
JCB: Article

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 199 No. 4 599–611
www.jcb.org/cgi/doi/10.1083/jcb.201207161 JCB 599

Correspondence to Dennis R. Thomas: thomas@biochem.mpg.de; or Walter 
Neupert: neupert@biochem.mpg.de
Abbreviations used in this paper: BAM, -barrel assembly machinery; BHM, 
bovine heart mitochondria; BNGE, blue native gel electrophoresis; IDMS, iso-
tope dilution mass spectrometry; LC-MS/MS, LC tandem mass spectrometry; 
NTA, nitrilotriacetic acid; OMV, outer membrane vesicle; POTRA, polypeptide 
transport-associated domain; SAM, sorting and assembly machinery; TOB, 
topogenesis of the outer mitochondrial membrane -barrel proteins; TX-100, 
Triton X-100.

Introduction
The evolution of mitochondria and chloroplasts by endosym-
biosis of prokaryotes is reflected in the presence of membrane 
proteins with a -barrel structure that are exclusively located  
in their outer membranes (Rapaport, 2002; Schleiff et al., 2003). 
It is also reflected in the relationship of the molecular machiner-
ies that mediate insertion of these classes of proteins into the 
outer membranes in prokaryotes and eukaryotes (Gray et al., 1999; 
Paschen et al., 2005a). In bacteria a key component is Omp85–
BamA–YaeT, which is related to the eukaryotic mitochondrial 
Tob55–Sam50. These proteins are subunits of larger complexes, 
the bacterial -barrel assembly machinery (BAM) and the mito-
chondrial TOB complex (topogenesis of the outer mitochon-
drial membrane -barrel proteins; Paschen et al., 2003), also 
termed the SAM complex (sorting and assembly machinery; 
Kozjak et al., 2003). The latter complex has been demonstrated 
to be responsible for the insertion of -barrel proteins into the 
outer mitochondrial membrane (Paschen et al., 2003; Wiedemann 
et al., 2003; Hoppins et al., 2007), but might also be involved 

in the assembly of the -helical proteins Tom22, Tom5, 
Tom6, and Tom7 (Hoppins et al., 2007; Stojanovski et al., 2007; 
Thornton et al., 2010).

Tob55 (Sam50, Tom50) is the main subunit of the TOB com-
plex (Neupert and Herrmann, 2007). Based on sequence analysis, 
secondary structure prediction, and circular dichroism measure-
ments the C-terminal domain of Tob55 is able to form a -barrel 
(Kozjak et al., 2003; Paschen et al., 2003; Gentle et al., 2004; 
Voulhoux and Tommassen, 2004; Jacob-Dubuisson et al., 2009). 
The hydrophilic domain at the N terminus is facing the inter-
membrane space and forms a characteristic structure, the poly-
peptide transport-associated (POTRA) domain. The POTRA 
domain is a module of 75 amino acid residues found in vary-
ing numbers of repeats at the N terminus of all members of the 
Omp85–TpsB transporter superfamily, including Tob55 (Sánchez-
Pulido et al., 2003; Habib et al., 2007). To date, a high resolu-
tion structure of Tob55 is not available (Endo et al., 2011).

The other components of the TOB complex, Tob38 (Sam35, 
Tom38) and Tob37 (Mas37, Sam37, Tom37), are associated with 
Tob55, facing the cytosolic side of the mitochondrial outer 
membrane (Wiedemann et al., 2003; Ishikawa et al., 2004; 
Milenkovic et al., 2004; Waizenegger et al., 2004; Lackey et al., 
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composition, and structural organization. The complex 
from Neurospora crassa was composed of Tob55–Sam50, 
Tob38–Sam35, and Tob37–Sam37 in a stoichiometry of 
1:1:1 and had a molecular mass of 140 kD. A very minor 

fraction of the purified complex was associated with one 
Mdm10 protein. Using molecular homology modeling for 
Tob55 and cryoelectron microscopy reconstructions of the 
TOB complex, we present a model of the TOB–SAM com-
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of a possible mechanism of the TOB insertase.
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Results
Tob38, Tob37, and Tob55 constitute the 
TOB complex
The TOB complex was isolated by Ni-NTA affinity purification 
from mitochondrial outer membrane vesicles (OMVs) of strains 
expressing Tob38 or Tob37 with an N-terminal His9 tag. The 
mitochondria were solubilized using either Triton X-100 (TX-100; 
Fig. 1, A and B) or digitonin (Fig.1, C and D). After affinity  
purification, the subunit proteins were separated by SDS-PAGE 
and detected by either immunodecoration (Fig. 1, A and C) 
or Coomassie staining (Fig. 1, B and D). Tob55 is expressed 
in three different isoforms of 54.7 kD (long), 54.1 kD (interme-
diate), and 50.7 kD (short) due to alternative mRNA splicing. 
Because the long and intermediate forms differ only by five 
amino acid residues in length, they could not be distinguished 
by the electrophoretic procedure used. Hence, only two bands 
representing the three Tob55 isoforms were visible upon SDS-
PAGE (Hoppins et al., 2007). The Coomassie-stained bands of 
the eluted proteins were excised and the proteins identified by 
LC tandem mass spectrometry (LC-MS/MS).

Tob55, Tob38, and Tob37 were the only proteins that 
were detected in the eluate (Fig. 1). A very small amount of 
Mdm10 was consistently identified by immunodecoration. The 
quantity of this protein, however, was so low that it was not 
detected in our LC-MS/MS analysis. Very small amounts of 
porin, the most abundant protein of the mitochondrial outer 
membrane, were observed when digitonin, but not when TX-100 

2011). The structures of these subunits are unknown. Several 
membrane proteins such as Mdm10 (Meisinger et al., 2006, 
2007; Yamano et al., 2010), Tom40 (Thornton et al., 2010), and 
Mim1 (Becker et al., 2008) were reported to associate with 
Tob55, Tob38, and Tob37. However, the nature and extent of 
these associations with the TOB complex, either as substrates, 
subunits, or temporary interaction partners, are unclear. The  
purification of the TOB complex is a prerequisite for the deter-
mination of its stoichiometric composition and organization. 
To date, the TOB complex, which is present in only very small 
quantities, has not been isolated.

We developed a procedure for the purification of the intact 
TOB complex from the filamentous fungus Neurospora crassa. 
Tob55, Tob38, and Tob37 were identified as stoichiometric compo-
nents of the complex. Isotope dilution mass spectrometry (IDMS) 
analysis revealed a relative molar ratio between these subunits of 
1:1:1. This, together with analysis by blue native gel electrophore-
sis (BNGE), showed that the TOB complex contains one copy of 
each subunit and has a molecular mass of 140 kD, which is much 
smaller than previously assumed. Homology modeling revealed a 
high similarity of Tob55 to the TpsB transporter FhaC. Three-
dimensional reconstructions were obtained for the TOB complex 
by single-particle analysis of images from cryoelectron micros-
copy. These data led us to a structural model of the TOB complex 
that is in accordance with its biochemical characterization. Our 
results provide important initial steps toward understanding the 
complex mechanism of insertion of -barrel proteins into the 
mitochondrial outer membrane.

