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Abstract Membrane-embedded b-barrel proteins span

the membrane via multiple amphipathic b-strands arranged

in a cylindrical shape. These proteins are found in the outer

membranes of Gram-negative bacteria, mitochondria and

chloroplasts. This situation is thought to reflect the evolu-

tionary origin of mitochondria and chloroplasts from

Gram-negative bacterial endosymbionts. b-barrel proteins

fulfil a variety of functions; among them are pore-forming

proteins that allow the flux of metabolites across the

membrane by passive diffusion, active transporters of sid-

erophores, enzymes, structural proteins, and proteins that

mediate protein translocation across or insertion into

membranes. The biogenesis process of these proteins

combines evolutionary conservation of the central elements

with some noticeable differences in signals and machin-

eries. This review summarizes our current knowledge of

the functions and biogenesis of this special family of

proteins.
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Bacterial b-barrel proteins

The Gram-negative bacterial cell envelope

Gram-negative bacteria are enveloped by two membranes,

the inner and the outer. The space between these mem-

branes, the periplasm, contains the cell wall, which consists

of peptidoglycan. While the inner membrane is a regular

phospholipid bilayer, the outer membrane (OM) is an

asymmetrical bilayer consisting of phospholipids and

lipopolysaccharides (LPS) in the inner and outer leaflets,

respectively. Furthermore, the integral membrane proteins

of the inner and outer membrane are structurally different.

While integral inner membrane proteins typically span the

membrane in the form of hydrophobic a-helices, most

integral outer membrane proteins (OMPs) are b-barrels

consisting of antiparallel amphipathic b-strands [1] (see

Fig. 1 for an example of the structure of a membrane-

embedded b-barrel protein). A notable exception is Wza,

the OM transporter for capsular polysaccharides. Each

protomer of this octameric protein contributes an amphi-

pathic a-helix to a barrel of a-helices that is embedded in

the membrane [2]. The general absence of hydrophobic

a-helices in OMPs is probably related to the fact that they

have to be transported across the inner membrane to reach

their destination; they would be retained in the inner

membrane if they contained hydrophobic a-helices (see

below). Apart from integral membrane proteins, the OM

also contains lipoproteins, which are attached to the

membrane via an N-terminal N-acyl-diacylglycerylcysteine
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moiety. For the biogenesis of these lipoproteins, which will

not be discussed here, the reader is referred to other

reviews [3, 4].

Biogenesis of bacterial outer membrane proteins

OMPs are synthesized in the cytoplasm as precursors with

an N-terminal signal sequence (Fig. 2). These precursors

are bound by the chaperone SecB, which prevents their

aggregation in the cytoplasm and thereby keeps them in a

translocation-competent state. The signal sequence and the

bound chaperone target the precursors to the Sec machin-

ery in the inner membrane, which translocates these

proteins across the membrane into the periplasm where

the signal sequence is cleaved off (Fig. 2) [5, 6]. The

Sec machinery also deals with integral inner membrane

proteins. However, when a hydrophobic transmembrane

segment of such a protein is present in the Sec channel, the

channel will open laterally to allow for the anchoring of

such a segment into the membrane [5, 6]; this is most likely

the reason for the absence of such segments in integral

OMPs.

Several chaperones that guide nascent OMPs in the

periplasm have been identified. The most important of

those are seventeen-kD protein (Skp) and SurA (Fig. 2) [3].

Skp selectively binds unfolded OMPs [7, 8] early on while

they are still engaged with the Sec machinery [9]. The

phospholipid-binding properties of Skp [8], which support

its localization to the external surface of the inner mem-

brane, probably enable this early interaction. Binding of

Skp may assist in the release of the nascent OMP from the

Sec machinery and results in the formation of a soluble

periplasmic intermediate [10]. Hence, Skp functions as a

holding chaperone that prevents aggregation of its sub-

strates in the periplasm. The crystal structure of the

trimeric Skp revealed a jellyfish-like architecture with the

tentacles forming a cavity where the unfolded substrate

proteins could bind [11, 12]. Recently, the interaction

between Skp and OmpA, a two-domain OMP consisting

of a membrane-embedded b-barrel and a periplasmic

peptidoglycan-binding domain, was studied in vitro in

biochemical and NMR experiments [13]. These experi-

ments confirmed the working model for Skp function. They

revealed that trimeric Skp prevents unfolded OmpA from

aggregating by forming stable soluble 1:1 complexes.

Within the complex, the b-barrel domain of OmpA remains

unfolded and is buried deep within the cavity among the

tentacles of Skp, while its periplasmic domain is free to

fold and extends away from the complex [13].

An additional chaperone, SurA, was first identified as a

protein required for survival of E. coli in the stationary

phase [14]. In contrast to Skp, which functions as a holding

chaperone, SurA functions as a folding chaperone that

assists the folding of nascent OMPs into their native

conformation [15, 16]. The 46-kDa protein contains

two peptidyl-prolyl isomerase (PPIase) domains, which,

Fig. 1 Crystal structure of a

bacterial b-barrel outer

membrane protein. Left: a

ribbon representation of the

structure of LpxR, a lipid A

deacylase of Salmonella
typhimurium [133]. The

12-stranded b-barrel consists of

all anti-parallel b-strands, which

are connected by short turns at

the periplasmic side (bottom)

and longer loops including some

a-helical segments at the

extracellular side (top). The

ribbon is colored with a gradient

from the N terminus in blue to

the C terminus in red. Right a

top view of the protein (the

figure was kindly provided by

Lucy Rutten)
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however, are dispensable for function [17]. The crystal

structure of SurA revealed a globular core fragment, con-

sisting of the N- and C-terminal domains and the first

(inactive) PPIase domain with the second (active) PPIase

domain extending away from the core domain [18]. The

core shows an extended crevice in the N-terminal domain

where peptides could bind. Peptide binding studies

revealed that SurA has a preference for peptides rich in

aromatic residues, particularly those containing two con-

secutive aromatic residues or two aromatic residues

separated by one other residue, i.e., sequences typically

found in the transmembrane b-strands of OMPs [19, 20].

Such peptides were subsequently found to be recognized by

the first PPIase domain of SurA [21], which is dispensable

for function. In contrast, an earlier report suggested that

peptide binding is mediated by the N-terminal domain of

SurA [22]. This discrepancy can be explained if substrate

selection and chaperoning activity are distinct activities

that reside in different parts of the protein [21].

