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Divergence of Ervl-Associated Mitochondrial Import and Export
Pathways in Trypanosomes and Anaerobic Protists

Somsuvro Basu,? Joanne C. Leonard,® Nishal Desai,® Despoina A. I. Mavridou,® Kong Ho Tang,? Alan D. Goddard,®*

Michael L. Ginger,© Julius Luke$,® James W. A. Allen®

Biology Centre, Institute of Parasitology, Czech Academy of Sciences and Faculty of Sciences, University of South Bohemia, Ceské Budgjovice (Budweis), Czech Republic?;
Department of Biochemistry, University of Oxford, Oxford, United Kingdom®; Faculty of Health and Medicine, Division of Biomedical and Life Sciences, Lancaster

University, Lancaster, United Kingdom®©

In yeast (Saccharomyces cerevisiae) and animals, the sulfhydryl oxidase Erv1 functions with Mia40 in the import and oxidative
folding of numerous cysteine-rich proteins in the mitochondrial intermembrane space (IMS). Erv1 is also required for Fe-S clus-
ter assembly in the cytosol, which uses at least one mitochondrially derived precursor. Here, we characterize an essential Ervl
orthologue from the protist Trypanosoma brucei (TbERV1), which naturally lacks a Mia40 homolog. We report kinetic parame-
ters for physiologically relevant oxidants cytochrome c and O,, unexpectedly find O, and cytochrome c are reduced simultane-
ously, and demonstrate that efficient reduction of O, by TbERV1 is not dependent upon a simple O, channel defined by con-
served histidine and tyrosine residues. Massive mitochondrial swelling following TbERVI RNA interference (RNAi) provides
evidence that trypanosome Ervl functions in IMS protein import despite the natural absence of the key player in the yeast and
animal import pathways, Mia40. This suggests significant evolutionary divergence from a recently established paradigm in mito-
chondrial cell biology. Phylogenomic profiling of genes also points to a conserved role for ThERV1 in cytosolic Fe-S cluster as-
sembly. Conversely, loss of genes implicated in precursor delivery for cytosolic Fe-S assembly in Entamoeba, Trichomonas, and
Giardia suggests fundamental differences in intracellular trafficking pathways for activated iron or sulfur species in anaerobic

versus aerobic eukaryotes.

rvl is a highly conserved protein in eukaryotes, required for

essential mitochondrial processes. In animals and yeast (Sac-
charomyces cerevisiae), mitochondrial import and oxidative fold-
ing within the mitochondrial intermembrane space (IMS) of the
small translocase of the inner membrane chaperone family (small
TIM) and other cysteine-rich IMS proteins are dependent upon a
disulfide relay that requires two essential proteins—Mia40 and
Ervl (1). Mia40 acts as a receptor for and catalyst of disulfide bond
formation in newly imported cysteine-rich substrates, and the
sulthydryl oxidase Erv1 is the oxidant for reduced Mia40 (Fig. 1A).
Mia40-dependent mitochondrial import and folding of small
TIMs and other cysteine-rich proteins is commonly referred to as
the “mitochondrial disulfide relay” or the “mitochondrial inter-
membrane space assembly (MIA) pathway.” The second essential
process in which Ervl functions, at least in yeast, is the export
from the mitochondrial matrix to the cytosol of precursor(s) for
cytosolic Fe-S assembly (2, 3). This export pathway (which is in-
completely defined) and the subsequent assembly of cytosolic
Fe-S clusters (known as the CIA pathway) involve the proteins
shown in Fig. 1B (3-5).

Previously, we reported the conservation of Ervl1 in all aerobic
eukaryotes and widespread conservation of Mia40 homologs in at
least three eukaryotic supergroups: the opisthokonts (including
animals and fungi), the Amoebozoa, and the Plantae (6). Curi-
ously, however, there are protist groups, notably the chromalveo-
lates (a large group that includes ciliates, dinoflagellates, diatoms,
and apicomplexan parasites, such as Plasmodium falciparum and
Toxoplasma gondii) and the trypanosomatids, in which Ervl and
cysteine-rich substrates of the MIA pathway are present, but
there is no trace of a Mia40 homolog encoded within complete
nuclear genome sequences (6—8). In trypanosomatids, a virtual
absence of introns, coupled to excellent gene prediction algo-
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rithms covering multiple complete genome sequences, makes
the absence of Mia40 difficult to question. The trypanosoma-
tids are a flagellate parasite family that includes the sleeping
sickness parasite Trypanosoma brucei, the etiological agent of
Chagas’ disease, Trypanosoma cruzi, and numerous pathogenic
Leishmania species.

The absence of Mia40 from trypanosomatids raises obvious
questions. For instance, (i) how are small TIMs and other cys-
teine-rich proteins imported into the mitochondrial IMS of
trypanosomatids? (ii) What is the function of the trypanosomatid
Ervl homolog? (iii) Is it retained only for export from the mito-
chondrial matrix of a precursor for the cytosolic iron-sulfur clus-
ter assembly (CIA) pathway (Fig. 1B), or does it function in pro-
tein import into the mitochondrial IMS? From an evolutionary
perspective, the trypanosomatids belong to a diverse protist
group, the Excavata, in which key aspects of mitochondrial func-
tion in both free-living and parasitic taxa are considered closer to
the sorts of molecular characteristics one could reasonably predict
for the proto-mitochondrion than is the case in other eukaryotes:
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FIG 1 Ervl-dependent processes. (A) The pathway of Ervl-Mia40-dependent import of cysteine-rich proteins into the mitochondrial IMS. (B) Current
understanding of the pathway for precursor delivery and assembly of cytosolic Fe-S clusters based on genetic analysis of yeast and mammalian cells. In panel A,
only the redox-active cysteines of Ervl and Mia40 are highlighted. In panel B, the interactions between the proteins shown is summarized from references 4 and
5; the Fe-S clusters present in Dre2, Cfd1, and holo Narl, assembled on Nbp35 and transferred to cytosolic/nuclear targets by holo Narl, are also shown. X

represents the unknown CIA precursor exported from mitochondria.

e.g., a mitochondrial genome in free-living Reclinomonas ameri-
cana that more closely resembles a eubacterial genome in terms of
architecture and gene content than do other mitochondrial ge-
nomes (9) and a protein translocase of the mitochondrial outer
membrane in trypanosomatids that appears to more closely re-
semble protein translocases of the bacterial Omp85 family than it
does the Tom40 proteins found in other eukaryotes (9, 10). While
the root of eukaryotic evolution remains open to debate (11, 12),
at least one multigene phylogeny supports the divergence of Ex-
cavata relative to other eukaryotic groups (13) and that multigene
phylogeny (13) and also the evolutionary distribution of various
molecular traits (14) are at least consistent with the idea of diver-
gence for the last common ancestor of extant Excavata at an early
point in eukaryotic evolution. Thus, what implications do the an-
swers to the three questions posed earlier have for our under-
standing of the evolution of the Ervl/Mia40 mitochondrial IMS
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protein import pathway that is currently considered to be a con-
served and fundamental feature of mitochondrial cell biology?
The significance of these questions was also highlighted by De-
ponte and coworkers in their recent survey of the evolutionary
conservation of mitochondrial protein import pathways (8). Here
we investigate the roles and biochemistry of Erv1 in T. brucei with
respect to import of cysteine-rich proteins into the mitochondrial
IMS and synthesis of cytosolic Fe-S clusters. Set in a wider context,
our analysis of a highly conserved protein, little studied in protists
(which account for the bulk of eukaryotic diversity), emphasizes
variations that exist for (recently discovered) ubiquitous mito-
chondrial import and export pathways.

