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ABSTRACT: Microsomal glutathione (GSH) transferase 1 (MGST1) is a trimeric, integral membrane protein
involved in cellular response to chemical or oxidative stress. The cytosolic domain of MGST1 harbors
the GSH binding site and a cysteine residue (C49) that acts as a sensor of oxidative and chemical stress.
Spatially resolved changes in the kinetics of backbone amide H/D exchange reveal that the binding of a
single molecule of GSH/trimer induces a cooperative conformational transition involving movements of
the transmembrane helices and a reordering of the cytosolic domain. Alkylation of the stress sensor
preorganizes the helices and facilitates the cooperative transition resulting in catalytic activation.

The membrane-bound microsomal glutathione (GSH)1

transferase 1 (MGST1) is found in abundance in both the
endoplasmic reticulum and outer mitochondrial membranes.
The protein is a member of the membrane-associated proteins
in eicosanoid and glutathione metabolism (MAPEG) super-
family that includes prostaglandin E2 synthase, leukotriene

C4 synthase, and 5-lipoxygenase activating protein (1). The
MGST1 protein is involved in the protection of cells against
oxidative damage of membrane lipids by functioning as a
peroxidase with lipid hydroperoxides or by catalyzing the
addition of GSH to electrophilic species such as epoxides
(2, 3). The protein is unique in that its catalytic response is
enhanced by oxidation or alkylation of a cysteine residue
(C49), which acts as an antenna for the detection of chemical
or oxidative stress (4).

The protein exists in the membrane as a 52 kDa homo-
trimer that binds a single molecule of GSH (5-7). The
binding and ionization of GSH occurs in a two-step process
involving a rapid-equilibrium association followed by a slow
conformational transition (k ) 0.4 s-1) and concomitant
formation of a tight enzyme-thiolate (E3* ‚GS-) complex
as shown in Scheme 1 (6). The formation of E3* ‚GS- is
often the rate-limiting step in catalysis. Alkylation of the
stress sensor (C49) activates the enzyme by increasing the
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rate of the conformational transition 30-fold (k ) 13 s-1)
(8).

The three-dimensional structure of MGST1 has been
determined to 6 Å resolution by electron crystallography of
two-dimensional crystals with plane groupsP6 (9) and
P22121 (10). The three-dimensional molecular density map
shows that the trimeric protein spans the membrane with
three repeats of a left-handed four-helix bundle motif. The
principal difference between theP22121 and P6 structures
is a change in the inclination of the helices. It has been
suggested that the different helical tilt angles reflect an
intrinsic flexibility of the molecule and represent the con-
formational transition that occurs during formation of the
E3* ‚GS- complex (10). The cytosolic domain, which is
thought to harbor the GSH binding site and the stress sensor,
C49, is not well defined in the density map. As a conse-
quence, there is little information on the exact location of
the GSH binding site, the conformational transition that
accompanies GSH binding, or the structural link between
chemical modification of C49 and enhanced catalysis.

In this report, we extend the resolution of the electron
crystal structure to 4.5 Å and describe the use of amide H/D
exchange mass spectrometry (MS) to map conformational
changes of this integral membrane protein upon binding
substrate and on chemical modification of the stress sensor.
Amide H/D exchange MS provides for the facile and
sensitive detection of changes in solvent accessibility and
dynamics of the protein backbone (11-14) with a good
degree of spatial resolution. Although the technique has been
applied to model membrane peptides (15), it has not been
exploited to interrogate a functioning integral membrane
protein. We demonstrate here that the technique is particu-
larly well suited for integral membrane proteins and can be
extended to include catalytically active two-dimensional
protein crystals. Alterations in the exchange kinetics indicate
that the binding of GSH results in an extensive ordering of
the cytosolic domain of the protein and occurs with a
cooperative conformational transition involving movements
of the transmembrane helices. The activation of the enzyme
by alkylation of the stress sensor poises the protein near the
transition and thus facilitates the binding and ionization of
GSH under conditions of chemical stress.

EXPERIMENTAL PROCEDURES

Materials. Deuterium oxide (99.9 at. % D), glutathione,
â-mercaptoethanol, and pepsin were purchased from Sigma
Chemical Co. (St. Louis, MO).N-Ethylmaleimide (NEM)
was obtained from ICN Biomedicals, Inc. (Aurora, OH) and
5,5′-dithiobis(2-nitrobenzoic acid) from Aldrich Chemical
Co. (Milwaukee, WI). Bovine liverL-R-phosphatidylcholine
was purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Formic acid (90%) was supplied by J. T. Baker
(Phillipsburg, NJ) and anhydrous monobasic potassium
phosphate by Fisher Scientific (Pittsburgh, PA). HPLC grade
acetonitrile was purchased from EM Science (Gibbstown,
NJ).