Skp and SurA are both non-essential proteins in E. coli

as mutants in whom the corresponding genes are

inactivated are viable. Such mutants have drastically

decreased OMP levels [7, 23]. This reduction is due to the

induction of a periplasmic stress response including,

amongst others, the over-expression of the potent protease

DegP, which degrades unassembled OMPs in the peri-

plasm. Furthermore, the synthesis of small regulatory

RNAs that inhibit the translation of the mRNAs for OMPs

is induced [24, 25]. The observation that skp and surA

mutations are synthetically lethal might indicate that these

proteins have overlapping functions and that they operate

in the periplasm in parallel pathways for OMP assembly

[23, 26]. However, because of their different structure,

mode of substrate binding, and function as described

above, alternative explanations for this synthetic lethality

should be considered. We favor the model that Skp and

SurA act sequentially within the same pathway (Fig. 2) [3].

The synthetic lethality in this view is explained by an

increased requirement for a holding chaperone when the

folding of the substrates is compromised by the absence of

SurA, and, vice versa, efficient folding is increasingly

important when the holding chaperone Skp is absent.

Fig. 2 Biogenesis of bacterial outer membrane proteins. OMPs are

synthesized in the cytoplasm as precursors with an N-terminal signal

sequence (SP) (1). Next, they are transported across the inner

membrane (IM) to the periplasm via the Sec translocon (2). The

holding chaperones SecB and Skp prevent premature folding and

aggregation of the OMPs in the cytoplasm and periplasm, respec-

tively. The OMPs are then targeted to the Bam complex in the outer

membrane (OM) (3), which consists of the integral membrane protein

Omp85 (BamA) and four membrane-associated lipoproteins BamB–E
(alternative names indicated on figure in parentheses). Omp85

consists of a C-terminal b-barrel embedded in the membrane and

an N-terminal part consisting of five polypeptide-transport-associated

(POTRA) domains (P1–P5) extending in the periplasm. The

periplasmic chaperone SurA assists in the folding of the OMPs at

the Bam complex that assembles them into the outer membrane,

where they can reside as monomers or oligomers
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Consistent with this view, Skp acts early within the peri-

plasmic pathway while the substrate proteins are still

engaged with the Sec translocon in the inner membrane [9].

In contrast, SurA could be cross-linked to the Bam com-

plex in the OM [23], which is required for assembly of

OMPs into the OM (see below), suggesting that SurA acts

late in the pathway.

Apart from Skp and SurA, DegP has also been sug-

gested to be involved in OMP biogenesis [23, 27]. DegP

is a periplasmic protease, which has chaperone qualities

as well [28]. In its activated form, DegP forms large,

cage-like 12-meric and 24-meric complexes [27, 29],

which could harbor a folded OMP in their cavities [27].

However, so far, there is little evidence for a direct role

of DegP in OMP folding or insertion. The synthetic

lethality of a degP mutation when combined with a surA

[26] or skp [10] mutation is probably not due to its

capacity as a chaperone to take over the role of SurA and

Skp and assist in OMP assembly, but rather reflects its

capacity as a protease to prevent the toxic accumulation

of unfolded OMP aggregates in the periplasm. Of note, it

is not only the protease activity of DegP that is important

in this respect. A mutant form of DegP without protease

activity but with retained chaperone activity could rescue

strains from lethality caused by the expression of

assembly-defective mutant forms of OmpF and OmpC.

This rescue occurred without restoring the assembly of

these mutant proteins into the OM, but rather by

sequestering them, thereby removing them from the

assembly pathway [30, 31]. This sequestering role could

be reflected by the captured OMPs observed in the DegP

multimeric complexes [27]. In conclusion, Skp and SurA

are the most important periplasmic chaperones in OMP

biogenesis and they appear to perform different roles in

this process.

The b-barrel assembly machinery

After passage through the periplasm, OMPs are assembled

into the OM via a machinery, recently designated the

b-barrel assembly machinery or Bam complex (Fig. 2).

The first component of this machinery was identified in

Neisseria meningitidis, where it was demonstrated that a

highly conserved OMP, designated Omp85, is essential for

viability and required for the folding and assembly of all

OMPs examined [32]. In a mutant strain, in which the

expression of the omp85 gene could be regulated, unfolded

forms of OMPs accumulated as periplasmic aggregates

when the synthesis of Omp85 was switched off [32, 33].

Similarly, a role in OMP assembly was subsequently

demonstrated for the Omp85 homologues of E. coli

[34–36] and Pseudomonas aeruginosa [37], designated

BamA (formerly YaeT) and Opr86, respectively.

The Omp85 homologue of E. coli, BamA, was found to

form a complex with four lipoproteins, designated BamB–

E (formerly YfgL, NlpB, YfiO, and SmpA, respectively)

[36, 38] (Fig. 2). Of these, only BamD is essential for

viability [39] and OMP assembly [40], whereas deletion of

the other accessory components, which are evolutionarily

less well conserved, does not infringe viability and results

in relatively mild OMP assembly defects. Interestingly, the

BamD homologue of Neisseria gonorrhoeae, designated

ComL, is covalently linked to the peptidoglycan layer [41],

while bamB mutations were reported to affect peptidogly-

can synthesis, possibly by regulating the activity of lytic

transglycosylases [42]. Furthermore, many bacteria contain

a BamE homologue extended with a peptidoglycan-binding

domain, for example the Plp4 protein in Pasteurella

haemolytica [43]. These observations suggest that these

accessory components may have a role in anchoring the

Bam complex to the peptidoglycan and perhaps in modu-

lating the peptidoglycan to facilitate the access of nascent

OMPs to this complex. Such a putative peptidoglycan-

related role of these accessory components would explain

why similar components are absent from the machinery

required to assemble b-barrel proteins in mitochondria,

which do not contain peptidoglycan. Curiously, BamB was

also reported to have protein kinase activity and to be

involved in DNA strand-break repair and homologous

recombination [44], but all these properties are difficult to

reconcile with its OM-associated periplasmic location.

