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TOM22 is an essential mitochondrial outer membrane protein required for the import of precursor proteins
into the organelles. The amino-terminal 84 amino acids of TOM22 extend into the cytosol and include 19
negatively and 6 positively charged residues. This region of the protein is thought to interact with positively
charged presequences on mitochondrial preproteins, presumably via electrostatic interactions. We constructed
a series of mutant derivatives of TOM22 in which 2 to 15 of the negatively charged residues in the cytosolic
domain were changed to their corresponding amido forms. The mutant constructs were transformed into a
sheltered Neurospora crassa heterokaryon bearing a tom22::hygromycin R disruption in one nucleus. All con-
structs restored viability to the disruption-carrying nucleus and gave rise to homokaryotic strains containing
mutant tom22 alleles. Isolated mitochondria from three representative mutant strains, including the mutant
carrying 15 neutralized residues (strain 861), imported precursor proteins at efficiencies comparable to those
for wild-type organelles. Precursor binding studies with mitochondrial outer membrane vesicles from several
of the mutant strains, including strain 861, revealed only slight differences from binding to wild-type vesicles.
Deletion mutants lacking portions of the negatively charged region of TOM22 can also restore viability to the
disruption-containing nucleus, but mutants lacking the entire region cannot. Taken together, these data
suggest that an abundance of negative charges in the cytosolic domain of TOM22 is not essential for the
binding or import of mitochondrial precursor proteins; however, other features in the domain are required.

Nucleus-encoded proteins destined to reside in mitochon-
dria are synthesized as precursors on cytosolic ribosomes. Most
precursors contain an N-terminal mitochondrial targeting sig-
nal, or presequence, which is ultimately removed from the
protein. The process of translocation into mitochondria (re-
viewed in references 28, 42, 44, 53, 56) is initiated by binding of
precursors to the cis site on the surface of the organelle by
interaction with receptors of the outer membrane translocase
(the TOM complex). The major components of the cis site are
the cytosolic domains of the TOM20 and TOM22 proteins,
which act in tandem as the receptor for the majority of pre-
cursors (32, 50). A small subset of precursors, most of which
lack cleavable presequences, first interact with the TOM70-
TOM37 receptor system prior to being passed to the TOM22-
TOM20 complex (15, 18, 24, 26, 40).

Following cis site binding, precursors are routed through the
TOM complex translocation channel. For precursors with
cleavable targeting signals, the presequence interacts with the
trans site on the intermembrane space side of the outer mem-
brane as it emerges from the translocation channel (33, 49, 50).
Precursors in this position are poised for interaction with the
TIM23-containing (4, 54) inner membrane translocase (the
TIM complex) and DC- and ATP-dependent movement
through the inner membrane. One family of precursors utilizes
a different TIM complex for insertion directly into the mito-
chondrial inner membrane (23, 25, 59, 60).

Several studies have shown that the presequence is both

necessary and sufficient to direct proteins to the organelle
(19–21). Presequences have no common primary structure but
share certain properties (42, 45, 52, 62, 63): most are 20 to 80
amino acid residues long, they are enriched for both positively
charged (mostly Arg) and hydroxylated (mostly Ser) residues,
they are deficient in negatively charged residues, and they have
the potential to form an amphipathic a-helix. These charac-
teristics have suggested various mechanisms by which prese-
quences could facilitate targeting and/or import into mito-
chondria. First, their distinct features could be recognized by
surface receptors. Second, they might penetrate lipid bilayers
due to their amphipathic nature. Third, their positively
charged nature might allow them to be drawn into the matrix
by electrophoretic forces imparted by the membrane potential
(DC) across the mitochondrial inner membrane (30).