Figure 1. Tob38, Tob37, and Tob55 are the subunits of the TOB complex. (A–D) OMVs from N. crassa with His-tagged Tob37 or Tob38 were solubilized 
with TX-100 (A and B) or digitonin (C and D). Proteins were isolated by Ni-NTA affinity purification and analyzed by SDS-PAGE followed by immunodeco-
ration (A and B) or Coomassie blue staining (C and D). The calculated molecular weights for the proteins decorated are shown in A and B. The positions 
of molecular weight standards are shown in C and D. Solubilized OMVs before (S) or after (L) a clarifying spin. FT, flow through (proteins not bound to the 
Ni-NTA column); E, eluate of bound proteins. 55lg+int, Tob55-long and intermediate isoform; 55sh, Tob55-short isoform; 37, Tob37; 38, Tob38.
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The purified complex was then analyzed by BNGE. Respira-
tory chain complexes from bovine heart mitochondria (BHM) 
with defined molecular masses were used as size markers because 
they have been reported to yield more reliable estimates of the 
apparent molecular mass of membrane complexes than soluble 
marker proteins (Wittig et al., 2010). The TOB complex was 
extracted from isolated OMVs containing either His-tagged 
Tob38 or His-tagged Tob37 using TX-100 (Fig. 2, A and B) or 
digitonin (Fig. 2, C and D). Isolation using both detergents 

was used for solubilization. The proteins Tom40 and Mim1, 
which have been reported to interact with the TOB complex  
in yeast (Becker et al., 2008; Thornton et al., 2010), were not 
detected. This is in agreement with reports that depletion of 
Mim1 does not affect the assembly of the TOB complex 
(Waizenegger et al., 2005). These results therefore do not sup-
port models in which Tom40 and Mim1 are part of the TOB 
complex and suggest that Tob55, Tob38, and Tob37 form the 
TOB complex.

Figure 2. The native TOB complex. (A–D) The TOB complex was isolated from cells containing either His-tagged Tob38 or Tob37 using TX-100 (A and B)  
or digitonin (C and D). BHM were solubilized with TX-100 (A and B) or digitonin (C and D). The samples were analyzed by BNGE and immunodecoration 
(A and C) or Coomassie blue staining (B and D). Asterisks indicate possible oligomeric forms of the TOB complex. (E) The TOB complex remains intact 
during the isolation of OMVs from mitochondria. Mitochondria (M) and OMVs (O) from either wild-type (wt) N. crassa or strains bearing His-tagged  
Tob55 (55), Tob38 (38), or Tob37 (37) were solubilized with digitonin. They were then analyzed by BNGE and immunodecorated with Tob38 antiserum. 
(A–E) Membrane protein complexes from BHM were used as marker proteins for relative molecular weights.
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yielded a major species of the TOB complex with an apparent 
molecular mass of 130–150 kD. The presence of all three subunits, 
Tob55, Tob38, and Tob37, was demonstrated by immunodeco-
ration. The complex solubilized with TX-100 had the tendency 
to form higher molecular mass species (Fig. 2 B, asterisks).

Very minor amounts of a species with a higher apparent mo-
lecular mass of 200 kD were decorated by antibodies against 
all three TOB complex components and in addition by antibod-
ies against Mdm10 (Fig. 2, A and C). We refer to this species as 
TOB–Mdm10 complex. Another minor species of 90 kD was 
observed that was decorated by antibodies against Tob55 and 
Tob38, but not Tob37 (Fig. 2 A). It is not clear whether this species 
occurs as such in the membrane or whether it arises from the 
TOB complex by the loss of Tob37 during isolation. The results 
obtained by immunodecoration were confirmed by Coomassie 
staining of the purified complexes (Fig. 2, B and D). To exclude 
a possible loss of subunits from the TOB complex during the 
preparation of OMVs, mitochondria and OMVs were solubi-
lized with digitonin and subjected to BNGE. The TOB complex 
was identified by immunoblotting. The TOB complex prepara-
tions obtained from OMVs and mitochondria of wild-type cells 
and cells expressing His-tagged Tob proteins showed no differ-
ence in their electrophoretic mobility (Fig. 2 E). Taken together, 
these data show that Tob38, Tob37, and Tob55 constitute the TOB 
complex with an apparent molecular weight of 130–150 kD.

Characterization of the isolated  
TOB complex
To determine the stoichiometry of the TOB complex, the purified 
protein complexes were excised from gels after BNGE and 

Coomassie staining and analyzed by IDMS. Unique, quantified 
isotope (13C/15N)–labeled internal peptides of Tob55, Tob38, 
and Tob37 were used as standards (Tob55, EDG FGV FIS DAR; 
Tob37, VYA DSQ AYK; Tob38, DPE YTD LLDR). TOB 
complex was purified from His9-Tob38– and His9-Tob37– 
expressing cells with TX-100 (Fig. 3, A and B) or digitonin 
(Fig. 3, C and D). The molar ratios of the components were 
found to be 1:1:1 between Tob55, Tob38, and Tob37 in the TOB 
complex (Fig. 3, A–D). LC-MS/MS did not detect any proteins 
other than Tob55, Tob38, and Tob37 in the TOB complex. A 1:1:1 
ratio of Tob55, Tob38, and Tob37 with one of each subunit  
results in a calculated molecular mass of 140 kD. This is in 
agreement with the electrophoretic mobility of the complex  
relative to the standard membrane complexes from bovine heart 
mitochondria. The estimated mass of 200 kD of the TOB–Mdm10 
complex determined by BNGE analysis suggests that one Mdm10 
(52.7 kD) associates with the TOB complex.

To assess the functionality of the isolated TOB complex, 
we analyzed its ability to interact with substrates. The TOB 
complex was immobilized on a Ni-NTA matrix, thoroughly 
washed, and then incubated with radioactive mitochondrial 
precursor proteins. Tom40 precursor showed a weak binding, 
slightly above background level. However, distinct binding 
of Tom22 to the TOB complex was observed (Fig. 4). The 
Tom22 precursor has previously been described as a sub-
strate of the TOB complex, although it has no -barrel structure 
(Stojanovski et al., 2007).

