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ABSTRACT

Tob55 is the major component of the TOB complex, which is found in the outer membrane of mito-
chondria. A sheltered knockout of the tob55 gene was developed in Neurospora crassa. When grown under
conditions that reduce the levels of the Tob55 protein, the strain exhibited a reduced growth rate and
mitochondria isolated from these cells were deficient in their ability to import b-barrel proteins. Sur-
prisingly, Western blots of wild-type mitochondrial proteins revealed two bands for Tob55 that differed by
�4 kDa in their apparent molecular masses. Sequence analysis of cDNAs revealed that the tob55 mRNA is
alternatively spliced and encodes three isoforms of the protein, which are predicted to contain 521, 516,
or 483 amino acid residues. Mass spectrometry of proteins isolated from purified outer membrane vesicles
confirmed the existence of each isoform in mitochondria. Strains that expressed each isoform of the
protein individually were constructed. When cells expressing only the longest form of the protein were
grown at elevated temperature, their growth rate was reduced and mitochondria isolated from these cells
were deficient in their ability to assembly b-barrel proteins.

MITOCHONDRIA, chloroplasts, and gram-negative
bacteria contain b-barrel proteins in their outer

membranes (Gabriel et al. 2001; Tamm et al. 2001;
Rapaport 2003; Schleiff et al. 2003; Wimley 2003).
The mechanisms by which newly synthesized b-barrel
precursor proteins are integrated into lipid bilayers and
assembled into oligomeric structures are not yet fully
understood for any of these systems (Rapaport 2003;
Johnson and Jensen 2004; Voulhoux and Tommassen

2004; Paschen et al. 2005). In mitochondria, the pre-
cursors are initially recognized by the receptor com-
ponents of the translocase of the outer mitochondrial
membrane (TOM complex) and transferred through
the TOM complex pore to the intermembrane space
(IMS) side of the outer membrane (Rapaport and
Neupert 1999; Krimmer et al. 2001; Model et al. 2001;
Rapaport 2002). b-Barrel precursors are then relayed
to the topogenesis of mitochondrial outer membrane

b-barrel proteins (TOB) or to the sorting and assembly
machinery (SAM) complex, which is also located in the
outer membrane (Kozjak et al. 2003; Paschen et al.
2003; Wiedemann et al. 2003). During movement from
the TOM to the TOB complex, b-barrel precursors inter-
act with the small Tim protein complexes, which are sol-
uble components of the IMS (Hoppins and Nargang

2004; Wiedemann et al. 2004; Habib et al. 2005). The
TOB complex inserts the b-barrels into the outer mito-
chondrial membrane.

The major component of the TOB complex is Tob55
(also named Sam50/Omp85). Tob55 is a b-barrel pro-
tein itself and is essential for viability of yeast cells
(Kozjak et al. 2003; Paschen et al. 2003; Gentle et al.
2004). Homologs of yeast Tob55 are found in virtually
all eukaryotes and in almost all gram-negative bacteria
(Paschen et al. 2003; Gentle et al. 2004; Dolezal et al.
2006). The group includes the bacterial Omp85/YaeT
(Voulhoux et al. 2003; Wu et al. 2005), the plastid Toc75
(Eckart et al. 2002), and the mammalian Tob55/Sam50
proteins (Humphries et al. 2005). The N-terminal domain
of Tob55 has been shown to recognize precursors of
b-barrel proteins. This recognition may contribute to
the coupling of the translocation of b-barrel precursors
across the TOM complex to their interaction with the TOB
complex (Habib et al. 2007). The TOB core complex con-
tains two additional proteins, Tob38 (Tom38/Sam35)
and Mas37 (Tom37/Sam37) (Wiedemann et al. 2003;
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Ishikawa et al. 2004; Milenkovic et al. 2004;
Waizenegger et al. 2004). Both are peripherally associ-
ated with Tob55 on the cytosolic surface of the outer
membrane. The functions of these two subunits are
poorly defined.

Despite some progress in our understanding of the
structure–function relationship of the TOB complex,
many questions as to the functions of its subunits and
their domains remain to be answered. In this report, we
describe the characterization of Tob55 from the fila-
mentous fungus Neurospora crassa and an analysis of its
expression. We have shown that Tob55 is essential in
N. crassa and that it interacts with b-barrel precursor
proteins. Surprisingly, Tob55 is expressed as three iso-
forms that result from alternative splicing. Cells that
express only the longest isoform display reduced growth
rates at elevated temperature and at high salt concen-
trations. Mitochondria isolated from these cells have a
reduced capacity to insert b-barrel precursors into the
outer membrane. To our knowledge, this is the first
component of the mitochondrial import machinery
shown to exist in isoforms that arise from alternative
splicing.

MATERIALS AND METHODS

Growth of N. crassa: Growth and handling of N. crassa was as
previously described (Davis and De Serres 1970). Unless
stated otherwise, growth of cells was at 30�. For growth tests on
plates, conidia were harvested and adjusted to a concentration
of 107/ml. Serial 10-fold dilutions were made and 5 ml of each
was spotted onto plates containing standard sorbose media
with the appropriate supplements. The plates were incubated
at the desired temperature for 1–3 days. The inhibitors
p-fluorophenylalanine (fpa) and benomyl, at concentrations
of 400 mm and 1 mg/ml, respectively, were used to shift nuclear
ratios in sheltered heterokaryons. However, when cultures
were grown to produce mitochondria for in vitro import ex-
periments, the concentration of fpa was reduced to 250 mm

to obtain mitochondria that were more robust for import
reactions.