Enzyme Preparation.MGST1 was purified from livers of
male Sprague-Dawly rats as previously described (16) and
was stored in 10 mM potassium phosphate (pH 7.0), 0.1 M
KCl, 0.1 mM EDTA, 1 mM glutathione, 0.2% Triton X-100,
and 20% glycerol. Removal of GSH from MGST1 prior to
mass spectrometry was performed with 10 DG gel filtration
columns (Bio-Rad Laboratories; Hercules, CA) preequili-
brated with 10 mM potassium phosphate (pH 7.0). After
addition of MGST1, the protein was eluted with 10 mM
potassium phosphate (pH 7.0). Two passes over the gel
filtration column were required to remove all contaminating
GSH, as confirmed by DTNB-free thiol quantification (17).
Protein concentration was determined with the noninterfering
protein assay (Geno Technology, Inc.; St. Louis, MO) and
bovine serum albumin as the standard. Stock protein samples
(58 µM; 1.0 mg/mL) for H/D exchange experiments were
aliquoted, purged with nitrogen gas, and flash-frozen at
-80 °C.

Crystallization, Electron Microscopy, and Data Process-
ing. Two-dimensional crystals of MGST1 with bovine liver
L-R-phosphatidylcholine were prepared as previously de-
scribed (18). Electron crystallography was used to determine
the three-dimensional structure of MGST1 from two-
dimensional crystals having two different symmetries ob-
served earlier,P22121 and P6 (19, 20). The map of the
orthorhombic form (P22121) was calculated from analysis
according to ref21 and from merging 45 images collected
at a specimen temperature of 4 K (22) and at tilt angles up
to 53°. The overall weighted phase residual andR-factor were
23.1° and 0.35, respectively, for data with a cutoff at 4.5 Å
resolution. Previous angular correlation tests (10) have shown
very strong noncrystallographic 3-fold symmetry of the
MGST1 trimer in the orthorhombic crystal form, and
consequently, this local symmetry operation was imposed
to obtain the final map.

The phosphatidylcholine complex of MGST1 for H/D
exchange was prepared in the same way as for the two-
dimensional crystals. Detergent-solubilized MGST1 was
mixed with bovine-liverL-R-phosphatidylcholine at a lipid
to protein molar ratio of∼3 (18, 19). The protein concentra-
tion in the dialysate was 2 mg/mL. The detergent was
removed over 8 days of dialysis at 20 to 30°C against
detergent-free buffer containing 10 mM potassium phosphate
(pH 7.0), 50 mM KCl, 0.1 mM EDTA, 20% v/v glycerol,
and 1 mM GSH. The final concentration of MGST1 was
1.75 mg/mL.

Identification of Peptic Fragments of MGST1.Prior to H/D
exchange experiments, apo-MGST1 was thawed and filtered
through a 0.2µm cellulose acetate spin column (Corning
Incorporated; Acton, MA) to remove any particulate matter
or insoluble protein. Pepsin digests of apo-MGST1 (1.5:1
pepsin/MGST1 w/w) were performed under the quenching
conditions of the H/D exchange experiment (5 min, pH 2.4,
0 °C). Essentially, 17µg of MGST1 in 100µL of quench
buffer (0.1 M potassium phosphate (pH 2.4)) was digested
by adding 25µg of pepsin (5µL of 5 mg/mL solution in
H2O) for 5 min on ice. The pepsin-digested peptides were
separated by reversed-phase HPLC and identified by tandem
ESI-MS/MS sequencing “on the fly” as peptides are eluted.
Peptides were first separated on a microbore 1 mm× 150
mm C18 column (Phenomenex, Torrence, CA), using a
5-75% acetonitrile/H2O gradient over 25 min (0.1 mL/min),

Scheme 1
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where both mobile phases contained 0.4% formic acid.
Peptides were sequenced using a ThermoFinnigan LCQ ion-
trap mass spectrometer (San Jose, CA) in positive-ion mode
by data-dependent tandem MS/MS collision-induced dis-
sociation. The putative identities of the peptides were
determined from a computer-generated peptic peptide map
of MGST1 with the ExPASy-PeptideMass software (23) and
were confirmed by analysis of the MS/MS sequencing of
individual peptides by comparison to the theoretical frag-
mentation patterns for that peptide generated by the Pro-
teinProspector program MS-Product (24). Pepsin digests of
MGST1 were found to be highly reproducible under the
optimized conditions presented. The pepsin-MGST1 peptide
map is shown in Figure S1 (Supporting Information).

