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ABSTRACT: Bacterial glutathione transferases appear to represent an evolutionary link between the thiol:
disulfide oxidoreductase and glutathione transferase superfamilies. In particular, the observation of a mixed
disulfide in the active site dProteus mirabilisglutathione transferase B1-1 is a feature that links the two
families. This peculiar mixed disulfide between Cys10 and one GSH molecule has been studied by means
of ESR spectroscopy, stopped-flow kinetic analysis, radiochemistry, and site-directed mutagenesis. This
disulfide can be reduced by dithiothreitol but even a thousand molar excess of GSH is poorly effective
due to an unfavorable equilibrium constant of the redox reacti@p=€ 2 x 10°4). Although Cys10 is
partially buried in the crystal structure, in solution it reacts with several thiol reagents at a higher or
comparable rate than that shown by the free cysteine. Kinetics of the reaction of Cysl10 with
4.4 -dithiodipyridine at variable pH values is consistent withkg, pf 8.0 + 0.1 for this residue, a value

about 1 unit lower than that of the free cysteine. Thé-djthiodipyridine-modified enzyme reacts with

GSH in a two-step mechanism involving a fast precomplex formation, followed by a slower chemical
step. The natural Cys10-GSH mixed disulfide exchanges rapidly with #¢&BH in a futile redox

cycle in which the bound GSH is continuously replaced by the external GSH. Our data suggest that the
active site of the bacterial enzyme has intermediate properties between those of the recently evolved
glutathione transferases and those of the thiol:disulfide oxidoreductase superfamily.

Glutathione transferases (GSTYEC 2.5.1.18) are a common feature of all GSTs is the ability to activate the
ubiquitous superfamily of enzymes which are involved in GSH molecule by lowering itsk, from 9.0 to about 6.6
the detoxification metabolism of xenobiotics. They catalyze 6.7 (11—15). A critical residue involved in this activation is
the conjugation of GSH to a number of toxic electrophilic a tyrosine which is located in the GSH binding site (G-site)
compounds, thus promoting their excretidj (The cytosolic ~ and which is strictly conserved in the Alpha, Pi, Mu, and
GSTs are dimeric proteins grouped in at least ten gene-Sigma GSTs. The hydroxyl group of this residue stabilizes
independent classes named Alpha, Beta, Delta, Kappa, Mujthe thiolate group of GSH by forming a hydrogen bond with
Pi, Sigma, Theta, Zeta, and Omega, which display different jts sulfur atom. A serine residue plays a similar role in the
primary structures and substrate specificiti2s 10). One  Theta, Delta, and Zeta GST8)( Several crystal structures,
representative of each class, have been solved in the last
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glutathioneStransferase; GSH, glutathione; GSSG, glutathione disul- Of all other GSTs, and it is also anchored to the protein by
fide; CDNB, 1-chloro-2,4-dinitrobenzene; DTNB, 5dithiobis(2- means of 11 polar bonds and several hydrophobic interactions
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carried out in the presence of reducing compounds. It is alsotemperature was maintained at Z5with a Bruker constant

unclear how, in this oxidized state, the GSH molecule
participates in the nucleophilic attack to the electrophilic

temperature device. The MTSL modified enzyme was then
reacted with 5 mM GSH. The thieldisulfide exchange

center of the substrate. Nevertheless, this enzyme is able tdoetween GSH and the spin-label molecule was followed by

catalyze the classical GST-conjugating activity in which GSH

means of ESR measurements.

is attached to the cosubstrate 1-chloro-2,4-dinitrobenzene Reaction of GSTB1rd with the Alkylating Agents BPA

(CDNB) (25). Site-directed mutagenesis of Cys10 did not
reveal any critical involvement of this residue in catalysis

and CDNB.GSTB1-1.4 (1 «uM) was incubated with a 20-
fold excess of BPA at 23C in (50:50:50) mM phosphate

(26), and thus the presence of this disulfide remains an acetate-borate buffer, pH 7.0. The reaction was followed
unsolved puzzle. Interestingly, the recently discovered humanby recording the enzymatic activity at various times. The
Omega class GST displays a similar propensity to form a activity was assayed at 340 nm by the addition of 1 mM

GSH mixed disulfide with Cys3210), so the presence of a
mixed disulfide in the GST active site is not confined to the

CDNB and 5 mM GSH directly in the incubation mixture.
Reaction of GSTB1+d4 (34 uM) with a 20-fold excess of

bacterial enzyme. This paper describes our attempts toCDNB was performed in (50:50:50) mM phosphate

discover both the molecular origin of the preferential oxidized

acetate-borate buffer, pH 7.0, at 25C, and at different

state of Cys10 and some possible utilities of the existencetimes, aliquots of the incubation mixture were assayed for

of the mixed disulfide with GSH. For the first time, we have

the residual activity. The activity was followed at 340 nm

prepared the enzyme in the reduced state, and this hasand 25°C in 1 mL of 0.1 M potassium phosphate buffer,
allowed us to characterize some chemical properties of Cys10pH 6.5, containing 1 mM CDNB and 5 mM GSH. Kinetics

in both the reduced and oxidized form.