Strains used in this study are listed in Table 1. Several
natural isolates were obtained from the Fungal Genetics Stock
Center (FGSC). These are indicated by the genus and species
name followed by the site of isolation in the wild.

Creation of tob55 knockout strain: The N. crassa Tob55
protein was identified as a homolog of the Saccharomyces
cerevisiae protein (Paschen et al. 2003; Schmitt et al. 2006).
A split marker approach, described previously (Colot et al.
2006), was used to replace the tob55 gene with a hygromycin
resistance gene. Cosmid X22D7 of the pMOcosX library
(Mccluskey and Kinsey 2000) was identified from the
N. crassa genome project (Galagan et al. 2003) as containing
tob55. The tob55 upstream and downstream regions were
amplified by PCR using X22D7 as the template. The two
portions of the split marker were transformed into hetero-
karyotic strain HP1 (Nargang et al. 1995) and several
hygromycin-resistant transformants were purified and exam-
ined by Southern analysis for evidence of replacement of the
tob55 gene in one nucleus.

Transformation of N. crassa: DNA was transformed into
N. crassa by electroporation of conidia as previously described

(Margolin et al. 1997, 2000) with modifications (Tantonet al.
2003). To ensure that only pure homokaryotic strains were
used following transformations, single transformant colonies
were picked using sterile glass Pasteur pipettes and transferred
to slants with Vogel’s medium containing the appropriate
nutritional requirements and the selective antibiotic(s). The
slants were incubated at 30� until the surface of the agar was
covered by the mycelium and then were removed to room
temperature to conidiate. Conidia were streaked for single
colonies onto plates identical to those used for the electro-
poration and incubated at 30� until colonies formed. These
were picked to slants without the antibiotic for growth and
conidiation.

When heterokaryotic strains were transformed and selected
for integration into a single nucleus, the transformed strains
were tested for their nutritional requirements following the
purification process described above to ensure that the trans-
formants were homokaryotic (Nargang et al. 1998).

In vitro import of radiolabeled proteins into isolated
mitochondria: Published procedures were used for the iso-
lation of mitochondria (Mayer et al. 1993) and the import of
mitochondrial preproteins (Harkness et al. 1994). Prepro-
teins were produced in vitro by transcription and translation in
rabbit reticulocyte lysate ½Promega (Madison, WI) TnT re-
ticulocyte lysate system� in the presence of ½35S�methionine
(ICN Biomedicals, Costa Mesa, CA). Import reactions were
analyzed by sodium dodecylsulfate–polyacrylamide gel elec-
trophoresis and viewed by autoradiography or a phosphor-
imager system. Quantification of the image from the latter was
done using the Imagequant program ½version 5.2, Molecular
Dynamics (Eugene, OR)�. In vitro assembly of mitochondrial
precursor proteins was studied using blue native gel electro-
phoresis (BNGE) and autoradiography (Rapaport et al. 2001).

Antibody production and affinity purification: Antiserum
was raised against a fusion protein composed of hexahistidinyl-
tagged full-length mouse dihydrofolate reductase and resi-
dues 1–108 of the short isoform of the N. crassa Tob55 protein
(see results). Following expression in Escherichia coli, the
fusion protein was purified on a NiNTA column (QIAGEN,
Mississauga, ON) in 8 m urea according to the manufacturer’s
instructions except that the protein was eluted in 0.1% SDS, 10
mm Tris–HCl, pH 7.4. The eluate plus adjuvant was injected
into rabbits without further processing.

For affinity purification of antibody, the Tob55 fusion pro-
tein was purified on a NiNTA column (QIAGEN) in 8 m urea
according to the manufacturer’s instructions except that pro-
tein was eluted in 6 m guanidine, 100 mm NaH2PO4, 10 mm

Tris–HCl, pH 4.5. A Centriplus centrifugal filter device (Millipore,
Bedford, MA) with a molecular weight cutoff of 30 kDa was
used to exchange the elution buffer to coupling buffer con-
taining 0.1 m NaHCO3, 0.5 m NaCl, 6 m guanidine. The cycle of
concentrating the sample to 1 ml by centrifugation at 2500 3 g
for 2 hr followed by addition of 15 ml of coupling buffer was
repeated three times. The ligand coupling slurry, Affi-Gel 10
or Affi-Gel 15 (Bio-Rad, Hercules, CA), was prepared by wash-
ing with 5 volumes of distilled water. About 30 mg of fusion
protein in coupling buffer was bound to 1 ml of Affi-Gel 10 or
15 by incubation with rocking at 4� overnight. The next day,
the resin was washed with 5 vol of phosphate-buffered saline
(10 mm phosphate, pH 7.4, 137 mm NaCl, 2.7 mm KCl) and
2 vol of 100 mm glycine, pH 2.5.

For purification of the antibody, 2 ml of serum was mixed
with 100 ml 203 phosphate-buffered saline and incubated with
1 ml of the antigen-bound matrix for 4 hr at 4� with rocking.
The resin was washed three times with 5 vol of phosphate-
buffered saline. Antibody was eluted in 10 fractions of 200 ml
with100 mm glycine, pH 2.5. Fractions were neutralized with
20 ml 1 m Tris–HCl, pH 10. The antibody-containing fractions
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were identified by mixing 2 ml of the eluant with 200 ml
Bradford protein assay (Bio-Rad) in a microtiter plate.