Antibody supershift assays were performed to further  
investigate the minor species of the TOB complex associated 
with Mdm10. OMVs from strains that expressed the His-tagged 

Figure 3. Tob55, Tob38, and Tob37 assemble in a 1:1:1 stoichiometry. (A–F) The TOB complex was isolated from cells expressing His9-Tob38 (A and C) 
or His9-Tob37 (B and D) using either TX-100 (A and B) or digitonin (C and D). The samples were subjected to BNGE, stained with Coomassie blue, and 
the bands were cut out from the gel and analyzed by IDMS. The amount of each subunit was determined by comparing the areas under the peaks for the 
labeled and native peptides. The relative amounts of the native peptides and thereby the native proteins were normalized relative to Tob55, which was set 
to 1. The error bars depict the standard deviation of the measurements from several (n) samples.
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They had the same running behavior as the cross-linked Tob55  
dimers in the eluate of the affinity preparation from OMVs 
bearing a His-tagged Tob55, but were not detected, as expected, 
when the preparation was performed with His-tagged Tob37 
(Fig. S2 E). This demonstrates that the dimers are not an artifact 
of the solubilization of mitochondria or BNGE treatment. If the 
complex was dissociating during the isolation procedure, a rela-
tive excess of that subunit, which carried a His tag, would be 
expected upon affinity purification. However, in preparations  
of the TOB complex using His tags on Tob38 or Tob37, no such 
excess was observed. Furthermore, Tob38 and Tob37 were only 
observed in complex with a monomer of the Tob55, never with 
the dimer.

Cryoelectron microscopy and single-particle 
analysis of the TOB complex
For structural analysis, purified complexes were imaged in the 
frozen hydrated state by cryoelectron microscopy. Because 
complexes as small as the TOB complex (140 kD) are at or 
perhaps below the limit for which a correct alignment of cryo-
electron microscopy images can be confidently obtained, we made 
efforts to maximize the signal-to-noise ratio. We performed  
imaging with an FEG (field emission gun) at 120 kV to increase 
image contrast and beam coherence and minimize the effect of 
the CCD MTF (charge-coupled device modulation transfer 
function or point spread function). The images were subjected to 
reference-free alignment. Classification of reference-free–aligned 
images should generate class averages representing specific 
projections of the complex. The individual class averages showed 
one to three additional masses occurring in different positions 
relative to the main mass (Fig. S4 A). None of these class aver-
ages appeared symmetric, nor did they have a visible channel. 
They appeared much like different projections of a three- 
dimensional complex containing four domains or subunits with 
a maximum diameter of 15 nm. Because Tob55 has two discrete 
domains, the -barrel and the N-terminal domain, which contains 

versions of Tob55, Tob38, or Tob37 were solubilized with dig-
itonin. Subsequently, a monoclonal antibody against the His tag 
was added and BNGE was performed. Immunodecoration dem-
onstrated the presence of Tob38, Tob37, and Tob55 in the TOB 
complex (Fig. 5, A–C). The TOB complex subunits were also 
detected in the far less abundant TOB–Mdm10 complex (Fig. 5, 
A–C). The vast majority of Mdm10, however, was present as a 
band with an apparent molecular mass of less than 100 kD, con-
taining no subunits of the TOB complex (Fig. 5 D). No inter-
action of other -barrel proteins, Tom40 and porin, with the 
TOB complex were detected in the antibody supershift assays 
(Fig. 5, E and F). These results confirm the composition of the 
TOB complex obtained by the analysis of the purified complex.

Analysis of OMVs from a strain expressing His-tagged 
Tob55 (Fig. S1) revealed not only the 140-kD TOB complex but 
also a species of 100 kD (Fig. 5 A). This latter species was 
detected likewise in OMVs from cells expressing His-tagged 
Tob38 or Tob37 as well as in the wild-type strain. Therefore, it 
is not a product of a dissociation of the TOB complex due to the 
attachment of the His tag to Tob55. This complex could only be 
shifted by the antibody against the His tag when the His tag was 
attached at the Tob55 (Fig. 5 A). Upon isolation of the TOB 
complex from this latter strain, a fraction of Tob55 was recov-
ered in the 140-kD TOB complex containing also Tob38 and 
Tob37 in a molecular ratio of 1:1:1 (Fig. S2 A); another fraction 
of Tob55 was present as a 100-kD species containing only 
Tob55 (Fig. S2 B). These results suggest that a fraction of Tob55 
was present in the form of dimers.

To confirm that these dimers of Tob55, which can also be 
observed in the BNGE of mitochondria (Lackey et al., 2011), 
are not caused by a loss of Tob37 and Tob38 during the prepara-
tion of mitochondria, the post-mitochondrial supernatant (cytosolic 
fraction) was examined. No Tob37 or Tob38 could be detected 
in this fraction (Fig. S2 C). In addition, after the treatment  
of OMVs with cross-linker, Tob55 dimers could be detected 
after SDS-PAGE analysis by immunodecoration (Fig. S2 D). 

Figure 4. Specific interaction of the Tom22 
precursor with the isolated TOB complex. TOB 
complex was isolated from OMVs on a Ni-NTA 
matrix using TX-100. It was incubated while 
bound to the matrix with radioactive precur-
sors of the indicated proteins (bars in dark 
gray). As a control and reference, mock iso-
lation without OMVs was performed and the 
matrix was treated the same way with radio-
active precursor proteins (bars in light gray). 
After washing, the bound precursor proteins 
were eluted and visualized by autoradiogra-
phy. Binding in the mock control to the Ni-NTA 
matrix was set to 1. The amounts of precursor 
bound to the TOB complex immobilized on the 
Ni-NTA matrix were related to the mock con-
trol level. Error bars: standard deviation of five 
experiments. Radioactive precursor proteins: 
Tom40, porin, Su9-DHFR (matrix-targeting se-
quence of ATPase subunit 9 fused to mouse 
dihydrofolate reductase), Tom22. Control ly-
sate (no plasmid was added to the transcrip-
tion–translation reaction).

http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
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16-stranded -barrel protein with two N-terminal POTRA domains 
(Clantin et al., 2007). Both proteins are members of the Omp85–
TpsB transporter superfamily. Using MODELLER (Sali et al., 
1995), which essentially maps the predicted Tob55 secondary 
structure on to the FhaC three-dimensional structure (Protein 
Data Bank accession no. 2QDZ), yielded a three-dimensional 
molecular model for Tob55. The resulting model follows the 
two-dimensional structure prediction well, and is in good agree-
ment with the model of the human homologue Sam50 (Zeth, 
2010). There are consistent features in both the structure of 
FhaC and the Tob55 model, for example the arrangements of 
the -strands, the localization of the conserved VRGY/F tetrad 
at the tip of a loop spanning the interior of the -barrel (Fig. 6, 
A and B, black; Fig. S3, framed in gray), or long loops at the 
cytoplasmic and extracellular side of Tob55 and FhaC, respec-
tively (Figs. 6 and S3, blue and red loop). These similarities 
suggest that this model of Tob55 is realistic.

