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a b s t r a c t

The trimeric membrane protein microsomal glutathione transferase 1 (MGST1) possesses glutathione
transferase and peroxidase activity. Previous data indicated one active site/trimer whereas structural
data suggests three GSH-binding sites. Here we have determined ligand interactions of MGST1 by several
techniques. Nanoelectrospray mass spectrometry of native MGST1 revealed binding of three GSH mole-
cules/trimer and equilibrium dialysis showed three product molecules/trimer (Kd = 320 ± 50 lM). All
three product molecules could be competed out with GSH. Reinvestigation of GSH-binding showed
one high affinity site per trimer, consistent with earlier data. Using single turnover stopped flow kinetic
measurements, Kd could be determined for a low affinity GSH-binding site (2.5 ± 0.5 mM). Thus we can
reconcile previous observations and show here that MGST1 contains three active sites with different
affinities for GSH and that only the high affinity site is catalytically competent.

� 2009 Elsevier Inc. All rights reserved.
Glutathione transferases (GSTs2, EC 2.5.1.18) exist as both solu-
ble and membrane bound enzymes providing an important defence
against electrophilic compounds [1]. Microsomal glutathione
transferase 1 (MGST1) is a 17.3 kDa/subunit homo-trimeric enzyme
[2–5] that belongs to the membrane associated proteins in eicosa-
noid and glutathione metabolism (MAPEG) super-family, together
with MGST2 and 3, microsomal prostaglandin E synthase-1
(MPGES1), leukotriene C4 synthase (LTC4S) and 5-lipoxygenase acti-
vating protein (FLAP) [6]. A general theme of these proteins is the
conversion of reactive compounds derived from the oxidation of lip-
ids resulting in the protection against oxidative stress or the specific
formation of highly potent lipid mediators (prostaglandins and leu-
kotrienes). MGST1, heterologously expressed in MCF7 cells, was
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ene; GSDNB, 1-S-glutathionyl-

thiolate anion; GSOH, gluta-
GST, glutathione transferase;
and glutathione metabolism;
shown to protect against oxidative stress [7] and several cytostatic
drugs [8] whereas MPGES1 has been demonstrated to be important
in the pathophysiology of fever, pain and inflammation [9–12] in
mouse knock-outs.

Recently, the structures of four MAPEG membrane proteins were
solved confirming the trimeric arrangement of identical subunits
[4,13–16] previously demonstrated by hydrodynamic and cross-
linking experiments [17,18]. The active sites are situated between
subunits suggesting that each trimeric enzyme should harbour three
catalytic sites. This observation contrasts with earlier data on MGST1
where binding studies by equilibrium dialysis revealed one bound
glutathione (GSH) per MGST1 trimer, with a Kd of 20 lM [19]. Fur-
thermore, pre-steady state kinetic experiments suggest the forma-
tion of one GSH thiolate anion (the catalytically competent form of
GSH) and one GS�-trinitrobenzene Meisenheimer dead-end com-
plex per trimer. Active site titrations revealed one active site per tri-
mer as well [20,21]. Taken together these data point to a third-of-
the-sites mechanism that most likely reflects a heterogeneous
behaviour of the individual subunits. In contrast, H/D exchange
experiments favours global conformational alterations upon GSH-
binding [2,22] and the recently solved structure [4] actually revealed
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three bound GSH molecules per trimer, although the resolution limit
did not permit modelling of the exact interactions.

Earlier we were able to perform a mass spectrometric analysis
of intact MGST1 confirming the oligomeric structure and establish-
ing that this technique was applicable to a membrane protein [23].
Technological improvements in the form of an automated nano-
electrospray method capable of high spray stability in the analysis
of non-covalent complexes has now allowed us to study MGST1 li-
gand interactions by this technique demonstrating three bound
GSH molecules per trimer. Thus, there is an apparent discrepancy
between the experimentally determined binding stoichiometry in
equilibrium dialysis, mass spectrometry data and stopped flow
analysis versus H/D exchange and the solved structure.

