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The preprotein translocase of the outer mitochondrial membrane (Tom) is a multisubunit machinery con-
taining receptors and a general import pore (GIP). We have analyzed the molecular architecture of the Tom
machinery. The receptor Tom22 stably associates with Tom40, the main component of the GIP, in a complex
with a molecular weight of ;400,000 (;400K), while the other receptors, Tom20 and Tom70, are more loosely
associated with this GIP complex and can be found in distinct subcomplexes. A yeast mutant lacking both
Tom20 and Tom70 can still form the GIP complex when sufficient amounts of Tom22 are synthesized. Besides
the essential proteins Tom22 and Tom40, the GIP complex contains three small subunits, Tom5, Tom6, and
Tom7. In mutant mitochondria lacking Tom6, the interaction between Tom22 and Tom40 is destabilized, lead-
ing to the dissociation of Tom22 and the generation of a subcomplex of ;100K containing Tom40, Tom7, and
Tom5. Tom6 is required to promote but not to maintain a stable association between Tom22 and Tom40. The
following conclusions are suggested. (i) The GIP complex, containing Tom40, Tom22, and three small Tom
proteins, forms the central unit of the outer membrane import machinery. (ii) Tom20 and Tom70 are not es-
sential for the generation of the GIP complex. (iii) Tom6 functions as an assembly factor for Tom22, promoting
its stable association with Tom40.

The mitochondrial outer and inner membranes contain mul-
tisubunit machineries for the import of nucleus-encoded pre-
cursor proteins, termed preprotein translocases of the outer
membrane (Tom) and inner membrane (Tim), respectively
(36–38, 42, 47). In the past few years, many Tom and Tim
proteins have been identified to be involved in the recognition
or translocation of preproteins. The Tom and Tim machineries
are separate functional entities (20, 41, 51) that can be tran-
siently connected by a preprotein spanning both mitochondrial
membranes (9, 19, 49).

The Tom machinery contains import receptors for the initial
binding of cytosolically synthesized preproteins and a general
import pore (GIP) for membrane translocation of different
types of preproteins. Nine different Tom proteins have been
found so far, and all are integral proteins of the outer mem-
brane. They have been roughly grouped into two classes ac-
cording to their function in (i) recognition of preproteins (re-
ceptors) or (ii) transport through the GIP.

Tom20, Tom22, and Tom70 function as import receptors for
preproteins (4, 6, 17, 18, 26, 32, 48). Tom20 and Tom22 bind
preproteins with amino-terminal targeting signals (prese-
quences) (6) and have been proposed to form a complex or a
heterodimeric receptor (32). Tom70 shows a preference for
preproteins with internal targeting sequences. Tom37 associ-
ates with Tom70, and genetic evidence supports a functional
interaction, indicating that Tom37 is a subunit of the Tom70
receptor (12). Tom72, a homolog of Tom70, is expressed in
only small amounts and loosely associates with the Tom ma-
chinery; deletion of its gene does not lead to any significant

phenotype, indicating that Tom72 does not play an important
role in the import of preproteins (5, 50). The interaction of
preproteins with the cytosolic cofactor heat shock protein 70 or
the mitochondrial import stimulation factor was reported to
influence whether a preprotein is initially recognized by Tom20
or Tom70, respectively (26, 27). In fact, Tom20 and Tom70
show partially overlapping specificities, and preproteins ini-
tially recognized by Tom70 are transferred to Tom20 and/or
Tom22 before their insertion into the GIP (6, 24, 26).

Tom40 is thought to represent the major component of the
GIP (23, 25, 40, 55). The smallest Tom protein, Tom5, func-
tionally links receptors to the GIP and promotes the insertion
of preproteins (11). While Tom5 directly interacts with pre-
proteins, two other small Tom proteins, Tom6 and Tom7, do
not come into direct contact with preproteins but seem to
modulate the stability of the association of Tom components
(2, 16, 21). Besides its cytosolic domain, which has receptor
function, Tom22 also contains a domain in the intermembrane
space (4, 7, 35) that was shown to function as a trans binding
site for preproteins with amino-terminal presequences (4, 33).
The presence of negatively charged patches in a number of
Tom proteins, including Tom20, Tom22 (cytosolic domain and
intermembrane space domain), and Tom5, as well as in Tim23
(inner membrane), prompted the hypothesis of an acid chain
that directs the import of positively charged presequences (4,
11, 18, 46).

While considerable information has been accumulated about
the functions of individual Tom proteins, far less is known
about the molecular architecture and organization of the Tom
machinery. In the past few years, different views have been
suggested—on the one hand, an association of all Tom pro-
teins in one stable complex (24, 25, 34, 54), and on the other
hand, the existence of subcomplexes with variable composi-
tions, depending on the study (9–12, 29, 32). Major reasons for
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this unclear situation are that several methods used to analyze
the association of Tom proteins were not quantitative but
measured only fractions of the proteins and that no systematic
comparison of the various methods was performed. Therefore,
for this report we characterized the organization of Tom pro-
teins in complexes by use of distinct biochemical and genetic
means, with particular emphasis on a quantitative analysis,
including the use of blue native gel electrophoresis. We show
that Tom40 and Tom22 are stably associated in a complex with
a molecular weight of ;400,000 (;400K), henceforth referred
to as the GIP complex. This complex also contains all three
small Tom proteins. Tom20 and Tom70 are less stably associ-
ated with the GIP complex and can be found in distinct sub-
complexes. We suggest that Tom22 is predominantly and more
stably associated with Tom40 than with Tom20. In fact, the
GIP complex can be generated even after the deletion of both
the TOM20 and the TOM70 genes. The 400K GIP complex can
be dissociated into a subcomplex of ;100K containing Tom40,
Tom7, and Tom5. We demonstrate that Tom6 functions as an
assembly factor required for the association of Tom22 with the
100K subcomplex.

