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Molecular machines drive essential biological processes, with the
component parts of these machines each contributing a partial
function or structural element. Mitochondria are organelles of
eukaryotic cells, and depend for their biogenesis on a set of
molecular machines for protein transport. How these molecular
machines evolved is a fundamental question. Mitochondria were
derived from an a-proteobacterial endosymbiont, and we identi-
fied in a-proteobacteria the component parts of a mitochondrial
protein transport machine. In bacteria, the components are found
in the inner membrane, topologically equivalent to the mitochon-
drial proteins. Although the bacterial proteins function in simple
assemblies, relatively little mutation would be required to convert
them to function as a protein transport machine. This analysis of
protein transport provides a blueprint for the evolution of cellular
machinery in general.
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olecular machines drive essential biological processes,
from protein synthesis and transport to genome mainte-
nance, expression and inheritance (1, 2). Good examples include
bacterial flagella (3, 4), the RNA polymerase holo-complex (5),
and various protein transport machines that selectively transfer
protein molecules across biological membranes (6). Proponents
of Intelligent Design have argued that these sophisticated ma-
chines are “irreducibly complex,” with this standing as the proof
that, at the molecular level, Darwin’s principles of evolution
cannot explain the complexity of living systems (7, 8). Our
current investigation of the function and evolution of the protein
transport machines in mitochondria provides an excellent, and
perhaps unique, system to provide evidence that a sophisticated
molecular machine can evolve from simpler components, in a
process strictly adhering to Darwinian principles of evolution.
Mitochondria are essential organelles that provide energy to
drive cellular processes and need to be constantly reproduced to
ensure cells can divide and grow. Multiple lines of evidence show
that the mitochondria in our cells evolved from intracellular
bacteria (9-11), and that conversion of these intracellular bac-
teria into mitochondria required the evolution of protein trans-
port machines (12). We proposed that simple “core” machines
were established in the first eukaryotes by drawing on pre-
existing bacterial proteins that had previously provided distinct
functions. Subsequently, and in a step-wise process in keeping
with Darwinian evolution, additional modules would have been
added to the core machines to enhance their function. This
proposition is supported by 3 findings: (i) that protein compo-
nents found in bacteria are related in sequence to the compo-
nents of mitochondrial protein transport machines, but (ii) that
these bacterial proteins are not found as part of protein transport
machines and (iii) that some apparently “primitive” organisms
found today have protein transport machines that function with
only one or few component parts.

www.pnas.org/cgi/doi/10.1073/pnas.0908264106

Protein transport into mitochondria requires the action of the
4 membrane-embedded molecular machines: the TOM, TIM22,
TIM23, and SAM complexes (10-13), each composed of up to
8§ distinct protein subunits. However, bacteria do not import
proteins across their outer and inner membranes, and the TOM
and TIM23 complexes that provide this protein import function
to mitochondria do not have counterparts in bacteria. The
TIM23 complex is specifically responsible for protein transport
across the mitochondrial inner membrane. This protein trans-
port machine has been studied in yeast, in plants, and in humans,
and is composed of a conserved set of protein subunits that
associate together to form the molecular machine (13-15). Three
of the subunits are both found in enough representative groups
to suggest they are present in all eukaryotic organisms, and are
essential for cell viability in yeast: (i) the Tim23 subunit, a simple
transmembrane protein that forms the channel through which
protein substrates pass into the mitochondrial matrix; (ii) Tim44,
found on the inner face of the mitochondrial membrane where
it interacts with both Tim23 and Hsp70, thereby docking the
protein import motor to the Tim23 channel; and (iii) the Tim14/
Pam18 subunit that interacts with several proteins in the TIM23
complex and directly stimulates the ATPase activity of Hsp70,
thereby activating the motor to drive protein transport (10,
16-18). Here we show that a-proteobacteria have a protein of
the Tim44 family that functions in membrane quality control and
a Tim14/Pam18 protein that functions in a distinct process.
Together with the LivH amino acid transporter, these compo-
nent parts would have provided “pre-adaptation” to bacteria
ahead of a need for protein import.

