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Structure of the monomeric outer-membrane
porin OmpG in the open and closed conformation
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OmpG, a monomeric pore-forming protein from
Escherichia coli outer membranes, was refolded from
inclusion bodies and crystallized in two different confor-
mations. The OmpG channel is a 14-stranded p-barrel,
with short periplasmic turns and seven extracellular
loops. Crystals grown at neutral pH show the channel in
the open state at 2.3 A resolution. In the 2.7 A structure of
crystals grown at pH 5.6, the pore is blocked by loop 6,
which folds across the channel. The rearrangement of loop
6 appears to be triggered by a pair of histidine residues,
which repel one another at acidic pH, resulting in the
breakage of neighbouring H-bonds and a lengthening of
loop 6 from 10 to 17 residues. A total of 151 ordered LDAO
detergent molecules were found in the 2.3 A structure,
mostly on the hydrophobic outer surface of OmpG,
mimicking the outer membrane lipid bilayer, with three
LDAO molecules in the open pore. In the 2.7 A structure,
OmpG binds one OG and one glucose molecule as sugar
substrates in the closed pore.
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Introduction

The outer membrane of Gram-negative bacteria acts as
a selective permeability barrier and prevents uncontrolled
exchange of solutes and nutrients such as sugars, nucleo-
tides, amino acids and ions (Benz et al, 1978; Nikaido, 2003).
The uptake of these substances from the medium to the peri-
plasm occurs through channel-forming integral membrane
proteins known as outer-membrane porins, which function
as molecular filters. Outer-membrane porins were among the
first membrane proteins to be crystallized (Garavito and
Rosenbusch, 1980), and high-resolution structures of the
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pore-forming proteins OmpF (Cowan et al, 1992), PhoE
(Cowan et al, 1992), LamB (Schirmer et al, 1995), ScrY
(Forst et al, 1998) and others (Weiss et al, 1991) have been
determined. So far, all outer-membrane porins involved in
solute uptake are membrane-spanning B-barrels of 16 or 18
strands surrounding an aqueous pore. They conform to a
common pattern whereby three monomers associate into
trimers. This is their oligomeric state in 2D (Jap, 1989; Sass
et al, 1989) and 3D crystals, and also their functional state
in lipid bilayers (Benz et al, 1978).

Other B-barrel outer-membrane proteins do not conform to
this pattern. Tsx, a distorted 12-stranded barrel (Ye and Van
den Berg, 2004) and FadL, a 14-stranded barrel (van den Berg
et al, 2004) form narrow channels specific for nucleosides or
long fatty acids, respectively. Small 8-stranded B-barrels seem
to serve primarily as membrane anchors (OmpA), or promote
bacterial adhesion to mammalian cells (OmpX), and may be
promising candidates for vaccine development (NspA).
Others are membrane-bound enzymes, such as the protease
OmpT or the phospholipase OmpLA. Yet others are large
barrels with a plug domain, and are specifically adapted to
the sequestering of essential compounds such as sidero-
phores for iron uptake (e.g. FhuA; Ferguson et al, 1998), or
vitamin B, (BtuB; Kurisu et al, 2003), demonstrating the
great versatility of B-barrel outer-membrane proteins. Similar
B-barrel-forming membrane proteins are thought to partici-
pate in solute exchange and protein translocation in the outer
membranes of chloroplasts (Schleiff et al, 2003) and mito-
chondria (Pfanner and Wiedemann, 2002).

In Escherichia coli the main porins for sugar uptake are
LamB (Szmelcman et al, 1976) and ScrY (Schmid et al, 1991).
In mutants where LamB is either nonfunctional or deleted,
the uptake of sugars is facilitated by OmpG (Misra and
Benson, 1989). The gene for OmpG encodes a polypeptide
with 301 amino acids, and the mature OmpG protein shows
all features of an outer-membrane porin: a signal sequence of
21 amino acids at its N-terminus, which is cleaved during
export, absence of long hydrophobic stretches, lack of cystein
residues (Fajardo et al, 1998) and a C-terminal phenylalanine,
which is important for membrane insertion (Struyve et al,
1991). Circular dichroism spectroscopy of detergent-solubi-
lized OmpG indicated that, like other outer-membrane por-
ins, it consists largely of B-sheet with little, if any, o-helix
content. Proteoliposome swelling assays have shown that
OmpG is a nonselective channel for mono-, di- and trisac-
charides, with an unusually large limiting pore diameter of
2nm (Fajardo et al, 1998).

