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ABSTRACT

In Chlamydomonas reinhardtii several nucleus-encoded proteins that participate in the mitochondrial
oxidative phosphorylation are targeted to the organelle by unusually long mitochondrial targeting sequences.
Here, we explored the components of the mitochondrial import machinery of the green alga. We mined the
algal genome, searching for yeast and plant homologs, and reconstructed the mitochondrial import
machinery. All the main translocation components were identified in Chlamydomonas as well as in Arabidopsis
thaliana and in the recently sequenced moss Physcomitrella patens. Some of these components appear to be
duplicated, as is the case of Tim22. In contrast, several yeast components that have relatively large hydrophilic
regions exposed to the cytosol or to the intermembrane space seem to be absentin land plants and green algae.
If presentatall, these components of plants and algae may differ significantly from their yeast counterparts. We
propose that long mitochondrial targeting sequences in some Chlamydomonas mitochondrial protein
precursors are involved in preventing the aggregation of the hydrophobic proteins they carry.

HE endosymbiotic process that originated mito-
chondria (PooLE and PENNY 2007) was followed

by a massive migration of genes to the nucleus. This
gave rise to the highly reduced mitochondrial genomes
that exist today (GRrAY et al. 1999). In many eukaryotes,
mitochondrial DNA contains a limited set of genes
encoding components of oxidative phosphorylation
(OXPHOS): seven genes encoding NADH dehydroge-
nase subunits (nadl-6 and nad4L), three genes encod-
ing cytochrome ¢ oxidase subunits (coxI-3), two genes
encoding ATP synthase polypeptides (atp6 and aips),
and the gene encoding the cytochrome 4 from the bc;
complex (cob) (WALLACE 2007). In contrast, the mito-
chondrial genomes of chlorophycean algae like Chla-
mydomonas reinhardtii lack the genes nad3, nad4L, cox2,
cox3, atp6, and atp8 (VAHRENHOLZ et al. 1993; DENOVAN-
WRIGHT et al. 1998; FAN and LEE 2002). Many of these
genes have migrated to the nucleus and their protein
products are imported into the mitochondrion (PERrEz-
MARTINEZ et al. 2000, 2001; FUuNES et al. 2002; CARDOL
et al. 2006). In addition, the cox2 gene was fragmented
into the independent genes cox2a and cox2b (PEREZ-
MARTINEZ et al. 2001). The nucleus-encoded genes nad3,
nad4L, cox2a, cox2b, cox3, and atp6 adapted for expres-
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sion by modifying their codon usage; they also acquired
promoters, polyadenylation signals, introns, and mitochon-
drial targeting sequences (MTSs) (GONZALEZ-HALPHEN
et al. 2004). MTSs are generally small, cleavable N-terminal
presequences of 20-40 residues, capable of forming
amphiphilic a-helices that are recognized by the import
apparatus (REHLING et al. 2004; NEUPERT and HERRMANN
2007). Chlamydomonas MTSs vary in size; the short
ones direct the proteins to the mitochondrial matrix,
such as the o- and B-subunits of the F,F;-ATP synthase
(45 and 26 amino acids, respectively; FRANZEN and
FarLk 1992; NUuraNt and FRANZEN 1996). The MTSs of
intermediate length direct proteins to the inner mito-
chondrial membrane, such as the Rieske iron-sulfur
protein (54 amino acids; ATTEIA and FRANZEN 1996)
and cytochrome ¢; (70 amino acids; ATTEIA et al.2003).
Long MTSs help import of proteins with two or more
transmembrane stretches, such as Atp6 (107 amino
acids; FunNgs et al.2002), Cox3 (110 residues; PEREZ-
MARTINEZ et al. 2000), Cox2A (130 amino acids; PEREZ-
MARTINEZ ¢f al.2001), Nad3 (160 residues; CARDOL et al.
2006), and Nad4L (133 amino acids; CARDOL et al.
2006). Although experimental evidence is lacking, they
seem to have a bipartite nature that may allow both
targeting to the mitochondrial matrix and subsequent
insertion into the inner mitochondrial membrane.
Parallel to the migration of mitochondrial genes to
the nucleus, mechanisms for the import of cytosol-
synthesized proteins into the organelle evolved (HERRMANN
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2003). The yeast Saccharomyces cerevisiae, has been the
system of choice to study the mitochondrial import
machinery (HERRMANN and NeuPERT 2003). The four
main translocators are the translocase of the outer mem-
brane (TOM) complex, the translocase of the inner
membrane (TIM)22 and TIM23 complexes, and the
topogenesis of mitochondrial outer membrane 3-barrel
proteins/sorting and assembly machinery (TOB/SAM)
complex.

