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Microsomal glutathione transferase 1 (MGST1) is
representative of a superfamily of membrane proteins
where different members display distinct or over-
lapping physiological functions, including detoxication
of reactive electrophiles (glutathione transferase),
reduction of lipid hydroperoxides (glutathione per-
oxidase), and production of leukotrienes and
prostaglandin E. It follows that members of this
superfamily constitute important drug targets regard-
ing asthma, in¯ammation and the febrile response.
Here we propose that this superfamily consists of a
new class of membrane proteins built on a common
left-handed four-helix bundle motif within the mem-
brane, as determined by electron crystallography of
MGST1 at 6 AÊ resolution. Based on the 3D map and
biochemical data we discuss a model for the mem-
brane topology. The 3D structure differs signi®cantly
from that of soluble glutathione transferases, which
display overlapping substrate speci®city with MGST1.
Keywords: electron crystallography/membrane protein/
microsomal glutathione transferase/3D structure

Introduction

Lipids are key components of cell signalling but are also
vulnerable to oxidative stress. Membrane proteins belong-
ing to a recently characterized superfamily named
MAPEG (membrane-associated proteins in eicosanoid
and glutathione metabolism) (Jakobsson et al., 1999a)
have evolved divergent functions to protect against
reactive lipid intermediates (lipid hydroperoxides and
hydroxyalkenals) or indeed harness these molecules for
key physiological functions (leukotrienes and prosta-

glandins). The fundamental nature of this superfamily is
underscored by its wide distribution from prokaryotes to
humans, and the fact that a recently identi®ed
prostaglandin E synthase (Jakobsson et al., 1999b) is one
of the genes most strongly upregulated during p53-
mediated apoptosis in a colon cancer cell line, referred
to as PIG12 (Polyak et al., 1997). Furthermore,
prostaglandin E synthase mRNA expression is upregulated
in b-amyloid-treated rat astrocytes as well, suggesting a
possible role in Alzheimer's disease (Satoh et al., 2000).
The most thoroughly studied member of this superfamily
is MGST1, an abundant detoxication enzyme displaying
both glutathione S-transferase (GST) and peroxidase
activities. The structure now obtained provides a basis
for interpreting previous results and indeed changes our
view of the topology and structure of the MAPEG
proteins.

Microsomal glutathione transferase 1 (MGST1) is a
homotrimeric protein (Mr = 51 kDa) that is present at high
concentrations both in the endoplasmic reticulum and the
mitochondrial outer membrane. A reason for the two
different locations is perhaps the need for protection of
these membranes against oxidative stress. Abundant
presence at two different locations is an unusual feature
for a membrane protein. It was shown earlier that the
homotrimer binds one glutathione (GSH) molecule and
that the hydrophobic xenobiotic binding site faces the
cytosol (Andersson et al., 1994; Sun and Morgenstern,
1997). The active site of MGST1 might thus bene®t from
membrane proximity and/or a xenobiotic substrate gradi-
ent extending into the cytosol (as hydrophobic molecules
are concentrated in the membrane). It is also possible that
speci®c substrates, such as phospholipid hydroperoxides,
can interact while still partly embedded in the membrane.

Depending on the prediction programme applied, three
or four transmembrane regions can be seen in hydropathy
plots. One transmembrane stretch was shown by trypsin
cleavage of the trimer to be situated between Lys4 and
Lys41, with the N-terminus on the lumenal side of the
membrane (Andersson et al., 1994).

In the projection maps of two different 2D crystal forms
(Hebert et al., 1997; Schmidt-Krey et al., 1999), three
densities per monomer were identi®ed with a diameter and
spacing typical of perpendicular a-helices (Henderson and
Unwin, 1975; Henderson et al., 1990; KuÈhlbrandt et al.,
1994; Cheng et al., 1997; Li et al., 1997; Walz et al., 1997;
Auer et al., 1998; Rhee et al., 1998; Unger et al., 1999;
Williams, 2000). An additional, longer density on the
periphery of the monomer within the trimer could not be
identi®ed, but was thought to arise from secondary
transmembrane structure as well, due to the mostly
hydrophobic nature of the protein (Morgenstern et al.,
1985).