BNGE and antibody supershifts: Mitochondria (50 mg)
were solubilized in 50 ml buffer N containing 1% digitonin in
20 mm Tris–HCl, pH 7.4, 0.1 mm EDTA, 50 mm NaCl, 1%
glycerol (vol/vol), and 1 mm phenylmethylsulfonyl flouride.
After gentle rocking at 4� for 15 min and a clarifying spin at
15,000 3 g, the supernatant was added to 5 ml of sample buffer
(5% Coomassie Brilliant Blue G-250 in 100 mm Bis–Tris, 500 mm

6-aminocaproic acid, pH 7.0) and gently mixed at 4�. Samples
were analyzed on a 6–13% gradient blue native gel as pre-
viously described (Schägger and Von Jagow 1991; Schägger

et al. 1994) except that electrophoresis was performed over-
night (16–20 hr) at 4� between 40 and 60 volts and then for
1–1.5 hr at 500 V with buffer lacking Coomassie.

For antibody supershift assays, import reactions were per-
formed in triplicate at 25� for 20 min using 20 mg of mito-
chondrial protein/reaction. Samples were processed as above
except that, after the clarifying spin, 18 ml of buffer, 18 ml (6 mg
protein) of affinity-purified Tob55 antibody, or 18 ml (6 mg pro-

tein) of an unrelated antibody was added. Following gentle
rocking at 4� for 2 hr, sample buffer was added and the samples
were subjected to BNGE. Affinity-purified antibody from rab-
bit serum, raised to a peptide of Drosophila melanogaster ATM
protein (ataxia telangiectasia mutated), was used as an un-
related antibody for a negative control (Silva et al. 2004).

Mass spectrometry: Isoforms of Tob55 were analyzed by
mass spectrometry as described previously (Schmitt et al. 2006).
Briefly, outer membrane vesicles were isolated, subjected to
SDS–PAGE, and stained with Coomassie blue. Bands in the
molecular weight range expected for the isoforms of Tob55
were excised and digested overnight with trypsin. Peptide
masses in the range of 500–3500 Da were obtained by reflector
matrix-assisted laser desorption ionization–time of flight (MALDI–
TOF), whereas peptides in the mass range of 3500–6000 Da were
analyzed by linear MALDI–TOF. Predicted peptide masses
were obtained using the PeptideMass program set for isotope
averaging (Wilkins et al. 1997; Gasteiger et al. 2005).

Other techniques: Protein alignments were generated with
the Kalign program (Lassmann and Sonnhammer 2005). The

TABLE 1

Strains used in this study

Strain Genotype Origin or source

NCN251 (also called 74A) A FGSC 2489
76-26 his-3 mtrR a (mtrR imparts fpa resistance) R. L. Metzenberg
71-18 pan-2 BmlR a (BmlR imparts benomyl

resistance)
R. L. Metzenberg

HP1 Heterokaryon of 76-26 plus 71-18 Nargang lab
Tob55KO-1 Sheltered heterokaryon. As HP1, but with

replacement of the tob55 gene in 76-26
nucleus with a hygromycin resistance (hygR)
cassette.

Transformation of HP1 with split marker
fragments for tob55 knockout.

Tob55KO-3 As Tob55KO-1 As Tob55KO-1
T55His6-1 his-3 mtrR a Dtob55ThygR contains an ectopic

copy of genomic tob55 with N-terminal
hexahistidinyl tag. Also bleomycin resistant.

Transformation of Tob55KO-3 with bleomycin
resistance plasmid containing an N-terminal
hexahistidinyl-tagged genomic tob55 gene.
Selection for transformation of the his-3 mtrR
nucleus.

T55His6-3 As T55His6-1 As T55His6-1
ST55-2 his-3 mtrR a Dtob55ThygR contains an ectopic

copy of tob55 cDNA specific for the short
form.

Transformation of Tob55KO-3 with bleomycin
resistance plasmid containing a cDNA version
of tob55 specific for the short form. Selection
for transformation of the his-3 mtrR nucleus.

IT55-8 his-3 mtrR a Dtob55ThygR contains an ectopic
copy of tob55 cDNA specific for the
intermediate form.

Transformation of Tob55KO-3 with bleomycin
resistance plasmid containing a cDNA version
of tob55 specific for the intermediate form.
Selection for transformation of the his-3 mtrR
nucleus.

LT55-2 his-3 mtrR a Dtob55ThygR contains an ectopic
copy of tob55 cDNA specific for the long
form.

Transformation of Tob55KO-3 with bleomycin
resistance plasmid containing a cDNA version
of tob55 specific for the long form. Selection
for transformation of the his-3 mtrR nucleus.

cyt-2-1 cyt-2-1 pan-2 a (may contain arom-9 or qa-2). Nargang lab
½mi-3� ½mi-3� pan-2 A H. Bertrand
N. crassa Mauriceville A FGSC 2225
N. crassa Saratoga A FGSC 3226
N. intermedia Fiji A FGSC 435
N. intermedia Saratoga a FGSC 6605
N. intermedia Varkud a FGSC 1822
N. sitophila Everglades a FGSC 4202
N. tetrasperma Hanalei a FGSC 2511
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standard techniques of agarose gel electrophoresis, Southern
and Northern blotting of agarose gels, preparation of radio-
active probes, transformation of E. coli, and PCR were all
performed as described (Ausubel et al. 1992). Additional
procedures followed the supplier’s recommendations or
previously described techniques: isolation of plasmid DNA
(QIAGEN), Western blotting (Good and Crosby 1989),
detection of bands on Western blots using LumiGLO chemi-
luminescent substrate (Kirkegaard and Perry Laboratories,
Gaithersburg, MD), genomic DNA extraction (Wendland

et al. 1996), protein determination with the Coomassie dye
binding assay (Bio-Rad), DNA sequencing using a DyeNamic
sequencing kit (Amersham Biosciences) with a model 373
stretch sequencer separation system (Applied Biosystems,
Foster City, CA). In some figures, irrelevant lanes were re-
moved electronically.

