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Tom20 is the master receptor for protein import into mitochondria.
Analysis of motifs present in Tom20 sequences from fungi and animals
found several highly conserved regions, including features of the
transmembrane segment, the ligand-binding domain and functionally
important flexible segments at the N terminus and the C terminus of the
protein. Hidden Markov model searches of genome sequence data revealed
novel isoforms of Tom20 in vertebrate and invertebrate animals. A three-
dimensional comparative model of the novel type I Tom20, based on the
structurally characterized type II isoform, shows important differences in
the amino acid residues lining the ligand-binding groove, where the type I
protein from animals is more similar to the fungal form of Tom20. Given
that the two receptor types from mouse interact with the same set of
precursor protein substrates, comparative analysis of the substrate-binding
site provides unique insight into the mechanism of substrate recognition.
No Tom?20-related protein was found in genome sequence data from plants
or protozoans, suggesting the receptor Tom20 evolved after the split of
animals and fungi from the main lineage of eukaryotes.
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Introduction

All these mitochondrial targeting sequences have
in common properties of positive charge and

Genomic and proteomic studies have revealed
that 5-10% of the proteins made i ina eukaryotic cell
are targeted to mitochondria.'™ Specific mito-
chondrial targeting sequences distinguish these
proteins from those that will stay in the cytosol.
In some mitochondrial proteins, especially those
destined for the mitochondrial matrix, the targeting
sequences _are cleavable basic, amphipathic
helices.®>” However, for many mitochondrial mem-
brane proteins, amphipathic segments serve as
targeting signals, and these same amphipathic
segments become the transmembrane segment or
segments once the protein is embedded in the
mitochondrial outer or inner membrane.'"!

Abbreviations used: TPR, tetratricopeptide repeat;
HMM, hidden Markov model; RNAi, RNA interference;
ML, maximum-likelihood; AU, approximately unbiased.

E-mail addresses of the corresponding authors:
prg@unimelb.edu.au; tlithgow@unimelb.edu.au

amphipathicity but there is no consensus in
primary structure. Specialized protein import
receptors recognize structural aspects common to
all mitochondrial targeting sequences. The import
receptors are mitochondrial outer membrane pro-
teins that can bind each of the diverse protein
substrates and transfer them efficiently to the
protein translocation channel, formed from the
essential protein Tom40, which is the central
component of the translocase in the outer mito-
chondrial membrane (the TOM complex). 12-15
While it has been shown that the import receptors
dock transiently to the core TOM complex to deliver
their substrate protein cargo,'®?° the structurally
important features for interactions between the
receptors and Tom40 or its attendant subunits
Tomé6 and Tom?7 are not known.

At least three receptors, Tom20, Tom22 and
Tom?70, medlate protein import into mito-
chondria.'* The master receptor is Tom20, which

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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binds mitochondrial targeting sequences directly, as
shown with the Tom20 from the fungi Neurospora
crassa and Saccharomyces cerevisiae, and from rats
and humans.'**'"** Structural analysis of the
central core domain of the rat protein has shown
that it includes a tetratricopeptide repeat (TPR) fold
and a distal helical segment, which together form a
small, globular domain with a shallow groove. The
surface of the groove, which represents the sub-
strate-binding surface in which targeting sequences
sit, is formed from hydrophobic side-chains to
accommodate the hydrophobic surface of the
targeting sequence ligands.” In addition to con-
tributing to the ligand-binding groove, the TPR
segment of Tom20 is needed for a productive
interaction with the receptor Tom70, which facili-
tates recognition and binding of large hydrophobic
precursor proteins.”® Other regions of Tom20
have been shown to be functionally important,
but have proved intransigent to direct structural
analysis.*>*>7%8

In order to further understand its structure and
function, we designed hidden Markov models
(HMMs) to describe the Tom?20 receptor, and
uncovered conserved structural features in Tom20
proteins from animals and fungi. Those conserved
motifs allowed us to search genome sequence data
and identify new isoforms of the Tom20 receptor in
animals. No Tom?20-like sequence was found in
plants or protozoans. Structural analysis of the
novel form of Tom20 from mouse by comparative
modeling, using the known structure of the classical
Tom?20 as a template, revealed that the two paralogs
have distinguishing features in the ligand-binding
groove. Furthermore, analyses in mice and worms
showed that the variant Tom20 isoforms are
functional, and likely provide for optimal
expression of import receptors in specific cell
types in metazoans.

Results

Hidden Markov models define conserved
sequence characteristics of Tom20 receptors
from animals and fungi

HMMs can be used to describe conserved
features of a family of proteins with a view to
defining domain structure and for searching for
proteins from distantly related species.* To provide
the sequences from which to build HMMs for
Tom20, a BLAST search of GenBank was initiated
with sequences of the functionally defined Tom20
from N. crassa, S. cerevisiae and Homo sapiens (see
Materials and Methods). The initial set of Tom20
sequences consisted of 12 originating from animal
species and six originating from fungi. HMMs were
then constructed to represent the animal and fungal
full-length sequences. The models were detected
using three different Erograms, MEME,* ITERA-
LIGN®! and PROBE,*? and HMMs were used to
scan the UniProt database. A total of 1614 sequences

matched HMMs with E-value <0.01 (790 matched
the animal model and 824 matched the fungal
model). Sequences longer than 90 residues and
shorter than 200 residues were retained, giving a
final set of 88 sequences. These were examined
visually; an alignment of the most diverse
sequences is shown in Supplementary Figure 1.