The N-terminal, cytosolic domains of both Neurospora crassa
and Saccharomyces cerevisiae TOM22 are highly negatively
charged. This led to the suggestion that targeting of mitochon-
drial precursors to the organelle might be achieved via elec-
trostatic interaction of these charges with the positive residues
in the presequence (24). Similar suggestions were made for the
action of TOM20, since it contains clusters of acidic residues
even though its overall charge is nearly neutral (6, 17, 35).
Recently, several reports have provided support for the notion
of electrostatic interaction between precursors and receptors.
For example, cis site binding of presequence-containing pre-
cursors to either mitochondria (17) or outer membrane vesi-
cles (OMV [32]) is salt sensitive and can be competed by
presequence peptides. In vitro assays of the binding of various
precursors to the cytosolic domains of either TOM20 or
TOM22 have shown variable influences of salt and competition
by presequence peptides depending on the combination of
precursor and receptor examined (8, 26, 57). Two studies have
addressed the role of the negative charges on receptor proteins
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in vivo. In the first, it was found that changing one neutral and
one negatively charged residue to positively charged residues
in yeast TOM22 affected growth on nonfermentable carbon
sources (6). Mitochondria isolated from the mutant strain were
strongly impaired in their ability to import preproteins. Re-
moval of the acidic residues at the C terminus of yeast TOM20
resulted in a reduction of import in isolated mitochondria but
did not affect growth (6). A second study utilized a mutant
form of the rat TOM20 protein lacking the acidic C terminus.
When this truncated form of the rat protein was expressed in
a yeast tom20 deletion strain, it complemented both the growth
and import defects of the cells (22).

We decided to systematically evaluate the role of the nega-
tive charges in the cytosolic domain of TOM22. To achieve
this, we neutralized various numbers of the acidic residues and
expressed the mutant constructs in N. crassa cells lacking a
wild-type tom22 gene. In addition, we constructed deletion
mutants lacking large portions of the cytosolic domain. Our
analysis suggests that most of the negative charges in the do-
main can be removed without drastic effects on either the
growth of cells or on the import of precursors into mitochon-
dria. Furthermore, large portions of the negatively charged
region of the TOM22 cytosolic domain can be deleted without
severe effects on the function of the protein.

MATERIALS AND METHODS

Strains, media, and growth. Growth and handling of N. crassa strains were as
described elsewhere (11). Strain ND-113-1 is a sheltered heterokaryon composed
of two nuclei with the genotypes a his-3 mtr tom22::hygR and a pan-2 bml (40).
The mutation in the mtr gene provides resistance to both 4-methyltryptophan
(MTR) and p-fluorophenylalanine (FPA). Strain 76-26 (a his-3 mtr) is the parent
of the ND-113-1 nucleus that carries the tom22 disruption in the sheltered
heterokaryon. Two different classes of mutants were used in this study. The first
class contains mutations which alter negatively charged residues in the cytosolic
domain of the TOM22 protein. These were derived by transformation of ND-
113-1 with plasmids carrying bleomycin resistance (2), ampicillin resistance, and
tom22 genes that had been altered by site-directed mutagenesis of a genomic
tom22 clone. These strains (designated 96, 40, 104, 98, 006, 068, 008, 861, 95, 100)
and their isolation are described in Results. A single strain containing a frame-
shift mutation at codon 29 (FS29) was also derived by this method. The second
class contained deletions in the tom22 gene. These strains were isolated by
cotransforming ND-113-1 with a bleomycin resistance plasmid and different
plasmids containing deleted forms of the genomic tom22 gene created by site-
directed mutagenesis. These strains (D2-28, D32-44, D2-281D32-44, and D95-
104) are also described in Results.

As a simple method to quantify growth, we measured the rate of mycelial
elongation in race tubes (11). These were constructed by laying sterile disposable
25-ml pipettes flat on a bench top and filling them approximately one-third full
of molten solid growth medium (64). Strains were inoculated at one end of the
tube, and the extent of mycelial growth was recorded each day.

Isolation of mitochondria. Mitochondria were isolated by the procedure of
Pfanner and Neupert (46), except that the phenylmethylsulfonyl fluoride con-
centration during the grinding step was increased to 1 mM. Further modifications
were introduced because the outer membranes of mitochondria from strain 861
were found to be unusually fragile. Therefore, isolation of mitochondria was
carried out with isolation buffer containing 500 or 750 mM sucrose, and the
duration of manual grinding with quartz sand was reduced to about 30 s.

