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Summary

Chloroplasts are organelles specific to photosynthetic eukaryotes that support the lives of
most organisms on earth. Chloroplasts were derived from an ancient cyanobacterium by
endosymbiosis, and one characteristic shared between them and extant cyanobacteria is the
presence of B-barrel proteins in the outer membrane. These integral membrane proteins
are also found in the outer membranes of proteobacteria and mitochondria. In particular,
a group of homologous B-barrel proteins called BamA homologs are present in all Gram-
negative bacteria and the endosymbiotic organelles, i.e., chloroplasts and mitochondria.
It was recently revealed that, in both proteobacteria and mitochondria, there is a single
essential BamA homolog that mediates f-barrel protein assembly. In a chloroplast, there
are two distinct BamA homologs, Toc75 and OEP80, which diverged early in the evolution
of chloroplasts from their common ancestor with extant cyanobacteria. Recent genetic
studies demonstrated that each of these proteins is indispensable for viability of plants
although neither has been shown to be involved in B-barrel protein assembly. Toc75
catalyzes import of nuclear-encoded precursor proteins, a process that is not required
for bacteria, whereas the molecular function of OEP80 remains elusive. Establishment
of a protein import apparatus was required to facilitate the transfer of genes from the
endosymbiont to the host cell nucleus. Hence, we propose that the gene duplication giving
rise to the two essential BamA homologs was a prerequisite for the successful conversion
of the cyanobacterial endosymbiont into the chloroplast. Consequently, continued study
of these two chloroplast proteins should advance our understanding of endosymbiosis and
evolutionarily conserved proteins in general.

Keywords: B-barrel membrane proteins, chloroplast outer envelope membrane, endosymbiosis,
OEP80, Toc75

1. Introduction

integrated into the development of organisms by
differentiating into various inter-convertible non-

Oxidative photosynthesis supports the lives of
virtually all organisms on earth. In eukaryotes, this
reaction takes place in the chloroplast, the organelle
specific to photosynthetic protists (eukaryotic algae)
and plants. In higher plants, chloroplasts are further
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photosynthetic plastid types, such as chromoplasts in
red and orange fruit and floral petals, and amyloplasts
in root tips (/). In addition to photosynthesis,
plastids perform many functions essential for normal
growth and development of plants. These include
assimilation of nitrogen and sulfur, biosynthesis of
amino acids, fatty acids, carotenoids, tocopherols,
and precursors of plant growth regulators such as
abscisic acid and gibberellins (2-5), and gravity
sensing (6). A number of genes encoding enzymes
responsible for chloroplast metabolism have been
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identified and characterized. These achievements
have made possible genetic engineering of crop plants
that produce high amounts of compounds beneficial
for human nutrition (2). In addition, the knowledge
of biochemical processes in chloroplasts has been
used to develop and test a computational model for a
metabolic network (7).

Chloroplasts originated from an ancestral
cyanobacterium, which was engulfed by a primitive
mitochondriate eukaryotic cell about a billion years ago
(8). This event, called primary endosymbiosis, gave
rise to three major autotrophic lineages, Glaucophyta,
Rhodophyta (red algae) and Viridiplantae (green algae
and land plants), all of which contain chloroplasts
surrounded by an envelope consisting of two
distinct membranes (9-1/). The outer membrane
of the chloroplast envelope used to be considered
as a remnant of the phagosomal membrane of the
eukaryotic host (/2). However, the presence of
galactolipids and B-barrel proteins, a feature shared
with membranes of extant cyanobacteria but not with
the eukaryotic endomembrane systems, supports the
prokaryotic origin of the chloroplast outer membrane
(13,14). Chloroplasts spread into other protist lineages,
too, such as diatoms, which play a major role in net
primary oxygen production in the ocean, through
multiple eukaryote-eukaryote (secondary and tertiary)
endosymbioses (/5). A secondary endosymbiotic
event also gave rise to apicoplasts, organelles that
lost photosynthetic capacity but still play important
roles in viability of protozoan parasites (/6). Hence,
the chloroplast provides footprints of evolutionary
events relevant to global energy production and human
disease.