The three-dimensional map of microsomal
glutathione transferase 1 at 6 AÊ resolution
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We have now calculated a 3D structure of p6 2D
crystals of MGST1 from images as well as electron
diffraction patterns of specimens tilted between 0 and 60°.

Results

The crystals grown at regular intervals and from several
protein puri®cation batches displayed no signi®cant vari-
ation in frequency, quality and unit cell parameters
(Schmidt-Krey et al., 1998). Amplitude data from electron
diffraction patterns of specimens tilted up to 60° were
merged at 3.5 AÊ resolution whereas the image data within
the same tilt range were truncated at 6 AÊ . The vertical
resolution was 12 AÊ as estimated by the point spread
function (see Figure 3). The 3D data were sampled from 84
unique lattice lines (Table I; Figure 1). RFriedel and Rmerge

of the electron diffraction data merged at 3.5 AÊ were
26.5 and 34.8%, respectively. The residuals of the
experimental phase data from the merged data set
calculated in resolution ranges were: 34.1 (100±14.1 AÊ ),
32.2 (14.1±10.0 AÊ ), 46.5 (10.0±8.2 AÊ ), 41.8 (8.2±7.0 AÊ )
and 50.6 (7.0±6.0 AÊ ).

The packing of MGST1 into the hexagonal crystal form
shows that the unit cell contains two ordered trimers
centred on the 3-fold axes (Figure 2). The density with
6-fold symmetry, indicated by a circle in Figure 2, is due to
partially ordered trimers (Schmidt-Krey et al., 1999).

The view of the 3D potential distribution along the
plane of the membrane (Figure 3) shows that the MGST1

trimer has a 30±40 AÊ thick part consisting mainly of rod-
like structures that are oriented nearly perpendicular to, or
in some cases slightly tilted relative to the plane of the
membrane. There are four of these rods per monomeric
unit of the protein (Figure 4). Rod A (Figure 5) is the most
highly inclined with a tilt of ~27°, while B and C are barely
tilted by only ~12°, and the last rod, D, has a tilt of ~18°.
Rod C is bent as it approaches one side of the membrane.
This side contains relatively little protein mass extending
from the rod-like regions (Figure 4), whereas the other

Table I. Crystallographic data

Symmetry p6
Lattice constants a = b = 81.8 AÊ , g = 120°
Images

no. of images 34 (0°, 2; 20°, 4; 45°, 20; 60°, 8)
resolution limit for merging 6 AÊ

phase residual (100±6 AÊ ) 43.2° (36.1° weighted phase
residual, weighting scheme
using individual 1/s2)

Electron diffraction
no. of electron diffraction patterns 64 (0°, 8; 20°, 12; 45°, 24;

60°, 20)
resolution limit for merging 3.5 AÊ

observed re¯ections 26 455
sampled re¯ections 7495
RFriedel 26.5%
Rmerge 34.8%
completeness 78.1%

Fig. 1. Phases from electron micrographs (upper curves) and amplitudes from electron diffraction (lower curves) along the lattice lines (4,0), (5,0),
(6,1) and (8,0).
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face (Figure 5) has several additional domains. This
suggested asymmetric mass distribution relative to the
layer of rods is also evident from the side view in Figure 3.

Discussion

The most prominent features of the 3D map of MGST1 are
the rod-like domains separated by ~10 AÊ and running
roughly perpendicular to the plane of the membrane
(Figures 3±5). We interpret these as transmembrane
helices in accordance with other EM observations of
integral membrane proteins (Henderson and Unwin, 1975;
Henderson et al., 1990; KuÈhlbrandt et al., 1994; Cheng
et al., 1997; Li et al., 1997; Walz et al., 1997; Auer et al.,
1998; Rhee et al., 1998; Unger et al., 1999; Williams,
2000). Thus, the membrane-spanning part of the protein
monomer consists of a left-handed a-helical bundle. In
the projection structures of both the orthorhombic
(Hebert et al., 1997) and the hexagonal crystal form
(Schmidt-Krey et al., 1999), the two inner and one of the
peripheral helices per subunit in the trimer were identi®ed.
The previously unidenti®ed elongated density in the
projection structures of both crystal forms can now be
interpreted as the most highly tilted transmembrane
a-helix. Most hydropathy plot algorithms have predicted
three membrane-spanning segments for MGST1 but this
must be re-evaluated based on the 3D structure. Thus, the
central hydrophobic segment in the sequence should be
interpreted as two short stretches with a small intervening
loop (Figure 6). A sequence alignment of the currently
known members of the MAPEG family has shown
comparable hydropathy pro®les (Jakobsson et al.,
1999a). Therefore, one might expect that all of the
MAPEG proteins have a similar membrane topology
consisting of a left-handed a-helical bundle (Figure 7).

