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Abstract

The biogenesis of mitochondria, chloroplasts and Gram-negative bacteria requires insertion of β-

barrel proteins into the outer membranes. Homologous Omp85 proteins are essential for 

membrane insertion of β-barrel precursors. It is unknown if precursors are threaded through the 

channel interior and exit laterally or if they are translocated into the membrane at the Omp85-lipid 

interface. We have mapped the interaction of a precursor in transit with the mitochondrial Omp85 

channel Sam50 in the native membrane environment. The precursor is translocated into the 

channel interior, interacts with an internal loop and inserts into the lateral gate by β-signal 

exchange. Transport through the Omp85 channel interior followed by release through the lateral 

gate into the lipid phase may represent a basic mechanism for membrane insertion of β-barrel 

proteins.

β-Barrel proteins are of central importance in the outer membranes of mitochondria, 

chloroplasts and Gram-negative bacteria. In eukaryotic cells, β-barrel proteins are essential 

for the communication between the double membrane-bounded organelles and the rest of the 

cell. β-Barrel channels mediate the translocation of a large number of metabolites and the 

import of organellar precursor proteins that are synthesized in the cytosol. The machineries 

for the biogenesis of β-barrel proteins have been identified in mitochondria and bacteria, 

termed sorting and assembly machinery (SAM) and β-barrel assembly machinery (BAM), 

respectively (1–6). The core component of the β-barrel insertion machinery is a member of 

the Omp85 superfamily, conserved from bacteria (BamA) to humans (Sam50/Tob55), 

whereas accessory BAM and SAM subunits are not conserved (1, 2, 4, 5, 7–11). The most 

C-terminal β-strand of each precursor serves as signal recognized by the Omp85 machinery 
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(12, 13) and the assembly of a β-barrel protein was shown to occur from the C-terminus 

(14). Upon closure of the barrel, the protein is released from the assembly machinery (15).

Members of the Omp85 superfamily form 16-stranded β-barrels, including BamA/Sam50, 

the filamentous haemagglutinin secretion protein FhaC, and the translocation and assembly 

module TamA (14, 16–19). In case of FhaC, a substrate protein was shown to be 

translocated across the bacterial outer membrane through the interior of the β-barrel channel 

(20). The substrates of BamA/Sam50/TamA, however, have to be inserted into the lipid 

phase to become integral outer membrane proteins. High resolution structures of BamA/

TamA and disulfide scanning revealed a flexible interaction of the first and last β-strand, 

suggesting a lateral opening of a β-barrel gate toward the membrane and a distortion of the 

adjacent membrane lipids (16, 18, 21–27). Different models have been discussed for the 

BamA/Sam50/TamA-mediated insertion of β-barrel precursors into the outer membrane (5, 

15, 16, 18, 21–38). In the BamA/Sam50-assisted model, the precursor is inserted at the 

protein-lipid interface; BamA/Sam50 creates a distortion and thinning of the membrane that 

favors spontaneous insertion of the precursor into the membrane. In the BamA/Sam50-

budding model, the precursor is threaded through the β-barrel interior of BamA/Sam50 and 

laterally released via an opened lateral gate. The BamA structures, which were obtained in 

non-native environments and in the absence of precursor proteins (35), supported arguments 

for both models (16, 21–26) and thus the mechanism of β-barrel translocation via 

BAM/SAM is unknown.

Lateral gate of the Sam50 β-barrel in the mitochondrial outer membrane

We developed a system to map the interaction of Sam50 with β-barrel precursors in transit in 

the native mitochondrial membrane environment. The β-barrel channel of Sam50 was 

modeled based on the BamA structures and cysteine/disulfide-scanning of β-strands 1 and 

16 (Fig. 1, A and B, and fig. S1, A to C) (39, 40). In the absence of precursor proteins, β-

strands 1 and 16 interacted, i.e. the putative lateral gate was closed (Fig. 1B and fig. S1C) 

(31). However, oxidation-induced disulfide formation between distinct cysteines also 

revealed a sliding of β-strands 1 and 16, i.e. a dynamic behavior of the gate (27). To probe 

for possible opening of the gate in the presence of substrate, we tested β-barrel precursors 

that contained the β-hairpin mitochondrial targeting signal (6) and imported them into 

isolated intact mitochondria, followed by position-specific SH-crosslinking of β-strands 1 

and 16. The crosslinking reagent bismaleimidohexane (BMH) showed a high efficiency for 

stably linking strands 1 and 16 in the absence of substrate (Fig. 1C, lane 2, and fig. S1C). A 

C-terminal fragment of the major mitochondrial β-barrel protein Porin/VDAC (Por1), 

including the Por1 β-signal, considerably disturbed the interaction of Sam50 β-strands 1 and 

16 (Fig. 1C, lane 4), indicating that the Por1 substrate interfered with gate closing.

β-Signal exchange in the lateral gate and release of the full-length β-barrel 

precursor

It has been speculated that the β-signal may be specifically recognized by BamA/Sam50 via 

exchange of the endogenous BamA/Sam50 β-signal (31, 33), yet experimental 

demonstration has been lacking (35). β-Strand 16 of BamA/Sam50 functions as β-signal and 
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thus in the exchange model the β-signal of the precursor, corresponding to the C-terminal β-

strand 19 of Por1, should interact with Sam50-β1. To test this hypothesis, we synthesized a 
35S-labeled Por1 substrate carrying a single cysteine residue at distinct positions of the β-

signal. After import into mitochondria containing Sam50 with a single cysteine residue at 

different positions in β-strands 1 or 16, we probed the proximity of the β-strands by 

disulfide formation. The Por1 β-signal indeed specifically aligned with Sam50-β1 such that 

residues predicted to point toward either the channel interior (black) or the lipid phase (gray) 

selectively interacted (Fig. 2A and fig. S2A).

We performed several control experiments. (i) The Por1 β-signal selectively interacted with 

Sam50-β1, but not with Sam50-β16 (Fig. 2A and fig. S2A). (ii) To test a different β-signal, 

we imported a 35S-labeled C-terminal precursor of the mitochondrial import channel Tom40 

and observed a comparable pairing with Sam50-β1 (fig. S2B). (iii) A precursor containing a 

mutant form of the Por1 β-signal (replacement of a conserved hydrophobic residue (13, 41) 

was strongly impaired in the interaction with Sam50-β1 (Fig. 2B). These results show that 

the β-signal of precursors specifically interacts with Sam50-β1 (Fig. 2C). (iv) We analyzed 

substrates of different size, covering the range from 5 to 18 β-strands, and observed disulfide 

formation between the Por1 β-signal and Sam50-β1 in each case (Fig. 2A, Fig. 3A and fig. 

S2A). (iv) Co-migration of the differently sized Por1 β-barrel precursors with the SAM 

complex observed by blue native gel analysis (1, 3, 8, 9, 13) showed that each substrate 

accumulated at the SAM complex (Fig. 3, B and C). (v) Only the full-length Por1 precursor, 

corresponding to 19 β-strands, was released from the SAM complex and assembled into the 

mature Porin complex (Fig. 3, B and C) (42–45).