RESULTS

Tob55 is essential in N. crassa: To study the TOB
complex in N. crassa, we constructed a knockout of the
tob55 gene using a split marker approach (Colot et al.
2006). Since Tob55 was shown to be an essential protein
in yeast (Paschen et al. 2003), the knockout was created
in heterokaryon HP1 by sheltered disruption (Nargang

et al. 1995). The component nuclei of this strain encode
resistance to either fpa or benomyl and are auxotrophic
for either histidine or pantothenate, respectively. These
markers facilitate analysis and manipulation of nuclear
ratios in the sheltered heterokaryon. Transformants were
screened by Southern analysis (not shown) for the re-
placement event in one nucleus of the heterokaryon
(Grotelueschen and Metzenberg 1995) and isolates
Tob55KO-1 and Tob55KO-3 were chosen for further anal-
ysis. The growth rate of these strains was analyzed on var-
ious media. Growth of both knockouts was reduced on
fpa plus histidine but was indistinguishable from controls
on other media (Figure 1A), suggesting that the tob55
knockout occurred in the nucleus carrying fpa resistance
(Figure 1B). The Tob55KO-3 strain was chosen for fur-
ther work.

To determine if tob55 is an essential gene in N. crassa,
conidia from the Tob55KO-3 heterokaryotic strain were
plated onto medium containing the nutritional require-
ments of both nuclei, and single colonies were picked to
fully supplemented slants. Conidia that formed in these
slants were examined for nutritional requirements. Test-
ing of 200 isolates revealed that 125 were heterokaryons
and 75 were pantothenate-requiring auxotrophs. The
lack of histidine auxotrophs indicates that the tob55
gene is essential for viability in N. crassa. To prove that
the lethality was specific for the loss of tob55, we trans-
formed the Tob55KO-3 sheltered heterokaryon with a
plasmid carrying bleomycin resistance and a genomic
copy of tob55 encoding an allele for an N-terminal
hexahistidinyl-tagged version of the protein. Transform-
ants were selected on medium containing bleomycin,
fpa, and histidine. Colonies appearing on the transfor-
mation plates were shown to be histidine auxotrophs,

demonstrating that homokaryons of the histidine-
requiring nucleus of the sheltered heterokaryon had
been rescued.

Characterization of mitochondria with reduced
levels of Tob55: Examination of mitochondria in the
heterokaryotic knockout strain Tob55KO-3 following
growth in minimal medium revealed no alteration in the
levels of any mitochondrial protein tested by Western
blot analysis. However, mitochondria isolated from this
strain following growth in the presence of histidine
and fpa, which forces the knockout-bearing nucleus
to predominate in the heterokaryon, contained very low

Figure 1.—Sheltered disruption of tob55. (A) Split marker
transformants of heterokaryon HP1 were isolated and puri-
fied as described in the text. Serial dilutions of conidia pro-
duced by the transformants were tested on the indicated
media to determine which nucleus carried the tob55 disrup-
tion. (B) Genotype of the sheltered heterokaryons Tob55KO-1
and Tob55KO-3. The box symbolizes a heterokaryotic cell
with circles representing its component nuclei. Genetic
markers important for maintenance, selection, or manipula-
tion of the strain are shown (tob55, topogenesis of outer mem-
brane b-barrel proteins; his, histidine; pan, pantothenate; mtr,
methyltryptophan resistance; Bml, benomyl resistance). A mu-
tation in the mtr gene results in resistance to fpa. Certain mu-
tations in the Bml gene result in resistance to benomyl. The
nucleus with histidine auxotrophy and fpa resistance (mtr)
carries the tob55 deletion.
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levels of Tob55 (Figure 2A). We refer to such mitochon-
dria as Tob55Y mitochondria. The steady-state levels of
two other outer membrane b-barrel proteins, Tom40
and porin, were also reduced in Tob55Y mitochondria.
Tom22 was also decreased. Although Tom22 is not a b-
barrel protein, it is a component of the core TOM
complex and its level is likely reduced because the
deficiency of Tom40 does not allow proper assembly of
Tom22 molecules. In support of this notion, Tom22 was
previously observed to be reduced in a Tom40 mutant of
N. crassa (Taylor et al. 2003). The levels of other
mitochondrial proteins examined were unchanged by
the reduction in Tob55 (Figure 2A).

We consistently observed two Tob55 bands of appar-
ent molecular weights 62 and 58 kDa following immu-
nodecoration of Western blots. Both of these bands
appear to represent Tob55 since both disappear in Tob55Y
mitochondria (Figure 2A) and both are detected by a
penta-His antibody in mitochondria of strains rescued
by a hexahistidinyl-tagged tob55 allele (Figure 2B). The
nature of the different Tob55 bands is discussed further
below.

Mitochondrial protein import in Tob55Y mitochondria:
Tob55Y mitochondria were examined for their ability
to import mitochondrial precursor proteins. Import of
the b-barrel proteins Tom40 and porin was reduced in
Tob55Y mitochondria (Figure 3, A and B). To exclude the
possibility that the reduced levels of Tom40 and Tom22
observed in Tob55Y mitochondria (Figure 2A) are the
cause of the reduced import, we examined the import of
other precursors known to be translocated via the TOM
complex. Import of the non-b-barrel proteins cytochrome
c heme lyase (CCHL), the ATP-ADP carrier (AAC), and
the b-subunit of ATP synthase (F1b) to the IMS, the inner
membrane, and the matrix, respectively, was not reduced
in Tob55Y mitochondria (Figure 3, C–E). Thus, the level
of Tom40 in the mitochondria used for import (Figure
3F) is sufficient for in vitro import of these proteins. These
data indicate that N. crassa Tob55 is involved in import of
outer membrane b-barrel proteins.

