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Supplementary Resource 1 

SurA 

The core of the SurA structure is formed by the N-terminal, C-terminal and first peptidyl-prolyl 

isomerase (PPIase) domains. The second PPIase is tethered ~30Å from the core, forming a dumbbell-shaped 

overall structure (Figure 1a). Peptides can bind into the extended crevice of the core module [1]. SurA 

chaperones the vast majority of outer membrane proteins [2]. 

Skp 

Skp is a homotrimeric 17kDa protein with a jellyfish-like shape, where a-helical tentacles protruding 

from a core formed by intersubunit β-sheets enclose a central cavity (Figure 1a). The central cavity can bind 

precursor proteins while the exterior of the molecule can interact with membrane lipids and LPS. Skp has a 

similar overall shape to the cytosolic chaperone prefoldin from eukaryotes and archaea [3,4]. Skp, together 

with DegP, rescues outer membrane proteins that fall off the SurA pathway [5]. 

DegP (also known as HtrA) 

The 49kDa DegP was first identified as a serine protease [6] and later shown to also have chaperone 

activity [7]. The DegP structure (1KY9, Table 1) is a monomer with three domains: a protease domain followed 

by two PDZ domains. It forms hexamers with staggered association of trimeric rings, in which proteolytic sites 

face a central cavity that is accessible only laterally (Figure 1a). The cavity is lined by hydrophobic patches 

where unfolded polypeptides can bind. When DegP acts as a chaperone, its protease domain is in an inactive 

state [8]. 

Upon precursor protein binding, both SurA and Skp undergo conformational changes and dynamic re-

organization. Moreover, precursor dynamics on the chaperone surface were also shown to be crucial for 

function [9]. Both chaperones are likely to interact with the outer membrane and BamA. While SurA is the 

primary chaperone in E. coli, in its absence most precursors can use Skp efficiently [10].  

  



Supplementary Resource 2 

TIM8/13 and TIM9/10 

The high-resolution structures of these soluble chaperones reveal alternating circular hexamers of 

TIM8/13 and TIM9/10, where each six-bladed α-propeller contains three molecules of the respective TIM 

protein (Figure 1b) [11–13]. Multiple clamp-like binding sites with conserved hydrophobic residues hold the 

precursor proteins in an elongated form that are translocation-competent. Upon precursor protein binding, the 

structures of the chaperones remain intact. The chaperone to precursor stoichiometry depends on the size of 

the precursor, more hexameric complexes being used for larger proteins [14]. TIM8/13 uses salt bridges to 

interact with the hydrophilic part of a substrate protein and has weaker interactions with the transmembrane 

part than TIM9/10, and therefore has a broader specificity than TIM9/10 for amphipathic proteins. TIM9/10 

outcompetes TIM8/13 in binding hydrophobic precursors [15].  

The soluble TIM8/13 complex in the IMS has overlapping functions with the TIM9/10 complex [16,17]. 

Both a-helical and β-barrel polypeptide precursors bind to the same binding clefts of the chaperones. While the 

β-barrel precursors for VDAC and Tom40 depend on both chaperones, the transport of metabolite carrier Aac2 

and carrier-like precursor TIM23 depend mainly on TIM9/10 [12,18,19]. Barrel precursor proteins need to have 

a β-hairpin conformation to be able to bind TIM chaperones, a conformation ideal for β-barrel protein insertion 

by the SAM complex [20]. This might suggest that the POTRA domain is not as important in mitochondrial β-

barrel biogenesis as for the equivalent bacterial process, where β-barrel precursors are unstructured [21–23]. It 

has yet to be determined if the TIM chaperones form supercomplexes with the TOM complex and/or SAM 

complex to prevent precursor aggregation following import and to maintain the precursor β-hairpin 

conformation for SAM complex binding. 