Here we have adopted several techniques (equilibrium dialysis
binding/competition with GSH and the 1-chloro-2,4-dinitrobenzene
(CDNB) product 1-S-glutathionyl-2,4-dinitrobenzene (GSDNB),
inhibition experiments with GSDNB, as well as single turnover
experiments) to address this discrepancy. Our results show that
three GSH molecules bind to each MGST1 trimer albeit with widely
varying affinities (20 lM–2.5 mM). The GSH molecule in the catalyt-
ically competent thiolate anion form shows the highest affinity. A
complex product inhibition pattern supports subunit cooperativity
that is required for one-third-of-the-sites-reactivity.

These studies define the number of active sites in the MGST1
trimer and support an alternating one-third-of-the-sites catalytic
model.
Materials and methods

Synthesis of 1-S-glutathionyl-2,4-dinitrobenzene (GSDNB)

Synthesis of GSDNB was essentially performed as described in
[22].

Enzyme preparation

MGST1 was purified from male Sprague–Dawley rat livers as
described previously [24], with the exception that 0.2% Triton X-
100 was used during the last purification step. Enzyme concentra-
tion was determined according to Peterson [25] with bovine serum
albumin as standard.

Nanoelectrospray mass spectrometry

The buffer of the purified MGST1 enzyme was rapidly ex-
changed using Biospin p6 columns (BioRad, Hercules, CA, USA) into
50 mM ammonium acetate, pH 6.7, and test compounds (i.e.,
0.1 mM reduced GSH, Mr 307.33) or GSH and glutathione sulpho-
nate (GSO3

�, Mr 355.33) were added equimolar (0.1 mM of each)
prior to analysis. In order to exclude that binding resulted from
simple ionic interactions between the positively charged protein
and the negatively charged ligands, L-glutamate (1 mM) was tested
and found not to bind.

Nanoelectrospray mass spectrometry analyses were performed
on an orthogonal time-of-flight instrument (LCT, Waters Corp. Mil-
ford, MA, USA) fitted with a NanoMate source (Advion BioSystems
Inc., Ithaca, NY, USA).

Spray parameters included a source temperature of 80 �C, neb-
uliser gas flow rate 100 L/h, cone voltage 130 V (for the
GSH + GSO3

� experiment the cone voltage was subsequently in-
creased to 180 V to achieve best desolvation). To achieve optimum
desolvation efficiency, the pressures in the interface region were
optimised for each case (i.e., GSH alone and GSH + GSO3

�) by
reducing the pumping efficiency of the rotary pump by adjusting
a specifically fitted speedy-valve. Vacuum readings on the first
Pirani gauge (located in the line between the source and the rotary
pump) were 6.1 and 4.3 mbar, respectively. It should be noted that
both samples were also analysed using identical instrument set-
tings. In this analysis the observed stoichiometry of enzyme–ligand
complexes were the same as those found under the optimised
parameter settings.

The data were analysed using the manufacturer supplied Mass-
Lynx 4.0 software package. Mass spectra are shown after minimal
smoothing (3� Savitsky Golay smoothing, smooth window 5 chan-
nels). For calculation of mass increase, the centroids of the ion
envelopes were determined using 30% of the peak top and a min-
imum peak-width at half-height of 10 channels.

Equilibrium dialysis with GSDNB

Buffer exchange and removal of GSH from the purified enzyme
were performed by two gel filtrations, first in buffer A (10 mM K-Pi,
20% glycerol, 0.2% Triton X-100, 0.1 mM EDTA, pH 7.0), second in
Eq-buffer (0.1 M KCl, 10 mM K-Pi, 20% glycerol, 0.2% Triton X-
100, 0.1 mM EDTA, pH 8.0) on 10 DG columns (BioRad Laborato-
ries) according to the manufacturer’s instructions. The GSH free en-
zyme was mixed with GSDNB at concentrations varying from 50 to
1000 lM, and the mixture was dispensed into one half of the dial-
ysis cell [19] while the other half was filled with Eq-buffer contain-
ing an equivalent amount of GSDNB. Following agitation at 4 �C
overnight, the concentrations of GSDNB from both halves of the
dialysis cell were measured spectrophotometrically on a Philips
PU8720 UV/VIS at 340 nm (e340 = 9600 M�1 cm�1). A 0.3 cm cuv-
ette was used when the GSDNB concentration exceeded 300 lM.
The dialysis membrane used (Spectrum Spectra/Por�, molecular
weight cut-off of 12–14,000 Da) was prepared according to the
manufacturers instructions.