The assembly of Tom40 and porin during import of
the precursors into Tob55Y mitochondria was assessed
using BNGE. Analysis of Tom40 assembly by BNGE
reveals two assembly intermediates of 250 and 100 kDa
as well as the 400-kDa fully assembled TOM core com-
plex (Rapaport and Neupert 1999; Model et al. 2001;
Taylor et al. 2003). The level of all forms, but par-
ticularly the 250-kDa intermediate, was reduced during
import of Tom40 precursor into Tob55Y mitochondria
(Figure 4A). Similarly, all complexes containing porin
(240, 115, and 66 kDa) were reduced following import
into Tob55Y mitochondria (Figure 4B).

Antibody supershift assays were used to demonstrate
that Tob55 is a component of assembly intermediates
for Tom40 and porin. Affinity-purified Tob55 antibody
was added to the import/assembly reactions of these
proteins prior to analysis by BNGE. For Tom40, a shift of

the 250-kDa assembly intermediate resulted from addi-
tion of the antibody (Figure 4C). This confirms that
Tob55 is a component of the 250-kDa Tom40 assembly
intermediate in N. crassa. The 250-kDa band is shifted

Figure 2.—N. crassa Tob55 is involved in biogenesis of
b-barrel proteins. (A) Mitochondria were isolated from the
control strain (HP1) and the tob55 knockout sheltered hetero-
karyon strain (Tob55KO-3) following growth in the absence
(�) or presence (1) of 400 mm fpa and histidine. Mitochon-
drial proteins (20 mg) were separated by SDS–PAGE, blotted
to nitrocellulose, and analyzed by immunodecoration with
antisera against the indicated proteins. Tob55 is present as
two bands of 62 and 58 kDa, respectively. (B) As in A except
mitochondria were isolated from the control (HP1) and two
strains (T55his6-1, T55his6-3) obtained by rescue of the
Dtob55, histidine-requiring nucleus from strain Tob55KO-3
by a genomic tob55 gene encoding an N-terminal hexahisti-
dinyl tag. Blots were immunodecorated with Tob55 antiserum
or penta-His antiserum. his, histidine.
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to a position where it comigrates with a minor high-
molecular-weight band that we have previously shown to
be a nonproductive intermediate (Taylor et al. 2003).
However, evidence for the shift is seen both by the
reduced level of precursor in the 250-kDa band and by
the increased intensity at the higher-molecular-weight
position in the lane where the Tob55 antibody was added.
For porin, addition of affinity-purified Tob55 antibody
resulted in a shift in the 240-kDa complex (Figure 4D),
establishing that this complex of the porin assembly
pathway in N. crassa represents an assembly intermedi-
ate containing Tob55. This is the first direct evidence for
the association of the porin precursor with the TOB
complex.

The N. crassa tob55 mRNA is alternatively spliced: To
obtain cDNA clones of tob55, we performed RT–PCR on
RNA samples isolated from the wild-type strain NCN251.
While examining one of the cloned cDNAs for PCR-
induced sequencing errors, we discovered that exon 2

predicted by the N. crassa sequencing project (Galagan

et al. 2003) was absent. Therefore, additional cDNA clones
were sequenced. Analysis of these clones revealed that
there were three different tob55 cDNAs that would encode
Tob55 proteins of different lengths. The variability centers
on alternative splice sites in and around the second exon
of the structural gene with three possible 59 splice sites and
two possible 39 splice sites (Figure 5A). We refer to the
proteins generated from the three possible mRNAs iden-
tified as the long (521 residues), intermediate (516 resi-
dues), and short (483 residues) isoforms of Tob55 (Figure
5B). Sequence of 20 randomly selected cloned cDNAs
revealed 10 clones representing the short form, 7 the
intermediate form, and 3 the long form. Since only two
bands were observed by Western analysis, we assume that
the intermediate and long isoforms cannot be distin-
guished under the electrophoretic conditions used. To ob-
tain evidence that the different forms exist at the protein
level, outer membrane vesicles were purifed from strain

Figure 3.—Tob55-deficient mitochondria are defective in import of outer membrane b-barrel proteins. (A–E) Mitochondria
were isolated from strain HP1 (control) and the tob55 knockout strain Tob55KO-3 (Tob55Y) following growth in the presence of
250 mm fpa plus histidine. For import assays, mitochondria were incubated with lysates containing radiolabeled mitochondrial
precursors at 15� for the indicated times. Following a post-import proteinase K treatment, mitochondria were reisolated and sub-
jected to SDS–PAGE. The gels were transferred to nitrocellulose and exposed to X-ray film and then a PhosphorImager screen.
One sample from each strain was treated with trypsin prior to import (‘‘pre trp’’) to demonstrate receptor-dependent import. ‘‘lys’’
represents 33% of the total radioactivity added to each reaction. (F) Western blot showing the level of Tob55, Tom40, and Tom70
in mitochondria isolated from cultures grown in the presence of 250 mm fpa plus histidine.
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T55His6-1. Proteins were separated by electrophoresis
and individual bands of the size predicted for the Tob55
isoforms were analyzed by mass spectrometry. Peptides
that define the long and intermediate forms were de-
tected in the higher-molecular-weight band and a peptide

defining the short form was detected in the lower-
molecular-weight band (Figure 5C). Western blots using
our Tob55 antibody suggest that the short form is more
abundant than the intermediate and/or long forms. How-
ever, our antibody was produced to the N-terminal 108
residues of the short form so there may be more epitopes
available to react with the antibody within this form of the
protein. The levels of the two bands appear to be equal
when the hexahistidinyl-tagged version of the protein is
detected with the penta-His antibody (Figure 2B).