  



Supplementary Resource 3 

The Toc75 proteins of chloroplasts and cyanobacteria belong to a different branch of the Omp85 and 

Sam50 (Tob55) family [24,25]. In Arabidopsis thaliana, five different isoforms (I-V) of Toc75 were identified 

[26]. 

Toc75 (or AtToc75-III in Arabidopsis) 

Toc75 is the pore-forming subunit of the TOC complex and is functionally equivalent to mitochondrial 

Tom40 [27]. It is highly abundant in the outer membrane and is synthesized in the cytoplasm. Toc75 is 

predicted to contain three IMS-facing N-terminal POTRA domains and a transmembrane C-terminal 16-strand 

β-barrel. The X-ray structure of the three POTRA domains shows a conserved architecture, with POTRA2 

containing an additional elongated a-helix not observed in other POTRA domains [28]. It is suggested that 

these POTRA domains have a chaperone-like function, preventing the misfolding or aggregation of the 

translocated preprotein. 

Toc159 and Toc34 

These receptor proteins of the TOC complex contain GTPase domains that control preprotein binding 

and translocation. Both proteins are C-terminally anchored in the chloroplast outer membrane (OEM) directing 

their GTP-binding domains toward the cytosol [29]. Together with Toc75 they form the heterotrimeric TOC core 

complex. Toc159 contains three functional domains: an intrinsically disordered acidic domain, the GTPase 

domain and the 54 kDa membrane-anchor domain [30,31]. Arabidopsis has three additional AtToc159 

homologues: AtToc134, AtToc120 and AtToc90 which mainly differ in their disordered domains. AtToc159 is 

the most abundant isoform [32]. Toc34 has a cytosolic GTPase domain and is anchored in the membrane by a 

single transmembrane helix. Arabidopsis expresses the additional AtToc33 in young tissues besides AtToc34 

expressed at low levels in all organs during development [33]. Toc159 and Toc34 bind different regions of a 

preprotein cTP signal and they could act simultaneously [34].  

Toc64 

Toc64 with three tetratricopeptide repeats has a cytosolic receptor site for Hsp90/70 and likely functions 

as a receptor for plastid protein import [35]. It is homologous to Tom70 from mitochondria but is not associated 



with the TOC complex. Toc64 can deliver preproteins to Toc34 but is not essential for transport, instead it 

could act as an additional regulatory component to the TOC complex [36]. 

Oep80 (or AtOep80, AtToc75-V in Arabidopsis) 

Oep80 is not a member of the TOC complex, but essential for viability in Arabidopsis [37]. It was 

suggested to be involved in β-barrel insertion into the membrane, but to date there is no direct evidence 

supporting this claim. AtToc75-III and AtToc75-V (Oep80) belong to two different branches of the Omp85 

superfamily [38]. Gene duplication in an early eukaryotic ancestor produced two clades: while Oep80 (AtToc-V) 

retained the original function of the cyanobacterial protein, AtToc75-III rapidly evolved into a protein import 

channel [39]. 

The specific signals for targeting β-barrel proteins to the chloroplast are still unknown, but the precursor 

of Toc75-III follows a unique pathway. It is synthesized with an N-terminal extension which functions as a dual 

targeting signal and is cleaved during maturation [40]. The first portion of the signal targets the stroma where is 

cleaved, while the second portion functions as a stop-transfer signal that prevents full translocation across the 

inner membrane [41]. The TOC complex seems to be the equivalent machinery of the mitochondrial TOM 

complex, which translocates precursor proteins into the IMS. Translocated β-barrel precursor proteins are then 

possibly integrated into the membrane by Oep80. The exact cytosolic components and mechanism for sorting, 

targeting and insertion of β-barrel proteins into the chloroplast outer envelope membrane are still unknown 

[42]. 
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Multiple populations of the SAM complex in detergent were observed during cryo-EM data processing 

[43]. First, there was a monomeric population containing one copy of each SAM complex subunit, that was 

very similar to the lipid nanodisc monomer. The majority of particles were dimers, composed of two copies 

each of Sam50, Sam37, and Sam35. Three different populations of dimers were observed, all of which were 

non-physiological dimers with the SAM complexes in an up-down orientation. Biochemical topology 

experiments with the SAM complex in mitochondria do not support this association [44–47], therefore 

dimerization possibly occurred upon membrane solubilization with detergent or downstream purification steps. 