Protein import into isolated mitochondria. The procedure described by Hark-
ness et al. (16) was utilized to assay import of precursors into mitochondria.
Import conditions were modified so that the sucrose concentration during all
phases of the reaction was adjusted to equal the concentration used for isolation
of mitochondria. Trypsin pretreatment was done according to the method de-
scribed by Mayer et al. (31).

Whole-cell PCR. A small sample of conidia (approximately one inoculating
loop full) from a fresh N. crassa culture was suspended in 100 ml of 1 M
sorbitol–20 mM EDTA (pH 8.0) containing lysing enzymes (Sigma, St. Louis,
Mo.) at 3 mg/ml, and the suspension was incubated for 10 min at 37°C. The
sample was centrifuged at 15,000 rpm for 1 min in a microcentrifuge, and the
supernatant was discarded. The pellet was washed by resuspending in 500 ml of
the sorbitol-EDTA solution without lysing enzymes, and the centrifugation was
repeated. The pellet was resuspended in 100 ml of sterile distilled water and
boiled for 10 min. After boiling, the sample was thoroughly vortexed and 300 ml
of 6 M NaI and 5 ml of glassmilk (61) were added. The sample was then gently
mixed for 30 min. The glassmilk, with bound DNA, was pelleted in a microcen-

trifuge and washed three times with 10 mM Tris-HCl (pH 7.2)–100 mM NaCl–1
mM EDTA–50% ethanol. The DNA was removed from the glassmilk with 20 ml
of sterile distilled water, and 2-ml samples were used in PCRs.

Other techniques. The standard techniques of agarose gel electrophoresis,
transformation of Escherichia coli, and isolation of bacterial plasmid DNA were
according to the methods described by Ausubel et al. (3). DNA sequencing with
the Thermo Sequence radiolabeled terminator cycle sequencing kit (Amersham,
Cleveland, Ohio) and site-directed mutagenesis with the Muta-Gene system
(Bio-Rad, Hercules, Calif.) were done according to the suppliers’ instructions.
The following procedures were performed by previously published procedures:
separation of mitochondrial proteins by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (27), Western blotting (14), determination of
mitochondrial protein concentrations (7), transformation of N. crassa sphero-
plasts (58) with the modifications described by Akins and Lambowitz (1), isola-
tion of mitochondrial OMV (31), and assays of preprotein binding to OMV (33).

RESULTS

To investigate the role of the negative charges in TOM22,
we changed various numbers of the 19 acidic residues in the
cytosolic domain to their corresponding amido forms using
site-directed mutagenesis (Fig. 1). The mutant versions of the
gene were inserted into a vector carrying a bleomycin resis-
tance gene. These plasmids were introduced into spheroplasts
of a sheltered heterokaryon (strain ND-113-1) carrying a

FIG. 1. Structure of the TOM22 protein and mutants derived by site-directed
mutagenesis of acidic residues. (Top) Putative structure of N. crassa TOM22
showing the cytosolic domain, the membrane-spanning region, and the inter-
membrane space (IMS) domain of the protein. The positions of all acidic and
basic residues in the cytosolic domain are indicated. (Bottom) Charge neutral-
ization mutant strains used in this study. These were derived by site-directed
mutagenesis of various numbers of acidic residues in the cytosolic domain. The
numbers of negative and positive charges present in each mutant as well as the
net charge in the cytosolic domain are indicated.
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tom22::hygromycin R disruption in one nucleus that prevents
synthesis of TOM22 and renders that nucleus inviable as a
homokaryon (Fig. 2) (40). Transformed spheroplasts were
plated on selective medium containing bleomycin, p-fluoro-
phenylalanine, and histidine. In principle, this medium could
allow the formation of two possible types of colonies following
ectopic integration of the tom22 constructs. If the disruption-
carrying nucleus is transformed with both the bleomycin resis-
tance gene and a functional tom22, then histidine-requiring ho-
mokaryons should be found. If the mutations introduced to the
tom22 gene render it nonfunctional or if integration occurs in
the tom221 nucleus of the heterokaryon, then only bleomycin-
resistant heterokaryons should grow. However, since the pres-
ence of p-fluorophenylalanine and histidine in the medium
should strongly favor the growth of colonies with a high ratio of
the nucleus bearing p-fluorophenylalanine resistance (nucleus
1; Fig. 2), it was unlikely that heterokaryons would appear on
the selective medium.