Substrate recognition by Omp85

The Omp85 proteins of several bacteria, including BamA

from E. coli, were found to form pores when reconstituted

in planar lipid bilayers or liposomes [45–48]. The physio-

logical significance of these pores is not entirely clear, but

this property could be used to study the interaction with

substrate proteins, because it was anticipated that such

interaction would affect the channel properties. Indeed, it

was found that denatured E. coli OMPs, but not periplas-

mic proteins, increased the BamA channel activity,

showing that these substrates directly and specifically

interact with BamA [47]. The channel-enhancing activity

was mimicked by a synthetic peptide corresponding to the

last 12 C-terminal amino-acid residues of the OMP PhoE,

suggesting that the C terminus contains the signal for

substrate recognition. In agreement with this result, earlier

studies have recognized a conserved signature sequence at

the C terminus of the vast majority of OMPs from various

bacterial species [49]. This signature sequence consists of a

highly conserved Phe (or Trp) at the ultimate C-terminal

position, Tyr or a hydrophobic residue at position 3, and

also hydrophobic residues at positions 5, 7, and 9 from the

C terminus. It was demonstrated that the deletion of the
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conserved C-terminal Phe in PhoE dramatically affected

the efficiency of assembly into the OM, and the mutant

protein was found to accumulate as dense aggregates in the

periplasm [49]. The expression of the mutant protein was

lethal. Consistent with these in vivo experiments, it was

found that a synthetic peptide corresponding to a C-ter-

minal fragment of PhoE but lacking the C-terminal Phe

failed to enhance the BamA channel activity in planar lipid

bilayers [47].

Of note, a C-terminal Phe (or Trp) is not an absolute

requirement for assembly into the OM. A substitution

analysis showed that both the hydrophobicity and the

aromatic nature of the C-terminal residue were of impor-

tance, but a Tyr or a hydrophobic residue at this position

was less detrimental for assembly than the presence of a

polar residue [49]. Furthermore, a mutant PhoE protein

with a deletion of the C-terminal Phe was efficiently

assembled into the OM provided the expression level was

reduced [50]. Thus, even though the removal of the

C-terminal Phe reduces efficient recognition by the

assembly machinery, it does not completely destroy the

recognition signal, or, alternatively, less efficient signals in

other locations within the PhoE sequence also exist. Con-

sequently, at high expression levels, the mutant protein will

aggregate within the periplasm because of the poor rec-

ognition by the assembly machinery. The reduced kinetics

of aggregation at lower expression levels, however,

increases the time span for the mutant protein to func-

tionally interact with the Bam complex and result in

assembly of the mutant protein.

Although the C-terminal signature sequence described

above is present in the vast majority of OMPs from various

bacterial species, some species-specific adaptations appear

to have occurred during evolution. In the vast majority of

OMPs of Neisseria spp., a positively charged residue is

present at the penultimate position from the C terminus,

whereas this is seldom the case in E. coli. High-level

expression of these OMPs is lethal in E. coli, and these

OMPs fail to activate the BamA channels in planar lipid

bilayers. Substitution of this positively charged residue by

a glutamine, which is often found at this position in E. coli

OMPs, markedly improved the assembly of the meningo-

coccal porin PorA into the E. coli OM [47].

Structure of Omp85

Omp85 was suggested to consist of two domains [32], a

C-terminal membrane-embedded b-barrel and an N-termi-

nal periplasmic part (Fig. 2). The latter part consists of five

repeated sub-domains, known as polypeptide-transport-

associated (POTRA) domains [51]. The function of the

different POTRA domains is not entirely clear, although,

considering their periplasmic location, a role in the binding

of substrates and/or the accessory components of the Bam

complex is likely. In N. meningitidis Omp85, the first four

POTRA domains could be deleted simultaneously resulting

in only relatively mild assembly defects particularly of

large OMPs [52]. Only the fifth POTRA domain together

with the b-barrel domain was found essential in this study.

Hence, the functional core domain of the bacterial Omp85

is similar to that of its mitochondrial homologue Sam50/

Tob55, which consists of only a single POTRA domain

attached to a b-barrel and will be discussed later. In con-

trast, deletion of each individual POTRA domain, except

for the second one, of E. coli BamA severely infringed

function and viability of the cells [53]. Apparently, there

are considerable differences in Omp85 functioning

between different bacteria. Deletion of the fifth POTRA

domain in E. coli BamA resulted in the loss of binding

of BamB–E [53], which suggests a specific role for this

POTRA domain in the binding to the accessory lipopro-

teins and is consistent with the important role of this

domain in N. meningitidis Omp85.

Recently, the structure of the POTRA domains of E. coli

BamA was investigated by X-ray crystallography [53, 54],

NMR spectroscopy, and small-angle X-ray scattering [55].

Each POTRA domain consists of a three-stranded b-sheet

overlaid with a pair of a-helices, and the linkers between

the domains appear to allow some flexibility in their rela-

tive orientation. Interestingly, OmlA, the BamE homologue

of Xanthomonas axonopodis pv. citri, has a similar struc-

ture, although the relative order of the secondary structure

elements is different [56]. The crystallization-induced

dimerization of a polypeptide containing the first four

POTRA domains of BamA and a small part of the fifth one

suggested that the POTRA domains might bind substrates

and/or accessory proteins by a process called b-augmen-

tation [53]. NMR experiments revealed that various

peptides of the model OMP PhoE could bind, although

weakly, to either side of the b-sheets of the POTRA

domains, and suggested that the POTRA domains could

guide nascent OMPs to the core of the Bam complex by

processive sliding [55]. Unfortunately, binding of a C-ter-

minal peptide of PhoE or another OMP could not be

measured in these experiments because of solubility

problems.

The structure of the b-barrel of an Omp85 protein has so

far not been solved. However, the Omp85 super-family

also includes bacterial OMPs involved in the two-partner

secretion pathway. These proteins, generically called TpsB,

are required for the translocation of their partner, TpsA,

across the OM into the medium. Recently, the structure of a

TpsB protein, i.e., FhaC of Bordetella pertussis, was solved

[57]. The structure showed that the protein consists of a

periplasmic moiety containing two POTRA domains and a

16-stranded C-terminal b-barrel embedded in the OM. The
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pore in the barrel is closed by an N-terminal a-helix and by

a loop that reaches from the cell-surface-exposed side

through the barrel to the periplasmic side of the membrane.