The presence of two distinct membranes, the outer
and inner membranes, is a feature shared not only
by cyanobacteria and chloroplasts, but also by all
the other Gram-negative bacteria and mitochondria
of eukaryotic cells. Furthermore, B-barrel membrane
proteins are found exclusively in the outer membranes
of these bacteria and the endosymbiotically derived
organelles. Consequently, addressing questions about
the chloroplast outer envelope should provide insights
into the functions and evolution of various membrane
systems. In this review, we intend to highlight a limited
but interesting feature of the outer envelope of higher
plant chloroplasts, which has generally been under-
examined compared to its counterparts in bacteria and
mitochondria. We propose that two chloroplast B-barrel
membrane proteins, which belong to an evolutionarily
conserved group of proteins in Gram-negative
bacteria and the endosymbiotic organelles, played key
roles in the successful conversion of the free-living
prokaryote into the organelle. This review aims to
emphasize the relevance of the study of these proteins
for understanding endosymbiosis and the evolutionary
event in general.

2. The outer membranes of Gram-negative bacteria,
mitochondria, and chloroplasts

2.1. Conserved and divergent properties of the outer
membranes

The outer and inner membranes of Gram-negative
bacteria and the endosymbiotic organelles function
as a physical barrier that separates two aqueous
compartments, i.e., the inside (the cytoplasm for the
bacteria, the matrix for mitochondria, and the stroma
for chloroplasts) and the outside (extracellular space
for the bacteria, and the cytoplasm for mitochondria
and chloroplasts), and catalyze communications
between them. These two membranes also facilitate
metabolic compartmentalization by providing an
aqueous space in between, i.e., the periplasm in the
bacteria and the intermembrane space in mitochondria
and chloroplasts. A number of features are conserved
among the outer membranes of Gram-negative bacteria
and the endosymbiotic organelles. However, these
membranes have also evolved many distinct properties
(Table 1).

It has been postulated that immediately after
the engulfment by the host cell, the eubacterial
endosymbionts were surrounded by a phagosomal
membrane in addition to their own outer and inner
membranes. This host-derived outermost membrane,
however, quickly disappeared (9), and the remaining
two lipid bilayers started evolving to adapt to the
new environment (/7). One of the significant changes
in these two membranes was the establishment of
protein import apparatus. This was required by
the endosymbiont to complete gene transfer to the
host nucleus, which is essential for its successful
conversion to an organelle. Endosymbiotic gene
transfer consists of 1) duplication and transfer of genes
in the endosymbiont to the host nucleus, ii) expression
of the transferred genes in the nucleus, iii) targeting
of the nuclear-encoded proteins back to its original
location in the endosymbiont, and iv) loss of the genes
from the endosymbiont. Consequently, most proteins
currently found in chloroplasts and mitochondria are
encoded in the nuclear genome, although each of
these organelles still carries its own genome (/8). In
addition to protein import apparatus, the endosymbiont
had to develop various machineries at the surrounding
membranes to exchange numerous metabolites and
solutes in order to integrate their metabolic processes
into that of the host cell. While bacterial outer
membranes play roles in symbiotic and/or pathogenic
interactions with host cells (/9,20), their counterparts
in the endosymbiotic organelles play significant
roles in other processes, such as organelle division,
movement, and the biosynthesis of membrane lipids
(14,21,22). Recent studies have also demonstrated the
role of the mitochondrial outer membrane in apoptosis
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Table 1. Comparisons of the outer membranes of Gram-negative bacteria and the endosymbiotic organelles*

Gram-negative bacteria

Endosymbiotic organelles

Proteobacteria** Cyanobacteria Mitochondria Chloroplasts
Peptidoglycan layer ~6 nm? 12 nm® None None (except cyanelles)
Exclusion limit ~0.6 kD, ~6 kD* ~2 kD¢ ~3.4-6.8 kD' ~10 kD#
Protein content (wt%) 50" 30' 60’ 25-30F

Number of integral
membrane proteins
identified/predicted***

Major non-protein
components****

Functions*****

42 (B-barrel) + 1 (o-helical)

Lipopolysaccharides
Phospholipids

» Permeability barrier

» Passive and active
solute transport

e Defense

* Symbiotic and/or
pathogenic interaction
with host cells

17 (B-barrel)™

Lipopolysaccarides
Phospholipids

* Permeability barrier

» Passive and active solute
transport

* Symbiotic interaction
with host cells

4 (B-barrel) + 28 (o-helical)"

Phospholipids

Permeability barrier

Protein import

Solute transport (passive)

Biosynthesis of lipids,

nicotinic acid, cysteine,

erythroascorbic acid

» Regulation of organelle
morphology (shape,
fission, and fusion)