Transformants were isolated, allowed to conidiate, purified
by streaking to single-colony isolates on the medium used for
selection, and tested for biochemical requirements (Fig. 2).
Transformants obtained with any of the mutant constructs
shown in Fig. 1 were found to be exclusively histidine-requiring
homokaryons and, therefore, must contain only the disruption-
bearing nucleus transformed with a tom22 allele supplying a
functional version of the TOM22 protein. To exclude the pos-
sibility of contamination or alterations in the mutated tom22
sequences, PCR-amplified DNA from each homokaryotic
strain was sequenced. All strains were found to carry the pre-
dicted mutations. Taken together, the above results indicate
that all of the mutant constructs were able to restore TOM22
function. Furthermore, the inclusion of p-fluorophenylalanine

and histidine in the medium provided efficient selection against
the growth of sheltered heterokaryons transformed to bleomy-
cin resistance. It is noteworthy that transformation with the
bleomycin resistance plasmid alone gave no transformants on
this medium, indicating that spontaneous suppressors of the
TOM22 deficiency in the disruption nucleus did not arise.
Strains containing any of the altered versions of TOM22 shown
in Fig. 1 formed colonies at 30°C at a rate comparable to that
for the wild type, with the exception of mutant 861, in which 15
of the negative charges were neutralized (Fig. 3A). To provide
a comparison for the severity of the growth defect of strain 861,
we included the previously described cytochrome c heme lyase-
deficient cyt-2-1 mutant (13, 39) in our analysis. The cyt-2-1
mutant provides an example of one of the most slowly growing
N. crassa mutants known that is affected in mitochondrial func-
tion (38). Strain 861 grew at a rate intermediate between those
of the wild type and the cyt-2-1 mutant, so that the effects of the
alterations in strain 861 on growth may be judged as relatively
mild. A more quantitative assessment of the growth defect in
strain 861 was obtained by measuring the rate of mycelial
elongation at different temperatures in race tubes (Fig. 3B and
C). Growth of strain 861 was slightly slower than that of wild-
type strain 76-26 at 22 and 37°C. The behaviors of mutants 95,
100, 006, 008, and 068 in race tubes at either 22 or 37°C were
indistinguishable from that of the wild type (not shown).

The levels of TOM22 and other TOM complex proteins in
the mitochondria of the homokaryotic transformants did not
differ dramatically from wild-type levels (Fig. 4A). Thus, the
information required for the uptake of TOM22 into mitochon-
dria is not contained in the negatively charged amino acid
residues. Furthermore, we assume that the altered TOM22
proteins correctly assemble with the remaining TOM complex
components, since none of the strains had a severe growth
phenotype.

Since integration of transforming DNA in N. crassa usually
occurs at ectopic sites, we also wished to ensure that there were
no drastic differences in the level of TOM22 protein that arose
from locus-specific effects on the expression of integrated se-
quences. Therefore, the levels of TOM22 were examined in
three separate isolates obtained by transformation with the 861
tom22 construct, in which 15 negative charges had been neu-
tralized (Fig. 4B [861 series]). No significant variation in
TOM22 levels was observed between the strains examined.

In vitro import of mitochondrial precursors was measured by
using mitochondria isolated from wild-type strain 76-26 and
two strains chosen for the severity and differing nature of the
alterations in TOM22 (Fig. 1), i.e., strains 861 and 100. We
used precursors representing mitochondrial proteins found in
the matrix (the b-subunit of the F1 ATPase [F1b] and the
a-subunit of mitochondrial processing peptidase [MPP]), the
inner membrane (the ATP-ADP carrier [AAC]), the inter-
membrane space (cytochrome c heme lyase [CCHL] and cyto-
chrome c1), and the outer membrane (porin). The precursors
for F1b, MPP, and cytochrome c1 contain N-terminal prese-
quences, while the other precursors contain internal targeting
signals. All of the precursors tested have been previously
shown to depend strictly on TOM22 function for their import
(24, 40). Import experiments were conducted at 10°C, at which
the uptake of all precursors was in the linear range. No signif-
icant differences in the import of any of the precursors tested
between the wild type and mutant strains 861 and 100 were
observed (Fig. 5A and B). To ensure that import rates were not
different at a more physiological temperature, we also mea-
sured import at 25°C for strain 861. Again, no dramatic differ-
ences from the wild type were observed (Fig. 5C).

