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a  b  s  t  r  a  c  t

Most  mitochondrial  matrix  and  inner  membrane  proteins  have  N-terminal  presequences  which  serve
as import  signals.  After  import  these  presequences  are  cleaved  by  the  heterodimeric  mitochondrial  pro-
cessing  peptidase.  In the parasitic  protozoa  Trypanosoma  brucei  mitochondrial  protein  import  relies  on
presequences  that are  much  shorter  than  in  other  eukaryotes.  How  they  are  processed  is unknown.  The
trypansomal  genome  encodes  four  open  reading  frames  that are  annotated  as  mitochondrial  process-
eywords:
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rotein import
rotease

ing peptidase.  Here  we show  that  RNAi-mediated  ablation  of  two  of  these  proteins  leads  to  a growth
arrest  and a concomitant  accumulation  of  mitochondrial  precursor  proteins  inside  mitochondria.  Import
experiments  using  isolated  mitochondria  from  RNAi  cell  lines  reveals  that  both  proteins  are required  for
efficient  import  and  processing  of  the  tested  precursor  protein.  Reciprocal  immunoprecipitation  demon-
strates that  the  proteins  interact  with  each  other.  In summary  these  results  show  that  we  have  identified
the  two  subunits  of the  trypanosomal  mitochondrial  processing  peptidase.
Most mitochondrial proteins are encoded in the nucleus, syn-
hesized in the cytosol and finally imported into mitochondria.

itochondrial protein import of matrix and of many inner mem-
rane proteins is mediated by short N-terminal presequences that
how little sequence homology but are enriched for positive amino
cids and have the capability to form amphiphilic helices. Upon
mport into the organelle these presequences get removed by
everal presequence peptidases present in the matrix, the inner
embrane or the intermembrane space of mitochondria [1].  The
ost important of these proteases that processes hundreds of
itochondrial proteins is the mitochondrial processing peptidase

MPP). MPP  is essential for eukaryotic life under all conditions. It is
ctive as a heterodimer consisting of the zinc-dependent catalytic
-MPP subunit and a regulatory �-MPP subunit that is involved in
ubstrate recognition [2]. The two subunits are paralogs and con-
erved in most eukaryotes. In yeast and mammals the two MPP
ubunits are soluble matrix proteins whereas in plants and some
ungi, MPP  is integrated into the cytochrome bc1 complex and func-
ions as both a core protein of the complex and as a presequence
rotease [1].

The parasitic protozoa Trypansoma brucei and its relatives are
onsidered to represent one of the most early diverged branches
n the eukaryotic evolutionary tree [3]. In line with this its mito-

hondrial protein import machinery shows some unique features
4]. The normally conserved mitochondrial outer membrane pro-
ein translocase Tom40 could initially not be identified in T. brucei
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[5].  Instead, protein import across the outer membrane is medi-
ated by ATOM, a protein that shows affinities to both the bacterial
Omp85-like protein family, involved in bacterial protein export,
as well as to the conventional outer membrane protein import
channel Tom40 [6,7]. Moreover, only a single member of the
Tim17/22/23 protein family occurs in T. brucei suggesting that
unlike other eukaryotes T. brucei may  have a single inner membrane
protein translocase [8,9]. Finally, trypanosomal proteins that are
imported into the mitochondrion, similar to proteins imported into
the mitochondria-derived hydrogenosomes or mitosomes, have
unusual short presequences [10]. How the trypanosomal prese-
quences are processed is unknown.

MPP  belongs to the pitrilysin family of metalloproteases. To
identify the trypanosomal orthologs we searched the TriTryp
database (version 4.1) for the InterPro entry IPR011249 “Metal-
loenzyme, LuxS/M16 peptidase-like, metal-binding” and retrieved
7 entries. One of them is predicted to be a pseudogene. Four of the
remaining 6 entries are annotated as MPPs. Phylogenetic analysis
and the sequence alignments in Fig. 1A show that Tb927.2.4110
groups with �-MPPs of other species and consistent with this
exhibits the typical glycine-rich motif. Tb09.160.3110 on the other
hand groups with �-MPPs and contains the characteristic inverted
HxxEHx76E zinc-binding motif. Tb927.5.1060 and Tb11.02.1480 are
components of the recently characterized T. brucei respiratome
[11]. They encode subunits of the cytochrome bc1 complex as they
have been shown to interact with cytochrome c1 (Tb927.8.1890)