An unstructured ring was used to account for the presence 
of Tob37 and Tob38 at the cytoplasmic side of the -barrel. It 
was added to the homology model of Tob55 on the end opposite 

the POTRA domain, the reference-free class averages is con-
sistent with the determined stoichiometry. Still, it was not pos-
sible to determine relative orientations of the classes and thus 
generate a starting model. The reproducibility of the classifi-
cation across all datasets and alignment methods, however, 
suggested that the real organization of the complex was being 
identified by the classification algorithm and that it was the low 
signal-to-noise ratio of the images and the small size of the 
complex which was limiting the reference-free alignment.

Because there was no structural information available 
with which to begin single-particle image alignment and recon-
struction, we generated an initial reference model of the TOB 
complex. This reference was constructed based on a homology 
model of Tob55, and incorporated information about the previ-
ously determined orientations of the POTRA domain, Tob55, 
Tob37, and Tob38 relative to the membrane. Secondary struc-
ture prediction of Tob55 using HHpred (Söding et al., 2005) 
predicted a 16 -strand barrel plus one POTRA domain. The 
only significant match for Tob55 with a known structure was 
to the TpsB transporter FhaC from Bordetella pertussis, also a 

Figure 5. A minor fraction of the TOB complex is associated with Mdm10 in a 200-kD complex, but not with Tom40 or porin. (A–F) OMVs from either 
wild-type (wt) or cells bearing a His-tagged Tob55 (55), Tob38 (38), or Tob37 (37) were lysed with digitonin. Where indicated, monoclonal His antibody 
was added to the lysates and the samples were subjected to BNGE. His antibody only was loaded as a control (c) to rule out unspecific interactions of 
the immunodecoration. Immunodecoration was performed with the indicated antibodies. Membrane protein complexes of BHM were used as relative 
molecular weight markers.

http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
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We used the long-term (over many rounds of refinement) 
stability of alignment parameters for an individual image to 
screen the images for “goodness” to improve the reconstructions 
(Fig. 7, A–C; Yang et al., 2012). The most significant change 
was the appearance of domain-like features within the two sub-
units that should be Tob37 and Tob38 (Fig. 7, A–C). In addition, 
finer details such as the extra density found on the outside of the 
reconstructions of the complex isolated with His-tagged Tob55 
became apparent (Fig. 7, B and C). The fit of the homology 

from the POTRA domain (Fig. S4 B, gray model). The transfor-
mation of the ring to a structure with two discrete densities is  
illustrated by five intermediate reconstructions (Fig. S4 B). 
These structures appeared to deteriorate in quality as more 
rounds of alignment were completed. Classification of refer-
ence-free–aligned images and the use of examples of “bad” images 
as references eliminated most incorrectly picked particles. After 
removal of bad images from the dataset the deterioration in 
quality was no longer observed.

Figure 6. Comparison of Tob55 and FhaC illustrates 
corresponding elements in the architecture of both 
transporters. (A and B) Ribbon representations of the 
crystal structure of FhaC (A, gray) and the predicted 
structure of Tob55 (B, yellow). The C termini of both 
proteins are colored in light blue and the N-terminal 
domains in orange. The loops that span the interior of 
both -barrels are depicted in green. The conserved 
VRGY/F motif found in this loop is shown in black. 
The N-terminal helix in the interior of the FhaC -barrel 
is shown in magenta. (C and D) Superposition of 
the two structures shown in A and B. The two loops 
of FhaC and Tob55 facing the extracellular and cyto-
plasmic side, respectively, are located at correspond-
ing sites of the barrels (colored in red and dark blue). 
(C) Lateral view; (D) view from the exterior sides of 
the membrane.
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His9-Tob38 (Fig. 7, F–H). This missing density in the His9-
Tob55 maps correlates with the appearance of density on the 
outside surface near -strand 11 and 12 of the reconstructed 
complexes isolated with His9-Tob55, which is not present in the 
His9-Tob37 and His9-Tob38 maps.

A unique fit of the Tob55 homology model was obtained 
for all reconstructions using the FITMAP function of the visual-
ization program CHIMERA (Pettersen et al., 2004) with all 
cross-correlation values exceeding 0.85. Fourier shell correlation 
(FSC) at 0.5 cutoff suggests a resolution of 15 Å (Table 1) for 
all reconstructions (Fig. 7, A–E). The two loops exposed at the 
cytoplasmic face of Tob55 (Fig. 6 B, red and blue) extend toward 

model to the Tob55 density was also improved. Projections  
of this final reconstruction are similar to the reference-free 
class averages, just more clearly defined (Fig. S4, A and C).

The reconstructions of the His9-Tob37– and His9-Tob38–
isolated complexes were very similar, whereas the maps of the 
His9-Tob55–isolated complexes differed from them in several 
ways (Fig. 7, A and B). A superposition of these reconstructions 
is shown in Fig. 7 C. Differences were calculated between the 
various maps that reveal a number of rearrangements (Fig. 7, 
D–H). There is significant density missing from the lumen of 
the -barrel in all the reconstructions of the complexes isolated 
using His9-Tob55 relative to those isolated with His9-Tob37 and 

Figure 7. Reconstruction of the isolated TOB 
complex. (A–C) Two views rotated by 90 de-
grees of the final reconstructions of the TOB 
complex from cells expressing His9-Tob37  
(A) and His9-Tob55 (B). The presumed posi-
tion of the outer membrane relative to Tob55 
is indicated by planes defining the inner and 
outer surface of the outer mitochondrial mem-
brane. The reconstructions are superimposed 
over the molecular homology model of Tob55.  
(C) Superposition of both reconstructions. Bar, 
10 nm. The graphics and the positioning of 
the Tob55 homology model shown were gen-
erated using CHIMERA. (D) Two views of the 
difference map (magenta) resulting from the 
subtraction of the His9-Tob55 reconstruction 
from the His9-Tob37 reconstruction superim-
posed on the His9-Tob55 map. (E) The differ-
ence map (red) resulting from the subtraction 
of the His9-Tob37 reconstruction from the His9-
Tob55 reconstruction superimposed on the 
His9-Tob37 map. (F–H) Side views with only 
the difference maps as shown in D (right) or 
E (right) superimposed on the Tob55 homol-
ogy model and the His9-Tob55 map. The front 
of the His9-Tob55 map and the Tob55 homol-
ogy model is cut away. The arrows in D–H all 
indicate the same region on one side of the 
-barrel. (F and G) Difference maps of D and E, 
respectively. (H) Superposition of both differ-
ence maps from F and G.
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of the complex. The stoichiometry of the TOB complex was  
determined to be 1:1:1 for the three components, resulting in  
a calculated molecular mass of the complex of 140 kD. This 
is consistent with that determined by BNGE analysis using 
mitochondrial respiratory complexes as standards. This molecular 
mass differs significantly from previous BNGE analyses, which 
suggested a molecular mass of 200–250 kD for the TOB complex 
(Paschen et al., 2003). This discrepancy is obviously due to the pre-
vious use of water-soluble proteins as molecular mass standards.