MATERIALS AND METHODS

Materials Glutathione (GSH), glutathione disulfide (GSSG),
1-chloro-2,4-dinitrobenzene (CDNB), 5s8ithiobis(2-ni-
trobenzoic acid) (DTNB), 1,4-dithio-threitol (DTT), 4,4-
dipyridy! disulfide (DPDS), and 3-bromopyruvic acid (BPA)
were Sigma products; 1-oxy-2,2,5,5-tetramethypyrro-
line-3-methylmethanethiolsulfonate (MTSL) was purchased
from Toronto Research Chemicals Inc. (Canad#%)]GSH
(50 Ci/mmol) was purchased from NEN (Boston) products.

EnzymesThe recombinant GSTB1-1 and C10A mutant
were expressed iBscherichia coliand purified as previously
described 25, 26). The protein concentration was obtained
from the protein absorbance at 280 nm assuming;@gm.

of the enzyme inactivation were fitted to a single-exponential
equation, and pseudo-first-order rate constants were calcu-
lated.

Reaction of Free Cysteine with BPA and CDNAB.
solution of 1uM cysteine in (50:50:50) mM phosphate
acetate-borate buffer, pH 7.0, was incubated at Z5with
a 20-fold excess of BPA. The reaction was followed at 300
nm where the cyclic imino acid lanthionine ketimirgbnm
= 6.2 mMcm™?), formed spontaneously after the conjuga-
tion of cysteine with BPAZ29), adsorbsA 5 cm light-path
cuvette has been used for a more accurate spectrophotometric
determination. Reaction of 3dM cysteine in (50:50:50) mM
phosphate acetate-borate buffer, pH 7.0, with a 20-fold
excess of CDNB at 28C was followed at 340 nm where
the Cys-DNB adduct absorbs. The experimental traces were
fitted to a single-exponential equation, and pseudo-first-order

of 1.02. The extinction coefficent was calculated on the basis (ate constants were calculated.

of the amino acid sequence as reported by Gill etl) (
and confirmed by the bicinchoninic acid method. A molec-

Reaction of GSTB1rlywith DPDS.GSTB1-1eq (20 uM),
in 0.01 M potassium phosphate buffer, pH 7.0, was rapidly

ular mass of 22.5 kDa per GST subunit was used in the pixed with the same volume of DPDS (2@M) dissolved

calculation 8).

Reduction of the Mixed Disulfide between Cys10 and GSH.

The mixed disulfide of the native enzyme (GSTBl}was
reduced after 30 min incubation at pH 7.0 and°&7with

in (50:50:50) mM phosphateacetate-borate buffers in the
pH 5.0-9.0 range. Rapid kinetic experiments were run on
an Applied Photophysics kinetic spectrometric stopped-flow
instrument equipped wita 1 cmlight-path observation

50 mM DTT. The excess of reagents was removed from the chamber thermostated at 26. The formation of the mixed

reduced enzyme (GSTB1sd by a Sephadex G-25 column
equilibrated with 0.01 M potassium phosphate buffer, pH
7.0. Cysteine groups were titrated at 26 in 0.1 M
potassium phosphate buffer, pH 8.0, with 0.1 mM Ellman
reagent (DTNB) 28). Attempts to reduce the mixed disulfide
with GSH have been performed by incubating GSTB1-1
(0.05 mM) with variable GSH concentrations (from 10 to
500 mM) in (50:50:50) mM phosphatecetate-borate
buffer, pH 7.0 at 25C. The amount of spurious GSSG in
the GSH stock solutions was determined enzymatically with
the NADPH-—glutathione reductase assay procedure.
Reaction of GSTB1ry with MTSL.The kinetics of the
MTSL binding to GSTB1-L4 (115 uM) were determined
in (50:50:50) mM phosphateacetate-borate buffer, pH 7.0,
by adding MTSL at 1:1 subunit:label ratio to the enzymatic
sample. The reaction between MTSL and GSTR}as

disulfide was monitored by following the increase of the

absorbance at 324 nmazfsnm = 19.8 mM* cm™) due to

the release of the 4-thiopyridinate anion (lP.EExperimental

traces were fitted to a single-exponential equation, and

pseudo-first-order rate constants were calculated. e p

value of the Cysl0 was calculated by fitting the pH

dependence of the rate constants to the equation:
Kops = Kops /(L + 107" (1)

wherekypd™ is the limiting pseudo-first-order rate constant

at alkaline pH values.

