
Biol. Chem., Vol. 388, pp. 879–889, September 2007 • Copyright � by Walter de Gruyter • Berlin • New York. DOI 10.1515/BC.2007.120

2007/171

Article in press - uncorrected proof

Review

Solute channels of the outer membrane: from bacteria to
chloroplasts

Daniela Duy, Jürgen Soll and Katrin Philippar*

Department Biologie 1, Botanik, Biochemie und
Physiologie der Pflanzen, Ludwig-Maximilians-
Universität München, Menzingerstr. 67, D-80638
München, Germany

* Corresponding author
e-mail: philippar@lrz.uni-muenchen.de

Abstract

Chloroplasts, unique organelles of plants, originated from
endosymbiosis of an ancestor of today’s cyanobacteria
with a mitochondria-containing host cell. It is assumed
that the outer envelope membrane, which delimits the
chloroplast from the surrounding cytosol, was thus inher-
ited from its Gram-negative bacterial ancestor. This plas-
tid-specific membrane is thus equipped with elements of
prokaryotic and eukaryotic origin. In particular, the
membrane-intrinsic outer envelope proteins (OEPs) form
solute channels with properties reminiscent of porins and
channels in the bacterial outer membrane. OEP channels
are characterised by distinct specificities for metabolites
and a quite peculiar expression pattern in specialised
plant organs and plastids, thus disproving the assump-
tion that the outer envelope is a non-specific molecular
sieve. The same is true for the outer membrane of Gram-
negative bacteria, which functions as a permeability
barrier in addition to the cytoplasmic membrane, and
embeds different classes of channel pores. The channels
of these prokaryotic prototype proteins, ranging from
unspecific porins to specific channels to ligand-gated
receptors, are exclusively built of b-barrels. Although
most of the OEP channels are formed by b-strands as
well, phylogeny based on sequence homology alone is
not feasible. Thus, the comparison of structural and func-
tional properties of chloroplast outer envelope and bac-
terial outer membrane channels is required to pinpoint
the ancestral OEP ‘portrait gallery’.

Keywords: endosymbiosis; metabolite channel; outer
envelope protein; plant; plastid; porin.

Introduction: plastids and their envelope
membranes

Chloroplasts, which originated from ancient free-living
cyanobacteria (Moreira et al., 2000; Palmer, 2000), are
the site of photosynthesis and thus represent the basis
for all life dependent on atmospheric oxygen and car-
bohydrate supply. In the cells of plants and green algae,

chloroplasts, which are enclosed by outer and inner
envelope membranes, therefore represent unique and
essential organelles. Both envelope membranes are dis-
tinguishable by their structure, function and biochemical
properties, but also co-operate in the synthesis of lipids
and in protein translocation (Douce and Joyard, 1990;
Joyard et al., 1998). In higher plants, however, chloro-
plasts represent only one type of the plastid organelle
family. Proplastids in meristem tissue and etioplasts in
dark-grown plantlets develop during biogenesis into the
mature, autotrophic chloroplast of the green leaf. In con-
trast, storage plastids are heterotrophic organelles that
convert photosynthates derived from source tissue into
storage compounds that can be mobilised during plant
development (see Bowsher and Tobin, 2001; Lopez-Juez
and Pyke, 2005 for an overview). Amyloplasts (starch) in
the endosperm of seeds and in cotyledons, tubers or
fruits, elaioplasts (oil) in seeds of oilseed plants, and
chromoplasts (carotenoids) in flowers and fruits represent
the major storage-type plastids. Root plastids, with major
functions in the oxidative pentose phosphate pathway
and nitrogen assimilation, are also members of the so-
called non-green plastids (for a review on plastid differ-
entiation, see Waters and Pyke, 2005).

Thus, the plastid organelle family conducts vital bio-
synthetic functions in every plant cell (for an overview see
Weber et al., 2005; Tetlow et al., 2005). First and fore-
most, chloroplasts carry out photosynthesis, resulting in
the release of O2 and the conversion of atmospheric CO2

into carbohydrates that are directly used for starch bio-
synthesis in the chloroplast stroma, as well as sucrose
synthesis in the cytosol. Furthermore, chloroplasts are
involved in the biosynthesis of many metabolites and
compounds such as isoprenoids (e.g., carotenoids, and
sterols), tetrapyrroles (e.g., haem and chlorophyll),
nucleic acids, aromatic and non-aromatic amino acids,
polyphenols, and lignins. Nitrite produced in the cytosol
during nitrogen assimilation is transported into the plastid
and reduced to ammonia by plastidic nitrite reductase.
All subsequent reactions of primary assimilation and
amino acid synthesis take place within plastids of pho-
tosynthetic and non-photosynthetic tissue. In plants, de
novo synthesis of fatty acids is carried out in plastids,
which are also the site for sulfate reduction and biosyn-
thesis of iron-sulfur clusters.

These manifold biosynthetic functions of plastids
require different selective transport mechanisms across
the envelope membranes for the exchange of carbohy-
drates, organic nitrogen and sulfur compounds. Further-
more, plastids take up inorganic cations (Kq, Naq, Mg2q,
Ca2q, Fe2q, Cu2q, Mn2q, Zn2q), anions (NO2

-, SO4
2-, PO4

3-),
and a variety of organic biosynthetic pathway interme-
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diates, such as acetate and dicarboxylic acids, to fulfil
their biosynthetic tasks.

In this review we describe transport pathways for sol-
utes and metabolites across the outer envelope of plas-
tids and the outer membrane of Gram-negative bacteria.
Since these prokaryotes are the evolutionary progenitors
of plastids, their set of outer membrane-integral channels
and porins might serve as a blueprint for the situation in
the plastidic outer envelope. For a detailed overview of
transporters in the inner envelope of chloroplasts, as well
as other plant organelles, we refer to the recent reviews
of Weber (2004), Weber et al. (2005), and Philippar and
Soll (2007).