MATERIALS AND METHODS

Isolation of mitochondria and immunoprecipitation studies. The Saccharo-
myces cerevisiae strains used in this study are listed in Table 1. Mitochondria were
isolated by published procedures (8, 14). Immunoprecipitation experiments were
performed with digitonin-lysed mitochondria by use of antibodies covalently
bound to protein A-Sepharose and obtained from preimmune serum or directed
against Tom70, Tom40, Tom22, Tom20, and Tom5 (16). After being washed in
digitonin-containing buffer (1), the bound proteins were eluted by the addition of
electrophoresis sample buffer (28), separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, and
immunodecorated with antibodies directed against the different Tom proteins.

Import of preproteins into isolated mitochondria. Radiolabeled preproteins
were obtained by in vitro transcription and translation reactions with rabbit
reticulocyte lysate (Amersham) in the presence of [35S]methionine-cysteine (53).
Import reactions were performed with bovine serum albumin-containing buffer
(3% [wt/vol] fatty-acid-free bovine serum albumin, 80 mM KCl, 5 mM MgCl2
10 mM morpholinepropanesulfonic acid [MOPS]-KOH [pH 7.2]) in the presence
of 2 mM ATP and 2 mM NADH. When the membrane potential was dissipated,
8 mM antimycin A, 20 mM oligomycin, and 1 mM valinomycin were added to the
import reaction mixture. Radiolabeled preproteins were incubated with mito-
chondria (25 to 50 mg of protein) at 25°C for various times. Samples were
subsequently treated or not treated with proteinase K (50 mg/ml) for 15 min at
4°C. The protease was inactivated by the addition of 1 mM phenylmethylsulfonyl
fluoride (PMSF), and samples were incubated for a further 10 min at 4°C. For
trypsin treatment, mitochondrial samples in SEM buffer (250 mM sucrose, 1 mM
EDTA, 10 mM MOPS-KOH [pH 7.2]) were incubated with trypsin (20 mg/ml)
for 20 min on ice. Trypsin was inactivated by the addition of a 30-fold excess of
soybean pancreatic trypsin inhibitor, and samples were incubated for an addi-
tional 10 min on ice prior to further manipulations. After a washing step with
SEM buffer, pelleted mitochondria were lysed in the appropriate detergent-
containing buffer and applied to SDS-polyacrylamide or blue native polyacryl-
amide gels. Radiolabeled proteins were detected by PhosphorImager storage
technology (Molecular Dynamics).

Blue native gel electrophoresis. Blue native PAGE was performed essentially
as previously described (9, 43, 45). Briefly, following treatment, mitochondrial
pellets (25 to 100 mg of protein) were lysed in 50 ml of ice-cold digitonin buffer
(1% [wt/vol] digitonin, 20 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 50 mM NaCl,
10% [vol/vol] glycerol, 1 mM PMSF) (3) or Triton X-100 buffer (0.5% [vol/vol]
Triton X-100, 20 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 50 mM NaCl, 10%

[vol/vol] glycerol, 1 mM PMSF). After a clarifying spin, 5 ml of sample buffer (5%
[wt/vol] Coomassie brilliant blue G-250, 100 mM bis-tris [pH 7.0], 500 mM
6-aminocaproic acid) was added, and the samples were electrophoresed through
a 6 to 16% polyacrylamide gradient gel (9).

For immunoblotting, the native gel was soaked in blot buffer (20 mM Tris base,
150 mM glycine, 0.08% SDS) prior to transfer to polyvinylidene difluoride
(PVDF) membranes (Millipore) by the semidry blotting technique. Immuno-
decoration was performed by standard procedures, and detection was achieved
by the enhanced chemiluminescence method (Amersham). For detection of
radiolabeled proteins, the dried gel or PVDF membrane was exposed to Phos-
phorImager storage cassettes prior to PhosphorImager analysis (Molecular Dy-
namics).

For two-dimensional gel analysis, individual lanes were excised from the first-
dimension native gel and layered on top of the stacking gel of a second-dimen-
sion SDS-polyacrylamide gel. Following electrophoresis, proteins were blotted
onto nitrocellulose membranes and analyzed by immunodecoration or Phospho-
rImager analysis.

Quantitation of Tom components. Purified soluble domains of Tom70, Tom22,
and Tom20 (6) and Tom40 protein purified from inclusion bodies after expres-
sion in Escherichia coli of known concentrations, along with wild-type mitochon-
dria, were applied in limiting dilutions to an SDS-polyacrylamide gel, which was
subsequently immunoblotted. The blot was immunodecorated with antibodies
specific for these Tom components, and the signals of the purified proteins and
the mitochondrial extracts were directly compared.

Miscellaneous methods. SDS-PAGE was performed with the Tris-glycine
buffer system (28) or the Tris-glycine buffer system (44).

RESULTS

The GIP complex contains Tom40, Tom22, Tom7, Tom6,
and Tom5. Mitochondria were isolated from the yeast S. cer-
evisiae, solubilized with digitonin, and separated by blue native
gel electrophoresis (10, 45). After electrophoresis on a second-
dimension gel under denaturing conditions (9, 11, 43), the
presence of distinct Tom proteins was analyzed by immuno-
blotting with monospecific antisera. Tom40, Tom22, and Tom5
were predominantly present at ;400K (GIP complex) (Fig. 1).
Since specific antibodies against Tom7 and Tom6 were not
available, precursors of the small Tom proteins were synthe-
sized in vitro in rabbit reticulocyte lysates in the presence of
[35S]methionine-cysteine (1), imported into isolated yeast mi-
tochondria, and subjected to blue native gel electrophoresis
and digital autoradiography. All three 35S-labeled small Tom
proteins were found at the 400K position (Fig. 1, lower panel).
In addition, the small Tom proteins were also observed in the
low-molecular-weight range, possibly representing in vitro-im-
ported proteins that were not yet assembled into the 400K
complex. With Tom5, this assumption could be proven by a
direct comparison between the protein imported in vivo (im-
munodecoration; Fig. 1, upper panel) and the protein im-
ported in vitro (Fig. 1, lower panel). In vivo-imported Tom5
was present exclusively in the 400K region. Tom5 in the lower-
molecular-weight range was observed only with the 35S-labeled
protein imported in vitro, indicating that, within the time span
of the in vitro import reaction, not all Tom5 molecules could
assemble into the 400K complex. We conclude that Tom40,
Tom22, and the three small Tom proteins comigrate at the
400K position in blue native gel electrophoresis.