Equilibrium dialysis with GSH

Buffer exchange and removal of GSH from the purified enzyme
were performed by two gel filtrations, first in Eq-buffer, second in
buffer X (0.1 M K-Pi, 20% glycerol, 0.2% Triton X-100, 0.1 mM EDTA,
pH 7.0) containing 10 mM b-mercapthoethanol on 10 DG columns.
The GSH free enzyme was mixed with pH-adjusted GSH at concen-
trations varying from 5 to 1000 lM containing 0.3 lCi 35S-labelled
GSH (PerkinElmer, USA), and the mixture was dispensed into one
half of the dialysis cell [19] while the other half was filled with buf-
fer X containing an equivalent amount of GSH. Following agitation
at 4 �C overnight, the concentrations of GSH from both halves of
the dialysis cell were measured on a Beckman LS 5000CE beta scin-
tillation counter. The dialysis membrane used was prepared as for
the GSDNB dialysis.

Determination of Kd and Bmax

Determination of Kd and Bmax were performed with the software
GraphPad Prism 4 using a one site binding hyperbolic equation (Eq.
(1)). Measurement values are given ± standard error of the mean.
Outliers were statistically rejected with Grubbs’ test as described
in the GraphPad Prism Statistical Handbook.

½E � L�eq ¼
½E�0½L�eq

Kd þ ½L�eq

where L ¼ GSH or GSDNB; respectively:

ð1Þ
Equilibrium dialysis with GSDNB and GSH

Buffer exchange and removal of GSH from the purified enzyme,
dialysis membrane used and measurement of GSDNB concentra-
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tion were done as for equilibrium dialysis with GSDNB. The GSH
free enzyme was mixed with 800 lM GSDNB and pH-adjusted
GSH at concentrations varying from 0 to 50 mM. In a control exper-
iment the amount of reduced GSH was measured on the enzyme
free side of the dialysis membrane using 5,50-dithio-bis(2-nitro-
benzoic acid) in a 0.2 M potassium phosphate buffer, pH 8.0
(e412 = 13,600 M�1 cm�1). A part of GSDNB became irreversibly
bound (�20% of the monomer, as determined by lack of displace-
ment with the strong inhibitor GSO3

�) and GSH became partly oxi-
dised at low concentrations (<1 mM). The oxidation of GSH did not
exceed 70% and was corrected for.

Stopped flow kinetics

Purified enzyme was gel filtered on 10 DG columns in buffer X
containing 0.1 mM GSH. Active site titration was performed by
mixing the enzyme containing pH-adjusted GSH with CDNB in buf-
fer X (0.75 mM and 0.05 mM, respectively, final concentrations), on
an Applied Photophysics stopped-flow instrument at 340 nm
(e340 = 9600 M�1 cm�1) and 5 �C. Thiolate anion formation after a
single turnover was measured on the same instrument at 240 nm
(e240 = 5000 M�1 cm�1) and 5 �C at GSH concentrations ranging
from 0.5 to 16 mM using 17 lM CDNB (equimolar to the enzyme
active site concentration), final concentrations. Determination of
Kd, k2 and k�2 (Eqs. (2) and (3)) was performed with the software
GraphPad Prism 4 and measurement values are given ± standard
error of the mean.