Chemical crosslinking and two-dimensional electropho-
resis suggested that OmpG is a monomer (Fajardo et al, 1998),
unlike the classical outer-membrane porins which are trimers
(Nikaido, 2003). Projection maps at 6 A resolution obtained
by electron cryo-microscopy of two different two-dimensional
(2D) crystal forms revealed a ring-shaped density indicative
of a monomeric B-barrel, with no evidence of oligomer
formation. Initial secondary structure predictions of OmpG
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suggested 16 B-strands (Fajardo et al, 1998), but more recent
estimates (Conlan et al, 2000; Behlau et al, 2001) put this
number at 14, which agrees better with the diameter of the
B-barrel in the projection maps.

To investigate OmpG and its role in nutrient uptake in
detail, we expressed OmpG at high level in E. coli, refolded
it from inclusion bodies, crystallized the refolded protein
and determined its structure in two different states. OmpG
is indeed a 14-stranded B-barrel and a pore-forming mono-
mer. A long extracellular loop assumes two distinct, well-
defined conformations, apparently in response to the pH of
the medium. At neutral pH this loop projects into the extra-
cellular medium, leaving the pore wide open, whereas at low
pH it folds across the pore channel and blocks it, suggesting
a direct role in pH-dependent pore gating.

Results and discussion

Pore architecture

OmpG forms a B-barrel of 14 antiparallel B-strands (S1-S14,
Figure 1). The orientation of OmpG in the membrane is
indicated by the location of the N and C termini next to one
another, which are on the periplasmic side in all outer-
membrane porins. The B-strands are connected by six short
turns (T1-T6) of three to five residues on the periplasmic
side, and by 7 longer loops (L1-L7) on the extracellular side.
L4 contains one full turn of an o-helix, whereas the short
helices found so far in loops and turns of other outer-
membrane porins are of the 3,y variety (Cowan et al, 1992,
1995; Dutzler et al, 1999). The average angle between the
B-strands and the membrane plane is ~60°. Except for the
first four N-terminal residues, the main chain was traced
completely both in the 2.3A map derived from triclinic
crystals and in the 2.7 A map of the orthorhombic crystals
(Table I). All side chain densities were well-defined except
for the loop residues 24, 26, 58-62 and 224-227, indicating
a degree of flexibility in L1, L2 and L6.

The B-strands and turns are indistinguishable in both
crystal forms (Figure 1A and C), with an r.m.s.d. of 0.74 A.
The OmpG pore is elliptical in cross-section, with one side
slightly flattened at strands S6-S10 (Figure 1B and D). In
the centre of the membrane, the pore diameter measured
between Co atoms of opposite B-strands is 29 by 25, and
15A x 12 A when taking sidechains into account. The OmpG
channel is lined predominantly by charged and polar resi-
dues, mainly Glu and Arg, arranged in clusters, as well as
strings of aromatic residues (Figure 2A). Interestingly, clus-
ters of the same charge are positioned opposite one another
in the barrel (Figure 2B and C). The purpose of this clustering
is not clear, but it might create an electrostatic barrier that
prevents ions and charged compounds from entering the
channel.

Open and closed conformation

Major differences were found in the extracellular loops in the
two crystal forms. In the triclinic crystals, the loops constrict
the outer barrel entrance slightly to an effective diameter of
8A x12A, but otherwise they extend into the medium,
leaving the pore wide open. In the orthorhombic form, the
pore is obstructed on the extracellular side, mainly as a result
of a substantial conformational change of L6, which folds
across and into the barrel (Figure 1D). This is achieved by an
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increase in length from 10 to 17 residues (Figure 2D), due to
the unzipping of hydrogen bonds between f-strands leading
up to L6 and L7. As a result of the same effect, L7 doubles in
length from four residues in the open state to eight residues in
the closed conformation. L7 and the adjacent L1 move out-
ward to make room for the reoriented L6. To some extent, the
conformational changes propagate to L2, while L3, L4 and L5
remain unaffected.

Comparison of projection maps calculated from the
atomic coordinates of the open and closed form (Figure 3A
and B) with those obtained from 2D crystals of native
(Behlau et al, 2001) and refolded OmpG (Figure 3C and D)
suggested that OmpG in the 2D crystals was closed.
Moreover, the structures of the native (Figure 3C) and
refolded protein (Figure 3D) are indistinguishable at 6A
resolution in projection.

pH gating

The change in conformation appears to be induced by pH, as
the triclinic crystals were grown at pH 7.5, while the ortho-
rhombic crystals formed at pH 5.6. Looking for a pH-sensitive
switch that might trigger this rearrangement, we found a pair
of solvent-exposed histidine residues (His231 and His261) in
adjacent B-strands S12 and S13 (Figure 2D), at the C-terminal
end of L6 and the N-terminal end of L7, respectively. At pH
7.5 the centre-to-centre distance of the imidazole rings is
4.9 A, whereas at pH 5.6, this distance increases to 13.7 A,
consistent with the protonated histidines repelling one an-
other at acidic pH. This, and the refolding of L6 into a more
compact conformation, might provide the energy for the
unzipping of neighbouring H-bonds. At neutral pH, the two
histidines would be uncharged, allowing the H-bonds to
reform, and L6 to assume its extended conformation project-
ing into the extracellular space.