* Apoptosis

8 (B-barrel) + 26 (o-helical)®

Phospholipids
Galactolipids

* Permeability barrier

* Protein import

 Biosynthesis of
membrane lipids

¢ Organelle division

» Anchorage to the
plasma membrane

¢ Organelle movement

* Sugar signaling

“The listed data are from the following species:

Eccherlchza coli (1()2), s Synechocyvtlv sp. PCC 6714 (103); °, E. coll (1()4), , Pseudomonas

aemgmosa (105); ¢, Anabaena variabilis (106), , Neurospora crassa (107); &, Spinacia oleracea (S}‘innach) (108), , Salmonella typhimurium

(109); ', Synechocystis sp. PCC6714 (110); ", Saccharomyces cerevisiae (111); k'S oleracea (112);
(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html)]; ™,

, E. coli (113,114, the White lab website
Anabaena sp. strain PCC 7120 (115), , N. crassa (22); °, A. thaliana (14);

the Inoue lab website (http://www.plantsciences.ucdavis.edu/kinoue/OM.htm)]; ™™

EEES

This phylum includes Alphaproteobacteria, the closest

prokaryotic homologs of mitochondria (776); ***These should be underestimated numbers; ****These are in E. coli (109,117) for proteobacteria;
Synechocystis sp. PCC6714 (110) for cyanobaceria; N. crassa, rat liver (/18), and S. Cerevisiae (111) for mitochondria; S. oleracea (21) for
chloroplasts Galactolipids have been found in the inner but not in the outer membranes of extant cyanobacteria (/10,119), whereas they are
present in both membranes of chloroplasts (// 2) Hence, galactolipids in the chloroplast outer membrane may have been recruited from the inner

membrane of the cyanobacterial endosymbiont;

(23), and that of the chloroplast outer membrane in
sugar-sensing (24). Indeed, the composition of integral
membrane proteins has diverged significantly between
the outer membranes of the extant bacteria and those
of the endosymbiotic organelles (Table 1). These
proteins in the organelles must have evolved either
from those already present in the endosymbiont, or
from gene products of the host cell (see section 3.1.
for protein import components as examples).

2.2. Beta-Barrel proteins — the common constituents of
the outer membranes of Gram-negative bacteria and the
endosymbiotic organelles

One of the common features shared by Gram-
negative bacteria, mitochondria, and chloroplasts
is the presence of B-barrel proteins in the outer
membrane (Table 1). These integral membrane
proteins are postulated to form pores consisting of
multiple transmembrane B-strands, which are laterally
hydrogen-bonded in a circular pattern (25-27). A
number of bacterial B-barrel proteins have been shown
to use these hydrophilic pores directly to transport
various solutes, metabolites and proteins (20).
Furthermore, in some cases, these transmembrane
structures appear to function as a membrane anchorage
to support the soluble catalytic sites located in cis,
as seen in OmpLA (28) and OmpT (29), and may

*See text for appropriate references.

also provide physical integrity of the lipid bilayer,
as seen in OmpA (20). Three-dimensional structures
of a number of bacterial f-barrel proteins, which
consists of even numbers (8 to 24) of transmembrane
B-strands, have been demonstrated by X-ray crystal
analyses (30,31). In addition, electron microscopic
studies have shown pores formed by putative B-barrel
membrane proteins including those from mitochondria
(32,33). Using these data, a number of hidden Markov
model prediction programs have been developed to
examine the presence of transmembrane B-strands in
a given protein (34-36). Recently, three independent
groups reported the first three-dimensional structures
of non-bacterial B-barrel membrane proteins, VDACs
(Voltage-Dependent Anion Channels), from human and
mouse mitochondria (37-39). Unlike bacterial proteins,
these mammalian proteins consist of an odd number
of transmembrane B-strands. Interestingly, however,
their N-terminal a-helical domain was found to bind
to the pB-barrel, orienting both the N- and C-termini
towards the space between the outer and inner
membranes, similar to the topology of the bacterial
B-barrel proteins (25). Finally, there is no report on the
crystal structure of any chloroplast B-barrel membrane
proteins yet, although some of them can be predicted
to contain an even number (8 to 16) of transmembrane
B-strands by the programs such as PRED-TMBB
(34) and PROFtmb (35), which are designed for
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bacterial B-barrel membrane proteins (Inoue and Hsu,
unpublished).