Eþ GSH �
KGSH

d
E � GSH �

k2

k�2

E � GS� þHþ ð2Þ

kobs ¼ k�2 þ
k2½GSH�

KGSH
d þ ½GSH�

ð3Þ
Inhibition studies with GSDNB

The enzyme activity was determined in 0.1 M potassium phos-
phate buffer, pH 6.5, containing 0.1% Triton X-100 on a Philips
PU8720 UV/VIS spectrophotometer at 340 nm with CDNB. Determi-
nation of Km and kcat were made with the software GraphPad Prism 4
using non-linear regression. To visualise inhibition type, Linewe-
aver-Burk plots were used. Superimposed lines in Lineweaver-Burk
plots were made using Km and kcat values obtained from non-linear
regression fits. Values are given ± standard error of the mean.

Results

Non-covalent mass spectrometry to determine GSH-binding
stoichiometry

Electrospray analysis of the MGST1 sample (with 0.1 mM GSH)
showed a mass spectrum dominated by detergent clusters in the
m/z range <�1500 (Fig. 1A). However, ions corresponding to the
enzyme were observed in the high mass range (shown in 36-fold
magnification in Fig. 1A). Two separate charge state envelopes
are observed corresponding to the monomeric and trimeric forms
of the enzyme (as indicated by M and T in Fig. 1A). The most abun-
dant trimeric species observed was that containing three GSH mol-
ecules, while under the conditions used only a minor portion is
observed that contains two GSH molecules (c.f. Fig. 1C).

Upon co-addition of an equivalent amount (0.1 mM) of GSO3
�

to the enzyme-GSH solution, full competition by the inhibitor is
observed. In Fig. 1B and C are shown the overlaid spectra from
the analysis of MGST1 with 0.1 mM GSH and GSH + GSO3

�. In B
is shown the 8+ monomeric charge state and in C the 14+ trimeric
charge state. As can be seen the addition of inhibitor does not alter
the mass for the monomeric form. Indeed, in Fig. 1B, the two peaks
observed in the spectrum correspond to the non-acetylated, m/z
2169.3 and the N-acetylated enzyme, m/z 2174.5 [26]. On the other
hand, for the trimer species, a mass increase is observed as exem-
plified in Fig. 1C where the most abundant peak of the 14+ charge
state is shifted from m/z 3790.1 to 3800.0. The average mass shift
(calculated from the three most abundant trimer charge states,
13+, 14+ and 15+) observed was 141.53 Da. The error compared
to the theoretical mass shift (355.33–307.33 = 48 Da, 3 x
48 = 144 Da) was 2.47 Da. This corresponds to a mass shift error
of �47 ppm for the entire (three times GSH bound) trimeric en-
zyme. Together, this strongly suggests complete exchange of all
three GSH molecules for three inhibitor molecules.

Re-evaluation of GSH-binding affinity and stoichiometry by
equilibrium dialysis

In order to re-evaluate our previous binding data we repeated
equilibrium dialysis experiments with 35S-labelled GSH as de-
scribed in [19], with the exception that 10 mM b-mercaptoethanol
was used as a reducing agent instead of 0.1 M DTT. With the en-
zyme concentration used (29–31 lM trimer corresponding to
�90 lM potential binding sites), we could only observe one GSH
bound per trimer (Bmax 0.85 ± 0.03, Kd 16 ± 4 lM, Eq. (1) and
Fig. 2), confirming our previous results [19]. We therefore suggest
that MGST1 harbours one high affinity and two low affinity sites
for GSH. In this case Kd and Bmax most likely reflect binding of
GSH to the high affinity site where the thiolate anion is stabilized.
It should be noted that the measurements also put a lower limit on
the Kd of the two low affinity sites (at about 400 lM). The two
weaker sites could not be quantified due to practical limits in the
amount of enzyme that could be used.

Determination of the binding affinity and stoichiometry of GSDNB by
equilibrium dialysis

To evaluate product binding, equilibrium dialysis studies were
performed utilising GSDNB. When the data were fitted to a one site
binding hyperbola (Eq. (1) and Fig. 3), Bmax was determined to
3.6 ± 0.3 product molecules per trimer, and Kd to 320 ± 50 lM. This
clearly shows three active-binding sites per trimer. Attempts to fit
data to a two or a three site-binding equation did not improve the
fit.