Does the TOB complex resulting from the isolation repre-
sent a functional entity? A functional assay in vitro is complicated 
by the rather complex assembly pathway of substrates of the TOB 
complex. After their synthesis in the cytosol, -barrel precursor 
proteins pass through the TOM pore into the intermembrane space. 
Subsequently, they are transferred to the TOB complex with the 
help of the small Tim protein complexes and inserted into the 
outer membrane, presumably in a stepwise fashion. Distinct fold-
ing requirements may play a major role during this process. 
A highly complex reconstitution system would be needed to mimic 
the situation in vivo. Given this complexity, it is not surprising that 
the -barrel precursor proteins showed only a weak binding to the 
isolated TOB complex in the assay we performed, measuring bind-
ing activity of TOB complexes in detergent micelles. However,  
using this assay we succeeded in demonstrating specific binding of 
the precursor of Tom22 to the isolated TOB complex. Tom22 was 
described as a substrate, which in contrast to a -barrel precursor 
protein, is an -helical transmembrane protein (Stojanovski et al., 
2007). Tom22 does not pass through the intermembrane space, but 
needs the help of the TOB complex to be assembled with the TOM 
complex (Keil and Pfanner, 1993; Stojanovski et al., 2007).

Mdm10 in yeast has been suggested to be a subunit of 
the TOB–SAM complex. In addition, a regulatory function of 
Mdm10 in the assembly of the TOM complex was reported 
(Meisinger et al., 2004, 2006; Thornton et al., 2010; Yamano 
et al., 2010). Our experiments with Neurospora showed that 
only a very small amount of the total Mdm10 co-purified with 
the TOB complex; this TOB–Mdm10 complex was present at a 
very minor level compared with the TOB complex. Mdm10 is a 
-barrel protein itself and, as such, a substrate of the TOB com-
plex. Therefore, it might be co-isolated with the TOB com-
plex. However, no other substrates such as the highly abundant 
-barrel proteins porin or Tom40 were found in association with 
the isolated TOB complex. These observations strongly suggest 
that Mdm10 is not a subunit of the TOB complex, but rather 
agrees with a function as a regulatory interaction partner.

the densities that must be Tob37 and Tob38. Thus, these loops 
might form the connection sites between these proteins and Tob55 
(Fig. 7). The assignment of density to Tob37 and Tob38 is not 
conclusive, but was chosen based on evidence that Tob38 is mem-
brane associated in close proximity to Tob55 (Kutik et al., 2008). 
Also, the volume of the density assigned to Tob38 is smaller than 
the density assigned to Tob37, consistent with the fact that Tob38 
has an 11.3-kD smaller molecular mass.

Reference model bias is always a concern, especially in this 
case. 14 datasets were processed independently, four from His9-
Tob55 preparations, five each from His9-Tob37 and His9-Tob38. 
Yet, two distinct structures were obtained from a common start; 
they correlate with the presence (His9-Tob37– and His9-Tob38–iso-
lated complexes) or absence (His9-Tob55–isolated complexes) of 
the long and intermediate isoforms of Tob55 in expected places. 
When aligned to the same starting references using the same pro-
cessing procedures, refinement of images of buffer did not produce 
the same structure.

We searched for and found the Tob55 dimer in the images 
collected from affinity purifications using His9-Tob55–expressing 
cells. A reference consisting of two cylinders simulating the Tob55 
dimer was constructed. Approximately 10% of the images were 
classified as dimers, for which a structure was obtained (Fig. S5, 
A–E). The Tob55 dimer has two copies of the Tob55 -barrel, 
which form a complex with twofold symmetry. The densities rep-
resenting the POTRA/N-terminal domains appeared with opposing 
orientations, consistent with the complex having a twofold sym-
metry (Fig. S5, A–C). The final dimer structure was reconstructed 
using twofold symmetry with a resolution of 13.7 Å (FSC 0.5  
cutoff; Fig. S5, F–H). The Tob55 homology model fits the Tob55 
dimer density reasonably well with a cross-correlation value of 
0.75. The lumen of the -barrel is empty in this reconstruction, 
perhaps partially accounting for the lower cross-correlation value 
relative to the whole TOB complex. The Tob55 subunits are joined 
at the site of the loop shown in blue (see Figs. 6 and S5, F–H). 
When the structure of the Tob55 dimer was aligned with and 
superimposed on the TOB complex, it became clear that the 
Tob37–Tob55 interface and the dimer interface are in the same 
location (Fig. S5 H). Therefore, association of the subunit, tenta-
tively identified as Tob37, would require dissociation of the dimer.

Discussion
We describe here the first isolation of a purified TOB complex. 
Tob55, Tob38, and Tob37 were identified as the only components 

Table 1. Representative samples of data used in the cryo-EM reconstructions with final resolution obtained

Sample No. of micrographs No. of particles picked Particles in final reconstruction Resolution FSC 0.5

His9-Tob37 546 175,000 76,700 14.7
His9-Tob37 gold labeleda 415 155,000 88,000 15.0
His9-Tob38 318 104,000 43,500 15.0
His9-Tob38 gold labeleda 125 45,000 25,900 15.6
His9-Tob55 215 80,000 40,600 14.7
His9-Tob55 gold labeleda 272 98,500 46,400 14.5
Dimers from His9-Tob55 N/A 24,800 19,300 13.7

aAlthough no gold label could be detected for His9-Tob37 and His9-Tob38, the structures are identical with or without added Ni-NTA nanogold.

http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
http://www.jcb.org/cgi/content/full/jcb.201207161/DC1
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Knowles et al., 2009). However, the junction between strand 1 
(N-terminal) and strand 16 (C-terminal) is particularly short 
and not stabilized by a joining loop or turn. Significant rear-
rangements of the barrel during the processing of substrates 
by FhaC (Clantin et al., 2007) and after binding of precursor 
proteins to Tob55 (Kutik et al., 2008) have been reported. 
This tempts us to speculate that such a rearrangement might 
allow for a transient opening of the barrel in the TOB complex. 
A new barrel might be generated by sequential integration of 
antiparallel -strands into the Tob55 structure to form a large 
intermediate -barrel structure, which then would separate into 
two barrels and close. In this manner, both the outer, hydropho-
bic and the inner, hydrophilic sheath of the old and new barrel 
would stay in their respective environments. Tob37 and Tob38 
might assist in such a mechanism. This would allow the TOB 
complex to act as a monomeric complex, the structure of which 
is supported by our analysis.