Taken together, we conclude that the β-signal of the precursor is bound by Sam50-β1 via 

exchange with the endogenous Sam50 β-signal (β16) (Fig. 2C). Porin precursors up to 18 β-

strands accumulate at the SAM complex and only the full-size precursor is released into the 

lipid phase of the outer membrane.

β-Barrel precursors interact with both sides of the Sam50 gate

We asked if the substrate also interacted with β-strand 16 of Sam50 and performed disulfide 

scanning between this β-strand and the N-terminal region of the precursor, corresponding to 

β-strand 14 of mature Por1. We tested five distinct amino acid positions corresponding to 

Por1-β14 and observed disulfide formation with Sam50-β16 in each case (Fig. 4, A and B). 

However, the interaction showed a considerably higher flexibility than that of the β-signal of 

the precursor with Sam50-β1 (Fig. 2 and fig. S2). A Por1 precursor with a mutant β-signal 

strongly inhibited the interaction of the N-terminal precursor region with Sam50-β16 (fig. 

S3). Since the β-signal itself did not interact with Sam50-β16, this finding indicates that the 

specific binding of the β-signal to Sam50-β1 is a prerequisite for the accumulation of the N-

terminal precursor region at Sam50-β16. To provide further evidence that the precursor was 

intercalated between β-strands 1 and 16 of Sam50, we studied if it interacted with both 

strands simultaneously. Por1 precursors containing two cysteine residues, one in the C-

terminal β-signal and one in the N-terminal region, were accumulated at Sam50, carrying a 

cysteine residue in β1 as well as in β16, and subjected to oxidation. In addition to the single 
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disulfides formed (like in Fig. 2, A and B, and Fig. 4, A and B), we observed the formation 

of two disulfides simultaneously (Fig. 4C, lanes 3 and 7).

Our results indicate that β-barrel precursors are inserted into a Sam50 gate formed between 

β-strands 1 and 16. The C-terminal β-signal specifically exchanges with Sam50-β1, whereas 

the N-terminal region of the precursor undergoes a flexible interaction with Sam50-β16.

Translocation of β-barrel precursors into the Sam50 channel

The N-terminal region of the precursor (residues 204 to 207) was also found in close 

proximity to the first residue (126) of Sam50-β1 (Fig. 4, A and B). Sam50res126 is positioned 

at the intermembrane space opening of the Sam50 channel and predicted to point toward the 

channel interior (Fig. 1A). Por1res207, which is located toward the cytosolic side of mature 

Por1 (42–44), was not only found in proximity of Sam50res126 but also of further residues of 

Sam50-β1 predicted to face the channel interior (residues 128 and 130) (Fig. 4A and fig. 

S3). Disulfide formation between the N-terminal region of Por1 and Sam50-β1 was 

impaired when the Por1 β-signal was mutated (fig. S3). Thus, a functional C-terminal β-

signal is a prerequisite for the observed proximity of the N-terminal precursor region with 

Sam50-β1 (pairing between Sam50-β1 and the β-signal involves hydrogen bonds of the 

polypeptide backbone and thus cysteine side chains are available for disulfide formation). 

These findings are compatible with a model that upon binding of the β-signal to Sam50-β1, 

the N-terminal region of the precursor is passing at the interior of Sam50-β1.

To obtain independent evidence that β-barrel precursors are using the interior of the Sam50 

channel, we analyzed Sam50 β-strand 15 and compared residues predicted to face either the 

channel interior (black) or the lipid phase (gray) (Fig. 5A). A 35S-labeled Por1 precursor 

with a single cysteine residue in the N-terminal region (residue 205) was imported into 

Sam50 containing a single cysteine at different positions of either β-strand 15 or 16. In 

contrast to Sam50-β16, we did not observe disulfide formation between the precursor and 

Sam50-β15 upon oxidation (fig. S4), indicating that Por1res205 was not so close to Sam50-

β15 to promote disulfide formation. Using SH-specific BMH, the precursor was crosslinked 

to Sam50-β15 and β16. Whereas the crosslinking occurred to various residues of Sam50-

β16 (comparable to the oxidation assay), only residues of Sam50-β15 predicted to face the 

channel interior were crosslinked to the precursor (Fig. 5B). To probe further regions of the 

precursor, we used the short amine-to-sulfhydryl crosslinking reagents N-α-maleimidoacet-

oxysuccinimide ester (AMAS) and succinimidyl iodoacetate (SIA) together with a cysteine-

free Por1 precursor and Sam50 containing a single cysteine residue in β15. Cysteine-specific 

crosslinking occurred only to Sam50-β15 residues predicted to face the channel interior 

(Fig. 5C, arrowheads) (a larger non-specific band at 60 kDa was formed when no SH-group 

was available, i.e. also with cysteine-free Sam50). These results are fully compatible with 

the model that transfer of the Por1 precursor involves the interior of the Sam50 channel, but 

do not fit to a model in which the Por1 precursor is inserted at the protein-lipid interphase 

without getting access to the channel.
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Sam50 loop 6 is required for β-signal binding

In addition to the β-barrel channel, Sam50 possesses two major characteristic elements, an 

N-terminal polypeptide transport associated (POTRA) domain exposed to the 

intermembrane space and a highly conserved loop 6 that extends from the cytosolic side of 

the β-barrel. (i) Whereas bacterial BamA proteins contain several POTRA domains that 

interact with β-barrel precursors and are crucial for precursor transfer from the periplasm 

into the outer membrane (17, 46–49), Sam50 contains a single POTRA domain that is not 

essential for cell viability (13, 50, 51). Disulfide formation between the Por1 precursor and 

Sam50 β-strands 1 and 16 was not blocked in mitochondria lacking the entire POTRA 

domain (fig. S5). Together with blue native gel analysis (13, 45), this result indicates that the 

single POTRA domain is not crucial for precursor transfer to Sam50. (ii) Loop 6 extends 

from the outside/cytosolic side into the channel interior in all Omp85 high resolution 

structures analyzed (Fig. 6A) (16, 18, 21–25, 52). Deletion of Sam50 loop 6 was lethal to 

yeast cells. When wild-type Sam50 was depleted, expression of a Sam50 mutant form 

lacking the conserved segment of loop 6 did not rescue growth and led to strong defects of 

the import of 35S-labeled β-barrel precursors such as Por1 and Tom40 into mitochondria 

(fig. S6, A and B). The steady-state levels of β-barrel proteins and various Tom proteins 

were decreased (fig. S6C). As the TOM complex imports a large number of precursor 

proteins, this mutant did not permit a selective analysis of the function of loop 6. We thus 

generated point mutants of the conserved IRGF motif of loop 6 (53, 54). Sam50R366A yeast 

exhibited a temperature-sensitive growth phenotype on non-fermentable medium (fig. S7A). 