To examine directly the ability of a presequence-containing

FIG. 2. Scheme for isolation of tom22 mutant strains. Strain ND-113-1 (40)
(see Materials and Methods) is the sheltered heterokaryon represented by the
box at the top. Nucleus 1 contains a tom22 gene disrupted by a gene encoding
hyrgromycin resistance (hygR). In addition, nucleus 1 carries auxotrophy for
histidine and a resistance gene for p-fluorophenylalanine (fpaR). It is possible to
select for rescue of the tom22 deficiency in nucleus 1 when that nucleus is
transformed with both a bleomycin resistance gene and a mutant tom22 gene
when that mutant gene gives rise to a functional protein. The presence of
histidine in the selective medium frees nucleus 1 from its dependence on nucleus
2 for growth, while the presence of FPA forces transformants to be greatly
enriched for nucleus 1. Purification and nutritional testing of the colonies derived
from transformation with any of the mutant forms of tom22 described in the
legend to Fig. 1 revealed that all bleomycin-resistant transformants were inca-
pable of growth on medium lacking histidine. Thus, all of the transformants were
homokaryotic for nucleus 1 and all of the mutant forms of tom22 were able to
restore TOM22 function.
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precursor to interact with receptors on the surface of mito-
chondria, OMV were prepared from mitochondria of various
mutant strains and compared to OMV from wild-type strain
76-26 for their abilities to bind a fusion protein containing the
presequence of subunit 9 of the F0-ATPase fused to mouse
dihydrofolate reductase (pSu9-DHFR [47]). pSu9-DHFR was
incubated with OMV under conditions which result in exclu-
sive binding to either the cis or the trans site of the outer
membrane (49). trans site binding levels were virtually identical
in mutant and wild-type OMV, whereas minor reductions in cis
site binding were observed in the mutant OMV (Fig. 6). Con-
trol experiments with all strains showed that treatment with
high salt buffer reduced the amount of material bound at the
cis site by 90%. Removal of the OMV surface receptors by
pretreatment with trypsin reduced cis and trans site binding to
about 5 and 10%, respectively, of the levels shown in Fig. 6 (see
reference 49).

In a previous report on the role of the negative charges in
the cytosolic domain of TOM22, one neutral and one nega-
tively charged residue were simultaneously changed to posi-
tively charged residues in yeast TOM22. It was observed that
these changes resulted in a decreased growth rate on nonfer-
mentable carbon sources and a reduction in the import of
various mitochondrial precursors into isolated mitochondria
(6). Since we were unable to detect significant effects on
TOM22 function in our charge mutants, we wished to deter-
mine if the particular changes made in the previous study may

FIG. 3. Growth of wild-type strain 76-26 and mutant strains. (A) Colonies
formed on sorbose-containing medium after 48 h of growth at 30°C are shown.
The previously described CCHL-deficient strain (the cyt-2-1 strain) is shown as
an example of a slowly growing mutant. (B) Mycelial elongation of strains 76-26
and 861 and the cyt-2-1 strain as measured in race tubes (see Materials and
Methods) at 22°C. (C) Same as panel B, but with growth at 37°C.