Hydrogen-Deuterium Exchange.GSH-MGST1 for H/D
exchange experiments was prepared by adding 3 mM
glutathione [0.1 M potassium phosphate, (pH 7.0)] to apo-
MGST1 in complex with Triton X-100 (1.0 mg/mL, 58µM)
or to 2-D crystals of MGST1 (1.7 mg/mL, 98µM) and
allowing the mixture to equilibrate 20 min on ice before use.
NEM-alkylated MGST1 was prepared by incubating apo-
MGST1 (58µM) with 120 µM N-ethylmaleimide [0.1 M
potassium phosphate, (pH 7.0)] on ice for 30 min before
each time point to avoid protein aggregation. The alkylation
reaction was quenched with 100µM â-mercaptoethanol prior
to deuteration. NEM-alkylated GSH-MGST1 was prepared
by incubating apo-MGST1 (58µM) with 120 µM N-
ethylmaleimide (0.1 M potassium phosphate (pH 7.0) on ice
for 30 min. The reaction was quenched on ice by the addition
of 3.2 mM glutathione, which reacts with the remaining free
NEM but is in excess so that GSH binds the active site of
the protein (25).

Deuterium exchange was initiated by the addition of 10
µL of MGST1 (1.0 mg/mL for the TX100 complex; 1.75
mg/mL for the phospholipids complex) to 40µL of D2O.
The deuterium-protein solution was incubated at 23°C for
various times (15 s to 6 h), after which the exchange reaction
was quenched by addition of 50µL of quench buffer
[0.1 M potassium phosphate (pH 2.4) in H2O; 0 °C] and
subsequent transfer to an ice bath. After 25 s of quenching
on ice, 1.5 equiv (w/w) of pepsin (5µL of 5 mg/mL in water)
was added, and the digestion was incubated for an additional
5 min on ice. All protein samples for the H/D exchange
(15 time points) were prepared individually and run on the
same day.

Deuterium Exchange Control Experiments.To determine
the extent of artifactual exchange of deuterium that occurred
after the acidification (quench) and during the pepsin
digestion, a zero-time control (m0%) was performed (26). Ten
microliters of MGST1 was added to 50µL of quench buffer
at 0 °C, followed by the addition of 40µL of D2O. Pepsin
was subsequently added (25µg), and the protein was digested
for 5 min on ice, as described. The extent of deuterium
incorporation for individual peptides during the digestion step
varied between 0% and 5%.

The amount of deuterium that is lost during the HPLC
chromatography step can also be determined. A completely
deuterated protein sample (m100%) is necessary for this
analysis. The usual method for obtaining the fully deuterated
sample requires the addition of D2O at neutral pH and
extended incubation at high temperatures (40-60 °C) to
partially denature the protein (26). However, MGST1

precipitates at these temperatures; therefore, another method
was employed. Ten microliters of MGST1 was added to
40 µL of D2O and incubated at 32°C for 5 h, after which
50 µL of deuterated quench buffer (0.1 M potassium
phosphate, pD 2.4) was added and incubated for an additional
3 h. After incubation, the sample was transferred to ice,
digested with pepsin, and analyzed by the normal procedure.
The average amount of deuterium lost during HPLC frac-
tionation was 10-25% after normalizing to 100% deuterium
incorporation.

HPLC-ESI Mass Spectrometry.HPLC/ESI-MS was used
to determine the extent of deuterium incorporation into
individual peptides. The HPLC injection loop and all
chromatographic buffers were completely submerged in ice-
water slurries maintained at 0°C to minimize deuterium
back-exchange with hydrogen. The pepsin-digested peptides
were separated over 12 min by a 5-60% acetonitrile/H2O
gradient where both mobile phases contained 0.4% formic
acid. The peptides were separated using a ThermoFinnigan
Surveyor HPLC (San Jose, CA) equipped with a Phenom-
enex microbore 1 mm× 50 mm C18 reverse-phase column
(Torrence, CA) at 100µL/min. A six-port divert valve was
used to divert early-eluting phosphate salts and late-eluting
detergent molecules to waste. Also, an additional wash step
(10 min) with a 2-propanol-containing buffer (50% aceto-
nitrile/40% 2-propanol/10% H2O/0.4% formic acid) was
performed after each injection to remove highly hydrophobic/
large detergent particles from the column.