Two motifs were found in the animal set of
sequences (Al and A2) and three motifs were found
in fungal sequences (F1, F2, and F3). When the
combined sequences were analyzed, a single
common motif emerged (AF1), which partially
overlapped with Al and F1. In each case a motif
consensus was derived from an ungapped align-
ment and compiled with the program CONS from
the EMBOSS suite.®® Figure 1 shows the motifs
mapped against other structural features of the
animal (Figure 1(a)) and fungal (Figure 1(b)) Tom20
sequences.

The motif AF1 describes an N-terminal region
that includes the transmembrane segment of
Tom?20. The residues in the transmembrane seg-
ment that are invariant in this AF1 motif are
curious: the bulky aromatic residues: Y3 yte, FY7,
and highly conserved small residues, glycine or
alanine, at G* and G'. We suggest the conserved
placement of these residues facilitates protein—
protein contacts within the plane of the membrane.

In the Tom20 sequences from animal species,
motif A2 (amino acid residues 63-137 of the rat
protein) overlaps the region of Tom20 from rat, for
which the structure has been solved by NMR
(residues 57-124 of the 145 residue protein). The
structure of this protein fragment corresponds to a
set of five helices that form a compact globular
domain.* Since the A2 motif is conserved in animal
Tom?20 sequences, the fold determined by NMR is
likely conserved for all animal Tom20s. The first two
helices in the region described by the A2 motif, al
and a2, form a TPR fold.”> The TPR represents an
ancient protein fold, and key residues within the
helix-turn-helix motif of a TPR (asterisked, Figure 1)
are conserved.*

While the core of the animal Tom?20 sequences is
described by the single A2 motif, the corresponding
region of Tom20 from fungi is described by two
consecutive motifs, F2 and F3 (Figure 1(b)). These
two motifs are broken only by a short, variable
sequence that aligns with the “turn” sequence
between helices A and B (a1 and «2) of the TPR
segment (Figure 1(b)). The fact that F2 and F3
together describe the equivalent region of Tom20 as
the A2 motif for animals suggests that this “core
domain” of Tom20 is highly conserved in a
structural sense, and that the variability between
the animal and fungal groups of sequences is likely
a consequence of evolutionary distance.

Our analysis also revealed two segments of
Tom20, each labeled D in Figure 1. Variability in
sequence precludes any motif being calculated for
either of these two segments. However, analysis
of each Tom20 sequence with the predictor Dis-
EMBL® showed that each region is likely to be
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Figure 1. Motif analysis and domain structure of Tom20. (a) The motifs AF1 and A2, derived from eight sequences of
Tom20 and modified after analysis of all Tom20 sequences currently available. A detailed sequence alignment in
CLUSTALW is available as Supplementary Figure 1. Tom20 sequences from animals are shown mapped against a
representation of Tom20 from rat. The transmembrane segment (TM) and regions predicting as disordered (D) are
indicated. Also shown are the position for the five helices (a1-a5) that form the ligand-binding core of the receptor
Asterisks (*) indicate the positions of residues corresponding to those in the TPR-like consensus. (b) The motifs AF1, F2
and F3, derived from six sequences of Tom20 and modified after ten Tom20 sequences from fungi are shown mapped

against a representation of Tom20 from yeast.

disordered (data not shown). Therefore, despite the
lack of primary structure definition, the need for
flexibility in these positions seems to be a conserved
feature for Tom20 receptors from all fungi and
animals. In conclusion, four conserved regions were
identified in Tom20 orthologs from all species of
animals and fungi: the transmembrane segment, a
disordered region rich in charged amino acid
residues, the ligand-binding domain centered
around a TPR segment and a disordered tail
punctuated in acidic residues.

Two types of Tom20 exist in animal genomes

Phylogenetic analysis of the sequences retrieved
by the HMM search showed that the Tom?20
sequences from various fungi formed a well
supported group and that this group is distinct
from the animal sequences (Figure 2).

The search revealed an unexpected result from
the animal genomes analyzed: variant forms of
Tom20 seem to be encoded in animals. This
characteristic is not shared with fungi, which have
only one TOM20 gene. The version of Tom20 from
humans and rats that has been characterized
structurally and functionally”> > is referred to
as the type II Tom20. Figure 2 shows that type II
sequences group with support with other vertebrate
sequences. Humans and mice have a divergent
Tom?20 paralog encoded in their genome, which
groups strongly on the phylogenetic tree with
similar Tom20 paralogs represented as partial
ESTs from rat and pig. We predict this paralogue,
designated the type I Tom20, will be represented

widely in mammals. The novel type I Tom20s form
a group divergent from their type Il counterparts, as
evidenced by the long branch length and strong
bootstrap support. However, the phylogenetic
analysis is unable to resolve whether the type I
gene developed early in animal evolution, or later
during radiation of the vertebrates (Figure 2).