Results

Analysis of genome sequence data shows Tim44 is found in all
eukaryotes, with the proteins ranging in size from 25 kDa to 50
kDa (12). An N-terminal segment of variable length (3-30 kDa)
is found and the characteristic “Tim44 domain” of approxi-
mately 20 kDa is always present (Fig. 14). The characteristic
domain of Tim44 binds lipids and might partially penetrate a
monolayer patch of the mitochondrial inner membrane (19). The
structure of the Tim44 protein from yeast and from humans has
been solved: it shows that Tim44 has a deep hydrophobic pocket
that might facilitate lipid binding.

Species of a-proteobacteria, the bacterial group from which
mitochondria evolved (7-9), have proteins with sequence simi-
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Fig. 1. Structure of TimA. (A) Representation of the domain organization
in the Tim44 family of proteins. Black denotes the inner membrane tar-
geting sequence for mitochondria (humans, Saccharomyces, Schizosaccha-
romyces) or bacteria (Azorhizobium, Caulobacter). (B) Model of TimA
(CC3741) from C. crescentus based on the structures of human and yeast
Tim44, represented as cartoon and a solvent-excluded surface. Hydropho-
bicresidues are cyan and other residues are red or green. Aromatic residues
(F104, F109 y117 y124 F144 F162 \\211 F213 \\/224 and F228) are shown in stick
representation. The structure was assessed with the Prosa2003, ProQ, and
Verify3D quality scores (see Fig. S1).

larity to the mitochondrial Tim44 (Fig. 14) (10). The bacterial
protein, which we call TimA, is sufficiently similar to the
human/yeast Tim44 to allow structural modeling: Prosa2003,
ProQ, and Verify3D quality scores show statistical significance
[supporting information (SI) Fig. S1]. Modeling the bacterial
protein on the structural coordinates of the yeast and human
Tim44 suggests TimA also contains a hydrophobic pocket (hy-
drophobic residues are colored blue in Fig. 1B). In addition to
the Tim44 homologue TimA, the genome of Caulobacter cres-
centus codes for a protein, which we have designated TimB
(CC2164), with sequence similarity and equivalent domain struc-
ture to the mitochondrial Tim14/Pam18 protein family (Fig. 24).
Several sequence features: an N-terminal transmembrane seg-
ment and C-terminal J-domain, the signature HPD-X-GGS and
3 (rather than 4) helices in the J-domain characterizes the
Tim14/Pam18 protein family, and all of these features are found
in TimB from C. crescentus and all a-proteobacterial species for
which genome data are available (Fig. S2).

To determine whether the topologies of TimA and TimB are
identical to the mitochondrial proteins Tim44 and Tim14, anti-
bodies were raised to TimA and TimB and used to analyze the
proteins in fractionated bacterial cell extracts. We developed a
method to separate outer and inner membranes of C. crescentus
on sucrose gradients, and found TimA and TimB co-purify with
the inner membrane protein Div] (20) and distinctly from the
outer membrane protein BamA (21) (Fig. 2B). Extraction of
inner membrane vesicles with alkali shows both TimA and TimB
are integral membrane proteins (Fig. 2C). To determine the

15792 | www.pnas.org/cgi/doi/10.1073/pnas.0908264106
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Fig. 2. Location and topology of TimA and TimB. (A) Domain structure of
Tim14 (41, 42) and TimB. (Black, signal sequence; TM, transmembrane do-
main.) The "“J-domain’ (31) that interacts with Hsp70 is shown (detailed
sequence analysis provided in Fig. S2). (B) Membranes were fractionated on
sucrose gradient and analyzed by SDS/PAGE and immunoblotting. (C) Inner
membrane vesicles (IM) were extracted with alkali and the pellet (P) and
supernatant (S) fractions analyzed by Coomassie staining (Upper) and immu-
noblots for TimA, TimB, the integral membrane protein DivJ, and peripheral
membrane protein F1B8. (D) Fluorescence microscopy of the OmpA-mCherry
strain shows the periplasmic location of the protein. (E) Caulobacter cells were
incubated without (-) or with (+) polymyxin B and proteinase K as indicated
and then analyzed by SDS/PAGE and immunoblotting.