In Escherichia coli, 42 proteins have been found
and/or predicted to integrate into lipid bilayers with
multiple B-strands, whereas only a handful of B-barrel
proteins have been identified in mitochondria and
chloroplasts (Table 1) (/4,40). Quite interestingly,
although the proteins in the endosymbiotic organelles
may have evolved from bacterial ancestors, only
BamA homologs (see below) show apparent sequence
similarities to prokaryotic proteins (4/). Furthermore,
the outer membranes of both mitochondria and
chloroplasts are enriched with proteins with a-helical
transmembrane domains, which seem to be very
rare in the bacterial outer membranes (Table 1).
Nonetheless, the major integral constituents of the
outer membranes of mitochondria and chloroplasts
are represented by B-barrel proteins, VDAC (42) and
Toc75 (43), respectively. Hence, the importance of
B-barrel proteins in the outer membranes appears to be
conserved between the bacteria and the organelles.

3. Two essential B-barrel proteins in the chloroplast
outer envelope — Toc75 and OEP80

3.1. Chloroplast protein import

Currently, most nuclear-encoded proteins targeted
to the interior of chloroplasts are synthesized by
cytoplasmic ribosomes with an N-terminal extension
called a transit peptide. Extensive biochemical and
genetic studies have identified multiple proteinaceous
components involved in the transit peptide-dependent
import of these precursor proteins at the chloroplast
envelope membranes, and they are designated as
Toc and Tic (Translocon at the outer- and the inner-
envelope-membranes of chloroplasts) proteins
(44-51). How did the pre-organelle establish these
protein import machineries? The presence of apparent
homologs in extant cyanobacteria suggests that some
components evolved from proteins in the eubacterial
endosymbiont, whereas other proteins may have
been recruited from the host eukaryote (52). Some
non-essential components may have adopted multi-
functionality during evolution (/7). Overall, however,
the mechanism by which the protein import machinery
was established remains largely unexplored, mainly
due to the lack of appropriate tools.

3.2. The protein translocation channel in the
chloroplast outer envelope, Toc75

As described in section 3.4., one of the chloroplast
protein import components that was derived from
prokaryotic proteins is the major B-barrel outer
membrane protein Toc75, originally identified in
seedlings of pea (Pisum sativum). Chemical cross-

linking assays (53,54) and reconstitution into
liposomes (55,56) have established that Toc75 is a
major protein translocation pore. It forms a hetero-
oligomeric complex in the outer membrane with
two homologous GTPases, Toc159 and Toc34,
which expose their large N-terminal portions to the
cytoplasmic surface (57). Toc34 has been shown to
be anchored to the membrane with a transmembrane
o-helical domain, whereas the exact conformation
of the transmembrane domain in Toc159 is not
completely understood (46). Toc75 also plays a role
in the insertion of a signal-anchored a-helical outer
membrane protein, OEP14, which does not carry a
transit peptide (58). Because Toc75 itself is encoded
in the nuclear genome, it also has to be targeted to
the organelle posttranslationally and inserted into
the membrane. It is intriguing that unlike other outer
membrane proteins in chloroplasts and mitochondria
that do not need cleavable targeting sequences, Toc75
requires a transit peptide, which consists of two parts
and is removed by two steps, for its correct targeting
(59-63). In particular, Toc75 depends for its complete
maturation on a membrane-bound protein called
Plspl (plastidic type I signal peptidase 1) (64,65).
Interestingly, similar to Toc75, Plspl appears to have
derived from a protein in a cyanobacterial ancestor (66).