Fig. 2. The crystal packing of MGST1 two-dimensional crystals. Two trimers are located on the crystallographic 3-fold axes of the p6 unit cell
(outlined in red). The appearance of the 6-fold symmetrical structure (circled) arises from partially ordered trimers (Schmidt-Krey et al., 1999).

Fig. 3. The MGST1 trimer viewed along the plane of the membrane.
The proposed cytoplasmic domain containing the active site is in the
upper part of the ®gure. The anisotropy of the resolution is illustrated
by the elongation of the point spread function along the direction
perpendicular to the plane of the membrane (inset). In the plane, the
resolution is isotropic. Scale bar, 5 AÊ .
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Since the topology of helix 1 is known (Andersson et al.,
1994) and four helices can be observed in the 3D map,
both the N- and the C-terminus must face the lumen
(Figure 7). Furthermore, the N-terminus including the ®rst
hydrophobic segment can be cleaved off by trypsin and
separated from the trimer, leaving the remainder of the
protein functional (Andersson et al., 1994). Thus, it is
likely that one of the peripheral a-helices, A, C or D,
corresponds to the N-terminal hydrophobic segment, since
helix B is located in the central cavity of the trimer where
it is protected from the outside by the rest of the structure
(Figure 5).

The deduced topology with four transmembrane helices
and the N- and C-terminus on the lumenal side of the
membrane places two segments connecting a-helix 1 to 2
and 3 to 4, respectively, on the cytoplasmic side of the
membrane. These hydrophilic domains most likely contain
the active site since it has been shown to face the
cytoplasm (Andersson et al., 1994). The present structure
displays more mass on one side of the membrane. As the
N- and C-termini usually display a relatively high degree
of ¯exibility, and comprise only one third of the amino
acid content compared with the cytoplasmic domains, we
suggest that the most prominent hydrophilic density

observed in the 3D map faces the cytosolic side of the
membrane.

The structure of the MGST1 trimer shows a striking
similarity to subunit 1 of both bacterial and bovine
cytochrome c oxidase (Iwata et al., 1995; Tsukihara et al.,
1996), in spite of the fact that there is neither any shared
functional property nor any sequence similarity between
MGST1 and subunit 1 of cytochrome c oxidase. The three
proteins all have 12 transmembrane a-helices and similar
molecular masses, 53 kDa for MGST1 and 57 and 60 kDa
for the bovine and paracoccal subunits, respectively. The
helices of the cytochrome c oxidase subunits are slightly
more tilted than those of MGST1 but their positions fall on
arcs in a spiral arrangement similar to MGST1, as
displayed in Figure 5. The handedness of the spiral of,
for instance, the Paracoccus subunit is the same as for

Fig. 4. A stereo pair from the lumenal side of the membrane at a slight tilt relative to the normal of the membrane plane of the MGST1 trimer.

Fig. 5. The trimer viewed from the cytoplasmic side of the membrane.
The four unique transmembrane helices are indicated by coloured
cylinders.

Fig. 7. Membrane topology of MGST1 with both the N- and
C-terminus facing the lumen of the ER.