Our findings explain the pH-dependent channel gating that
was observed in electrophysiological measurements with
recombinant, refolded OmpG reconstituted into lipid bilayers
(Conlan and Bayley, 2003). At neutral and basic pH the
OmpG channel was open, but it was closed at acidic pH
below pH 5. At pH 6, OmpG fluctuated between the open and
closed state. These observations are entirely consistent with
our two structures, which show the open conformation of
OmpG at pH 7.5, and the closed conformation at pH 5.6.

In the triclinic crystals at neutral pH, OmpG binds a
number of Ca®" ions from the crystallization buffer in its
hydrophilic surface regions. On the periplasmic side there are
one or two per monomer at T6, and 5-8 per monomer in the
extracellular loops (not shown). Most likely Gd**, which
closes the pore (Conlan et al, 2000), binds to one of the loop
sites, perhaps exerting an effect similar to that of low pH
on L6.

There are no reports on the potential physiological role of
pH-dependent channel closure of OmpG in the literature.
OmpG may be a ‘rescue porin’ that is expressed under special
circumstances if other outer-membrane porins are insuffi-
cient for nutrient uptake, for example, of larger oligosacchar-
ides (Fajardo et al, 1998), or are otherwise unavailable. It is
reasonable to suggest that the large, comparatively non-
specific pore of OmpG should need to be closed at ~pH 6
or below, to prevent a massive influx of protons into the
periplasm in an acidic environment, which may be particu-
larly undesirable under conditions of nutrient stress. Previous
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N-terminus

Figure 1 Overall structure of OmpG, showing the 14-stranded, antiparallel B-barrel in the open (A, B) and closed (C, D) conformation
viewed along the membrane (A, C) and from the extracellular side (B, D). The B-strands S1-S14 are rainbow-coloured starting from the
N terminus (blue) to the C terminus (red) on the periplasmic side, where adjacent strands are connected by short turns T1-T6. Loops
L1-L7 extend outward into the extracellular space in the open conformation, but L6 folds across the barrel entrance in the closed

conformation.

claims that the size of the channel in other, trimeric porins is
reduced at acidic pH have not been substantiated (Saint et al,
1996), and X-ray crystallography of OmpF at 3.2 A resolution
failed to show a corresponding conformational change (Saint
et al, 1996). So far, OmpG is thus the only outer-membrane
porin for which pH-dependent gating has been demonstrated
(Conlan and Bayley, 2003) and validated by X-ray crystal-
lography of the open and closed states.
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OmpG is a monomeric outer-membrane porin

Unlike the classical trimeric porins, OmpG seems to function
as a monomer (Conlan et al, 2000), and there is no evidence
to suggest a physiological oligomer. Although hydrophobic
interaction between OmpG monomers gives rise to apparent
dimers in the 3D crystal lattice, these are clearly nonphysio-
logical, as indicated by the up/down orientation of the two
monomers (Figure 3E-H). The c12 symmetry of one 2D
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Table I Data collection and refinement statistics

SeMet

Data collection
Space group A P2,2,2;
Cell dimensions (A) a=56.3b=71.4c=122.6
a=p=y=90°

Resolution (A) 20-2.9 (3.0-2.9)

Wavelength Apeak = 0.9791 Ainfl = 0.9797 Aremote = 0.9000
Robs 16.1 (43.5) 12.1 (29.2) 12.9 (34.6)
I/cl 7.94 (3.22) 6.79 (2.84) 6.15 (2.59)
Completeness (%) 99.4 (99.0) 98.2 (97.4) 98.1 (98.4)
Redundancy 4.7 2.4 2.6

Native 1 Native 2

Data collection
Space group ) P1 P2,2,2;
Cell dimensions (A) a=70.6 b=77.0c=103.9 a=704b=71.1c=191.6
00=79.3° f=73.4° y=74.3° a=pf=y=90°
Wavelength 1.176 0.9764
Resolution (A) 15-2.3 (2.4-2.3) 20-2.7 (2.8-2.7)