The bulk of the receptors Tom20 and Tom70, however, was

TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Reference

YPH499 (wild type) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 52
MM307 (tom6D) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 tom6::URA3 2
AH101 (tom7D) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 tom7::TRP1 16
AH610 (tom6D tom7D) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 tom6::URA3 tom7::TRP1 16
KD56 (tom5D) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 tom5::HIS3 11
MM120-C (tom20D tom70D TOM221) ade2-101 his3-D200 leu2-D1 ura3-52 trp1-D63 lys2-801 tom70::HIS3 tom20::URA3

pG-1(TRP1)-TOM22
18
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not found at the 400K position. Tom70 migrated in an area
of 100 to 200K, whereas Tom20 migrated in a band of 40 to
100K (Fig. 1). Upon overexposure of the immunoblot, a small
amount of Tom20(;5 to 10%) was found in the higher-mo-
lecular-weight range, slightly above the peak of the 400K po-
sition (small amounts of Tom40 and other components of the
GIP complex were also observed at this slightly higher posi-
tion) (Fig. 1).

Thus, using blue native gel electrophoresis, we did not detect
a stable interaction between Tom70 and the 400K complex.
Similarly, most of Tom20 (;90%) was not stably associated
with the 400K complex. A small fraction of Tom20 might be
found in association with the 400K complex, leading to a com-
plex with a slightly higher molecular weight.

The GIP complex can be formed in the absence of the re-
ceptors Tom20 and Tom70. We applied two additional ap-
proaches to assess the relationship among Tom20, Tom70, and
the GIP complex: coimmunoprecipitation of Tom proteins (1,
2, 12, 15, 16, 25, 34, 54) and deletion of the genes TOM20 and
TOM70 (18).

Coimmunoprecipitation of Tom70, Tom20, and Tom22 from
digitonin-lysed mitochondria was performed with all available
monospecific anti-Tom antibodies: anti-Tom70, anti-Tom20,
anti-Tom22, anti-Tom40, and anti-Tom5. Efficient precipita-
tion of Tom70 was possible only with anti-Tom70 (Fig. 2A,
upper panel, lane 2). Antibodies directed against Tom40,
Tom20, Tom22, or Tom5 precipitated only minute amounts of
Tom70 that were close to the background value (Fig. 2A, up-

per panel, lanes 3 to 6; Fig. 2B, columns 5 to 8). Similarly, only
small amounts of Tom20 and Tom22 were coprecipitated with
anti-Tom70 (Fig. 2A, lower panel, lane 2; Fig. 2B, column 1).
In contrast, Tom22 was coprecipitated with both anti-Tom40
and anti-Tom5 at an efficiency close to that of the direct pre-
cipitation of Tom22 with anti-Tom22 (Fig. 2A, lower panel,
compare lanes 3 and 6 to lane 5), confirming a stable associa-
tion of Tom22, Tom40, and Tom5. However, anti-Tom20 pre-
cipitated only small amounts of Tom22 (Fig. 2A, lower panel,
lane 4). Similarly, Tom20 was efficiently precipitated only by
direct precipitation with anti-Tom20 (Fig. 2A, lower panel,
lane 4), whereas anti-Tom40, anti-Tom22 and anti-Tom5 co-
precipitated ;10 to 20% of Tom20 (Fig. 2A, lower panel, lanes
3, 5, and 6; Fig. 2B, columns 2 to 4). The coimmunoprecipita-
tion experiments thus support the observations made with blue
native gel electrophoresis: a stable association exists among
Tom40, Tom22, and Tom5 (GIP complex), while the majority
of Tom20 and the majority of Tom70 are less stably associated
and can be found separate from each other and the GIP com-
plex. Since Tom40, Tom22, and Tom5 migrate at identical
positions on blue native gels (Fig. 1), the efficient coprecipita-
tion demonstrates that they are present in the same 400K
complex.

To determine whether Tom20 or Tom70 is needed for the
formation of the GIP complex in vivo, we used an S. cerevisiae
strain that lacks both Tom20 and Tom70. While deletion of
both genes TOM20 and TOM70 is lethal probably because of
the involvement of Tom20 and Tom70 in the biogenesis of
Tom22 (13, 18, 22, 30, 31, 39), the expression of TOM22 from
a high-copy-number plasmid confers viability to the double-
deletion strain. The resulting yeast cells show a two- to three-
fold reduced growth rate on fermentable or nonfermentable
medium (18). We isolated mitochondria from a tom20D
tom70D TOM221 strain and tested them for Tom protein
content. Tom70 and Tom20 were absent, as expected, whereas
Tom40 was present in wild-type amounts and the content of
Tom22 was slightly increased (Fig. 2C, lane 2). Thus, the ex-
pression of TOM22 from a high-copy-number plasmid restores
mitochondrial Tom22 content despite the absence of the re-
ceptors Tom20 and Tom70 (see Discussion). The mitochon-
dria were then applied to blue native gels and analyzed for the
presence of the GIP complex. Lane 4 of Fig. 2C shows that the
400K complex was indeed present, showing that neither
Tom20 nor Tom70 is required for the formation of the GIP
complex. We wondered what the capability for importing pre-
proteins was when the GIP complex was present but both
Tom20 and Tom70 were absent. Mitochondrial precursor pro-
teins were synthesized in rabbit reticulocyte lysates in the pres-
ence of [35S]methionine-cysteine. We used two model prepro-
teins that have been used to study the mitochondrial import
machinery (1), the b subunit of the F1-ATPase (Fig. 2D, lanes
1 to 10) and a fusion of the presequence of F0-ATPase subunit
9 and dihydrofolate reductase (Fig. 2D, lanes 11 to 20). When
the preproteins were incubated with wild-type mitochondria
(Fig. 2D, lanes 1 to 4 and 11 to 14) or mutant mitochondria
(Fig. 2D, lanes 6 to 9 and 16 to 19) in the presence of a
membrane potential, they were proteolytically processed (Fig.
2D, upper panel) and transported to a protease-protected lo-
cation (Fig. 2D, lower panel). In the absence of a membrane
potential, no import of the preproteins was observed with
either type of mitochondria (Fig. 2D, lanes 5, 10, 15, and 20).
Import into mutant mitochondria thus showed the typical char-
acteristics of mitochondrial protein import, i.e., membrane po-
tential dependence, proteolytic processing, and transport to a
protease-protected location. The efficiencies of import of the
preproteins into mutant mitochondria represented ;15 to