Outer membrane channels and porins in plant
plastids and mitochondria: evolutionary
aspects

Gram-negative bacteria represent the evolutionary pro-
genitors of plastids and mitochondria. As described
below, they contain several different classes of porins
and channels in their outer membrane. Chloroplasts
(from ancient cyanobacteria) and mitochondria (from pro-
teobacterial ancestors), however, most likely originated
from two independent endosymbiotic events. For
instance, this was demonstrated by analysis of the phylo-
genetic origin of the alternative oxidase in mitochondria
and chloroplasts, as well as of the outer membrane loca-
lised b-barrel transporters of the Omp85 family (Atteia et
al., 2004; Bredemeier et al., 2007). Thus, it seems pos-
sible that the outer membranes of chloroplasts and mito-
chondria are equipped with different channel and porin
types, depending on the metabolic needs of the organ-
elle. Whereas in mitochondria with the voltage-depend-
ent anion channel (VDAC, see below) only one
non-specific porin, which to some extent can be regu-
lated by metabolites, substrates and nucleotides, was
retained, the situation in plastids is more complex,
reflecting their integration in the biosynthetic pathways of
many metabolites essential for the plant cell. Thus, as
described below, structural and functional elements or
regulation of gene expression of several of the nucleus-
encoded outer envelope protein (OEP) channels in the
plastid outer envelope are reminiscent of the outer
membrane channels and porins in Gram-negative bac-
teria. However, the plastid outer envelope is not only
equipped with elements of prokaryotic origin, but also
contains proteins derived from the eukaryotic host.

During evolution, most of the ancient cyanobacterial
genome information was transferred to the nucleus (Mar-
tin et al., 2002; Leister, 2003, 2005). However, chloro-
plasts, which retained a prokaryote-type genetic system,
amongst others, most likely inherited phytochromes
(Pepper, 1998) and carotenoids from cyanobacteria
(Hoiczyk and Hansel, 2000). Furthermore, with synToc75
from Synechocystis (Bölter et al., 1998) and cyanobac-
terial orthologues of Tic20, Tic22, and Tic55 (Reumann
et al., 2005), at least part of the protein import machinery
of chloroplasts, Toc (translocon at the outer envelope)
and Tic (translocon at the inner envelope of chloroplasts),
was recruited from the cyanobacterial ancestor. For pro-

tein import into chloroplasts, see Soll and Schleiff (2004)
and Vothknecht and Soll (2005) and references therein.
However, whereas Toc75 builds the channel for protein
translocation into chloroplasts, its progenitor, Omp85,
functions as an export pore and/or during insertion of
outer membrane proteins (OMPs) in bacteria, as well as
in mitochondria (Bos and Tommassen, 2004; Gentle et
al., 2004, 2005; Bredemeier et al., 2007). For a more
detailed overview of plastid biogenesis, refer to Moreira
et al. (2000), Palmer (2000), Raven and Allen (2003),
Vothknecht and Soll (2005), and Lopez-Juez (2007).

VDAC, the porin in the outer membrane of
mitochondria

The outer membrane of mitochondria is freely permeable
to solutes up to a size of 4–5 kDa (Benz, 1994), which is
due to the presence of a porin similar to the ‘classical
porins’ in the outer membrane of Gram-negative bacteria
(see below). In mitochondria, this b-barrel pore, with a
molecular weight of approximately 30–36 kDa, is called
VDAC. Although primary amino-acid sequences may
vary, secondary structural elements, including an N-ter-
minal a-helical domain and 16 b-sheets, are highly con-
served among eukaryotic VDAC porins. While the
channel pore with an apparently large diameter (up to
3 nm; see Nikaido, 2003 and references therein) is built
by the b-sheets, the a-helical domain is involved in volt-
age sensing and gating (Mannella, 1998). In lipid bilayer
membranes, VDAC forms an aqueous channel with low
substrate selectivity and high single-channel conduc-
tance (approx. 4 nS in 1 M KCl) and thus functions more
or less as a size-exclusion filter. However, evidence has
accumulated that gating of VDAC is regulated by several
factors such as NADH or proteins localised in the inter-
membrane space, indicating a complex mechanism of
solute exchange in vivo (Colombini et al., 1987; Holden
and Colombini, 1993; Zizi et al., 1994; Rostovtseva and
Colombini, 1997; Van der Heiden et al., 2000). The first
plant VDAC was identified electrophysiologically in puri-
fied outer membranes of pea mitochondria (Schmid et
al., 1992). Since then, mitochondrial porins have been
isolated and characterised from several plant species
(Aljamal et al., 1993; Blumenthal et al., 1993; Abrecht et
al., 2000a,b; Godbole et al., 2003; Wandrey et al., 2004).

A porin in the outer envelope of plastids?

The permeability of isolated chloroplasts was first exam-
ined by electron microscopy and distribution of radio-
actively labelled compounds (Heldt and Sauer, 1971).
These early studies were followed by electrophysiological
approaches after reconstitution of outer envelope mem-
branes into artificial lipid bilayers (Flügge and Benz, 1984)
and by applying the patch-clamp technique on isolated
intact organelles (Pottosin, 1992, 1993). In summary, the
results obtained suggested that the plastidic outer enve-
lope is equipped with a general diffusion pore related to
the porin VDAC from mitochondria. Therefore, it has long
been assumed that the outer envelope of plastids is free-
ly permeable for low-molecular-weight solutes of up to
10 kDa. Correspondingly, it was believed that the osmot-
ic barrier against the cytosol is formed exclusively by the
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inner envelope. Subsequently, Fischer et al. (1994) loca-
lised the mitochondrial VDAC to non-green plastids of
pea roots, but not to chloroplasts of green leaves. How-
ever, recent studies on subcellular distribution of the
VDAC protein between plastids and mitochondria in
green and non-green tissues showed that VDAC is pres-
ent in mitochondria only (Clausen et al., 2004). Thus,
since this general diffusion porin in plastids could not be
identified on the molecular level, the identity of a VDAC-
like porin in the outer envelope of chloroplasts is
equivocal.