Robs 9.8 (24.6) 7.5 (22.8)
I/ol 7.2 (3.8) 10.2 (4.9)
Completeness (%) 94.5 (88.2) 98.6 (99.7)
Redundancy 2.95 5.8
Refinement
Resolution (A) 15-2.3 19.8-2.7
No. of unique reflections 79984 25487
Ruork/Riree 22.37/26.94 24.4/30.4
No. of atoms 12129 5006
Protein 9192 4602
B-factors 56.6 48.7
R.m.s deviations
Bond lengths (A) 0.02 0.02
Bond angles (deg) 2.5 2.2

crystal form (Behlau et al, 2001) stipulates an alternating up
and down orientation of adjacent molecules, so that OmpG is
monomeric also in the lipid environment of membrane crys-
tals. The interactions that give rise to the c12 crystal form seem
to be the same as the crystal contacts found in the orthorhom-
bic 3D crystals (Figure 3F and H). Otherwise the hydrophobic
interactions between OmpG monomers in all six crystal forms
we obtained appear to be different, which in itself is a strong
argument against an oligomer. Nor is there any need for OmpG
to oligomerize in order to form a functional pore, because its f-
strands are all of similar length, and the wall of OmpG is
equally high all the way round. This is not the case in the
classical outer-membrane porins, which can achieve a pore
wall of uniform height only by forming trimers.

The monomeric structure is fully consistent with electro-
physiological measurements, which indicate individual, single
channels in OmpG reconstituted into lipid bilayers (Conlan
et al, 2000), while the trimeric outer-membrane porins show
three connected channels (Benz et al, 1978). The pores of these
16- or 18-stranded porins are restricted by loops, which do not
undergo large conformational changes (Nikaido, 2003), and are
stably integrated into the larger barrels.

Detergent structure mimics lipid bilayer

In addition to the protein, we found a total of 151 elongated
densities of the shape and size of detergent molecules in the
triclinic unit cell, which were fitted with LDAO (Figure 4A).
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Another ~20 densities that resembled partly disordered
detergent molecules were left empty. Well-ordered LDAO
molecules were distributed more or less evenly around the
hydrophobic outside of the OmpG barrel (Figure 5A-C),
except for an ~250A? area of direct hydrophobic contact
between adjacent OmpG molecules (Figure 5B). Each of the
four different OmpG molecules in the AU had between 27 and
44 LDAO molecules associated with it. Of these, 15 were
found in the same positions in all four OmpGs, while another
eight were common to two or three of them.

The hydrocarbon chains of nearly all LDAO molecules
around the perimeter are in van der Waals contact with the
hydrophobic outer surface of the OmpG barrel over most of
their length (Figure SA and B). Some sit in distinct grooves that
would be filled by lipid fatty acid chains in the native
membrane. Note that OmpG was refolded without any lipid,
so that the detergent can occupy all potential lipid-binding
sites on the protein surface. As an ensemble, the LDAO
molecules thus mimic the membrane lipid in the immediate
surroundings of OmpG, and provide a striking example of an
almost complete, ordered bilayer around a membrane protein.

With one exception, the polar detergent head groups of all
LDAO molecules are arranged in a ring around the periplas-
mic and extracellular side of OmpG that would coincide with
the periplasmic and exterior membrane surface. One LDAO
molecule is sandwiched between two Trpl18 of adjacent
OmpG molecules (Figure 4B), which, together with the OH
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Figure 2 Stereo views of OmpG. (A) Lines of aromatic residues (‘aromatic slides’) leading from the extracellular channel entrance to the pore
interior, perhaps serving as guide rails for substrate molecules. Top (B) and side view (C) of charged sidechains in the pore, with clusters of
positively (mostly Arg, blue) and negatively charged residues (mostly Glu, red) on opposite sides of the barrel wall. (D) Loops L6 and L7 in the
open (green) and closed (purple) conformation. His231 in S12 and His261 in S13 together act as a pH-sensitive switch, with the protonated
sidechains repelling one another at low pH. In the open conformation, L6 is stabilized by hydrogen bonds from His231 to Ser218 and His 261.

3706 The EMBO Journal VOL 25| NO 15 | 2006 ©2006 European Molecular Biology Organization
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Figure 3 Projection maps of OmpG monomers calculated from atomic coordinates of the open (A) and closed conformation (B), and
determined by electron crystallography of 2D crystals of the native OmpG isolated from E. coli outer membranes (Behlau et al, 2001) (C), or of
2D crystals of refolded recombinant OmpG (D), all at 6 A resolution. Top (E, F) and side views (G, H) of the noncrystallographic OmpG dimer
(E, G) in the triclinic, pH 7.5 crystal form, and the crystallographic dimer (F, H) in the orthorhombic, pH 5.6 crystal form, with the position

of a potential lipid bilayer indicated in (G, H).