Fig. 6. The hydropathy plot of MGST1. Possible locations for helices
1±4 are marked with white arrows and the vertical arrow points at the
connection, possibly a short loop, between helices 2 and 3.
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MGST1, provided that viewing directions are from the
periplasmic and the cytoplasmic sides, respectively. In
fact, this seems to be the correct way of comparing the two
proteins since the N- and C-termini of the Paracoccus
cytochrome c oxidase subunit 1 are on the cytoplasmic
side with the largest hydrophilic domains in the periplasm.
In the MGST1 monomer the N- and C-termini face the
lumenal side of the membrane while the largest hydro-
philic structures, forming the connections from helix 1 to 2
and from 3 to 4, are located in the cytoplasm. The
cytochrome c oxidase subunit 1 is a continous polypeptide
chain with pseudo 3-fold symmetry. When the helices are
numbered according to their positions in the sequence the
®rst four helices have the same positions as the MGST1
helices labelled in Figure 5, indicating that this may be the
correct assignment of a monomer of MGST1. An altern-
ative interpretation with the helices in one arc forming the
monomer is less likely since this would lead to a large
separation of the residues of importance for the active site,
which are located in the hydrophilic domains connecting
helix 1 to 2 and 3 to 4, respectively.

Soluble GSTs share a wide range of similar substrates
with MGST1. In fact, we have speculated earlier that the
enzymes might actually share structural elements (Hebert
et al., 1997). However, the 3D model of MGST1 now
shows a decidedly different tertiary structure compared
with the cytosolic GSTs (Sinning et al., 1993). Further-
more, the apparent formation of one active site in the
MGST1 homotrimer distinguishes the protein even further
from cytosolic GSTs, where each 25 kDa subunit con-
tributes an independent active site (Mannervik and
Danielsson, 1988). Thus, it can be concluded that integral
membrane GSTs form a structurally independent super-
family of proteins. To what degree then is MGST1 a good
model for the rest of the MAPEG superfamily? As the
four-helix bundle is now experimentally veri®ed in
mammalian MGST1 and is in agreement with topology
predictions for prokaryotes (Cserzo et al., 1997), this
structural motif forms an attractive candidate for the
tertiary structure of MAPEG proteins. Another MAPEG
member (leukotriene C4 synthase) has been proposed to
form dimers based on gel ®ltration experiments in the
presence of detergent (Nicholson et al., 1993). Con-
sequently, generalization of the oligomeric structure to
other MAPEG family members must await further
experiments.

Materials and methods

Crystallization
Two-dimensional crystals of MGST1 were prepared according to
Schmidt-Krey et al. (1998).

Electron microscopy and data processing
Trehalose was added as an embedding medium (3%) to the suspension of
crystalline membranes. The specimen was placed on molybdenum grids
using the back-injection method (Wang and KuÈhlbrandt, 1991). After an
incubation period of 30±60 s, the grids were blotted with ®lter paper and
plunged into liquid ethane. The grids were observed at a specimen
temperature of 4 K and an accelerating voltage of 300 kV in a JEOL JEM-
3000SFF electron microscope (Fujiyoshi et al., 1991; Fujiyoshi, 1998).
Electron diffraction patterns were recorded at a camera length of 2.5 m
with a 2048 3 2048 Gatan slow scan CCD camera. The electron
diffraction patterns were processed according to Henderson et al. (1986).
Images were collected on Kodak SO-163 ®lm and developed with full-

strength Kodak D19 developer for 14 min. The best images selected by
optical diffraction were scanned either with a Zeiss SCAI scanner (step
size 7 mm, scanning area ~7000 3 8000 pixels) or a Scitex LeafScan 45
(step size 5 mm, scanning area 6000 3 8000 pixels) and processed on a
DEC/Alpha workstation using the MRC image processing programs
(Crowther et al., 1996). The image phases were obtained after several
cycles of lattice unbending, and determination and re®nement of the
contrast transfer function, lattice parameters, tilt angle and tilt axis, and
merging to 6 AÊ of phase data from 34 images. The image phases were
merged with the electron diffraction amplitudes, and a 3D map was
calculated with the CCP4 program suite (CCP4, 1994). The map was
displayed with the program O (Jones et al., 1991).

The hydropathy plot was calculated according to Kyte and Doolittle
(1982), with an 11-residue window.
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