membrane orientation of TimA and TimB, we developed a
“mitoplasting” assay. A strain of C. crescentus was prepared in
which an mCherry epitope was attached to the peptidoglycan-
binding domain of the OmpA-like protein (CC3229), with
fluorescent microscopy confirming the periplasmic location of
mCherry (Fig. 2D). After selective permeabilization of the outer
membrane by Polymyxin B, proteinase K was added to degrade
the outer membrane protein BamA and the OmpA-mCherry
fusion in the periplasm, and shows that neither TimA nor TimB
are exposed to the periplasm (Fig. 2F).

Although both TimA and TimB are located in the inner
membrane and facing the cytoplasm, they do not associate with
each other. Antibodies raised to TimA and TimB were used in
immunoprecipitation analysis: antibodies that recognize TimA
do not co-precipitate TimB, and antibodies that recognize
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Fig. 3. TimA and TimB do not associate in a membrane complex. (A) Inner
membrane vesicles (IM) solubilized with DDM were subject to immunopre-
cipitation assays with pre-immune serum (-) or antiserum recognizing TimA
(A) or TimB (B). The immuno-depleted supernatants and the precipitates were
analyzed by SDS/PAGE and immunoblotting with the sera as shown. (B)
Immunoprecipitations from inner membrane vesicles (1 mg total protein)
using either pre-immune serum (pre-) or immune serum raised to TimA were
analyzed by SDS/PAGE and Coomassie staining, with the identity of the
precipitated proteins determined by MS. (C) Inner membrane vesicles were
solubilized with the detergent DDM and analyzed by blue native PAGE and
immunoblotting for TimA and TimB. The Coomassie blue-stained gel (stain) is
also shown.

TimB do not co-precipitate TimA (Fig. 34). The immunopre-
cipitations were scaled up to identify directly any protein
partners of either TimA or TimB. Coomassie blue staining of
the immunoprecipitations confirmed that TimB does not
associate with TimA (Fig. 3B) and identified 2 proteins that are
co-immunoprecipitated with TimA (Fig. 3B). In Escherichia coli,
the ATP-dependent protease FtsH has been shown to form a
complex with HfIC (22), wherein Hf1C differentially regulates FtsH
degradation of substrates (23-25). Although mitochondria have
AAA-proteins (related to FtsH) and prohibitins (related to Hf1C),
neither of these proteins associate with Tim44 in the TIM23
complex of mitochondria. Fig. 3C shows that blue native PAGE
resolves 2 stable complexes of approximately 100 kDa and 150 kDa
containing TimA. We speculate based on subunit sizes that these
represent TimA:HfIC and TimA:HfIC:FtsH (Fig. 3C).
Immunoprecipitations with antibodies against TimB did not
identify any partner proteins, and blue native PAGE shows TimB
is predominantly found in a monomeric form at approximately
20 kDa (Fig. 3C). To test the hypothesis that a bacterial TimB
could be converted to a mitochondrial Tim14, we analyzed the
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Fig. 4. TimB can be converted to function in mitochondrial protein import.
(A) Model of PbTimB-A"3°N (blue) binding to Tim16 (orange) based on the
published Tim14-Tim16 interaction (2GUZ). In Tim14, the asparagine residue
(green) forms a pair of hydrogen bonds with an asparagine in Tim16. In
CcTimB and PbTimB, the native residue at this position is an alanine (red). (B)
TimB from C. crescentus and P. bermudensis were engineered for expression
in yeast by adding an N-terminal mitochondrial targeting sequence and
transmembrane domain. A point mutation was introduced at residue 139 of
PbTimB (TimB-A'3°N) to replace the alanine with an asparagine residue. After
transformation with plasmids carrying the engineered TimB constructs,
Tim14/Atim14 yeast cells were sporulated. Tetrads were dissected: 2 spores of
tetrads 1 and 2 formed viable colonies; 4 spores of tetrads 3 and 4 formed
viable colonies. Arrows indicate subculturing the cells from tetrad 4 to mea-
sure growth phenotype, verifying that the 2 smaller colonies are Atim14 cells
kept viable by PbTimB(A'3°N).