groups of Thr155, evidently create a sufficiently polar local
environment to accommodate the amine oxide head group.
The hydrophobic region between the detergent head
groups forms a continuous band around the outer perimeter
of OmpG that is on average 26 A wide. This correlates closely
with the average distance between the belts of aromatic side
chains along the periplasmic and extracellular membrane
surface (Figure 6). Similar aromatic belts in other membrane
proteins demarcate the hydrophobic surface immersed in the
lipid bilayer. However, while this zone measures 30-35 A in
a-helical inner membrane proteins (e.g. in the bacterial
reaction centre; Deisenhofer and Michel, 1989), its narrower
dimension in OmpG and the other outer-membrane porins
(Cowan et al, 1992; Forst et al, 1993) indicates that the
hydrophobic bilayer core of the outer E. coli membrane is
significantly thinner than that of the inner membrane. While
inner membrane lipids typically have fatty acid chains of 16
or 18 carbon atoms, the hydrocarbon chains in outer-mem-
brane lipids are on average four carbon atoms shorter.
Indeed, five of the six hydrophobic chains of lipid A, the
main component of the E. coli outer membrane outer leaflet,

©2006 European Molecular Biology Organization

are in effect 12 carbon atoms long (Nikaido, 2003), the
remaining one having 14 carbon atoms. With its 13 A chain
of 12 carbon atoms, LDAO is thus ideally suited to replace
lipids in outer-membrane porins, which may account for the
exquisite order in the first detergent shell around OmpG.

By contrast, the detergent surrounding OmpG in the
orthorhombic crystals is less well ordered. A total of 13
OG molecules were assigned to characteristically shaped
densities (not shown), while several other densities
probably correspond to partly ordered OG. The binding
sites of all 13 ordered OGs coincide completely or partially
with those of LDAO molecules in the other crystal form.
The comparatively poor order of OG molecules in the
first detergent shell may be related to their shorter carbon
chain, which fits the hydrophobic surface of OmpG less
well than LDAO.

Crystal packing

The detergent micelles surrounding OmpG clearly extend
beyond this shell of frozen LDAO molecules. A rough esti-
mate of the micelle dimensions is obtained from the distance
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Crystal structure of OmpG
0 Yildiz et al

Figure 4 Stereo views of structural details with electron density. (A) Five LDAO molecules (green) in the detergent layer on the outer surface of
OmpG in triclinic crystals (pH 7.5) at 2.3 A resolution. (B) Trp118 and Thr155 creating a local polar environment at the hydrophobic interface
between adjacent OmpG monomers in the triclinic crystal form, accommodating an LDAO molecule with buried head group. (C) OG and
glucose (yellow) with neighbouring residues in the interior of the closed pore in the orthorhombic crystals (pH 5.6) at 2.7 A resolution (B).

between OmpG molecules in the crystal lattice. Assuming
a toroid micelle, and estimating the volume of one LDAO
molecule from the ordered first shell as 460 A%, one obtains a
total of 70-100 LDAO per OmpG, in good agreement with the
aggregation number. The majority of LDAO molecules in the
micelle thus do not occupy defined positions. The triclinic
OmpG lattice is characterized by layers of virtually contin-
uous tubes of OmpG cylinders arranged head to tail

3708 The EMBO Journal VOL 25| NO 15 | 2006

(Figure 7), held together by extensive hydrophobic protein-
protein contacts (Figure 5B), with alternating tubes running
in opposite directions. Evidently the LDAO micelles are solid
enough to ensure long range order and tight stacking of the
layers, even though they are separated by ~18 A wide bands
of apparently featureless space, containing the bulk of the
detergent, plus some solvent. In the resulting, highly unusual
crystal packing, there are no protein-protein contacts

©2006 European Molecular Biology Organization
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Figure 5 Equipotential surfaces of OmpG with bound detergent molecules. Views of the open, pH 7.5 conformation in two opposite directions
along the membrane (A, B) and from the periplasmic side (C). (D) Periplasmic view of the closed pH 5.6 conformation. Two layers of LDAO
detergent molecules (green in A-C) form an almost complete belt around OmpG, mimicking the outer membrane lipid on the hydrophobic
barrel surface. The ~250 A® hydrophobic crystal contact surface between adjacent OmpG molecules is bare (B). The curved LDAO molecule
with buried head group (see Figure 4b) participates in crystal contacts. Three well-defined LDAO molecules are bound within the open pore
(C). In the low-pH crystal form, OmpG binds one molecule each of OG and glucose (both yellow) in the closed pore, and 13 OG molecules on its
outer hydrophobic surface, in positions that are occupied by LDAO in the other crystal form (D). Surface areas bearing a negative charge at
neutral pH are red, positively charged areas are blue. Uncharged, hydrophobic surface areas are colourless.

between layers of OmpG tubes, accounting perhaps for the
extreme fragility and poor reproducibility of these crystals.