It is plausible that the removal of the helix and the loop

from the barrel upon substrate binding would create a pore

allowing for the transport of the partner TpsA to the cell

surface. Unfortunately, this structure provides little insight

into how the b-barrel of Omp85 might work, as it is not

conceivable that nascent OMPs would insert into the barrel

of Omp85 [58]. Rather, membrane insertion should take

place at the subunit interface if Omp85 forms oligomers,

for which some evidence has been reported [47], or at the

lipid–protein interface. Further discussion on putative

mechanisms for membrane insertion is included in the

section on the biogenesis of mitochondrial b-barrel

proteins.

Mitochondrial b-barrel proteins

Functions and structural features of eukaryotic b-barrel

proteins

Compared to the diversity of b-barrel membrane proteins

in prokaryotes, the number of mitochondrial OMPs

belonging to this structural type is rather limited. Although

some prediction programs propose that the yeast mito-

chondrial OM might contain more than 100 b-barrel

proteins [59], later proteomics and bioinformatic studies

revealed that this number is an overestimation. In the

extensively studied unicellular fungus Saccharomyces ce-

revisiae, six members have been identified: Tom40, Tob55/

Sam50, two isoforms of porin/VDAC, Mdm10, and

Mmm2, of which only the first two are essential for via-

bility [60, 61]. It should be noted that, to date, only the

structure of mammalian VDAC1 has been solved and the

remaining members have been assigned to the family on

the basis of both secondary structure content and in silico

predictions.

Mitochondrial porin (also named voltage-dependent

anion-selective channel, VDAC) is the founding member

of the eukaryotic family [62]. VDAC is the most abundant

protein in the mitochondrial OM and, soon after its dis-

covery more than three decades ago, its role as a diffusion

pore for small metabolites became apparent [63]. Con-

ductivity and selectivity of the pore are achieved by a

gating mechanism, which can be influenced both in vitro

and in vivo by the membrane potential and by a variety of

binding partners (reviewed in [64]). In yeast, two isoforms,

VDAC1 and VDAC2, encoded by the genes POR1 and

POR2, respectively, are known. Deletion of POR1 resulted

in significant growth phenotypes whereas VDAC2 appears

to be dispensable. However, the observation that over-

expression of VDAC2 could partially complement the

Dpor1 phenotype [65] suggests similarities in their func-

tion. In mammals, the family of VDAC proteins comprises

three known orthologues, all of them mapping to individual

gene loci [66, 67]. The third isoform, VDAC3, which is

assumed to be the most primordial member [67], was found

to yield an additional variant via tissue-specific alternative

splicing [68]. In cultured cells, none of the three isoforms

appeared to be essential when deleted individually, but

mitochondrial respiration was reduced [69].

VDAC is located on the interface between mitochondria

and the cytosol and thus has the potential to act as a

‘‘switch’’ for cellular processes involving mitochondria.

This position and its central role in mitochondrial perme-

ability define VDAC as a future pharmacological target for

anticancer agents [70]. Indeed, an increasing body of evi-

dence has been collected in support of a role of VDAC1 in

apoptosis-mediated cell death in higher eukaryotes. It was

suggested that the protein participates in the mitochondrial

permeability transition (MPT) and in the exit channel for

the release of cytochrome c from the mitochondrial inter-

membrane space (IMS) into the cytosol. This release is

enhanced by pro-apoptotic Bax/Bak proteins and inhibited

by anti-apoptotic Bcl-xL [71–73]. However, the physio-

logical importance of VDAC proteins to apoptosis was

challenged by the finding that fibroblasts lacking all three

VDAC isoforms exhibited MPT and cell death indistin-

guishable from wild-type cells [74]. In addition to its

proposed interactions with pro- and anti-apoptotic proteins,

various cytosolic proteins (like hexokinase and tubulin)

and characteristic mitochondrial lipids (like phospatidy-

lethanolamine and cardiolipin) were suggested to regulate

VDAC gating [75]. Taken together, although it is evident

that VDAC is playing a key role in the communication

between mitochondria and the rest of the cell, future

studies are required to shed more light on the regulation of

its activity and the integration of such activity in various

signaling processes.

Tom40 was the second member of the mitochondrial

b-barrel OMP family to be identified. It is essential in both

S. cerevisiae and Neurospora crassa and was found to be

the central component of the translocase of the mitochon-

drial OM (TOM complex) [76, 77]. Tom40 is required for

the import of the vast majority of precursor proteins into

mitochondria as it forms the general import pore of the

complex [78, 79]. The second essential protein in the

mitochondrial OM is Tob55 (also termed Sam50 [80] or

Omp85 [81]). The protein is the central member of a

complex termed TOB (for topogenesis of b-barrel proteins

[82]) or SAM (for sorting and assembly machinery [80]).

Notably, Tob55 is conserved in all eukaryotes and is

the only mitochondrial b-barrel protein that shares signif-

icant sequence homology with b-barrel proteins from
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chloroplasts (Toc75-V) and bacteria (Omp85/BamA) [81,

82]. Tob55 promotes the membrane integration of precur-

sors of b-barrel proteins and its function will be discussed

in detail below.

The two additional mitochondrial b-barrel proteins in

fungi, Mdm10, and Mmm2 (Mdm34) are required for

mitochondrial morphology and dynamics [83, 84].

Homologues of these two proteins have so far not been

reported in mammals. The precise role of Mmm2 is not

clear. Mdm10 was suggested to be part of a complex in

the OM that links mitochondrial membranes and DNA to

the cytoskeleton-based segregation machinery [85]; on the

other hand, it was also proposed that Mdm10 is part of

the TOB complex and has a role in the biogenesis of

b-barrel proteins [86]. This second putative role is dis-

cussed in a later section.

More than 25 atomic structures of bacterial b-barrel

proteins led to the consensus that such proteins are

composed of an even number of b-strands arranged in an

antiparallel manner. The recently solved first atomic

structure of a mammalian b-barrel protein, VDAC1,

changed this view. Three independent studies using NMR

spectroscopy, X-ray crystallography, or a combined

approach revealed that the barrel structure of VDAC1

comprises 19 b-strands, which are interconnected by rel-

atively short turns between 2 and 10 amino-acid residues

in length, in an antiparallel orientation [87–89]. Hence,

unlike all known prokaryotic b-barrel proteins, the

structure is formed by an odd number of b-strands. Sur-

prisingly, a parallel b-sheet formed between strands 1 and

19 was detected. It has been reported that a mutant form

of the E. coli porin PhoE lacking the first transmembrane

b-strand could be functionally incorporated into the bac-

terial OM [90], showing that the bacterial Bam machinery

can also deal with barrels with an odd number of strands.