crystal structure (2GUZ) for interactions between the Tim14
and Tim16 subunits of the TIM23 complex. An asparagine
residue in Timl14 forms a pair of hydrogen bonds with an
asparagine in Tim16 (green, Fig. 44). This critical asparagine is
not conserved in bacterial TimB proteins. Pair-wise sequence
comparisons suggest the TimB from the a-proteobacterium
Parvularcula bermudensis (26) is most closely related to the yeast
Tim14 (36% identity through the J-domain), and we engineered
a copy with the point mutation A'3N for expression in yeast
(Fig. 4B). Heterozygous TIM14/Atim14 cells were transformed
to express either TimB or TimB(A'*N), the cells were then
induced to undergo meiosis, and the resulting haploid spores
dissected and allowed to grow. AtimlI4 yeast cells expressing
TimB(A*N) are viable: the His* cells on semisynthetic medium
lacking histidine correspond to the A#imi14 haploids (Fig. 4B).
This growth complementation demonstrates that minimal mu-
tation is required to convert a bacterial TimB to function in the
TIM23 complex.

Discussion

Bacteria have several amino acid and peptide transporters that
could have served as a primitive protein transport channel, and
previous sequence analyses have made the case that the mito-
chondrial protein transport channel Tim23 was derived from
LivH-type amino acid transporters (13, 27). Here we show that
a-proteobacteria also have proteins related in sequence to the
other 2 ubiquitous components of the TIM23 complex, Tim44
and Tim14. These newly described proteins, TimA and TimB,
function in distinct protein complexes in bacteria, yet evolved to
serve as modules of a protein transport machine in mitochondria
(Fig. 4). We suggest that the evolution of a protein transport
pathway into mitochondria required only that the LivH amino
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acid transporter could accept polymers of amino acids (i.e.,
proteins); even if this were an inefficient process initially, it
would be a starting point on which Darwinian selection could
act. Point mutations in a short segment required for interaction
of the TimA protein with LivH would provide a docking point
for the bacterial Hsp70, which is the direct homologue of the
protein transport motor (15, 28, 29). Point mutations that
favored interaction of TimB with LivH would provide proximity
of TimB stimulation to the motor’s otherwise low-level activity.
This model agrees with Jacob’s proposition of evolution as a
“tinkerer,” building new machines from salvaged parts (30).
With these 3 bacterial proteins cooperating as subunits of a
primitive transport machine, a step-wise evolution of the more
sophisticated mitochondrial TIM complex would be enabled.

Molecular machines have been described as being of irreduc-
ible complexity (7, 8). But could a single component of the
machine function in the absence of the others to provide even
inefficient protein transport? Although searches of genomes
have not found a species of eukaryote in which the LivH/Tim23-
type channel is present in the absence of Tim44 and Tim14
subunits, equivalent studies on the TOM complex in the outer
mitochondrial membrane have provided just such a proof of
principle.

Like the TIM23 complex in the inner membrane, the TOM
complex in the outer mitochondrial membrane is composed of
multiple components (Fig. 4). Three essential and ubiquitous
subunits are found: the Tom40 channel and Tom22 and Tom7
subunits (12). In yeast and other fungi, in which much of the
biochemical analysis of the TOM complex has been undertaken,
additional Tom5 and Tom6 subunits are also found as part of the
core TOM complex, and additional import receptors are some-
times present to maximally enhance protein transport (15).
Exhaustive analysis of the genome sequence of one group of
organisms, the microsporidia, shows that they have lost the
Tom22, Tom5, Tom6, and Tom7 components from their core
TOM complex, and have only the Tom40 channel subunit (31).
Microsporidia are parasites that have evolved from the lineage
that gave rise to fungi, but have subsequently reduced their
genomes to code for a smaller set of cellular components (31,
32). The simplified TOM complex in microsporidians provides
an excellent example of how the first, simple protein import
machines might have functioned.