Substrate binding

The open pore of each of the four OmpG molecules in the AU
of the pH 7.5 crystals contains three well-ordered LDAO
molecules in identical positions (Figure 5C), suggesting that
they are firmly bound. The OmpG pore is thus surprisingly
amphipathic. In the pH 5.6 crystals grown in the presence of
OG, we found two distinct densities in the closed OmpG pore
(Figures 4C and 5D), one of which fitted one complete OG
molecule. The other density lacked a clear hydrocarbon tail
and was fitted with a glucose molecule that either represents
the head group of a second, partially disordered detergent
molecule or was picked up from the cryoprotectant. The
sugar head group of the complete OG molecule is coordinated
by hydrogen bonds to residues Argl68, Tyrl96, Glul54,

©2006 European Molecular Biology Organization

Glu253 and Trpl31, while the adjacent glucose molecule
forms hydrogen bonds with Trp131, Tyr135 and Glul52.
Both binding sites coincide with those of LDAO molecules
in the other crystal form. The glucose molecule and the OG
glucoside head group most likely indicate the positions of
sugar binding sites in the OmpG pore, and the side chains
involved in sugar binding have the same conformation in
both structures.

Nonspecific uptake of oligosaccharides is one of the main
roles of OmpG in E. coli (Fajardo et al, 1998). In the classical
sugar-uptake porins LamB (Dutzler et al, 1996), ScrY (Forst
et al, 1998) and maltoporin from Salmonella typhimurium
(Meyer et al, 1997), the entry of disaccharides into the
channel is thought to be facilitated by a line of aromatic
residues roughly parallel to the barrel axis, sometimes re-
ferred to as the ‘greasy slide’. In OmpG we found a strikingly
similar arrangement of aromatic residues Tyr98, Tyr96, Tyr94,

The EMBO Journal  VOL 25 | NO 15 | 2006 3709
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Phe66 and Tyr50 (Figure 2A), which we prefer to call an
‘aromatic slide’, as it is less conspicuous for its hydro-
phobicity than for its line of tyrosine OH groups. The simi-
larity even extends to Tyrl46 in L4, which corresponds
exactly to Tyr118 in the restriction loop 3 of LamB, with its
hydroxyl group pointing towards the aromatic slide. This
similarity is all the more remarkable since it applies to a
structural motif that is discontinuous in terms of polypeptide
sequence, with contributions from completely different
strands and loops in the two porin classes. Its presence in
both OmpG and the trimer-forming sugar-uptake porins
(Schirmer et al, 1995) suggests that it is an essential feature

Cell exterior

Poly-

Outer 26 A
membrane

Periplasm

2

N-terminus

C-terminus

Figure 6 Belts of aromatic residues near the periplasmic and
extracellular membrane surface. Note that the conformation of
these residues is the same in the open (green) and closed (purple)
state of OmpG.

for solute uptake or pore stability that was either conserved
from a most ancient precursor protein, or represents an
extraordinary example of convergent evolution.

In OmpG the aromatic slide divides into two branches at
Tyr96 and Tyr94. The second branch has no correspondence
in the trimeric porins and continues to Phel37, Tyrl135
and Trpl3l, with Tyrl46 in L4 pointing towards F137.
Interestingly, Trp131 at the end of this second branch parti-
cipates in coordinating the glucose molecule, suggesting that
the OH groups in the aromatic slide may indeed function as
a guide rail for incoming substrate. Possibly, the presence
of this extra branch makes OmpG, which may be a ‘rescue
porin’, more effective in the uptake of oligosaccharides.

Biotechnological potential

Because of their ruggedness, pore-forming B-barrel proteins
have considerable potential in biotechnology. One candidate
is the bacterial toxin o-haemolysin, a heptamer of seven
identical 33 kDa monomers, which inserts into the plasma
membrane of target cells, forming large (>20 A) nonspecific
and unregulated pores of 14 B-strands (Song and Gouaux,
1998). As a monomer, OmpG is clearly preferable over
a-haemolysin or the trimer-forming porins in this regard.
OmpG forms large, nonspecific pores, can be produced easily
in large quantities, is efficiently reconstituted into artificial
lipid bilayers and even forms extensive 2D lattices quite
readily. Another attractive feature is its pH-dependent
channel gating. Compared to other pore-forming proteins,
OmpG thus seems to be not only the most efficient and
economical in terms of polypeptide use, but also the most
potentially versatile for biosensor development and other
biotechnological applications.