Solute channels in the outer envelope of plastids

In contrast, transport capacity and selectivity could be
assigned to several OEPs. Thus, the outer envelope of
chloroplasts is equipped with low-affinity, highly specific
channels (OEP16), the substrate- and ATP-gated OEP21,
and the specifically expressed, but rather unspecific
porin-like OEP24, reflecting the entire spectrum of their
bacterial ancestors (for details see below). However,
while the inner envelope transporters show distinct sub-
strate specificity, it remains a matter of debate to what
extent transport through channels of the outer envelope
is regulated in vivo (for a discussion see Soll et al., 2000;
Flügge, 2000; Bölter and Soll, 2001). In general, recent
research in the field suggests that quite a high number
of as yet uncharacterised membrane transporters exist in
all plant organelles (Philippar and Soll, 2007). Thus, the
view of a non-specific diffusion pore in the plastidic outer
envelope may prove to be an over-simplification.

Channels and porins in the outer membrane of
Gram-negative bacteria

It is generally assumed that the most important function
of the outer membrane of Gram-negative bacteria is to
form an additional and selective permeation barrier. Apart
from secretion of proteins, DNA or polysaccharides (for
an overview of export channels see Nikaido, 2003), outer
membrane porins and channels thus mediate uptake of
solutes (e.g., small hydrophilic nutrients). In brief, these
membrane proteins can be subdivided into four classes:
(i) classical porins; (ii) slow porins; (iii) specific channels;
and (iv) TonB-dependent receptors/gated channels (Kleb-
ba and Newton, 1998; Nikaido, 2003). All these channel
pores are b-barrels, formed by amphipathic transmem-
brane b-strands, and are exclusively found in the outer
membrane but not the cytoplasmic membrane (Koebnik
et al., 2000). Due to the elucidation of crystal structures,
electrophysiological characterisation in planar lipid
bilayers and osmotic swelling assays of liposomes,
molecular dynamics simulations, and knowledge of pro-
karyotic genome sequences, diffusion of solutes through
these bacterial channels can be described on the molec-
ular level. In the following we introduce these protein
classes by describing prototype members from the mod-
el prokaryote Escherichia coli as reviewed in detail by
Nikaido (2003).

Classical porins

In general, a porin is defined as a water-filled membrane
pore that forms a non-specific diffusion channel for sol-
utes of F600 Da. Diffusion rates are proportional to the
concentration difference across the membrane. OmpF,
OmpC, and PhoE, three classical porins of Escherichia
coli, have been characterised in detail. The porin channel
is formed by a protein monomer of 39–40 kDa, which
builds a b-barrel that consists of 16 strongly tilted
b-sheets. However, in a functional porin, three of these
channels are clustered together by one of the loops con-
necting the b-strands (Figure 1A). Usually these loops are
short turns at the periplasmic side of the porin, but longer
at the side facing the extracellular medium. The longest,
external stretch (loop 3) folds into the pore, thereby nar-
rowing the channel and building the so-called ‘eyelet’ of
the porin with a diameter of 0.7–1.1 nm as determined
for OmpF. Amino acid residues lining the channel wall in
this eyelet influence the diffusion characteristics. While
OmpF and OmpC prefer cations, PhoE is anion-selective,
although their primary sequence is 72% similar. Cationic
and anionic amino-acid residues of the very stable con-
striction eyelet are placed in opposite sides of the chan-
nel and thus orient the water molecules inside the pore
in a highly directional manner. Furthermore, the external
face of the b-barrel is occupied by lipophilic side chains,
and aromatic amino acids are found at the outer and
inner interfaces of outer membrane proteins in general.
Interestingly, the C-terminus of porins invariably ends
with a phenylalanine (or sometimes tryptophan), which is
important for correct insertion and assembly of the porins
into the outer membrane (Struyve et al., 1991; De Cock
et al., 1997). The single channel conductance of a func-
tional OmpF trimer is between 2 and 3 nS and that of a
monomer is 0.7 nS (in 1 M KCl), while the pore diameter
of a monomer is estimated to be 1.2 nm wfrom sugar
diffusion and polymer (polyethylene glycol, PEG) exclu-
sion assaysx. OmpC is slightly smaller but otherwise
almost identical to OmpF. NmpC, OmpN, and OmpD are
other classical porins of Enterobacteriaceae (Nikaido,
2003, and references therein). OmpG (34.9 kDa) of E.
coli, however, is an unusual classical porin, since it does
not form oligomers and lacks loop 3, and thus produces
quite a large channel. It is most likely that OmpG thus
functions in the uptake of larger oligosaccharides.

Because the E. coli porins described are very similar,
gene expression and post-translational modifications are
regulated very tightly to provide specific function and
control diffusion of solutes (for an overview see Nikaido,
2003). PhoE, for example, is expressed only under phos-
phate starvation, and environmental factors such as pH,
polyamines, carbon sources and anaerobiosis regulate
OmpF and OmpC function. It is generally assumed that
the porins rest in an open state at a membrane potential
of approximately 0 mV. In vitro the channels can be
closed at voltages greater than 100 mV, but since there
is no large electrical potential across the outer membrane
of bacteria, this mechanism is most likely negligible in
vivo. Therefore, other mechanisms, e.g., transcriptional
and post-translational regulation, are likely to maintain
the permeability barrier of the outer membrane. In the

Bereitgestellt von | Universitaetsbibliothek der LMU Muenchen
Angemeldet | 129.187.254.47

Heruntergeladen am | 18.11.13 10:46



882 D. Duy et al.

Article in press - uncorrected proof

.