MATERIALS AND METHODS

Production of active recombinant T. brucei Ervl. The full-length open
reading frame (ORF) corresponding to Tb09.160.4440 was amplified by
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PCR from T. brucei genomic DNA and cloned in frame into Ndel/BamHI-
digested pET14b (Novagen) to create pTbErvl, a construct consisting of
T. brucei ERV1 (TbERV1) with an N-terminal hexahistidine tag. All plas-
mid constructs generated in this work were sequenced by ABI Prism tech-
nology before use.

Expression of TbERV1 in several Escherichia coli strains produced only
amixture of six major soluble forms, truncated from the C terminus. This
mixture was purified from E. coli by nickel affinity chromatography and
used to raise anti-TbERV1 antisera (Covalab). When TbERV1 was ex-
pressed in E. coli strain C43-DE3 (15), ERV1 inclusion bodies formed.
When solubilized, the majority of the ERV1 was observed at the expected
size on Western blots (confirmed by electrospray ionization mass spec-
trometry [ESI-MS)]). Protein was therefore purified from this strain fol-
lowing growth and protein induction in Terrific Broth supplemented with
20 mM flavin adenine dinucleotide disodium salt hydrate (FAD) (Sigma-
Aldrich).

Cells were harvested and disrupted using a French press at 16,000
Ib/in®. Then, 0.5% (vol/vol) Triton X-100 (Sigma-Aldrich) was added,
and the suspension was incubated at room temperature, under gentle
agitation for 30 min, followed by centrifugation at 25,000 X g for 10 min
at4°C. The inclusion body pellet was solubilized in 8 M guanidine-HCI-50
mM Tris-HCI (pH 7.5) by gentle agitation for 30 min at 4°C. Unsolubi-
lized material was removed by centrifugation at 257,000 X g for 30 min at
4°C. The supernatant was applied to Fast Flow chelating Sepharose (Am-
ersham Biosciences), charged with Ni?*, and preequilibrated with 6 M
guanidine-HCI-50 mM Tris-HCI (pH 7.5). The column was washed ex-
tensively with the equilibration buffer, and the bound protein was eluted
with 6 M guanidine-HCI-50 mM Tris-HCI-500 mM imidazole (pH 7.5).
Dithiothreitol (DTT) (Melford) was added at a final concentration of 100
mM, and the eluted protein solution was incubated under gentle agitation
for 30 min at 4°C. Subsequently, the protein solution was acidified (pH 2)
using concentrated HCl and dialyzed against acidified water (pH 2) over-
night. The dialysate was concentrated and filtered, and following batch
adsorption of secreted protein to reverse-phase C, 5 particles and elution
with 50% acetonitrile—H,0-0.1% trifluoroacetic acid, the protein was
lyophilized.

Lyophilized protein (which was stable and could be stored conve-
niently) was reconstituted in 8 M guanidine-HCI-100 mM Tris-HCI-10
mM B-mercaptoethanol (pH 7.5). The pH of the resulting solution was
adjusted to 7.5, FAD was added at final concentration of 2 mM, and the
solution was incubated under gentle agitation for 1 h at 4°C and then
dialyzed overnight against 100 mM Tris-HCI (pH 7.5). The dialysate was
filtered to remove particulates, treated with B-mercaptoethanol at a final
concentration of 10 mM, and applied to Fast Flow chelating Sepharose
charged with Ni** and preequilibrated with 100 mM Tris-HCI-300 mM
NaCl-10 mM B-mercaptoethanol-20 mM imidazole (pH 7.5). The resin
was washed sequentially with 10 column volumes of the equilibration
buffer, and then 100 mM Tris-HCl-50 mM NaCl-10 mM B-mercapto-
ethanol-20 mM imidazole (pH 7.5), and finally 100 mM Tris-HCI-50 mM
NaCl-20 mM imidazole (pH 7.5). Then the resin was further washed with
3 column volumes of 100 mM Tris-HCI-100 mM imidazole (pH 7.5), and
the protein was eluted with 100 mM Tris-HCl-300 mM imidazole (pH
7.5). Fractions containing native and active TbERV1 (yellow) were com-
bined, concentrated, and stored at 4°C, where the protein was stable for
several months.

Site-directed mutants of TbERV1 were prepared using pTbERV1 as
the template, Pfu polymerase (Stratagene), and the Quikchange method.
When expressed in E. coli C43-DE3, each mutant behaved as the wild type
(WT) (i.e., they formed inclusion bodies of predominantly full-length
protein with some lower-molecular-weight/degradation species also pres-
ent). The mutants were therefore purified and refolded as for wild-type
TbERV1 (described above).

Assays of Ervl activity and protein biochemistry. Refolded, recom-
binant, full-length TDERV1 and variants were used to assay potential elec-
tron acceptors. Reduction of O, was measured in a Clark oxygen electrode
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(Rank Brothers) using DTT or tris(2-carboxyethyl)phosphine (TCEP) as
the artificial substrate. The O, electrode was set at —0.6 V, and samples
were assayed in a volume of 1.5 ml in 50 mM phosphate buffer (pH 7.5)
(unless stated otherwise). O, reduction was initiated by adding TCEP or
DTT via a Hamilton syringe to the reaction mixture. Assays were carried
out in air-saturated solutions (approximately 250 .M O,). Cytochrome ¢
was purified from the trypanosomatid Crithidia fasciculata (16) and as-
sayed spectrophotometrically as an electron acceptor from TbERVI.
Blank reactions were undertaken without Ervl to ascertain the back-
ground rate of cytochrome ¢ reduction by TCEP, which was subtracted
from the observed rate of reduction of cytochrome ¢ when Ervl was pres-
ent. Unless stated, all solutions were fully deoxygenated prior to the assays
and gas-tight cuvettes were used. Ervl and cytochrome ¢ were mixed in
the cuvette, and the reaction was initiated by addition of TCEP via a
Hamilton syringe. The absorbance change at 555 nm was used to calculate
a rate of reduction, using a difference extinction coefficient (between re-
duced and oxidized cytochrome ¢) of 19,500 M 'em L

Experiments were also undertaken in the presence of both cytochrome
c and O, and monitored in either the Clark electrode or the spectropho-
tometer. In the O, electrode, TCEP was added to a solution of Ervl to
initiate the reaction, the rate of oxygen reduction was monitored, and
then C. fasciculata cytochrome ¢ was added. In the spectrophotometer,
both O, and cytochrome ¢ were present in the reaction mixture, and the
reaction was initiated by addition of TCEP. This reaction was carried out
in the presence of superoxide dismutase (Sigma-Aldrich) (added to 20
U/ml) to ensure that any reduction of cytochrome ¢ was by Ervl rather
than by superoxide produced from O,.

For in vitro biochemistry, immunoblot detection of ThERV1 used a
SnaplD protein detection system (Millipore) in conjunction with either
PentaHis horseradish peroxidase-conjugated antibody (Qiagen) or
TbERV1 antisera followed by anti-rabbit alkaline phosphatase conjugate
(Sigma-Aldrich). Visible absorption spectra were recorded using a
PerkinElmer Lambda 2 spectrophotometer. The type of flavin present on
TbERV1 was identified by the method of Faeder and Siegel (17). Fluores-
cence spectra were recorded using fluorescence quartz cuvettes in a
PerkinElmer LS 50B fluorimeter. Protein concentrations were deter-
mined using a bicinchoninic acid (BCA) assay kit (Thermo Scientific,
Pierce). FAD occupancy was estimated spectrophotometrically by com-
paring protein spectra with the spectrum of FAD standard solutions. Cir-
cular dichroism spectroscopy was carried out using a Jasco J-720 spectro-
polarimeter with 1-mm path-length quartz cuvettes. Electrospray
ionization mass spectrometry (ESI-MS) was performed using a Micro-
mass Bio-Q II-ZS triple-quadrupole mass spectrometer: 10-pl protein
samples in 1:1 water-acetonitrile with 1% formic acid at a concentration
0f 20 pmol w1~ " were injected into the electrospray source at a flow rate of
10 wl min~".