The entry point for all mitochondria-destined pro-
teins is the TOM complex, which consists of one central
channel (formed by Tom40, Tom?7, Tom6, and Tomb)
and three receptor proteins (Tom70, Tom22, and
Tom?20) (Rapaport 2005).

Sorting of the incoming proteins occurs in the
mitochondrial intermembrane space (IMS). Two hex-
americ complexes of small Tim proteins (Tim9/Tim10
and Tim8/Tim13) guide the substrate proteins either to
the TOB/SAM complex in the outer membrane or to
the TIM22 complex in the inner membrane (NEUPERT
and HERRMANN 2007).

The TOB/SAM complex, composed of Tob55, Tob38,
and Mas37, mediates the topogenesis of outer mem-
brane B-barrel proteins. Tob55 constitutes the trans-
location channel, and together with Tob38 it conforms
the minimal functional unit of the complex. Mas37
might be involved in the release of B-barrel intermedi-
ates to the membrane (PASCHEN et al. 2005).

The IMS proteins are imported by means of a bi-
partite MTS, they anchor to the TIM23 translocase, they
are laterally released into the inner membrane, and
finally they are liberated as soluble proteins after a
second proteolytic cleavage. Alternatively, soluble pro-
teins that lack a MTS are trapped within the IMS after
binding cofactors or by folding via disulfide bridges.
This second pathway is mediated by Mia40 and Ervl,
which conform the disulfide relay system (HERRMANN
and HEeLL 2005).

The proteins that reside within the inner membrane
reach their destiny through three different pathways:

1. Membrane proteins with even-numbered transmem-
brane segments that expose both N and C termini to
the IMS (i.e, the family of carrier proteins) are de-
livered by the small TIM proteins to the TIM22 com-
plex (composed of Tim12, Tim18, Tim22, Tim54, and
a fraction of Tim9 and Tim10; REHLING et al. 2004).

ii. MTS-containing proteins of the inner membrane
that have only one transmembrane domain whose N
terminus is facing the matrix are imported through
TIM23 by a “stop-transfer” mechanism. The trans-
membrane domain functions as a sorting signal that
arrests the import of the precursor and allows its
lateral insertion into the inner membrane. The
stop-transfer mechanism also works for proteins
with the opposite orientation, i.e., N terminus facing
the IMS (VAN LooN et al. 1986; GLICK et al.1992).

iii. MTS-containing proteins with more than one trans-
membrane domain are imported into the matrix
where they bind mtHsp70 and are subsequently
integrated into the inner membrane (HARTL et al.
1987; HERRMANN et al. 1997; NEUPERT and HERR-
MANN 2007). This last integration step is mediated
by Oxal (HELL et al. 1998) and Mbal (PRrEuss et al.
2001). These two components are also involved in
the insertion of mitochondria-synthesized proteins.

Mitochondrial proteins destined to the matrix are
translocated by TIM23 in a process that requires a
membrane potential (A¥) and ATP hydrolysis. TIM23 is
formed by two sectors that operate sequentially (KuTix
et al. 2007; NEUPERT and HERRMANN 2007): the protein-
conducting channel (formed by Tim23, Tim17, Tim21,
and Tim50) and the import motor (formed by Tim44,
Tim16, Tim14, and mtHsp70). The stepwise insertion of
preproteins to the matrix is achieved by spontaneous
sliding reactions through the pores of TOM and TIM23.
The polypeptides are trapped in the matrix by the
sequential binding of several molecules of Hsp70 that
also prevent possible retrograde movements (OKAMOTO
et al. 2002).

Here, we mined the Chlamydomonas genome
(MERCHANT et al. 2007), looking for yeast and Arabi-
dopsis homologs, to reconstruct the algal mitochondrial
import machinery. For broader comparison purposes,
we also mined the draft genome of the moss Physcomi-
trella patens. In this study, we have limited our analysis to
those proteins involved directly in the import process;
thus, we have omitted several chaperones, as well as
nucleotide exchange factors that do not interact directly
with the incoming polypeptides or that do not belong to
the import complexes described above.