Qualitative determination of GSDNB/GSH-binding competition by
equilibrium dialysis

The presence of three binding sites/trimer for the product
GSDNB allowed us to investigate whether GSH could compete for
all three sites, which was indeed the case (Fig. 4). In principle these
data could be used to determine the separate binding affinities of
all three GSH molecules. However, the precision of the data is
not sufficient for this purpose and only a qualitative determination
could be made, indicating complete exchange at a few mM GSH. It
should be noted that under these dialysis conditions GSDNB also
becomes irreversibly bound to a fraction of the enzyme (approxi-
mately 20% of the monomer), as determined by lack of competition
by an excess of the strong inhibitor, glutathione sulphonate (not
shown).

Determination of the affinity of the third GSH molecule by stopped
flow single turn over experiments

The pre-steady state kinetic properties of MGST1 [20,21] allows
the performance of single turn-over experiments where the en-
zyme, equilibrated with various concentrations of GSH, is rapidly



Fig. 1. MGST1 binds three GSH molecules per trimer. Automated nanoelectrospray mass spectrometry analysis of MGST1–substrate/inhibitor complexes. In A is shown the
full mass range (m/z 500–5000) for the analysis of detergent solubilised MGST1 in the presence of 0.1 mM GSH. Monomeric and trimeric enzyme forms are indicated by M
and T, respectively. In B is shown the overlaid spectra of the 8+ monomeric charge state of MGST1 in the presence of 0.1 mM GSH alone and with equimolar amounts of GSH/
GSO3

�. In C is shown the same spectra as in B for the m/z range of the most abundant trimeric charge state. Peaks corresponding to the binding of substrate/inhibitor
molecules are indicated.

Fig. 2. Binding of GSH to MGST1 analysed by equilibrium dialysis. GSH-free MGST1
was mixed with varying 35S-GSH concentrations (5–1000 lM) as described in
Experimental procedures. After equilibration overnight the partitioning of GSH was
measured by scintillation counting and the data were fitted to a one site binding
hyperbolic equation. Enzyme concentrations varied between 29 and 31 lM trimer
in different experiments (n = 3). The insert shows a magnification of the plot for
clarity.

Fig. 3. Binding of the product GSDNB to MGST1 analysed by equilibrium dialysis.
GSH-free MGST1 was mixed with varying GSDNB concentrations (50–1000 lM) as
described in Experimental procedures. After equilibration overnight the partition-
ing of GSDNB was measured spectrophotometrically and the data were fitted to a
one site binding hyperbolic equation. Enzyme concentrations varied between 26
and 35 lM trimer in different experiments. Each point represents a separate
experiment.
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mixed with a stoichiometric (1/trimer) concentration of CDNB.
Upon mixing a rapid burst of product formation and release takes
place. Subsequent GSH rebinding to the empty site and slow thio-
late anion formation can then be observed (the rebinding phase is
shown in Fig. 5A). Fitting the GSH dependence of kobs for the thio-
late anion formation (Fig. 5B and Eqs. (2) and (3)) yielded the Kd for



Fig. 4. GSH competition experiment against MGST1-bound GSDNB. GSH-free
MGST1 was mixed with varying GSH concentration (0–22 mM) and 800 lM GSDNB
as described in Experimental procedures. After equilibration overnight the parti-
tioning of GSDNB was measured spectrophotometrically. Enzyme concentrations
varied between 17 and 23 lM trimer in different experiments (n = 6).
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GSH (2.5 ± 0.5 mM). The presence of a low affinity site for GSH is
consistent with the mass spectrometry and structural data, and
was outside the sensitivity range for detection by conventional
equilibrium binding techniques.