Invitro assay of small Tim protein folding by recombinant TbERV1.
Tb927.3.1600 encodes a putative T. brucei small Tim protein with two
CX,C pairs. An ORF flanked by Ndel and BamHI restriction sites was
synthesized (Genscript), restriction digested, and ligated into pET14b that
had also been digested with Ndel and BamHI. Protein (TbTIM9) was
expressed in E. coli CD43-DE3 cells and purified from cell extracts using
the N-terminal polyhistidine tag. DTT was added to purified TbTIM9 to
a concentration of 10 mM, and the mixture was incubated at 4°C
overnight to reduce the protein. The DTT was dialyzed out, and
TbTIMO was stored in 50 mM sodium acetate buffer (pH 5) at —20°C
to minimize reoxidation.

Folding of TbTIM9 by TbERV1 was assayed in the presence of O, *
cytochrome c. To monitor the oxidation state of TbTIM9, AMS (4-acet-
amido-4'-maleimidylstilbene-2,2'-disulfonic acid), which selectively
binds to free cysteine thiols but not disulfide bonds, was used; each AMS
molecule has a mass of ~600 Da, so binding produced a shift on SDS-
PAGE gels. Control experiments showed reduced TbTIM9 could be AMS
labeled in this way and shifted by the expected mass (~2,500 Da) on
SDS-PAGE. The level of reduction of cytochrome ¢ was also monitored
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spectrophotometrically. Folding of TbTIM9 by TbERV 1 was assayed in 50
mM phosphate buffer (pH 7.5) with Ervl added in catalytic amounts.
Where cytochrome ¢ was used, this was present at a >4-fold-higher level
than TbTIM9.

Trypanosome cell culture and RNAI. Procyclic T. brucei (line 29-13)
(18) was cultured in SDM-79 containing heat-inactivated fetal bovine
serum and hemin as described previously (19); bloodstream-form T. bru-
cei (line 90-13) (18) was cultured in HMI-9 medium (20). For RNA in-
terference (RNAi), coding sequence from TbERV was amplified by PCR
using the primer combinations 5'-AATAGGATCCATGTCGAAACAGG
AGCC-3" and 5'-GGCTCTAGACGCTGATGATTTCTTATCATCAG
G-3" and AAGTCTAGACTCGCTAGTTGTATCGGTCC-3" and 5'-CTT
AAGCTTATGTCGAAACAGGAGCC-3', respectively. (Restriction sites
added to 5'-primer ends are underlined.) Purified PCR amplicons were
digested with either BamHI and Xbal or Xbal and HindIII, purified, and
ligated into the vector p2T7-177 (21), which had been digested with
BamHI and HindIII. In this way, inducible expression of hairpin intra-
molecular double-stranded RNA (dsRNA) was under the control of op-
posing tetracycline-regulated T7 RNA promoters. Stable transformation
of procyclic T. brucei was achieved using a BTX electroporator, as de-
scribed previously (22), and transformation of bloodstream-form T. bru-
cei used an Amaxa Nucleofector II electroporator (23). Tetracycline (1 pg
ml ') was added to cultures to induce RNAi; cell densities were moni-
tored using a Beckman Coulter Z2 counter. For immunoblot validation of
TbERV1 depletion, cells were collected by centrifugation, washed with
phosphate-buffered saline (PBS), and resuspended in hot Laemmli sam-
ple buffer, and 5 X 10° cell equivalents per lane were separated by SDS-
PAGE. Polyclonal rabbit antisera raised against recombinant TbERV1 and
T. brucei enolase were used at dilutions of 1:1,000 and 1:150,000, respec-
tively.

Digitonin extraction of procyclic T. brucei. Cells were collected by
centrifugation (800 X g for 10 min), washed in PBS, and resuspended at
6.5 X 108 cells ml~! in 250 mM sucrose—25 mM Tris (pH 7.4)-1 mM
EDTA-150 mM NaCl (STE-NaCl buffer). Aliquots (150 pl) of this resus-
pension were then taken to a final volume of 300 pl containing increasing
concentrations of digitonin (0 to 1.5 mM final concentration) and incu-
bated at room temperature for 4 min. After immediate centrifugation at
13,000 rpm for 2 min, supernatants were added to boiling hot 2X Laem-
mli buffer containing 0.2 M DTT. Samples were separated by SDS-PAGE,
Western blotted to nitrocellulose membranes, and labeled with anti-
sera raised against TbERV1, mitochondrial RNA binding protein 2
(MRP2) (used at a 1:1,000 dilution), prohibitin (1:1,000 dilution),
triosephosphate isomerase (1:1,000 dilution), aldolase (1:1,000 dilu-
tion), or enolase, respectively.

TEM. For transmission electron microscopy (TEM), cells were fixed in
2.5% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate (SC) buffer,
pH 7.4, for 1 h at 4°C, followed by a short wash in SC buffer and postfix-
ation with 2% (wt/vol) osmium tetroxide in the SC buffer for 1 h at room
temperature. Next, cells were dehydrated in ethanol and embedded in
Epon Araldite resin. Thin sections were stained with lead citrate and ura-
nyl acetate and observed under a JEOL JEM 1010 microscope.

Bioinformatics. Orthology of candidate Ervl and CIA pathway pro-
teins was assessed using reciprocal BLAST (24) and sequence alignment
by ClustalW (25), followed by manual evaluation, and analysis of domain
architecture was performed using SMART (26). When searches of protein
databases failed to return hits, tBLASTn analyses were made.

RESULTS

Expression and in vitro folding of recombinant TbERV1. Initial
attempts at expression produced only truncated forms of
TbERV1, but this was used (as described in Materials and Meth-
ods) to demonstrate the presence of bound FAD, rather than fla-
vin mononucleotide (FMN), as expected for a member of the
Ervl/Ero2 enzyme family and for the generation of polyclonal
TbERV1-specific antibodies. Subsequently, we produced full-
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FIG 2 Isolation of soluble recombinant TbERV1. (A) Schematic of ThERV1
architecture; the relative positions of the conserved core domain (black shad-
ing) containing the flavin-binding site and conserved Cys pairs are high-
lighted. (B) SimplyBlue-stained SDS-PAGE gel documenting in vitro folding
of recombinant TbERV1. Lanes: M, molecular mass markers; 1, resuspended
high-performance liquid chromatography (HPLC)-purified freeze-dried pro-
tein; 2, guanidine—f3-mercaptoethanol solubilized protein; 3, solution from
lane 2 following incubation with FAD and postdialysis; 4, flowthrough from
the Ni-affinity column; 5, 20 mM imidazole-300 mM NaCl-10 mM {-mer-
captoethanol wash; 6, 20 mM imidazole-50 mM NaCl-10 mM B-mercapto-
ethanol wash; 7, 20 mM imidazole-50 mM NaCl wash; 8, 100 mM imida-
zole—=50 mM NaCl wash; 9, 300 mM imidazole-50 mM NaCl elution.
Electrospray MS revealed major protein masses at 32,522 * 6 Da and 29,396
Da; the calculated mass of His-tagged TDERV 1 minus the initial Met is 32,519
Da. Even after the extensive purification and refolding protocol, some low-
molecular-mass TbERV1 degradation products remain. (C) Visible absorp-
tion spectra of folded TbERV1 and free FAD; dashed line, free FAD; solid line,
TbERV1. Absorption maxima of free flavin at ~375 nm and ~450 nm shifted
to 458 nm for TbERV 1, which, together with the shoulder of the 458-nm peak,
indicates protein-bound flavin. Flavin occupancy in folded TbDERV1 was esti-
mated at 100%, and bleaching of FAD absorption by dithionite treatment
confirmed the flavin was redox active.

length TbERV1, refolding the protein around the FAD from in-
clusion bodies using a lengthy and complex protocol (Fig. 2B and
C). This protein was used for biochemical analyses.