At least some fish (zebra fish, trout and fugu)
have duplicate Tom20s; however, pair-wise identity
of these duplicates is always very high (~70-80%)
within each species, indicating they represent a
more recent gene duplication of the type II form.
Amongst invertebrates, multiple forms of Tom20
are seen. In Drosophila melanogaster, there is one
Tom?20 encoded on the left arm of chromosome 3
(CG7654 76E1) and a distinct gene on the right
arm of the same chromosome (CG14690 86C5).
Caenorhabditis elegans has a gene encoding a
conserved form of Tom20 (F23H12.2) and another,
divergent form of Tom20 encoded by F32B4.2.
Further, EST data suggest two splice variants of
the transcript from this F32B4.2 gene (see Supple-
mentary Figure 1). Without structural analysis it is
premature to classify these invertebrate Tom20s as
either type I or type II; however, topology testing
rejected the grouping of the vertebrate type I with
either of the Drosophila Tom20s, indicating that
duplication of Tom20s in animals has happened
independently multiple times.

The type | and type Il forms of Tom20 in
vertebrates

Pairwise alignment of mouse Tom20 type I and
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Figure 2. Tom20 protein maximum likelihood phylogeny (PhyML). Bootstrap values are shown for major nodes (left to
right) using PhyML, and the distance analysis weighted neighbor-joining and Fitch-Margoliash (left to right) (dashes
represent support lower than 50%). Alternate positions for the vertebrate type I Tom20 clade (broken line node) were
tested by placing the clades at nodes placed at positions marked with a dot. Filled dots indicate topologies that were
rejected as significantly worse than the best topology (p <0.05), and open dots indicate where this topology was not

rejected.

type Il is shown in Figure 3(a). The level of sequence
identity between the two is 34.9%, with many of the
substitutions conservative. The predicted trans-
membrane segments are shaded and the predicted
difference in length within the membrane bilayer is
curious. Since this N-terminal region includes the
targeting information for Tom20,”**®* we con-
structed yellow fluorescent fusion proteins for
each form of Tom20 and expressed these in cultured

mammalian cells (Figure 3(b)). Both forms of Tom?20
are mitochondrial proteins as judged by co-staining
of Tom20-YFP protein and the mitochondria-
specific dye MitoTracker.

A further clear distinction in the primary struc-
ture of the type I versus the type II protein is shown
boxed in Figure 3(a). Motif analysis highlights
replacements in the type I proteins at positions
corresponding to five glutamine residues conserved
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Figure 3. Structural definition of type I and type II Tom20 proteins. (a) Sequence alignment of the mouse sequences for
Type I Tom20 (GenBank accession BY715706) and type II Tom20 (accession NM_024214). The transmembrane segment is
shaded grey and the distinguishing “lip” helix is boxed. Residue colors are according to the MOTIF parameters
(relatively hydrophobic, black; hydrophilic, green; glutamine, asparagine, magenta; acidic, red; relatively basic, blue).
(b) HeLa cells transfected to express either type I Tom20-YFP or type II Tom20-YFP were co-stained with the
mitochondria-specific dye Mitotracker red and examined by confocal microscopy. Filters selective for the fluorescence of
yellow fluorescent protein and fluorescence of MitoTracker red were used. Merged green and red fluorescence images
show no overlap between YFP and mitochondria, while Tom20-YFP fusions show distinct overlap with mitochondria.
(c) MOTIF plots of the lip helix segment from the human and mouse type I sequences and various type II Tom20
sequences. These are shown compared to the equivalent segment of polypeptide from ten fungal Tom20 sequences.
Relative height of the single letter representing each amino acid shows its relative abundance at each position. (d) Rat
Tom?20 type II structure (backbone trace in cyan) and mouse Tom20 type I model (backbone trace in yellow) showing the
position of glutamine side-chains (green) in the Q-rich region. Shown highlighted in the type I Tom20 structure are the

side-chain orientation for acidic (red) and basic (blue) residues that substitute for glutamine.

in all type II sequences. In this region, the primary
structure of type I Tom20 is reminiscent of the
Tom?20 from fungal species (Figure 3(c)).
Three-dimensional modeling was employed to
make a more detailed comparative analysis of the
type I and type II Tom20s. The type II protein from
rat has been characterized structurally” and is
98.6% identical in sequence with the mouse type II
protein. The use of the type Il structure to model the
type I protein is reasonable, with sequence identity
and similarity (60.3%) after global alignment of
template and model sequences justifying the use
of comparative modeling.”’ A model structure
calculated for type I Tom20 is shown in Figure
3(d). The program Modeller (6v2) was used to
generate mouse Tom20 type I coordinates, using the
rat Tom20 type Il NMR structure® as the template.
A total of 64 model structures of Tom20 type I were
prepared and compared to the 20 structures of the
rat Tom20 type II as determined by NMR.* After

building the model of Tom20 type I we: (ag
evaluated the model structures using Prosall’
and investigated the changes in the protein surface
which resulted from sequence divergence between
the two Tom20 isoforms (see Materials and
Methods); and (b) investigated changes in the
Tom?20 presequence peptide binding site.