Mass spectra were recorded on a ThermoFinnigan TSQ
Quantum triple-quadrupole mass spectrometer (Finnigan
Corp., San Jose, CA) using positive ion electrospray ioniza-
tion (ESI). Before each time course, polytyrosine was used
to optimize the sheath and auxiliary nitrogen gas pressures,
as well as the tube lens voltage at 182.0, 508.0, and 997.0
m/z. The heated capillary was maintained at 190°C, and
the spray voltage was kept at 3.5 kV. The detector was
calibrated to unit resolution, and the data were collected at
a scan time of 1 s and a peak width of 0.7 by scanning over
300-1500m/z. Data processing was performed using Finni-
gan Xcaliber software (version 1.2). Peptide ions were
located by mass searching, yielding the chromatographic
retention profile for each ion. The scans contained within
the extracted chromatographic ion profile were averaged to
produce a composite spectrum for each ion. MagTran 1.0
beta 9 software developed by Zhang and Marshall (27) was
used to determine the centroid of the given composite isotope
envelope.

Kinetic Analysis. The deuterium content of partially
deuterated peptides must be corrected for the gain (m0%) and
loss (m100%) of deuterium during analysis (12, 27). The
following expression was used to calculate the corrected
deuterium content (D) of a peptide (12):

wherem0%, mt, andm100% are the average molecular masses
of the same peptide in the nondeuterated, the partially
deuterated at timet, and the fully deuterated control samples,
respectively.N is the total number of exchangeable peptide
amide protons less one for the N-terminal amide proton and
any proline residues.

D ) [N( mt - m0%

m100%- m0%
)] (1)
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The amount of deuterium incorporated in each peptide was
averaged from three independent kinetic runs and plotted as
a function of time. The resulting progress curve for each
peptide was fit using KaleidaGraph (Synergy Software) to
the sum of first-order rate terms according to eq 2,

whereD is the number of incorporated deuteriums,N is the
total number of exchangeable sites,An is the number of amide
protons that exchange at a given rate constant,kn, during
the time allowed for isotopic exchange,t (26). The kinetic
profiles were fitted to single-, double-, or triple-exponential
equations as appropriate.

RESULTS AND DISCUSSION

Three-Dimensional Structure of MGST1 at 4.5 Å Resolu-
tion. The present 3-D map was obtained from a crystallization

medium containing glutathione. Exclusion of glutathione
does not lead to changes in unit cell dimensions, and it may
thus be expected that the structures with and without
glutathione are isomorphous. In contrast, soaking preformed
2-D crystals with NEM leads to a gradual disintegration of
the periodicity indicating major conformational changes. The
molecular density of the orthorhombic crystal form, extended
to a resolution of 4.5 Å, is illustrated in Figure 1. Although
the connectivity of the helices is still not apparent, the present
map shows a clear pitch of the transmembrane helices and
some cytosolic substructure (Figure 1A). Consideration of
the left-handed twist of typical four-helix bundles in mem-
brane proteins in the absence of information on the helix
connectivity suggests that there are two possible groupings
of four-helix bundles that comprise a monomer as illustrated
in Figure 1B.

Fitting polyalanine helix models into the corkscrew density
suggests that the helices vary from 28 to 38 residues with
lengths of 33 Å for helix A, 44 Å for helix B, 57 Å for
helix C and 39 Å for helix D with an uncertainty in the
lengths of between 2 and 5 Å. The longest corkscrew density
(helix C) is twice the length necessary to span the phospho-
lipid bilayer. Therefore, it is likely that the helical structure
extends into the cytosolic domain. Part of the observed
density at the ends of the helices may be due to ordered
turns or loops.