Mitochondria isolated upon growth of the mutant cells on permissive temperature showed 

normal steady-state levels of SAM, TOM and further control proteins (fig. S7, B and C). The 

import of 35S-labeled β-barrel precursors such as Por1, Mdm10 and Tom40 was strongly 

inhibited (Fig. 6B), whereas the import of matrix-targeted and intermembrane-space-

targeted precursors, which depend on the TOM complex but not on SAM, was not or only 

mildly affected (fig. S7D). The import of [35S]Tom40 can be dissected into distinct stages by 

blue native gel analysis (1, 3, 8, 9). Sam50R366A mitochondria were impaired in the 

formation of SAM-bound intermediates (Fig. 6B). We conclude that loop 6 of Sam50 is 

required for a stable interaction of the precursor with SAM. It has been reported that both 

Sam50 and Sam35 are needed for binding of a β-barrel precursor to the SAM complex (13). 

To directly test the contribution of loop 6, we performed affinity purification from lysed 

mitochondria using a purified β-signal-fusion protein, leading to the co-purification of 

Sam50 and Sam35 from wild-type mitochondria; a mutant β-signal did not pull down 

Sam50-Sam35 (Fig. 6C) (13). The interaction of Sam50-Sam35 with the β-signal was 

strongly disturbed in Sam50R366A mitochondria (Fig. 6C), demonstrating that loop 6 is 

required for stable precursor binding to Sam50-Sam35.

β-Hairpin-like transport of precursor proteins by Sam50

To determine if a precursor in transit was in proximity to loop 6, 35S-labeled Por1 precursors 

with a single cysteine residue in the N-terminal region were imported into mitochondria 

containing Sam50 with a single cysteine residue in loop 6. By SH-specific crosslinking, the 

precursors were linked to residue 371 of loop 6 (Fig. 7A). A mutant β-signal prevented 

crosslinking of the N-terminal precursor region to loop 6 (fig. S8A), whereas the β-signal 
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itself was not found in proximity of loop 6 (fig. S8B, lanes 1-6), supporting our conclusion 

that a functional β-signal is a prerequisite for further translocation steps of the precursor. It 

has been suggested that β-barrel precursors transported by SAM/BAM may be partially 

folded such that β-hairpins consisting of two adjacent β-strands are formed (35, 55). We 

used distinct approaches to assess this view. (i) Using precursors of different length, 

covering 5, 6, 7 or 8 β-strands of mature Por1, only precursors corresponding to an even 

number of β-strands were crosslinked to loop 6 (Fig. 7A and fig. S8B, lanes 7-30). (ii) We 

analyzed an internal precursor region that corresponds to a β-hairpin in mature Por1 by 

inserting a pair of cysteine residues at the putative adjacent β-strands and a tobacco etch 

virus (TEV) protease cleavage site at the predicted loop between the β-strands. Upon import 

of the [35S]precursor into mitochondria and lysis, TEV protease cleaved the precursor into 

two fragments (fig. S9A). When SH-specific crosslinking was performed before lysis, the 

fragments were not separated, demonstrating that the corresponding cysteines of the 

predicted adjacent β-strands were indeed in close, hairpin-like proximity. (iii) We inserted 

single cysteine residues into precursor regions that correspond to cytosolic loops or 

intermembrane space-exposed turns of mature Por1 and imported them into mitochondria 

containing a single cysteine in Sam50-loop 6 (summarized in Fig. 7B). The predicted most 

C-terminal precursor loop was crosslinked to residue 369 of Sam50-loop 6, whereas the 

predicted most N-terminal precursor loop was preferentially crosslinked to residue 371 (Fig. 

7C and fig. S9B; precursors of different length and SH-specific crosslinkers with different 

spacer length yielded a comparable pattern). Cysteines inserted into the predicted precursor 

turns were not crosslinked to Sam50 loop 6 (Fig. 7B and fig. S9C). (iv) The specific pairing 

of the C-terminal β-signal of the precursor with Sam50-β1 (Fig. 2 and fig. S2) indicates that 

the β-signal is likely in a β-strand conformation. These results suggest that β-precursors 

interacting with Sam50 are not in a random conformation, but are partially folded and 

contain β-hairpin-like elements.

Taken together, loop 6 of Sam50 is in proximity of the precursor in transit and plays a 

crucial role in β-barrel biogenesis. Thus, in contrast to the POTRA domain, the functional 

importance of loop 6 in precursor transfer has been conserved from the bacterial Omp85 

proteins FhaC and BamA (53, 54, 56) to Sam50. The analysis of precursor interaction with 

Sam50 supports the view that precursor insertion involves β-hairpin-like conformations.

Discussion

We conclude that the biogenesis of mitochondrial β-barrel precursors involves the gate 

formed by the first and last β-strands of Sam50. The analysis in the native mitochondrial 

system provides strong evidence for both the exchange model of β-signal recognition and 

the lateral release model of precursor exit through the Sam50 β-barrel gate (31, 33, 35, 36). 

Our findings suggest the following translocation path of a mitochondrial β-barrel precursor 

through SAM (Fig. 8). The precursor enters the interior of the Sam50 channel from the 

intermembrane space side in close proximity to Sam50 β-strand 1. The C-terminal β-signal 

of the precursor is specifically bound to Sam50-β1 by exchange with the endogenous Sam50 

β-signal (Sam50-β16), leading to an opening of the lateral gate. The conserved loop 6 of 

Sam50 is involved in precursor transfer to the lateral gate. More and more N-terminal 

portions of the precursor are threaded through the gate in close proximity to Sam50-β16. 
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Upon translocation of the entire precursor polypeptide chain by Sam50, the full-length β-

barrel can be formed and released from the SAM complex (13).

When comparing mitochondrial and bacterial β-barrel biogenesis, the pathways start in 

different locations (eukaryotic vs. bacterial cytosol) and converge at the central Sam50/

BamA β-barrel. Three main stages can be distinguished. (i) Initial translocation into the 

intermembrane space/periplasm is mediated by non-related translocases: the TOM complex 

of the mitochondrial outer membrane and the Sec complex of the bacterial plasma 

membrane (5, 6). (ii) Subsequent precursor transfer to the outer membrane is performed by 

in part related machineries, including intermembrane space/periplasmic chaperones and 

POTRA domains (46–49, 57–59). The bacterial transfer machinery is considerably more 

complex than that of mitochondria, likely reflecting the large number of bacterial β-barrel 

substrates (60). Bacteria use multiple POTRA domains and several periplasm-exposed Bam 

proteins (5, 15), whereas mitochondria contain a single non-essential POTRA domain and 

no accessory intermembrane space-exposed proteins (13, 50). The two cytosol-exposed 

peripheral Sam proteins are involved in formation of a TOM-SAM supercomplex (Sam37) 

and stabilization of the SAM-bound form of the precursor (Sam35) (9–11, 13, 39, 41). (iii) 

Finally, the membrane insertion process occurs via the highly conserved membrane-integral 

part of Sam50/BamA. The β-signal has been well conserved and several examples were 

reported that the β-signal is exchangeable between bacteria, mitochondria and chloroplasts 

(12, 13, 61), underscoring the conservation of basic mechanisms of β-barrel biogenesis. β-

Barrel proteins are anchored in the lipid phase by a hydrophobic belt; the diminished 

hydrophobic area near the Sam50/BamA lateral gate is thought to cause a membrane 

thinning (16, 21). In vitro studies on β-barrel membrane protein insertion demonstrate that 

membrane defects and BamA mediated membrane distortion support membrane insertion 

(62–64). Sam50/BamA induced membrane thinning may contribute to β-barrel membrane 

protein biogenesis in vivo by facilitating protein membrane insertion upon release from the 

SAM/BAM lateral gate. We propose that elements of both controversially discussed 

mechanisms, budding model and assisted model, will be employed in the lateral gate sorting 

mechanism shown here.