FIG. 4. Immunostaining of mitochondrial proteins in wild-type (76-26) and
tom22 mutant strains. Equal amounts of mitochondrial protein were loaded in
each lane. Proteins were separated by SDS-PAGE, transferred to a polyvinyl-
idene difluoride membrane, and decorated with antiserum to the indicated
proteins. (A) Levels of TOM complex components in the wild type and all charge
neutralization mutant strains generated in this study. Alterations in many of the
TOM22 mutants result in altered electrophoretic mobilities relative to that of
wild-type TOM22. (B) Levels of TOM40 and TOM22 in three different isolates
obtained following transformation of strain ND-113-1 with the 861 mutant form
of tom22.
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have affected a crucial region of the protein. Changes at the
corresponding positions were introduced into the N. crassa
version of the protein, which shows reasonable similarity to
yeast TOM22 in this region (Fig. 7). Transformation of the
sheltered heterokaryon ND-113-1 with this version of N. crassa
tom22 gave rise to homokaryotic strain 95. The strain was
found to grow at a rate indistinguishable from that for wild-
type strain 76-26 (Fig. 3 and race tube data at 22 and 37°C [not
shown]). Measurement of preprotein import into mitochondria
isolated from strain 95 also revealed no differences from the
wild type (Fig. 8).

The surprising nature of our observations with the charge
mutants led us to examine the ability of more grossly altered
TOM22 proteins to restore the essential function of the pro-
tein. We constructed a series of tom22 deletion mutants and a
frameshift mutation at codon 29 (FS29). These mutant forms
were used in transformation experiments to determine if they
were capable of giving rise to viable homokaryotic strains car-
rying only the disruption nucleus from sheltered heterokaryon
ND-113-1. As shown in Table 1, deletion of different portions

(D2-28 or D32-44) of the negatively charged region of the
cytosolic domain of TOM22 resulted in mutant proteins that
were able to restore viability to the disruption nucleus, giving
rise to histidine-requiring homokaryons. Strains containing the
deletion D2-28 grew slightly more slowly than wild-type con-
trols, but D32-44 strains could not be distinguished from the
wild type (Fig. 9). The content of TOM complex components
in these strains was indistinguishable from that of the wild type
(Fig. 10). In contrast, mutant tom22 alleles with a deletion of
almost the entire negatively charged domain (D2-28 plus D32-
44) or a deletion of residues 95 to 104 in the membrane-
spanning domain or containing the frameshift F529 destroyed
the ability of the transforming DNA to rescue the disruption
nucleus. In summary, no particular region of the negatively
charged cytosolic domain of TOM22 is essential for function;
however, deletion of the entire domain results in a protein
unable to support cell viability. Since the negative charges in
this domain can be neutralized without severe effects, these
data suggest that other features of the region are required for
TOM22 function.

FIG. 5. Import of [35S]methionine-labeled precursor proteins into isolated mitochondria. Mitochondria isolated from strain 861 (A), strain 100 (B), and wild-type
control strain 76-26 were either pretreated with trypsin (1) or mock treated (m). Import was conducted at 10°C for the time periods indicated. Following import
reactions, mitochondria were reisolated and subjected to SDS-PAGE. The gels were blotted to a polyvinylidene difluoride membrane and subjected to autoradiography.
The precursors used in the import reactions are indicated on the left. The leftmost lane for each precursor contained 33% of the input lysate used in each import
reaction. cyt c1, cytochrome c1; p, m, and i, positions of the precursor, mature, and intermediate forms of the preproteins, respectively. (C) Same as for panel A, except
with import performed at 25°C.
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DISCUSSION

The initial determination of the sequence of TOM22 led to
the suggestion that its receptor function might be achieved via
interaction of its negatively charged cytosolic domain with pos-
itively charged presequences (24). Based on an analogy with
the methionine bristles of the signal recognition particle, which
interact with hydrophobic regions on the signal sequence of
proteins targeted for the endoplasmic reticulum (5), it was
subsequently proposed that “acid bristles” on mitochondrial
receptors interact with positively charged presequences on mi-
tochondrial precursors (6). Negatively charged regions in pro-
teins involved in almost the entire import pathway, have now
been identified, including Mft52, a protein found in the yeast
cytosol required for efficient delivery of precursors to mito-
chondria (9); the cytosolic domains of the TOM22 and TOM20
receptors (6); TOM5 at the entrance of the putative outer
membrane channel (12); the intermembrane space domain of
TOM22 (6); and, in TIM23, the gate of the inner membrane
pore (4). These observations have suggested an acid chain that

electrostatically binds the positively charged presequence
along each step of the import pathway (55).