Kinetics of the ThiotDisulfide InterchangeGSTB1-1.q

(200 uM) was incubated at pH 7.0 with 2 equiv of DPDS,

followed by a Sephadex G-25 chromatographic step to

remove the excess of reagent. Stopped-flow experiments

monitored by recording ESR spectra every 40 s using anwere then performed by rapidly mixing the DPDS-modified
ESP 300 Bruker spectrometer operating at 9 GHz. The enzyme (2Q«M in 0.01 M potassium phosphate buffer, pH
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7.0) with different amounts of GSH (from 0.1 to 80 mM) in
(50:50:50) mM phosphateacetate-borate buffer, pH 7.0.
Displacement of PS was monitored by following the

increase of the absorbance at 324 nm. Experimental traces

were fitted to a single-exponential equation, and pseudo-
first-order kinetic constants were calculated. The nonlinear
dependence ofky,,s on GSH concentration was fitted to a
hyperbolic binding equation.

Exchange of GSTB1sdwith [*(H]JGSH. Commercial fH]-
GSH contains 10 mM DTT as reducing agent. One microliter
of [®H]GSH solution (0.02 nmol of tritiated GSH and 10
nmol of DTT) was incubated for 2 min at 2% with 30
nmol of GSSG in 2QquL of 0.01 M potassium phosphate
buffer, pH 7.0. At the end of the incubation, the resulting
solution contained 20 nmol offi]GSSG, 20 nmol of JH]-
GSH, and 10 nmol of oxidized DTT. One hundred microliters
of GSTB1-14 (68uM in 0.01 M potassium phosphate buffer,
pH 7.0) was incubated with the above prepared mixture (120
uL final volume) at 25°C. After suitable incubation times
(between 1 and 60 min) the sample was acidified with 0.1
M sodium acetate buffer, pH 5.0, and the enzyme was

Caccuri et al.
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Ficure 1. Reaction of GSTB1+k and GSTB1-Lqwith DTNB as
a function of time. 8«M enzyme in 0.1 M potassium phosphate
buffer, pH 8.0, and 1 mM EDTA was reacted at 25 with 0.1
mM DTNB. The reaction was followed at 412 nm, and the number
of DTNB-reacted thiol groups was calculated using a thionitroben-
zoate extinction coefficient of 13.6 mMvicm™1. About 1.7 DTNB-
titratable —SH groups for GSTB1k (dashed line) and 2.7 for
GSTB1-1q (solid line) were observed at the end of the reaction.

groups are not involved in a disulfide bor23j. Conversely,
the sulfhydryl group of Cys10 is covalently bound to a GSH
molecule. Titration of the native enzyme with the DTNB
shows about two slowly reactingSH groups (1.7) per GST
subunit €2 = 29 min at 25°C and pH 8.0) (Figure 1). As

separated from the reagents on a Sephadex G-25 columiyypected, the C10A mutant enzyme gives a similar titration

equilibrated with the same buffer. The enzyme fractions were

pooled, and the radioactivity was measured in a Packard (Tri-

Carb 2100TR) liquid scintillation counter. The value obtained

was normalized to the total radioactivity of the sample, and

the relative amount of labeled GSTBl:lvas calculated.
Reaction of GSTB1d with GSSGGSTB1-1cq (50 uM)

in (50:50:50) mM phosphateacetate-borate buffer, pH 7.0,

was incubated 30 min at 37C with 10 mM GSH and

pattern with DTNB, confirming that the two reactive
cysteines in the native GSTB1-1 are Cys145 and Cys147.
Preincubation of GSTB1s1with 10 mM GSH (pH 7.0) did

not cause any appreciable change of the number of titratable
—SH groups, confirming a strong propensity of Cys10 to
remain in the oxidized state even under reducing conditions.
A different result is obtained when the native enzyme is
reacted with the more powerful reducing agent DTT. After

variable amounts of GSSG (from 0.2to 1l mM) After a 30 min incubation with 50 mM DTT, followed by a
Sephadex G-25 chromatographic step, the reactive thiols ofsephadex G-25 chromatographic step to remove the excess

the protein were titrated with DTNB.

Proteolytic Digestion of GSTB1-IThe native and the
reduced enzyme (8M) was subjected to proteolytic diges-
tion with trypsin, at a trypsin:enzyme mass ratio of 0.1, in
0.1 M ammonium bicarbonate buffer, pH 7.8, at &7. At
fixed times, aliquots (10QL) of the incubating mixture were
assayed for GST activity with 1 mM CDNB and 5 mM GSH.

Effect of TemperatureGSTB1-Lx and GSTB1-L4 (0.7
uM) were incubated for 15 min at different temperatures
ranging between 36 and 8& in (50:50:50) mM phosphate
acetate-borate buffer, pH 6.0. GST activity was measured
at 340 nm and at 28C by adding 5 mM GSH and 1 mM
CDNB directly in the incubation mixture.

GSTB1-1 Oxidation by Cupric lonsgGSTB1-1x and
GSTB1-1eq4 (40 uM) were incubated for 30 min at 37C
with CuSQ (200 «M) in (50:50:50) mM phosphate
acetate-borate buffer, pH 7.0. At the end of the incubation,
the free—SH groups of the protein were reacted with BPA
(200 uM) for 30 min. After this time, no free-SH groups

were detected by DTNB reagent, and the sample was

analyzed by SDSPAGE in the absence and presence of
the reducing agent 2-mercaptoethanol.