Do the different forms of Tob55 have specialized
functions? Since it is possible that the different forms of
the protein might have specialized functions, we wanted
to determine if the amounts of the different isoforms
could be altered under various conditions. Wild-type
cells were grown at three different temperatures but no
differences in the Tob55 bands could be discerned. Sim-
ilarly, no difference was observed in 15-hr-old mycelium,
ungerminated conidia, or conidia germinated for 3 hr.
It was conceivable that the isoforms were present only in
certain strains of N. crassa and not in other strains or
species. We obtained several natural isolates of Neuros-
pora, representing four species: N. crassa, N. intermedia,
N. sitophila, and N. tetrasperma. We also examined Tob55
in two mutant N. crassa strains: cyt-2-1, which carries a
mutation in CCHL (Drygas et al. 1989) and ½mi-3�, which
carries a mutation in the mitochondrially encoded Cox1
gene (Lemire and Nargang 1986). In all of these strains,
both Tob55 bands were detected, suggesting that the
alternative splicing occurs throughout the genus. Fur-
thermore, the levels of the different forms do not ap-
pear to be altered in response to mutations affecting
electron transport (supplemental data at http://www.
genetics.org/supplemental/).

To further address the question of possible special-
ized function, strains were developed that expressed
only one of the different isoforms of the protein. These
strains were developed by transforming the knockout
strain with plasmids carrying a bleomycin resistance
marker and one of the different cDNA versions of the
gene fused to the genomic tob55 promoter. Transformants
were selected on medium containing histidine, bleomycin,
and fpa. Isolates were examined for nutritional require-
ments, and the histidine-requiring homokaryons ST55-2
(short isoform), IT55-8 (intermediate isoform), and
LT55-2 (long isoform) were chosen for further analysis
(Figure 6A).

Each of the strains expressing an individual form of
Tob55 was examined for growth rate under various con-
ditions. No difference from the control strain was seen
for any of the Tob55 strains on media containing chlor-
amphenicol, an inhibitor of mitochondrial translation,
or antimycin A, an inhibitor of electron transport chain
complex III (not shown). However, growth on solid
medium at 37� or in the presence of high concentra-
tions of NaCl revealed a severe growth defect in strains
expressing only the long isoform of Tob55 (Figure 6, B

Figure 4.—Assembly of Tom40 and porin in Tob55Y mito-
chondria. Radiolabeled Tom40 (A) or porin (B) precursor
were incubated for 20 min at the indicated temperature with
mitochondria isolated from the control strain HP1 (Ct) or
Tob55KO-3 (55Y), both grown in the presence of fpa (250
mm) and histidine. Mitochondria were washed with 80 mm

KCl, reisolated, and lysed in blue gel sample buffer containing
1% digitonin. The samples were subjected to blue native gel
electrophoresis, blotted to PVDF membrane, and analyzed by
autoradiography. (C and D) Antibody supershift experiments.
Import was performed as for A and B with Tom40 (C) and
porin (D) precursor proteins using mitochondria isolated
from a wild-type strain (NCN 251). Following import at 25�,
mitochondria were lysed with 1% digitonin. Reactions were
then incubated with buffer alone (‘‘No Ab’’), affinity-purified
antibody to Tob55, or affinity-purified antibody to D. mela-
nogaster ATM protein as a negative control for 2 hr at 4�
and then subjected to BNGE. The gel was blotted to PVDF
membrane and examined by autoradiography. Apparent sizes
of the intermediates are shown on the left. The position of the
supershifted products is indicated with an arrow on the right.
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and C). To ensure that the growth defect in the long
isoform was not due to a specific random integration
event in an individual transformant, we examined eight
additional long isoform strains and five additional short
isoform strains. Results similar to those in Figure 6, B
and C, were obtained for all the additional strains (not
shown). In liquid medium, the strain expressing the long
isoform has a peculiar phenotype at 37�. A small amount
of growth occurs during the first 48 hr, but between 48

and 72 hr, substantial growth occurs (Figure 6D). Mito-
chondria isolated from strains expressing either the
short or the long form of the protein following growth at
30� show no differences in the steady-state levels of any
mitochondrial protein examined, including Tob55 (Fig-
ure 6E). However, in cells expressing only the long form
grown for 24 hr at 37�, mitochondria were deficient in
Tob55. There is also a slight deficiency in porin and a
striking deficiency of Tom40. CCHL and Hsp70 appear