Figure 1 Membrane topology of porins and channels in the
outer membrane of Gram-negative E. coli.
All models are simplified cartoons of the detailed structures
depicted in the review by Nikaido (2003). (A) Left: the classical
porin OmpF builds a b-barrel pore (black) in the outer membrane
that consists of 16 antiparallel b-strands. Right: a functional
channel is composed of three OmpF monomers as viewed from
the top. This trimer is assembled by the interaction of loop
regions connecting the b-strands (light grey). As indicated by
asterisks, the extended loop 3 from the top folds into the pore,
building the so-called ‘eyelet’ and narrowing the channel. (B) The
current model for the function of the slow porin OmpA involves
two conformations. Left: in the non-transporting but preferred
conformation, the N-terminal part of the protein forms 8 b-
sheets in the outer membrane (OM). The C-terminus extends
into the periplasmic space (PPS) and interacts with the pepti-
dogylcan layer. Right: a minority of proteins that tend to form
loosely connected oligomers, however, can change into barrels
of 16 continuous b-sheets and thereby open a pore. (C) Left:
specific channels such as LamB are formed by 18 b-strands.
Middle: in a view from the top, it is evident that loop 3 (asterisks)
folds into the channel and generates quite a narrow constriction
zone compared to the porins in (A). Right: side view of a bisect-
ed LamB channel. Specificity for maltose is generated by the
so-called ‘greasy slide’, which consists of six aromatic amino
acids (black dots) lining the channel wall. During transport the
sugar molecules interact with the aromatic side chains of these
amino acids. (D) Simplified model of the action of FecA, a TonB-
dependent Fe3q-citrate receptor/gated channel. Left: in the non-
transporting mode, a globular N-terminal domain of the
22-b-sheet FecA protein in the OM plugs the channel. When the
ligand Fe3q-citrate (white) binds from the external side to the
FecA receptor, a conformational change is induced that allows
interaction of the TonB box at the N-terminus with the TonB
protein in the PPS. For this interaction, TonB, which is anchored
in the cytoplasmic membrane (CM), has to be energised via a
proton gradient. In a hypothetical model this proton gradient is
channelled by a complex of the membrane proteins ExbD, ExbB,
and TonB. Right: in turn, interaction with TonB results in large
conformational changes in FecA. First, the ligand-binding site is
closed by external loops on the top of the protein, then removal
of the plug gates the channel and allows transport of the ligand
into the PPS.

natural habitat of bacteria, the external loops interact
with and are exposed to elements of the external world
(e.g., chemicals, antibiotics, antibodies, phages). There-
fore, these regions undergo very rapid mutagenesis.
Thus, phylogeny based on the primary sequences of
those porins alone is not feasible, and has to include
structural and functional conservation.

Slow porins

Slow porins are very different from the classical porins,
since diffusion of small solutes is much slower (by up to
a factor of 50), but in contrast they allow larger solutes
to pass through the channel. The major slow porin of E.
coli is OmpA (37.2 kDa), while its homologue OprF from
Pseudomonas aeruginosa was the first of this family
identified and extensively discussed in the literature to
understand how wider channels show slower diffusion of
solutes (for an overview see Nikaido, 2003). This dis-
crepancy is explained by the so-called ‘two conformer’
model, which is supported by most of the experimental

evidence (Figure 1B). According to this model the major-
ity of OmpA/OprF proteins are in the closed conforma-
tion, where the N-terminal part of the protein is folded
into eight b-sheets. The globular C-terminus extends into
the periplasm and interacts with the peptidoglycan layer,
thereby stabilising the cell envelope, which is its primary
function. However, a minority of the proteins can form a
continuous b-barrel structure, with 16 b-sheets needed
to build an open, non-specific channel. Similar to the
classical porins, this channel fraction tends to form oligo-
mers. The fact that these open porins are underrepre-
sented explains why diffusion of solutes is slow. In E. coli,
which has the classical high-permeability porins, opened
slow porins should have no functional consequence. In
some pseudomonads lacking classical porins, however,
this fraction is assumed to function as the major non-
specific porin. In addition to OmpW (22.9 kDa) from
E. coli and homologues from other bacteria, several outer
membrane proteins exist with only eight b-sheets.
Although it is hypothesised that some of these proteins
function as channels, it is still unclear how these small
proteins could build sizeable pores. Thus, they rather
might function as simple anchors or receptors, as
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reported for OmpW, which is described as a colicin
receptor (Pilsl et al., 1999).

Specific channels

Specific channels catalyse the diffusion of selected nutri-
ents, since they specifically bind transported solutes.
Thus, diffusion along the concentration gradient across
the membrane becomes specific and more efficient.
LamB, the phage lambda receptor protein in E. coli, is
the prototype for specific channels and catalyses the
uptake of maltose, the most important carbon source for
E. coli. Similar to the classical porins, LamB clusters into
a homo-oligomeric trimer, but each of the monomeric
channels of 49.9 kDa, which form a b-barrel with 18
b-strands, functions independently (Figure 1C). The
external loop 3, together with loops 1 and 6, folds into
the channel, thus generating a constriction zone of
0.5–0.6 nm, which is much narrower than that of the
porins (approx. 0.7–1.2 nm). In addition, the single-chan-
nel conductance of 0.16 nS (in 1 M KCl) is significantly
lower than for porins. Specificity for maltose and higher
oligosaccharides of the maltose series is mediated by the
so-called ‘greasy slide’, consisting of six aromatic amino
acids that line the entire channel wall (see Figure 1C).
Transported sugar residues specifically interact with the
aromatic rings of these amino acids. Although sucrose,
for example, binds to the greasy slide, it is not trans-
ported since its fructose residue is prevented from enter-
ing the channel by the constriction region. However,
under limiting carbon conditions, LamB is able to trans-
port glucose, lactose, arabinose and glycerol.

For uptake of sucrose, E. coli uses the channel ScrY
(55.4 kDa), which is homologous to LamB and transports
a wide variety of sugars (e.g., glucose, fructose, arabi-
nose, maltose, lactose, raffinose, maltodextrins). The
18-stranded b-barrel of ScrY is significantly wider
(0.85–1.1 nm) than that of LamB, and the amino acids of
the LamB constriction zone that inhibit fructose entry are
absent in ScrY. Similar to LamB, the ScrY channel con-
tains the greasy slide, but in contrast the protein pos-
sesses an N-terminal extension, which is supposed to
extend this greasy slide into the periplasm.

Nucleoside transport in E. coli is mediated by the spe-
cific channel Tsx (31.4 kDa), which builds a 14-strand
b-barrel structure and does not form oligomers. Further-
more, the external loop 3 is short, and therefore loops 6
and 7 are relatively large and are important in substrate
recognition. Another small channel protein that functions
as a monomer is FadL (46 kDa), which mediates uptake
of long-chain fatty acids via a 20-strand b-barrel. Thus,
Tsx and FadL are somewhat reminiscent to the classical
but monomeric porin OmpG.