Materials and methods
Strains and growth of N. crassa
The N. crassa strains NCN251 (wild type), Tob55 short HT (Lackey et al., 
2011), Tob38HT (9His-Tob38-3), and Tob37HT (9His-Tob37-2) were used 
(Table 2; Wideman et al., 2010). The Tob55 short HT strain expresses only 
the short isoform of Tob55 containing a 9× His-tag. In Tob38HT and 
Tob37HT all three Tob55 isoforms are expressed. Growth and handling of 
N. crassa were as described previously (Davis and de Serres, 1970). In 
brief, solid Vogel’s medium (1.5 g sodium citrate, 1 g KH2PO4, 0.1 g 
MgSO4, 0.05 g CaCl2, 12.5 µg biotin, 2% sucrose, 100 mg histidine, and 
20 g agar per liter) in Erlenmeyer flasks was inoculated with granules from 
a silica stock of the strain of interest and grown in the dark at 30°C for 
48 h. Subsequently, conidia were allowed to form under light for 190 h.  
Conidia were harvested and liquid cultures of Vogel’s minimal liquid me-
dium supplemented with histidine (same as above without agar but con-
taining 40 ug/L chloramphenicol) were inoculated and grown for 20 h. 
The mycelia were harvested by filtration.

Isolation of mitochondria and mitochondrial OMVs
OMVs were isolated basically as described previously (Mayer et al., 
1995) with some modifications. Mycelia were cultivated at 30°C, har-
vested by filtration, and ground in the presence of sand and 0.25 SET buf-
fer (250 mM sucrose, 1 mM EDTA, 20 mM Tris-HCl, pH 8.5, and 1 mM 
PMSF). Sand was removed by two 5-min low-speed 2,600-g centrifugation 
steps. Organelles in the supernatant were pelleted by centrifugation at 
11,000 g for 50 min at 4°C. Mitochondria were scraped off the surface of 
the pellet and resuspended in 0.25 M SET buffer. To generate OMVs, mito-
chondria were incubated with stirring in swelling buffer (1 mM EDTA, 20 mM 
Tris-HCl, pH 8.5, and 1 mM PMSF) at 4°C. Using an automated glass-Teflon 
homogenizer (40-min exposure) the outer membranes were sheared off the 
mitochondria. 20 ml of the homogenate were applied to a two-step gradi-
ent with 9 ml 0.9 M SET buffer on the bottom overlaid with 9-ml 0.25 M 
SET buffer. The samples were centrifuged for 1 h at 142,000 g at 4°C. 
The OMVs were collected from the boundary between the 0.25 M and 
0.9 M SET buffers. This was mixed with one-half volume 2.0 M SET and 
overlaid with 0.7 M SET and an additional 3.0 ml Tris/EDTA buffer. The 
sample was centrifuged overnight at 142,000 g at 4°C. The OMVs were 
collected from the surface of the 0.7 M SET buffer. OMVs were diluted in 
OMV buffer (1 mM PMSF, 20 mM Tris, pH 8.5), then centrifuged for 1 h at 
180,000 g to pellet the OMVs. The pellet was resuspended in OMV buffer.

Purification of the TOB complex
Mitochondria and OMVs from wild-type or strains expressing a His-tagged 
Tob55, Tob38, or Tob37 were solubilized with 0.2% (vol/vol) TX-100 or 
0.64% (wt/vol) digitonin. After a clarifying spin, the supernatant was 
loaded on a matrix for Ni-NTA affinity purification. The proteins were 
bound in the presence of 15 mM imidazole. The column was rinsed step-
wise with washing buffer containing 20 and 40 mM imidazole. Bound 
proteins were eluted with 200 mM imidazole. The eluted proteins were 

The TOB complex resulting from the three-dimensional 
reconstructions comprises the three subunits, one Tob55, Tob38, 
and Tob37 each. This is consistent with the results of the bio-
chemical analysis of the TOB complex in the membrane and  
in the purified form as well as with all known topological char-
acteristics of the TOB complex subunits. These experimental 
results assign Tob37 and Tob38 to the cytoplasmic face of the 
mitochondria and the POTRA domain to the intermembrane 
space (Habib et al., 2007; Lackey et al., 2011). Likewise, the 
volume obtained from the reconstruction agrees well with the 
calculated volume of the isolated complex. A preliminary two-
dimensional structure (Paschen et al., 2003) suggested a contri-
bution of several Tob55 subunits to the TOB complex. Although 
formation of higher order complexes of TOB cannot be excluded, 
we observed only a small percentage of larger species of the 
TOB complex in preparations extracted by the use of the deter-
gent TX-100.

The role of the Tob55 dimers remains a matter of specula-
tion. The structure obtained would disfavor an origin resulting 
from artificial dissociation of the TOB complex. The dimers 
might have a porin-like function for specific substrates or possi-
bly be an assembly intermediate.

The organization of the TOB complex as an entity with 
only one Tob55 molecule and the conservation of structural  
and functional elements in Tob55 and FhaC allow us to specu-
late on the functional mechanism of the TOB complex. Tob55 
and FhaC interact with their substrates in the intermembrane 
and periplasmic space, respectively. The POTRA domain of 
Tob55 and the POTRA domains of FhaC were proposed to serve as 
sites of substrate binding (Habib et al., 2007; Jacob-Dubuisson 
et al., 2009). However, the POTRA domain of Tob55 was recently 
shown to function also in the release of proteins from the 
TOB complex in the course of their insertion into the membrane 
(Stroud et al., 2011). In case of FhaC, the interaction of sub-
strates was suggested to occur at the tip of the loop, which con-
tains the VRGY/F tetrad (Jacob-Dubuisson et al., 2009; Delattre 
et al., 2010). This sequence is part of a conserved motif, motif 3, 
in the Omp85–TpsB transporter superfamily (Moslavac et al., 
2005; Jacob-Dubuisson et al., 2009; Delattre et al., 2010). In 
view of its high conservation and its predicted localization to 
the intermembrane space in the Tob55 model, the VRGY/F 
tetrad might also serve as an interaction site for substrate pro-
teins in Tob55. Binding of precursors to the VRGY/F tetrad of 
the loop seems to trigger a substantial rearrangement of the 
-barrel and induce transport activity of FhaC (Delattre et al., 
2010). This may also be the case with Tob55. Indeed, both 
Tob55 and FhaC exhibit channel activity that is responsive to 
substrate binding (Clantin et al., 2007; Kutik et al., 2008; 
Knowles et al., 2009).