A short N-terminal helix was resolved in the centre of the

VDAC1 channel. This helix was proposed to have a

function in the transition between open and closed states

[89]. Based on computational analysis, it was suggested

that the topology of VDAC1 could also apply to other

VDAC isoforms and to Tom40 [87]. Being the first

structure of a eukaryotic b-barrel membrane protein,

additional structures are required to understand whether

the unique structural features of VDAC1 are shared by

other eukaryotic proteins.

Biogenesis of b-barrel proteins in mitochondria

A comparison between the biogenesis pathways of b-barrel

proteins in mitochondria and bacteria has several impli-

cations regarding the evolutionary conservation of the

process. Besides differences in the protein composition

between the Bam and TOB complexes, the compartment in

which the precursors of b-barrel proteins are synthesized

has in the case of mitochondria shifted to the exterior of the

organelle, most likely due to gene transfer from the

endosymbiont’s genome to the nucleus. Intriguingly, in

spite of the direct accessibility of the mitochondrial OM to

cytosolic b-barrel precursors, a situation not found in

bacteria, there is no direct membrane insertion from the

cytosolic face of the OM, but rather these precursors are

transported into the IMS before assembly. Thus, in both

systems, the precursors are inserted from the internal side

of the outer membrane. This conservation is also reflected

in the orientation of the central component of the Bam/

TOB machinery where in both cases the POTRA domain(s)

points toward the IMS/periplasm.

Newly synthesized mitochondrial b-barrel proteins are

initially recognized by the receptor components of the

TOM complex, Tom20 and Tom70. They are then trans-

located through the import pore of the TOM complex and

relayed to the TOB/SAM complex, which mediates their

insertion into the OM. On their way from the TOM to the

TOB complex, the precursor proteins are exposed to the

IMS where they interact with small Tim components

(Fig. 3). A major part of our knowledge about the bio-

genesis of b-barrel proteins results from studies on Tom40,

the key component of the TOM complex. A major

advantage for studying the protein’s assembly lies in the

fact that several distinct assembly intermediates can be

followed over time when radiolabeled Tom40 precursors

are imported into isolated mitochondria and subsequently

analyzed by Blue Native PAGE (reviewed in [60, 61]). In

the following sections, steps in the biogenesis of b-barrel

proteins and the components involved will be discussed.

Targeting information of mitochondrial b-barrel

proteins

Other than matrix-destined proteins, b-barrel precursors are

devoid of canonical N-terminal targeting sequences [91].

In-depth analysis of the insertion pathway has led to the

understanding that the correct sorting to its destination

involves a sequence of at least two recognition steps. First,

after its synthesis in the cytosol, the precursor protein is

recognized at the TOM complex similar to virtually all

other mitochondrial proteins [92–95]. This recognition is

followed by translocation across the import pore of the

TOM complex and thus assures import into mitochondria

and therefore targeting to the correct organelle. Second,

precursor-sorting pathways diverge, and an interaction with

the small Tim chaperones followed by recognition by the

TOB machinery assures a distinct suborganellar sorting of

b-barrel precursors to the OM. The signals required for

recognition in each of these two steps are believed to differ

in their nature.
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Early studies based on in vitro import of mutated

radiolabelled b-barrel precursors into isolated mitochondria

failed to conclusively locate specific sequences responsible

for mitochondrial targeting. For example, C- or N-terminal

truncations of N. crassa Tom40 by 20 or 60 amino-acid

residues, respectively, failed to abolish import [94]. In

the case of the precursor of N. crassa porin, only the

N terminus was dispensable for targeting whereas the

C-terminal 15 amino-acid residues were required [96].

Likewise, various point mutations as well as terminal or

internal deletions in yeast porin could abolish precursor

import [96, 97]. Furthermore, in contrast to matrix-destined

proteins, unfolding of Tom40 precursors resulted in

decreased import and assembly efficiency [94]. These

findings indicate that the signal for targeting of b-barrel

precursors to mitochondria is probably not confined to a

single linear sequence but rather involves structural

elements.

Several reports have led to the assumption that a pre-

cursor’s ability to form a b-barrel structure can be

sufficient to ensure its targeting to the mitochondrial

compartment. A first hint was provided by studies on the

role of the bacterial OMP PorB from pathogenic Neisseria

spp. during infection. After invasion, the protein is released

into the host cell’s cytosol from where it is translocated

into mitochondria and induces cell death via the intrinsic

apoptotic pathway [98, 99]. Very recently, we could

demonstrate that PorB is not an exceptional case and other

bacterial OMPs share the ability to be targeted to mito-

chondria when expressed in yeast cells. In contrast to PorB

in mammalian cells, however, production of these proteins

caused neither mitochondrial dysfunction nor other signs of

cellular damage. Like endogenous b-barrel proteins, the

bacterial members were inserted in a process that was

found to depend on both TOM- and TOB-complex com-

ponents and even resulted in the formation of native-like

oligomeric structures in the mitochondrial OM [95]. Taken

together, we speculate that, rather than eukaryote-specific

linear signals, a folding intermediate of a precursor with

high b-sheet content can serve as a signal of b-barrel

proteins to assure their targeting from the cytosol to their

destined compartment. The targeting issue becomes even

more complicated in plant cells that contain two organelles

with b-barrel membrane proteins, mitochondria and chlo-

roplasts. The question how these cells assure that b-barrel

proteins reach only one of these organelles is still open.