TonB-dependent receptors/gated channels

Insoluble ferric iron (Fe3q) is transported into bacterial
cells in the form of iron chelates (for overviews of bac-
terial iron transport systems in the outer membrane see
Andrews et al., 2003; Ferguson and Deisenhofer, 2004;
Cartron et al., 2006; Grass, 2006). Microbial iron chela-
tors are called siderophores. However, Fe3q-sidero-
phores, as well as vitamin B12, are too large to pass

through the classical porins or specific channels of the
bacterial outer membrane. Therefore, prokaryotes utilise
TonB-dependent receptors for uptake of these large mol-
ecules. E. coli has BtuB (68.4 kDa) for vitamin B12 trans-
port and six receptors for Fe3q-siderophore transport
(e.g., FepA for Fe3q-enterobactin, FhuA for ferrichrome
and FecA for Fe3q-citrate). These receptors bind the
respective ligands with high affinity, which allows inter-
action of the receptor channel with the TonB protein in
the periplasmic space (Figure 1D). The action of TonB,
however, requires the cytoplasmic membrane to be ener-
gised via a proton gradient. This energy is then trans-
ferred to the outer membrane receptor with the
assistance of two cytoplasmic membrane proteins (ExB
and ExD), thereby gating the channel. The crystallo-
graphic structure of FecA, with and without bound Fe3q-
citrate, revealed that the receptor channel is built of 22
b-strands. The N-terminal domain of the 85.3-kDa pro-
tein contains a TonB-binding box at its end and forms a
globular structure that plugs the channel. The ligands
bind to a site located on the external face of the protein,
which contains portions of the plug and the b-barrel.
Ligand binding results in a conformational change that
allows interaction between the TonB box of FecA and
TonB. In the current model (Figure 1D), transport is then
initiated by closing of the receptor sites via movement of
the external loops of the b-barrel. This is assumed to be
followed by large conformational changes caused by the
energised TonB, which in turn removes the plug and
opens the channel pore.

Porins in the outer membrane of cyanobacteria

Since a cyanobacteria-like cell was the ancestor of
today’s plant chloroplasts (Moreira et al., 2000; Palmer,
2000), we include a short overview of porins in their
Gram-negative type cell walls. Upon reconstitution into
lipid bilayers, cell wall preparations and outer membrane
protein extracts from the cyanobacteria Anabaena varia-
bilis and Synechocystis PCC 6714 were shown to pro-
duce ion-permeable channels with single-channel
conductance of 0.3 and 3.5 nS (Anabaena) and 0.3 and
2.2 nS (Synechocystis), respectively (Benz and Böhme,
1985; Jürgens and Benz, 1989). In the strain Synecho-
coccus PCC 6301, the outer membrane polypeptide
pattern is dominated by a band of 52 kDa. The corre-
sponding proteins, called SomA (Umeda et al., 1996) and
SomB (Hoiczyk and Hansel, 2000), were identified to
form trimeric homo-oligomers (140 kDa), which decom-
pose into monomers of 52 kDa upon heating in SDS
(Hansel and Tadros, 1998). A single-channel conduc-
tance of 0.4 nS for SomA and 0.9 nS for a mixed prep-
aration of SomA/SomB (in 1 M KCl) was determined in
lipid bilayers. In the genome of the model cyanobacte-
rium Synechocystis PCC 6803, six SomA homologues
have been identified (Hoiczyk and Hansel, 2000).
Although they do not show sequence similarity to porins
of other organisms, they might represent the low con-
ductance channel described for cyanobacterial outer
membranes. However, so far we can only speculate on
the solutes they transport and whether this conductance
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Table 1 Permeability properties of OEP channels in the outer
envelope of pea chloroplasts.

OEP16 OEP21 OEP24 OEP37

L 1.2 nS 0.95 nS 2.1 nS 0.5 nS
(1 M KCl) (1 M NaCl) (1 M KCl) (250 mM KCl)

Pion1/Pion2 PKq/PCl- PCl-/PKq PCa2q/PKq/PCl- PKq/PCl-

6.5:1 5:1 3:1:0.27 14:1

d (nm) ;1.0 2.36 (v) 2.5–3.0 3.0 (v)
0.99 (rz) 1.5 (rz)

All properties depicted were determined for recombinant pro-
teins reconstituted into lipid bilayers as described for OEP16
(Pohlmeyer et al., 1997), OEP21 (Bölter et al., 1999; Hemmler et
al., 2006), OEP24 (Pohlmeyer et al., 1998), and OEP37 (Goetze
et al., 2006). The single-channel conductance (L) was measured
in symmetrical solutions of the salt concentrations indicated.
The relative permeability of the channels (Pion1/Pion2) is shown.
Please note that OEP21 is anion-selective, while all other chan-
nels are cation-selective and OEP24 prefers divalent Ca2q

instead of monovalent Kq ions. For OEP16, OEP21, and OEP24
the pore diameter (d) was estimated according to conductivity
measurements and the permeation characteristics of solutes.
For OEP37 the pore dimensions were determined using the
polymer (PEG) exclusion method. Refined electrophysiological
analyses revealed that the OEP21 and OEP37 channels most
likely have an hourglass-shaped topology, with a wider vestibule
(v) and narrowed restriction zone (rz).

is produced by trimeric or monomeric porins (Hoiczyk
and Hansel, 2000; Nikaido, 2003). Besides the typical
porin region with 14–16 membrane-spanning b-sheets,
the SomA family of proteins contains an additional N-
terminally located domain, which most likely connects
the proteins with the peptidoglycan layer or secondary
cell-wall polymers. Thus, this topology is reminiscent of
the slow porin OmpA of E. coli (see above). Apart from
the previously mentioned Omp85-like b-barrels, so far
these porins are the only channel-building proteins
assigned to the outer membrane of cyanobacteria.