The large diversity of bacterial β-barrel proteins and the involvement of multiple POTRA 

domains and accessory Bam proteins (5, 15, 51, 60) raise the possibility that additional 

precursor-specific folding pathways may complement the central mechanism of β-signal 

exchange and sorting via the lateral gate elucidated here. For example assembly of 

oligomeric β-barrels in bacteria might be stalled at the BAM complex until all subunits are 

assembled (65), similar to the arrest of shortened precursor constructs of monomeric β-

barrels (Fig. 3). We envision that precursor insertion through the β-barrel channel and lateral 

gate demonstrated with mitochondrial Sam50 represents a basic mechanism that can also be 

employed by β-barrel assembly machineries of bacteria and chloroplasts.

Materials and methods

Site-directed mutagenesis

Mutagenesis was performed using the centromeric plasmid pFL39 (66) containing the wild-

type open reading frame of Saccharomyces cerevisiae SAM50, TOM40 or POR1 and their 
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corresponding native promoter and terminator sequences (Table S1). Primers listed in Table 

S2, containing the specific mutational changes, were used for PCR with the high fidelity 

polymerases KOD (Sigma-Aldrich) or Q5 (NEB). After DpnI (NEB) template digestion (3 h 

at 37°C), PCR products were transformed into competent XL-1 Blue Escherichia coli cells 

(Stratagene). Plasmids were isolated by using the QIAprep Spin Miniprep Kit (Qiagene). 

Successful mutagenesis was confirmed by sequencing.

Yeast strains and growth conditions

Since SAM50 is an essential gene, the plasmid shuffling method was used to exchange 

SAM50 wild-type with mutated versions of sam50 in a YPH499 background (67). The 

shuffling strain sam50Δ contains a chromosomal deletion of SAM50 and expresses a wild-

type copy of SAM50 on a YEp352 plasmid with a URA3 marker (7). After transformation 

of the centromeric TRP1 plasmid pFL39 containing a mutated sam50 allele, positive clones 

were selected on medium lacking tryptophan. By growth on plates containing 5-fluoroorotic 

acid (5-FOA) (Melford), cells that lost the URA3 plasmid expressing wild-type SAM50 
were selected. Subsequently, yeast cells were grown on non-fermentable medium containing 

glycerol to rule out the loss of mitochondrial DNA. At each step, plates were incubated at 

23°C to minimize possible temperature sensitive growth defects.

Yeast cells were cultured in liquid YPG medium (1% [w/v] yeast extract (Becton 

Dickinson), 2% [w/v] bacto peptone (Becton Dickinson), 3% [w/v] glycerol (Sigma), pH 5 - 

HCl (Roth)) at 23°C and shaking with 130 rpm. For growth tests, single yeast cells were 

picked and incubated overnight in 5 ml YPG. Cells corresponding to an OD600 of 1 were 

taken from yeast strains indicated and resuspended in 1 ml autoclaved and distilled H2O. 

The suspension was further diluted by factors of 1:10, 1:100, 1:1,000 and 1:10,000. 3 or 5 µl 

were dropped on solid YPG (1% [w/v] yeast extract, 2% [w/v] bacto peptone, 3% [w/v] 

glycerol, 2.5% [w/v] agar (Becton Dickinson)) and YPD (1% [w/v] yeast extract, 2% [w/v] 

bacto peptone, 2% [w/v] glucose (Roth), 2.5% [w/v] agar). Plates were incubated at 

indicated temperatures.

Yeast cells expressing Sam50 lacking loop 6 (sam50Δloop6) did not yield colonies after 

plasmid shuffling. Therefore, the plasmid encoding Sam50Δloop6 was transformed into a 

YPH499 strain expressing SAM50 under the control of a galactose promoter. After selection 

on galactose (Sigma-Aldrich) containing medium lacking tryptophan, the shutdown of 

SAM50 wild-type was performed by growth in liquid SL-medium (0.3% [w/v] yeast 

nitrogen base w/o amino acids (Becton Dickinson), 0.077% [w/v] complete supplement mix 

(-TRP) (MP biomedicals), 0.05% [w/v] NaCl (Roth), 0.05% [w/v] CaCl2 (Roth), 0.06% 

[w/v] MgCl2 (Roth), 0.1% [w/v] NH4Cl (Roth), 0.1% [w/v] KH2PO4 (Roth), 0.6% [w/v] 

NaOH (Roth), 2.2% [v/v] lactic acid (Roth), 0.05% [w/v] glucose) (11, 13, 68). Yeast cells 

were diluted approximately every 20 h with fresh medium. Yeast strains are listed in Table 

S3.

Isolation of mitochondria

Yeast cells were cultivated in YPG medium for 2 days as a preculture. The main culture was 

inoculated with the preculture and incubated for at least 15 h with shaking at 130 rpm and 
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30°C. Yeast expressing Sam50Δloop6 were grown in SL-Medium at 30°C for 42.5 h to ensure 

proper shutdown of SAM50 wild-type.

Yeast cells were harvested during log-phase by centrifugation at 1,700 × g (maximal relative 

centrifugal force; 4,000 rpm, H-12000 Thermo-Fisher Scientific) for 10 min at room 

temperature. Yeast cells were washed twice with distilled H2O, and incubated with 2 ml/g 

wet weight DTT buffer (100 mM Tris(hydrosymethyl)aminomethane (Tris)/H2SO4 (MP 

Biomedicals and Roth), pH 9.4, 10 mM dithiothreitol (DTT, Roth)) for 20 min with shaking 

at 130 rpm and 30°C. Yeast cells were reisolated by centrifugation for 5 min at 2,700 × g 

(4,000 rpm, SLA-3000 Sorvall) and incubated for 30-45 min in 6.5 ml/g wet weight 

Zymolyase buffer (16 mM K2HPO4 (Roth), 4 mM KH2PO4, pH 7.4, 1.2 M sorbitol (Roth), 3 

mg/ml Zymolyase 20T (Seikagaku Kaygyo Co.)) with shaking at 130 rpm and 30°C. The 

resulting spheroplasts were pelleted by centrifugation for 5 min at 1,500 × g (3,000 rpm, 