Analysis of the presequence peptide-binding
groove

To determine which residues might make contact
with the presequence peptide, we re-built the
model of mouse type I isoform with the bound
peptide, based on the complex of rat Tom20 with
the presequence peptide pALDH(12-22).>> We then
evaluated the protein accessible surface shielded
by the bound peptide, and filtered this surface to
include only protein side-chain atoms (including
C". The surface shielded by the presequence
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Table 1. Presequence binding surfaces of Type I and Type
II Tom20

Tom20 Tom20
(Type 1) (Type II)
Q71 Q67
F74 F70
F75 L71
V78 |74
Q79 Q75
KBZ E78
183 g7

86 82
E|109 2105
F113 V109
F1 14 L1 10
-I-1 17 T113
L118 L1 14

Side-chain solvent accessible surface shielded by the bound
presequence peptide was calculated from the structure of the
Type II Tom20 from rat with the pALDH(12-22) presequence
peptide and calculated from the model of the mouse Tom20 Type
I (see Methods). Residues shown are those with side-chains
exhibiting shielded solvent accessible surface of >10 A%
Residues distinct between Type I and Type II Tom20 are shaded,
heavy shading indicates non-conservative substitutions.

peptide was evaluated in both the modeled
structure of mouse Tom20 type I and the structure
of the rat Tom20 type II as determined by NMR.

The 13 side-chains of Tom20 listed in Table 1 form
the presequence peptide-binding groove. Eight out
of 13 residues that would form close contact with a
presequence peptide are distinct in the type I and
type II isoforms of Tom?20, but five of these
substitutions preserve hydrophobicity and would
appear unlikely to perturb presequence binding.
Strikingly, two substitutions either eliminate or
introduce a charged residue (E”-L and Q'®—E),
and one reverses the charge (E”*—K). The muta-
tions of E”® and E” eliminate two negatively
charged residues located near the N terminus of
the presequence peptide in the structure of the
complex: the %sine residue in the position corre-
sponding to E’® seemed to be particularly unfavor-
able (Figure 4(a)). However, the peptide used in the
NMR experiments represents residues 12-22 of the
native substrate; in an intact mitochondrial pre-
cursor protein this region would be located distal
from the amino terminus of the ligand and there
would be no free amine group at position 12. Thus,
the fact that a lysine residue can be accommodated
in place of E’® provides independent support to the
suggestion® that Tom20 receptors tend to bind to
internal segments of presequences rather than close
to the amino terminus.

Another striking change in the presequence
binding groove is the replacement of three hydro-
phobic residues (two leucine and one valine) with
phenylalanine (Figure 4(b)). While all of these

Figure 4. The presequence binding site on Tom?20 type I.
(a) Side-chains of charged residues that have been
substituted between type II (rat) and type I (mouse) in
helix a1 are shown (red for acidic, blue for basic residues).
Most striking is the E”°K substitution, which protrudes
into the peptide-binding groove. A potentially stabilizing
electrostatic interaction between E*” and K'* (in the type I
Tom?20) would be conserved, but in type II Tom20 the
interaction is via charge reversal a few residues further
along the helix (R* to E'*). (b) Rat Tom20 type II struc-
ture (backbone trace in cyan, left) and mouse Tom20 type I
model (backbone trace in yellow, right) showing the
position of the type II aliphatic side-chains in the binding
groove (purple) substituted by (ghen lalanine gorange) in
the type I isoform (L7r/F75, VIO /F18 10 /ElYy a5 well
as the single conserved phenylalanine (E°/F). The
presequence peptide backbone is shown in grey.

residues are strongly hydrophobic,***! and leucine

and phenylalanine are relatively bulky, valine is
both a shorter and less bulky residue. The
additional aromatic residues convert what
appeared as a hydrophobic groove in the type II
form, to a raised hydrophobic platform in the type I
Tom20. While this might have little effect on
substrate binding, the aromatic residues thereby
increase the bulk of the hydrophobic core and could
play a role in increasing receptor stability.

Functional analyses of the variant Tom20
receptor in animals

There are several explanations for the existence of
more than one gene encoding Tom?20 in animals:
(i) the two proteins might perform redundant roles;
(ii) they could have distinct biological functions,
perhaps being expressed in different tissues or
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Figure 5. Mouse genes encoding type I and type II
Tom?20. (a) A filter carrying mRNA (20 ng) isolated from
the indicated tissues was probed for the presence of
messages encoding type I Tom20, type I Tom20 and actin
and for the presence of 18S rRNA. Migration of the
0.24 kb, 1.35 kb and 1.8 kb markers is shown for the top
panels. The positions of the two, tissue-specific actin
species at 1.7 kb and 2.1 kb are indicated. (b) The structure
of the gene encoding Tom20 type I in mice.

during different stages of animal development; or
(iif) the variant TOM20 gene might not be expressed
and therefore be without a meaningful cellular role.
To address these possibilities, we used gene
expression analysis for the two mouse TOM20
genes using RNAs derived from a collection of
tissues, analysis of available EST data for D. mela-
nogaster, and RNA interference (RNAi) experiments
in C. elegans to look at mutant phenotypes.
Northern analysis was used to look at expression
of the two genes encoding the mouse type II and
type I Tom20 proteins (Figure 5(a)), with RNAs
isolated from heart, brain, spleen, lung, liver,
skeletal muscle, kidney and testis. The type II
probe recognized a doublet of RNA species of
~1.4kb and 1.5kb, while the type I probe
hybridized to a message of ~1kb. We found that
the type II gene was expressed ubiquitously and to

similar levels in all tissues tested. However, the typel
gene showed a clear testis-specific expression,
with no detectable signal in any other tissue
analyzed.