and the Rieske iron-sulfur protein ISP (Tb09.211.4700) but not
with Tb927.2.4110 or Tb09.160.3110 [11]. This suggests that in try-
panosomes, unlike in plants and some fungi [1],  no subunits are
shared between the cytochrome bc1 complex and MPP.
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Fig. 1. Identification and in vivo analysis of the putative trypanosomal MPP. (A) Left panel: phylogenetic tree of �- and �-MPPs of various eukaryotes and the six trypanosomal
open  reading frames annotated as “metallo-peptidase, Clan ME,  Family M16”. Sequences were aligned using MUSCLE and the tree was built using the BioNJ algorithm (distance:
poisson; all gap sites ignored; 100 bootstrap replicates) in SeaView (version 4). Right panel: multiple sequence alignments of the �-MPP glycine-rich regions and the �-
MPP  zinc-binding sites, the signature sequences of the MPP subunits. Sequences are of the same species as shown on the left including the putative �- and �-MPPs of
trypanosomatids. The highly conserved consensus sequences are indicated at the top and the �-MPP zinc-binding motif is highlighted at the bottom. (B) Growth curves of
uninduced (−Tet) and induced (+Tet) RNAi cell lines directed against the putative �- and �-MPP. Northern blots confirming the ablation of the corresponding �- and �-MPP
mRNAs  are shown (−Tet, 48 h +Tet). RNAi cell lines were produced using pLew100-based stem loop constructs [18,19] targeting nucleotides 729–1263 of Tb927.2.4110 for
�-MPP  and nucleotides 221–715 of Tb09.160.3110 for the �-MPP and procyclic T. brucei 29-13 as a host strain. (C) Total cellular extracts of the two RNAi cell lines were
prepared at the indicated time points after RNAi induction and analyzed by immunoblots (1.5 × 106 cells per lane) using the indicated antisera. The positions of the mature
f icated
(  days
p
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orms  (m)  of COX4 and REAP-1 as well as their putative precursor forms (p) are ind
−Tet)  and from cells that had been induced (+Tet) for two days (�-MPP) and three
recursor and mature forms are indicated.

To analyze the function of the putative trypanosomal MPP  we
roduced RNAi cell lines of procyclic T. brucei that allow tetracy-
line inducible ablation of either of the two proteins. Fig. 1B shows
hat ablation of the putative �- and �-subunits results in a growth
rrest 2 and 3 days after induction of RNAi. This indicates that both
roteins are essential for normal growth, as expected should they

e subunits of the trypanosomal MPP. The inner membrane pro-
ein cytochrome oxidase subunit 4 (COX4) and the matrix-localized
inetoplastid RNA-editing-associated protein 1 (REAP-1) [12] are
uclear encoded, synthesized in the cytosol and imported into
. (D) Isotonically isolated mitochondria (5 �g) [20] from uninduced RNAi cell lines
 (�-MPP) were analyzed on immunoblots using the indicated antisera. Positions of

mitochondria. Immunoblot analysis of total cellular extracts from
uninduced and induced RNAi cell lines revealed a time-dependent
accumulation of slower migrating bands, which likely correspond
to the uncleaved precursor forms of the proteins (Fig. 1C). Inter-
estingly, the accumulation of the precursor form of both proteins
is more pronounced in the putative �-MPP RNAi cell line. The

mitochondrial outer membrane protein voltage-dependent anion
channel (VDAC) [5] which lacks a presequence is not affected by
the knockdown. The cytosolic protein translation elongation factor
1a (EF1a) serves as a loading control. Analysis of gradient-purified
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Fig. 2. In organello and biochemical analysis of the putative trypanosomal MPP. (A) Isotonically isolated mitochondria [20] from uninduced RNAi cell lines (−Tet) and from
cells  that had been induced (+Tet) for two days (�-MPP) and three days (�-MPP) were tested for in vitro import of 35S-Met-labeled in vitro translated LDH-DHFR and analyzed
by  SDS-PAGE. Positions of precursor (p) and mature forms (m)  of LDH-DHFR are indicated. The coomassie stained gel is shown as a loading control. All import reactions
were  proteinase K treated. Input: 10% of added substrate.  , membrane potential. In vitro translation of LDH-DHFR and in vitro import assays were done as described [6,13].
(B)  C-terminally HA- and Myc-tagged versions of �- and �-MPP were expressed in the same T. brucei 29-13 cell line. �-MPP was  tagged in situ with HA as described [21].
Myc-tagging of �-MPP was  done using a pLew100-derived vector [18]. The resulting cells (T) were fractionated after 48 h of Tet-induction by digitonin yielding a supernatant
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S)  and a crude mitochondrial fraction (P) [15] which were analyzed on immunoblo
xpressing cells (48 h induced) was immunoprecipitated using either anti-HA anti
otal  extract (Inp) and 100% of the bound fraction (IP) were analyzed by immunoblo