RESULTS
The Sulfydryl Groups in the Nat GSTB1-1 Three

reagent, the enzyme has now one additional fast DTNB-
reacting—SH group {12 < 0.5 min), likely Cys10, followed

by the two slow-reacting thiolsty(, = 26 min) (Figure 1).
GSTB1-1 with a reduced Cys10 residue (GSTBdyds a
stable enzyme when stored at neutral pH values in the
presence of EDTA. This allowed us to characterize for the
first time this form of the enzyme.

GSH Is Ineffectie in the Reduction of GSTB1z1GSTB1-
1ox (0.05 mM) was incubated with variable GSH concentra-
tions ranging from 10 to 500 mM. After 30 min of
incubation, the amount of reduced Cys10 was calculated by
titration with DTNB. Up to 100 mM GSH, the recovery of
reduced enzyme is negligible, and even 500 mM GSH only
yields 10% of the reduced enzyme. An estimation of the
equilibrium constant for reaction Keq = 2 x 1074, has
been made, taking into account the presence of 0.15% of
spurious GSSG in the GSH stock solutions. The propensity

reaction 1
GSTS-SG+ GSH= GSTSH-+ GSSG

of Cys10 to exist as a mixed disulfide with GSH has been
also verified on the basis of the reverse reaction i.e., by
testing the facility of the reduced enzyme to be oxidized by
GSSG even in the presence of an excess of reduced GSH.

cysteine residues per subunit are present in GSTB1-1 (Cys10Jncubation of 0.05 mM GSTB1:d4 with 10 mM GSH in
Cysl145, Cys147). The crystal structure of the native enzymethe presence of variable GSSG concentrations (from 0.2 to
indicates that Cys145 and Cys147 are shielded from thel mM) invariably yields a quantitative recovery (from 90%

solvent, localized in the dimer interface, and their sulfhydryl

to 100%) of GSTB1-4.
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Ficure 3: Reaction of GSTB1+dywith BPA and CDNB(A) Time
0.5f course of the inactivation of GSTB1z4(1 uM) in the presence of
BPA (20uM) at pH 7.0 and 25C (®). For comparison is reported
the time course of the reaction between free cysteineM} and
BPA (20uM) at pH 7.0 and 25C (O). The reaction was followed
at 300 nm (for details see Materials and Methods section), and data
are reported as relative free cysteine as a function of time. (B) Time
course of the inactivation of GSTB1s1(34 uM) in the presence
of CDNB (1 mM) at pH 7.0 and 25C (W). The time course of the
reaction between free cysteine (3¥) and CDNB (1 mM) at pH
7.0 and 25°C is also reportedd).

o

of this interaction. The activity of the modified enzyme (in
mixed disulfide with MTSL) using CDNB as cosubstrate is
also strongly inhibited. The rate of the enzymatic reaction
is not constant but increases with time, and after about 45 s
the enzyme recovers all its original activity (Figure 2C). It
. is likely, under the assay conditions used (5 mM GSH, pH
0.4 0.8 1.2 6.5), that GSH removes MTSL from Cys10 and restores the
time (min) catalytic efficiency of the enzyme completely. The reaction
FiGURE 2: Reaction of GSTB1+4swith MTSL. (A) ESR spectra ~ 2etween Cys10 and MTSL, even performed at a ratio of 1:1,
of the free and bound MTSL. Spectrum 1: 18! spin-labeled is too fast and does not allow an accurate kinetic analysis.
GSTB1-1 in (50:50:50) mM phosphatacetate-borate buffer, pH An alternative approach to analyze the kinetics was made
T, S0 ooy s 1 G atuone 55 G, Az the alylating agents BPA and CONG
Feom;)ae’rature, 2’5C. (B) Fractiongl free iabel si’gna?versgé time for’ Reaction of GSTB1rh with BPA an_d CDNBAIk_yIatIn_g .
the reaction of MTSL with GSTB1+4sat a 1:1 label subunit ratio. ~ f€@gents BPA and CDNB cause an irreversible inactivation
An arrow indicates the addition of 5 mM GSH to the spin-labeled Of the enzyme, and this feature has been utilized to follow
GSTB1-1. (C) Activity of the spin-labeled GSTB1-1 (5 mM GSH  the time course of the reaction. In the presence of an excess
and 1 mM CDNB in 0.1 M potassium phosphate buffer, pH 6.5, of BPA (20uM, pH 7.0, and 25C), the inactivation is fast