3.3. A distinct paralog of Toc75 in chloroplasts, OEP80

There are four genes in the genome of the model
plant Arabidopsis thaliana that encodes apparent
Toc75 homologs (67,68). Among them, the one on
chromosome I was shown to be a pseudo-gene (69).
The protein encoded on chromosome III is the sole
functional Toc75, which contains the unique bipartite
transit peptide (67), and is essential for plant viability
as its gene knockout disrupted embryo development
as early as at the two-cell stage (69,70). By contrast,
functions of the other two Toc75 paralogs remain
largely elusive. The protein encoded on chromosome
IV is a truncated form of Toc75 without the N-terminus.
Its gene knockout caused slight abnormalities in the
structure of non-photosynthetic plastids, but did not
significantly disrupt normal plant growth (69). The
paralog encoded on chromosome V of 4. thaliana was
annotated to encode an 80 kDa protein, which shows
only 22% sequence identity to Toc75. A pea ortholog
of this protein, which was named Toc75-V, appears
to be 66 kDa and was not found in Toc complexes
prepared by sucrose-gradient centrifugation (67). Later
immunoblotting results using an antibody against
part of the deduced sequence and in vitro import data
suggested that the size of this Toc75 paralog may be
similar to that of the precursor, 80 kDa (77). This
protein from A. thaliana, which was named OEP80
for outer envelope protein 80, does not require an
N-terminal cleavable bipartite transit peptide as does
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Toc75 for targeting to chloroplasts (7/). More recently,
disruption of the OEP80 gene was shown to cause
embryo abortion in A. thaliana at a stage later than that
affected by TOC75 knockout (72). This indicates that,
while both Toc75 and OEP80 are essential for viability
of plants from very early stages of development, they
probably have distinct functions (73).

3.4. The evolutionary origin of Toc75

The prokaryotic origin of Toc75 was first suggested
in the late 1990s, when a gene encoding an apparent
Toc75 homolog was found in the cyanobacterium
Synechocystis sp. PCC6803 (74,75). The encoded
protein Slr1227 was localized in the bacterial outer
membrane and could be reconstituted as a voltage-
gated channel in artificial liposomes (74). A genetic
study demonstrated that Slr1227 is essential for cell
viability (75) although its exact function remains
unknown.

Interestingly, proteins homologous to Toc75 are
found not only in cyanobacteria, but also in a wide
range of Gram-negative bacteria and mitochondria.
These homologs include surface antigens named
D15 and TpsB transporters of two partner secretion
systems (52). The conserved features of these proteins
include an N-terminal soluble portion and a C-terminal

transmembrane region consisting of 10 to 16 B-strands
in the predicted structure (Figure 1) (76). The soluble
portion contains one to five polypeptide translocation
associated (POTRA) domains, which were also found
in the N-terminal regions of FtsQ/DivIB bacterial
division protein family (77). The initial prediction
suggested that a typical POTRA domain consists of 70
to 90 amino acids, containing three -strands and two
a-helices (77). Recent structural studies have revealed
the core faafP motif of a POTRA domain, in which
two a-helices are packed against a three-strand mixed
B-sheet (78-81). The number of POTRA domains
varies: three each for homologs from chloroplasts
and cyanobacteria, one for those from mitochondria,
and one to five for the Omp85 homologs from
proteobacteria including Alphaproteobacteria, which
are believed to share the common ancestor with
mitochondria (Figure 1) (82). In the case of a subset
of proteobacterial and mitochondrial proteins, the
N-terminal portion containing the POTRA domains
is postulated to exist in the space between the outer
and inner membranes. This model is supported by
extensive sequence comparisons between various
putative homologs (83), proteolytic fragmentations of
the proteins in the intact cells or organelles (32,79,84),
reconstitution assays (85), and in vitro association
of the POTRA domains with lipoproteins located in

ShiB I 1 —
(proteobacteria) TPS

FhaC 8—{ 1 } 2 jo—
(proteobacteria)

BamA @ 1 f 2§ 3} 4} 5 |cn——
(proteobacteria)

Sam50 {1 j——
(mitochondria)

Tocrs | — i
(chloroplasts) 1 ]{ 2 ]{ 3 }Essentlal

OEP80 1420 3
(chloroplasts)

SIN227  G——— 1 J{ 2 3 |n———
(cyanobacteria) H ]{ ’

100 aa

Figure 1. Schematic representation of the domain architectures of representative BamA homologs. The proteins are drawn approximately to
scale. The signal peptides of four bacterial proteins (ShiB, FhaC, BamA and SIr1227) and the bipartite transit peptide of Toc75 are indicated with
gray bars. POTRA and f-barrel transmembrane domains are indicated with white (with numberings) and black bars, respectively. ShIB and FhaC
play a role in two-partner secretion (TPS) in proteobacteria, Serratia marcescens and Bordetella bronchiseptica, respectively (/00), and the latter
protein was shown to be dispensable for viability of the bacteria (/07). The structures of FhaC (full sequence) and BamA (the first four POTRA
domains) were confirmed by crystallography (78,80). Models for other structures are based on publications (40,77).
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the periplasmic side of the bacterial outer membrane
(80). By contrast, topologies of the homologs in
chloroplasts and cyanobacteria have been less defined.
Indeed, an initial model of Toc75 included the
putative POTRA domains in the membrane-anchored
region consisting of 16 B-strands, based on secondary
structure prediction and proteolytic fragmentation
patterns of proteins reconstituted into liposomes (86).
Recently, however, a distal C-terminal part of Toc75
by itself was shown to form a pore in vitro, and a new
model was presented, in which the predicted POTRA
domains were included in the "N-terminal soluble
domain" apart from newly-assigned 16 transmembrane
B-strands (87,88).