TbERV1 readily reduces either cytochrome cor O,. Erv1 fam-
ily proteins form disulfide bonds in a substrate protein and there-
fore become reduced. Electrons must then be transferred from the
flavin group of Ervl1 to an electron acceptor to complete the cata-
Iytic cycle (Fig. 1A). The physiological oxidant for the Ervl of S.
cerevisiae and mammalian cells is cytochrome ¢ (27, 28); in these
organisms O, is a poor electron acceptor, whereas Ervl from
Arabidopsis thaliana (29) readily reduces O,. The situation in
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TABLE 1 Kinetic parameters for Erv1 proteins from T. brucei, S. cerevisiae, and H. sapiens using different combinations of electron donor and

acceptor
Organism koo (min™?) K,, (pM) koK, M71s7H) Electron donor/acceptor Reference
T. brucei 30.6 41 1.2 X 10* DTT/O, This work
9.5 124 1,300 TCEP/O, This work
16.7 13 2.1 X 10* TCEP/cytochrome ¢ This work
S. cerevisiae 78 57 2.3 X 10* DTT/O, 30
66 27 4.1 X 10* TCEP/O, 30
H. sapiens
ALR 60.5 240 4,200 DTT/O, 55
ALR long form 61 3,000 330 DTT/O, 73
ALR 270 10 4.5 X 10° DTT/cytochrome ¢ 55

T. brucei was not clear a priori since procyclic T. brucei trypano-
somes found in the tsetse fly vector possess an active mitochon-
drial respiratory chain with cytochrome ¢ present, but long slen-
der bloodstream-form trypanosomes that infect mammals lack
the capacity for cytochrome-dependent respiration. We used full-
length, recombinant, folded ThbERV1 for assays of potential elec-
tron acceptors. Using either DTT (5 mM) or TCEP (3.5 mM) as
artificial substrates (30) in air-saturated solutions (~ 250 uM O,),
we measured sulfhydryl oxidase activities for TbERV1 with K,
values for O, of 41 uM or 124 uM and k,, values of 30.6 min™~" or
9.52 min ™', respectively (Table 1; Fig. 3A). As expected for an
enzyme-catalyzed reaction, the initial rate of reaction was propor-
tional to enzyme concentration (Fig. 3B). To quantify a rate of
cytochrome ¢ reduction by TbERV1, we performed assays using
cytochrome purified from the trypanosomatid Crithidia fascicu-
lata (16) (84% identical and 92% similar to T. brucei cytochrome
¢). We found that DTT reduced trypanosomatid cytochrome ¢
quite rapidly. Thus, we used TCEP as a substrate (Fig. 3C) and, in
the absence of oxygen, determined a K,, for C. fasciculata cyto-
chrome cof 13 uM and a k_,, of 16.7 min~* (Table 1).

Although enzymology of cytochrome ¢ oxidase (unlike
TbERV1, a topologically fixed membrane protein) has shown that
use of a heterologous cytochrome ¢ can influence kinetic param-
eters determined in vitro (31), it was not feasible to carry out our
kinetic analysis of T. brucei ERV1 using T. brucei cytochrome c as
an oxidant. In part, this was due to the absence of a suitable ex-
pression system to generate recombinant T. brucei cytochrome ¢
(which has an exceptional heme attachment posttranslational
modification) (16, 32, 33), and in part it was due to the impracti-
cality of growing sufficiently large volumes of procyclic T. brucei
(>100 liters) to isolate the milligram quantities of cytochrome ¢
that would have been required for our experiments. It is therefore
possible that the kinetic values we report for cytochrome c are
uncertain because the Crithidia cytochrome we used does not
interact as effectively with TbERV1 as T. brucei cytochrome c.
However, in preliminary assays using C. fasciculata cytochrome
¢, commercial preparations of horse or Saccharomyces cerevi-
sige cytochrome ¢ (both Sigma-Aldrich), or a recombinant
variant of T. brucei cytochrome ¢ with heme attached through a
conventional binding motif (32), we saw little difference in the
rates of cytochrome reduction by TbERV1; we are therefore
confident in the validity of the kinetic values reported in Tables
1 and 2.

To assess the relative preference of O, or C. fasciculata cyto-
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chrome c as the oxidant for TbERV1, we also undertook assays in
the presence of both oxygen and cytochrome c. In the Clark elec-
trode, the addition of cytochrome ¢ had no effect on the rate of O,
consumption when TCEP was used as the substrate for sulthydryl
oxidase activity (Fig. 3D and E). When reduction of cytochrome ¢
by TbERV1 was assayed in the spectrophotometer under aerobic
conditions, cytochrome ¢ was reduced at 58% of the rate observed
under anaerobic conditions (data not shown). The latter experi-
ments were conducted in the presence of superoxide dismutase to
ensure any cytochrome ¢ reduction was by TbERV1 directly,
rather than by superoxide derived from reduction of O, by
TbERVI1. Thus, surprisingly, TbERV1 can reduce both cyto-
chrome ¢ and O, simultaneously, which has not been previously
observed for members of the Erv1 family.

One possible explanation for the apparent O, preference of
TbERV1 is the conservation of residues predicted to form a hy-
drophobic channel from the enzyme surface to the N5 nitrogen of
the FAD isoalloxazine ring in other Ervl/Ero2 family members
that readily reduce O, (34). The putative conserved residues are
His-66 and Tyr-70 in the trypanosome protein; in Ervl proteins
thought to lack this hydrophobic channel, Asp typically replaces
His and the identity of the amino acid four residues downstream is
variable (see Fig. S1 in the supplemental material). To look further
at O, utilization by TbERV1 and test experimentally the hypoth-
esis of a hydrophobic O, channel in Ervl, we prepared an H66D
Y70R variant by site-directed mutagenesis and assayed purified
folded protein for sulfhydryl oxidase activity. Even though our
channel mutant was clearly unstable—only tiny amounts of pro-
tein could be prepared even from large cell growths—circular
dichroism spectroscopy showed that mutation did not detectably
affect the protein fold (see Fig. S2 in the supplemental material),
and in a single experiment using TCEP as the substrate, the pro-
tein was clearly very active (Table 2).