However, certain aspects of the acid chain model and the
general interaction of presequences and receptors remain con-
troversial. For example, Mayer et al. (32) showed that TOM20
and TOM22 must act in tandem to form an effective binding
site for precursors on OMV, even though studies with the
purified cytosolic domains of these receptors show binding of
precursors to the individual proteins (8, 26, 57). Further-
more, one study demonstrated salt-enhanced binding of pre-
sequence-containing precursors to the purified cytosolic do-
main of TOM20 (8), while analogous studies showed salt-
sensitive binding (26, 57). There is also conflicting evidence
regarding the role of the negatively charged intermembrane
space domain of TOM22 in the trans binding site (6, 10, 34,
37). Thus, it is apparent that the mechanisms of precursor-
receptor interaction and the role of negative charges on pro-
teins of the import apparatus are not yet entirely understood.

The data presented in this report address the role of the
negative charges in the cytosolic domain of TOM22 by using
both in vivo and in vitro studies. The protein is known to be
essential for viability of both yeast and N. crassa (18, 29, 36, 40)
and is the more negatively charged of the two proteins
(TOM20 and TOM22) that form the major receptor for mito-
chondrial precursor proteins. It seems reasonable to assume
that TOM22 would play a major role in any scheme utilizing
acid binding sites during the movement of precursors along the
import pathway. However, the majority of charges can be re-
moved from the protein without dramatic effects. Even in
strain 861, in which TOM22 lacks 15 of the 19 negative charges
in the cytosolic domain, no major alterations in the ability to
import or bind mitochondrial precursors were observed. We
assume that the reduced growth rate of this mutant is the result
of a decreased ability to import one or more specific precursors
in vivo. Given the number of changes in the protein in strain
861, it cannot simply be inferred that the growth defect is due
to the lack of negative charges rather than an overall change in
the structure of the protein. In fact, we have preliminary evi-
dence supporting the idea that some of the mutant TOM22
proteins, including the 861 version, may have an aberrant

FIG. 6. Charges in TOM22 are not required for preprotein binding at the cis
site or for presequence translocation to the trans site of the outer membrane.
OMV (5 mg of protein per sample) were isolated from the indicated tom22
mutant strains. Binding of pSu9-DHFR was performed in 100 ml of binding
buffer (0.25-mg/ml bovine serum albumin, 2.5 mM MgCl2, 20 mM KCl, 10 mM
morpholinepropanesulfonic acid [MOPS]-KOH [pH 7.2]) in the absence (trans
site binding) or presence (cis site binding) of 1 mM NADPH and 1 mM meth-
otrexate for 15 min at 25 or 0°C, respectively. Following incubation, samples were
diluted with 700 ml of buffer (10 mM MOPS-KOH, 1 mM EDTA [pH 7.2])
containing 120 mM KCl (trans site binding) or 20 mM KCl (cis site binding).
OMV were reisolated by centrifugation for 20 min at 125,000 3 g, and the pellets
were subjected to SDS-PAGE. Bound pSu9-DHFR was quantitated by Phos-
phorImager analysis. The amount of pSu9-DHFR bound to the wild-type strain
(76-26) was set to 100%. Data shown are the averages of seven trials. Standard
deviations of the different data sets ranged from 15 to 25%. White bars, cis site
binding; black bars, trans site binding.

FIG. 7. Alignment of N. crassa and S. cerevisiae TOM22 proteins. Only the
region altered in mutant 95 and the corresponding yeast mutant (6) is shown.
The mutations generated in each of the two species are indicated in parentheses.
?, identical amino acids; :, chemically similar amino acids.

FIG. 8. Import of preproteins into mitochondria isolated from strain 95 and
wild-type strain 76-26. Details are as described in the legend to Fig. 5.
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structure, since they exhibit altered sensitivity to proteases
(48). We also show that the negative charges are not required
for the import and assembly of TOM22 itself into the outer
membrane, in agreement with our recent in vitro studies of
TOM22 assembly (51). The negative charges also seem unnec-
essary for efficient assembly of other members of the TOM
complex.