Inhibition by GSDNB reveals a complex behaviour consistent with
subunit interactions

The product GSDNB appeared to act as a mixed inhibitor to-
wards GSH upon inspection of Lineweaver-Burk plots (Fig. 6A).
However, at closer examination the inhibition pattern appears
more complex as the lines do not intersect at a common point. This
also became evident when non-linear regression analysis of the
data was performed. Fitting a mixed inhibition model did not yield
a global fit (Fig. 6B). This indicates a more complex inhibition pat-
tern that would be consistent with cross talk between the subunits.
Pure non-competitive or competitive inhibition models resulted in
inferior fits (not shown).

Discussion

The members of the MAPEG superfamily are homo-trimeric
integral membrane proteins. The structural data for these pro-
teins show three active/binding sites per trimer [4,13–16] but
data on MGST1 demonstrates one-third-of-the-sites-reactivity
Fig. 5. GSH-binding to MGST1 that already has two GSH molecules bound. Single turnov
trimer. Thiolate anion re-formation was recorded after the initial burst (17 lM CDNB vs. 1
mixing the enzyme with 17 lM CDNB. The solid line is the best fit to a single exponen
concentration was fitted to Eq. (3) (n = 2 at low GSH concentrations, n = 3 at 8 and 16 m
titration (not shown).
with a single high affinity binding site for GSH [19–21]. Whether
this property is common to all MAPEG proteins remain to be
determined.

For the structure determination of MGST1 perfect threefold
symmetry was imposed either by the crystallographic threefold
axis in the P6 crystals or by applying non-crystallographic symme-
try for the orthorhombic P22121 crystal form [4]. At higher resolu-
tion at least the latter may allow for detecting structural difference
between monomers in the trimer provided that it follows the crys-
tal packing. Already the observation that this crystal form is com-
mon for MGST1 as well as for MPGES1 [16] is an indication that
perfect threefold symmetry may be broken, and that the individual
monomers within a trimer may adopt different conformations.

Here we have examined whether the seemingly conflicting
information on GSH-binding to MGST1 can be reconciled. By use
of novel advances in native membrane protein–ligand interaction
analysis by mass spectrometry, together with traditional binding/
inhibition studies and single turn-over measurements, we have
been able to give a more complete and consistent description of li-
gand binding to MGST1.

Automated nanoelectrospray approach provided two distinct
improvements compared to earlier work using glass capillary nee-
dles [23]. The nanoelectrospray was more readily started and
showed increased spray stability for the analysis of non-covalent
complexes, as previously observed [27]. These improvements were
absolutely crucial to obtain the sensitivity required. The observa-
tion of three GSH molecules bound per trimer confirms the struc-
tural data (Fig. 1C). The MGST1 monomer was not capable of
binding GSH under the same conditions (Fig. 1B). This observation
is consistent with the GSH-binding sites residing at the subunit
interfaces [4]. Equimolar glutathione sulphonate could compete
out all GSH molecules in the trimer and showed almost full occu-
pancy which is consistent with stronger binding observed earlier
[19].

We then reinvestigated our data on GSH-binding using equilib-
rium dialysis and observed one high affinity site (Kd = 16 lM,
Fig. 2) confirming previous results [19]. It should be noted that this
GSH must be in the thiolate anion form (as shown earlier by active
site titration experiments [20,21]).

Equilibrium dialysis with the product GSDNB revealed that
three molecules bind per MGST1 trimer with modest affinity
(Kd = 320 lM, Fig. 3). This affinity is not much higher than with
the corresponding substrate CDNB (0.5 mM [20]) indicating that
the GSH molecule itself does not display tight binding in the
non-thiolate form.
er experiment where GSH-bound MGST1 is rapidly mixed with CDNB at a ratio of 1/
4 lM MGST1-trimer). (A) The increase in absorbance at 240 nm at 16 mM GSH after
tial to obtain kobs. (B) The dependence of kobs for GSH thiolate formation on GSH
M). Enzyme concentration used was 14 lM trimer as measured by an active site