SLA-3000 Sorvall) and washed with buffer (16 mM K2HPO4, 4 mM KH2PO4, pH 7.4, 1.2 

M sorbitol). The pellet was resuspended in homogenization buffer (0.6 M sorbitol, 10 mM 

Tris/HCl, pH 7.4, 1 mM ethylenediaminetetraacetic acid (EDTA, Calbiochem), 0.4% [w/v] 

bovine serum albumin (Sigma), 1 mM phenylmethyl sulfonyl fluoride (PMSF, Sigma)). The 

spheroplasts were mechanically opened using a glass-Teflon potter by homogenizing the 

solution 17 times on ice. Mitochondria were isolated using a four-centrifugation step 

procedure. To remove cell debris, the solution was spun for 15 min, 1,450 × g (3,500 rpm, 

SS-34, Sorvall) at 4°C, followed by a high speed spinning step to pellet mitochondria at 

18,500 × g (12,500 rpm, SS-34, Sorvall) for 15 min at 4°C. The mitochondrial pellet was 

resuspended in ice cold SEM buffer (250 mM sucrose (MP Biomedicals), 10 mM 3-(N-

morpholino)propanesulfonic acid (MOPS, Sigma), pH 7.2, 1 mM EDTA) containing 1 mM 

PMSF and both centrifugation steps were repeated. The mitochondrial pellet was 

resuspended in ice cold SEM and the protein concentration was determined using the 

Bradford protein assay (69). The concentration was adjusted to 10 mg mitochondrial protein 

per 1 ml SEM. Mitochondria were aliquoted, snap-frozen in liquid nitrogen and stored at 

-80°C (70).

Oxidation assays with whole yeast cells

Yeast cells were grown overnight in YPG medium at 30°C. Cells corresponding to an OD600 

of 1 were taken and harvested by centrifugation for 10 min at 1,500 × g (4,000 rpm, 

FA-45-24-11, Eppendorf). Cells were resuspended in 100 µl buffer A (2 mM PMSF, 2× 

protease inhibitor w/o EDTA (Roche), 1 mM EDTA) and oxidized by adding 0.2 mM 4,4’-

Dipyridyl disulfide (4-DPS, Sigma-Aldrich) (39). Cells were incubated on ice for 30 min 

followed by addition of 50 mM iodoacetamide (IA, Sigma) and further incubated for 15 min 

on ice. After addition of 60 mM NaOH, cells were centrifuged for 10 min at 1,700 × g 

(4,000 rpm, FA 45-30-11, Eppendorf) and 4°C, resuspended in Laemmli buffer and heated to 

65°C for 10 min shaking vigorously.

Sam50 modeling

Potential templates were identified with the HHPRED server restricting the search sequence 

to the Sam50 β-barrel domain (residues 125-484) (71). The hidden-Markov model based 

homology search identified templates in the PDB with good p- and E-values. This included 
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structures from FhaC [PDB code: 4QL0 (51)] and TamA [PDB code: 4C00 (18)] as well as 

several structures from BamA [PDB codes: 4K3B and 4K3C (16); 4C4V (21); 4N75 (22) 

and 5EKQ (23)], which exhibit considerable variations in the interaction between the β1 and 

β16-strands. A Sam50 model was calculated from each template using Modeller (72). The 

model obtained from the BamA structure with PDB code 4N75 (22) with optimized 

alignment fit best to the experimental results of disulfide bonds and crosslink formation 

(Model S1).

Despite low sequence identity of 14%, the β-barrel model of Sam50 shows a very good 

agreement with the structure of BamA (PDB code: 4n75) with a core RMSD of 1.6 Å (Cα-

atoms of 310 out of 360 residues). Ramachandran analysis using RAMPAGE (73) showed 

similar geometrical quality of the model compared to the template (favored/allowed/outlier 

residues, model: 90.2% / 7.3% / 2.5% and template: 94.7% / 4.5% / 0.8%). Also, the 

distribution of charged and aromatic residues in respect to barrel inward and outward facing 

side chains agrees well between model and structure. In order to evaluate the position of 

loop 6, we superimposed the model with five BamA structures (PDB codes: 4K3B, 4K3C, 

4C4V, 4N75 and 5EKQ) as well as the TamA structure (PDB code: 4C00). They all show a 

highly similar overall structure for loop 6, with identical positions for the conserved IRGF 

motif including side chain orientations. IRGF faces the inside wall of the barrel (strands 

13-16). Noteworthy is for instance the interaction between the guanidino group of the 

motif’s arginine residue with an aromatic side chain of β-barrel strand 13. The Sam50 model 

agrees overall with the structures of the loop and the position of IRGF side chains, for 

instance R366 is interacting with the aromatic ring of F413. Also, positions and orientations 

of residues 369-371 in the Sam50 model agree with those of the aforementioned structures. 

In addition, the side chain orientations of the Sam50 β-signal (strand 16) toward either the β-

barrel lumen or the lipid phase agree with the structure of the conserved β-signal of 

mitochondrial VDAC/Porin (42–44).

For graphical presentations, cysteine residues were included in silico at relevant positions 

and disulfide bonds formed using coot (74) before figures were generated with Pymol (The 

PyMOL Molecular Graphics System, Version 1.6 Schrödinger, LLC.). The Sam50 β-barrel 

models were oriented according to the localization of the N-terminal POTRA domain in the 

mitochondrial intermembrane space (13, 50).

In vitro transcription/translation

Plasmids containing the coding region of the gene of interest and carrying an upstream SP6 

promoter binding region were incubated with TNT SP6 quick coupled kit (Promega), an in 

vitro eukaryotic translation system based on rabbit reticulocytes, in the presence of 

[35S]methionine (PerkinElmer). The reaction was incubated for at least 90 min at 25°C with 

shaking at 300 rpm. Reactions were stopped upon addition of 20 mM unlabeled methionine 

(Roth). A clarifying step was performed at 125,000 × g (45,000 rpm, TLA-55, Beckman) for 

30 min at 4°C. 0.3 M sucrose was added to the supernatant and the lysate was snap-frozen 

and stored at -80°C. Successful transcription/translation was checked by SDS-PAGE and 

autoradiography.
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Template DNA of cysteine mutants of Por1 and Tom40 constructs was generated by PCR 

using 2× REDTaq ReadyMix (Genaxxon). Forward primers contained a RTS™ wheat germ 

kit (5prime) specific 5’-CTTTAAGAAGGAGATATACC-3’ sequence upstream of the start 

codon. The corresponding reverse primers contained downstream of the stop codon a 5’-

TGATGATGAGAACCCCCCCC-3’ wheat germ sequence. Cysteine mutagenesis was 

performed using a primer encoding the desired mutation. Successful mutations were 

confirmed by sequencing. In case, the methionine radiolabeling of the protein fragment was 

not sufficient, the methionine encoding sequence 5’-ATGATGATG-3’ was added instead of 

the start codon and before the stop codon. PCR products were analyzed by inspection of the 

DNA bands on 2% agarose (Biozym) gels. Products were purified using the QIAquick PCR 

Purification Kit (Qiagen). A consecutive PCR was performed according to the RTS™ wheat 

germ LinTempGenSet His6-tag (5prime) manual using 2× REDTaq ReadyMix. PCR 

products were purified and concentrated using the MinElute PCR purification kit (Qiagen). 