FIG. 1. Separation of Tom proteins by blue native gel electrophoresis. Iso-
lated S. cerevisiae wild-type mitochondria were lysed in digitonin buffer and
subjected to blue native PAGE in the first dimension and SDS-PAGE in the
second dimension as described in Materials and Methods. Following electro-
phoresis, proteins were blotted and then immunodecorated with antibodies spe-
cific for various Tom proteins. To analyze the locations of Tom7 and Tom6, these
proteins, along with Tom5, which served as a control, were synthesized in the
presence of [35S]methionine-cysteine and subsequently imported into mitochon-
dria in vitro. Following two-dimensional gel electrophoresis, radiolabeled Tom
proteins were analyzed by PhosphorImager storage technology. The position of
the 400K complex is indicated.
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25% those into wild-type mitochondria, and the import times
were longer (up to 40 min). We conclude that mutant mito-
chondria lacking both receptors Tom20 and Tom70 are still
able to import preproteins, albeit at a significantly reduced
efficiency.

Destabilization of the 400K Tom complex in mitochondria
lacking Tom6 leads to the formation of a 100K subcomplex of
Tom40, Tom7, and Tom5. We isolated mitochondria from mu-

tant yeast strains with deletions of the genes for one or more of
the small Tom proteins in order to determine if small Tom
proteins were involved in the formation or stability of the 400K
GIP complex. With mitochondria from a tom5D strain or a
tom7D strain, we observed a small mobility shift of the 400K
complex (probed with anti-Tom40 antibodies), in agreement
with a minor molecular weight change due to the loss of a small
subunit (Fig. 3, lanes 2 and 4). With tom6D mitochondria,

FIG. 2. Tom20 and Tom70 are not essential for the formation of the 400K Tom complex. (A) Coimmunoprecipitation of Tom proteins. Wild-type mitochondria
(250 mg) were lysed in 0.5% digitionin buffer and subjected to coimmunoprecipitation with preimmune serum (lane 1) and with anti-Tom70 (lane 2), anti-Tom40 (lane
3), anti-Tom20 (lane 4), anti-Tom22 (lane 5), and anti-Tom5 (lane 6) antibodies covalently coupled to protein A-Sepharose. The coprecipitated proteins were separated
by SDS-PAGE, transferred to nitrocellulose, and immunodecorated with antisera directed against Tom70, Tom22, and Tom20. (B) Quantification of the amounts of
coprecipitated Tom20 and Tom70. The experiment was performed as described for panel A. The amounts of Tom20 and Tom70 that were precipitated by their
respective antibodies were set to 100% (control). (C) Formation of the 400K Tom complex in mitochondria lacking Tom20 and Tom70. Mitochondria were isolated
from the wild type (WT) and a mutant strain lacking Tom20 and Tom70 and expressing Tom22 from a high-copy-number plasmid (tom20D tom70D TOM221) and
were subjected to SDS-PAGE and blue native PAGE. Following electrophoresis, proteins were transferred to nitrocellulose and immunodecorated with antibodies
directed against Tom70, Tom40, Tom22, and Tom20 (SDS-PAGE) and Tom22 (blue native PAGE). (D) Import of preproteins into mitochondria lacking Tom20 and
Tom70. A rabbit reticulocyte lysate containing radiolabeled preproteins (F1-ATPase subunit b [F1b] or a fusion of the presequence of F0-ATPase subunit 9 and
dihydrofolate reductase [Su9-DHFR]) was incubated with wild-type mitochondria and tom20D tom70D TOM221 mitochondria in the presence or absence of a
membrane potential (Dc) for the indicated times. When needed, mitochondria were treated with 50 mg of proteinase K (Prot. K) per ml and reisolated. Mitochondrial
proteins were separated by SDS-PAGE, and radiolabeled proteins were detected by PhosphorImager storage technology. p, i, and m, precursor intermediate, and
mature forms of a preprotein, respectively.
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however, a dramatic change occurred. Tom40 was predomi-
nantly (;80% 6 10%) found in the 100K area (Fig. 3, lane 3).
A lack of Tom6 thus caused a destabilization of the 400K
complex. When in vitro-synthesized Tom6 was imported into
tom6D mitochondria, the 400K complex was restored (Fig. 3,
lane 7), demonstrating that the loss of Tom6 alone, and no
indirect effect, was responsible for the dissociation of the 400K
complex.

It has been proposed that Tom7 functions in part antago-
nisticically toward Tom6 (16). Thus, we examined if deletion of
Tom7 influenced the Tom complex in tom6D mitochondria.
Mitochondria were isolated from a tom6D tom7D double-de-
letion strain and analyzed by blue native gel electrophoresis.
Besides a small mobility shift of the 100K subcomplex (consis-
tent with the loss of a small Tom protein), we observed an
additional band at about 200K (Fig. 3, lane 5). The 200K band
was present in relatively small amounts and contained Tom40
and probably Tom5 but not Tom22 (data not shown). The lack
of Tom7 thus resulted in a partial stabilizing effect on Tom
subcomplexes in tom6D mitochondria.