OEPs: solute and metabolite channels in the
outer envelope of plastids

Solute transport across the outer envelope of chloro-
plasts is mediated by a set of channels that are unique
to plastids and have distinct substrate specificities as
determined by osmotic swelling of liposomes with
reconstituted proteins. These channel-forming proteins
are called OEPs. OEP16, OEP21, OEP24 and OEP37 –
classified according to their molecular weight – were all
isolated as protein bands from fractionated outer enve-
lope membranes of pea (Pisum sativum) chloroplasts.
Thus, they represent abundant proteins in this membrane
system. As usual for OEPs, none of them contains a clas-
sical chloroplast transit peptide. In addition to the pre-
protein-conducting channel Toc75 (Hinnah et al., 1997),
these OEPs have been functionally characterised in vitro
by electrophysiological measurements in artificial lipid
bilayers (see Table 1 for details). They all represent high-
conductance solute channels with highest open proba-
bility at 0 mV and thus resemble their ancestors in
the outer membrane of Gram-negative bacteria, as
described above. Their distinct substrate specificities

indicate separate roles in different metabolic processes,
challenging the notion that they are non-specific diffusion
pores.

The dicotyledonous model plant Arabidopsis thaliana
is currently used to study the in vivo function of the OEP
proteins and to elucidate the evolution and regulation of
the distinct OEP families. Whereas similar OEPs are pres-
ent in the genomes of all land plants, including monocots
such as rice and maize and the moss Physcomitrella pat-
ens, sequence homologues could not be identified in
cyanobacteria, the progenitors of chloroplasts, or in other
Gram-negative bacteria. Thus, as mentioned above, the
high mutation rate in the amino acid sequence of bac-
terial porins and channels, in particular in domains facing
the external medium, makes traditional phylogeny based
solely on the primary sequence impossible. Therefore,
assays combining structural and functional features have
to be used to identify the ancestral OEP proteins. In the
following, we review the four OEP protein families cha-
racterised so far and compare their properties to the
porins and channels described for Gram-negative
bacteria.

OEP16, a channel specific for amino acids and
amines

The outer envelope protein OEP16 isolated from pea
chloroplasts (Pohlmeyer et al., 1997) is integral to the
membrane, as confirmed by its resistance to extraction
at basic pH or under high salt conditions. The protein is
present in different plastid types (etioplasts, proplastids,
amyloplasts, and chloroplasts) of roots, shoots, and
leaves of pea plants and was shown to form dimers in
outer envelopes. Recombinant Ps-OEP16, reconstituted
into lipid bilayers, forms a slightly cation-selective, high-
conductance channel. The conductance of 1.2 nS deter-
mined in 1 M KCl (Table 1) is similar to that of porins (0.7
nS for OmpF monomers) from the outer membrane of
Gram-negative bacteria. However, in contrast to these
unspecific diffusion channels, Ps-OEP16 in liposome
swelling assays displayed a strikingly high selectivity for
amino acids and amines. The predicted OEP16 pore has
a diameter of approximately 1.0 nm, but is impermeable
to 3-phosphoglycerate and uncharged sugars (fructose,
glucose, sucrose, sorbitol). Thus, in this respect OEP16
rather resembles a specific channel such as the sucrose-
transporting ScrY (pore diameter 0.85–1.1 nm). Further-
more, the OEP16 protein shows sequence and
secondary structure similarity to components of the pro-
tein translocase of the inner mitochondrial membrane
(Tim17, Tim22, and Tim23) and to a lesser extent to LivH,
an amino acid transporter in the cytosolic membrane of
E. coli (Rassow et al., 1999). Like these membrane trans-
porters, OEP16 forms four a-helical transmembrane
domains according to circular dichroism studies (Figure
2A, Linke et al., 2004). This is rather unusual, since the
channel proteins in the outer membranes of mitochondria
(VDAC) and Gram-negative bacteria (see above) are
exclusively built by b-barrels. In addition, all other plastid
OEPs consist of membrane-spanning b-sheets (see
below) inherited from the outer membrane of Gram-neg-
ative bacteria. In contrast, OEP16 seems to have evolved
from the plasma membrane of either the bacterial endo-
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Figure 2 Membrane topology of OEP channels in the outer
envelope of chloroplasts.
The polypeptide chains are depicted as solid lines, a-helices as
cylinders, and b-sheets as rectangles. The numbers of the first
and last amino acids of each membrane-spanning domain are
indicated. If known, the orientation of the proteins with respect
to the cytosol (cyt) and intermembrane space (IMS) is indicated.
(A) According to Linke et al. (2004), OEP16 from pea contains
four a-helical transmembrane domains. Helices II and IV are
determined to be three to five amino acids longer than helices I
and III. The loop connecting helices I and II, which most likely
form the channel pore, is of unusual length and thus might form
part of a selectivity filter or function in substrate recognition. (B)
Ps-OEP21 consists of eight transmembrane b-sheets (Hemmler
et al., 2006). The potential ATP-binding domain FX4K is localised
in the loop between b-sheets 7 and 8 and faces the intermem-
brane space. (C) Schleiff et al. (2003) modelled the b-sheet
topology of the Arabidopsis protein At-OEP24.1. The membrane
channel is most likely built from 12 b-sheets. Two extended
loops that connect b-sheets 8-9 and 11-12 face the cytosol and
intermembrane space, respectively. (D) The longest loop of the
b-barrel protein At-OEP37, which consists of 12 b-strands
(Schleiff et al., 2003), is located between b-sheets 5 and 6 and
most likely extends into the intermembrane space.

symbiont or the eukaryotic host. Most likely, the func-
tional OEP16 channel is formed by homo- or
hetero-oligomers (see Arabidopsis isoforms below), in
which helix 1 in combination with helix 2 of Ps-OEP16
builds the pore-forming region (Pohlmeyer et al., 1997;
Steinkamp et al., 2000; Linke et al., 2004). As described

for E. coli porins and the specific channel LamB, OEP16
possesses a stretched loop region connecting helices 1
and 2 (see Figure 2A) that might fold into the pore and
thus provide a selectivity filter or mediate substrate rec-
ognition. However, to date it is not known whether this
loop faces the cytosol or the intermembrane space. Inter-
estingly, as reported for porins in the outer membrane of
Gram-negative bacteria, protein sequences of the iso-
forms OEP16.1 and OEP16.2 in pea, Arabidopsis and
rice (see below) end with the aromatic amino acids tyro-
sine or phenylalanine at their very C-terminus.