Members of the Omp85 family mediate membrane insertion 
of -barrel precursor proteins, in contrast to TpsB transporters, 
which mediate secretion of proteins. The lumen of a single  
-barrel is too small to allow the folding of a new -barrel sub-
strate, therefore a lateral opening of the barrel of the translocase 
during the processing of the substrate protein seems to be re-
quired. Such a scenario was suggested to be unlikely in re-
spect to thermodynamics (Wimley, 2003; Paschen et al., 2005b; 
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Ni-NTA Nanogold beads (1.8-nm gold particle; Nanoprobes) were mixed 
with the protein preparations in a 1:9 ratio (vol/vol). After incubation for 
45 min on ice, the samples were applied to a grid and serially washed 
three times on droplets of aqueous buffer (50 mM Hepes, pH 8.5, 0.084% 
TX-100, and 1 mM PMSF) before they were blotted and flash frozen. Data 
were acquired on a microscope (model F20; FEI Tecnai) operating at 120 kV, 
using a cryo-holder (model 656; Gatan) with a specimen temperature 
of 180°C. Images were acquired on a 4K charge-coupled device cam-
era (Eagle; FEI) at 84270× (1.78 Å/pixel) using the TOM_acquisition 
package (Korinek et al., 2011; available at http://www.biochem.mpg 
.de/baumeister/tom_e/get_tom/index.html). TOM_tool_box programs re-
quire MATLAB, a commercially available software package (for informa-
tion see http://www.mathworks.com). The images were collected with 
a defocus range (F) from 0.7 and 3.5 µm with an electron dose of 
15–25 e/Å2. The defocus contrast transfer function (CTF) for each good 
image was determined and the image phases were corrected using 
TOM_ctffindgui (Korinek et al., 2011; Scripts available in the online sup-
plemental material).

Particles were selected from micrographs automatically by cross corre-
lation (CC) with a reference using scripts (see online supplemental material) 
written for the SPIDER package (Shaikh et al., 2008; SPIDER is open software 
freely available with excellent documentation, tutorials and sample scripts at 
http://www.wadsworth.org/spider_doc/spider/docs/spider.html). The mi-
crographs were filtered with a Gaussian band-pass filter, which emphasized 
the particles. A nearest-neighbor exclusion was applied to reject correlation 
peaks whose center-to-center distance was <1.5 particle diameters. After win-
dowing into 140 × 140-pixel boxes, the images were masked and realigned 
to the selection reference. Particles whose center was not well determined, as 
indicated by a substantial in plane shift, were excluded from the dataset. Refer-
ence-free alignment followed by K means classification was used to identify 
and remove false positives from the dataset and an attempt to determine orien-
tations from good class averages was made.

A maximum likelihood–based reference-free alignment and classifi-
cation approach was also performed. Initial ML2D analysis (Sorzano  
et al., 2010) resulted in class averages that were very similar in appear-
ance to the reference-free classes observed using SPIDER. Given the small 
size of the TOB complex and low signal-to-noise ratio, it is clear that both 
reference-free alignment methods were not good enough to allow the gen-
eration of an unbiased starting model.

A starting model was generated based on the stoichiometry results 
and the class averages obtained by reference-free alignment. The density 
map calculated from the Tob55 molecular homology model was the core 
of the starting model. Because Tob37 and Tob38 are present on the cyto-
plasmic side of the outer mitochondrial membrane, an unstructured ring of 
low density was placed above the cytoplasmic face of the Tob55 -barrel 
(Fig. S4). The model was used only to start the reconstruction process. The 
final map shown in Fig. S4 was merged with the density map derived from 
the Tob55 homology model. This was the starting point for all subsequent 
alignments and reconstructions. The starting model for detecting and recon-
structing the Tob55 dimer was a pair of somewhat hollow cylinders with a 
hemisphere of density added on one end to account for the POTRA domain 
of Tob55. This model was included in the initial multi-reference alignment 
of the images of His9-Tob55–isolated TOB complexes. Images were as-
signed to either TOB complex or dimer classes. The model and the prog-
ress of this initial approach are shown in Fig. S5. As control to ensure that 
the starting reference did not bias the progress of the reconstruction, 
images of vitreous ice (buffer only) were hand selected from micrographs 
lacking particles. The images were aligned to the same starting models as 
for both the TOB complex and the Tob55 dimers (shown in Figs. S4 B and 

concentrated using an Amicon Ultra 30k device (EMD Millipore) with a 
cutoff of 30 kD. After separation by BNGE or SDS-PAGE, the proteins were 
analyzed by immunodecoration or Coomassie blue staining.

Mass spectrometry analysis
After SDS-PAGE or BNGE and Coomassie blue staining, protein bands 
were excised and digested overnight with trypsin. For protein identifica-
tion and quantification, the tryptic fragments were separated on a C18 
reversed-phase column with a linear acetonitrile gradient and analyzed 
by nano-electrospray ionization-LC tandem MS (ESI-LC-MS/MS), re-
corded on an Orbitrap mass spectrometer. Analysis of spectra was  
performed with the MASCOT software (Matrix Science) on the complete 
N. crassa genome database (http://www.broad.mit.edu/annotation/fungi/
neurospora). For IDMS, a defined amount of AQUA (AbsoluteQUAntification) 
peptides (Stemmann et al., 2001), quantified stable isotope (13C/15N)–
labeled internal peptide standards, were mixed with the dehydrated gel 
pieces before tryptic digestion. The amounts of native peptides were cal-
culated by comparing the areas under the peaks in the extracted ion chro-
matogram (EIC) of the AQUA peptide and its native counterpart. Several 
samples of each prepared protein complex were measured and the aver-
age was calculated. The error bars depict the standard deviations of 
measurements of (n) samples originating from the same preparation and 
demonstrates the reproducibility of the quantification by IDMS. Represen-
tative experiments for each measured complex are shown (Figs. 3, 5, and 
S2). A total of ten biological replicates of the TOB complex and five bio-
logical replicates of the Tob55–Tob38 complex isolated using TX-100 or 
digitonin, from strains differing in the His-tagged TOB complex subunit, 
were analyzed.

BN-PAGE antibody supershift assays
Mitochondria and OMVs were solubilized in 1x Native PAGE sample 
buffer (Invitrogen) with a detergent/protein ratio of 20:1 (wt/wt) for digi-
tonin and 6:1 (wt/wt) for TX-100. Where indicated, 1 µg Penta-His anti-
body (QIAGEN) was added. After 1 h of incubation on ice, the samples 
were centrifuged for clarification at 36,000 g and the supernatant was 
mixed with Native PAGE 5% G-250 sample additive (Invitrogen) such 
that the final G-250 concentration in the sample was at least 25% of the 
detergent concentration. BNGE was performed as described previously 
(Schägger and von Jagow, 1991; Schägger et al., 1994) with Native 
PAGE Novex 4–16% Bis-Tris gel according to the manufacturer’s instruc-
tions (Invitrogen) using 1x Native PAGE anode and cathode buffers (Invitro-
gen) at 150 V for 60 min. The voltage was increased to 250 V and the 
electrophoresis continued for 4 h. For Western blotting, the proteins were 
transferred to a PVDF membrane at 80 mA for 80 min using 1× NuPAGE 
transfer buffer (Invitrogen).

Homology modeling
Secondary sequence prediction for Tob55 and searches for homology 
matches in the known databases were performed with HHpred (Söding 
et al., 2005). The results of HHpred were then used to generate a molecular 
homology model for Tob55 based on the FhaC structure using MODELLER 
(Sali et al., 1995); both programs are accessible for use online through the 
Bioinformatics toolkit, Gene Center, Ludwig Maximilians University Munich 
(http://toolkit.lmb.uni-muenchen.de).