It was previously determined that the binding of pSu9-
DHFR to the cis site of the outer membrane was salt sensitive,
dependent on TOM22, and competed by a synthetic prese-
quence peptide (32). Since we observe little reduction of this
binding in OMV isolated from several of our mutant strains,
including strain 861, it appears that the binding does not re-
quire an overall negative charge on the cytosolic domain of
TOM22. An earlier investigation of yeast TOM22 in vivo dem-
onstrated rather severe effects from two relatively minor
changes in the protein (6). Although the mutations in one of
our N. crassa mutants (strain 95) were analagous to those in
the yeast study, we did not observe any effects in N. crassa.
There is no obvious explanation for this discrepancy, but per-
haps the changes in yeast TOM22 provoke a severe change in
protein structure not observed in the N. crassa homolog.

Our findings with the deletion mutants suggest that no spe-
cific portion of the negatively charged region of the cytosolic
domain of TOM22 is required for its function. A minor effect

on growth rate is seen in the D2-28 strain, while D32-44 is
indistinguishable from the wild type. On the other hand, dele-
tion of most of the negatively charged region (D2-28 plus
D32-44) prevents the mutant protein from rescuing the disrup-
tion nucleus. This deletion would result in a TOM22 protein
with an overall charge of 13 in the cytosolic domain, which is
quite similar to charge mutant 861 (with an overall charge of
12). The observation that the D2-28-plus-D32-44 deletion fails
to rescue the disruption nucleus while the 861 form of the
protein does rescue the nucleus strongly suggests that features
in this region (other than the negative charges) must be im-
portant for TOM22 function in mitochondrial protein import.

We have recently shown that the positively charged region of
TOM22 preceding the membrane-spanning domain (Fig. 1) is
essential for the targeting-assembly of TOM22 itself to the
mitochondrial outer membrane (51). It is well documented
that the intermembrane space domain of TOM22 is not re-
quired for cell viability (6, 10, 34, 37). Our data show that the
transmembrane domain of TOM22 performs an essential func-
tion, since a deletion in the region results in an inactive form
of the protein. This might reflect an inability of the mutant
protein to assemble into the membrane rather than demon-
strate a role for the membrane-spanning domain in postassem-
bly function. Still, it seems likely that the membrane domain
plays a role in the formation of the outer membrane pore
and/or in providing a binding site for preproteins. This idea is
supported by the observation that import of almost all precur-

FIG. 9. Growth of tom22 deletion strains. Mycelial elongation of the wild-
type strain (76-26) and the D2-28 and D32-44 mutant strains was measured in
race tubes at 22°C (A) and at 37°C (B). The curves for 76-26 and D32-44 in panel
B are entirely overlapping.

FIG. 10. Immunostaining of TOM complex proteins in mitochondria isolated
from tom22 deletion strains. Details are as described in the legend to Fig. 4.

TABLE 1. Deletions in tom22 and their effects

Deleted residues Region affected by deletiona Restores viability to tom22
disruption nucleus

Growth of
deletion strainb

D2-28 Part of the negatively charged region of the cytosolic domain Yes Slow
D32-44 Part of the negatively charged region of the cytosolic domain Yes Wild type
D2-28 1 D32-44 Almost entire negatively charged region of the cytosolic domain No Inviable
D95-104 Membrane-spanning domain No Inviable

a See Fig. 3 for location of deletions with respect to TOM22 domains.
b See Fig. 9 for growth rate measurements.
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sors is virtually eliminated in mitochondria from which TOM22
has been depleted (40, 41). On the other hand, bypass import
of precursors is still observed when only the cytosolic domains
of the surface receptors are removed (43).

Not all steps of the import pathway are mediated by elec-
trostatic interaction of precursors with negatively charged res-
idues, since binding of precursors at the trans site is known to
be salt resistant (34, 49, 50). As shown in this paper, the
negative charges in the cytosolic domain of TOM22 appear not
to play a major role in precursor binding at the cis site, al-
though TOM22 function is dependent on the presence of the
region containing those negative charges. Thus, forces other
than ionic interactions may be important for recognition of
preproteins and their translocation across the mitochondrial
outer membrane.
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