Structure and the Kinetics of H/D.To further probe the
structure of MGST1, backbone amide H/D exchange kinetics
of protein-Triton X-100 (TX100) or protein-phospholipid
complexes were measured by pulsing samples with D2O for
times ranging between 15 s and 6 h at 25°C (pH 7.0). The
exchange reactions were quenched (pH 2.4, 0°C) and rapidly
digested with the acid protease pepsin. The extent of isotope
incorporation for each of 22 peptides at 15 time points was
determined in triplicate by HPLC/ESI-MS. Kinetic profiles
for all peptides are given in Figures S2-S17 in Supporting
Information.

The extent of fast exchange (kx > 4 min-1) along the
protein backbone of apoMGST1 in complex with Triton
X-100 (MGST1‚TX100) is illustrated in Figure 2. The fast-
exchange regime is the best predictor of solvent accessibility
and protein secondary structure (14). For apo-MGST1, there

FIGURE 1: Panel A presents a side view of the molecular density
map of one trimer of MGST1 at 4.5 Å resolution. The cytosolic
domain is on top. A noncrystallographic 3-fold symmetry has been
applied as described previously (10). Panel B presents a view of
one trimer from the unsymmetrized map looking down the
noncrystallographic 3-fold axis from the cytosolic side of the
membrane. Two possible four-helix bundles for one monomer are
illustrated by grouping helical cylinders ABCD or ABC*D. The
map was calculated to 4.5 Å resolution from electron micrographs
of plane groupP22121 two-dimensional crystals (18) tilted between
0° and 53°. The crystal images were processed using electron and
X-ray crystallographic software from the MRC (28) and CCP4 (29)
program systems and visualized using theO (30), MolRay (31)
and Povray (32) programs.

D ) N - A1 e-k1t - A2 e-k2t - A3 e-k3t ... - An e-knt (2)

FIGURE 2: Extent of exchange in the fast phase (kx > 4 min-1) as
a function of position along the backbone of apoMGST1. The
topology of the protein is illustrated at the top where the purple,
red, and green segments represent the predicted luminal, cytosolic,
and membrane-spanning helical regions, respectively.
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is an excellent correlation between the extent of exchange
and the predicted membrane-spanningR-helices. Helices 1
and 4, for example, exhibit no exchange in the fast phase,
while about 20% of the sites in the shorter helices 2 and 3
show fast exchange. In contrast, regions in the luminal N-
and C-terminal peptides and a significant portion of the
cytosolic domain exhibit extensive exchange in the fast phase
consistent with considerable solvent exposure of the back-
bone in these regions.

Influence of GSH on Kinetics of H/D Exchange.The
influence of GSH on H/D exchange in the cytosolic domain

is marked and illustrated in Figure 3A. Figure 4A provides
a summary of all peptides that exhibit a substantial change
in exchange behavior upon addition of GSH. A large portion
of the cytosolic domain and the C-terminal ends of helices
1 and 3 show decreases in the rate of H/D exchange where
at least 30 sites exhibit a significant (>3-fold) reduction
(Figure 4A). The profound effect of the addition of GSH on
the H/D exchange kinetics signals a substantial conforma-

FIGURE 3: Kinetic profiles for H/D exchange of selected peptides
in MGST1. The solid lines are fits of the data to either a single- or
double-exponential equation. The amplitudes and rate constants used
to generate the solid lines are given in Table 1. The number of
exchangeable sites for each peptide is shown in parentheses. Panel
A shows kinetic profiles for peptide 44-58 from MGST1‚TX100
(red) and MGST1‚GS-‚TX100 (blue). The purple and green traces
represent peptide 45-58 from the NEM-alkylated enzyme in the
absence and presence of GSH, respectively. Panel B shows kinetic
profiles for peptide 19-23 from the MGST1‚TX100 (red),
MGST1‚GS-‚TX100 (blue), NEM-alkylated-MGST1‚TX100 (pur-
ple), and NEM-alkylated-MGST1‚GS-‚TX100 (green) complexes.
Panel C shows kinetic profiles for peptide 104-106 from the
MGST1‚TX100 (red), NEM-alkylated-MGST1‚TX100 (purple),
MGST1‚GS-‚TX100 (blue), and NEM-alkylated-MGST1‚GS-‚
TX100 (green) complexes.

FIGURE 4: Summaries of changes in the H/D exchange kinetics of
MGST1 complexes relative to a defined reference state: (A)
MGST1‚GS-‚TX100 referenced to MGST1‚TX100. (B) NEM-
alkylated MGST1‚TX100 referenced to MGST1‚TX100. (C) NEM-
alkylated MGST1‚GS-‚TX100 referenced to MGST1‚GS-‚TX100.
The predicted transmembrane helices 1-4 are shown from left to
right. Peptides colored in red and blue indicate enhanced and
reduced exchange, respectively.
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tional change and provides clear and direct evidence that
the cytosolic domain of the enzyme harbors the GSH binding
site.