Wheat germ lysate, an eukaryotic cell-free protein expression system based on wheat germ, 

was used as described in the RTS™ 100 wheat germ CECF Kit (5prime) with modification 

for radiolabeled lysates, including [35S]methionine in the reaction solution and 

supplementation of unlabeled methionine with [35S]methionine in the feeding solution. 

After incubation for 24 h, lysates were clarified by centrifugation at 125,000 × g (45,000 

rpm, TLA-55, Beckman) for 1 h at 4°C. The supernatant was transferred to a fresh tube, 

snap-frozen in liquid nitrogen and stored at -80°C. Successful translation was checked by 

SDS-PAGE and autoradiography.

In vitro import into mitochondria and crosslinking/oxidation

Mitochondria were thawed on ice. For one import reaction, 50 µg mitochondria (protein 

amount) were resuspended in 100 µl import buffer (3% [w/v] bovine serum albumin, 250 

mM sucrose, 80 mM KCl (Roth), 5 mM MgCl2, 2 mM KH2PO4, 5 mM methionine (Sigma), 

10 mM MOPS-KOH (Roth), pH 7.2) with 4 mM ATP (Roche), 4 mM NADH (Roth), 5 mM 

creatine phosphate (Roche) and 0.1 mM creatine kinase (Roche). To deplete the membrane 

potential (-Δψ), AVO (8 µM antimycin A (Sigma), 1 µM valinomycin (Sigma), 20 µM 

oligomycin (Sigma), final concentrations) was added and NADH was omitted (75). When 

Tim9 was imported, bovine serum albumin was omitted. 4-10% [v/v] of rabbit reticulocyte 

lysate or wheat germ lysate containing the precursor proteins were incubated with 

mitochondria at 25°C with shaking at 300 rpm. Membrane potential dependent import 

reactions were stopped by addition of AVO, before the import reactions were transferred on 

ice. The mitochondria were pelleted for 10 min at 4°C and 18,500 × g (13,200 rpm, FA 

45-30-11, Eppendorf), the supernatant was discarded and the pellet was washed with 100 µl 

SEM. Mitochondria were resuspended in Laemmli buffer (0.2 M Tris, pH 6.8, 2% [w/v] 

dodecylsulfate-Na-salt (SDS, Serva), 4% [v/v] glycerol, 12,5% [w/v] bromphenol blue 

(Sigma), 1 mM PMSF, 50 mM iodoacetamide) and incubated for 10 min at 65°C shaking 

vigorously.

In case of experiments combining protein import and crosslinking or oxidation, 

mitochondria were incubated in 100 µl SEM including energy mix (4 mM ATP, 4 mM 

NADH, 5 mM creatine phosphate, 0.1 mM creatine kinase) and 2-6% [v/v] precursor-

containing lysate was added. Import was conducted at 25°C for 5 to 30 min, shaking at 300 
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rpm, and the reactions were transferred on ice. To oxidize proteins, 0.36 mM 4-DPS or 2.5 

mM CuSO4 (Roth) was added to the reaction. For crosslinking experiments, 1 mM 

crosslinking reagent 1,6-bismaleimidohexane (BMH, Thermo-Fisher Scientific), 

bismaleimidoethane (BMOE, Thermo-Fisher Scientific), 1,3-

propanediylbismethanethiosulfonat (M3M, Interchim), 1,1-

methanediylbismethanethiosulfonat, (M1M, Interchim), N-α-maleimidoacet-

oxysuccinimide ester (AMAS, Thermo-Fisher Scientific) or succinimidyl iodoacetate (SIA, 

Thermo-Fisher Scientific) were added from a 10 mM stock solution prepared in dimethyl 

sulfoxide (DMSO, Roth). Samples were gently mixed and incubated on ice for 30 min. 

Oxidation/crosslinking reactions were stopped by addition of 50 mM iodoacetamide and 

incubated on ice for 15 min. Reactions were laid on top of 500 µl S500EM (500 mM sucrose, 

10 mM MOPS, pH 7.2, 1 mM EDTA) and centrifuged for 15 min at 4°C and 20,800 × g 

(14,000 rpm, FA 45-30-11, Eppendorf) for purification. The pellet was resuspended in 100 

µl SEM and processed as described above. Samples analyzed on blue native PAGE were 

resuspended in digitonin buffer (0.1 mM EDTA, 10% [v/v] glycerol, 50 mM NaCl, 1 mM 

PMSF, 20 mM Tris/HCl, pH 7.4, 1% [w/v] digitonin (Calbiochem)) and incubated on ice for 

15 min before addition of blue native loading dye (0.5% [w/v] Coomassie blue G (Serva), 50 

mM 6 aminocaproic acid, 10 mM Bis Tris/HCl, pH 7).

β-Signal affinity assay

The method was performed as described in Kutik et al. (13). Briefly, E. coli cells expressing 

glutathione-S-transferase (GST), GST-β-signalPor1 and GST-β-signalPor1F281Q were lysed 

and GST constructs were bound to glutathione sepharose 4B beads (GE Healthcare). 

Mitochondria were solubilized in GST buffer L (20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, Roth), 100 mM potassium acetate (KOAc, Roth), 10 

mM magnesium acetate (Mg(OAc)2, Roth), 10% [v/v] glycerol, 1% [w/v] digitonin 

(Calbiochem), 1 mM PMSF). After centrifugation for 10 min at 4°C and 20,800 × g (14,000 

rpm, FA 45-30-11, Eppendorf), the supernatant was transferred to GST bound sepharose 

beads and incubated for 30 min at 4°C shaking end over end. Samples were centrifuged for 1 

min at 4°C and 500 × g and washed at least seven times with GST buffer W (20 mM 

HEPES, 100 mM KOAc, 10 mM Mg(OAc)2, 10% [v/v] glycerol, 0.5% [w/v] digitonin). To 

cleave bound proteins from GST, samples were incubated overnight at 4°C, shaking at 800 

rpm, in 200 µl GST buffer T (20 mM HEPES, 100 mM KOAc, 10 mM Mg(OAc)2, 10% 

[v/v] glycerol, 0.5% [w/v] digitonin, 2.5 mM CaCl2, 80 units thrombin protease 

(Calbiochem)). Columns were centrifuged for 1 min at 4°C and 500 × g. The flow-through 

was mixed with Laemmli buffer including 1% [v/v] β-mercaptoethanol (Roth) and heated to 

95°C for 5 min. Samples were analyzed by SDS-PAGE.