Cryoelectron microscopy
The isolated TOB complexes were applied to a lacey carbon film on molyb-
denum EM grids and flash frozen in liquid ethane or an ethane–propane 
mixture cooled by liquid nitrogen. For labeling of His-tagged proteins, 

Table 2. Strains used in this paper

Strain Genotype Origin or source and reference  
if applicable

NCN251 A FGSCa 2489
Tob55 short HT his-3 mtrR a  tob55:: hygR; Contains an ectopic copy of N-terminal  

9x His-tagged tob55cDNA specific for the short form. Bleomycin resistant.
Nargang laboratory;  
Lackey et al., 2011

Tob38HT (9His-Tob38-3) his-3 mtrR a  tob38::hygR; Contains an ectopic copy of genomic tob38  
with a C-terminal 9x His tag. Bleomycin resistant.

Nargang laboratory;  
Lackey et al., 2011

Tob37HT (9His-Tob37-2) his-3 mtrR a  tob37::hygR; Contains an ectopic copy of genomic tob37  
with a C-terminal 9x His tag. Bleomycin resistant.

Nargang laboratory;  
Lackey et al., 2011

aFungal Genetics Stock Center, Kansas City, MO.
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For chemical cross-linking experiments, OMVs and isolated TOB 
complex were incubated with DSG (disuccinimidyl glutarate) for 1.5 h at 
4°C. Subsequently, glycine (0.1 M, pH 8.8) was added to quench excess 
of the cross-linker and the samples were analyzed by SDS-PAGE followed 
by immunodecoration.

EM reconstructions
Accession numbers for the EM reconstructions deposited at the Electron Mi-
croscopy Data Bank (http://www.emdatabank.org) are: EMD-2195, EMD-
2196, EMD-2197, EMD-2200, EMD-2201, EMD-2202, and EMD-2203.

Online supplemental material
Fig. S1 shows TOB isolation via His-tagged Tob55. Fig. S2 shows that 
TOB isolation via His-tagged Tob55 leads to copurification of Tob55 di-
mers. Fig. S3 shows analysis of the secondary structure elements of FhaC 
and Tob55. Fig. S4 shows progress from model to structure and refer-
ence-free alignment of single-particle images. Fig. S5 shows reconstruc-
tion of Tob55 dimers. A text file featuring image-processing scripts is also 
available. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201207161/DC1.
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S5 A–C), and the results were refined following the same processing steps 
as the real data. After completing the same initial 10 rounds of alignment, 
the aligned buffer only images were subjected to the same classification as 
the aligned data (Fig. S5 D). A subset of the resulting class averages is 
shown in Fig. S5 F.

Image processing was performed with the SPIDER software package 
(Shaikh et al., 2008). Iterative multi-reference alignment of the images to 
projections of a reference map was used to align the images and generate 
particle orientations. The images underwent many rounds of refinement 
with the current reconstruction becoming the new reference.

The stability of alignment parameters for each image was deter-
mined from the output of 4–5 successive rounds of alignment using a refer-
ence projection set with 900 equally distributed projections of the current 
map as references. The change in parameters over four iterations of align-
ment was calculated for each image. Only images that showed no change 
in which reference projection was matched and minimal changes for  
in-plane rotation and x and y shifts were included in further processing. 
Overall, 50–60% of the original images were eliminated from any given 
dataset. The remaining aligned images had a random in-plane rotation 
applied to them. Both the aligned and randomly rotated aligned images 
were reference-free aligned and classified. The class averages from classi-
fication were very similar to what was observed earlier, only cleaner with 
less background, yet it was still not possible to orient the class averages 
and generate a model. The alignment parameters revealed substantial  
x and y shifts away from the previously established image centers. These 
shifts make it unlikely that a common lines approach could work in  
this case.

The Fourier shell correlation was calculated to assess the resolution 
of the reconstructions. The SPIDER BP 32f Fourier-based reconstruction al-
gorithm was used for reconstruction. The final reconstructions were normal-
ized with respect to one another by setting all maps to a constant standard 
deviation. The maps were then Gaussian low-pass filtered to 12 Å for dis-
play and further analysis. Negative values were set to zero before cal-
culating differences between maps. Maps are displayed using CHIMERA 
(Pettersen et al., 2004; free software available from http://www.cgl.ucsf 
.edu/chimera) with a threshold of 1 sigma and differences are displayed 
at a two-sigma threshold based on the original map statistics.

Examples of scripts used for the image processing are appended to 
the online supplemental material. These scripts are meant to be a represen-
tative sample of the scripts used.

Antibody production
Antibodies against N. crassa Tob37 were prepared by injecting peptides 
corresponding to Tob37 residues 165–184, 212–233, and 426–442 of 
the protein into rabbits or a peptide corresponding to Tob37 residues 
305–319 into guinea pigs and mice. (Wideman et al., 2010).

Antibodies against N. crassa Tob38 were prepared by injecting 
guinea pigs with a fusion protein consisting of a hexahistidinyl tag, mouse 
dihydrofolate reductase, and N. crassa Tob38 (residues 1–185). The fusion 
protein was expressed in E. coli and was purified on a Ni-NTA column 
(QIAGEN) in 8 M Urea according to the manufacturer’s instructions. The 
protein was eluted in 0.1% SDS and 10 mM Tris-HCl, pH 7.4. The eluate 
was injected into guinea pigs and mice without further processing.

Antibodies against N. crassa Mdm10 were prepared by injecting 
guinea pigs with a fusion protein composed of a hexahistidinyl tag, mouse 
dihydrofolate reductase, and residues 5–298 of the N. crassa Mdm10 pro-
tein. The fusion protein was purified as described above for the Tob38 fusion 
protein and injected into guinea pigs and mice. (Wideman et al., 2010).

Antibodies against N. crassa Tob55 were generated as for Tob38 
above by injecting rabbits with a fusion protein containing a hexahistidinyl 
tag, mouse dihydrofolate reductase, and residues 1–108 of the short form 
of Tob55 (Hoppins et al., 2007).

Antibodies against N. crassa Tim8 were raised in rabbits against His6-
tagged fusion proteins comprised of full-length mouse dihydrofolate reductase 
and the C terminus of Tim8 (residues 35–92; Hoppins and Nargang, 2004).

The antibodies against N. crassa Tom40 were generated against 
a C-terminal peptide of NcTom40 (QQEGAQSLNIPF) coupled to key-
hole limpet hemocyanin and injected into rabbits using TiterMax Gold 
(Sigma-Aldrich) for the first injection and incomplete Freund’s adjuvant 
for subsequent injections.

Miscellaneous
Radiolabeled precursor proteins were synthesized in rabbit reticulocyte ly-
sate in the presence of [35S]methionine (MP Biomedicals) after transcription 
by SP6 polymerase from vectors containing the gene of interest.
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