The model plant Arabidopsis has three OEP16 iso-
forms in chloroplasts, namely At-OEP16.1, At-OEP16.2,
and At-OEP16.4 (Murcha et al., 2007; Philippar et al.,
2007). The protein At-OEP16.3, originally designated as
a member of the OEP16 proteins, is localised in mito-
chondria and it is now clear phylogenetically that it does
not belong to the OEP16 subfamily. Instead, At-OEP16.3
belongs to the large but rather loose superfamily of plant
PRAT (preprotein and amino acid transporters) proteins,
which also includes the OEP16 and Tim17, 22, and 23
subfamilies (Drea et al., 2006; Murcha et al., 2007; Phi-
lippar et al., 2007). The isoform At-OEP16.1, most abun-
dant in mature chloroplasts of light-grown leaves, shows
the highest amino acid identity to OEP16 from pea and
therefore most likely acts as an amino acid-selective
channel in the outer envelope of Arabidopsis chloro-
plasts. Contradictory to a function in amino acid trans-
port, some recent research proposes that OEP16.1 from
barley and Arabidopsis acts as a precursor translocase
for protochlorophyllide oxidoreductase (PorA) import into
chloroplasts (Reinbothe et al., 2004, 2005; Pollmann et
al., 2007). However, proper characterisation of single and
double mutants of all Arabidopsis OEP16 isoforms does
not support a function in PorA protein import (Philippar
et al., 2007). Furthermore, expression of OEP16 is
induced by light and cold, while PorA transcripts and
proteins are completely absent upon illumination (Su et
al., 2001; Philippar et al., 2007). Studies on cold induc-
tion of OEP16 in barley (Baldi et al., 1999) again suggest
a function for OEP16.1 in amino acid transport, since
cold acclimation, especially in cereals, requires an
increase in free de novo synthesised amino acids and
thus of channels that shuttle these compounds between
the chloroplast and the cytosol. At-OEP16.2, in contrast,
is very specifically expressed in non-photosynthetic plas-
tids of late seed development and pollen (Drea et al.,
2006; Philippar et al., 2007). During these stages of plant
development, especially in storage cotyledons of the
developing embryo, plastids primarily function in biosyn-
thesis of amino acids and fatty acids needed for seed
germination or pollen tube growth. Because expression
of OEP16.2 seems to be under control of the
phytohormone abscisic acid (Drea et al., 2006), which
regulates seed dormancy, it is tempting to speculate that
the role of OEP16.2 is in mediating transport of amino
acids synthesised in the storage plastids of embryonic
cotyledons. Transcripts of the isoform At-OEP16.4 are
expressed ubiquitously, but at a low level (Philippar et al.,
2007). Since OEP16 proteins tend to form dimers,
OEP16.4 might be a partner for OEP16.1 and OEP16.2
in hetero-dimers of chloroplasts in leaves and plastids of
seed cotyledons, respectively.
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In the physiological context, a function of OEP16 chan-
nels in the transport of amino acids thus seems more
likely than translocation of the PorA precursor protein.
However, detailed physiological studies of Arabidopsis
OEP16 mutants in combination with characterisation in
lipid bilayers of all three plastidic isoforms are necessary
to unambiguously clarify this point.

OEP21, a channel for phosphorylated
carbohydrates, regulated from the intramembrane
space

The OEP21 protein from pea is present in different plastid
types such as chloroplasts, etioplasts, and non-green
plastids from roots. Ps-OEP21 has been shown to form
a rectifying, anion-selective channel that is regulated by
ATP and triosephosphates from the intermembrane
space (Bölter et al., 1999). The channel has slightly lower
conductivity (0.95 nS in 1 M NaCl) than OEP16 (see Table
1) and is permeable to inorganic phosphate and phos-
phorylated carbohydrates, central intermediates in the
solute fluxes between chloroplasts and cytosol (e.g.,
triosephosphates, 3-phosphoglycerate, hexose phos-
phates). Very recently, refined electrophysiological anal-
ysis of the OEP21 channel properties revealed a
b-barrel channel with a wider pore vestibule (2.4 nm) at
the intermembrane site and a narrower filter pore of
approximately 1 nm (Hemmler et al., 2006). In the open
conformation, higher conductance at one site of the
channel corresponds to current rectification in the direc-
tion from the intermembrane space to the cytosol. Thus,
regarding selectivity, conductance and pore dimensions,
OEP21 might be compared to the sucrose-transporting
specific channel ScrY from E. coli (see above). Experi-
ments on the protease resistance of OEP21 in the outer
envelope in combination with computer-assisted mod-
elling of the b-barrel topology confirmed previous circular
dichroism data (Hemmler et al., 2006) revealing that the
OEP21 monomer consists of eight b-strands with the N-
and C-termini of the protein facing the cytosol (Figure
2B). Interestingly, only seven b-strands seem to contri-
bute to the channel pore. A functional OEP21 channel
therefore has to be composed of at least two monomeric
units. However, it is not clear how these subunits could
build one b-barrel. Thus, with respect to the topology,
OEP21 is similar to the slow porin OmpA or to OmpW of
E. coli (compare Figure 1B). Since the peptidoglycan lay-
er in the periplasm of Gram-negative bacteria was lost
during evolution (Hoiczyk and Hansel, 2000), OEP21 in
chloroplasts in parallel might have lost the C-terminal
domain of the OmpA-like proteins.

OEP21 from pea contains two binding sites for ATP,
one high-affinity site at the centre of the pore, and a sec-
ond, low-affinity site at the vestibule. The latter is repre-
sented by a C-terminal FX4K motif in loop 7 connecting
b-sheets 7 and 8 (Figure 2B), and faces the intermem-
brane space. Binding of ATP to this site blocks the chan-
nel, while binding to both sites decreases anion
selectivity. Triose phosphates (TPs) can bind to both sites
with the same affinity and thus compete with ATP. In con-
sequence, increasing the TP:ATP ratio at the intermem-
brane space releases the current block and increases
anion selectivity, resulting in a net efflux of TPs. Interest-

ingly, one of the two Arabidopsis OEP21 proteins,
At-OEP21.2, is equipped with the FX4K motif, while the
second isoform, At-OEP21.1, is lacking this regulatory
site (Hemmler et al., 2006). Thus, future experiments with
the two OEP21 isoforms in Arabidopsis should pinpoint
the in planta regulation and function of OEP21.