RESULTS AND DISCUSSION

Since atypical MTSs are present in several mitochon-
drial OXPHOS precursors of Chlamydomonas, it is
likely that uncharacterized machineries exist to ensure
the import of proteins containing two or more trans-
membrane stretches into the inner mitochondrial mem-
brane. As a starting point we explored the components
of the mitochondrial import machinery that are con-
served in the yeast system. Table 1 lists the identified
components of the Chlamydomonas mitochondrial
import machinery and compares them with its yeast
and Arabidopsis counterparts. Figure 1 shows the dis-
position of the green alga import machinery compo-
nents in the different mitochondrial compartments. All
the main translocation components seem to be present
in Chlamydomonas as well as in plants. Indeed, isolated
mitochondria from Chlamydomonas are able to import
plant mitochondrial precursor proteins, although with
much less efficiency than its own (NURANI et al. 1997).
Arabidopsis also exhibits duplication of several compo-
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TABLE 1

Genomic analysis of the mitochondrial protein import machinery components from Chlamydomonas

Name in yeast

(accession no.)

Alternative
names in yeast

Counterparts in

Arabidopsis

(accession no.)

Counterpart in
Chlamydomonas
(accession no.)

Counterpart
present in
Physcomitrella patens

Tom70
(NP_014278)
Tom40
(NP_013930)

Tom22
(NP_014268)

Tom?20
(NP_011596)

Tom7
(NP_014329)

Tom6
(NP_014688)
Tomb
(NP_015459)

Miml
(NP_014616)
Tobbb
(NP_014372)
Tob38
(NP_011951)
Mas37
(NP_013776)

Mia40
(NP_012726)
Ervl
(NP_011543)
Tim13
(NP_011697)
Tim8
(NP_058168)
Tim10
(NP_011869)
Tim9
(NP_010894)
Tim12
(NP_009649)

Tim50
(NP_015262)

Isp42, Mom38

Mas17, Mas22, Mom22

Mas20, Mom19

Mom7, Yok22

Isp6, Mom8B

Mom8A

Tom13

Sam50, Tom50, Omp85
Sam35, Tom38

Sam37, Tom37

Tim40

Mrsll

Mrsbh

NI

TOMA40-1
(NP_188634)
TOMA40-2
(NP_175457)
TOM9-1
(NP_563699)
TOM9-2
(QIFNC9)
TOM20-1
(NP_189343)
TOM20-2
(NP_174059)
TOM20-3
(NP_189344)
TOM20-4
(NP_198909)
TOM7-1
(NP_568593)
TOM7-2
(Q3ECI7)
TOMS6
(NP_564545)
TOM5
(NP_196421)

NI

TOB55
(NP_568157)
METAXIN
(NP_565446)
NI

Intermembrane space

Mia40
(NP_200377)
Ervl
(NP_564557)
TIM13
(NP_564780)
TIMS8
(NP_199894)
TIM10
(NP_565682)
TIM9
(NP_190240)
NI

TIM50
(NP_175986)

Outer membrane: TOM complex
Mas70, Mom72, Ompl

NI

Tom40
(EDP06354)

Tom22“

Tom20
(EDP03564)

Tom7
(EDP05834)

Tom6
(EDO98875)*
Tomb
(EDP08420)

Outer membrane: TOB/SAM complex

NI

Tobbb
(EDP05088)
Tob38
(EDP05944)
NI

Mia40
(EDO96731)
Ervl
(EDP03768)
Tim13
(EDQ99447)
Tim8
(EDP04523)
Tim10
(EDO96752)
Tim9
(EDP09353)
NI

Inner membrane: TIM23 complex

Timb50
(EDP05270)

NI

(+)

()

(+)

(+)

(+)

N.I

(+)
(+)
(+)

NI

NI
(+)
(+)
(+)
()
()

NI

()

(continued )
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TABLE 1

(Continued)

Name in yeast

(accession no.)

Alternative
names in yeast

Counterparts in

Arabidopsis

(accession no.)

Counterpart in
Chlamydomonas
(accession no.)

Counterpart
present in
Physcomitrella patens

Tim44
(NP_012242)

Tim23
(NP_014414)

Tim21
(NP_011547)
Tim17
(NP_012392)

Pam17
(NP_012991)
Tim16
(NP_012431)
Tim14
(NP_013108)

Timb4
(NP_012481)
Tim22
(NP_010064)

Tim18
(NP_014940)

Tam41
(NP_011560)
Hsp70
(NP_012579)

Oxal
(NP_011081)

Mim23, Mpi3, Mas6

Mim17, Mpi2, Smsl

Pam16, Tim16, Mial

Pam18, Tim14

TIM44-1
(NP_565473)
TIM44-2
(NP_181151)
NP_564028
(TIM23-1)
NP_177419
(TIM23-2)
(TIM23-3)
NP_187131
NI

NP_173460
(TIM17-1)
NP_973621
(TIM17-2)
NP_196730
(TIM17-3)
NI

NP_851243
(Tim16)
NP_565824
(TIM14-1)
NP_566352
(TIM14-2)