25°C) (solid line). The initial rate is about 50% of that of the fully firct. At — ;
active enzyme. The rate increases with time, reaching the nativeand follows pseudo-first-order kinetick£ = 14 s) (Figure

activity after about 45 s. The activity of the spin-labeled enzyme 3A)- CDNB (1 mM, pH 7.0, and 23C) reacts slowly, and
pretreated for 10 min with 5 mM GSH is also reported (dashed the inactivation of the enzyme is accomplished only after 1

line). h of incubation {1, = 20 min) (Figure 3B). BPA and CDNB
were ineffective when incubated with GSTB4cand with
Reactvity of Cys10A first indication of the reactivity of C10A mutant enzymes, confirming that GSTB1-1 inactiva-
Cys10 comes from the reaction of the reduced enzyme with tion occurs only as a consequence of Cys10 modification.
MTSL, a spin-label thiol reagent. The ESR spectrum of the The reactivity of Cys10 with BPA and CDNB was compared
immobilized nitroxide group bound to the enzyme is well to that of the free cysteine incubated in the same experimental
distinguishable from that of the free label species (Figure conditions (Figure 3). In the case of BPA, the rate of
2A), and this property has been utilized to follow the progress formation of the cysteine derivative is comparable to the
of the reaction. The interaction of Cys10 with MTSL is very inactivation rate of GSTB1:d On the contrary, the reaction
fast and yields a rapid and quantitative disulfide bond of CDNB and free cysteine showstg of about 200 min,
formation even at a MTSL:GSTB1-1 ratio of 1:1. As shown indicating a reaction about 10-fold slower than that with
in Figure 2B, the free label signal disappears in about 10 GSTB1-1ea
min of incubation at pH 7.0, but about 80% of the free  Reactbity of Cys10 with DPDS as a Function of pfhe
reagent is lost in the first spectrum (about 30 s). The C10A reaction rate of Cys10 with the neutral aromatic disulfide
mutant does not react appreciably with MTSL in the same DPDS at various pH values was utilized to estimate tkg p
incubation time, confirming that Cys10 is the primary target value of the protein thiol. In fact, both BPA and CDNB were
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Ficure 5: Radioactive labeling of GSTB1slas a function of

incubation time. The exchange betweéH]GSH and the GSH

<, 100 molecule bound to Cysl10 in GSTBlslwas determimed as

2 described in the Materials and Methods section.

xO

PHIGSHIB1-14,p

B the absorbance at 324 nm. Thgs dependence on GSH
concentration follows saturation kinetics (Figure 4B) and can
be fitted to a two-step mechanism according to reaction 2.

10 20 30 40

[GSH] (mM)
Ficure 4: Reaction of GSTB1+dywith DPDS. (A) pH dependence
of the rate constant for the reaction between GSTR4¢10 uM)

and DPDS (10&M) (for conditions see the Materials and Methods Ky ky
section). Thekops versus pH relationships were curve fitted to eq GSH+ E-SSP= E-SSPGSH— E-SSG+ PS

1, and a [, value of 8.0+ 0.1 was calculated for the Cys10 residue.
(B) Rate of PS displacement as a function of GSH concentration. Reaction 2 involves the initial formation of a reversible

The DPDS-modified enzyme (10M after mixing) was rapidly :
mixed with GSH (from 0.05 to 40 mM after mixing) at pH 7.0 and enzyme-GSH complex followed by the Pdisplacement

25°C. The time course of PSdisplacement was recorded at 324 Step which becomes rate limiting at GSH concentrations
nm, and pseudo-first-order rate constariktsy were calculated at ~ higher than 20 mM. Analysis of data gives a dissociation

different GSH concentrations. The nonlinear dependendewf constaniy = 6.5+ 0.6 mM for the binding of GSH to the

on GSH concentration was fitted to a hyperbolic binding equation |gpeled enzyme and a rate constankof 13+ 0.4 st for
which fulfils the rate constant for the thietlisulfide exchange the thiokdisulfide exchange reaction.

reaction,k; = 13 £+ 0.4 s, and the dissociation constamty =
6.5+ 0.6 mM, for the GSH-labeled enzyme complex. The high reactivity of the disulfide bond when Cys10 is

not considered ideal reagents due to the polarity of their bound to DPDS or MTSL may be not recovered in the natural
9 P Y mixed disulfide Cys10-SG. By usingH]GSH, we attempted

molecules. The reaction was too fast to be followed by a . . - ;
standard spectrophotometric approach, so a stopped—ﬂowto verify this possibility by observing the rate dHIGSH

apparatus was utilized. Formation of the mixed disulfide incorporation in the active site. The oxidized enzyme was
Cys10-SP was monitored at 324 nm, where the releasedmcubated at pH 7.0 with labeled GSH and GSSG in a 1:1

e - . _ 1 molar ratio. At various times (from 1 to 60 min), the fraction
éngrl())pgrr:glmpaetref o?mgg (at ad?fl;?g;?spﬁztglueigbitvmvg/gn 50 of incorporation was evaluated. This ranged between 90%
and 9.0. The resulting pH dependence of the pseudo-first-and 100% at all incubation times (Figure 5), indicating that

order rate constants is shown in Figure 4A and yield&a p the exchange is fast and complete even after 1 min of