OEP24, a channel with specified function in a
defined cell type

The channel properties of the slightly cation-selective
OEP24 from pea closely resemble those described for
classical porins in Gram-negative bacteria (e.g., OmpF,
see above). The 2.5–3.0-nm wide pore (Table 1) of the
high-conductance channel (2.1 nS in 1 M KCl) allows
the passage of TPs, ATP, phosphate, dicarboxylate, and
positively or negatively charged amino acids (Pohlmeyer
et al., 1998). Furthermore, OEP24 can functionally
replace the mitochondrial VDAC in VDAC-deficient yeast
mutants (Röhl et al., 1999) and thus might represent a
rather non-selective channel in the outer envelope. Sec-
ondary structure predictions and circular dichroism data
suggest that OEP24 has a b-barrel-like structure con-
taining 12 membrane-spanning b-strands (Figure 2C,
Pohlmeyer et al., 1998; Schleiff et al., 2003). Two loops
connecting the b-sheets of OEP24 extend somewhat into
the cytosol and periplasmic space, respectively, and
therefore might function in narrowing the channel like the
external loops of bacterial porins (compare Figure 1A).

In Arabidopsis, two isoforms of OEP24 are present.
Interestingly, mutation of At-OEP24.1 leads to a defect in
pollen germination (Timper et al., unpublished data). In
early pollen development, fatty acid biosynthesis in plas-
tids supplies the growing pollen grain with the energy and
lipid material needed for pollen tube emergence and
growth (Yamamoto et al., 2003). Thus, the rather un-
specific channel OEP24 seems to have a very specific
and defined function that is triggered by expression in
plastids during early pollen development. The isoform At-
OEP24.2, in contrast, is expressed in late seed devel-
opment. Again this is reminiscent of the transcriptional
regulation of the classical porin proteins OmpF, OmpC
and PhoE in E. coli. In summary, the findings on Arabi-
dopsis OEP24 prove the concept that metabolic fluxes
across the outer envelope in vivo are mediated by OEP
proteins, which are not redundant and unselective pores,
but represent regulated channels essential for plastid
function.

OEP37, a new member of the chloroplast outer
membrane channels

Quite recently, OEP37 was described as a new member
of the outer envelope channels (Goetze et al., 2006).
Reconstituted recombinant OEP37 from pea forms a cat-
ion-selective, rectifying high-conductance channel (500
pS in symmetrical 250 mM KCl). The pore dimension
could be estimated using the polymer (PEG) exclusion
method (Table 1). Like OEP21, the channel pore reveals
an hourglass-shaped form with different diameters for the
vestibule (3.0 nm) and restriction zone (1.5 nm). OEP37
displayed affinity for the precursor of the chloroplast
inner membrane protein Tic32 and for a synthetic pep-
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tide. Most likely, the channel pore of OEP37 is formed by
12 b-strands (Figure 2D, Schleiff et al., 2003). In accor-
dance with the porins and channels in the outer
membrane of Gram-negative bacteria, OEP37 contains a
long stretch (loop 5, see Figure 2D) connecting b-strands
5 and 6 that might be necessary for substrate specificity
or recognition. However, as for its bacterial ancestors,
this loop is not on the external face of the channel, but
on the predicted side of the intermembrane space.

In Arabidopsis, transcripts of the single copy gene
At-OEP37 are ubiquitously expressed throughout plant
development and accumulate in early germinating seed-
lings, as well as during late embryogenesis. The plastid
intrinsic protein OEP37 could be detected in isolated
chloroplasts of cotyledons and rosette leaves. However,
the knockout mutant oep37-1 shows that proper function
is not essential for development of the mature plant
(Goetze et al., 2006). In conclusion, OEP37 may consti-
tute a novel peptide-sensitive channel in the outer enve-
lope of plastids with function during embryogenesis and
germination. Although the pore characteristics of OEP37
have been described in detail, substrate specificity and
putative metabolite transport capacities await further
characterisation. However, because of its expression in
storage-type plastids of green cotyledons in seeds, it is
tempting to speculate that OEP37 might transport stored
fatty acid compounds and/or amino acids and act in con-
cert with OEP16.2 or OEP24.2, which show similar
expression patterns (see above).

In summary, the properties of the OEP channels
described so far resemble several aspects of their bac-
terial ancestors. However, it is most likely that more
channels and specifically regulated porins are required to
shuttle all the metabolites and solutes necessary for the
proper function of plastids across the outer envelope.
Thus, these proteins still await discovery and description.
Furthermore, in the near future it should be possible to
circumstantiate the in planta function of the OEPs using
the model plant Arabidopsis thaliana. Evaluation of crys-
tal structures in combination with electrophysiological
characterisation of all family members will help to delin-
eate solute transport in molecular detail, as has been
described for several porins in Gram-negative bacteria.
From sequence comparison it is evident that outer
membrane proteins of recent Gram-negative bacteria
and in particular cyanobacteria show no direct homology
to the chloroplast OEP channels. Thus, these organisms
and plant organelles have diverged from their last com-
mon ancestor during evolution. However, the outer
membrane channels and porins in today’s cyanobacteria
are not described so far on a detailed molecular, func-
tional or structural level, which complicates direct com-
parison with the chloroplast OEPs. Furthermore,
characterisation of the corresponding proteins in the
model moss Physcomitrella patens or the green alga
Chlamydomonas reinhardtii might help to descend the
evolutionary ladder from higher plants towards the pos-
tulated common ancestor of cyanobacteria and chloro-
plasts. Thus, it is necessary to combine ‘traditional’
sequence-based phylogeny with detailed analyses of
molecular structure and in vivo function to track the
ancestral portrait gallery of the OEP channels.
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