Figure 7 Packing of OmpG in the triclinic crystal lattice (pH 7.5), viewed from three mutually perpendicular directions. Head-to-tail interaction
of OmpG barrels results in quasi-continuous tubes, which pack into layers through tight interactions of hydrophobic contact surfaces (see
Figure 5B). Alternating tubes point in opposite directions. Note that there is no direct protein interaction between layers, which are separated

by partly ordered LDAO micelles.
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Conclusion

We determined the structure of OmpG, an unusual outer-
membrane porin from E. coli. Unlike the classical outer-
membrane porins, which are trimers, OmpG is a structural
and functional monomer. Its B-barrel has only 14 strands,
whereas those of the classical outer membrane porins have
16 or 18. As another unique feature, OmpG is gated by pH,
whereby its uncommonly large channel is open at neutral pH,
and closed at acidic pH below 6, presumably to protect the
cell against acidification of the periplasm if the protein is
expressed under conditions of nutrient stress. By using
crystals grown at pH 7.5 or at pH 5.6, we were able to
determine the structure of OmpG both in the open and in
the closed state at 2.3 and 2.7 A resolution, respectively. The
structures show that pore closure results from the rearrange-
ment of an extracellular loop, L6, which is triggered by the
repulsion of two histidine residues in neighbouring B-strands
that would be protonated at acidic pH, forming a simple pH-
sensitive switch. Like other porins involved in oligosacchar-
ide uptake, OmpG has lines of aromatic residues on its inner
pore surface, which may guide incoming sugar molecules
into the periplasm. The remarkable correspondence of this
discontinuous motif in two classes of porins that share no
recognizable sequence homology appears to be a rare exam-
ple of convergent evolution. OmpG was refolded from inclu-
sion bodies in the absence of membrane lipids, which in the
crystals are replaced by tightly bound detergent molecules.
An unprecedented feature of the higher-resolution, open
structure is an almost complete double ring of well-resolved
detergent molecules, representing the first shell of the deter-
gent micelle immobilized by tight contact with the hydro-
phobic outer surface of the OmpG cylinder. These detergent
molecules effectively mimic the lipid bilayer of the outer
membrane, which is thus seen to be only 26 A thick. As a
particularly rugged, monomeric membrane porin that is
easily refolded from inclusion bodies, OmpG is predestined
for biotechnological applications and biosensor development.

Materials and methods

Protein expression and purification

For 3D crystallization, the OmpG gene fragment without its signal
sequence (amino acids 22-301) was cloned into the pET26b
plasmid vector, resulting in an additional methionine at the
N-terminus, and expressed in E. coli strain BL21(DE3)-C41 grown
in TB medium. The protein formed inclusion bodies, which were
collected by low-speed centrifugation after breaking the cells in a
cell disruptor (Constant Systems). The pellet was washed in buffer
(25 mM Tris-HCl, pH 8) containing 1 M urea and 1% Triton-X 100,
and the inclusion bodies were dissolved in 8 M urea in the same
buffer. The solubilized protein was loaded onto an anion exchange
column, and unfolded OmpG was eluted by a NacCl step gradient.
Refolding of OmpG was achieved by dilution in 1% (wt/vol) n-octy-
B-D-glucopyranoside (OG), at a final urea concentration of 3 M.
Refolding was monitored by SDS-PAGE, taking advantage of the
difference in apparent masses of refolded (28 kDa) and unfolded
(36kDa) OmpG (Conlan et al, 2000). Subsequent ion-exchange
chromatography removed small amounts of remaining, unfolded
or partially refolded OmpG and served to exchange the buffer. An
additional gel filtration step on a Superdex-200 16/60 column was
not critical for crystallization. The protein was concentrated to
~50mg/ml by ultrafiltration (Centricon) or dialysis against buffer
containing 20% PEG-35000 in dialysis tubes with a 12 000 Da cutoff.
Buffer was exchanged either by ultrafiltration or dialysis. The
desired final protein concentration was adjusted by adding an
appropriate amount of buffer to the concentrated protein stock. The
final yield was 20-30mg of refolded OmpG per litre of culture.
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Protein purity was greater than 95%, as estimated by SDS-PAGE
and Coomassie staining.

Selenomethionine-substituted OmpG was expressed similarly in
BL21(DE3)-C41 cells in M9 minimal medium, suppressing methio-
nine biosynthesis by a five-fold increase in the concentration of the
amino acids Leu, Ile, Lys, Phe, Thr and Val. Precultures were grown
overnight in LB medium, which was removed by gentle centrifuga-
tion prior to inoculation. Expression and purification was
performed as described for the underivatized protein.

2D crystallization

2D crystals of refolded OmpG were obtained by detergent dialysis
(Kiihlbrandt, 1992) in the presence of E. coli polar lipids (Avanti),
essentially as described (Behlau et al, 2001; Hiller et al, 2005). At
lipid/protein ratios (LPR) between 0.25 to 1.5 (wt/wt), reconsti-
tuted OmpG formed 2D lattices in tubular vesicles that were
~150nm wide and up to 1 pm long. At lower LPR 2D crystals were
extensive membrane sheets measuring several pm across. Electron
micrographs of tubular 2D crystals washed with 4% unbuffered
trehalose as a cryo-protectant were recorded at a specimen
temperature of ~4K in a JEOL 3000 SFF electron microscope.
Crystallographic image processing (Crowther et al, 1996) yielded
projection amplitudes and phases to ~8 A resolution, from which
projection maps were calculated.