Fig. 6. Inhibition of MGST1 by the product GSDNB. Lineweaver-Burk plot (A) and a fit of the data (B) to a mixed inhibition mechanism. The concentration of GSDNB was 0 (j),
20 (N), 80 (.), 500 (�) and 750 (d) lM, GSH was varied between 0.5 and 15 mM and the CDNB concentration was fixed at 0.5 mM. The enzyme concentration was 0.5 lM
trimer (n = 3).
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In order to determine the affinity for the remaining two GSH
molecules we first attempted equilibrium dialysis competition
experiments, using GSDNB as a probe for GSH-binding. Indeed, a
high GSH concentration (of a few mM) was required to compete
out all GSDNB molecules (except a low percentage that became
irreversibly bound (Fig. 4)). This independently demonstrates the
capacity of the enzyme to bind three GSH molecules as expected.
Although, in principle, the competition data could reveal the bind-
ing affinities for all three GSH molecules, the data lack the preci-
sion necessary to do so. The lack of precision is principally due to
the limit on protein concentrations that can be achieved.

In order to determine the affinity of the third GSH molecule a
different strategy was therefore employed, using single turn-over
experiments. In essence this experiment involves removing one
(of three) GSH molecule from the MGST1 trimer and observe as a
new GSH binds and forms the thiolate. GSH thiolate formation is
a two step process known to proceed via rapid equilibrium binding
of GSH followed by a slow de-protonation of GSH [20,21]. Analysis
of the GSH concentration behaviour allows determination of the Kd

for the third GSH molecule (shown to be 2.5 mM, Fig. 5A). Thus one
of the low affinity sites is defined. The Kd for the ‘‘second” GSH re-
mains undetermined but we speculate that the value lies between
0.4 and 2.5 mM. This assumption is based on the high occupancy
during mass spectrometry (Fig. 1A and C) and the weak, but single
affinity, binding of the product GSDNB (Fig. 3). It is interesting to
note that the Kd of 50 mM for GSH, obtained from binding to the
empty enzyme [20], is much larger than the Kd of 2.5 mM mea-
sured for the dissociation of the third GSH obtained here. Thus, en-
zyme that has already bound GSH in one or two of the three sites
binds additional GSH more strongly.

In principle, one-third-of-the-sites-reactivity lowers the capac-
ity of MGST1 and as a consequence might not be favoured by evo-
lution. The membrane location of MGST1, however, poses specific
challenges that can provide a rationale for the observed mecha-
nism. The enzyme serves to link hydrophilic GSH to hydrophobic
substrates that are dissolved in the surrounding membrane [28].
Positioning GS� deep in the enzyme for optimal access to mem-
brane substrates, together with subsequent release of product to
the cytosol, requires considerable structural transitions by the pro-
tein. By coupling these structural transitions to the ability to form
tightly bound thiolate anion, the enzyme can achieve selectivity
and thereby avoid becoming trapped with a tightly bound product.
This is a realistic scenario given the enormous structural diversity
of electrophilic substrates that MGST1 is capable of using [28,29].
By having a low affinity for protonated GSH the enzyme also avoids
becoming trapped in the GSH sulfenic acid form (GSOH), a product
of the peroxidase activity of MGST1. Although the suggested mech-
anism could operate at each site independently, the stabilisation of
one GS� on a neighbouring subunit may promote structural transi-
tions, leading to product release. We believe that this is the key
principle that explains one-third-of-sites-reactivity. In fact, we
have observed that several hydrophobic ligands can increase the
enzyme activity, consistent with the latter suggestion [30]. The
dynamics of protonation/deprotonation between the individual
subunits is not known, and, if influenced by second substrate bind-
ing, could also direct efficient catalysis.

To summarise, GSH initially binds to each of the three low affin-
ity sites in MGST1 (Kd = 50 mM). Once one molecule of bound GSH
is deprotonated (Kd = 20 lM), the remaining active sites bind their
GSH more strongly (Kd = 2.5 mM for the third GSH), but cannot
promote deprotonation. This results in one-third-of-sites-
reactivity.
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