While recognition by and translocation through the

TOM complex is shared among the majority of mito-

chondrial protein precursors, the sorting pathways diverge

after the translocation step, depending on their destination

within the organelle. In the case of b-barrel proteins, this

second recognition step involves an interaction between

its C terminus and the TOB machinery. Very recently, a

signature motif termed b-signal, located at the C-terminal

Fig. 3 Working model for the biogenesis of mitochondrial b-barrel

proteins. Precursors are synthesized in the cytosol and are probably

guided to the mitochondrial surface by chaperones (1). At the

mitochondrial surface, precursors are engaged by the primary import

receptors of the TOM complex, predominantly via an interaction with

Tom20. Subsequently, they are translocated through the TOM pore

across the mitochondrial outer membrane (OM) into the intermem-

brane space (IMS) (2), where they interact with the small Tim protein

complexes, which exert a chaperone-like function (3). Through a

second step of recognition, the precursor proteins are sorted to the

TOB complex, which then promotes their integration into the lipid

core of the outer membrane (4)
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b-strand of the precursor, was identified [100]. This

b-signal is different, although possibly derived from the

C-terminal signature sequence found in bacterial OMPs

and described above. Through site-directed mutagenesis,

four essential residues were identified of which three, two

hydrophobic and one hydrophilic, were found to be

essential for binding to the TOB complex. In contrast,

mutation of a conserved glycine resulted in the accumu-

lation of TOB complex-associated assembly intermediates,

indicating a role in release from the complex. Sequence

analysis revealed that the identified b-signal is conserved in

mitochondrial b-barrel proteins from organisms from all

eukaryotic kingdoms: fungal species, plants, and animals

including humans [100].

Components of the TOB complex

The known members of the TOB core complex in the

fungal model organism S. cerevisiae are Tob55/Sam50/

Omp85, Tob38/Sam35, and Mas37/Tom37/Sam37 (Fig. 3).

Mas37 was initially identified in a screen for mutants

defective in the control of phospholipid biosynthesis.

However, due to genetic interaction with Tom20 and

Tom70, it was proposed to function as an import receptor

of the TOM complex [101]. Later, its membership in a

distinct complex and its role in b-barrel precursor insertion

became apparent [102]. Unlike the other two TOB complex

components, Mas37 is not required for viability unless cells

are grown at elevated temperatures [101].

The second member of the complex to be characterized

was Tob55, which was identified by several independent

approaches. First, both a proteomic screen of vesicles

derived from the mitochondrial OM of N. crassa [82] and

genome-wide in silico homology searches [81] revealed the

presence of a protein with significant sequence similarity to

the previously characterized Omp85, which facilitates OM

b-barrel protein insertion in N. meningitidis [32]. Second,

Tob55 co-purified with affinity-tagged Mas37 [80]. Like its

bacterial ancestors from the Omp85 family, Tob55 com-

prises a membrane-embedded C-terminal b-barrel domain.

Its N terminus forms a soluble extension towards the IMS,

i.e., a POTRA domain [51]. While all bacterial Omp85

proteins contain five of these domains, only a single one

exists in the eukaryotic orthologues. In conditional mutants

[80, 81] and in a strain in which Tob55 was depleted via an

inducible promoter [82], a selective reduction in the

steady-state levels of known b-barrel proteins in the

mitochondrial OM was observed. Deletion of Tob55 in

yeast is lethal, underscoring its crucial role in the function

of the TOB complex.

The second essential component of the TOB complex,

Tob38, was identified by co-purification with Mas37

[103] or Tob55 [104]. Furthermore, it was observed that

b-barrel assembly was impaired when the protein was

depleted or mutated [103–105]. The fact that the protein

is both extractable under alkaline conditions and degrad-

able by treatment of intact mitochondria with protease led

to the proposal that it is not embedded within the mem-

brane but rather associated with the complex on the

cytosolic face of the mitochondrial OM. A recent study

indicated that the vast majority of the polypeptide chain is

located within the membrane-embedded part of the TOB

complex and only the termini are exposed to the cytosol

[100].

Of note, while Tob55 shows clear homology with the

bacterial Omp85 proteins, there is no sequence similarity

of Mas37 or Tob38 with any of the accessory lipoproteins

from the bacterial Bam complex. The degree to which

the mitochondrial proteins are conserved between differ-

ent eukaryotic kingdoms varies strongly between the

individual members of the TOB complex. Clearly,

orthologues of Tob55 with a high degree of sequence

similarity exist in all eukaryotic genomes sequenced to

date. Although clear homologues of Mas37 are only

present in fungal species, it was suggested that mamma-

lian Metaxin 1 may represent a distant orthologue as both

proteins show sequence similarity in their N-terminal

regions [106]. However, unlike Mas37, which is periph-

erally associated on the cytosolic face of the mito-

chondrial OM, Metaxin 1 is probably anchored to the OM

via a transmembrane segment at its C-terminal domain.

The importance of this protein is reflected by the early

embryonic lethal phenotype of mice lacking Metaxin 1

[106]. Later, a related protein named Metaxin 2, which

shares 29% identity with Metaxin 1, was identified [107].

Despite very weak homology, Metaxin 2 was suggested to

be related to Tob38 [103, 104]. This notion is supported

by the observation that both Metaxins interact with each

other [107] and play a role in the assembly of Tom40 and

VDAC [108].

It is still a matter of debate whether an additional

b-barrel protein, Mdm10, is a further component of the

TOB complex. Deletion of Mdm10 results in abnormal

mitochondrial morphology [83], and the protein was fur-

ther shown to exist in a complex with Mmm1 and Mdm12,

which facilitates attachment of actin fibres to the organelle

[85]. The picture became complicated when it was found

that Mdm10 also functions in the assembly of Tom40 but is

not involved in the biogenesis of other b-barrel proteins

[86]. A later study suggested that Mmm1/Mdm12 function

in the major b-barrel pathway, which involves all known

b-barrel precursors, in a stage downstream of the TOB

complex [109]. Currently, it is unclear whether the primary

function of these proteins lies in mediating the organelle’s

dynamics, in protein sorting, or whether they have dual

function.
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Assembly of the TOB complex

The TOB complex, comprising all three known constitu-

ents, Tob55, Tob38, and Mas37, has a molecular weight of

200–250 kDa as determined by size-exclusion chroma-

tography and Blue Native PAGE. In contrast, a sub-

complex lacking Mas37 has a molecular weight of

approximately 160 kDa [80, 104, 105]. Since b-barrel

assembly is possible in mas37D strains, it is likely that the

Tob55-Tob38 sub-complex represents a minimal functional

unit.