3D crystallization

OmpG was dialyzed against buffers with different detergents
including OG, n-decyl-B-p-maltopyranoside (DM), lauryldimethyla-
min-N-oxide (LDAO), polyoxyethylene (CgE4) and mixtures of these
at final protein concentrations of 2.5, 5, 7.5, 10 and 15 mg/ml. Initial
crystallisation conditions were found in Greiner 96 three-well
sitting-drop plates using commercial crystallization screens (Hamp-
ton, Nextal, Jena) and a Cartesian pipetting robot. Several
conditions yielded small crystals, which were optimized in Greiner
one-well sitting-drop plates or in hanging drops. Two different
crystal forms of data-collection quality were obtained. One crystal
form grew over 3 days in hanging drops in 1 pl of 10 mg/ml OmpG
in 25 mM Tris at pH 8.0 with 5 mM LDAO mixed with 1 pl of 100 mM
HEPES pH=7.5, 30% PEG 4000 and 200mM CaCl, at 18°C.
The characteristic habit of these very fragile crystals resembled
a flattened rice grain of dimensions 700 x 400 x 40 pum?®. They
diffracted anisotropically to 1.9 A, and belonged to the triclinic
space group P1 (a=71A, b=107A, c=127 A, «=90°, B =89.3°,
v=289.9°), with 66% solvent content and four molecules in the
asymmetric unit (AU). Another crystal form grew in sitting drops for
4-5 days at 18°C in 0.4 pl of 7.5 mg OmpG in 25 mM Tris at pH 8.0
and 20mM OG mixed with 0.4 ul of 100 mM Na-Citrate at pH 5.6,
150mM NaCl and 12% PEG-3350. These low-pH crystals were
bipyramidal and belonged to the orthorhombic space group P2,2,2,
(@a=70.4A, b=71.1A, c=191.61A, a=B=y=90°), with two
molecules in the AU. Soaks with various heavy-metal compounds
were not successful, but crystallization in the presence of GdCls, an
inhibitor of channel activity (Conlan et al, 2000), improved the low-
PH crystals slightly. However, the reproducibility was low and SAD
and MAD data collected on the Gd edge were not usable for
phasing.

Crystals of selenomethionine-derivatized OmpG were obtained
in hanging drops, by mixing 1 ul of 9 mg/ml protein in 25 mM Tris-
HCI buffer at pH 8 and 20mM OG with 1pl of reservoir solution
containing 2.1 M ammonium sulfate and 4% ethylene glycol in
100mM Tris-HCl pH 7.5. This yielded elongated, rod-shaped
orthorhombic crystals containing one molecule in the AU and
66% solvent (space group P2,2,2),, a=56.2A, b=71.2A, c=
122.5A, a=Pp=7y=90°).

Data collection, structure determination and refinement

For data collection the crystals were transferred to cryoprotectant
solutions and flash-frozen in liquid nitrogen. Best results for the
triclinic crystals were obtained by increasing the PEG 3350
concentration to 20-30% by gradual addition of concentrated PEG
solution. As the low-pH crystals of underivatized OmpG were stable
only in their mother liquor, equilibrated drops with ~25% glucose
were added to the crystals, which were then also flash-frozen in
liquid nitrogen. Crystals of selenomethionine-derivatized OmpG
were more robust and could be frozen in different cryoprotectants.
Best results were obtained with a mixture of paraffin oil and
Panatone-N.
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SeMet-MAD data to 2.9A resolution were collected at three
wavelengths from a single crystal at 100K on beamline 1911-3 at the
Swedish synchrotron radiation facility MAX-lab at Lund University
(Table I). The data sets were processed with XDS (Kabsch, 1993).
Four of the expected six selenium sites in the AU were found and
used to calculate MAD phases at 3.1 A with the program SOLVE
(Terwilliger, 2004). Electron density map calculation, density
modification and phase extension to 2.9 A were performed with
RESOLVE (Terwilliger, 2004), followed by automatic model build-
ing. The resulting electron density map was used to build an initial
model, which was corrected manually and supplemented with
COOT (Emsley and Cowtan, 2004).

Native data from both crystal forms were collected at beamline
PXI and PXII at the Swiss Light Source (SLS) and processed with
XDS. The initial model obtained from the SeMet-MAD data was
used as a search model for the orthorhombic data set in PHASER
(McCoy et al, 2005) and was rebuilt and completed in the loop
regions. The partially refined model, excluding parts of L1 and L6,
then served as a search model for the triclinic data set to find the
four molecules in the AU. The model was subjected to iterative
rounds of rebuilding into 2F,—F, and F,—F, electron density maps,
and refined using COOT and REFMAC (Murshudov et al, 1997). The
two molecules in the orthorhombic unit cell and the four molecules
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