= 8.0+ 0.1 for the ionization of the Cys10 residue, about incubation. . . .
1 unit lower of the [, of a free cysteine (. = 8.7) (30). GSTB1-1 Proteolysi§ he proteolytic susceptibility of both

Moreover, the reaction at pH 7.0 between@d DPDS and ~ GSTB1-kxand GSTBI1-kqwas investigated in the presence

10 uM GSTB1-}eq oCCUrS With a1, of about 0.5 s, which pf trypsin. As reportgd in Figure 6A, the time course of
is about 10 times lower than the value obtained for the inactivation by trypsin of GSTB1.dy reaches 14% of

reaction of DPDS with free cysteine in the same conditions €Sidual activity afte 1 h of incubation. On the contrary,

(tyz = 5.5 ). GSTB1-1, follows a slower tre_nd of inactivation, ret(_:unlng
Rate of ThioDisulfide ExchangeThe purified GSTB1-1 ~ @bout 70% of residual activity after the same time of

always occurs as a mixed disulfide with GSH, and this 'ncubation.

finding may be explained by a compact structure of the active  Effect of Temperature on the Stability of GSTBIFihe

site which might prevent the accessibility of reducing agents reduced enzyme is more easily inactivated by heat treatment

to the mixed disulfide. To test this hypothesis, GSTB1-1 than GSTB1-J.. In fact, GSTB1-1, retains more than 70%

reacted with 1 equiv of spin-label MTSL was incubated at Of its activity after 15 min of incubation at 8@C, whereas

25 °C with 5 mM GSH. Addition of GSH to the labeled the reduced enzyme is completely inactivated after an

enzyme restores quickly (within 30 s) the free label signal identical treatment (Figure 6B). These results strongly

(Figure 2B), indicating that the label displacement is fast suggest that the presence of GSH covalently bound to Cys10

and quantitative in the presence of GSH. This high reactivity iS €ssential for maintaining a fully active conformation even

of the mixed disulfide was an unexpected finding, and at critical temperatures.

experiments were then repeated using a stopped-flow ap- GSTB1-1 Oxidation and SBFAGE AnalysisA further

paratus in order to measure the rate of thidisulfide confirmation of the protective role of the mixed disulfide

exchange. DPDS-labeled GSTB1-1 was prepared as reporteavas obtained by oxidation experiments performed by incu-

in the Materials and Methods section and rapidly mixed, at bating both GSTB1-1gand GSTB1-J, with CuSQ. SDS-

pH 7.0 and 25C, with different amounts of GSH. Displace- PAGE (Figure 6C) shows that the prevalent form of GSTB1-

ment of PS was monitored by following the increase of 1, after treatment with CuSQDwas mainly a monomeric

reaction 2
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Ficure 6: Protective role of the Cys10-SG mixed disulfide. (A) Proteolytic inactivation of GSTR () and GSTB1-14(0O). The native

and reduced enzymes (M) were incubated at pH 7.8 with trypsin as reported in the Materials and Methods section. (B) Temperature
inactivation of GSTB1-4, (W) and GSTB1-L4(O). Native and reduced enzymes (@M) were incubated for 15 min at pH 6.0 at different
temperatures, and residual activity was determined as reported in the Materials and Methods section—@AGBE @nalysis of GSTB1-

1ox (10 ug) and GSTB1-14 (10 ug) after treatment with CuSO2-Mercaptoethanol was omitted in the gel and in the running buffer and

only added to the sample buffer when indicated. Lanes 1, 6, 7, and 12 are standard proteins (from the top to the bottom) myosin (200 kDa),
p-galactosidase (116.25 kDa), phosphoryla$@7.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31
kDa), soybean trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.5 kDa), boiled &ClifiCa sample buffer containing
2-mercaptoethanol. Lanes-8 are GSTB1-4, and lanes 911 are GSTB1-lq4treated with CuS@as reported in the Materials and Methods
section. Lanes 2 and 8 are GSTBd-hnd GSTB1-k4 respectively, treated with CugG@nd boiled at 100°C in the presence of
2-mercaptoethanol. During electrophoresis lateral diffusion of 2-mercaptoethanol from lanes 2, 6, 8, and 12 occurs which results in partial
reduction of neighboring nonreduced samples and the creation of arcs of protein which link the high molecular mass species and the 23
kDa species.