We also expressed and in vitro folded other site-directed mu-
tant TbERV1 proteins, focusing on mutation of cysteine pairs pre-
viously shown to participate in the electron shuttle from substrate
to FAD cofactor in Ervl family proteins from other organisms
(30) (analogous to the proximal and distal cysteine pairs high-
lighted in Fig. 2A). C60S C63S (proximal) and C261S C265S (dis-
tal) TObERV1 variants expressed in E. coli C43-DE3 refolded simi-
larly to the wild-type protein purified from inclusion bodies; this
was evident from spectroscopic analyses of the in vitro folded pro-
teins, confirming that the mutations did not detectably affect the
protein fold (see Fig. S2 in the supplemental material) and that
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FIG 3 TbERV1 readily reduces either O, or cytochrome c. (A) Determination of the K,,, for TbERV 1-catalyzed oxygen consumption using DTT as the electron
donor. The main graph shows the time course of O, consumption with 4 wuM TbERV 1 in the presence of 5 mM DTT; the inset shows the reaction rate during the
assay, derived from the main curve. K, was estimated according to the method of Angand Lu (30): the time corresponding to half the maximal rate was estimated
from the graph inset and used to extrapolate to the O, concentration at that time in the main figure (dashed arrows). (B) The initial rate of TDERV 1-catalyzed
O, consumption is proportional to the amount of protein present. Readings were taken using a Clark-type oxygen electrode, and the reaction was started by the
introduction of DTT, after ~10s, to a final concentration of 5 mM, using a Hamilton syringe. Short dashes, 5mM DTT only (note that this shows a background
rate of oxygen consumption as the electrode itself consumes oxygen during measurement); long dashes, 1 pM TbERV1; solid line, 4 wuM TbERV 1. (C) Anaerobic
reduction of trypanosomatid cytochrome ¢ by TbERV1. A time course for TbERV1-catalyzed oxidation of TCEP is shown. Reduction of C. fasciculata cyto-
chrome ¢ was monitored by following absorbance (Abs) at 555 nm. TCEP was added, and mixing of solutions occurred between 65 and 75 s. The final reaction
mixture in deoxygenated 50 mM phosphate buffer (pH 7.5) contained 3.5 mM TCEP and 10 M cytochrome c. Dashed line, no TbERV1 present (all reduction
of cytochrome ¢ due to TCEP, representing the background rate); solid line, 1 uM TbERV1. (D and E) The rate of TbERV1-catalyzed O, consumption is
unaffected by the addition of cytochrome ¢ (Cyt ¢). (D) Assays were carried out in a Clark electrode using 50 mM phosphate buffer (pH 7.5) and 1 uM TbERV1;
TCEP and C. fasciculata cytochrome ¢ were added to final concentrations of 3.5 mM and 15 pM, respectively, at the time points indicated. Panel E shows the rate
of O, consumption in the initial seconds after the additions of TCEP (solid line) and cytochrome ¢ (dashed line). (Data in panel E are from panel D.)

flavin occupancy was close to 100% (data not shown). The ab- tially close to the bound flavin (data not shown) (30). Analysis of
sorption spectrum of the proximal cysteine pair mutant showed purified, in vitro folded proteins by SDS-PAGE revealed that the
small shifts in the FAD absorption maxima compared with wild-  proportion of protein present as full-length versus degradation
type TbERV1, consistent with the mutagenesis of residues spa-  products was different in each ERV1 variant (see Fig. S3 in the
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TABLE 2 Activity of recombinant TbERV1 in comparison with that of
site-directed mutants

Reduction (WM min~' wM
TbERV1 ') of *:

Enzyme Substrate 0, Cytochrome ¢

WT TbERV1 TCEP 11.97 £ 3.3 19.92 £ 5.0
DTT 2291 +37  NDV

Distal Cys pair mutant TCEP 30.03 = 2.7 26.67 £ 1.5
DTT 3043 +3.8  ND’

Proximal Cys pair mutant TCEP 0.38 = 0.1 1.08 = 1.9
DTT 0.14 + 0.2 ND’

O, channel mutant TCEP 7.24 ND¢
DTT ND¢

@ Rates were determined using 3.5 mM electron donor under either aerobic conditions
or under anaerobic conditions in the presence of 15 uM C. fasciculata cytochrome c.
Errors are standard deviations from at least 3 independent measurements. The values
for WT TbERV1 are similar to those quoted in Table 1; note that the Ervl used for
experiments summarized in Table 2 was purified, refolded, and assayed independently
from the TbERV 1 prepared for the experiments summarized in Table 1.

b Not determined (ND) due to efficient reduction of cytochrome ¢ by DTT.

¢ Not determined due to a lack of protein (see the text).

supplemental material). Similar to S. cerevisiae Ervl and the mam-
malian ortholog ALR (30, 35, 36), mutation of cysteines adjacent
to the FAD cofactor (the proximal cysteines) rendered ThERV1
virtually inactive for the oxidation of either DTT or TCEP and the
reduction of either cytochrome ¢ or O, (Table 2). As with yeast
Ervl and ALR, mutation of the distal cysteine pair did not abolish
the activity of TbERV1 with DTT, but in contrast to Ervl or-
thologs from other organisms (30, 37), as well as related sulthydryl
oxidases exhibiting a similar core FAD-binding domain Erol and
Erv2 (38, 39), the distal cysteine variant of TDERV1 was also active
with TCEP as the substrate for sulthydryl oxidation. In yeast Erv1,
the distal cysteine pair is responsible for electron transfer from the
substrate to the proximal cysteine pair and the distal cysteines
interact directly with reduced Mia40 (40, 41). Small substrates
such as DTT, however, can access the active site directly. The ob-
servation that the C261S C265S TbERV1 mutant retained activity
toward the larger TCEP substrate suggests that the active site of the
trypanosome enzyme adopts a more open or accessible conforma-
tion than the Ervl enzymes from yeast and humans.

TbERV1 is an essential gene required for normal mitochon-
drial morphology. By enzymological characterization of recom-
binant TbERV1, we have shown that the protein is a sulfthydryl
oxidase that catalyzes the transfer of electrons from a substrate to
both cytochrome ¢ and O,. We next investigated its expression
and function in vivo in T. brucei. Immunoblot analysis revealed
TbERV1 expression in both procyclic (i.e., tsetse fly) and blood-
stream (mammalian)-form trypanosomes (Fig. 4A). Subcellular
fractionation of procyclic T. brucei confirmed TbERV1 is a mito-
chondrial protein (Fig. 4B).