In mouse, the type I Tom20 sequence corresponds
to a multi-exon gene located on chromosome 12.
The gene sits tail-to-tail with the gene called
TIMMI10 (Gene ID 30056; Figure 5(b)). TIMMI0
(called TIMM?9 in humans) encodes Tim9, the small
subunit of the TIM22 complex that mediates a later
stage of protein import into mitochondria.** The
3'-untranslated regions of the longest cDNA
corresponding to the type I Tom20 and the longest
c¢DNA corresponding to Tim9 overlap by 48 bp. The
overlap in the 3'-UTR regions of the genes encoding
Tom20 type I and Tim9 in mouse is preserved in the
syntenic gene structure on human chromosome 14
and, while this is suggestive of a potential co-
expression of the two genes, our results for the
mouse genes suggests that is not the case. The
TOM?20 type I gene is transcribed in a tissue-specific
manner (Figure 5(a)), while multiple ESTs and
cDNAs exist to suggest TIMMI10 is expressed
ubiquitously.

Although our phylogenetic analysis leaves open
the question of whether the variant form of Tom20
in invertebrates is ancestrally related to the type I
form from mammals, the Tom20s from flies and
mammals have similar tissue-specific expression.
Analysis of data contained in Flybase revealed the
two forms of Tom20 from flies are encoded from
distinct loci on chromosome III. Expressed
sequence tags for CG7654 76E1 were found in
samples prepared from a range of tissues, embryo
libraries and cultured cells (e.g. RE28313, RE58084,
RE42569, RE58619, SD03966, SD03031, SD20760,
LD34461, LD06132, LD05932, LD34461, RE62148,
RE62124, RE68359), while ESTs corresponding to
the variant Tom20 (e.g. AI946818, BE97782,
BE978106) could be found only in adult testis tissue,
and the gene was listed on a genome-wide search
for testis-specific transcripts.*’

We set up RNAIi experiments to independently
knock down the function of the genes, F23H12.2
(GenBank accession 5M822) and F32B4.2 (GenBank
accession 1M104), encoding the two Tom?20 para-
logs in C.elegans. Animals fed double-stranded
(dsRNA) against F23H12.2 exhibited larval arrest
and embryonic lethality phenotypes consistent with
an essential function of one version of Tom20
(Figure 6(a)); in contrast, gene depletion of
F32B4.2 encoding the novel form of Tom20 was
not lethal, but instead resulted in slow growth (Slo)
and small body (Sma) phenotypes (Figure 6(b)).
These results show that the two forms of the Tom20
receptor in worms do not perform redundant
roles: the essential role of the Tom20 encoded by
F23H12.2 cannot be complemented by the protein
product of F32B4.2. The slow development to a
reproductive adult, and the Sma phenotype, would
be best explained by cell-specific expression of
F32B4.2.
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Figure 6. An essential and a non-essential gene
encoding two types of Tom20 in C.elegans. (a) RNAi
was used to knock-down the function of the gene
F23H12.2, encoding Tom20 in C.elegans. The small
worms shown represent the size of the very few worms
that survived after feeding of RNA corresponding to
F23H12.2. (b) RNAi knock-down of the gene F32B4.2,
encoding the variant form of Tom20, limits both the rate
and extent of growth. Similar numbers of worms hatched
and lived in the absence or the presence of RNA
corresponding to F32B4.2, indicating this gene is not
essential. The scale bar represents 250 pm in all
photographs.

Discussion

We collected and analyzed Tom20 sequences
covering representative classes of animals and
fungi for sequence motifs and used hidden Markov
models to define consensus features of the import
receptor and to comprehensively search the known
data sets for Tom20 sequences. The search revealed
a novel isoform of Tom?20 in animals, and three-
dimensional modeling allowed us to determine the
extent of structural conservation in the Tom20
paralogs. In terms of the substrate-binding site,
our analysis complements the experimental testing

of a single species of protein by biophysical
measurements, and revealed conserved structural
features in the transmembrane tether and C-termi-
nal tail that sit outside the core of the type II protein
previously determined by NMR.*