species with molecular mass of about 23 kDa. On the restricted range of selected substra®s.(Thus, it has been
contrary, GSTB1-14gave essentially a dimeric species with suggested that the in vivo role of GSTB1-1 may not be as a
a molecular mass of about 46 kDa. Other polymeric conjugating enzyme but possibly as a redox enzy23g (t
components are also visible. Diffusion of 2-mercaptoethanol has been postulated that GSTs have evolved from an
from lanes 2, 6, 8, and 12 converted the high molecular massancestral member of the thiol:disulfide oxidoreductase su-
species to the 23 kDa species, indicating that the high perfamily @33). In particular, thefoSaBBa. motif of the
molecular mass forms came from disulfide bridge formation N-terminal domain of all GSTs superimposes well with the
involving Cys10 and the same residue or another cysteinestructures of thioredoxin and glutaredoxin. These enzymes
on a second subunit. As a control, nontreated GST&1-1 are also characterized by catalytic mechanisms involving a
and GSTB1-kq in absence of 2-mercaptoethanol, did not mixed disulfide as the critical intermediate in catalysis and
form dimers spontaneously (data not shown). possess one or two essential cysteines in the active3ite (
35). This redox scenario has been lost in the more recently
evolved GSTs, such as the Alpha, Mu, and Pi classes, but
The peculiar mixed disulfide Cys10-SG found in GSTB1- not in the GSTB1-1 which shows a cysteine residue in the
1o« is one of a few significant differences between it and G-site in a unusual mixed disulfide with GSH. Thus, the
other GST classes. The more common GSTs are in factactive site of GSTB1-1 could represent a “transition struc-
widely distributed, present mainly in the cytosol, expressed ture” between an ancestral redox enzyme and a classical
in high amounts (35% of the total cytosolic protein), and GST-conjugating enzyme. We have previously shown that
display high and broad substrate specificB{)( In contrast, GSTB1-1 displays a striking superposition with structures
GSTB1-1 is present at low levels and is mainly localized in from the thiol:disulfide oxidoreductase superfami®g). For
the periplasmic space of the bacteriu®2) It is also example, superposition of GSTB1-1 bound to GSH with
characterized by low specific activity and can utilize only a human thioredoxin complexed to a target peptide showed

DISCUSSION
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that the target peptide’s backbone superimposed closely withcould be merely due to the inaccessibility of the disulfide to
GSH, binding in the same antiparallel manner and forming the free thiol. However, the very fast displacement of
a f;-sheet interaction with the residues preceding ¢fe aromatic thiols (such as MTSL or DPDS) by GSH is
proline residue in each protein. Although the active site indicative of a high reactivity of the disulfide group and thus
cysteines do not superimpose exactly, the substrate cysteinedf a good solvent accessibility. Stopped-flow experiments
cystine is positioned in the same relative location in space. lead to the identification of a multistep mechanism of
It was noted that a cysteine of another GST class, Delta classdisplacement by GSH, with a first fast phase in which GSH
GST, did superimpose exactly with a bacterial thioredoxin. binds to the active site followed by a slower step which
Furthermore, a consensus sequence motif based on theepresents the chemical nucleophilic reaction. However, the
superposition successfully found only thioredoxins/glutare- possibility that the solvent accessibility of these mixed
doxins and GSTs in searches of sequence databases. Wdisulfides may be artifactual due to the apolarity and large
proposed that GSTB1-1 evolved from a member of the thiol: size of MTSL and DPDS was taken into consideration. The
disulfide oxidoreductase superfamily on the basis of a fast exchange ofH]GSH with the natural mixed disulfide
detailed structural analysis of its structure in comparison to Cys10-SG is strong evidence that this disulfide is really
a number of thioredoxin structures, and our findings reported exposed to the solvent. In addition, these data suggest that a
here support this conclusion. futile redox cycle is operative in GSTB1xlin the presence
An investigation of the redox properties of the Cys10 is of physiological GSH concentrations; i.e., GSH linked to the
of particular importance in this context as it may reveal how Cys10 residue is continuously replaced by the external GSH,
much different the active site of this enzyme is from that of but the enzyme is never recovered in the reduced form. In
the thiol:disulfide oxidoreductase superfamily. this context, it appears that the active site is able to accept,
A preliminary finding is the strong propensity of Cys10 transiently, a second GSH molecule, which was not observed
to form a mixed disulfide with GSH. The reduced enzyme in the crystal structure. Given that the disulfide is fully
can be obtained only after concentrated DTT treatment. Evenaccessible in solution, three different factors may promote
high GSH concentrations failed to break the Cys10-GSH the permanence of such mixed disulfide when an excess of
disulfide, and this accounts for the constant recovery of GSH is present: (i) The sulfur atom of Cys10 is exposed to
GSTB1-Lx after purification procedures including 10 mM the solvent while the sulfur atom of the linked GSH is buried.
GSH. Moreover, incubation of the reduced enzyme with an In this case a sulfur-directed thietlisulfide exchange may
excess of GSH and traces of GSSG invariably yields an force the persistence of the protein disulfide. (ii) The leaving
oxidized enzyme. The sulfhydryl group of Cys10 is almost thiol group of GSH has a lowerky value than Cys10 (a
buried and shielded from the solvent in the crystal structure lower pK, of the thiol makes it a good leaving group in the
of the oxidized enzyme. However, when it is in the reduced thiol—disulfide exchange reactions as discussed below). (iii)
form, this residue is the most reactive among the three The affinity of the active site for GSSG is much higher than
cysteines of this enzyme. Reaction of GSTBdrWith a that for GSH. In other words, the effective concentration of
stoichiometric amount of the spin-label reagent MTSL results GSSG in the active site could be much higher than that in
in an almost quantitative reaction of the sole Cys10 within solution, leading an oxidative environment. The current
a few seconds incubation time. Alkylating compounds such crystallographic data suggest the first possibility not to be
as BPA and CDNB confirm the relevant reactivity of Cys10, feasible. In fact, in the crystal structure the Cys10 sulfur atom
which reacts with comparable or higher rates than the freeis buried, and only the GSH sulfur atom appears partially
cysteine. Significantly, the alkylated enzyme completely loses exposed. The two remaining hypotheses are likely; prelimi-
its conjugating activity toward electrophilic substrates. This nary data from our laboratory indicate that GSSG has about
inhibition is probably due to a steric hindrance of the a 20-fold higher affinity for the G-site than GSH and that
reagents. Stopped-flow experiments with the neutral disulfide the GSH molecule in the G-site showsl&,p= 6.5. Probably
DPDS confirmed again the high reactivity of Cys10 and both factors contribute to the observed persistence of the
allowed us to calculate ap of 8.0+ 0.1 for its sulfhydryl mixed disulfide in GSTB1-4, but the second one should
group. This value, about 1 unit lower than that of free representthe prominent drawing force. In fact, a much higher
cysteine in solution, is probably caused by the presence ofaffinity for GSSG should be necessary to account for the
Lys107 and Lys35 in the G-site and partially accounts for failure of GSH to reduce the enzyme. The redox properties
the higher reactivity of Cysl10 toward alkylating agents, of GSTB1-1 can now be compared to the redox system found
assuming a large solvent accessibility of Cys10. The abovein the active site of the thiol:disulfide oxidoreductase
evidence conflicts with the buried location of the disulfide superfamily. This comparison may indicate the crucial step
in the crystal structure in which the active site does not look of an evolutionary transition from a redox enzyme into a
that flexible. In fact, helixa2 is locked in position by the  conjugating enzyme. Thioredoxin (which catalyzes the
extra-sheet preceding i2@). The conflicting data could  reduction of protein disulfides) is characterized by the
be explained by assuming that Cys10 is only buried by virtue sequence C-X-X-C in the active site. Both of these cysteines
of the bound GSH molecule or alternatively by the existence are essential for activity as an intramolecular disulfide is
of a remarkable flexibility of the active site. Support for the formed during catalysis. Among these two sulfhydryls, one
latter hypothesis comes from oxidation experiments (Figure shows near-neutral characteKgp= 7.5) and this initiates
6C) showing intersubunit disulfide bridge formation involv- catalysis, while the second one haska gbout 4 units higher
ing Cys10 and implying an active site movement. (34). The neutrat-basic properties of these two cysteines
We also investigated the reactivity of Cysl0 when favor the formation of the final intramolecular disulfide that
involved in a mixed disulfide. In fact, the permanence of can only be enzymatically reduced by the NADPH-dependent
the Cys10-SG disulfide in the presence of an excess of GSHthioredoxin reductase. In fact, it is well-known that the acidity
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of the sulfhydryl group is essential for making it a good
leaving group in thiot-disulfide exchange reactions. In other
words, only an acidic protein sulfhydryl group involved in