We used tetracycline-inducible RNAi to deplete TbERV1. In
both procyclic and bloodstream-form mutants, TbDERV1 abun-
dance was decreased even prior to the induction of RNAj, indicat-
ing considerable leakiness to our inducible system. Depletion of
protein did not result in a major growth phenotype in the blood-
stream-form RNAi mutant (Fig. 4D), but in noninduced procyclic
RNAI cells, leaky ThbERV1 depletion correlated with a modest
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growth defect (Fig. 4C). Addition of tetracycline to induce RNAi
resulted in the virtual disappearance of TbERV1 and a cessation of
cell growth in both bloodstream (mammalian)-form and procy-
clic (tsetse fly midgut) cultures (Fig. 4A, C,and D). Thus, TbERV1
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FIG 4 TbERVI is essential in procyclic and bloodstream-form T. brucei. (A)
Immunoblot analysis reveals constitutive expression of TbERVI in procyclic
and bloodstream stages of T. brucei. WT, wild-type parental cell lines from
which RNAi mutants were derived; —Tet, RNAi mutants grown in the absence
of tetracycline; +Tet, RNAi mutants 72 h postinduction of RNAi. Blots were
labeled with antibodies recognizing either TBERV1 or enolase, which served as
a loading control. (B) Subcellular fractionation of procyclic cells by digitonin
extraction reveals ThERV1 to be a mitochondrial protein. Soluble fractions
from the digitonin extraction were blotted and probed with antibodies detecting
the cytosolic marker enolase, the glycosomal markers aldolase and triosephos-
phate isomerase, the mitochondrial markers MRP2 and prohibitin, or TbERV1.
Arrowheads indicate the minimal concentration of digitonin required to release
the designated protein. (C and D) Growth of procyclic (C) or bloodstream-form
(D) TbERVI RNAi mutants in the absence (dotted line) or presence (dashed line)
of tetracycline (1 g ml™"); the solid line denotes the growth of the parental wild-
type cell line from which the RNAi mutants were derived.
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FIG 5 TbERV1 depletion causes mitochondrial swelling. (A) The thin-section electron micrograph of a longitudinal section through a parental T. brucei
procyclic cell shows the normal morphology of the mitochondrion. (B) A thin-section micrograph reveals discernible mitochondrial swelling of a procyclic
TbERV1 RNAi mutant in the noninduced state. (C) Intact kinetoplast DNA disk in a noninduced procyclic TbERVI RNAi mutant. (D) Massive mitochondrial
swelling in TbERV1 procyclic RNAi mutants 72 h after the induction of RNAI. (E) Intact kinetoplast DNA disk in a procyclic ThERVI RNAi mutant 72 h after
RNAI induction. (F) Longitudinal section revealing normal mitochondrial morphology in a bloodstream-form trypomastigote cell. (G) Thin-section micro-
graph showing normal mitochondrial morphology of a bloodstream-form TbERV1 RNAi mutant in the noninduced state. (H) Conspicuous mitochondrial
swelling in a TbERV1 bloodstream-form RNAi mutant 72 h post-RNAi induction. Scale bars represent 1 pwm (A, B, D, F, G, and H) and 200 nm (Cand E). Arrows

point to the kinetoplast; open triangles designate the mitochondrion.

is essential in both bloodstream-form and procyclic T. brucei. To
look further at the effect of RNAi, we fixed cells for analysis by
TEM. Following RNAi induction, massively swollen mitochon-
dria were apparent (Fig. 5D). Even in the absence of tetracycline,
mitochondrial swelling was evident (Fig. 5B; presumably as a con-
sequence of reduced TbERV1 content [Fig. 4A]), but not to the
extent seen following RNAi induction.

In S. cerevisiae, mitochondrial swelling is seen in a variety of
mutants defective in mitochondrial protein import, including
Ervl-deficient yeast (42, 43). Yet, at least in yeast, Ervl is also
required for maturation of cytosolic and nuclear Fe-S cluster-con-
taining proteins. Thus, we examined ultrastructure in procyclic T.
brucei mutants where RNAI had been used to selectively deplete
different components of mitochondrial and cytosolic Fe-S cluster
assembly pathways. For essential components of the mitochon-
drial Fe-S cluster assembly pathway, we analyzed mutants de-
pleted for either T. brucei frataxin (TbFRAT) (44) or both Isal and
Isa2 (45). In the TbISAI TbISA2 RNAi mutant, assembly of mito-
chondrial, but seemingly not cytosolic, Fe-S proteins is affected
(45), whereas RNAi of TbFRAT strongly affects Fe-S cluster as-
sembly in both the mitochondrion and cytosol. For a component
of the mitochondrion-to-cytosol Fe-S delivery pathway, we
looked at a TbATMI RNAi mutant (P. Changmai and J. Lukes,
unpublished data); Atml is a transporter of the inner mitochon-
drial membrane, which like Erv1 is essential for the maturation of
cytosolic Fe-S proteins (46). Finally, we looked at RNAi mutants
of Nbp35 and Cfd1 (47), both of which act downstream of Ervl in
the cytosolic Fe-S cluster assembly pathway (Fig. 1B). The RNAi
phenotypes of all of these mutants are lethal; thus, mutants were
fixed for analysis by TEM shortly before the time points at which
the growth of RNAi-induced cultures ceased. Mitochondrial

350 ec.asm.org

swelling was not evident in any of the Fe-S cluster assembly-de-
fective RNAi mutants analyzed (see Fig. S4 in the supplemental
material). This suggests that the extensive degree of mitochondrial
swelling seen in TbERV1 RNAi mutants is not due to a defect in
the export from the mitochondrial matrix of the precursor(s) for
cytosolic Fe-S cluster assembly or a pleiotrophic phenotype com-
mon to dying cells. Instead, it is likely that the mitochondrial
swelling derives directly from a role for TBERV1 in mitochondrial
protein import.

Failure of recombinant ThERV1 to fold a cysteine-rich small
Tim protein in vitro. T. brucei lacks a homolog of Mia40, but its
Ervl contains an unusually extended C-terminal domain that in-
cludes the distal cysteine pair (see Fig. S1 in the supplemental
material). One hypothesis is that TDERV1 acts directly as the ox-
idant for small, cysteine-rich proteins imported into the mito-
chondrial IMS: i.e., TbERV1 could combine the roles of yeast Ervl
and Mia40. If TBERV1 acts directly on IMS import substrates, it
should be able to oxidize the cysteine thiols of TbTIM9 (the
homolog of a yeast/animal Mia40 substrate) in the presence of
either O, or cytochrome c. Based on the approach of Bien and
coworkers (41), we prepared assay mixtures containing recom-
binant TbERVI, initially reduced TbTIM9 (Tb927.3.1600),
and O, * cytochrome c. To monitor the oxidation state of
TbTIMY, we used AMS, which selectively binds to free cysteine
thiols, but not disulfide bonds, in conjunction with SDS-PAGE
gel shift assays. We also monitored the reduction of cyto-
chrome ¢ spectrophotometrically.

The presence of TBERV1 affected neither the extent of ThTIM9
oxidation nor cytochrome c¢ reduction. TbTIM9 was present in
10- to 40-fold stoichiometric excess over TbERV1 (such that
TbERV1 was present in catalytic amounts), and cytochrome ¢
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and/or O, was present in excess over the thiols of TbTIM9. Reac-
tions were allowed to proceed for >2 h (cf. in vitro assay times of
typically up to 15 to 45 min in the study by Bien et al. [41]). Thus,
we conclude that, at least under these assay conditions, TbERV1
does not directly oxidize this mitochondrial IMS protein. Cyto-
chrome ¢ was slowly reduced to some extent when mixed with
TbTIMOY, but the level and rate of reduction were independent of
TbERV1. This, presumably direct cytochrome ¢-TbTIM9 interac-
tion did not lead to full oxidation of TbTIM9.

TbERV1 and cytosolic Fe-S cluster assembly. The single mi-
tochondrion in trypanosomatids extends throughout the cell
body and is notoriously fragile under most standard subcellular
fractionation conditions. Given the likely extreme fragility of
swollen mitochondria following induction of ThERVI1 RNAI, we
felt the direct study of a possible role of TbERV1 in cytosolic Fe-S
cluster assembly would yield equivocal data. Thus, we used a
comparative genomics approach to ask whether proteins
known to function in the delivery or assembly of cytosolic Fe-S
cluster precursors (Fig. 1B) are conserved in trypanosomatid
parasites. A similar phylogenomic profiling strategy of genes
required for mitochondrial Fe-S cluster assembly pointed to-
ward a direct and key role for frataxin in Fe-S cluster assembly
sometime before the function of that then enigmatic protein
was revealed experimentally (48).