Tim44
(EDO99746)

Tim23
(EDP09567)

NI

Tim17
(EDP07835)

NI

Tim16
(EDP00908)
Tim14
(EDP02285)

Inner membrane: TIM22 complex

Mmp37

Sscl

Alb3, YidC

NI

NP_566368
(TIM22-1)
NP_567754
(TIM22-2)
NP_200362
(TIM22-3)
NI

Matrix
NP_190347
(Tam41)
NP_196521
(Hsp70)

Protein export

NP_201011
(OXALP)

NI

Tim22A
(EDP09249)
Tim22B
(EDO96777)
Tim22C
(EDP09499)
NI

Tam41
(EDP05657)
Hsp70
(EDP02463)

Oxal
(EDO98825)

(+)

(+)

NI

NI
(+)
(+)

NI

(+)

NI

(+)

(+)

(+)

Homologous sequences in yeast and Arabidopsis were identified in Chlamydomonas. Accession numbers of
protein sequences were obtained from Entrez at the National Center for Biotechnology Information (NCBI)
server (http:/www.ncbi.nlm.nih.gov/). Homologous sequences usually exhibited evalues <1 X 10~°. NI (not
identified) indicates that no sequence of significant similarity was found. (+) indicates that a counterpart is
present in the draft version of the genome of Physcomitrella patens (http://genome.jgi-psf.org/Phypal_1/Phypal_

1.home.html).

“Not identified in the protein database, but present in the Chlamydomonas genome [scaffold_38 (1,040,279

bp): nucleotides 212,622-212,814 (192 bp)].

The protein model is probably wrong. Tim6 would correspond only to the N-terminal region of a protein
EDO98875. A stop codon was probably overlooked in the original ORF. Also present in the Chlamydomonas
genome [scaffold_45 (891,468 bp): nucleotides 206,948-207,055 (108 bp)].
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FIGUrE 1.—The mitochondrial protein import machinery of yeast and the corresponding homologs identified in Chlamydo-
monas. Shaded components are yeast components that have counterparts in plants and green algae. Open components are
proteins present in the yeast mitochondrial import machinery that were not present or could not be identified in plants and

green algae.

nents, since isoforms of Tom7, Tom20, Tom22, Tom40,
Tim14, Tim17, Tim23, Tim44, and Tim22 are present.
Chlamydomonas seems to posses at least three isoforms
of Tim22. The duplication of Tim22 in land plants and
green algae could be related to the absence of Tim18
and Timb4 in the TIM22 complex. The functional
significance of multiple Tim22 copies in plants and
green algae remains to be ascertained.

Notably, some components that have relatively large
hydrophilic regions exposed to the cytosol (Tom70 in
the case of TOM and Mim1l and Mas37 in the case of
TOB/SAM) or to the IMS (Tim 21 in the case of TIM23
and Timb54 and Tim18 in the case of TIM22) seem to be
absent in land plants and green algae. These proteins,
which are present but are not essential in the yeast
import system, may have originated later in evolution.
This hypothesis is also supported by the fact that in
human mitochondria, and presumably in other animals
as well, Mas37, Tim21, Timb4, and Tim18 seem to be
also absent (MAcCKENzIE and PAaynNE 2007). Compo-
nents with large regions protruding out of the lipid
bilayer suggest an important function in the recognition
of precursor proteins and might reflect the uniqueness
of each system. In contrast with what we observed in
land plants and green algae, human mitochondria seem
to lack receptors like Tom6 and Tomb but contain
Tom70, which appears to be missing in plants and green

algae (MAcCKENzIE and PAYNE 2007). The plant and
algal receptors may have a structure that differs from the
one of yeast; this may allow them to recognize specific
MTSs, such as the long ones described above. These
novel receptors have escaped detection by the in silico
approach used in this work, but they may be identified
by future biochemical and proteomic studies. Efforts in
this direction have already been undertaken with the
Arabidopsis mitochondrial proteome (HEAZLEWOOD
and Mi1LLAR 2005; MILLAR et al. 2005), and initial novel
components as well as minimal units of import com-
plexes have also been described in this land plant
(LISTER et al. 2007).