Which Tom proteins are present in the 100K subcomplex?
We used anti-Tom40 and anti-Tom22 antibodies in parallel.
Only Tom40 was found in the 100K area in both tom6D mito-
chondria and tom6D tom7D mitochondria (Fig. 4A, lanes 2 and
3), while a considerable amount of Tom22 was observed in a
lower-molecular-weight range (Fig. 4A, lanes 5 and 6).

Tom22 exposes to the cytosol a domain that is accessible to
trypsin added to mitochondria (22, 24), leading to the removal
of ;10 kDa. When wild-type mitochondria were treated with
trypsin prior to lysis and blue native gel electrophoresis, the
GIP complex shifted to ;350K (Fig. 4B, lane 2). As described

below, a single GIP complex contains several (three to six)
Tom22 molecules; the observed molecular weight shift of the
GIP complex is thus in agreement with a loss of the cytosolic
domains of the Tom22 molecules. With the 100K subcomplex
of tom6D mitochondria, however, no mobility shift was ob-
served after treatment of the mitochondria with trypsin (Fig.
4B, compare lanes 3 and 4), confirming the absence of Tom22
from the 100K subcomplex.

We examined whether the other two small Tom proteins,
Tom5 and Tom7, were present in the 100K subcomplex of
tom6D mitochondria. The small mobility shift of the 100K sub-
complex between tom6D mitochondria and tom6D tom7D mi-
tochondria (Fig. 4A, compare lanes 2 and 3) may suggest the
presence of Tom7. To directly determine their presence, 35S-
labeled Tom5 or Tom7 was imported into tom6D mitochondria
and analyzed by blue native gel electrophoresis. Indeed, major
fractions of both small Tom proteins were found in the 100K
subcomplex (Fig. 4C, lanes 2 and 4). We conclude that the
100K subcomplex contains Tom40, Tom7, and Tom5.

Release of the three small Tom proteins: Tom6 is not re-
quired for maintaining a stable association between Tom40
and Tom22. The stability of the 400K complex was tested by
lysis of mitochondria with digitonin in the presence of salt or
urea. The 400K complex was surprisingly highly stable. Neither
up to 0.5 M NaCl nor up to 4 M urea had any influence on the
migration of the 400K complex in blue native gel electrophore-
sis (data not shown). Lysis of mitochondria with Triton X-100,
however, had a profound effect on the mobility of the GIP
complex (Fig. 5A). When wild-type mitochondria were lysed
with Triton X-100, Tom40 and Tom22 migrated mainly at
;300K (Fig. 5A, lanes 1 and 4). A small amount of Tom40 was
also found at ;80K (Fig. 5A, lane 1), and a small amount of
Tom22 was found at an even lower molecular weight (Fig. 5A,
lane 4). With tom6D mitochondria and tom6D tom7D mito-
chondria, the major fraction of Tom40 was found at the 80K
position (Fig. 5A, lanes 2 and 3), while Tom22 migrated mainly
at a lower position (Fig. 5A, lanes 5 and 6). Trypsin treatment
of mitochondria prior to lysis with Triton X-100 caused a shift
of the 300K complex to ;250K (Fig. 5B, lane 2), while the
mobility of the 80K subcomplex containing Tom40 was not
altered (Fig. 5B, lane 4). This result confirms that Tom22 is not
present in the 80K subcomplex.

While it may be argued that the mobility differences of the
GIP complex after lysis with digitonin or Triton X-100 can be
attributed to an influence of the detergent on the electro-
phoretic run, we observed a further difference when comparing
wild-type mitochondria with tom6D or tom6D tom7D mitochon-
dria. With digitonin-lysed mitochondria, the absence of Tom6
or Tom7 was visible as small mobility shifts of the remaining
400K complexes with both anti-Tom40 and anti-Tom22 anti-
bodies (Fig. 4A). With Triton X-100-lysed mitochondria, how-
ever, the mobility of the 300K complexes was not altered by
either the presence or the absence of Tom6 or Tom7 (Fig. 5A).
Moreover, the subcomplexes of tom6D mitochondria contain-
ing Tom40 were differentially influenced by the absence of
Tom7: after lysis with digitonin, the 100K subcomplex of tom6D
tom7D mitochondria ran faster than that of tom6D mitochon-
dria, consistent with the absence of Tom7 (Fig. 4A, lanes 2 and
3); in contrast, after lysis with Triton X-100, the 80K subcom-
plex of tom6D mitochondria (Fig. 5A, lane 2) did not show
altered mobility when Tom7 was absent (Fig. 5A, lane 3).
These results suggest that small Tom proteins are released
from Tom complexes by Triton X-100.

To test this prediction, we imported 35S-labeled Tom5,
Tom6, and Tom7 into mitochondria and performed lysis with
Triton X-100. None of the small Tom proteins was present in

FIG. 3. Deletion of Tom6 but not Tom7 or Tom5 destabilizes the 400K Tom
complex. Wild-type (WT) mitochondria (lane 1) and mitochondria lacking Tom5
(tom5D) (lane 2), Tom6 (tom6D) (lane 3), Tom7 (tom7D) (lane 4), or both Tom6
and Tom7 (tom6D tom7D) (lane 5) were lysed in digitonin buffer and subjected
to blue native PAGE. Proteins were transferred to a PVDF membrane and
immunodecorated with antibodies directed against Tom40. For lanes 6 and 7,
WT and tom6D mitochondria were first incubated with 35S-labeled Tom6 at 25°C
for 15 min. Mitochondria were isolated and lysed in digitonin buffer. 35S-labeled
Tom6-containing complexes were detected by Phosphorimager storage technol-
ogy. The Tom40-containing complexes are indicated (400K, 200K, and 100K).
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the area of the GIP complex or the 80K subcomplex, but all
three, Tom5, Tom6, and Tom7, were found in the very low mo-
lecular weight range (Fig. 5C, lanes 1 to 3; data are for wild-
type mitochondria; the same results were obtained with tom6D
mitochondria). We showed above with digitonin lysis that the
in vitro-imported small Tom proteins were efficiently assem-
bled into the GIP complex of wild-type mitochondria (Fig. 3,
lane 6; Fig. 4C, lanes 1 and 3) or, in case of Tom5 and Tom7,
also into the 100K subcomplex of tom6D mitochondria (Fig.
4C, lanes 2 and 4). These results demonstrate that Triton
X-100 releases the three small Tom proteins from the GIP
complex and from Tom40 or Tom22 subcomplexes derived
from it.