The substrate-binding surfaces of Tom20

The ligand-binding surfaces differ between the
type I and type Il isoforms. In the type II Tom20, 13
residues were found to form the hydroghobic
groove that cradles the presequence ligand.”> Two
non-conservative substitutions, E’®>K and E79—>L,
remove two negatively charged residues that were
interacting with the terminal amine group of the
synthetic peptide presequence complexed to the
type 1T form of Tom20.?® That these two glutamate
residues are absent from the type I form is in
keeping with the fact that Tom20 binds target
sequences at regions situated further back from
the N-terminal amino group.’ Furthermore, since
the two forms of Tom20 in mouse must interact with
a similar set of protein substrates, the raised
hydrophobic platform seen for the type I Tom20
leads us to suggest that in the hydrophobic groove
noted by Abe et al. it is the hydrophobic character
and not the depth of the groove that is responsible
for binding presequences. On this hydrophobic
surface, presequence peptides can sit loosely, and
thereby adopt helical character to display positively
charged residues on the surface of the Tom20-
substrate complex. Seen in this light, mitochondrial
targeting information would be encoded in the
structure of the peptide adopted in complex with
Tom?20, and the largely electrostatic characteristics
of the peptide-receptor complex might then serve
as a docking surface for other, negatively charged
components of the import pathway.

A set of six glutamine residues on the lip of the
ligand-binding groove were suggested to be a
characteristic feature of Tom20%, and most animals
do have at least one Tom20 variant, referred to here
as type II, with these glutamine residues conserved.
However, analyses of the primary structure of the
fungal Tom20 receptors and the primary and model
tertiary structure of the novel mouse type I isoform
of Tom20 suggest that charged residues can
substitute for glutamine at these positions. This is
true in the fungal proteins, in many of the
invertebrate proteins and in the type I class of
vertebrate Tom20. Three of these substitutions are
likely to be near bound substrate peptides: K** (E in
type Il Tom20), E'® and K" (both glutamine in the
Tom?20 type II). Each of these residues is positioned
in such a way that it may contribute to charge
around the periphery of the binding groove, though
they are unlikely to interact directly with the
substrate. Instead, the basic and solvent-exposed
residues of the bound substrate in combination with
charged residues such as K* and K'"® on the
receptor could provide an attractive surface for
acidic partner proteins like Tom22 and Tom5.'*#+~#

The C-terminal tail of Tom20 is rich in acidic
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residues, is strongly predicted to be natively
disordered and is present in all Tom20 receptors
that we analyzed. NMR experiments on the type II
Tom?20,” and our Modeller predictions for the type I
Tom20 further suggest this disordered region is
solvent exposed. Yeast mutants from which this
acidic tail segment has been deleted suffer defects in
protein import, due to either impaired ligand-
binding or decreased interactions of Tom20 with
partner subunits in the TOM complex.”

Tom20 is attached to the outer membrane by a
flexible tether

Analysis of motifs in the various Tom20
sequences revealed conserved characteristics of
the transmembrane segment and the presence of a
flexible domain between the transmembrane part
and the central, substrate-binding core domain.
All Tom20 receptors have a single, amphipathic
membrane-spanning region at the N terminus. This
region has several highly-conserved glycine resi-
dues, several hydroxylated residues and absolutely
conserved aromatic residues followed by an aspar-
tate residue positioned at the cytosol-membrane
interface. We suggest these conserved features of
the transmembrane segment might contribute a
surface used by Tom?20 to interact with its integral
membrane protein partners. Docking of Tom20 to
the core TOM complex is required for transfer of
substrates into the translocation channel.'**’

The evolution of the mitochondrial import
machinery and novel isoforms of Tom20 in
animals

Hidden Markov models are a sensitive means to
retrieve Tom20 sequences from novel genome
sequence data. We have sulfficient sequence repre-
sentation to propose that genes encoding Tom20
arose relatively late in the evolution of eukaryotes.
Whereas the core TOM complex, comprising
Tom40, Tom22 and Tom?7, appears to have been
operating in the earliest eukaryotes,*” Tom20 was
derived only after the split of animals and fungi
from the ancestors of other eukaryotes (e.g. plants,
and protistan groups). Purification and character-
ization of the TOM complex from higher plants
showed it has protein import receptors, including a
20 kDa component that has, therefore, been called
Tom20,*** but it is unrelated in sequence to the
Tom20 family of proteins defined here and might
have evolved independently after an early split in
eukaryote lineages.

The search for Tom20 homologs that we per-
formed revealed that animals, both vertebrate and
invertebrate, have more than one gene encoding
Tom20. Our analysis of the variant forms of Tom20
in mice, D.melanogaster and C. elegans suggests
tissue-specific expression as a driving force for
duplication of the gene encoding Tom20 in meta-
zoans. In worms, the novel Tom?20 receptor is not
essential. However, shut-down of the novel gene’s

expression gives rise to smaller animals that exhibit
slow growth. That such a clear and distinct
phenotype resulted from the decreased expression
of this gene shows that the new Tom?20 isoform is
functional in worms and has a non-essential but
specific role. That role could relate to a cell-specific
expression pattern, consistent with the data
obtained from flies and mice.