Perhaps even more interesting is the behavior of two short
peptides located roughly in the middle of helices 1 and 3
that show an increase in the exchange rate of a single amide
in each peptide as shown in Figures 3B,C and 4A. The two
sites exchange with similar kinetics (Table 1) suggesting that
they are located in chemically similar environments. The
precision of the kinetic data for peptides 19-23 and 104-
106 suggests that the exchange at each of the two sites
follows single-exponential kinetics with amplitudes of one
deuterium per subunit. This is an important observation since
this kinetic behavior is most consistent with a cooperative
conformational transition in which all three subunits respond
in a similar way to the binding of a single GSH/trimer. The
alternative of only one of three subunits being influenced
by the single GSH/trimer would be expected to lead to more
complex exchange behavior such as double-exponential
kinetics with amplitudes of less than one deuterium per
subunit.

Each peptide, 19-ATIIL-23 and 104-IHF-106, harbors a
hydrophilic side chain, which may facilitate solvent access
to the helices after the conformational transition. Helical
wheel projections of helices 1 and 3 (Figure 5) indicate that
residues T20 and H105 reside on the faces of the two helices
with the highest propensity for helical packing (33). We
conclude that the H/D exchange kinetics constitutes the
detection of an intersubunit or intrasubunit change in packing
interactions involved in the cooperative conformational
transition. The enhanced H/D exchange suggests that helical
packing changes so that the hydrophilic faces have more
access to solvent when GSH is bound. This cooperative
transition may involve the reorientation of helices 1 and 3
in a manner that is reflected in the differences in helical
inclinations observed in theP6 andP22121 crystal forms (9).
In the context of the three-dimensional density map, it seems
most likely that the intersubunit contact is either between
the A and C helices for an ABCD monomer grouping or the
B and C helices for the ABC*D monomer grouping (Figure
1B).

Conformational Response to Stress Sensor Modification.
Alkylation of the chemical stress sensor (C49) withN-
ethylmaleimide has a significant effect on the H/D exchange

Table 1: Rate Constants and Amplitudes for H/D Exchange into Selected Peptides of MGST1a

peptide/conditionb A1 (D) kx1 (min-1) A2 (D) kx2 (min-1)

44-58 (13)/apo 1.1( 0.3 1.6( 0.6 2.3( 0.1 0.026( 0.003
44-58 (13)/GSH 7.0( 0.5 1.6( 0.2 4.0( 0.2 0.021( 0.002
45-58 (12)/NEM 4.3( 0.4 1.6( 0.2 4.89( 0.09 e8 × 10-4

45-58 (12)/NEM+GSH 3.2( 0.1 0.032( 0.004
19-23 (4)/apo 3.99( 0.01 e3 × 10-4

19-23 (4)/GSH 1.08( 0.04 0.063( 0.008 3.0( 0.1 e2 × 10-4

19-23 (4)/NEM 1.02( 0.04 0.056( 0.009 2.9( 0.2 e4 × 10-4

19-23 (4)/NEM+GSH 1.04( 0.03 0.036( 0.003 3.1( 0.2 e6 × 10-5

104-106 (2)/apo 2.01( 0.01 e2 × 10 -4

104-106 (2)/GSH 1.07( 0.04 0.09( 0.01 1.00( 0.04 e2 × 10-4

104-106 (2)/NEM 0.98( 0.02 0.029( 0.002 1.1( 0.1 e2 × 10-4

104-106 (2)/NEM+GSH 0.95( 0.02 0.063( 0.003 1.08( 0.02 e2 × 10-4

125-133 (7)/GSH 2.24( 0.07 0.060( 0.005 4.02( 0.01 e2 × 10-4

125-133 (7)/GSH+PC 0.78( 0.01 0.21( 0.05 5.33( 0.05 (1.23( 0.05)× 10-3

145-148 (3)/GSH 1.19( 0.08 0.24( 0.05 2.07( 0.06 (2.3( 0.2)× 10-3

145-147 (3)/GSH+PC 1.16( 0.09 0.06( 0.01 2.06( 0.09 e4 × 10-4

a Kinetic traces are illustrated in Figures 3 and 6A.b The numbers in parentheses are the total number of exchangeable sites. Unless otherwise
noted, the exchange reactions were done in the presence of TX100 in the absence of GSH (apo), in the presence of GSH (GSH), after alkylation
with NEM (NEM), and after alkylation with NEM in the presence of GSH (NEM+GSH). Exchange reactions done in the absence of TX100 and
in the presence of GSH and phosphatidylcholine are denoted GSH+PC.