Since the major fractions of Tom40 and Tom22 from wild-
type mitochondria remained associated in Triton X-100 de-
spite the release of Tom6 (Fig. 5A, lanes 1 and 4), we conclude
that Tom6 is not essential to maintain the interaction between
Tom40 and Tom22. The absence of Tom6 in mitochondria
(tom6D), however, causes dissociation of large fractions of
Tom40 and Tom22 (Fig. 5A, lanes 2 and 5). Thus, Tom6 is
required to promote but not to maintain the association of
Tom22 with Tom40.

Assessment of the stoichiometry of Tom proteins. We quan-
tified the mitochondrial amounts of the large Tom proteins
Tom20, Tom22, Tom40, and Tom70 by standardized immuno-
blotting with a direct comparison of expressed and purified
Tom protein cytosolic domains and mitochondrial extracts (the
antibodies were generated against the expressed proteins) (6,
9). Tom40 was present at 250 to 300 pmol/mg of mitochondrial
protein, and Tom22 was present at 200 to 300 pmol/mg (Table
2). Tom20 and Tom70 were found at 60 to 70 pmol/mg. As

determined by the accumulation of a two-membrane-spanning
preprotein, the amount of translocation contact sites was re-
ported to be 15 pmol/mg, the same amount as that determined
for the Tim core complexes of the inner membrane (9). Since
only one in three to four GIP complexes contains a two-mem-
brane-spanning preprotein under saturating conditions (9), the
amount of GIP complexes is 45 to 60 pmol/mg. We demon-
strate here that Tom40 and Tom22 are predominantly present
in GIP complexes; therefore, each GIP complex contains about
four to six molecules of Tom40 and three to six molecules of
Tom22.

How do these calculations fit with the relative native sizes of
the GIP complex and the various subcomplexes assessed by
blue native gel electrophoresis? Treatment of mitochondria
with trypsin removes ;50 kDa from both the digitonin-lysed
GIP complex and the Triton X-100-lysed GIP complex, con-
sistent with the removal of the cytosolic domains of three to six
molecules of Tom22. The 80K subcomplex in Triton X-100-
lysed tom6D mitochondria contains neither Tom22 nor the
three small Tom proteins. Additionally, since the (already weak)
coprecipitation of Tom20 or Tom70 with Tom40 in wild-type
mitochondria is further decreased in tom6D mitochondria (2),
the possibility that Tom20 or Tom70 is quantitatively present
in the 80K subcomplex can be excluded. It is therefore likely
that the 80K subcomplex consists of Tom40 alone and may
represent a dimer. The 100K subcomplex of digitonin-lysed
tom6D mitochondria contains Tom40, Tom7, and Tom5 but
not Tom22. The shift from 80K to 100K agrees with the addi-
tion of Tom5 and Tom7 to a Tom40 dimer. The 300K complex
of Triton X-100-lysed wild-type mitochondria contains Tom22
and Tom40 but not the small Tom proteins; its size is consis-

FIG. 4. The 100K Tom subcomplex contains Tom5 and Tom7 but not Tom22. (A) Tom40 and Tom22 of tom6D mitochondria are not tightly associated. Wild-type
(WT) mitochondria (lanes 1 and 4) and mitochondria lacking Tom6 (tom6D) (lanes 2 and 5) or both Tom6 and Tom7 (tom6D tom7D) (lanes 3 and 6) were lysed in
digitonin buffer and subjected to blue native PAGE and immunodecoration with antibodies against Tom40 (lanes 1 to 3) or Tom22 (lanes 4 to 6). The positions of the
400K and 100K complexes as well as Tom22 found at a low molecular weight (asterisk) are indicated. (B) Trypsin treatment of mitochondria leads to partial degradation
of the 400K complex but not of the 100K subcomplex. WT and tom6D mitochondria were treated or not treated with 20 mg of trypsin per ml prior to digitonin buffer
lysis, blue native PAGE, and immunodecoration with antibodies against Tom40. (C) Tom5 and Tom7 are present in the 100K subcomplex. In vitro-translated
35S-labeled Tom5 (lanes 1 and 2) and 35S-labeled Tom7 (lanes 3 and 4) were incubated with WT or tom6D mitochondria at 25°C for 20 min. Mitochondria were isolated,
lysed in digitonin buffer, and subjected to blue native PAGE. Radiolabeled complexes were analyzed by PhosphorImager storage technology.
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tent with the presence of three to six molecules of Tom22 and
four to six molecules of Tom40. The size of 400K of the GIP
complex of digitonin-lysed wild-type mitochondria agrees with
the presence of three to six molecules of Tom22, four to six
molecules of Tom40, and the additional presence of small Tom
proteins. The absolute amount of small Tom proteins cannot

be determined so far due to the lack of expressed and purified
proteins (and of monospecific antibodies generated against
expressed proteins). The small mobility shifts of the 400K
complex in the various mutant mitochondria lacking one or
two small Tom proteins (Fig. 3; Fig. 4A) in comparison to the
mobility shifts resulting from the removal of the cytosolic do-
mains of Tom22 (Fig. 4B) suggest the presence of a limited
number of small Tom proteins (about two to four molecules of
each small Tom protein) in the 400K complex. Schägger et al.
(43) pointed out that, while blue native gel electrophoresis
does not allow an absolute size determination of protein com-
plexes due to the presence of ligands (lipids, detergent, and
Coomassie brilliant blue G-250) or the influence of protein
shape, the detected molecular weights deviated less than 20%
from those determined by other methods. For Tom22 and
Tom40, we could compare the assessment by blue native gel
electrophoresis with the direct quantification of the protein
amounts; we observed good agreement, supporting the value
of blue native gel electrophoresis for the assessment of native
sizes of membrane protein complexes.