The results of our analysis (Fig. 6) revealed conservation of
genes encoding proteins required for cytosolic Fe-S cluster bio-
genesis in aerobic eukaryotes, including trypanosomatids. Some
component absences (marked with asterisks in Fig. 6) likely reflect
gaps in draft sequence assembly. In the microsporidian parasites
Encephalitozoon cuniculi and Encephalitozoon intestinalis, which
possess the most highly reduced nuclear genomes known in terms
of gene content (49, 50), the absence of Mia40 and known sub-
strates of the MIA pathway (6) means Erv1 can obviously function
in cytosolic Fe-S cluster assembly only. Known CIA proteins, ex-
cept for Met18, are conserved in these highly divergent parasites.
However, our analysis also produced unexpected and striking ob-
servations relating to anaerobic eukaryotes. The obligate anaero-
bic protists Entamoeba, Trichomonas, and Giardia not only lack
Ervl but also Dre2, and in Entamoeba, the Dre2-interacting pro-
tein Tah18 (51) is also absent. Tah18 is a flavoprotein that trans-
fers electrons from NADPH to the Fe-S cluster(s) of Dre2 (4).
Neither canonical-looking Tahl8 nor Narl is present in
Trichomonas, but in this microaerophile, we observed a unique
architecture corresponding to Narl-like Fe-hydrogenase-re-
lated proteins fused at the C terminus to flavodoxin and FAD-
binding domains conserved in Tah18 homologs. Since genome
coverage is available for multiple species and isolates of Enta-
moeba, Trichomonas, and Giardia and a paucity of introns in
these organisms reduces difficulties in ORF annotation, pre-
dicted absences of Ervl, Dre2, and Tah18 are very likely to be
real. Unexpected outcomes from our phylogenomic profiling
of cytosolic Fe-S cluster assembly are therefore indications of
moderation and variation in the intracellular trafficking path-
ways for activated iron or sulfur species in anaerobic protists
versus eukaryotes that reside in O,-replete environments.

DISCUSSION

With this study, we have followed our previous in silico analysis of
the phylogenomic distribution of genes encoding substrates for
and components of the MIA pathway (6) with (i) experimental
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FIG 6 Phylogenomic distribution in eukaryotes of Ervl and known compo-
nents of the CIA pathway. Relationships between different eukaryotic groups
represent a consensus of current opinion (11). Conservation of candidate or-
thologs is denoted by black shading, absence of shading denotes the absence of
candidates, and gray shading indicates where there is a clear deviation from a
simple binary classification of presence or absence (e.g., atypical domain ar-
chitecture). Asterisks mark unexpected absences that probably reflect gaps in
draft genome coverage. For example, in C. reinhardtii, no Dre2 is predicted
from the genome assembly, but Dre2 is present in the closely related Volvox
carteri, and a Chlamydomonas expressed sequence tag (EST) with a sequence
match to Dre2 is available. For Tah18, homologs lacking conservation to all
three domains of the yeast protein are evident in the dinoflagellate Perkinsus
marinus, apicomplexan parasites, and Giardia. Curiously, Ervl can only be
found in Cryptosporidium muris, but not C. hominis or C. parvum; a partial hit
to Ervl is evident only from tBLASTn searches in Naegleria gruberi, suggesting
problems in prediction of a gene model due to introns. In Trichomonas, ca-
nonical-looking Narl and Tah18 are not present, but a novel architecture of
Nar1 fused to Tah18-related domains is seen.

analyses of Ervl function in the African sleeping sickness parasite
T. brucei and (ii) a new in silico analysis aimed at clarifying the
involvement of Ervl in cytosolic Fe-S cluster assembly within evo-
lutionarily diverse protists. From our earlier analysis (6), we pro-
posed a two-step model for evolution of the MIA pathway,
whereby in early emerging eukaryotes the import of disulfide-
bonded proteins into the mitochondrial IMS was dependent upon
Ervl, but not Mia40. Novel results present here are (i) evidence
that trypanosome ERV1 is indeed involved in the import of cys-
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teine-rich proteins into the mitochondrial IMS, despite the ab-
sence of Mia40, (ii) a kinetic analysis of recombinant T. brucei that
(a) raises the novel possibility in the Ervl family of simultaneous
reduction of two electron acceptors and (b) challenges the essen-
tiality of conserved amino acids within a putative “oxygen chan-
nel” present in Ervl orthologs capable of readily using O, as an
electron acceptor, and (iii) the observation that obligate second-
ary transition to growth in microoxic or anaerobic environments
correlates with marked variations in the pathway that leads to
cytosolic Fe-S cluster assembly in model aerobic eukaryotes.
These points are expanded upon in the discussion below.

In animals and yeast, Mia40 is essential for the IMS import and
folding of numerous small, cysteine-rich proteins (1). In the
model plant Arabidopsis thaliana, however, the Mia40 gene is
nonessential, although its absence results in the loss of some cys-
teine-rich proteins that would be substrates for the MIA pathway
in yeast (52). Interestingly, Ervl abundance is increased in mito-
chondria isolated from Amia40 plants, leading to speculation that
in the absence of Mia40, Ervl might function alone in IMS import
of small Tim proteins and other essential cysteine-rich proteins
(52). The dramatic mitochondrial swelling that occurs following
RNAI against TDERV was not phenocopied by a variety of RNAi
mutants defective in mitochondrial and/or cytosolic Fe-S cluster
assembly. However, it is reminiscent of the globular mitochondria
seen by epifluoresence microscopy following RNAi against try-
panosome small Tim proteins (53). Small Tims are well known for
their chaperone function in sorting mitochondrial membrane
proteins. Thus, the available data suggest a direct role for ThBERV1
in mitochondrial protein import, most probably in the import of
cysteine-rich proteins into the IMS. Unfortunately, antipeptide
antibodies generated against T. brucei homologs of two classic
MIA substrates did not yield reagents that were tractable for mon-
itoring the abundance of cysteine-rich mitochondrial IMS pro-
teins following induction of TbERV1 RNAI. Since in our assays
recombinant TObERV1 did not catalyze oxidative folding of a small
Tim in vitro, it is not clear whether trypanosomes operate a
streamlined pathway for oxidative protein import into the mito-
chondrial IMS (as hypothesized in reference 6) or if TbERV1 func-
tions in concert with (a yet to be identified) protein nonhomolo-
gous to Mia40, but related in function.

In vitro enzyme assays of TbERV1 with TCEP and DTT as
electron donors suggest possible differences in active site accessi-
bility between TbERV1 and S. cerevisiae Ervl (ScErvl). Does this
point toward the possibility that TBERV1 acts directly (i.e., with-
out a Mia40-like partner) in the oxidative folding of small Tim
proteins or other cysteine-rich proteins in trypanosome mito-
chondria (discussed further in references 6 and 8) and that our
failure to see direct oxidative folding of recombinant TbTIM9 in
vitro by TbERV1 is a consequence of technical limitations? Con-
ceivably, the long, predicted disordered C-terminal domain sepa-
rating the FAD-binding core helix bundle and distal cysteine pairs
in TbERV1 (disorder predicted using the “Regional Order Neural
Network” [54]) could guide the interaction with diverse cysteine-
rich substrates in much the same way the hydrophobic cleft of
human Mia40 acts as a receptor for numerous substrates, includ-
ing the flexible N-terminal domain of the human Ervl ortholog
ALR (40). Further work is needed to test this possibility.