As the receptor components that have relatively large
hydrophilic regions are absent in both Chlamydomonas
and Arabidopsis, we looked for other ways to explain the
presence of atypical MTSs. Nucleus-encoded proteins
with two or more transmembrane stretches containing
exceedingly long MTSs are difficult to import into
organelles due to their high hydrophobicity (PoroT
and DE VITRY 1990; CrArOS et al. 1995). To date,
Chlamydomonas seems to be unique in the sense that
it is able to import into the matrix several cytosol-
synthesized proteins with two or more transmembrane
stretches and to insert them in the mitochondrial inner
membrane. When the nucleus-encoded Atp6, Cox3,
Cox2A, Nad3, and Nad4L proteins from Chlamydomo-
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F1GURrE 2.—Helical-wheel projection of the first 18 residues
of the MTS of the nucleus-encoded mitochondrial Nad3 pro-
tein of Chlamydomonas. Hydrophobic amino acids are cir-
cled and charged residues are indicated by their charge.
The amphipatic character of the helix, exposing a large hy-
drophobic sector, is evident.

nas were compared with their mitochondrion-encoded
counterparts from other organisms, it was found that
the algal ones are less hydrophobic (PEREZ-MARTINEZ
et al. 2000, 2001; FuNEs et al. 2002; CARDOL et al. 2006).
This reduction in hydrophobicity may increase the
importability of the proteins. However, as the proteins
contain transmembrane helices, they are still much
more hydrophobic than most other proteins that are
imported into the mitochondrion. Therefore, it is
probable that the proteins have large hydrophobic
regions exposed at the surface. To prevent aggregation,
it is necessary to mask these hydrophobic surfaces. To
some extent, chaperones may help proteins to stay in
solution, but for very hydrophobic proteins additional
mechanisms may be needed. We now propose that the
long MTSs of hydrophobic mitochondrial proteins form
amphipatic structures that cover the hydrophobic sur-
faces of the proteins, increasing their hydrophilicity.
Figure 2 shows the helical wheel projection of the first
18 residues of the MTS of the Nad3 preprotein. As
shown for other mitochondrial MTS sequences of Chla-
mydomonas (ATTEIA and FrRaNzEN 1996), the amphi-
philic helices exhibit a large hydrophobic sector.
Possibly the long MTSs of hydrophobic preproteins
are indeed bipartite: one first segment can direct the
protein to the matrix, leaving the second segment avail-
able to be recognized by inner membrane components
that would guide the proteins to the site where insertion
can occur. This processing step linked to insertion could
be regulated by inner membrane proteases as it hap-
pens in yeast (KopPEN and LANGER 2007).

There are few other examples of nuclear genes
encoding highly hydrophobic mitochondrial proteins
that migrated to the nuclear genome; such is the case of

the cox2 gene of some legumes (ADAMS et al. 1999). The
mitochondrial import of the Cox2 protein has been stud-
ied in soybean (DALEY ef al. 2002a,b). As in Chlamydo-
monas, the soybean Cox2 protein is less hydrophobic
than the mitochondria-encoded Cox2 proteins, and it
also has a very long tripartite MTS of 136 amino acids.
This MTS cannot be replaced by other MTSs (DALEY et al.
2002a). The first 20 amino acids are required for mito-
chondrial targeting and may be replaced by another
MTS, the central portion is required for efficient import,
and the last 12 amino acids are required for correct mat-
uration. When this MTS was fused to a mitochondrion-
encoded Cox2 protein, the protein could not be imported
into soybean mitochondria unless the hydrophobicity of
the first transmembrane helix of Cox2 was decreased
(DALEY et al. 2002b). Thus, the successful import of Cox2
requires two adaptations: a decreased hydrophobicity of
the first transmembrane helix and a very long MTS. The
central portion of the MTS contains both hydrophobic
and hydrophilic amino acids (36% hydrophobic amino
acids, 16% charged amino acids). This amino acid com-
position is compatible with our proposal that the MTS
forms an amphipatic structure that masks hydrophobic
surfaces of the protein during import.

In summary, the recent completion of the Chlamy-
domonas genome (MERCHANT ¢t al. 2007) allowed the
partial reconstruction of the mitochondrial protein
import machinery of the green alga. A future proteomic
survey of Chlamydomonas mitochondria should focus
on identifying probable novel components that func-
tion as receptors of protein precursors with a specific
plant/algal MTS, in particular, the putative substitutes
of the yeast Tom70, Mim1, Mas37, Tim54, Tim21, and
Tim18. We expect that this partial reconstruction of the
Chlamydomonas mitochondrial import machinery may
stimulate experimental proteomic approaches that will
establish the identity of novel components. Of partic-
ular interest is to acquire knowledge of the pathway
through which preproteins with two or more trans-
membrane segments that participate in OXPHOS are
imported and inserted into the mitochondrial inner
membrane of Chlamydomonas.
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