The monomer extracted from dimer 1 was highly similar to the detergent monomer and lipid nanodisc 

conformations. In contrast, the other two dimer populations contained Sam50 subunits with β1- β4 rotated 

outwards approximately 45 degrees, ultimately resulting in a β1- β1 interaction between the two Sam50 copies. 

While the dimer populations are non-physiological likely due to the presence of detergent [48], the flexibility of 

β1-4 supports the ability to accommodate β-barrel precursor protein at the lateral gate (Supplementary Movie 

1). 
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In mitochondria the signal length is on average 50 residues [49], with 80 residues before a folded 

domain required for efficient translocation [50]. In chloroplasts this is 60 residues and can also include the N-

terminus of the first domain [51]. These residues in mitochondria are more basic, with a lower hydrophobicity 

than found in chloroplasts [52], and can form an amphiphilic a-helix [53]. Chloroplast signals can contain motifs 

like FPxxRK or FGLK [54,55], while for the 19 N-terminal residues in mitochondria the neighboring residues 

are mutually dependent [56]. The specific signal for targeting β-barrel proteins in chloroplasts remains to be 

established. 

 

  



 

 

 
 

 

Supplementary Figure 1. BamA lateral gate interactions. The structure of the lateral gate in HdBamA (4K3C) 
and NgBamA (4K3B). Hydrogen bonds are shown as dashed grey lines.  

  



 



Supplementary Figure 2. Structure-based sequence alignment of BamA/Sam50/Oep80 β-barrel domains. 
Blue arrows represent β-strands, magenta waves represent α-helices. Asterisk identifies conserved glycine 
that kinks β16. Alignment generated by T-Coffee Expresso [57–61], adjusted with JalView [62], and colored 
with ESPript 3.0 [63] based on percent equivalent and 0.6 global score. Se: Salmonella 
enterica subspecies typhimurium (UniProt Q8ZRP0; PDB 5OR1), Ec: Escherichia coli (UniProt P0A940; PDB 
4N75), Ng: Neisseria gonorrhoeae (UniProt Q5F5W8; PDB 4K3B), Hd: Haemophilus 
ducreyi (UniProt Q93PM2; PDB 4K3C), Tt: Thermothelomyces thermophilus (UniProt G2QFF9; PDB 
6WUT), Sc: Saccharomyces cerevisiae (UniProt P53969), Nc: Neurospora crassa (UniProt V5IKW7), 
Hs: Homo sapiens (UniProt Q9Y512), At: Arabidopsis thaliana (UniProt Q9C5J8), Br: Brassica rapa subsp. 
pekinensis (UniProt M4CDG9), Os: Oryza sativa subsp. Japonica (UniProt Q6H7M7), Mt: Medicago 
truncatula (UniProt G7IUC7). 
  



 



Supplementary Figure 3. Sam37 structure-based sequence alignment with predicted transmembrane 
anchors. Blue arrows represent β-strands, magenta waves represent α-helices. Gold waves represent 
transmembrane helices predicted by TMHMM 2.0 [65]. Blue circles identify residues that interact with Sam50, 
green circles identify residues that interact with Sam35. Alignment generated by PROMALS3D [64], adjusted 
with JalView [62], and colored with ESPript 3.0 [63] based on percent equivalent and 0.6 global score. Tt: 
Thermothelomyces thermophilus (UniProt G2Q6R7; PDB 6WUT), Sc: Saccharomyces cerevisiae (UniProt 
P50110; PDB 7BTW), Kl: Kluyveromyces lactis (UniProt Q6CII7), Nc: Neurospora crassa (UniProt Q7SFC4), 
En: Emericella nidulans (UniProt Q5B6M7), Mm: Mus musculus (UniProt P47802), Hs: Homo sapiens isoform 
3 (UniProt Q13505-3), Ca: Candida albicans (UniProt C4YJG8), Dh: Debaryomyces hansenii (UniProt 
Q6BJD7). 