Ervl proteins from S. cerevisiae (ScErvl) and humans (ALR)
utilize cytochrome c as their preferred electron acceptor, and ad-
dition of cytochrome c to an oxygen electrode containing reacting
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ScErv1 or ALR suppresses the use of O, until the oxidized cyto-
chrome is consumed (28, 55). In contrast, in our work, the rate of
O, reduction by TbERV 1 was unaffected by the addition of cyto-
chrome ¢, although, unexpectedly, cytochrome c could be reduced
in addition to the O, reduction that was taking place—i.e., simul-
taneously and independently. The ~40% decrease in cytochrome
¢ reduction under aerobic, compared with anaerobic, conditions
suggests O, may be the preferred electron acceptor for TbERV1.
At first glance, this conclusion is supported by the observation that
residues implicated in high-affinity electron transport to O, by
microsomal sulthydryl oxidases are conserved at equivalent posi-
tions in TbERV1 (6, 34). While an H66D Y70R double mutation
severely destabilized the protein (potentially because of destabili-
zation of the nearby FAD binding site), limited kinetic analysis of
the few micrograms of soluble protein that we were able to prepare
showed it was clearly active with O, as the electron acceptor
(~60% of the activity seen with wild-type protein) (Table 2). If the
hypothesis of an O, channel from the protein surface to the FAD,
defined simply by Hxxx® residues, was correct (34), one might
expect to see greater, perhaps almost complete, loss of activity
toward O, in the H66D Y70R TbERV1 mutant.

The use of both O, and cytochrome c as viable electron accep-
tors for TDERV1 is consistent with the requirement for ThERV1 in
both bloodstream-form and procyclic T. brucei. In bloodstream-
form parasites, when cytochromes are not available, O, is the ob-
vious suitable electron acceptor. In vivo oxygen levels in mamma-
lian mitochondria are thought to be ~2 to 10 pM (e.g., see
references 56 and 57), which is at least 4-fold lower than the cal-
culated K,,, of TODERV1 for O, (Table 1). Yet, bloodstream-form T.
brucei radically downregulates mitochondrial metabolism (58);
the net activity of Ervl in IMS protein import and Fe-S cluster
export is therefore likely to be (very) low and not compromised by
an apparently kinetically unfavorable K,, for O,. Moreover, the
leakiness of our RNAI system, in which an ~90% depletion of
protein is evident even in the absence of tetracycline but cell
growth was only slightly affected (Fig. 4), suggests that Ervl abun-
dance is conceivably well above the minimal threshold for func-
tion. In procyclic T. brucei, cytochrome ¢, which is likely to be
present within the mitochondrial IMS in the millimolar range (0.5
to 5 mM) (cf. data published in references 59 and 60), is presum-
ably a physiologically significant electron acceptor for TbERV1, as
it is in yeast and mammals.

Regarding the extent of leakiness observed in both our procy-
clic and bloodstream-form RNAi mutants, it should be noted that
extreme examples of leakiness, which give rise to a partial pheno-
type even in the absence of RNAi induction, while unusual, are not
without precedent (e.g., see reference 61). There are also reported
instances where ~5% of normal enzyme activity is still sufficient
to support normal trypanosome growth, but nonetheless the al-
leles encoding that enzyme are refractory to complete deletion
from the diploid T. brucei genome (62). In initial experiments to
silence the expression of TbERVI, neither a conventional gene-
specific insert placed between opposing tetracycline-regulatable
promoters nor a gene-specific “stem-loop” placed downstream of
a single inducible promoter yielded observable growth or mor-
phology phenotypes following RNAi induction. It was only with
the leaky presentation of a TbERV1-specific “stem-loop” between
opposing inducible promoters that we were able to observe the
essentiality of TDERV and its requirement for normal mitochon-
drial morphology. (We note that use of a stem-loop between op-
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posing promoters has in other instances also proved leaky [e.g.,
reference 63], although not to the extent seen in our TbERVI
mutants.)

We showed previously that the absence of Ervl from the ge-
nome of a microbial eukaryote cosegregated with the absence of
orthologs for the cysteine-rich substrates of the MIA pathway,
pointing toward the importance of Erv1 in mitochondrial protein
import (6). The validity of that analysis is emphasized by the re-
cent identification in Trichomonas, which lacks Ervl and Mia40,
of small Tim proteins without disulfide bonds (64). Here, we also
took a comparative genomics approach to question whether a
conserved role for ThERV1 in the assembly of cytosolic Fe-S clus-
ters was likely. (As noted above, the large, fragile mitochondria of
trypanosomes would make obtaining such data experimentally
very challenging.) The presence of conserved Dre2 and Tah18
proteins, together with other known CIA components in trypano-
somatid genomes allows us to make a confident prediction that
TbERV1 is a multifunctional protein with roles in both mitochon-
drial IMS protein import and maturation of cytosolic Fe-S pro-
teins. It is striking that the available data indicate roles for ThBERV1
in both IMS protein import and cytosolic Fe-S cluster biogenesis,
even though Mia40, a paradigm partner protein of Erv1 in yeast
and animals, is absent from trypanosomatids. This result was not
necessarily obvious; it may well have been, for example, that in the
absence of Mia40, IMS import used a pathway wholly indepen-
dent of TbERV1.

Our results were also unexpectedly revealing for organisms
well beyond trypanosomatids and indicate independent varia-
tions of precursor delivery for the CIA pathway (for cytosolic Fe-S
cluster biosynthesis) in anaerobic protists. In the protists lacking
Ervl, Dre2, or Tah18, and among anaerobic protists generally,
mitochondrial function is highly degenerate (65, 66). In these or-
ganisms, relic mitochondria do not generate ATP and contain
only a handful of proteins in comparison with classical mitochon-
dria. Yet, in taxa examined thus far, relic mitochondria from an-
aerobes do function in Fe-S cluster biogenesis (67-69). In Entam-
oeba, loss of Ervl, Dre2, and Tah18 coincides with the unique
replacement of the mitochondrial Fe-S cluster assembly pathway
by a bacterial type “Nif’-type system (70-72). However, in Giar-
dia and Trichomonas, Ervl and Dre2 are absent, but mitochon-
drial Fe-S cluster assembly uses proteins conserved in aerobic eu-
karyotes. Patterns of Ervl and Dre2 retention and loss (Fig. 6) are
understandable if the currently unknown, mitochondrially de-
rived precursor for cytosolic Fe-S cluster assembly is either O,
labile (requiring Ervl and Dre2 for its protection) or its Ervl/
Dre2-dependent export to the cytosol is O, dependent. That un-
known precursor has been postulated to be a sulfur-containing
molecule (3). In the examples of Giardia and Trichomonas, adap-
tation to obligate microoxic environments would either bypass
the requirement for Erv1l and Dre2 if the precursor is O, labile, or
if precursor delivery was O, dependent could have resulted in
innovation of an Ervl/Dre2-independent export pathway. In the
example of Entamoeba, adaptation to a microoxic environment
may have had the same consequence, but equally, replacement of
the mitochondrial Fe-S cluster assembly pathway present in other
eukaryotes could have resulted in loss of an ability to produce the
intermediate(s) for which trafficking is dependent upon Ervl and
Dre2 function. The likely fusion of Narl and Tah18 homologs in
Trichomonas is particularly intriguing since these proteins are not
thought to act sequentially in the CIA pathway (Fig. 1B), perhaps
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suggesting the organization of CIA proteins in a stable multipro-
tein complex. Collectively, these data highlight the value of turn-
ing toward evolutionarily and ecologically diverse protists for
studying fundamental processes in eukaryotic cells and the subtle,
yet informative, variations inherent in those processes.
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ADDENDUM IN PROOF

Following the revision of our manuscript, a study was published
describing characterization of Ervl from another trypanosoma-
tid, Leishmania tarentolae (E. Eckers, C. Petrungaro, D. Gross, J.
Riemer, K. Hell, and M. Deponte, J. Biol. Chem., in press). Some
of the approaches used and results obtained complement data
shown in this work.
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