itochondria from uninduced RNAi cell lines and from RNAi cell
ines that had been induced for 2 days in the case of the putative
-MPP and for 3 days in the case of the putative �-MPP showed

hat precursor proteins detectable at these times points likely accu-
ulate inside mitochondria (Fig. 1D). This is expected if the two

roteins are required for presequence processing.
Isotonically isolated mitochondria of T. brucei retain the capa-

ility to import proteins. In vitro import of proteins is monitored
y the time- and membrane potential-dependent appearance of
he protease-protected mature form of the added import sub-
trate [13]. Fig. 2A shows that an in vitro translated fusion protein
onsisting of the N-terminal 150 amino acids of mitochondrial
ihydrolipoamide dehydrogenase of T. brucei and mouse dihy-
rofolate reductase (LDH-DHFR) [6] is efficiently imported into
itochondria isolated from uninduced RNAi cell lines. In mito-

hondria from induced �-MPP RNAi cells, however, we observe a
reat reduction and in the induced �-MPP RNAi cell line even a
isappearence of the mature form of LDH-DHFR. This suggests that
blation of �- and �-MPP not only affects processing of mitochon-
rial matrix proteins as shown above but also inhibits the import
rocess itself. Similar observations have been made previously for
he yeast MPP  [14].

The �- and the �-subunit of the MPP  form a heterodimer. We
nvestigated whether the two subunits of the putative trypanoso-

al  MPP  interact with each other in vivo. To that end we expressed
 C-terminally hemagglutinin (HA)-tagged version of �-MPP and
 C-terminally Myc-tagged version of �-MPP within the same cell
ine. Separation of cytosolic and mitochondrial compartments by
igitonin extraction [15] shows that both tagged MPP  subunits
re expressed and that they exclusively co-fractionate with mito-
hondrial marker proteins. Reciprocal immunoprecipitations using
nti-HA and anti-Myc antibodies, respectively, demonstrate that
he proteins interact with each other (Fig. 2C).

In summary our results show that the two proteins encoded
y the open reading frames Tb927.2.4110 and Tb09.160.3110, (i)
ave sequence similarity to the �- and �-subunits of MPP  from

ther species, (ii) exclusively localize to mitochondria, (iii) inter-
ct with each other and (iv) are required for normal growth as
ell as (v) for processing of imported mitochondrial proteins

n vivo and in organello. Based on these results we conclude that
ng the indicated antisera. (C) A digitonin lysate of the �-MPP-HA and �-MPP-Myc
 (left panel) or anti-Myc antibodies (right panel), respectively. Five percent of the
ng anti-HA, anti-Myc and anti-REAP-1 antisera.

we have identified the bona fide trypanosomal orthologs of the
MPP.

MPPs have recently been characterized in the mitosome of Gia-
rdia and in the hydrogenosomes of Trichomonas [16]. T. brucei,
Giardia and Trichomonas all belong to the eukaryotic supergroup
of the Excavata [3] and their organellar proteins share the propen-
sity for very short presequences [17]. Interestingly, it was shown
that the Giardia mitosomes, which have a very small proteome,
have an MPP  that is active as a single �-subunit, whereas in the
more protein-rich hydrogenosomes of Trichomonas the MPP  con-
sists of two subunits, as in other eukaryotes [16]. The trypanosomal
MPP in this respect resembles the Trichomonas enzyme suggesting
that cleavage of a larger number of substrates proteins requires
a heterodimeric MPP. Thus, despite the many unique features of
mitochondrial protein import in T. brucei,  when it comes to prese-
quence processing trypanosomes rely on a canonical mitochondrial
MPP.
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