The type I gene in mouse is expressed only in
testis tissue, while the type II gene shows ubiqui-
tous expression in all of the other tissues tested.
Data from D. melanogaster, including a very recent
report confirms that the variant Tom20 is testis-
specific, with in situ analysis revealing the transcript
is restricted to primary spermatocytes and bundles
of early spermatids.”® Only recently have we started
to understand how control over gene expression
might be exerted during spermatogenesis.”'” It is
known that regulation of gene expression, and the
actual general transcription machinery, differ sub-
stantially between somatic and male germ cells.”>"*
One of the hallmarks of spermatogenesis is the
massive mitochondrial biogenesis undertaken
during the development of sperm cells.”® The
locus of the gene encoding Tom20 type II might be
less active during spermatogenesis, requiring a
second locus that can be activated during the
germ cell developmental program. Why more
complex organisms need more than one form of
Tom20 protein invites further investigation, but our
results in C. elegans and mice and the data from
Drosophila suggest that variant forms of Tom20 are
necessary in select animal cell types to allow for
complex gene expression programs.

Materials and Methods

Tom20 sequences used in HMM search

The initial set of Tom20 sequences consisted of 12
animal sequences (from the insects Bombyx mori and
D. melanogaster, the nematodes C. elegans and Echinococcus
multilocularis, the flatworms Schistosoma japonicum and
Schistosoma mansoni, the coelenterate Ciona intestinalis, the
mollusk Crassostrea virginica, the fish Danio rerio and
Oryzias latipes, the frog Silurana tropicalis, and from
H. sapiens) and six fungal sequences (Botrytis cinerea,
Candida albicans, Gibberella zeae, N. crassa, S. cerevisiae and
Schizosaccharomyces pombe). The animal and fungal
sequences were used to build HMM s to search for similar
proteins. The building of HMM models and database
search were performed with the HMMER package,™
version 2.3.2. We searched the UniProt database version
1.9 (Swiss-Prot Release 43.3 and TrEMBL release 26.3 of 10
May, 2004). The results were processed with programs
developed in-house.

Analysis of motifs

In order to eliminate incorrect/partial sequences from
the set used to analyze the motifs, the animal and fungal
sequences were initially examined for a single, best
defined motif by MEME.*® Four sequences from the
initial 12 were excluded for these further analyses. In the
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animal set, S. mansoni and C. virginicae sequences appear
to come from truncated cDNAs and do not contain the
best defined motif detected in other sequences. When
globally aligned, and examined for pairwise identity, the
H. sapiens and D. rerio sequences showed identities
around 90% with several other sequences and were
excluded from further analysis to miminize bias. The final
set of sequences selected for motif analysis consisted of
eight animal sequences (B. mori, C. elegans, C. intestinalis,
D. melanogaster, E.multilocularis, O. latipes, S. japonicum
and S. tropicalis) and six fungal sequences (S. cerevisiae,
N. crassa, S. pombe, B. cinerea, G. zeae and C. albicans).

For motif detection we used MEME,*® ITERALIGN®!
and PROBE,*?> which employ different algorithms for
motif detection. We applied all three programs to both
animal and fungal sequences, as well as to their union,
and the predicted motifs were compared. Only motifs
found by all three programs were deemed to be genuine.
In all instances, motifs predicted by these three programs
were similar, with some variations in the exact start/end
position of the reported motifs. This was resolved by
comparing the exact positions of motifs predicted by
MEME, ITERALIGN, and PROBE. Given the motif
predicted by all three programs, the longest stretch of
sequence common to all three predictions was deemed to
represent a genuine motif.

Prediction of disordered regions

To determine regions likely to be disordered, indi-
vidual analyses with each Tom20 sequence were under-
taken with the predictor DisEMBL,*® at the EMBL sitef.

Homology modelling of the Tom20 type | isoform
three-dimensional structure

The three-dimensional model of mouse type I Tom?20
was generated using the MODELLER (6v2) program with
default input parameters. Template coordinates were
prepared from the NMR structure of rat Tom20 type II
(PDB code 1om2, chain A), which corresponds to residues
51-143 of the full length protein. Rat Tom20 type II and
mouse Tom?20 tbype I, were globally aligned using
CLUSTALW 1.81°° and the default parameters. Residues
51-143 of the rat type I Tom20 align to residues 55-152 of
the mouse type I Tom20. The regions of sequence
corresponding to the ligand-binding domains (residues
55-128 in rat type II Tom20, 59-132 in the mouse type I
Tom20) align without gaps. Weak alignment was
observed in the C-terminal region of the two sequences,
specifically after the residue V'** in the type II. This
residue marks the end of the regular and well-defined
structure in rat Tom20%, and is not part of the ligand-
binding region. Prosall energies of the model structures
are similar to the template structures, suggesting that the
rat Tom20 type II provides a valid template for creating
these models. Molecular images for Figures 3(c) and 4
were created using VMD3#.>

Calculation of solvent-accessible surfaces

The analysis of the solvent-accessible surfaces was
confined to residues 59-132 of the model, which
corresponds to residues 55-128 of the template Tom20
type Il structure. This region forms a globular-like domain,

and contains all well-defined secondary structure elements
observed in the NMR structure of rat Tom20 type I.* Tt
includes the presequence peptide-binding site, and the
two sequences align in this region without any gaps.

