong, R. N. (1989) Spectroscopic and kinetic

evidence for the thiolate anion of glutathione at the active site of glutathione

S-transferase. Biochemistry 28, 3562–3568

19 Huskey, S. E. W., Huskey, W. P. and Lu, A. Y. H. (1991) Contributions of thiolate

‘‘ desolvation ’’ to catalysis by glutathione S-transferases isozymes 1-1 and 2-2 :

evidence from kinetic solvent isotope effects. J. Am. Chem. Soc. 113, 2283–2290

20 Armstrong, R. N. (1994) Glutathione S-transferases : structure and mechanism of an

archetypical detoxication enzyme. Adv. Enzymol. Relat. Areas Mol. Biol. 69, 1–44

21 Sinning, I., Kleywegt, G. J., Cowan, S. W., Reinemer, P., Dirr, H. W., Huber, R.,

Gilliland, G. L., Armstrong, R. N., Ji, X., Board, P. G. et al. (1993) Structure

determination and refinement of human alpha class glutathione transferase A1-1, and

a comparison with the Mu and Pi class enzymes. J. Mol. Biol. 232, 192–212

22 Reinemer, P., Prade, L., Hof, P., Neuefeind, T., Huber, R., Zettl, R., Palme, K., Schell,

J., Koelln, I., Bartunik, H. D. and Bieseler, B. (1996) Three-dimensional structure of

glutathione S-transferase from Arabidopsis thaliana at 2.2 AI resolution : structural

characterization of herbicide-conjugating plant glutathione S-transferases and a novel

active site architecture. J. Mol. Biol. 255, 289–309

23 Nishida, M., Harada, S., Noguchi, S., Satow, Y., Inoue, H. and Takahashi, K. (1998)

Three-dimensional structure of Escherichia coli glutathione S-transferase complexed

with glutathione sulfonate : catalytic roles of Cys 10 and His 106. J. Mol. Biol. 281,
135–147

24 Widersten, M., Kolm, R. H., Bjornestedt, R. and Mannervik, B. (1992) Contribution of

five amino acid residues in the glutathione-binding site to the function of human

glutathione transferase P1-1. Biochem. J. 285, 377–381

25 Manoharan, T. H., Gulick, A. M., Reinemer, P., Dirr, H. W., Huber, R. and Fahl, W. E.

(1992) Mutational substitution of residues implicated by crystal structure in binding

the substrate glutathione to human glutathione S-transferase pi. J. Mol. Biol. 226,
319–322

26 Sanger, F., Nicklen, S. and Coulsen, A. R. (1977) DNA sequencing with chain-

terminating inhibitors. Proc. Natl. Acad. Sci. U.S.A. 74, 5463–5467

27 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning : A Laboratory

Manual, 2nd edn., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

28 Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature (London) 227, 680–685

29 Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.

Anal. Biochem. 72, 248–254

30 Habig, W. H. and Jakoby, W. B. (1981) Assay for differentiation of glutathione

S-transferases. Methods Enzymol. 77, 398–405

31 Liu, S., Zhang, P., Ji, X., Johnson, W. W., Gilliland, G. L. and Armstrong, R. N.

(1992) Contribution of tyrosine 6 to the catalytic mechanism of isoenzyme 3–3 of

glutathione S-transferase. J. Biol. Chem. 267, 4296–4299

32 Woods, G. L. and Washington, J. A. (1995) Antibacterial susceptibility tests : dilution

disk diffusion methods. In Manual of Clinical Microbiology (Murray, P. R., Baron,

E. J., Pfaller, M. A., Terrover, F. C. and Yolken, R. H., eds.), pp. 1327–1341,

American Society for Microbiology, Washington, DC

# 2002 Biochemical Society