The biogenesis pathways by which the TOB complex

constituents are incorporated into functional machinery

vary between the individual members. Tob55, being a

b-barrel protein on its own, is inserted in the same way as

the other members of this structural family. Its C-terminal

b-barrel domain contains the necessary targeting informa-

tion and is both required and sufficient for assembly into

the complex while the N-terminal POTRA domain is

required neither for targeting to the organelle nor for intra-

mitochondrial sorting [110]. After their synthesis in the

cytosol, Tob55 precursors are imported into the IMS of

mitochondria via the TOM translocation pore and further

integrated into the mitochondrial OM via the TOB complex

[111]. Newly imported Tob55 molecules probably assem-

ble into pre-existing TOB complexes.

The targeting of Mas37 precursors to mitochondria and

their subsequent incorporation into the TOB complex

represent a unique pathway for OMPs, as it is independent

of the TOM complex. Tob55 and Tob38 are required for

Mas37 assembly whereas the process is even more efficient

in mitochondria from a Mas37-deficient strain [111]. Col-

lectively, it appears that the cytosolic precursor protein

binds directly to the TOB core complex. So far, the bio-

genesis pathway of Tob38 has not been studied. However,

considering the fact that Tob38 and Mas37 share a com-

parable topology, one can speculate that a similar pathway

applies to both proteins.

Function of the TOB complex

Like the vast majority of mitochondrial proteins, b-barrel

precursors are encoded in the nucleus and synthesized in

the cytosol on free ribosomes. The delivery to the surface

of mitochondria most likely involves cytosolic chaperones

in order to keep the precursor proteins in an import-com-

petent partially folded conformation [94]. The precursor

proteins are engaged on the organelle surface by import

receptors of the TOM complex. This process is mainly

dependent on Tom20 while Tom70 only plays a minor role

[92–95, 112]. After the initial recognition, b-barrel pre-

cursors are translocated through the translocation pore of

the TOM complex into the IMS. This conclusion is based

on several observations. First, assembly relies on functional

Tom40, which is the key component of the TOM pore

[92–94]. Second, import can be outcompeted by addition of

an excess of matrix-destined precursor proteins, which use

the import pore [82, 104, 111]. Finally, assembly inter-

mediates downstream of the TOM complex are protected

from externally added proteases [82, 93, 94].

The translocated precursors are then transferred from the

TOM to the TOB complex in a process that exposes them

to the IMS. At this stage, the small TIM complexes, Tim8/

Tim13 and Tim9/10, which reside in this compartment,

stabilize the b-barrel precursors [111, 113, 114]. Such an

involvement of the small Tims can explain early observa-

tions where rupturing of the OM was found to impair porin

biogenesis in vitro [115]. Like Skp in the bacterial systems,

the small TIM complexes are believed to function as

chaperones that prevent precursor aggregation or misfold-

ing in the IMS, and they were also shown to be involved in

the biogenesis of hydrophobic inner membrane proteins

[116, 117].

Several lines of evidence suggest that translocation

through the TOM pore and membrane insertion by the

TOB complex do not occur separately but are rather cou-

pled processes. When TOB complex function is reduced by

deletion of Mas37 or depletion of Tob55, no accumulation

of precursors in the IMS was observed, but instead, import

was reduced to a similar extent as assembly [82, 102].

Furthermore, as discussed above, rupturing of the outer

membrane of isolated mitochondria caused a reduction in

the assembly of b-barrel precursors. Under these condi-

tions, where externally added precursor proteins have

direct access to the TOB complex, blocking the TOM pore

resulted in a further inhibition of the already hampered

membrane integration efficiency of these precursor pro-

teins [110]. Collectively, these findings indicate that the

passage of b-barrel precursors through the TOM pore is

probably required in order to yield an insertion-competent

state, which can subsequently be processed by the TOB

complex. A coupling between the two complexes is further

supported by a recent study where bacterial b-barrel pre-

cursors were overproduced in yeast cells. Under these

conditions, the majority of the bacterial protein was

imported but aggregated in the IMS, most likely due to

overcharging the insertion capacity of the TOB machinery.

Strikingly, under these conditions, import strongly depen-

ded on the TOB complex constituents Tob55 and Mas37

[95]. These findings suggest that a functional TOB com-

plex is required for the translocation of b-barrel precursors

through the TOM pore. Of note, despite these functional

interactions, a direct physical interaction between the TOB

and the TOM complex has not yet been observed.

Which parts of the TOB complex recognize and interact

with b-barrel precursors is still debateable. Similar to the

2798 D. M. Walther et al.



bacterial Omp85/BamA, Tob55 in all eukaryotes has a

POTRA domain in its IMS-located N-terminal domain. In

the bacterial Omp85/BamA proteins, at least one of the five

POTRA domains is essential for viability, and it was

speculated that this domain might interact directly with the

bacterial C-terminal signature motif in substrate proteins

[52, 53]. Accordingly, yeast cells harboring a Tob55 vari-

ant lacking the POTRA domain exhibited slower growth,

and a recombinant POTRA domain could bind b-barrel

precursor proteins [110]. The importance of the POTRA

domain was challenged in a later study where a deletion of

the POTRA domain together with some additional residues

did not cause any growth phenotype [100]. Furthermore,

Kutik et al. identified Tob38 as the component that is

responsible for binding the C-terminal sorting signal in

b-barrel precursors, termed b-signal [100], which contrasts

with the bacterial system where the C-terminal signature

sequence of nascent OMPs has been shown to interact

directly with the Tob55 homologue Omp85/BamA [47]. It

was therefore suggested that, upon precursor binding,

Tob38 induces a widening of the TOB complex cavity,

allowing a precursor to enter, fold into its b-barrel structure

and subsequently be released laterally into the membrane.

For this release, a conserved glycine residue within the

b-signal appears to be particularly important and its

mutation resulted in the accumulation of assembly inter-

mediates in which precursors were bound to the TOB

complex [100]. Considering all available data, we propose

that the POTRA domain might have an accessory function

in intraorganellar sorting of b-barrel precursors, but this

function can become redundant due to efficient precursor

recognition via Tob38.

The subsequent process in which b-barrel precursors are

inserted into the OM is currently unresolved, either for

bacterial or for mitochondrial b-barrel proteins. Presum-

ably, in both cases, the integration of all b-strands of the

barrel structure into the lipid phase occurs in a concerted

manner [118]. It has often been observed that unfolded

b-barrel proteins spontaneously insert in vitro into artificial

lipid bilayers devoid of any pre-existing proteins [118].