 



Supplementary Figure 4. Sam35 structure-based sequence alignment. Blue arrows represent β-strands, 
magenta waves represent α-helices. Blue circles identify residues that interact with Sam50, orange circles 
identify residues that interact with Sam37. Alignment generated by PROMALS3D [64], adjusted with JalView 
[62], and colored with ESPript 3.0 [63] based on percent equivalent and 0.6 global score. Tt: 
Thermothelomyces thermophilus (UniProt G2QAT9; PDB 6WUT), Sc: Saccharomyces cerevisiae (UniProt 
P14693; PDB 7BTW), Kl: Kluyveromyces lactis (UniProt Q6CMW8), Nc: Neurospora crassa (UniProt V5IPB4), 
En: Emericella nidulans (UniProt Q5BFM3), Mm: Mus musculus (UniProt O88441), Hs: Homo sapiens (UniProt 
O75431), Ca: Candida albicans (UniProt C4YFN0), Dh: Debaryomyces hansenii (UniProt Q6BK36). 

  



 
Supplementary Figure 5. Membrane thinning by outer membrane proteins. Comparison of (a) and (b) back 
views of molecular surfaces of EcOmpF (PDB: 1QJ8), ScTom40 (6UCU), TtSam50 (6WUT), ScSam50 
(7BTW), HdBamA (4K3C), and NgBamA (4K3B). Residues that define the membrane boundaries 
(phenylalanine, tryptophan, tyrosine) are highlighted in green. The arrows indicate the calculated membrane 
thickness in angstroms (Supplementary Table 3). 

  



 
Supplementary Figure 6. Sam37 hydrophobicity. Surface representation with most hydrophilic (dark cyan) 
and most hydrophobic (dark gold) regions. (a) ScSam37 from SAM monomer + Mdm10 structure (7BTW) (b) 
TtSam37 from SAM monomer structure (6WUT). The dotted circles highlight the position of helices 6-8. Figure 
generated using ChimeraX molecular lipophilicity potential (mlp) command with default parameters. 

 

  



Supplementary Table 1: Sam37 transmembrane helix predictions from TMHMM - 2.0 [65]. 

Species UniProt ID Number of TM 
helices 

TM helix Residues 

T. thermophilus G2Q6R7 2 388-410, 423-442 
S. cerevisiae P50110 0 N/A 
K. lactis Q6CII7 0 N/A 
N. crassa Q7SFC4 2 386-408, 421-440 
E. nidulans Q5B6M7 0 N/A 
M. musculus P47802 1 272-294 
H. sapiens isoform 3 Q13505-3 1 272-294 
C. albicans C4YJG8 0 N/A 
D. hansenii Q6BJD7 0 N/A 

 

  



Supplementary Table 2: BamA and Sam50 loop 6 interactions identified in PyMOL (Version 2.4 Schrödinger, LLC) analysis. 

T. thermophilus Sam50 (6WUT) S. cerevisiae Sam50 (7BTW) N. gonorrhoeae BamA (4K3B) H. ducreyi BamA (4K3C) 
Loop 6 

Residue Residue 2 Distance 
(Å) 

Loop 6 
Residue Residue 2 Distance 

(Å) 
Loop 6 

Residue Residue 2 Distance 
(Å) 