Because protein import is not an essential process
for free-living prokaryotes, it is postulated that Toc75
evolved from an ancestral cyanobacterial protein
whose function was modified during endosymbiosis
(52). A detailed phylogenetic analysis indicated that
Toc75 and OEP80 diverged early in the evolution
of chloroplasts from their common ancestor with
extant cyanobacteria (7/). Thus, it may be possible
that both Toc75 and OEP80 evolved to take on
distinct functions, which are essential for organelle
development but are distinct from that of the bacterial
protein. Another possibility is that OEP80 has retained
the function of the ancestral protein which is essential
for viability of both bacteria and chloroplasts, whereas
Toc75 acquired a new role in order to facilitate the
conversion of the endosymbiont to the organelle (73).

4. BamA and its homologs — evolutionarily
conserved essential proteins in Gram-negative
bacteria, mitochondria and chloroplasts

4.1. Mechanism of p-barrel protein sorting in
proteobacteria and mitochondria

In Gram-negative bacteria, all of the B-barrel
membrane proteins are synthesized in the cytoplasm,
targeted first to the plasma membrane, then to
the periplasm before getting sorted into the outer
membrane. Although they can spontaneously be
inserted and assembled in artificial liposomes
(89), involvement of proteinaceous machinery in
their targeting in vivo had been predicted because
their insertion is unidirectional and specific to the
outer membrane. Nonetheless, the mechanism of
B-barrel protein insertion remained unknown until
a breakthrough was made in 2003, when one of the
D15-related proteins called Omp85 (Outer membrane
protein 85) that has five POTRA domains was found
to be responsible for accumulation of B-barrel proteins
in the outer membrane of a Gram-negative bacterium,
Neisseria meningitidis (83). Omp85 was shown to be
part of a high molecular weight oligomeric complex of
unknown composition. Later, an Omp85 homolog in

Escherichia coli called YaeT was also shown to play
an essential role in accumulation of outer membrane
proteins, and to form a hetero-oligomeric complex
with lipoproteins, YfgL, YfiO, NIpB, and SmpA
(90,91). The Omp85 homolog and other four complex
partners in E. coli were later renamed as BamA and
BamB-E, respectively, for B-barrel assembly machine
proteins A-E (92).

In contrast to their bacterial counterparts, all the
B-barrel proteins in mitochondria are synthesized
outside the organelle, and first traverse the outer
membrane. However, they are eventually inserted into
the lipid bilayers from the space between the outer
and inner membranes (93). Following the discovery
of the function of Omp85 in N. meningitidis, the
evolutionarily conserved B-barrel protein sorting
to the mitochondrial outer membrane was found to
be catalyzed by novel eukaryotic BamA homologs,
Tob55 (Topogenesis of mitochondrial outer membrane
B-barrel proteins 55) from Neurospora crassa and
Sam50 (Sorting and assembly machinery 50) from
Saccharomyces cerevisiae (32,94,95). Similar to the
bacterial homologs, both Tob55 and Sam50 are also
part of a multi-subunit protein complex (47).

Recent studies have also revealed species-
specific features of B-barrel protein sorting. First,
all the essential proteobacterial BamA homologs
have five, whereas mitochondrial counterparts have
only one POTRA domain (Figure 1). Second, some
of the subunits that form a complex with the BamA
homologs appear to be unique to an individual
species (96). Third, bacterial B-barrel precursor
proteins contain species-specific C-terminal signal
sequences recognized by bacterial BamA homologs
(97), whereas each mitochondrial substrate contains a
specific sorting signal that is recognized by one of the
Sam50-interacting partners, Sam35, which is unique
to this organelle (40). Finally, the complex containing
Sam50 mediates integration of not only B-barrel, but
also a-helical proteins in the outer membrane of yeast
mitochondria (98), whereas there has been no report
on such an activity in bacterial BamA homologs.