a mixed disulfide is easily reduced by a free thi8b)
Glutaredoxins (that catalyze the reduction of both protein
mixed disulfides and mixed disulfides with GSH using GSH
as reducing agent) display the same motif in the active site
C-X-X-C. For specific reactions, only the N-terminal Cys is
essential for activity, and itsia value is very low (3.54)

(35, 37). In this case, the lowlg, value favors the reduction

of the intermediate GSH-glutaredoxin mixed disulfide by the
external GSH forming a reduced glutaredoxin and GSSG as
final products. It appears that GSTB1-1 exhibits redox
intermediate characteristics between thioredoxin and glu-
taredoxin families as it has only one sulfhydryl group in the
active site and it shares &psimilar to that observed in
thioredoxin. In regard to the GST superfamily, GSTB1-1
(owning a single cysteine in the active site) appears as a
snapshot in the evolution pathway from a redox enzyme
toward a conjugating enzyme. The loss of one cysteine
residue in the active site of an ancestral glutaredoxin could
be the first step which precedes the final disappearance of
thiol groups in the active site of a conjugating enzyme as
found in the more recently evolved GSTs.

Apart from its possible functional role in catalysis, data
reported in this paper clearly show that this atypical mixed
disulfide involving Cys10 may provide some structural
advantages to GSTB1-1. The increased thermostability of
the oxidized enzyme and its higher resistance toward trypsin
cleavage are clear indications of a protective role of the
disulfide, probably due to a relatively more rigid active site
when GSH is present. In addition, the reduced enzyme is
more sensitive to oxidative stress as documented by the
metal-promoted intersubunit disulfide bond formation in-
volving Cys10 in GSTB1-1q.
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