Loop 6 
Residue Residue 2 Distance 

(Å) 
N372 O L512 N   β16 3.4 S363 OG A482 O   β16 3.4             
N372 ND2 S510 O   β16 2.4                   
D373 OD2 G369 N   L6 2.6 D364 N G361 O   L6 3.5 S658 N G655 O   L6 3.0 S658 N G655 O   L6 2.9 
            S658 OG G654 O   L6 2.5 S658 OG G654 N   L6 2.5 
                  S658 OG G654 O   L6 2.7 
D373 OD1 R340 NH1 β11 3.4                   
            S658 O N688 ND2 β12 2.9       
V374 N G370 O   L6 3.5 I365 O G361 N   L6 3.3 V559 N G655 O   L6 3.1 L659 O G655 N   L6 3.1 
                  L659 N G655 O   L6 2.8 
R375 NH2 N402 OD1 β12 3.5       R660 NH2 E692 OE2 β12 2.4 R660 NH1 E698 OE1 β12 3.4 
      R366 NH2 N415 OD1 β13 2.6 R660 N D713 OD2 β13 2.9 R660 N D721 OD2 β13 3.2 
      R366 N N415 OD1 β13 3.2 R660 NH1 D713 OD2 β13 3.1 R660 NE D721 OD2 β13 2.8 
                  R660 NH1 D721 OD1 β13 3.2 
      R366 O S441 OG  β14 2.5 R660 O S751 OG  β14 2.8 R660 O S752 OG  β14 2.8 
R375 NH1 E484 OE2 β15 3.0 R366 NH1 E456 OE2 β15 3.2             
      R366 NE E456 OE1 β15 3.0             
G376 O R500 N   L8 3.0 G367 O R472 N   L8 3.8 G661 O Q782 N   L8 3.0 G661 O E783 N   L8 2.7 
            G661 N Q785 OE1 β16 2.4 G661 N Q786 OE1 β16 2.8 
F377 O Q504 NE2 β16 3.0       Y662 O Q785 NE2 β16 2.5 F662 O Q786 NE2 β16 2.8 
            Y662 O G655 N   L6 3.5 F662 O G655 N   L6 2.8 
            Y662 OH K774 O   L8 3.4       
            Y662 OH Y750 O   β14 3.4       
            E663 OE1 T501 OG1 L3 3.3       
            E663 OE2 T501 OG1 L3 3.2       
                  A663 O S666 NZ  L6 3.2 
                  A663 O S666 OG  L6 2.5 
            E663 N E780 O   L8 3.3 A663 N E781 O   L8 2.8 
      T370 OG1 D134 OD2 L1 3.6             
                  G664 O K497 NZ  L3 2.9 

  Absolutely conserved (BamA or Sam50 across 10 species)   
  Semi-conserved (>60% equivalance alignment)   
  Not conserved   

 

  



Supplementary Table 3: Membrane thinning measurements from PyMOL (Version 2.4 Schrödinger, LLC). 

Structure (PDB ID) 
Lateral Gate Back of Barrel 

Residue 1 Residue 2 Distance (Å) Residue 1 Residue 2 Distance (Å) 
TtSam50 (6WUT) F140 Y154 11.0 F274 Y375 19.9 
ScSam50 (7BTW) F455 F477 7.5 Y339 F237 22.0 
NgBamA (4K3B) W758 F786 11.1 Y750 F619 22.5 
HdBamA (4K3C) W759 F787 11.3 Y523 Y607 21.8 
ScTom40 (6UCU) F92 Y114 20.7 F176 Y217 21.9 
EcOmpF (2ZFG) Y4 Y63 20.1 Y182 W214 22.7 

 

  



Supplementary Movie 1. Flexibility of the Sam50 lateral gate. Conformational changes observed as TtSam50 
(light green) morphs between the closed (dimer 1; PDB 6WUL) and open (dimer 3; 6WUN) conformations. β1-
β4 rotate outwards to reach the open conformation which allows room to accommodate precursor protein 
folding into a new barrel. Sam35 (tan) and Sam37 (light blue) conformations remain unchanged between the 
two structures. Cryo-EM density of the SAM complex in lipid nanodisc (light blue) defines the extent of the 
membrane. 
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