The calculation of solvent-accessible surfaces was
performed with the program CHARMM,*® which
implements the algorithm presented by Lee & Richards.”
A probe radius of 1.6 A was used. For the comparison of
overall protein surfaces, the solvent-accessible surface for
each side-chain was calculated as the sum of the
contribution of individual atoms, with backbone atoms
C’, N, and O excluded. For each model structure (20 NMR
structures of rat Tom20 type I and 64 model structures of
mouse Tom?20 type II were analyzed) the accessible
surface hydrophobicity per unit area was calculated,
using hoydrophobicity scales provided bX Black &
Mould,®” Kyte & Doolittle*’ Eisenberg et al.** and Rose-
man.®! For each hydrophobicity scale, the Shapiro-Wilk
normality test was used to assess the normality of data, an
F-test to test equality of variances, and Student’s t-test
was used to assess the equality of means.®**?

Analysis of the presequence peptide-binding groove

The model of the mouse Tom20 type I with bound
presequence peptide was constructed by fitting the model
coordinates into the position of the rat Tom20 type II with
bound peptide. The C* atoms positions of the globular
domain (residues 59-132 of the full-length protein) were
fit into the positions of the corresponding atoms of the
type II structure. The fitted structure was minimized in
CHARMM with fixed positions of backbone atoms to
relieve bad side-chain contacts between the protein and
the peptide with electrostatic interactions switched off.
The solvent-accessible surface shielded by the peptide
was calculated as the difference between the solvent-
accessible surface of the protein with the presequence
peptide deleted and the solvent-accessible surface of the
protein—peptide complex.

Phylogenics

Maximum-likelihood (ML) and distance analyses were
performed on an alignment of 60 Tom20 sequences from
animals and fungi. Protein maximume-likelihood analyses
were performed with 102 conserved characters using
PhyML,** using an input tree generated by BION], the JTT
model of amino acid substitution, proportion of variable
rates estimated from the data, and nine categories of
substitution rates (eight variable and one invariable): 100
bootstrap trees were similarly calculated with PhyML.
Topology tests were carried out by calculating site-
likelihoods using PAML 3.12°° with zero gamma
categories for the ML tree, 100 ML bootstrap trees, and
ten alternative topologies where the vertebrate type I
clade was moved to ten different nodes. Approximately
unbiased (AU) tests were then conducted on the site-
likelihoods using CONSEL 0.1d.%° For distance analyses,
fewer characters (73) were used due to several incomplete
sequences. Gamma corrected distances were calculated
by TREE-PUZZLE 5.0, using the WAG substitution
matrix®® with eight variable rate categories and invariable
sites. Trees were inferred by Fitch-Margoliash using
FITCH 3.6a§ and weighted neighbor joining using
WEIGHBOR 1.0.1a.° " Bootstrap resampling was

thttp://dis.embl.de/
i http:/ /www.ks.uiuc.edu/Research/vmd/

§ http:/ /evolution.genetics.washington.edu/phylip.
html
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performed using PUZZLEBOOT (shell script by Roger &
Holdert) with rates and frequencies estimated using
TREE-PUZZLE 5.0.

RNAi analysis in C. elegans

C. elegans strains were maintained at 20 °C unless
specified otherwise, using standard techniques.”*”"
Wild-type genes were cloned from N2 Bristol and cloned
into vector L4440 and the Escherichia coli host HT115 was
used for feeding RNAi studies.”? Live worms were
mounted on a film of dried agarose in a small volume
of M9 medium with 10 mM aldicarb. Worms were then
visualized on a Zeiss Axiovert 200 microscope. OP50-fed
wild-type adult worms were seeded onto NGM plates
containing E. coli expressing dsRNA for F23H12.2 or
F32B4.2. Adults were allowed to lay eggs for four hours
and were then removed from the plate. The plates were
incubated at the temperatures stated. The resulting
progeny continued to eat the dsRNA food source and
were further analyzed for body size, growth rate, and
brood sizes.

Mouse gene expression and confocal microscopy

A mouse Multiple Tissue Northern (MTN™) Blot was
purchased from CLONTECH Laboratories, Inc. Each lane
contains a separation of 1 pg of poly(A)* RNA extracted
from one of a selection of different tissue types. Probes
complementary to the nucleotide sequence of MmTom?20
type I (corresponding to amino acid residues 1-80) and
MmTom?20 type II (corresponding to amino acid residues
1-111) and B-actin were generated by PCR from ¢cDNA
clones. Random prime labeling with [a-**P]dATP was
carried out using Promega’s Prime-a-Gene® system.
Hybridization, autoradiography and membrane strip-
ping were carried out according to the manufacturer’s
instructions.

HeLa cells were seeded on glass cover-slips and
transiently transfected with the mammalian expression
vector pEYFP-N1 encoding the mouse Tom20 proteins
using FuGene 6 (Boehringer Mannheim). At 48 hours
after transfection the cells were incubated in DMEM
containing 150 nM Mitotracker® CMX-Ros (Molecular
Probes) for 15 minutes at 37 °C. All cells were fixed in 4%
(v/v) paraformaldehyde in PBS for 15 minutes and free
aldehyde groups were quenched in 50 mM NH,C1/PBS.
YFP and Mitotracker staining patterns were examined
using a Bio-rad MRC-1024 confocal scanning laser
microscope and images merged to examine co-
localization.
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