TEV protease cleavage assay

In vitro import into mitochondria followed by crosslinking using BMOE was conducted as 

described above. After purification, samples were resuspended in solubilization buffer (20 

mM Tris/HCl, pH 7.4, 0.1 mM EDTA, 50 mM NaCl) containing 6 M guanidinium 

hydrochloride (Roth). Samples were heated to 95°C and diluted 1:4 in solubilization buffer. 

TEV protease (Thermo-Fisher Scientific) was added and incubated for 30 min on ice. 

Samples were precipitated using 14% [w/v] trichloracetic acid (TCA, Roth) and 0.0125% 
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[w/v] sodium deoxycholate (Sigma). Samples were resuspended in Laemmli buffer 

containing 1 mM PMSF and 10 mM IA and heated to 65°C for 10 min shaking vigorously. 

Samples were separated by 4-12% NuPAGE gels (Thermo-Fisher Scientific) according to 

the manufacturer’s protocol.

Swelling assay

To test the integrity of the mitochondrial outer membrane, 100 µg mitochondria (protein 

amount) were thawed on ice and resuspended in either 100 µl hypotonic swelling buffer (1 

mM EDTA, 10 mM MOPS/KOH, pH 7.2) or isotonic SEM buffer. Mitochondria/mitoplasts 

were incubated on ice for 15 min before the indicated amount of proteinase K (Roche) was 

added. The samples were further incubated for 15 min on ice. Proteinase K was inactivated 

by addition of 2 mM PMSF and further incubated on ice for 10 min. Mitochondria/

mitoplasts were pelleted and washed with SEM buffer including 1 mM PMSF. Samples were 

resuspended in Laemmli buffer, including 1% [v/v] β-mercaptoethanol and 1 mM PMSF, 

and separated by SDS-PAGE.

SDS-PAGE, NuPAGE, Tris-Tricine PAGE, Blue Native PAGE and Western Blotting

SDS-PAGE was performed using 10% polyacrylamide gels and SDS running buffer (25 mM 

Tris/HCl, pH 8.8, 191 mM glycine (MP Biomedicals), 1% [w/v] SDS). Gels were run at 

30-35 mA for 3-5 h. NuPAGE bis-tris pre-cast gels (10%, Thermo-Fisher Scientific) were 

used according to the manufacturer’s instructions. Tris-Tricine PAGE gels consistent of a 

4-16% polyacrylamide gradient (48% [w/v] acrylamide (Roth), 1.5% [w/v] bisacrylamide 

(Serva)). Gels were run using anode buffer (0.2 M Tris/HCl, pH 8.9) and cathode buffer (0.1 

M Tris, 0.1 M Tricine (Roth), 0.1% [w/v] SDS, pH 8.25) at 70 mA for 3-5 h. For all above 

mentioned gel electrophoresis procedures, samples were resuspended in Laemmli buffer 

containing 1 mM PMSF, heated to 65°C for 10 min shaking vigorously. When samples were 

crosslinked or oxidized, no DTT or β-mercaptoethanol was added but 50 mM 

iodoacetamide.

Native protein complexes were analyzed using blue native PAGE (76). After import of 

radiolabeled proteins, mitochondria were resuspended in cold digitonin buffer (0.1 mM 

EDTA, 10% [v/v] glycerol, 50 mM NaCl, 1 mM PMSF, 20 mM Tris/HCl, pH 7.4, 0.35-1% 

[w/v] digitonin) and incubated on ice for 15 min. Blue native loading dye (0.5% [w/v] 

Coomassie blue G (Serva), 50 mM 6-aminocaproic acid (Sigma), 10 mM Bis/Tris (Roth), 

pH 7) was added. Samples were centrifuged at 4°C for 15 min at 20,800 × g (14,000 rpm, 

FA 45-30-11, Eppendorf) and the supernatant was loaded on a 6-16.5% discontinuous 

gradient gel. 8.5 cm gels were run in a cooled Hoefer SE600 vertical electrophoresis 

chamber using anode buffer (50 mM Bis/Tris/HCl, pH 7) and cathode buffer (50 mM tricine, 

pH 7, 15 mM Bis/Tris, 0.02% [w/v] Coomassie G) at 90 mA and 600 V for 90 min.

With the exception of blue native gels, gels containing radiolabeled samples were stained 

and fixed using staining buffer (30% [v/v] ethanol, 10% [v/v] acetic acid (Roth), 0.2% [w/v] 

Coomassie R250 (Roth)) followed by destaining with destain buffer (50% [v/v] methanol 

(Roth), 20% [v/v] acetic acid) until protein bands were clearly visible. Gels were dried onto 

Whatman paper (Macherey-Nagel) and exposed using PhosphorImager screens (GE 
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Healtcare and Fuji), followed by autoradiographic detection (Storm PhosphorImager, GE 

Healthcare; FLA9000, Fujifilm).

When immunoblotting was performed, gels were incubated for 5 min in SDS running buffer 

after gel electrophoresis. Gel contents were transferred onto PVDF membranes (Immobilon-

P, Millipore) using standard semi dry western blotting (77) at 250 mA for 2 h using blotting 

buffer (20 mM Tris, 150 mM glycine, 0.02% [w/v] SDS, 20% [v/v] methanol). PVDF 

membranes were stained with staining buffer, destained using destain buffer until visible 

bands confirmed equal loading, and completely destained using 100% methanol. Blocking 

was performed for 1 h using 5% [w/v] fat-free dried milk powder (Frema Reform) in TBST 

(200 mM Tris/HCl, pH 7.5, 1.25 M CaCl2, 0.1% [v/v] Tween20 (Sigma)) at room 

temperature. After washing in TBST, membranes were incubated with the designated 

primary antibodies listed in Table S4, overnight at 4°C or for at least 1 h at room 

temperature. After a second washing step in TBST, membranes were decorated with 

secondary anti-rabbit IgG antibody (Sigma), diluted 1:5,000, that was coupled to horse 

radish peroxidase in 5% [w/v] fat-free dried milk powder in TBST for 1 h. After washing a 

third time in TBST, membranes were incubated in ECL solution (GE Healthcare) and the 

chemiluminescence signal was detected by the LAS-4000 system (Fujifilm).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Membrane protein insertion by a β-barrel channel involves precursor translocation 

through the channel interior and exit through the lateral gate.
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Fig. 1. Intramolecular interaction between the first and last β-strand of Sam50.
(A) Model of the Sam50 β-barrel. Engineered disulfide bonds between the first and last β-

strand of Sam50 are indicated in red. Additional disulfide bonds are possible due to the 

dynamic interaction of β-strands 1 and 16 (27). IMS, intermembrane space; OM, outer 

membrane. (B) Yeast strains expressing cysteine-free Sam50 (Cfree) and Sam50 cysteine 

variants (containing exactly two cysteine residues as indicated) were treated in vivo with the 

oxidant 4,4′-Dipyridyl disulfide (4-DPS), followed by non-reducing SDS-PAGE, Western 

blotting and immunodecoration. (C) Isolated Sam50C128/C480 mitochondria were incubated 
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with a Por1 precursor construct (β-strands 15-19 corresponding to amino acid residues 