There is no question that molecular machines are remarkable
devices, with independent modules capable of protein substrate
recognition, unfolding, threading, and translocation through
membranes (1). Nonetheless, the complexity of these machines
is not irreducible. At a defined point in evolutionary time, when
the early eukaryotes carried in their cytoplasm intracellular,
symbiotic bacteria, there were no mitochondria and therefore no
mitochondrial protein transporters. Subsequent to that point in
time, TOM and TIM23 complexes arose in eukaryotic organ-
isms, with surveys of modern organisms showing them to have
evolved to varying degrees of sophistication. Darwin wrote, “if
it could be demonstrated that any complex organ existed which
could not possibly have been formed by numerous successive
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slight modifications my theory would absolutely break down”
(33). Even viewed at the molecular level, evidence suggests that
the theory holds.

Materials and Methods

Molecular Cell Biology Methods for C. crescentus and Yeast. Detailed methods
for growth, genetic manipulation, purification of membranes and raising of
marker antisera are provided in the S/ Methods.

Immunoprecipitation. Inner membrane vesicles (10 ug protein) were solubi-
lized in dodecylmaltoside (DDM), at a ratio of 10:1 DDM:protein, in ACA750
buffer, and 3 uL of sera (TimA, TimB, or pre-immune sera) was added and
incubated for 1 h at 4 °C, with constant rotation. Protein A agarose beads
(Santa Cruz Biotechnology) were pre-absorbed with 10 ug solubilized mem-
brane vesicles before addition to the sample of inner membrane vesicles and
sera. Incubation was continued for 1 h. The solution was centrifuged and
unbound protein collected, and beads washed twice with ACA750/0.1% DDM.
Bound protein was released from the protein A agarose beads by boiling in
Laemmli buffer. Unbound and bound fractions were analyzed on a 12%
SDS/PAGE followed by immunoblotting with TimA and TimB sera.

Large-scale immunoprecipitation followed the previously detailed proce-
dure with the following modifications: 60 uL of sera was cross-linked to
protein A agarose with dimethyl pimelimidate hydrochloride before addition
of 1 mg solubilized inner membrane vesicles; after 2 h, incubation unbound
proteins were removed by 6 washes of 0.1% DDM in ACA750 buffer and a final
wash of PBS solution before analysis by SDS/PAGE. Precipitated protein bands
were excised from the gel and peptides identified by MS as previously de-
scribed (34).

Blue Native PAGE. Inner membrane vesicles (10 ng protein) were solubilized in
DDM, at ratios of detergent to protein between 2:1 and 22.5:1. Ratios of 10:1
to 22.5:1 showed no change in complexes of interest, and a ratio of 22.5:1
DDM to inner membrane vesicles is shown in Fig. 3A. BN-PAGE used a 9% to
16% separating gel and 4% stacker with buffers and gel compositions as
previously described (35). Gels were stained with Coomassie (10% (vol/vol)
acetic acid, 45% (vol/vol) methanol, 0.25% (wt/vol) Coomassie R250, or trans-
ferred to PVDF with a TransBlot Semidry Transfer cell (Bio-Rad) for 90 min at
10V.

Sequence Analysis and Structural Modeling. The sensitive homology and fold
detection program HHpred was used to identify both yeast and human Tim44
proteins (E-values 5.2E-38 and 1E-39, respectively) as structural templates for
TimA. A comparative model of TimA from C. crescentus (gi: 13425513, residues
79-234, excluding the transmembrane region) was built using Modeller ver-
sion 9v2 (36) and the multiple sequence alignment produced by HHpred, with
the yeast (pdb:2FXT) and human (pdb:2CW9) Tim44 structures as templates.
Model quality was assessed using the Prosa2003 (37, 38) ProQ (39), and
Verify3D (40) quality scores. Hidden Markov model analysis was as previously
described (10).
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