FIGURE 5: Helical wheel projections of helices 1 and 3 illustrating
the faces predicted for transmembrane helix packing interactions.
The transmembrane sequence was defined as the 18 most hydro-
phobic consecutive amino acid residues and the average helical
packing values were calculated by the method of Liu and colleagues
(33). Residues with average three-residue packing values greater
than the predefined cutoff (0.45) were designated as having the
greatest propensity for transmembrane packing interactions (circled).
Note the location of T20 and H105 in these regions.
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kinetics and a small effect on the peptic digest where the
peptide containing C49 is one residue shorter than the one
derived from the native protein. In the absence of GSH, the
NEM-alkylated protein aggregates, making it difficult to
follow the exchange kinetics for extended periods of time.
However data collected over a 2-h time course indicate that
alkylation clearly alters the structure of the cytosolic domain
as indicated in Figure 3A. Specifically, peptide 45-58, which
contains C49, shows a decrease in the number of sites
exchanging in both the fast and slow kinetic regimes. The
addition of GSH to the NEM-alkylated enzyme produces an
even more dramatic, additive decrease in the exchange rates
of seven of the twelve sites. In contrast, peptide 75-90 at
the junction of the cytosolic domain and helix-2 shows a
substantial reduction in exchange in at least seven of the
fourteen sites in the NEM-alkylated enzyme, which is
substantially reversed upon addition of GSH.

Most striking is the fact that alkylation of C49 recapitulates
the exchange behavior of peptides 19-23 in helix-1 and
104-106 in helix-3 observed for the native MGST1‚GS-

complex (Figures 3B,C and 4B). In addition, there is an
increase in H/D exchange of one site in the middle of helix
4 (peptide 134-141, Figure S12A, Supporting Information)
suggesting that alkylation in the absence of GSH changes
the packing interactions in three of the four helices. Thus
the alkylation event appears to loosen the packing interactions
between the helices and therefore poises the protein near the
cooperative transition associated with the binding and
ionization of GSH at least with respect to the movements of
the transmembrane helices. The influence of GSH on the
exchange behavior of the NEM-modified protein is most
pronounced in the cytosolic domain as illustrated in Figure
4C.

H/D Exchange in the Proteolipid Complex. Most of the
detailed biochemical analysis of purified MGST1 has been
done in the presence of the detergent Triton X-100, which
forms a discrete complex with the protein. One salient issue
with the H/D exchange analysis is to what extent the
detergent complex reflects the behavior of the protein in the
membrane. To address this issue, we carried out the H/D
exchange experiments with proteolipid complexes containing
catalytically active two-dimensional crystals of MGST1. The
results are reported in Figure 6. Of the 147 main-chain N-H
sites, only 13 exhibit altered kinetics in the proteolipid
complex when compared to the TX100 complex. Nine of
these sites are located in peptides near the predicted ends of
the transmembrane helices where the zwitterionic phospho-
lipid headgroups are expected to contact the protein. The
other sites are located in the cytosolic domain and suggest
that part of this domain may contact the membrane surface.
However, the subtle differences indicate that the detergent
and phospholipid complexes are structurally similar.

Conclusions. Our results are consistent with a catalytic
mechanism for MGST1 involving a cooperative conforma-
tional transition that is coupled to the ionization of a single
molecule of GSH per homotrimer. The binding of GSH leads
to a more ordered structure, particularly in the cytosolic
domain. The H/D exchange kinetics also suggest that
reorientation of at least two of the transmembrane helices
occurs during this transition and that the kinetic barrier for
the event is lowered by chemical modification of the stress
sensor, C49. The stress sensor appears to function as a

molecular switch poising the protein in a conformation more
favorable for binding and ionization of GSH. Finally, on a
more general note, we have demonstrated that amide H/D
exchange MS is a sensitive and attractive tool for examining
the structure and dynamics of integral membrane proteins
in both detergent and phospholipid complexes that are often
difficult to study by other physical techniques.
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