210-283) and controls as indicated. Samples were treated with the crosslinker BMH and 

analyzed as in (B). Quantification of crosslinking efficiency (mean ± SEM, N = 3 for 

samples 1, 2 and 4; mean with range, N = 2 for sample 3). Sam50X, crosslinked Sam50.
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Fig. 2. Interaction of Sam50 β-strand 1 with the C-terminal β-signal of precursor proteins.
(A) Radiolabeled Por1(β15-19) precursors containing one cysteine at the positions indicated 

were imported for 5 min into mitochondria isolated from yeast strains expressing Sam50 

with the indicated cysteine residues, followed by oxidation with 4-DPS (lanes 1-12, 19-36) 

or CuSO4 (lanes 13-18). Samples were analyzed by non-reducing SDS-PAGE and 

autoradiography. Arrowheads, disulfide-bonded Sam50-Por1(β15-19) adducts. Schematic 

model, disulfide bond formation of Sam50 β-strand 1 with the β-signal (β19) of the Porin 

precursor β15-19; thick and thin lines indicate strong and weak formation of Sam50-Por1 
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adducts, respectively. (B) [35S]Por1(β14-19)C276, [35S]Por1(β14-19)C280 and the 

corresponding β-signal mutants (L279A) were incubated for 5 min with isolated 

mitochondria of Sam50 cysteine variants followed by oxidation with 4-DPS, non-reducing 

SDS-PAGE and autoradiography. Arrowheads, cysteine-specific Sam50-precursor adducts. 

(C) Schematic model illustrating the β-signal exchange observed in Fig. 2 and fig. S2.
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Fig. 3. Release of full-length β-barrel precursor from the SAM complex.
(A) [35S]Por1C276 constructs of different length were incubated with isolated Sam50Cfree or 

Sam50C130 mitochondria for 30 min, followed by oxidation with 4-DPS, analysis by non-

reducing SDS-PAGE and autoradiography. Lanes 27 and 28, shorter exposure to compensate 

for strong intensity of full-length Por1. Arrowheads, disulfide-bonded Sam50-precursor 

adducts; circles, Por1C276 precursor. (B and C) Samples as described for (A) were analyzed 

by blue native electrophoresis and autoradiography. Lanes 1–4 vs. lanes 5–12 of (B), linear 
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adjustment of brightness and contrast to compensate for strong intensity of 

Por1(β15-19)C276. POR, assembled Porin complex; SAM-Por1, Porin1 precursor at SAM.
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Fig. 4. Interaction of Sam50 with the N-terminal β-strand of precursor proteins.
(A) [35S]Por1(β14-19) precursors containing a single cysteine residue as indicated were 

imported into mitochondria isolated from yeast strains expressing the indicated Sam50 

cysteine variants, followed by oxidation with 4-DPS, non-reducing SDS-PAGE and 

autoradiography. Black and white arrowheads, cysteine-specific disulfide-bonded 

Por1(β14-19) adducts to the C-terminal and N-terminal β-strand of Sam50, respectively. 

Right, schematic models. (B) [35S]Por1(β14-19)C206 and [35S]Por1(β14-19)C204 were 

treated as described in (A). (C) [35S]Por1(β14-19) single and double cysteine variants were 
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incubated with isolated mitochondria from yeast strains expressing Sam50Cfree or the double 

cysteine variant Sam50C126/C480, followed by oxidation with 4-DPS. Samples were analyzed 

as described in (A).
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Fig. 5. Interaction of β-barrel precursor with Sam50 residues facing the channel interior.
(A) Model of the Sam50 β-barrel. β-Strand 15, purple; open and filled circles, residues 

facing the interior of the barrel (black) or the lipid phase (gray), respectively. (B and C) 

Radiolabeled Por1 precursor variants were imported into mitochondria of yeast strains 

expressing the indicated Sam50 variants. Samples were crosslinked with BMH, AMAS or 

SIA and analyzed by non-reducing SDS-PAGE and autoradiography. Black and white 

arrowheads, cysteine-specific precursor adducts to Sam50-β16 or Sam50-β15, respectively; 
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circles, unspecific/cysteine-independent adducts (in the absence of free SH-groups, AMAS 

and SIA can react with other amino acids).
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Fig. 6. Loop 6 of Sam50 is essential for β-barrel biogenesis.
(A) Model of the Sam50 β-barrel indicating loop 6 in peach and the conserved IRGF motif 

at the tip of loop 6 in red. The positions of residues 369 and 371 used for crosslinking in Fig. 

7 are indicated. (B) Assembly of full-length β-barrel precursor proteins [35S]Por1, 

[35S]Mdm10 and [35S]Tom40 in wild-type (WT) and Sam50R366A mitochondria was 

analyzed by blue native electrophoresis and autoradiography. POR, Porin complex; SAM-

Mdm10, SAM-Mdm10 complex; SAM-Ia, SAM-Ib and Int-II, assembly intermediates of 

Tom40. (C) Immobilized glutathione-S-transferase (GST)-fusion proteins carrying the Por1 

β-signal were incubated with digitonin-lysed WT and Sam50R366A mitochondria. The β-

signal was released by thrombin protease cleavage and eluates were analyzed by SDS-PAGE 

and immunodecoration. Load 12.5%; elution 100%.
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Fig. 7. β-Barrel precursors in transit are in close proximity to Sam50 loop 6.
(A) [35S]Por1(β14-19) precursors carrying a cysteine in β-strand 14 at position 205 or 206 

and [35S]Por1(β12-19) precursors carrying a cysteine in β-strand 12 at position 180 or 179 

were imported for 5 min into isolated mitochondria containing Sam50 variants, followed by 

crosslinking with BMH. Samples were analyzed by non-reducing SDS-PAGE and 

autoradiography. Arrowheads, cysteine-specific Sam50-Por1 precursor crosslinking 

products. (B) Schematic model summarizing the crosslinking results of Fig 7C and fig. S9, 

B and C. (C) Radiolabeled Por1 constructs were imported into mitochondria of yeast strains 
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expressing the indicated Sam50 variants for 5 min. Samples were treated with BMH and 

analyzed as described in (A).
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Fig. 8. Putative model for sorting of β-barrel precursors through the lateral gate of Sam50.
β-Barrel precursors are translocated from the intermembrane space (IMS) side into the 

lumen of Sam50. The C-terminal β-signal of the precursor specifically binds to β-strand 1 of 

Sam50 by replacing the endogenous β-signal of Sam50 (β-strand 16). This induces an 

opening of the lateral gate of Sam50 between β-strands 1 and 16. Further strands of the 

precursor are inserted into the lateral gate in β-hairpin-like structures. Loop 6 of Sam50 

promotes transfer of the precursor into the lateral gate. The full-length precursor is released 

from the lateral gate into the lipid phase of the outer membrane (OM). Thinning of the 

membrane in proximity to the lateral gate facilitates membrane insertion of the β-barrel 

protein.
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