Only 5 to 10% (blue native gel electrophoresis) or 10 to 20%
(coimmunoprecipitation) of Tom20 molecules, i.e., ;4 to 12
pmol/mg, were found in association with the GIP complex
(Table 2). This means that only a minority of GIP complexes
(60 pmol/mg) have Tom20 stably associated after digitonin
lysis. Therefore, only a fraction of Tom22 (present at 200 to
300 pmol/mg) can be observed in association with Tom20. The
proposed heterodimer or complex of Tom20 and Tom22 (32)
does not seem to represent a major stable form under the
conditions used here.

FIG. 5. Release of the small Tom proteins leads to a Tom40 core complex (80K). (A) Lysis of mitochondria with Triton X-100 generates 300K and 80K Tom
complexes. Wild-type (WT) mitochondria (lanes 1 and 4) and mitochondria lacking Tom6 (tom6D) (lanes 2 and 5) or both Tom6 and Tom7 (tom6D tom7D) (lanes 3
and 6) were lysed in Triton X-100 buffer and subjected to blue native PAGE and immunodecoration with antibodies against Tom40 (lanes 1 to 3) or Tom22 (lanes 4
to 6). The positions of the 300K and 80K Tom40 complexes found in Triton X-100 buffer and Tom22 found at a low molecular weight (asterisk), along with the expected
positions of the 400K and 100K complexes (as determined after digitonin buffer lysis; see Fig. 3 and 4), are indicated. (B) Trypsin treatment of mitochondria leads to
partial degradation of the 300K complex but not of the 80K complex. WT and tom6D mitochondria were treated or not treated with 20 mg of trypsin per ml prior to
lysis in Triton X-100 buffer, blue native PAGE, and immunodecoration with antibodies against Tom40. (C) Triton X-100 causes the release of the three small Tom
proteins from Tom40. WT mitochondria were incubated with in vitro-translated 35S-labeled Tom5 (lane 1), 35S-labeled Tom6 (lane 2), or 35S-labeled Tom7 (lane 3)
for 20 min at 25°C. Mitochondria were isolated and lysed in Triton X-100 buffer prior to analysis by blue native PAGE. Radiolabeled complexes were detected by
PhosphorImager storage technology. The expected positions of the 400K and 100K complexes (from digitonin lysis buffer), along with the actual position of the
radiolabeled Tom proteins (double asterisks), are indicated.

TABLE 2. Assessment of the stoichiometry of Tom proteinsa

Component or
structure

Abundance, pmol/mg of
mitochondrial protein

(associated with
GIP complex)

Tom proteins
Tom20 .................................................................. 60–70 (4–12)
Tom22.................................................................... 200–300 (200–300)
Tom40.................................................................... 250–300 (250–300)
Tom70.................................................................... 60–70 (,3)

GIP complexes.......................................................... 45–60

Translocation contact sites...................................... 15

Tim core complexes ................................................. 15–20

a The abundance of Tom proteins was determined by standardized immu-
noblotting with expressed and purified protein cytosolic domains (6, 9) and
antibodies generated against them. The reactivities of the antibodies with the
SDS-denatured proteins were compared for the purified proteins and the mito-
chondrial extracts. The data for the abundance of GIP complexes, translocation
contact sites, and Tim core complexes and the 250-pmol/mg value for Tom40 are
derived from reference 9. The association with the GIP complex was determined
by blue native gel electrophoresis and coimmunoprecipitation.
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DISCUSSION

This report leads to three main conclusions about the orga-
nization of the protein import machinery of the outer mito-
chondrial membrane: (i) the GIP complex of ;400K contains
the essential subunits Tom40 and Tom22 and the three small
Tom proteins; (ii) the receptors Tom20 and Tom70 are not
crucial for the formation of the GIP complex; and (iii) Tom6
functions as an assembly factor for Tom22, promoting its stable
association with Tom40.

The GIP complex. We report that a protein complex of 400K
represents the central unit of the preprotein translocase of the
outer mitochondrial membrane. The complex quantitatively
contains the only two essential proteins of the Tom machinery,
Tom22 and Tom40. Tom40 is the major constituent of the
GIP; thus, the complex is termed the GIP complex. In addition,
the complex contains the three small proteins Tom5, Tom6,
and Tom7. The GIP complex from digitonin-lysed mitochon-
dria is resistant to treatment with salt and urea (up to 4 M), but
the presence of Triton X-100 causes the release of the three
small Tom proteins, while Tom22 and Tom40 remain stably
associated. This finding suggests that the small Tom proteins
may be associated with the Tom40-Tom22 core complex via
hydrophobic interactions. By assessment of the relative sizes of
complexes by blue native gel electrophoresis and quantification
of the amounts of Tom40 and Tom22 in comparison to the
number of import sites (Table 2), the GIP complex was found
to contain four to six molecules of Tom40 and three to six
molecules of Tom22. The three small Tom proteins may be
present at two to four copies each.

It may be argued that the exact comigration of Tom40,
Tom22, and the three small Tom proteins in blue native gel
electrophoresis is fortuitous and does not prove that they are
present in the same 400K complex. This possibility can be ex-
cluded because these Tom proteins were efficiently coimmuno-
precipitated with antibodies directed against Tom40, Tom22,
or Tom5 (Fig. 2) (1, 2, 11, 16). Because Tom40, Tom22, Tom5,
and (at least) the bulk of Tom6 and Tom7 comigrated at 400K,
the efficient coimmunoprecipitation indicated that they were
present in the same complex. Observations with mutant mito-
chondria are supportive of the presence of these Tom proteins
in the same complex. The minor mobility shifts of the com-
plexes from tom5D or tom7D mitochondria in comparison to
wild-type mitochondria in blue native gel electrophoresis were
in agreement with the loss of the small subunits. In tom6D
mitochondria, the interaction between Tom40 and Tom22 was
destabilized but could be restored by the import of Tom6 into
isolated mitochondria. Moreover, the possibility that the asso-
ciation of the Tom proteins occurred after lysis of the mito-
chondria can be excluded because the 35S-labeled subunits ef-
ficiently assembled into the 400K complex when imported into
intact mitochondria but did not assemble at all when incubated
with lysed mitochondria (data not shown).