In summary, bacteria and mitochondria share a
homologous mechanism of B-barrel protein assembly,
but the similarity is limited to the core subunits (BamA
homologs), while the sorting signal and partner
proteins are distinct.

4.2. Functions of POTRA domains in BamA homologs

Recent genetic, biochemical and structural studies
have also revealed the possible species-specific
functions of the POTRA domains of BamA homologs.
For the bacterial proteins, Kim et al. showed in vivo
that the three C-terminal domains (POTRA3, 4,
and 5) are indispensable for the function of BamA,
and also that all but POTRA1 are necessary for
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interaction of BamA with one of oligomeric partners,
BamB (YfgL) (80). Furthermore, three-dimensional
structures resolved by X-ray crystallography and
NMR indicated that the POTRA functions as a
scaffold for either substrate proteins or interacting
partners by B-augmentation (79-817). Interestingly,
in contrast to the case with the E. coli homolog,
only the most C-terminal domain (POTRAS) was
found to be indispensable for the function of the
N. meningitidis Omp85 in vivo (99). As for the
mitochondrial homologs that contain only one POTRA
domain, a genetic study showed that this domain is
not required for the proper function of the protein in
vivo (40). Interestingly, however, deletion of part of
the N-terminus of the POTRA domain, which left its
C-terminal 18 residues containing the last B-strand
intact, disrupted the function of Tob55/Sam50, but
not its complex formation, causing a growth defect
in yeast (40,84). In addition, Habib et al. showed in
vitro that the sequence containing the entirce POTRA
domain could specifically bind to the mitochondrial
B-barrel protein VDAC and inhibit its import into the
organelle in vitro (84). This result indicates that the
POTRA domain of the mitochondrial BamA homolog
may also have a chaperone-like activity.

4.3. BamA homologs in chloroplasts

Among the two BamA homologs, Toc75 functions
as a conducting channel for various cytoplasmically
synthesized precursor proteins. Hence, it is tempting
to speculate that another homolog, OEP80, plays
an evolutionarily conserved role, which is to sort
B-barrel proteins into the chloroplast outer membrane.
Currently, however, there is no experimental evidence
to support this idea. Indeed, we know almost nothing
about the mechanism of fB-barrel protein insertion
into the chloroplast outer membrane. Nonetheless,
several biochemical studies suggested the conserved
chaperone-like functions of the POTRA domains of
Toc75 and its cyanobacterial homolog (87,88). It is
also worth mentioning that no gene product has been
identified in A. thaliana chloroplasts that are similar
to any proteins forming the complexes with BamA
homologs in proteobacteria and mitochondria (Hsu
and Inoue, unpublished).

5. Conclusions

Chloroplasts of higher plants and some algae play
vital roles in survival of most organisms on earth.
These organelles have also served as systems
that allow us to address various biochemical and
evolutionary questions. The presence of BamA
homologs in the outer membranes of proteobacteria,
cyanobacteria, mitochondria, and chloroplasts reflects
the common evolutionary origin of these membranes.

This idea is further supported by recent findings
of the conserved B-barrel protein-sorting pathway
mediated by BamA homologs in proteobacteria and
mitochondria, although this has not been demonstrated
in cyanobacteria and chloroplasts yet. There appears
to be one single essential BamA homolog each in
Gram-negative bacteria and mitochondria, whereas
two distinct homologs are present in chloroplasts. One
of them, Toc75, was identified as the main component
of the protein import machinery in the 1990s, which
is long before the proliferation of studies of the
bacterial and mitochondrial homologs began in 2003.
Another chloroplast BamA homolog, OEP80, which
was first reported in 2002, is essential for viability
of organisms and is targeted from the cytoplasm
to chloroplasts by a mechanism distinct from that
used by Toc75. Although the molecular function
of OEP80 remains unknown, the presence of two
essential BamA homologs is a feature unique to the
chloroplast outer envelope among the evolutionarily
conserved biological membrane systems. The obvious
question is if Toc75 and/or OEP80 play a role in
B-barrel protein sorting, similar to their homologs in
proteobacteria and mitochondria. Another question
is if Toc75 and OEPS80, as they are B-barrel proteins
themselves, share the same mechanism of insertion
into the outer membrane. Addressing these questions
should not only define the properties of evolutionarily
conserved membrane systems, but also advance
our understanding of mechanisms underlying the
endosymbiotic event.
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