Figure 5.—Intron/exon structure of the tob55 gene. (A) The positions of all possible exons (rectangular boxes) and introns
(solid lines) of tob55 are indicated. The number of codons is given in parentheses below the number of each exon. Possible 59
splice sites are shown above the line and possible 39 splice sites are shown below. Potential splice sites are numbered in sequence.
Exon 2a is not separated from exon 2 by an intron, but alternative splicing may remove exon 2a from the remainder of exon 2 in
some cases. (B) The three forms of the Tob55 protein that arise from alternative splicing. Shading is coded to correspond to the
different exons shown in A. The solid bars under each isoform indicate peptides predicted to be generated by tryptic digestion
that would be unique for each isoform of the protein. (C) Mass spectrometry of Tob55 isoforms. The peptides predicted to be
generated by tryptic digestion as indicated in B are shown. Six His residues occur after the initial Met residue on the short form
because the analysis was done on a His-tagged version of the protein. Arrows under the peptide sequences indicate the splice point
between exon 1 and exon 3 for the short form, between exon 2 and exon 3 for the intermediate (‘‘interm’’) form, and between
exon 2a and exon 3 for the long form. The five residues that make up exon 2a are underlined in the long form. The sequence of
each peptide is followed by its predicted (‘‘P’’) mass and the mass that was determined experimentally (‘‘E’’) by mass spectrometry.
The mass of the predominant peak corresponding to the unique peptide for the short form shows that oxidation of the peptide,
probably at the N-terminal Met residue, has occurred. The predicted mass includes this consideration. The predicted and exper-
imentally determined masses for the short and long peptides differ by ,2 Da. This is within the limits of accuracy for these large
peptides whose masses were determined by linear MALDI–TOF. The tracings from the appropriate regions of the mass spectra for
each peptide are shown below.
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to be present at normal levels, but levels of AAC are also
reduced. Tom70 appears to be slightly increased. The
deficiency of Tob55 observed in cells expressing only
the long isoform seems to contradict the apparently
unaltered ratio of the bands detected by Western blot
analysis following growth of wild-type cells at high tem-
perature (supplemental data at http://www.genetics.org/
supplemental/). This suggests that the higher-molecular-
weight isoform in the wild-type cells grown at high tem-
perature is largely the intermediate isoform or that the
long isoform can be assembled into the membrane at
high temperature if mitochondria also contain the other
isoforms. Once assembled, the long isoform might be
stable, but inactive.

We also examined the assembly of the b-barrel pro-
teins Tom40 and porin in mitochondria isolated from
30�- and 37�-grown cultures of wild-type cells and cells
expressing only the short or long isoforms of Tob55. In
mitochondria isolated from the 30� cultures, there were
no differences observed between the strains (not shown).
However, neither intermediates nor mature forms of
Tom40 or porin were observed in assembly assays using
mitochondria from cultures of the long isoform strain
when grown at 37� for 24 hr, suggesting that little, if any,
assembly of b-barrels occurs in these cells (Figure 7A).
Since the growth of long isoform cultures at 37� appears
to have a lag period of at least 48 hr (Figure 6D), we also
examined assembly of b-barrels in mitochondria iso-
lated from 68-hr cultures (Figure 7B). Assembly of
Tom40 was observed in these mitochondria, but at

reduced levels compared to the short isoform strain. A
small amount of the 240-kDa porin intermediate was
also observed in mitochondria from the 68-hr culture.
Cultures expressing the long isoform were also examined
for steady-state levels of various mitochondrial proteins
after 68 hr of growth at 37� (Figure 7C). Interestingly,
levels of Tob55 and Tom40 were higher in the 68-hr than
in the 24-hr cultures, but porin did not increase. The
level of AAC was also increased in the older cultures
while the level of Tom70 appeared to remain slightly
higher than in the wild-type control or the short Tob55
strain.

Alignment of the long isoform with other Tob55
proteins: To determine if residues in the long isoform
were conserved, we compared the sequence at the
N-terminal region of the N. crassa protein with Tob55
proteins from Homo sapiens, Arabidopsis thaliana, and
the fungi Chaetomium globosum, Giberella zeae, Aspergillus
nidulans, and S. cerevisiae (Figure 8). The alignment shows
little conservation among the seven species in the re-
gion that defines the alternative forms, while similarity
increases after the region. C. globosum, which is closely re-
lated to N. crassa (Suh and Blackwell 1999; Huhndorf

et al. 2004), shares some identical residues within the re-
gion that defines the different isoforms, but no residues
are shared with the five amino acids that are contained
only in the long isoform of the N. crassa protein. Inter-
estingly, predictions of protein-coding sequence from
genome databases for other filamentous fungi (e.g., G. zeae
and A. nidulans) give the long form as the product of the

Figure 6.—Strains expressing only the long
isoform of Tob55 have growth defects. Con-
structs expressing cDNA versions of the three
different Tob55 splicing variants from the en-
dogenous tob55 promoter were used to rescue
the Dtob55 nucleus from strain Tob55KO-3. This
resulted in strains ST55-2, IT55-8, and LT55-2
expressing the short, intermediate (‘‘interm’’),
and long isoforms of the protein, respectively.
(A) Mitochondria (30 mg) isolated from these
three strains and the control strain (76-26) fol-
lowing growth at 30� were examined on Western
blots to demonstrate that only one form of the
protein was expressed in each strain. Porin was
used as the loading control. (B) Serial dilutions
of conidia from the strains described in A were
spotted onto solid sorbose-containing medium
and grown at 30� or 37�. (C) As in B, but conidia
were spotted on plates containing either 100 or
500 mm NaCl and were grown at 30�. (D) The
short and long strains were grown at 37� in liq-
uid cultures containing 250 ml of Vogel’s me-
dium. Each flask was inoculated with 106

conidia/ml. At the times indicated, the cultures
were harvested and the pad of mycelium was
dried and then weighed to give the dry weight
of the culture. (E) The control, short, and long
strains were grown in liquid medium at 30� and

37� for 24 hr. Mitochondria were isolated and examined for the presence of various mitochondrial proteins (indicated on the
right) by Western blot analysis. Each lane contained 30 mg of mitochondrial protein.
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tob55 gene. However, our inspection of the tob55 ge-
nomic sequences shows that potential splice sites for
removal of the second exon do exist (not shown), so
that the short and long forms may be present in these
organisms as well. We could not identify a consensus
splice site that would give the intermediate form in these
species.

DISCUSSION

We have shown that reduced levels of N. crassa Tob55
result in slow growth as well as reduced import efficiency
of b-barrel precursors to the outer mitochondrial mem-
brane. Import of non-b-barrel mitochondrial proteins is
not affected. We have also demonstrated that N. crassa
Tob55 is present in a high-molecular-weight assembly
intermediate with the precursors of Tom40 and porin.
This marks the first direct demonstration of an asso-
ciation between the porin precursor and the TOB
complex.