However, the efficiency of this process is low as compared

to that in a cellular environment and can be increased by

the presence of proteins in the artificial membrane. For

example, the reconstitution of either Tom20 or porin into

phospholipid membranes enhanced the insertion of other

porin molecules into these membranes [112, 119].

Considering the current knowledge, it is tempting to

suggest that both the TOB and the Bam machineries cat-

alyze the insertion of b-barrel proteins by functioning as a

scaffold element [58, 60, 61]. This proposal is in line with

electron micrographs of native isolated TOB complexes

where ring-shaped structures measuring approximately

15 nm were predominantly observed. In their centre, these

assemblies harbored a central cavity with a diameter of

4–5 nm, which would be sufficient in size to accommodate

folded barrel structures of up to 22 b-strands. It was

proposed that such a central cavity could function as

an Anfinsen-type folding cage similar to chaperonins,

allowing the b-barrel structure to form in a protected

environment [82]. This relatively large central pore is

probably formed among several Tob55 molecules rather

than by an individual b-barrel of Tob55. From such a

central channel, the precursor protein can be laterally

released into the lipid phase of the membrane [100]. As

was discussed above regarding the bacterial BamA-medi-

ated membrane insertion, a release of a b-barrel precursor

that involves a lateral opening of a single Tob55 b-barrel

structure is rather unlikely, since it is thermodynamically

unfavorable due to the high number of hydrogen bonds

formed between the neighboring membrane-spanning

b-strands [120, 121].

Whereas some progress has been made regarding the

functions of Tob55 and Tob38, the role of Mas37 in the

biogenesis of b-barrel proteins is still ill-defined. It appears

that Mas37 has at least two functions. First, it stabilizes in

an unknown manner the TOB complex, and in its absence

the steady-state levels of the remaining Tob55-Tob38 sub-

complex are reduced [104]. Second, Mas37 promotes the

dissociation of substrate proteins from the TOB complex.

The latter function is supported by the observation that

deletion of the protein has a lower impact on the biogenesis

of Tob55 as compared to that on other b-barrel proteins

[111]. This difference may result from the necessity of

most b-barrel proteins to leave the TOB complex before

their final integration into the outer membrane, whereas

precursor molecules of Tob55 have already reached their

destination upon association with pre-existing partially

assembled TOB complexes. Furthermore, Chan and Lith-

gow reported that over-expression of MAS37 can rescue a

temperature-sensitive allele of TOB38 without affecting the

amount of b-barrel precursors bound to the remaining TOB

core complex. Therefore, they suggested that Mas37 acts in

b-barrel assembly downstream of Tob38 [122].

b-barrel membrane proteins of chloroplasts

In addition to the OMs of Gram-negative bacteria and

mitochondria, b-barrel proteins are also found in the OM of

plastids. An in silico approach predicted the presence of

many b-barrel proteins in the chloroplast OM [123]. Sev-

eral of them (for example, OEP16, OEP21, OEP24, and

OEP37) were suggested to function as solute channels and

have been functionally characterized in conductivity mea-

surements. They represent high-conductance solute

channels and their distinct substrate specificities may
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indicate separate roles in different metabolic processes

[124, 125]. In addition, the b-barrel protein Toc75 forms

the protein-conducting channel of the translocase of the

OM of chloroplasts (TOC complex) [126]. The Toc75

proteins of chloroplasts and cyanobacteria have been

annotated as a discrete branch of the Omp85 and Tob55

family [81, 127]. In Arabidopsis thaliana, five different

isoforms (I–V) of Toc75 have been identified [128].

Toc75-III is the pore-forming subunit of the TOC complex

and, thus, is functionally equivalent to the mitochondrial

Tom40 protein [126]. The Toc75-V isoform (OEP80) is a

member of a sub-branch, the members of which are closely

related to both the SynToc75 proteins of cyanobacteria and

the proteobacterial Omp85 and eukaryotic Tob55 proteins

[81]. Recently, it was shown that Toc75-V is essential for

viability in Arabidopsis [129].

Currently, relatively little is known about the biogenesis

pathways of b-barrel proteins in chloroplast. Specific

signals for targeting of most b-barrel proteins to the chlo-

roplast are still unknown. An interesting exception is

provided by the unique import pathway of the precursor of

Toc75-III. Toc75-III is synthesized with an N-terminal

extension, which functions as a bipartite transit peptide

and is processed during maturation [130]. The first portion

of the targeting signal directs the precursor protein to

the chloroplasts stroma where it is cleaved by a stromal

processing peptidase [131]. The second part probably

functions as a stop-transfer segment and was found to be

processed by a type I signal peptidase [132]. Thus, cur-

rently, Toc75-III is the only known protein in the OM of

chloroplasts or mitochondria with a cleavable targeting

sequence. Its overall import pathway seems to support the

idea that sorting of b-barrel membrane proteins of chlo-

roplasts occurs in a manner similar to that of mitochondria.

The Toc75-III precursor is first completely translocated

across the outer envelope by the TOC complex and, thus,

is likely inserted from the inner face into the lipid phase

of the OM. Whether Toc75-V (OEP80) mediates the

membrane integration of chloroplast OM b-barrel proteins

is an, as yet, unanswered question. In any case, it is not a

component of the TOC complex [128]. Surprisingly, the

N-terminal region of AtToc75-V (OEP80) is not essential

for the targeting, biogenesis, or functionality of the protein

suggesting that this protein may follow a different targeting

pathway [129].

A central question to be addressed in further studies is

how plant cells avoid mis-targeting of b-barrel precursors

between mitochondria and chloroplasts. As discussed in the

previous sections, small chaperones in the periplasm of

bacteria and the IMS of mitochondria were found to be

involved in the biogenesis of b-barrel proteins. A challenge

for future studies is to find out whether chaperones located

between the two chloroplast-envelope membranes are

similarly involved in the biogenesis of chloroplast b-barrel

proteins. Taken together, although experimental evidence

is still lacking, it is tempting to speculate that the principles

of b-barrel biogenesis have been conserved from a cya-

nobacterium to chloroplasts during evolution.
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