Tom20 and Tom70. Mayer et al. (32) proposed that Tom20
and Tom22 are needed simultaneously in the binding of pre-
proteins, forming a complex that functions as the mitochon-
drialpresequencereceptor.Wethereforeexpectedthatbothpro-
teins were present in roughly equimolar amounts in the same
complex; however, three lines of evidence suggest a modifica-
tion of the view.

(i) While Tom22 is stably associated with Tom40 in blue
native gel electrophoresis, the majority of Tom20 is found
in the low-molecular-weight range. Thus, the vast majority
of Tom22 is not present in a stable complex with Tom20 that
can be detected by blue native gel electrophoresis (while the
associations between the subunits of the GIP complex are

highly stable in electrophoresis (Fig. 1), like the associations in
the Tim core complex and the associations between a mem-
brane-spanning preprotein and import complexes [9]).

(ii) An additional technique, the coimmunoprecipitation of
Tom proteins, led to a conclusion similar to that from blue
native gel electrophoresis regarding the loose association be-
tween Tom20 and Tom22. Only 4 to 12 pmol of Tom20 per mg
(5 to 20%) seems to be stably associated with the 400K Tom
complex under the conditions used (where Tom22 is present at
200 to 300 pmol per mg of mitochondrial protein). Both tech-
niques suggest that the bulk of the receptor Tom70 is not stably
associated with the GIP complex; ,5% (,3 pmol/mg) of total
Tom70 seems to be associated with subunits of the GIP com-
plex.

(iii) With both methods, blue native gel electrophoresis and
coimmunoprecipitation, it remains formally possible that Tom20
and Tom70 are genuine subunits of the GIP complex and are
released from the complex after lysis of the mitochondria.
Therefore, we used an in vivo assay with tom20D tom70D
mitochondria. Despite the complete absence of both receptors,
the GIP complex was fully stable, and the mitochondria were
functional in the import of preproteins, with an efficiency of
;15 to 25% compared to wild-type mitochondria. The only,
but crucial, prerequisite was that Tom22 was present in the
mitochondria in wild-type amounts. This requirement could be
achieved by expression of TOM22 from a high-copy-number
plasmid. The explanation is that Tom20 and Tom70 are in-
volved in the biogenesis of Tom22, and a lack of Tom20 causes
a strong reduction in the mitochondrial level of Tom22 (13, 18,
22, 30, 42a). Interestingly, Lithgow et al. (30, 31) isolated a
yeast strain with a dominant mutation in an unidentified nu-
clear gene (termed SUPX). The SUPX mutation apparently
caused an increased half-life of Tom22 and thereby suppressed
the lethal phenotype caused by a tom20D tom70D double de-
letion. Preproteins were shown to be imported into mitochon-
dria isolated from a tom20D tom70D SUPX strain at a partially
reduced efficiency. It is conceivable that the SUPX mutation
also stabilizes other components of the mitochondrial import
machinery, a suggestion which could explain the relatively mild
reduction of protein import into mitochondria isolated from
the tom20D tom70D SUPX strain.

We conclude that Tom20 and Tom70 are not crucial for the
formation of the GIP complex but associate with the complex
in a more loose manner. It is conceivable that in vivo, all Tom
proteins are present in a large dynamic complex that consists of
subcomplexes. Tom20 and Tom70 would thereby represent
peripheral subunits of such a translocase, while the GIP com-
plex would form the central unit. Moreover, transient interac-
tions between these receptors (15) and the GIP complex may
be involved in the transfer of preproteins between the recep-
tors and the GIP complex. The GIP complex contains one
subunit with a receptor function (Tom22), such that it is able to
mediate the basic import of preproteins by itself. The presence
of Tom20 and Tom70 may facilitate the collection of prepro-
teins from all over the mitochondrial surface and thereby in-
crease the rate of import about fivefold.

Tom6 as an assembly factor. A deletion of Tom6 has a
strong effect on the stability of the GIP complex. The interac-
tion between Tom40 and Tom22 is destabilized, and the pro-
teins are preferentially found in the lower-molecular-weight
range in blue native gel electrophoresis: Tom40 in an ;100K
subcomplex and Tom22 below 60K. Tom5 and Tom7 remain
associated with Tom40 in the 100K subcomplex. When Tom6
is imported into tom6D mitochondria, the 400K complex is
restored, showing that the lack of Tom6 is solely responsible
for the dissociation of Tom22 from Tom40.
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Two possibilities for the function of Tom6 are conceivable.
(i) Tom6 is a structural component of the complex that must be
permanently associated with Tom40 and Tom22, or (ii) Tom6
promotes the assembly of Tom22 with Tom40 but is not re-
quired to maintain the interaction between both proteins. The
latter possibility seems likely, since most of Tom22 and Tom40
remained stably associated after lysis of wild-type mitochon-
dria with Triton X-100, although all small Tom proteins, in-
cluding Tom6, were released from the GIP complex. In con-
trast, when tom6D mitochondria were lysed with Triton X-100,
a large fraction of Tom22 dissociated from Tom40. Tom6 has
to be present in mitochondria in order to promote stable con-
tact between Tom22 and Tom40 but, once established, the
interaction is maintained in the absence of Tom6 as well.

We propose that Tom40 forms the core of the GIP complex
with which Tom22, Tom7, and Tom5 assemble. While Tom5
and Tom7 associate with Tom40 in a Tom6-independent man-
ner, Tom6 functions as an assembly factor for Tom22.
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