Surprisingly, our studies also demonstrated that there
are three isoforms of the N. crassa Tob55 protein pro-
duced by alternative splicing. To our knowledge, this
is the first description of alternative splicing producing
isoforms of a protein involved in mitochondrial protein
import. The observation that different isoforms occur in
all strains and species of Neurospora examined suggests
that they may serve some specialized purpose. It has
been demonstrated that expression of isoforms for im-
port components arising from multigene families in
higher organisms can vary in certain conditions or tis-
sues. For example, analysis of transcript levels for com-
ponents of the import apparatus in Arabidopsis showed
that, for the most part, one isoform was expressed most
prominently in all tissues under normal conditions.
However, treatment with inhibitors of the electron trans-
port chain resulted in increased expression of the minor
isoforms of several proteins, implying that the import
apparatus may become functionally specialized in re-
sponse to stress (Lister et al. 2004). Transcript and EST
analysis of two Tom20 isoforms arising from separate
genes in animals revealed that one isoform was specif-
ically expressed in the testis of mice and fruit flies
while the other form was ubiquitously expressed. Sim-
ilarly, RNA interference knockdown experiments in
Caenorhabditis elegans showed that one form of Tom20
is essential while the other appears to play a more spe-
cialized role (Likic et al. 2005). Our attempts to alter the
expression of the Tob55 isoforms in N. crassa by varying
temperature or treatment with chloramphenicol or an-
timycin A did not result in any obvious change in the
ratio of the forms when examined by Western analysis,
although it is possible that minor changes were not
detected. Similarly, no change in the ratio was seen in
conidiaspores or strains carrying mutations affecting
electron transport.

Figure 7.—Assembly of b-barrel proteins in mitochondria
isolated from 37� cultures. (A) Mitochondria were isolated
from strain 76-26 (control) and ST55-2 following 16 hr growth
at 37� (inoculum of 106 conidia/ml) and from LT55-2 after
24 hr at 37� using twice the amount of inoculum. Mitochon-
dria were incubated with radiolabeled precursors of Tom40 or
porin for 20 min at the indicated temperature and analyzed
by BNGE. (B) As in A, except that LT55-2 was also grown for
68 hr with an inoculum of 106 conidia/ml. The size of assem-
bly products is indicated on the left. (C) Western blots analysis
of mitochondrial proteins from the strains indicated follow-
ing growth at 37� for the indicated times.
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Since strains expressing any isoform grow equally well
at the permissive temperature, each form must be ca-
pable of importing all b-barrel proteins to some extent.
At 37�, cells expressing only the long isoform of Tob55
are inefficient at assembling b-barrel proteins into the
membrane. Since Tob55 is itself a b-barrel protein, it is
difficult to establish if it is the assembly of the long
isoform that is reduced or if the activity of the protein
once assembled is compromised. Since long Tob55 cul-
tures eventually begin to grow at 37� and have some ca-
pacity to assemble b-barrels, it appears that assembly of
active long Tob55 gradually occurs. Perhaps other fac-
tors, such as chaperones, aid this process and become
more abundant as the culture ages.

What function of the TOB complex is most likely
disturbed by the extra residues in the long form at 37� or
in the presence of high salt? The alternatively spliced
region is near the N terminus of the protein, which
is predicted to occur in the IMS (Paschen et al. 2003;
Sanchez-Pulido et al. 2003). Since the other known
proteins of the TOB complex (Mas37 and Tob38) are
peripheral outer membrane proteins facing the cytosol,
it seems unlikely that interactions between the long
isoform of Tob55 and these proteins are affected by salt
or high temperature. The TOB complex probably con-
tains more than one molecule of Tob55 (Kozjak et al.
2003; Paschen et al. 2003; Waizenegger et al. 2004),
and temperature-induced changes in structure in the
IMS domain might affect interactions among Tob55
molecules in a single complex. However, it has been
shown that yeast Tob55 lacking the 102 amino-terminal
residues still assembles into the TOB complex (Habib

et al. 2007).
A more likely cause for the defects in the long isoform

is inefficient interaction with incoming b-barrel precur-
sors in the IMS. Both prokaryotic and eukaryotic Tob55
homologs have been shown to contain one or more
polypeptide-transport-associated (POTRA) domains in
their N-terminal regions (Sanchez-Pulido et al. 2003).
It has been suggested that POTRA domains may be in-
volved in binding b-barrel precursors just prior to their
insertion into the membrane (Bos and Tommassen

2004), and it has recently been demonstrated that the
N-terminal region of yeast Tob55 does interact with
b-barrel precursors (Habib et al. 2007). The extra resi-
dues in the long form of N. crassa Tob55 occur just prior
to the beginning of the POTRA domain (Figure 8), and
the defects caused by the long form of the protein in
N. crassa at 37� or in the presence of high salt may be due
to an effect on this domain. Further investigations will
be aimed at confirming this possibility and on attempt-
ing to define specific roles for the different isoforms.
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Rapaport, D., R. Taylor, M. Käser, T. Langer, W. Neupert et al.,
2001 Structural requirements of Tom40 for assembly into pre-
existing TOM complexes of mitochondria. Mol. Biol. Cell 12:
1189–1198.

Sanchez-Pulido, L., D. Devos, S. Genevrois, M. Vicente and
A. Valencia, 2003 POTRA: a conserved domain in the FtsQ
family and a class of b-barrel outer membrane proteins. Trends
Biochem. Sci. 28: 523–526.
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